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ABSTRACT
This paper describes and analyses the information
related to the concentration of molybdenum in natural
waters. The importance of this element in these systems is
related to its role as enzyme cofactor in the fixation of
nitrogen in phytoplankton. In eutrophic lakes, it can be
responsible for >80% of the annual fixation of nitrogen.
The concentration of Mo in natural waters is low; in rivers
it is almost 10 times lower than in seawater but, in some
cases, it can increase due to contamination from mining
activities. In lakes and wetlands, depending on the trophic
conditions, Mo concentration can vary greatly, from 0.003
nM to 312.7 nM. The concentration of Mo in superficial
seawater is approximately 100 nM. In oxic water, MoO42–
concentration shows a conservative behavior, but when
there is anoxic stratification, it can decrease gradually toward
deep water due to the formation of MoS42–, a species that
may sediment with particulate material of organic origin
and/or Fe oxyhydroxides.

KEYWORDS: molybdenum, lakes, rivers, seawater, nitrogen
fixation, eutrophication, review

1. INTRODUCTION
Molybdenum is present in all aquatic systems, both
seawater and fresh water. The concentration levels of the
element are relatively low (in lakes 0.85 – 371.2 nM [1],
and in seawater 2 – 198 nM) [2, 3], but despite the low
concentrations, the role of Mo in transforming N2 to nitrate [4] as an essential element in the aquatic systems
should be emphasized. Many authors have shown that the
process of fixing N2 requires molybdenum nitrogenase
enzyme [5]. Nitrogen fixation by planktonic algae is related
only to cyanobacteria that have special cells called heterocysts [6], and Mo as an enzymatic cofactor. The process
* Corresponding author

through which cyanobacteria reduce N2 to an assimilable
form is known as Biological Nitrogen Fixation (BNF) [7].
This reduction is mediated by the nitrogenase enzyme
present in fixing organisms, which catalyses the conversion of N2 to NH4+. Eutrophication of natural waters has
been accelerated significantly since the second half of the
last century [4]. Just as nutrients have been increasing, so
have essential microelements, and they are having a negative effect, often as contaminants in these systems. Mo
may play an important role in this process.
The purpose of this paper is to give an overview of the
concentration levels of Mo in different aquatic systems,
including the marine environment, and to summarize some
of the most important processes of Mo species transformation which control the fate of this element in the aquatic
environment.
2. CHEMICAL CHARACTERISTICS
Molybdenum is present in the earth's crust in trace levels of 0.05–40 µg g–1 [8, references therein]. The distribution of Mo in natural systems depends on its chemical
speciation and oxidation state [9]. Since it is a transition
metal, its oxidation states vary between II and VI; in natural systems, it is normally found in oxidation states IV
and VI. In solution at pH >5 and with Eh >0, it tends to
achieve its highest oxidation state, Mo(VI). It is one of the
few transition metals that form oxo-anions, and it has
chemical properties different from those of the metals typically known as heavy ones (mercury, thallium, lead, etc.).
It is one of the transition metals that present a more complex chemistry and a chemical behavior very similar to
that of vanadium and tungsten. In aqueous solution, it forms
the molybdate anion, MoO42–; it also forms other molecules,
such as molybdenum trioxide (MoO3), sodium molybdate
(Na2MoO4·2H2O), diammonium molybdate (NH4)2Mo2O7),
and ammonium heptamolybdate (NH4)6Mo7O24·4H2O. It
forms compounds with organic and inorganic ligands, and
polynuclear compounds that contain Mo-Mo bonds. The
presence of sulphur compounds of molybdenum has also
been reported [10]. Molybdenum is a chalcophilic element
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and found associated with sulphide minerals like pyrite
(FeS2), galena (PbS) and sphalerite (ZnS). As a mineral, it
is found as molybdenite (MoS2), and in sulphide-rich deposits associated with significant concentrations of uranium,
antimony, arsenic, vanadium, barium, copper, lead and
zinc [11]. It is also associated with igneous and metamorphic rocks at concentrations ranging from 1-2 mg kg–1. As
a result of its tendency to form covalent bonds, this element is closely related to sulfur, and it is used as an indicator of its presence in the earth's crust. The most representative mineral of Mo is molybdenite, and other minerals are wulfenite (PbMoO4) and powellite (CaMoO4). The
formation of sulphide compounds allows the estimation of
the anoxic conditions of the medium [12, 13], and it is used
as an indicator of redox processes and as a paleo indicator
of organic matter content [14].
3. MOLYBDENUM IN AQUATIC SYSTEMS
Mo has low concentration levels in different waterbodies of both marine and continental waters. Table 1
shows the Mo concentration levels associated with various aquatic systems over the last three decades.
3.1 Seawater and estuaries

The presence of soluble Mo in seawater is associated
with the MoO42– species, which has low reactivity [15],
due to its stereochemical similarity [16] with sulfate, and
the latter's high concentration in the sea would limit the
absorption of Mo by biota. Determinations made in the
waters of the Pacific and Atlantic Oceans highlighted the
conservative presence of Mo in the water of both oceans,
with invariant concentration profiles in the water column
[17], which would account for its high residence time of
approximately 800,000 years [9, 18-20].
However, this situation is different when we deal
with stratified systems. Studies made in the Black Sea
[21] showed that the average concentration of Mo in the
more oxygenated zone is 48.9 nM (Table 1); once the oxygen concentration decreases, so does that of Mo, decreasing
gradually from 74.7 to 15.6 nM at depths greater than
2000 m. A similar decrease is observed in the water of
Saanich Inlet, British Columbia (Canada) [22], where the
decrease in Mo concentration is attributed to co-precipitation
over manganese oxide particles, and this may account for
the contribution of approximately 10% of Mo that enters
the sea from the continent through sedimentation. Anoxic
conditions can allow Mo to accumulate in anoxic sediments at a rate of 10 µg cm–2 yr–1 [23]; studies made in
the water of Baja California also show the precipitation of
Mo, but associated with the formation of ferromanganese
nodules [24]. Research was done in the waters of the north
Pacific Ocean, and after normalizing the concentration for
salinity, it can be concluded that the concentration of Mo
in open waters is 107 nM [17] (Table 1). That concentration has also been determined in various samplings that
include the Sea of Japan, the Bering Sea, and other zones

of the Pacific Ocean [25] which indicate that the variation
of Mo concentration is distributed uniformly over a range
of 84.4 to 125 nM (Table 1).
A very similar concentration, 111.5 nM (Table 1), is
mentioned for open waters of the Atlantic Ocean [26], and
104 - 198 nM in the Mediterranean Sea near the coast of
Turkey [3]. These results agree with the Mo concentration
of 105 nM (S =35.00 x 10-3) determined in superficial
waters of the Baltic Sea [27]. This result is interesting if it
is considered that the waters of that system are affected by
significant dilution due to the numerous rivers that empty
in the basin, and to mixing with the Atlantic Ocean. Results
of water analysis from the East China Sea and the Yellow
Sea indicate that Mo concentration is distributed conservatively in all the samples, with a value of 104 ± 6 nM (n =
105) [28] (Table 1), a concentration level very close to
that mentioned above for the Pacific Ocean. Recent studies aimed at accounting for the low solubility of the socalled refractory metals in seawater [29], and the ease with
which they are sequestered once they are dissolved, confirm that, in waters of the Western North Pacific Ocean, the
concentration of Mo is in the range of 97 - 105 nM.
In the Tyro and Bannock Basins (Eastern Mediterranean), which correspond to a hyper saline submarine basin,
seawater concentration differs from the value found in
superficial waters, reaching an averaged normalized concentration of 140 nM [30] in the oxygenated water column, higher than that reported previously; however, that
value decreases gradually in anoxic waters and close to the
sediment-water interface, due to probable co-precipitation
with Fe(II) sulfides. A similar behavior was observed in
waters of the Black Sea and the Norwegian Framvaren
Fjord, both systems presenting anoxic stratification in deep
waters and a Mo concentration decreasing strongly from
the oxygenated to the anoxic zone: in the Black Sea, the
variation is 2.6 – 39.6 nM [31], and in Framvaren Fjord, it
is 14 – 47 nM [2]. It has been suggested [32] that removal
of dissolved molybdenum to the sediments under anoxic
conditions would result primarily from the co-precipitation
with iron sulfides; [10] proposed the formation of thiomolybdates (MoO3S2-, MoO2S2-, MoOS3) as intermediate
species. However, the concentration of molybdenum in
deep waters and close to the sediment-water interface can
increase due to the reductive re-dissolving of manganese
oxides, a species that sequesters Mo in the water; in the
water of the Bay of Biscay, it was found that concentration varies in the range of 112 – 144 nM (Table 1) [33],
and in extreme cases, it can reach 160 – 190 nM, much
higher than that determined in superficial waters [34]. This
characteristic contrasts with that seen in the Black Sea,
where Mo concentration in the water column decreases
toward the deeper zone, where it becomes as low as 2 nM
(Table 1) [2]. This characteristic is caused by Mo(VI) (as
MoO42-) being reduced to thiooxymolybdate (MoOxS4-x2–)
or MoO2+ in anoxic waters [32, 35]. The reduction of Mo
in that zone coincides with the presence of sulfides, and
although the mechanism of sequestration of molybdenum
in sediments is uncertain, the presence of species, such as
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TABLE 1 - Mo concentrations in different aquatic systems in the world.
Waters system

Seawater

Estuaries

Pore water

Rivers

Lakes

Location

Mo concentration (nM)

Black Sea
Black Sea
Black Sea (anoxic deep water)
Black Sea
Northeast Pacific Ocean
Western North Pacific Ocean
Japan Sea, Bering Sea and Northwest Pacific Ocean
Atlantic Ocean
Baltic Sea
East China Sea and Yellow Sea (China)
Fjord Framvaren (Norwegian)
Gulf of Biscay (France)
Pacific Ocean
Mediterranean Sea (Antalya)
Mediterranean Sea (Eastern)
Conwy and Stratis Menai Estuaries (North Wales, U.K.)
Chao Phraya River Estuary (Thailand)
Scheldt River estuary (Belgium)
Gironde River estuary (France)
Gulf of Maine (USA)

48.9
2.6 - 39.6
2
29-43
107
97 - 105
84.4 – 125.07
111.5
105
104 ± 6
14 - 47
112-144
160 – 190
104-198
140
122.5
0.2 - 114
10 - 123
144
99 – 114.7 bottom- waters; 1074 - 2595
pore water (10 - 25 cm depth interface)
Loch Etive (west coast of Scotland, UK)
1355 - 1772
Boston Bay (USA)
75 (first centimeters of sediment)
Spiekeroog Island, Wadden Sea (NW Germany)
29
Santa Barbara basin, California (USA)
120-10 (first centimeters to depth )
Gullmar Fjord, Gothenburg (Sweden)
620 and 760 (0-1 cm and 1-2 cm depth
interface, respectively) decreasing to
120 (20-22 cm depth interface
Tantaré Lake
0.1-3.4
Blue River, Colorado (USA)
31.3 – 104.2
Dongjiang (China)
2.9
Changjiang (China)
15.7
Ai (Japan)
4.69
3.87 (pH:7.6)
Oubangui ( Central African Republic)
0.6
Fraser (British Columbia, Canada)
0.5 – 13.9
Marne (France)
0.63 – 13.7
Seine (France)
0.52 – 22.4
Thames River (England)
366
Chilean rivers (Chile)
625.4 - 4826
Truckee, Walker and Carson rivers (Eastern Sierra Neva< 10.4 - 12.5
da, USA)
2 – 48
Tigris (Turkey)
16
Euphrates (Karakaya dam)
39
Bendirmahi
Motjärn (pH = 7.4) , St. Vrangstjärnet (pH = 7.3)
Oligotrophic lakes; 0.3 to 0.5
and Rotehogstjärnen (pH = 5.3) (Sweden)
Greifen (Switzerland)
3.2 stratification period
5.0 epilimnion
Insjön (Sweden)
4.7 (average, epilimnion, eutrophic)
Lundsjön (Sweden)
0.85 (epilimnion average,
oligo- to mesotrophic)
Unknown (Canada)
7229
Fox (Canada)
14506
Greifen (Switzerland)
5.0 (upper layer)
3.2 (deep layer)
Maine, USA (419 lakes)
0.026 (average)
California, USA (170 lakes)
0.003 – 1.0
Northwestern Indiana lakes (USA)
312.7
Northern German lakes (Germany)
4.0
Pavin (France)
6.1 (oxic layer, mixolimnion)
3.8 (anoxic layer monimolimnion)
9.7 (near sediment-water interface)
5-9
5.11
Poland (6 lakes)
4.17 (pH:7.5)
Kawaguchi (Japan)
2.92
Sai (Japan)
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TABLE 1 - continued
Location
Biwa (Japan)

Lakes

Lake Ikeda (Japan)
Lake Unagi-ike (Japan)
Caren (shallow lake)(Chile)
Hazar (Turkey)
Van (Turkey)
Cadagno (Switzerland)
Rogoznica (Croatia)
Waihola (New Zealand)

Mo concentration (nM)
4.09,
4.18,
4.23,
1.7 - 4.6 (northern basin)
2.6 - 55 (southern basin)
3.7 (mean)
1.28 (mean)
1.93 (mean)
16.7 – 37.5
29.2 (average)
135.5 (average)
2 - 14
1.8
4.8
1.04-6.25

References
[84]

0.2 – 3.6 (median concentration)
11.5 – 13.6

[88]
[86]

[83]
[85]
[85]
[86]
[3]
[3]
[80]
[76]
[75]

Wetlands
Northern Wisconsin wetlands(USA)
Batuco (Chile)

molybdenite (MoS2), jordisite (MoS2 amorphous), and
castaingite (Mo2S5) has been reported [35].
It has been shown that, in seawater, the reactivity of
Mo (MoO42–) is low [15] due to the high concentration of
sulfate. Both species are stereo-chemically similar [16],
thereby limiting the absorption of Mo by the biota. In conclusion, Mo is found at concentrations close to 100 nM,
with lower values associated with anoxic zones.
Unlike in seawater, there are few studies on Mo concentration in estuaries, whose waters have different properties from those of continental waters and seawater. They
have a saline concentration gradient that can affect the
partition between dissolved and adsorbed materials, and
influence the bioavailability of metals [36], and the mass
balance of the elements in coastal waters; the low availability of Mo in coastal waters can condition organic
productivity [15]. In a study, in the Southampton Estuary,
it was suggested that its availability depends on the mixture of freshwater vs. seawater [37]. The presence of Mo
in the Conwy Estuary and in Menai Straits (North Wales,
U.K.) has been analyzed [38], showing that the
Mo/salinity ratio was favorable to Mo until it reached, at
higher salinity, an Mo concentration of 122.5 nM (Table
1). This behavior is accounted for by the desorption of
Mo from the particulate material carried by the river water. In the Chao Phraya River estuary (Thailand) [39], a
tropical estuary, it was found that Mo concentration varies
between 0.2 and 114 nM (Table 1), levels that correlate
positively with increasing salinity, and it is not discarded
that the high concentration level has a Mo contribution
from the sediments caused by diagenetic activity. The
influence of salinity on high Mo concentration in water
was also studied in the Scheldt River estuary (Belgium)
[40], where it was shown that as salinity increases, so
does the concentration of dissolved Mo, in a concentration range of 10 – 40 nM (low levels) to approximately
123 nM (Table 1).

In the Gironde River estuary (France) [36], a study
was made of Mo concentration vs. salinity, the impact of
hydrological conditions, and the efficiency for exporting
Mo to the sea, and it was concluded that the distribution of
Mo concentration as a function of salinity does not have a
conservative behavior, reaching 144 nM (Table 1). However, that concentration level varies as a result of additive
or subtractive effects on Mo concentration, a phenomenon
attributed to desorption of the element (additive effect)
from particulate material, and biological absorption and
accumulation of Mo in the sediments (subtractive effect)
[36].
In a study of the sediment-water interface in the Bay
of Boston [41] using gels, Mo concentration in the above
sediment-water interface was 75 nM (Table 1), and decreased greatly in the zone under the interface as a dissolved species due to the presence of sulfide. Studies on
the presence of Mo in the intertidal zone and close to the
sediment-water interface [42] show that its concentration
does not vary, but in the zone close to the sediments, the
change is significant as a result of the variation of the redox
potential. Some studies [10] show that in waters with high
sulfide content, molybdate (MoO42–) is sequentially transformed into thiomolybdate (MoS42–), a species that is later
associated with iron sulfides [43-47]. The transformation
of MoO42– into MoS42– occurs when H2S(aq) concentration
is approximately 11 µM, but this is not the only association, because Mo is adsorbed on organic matter [25, 48].
3.2 Interstitial water

Various studies have reported that, in anoxic sulfide
sediments, there is a strong affinity for Mo due to the
formation of molybdenum sulfides [2, 23, 30, 43, 49].
Studies made in the 1970s, on samples from the Gulf of
Maine (USA) [50], point out the large difference in Mo
concentration between the waters close to the sediment
(99 –114.7 nM) (Table 1) and interstitial waters whose
maximum concentration levels (10 - 25 cm) vary from
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1074 - 2595 nM for different samplers. In both cases, it is
believed that Mo concentration receives the contribution
of diagenetic remobilization as a result of the degradation
of organic carbon in the sediments, because of a close
relation between Mo and the presence of organic matter in
that medium. On the other hand, a study carried out in the
Loch Etive (western coast of Scotland, UK) marine environment shows interstitial water concentration profiles
[51] that also indicate a high accumulation of Mo in a range
of 1355 - 1772 nM (Table 1), with respect to the water
column (~105 nM); in this case, there is a close correlation between the reduction of manganese oxides and the
increase of interstitial Mo concentration.
A study made in the North Sea [52] discussed the behavior of the cycle of Mo (and other trace metals) as a
function of algal flourishing, showing that Mo is sensitive
to redox changes caused by increased organic productivity which, by forming aggregates, can carry Mo to interstitial waters, leading to concentration increases of up to 4
times (440 nM) (Table 1) of the concentration in the seawater column. However, at depths below 10-15 cm, the
concentration of dissolved Mo can decrease rapidly due to
the presence of sulfides. The sedimentation of organic matter
favors microorganism activity, which allows the degradation
of aggregates and facilitates remobilization of Mo, dissolved organic carbon, and metabolites toward the water
column [52]. Once the period of highest organic productivity is finished, and due to the degradation mentioned
above, Mo concentration in the water column tends to
settle back at values close to 104 nM.
In a study made in deep seawater in the Santa Barbara
Basin (USA), it was found that the decrease in the concentration of Mo was linked to the concentration of sulfur
[53]. Mo decreases from 120 to <60 nM (Table 1) in the
first cm under the sediment– water interface, and more
markedly, to 10 nM at 11 cm under the sediments. That
decrease in Mo concentration may be due to the coprecipitation of Mo-Fe-S, a species that is formed if sulfide
concentration is > 0.1 µM. When the conditions of marine
sediments acting as Mo sinks are studied as a function of
depth, it is found that in those located at relatively shallow
depths, the fixing capacity is closely related to the prevalence of reducing conditions of Fe and Mn oxides during
their re-mineralization process, and to the reduction rate
of sulfates [54]. Similar concentrations, 620 - 120 nM,
were determined in interstitial water from Gullmar Fjord,
Gothenburg (Sweden) (Table 1) [55].
Dissolved Mo concentrations in Lake Tantare, an oxic basin, ranged between 0.1 and 3.4 nM, and modeling
results suggest that Mo depends on the reductive dissolution of Fe oxyhydroxides, and the re-adsorption onto authigenic Fe oxyhydroxides [56].
3.3 Rivers

Determining a baseline of trace element concentrations in rivers presents difficulties, as shown during the
process of adopting the Water Framework Directive in

Europe to set the concentration levels of the most important
species [57]. The concentrations of trace elements depend
on factors [58], such as hydrology, exchange between
sediments and suspended particulate matter, and spillage of
nutrients, organic matter, and other compounds. Hydrology
plays a particularly important role in the behavior in rivers
of different sizes [3, 58-62]. Furthermore, it has been shown
that redox processes [63] and phytoplankton [64] play an
outstanding role in the behavior of trace metals.
In a study made in the large Chinese rivers, which
supply 7% of the salts and 10% of the particulate matter
to the oceans of the world [65], Mo concentration is in the
2.9 - 15.7 nM range (Table 1). The variation can be explained by the geographic and climate heterogeneity, which
affect the geochemistry of the dissolved and particulate
material present in the water. Similar concentration ranges
were determined in the water of the Fraser River (British
Columbia, Canada), a basin that covers a large region considered pristine [66]; the concentration level is low in the
head (0.5 nM), but increases downriver (13.9 nM) (Table 1).
Concentration increases substantially when tributaries flow
into the Fraser River, because they have higher concentrations, in a range between 2.8 - 40.4 nM.
On the other hand, studies made in the Marne and
Seine Rivers (France) showed average Mo concentrations
in the ranges of 0.52 – 22.4 nM and 0.63 – 13.7 nM, respectively (Table 1) [62]. The variation range is justified
as a result of the change in the redox conditions of the
water and the sediments, similar to what occurs in seawater. A comparable concentration range is shown in the
study of the rivers Tigris, Euphrates and Bendirmhi (2 48 nM, 16 nM, and 39 nM, respectively) [3]. Yaman et al.
(2011) [59] highlight the level in a pristine tropical river,
the Oubangui River, (0.6 nM), whose value is comparable
with the lowest levels of concentration in rivers with
intense anthropogenic activity [62].
In the Thames River, on the other hand, the variation
of Mo concentration was largely dependent on the hydrological conditions, averaging 366 nM (Table 1), with noticeable differences between high and low flow-rates;
during high flow periods, Mo concentration tends to decrease [61].
Studies made to determine the influence of the contribution of metalloids from rivers to the ocean determined
the influence of soil degradation in the basins of the Eastern
Sierra Nevada rivers (USA) showing that the concentration of molybdate was in the range of < 10.4 - 12.5 nM
(Table 1), supplied from rock weathering processes, removal of material from the surface of the rocks (regolith),
and hydrothermal water; in oxygenated water, the behavior is conservative, but in stagnant or slow-flowing water
with low oxygen content, Mo concentration decreases due
to the probable reduction of Mo(VI) to Mo(IV), which
would be removed from the solution by co-precipitation of
iron monosulfides, or by sorption on Fe-oxides / oxyhydroxides and/or organic matter [67, references therein].
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Mining activities in the basin also represent a significant contribution to Mo concentration in rivers. A study
made in the Colorado Mineral Belt [68] found high concentrations between 31.3 and 104.2 nM, which risk dispersion through the river without the water having the
capacity for precipitating the Mo. In a study over an extensive geographic zone of Chile (South America) that covered
12 basins, it was found that the water of the rivers shows
large variations of Mo concentration (625 – 4800 nM)
(Table 1) [69]; the high Mo concentration in these basins is
associated with the existence of copper deposits whose
mineral matrix contains molybdenum.
3.4 Lakes and wetlands

In general, Mo concentration in lakes is lower than
that determined in seawater. The first report of molybdenum content in lakes was based on spectrographic analysis [70] of waters from 419 lakes from Maine whose
average concentration was 0.026 nM. In the following
decades, there have been reports on the determination of
molybdenum in various lakes around the world (Table 1),
such as Northwestern Indiana lakes [71] 312.7 nM; California lakes [72] 0.003 – 1.0 nM; Northern Germany
lakes [73] 4.0 nM; Poland lakes [74] 5 – 9 nM; New Zealand lake [75] 1.04 – 6.25 nM; Croatia lake [76] 1.8 nM.
Comparing the trophic behavior in lakes [1] (Lakes
Lundsjön and Insjön), and the presence of metals, it was
found that Mo concentration decreases from 4.7 to 0.85 nM,
respectively (Table 1); these concentrations are associated
with the process of eutrophication, which contributes to
decrease Mo, due to the increased biomass of cyanobacteria. In both acidic and basic oligotrophic lakes [77] (lake
Roterhogstjärnen pH 5.3, lake St. Vrangstjärnet pH 7.3,
and lake Motjärn pH 7.4), where the eventual toxicity of
oxyanions like MoO42– was studied, Mo concentrations
range between 0.3 and 0.5 nM, without reaching toxic
levels; these lakes do not show significant differences between Mo concentration in superficial and deep waters. A
study of the acidification/neutralization dynamics in those
lakes and the distribution of elements present in superficial water over an 18-year period showed that Mo was the
only element that correlates positively with increasing pH,
in contrast with other elements (Al, Cd, Mn, Pb and Zn),
probably due to the negative charge of the molybdate ions
[78].
Studies of the distribution and transport of Mo in Lake
Greifen [79] found that in the epilimnion the concentration
was 5.0 nM, relatively homogeneous, a value that decreases
when the lake is stratified, dropping to 3.2 nM. A similar
behavior was shown by Lake Cadagno [80], where the Mo
concentration in the epilimnion was 14 nM, but decreased
in the anoxic zone to approximately 2 nM. In the study of
the geochemical behavior of Lake Pavin (France), which
is formed in the crater of a volcano and has permanent
stratification, with an upper oxygenated (mixolimnion) and
a lower permanently anoxic (monimolimnion) layer, it was
determined that, in the oxygenated zone, Mo concentration is approximately 6 nM while, in the anoxic zone, it

decreases to 3.8 nM; however, in the zone close to the
sediment-water interface, the concentration increases due
to diffusion from the sediments, reaching 9.7 nM [81, 82].
Molybdenum may be associated with colloidal material,
in a manner similar to that of other trace elements like U,
Sb and V [79], suggesting a combination of mechanisms
to explain the decline of the concentration of molybdenum in deep anoxic waters of an eutrophic and stratified lake: precipitation of Mo(VI) as FeS·MoS3 in the
presence of H2S, and then, accumulation in pore water. In
Lake Biwa (Japan) [83], it was shown that in the water
column Mo has concentrations in the 1.7 – 4.6 nM range
(northern side of the basin) and 2.6 – 55 nM (southern side
of the basin), with an average of 3.7 nM (Table 1). No
seasonal variation was seen with depth, in contrast with
other trace elements (e.g., V). Studies in the same lake
[84] showed concentration levels of the same order of
magnitude (Table 1). Studies in other Japanese lakes have
reported Mo concentrations in the water column of 1.28
nM (Lake Ikeda) to 5.1 nM (Lake Kawaguchi) [60, 85].
Among the cases that have been analyzed, two lakes in
Turkey have Mo concentrations of 29.2 nM and 135.5 nM,
attributed to geological and hydrological characteristics of
their basins [3]. In turn, Mo concentration from two urban
ponds [86], with 37.5 nM and 11.5 nM (Table 1), have
relatively high values probably due the proximity of copper mines whose minerals contain Mo.
A special case of lakes, with high Mo concentrations
as a result of contamination with mining residues, is that
of two Canadian lakes in which Mo concentration reaches
levels between 7770 nM (Lake Unknown, Canada) and
14506 nM (Lake Fox, Canada), a situation that causes the
death of fish [87].
On the other hand, wetland systems (Wisconsin,
USA) [88] show that Mo concentration (0.2 – 3.6 nM) is
dependent on redox cycling and adsorption reactions of
Fe and Mn in the sediments. These systems concentrate or
release Mo depending on the existing anoxic conditions.
In general, and regardless of the trophic state, the levels of Mo in lakes vary between 0.003 to 312.7 nM [71,
72] (Table 1). Eventually, acidification increases the concentration of many metals by dissolution, but in the case
of Mo, it may be due to the formation of oxyanions in the
system.
4. ROLE AS ENZYME COFACTOR
IN THE FIXATION OF NITROGEN
IN PHYTOPLANKTON
Nitrogen fixation by planktonic algae is related only
to cyanobacteria that have special cells called heterocysts
[6], and Mo as an enzymatic cofactor that reduces N2 to an
assimilable form. This reduction is mediated by the nitrogenase enzyme present in fixing organisms, which catalyses the conversion of N2 to NH4+. N2 fixation in cyanobacteria takes place in heterocysts, specialized cells in
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which N2 reduction is performed under anoxic conditions;
they are distributed along or at the end of the filament
(multicellular filamentous cyanobacteria) [89]. This enzyme
contains two active sites: i) the iron-molybdenum cofactor
(FeMo-co) and ii) the protein iron (Fe) [90]. There are
many studies that explain the catalytic behavior of this
enzyme [91], but the final site of N2 in the FeMo cofactor
as well as the mechanism for subsequent reduction of N2
to NH4+ are still unknown [92]. An essential constituent
of the active site (FeMo-co) is molybdenum, whose primary function in the molybdenum nitrogenase enzyme is
to catalyze electron transfer [93].
This fixation is light-dependent and follows the same
patterns as photosynthesis [94]. Generally, high P values
are required and fixation is reduced during winter, an aspect that may be related to cyanobacterial growth at higher
temperatures. This fixation is low in oligo- and mesotrophic lakes <0.1 g N m–2 yr–1, but it increases to 0.2–9.2
g N m–2 yr–1. In cyanobacterial mats of shallow lakes, this
value is increased to 1 – 76 g N m–2 yr–1 [18, 19]. Fixation
in oligotrophic lakes is unimportant, but in eutrophic
lakes, it may account for >80% of annual fixation. This
fixation in the N2 metabolism is dependent on the availability of trace metals, such as Mo and Fe, for the fixing
enzymes. As sulfate concentration increases, as in seawater
and saline lakes, the availability of Mo is reduced [95]. An
important summary of the literature on the cycling of Mo
has been given by [4, 73, 96].
5. CONCLUSION
The concentration of Mo in natural waters, such as
rivers, lakes, wetlands, seas and oceans, is nanomolar.
Concentration depends on source, depth, and the presence
of oxygen and sulfur. In rivers, the emphasis is on hydrologic conditions, and in lakes and wetlands, it depends on
trophic status, with the consequence that levels ranging
between 0.003 and 312.7 nM occur. In seawater, there are
no major changes because it is a conservative behavior.
However, when there is anoxic stratification and the presence of sulfide, molybdenum concentration is decreased
due to the formation of thiomolybdates. In general, low
levels of Mo in aquatic systems would correspond to a
delicate balance between its role as enzymatic cofactor in
nitrogen fixation and organic productivity of the aquatic
system.
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ABSTRACT

1. INTRODUCTION

Alpine catchments are the utmost sources of much of
the world’s water. Yet knowledge about the significant
mountainous hydrological cycle is still limited. Natural
stable isotopes of hydrogen and oxygen in water are very
useful to identify hydrological processes and to assess
water sources. In this paper we attempt to characterize the
seasonal isotopic variation patterns in the Kumalak River
catchments, Western Tianshan Mountains in Central Asia
using precipitation and river samples collected during a
hydrological year from 2009 to 2010. Results show that
isotopes in precipitation are enriched in warm seasons and
varied greatly with a range of -19.7‰ ~ -2.0‰ for δ18O
and -154.1‰ ~ -5.7‰ for δ2H. Deuterium excess displays
an opposite trend with precipitation isotopes. On the contrary, isotopes in river water changed little through the
hydrological year with a range of -13.2‰ to -11.0‰ for
δ18O and from -89.6‰ to -69.5‰ for δ2H. Deuterium
excess of river water shows a trend similar to that of the
river isotopes. This different behavior is caused by the
multi-source recharge pattern of the Kumalak River. In
spring and summer, the main component of river is icemelt water, which brings lighter isotopes to the river,
though precipitation isotopes are heavier in the same
season. During other seasons, the river is mainly recharged by groundwater attenuating the seasonal isotopic
variations in precipitation. In addition, isotopes in river
and spring water are found to plot above the LMWL, which
is related to the effect of moisture recycling.

KEYWORDS: Alpine catchments; Seasonal variations; Isotope;
Kumalak River; Moisture recycling
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Mountains are the world’s natural “water towers” because they provide essential freshwater for populations
both upstream and downstream [1]. There is a strong need
for better knowledge about hydrological processes of
mountain runoff to promote the sustainable management
and planning of water resources in those regions. Nevertheless, progress in understanding these processes lags
behind other aspects of hydrological research [2-3]. An
interaction of different factors including alpine climate,
topography, soils, vegetation, and human activities makes
the alpine catchments quite complex [4-6].
Stable isotopes (δ18O and δ2H) of the water molecule
in different water bodies prove to be a useful tool in water-related studies including hydrogeology, oceanography,
climatology and glaciology [7-11]. Spatial and temporal
variations in stable isotopes can reveal a close linkage
with several factors, including geographic parameters,
meteorological parameters [12, 13] and hydrological
processes [14, 15].
Water scarcity is quite critical to the large population
in Central Asia, especially the thirsty Xinjiang Uygur
autonomous Region of China, where Tianshan Mountains
are located. To improve the local water resources management, it is necessary to examine the hydraulic connection between different waters and to ascertain the complex
hydrological processes [16-18]. The variations of water
isotopes are very useful in this regard. In recent years,
emerging isotopic studies concern on the arid regions,
especially in Xinjiang, for assessing the impact of climate
change and human activities on water resources [10, 19,
20]. Nevertheless, studies in the mountainous rivers are
still limited due to difficult sampling conditions.
In this paper, natural variations of isotopes in the
Kumalak River, one of the major recharging sources of
the Aksu River, in Northwest China, will be discussed.
Special emphasis will be placed to the seasonal variations
of isotopes and deuterium excess (d excess) in precipitation and river as well as their controlling factors.
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FIGURE 1 - Location of the study area and sampling site.

2. MATERIALS AND METHODS
2.1 Study area

This study was conducted in the Kumalak River
catchments in Western Tianshan, Xinjiang Uygur Autonomous Region of China (Figure 1). Xinjiang region represents one sixth of China’s land area. There are three major
mountains that “border” the region, which are Altai Mts.
in the north, Tianshan Mts. in the middle and Kunlun Mts.
in the south. Inbetween these mountains, there are two
large basins, namely Junggar Basin and Tarim Basin (Figure 1). Xinjiang belongs to typical continental arid climate,
where the average ambient temperature is 9-12 oC. There
are sporadic precipitation events and most of them pool in
the mountainous areas.
The Kumalak River is a main tributary of the Aksu
River, which is one of the sources recharging the Tarim
River. The Kumalak River originates from Glacier No.
72, which flanks Tuomuer Peak, the highest peak in
Tianshan Mountains with an elevation of 7435 m above
sea level. The total length of the river until Xiehela hydrological station is 208 km with a drainage area of 1.28 ×
104 km2. The multi-year annual precipitation amount and
average temperature are 131.7 mm and 9.8 oC at Xiehela
hydrological station [21]. There is a clear seasonal pattern
of precipitation and temperature in Western Tianshan. In
the winter, the weather is cold and dry; in the summer, it
is warm and moist. Most of the precipitation occurs from
June to September, accounting for more than 70% of the
total annual precipitation amount.
2.2 Sampling and analyses

The river samples were collected monthly at the Xiehela hydrological station (N41º33’, E79º30’, 1427 m.a.s.l.)

from 2009 to 2010 (Figure 1). Meanwhile, some eventful
precipitation samples were collected at the same station. All
samples were stored in the cold laboratory under –18 oC.
When the samples are analyzed, they were stored at 4 oC in
the refrigerator to melt gradually to avoid evaporation. Samples were later analyzed in the Water Isotopes and WaterRock Interaction Laboratory, Institute of Geology and
Geophysics, Chinese Academy of Sciences. δ2H and δ18O
were measured on a laser absorption water isotope spectrometer analyzer (Picarro L1102-I). All δ2H and δ18O
values are expressed related to the Vienna Standard Mean
Ocean Water (V-SMOW) in ‰, and the measurement
precision is 0.5‰ and 0.1‰ for δ2H and δ18O, respectively. The results are listed in Table 1.
A sampling campaign was carried out in August,
2009 in the Kumalak River. Different water bodies were
sampled from the frontier of Glacier No. 72 to the Xiehela
hydrological station. Data for this campaign that has been
reported previously by Kong and Pang [19] is cited in this
paper.
3. RESULTS AND DISCUSSION
3.1 Local Meteoric Water Line

A significant linear correlation (R2 = 0.98) exists between δ18O and δ2H (Figure 2). Both slope (8.1) and intercept (9.0 ‰) of the linear regression line are close to
those of the Global Meteoric Water Line (GMWL) [13,
22] and those of the regional Meteoric Water Line for
Southeast Asia [23]. However, they are quite different from
those of LMWL in Eastern Tianshan with a slope of 7.1
and an intercept of 0.6 [24]. It should be noted that there
is only one precipitation sample in March, while others are
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all in the rainy months from June to October due to the
seasonal precipitation pattern in Western Tianshan Mountains. When we exclude the March precipitation sample
that is the lightest in isotopes, the LMWL changes to δ2H
= 7.1δ18O + 3.7, which is similar to that in Eastern
Tianshan (Figure 2). Kreutz et al. [25] sampled two deep
ice cores on the Inilchek Glacier in Central Tianshan,
which is not far from our sampling site. They established
a local meteoric water line with a slope of 6.9. Their oxygen isotope range (-5~-15‰) and d excess range
(10~20‰) in summer and autumn are quite similar to
ours (See Table 1). What’s more, a negative correlation
between δ18O and d excess is found in both their and our
datasets (Table 1 and Figure 3), which is also very common
in Northwest China [24, 26, 27]. In addition to the parallelism above, water vapor in both Eastern and Western
Tianshan Mountains are dominated by westerlies, which
carry its isotopic pattern [28]. Therefore, we speculated
that the slope of LMWL in Western Tianshan should be
smaller than 8, and approximately 7.
It is known that sub-cloud evaporation lowers the
slope of LMWL [9, 24, 28]. Pang et al. [24] and Kong et
al. [28] indicated that the process of sub-cloud evaporation affects the LMWL in Eastern Tianshan significantly.
As the slope of LWML is lower than the global meteoric
water line, the process of sub-cloud evaporation should
also have impacts on precipitation in Western Tianshan.
3.2 Isotopes in river water and controlling factors

Isotopic values in river water range from -13.2‰ to 11.0‰ for δ18O and from -89.6‰ to -69.5‰ for δ2H
(Table 1). Compared with isotopes in precipitation, which
vary greatly, ranges of river isotopes are quite small (Figure 3). Furthermore, isotopes in the river water are lighter
than those in most of the precipitation during warm au-

tumn and summer seasons, but are heavier than those of
the precipitation in the cold spring (March).
TABLE 1 - Stable isotopes in precipitation and river water at the
Xiehela hydrological station in the Kumalak River catchments
Date
Precipitation 2010-9-3
2009-9-4
2009-9-7
2009-9-9
2009-9-10
2009-9-30
2009-10-10
2010-3-4
2010-6-5
2010-6-16
River
2009-9-1
2009-10-1
2009-11-1
2009-12-1
2010-1-1
2010-2-1
2010-3-1
2010-4-1
2010-5-1
2010-6-1
2010-8-1
2010-9-1

Precipitation
amount (mm)
4.8
6.8
1.6
3.8
29.8
1.8
2.4
5
10.4
30

δ18O

δ2 H

dexc

-6.0
-7.6
-10.2
-2.4
-7.1
-2.8
-2.0
-19.7
-8.7
-5.9
-11.0
-10.9
-11.0
-11.2
-11.1
-12.3
-11.3
-11.1
-12.1
-13.2
-12.3
-11.9

-33.9
-47.6
-59.9
-12.7
-46.8
-18.3
-5.7
-154.1
-67.6
-45.9
-69.5
-69.7
-71.4
-72.5
-73.4
-85.3
-73.8
-72.3
-81.8
-89.6
-81.6
-76.6

14.1
13.6
21.3
6.2
10.4
4.0
10.2
3.2
1.9
1.1
18.6
17.7
16.5
17.0
15.6
13.0
16.4
16.5
14.9
15.9
16.9
18.8

An interesting feature of water isotopes in the Kumalak
River is that all values of surface water and spring water lie
above the LMWL in a δ2H-δ18O figure (Figure 2). It is not
common to find surface water or groundwater that lie
above the line. However, in low-humidity regions, reevaporation of precipitation from local surface waters
created vapor masses with isotopic contents that lie above
the LMWL [29]. Similar phenomenon has also been found
in Heihe river catchments, Northwest China [30]. The
shift above the LMWL may suggest that the occurrence

FIGURE 2 - Local meteoric water line (LMWL) and distribution of isotopes in river and spring waters in the Kumalak River catchments
based on the data of individual sampling from September, 2009 to June, 2010. The dotted line of LMWL_SA represents the meteoric water
line excluding the sample in March, which is the lightest in isotopes.
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of moisture recycling caused by vapor originated from
closed desert basins.
In Tianshan Mountains, precipitation isotopes that lie
above the GMWL are related to moisture recycling [24,
28]. Moisture recycling, which means the recycling of
moisture evaporated from the continent, greatly increases
the d excess of precipitation [9]. This can also be used to
explain the phenomenon in the Kumalak River case. The
ratio of recycled moisture in precipitation can reach the
maximum of 15% in autumn in Eastern Tianshan [28].
Groundwater in Tianshan Mountains is mainly recharged
by precipitation in summer and autumn because of the
seasonal precipitation pattern [31] and thus exhibits the
feature of moisture recycling. Surface water sampled in
September and October in the mountainous region consists
of precipitation, groundwater and ice-melt water [19], and
thus also has compositions above the LMWL. Spring water
has a similar location as it is an outcrop of groundwater.
Ice-melt water with high deuterium excess [19] recharging spring water also contributes to this feature. Someone
may argue that spring water and surface water sampled in
the middle and lower reach of the Tarim River locate
below GMWL [10, 32]. This is not in contradiction to our
conclusions, because most of samples in the middle and
lower reach of the Tarim River have experienced the
process of evaporation [10, 32]. River and spring isotopes
lying above LMWL indicate that the recharge waters

(precipitation and snow melted water) infiltrate rapidly
through the highly permeable zone before significant loss
by evaporation.
3.3 Seasonal variations of isotopes in precipitation and river
water

Previous studies demonstrated that a seasonal effect is
quite remarkable in Tianshan Mountains: water isotopes are
enriched in warm summer months and depleted in cold
winter months, and deuterium excess exhibits an inverse
pattern [23-25]. Here oxygen-18 is used to reflect the variations of stable isotopes (18O and 2H), as they are correlated.
Owing to the limited data, the seasonality of precipitation
isotopes could not be presented. Regardless, we see that
the isotopes of precipitation are heavier in warm seasons
(Figure 3). Tian et al. [27] observed precipitation isotopes
from March to September in Avalanche station (43º16’N,
84º24’, 1775 m) in Western Tianshan and got a clear
seasonal trend in d excess: low d excess in summer and
high d excess in spring and autumn. Similarly, a seasonal
trend of δ18O and d excess were found in the Inilchek
Glacier in Central Tianshan [25]. In addition, all the isotopic data stated above show that d excess displays inverse correlations with δ18O. Thus, the isotopic data at the
Xiehela station is quite comparable to the seasonal isotopic trend at Avalanche station and in the Inilchek Glacier.

FIGURE 3 - Seasonal variations of precipitation (a) and water isotopes (b) in the Kumalak River.

173

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

It is known that the isotopic composition of river water is related to that of precipitation [33], but there are
quite large differences in our case: precipitation isotopes
change greatly from -19.7‰ to -2.0‰ for δ18O while river
isotopes vary in a small range from -13.2‰ to -10.9‰ for
δ18O. The temporal variation of river isotopes is also quite
different from that of precipitation. Figure 3 show that the
river isotopes and d-excess change little through all the
year. The major change of δ18O occurs in the spring and
summer. D-excess of river samples generally shows a
similar trend with that of river δ18O.
Several possible reasons may account for the differences between river and precipitation isotopes and d excess. One is the sparse sampling sites in the large river
catchments. Due to the large differences of elevation in
Tianshan Mountains, the Kumalak River is recharged by
precipitation with various isotopes as a result of isotopic
altitude effect [34]. However, it could not explain why river
isotopes change less than precipitation isotopes. This can
also be seen from a comparison with rivers in monsoon
regions. For example, isotopes of the Baishui River in
Yulong Mountains are lighter in monsoon seasons and
heavier in other seasons [35]. It can be drawn that precipitation in the Kumalak River is not as important as that in
the Baishui River in characterizing the river isotopes.
Another explanation is the various sources recharging the
Kumalak River. Kong and Pang [19] concluded that the
Kumalak River is composed of groundwater, ice-melt
water and precipitation, and ice-melt water accounts for
more than 50% during the spring and summer. A large
amount of ice-melt water in the spring and summer causes
the river isotopes to be lighter [36], although precipitation
isotopes are heavier at that season. While in other seasons,
the river is composed of little ice-melt water [19, 31]. The
main component of the river at that time is mainly composed of base flow (groundwater). Groundwater isotopes
change little since the infiltration through the unsaturated
zone is responsible for the smoothing out of seasonal
variations in precipitation [29].

monitoring year with a range of -13.2‰ to -11.0‰ for
δ18O and from -89.6‰ to -69.5‰ for δ2H. Secondly, d
excess shows a similar trend with that of river δ18O. The
reasons are attributed to alternating recharging sources to
the Kumalak River during the year: precipitation, groundwater and ice-melt water. The ice-melt water is the main
component of the Kumalak River in spring and summer,
which causes the river isotopes to become lighter, although
precipitation isotopes are heavier at the same time. While
in other seasons, the river is mainly composed of groundwater, attenuating the seasonal variations of isotopes in
precipitation.
River and spring water isotopes are found to lie above
the LMWL in the Kumalak River catchments. It is related
to moisture recycling, which increases the d excess. Longterm monitoring of precipitation, surface water and groundwater is needed to acquire more information on the key
effects on the variations of water isotopes in the cycle of
the arid Northwest China.
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4. CONCLUSIONS
The seasonal variations of water isotopes and deuterium excess in the Kumalak River catchments have been
characterized. Isotopes in precipitation at the Xiehela station are heavier in October and lighter in March with a
range of -19.7‰ ~ -2.0‰ for δ18O and -154.1‰ ~ -5.7‰
for δ2H. Precipitation d excess shows an inverse trend with
isotopes with a range of 1.1‰ ~ 21.3‰. Sub-cloud evaporation is found to affect the isotopes in precipitation in the
summer and autumn. Seasonal effect of isotopes in precipitation is believed to exist in the Kumalak River catchments,
but further confirmation would require more data.
Compared with precipitation, the seasonal variation
of river water isotopes and d excess is very different.
Firstly, Isotopes in river water changed little during the

174

The authors have declared no conflict of interest.

REFERENCES
[1]

Viviroli, D., Weingartner, R., Messerli, B. (2003) Assessing the
Hydrological Significance of the World’s Mountains. Mountain
Research and Development, 23(1), 32-40.

[2]

Kundzewicz, Z., Kraemer, D. (1998) Striving towards assessment
of mountain water resources, in Ecohydrology of High Mountain
Areas. Proceedings of the International Conference on Ecohydrology of High Mountain Areas, Katmandu, Nepal, 24– 28
March 1996, edited by S. R. Chalise et al., pp. 175– 185, Int.
Cent. for Integrated Mt. Dev. (ICIMOD), Katmandu, Nepal.

[3]

Viviroli, D., Durr, H., Messerli, B., Meybeck, M., Weingartner,
R. (2007) Mountains of the world, water towers for humanity:
Typology, mapping, and global significance, Water Resources
Research, 43, W07447, doi:10.1029/2006WR005653.

[4]

Rodhe, A. (1998) Snowmelt-dominated systems, in Isotope Tracers in Catchment Hydrology, edited by C. Kendall and J. J.
McDonnell, 391–433, Elsevier, Amsterdam.

[5]

Weingartner, R., Viviroli, D., Greenwood, G.. (2009) Mountain
Waters in a Changing World, alpine space - man & environment,
vol. 7: Global Change and Sustainable Development in Mountain
Regions, iup • Innsbruck University Press.

[6]

Immerzeel, W., van Beek, L., Bierkens, M. (2010) Climate
Change Will Affect the Asian Water Towers. Science, 328, DOI:
10.1126/science.1183188.

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

[7]

Yao, T. D., Thompson, L. G., Mosley-Thompson, E., Yang, Z.,
Zhang, X., Lin, P. (1996) Climatological significance of δ18O in
north Tibetan ice cores. Journal of Geophysical Research,
101(D23), 29531–29537.

[8]

Froehlich, K., Gonfiantini, R., Aggarwal, P. (2004) Isotope hydrology at IAEA: history and activities, The Basis of Civilization
- Water Science? (Proceedings of the UNI-SCO/IAHS/IWHA
symposium held in Rome. December 2003). I AHS Publ. 286.

[9]

Froehlich, K., Kralik, M., Papesch, W., Rank, D., Scheifinger, H.
and co-authors. (2008) Deuterium excess in precipitation of Alpine regions-moisture recycling. Isotopes in Environmental and
Health Studies, 44(1), 61-70.

[10] Huang, T. and Pang, Z. (2010) Changes in groundwater induced
by water diversion in the Lower Tarim River, Xinjiang Uygur,
NW China: Evidence from environmental isotopes and water
chemistry. Journal of Hydrology, 387, 188–201.
[11] Pang, Z., Yuan, L., Huang, T., Kong, Y., Liu, J., Li, Y. (2013)
Impacts of Human Activities on the Occurrence of Groundwater
Nitrate in an Alluvial Plain: A Multiple Isotopic Tracers Approach. Journal of Earth Science 24(1) 111-124.
[12] Gat, J.R., and Gonfiantini, R. (1981) Stable isotope hydrology.
Deuterium and oxygen-18 in the water cycle: International Atomic Energy Agency. Vienna, Technical Reports Series.
[13] Rozanski, K., Araguas-Araguas, L., Gonfiantini, R. (1993) Isotopic patterns in modern global precipitation, in Climate Change
in Continental Isotope Records. Geophysical Monograph Series,
78, 1-36.
[14] Aravena, R., Suzuki, O., Pena, H., Pollastri, A., Fuenzalida, H.,
Grilli, A. (1999) Isotopic composition and origin of the precipitation in Northern Chile. Applied Geochemistry, 14, 411-422.
[15] Kong, Y., Pang, Z. (2011) Isotope hydrograph separation in alpine catchments: a review. Sciences in Cold and Arid Regions, 3,
0086–0091.

[26] Schotterer, U., Froehlich, K., Gaggeler, H. W., Sandjordj, S.,
Stichler, W. (1997) Isotope records from Mongolian and alpine
ice cores as climate indicators, Climatic Change, 36, 519–530.
[27] Tian, L., Yao, T., MacClune, K., White, J. W. C., Schilla, A.,
Vaughn, B., Vachon, R., Ichiyanagi, K. (2007) Stable isotopic
variations in west China: A consideration of moisture sources,
Journal
of
Geophysical
Research,
112,
D10112,
doi:10.1029/2006JD007718.
[28] Kong, Y., Pang, Z., Froehlich, K. (2013) Quantifying recycled
moisture fraction in precipitation of an arid region using deuterium excess. Tellus, 65B, DOI: 10.3402/tellusb.v65i0.19251.
[29] Clark, I., Fritz, P. (1997) Environmental Isotopes in Hydrogeology, Lewis Publishers, New York.
[30] Chen, Z., Nie, Z., Zhang, G., Wan, L., Shen, J. (2006) Environmental isotopic study on the recharge and residence time of
groundwater in the Heihe River Basin, northwestern China. Hydrogeology Journal, 14, 1635–1651.
[31] Dong, X., Deng, M. (2005) Xinjiang Groundwater Resources.
Xinjiang Science and Technology Press, Urumqi, China, 193 pp.
[32] Pang, Z., Huang, T., Chen, Y. (2010) Diminished groundwater
recharge and circulation relative to degrading riparian vegetation
in the middle Tarim River, Xinjiang Uygur, Western China. Hydrological Processes 24, 147–159.
[33] Rozanski, K., Froehlich, K., Mook, W. (2001) Environmental isotopes in the hydrological cycle: Surface water (Volume ), in
Mook, W. (Eds.), Environmental isotopes in the hydrological cycle, principles and applications, UNESCO, Paris.
[34] Gonfiantini, R., Roche, M. A., Olivry, J. C., Fontes, J. C., Zuppi,
G. M. (2001) The altitude effect on isotopic composition of tropical rains. Chemical Geology, 181, 147–167.

[16] Yang, G., He, X., Zeng, T. (2012) Natural and artificially water
flux ratio research in arid inland river basin, China. Fresenius
Environmental Bulletin, 21, 1764-1768.

[35] Pu, T., He, Y., Zhang, T., Wu, J., Zhu, G., Chang, L. (2013) Isotopic and geochemical evolution of ground and river waters in a
karst dominated geological setting: a case study from Lijiang basin, South-Asia monsoon region. Applied Geochemistry, doi:
http://dx.doi.org/10.1016/j.apgeochem.2013.02.013.

[17] Guo, B., Chen, Y., Li, W., Hao, X., Li, B., Wang, Y. (2013) An
experimental study of dew deposition on different types of underlying surfaces in the lower reaches of the Tarim River, northwestern China, Fresenius Environmental Bulletin, 22, 30-38.

[36] Vitvar, T., Aggarwal, P., McDonnell, J. (2005) A review of isotope applications in catchment hydrology, in Isotope in the water
cycle: past, present and future of a developing science, edited by
Aggarwal, P., Gat, J. and Froehlich, K., IAEA, Springer.

[18] Kong, Y., and Pang, Z. (2013) Statistical analysis of stream discharge in response to climate change for Urumqi river catchment,
Tianshan Mountains, Central Asia, Quaternary International, doi:
10.1016/j.quaint.2013.05.002.
[19] Kong, Y., Pang, Z. (2012) Evaluating the sensitivity of glacier
rivers to climate change based on hydrograph separation of discharge, Journal of Hydrology, 434–435, 121–129.
[20] Wang, Y., Chen, Y., Li, W. (2013) Temporal and spatial variation
of water stable isotopes (18O and 2H) in the Kaidu River basin,
Northwestern
China,
Hydrological
Processes,
DOI:
10.1002/hyp.9622.
[21] Wang, P., Jiang, H., Mu, Z. (2012) Simulation of runoff process
in headstream of Aksu River, Journal of Water Resources & Water Engineering, 23, 51-57.
[22] Craig, H. (1961). Isotopic variations in meteoric waters. Science,
133, 1702–1703.
[23] Araguas-Araguas, L., Froehlich, K., Rozanski, K. (1998) Stable
isotope composition of precipitation over southeast Asia. Journal
of Geophysical Research, 103(D22), 28 721–28 742.
[24] Pang, Z., Kong, Y., Froehlich, K., Huang, T., Yuan, L., Li, Z.,
Wang, F. (2011) Processes affecting isotopes in precipitation of
an arid region. Tellus, 63B, 352–359.
[25] Kreutz, K. J., Wake, C. P., Aizen, V. B., Cecil, L. D., Synal, H.A. (2003) Seasonal deuterium excess in a Tien Shan ice core: influence of moisture transport and recycling in Central Asia. Geophysical Research Letters, 30(18), 1922, doi:10.1029/
2003GL017896.

175

Received: March 06, 2013
Revised: June 26, 2013
Accepted: July 10, 2013

CORRESPONDING AUTHOR
Zhonghe Pang
Institute of Geology and Geophysics
Chinese Academy of Sciences
Beituchengxilu, No. 19
Chaoyang District
Beijing, 100029
P.R. CHINA
Email: z.pang@mail.iggcas.ac.cn
FEB/ Vol 23/ No 1a/ 2014 – pages 169 - 174

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

CHARACTERISTICS OF CESIUM AND
STRONTIUM TRANSPORT IN A SOIL-SOYBEAN SYSTEM
Dong Yan1, 2, Ye Zhao1,*, Shui-feng Wang1, Dong-yu Xu1 and Ling-yun Zhou1
1

State Key Laboratory of Water Environment Simulation, School of Environment, Beijing Normal University, Beijing 100875, P R China
2
National Institute for Radiological Protection, Chinese Center for Disease Control and Prevention, Beijing 100088, P R China

ABSTRACT
In the present study, pot experiments were conducted
to investigate the Cs and Sr uptake of soybean [Glycine
max (L.) Merr.]. Cs and Sr concentrations in soybean
pods, leaves, stems, and roots were determined after 80 d
of cultivation. Results showed that Cs was concentrated in
soybean roots and Sr was concentrated in leaves, indicating that Cs exhibited less mobility than Sr. The transportation factor (TF) values of Cs treatments were constant in
the plant organs; by contrast, TFs of the Sr treatments were
higher in the background soil. The concentration ratio (CR)
values of the Cs treatments slightly increased as Cs were
increasingly added to the soil and CRs of the Sr treatments greatly increased. Sequential extraction was performed on cultivated soil. Low Cs amounts were retrieved
from the exchangeable phase, whose proportion was constant as Cs was increasingly added to the soil. The proportion of the residual phase increased evidently. A larger
proportion of Sr was recovered in the exchangeable phase
in the Sr treatments than in the Cs treatments. As Sr concentration in the soil increased, the increasing proportion
of the exchangeable phase and the decreasing proportion of
the residual phase indicated that exogenous Sr was present in the exchangeable phase; thus, Sr exhibited a strong
mobility. Significantly positive correlations were found
between the concentrations in soybean organs and the residual phase in the Cs treatments. The same relationship
was observed between the concentrations in soybean organs and the exchangeable phase bound to carbonates and
to Fe-Mn oxide phases in the Sr treatments.

KEYWORDS:
Cesium, Strontium, Soybean, Transfer, Speciation

1. INTRODUCTION
137

Cs, 134Cs, and 90Sr are important fission radioisotopes released from nuclear installations during accidents
and nuclear weapon explosions. These radioactive elements
* Corresponding author

can be transported across different geographical regions by
atmospheric circulation and reach the ground as dry or wet
deposition [1]. The migration of these radioisotopes from
soil to plants has earned great concerns because such substances exhibit a relatively high fission yield, long half-life
(30.17, 2.06, and 28.8 years for 137Cs, 134Cs, and 90Sr, respectively), and high mobility in ecosystems [2]. The characteristics of radioactive Cs and Sr uptake and translocation from soil include those observed in crops [3].
Soil environment, physicochemical forms, and elemental chemical speciation can affect radioactive Cs and
Sr migration in soil-plant systems. Results of environmental impact assessment of soil pollution and metal speciation
determination possibly provide additional information
about the release of contaminants and mechanisms of migration [4]. Similar to heavy meals, radioactive Cs and Sr
can form different fractions in soil via precipitation, dissolution, agglomeration, and complex adsorption. These fractions can affect the activity and bioavailability of elements
in soil as well as the quantities transferred to plants. Therefore, studies on the chemical partitioning among various
chemical phases are more useful than those on the measurements of the total contaminant contents. Among the
methods used to determine element speciation, sequential
extraction is the most widely used [5,6].
Isotopic studies have reported that the distributions of
radioactive Cs (137Cs and 134Cs) and stable Cs (133Cs) as
well as radioactive Sr (90Sr) and stable Sr (88Sr) isotopes in
natural plants are strongly correlated [7–9]. However, no
significant differences in the bioavailability between the
uptakes of these isotopes have been reported; stable isotopes can imitate the migration and distribution of radioisotopes in plant-soil systems [10–12]. Cs and Sr concentrations in soybean organs as well as the chemical speciation in gradient polluted soil and the corresponding correlations have been rarely studied. The partitioning of Cs
and Sr in soil can reveal the potential effect of soil contamination based on the forms in which metals are present
in the total concentration and in other parts. Gradient
polluted soil design can illustrate the distribution of Cs
and Sr fractions in different polluted soil levels. Among
the sequential extraction methods, the five-step extraction
proposed by Tessier et al. [13] can efficiently differentiate
the fractional phases, particularly in alkaline soils.
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This study aimed to investigate the characteristics of
soybean uptake of stable Cs and Sr from soil by conducting pot experiments. The variation in proportion of the
fractional phases in different contaminated soil levels was
also determined. In addition, the correlations between Cs
and Sr concentrations in soybean organs and their fractional phases in soils were analyzed. This study could
provide useful information to assess Cs and Sr bioavailability in soil.

in other countries. Soybean seeds were purchased from
the Chinese Academy of Agricultural Sciences.
TABLE 1 - Physicochemical characteristics of the soil used for
soybean plant culture
Parameters
pH (CaCl2, 1:2.5)
CEC (cmol kg–1)
CaCO3 (g kg–1)
Organic matter (g kg–1)
Total N (g kg–1)
Total P (g kg–1)
Sand (2.0 mm to 0.05 mm; %)
Silt (0.05 mm to 0.002 mm; %)
Clay (<0.002 mm; %)
Texture
Pb (mg kg–1)
Cu (mg kg–1)
Zn (mg kg–1)
Cd (mg kg–1)
Sr (mg kg–1)
Cs (mg kg–1)

2. MATERIALS AND METHODS
2.1 Experimental soil and plant

In April 2011, experimental soil was collected at depths
of 0 cm to 20 cm from the agricultural area of the southeastern suburb of Beijing. The natural soil is classified as
Calcaric Cambisol (FAO/Unesco, 1988). This area experiences a continental monsoon climate characterized by a
wide seasonal variation in annual rainfall (600 mm). The
mean annual temperature is 10.5 °C with cold and dry winters and hot and rainy summers. The agricultural soil layer
is fertile and suitable for the growth of crops, including
soybean, wheat, maize, and vegetables. The physicochemical characteristics of the soil are shown in Table 1. The
particle size of the soil was determined using the pipette
method. Soil pH was determined in a 1:2.5 (w/v) mixture
of soil and 0.01 mol L–1 CaCl2 by using a glass pH electrode (Sartorius PB-10, Germany). The CaCO3 content of
the soil was measured using the gas-volumetric method,
and the organic C content of the soil was determined
using the K2Cr2O7 oxidation spectrophotometric method.
Total P was determined using the H2SO4-HClO4 digestion
Mo-Sb anti-spectrophotometric method; total N was measured using the Kjeldahl determination method. Cationexchange capacity (CEC) was obtained using the Ba-Mg
exchange method [14]. Soil was digested by EPArecommended USEPA-3050B method [15]. Dried soil
samples (0.1 g) were digested with a mixture of HNO3HF-HClO4 (3 mL of HNO3, 1 mL of HF, 1 mL of HClO4)
in a Teflon pressure digest vessel at 165 °C for 4 h. The
sample was then heated at 90 °C in an electric hot plate to
expel residual HF and HClO4; 1 mL of HNO3 was added
to the dry digestion mixture and diluted with ultrapure
water (prepared with Milli-Q ultrapure water purification
system) to obtain a final volume of 10 mL. The Cs content
in the solution was determined using an atomic absorption
spectrometer (AAS) and a graphite tube equipped with an
automatic sampler (ZEEnit 700, Analytikjena, Germany)
[16]. The Cs limit of detection was 0.02 µg L–1. Pb, Cu,
Zn, Cd, and Sr contents in the solution were determined
using an inductive coupled plasma atomic emission spectrometer (ICP-AES, SPECTRO ARCOS, German), and their
limits of detection were 14, 2, 0.9, 1.5, and 0.02 µg L–1,
respectively.
Soybean [Glycine max (L.) Merr.] was chosen as the
experimental species because this plant is one of the most
important and largely produced edible crops in China and

Value
7.65
9.87
10.91
18.60
0.82
0.88
48.56
50.41
1.03
Calcaric Cambisol
20.75
29.34
98.71
0.47
146
5.37

2.2 Experimental design

The collected soil was air dried, grounded after twigs
and stones were removed, and sieved through a nylon
screen (2 mm). Analytical-grade CsNO3 and Sr(NO3)2 were
diluted and used as treatment solution; 300 mL of the
treatment solution was sprayed on 4.5 kg of dry soil and
mixed completely. Three polyvinyl chloride pots (inner
diameter = 120 mm; depth = 110 mm) were filled with
1.5 kg of soil each. Soluble fertilizer containing 200 mg
kg–1 of N, 150 mg kg–1 of P, and 200 mg kg–1 of K was
applied to the soil. The soil was treated with Cs and Sr at
concentrations indicated in Table 2. Each pot was replicated, and each treatment was also replicated thrice. Deionized water was added to the treated soil in each pot
until the maximum water holding capacity of the soil was
reached; the soil was allowed to equilibrate for two weeks
[17]. The Cs and Sr concentrations in the treatment soils
were measured. The results and experimental design concentration are shown in Table 2. Five seeds were sown in
each pot on 13 July 2011. These seeds were then distributed into separate pots with four plants per pot at 3 d after
germination. The plants were grown in a greenhouse, watered with deionized water, and fertilized with a nutrient solution as needed. The greenhouse was subjected to
normal conditions (no climate control) but provided an
ambient temperature under natural illumination and cycle
period of 11 h to 14 h of light and 10 h to 13 h of darkness. The maximum and minimum temperatures in the
greenhouse ranged from 28 °C to 19 °C. All of the soybeans were harvested on 30 September 2011 or at 80 d
after cultivation.
2.3 Pretreatment and measurement

During harvest, each pot was split and the soil particles were carefully removed from the plant roots. Each
plant was then divided into the following sections: root;
stem; leaf; and pod. All of the plant parts were rinsed with
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TABLE 2 - Design concentration of Cs and Sr in the treated soil
Treatment
code
Cs0

Treatments

CK, no Cs added to soil, concentration = 5.37 mg kg–1
Cs added to soil was 10 mg kg–1,
Cs10
concentration = 13.78 mg kg–1
Cs added to soil was 45 mg kg–1,
Cs45
concentration = 49.64 mg kg–1
Cs added to soil was 70 mg kg–1,
Cs70
concentration = 77.14 mg kg–1
Cs added to soil was 95 mg kg–1,
Cs95
concentration = 97.26 mg kg–1
Cs added to soil was 120 mg kg–1,
Cs120
concentration = 126.30 mg kg–1
Sr0
CK, no Sr added to soil, concentration = 146 mg kg–1
Sr added to soil was 50 mg kg–1,
Sr50
concentration = 173 mg kg–1
Sr added to soil was 100 mg kg–1,
Sr100
concentration = 256 mg kg–1
Sr added to soil was 150 mg kg–1,
Sr150
concentration = 312 mg kg–1
Sr added to soil was 200 mg kg–1,
Sr200
concentration = 368 mg kg–1
Sr added to soil was 300 mg kg–1,
Sr300
concentration = 425 mg kg–1
Sr added to soil was 400 mg kg–1,
Sr400
concentration = 491 mg kg–1
Cs added to soil x mg kg–1 : the exogenous added Cs to soil was x mg kg–1.
Concentration = x mg kg–1 : the actual elemental concentration in soil,
which calculation included the background concentration.

deionized water by using a spray bottle and then dried in
an oven at 65 °C for 48 h. The plant samples were weighed
to determine dry matter yield and ground using a stainless
steel mill. The plant samples were then passed through
100-mesh sieves. Each sample (0.2000 g) was digested
using a high-pressure closed Teflon vessel. A mixture of
65% HNO3 (2 mL) and 30% H2O2 (1 mL) was used. A
digestion blank was prepared for each digestion cycle. All
of the reagents used in the analysis were analar without
Cs and Sr. The extracted solutions, which were clear and
free of organic substances, were left to cool, and their volumes were adjusted to 10 mL by adding ultrapure water.
The cultivated soil in the pots was collected, dried in air,
and used for elemental chemical speciation analysis. The
sequential extraction method by Tessier et al. [13] was modified (Table 3).
Cs and Sr in the solutions were quantitatively analyzed using an AAS equipped with a graphite tube (ZEEnit
700, Analytikjena, Germany) and ICP-AES (SPECTRO
ARCOS, German), respectively. All of the sample analyses
were repeated thrice to minimize the risk of error. A certified reference soil and a reference plant material were
digested in the same manner as the soil and soybean sam-

ples to ensure quality and monitor instrument variability.
The reference soil was GBW 07401 (GSS-1, China National Center for Standard Materials), and the reference
plant materials were bush twigs and leaves [GBW 07602
(GSV-1), China National Center for Standard Materials].
The internal standard method and reagent blanks were
used in analyses to ensure precision.
2.4 Determination of transportation factor (TF) and concentration ratio (CR)

TF is defined as the ratio of the elemental concentrations in aboveground plant organs to those in roots; TF is
used determine the effectiveness of plants in translocating
elements from the roots to the aerial parts [18]. A high TF
corresponds to the plant’s potential to undergo phytoremediation of contaminated soil [19]. CR refers to the ratio
of the elemental concentrations in plant organs to those in
cultivated soil; CR is expressed as the elemental accumulation and uptake in plants [20,21].
2.5 Statistical analysis

The correlation between the elemental concentrations
in organs and the speciation in soil were analyzed using
SPSS 18.0 for Windows (SPSS Inc., USA). Data were presented as Pearson correlation coefficients. Figures were
drawn using Origin 8.5.
3. RESULTS AND DISCUSSION
3.1 Uptake characteristics and transfer of Cs and Sr from soil
to soybean

The Cs and Sr concentrations in soybean are shown in
Figure 1. The Cs concentrations in soybean roots, leaves,
pods, and stems decreased. This result indicated that Cs
was concentrated in the roots; Cs was also transported to
the aerial parts of soybean at a lesser extent. In the aboveground parts, the Cs concentrations in the leaves were
relatively greater; Cs concentrations in pods were similar to
those in stems. Cs concentrations in each organ increased
as Cs concentrations in the soil increased; the proportion in
each organ was maintained at a constant level. For the Sr
treatments, the Sr concentrations in leaves, stems, roots,
and pods decreased. This result indicated that Sr was
concentrated in the leaves; Sr was also transported to the
aboveground parts. The Sr proportion in pods was relatively lower than that in the Cs treatment; the concentrations were constant at approximately 600 mg kg–1 in
Sr100 to Sr400 treatments.

TABLE 3 - Sequential extraction scheme for the speciation of Cs and Sr in soil
Extraction step
1
2
3
4
5

Reagent(s)
MgCl2 (1 mol L–1)
NaOAc (1 mol L–1)
NH2OH·HCl (0.04 mol L–1) in HAc (25%)
HNO3 (0.02 mol L–1), H2O2 (30%), NH4OAc (3.2 mol L–1) in HNO3 (20%)
HNO3, HF, HClO4
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Target speciation
Exchangeable (Exch.)
Bound to carbonates (Carb.)
Bound to Fe-Mn oxides (Fe & Mn)
Bound to organic matter (Orga.)
Residual (Resi.)
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FIGURE 1 - Cs and Sr concentrations in different organs of soybean

Experiment revealed that nutrients can be transferred
from the roots to other plant organs via the xylem [22].
And the results indicated that radionuclides, such as Cs
and Sr, can also be transported in the same pathway. Figure 1 showed that the Cs distribution characteristics in
soybean were stable regardless of the origin of Cs, from
either soil background (e.g., Cs0 treatment) or added pollutants at different treatment concentrations. Studies have
demonstrated that the Cs and Sr behaviors in soil-plant
systems are similar to K and Ca, respectively [23–25].
Studies on Cs and Sr transfer in soil-plant systems have
focused on plants used as food and as agents of phytoremediation [26–30]. In rice, Cs concentrations sequentially decrease in roots, leaves, stems, and grains; in wheat, Cs
concentrations sequentially decrease in roots, stems, hulls,
and grains; in milky weed (Calotropis gigantea R.Br.)
and vetiver grass (Vetiveria zizanoides L. Nash), Cs concentrations in roots are higher than those in aboveground
parts [31–34]. Figure 1 also shows that the Sr concentrations in roots, leaves, stems, and pods sequentially decreased in the Sr0 treatment. This sequence differed from
that in Sr-added treatments, in which the highest Sr concentration was observed in the leaves. This phenomenon
indicated that the fractional phase distributions of added
Sr in the soil differed from those in the soil background; Sr
was also transported to the aboveground parts of plants.
These results are similar to those in previous studies, in
which Sr concentrations in rice decrease sequentially in
stems, roots, bran, and hull; the concentrations in the aboveground parts are greater than those in the roots of milky
weed and vetiver grass [7,32,33].
The TF and CR values of Cs and Sr in soybean organs are shown in Table 4. For different Cs treatments,
the TF values of pods, leaves and stems slightly fluctuated; most of TF was <1. The Sr TF values of soybean

organs increased as Sr concentrations increased in slightly
contaminated soil, reached the peak in the Sr150 treatment, and decreased in the Sr400 treatment. The TF values of the Sr0 treatment were lower than those of other Sr
treatments, indicating that the experimentally added Sr was
easily assimilated by the roots. The CR values of the roots
in Cs treatments were higher than those of other organs.
This result indicated that Cs was concentrated in the roots.
As Sr concentrations in the soil increased, the CR values of
plant organs increased rapidly, particularly in the leaves, in
which CR = 7.72. The CR values of pods in different Sr
treatments were relatively constant and higher than those
of other organs in the Cs treatments. The Sr TF and CR
values of the leaves and the stems were higher than those
of the Cs treatments, indicating that Sr became accumulated in soybean at a higher extent than Cs.
The results are similar to those of Wang [18], who revealed that the TF values of radish (Raphanus sativus L.)
cultivated in Cs- and Sr-contaminated soil range from 0.24
to 0.57 and from 1.16 to 1.42, respectively. However, the
TF values of Sr in the previous study were lower than those
in the current study [18]; this difference could be attributed
to the low levels of contaminated soil in the experiment
(2.5 mg kg–1 to 40 mg kg–1). In plants, low CR values indicate food safety; high CR values indicate that such plants
can be used for soil phytoremediation. Cs concentrations in
plant organs increased as Cs was increasingly added to
the soil; this result is similar to that of Moogouei [35],
who focused on Cs uptake by Calendula alata, Amaranthus chlorostachys, and Chenopodium album in hydroponic conditions. Wang et al. [18] also obtained similar
results. The Cs CR values in the current study ranged
from 0.12 to 0.90, which were similar to 0.17 found in
tepary bean (Phaseolus acutifolius A. Gray) planted in
137
Cs-contaminated soil; these values are consistent with
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TABLE 4 - TF and CR of Cs and Sr in soybean organs
Treatments

Pods
Cs0
0.58
Cs10
0.39
Cs45
0.59
Cs70
0.47
Cs95
0.76
Cs120
0.61
Sr0
0.30
Sr50
1.15
Sr100
1.37
Sr150
0.93
Sr200
0.59
Sr300
0.60
Sr400
0.38
TF: transportation factor
CR: concentration ratio

TF
Leaves
0.69
0.31
1.05
0.67
1.11
0.60
0.59
2.33
2.11
2.64
2.13
2.31
1.84

CR
Stems
0.39
0.37
0.93
0.41
0.66
0.57
0.53
1.58
1.38
2.06
1.44
1.32
1.11

Pods
0.18
0.35
0.17
0.18
0.26
0.40
0.32
0.80
2.14
2.13
1.86
1.72
1.57

Leaves
0.21
0.28
0.31
0.25
0.37
0.39
0.64
1.63
3.30
6.02
6.76
6.62
7.72

Stems
0.12
0.33
0.27
0.15
0.22
0.38
0.57
1.10
2.16
4.71
4.56
3.78
4.67

Roots
0.31
0.90
0.29
0.38
0.33
0.66
1.08
0.70
1.57
2.28
3.17
2.86
4.20

FIGURE 2 – Percentage fractional analyses of Cs and Sr in soil

the CR values of 137Cs and 133Cs, ranging from 0.19 to
3.15 and from 0.17 to 12.3 in mushroom, respectively
[10,20]. Therefore, the ability of soybean to transport Cs
from the roots was similar to that in other diet plants. A
study also showed that the CR values of terrestrial plants
are <1, which is lower than that of aquatic plants [36]. In
a report of International Atomic Energy Agency [37], the
CR value of a radioactive Sr in rice is 0.12, which is comparatively lower than the results of the current study. This
result is possibly attributed to the relatively lower radioactive Sr in soil and higher Sr quantities added in the current
study. Fuhrmann et al. [20] also found similar results, in
which the CR values of added 90Sr in redroot pigweed
(Amaranthus retroflexus L.) and Indian mustard [Brassica
juncea (L.) Czern.] are 5.6 and 12.2, respectively.
3.2 Speciation characteristics of Cs and Sr in cultivated soil

Figure 2 shows that the Cs fractions in soils obtained
by Tessier sequential extraction were listed as follows:

residual (Res.) phase > bound to organic matter (Orga.)
phase > bound to carbonate (Carb.) phase > bound to FeMn oxide (Fe & Mn) phase > exchangeable (Exch.) phase.
The percentages of these fractions varied as Cs concentrations in the soil increased as follows: Resi. phase increased from 75.03% to 95.28%; Orga. phase decreased
from 16.47% to 2.37%; Carb. phase reduced from 7.09%
to 1.91%; Fe&Mn phase decreased from 1.29% to 0.32%;
Exch. phase was constant at approximately 0.12%. These
results are consistent with those in previous studies. In a
previous study, Exch. phase is extracted using 1 mol L–1
NH4OAc in 11 soil samples collected in Aomori, Japan; the
Exch. and Resi. phases account for 4% and 86%, respectively [6]. These high Exch. phase results may be attributed to the stronger extraction ability of NH4OAc than
MgCl2. Todorov et al. [38] found that Exch. phase contains 0.79% to 13.7% of the total Cs concentration in soil.
According to Riise et al. [39], the fractional proportions of
137
Cs and 133Cs in soil are similar; 137Cs Exch. phase was
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<10%, and 137Cs was mostly concentrated in Orga. and
Resi. phases. Forsberg et al. [40] found that Exch. and
Resi. phases extracted by NH4OAc and HNO3 account for
11% to 17% and >80%, respectively. The fractional proportions are as follows: Resi. phase > Orga. phase > Fe &
Mn phase > Exch. phase. Krouglov et al. [41] collected
samples from soil located 4 km to 8 km away from the
Chernobyl Nuclear Power Plant and found that the 137Cs
Exch. phase contains 0.16%, which is extracted by H2O.
Oughton et al. [42] analyzed soil samples obtained from
Norway and Soviet Union; results showed that >80% of
137
Cs is maintained in Resi. phase; the proportions of radioactive Cs and stable Cs fractions in different soil samples
are the same. Forsberg and Strandmark [43] studied the
soil samples collected in a pasture located in the vicinity
of Uppsala and found that >90% of 137Cs is maintained in
Resi. phase. Bunzl et al. [44] collected soil samples in
Norway spruce forest and examined the 137Cs fractions by
sequential extraction analysis (modified Tessier procedure); 137Cs Exch. phase, extracted by 1 mol L–1 NH4OAc,
in surface soil is <4%. Chiu et al. [45] collected soil samples in the forest and subalpine areas in Taiwan and sequentially extracted 137Cs; the results revealed that persistently bound phase and Resi. phase account for 31% to
41% and 22% to 62%, respectively. The results of the present study also indicated that Resi. phase was a predominant sink of Cs, and Exch. phase extracted by 1 mol L–1
MgCl2 accounted for <1% of the total Cs concentrations in
the soil. MgCl2 showed weak exchange ability compared
with NH4OAc; this result may be attributed to C2H3O2−
exhibiting a specific complexation; NH4OAc can also dissolve metals absorbed on soil particles. NH4OAc can also
activate organic components in soil [46]. In the present
study, the proportion of Resi. phase increased evidently
when the added Cs amounts increased; by contrast, the
proportion of the Exch. phase was constant. This result
possibly occurred because Cs is rapidly absorbed by soil
particles once this substance is added to soil; Cs trapped
in the frayed edge site cannot be removed by neutral
salts [47].
The Sr fractions in the Sr0 treatment obtained by
Tessier sequential extraction were observed as follows:
Resi. phase > Exch. phase > Fe & Mn phase > Orga.
phase > Carb. phase. The percentages of these fractions
varied as Sr was increasingly added to soil: Exch. phase
increased from 13.42% to 73.73%; Carb. phase increased
from 2.47% to 14.01%; Fe&Mn phase increased from
4.45% to 7.23%; Orga. phase reduced from 3.42% to
0.61%; and Resi. phase decreased from 76.23% to 24.42%.
This phenomenon indicated that Sr could be transported
more readily and easily absorbed by plants than Cs. The
bioavailability of Sr was possibly higher than that of Cs in
soil. Similar results are also obtained in other studies
[39,44]. For instance, Forsberg et al. [40] found that the
Exch. phase of 90Sr extracted by H2O and NH4OAc accounts for 31% to 58%, Fe & Mn phase extracted by
NH2OH·HCl accounts for 27%, and Resi. phase extracted
by HNO3 accounts for 15%; therefore, the fractional pro-

portion decreases as follows: Exch. phase > Fe & Mn
phase > Resi. phase > Orga. phase. Krouglov et al. [41]
found that the Exch. phase of 90Sr extracted by H2O and
NH4OAc contains 13.1%, which is similar to that in the
Sr0 treatment in the present study. Forsberg and
Strandmark [43] further indicated that 63% to 75% of 90Sr
can be extracted by H2O and NH4OAc and <5% of 90Sr is
present in Resi. phase. In conclusion, the Exch. phase of Sr
in soil accounted for a higher proportion than that of Cs.
High amounts of added Sr were found in the Exch. phase,
indicating high bioavailability in soil.
3.3 Analysis of the correlation between Cs and Sr concentration in soybean organs and speciation in soil

In general, Exch. phase represents the mobility and
bioavailability fractions, which exhibit more labile bounds
and can be easily released into the environment. The presence of hazardous metals in this phase, which can be taken
up by plants from soil, is an important factor influencing
the ecosystem. The trace metals bound to soil absorption
sites via cation exchanges or other weak bonding can be
easily replaced with MgCl2 or other neutral salts; these
metal fractions indicate high bioavailability relative to
other insoluble fractions [48].
Table 5 presents the Pearson correlations of Cs concentrations in soybean organs, five fractions, and total Cs
concentrations in soils. Significantly positive correlations
were found in the soybean organs (p < 0.01). Resi. and
Carb. phases and the concentrations in the leaves were
significantly and positively correlated with the total Cs
concentrations in the soil (p < 0.01). Significantly positive
relationships were also found between the Resi. phases
and the concentrations in pods and leaves (p < 0.01).
However, the Exch. phase in the soil and the concentrations in the soybean organs did not show significant correlations in the present study. This result occurred possibly because MgCl2 could not activate the organic parts in
soil, whereas a great amount of Cs is strongly absorbed on
soil organic matter [49,50]. As plants grew, the Cs fractions in the soil changed continuously. The amounts of
Exch. phase Cs were relatively high in the soils with high
Cs concentrations, although the proportion of Cs in the
soil remained unchanged. Some models that predict the
Cs migration from soil to plants have been developed, in
which the parameter considered is the total Cs concentration in soil and not the Cs phase in soil [23,51]. The following reasons possibly account for this result: strong Cs
absorption in soil; rough Exch. phase division in a chemically extracted form; chemical extraction method unsuitable to Cs bioavailability assessment.
Table 6 shows that significantly positive correlations
were found between soybean organs, total soil concentrations, and Exch., Carb., and Fe & Mn phases in addition
to Orga. phase (p < 0.01). Resi. phase was significantly
and negatively correlated with other fractions and soybean
organs except Orga. phase (p < 0.01). This phenomenon
could be explained by the strong mobility and weak absorbability of Sr in soil. Tessier sequential extraction could
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TABLE 5 - Pearson correlations of Cs concentration (mg kg–1) in soybean organs associated with five fractions (mg kg–1) and total concentration (mg kg–1) in soils
Pods
Leaves
Stems
Pods
1
Leaves
0.965**
1
Stems
0.989**
0.954**
1
Roots
0.986**
0.925**
0.978**
*
**
Soil
0.916
0.977
0.903*
Exch.
0.315
0.402
0.429
Carb.
0.749
0.820*
0.752
Fe&Mn
0.482
0.557
0.517
Orga.
0.464
0.626
0.535
Resi.
0.923**
0.980**
0.907*
** Correlation is significant at the 0.01 level (two-tailed).
* Correlation is significant at the 0.05 level (two-tailed).

Roots

Soil

1
0.892*
0.331
0.771
0.545
0.428
0.898*

Exch.

1
0.466
0.918**
0.702
0.700
1.000**

1
0.584
0.745
0.891*
0.445

Carb.

1
0.907*
0.757
0.911*

Fe & Mn

1
0.775
0.687

Orga.

1
0.683

Resi.

1

TABLE 6 - Pearson correlations of Sr concentration (mg kg–1) in soybean organs associated with five fractions (mg kg–1) and total concentration (mg kg–1) in soils
Pods
Leaves
Stems
Pods
1
Leaves
0.890**
1
Stems
0.910**
0.986**
1
Roots
0.811*
0.979**
0.951**
**
**
Soil
0.917
0.992
0.969**
Exch.
0.897**
0.989**
0.961**
**
**
Carb.
0.881
0.995
0.975**
Fe & Mn
0.925**
0.970**
0.962**
Orga.
0.152
-0.263
-0.250
Resi.
-0.824*
-0.949**
-0.916**
** Correlation is significant at the 0.01 level (two-tailed).
* Correlation is significant at the 0.05 level (two-tailed).

Roots

Soil

Exch.

Carb.

1
0.965**
0.962**
0.990**
0.914**
-0.360
-0.923**

1
0.996**
0.991**
0.976**
-0.170
-0.952**

1
0.985**
0.983**
-0.212
-0.974**

1
0.952**
-0.260
-0.937**

be conducted to determine the bioavailability of Sr in soil.
Thus, Sr Exch. phase extracted by MgCl2 could be used to
predict Sr concentrations in soybean organs.
4. CONCLUSIONS
This study indicated that the Cs and Sr concentrations
in soybean organs decreased in the following order: roots
> leaves > pods > stems and leaves > stems > roots >
pods. The CR and TF values of Cs in soybean organs
ranged from 0.12 to 0.90 and from 0.31 to 1.11, respectively. The CR and TF values of Sr in soybean organs
were 0.31 to 7.72 and 0.30 to 2.64, respectively. Sr0 treatment showed lower CR values than other Sr treatments.
The fractional proportion of Cs in the soil decreased sequentially: Resi. phase > Orga. phase > Carb. phase > Fe
& Mn phase > Exch. phase. As Cs concentrations in the
soil increased, the following results were obtained: the
proportion of Resi. phase increased; Orga., Carb., and Fe
& Mn phases decreased; and Exch. phase remained constant. The fractional proportion of Sr in the soil background sequentially decreased: Resi. phase > Exch. phase
> Fe&Mn phase > Orga. phase > Carb. phase. The Sr
fractions were dominated by Exch. phase when extraneous Sr was added to the soil. Tessier sequential extraction

Fe & Mn

1
-0.168
-0.973**

Orga.

1
0.318

Resi.

1

analysis indicated that Resi. phase contained the majority
of added Cs; high Sr amounts were present in the Exch.
phase. Strong positive correlations were found between
Resi. phase and soybean organs in the Cs-polluted soils (p
< 0.01). In the Sr-contaminated soils, the fractions in the
soils and the concentrations in the soybean organs, along
with Orga. phase, were significantly correlated; in particular, these fractions were negatively correlated with those in
the Resi. phase and positively correlated with those in other
phases (p < 0.01).
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ABSTRACT
Increasing interest for the biosynthesis of metal nanoparticles is under investigation, mainly due to their wide biomedical applications and research interests in nanotechnology. Mentha asiatica and Ocimum basilicum leaf extracts were used to evaluate their extra-cellular potential
synthesis of silver nanoparticles and their bactericidal impact on different kinds of pathogenic bacteria. UV-Vis
spectroscopy was utilized to monitor the formation of
silver nanoparticles. X-ray diffraction (XRD) analysis of the
formed silver nanoparticles revealed a structure of spherical and cubical shapes with different planes (range 111311 planes). Scanning electron microscopy (SEM) was
used to characterize the morphology of the nanoparticles
obtained from plant extracts. The synthesized nanoparticles were found to be active against clinically isolated
human pathogens, Staphylococcus aureus and Escherichia
coli. Our work proffers an eco-friendly method for biogenic
silver nanoparticle production. This could provide a faster
synthesis rate comparable to those of chemical methods,
and could potentially be used in areas such as food and
medical applications.

KEYWORDS:
Nanotechnology; XRD; SEM; antimicrobial

1. INTRODUCTION
Nanoparticles are being considered as fundamental
building blocks in nanotechnology. The synthesis of metal
nanoparticles and nanostructure materials is attracting
attention in recent research because of their valuable
* Corresponding author

properties which make them useful for catalysis [1]. The
most important and distinct property of nanoparticles is
that they exhibit a larger surface area to volume ratio [2].
The use of environmentally benign materials like plant
leaf extracts [3], bacteria [4], or fungi [5] for the synthesis
of silver nanoparticles offers numerous benefits of ecofriendliness and compatibility for pharmaceutical and other
biomedical applications as they do not use toxic chemicals for the synthesis protocol.
Different types of nanomaterials like copper, zinc, titanium [6], magnesium, gold [7], alginate [8], and silver have
come up but silver nanoparticles have proven to be most
effective; they demonstrated good antimicrobial efficiency
against bacteria, viruses and other eukaryotic microorganisms [9]. However, there is still need for an economic,
commercially viable as well environmentally clean synthesis route to synthesize silver nanoparticles.
Silver nanoparticles have attracted intensive research
interest because of their important applications as antimicrobial, catalytic, textile fabrics, and plastics to eliminate
microorganisms. Silver nanoparticles are having high
toxicity to various micro-organisms [10-14]. The recent
reports included the synthesis of nanoparticles using
plants [3, 15]. This stands as a great application in the
field of nano-medicine. Medicinal property of the extract
and nano-silver could play a vital role in the treatment of
many diseases [16, 17]. However, little has been carried
out about engineering approaches, such as rapid nanoparticle synthesis using plant extracts and size control of the
synthesized nanoparticles. Shankar et al. [18, 19] indicated that the times required for more than 90% reduction of
Ag+ and Au3+ ions, for the synthesis of nanoparticles
using Neem (Azadirachta indica) leaf broth, were about 4
and 2 h, respectively. In this study, we have compared the
synthesis of Ag nanoparticles using Mentha asiatica and
Ocimum basilicum leaf extracts, and have evaluated their
antimicrobial effects on some pathogenic bacteria.

185

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

2. MATERIALS AND METHODS
2.1 Plant material and preparation of the extract

Fresh green leaves (25 g) of Mentha asiatica and
Ocimum basilicum were thoroughly washed thrice with
distilled water, followed by double-distilled water, to
remove dust particles and other contaminants. Then, the
leaves were chopped into fine pieces, taken into a clean
250-ml Erlenmeyer conical flask, and 100 ml of sterile
double-distilled water was added and incubated on a sand
bath for 30 min to facilitate the formation of aqueous leaf
extracts. The extracts were then filtered using Whatman
No. 1 filter paper and used for the synthesis of silver
nanoparticles under study.

2θ is bragg’s angle, βcor is the corrected full width at half
maximum (FWHM) in radians, and β sample and β ref are
the FWHM values of the reference and sample peaks,
respectively.
2.5 Scanning electron microscopy (SEM)

Examination of silver nanoparticles was done in the
Electron Microscope Unit at the Faculty of Science, Alexandria University (Alexandria, Egypt). Thin films of the
silver nanoparticles were prepared on a carbon-coated copper grid by just dropping a very small amount of the sample
onto the grid; extra solution was removed using a blotting
paper, and then, the film on the SEM grid was allowed to
dry by putting it under a mercury lamp for 5 min.

2.2 Preparation of 1mM silver nitrate solution

2.6 Energy-dispersive X-ray spectrometer (EDS) analysis

For the preparation of 1 mM silver nitrate (AgNO3),
0.042 g of AgNO3 was added to 100 ml of double-distilled
water. The solution was mixed thoroughly and stored in an
amber-colored bottle in order to prevent autoxidation of
silver.

Particles were isolated by centrifuging 20 ml of suspension for 10 min at 15,000 rpm in deionized water
containing Ag nanoparticles. The pellets were collected
and dried in the oven at 50 °C to remove any excess water. The samples were collected in powder form, and used
for EDS analysis. In order to carry out EDS analysis, the
leaf extract-reduced AgNPs samples were dried and dropcoated onto carbon films. EDS analysis was then performed
using a SEM equipped with EDS spectrometry.

2.3 Synthesis of silver nanoparticles

For the synthesis of plant mediated silver nanoparticles; 5 ml leaf extract was completed to 100 ml by using
1 mM silver nitrate solution, and incubated on a sand bath
at 60 ºC for 30 min until color change was observed. This
indicates the preliminary confirmed formation of silver
nanoparticles. The brown color formation indicates that
Ag nanoparticles were synthesized from the herbs, and
they were centrifuged at 5000 rpm for 15 min in order to
obtain the pellet which is used for further study.
2.4 X-ray diffraction (XRD)

XRD analyses for crystalline metallic silver nanoparticles were performed as described by Vidhu [20]. The bioreduced silver nitrate solution was drop-coated onto glass
as substrate for XRD analysis. On the other hand, the
suspension of nanosilver particles was centrifuged at
10,000 rpm and 4 °C for 10 min to obtain a pure nanoparticle pellet for XRD analysis. XRD measurements were
carried out on a Philips-X’Pert MPD X-ray diffractometer. The pattern was recorded by Cu-Kα radiation, with λ
of 1.5406 Å and a nickel monochromator filtering the wave
at a tube voltage of 40 kV and tube current of 30 mA. The
scanning was done in the region of 2Ө , from 20 to 80°, at
0.02°/min, and the time constant was 2 s. The mean particle diameter of AgNPs was calculated from the XRD pattern, according to the line width of the maximum intensity
reflection peak. The size of the nanoparticles was calculated with the Scherrer equation:
D = (Kλ)/ (βcor cos θ), with βcor = (β2 sample −β2 ref )1/2,
where D is the average crystal size, K is the Scherrer
coefficient (0.89), λ is the X-ray wavelength (λ=1.5406 Å),

2.7 UV-Vis observation

UV-Vis absorption spectra were measured using a
LKB spectrophotometer
2.8 Microorganisms

The assessment of antibacterial activity was carried out
using different strains. The following microorganisms were
used: Staphylococcus aureus and Escherichia coli. The
microbial cultures were maintained by the Department of
Botany and Microbiology, College of Science, King Saud
University, Riyadh, Saudi Arabia.
2.9 Antibacterial activity study

Antibacterial activity of the synthesized AgNPs was
determined using the agar well diffusion assay method
described by Perez [4]. For this method, a sterile MuellerHinton agar plate was prepared. Bacterial pathogens used
in the present experiment were spread over the agar plate
using sterile cotton swab. The plates were allowed to dry,
and a sterile well-cutter (diameter 5 mm) was used to bore
wells in the agar plates. Subsequently, 50 µl of the synthesized nanoparticle suspension was introduced into the
wells of the inoculated Mueller–Hinton agar plate. The
plate containing bacteria and AgNPs was allowed to stand
for 1 h (diffusion took place), was incubated at 37 °C for
24 h, and then examined for evidence of zones of inhibition, which appear as a clear area around the wells [21].
The diameters of such zones of inhibition were measured
using a metre rule, and the mean value for each organism
was recorded and expressed in mm.
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3. RESULTS
The color change of the leaf extracts was noticed visually when they were incubated with AgNO3. The solution changed from yellowish green to brown indicated the
synthesis of Ag nanoparticles. The color intensity also

increased with the duration of incubation (Fig. 1). Absorption spectrum of the incubated solution at different
wavelengths (450-750 nm) revealed a peak at 525 nm
(Fig. 1). The entire reaction mixtures turned to a brown
color, and exhibited an absorbance peak around 525 nm,
which is characteristic of Ag nanoparticles.

A. Mentha asiatica
B. Ocimum basilicum

FIGURE 1 - UV–Vis spectra showing absorption recorded as a function of 1 mM AgNO3 with aqueous leaf extracts of Mentha asiatica and
Ocimum basilicum (color changes of aqueous plant extracts with time: A & C for Mentha asiatica, B &D for Ocimum basilicum).

FIGURE 2 - SEM images of synthesized AgNPs by leaf extracts of (A) Mentha asiatica and (B) Ocimum basilicum plants. EDS spectrum of
(C) Mentha asiatica and (D) Ocimum basilicum leaf extracts showed signals of synthesized AgNPs (EDS of the silver nanoparticles was confirmed by the presence of elemental silver signals in high percentage).
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The morphology of the silver nanoparticles was observed to be approximately spherical (SEM), and nanoparticles were in aggregated form (Figs. 2A and B). Representative SEM images were recorded at different magnifications from drop-coated films of the AgNPs synthesized by treating AgNO3 solution with Mentha asiatica
and Ocimum basilicum leaf plant extracts. Theseimages
revealed that the powder particles were slightly agglomerated but their size ranged between8.31-14.4 nm for
Mentha asiatica and between 3.5-14.4 nm for Ocimum
basilicum (Figs. 2 A and B). The SEM images showed a
high density of AgNPs synthesized by Mentha asiatica as
well as Ocimum basilicum plants, which was further confirmed by EDS. From the EDS spectra, it was clear that
our studied plants had a recorded weight percent of the
AgNPs (Figs. 2 C and D).

particle sizes (Fig. 4) of the nanoparticles calculated were
30.30–49.24 nm for Mentha asiatica and about 31.9163.83 nm for Ocimum basilicum. The average size of the
nanoparticles was found to be 43.82 nm (Fig. 4).

XRD patterns obtained for silver nanoparticles synthesized using Mentha asiatica and Ocimum basilicum leaf
extracts with 1 mM AgNO3 (Fig. 3) showed a number of
bragg reflections that may be indexed on the basis of the
face centered cubic structure of silver.

FIGURE 4 - TEM images and diameter values of synthesized AgNPs
by leaf extracts of (A) Mentha asiatica and (B) Ocimum basilicum
plants.

From the screening of antimicrobial activity of the biosynthesized silver nanoparticles by disc diffusion method,
it was observed that AgNPs had antibacterial activities
towards Staphylococcus aureus and Escherichia coli bacteria. The zones of inhibition were observed in both plants
and ranged from 8.5 to 12 mm (Fig. 5).

FIGURE 3 - XRD pattern of biosynthesized AgNPs in aqueous
solution of Mentha asiatica and Ocimum basilicum.

The size and shape of the silver nanoparticles were examined clearly under a Transmission Electron Microscope
(TEM) operated at 80 kV. TEM images of biologically
synthesized typical silver nanoparticles were obtained from
Mentha asiatica and Ocimum basilicum leaf extracts, although the exact shape of the nanoparticles was not clearly
predicted. Higher magnification of the images showed
that the particles are dispersed and roughly spherical. The

FIGURE 5 - Antimicrobial activities of synthesized Ag nanoparticles
in aqueous extracts of (A and C) Mentha asiatica and (B and D)
Ocimum basilicum plants with AgNO3 towards E. coli and S. aureus.
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4. DISCUSSION
It is well-known that silver nanoparticles exhibit yellowish brown color in aqueous solution due to excitation
of surface plasmon vibrations in silver nanoparticles, and
as a result of the surface plasmon resonance phenomenon
[22]. Reduction of the silver ions to silver nanoparticles
during exposure to plant leaf extracts could be followed
by color change, and thus, UV-VIS spectroscopy. The
difference in the rate of bioreduction observed between
the studied plants may be assigned to the differences in
the activities of the enzymes present in Mentha asiatica
and Ocimum basilicum.
The EDS analysis herein confirmed the presence of
silver nanoparticles of Mentha asiatica and Ocimum basilicum, and mostly showed strong signal energy peaks
for silver atoms in the range of 2–4 keV. Our results are
consistent with an earlier study of Gardea-Torresdey et al.
[23], who obtained formation of individual sphericalshaped silver nanoparticles in the range of 2.5–4 keV by
using Alfalfa. Moreover, Vijayakumar et al. [24] studied
the formation of Ag nanoparticles in the range of 2-4 KeV
by using Artemisia nilagirica.
The SEM analysis of Ag nanoparticles from our studied plants is supported by the results of Chandran et al.
[25] in Aloe vera and Vijayakumar et al. [24] in Artemisia
nilagirica. In addition, rapid biosynthesis of silver nanoparticles of different shapes was observed but the sizes of
nanoparticles varied with Mentha asiatica and Ocimum
basilicum leaf extracts. According to Ag nanoparticle size
of Mentha asiatica, results obtained were comparable
with silver nanoparticles (35-65 nm) synthesized by using
Ocimum basilicum leaf extract.

ing clear inhibition zones. It could be concluded that
silver nanoparticles have been demonstrated to exhibit
antimicrobial properties against bacteria, with close attachments of the nanoparticles themselves with the microbial cells. Our results are consistent with a previous
study done by Morones et al. [27], who found that antimicrobial activity of nanoparticles is size-dependent. The
enhanced antibacterial effects of silver nanoparticles were
characterized, and it was also stated that once inside the
cell, nanoparticles would interfere with the bacterial
growth signaling pathway of putative peptide substrates
critical for cell viability and division, and the nanoparticles were not in direct contact, even within the aggregates, indicating stabilization of the nanoparticles by a
capping agent [28, 29].
The major mechanism through which silver nanoparticles manifested antibacterial properties was by anchoring to and penetrating the bacterial cell wall, and modulating cellular signaling by dephosphorylating putative key
peptide substrates on tyrosine residues [29].
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Our results suggested that the differently synthesized
silver nanoparticles are formed due to the achievement of
leaf extracts of Mentha asiatica and Ocimum basilicum
which act as good bioreductants for AgNO3 in the process
of Ag nanoparticle biosynthesis.
The XRD pattern thus clearly showed that the silver
nanoparticles formed by the reduction of Ag+ ions by
Mentha asiatica and Ocimum basilicum leaf extracts are
crystalline in nature; these results are consistent with
Huang et al. [26]. The presence of structural peaks in
XRD patterns and average crystalline size around 20 nm
clearly illustrate that AgNPs synthesized by our green
method were nanocrystalline in nature.
As mentioned in the method section, the silver nanoparticles once formed were repeatedly centrifuged and
re-dispersed in sterile distilled water prior to XRD and
TEM analysis, thus ruling out the presence of any free
compound/protein that might independently crystallize
and give rise to bragg reflections (Fig. 3).
Silver nanoparticles exhibited antibacterial activity
against Staphylococcus aureus and Escherichia coli show-
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EFFECT OF DELTAMETHRIN ON THE LIVER AND
OVARY OF APHANIUS DISPAR: A MICROSCOPIC STUDY
Rashid Al-Ghanbousi, Taher Ba-Omar* and Reginald Victor
Department of Biology, College of Science, Sultan Qaboos University, P.O. Box 36, Muscat 123, Oman

ABSTRACT
Ultrastructural alterations were observed in the liver
and the ovary of Aphanius dispar exposed to different
concentrations of deltamethrin (2.25, 2.50 and 3.00 µg/L).
The hepatocytes of the liver showed an increase in cytoplasmic lipid droplets, mitochondria, reduction in the
amount of rough endoplasmic reticulum (RER), and an
increase in the numbers of secondary lysosomes with
degraded cell organelles. Chromatin condensation of the
nuclei was also seen. A marked increase of the interhepatocyte space was observed. The common changes
observed in the ovary were the increase in the number of
secondary growth oocytes, the number of atresian follicles, and the decrease in the number of primary growth
oocytes. The highest secondary to primary growth oocytes
ratio was found in fish exposed to 3.00 µg/L deltamethrin.
There was no development beyond the secondary growth
oocytes stage in fish exposed to all concentrations of
deltamethrin.

KEYWORDS: Aphanius dispar, fish, liver, ovary, hepatocytes,
oocytes, TEM, deltamethrin

Liver of fish perform vital activities including metabolism, detoxification, homeostasis and reproductive development. The metabolic functions of the liver include nutrient
processing and storage, synthesis of enzymes, bile formation, excretion and metabolism of the xenobiotic compounds [7-9]. Histopathological studies of the liver can
provide a good indication about the overall health of fish.
In most teleosts, the oogonia give rise to mature oocytes, followed by primary vitellogenesis, accumulation
of mucopolysaccharides in cortical alveoli, increase in the
thickness of the zona radiata, deposition of vitellogenic
yolk, formation of microvillar contacts between the oocyte
and follicle cells, and enlargement of oocytes [10, 11]. Vitellogenin is necessary for growing oocytes as precursor of
egg yolk proteins in teleosts. This glycophospholipoprotein (300–600 kDa) is produced in the liver, and reaches
the ovary through the blood stream [12].
Only a few studies examined the effects of deltamethrin on fish liver and ovary at the ultrastructural level [13,
14]. Information on toxicity or histopathological and ultrastructural effects of deltamethrin on A. dispar is rare [15].
However, there are no previous studies on the histopathological and ultrastructural effects of deltamethrin on the
liver and ovary of A. dispar, and this study fulfills this
gap in knowledge.

1. INTRODUCTION

2. MATERIALS AND METHODS

Deltamethrin is a synthetic type II pyrethroid insecticide. It is classified as one of the most toxic pyrethroids.
Deltamethrin-treated fish exhibit several symptoms of
stress [1-4]. Exposure to deltamethrin results in cholinergic syndrome, because the main mechanism of action of
deltamethrin is the inhibition of acetylcholine esterase [5].
Pyrethroids used in aquatic larvicidal programs pose a
serious hazard to fish [2]. The use of pyrethroids has,
therefore, been greatly restricted in and around paddy
fields and fish ponds [6]. Deltamethrin-like pyrethroids
have been found to be extremely toxic to fish and aquatic
invertebrates, with 96-h LC50 values ranging from 0.4 to
2.0 µg L-1 [1, 2].
* Corresponding author

Aphanius dispar were collected from Wadi Tiwi (latitude: 22° 49' 42 N, longitude: 59 ° 15' 30 E) and Fanja
(latitude: 23° 27' 22 N, longitude: 58° 6' 11 E) in Oman.
Fish (mean weight ± SD, 1.92 ± 0.41 g and mean total
length ± SD, 3.42 ± 0.33 cm) were acclimatized for not
less than 10 days in 3 glass aquaria (76x40x40, 100x46x30
and 100x30x30 cm) filled with 60 L of dechlorinated tap
water. Each aquarium contained 25-30 fish maintained under
laboratory conditions with a photoperiod of 13 h light and
11 h dark at a mean ± SD temperature of 21.5 ± 2 oC. The
aquaria were continuously aerated with an electric air
pump; 30-40% of aquarium water was replaced every 48 h.
The fish were fed on commercial feed Tetra Min® (Tetra
GmbH, D-49304, Germany) containing 47% protein and
Hikary Tropical (Kyorin Co., Ltd, Japan) containing 59%
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protein. The fish were fed three times daily at 3-4% of
their body weight. The other physical and chemical parameters of the tap water used in experiments were as
follows: dissolved oxygen (mean ± SD, 5.0 ± 0.1 ppm), pH
(8.1–8.2), water temperature (mean ± SD, 19.7 ± 0.1 °C)
and electrical conductivity (mean ± SD, 215 ± 7 µS).
Commercial grade deltamethrin-based pesticide
(Decis® 25 EC) A.I: Deltamethrin 25 g/L w/v (Bayer
Crop Science) was used. A stock solution was prepared by
serial dilution. The final concentration of the stock solution
was 2.5 mg/ L. From this stock solution, two test solutions
with 2.50 and 2.75 µg/L were prepared for 4-day static
acute toxicity assays. From these assays, the estimated 9-h
LC50 of deltamethrin for A. dispar was 2.57 µg/L. Using
this value as a guideline, three experimental deltamethrin
concentrations of 2.25, 2. 50 and 3.00 µg/ L were prepared
to study their effects on the liver and ovary of A. dispar.
The fish were divided into 4 groups each with 10 fishes,
1 for control and 3 to be exposed to 2.25, 2.50 and 3.00 µg/L
deltamethrin. The water and the pesticide solution were
changed every 24 h throughout the experimental period.
The fish were checked every 6 h, and dead fish were
removed immediately. At the end of 96 h, fish were removed from all aquaria and sacrificed for histopathological studies.
The fish were placed in an ice-bath and immediately
decapitated. Liver and ovary were then removed and
immediately fixed in Karnovsky fixative at 4 °C for 5 h,

washed twice with sodium cacodylate to a pH of 7.4, and
then stored in this buffer at 4 °C. Liver and ovary tissues
were post-fixed in 1% aqueous solution of osmium tetroxide for 1 h, dehydrated in a series of alcohol, and embedded in Agar 100 resin. Semi-thin sections were cut and
stained with toluidine blue and examined under a light
microscope. Ultra-thin sections were stained with supersaturated uranyl acetate and lead citrate, and examined
using a JEOL JEM -1230 TEM (transmission electron microscope).
3. RESULTS
3.1 Liver

The liver of the control A. dispar is made up of polyhedral hepatocytes, which have homogenous cytoplasm
and big spherical, centrally placed nuclei (Fig. 1A).
Hepatocytes are arranged in two-cell thickness forming
hepatic plates throughout the liver (Fig. 1A).
Some structural alterations of the liver are seen in the
fish exposed to 2.25, 2.50 and 3.00 µg/L concentrations.
The liver tissues showed fat degeneration, eccentrically
located nuclei, small to large lipid droplets, and a marked
compression of sinusoidal spaces (Figs. 1B-D). A marked
dilation of sinusoids was observed. An increase in interhepatocyte spaces was found, especially in the sinusoidal
area (Fig. 1D).

FIGURE 1 - Light micrographs of A. dispar’s liver showing: A) control fish, B) fish exposed to2.25 µg/L; C) fish exposed to 2.50 µg/L; D) fish
exposed to 3.00 µg/L; liquid droplet (L); sinusoid (S); hepatocyte nucleues (arrow); clear area in the cytosol (asterisks), Bar = 20 µm
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FIGURE 2 - Electron micrographs of A. dispar’s liver of the control fish showing; nucleus (N); nucleolus(Nu); rough endoplasmic reticulum
(RER); mitochondria(M); sinusoid(S); and glycogen (G):

FIGURE 3 - Electron micrographs of A. dispar’s liver of fish exposed to 2.25 µg/L showing; endoplasmic reticulum (ER); secondary lysosome (arrowhead); glycogen (G); lipid droplet (L); mitochondria (arrow); mylinated body (Mb) and nucleus (N).
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Hepatocytes of the control at the electron microscopic
level showed rough endoplasmic reticulum (RER) arranged in arrays, mitochondria around nuclear region, and
glycogen within the peripheral region of the hepatocytes
(Figs. 2A-C). Mitochondria were spherical to elongated in
shape, with numerous cristae. Hepatocytes had centrally
located nuclei, with prominently central nucleoli (Fig. 2A).

young primary growth oocytes (PGO) to secondary growth
oocytes (SGO) (Fig. 6A). The primary growth oocytes
were surrounded by thin and flat follicle cells. The secondary growth oocytes were surrounded by the zona radiata, follicle (granulose) cells, basement membrane and
theca cells (Fig. 6A). Atretic follicles were also seen occasionally (Fig. 6A).

Some ultrastructural alterations of the liver were seen
at all deltamethrin levels (2.25, 2.50 and 3.00 µg/L). The
close association of mitochondria with RER lamellae was
maintained and, on rare occasions, mitochondria had increased space between inner and outer membranes (Figs. 3A
and B). Furthermore, an increase in the number of secondary
lysosomes with degraded cell organelles was found (Figs.
3A and 4A-C). Myelinated bodies were seen within the
cytoplasm (Fig. 3B). In the 3.00 µg/L deltamethrin concentration, a dramatic increase in cytoplasmic lipid droplets was
seen (Fig. 5A). Glycogen accumulation and eccentric nuclei
of some cells were also observed (Figs. 5A-C). Some nuclei
had irregular shape with condensed chromatin (Fig. 5D).

Some histopathological changes including a decrease
in the number of PGO and an increase in the number of
SGO (Figs. 6 B-D) were observed in the ovary of fish
exposed to 2.25, 2.50 and 3.00 µg/L deltamethrin. The majority of the oocytes was in early secondary stage of growth
and usually had irregular shape. No development beyond
early secondary stage oocytes was noticed. Atretic oocytes
were seen (Figs. 6 B-D).

The ovary of the control A. dispar had two lobes possessing lamellae that project into the ovarian lumen. Nests
of oogonia were scattered throughout the germinal epithelium (Fig. 6A). Oocytes were found in stages ranging from

In the control fish, the PGO were surrounded by a
simple layer of squamous granulosa cells, followed by a
non-cellular basement membrane separating these cells
from an outer layer of simple or stratified theca cells that
reside within the stromal extravascular space. The PGO
showed the appearance of the zona radiata which form
zona externa (ZE) (Figs. 7A-D). The SGO were surrounded by cuboidal granulose cells with electron-dense
materials and squamous thecal cells (Figs. 7A, D). The

FIGURE 4 - Electron micrographs of A. dispar’s liver showing fish exposed to 2.5 µg/L; secondary lysosome (arrows); glycogen (G); lipid
droplet (L); mitochondria (M) and nucleus(N).
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FIGURE 5 - Electron micrographs of A. dispar’s liver showing fish exposed to 3.0 µg/L; secondary lysosome (arrowhead); glycogen (G); lipid
droplet (L); mitochondria (arrow); nucleus (N) and endoplasmic reticulum (ER).

FIGURE 6 - Light micrographs of A. dispar’s ovary showing: A) control fish, B) fish exposed to2.25 µg/L; C) fish exposed to2.50 µg/L; D)
fish exposed to 3.00 µg/L. Oogonia (arrows); Young oocytes (YO); Primary growth oocytes (PGO); Early secondary growth oocytes (ESO);
Late secondary growth oocytes (LSO); Oocytes atresia (AT).
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envelope of the SGO became thicker and possessed pores
through which microvilli were extended out. The envelope
was composed of three layers: the outermost layer (Z1), the
middle layer (Z2) and the innermost layer (Z3) (Fig. 7).
The oocyte contained round and elongated mitochondria,
a well-developed Golgi complex, free ribosomes, and vesicles of different sizes (Fig. 7). Collagen fibers were seen
between the thecal layer and basal membrane (Fig. 7D).

Little to moderate ultrastructural alterations were observed when fish were exposed to 2.25, 2.50 and 3.00 µg/L
of deltamethrin (Figs. 8-10). The SGO showed cytoplasmic vacuolation, mainly near the peripheral region, while
the plasmic membrane present had fewer microvilli compared to that of SGO of the control group. Myelinated
bodies were observed. At the 3.00 µg/L concentration,
dilation and vesiculation of the endoplasmic reticulum of

FIGURE 7 - Electron micrographs of A. dispar’s ovary of the control fish showing; primary growth oocyte (PO) and secondary growth oocyte (SO); granulosa cell (Gc); theca cells (TC); extravascular space (EVS); zona radiata externa (ZE); zona radiata interna (ZI) Nucleus
(N); perivitelline space (PVS); microvilli (arrows); cortical alveoli (Ca); electron-dense materials (Em), collagen fibers (Cf).

FIGURE 8 - Electron micrographs of A. dispar’s showing; secondary growth oocyte of fish exposed to 2.25µg/L; zona radiata interna (ZI);
mitochondria (M); perivitelline space (PVC); mylinated body (Mb); vacuole ( V); endoplasmic reticulum (ER) and microvilli (arrows).
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FIGURE 9 - Electron micrographs of A. dispar’s showing; secondary growth oocyte of fish exposed to 2.5µg/L, zona radiate externa (ZE);
zona radiata interna (ZI); perivitelline space (PVS); microvilli (MV); granulosa cell (GC); theca cell (TC); basement membrane (BM); nucleus (N); electron-dense materials (Em); collagen fibers (Cf) and pores (arrows).

FIGURE 10 - Electron micrographs of A. dispar’s ovary showing; secondary growth oocyte of fish exposed to 3.0µg/L; granulosa cell (GC);
nucleus (N); mitochondria (M); electron-dense materials (Em); collagen fiber (Cf); zona radiata interna (ZI) and zona radiate externa(ZE);
endoplasmic reticulum (ER); perivitelline space (PVS); theca cell (TC)
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SGO, with irregularly shaped and disorganized cristae of the mitochondria were seen (Fig. 10). Granulose
cells with irregularly shaped nuclei and peripherally aggregated chromatin were also seen (Figs. 9, 10).
4. DISCUSSION AND CONCLUSION
Results of the present study have revealed that the
water-soluble deltamethrin adversely affects the structural
integrity of the liver and ovary of A. dispar. A previous
study on the effect of deltamethrin on the gills of A. dispar showed that the histopathological changes get amplified with increasing concentration of the pesticide [15].
The effects of different deltamethrin concentrations on
the liver of exposed A. dispar were similar to that observed
in deltamethrin-exposed Mosquito fish, Gambusia affinis
[2] and Nile tilapia (Oreochromis niloticus) [4]. Observations similar to that of this study had also been recorded in
Mrigal (Cirrhinus mrigala) exposed to lambda-cyhalothrin
[16], rainbow trout (Oncorhynchus mykiss) exposed to
bifenthrin [17], and the freshwater catfish (Clarias
gariepinus) exposed to cypermethrin [18]. The above
insecticides including deltamethrin are pyrethroids.

ment membrane, isolating it from meso-epithelial environment of the stroma. Primary growth oocytes in teleosts, in
general, are surrounded by granulose cells, basement membrane and theca cells [26]. The same layers were also
observed around primary growth oocytes and secondary
growth oocytes in the present study.
The present study on A. dispar exposed to different
concentrations of deltamethrin showed an increase in the
number of SGO but a decrease in PGO. It also showed an
increase in the number of atretic oocytes. The results of
this study are in agreement with several authors including
[27-29].
Al-Ghanbousi et al. [15] reported about histopathological changes caused by deltamethrin on the gills of A.
dispar, and this study confirms that such changes also
occur in the liver and ovary of this species.

Proliferation of lysosomes (secondary lysosomes) was
observed in hepatocytes of A. dispar exposed to the different concentrations of deltamethrin. Li et al. [19] suggested
that such proliferation acts as a mechanism to eliminate or
lessen cell damage in silver carp (Hypophthalmichthys
molitrix). The presence of secondary lysosomes seen in
this study indicates the degeneration of hepatocytes. Stored
glycogen in abundance was observed in fish groups exposed to all deltamethrin concentrations. Law et al. [20]
observed increased glycogen in the hepatocytes of Japanese
medaka (Oryzias latipes) exposed to dichloroacetic acid.
Alterations observed in the hepatocytes of A. dispar
exposed to different concentrations of deltamethrin included the increase in the number and size of lipid droplets,
irregularly shaped nuclei including the contraction of nuclei
and binucleated hepatocytes. All these changes have been
observed in the hepatocytes of freshwater teleosts exposed
to a variety of pesticides [13, 21-23]. The histopathological
responses in the liver of fish exposed to pesticides, irrespective of the differences in their chemical properties,
seem to follow a broad general pattern which would inevitably result in the impairment of liver function.
The ovary of A. dispar has the same structural plan as
that of other freshwater teleosts. It has two lobes possessing lamellae that project into the ovarian lumen. The
process of oogenesis consists of four stages: oogonia,
young oocyte, primary growth oocyte, and secondary
growth oocytes [24]. The oogonia and young oocytes were
surrounded by somatic cells called pre-follicular cells.
Menn et al. [25] reported that a monolayer of somatic
granulose cells surrounding the young oocyte, when it
separated from the oogonial nest, started to secrete a base-
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ABSTRACT
Electrochemical advanced oxidation processes, anodic
oxidation and electro-Fenton, have been applied to oxidative degradation of 2-nitrobenzoic acid (2-NBA) in acidic
aqueous medium by using Pt or boron-doped-diamond
(BDD) anode. Electrolyses were conducted in an open and
cylindrical cell with a carbon-felt cathode for H2O2 generation. The main oxidizing species are OH radicals formed at
the BDD surface in all treatments and in the bulk from
Fenton’s reaction between initially added Fe2+(catalyst)
and electrogenerated H2O2. Decay of 2-NBA concentration
followed a pseudo-first order reaction kinetic. The absolute
rate constant of the hydroxylation reaction of 2-NBA was
determined by using the competition kinetic method and
found to be 1.97 x 109 M-1s-1. The comparative study of
TOC measurements during electro-Fenton treatment showed
a higher mineralization rate with BDD anode than Pt anode
at the first hours of electrolysis due to the higher oxidizing power of former anode. These results highlight that
electrochemical advanced oxidation processes using a BDD
anode are more powerful than the classical electro-Fenton
process with Pt. The nitrogen of 2-NBA yielded NO3- ion
in a low proportion and NH4+ ion in much lesser extent,
suggesting that major part of nitrogen was lost as volatile
N-derivatives.
•

KEYWORDS: 2-Nitrobenzoic acid, Electro-oxidation, ElectroFenton process, Hydroxyl radicals, Mineralization.

1. INTRODUCTION
Aromatic carboxylic acids including 2-nitrobenzoic
acid (2-NBA) are widely used as reagent or process inter* Corresponding author

Mediates in chemical industry in manufacturing dyes, pharmaceuticals, paints and fine chemicals. Therefore nitrobenzoic acids are frequently found in the effluents of these
industries, particularly in the wastewater of the pharmaceutical industry [1]. For example 2-nitrobenzoic acid is a precursor to 3-aminobenzoic acid, which is used to prepare
some dyes [2]. It emits very toxic fumes when heated.
Nitrobenzoic acids constitute persistent organic pollutants
(POPs) that necessitate to be removed from wastewater
before disposal to natural water bodies due their environmental hazardous impact on fauna and flora.
Advanced oxidation processes (AOPs) have been developed over last decades and attracted increasing interest
since they are able to efficiently remove the POPs from
water [3, 4]. Recently a large variety of electrochemical
advanced oxidation processes (EAOPs) have been developed to degrade/mineralize low contents toxic and/or persistent organic pollutants in waters. EAOPs are considered
environmentally friendly technologies able to electrogenerate
in situ hydroxyl radicals (•OH) [5, 6]. This radical is a powerful oxidizing agent (E°(•OH/H2O) = 2.8 V/SHE at 25 °C),
as well as, a very reactive species. It reacts non-selectively
with any organic pollutant through electron transfer,
hydrogen atom abstraction (dehydrogenation), or addition
on unsaturated band (hydroxylation) reactions to form
oxidation intermediates that can in turn be oxidized until
complete mineralization to carbon dioxide, water and inorganic ions [6].
The simplest and well common EAOP for water remediation is the anodic oxidation [7-10] in which organics pollutants contained in a wastewater are oxidized by
heterogeneous hydroxyl radicals M (•OH) formed by direct
charge transfer at the anode (M), formed as intermediate of
O2 evolution from oxidation of water as follows:
M + H2O → M (•OH) + H+ + e-

(1)

It has been found that the use of active anodes like Pt
and mixed metal oxides allows the conversion of organics
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into carboxylic acids since the M (•OH) is chemisorbed on
the anode surface with less oxidizing power [11, 12]. In
contrast, the use of a high O2 evolution over potential anode, like PbO2 or boron-doped diamond (BDD), leads to
the formation of more reactive, physisorbed M (•OH) radicals, having much more oxidation power. These M (•OH)
radicals are able to oxidize/mineralize hardly oxidizable
compounds such as carboxylic acids.
EAOPs based on H2O2 generation have also received
great attention for water treatment. These processes involve the continuous supply of H2O2 to contaminated solution from two-electron reduction of dissolved O2by using a
carbonaceous cathode like carbon-PTFE gas diffusion or
carbon-felt [13,15]:
O 2 + 2 H + + 2 e - → H 2O 2

(2)

The oxidation power of H2O2can be significantly enhanced by adding a catalytic amount of Fe2+into the solution since this mixture, known as Fenton's reagent, leads
to the formation of homogeneous hydroxyl radicals in the
solution according to the Fenton reaction (3):
Fe2+ + H2O2 → Fe3+ + •OH + OH-

(3)

2+

In electro-Fenton process, Fe ions are continuously
regenerated electrocatalytically by one-electron reduction
of Fe3+(reaction (4)), formed by reaction (3) [16,17]:
Fe3+ + e- → Fe2+

(4)

Implementation of this process needs the use of a carbonaceous cathode like carbon-felt [18-20], carbon sponge
[21], graphite [22] or carbon-polytetrafluoroethylene-O2
diffusion cathode [23,24] in order to efficiently generate
H 2O 2.
Although the classic anode was Pt, it was shown recently that the efficiency of electro-Fenton process can be
enhanced using a high O2 overvoltage anode like BDD
[17,25] where hydroxyl radicals are simultaneously formed
either at BDD anode surface (reaction (1)), and in the bulk
reaction (3). This process is widely used to treat non biodegradable or refractory organics contaminant such as dyes
[26], pharmaceuticals [27, 28], pesticides [29, 30], reverse
osmosis concentrates [31], etc.
In this paper, we report the results of a comparative
treatment of a synthetic solution of 2-NBA by AO using
BDD anode (AO-BDD), electro-Fenton with Pt anode (EFPt), and the coupling of AO with electro-Fenton (EF-BDD).
The relative performance of these EAOPs was measured
in terms of the oxidation kinetics and mineralization efficiency. The BDD anode was chosen for its higher oxidation/mineralization power in both EAOPs. The EF-Pt process was also considered to better explain their relative
oxidation power. The decay kinetics of 2-NBA was investigated to clarify the role of generated •OH in all EAOPs,
and the absolute (second-order) rate constant of the reaction between •OH and 2-NBA was determined using competition kinetics method.

2. MATERIALS AND METHODS
2.1. Chemical reagents

2-Nitrobenzoic acid (2-NBA) was reagent (99% purity)
grade from Aldrich. Anhydrous sodium sulfate (Na2SO4) and
hexahydrated ammonium iron (II) sulphate (Mohr's salt),
(NH4)2Fe(SO4)2 6H2O), as ferrous ion (catalyst) source
http://fr.wikipedia.org/wiki/Formule_chimique were analytical grade from Fluka. Solutions were prepared with
pure water obtained from a Millipore Milli-Q system
(Molsheim, France) with resistivity >18 MΩ cm at 25°C.
The initial pH of solutions was adjusted to 3, the optimal
pH value for electro-Fenton process [23, 32] with analytical
grade sulfuric acid from Across. Methanol (chromanorm
grade) used as organic solvent for the liquid chromatography mobile phase, and all the other chemicals employed
were either analytical grade from VWR international,
Merck and Fluka.
•

2.2. Electrolytic system

All the electrolytic trials were conducted in an open,
undivided and cylindrical glass cell of 250 mL capacity,
with a double jacket for circulation of external thermostated
water to regulate the solution temperature. Either a cylindrical Pt mesh or a 25 cm2 boron-doped diamond (BDD)
electrode (BDD thin-film deposited on a niobium substrate from CONDIAS, Germany) was used as the anode,
and a large surface area graphite felt (14 cm × 5 cm each
side, 0.5 cm in width, from Carbone-Lorraine, France) as
the cathode. In all treatments, the anode was centered in
the electrochemical cell and was surrounded by the cathode, which covered the inner wall of the cell. H2O2 was
produced from the electro-reduction of O2 dissolved in the
solution from reaction (2). Continuous O2 saturation at
atmospheric pressure was assured by bubbling compressed
air through a frit at 1 L min-1, starting 10 min before electrolysis to reach a steady O2 concentration.
In all trials, the solution is stirred magnetically in a
rate of 800 rpm to enhance the mass transport toward/from
the electrodes. All the electrolyses were performed at constant current density provided by a Hameg HM8040 triple
power supply at constant current. This instrument displayed the cell voltage along the treatments as well. The
aliquots taken at regular time interval were filtered with
0.45 µm PTFE filters from Whatman before analyses.
2.3. Analytical methods

The solution pH was measured with a CyberScan pH
1500 pH-meter from Eutech Instruments. The decay of
the concentration of 2-NBA was followed by reversedphase HPLC using a Merck Lachrom liquid chromatograph, equipped with a L-7100 pump, fitted with a Purospher RP-18 5 µm, 25 cm x 4.6 mm (i.d.) column at 40 ºC,
and coupled with a L-7455 photodiode array detector selected at the wavelength of 230 nm. The analysis was
carried out isocratically with a methanol/water (containing
1% acetic acid) 60:40 (v/v) mixture as the mobile phase
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with a flow rate of 0.5 mL min-1. The corresponding retention time (tR) for 2-NBA was 10.8 min. Competition
kinetics trials were carried out under same conditions.
The evolution of nitrate ions released in treated solutions was performed by using a Dionex ICS-1000 Basic
Ion Chromatography System equipped with a DS56 conductivity detector containing a cell heated at 35 °C under
control through Chromeleon SE software, using an IonPac
AS4A-SC, 25 cm × 4 mm (id), anion-exchange column,
linked to an IonPac AG4A-SC, 5 cm × 4 mm (i.d.), column guard. The mobile phase was a mixture of 1.7 mM
sodium bicarbonate and 1.8 mM sodium carbonate circulating at 2.0 mL min-1. The sensitivity of the detector was
improved using an ASRS-ULTRA II self-regenerating
suppressor. Ammonium ion was analyzed using the same
IC with an IonPac CS12A, 25 cm × 4 mm (id), cationexchange column, linked to an IonPac CG12A, 5 cm ×
4 mm (id), column guard and detector cell heated at 30 °C;
the CRS-ULTRA II self-regenerating suppressor was used.
The mobile phase was a solution of 9.0 mM sulfuric acid
circulating at 1.0 mL min-1.
The dissolved organic carbon of treated solutions was
determined as Total Organic carbon (TOC) using a Shimadzu VCSH TOC analyzer. Samples withdrawn at different electrolysis times were microfiltered on to a hydrophilic membrane (Millex-GV Millipore, pore size 0.22 µm)
before analysis. Reproductible TOC values were found
using the non-purgeable organic carbon method. Calibration was achieved with potassium hydrogen phthalate
standards. TOC measurements were based on the combustion of organics, and detection of CO2 formed by
infrared analysis method. From these data, the mineralization current efficiency (MCE in %) for each treated solution at given time (h) was calculated by the following
equation [33]:

MCE (%) =

n FVs Δ(TOC)exp
⋅ 100
4.32 x10 7 ⋅ m. I ⋅ t

(5)

where F is the Faraday constant (96487 C mol-1), Vs
is the solution volume (L), Δ(TOC)exp is the solution TOC
decay (mg L-1) at time t, 4,32 x 107 is a conversion factor
to homogenize units (3600 s h-1 x 12000 mg mol-1), m is the
number of carbon atoms of 2-NBA (7 C atoms in 2-NBA
molecule) and I is the applied current (A). The number of
electrons (n) consumed per mole of 2-NBA was taken as
30 e- assuming that its mineralization reaction involves its
conversion to CO2 and NO3- as primary and main inorganic ions, following the reaction (6):
C7H5NO4 + 13 H2O→ 7 CO2 + NO3- + 31 H+ + 30 e- (6)
3. RESULTS AND DISCUSSION
3.1. Comparative mineralization of 2-NBA aqueous solutions
by EAOPs

To clarify the mineralization power of EAOPs AOBDD (without H2O2 generation), EF-Pt and EF-BDD, 0.3
mM 2-NBA solutions (corresponding to 25 mg L-1 TOC)
in 0.05 M Na2SO4and pH 3 was electrolyzed in the absence (AO-BDD) and presence of 0.1 mM Fe 2+were
treated at constant current intensity of 300 mA. Figure 1
shows the TOC decay of the treated solution as function
of treatment time. After 3h of electrolysis, the mineralization degree, in terms of TOC removal, was 90, 94, and
98% respectively for EF-Pt, AO-BDD and EF-BDD,
indicating that the relative mineralization power of
EAOPs studied rises in the sequence EF-Pt < AO-BDD
<EF-BDD. This trend can be explained by the different
kinds of generated •OH. The use of carbon-felt cathode,
ensure the production of the same quantity of the weak
oxidant H2O2 in all cases. It is worthy to notice that in all
cases the almost mineralization of the solution was
reached (Figure 1)

FIGURE 1 - TOC abatement versus electrolysis time for the mineralization of 230 mL of 0.3 mM 2-NBA in 0.05 M Na2SO4 using an
undivided cell with a BDD or Pt anode and a carbon-felt cathode by
AO and EF (with 0.1 mM Fe2+) at pH 3.0 and constant current of
300 mA : (p) EF-Pt;() AO-BDD; and (¢) EF-BDD.

In anodic oxidation, 2-NBA and its oxidation by
products are expected to be destroyed at the surface of the
anode M (M= Pt or BDD) by adsorbed hydroxyl radicals
M(•OH) formed from direct oxidation of water according
to the reaction (1) [9, 10]. Results of Figure 1 evidence
that BDD(•OH) generated in AO-BDD is able to mineralize the organic matter in large extent. In contrast, the EFPt process involves the production of homogeneous •OH
in the bulk from Fenton reaction (reaction (3)) between
electrogenerated H2O2 and Fe2+ from equations (2) and (3)
[9]. Since an undivided cell is used, pollutant (2-NBA in
the present case) is oxidized by both heterogeneous Pt
(•OH) at the surface of the anode and homogeneous •OH
in the bulk solution formed through the Fenton reaction.
The higher oxidation/mineralization power of EF-BDD cell
compared to EF-Pt and AO-BDD cells (Figure 1) can be
related to: (i) the higher oxidation power of BDD anode
due to its higher O2 evolution overpotential and the phy-
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sisorption of BDD (•OH) compared to Pt anode on which
Pt(•OH) are chemisorbed, and (ii) the production of hydroxyl radicals in a larger extend, due to their simultaneous generation in the bulk (homogeneous •OH) and at the
surface of BDD anode (heterogeneous BDD(•OH)). Consequently there is additional destruction of organics by
•
OH in the bulk that enhances the TOC removal. These
results show that EF-BDD is the more powerful EAOPs for
efficient destruction of 2-NBA in aqueous medium. To
better understand the role of different type of hydroxyl
radicals involved in these processes, the decay kinetics of
2-NBA was investigated, as discussed in subsection below.
3.2. Decay kinetics of 2-NBA

The reaction of 2-NBA with electrogenerated strong
oxidant (•OH) in all EAOPs tested was monitored by
reverse-phase HPLC analysis of samples taken during
time evolution. Figure 2 illustrates the very fast decay of
2-NBA concentration for all EAOPs. At 200 mA, applied
current, for example, 2-NBA disappears in a time as short
as 40, 30 and 25 min for EF-Pt, AO-BDD and EF-BDD
respectively. This evidences that 2-NBA decays rapidly in
the order EF-Pt < AO-BDD < EF-BDD, meaning that it

reacts more rapidly with BDD (•OH) than with homogeneous •OH in the bulk. Note that this trend not differs from
the relative mineralization power established from Figure 1,
since AO-BDD is more powerful than EF-Pt, suggesting
that BDD (•OH) is more effective to destroy the 2-NBA
and its by-products.
The results of Figure 2 also show an increase in the
removal rate of 2-NBA as current rises from 50 to 300 mA
in all EAOPs, leading to a gradual shorter time for its total
disappearance. This can be explained by the production of
more generated hydroxyl radicals from the concomitant
acceleration of reaction (3) in all cases, and of Fenton
reaction (4) in the EF-Pt and EF-BDD processes due to
the generation of more amount of electrogenerated H2O2
from reaction (2).
The concentrations decay curves of Figure 2 were
well fitted to a pseudo-first order reaction kinetics (exponential decrease), as can be seen in the kinetic analysis
depicted in the corresponding inset panels. As expected,
the pseudo-first-order rate constant (kapp) thus determined increased

204

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

FIGURE 2 - Effect of applied current on the time-course of 2-NBA by EF-BDD (a), EF-Pt (b) and AO-BDD (c)of solutions containing 0.3 mM
2-NBA in 0.05 M Na2SO4, at pH 3.0. Current (mA): (¢) 50; () 100; (p) 200 and () 300.The inset panels present the corresponding kinetic analysis assuming a pseudo-first-order reaction for 2-NBA. EF-Pt and EF-BDD cells contain 0.1 mM Fe2+ ions as catalyst.
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3.3. Effect of the applied current on TOC decay and MCE

as applied current rise. For example, for the most powerful EF-BDD process, rising kapp values of 0.06, 0.10, 0.16
and 0.20 min-1 were obtained for 50, 100, 200 and 300
mA, respectively. However, the apparent rate constant did
not increase linearly with the current increase. This behavior is indicative of a mass-transfer controlled process.
In fact, kapp varies only about three times when the current changes from 50 to 300 mA indicating a loss in
process efficiency because less relative amounts of generated hydroxyl radicals react with the organic matter. This
phenomenon was observed for all EAOPs, suggesting that
rising current value causes an acceleration of parasitic
reactions of the main oxidant (•OH) yielding less event with
organics. These waste reactions involve, for example, the
O2 evolution from the anodic oxidation of M (•OH) by
reaction (7), the dimerization of •OH by reaction (8), or its
attack on Fe2+ ions through reaction (9) or on H2O2 giving
the weaker oxidant hydroperoxyl, HO2• radical by reaction (10) [6, 9]:
•

+

2 M( OH) → 2 M + O2(g) + 2 H + 2 e

-

•

•

(7)

2 •OH → H2O2
2+

The applied current is a key parameter that affects the
production of hydroxyl radicals. This influence was examined for 0.3 mM (40.5 mg L-1) 2-NBA solutions at 50,
100, 200 and 300 mA. As an example, Figure 3 shows the
TOC removal with electrolysis time for these trials in the
case of the more powerful EF-BDD treatment. A gradual
and quick increase in mineralization rate (in terms of TOC
removal) with increasing applied current can be observed at
short treatment time. Contrariwise, TOC removal rate decreases and became very slow at longer treatment times due
to the presence of recalcitrant end-products like short-chain
carboxylic acids and low amount of organic matter present in solution favoring parasitic reactions (7) – (10) to
consume generated OH. For EF-BDD, a gradual fall in
MCE with raising applied current can also be observed
(Figure 3), as expected if the process is controlled by
mass transfer. Organics are oxidized with a smaller relative quantity of BDD( OH) formed from reaction (1) and
homogeneous OH generated by reaction (3) because of a
larger acceleration of waste reactions of hydroxyl radicals
giving a relatively lower quantity of organic oxidation
events as explained in § 3.2. At 50 and 100 mA, the maximum values of MCE obtained at short electrolysis time
(55% and 38% at 1 h, respectively for 50 and 100 mA),
•

(8)

•

3+

Fe + OH → Fe + OH

-

(9)

H2O2 + •OH → HO2• + H2O

	
  

(10)

25
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FIGURE 3 - TOC abatement and mineralization current efficiency (MCE) calculated from equation (5) vs electrolysis time for the mineralization of 230 mL of 0.3 mM 2-NBA in 0.05 M Na2SO4 using an undivided cell with a BDD/carbon felt cell. Current (mA): (¢) 50; () 100;
(p) 200 and () 300.
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indicate the rapid mineralization of some aromatic intermediates at the beginning of the process. In contrast, at
200 and 300 mA, where almost total mineralization is
attained, the MCE values starting from 28% reached 20%
at 0.5 h, uniformly along the electrolysis. This tendency at
high current values can be ascribed to the presence of less
organic matter and the formation of more difficultly oxidizable products such as carboxylic acids [6] and also to
the acceleration of an additional wasting reaction (H2 evolution, reaction (10) decreasing MCE efficiency.
2 H2O + 2e- → H2 + 2 OH(10)

nitrogen) for EF-Pt and 0.7 mg L-1 (16.6 % of initial nitrogen) for EF-BDD processes. The nitrogen mass balance is largely deficient particularly with AO-BDD and
EF-BDD, which is indicative of the loss of most of initial
nitrogen as volatile N-derivatives such as N2,NOxor NyOx
species, due to the oxidation of NH4+and/or NO3- ions at
BDD anode to the about volatile species. This finding are
in accordance with the literature [6, 18,36-38]indicating a
loss in N mass balance in application of AOPs due probably to the formation of volatile n-derivatives.

3.4. Determination of the absolute rate constant for 2-NBA
oxidation

The absolute rate constant of the reaction between 2NBA and •OH was measured by competitive kinetics method
[34] using benzoic acid (BA) as standard competitor substrate, the kabsof its hydroxylation reaction being known
(kabs(BA) = 4.3 x 109 M-1 s-1).
Considering the steady state approximating for •OH, oxidation rate expression for 2-NBA and BA can be written:
-d[2-NBA]/dt =
kabs(2-NBA) [•OH][2-NBA]= kapp(2-NBA) [2-NBA]. (11)
(12)

where kabs is the absolute rate constant. Oxidation experiments were carried out at early electrolysis time and
with equal concentration (0.3 mM) of BA and 2-NBA at
pH 3 by applying 100 mA using the EF-BDD process.
Their kinetic analysis was carried out at the beginning of 	
  
the electrolysis to avoid the possible influence of oxidation intermediates. Figure 4 presents the excellent straight
lines obtained following pseudo-first-order reaction kinetics
for both compounds, giving kapp(AB) = 0.0642 min-1 (R2 =
0.99) for kapp(2-NBA) = 0.0933 min-1 (R2 = 0,998) for BA
and 2-NBA respectively. The ratio of integrated forms of
equations (11) and (12) allows determining the kabs(2-NBA)
according to the following equation [34]:

FIGURE 4 - Pseudo-first-order kinetics analysis by the competition
kinetics method by EF-BDD cell under following operating conditions:[benzoic acid] = [2-NBA] = 0.3 mM, [Na2SO4] = 0.05 M, [Fe2+]
= 0.1 mM, pH = 3.0, I = 100 mA. The determination of apparent rate
constants (kapp) allowed determining the absolute rate constant of
the reaction between 2-NBA and hydroxyl radical..

0,20

0,15

[NO3] / mM

-d[BA]/dt = kabs(BA) [•OH][BA]= kapp(BA) [BA].

0,10

-

kabs(2-NBA) = kabs(BA) x kapp(2-NBA)/kapp(BA) (13)
Taking into account that kabs(BA) = 4,3 x 109 M-1 s-1
[35], we obtained kabs(2-NBA) = 1.97 x 109 M-1s-1. We have
not found literature data for kabs(2-NBA) at pH 3 for comparison, but these value agree well with absolute rate constants of the oxidation of aromatics with •OH.

0,05

0,00

0

1

2

3

4

5

Time / h

3.5. Evolution of released inorganic ions.

NH4+ and NO3- ions released during the different
EAOPs treatments at 100 mA constant current for 300
min of 0.3 mM (40.5 mg L-1) of 2-NBA (containing 4.2
mg L-1 initial nitrogen) were quantified by ionic chromatography. Low NH4+ concentrations, with steady values of
0.1- 0.12 mg L-1, were found for all methods. No NO2-ion
was detected by this technique. Figure 5 evidences a progressive accumulation of NO3- ion in the medium but it
only reaches a steady state of 1.12 mg L-1(26.6 % of initial nitrogen) for AO-BDD, 2.3 mg L-1 (54.7% of initial

FIGURE 5 - Time-course of the concentration of nitrate released
during the degradation of 0.3 mM 2-NBA in 0.05 M Na2SO4solution
containing and 0.1 mM Fe2+ at pH 3.0 and 100 mA constant current
by different EAOPs: () EF-BDD; (¢) OA-BDD and (p) EF-Pt.

4. CONCLUSIONS
The oxidative degradation of 2-NBA was performed
by EAOPs with higher decay rate in the sequence EF-Pt <
AO-BDD < EF-BDD. It has been demonstrated that elec-
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tro-Fenton process with the use of Pt or BDD anode and
carbon felt cathode is a very effective method for the
degradation of 2-NBA in acidic aqueous medium. Although
the oxidation and mineralization rate is higher with BDD
anode at early treatment times, a mineralization ratio of
98% in terms of TOC removal was obtained after 5 h of
electrolysis with both anodes. However, the removal rate
of 2-NBA and solution TOC is always lower with Pt than
with BDD. Our results evidenced that EF-BDD is the
most powerful EAOP to decontaminate waters containing
organics. The oxidation of 2-NBA by hydroxyl radicals
was found to obey pseudo-first-order kinetics. From this
behavior, an absolute rate constant for the oxidation of 2NBA by hydroxyl radical was found to be 1.97 x 109 M-1s-1
using the competition kinetic method taking the benzoic
acid as standard competitor.

REFERENCES
Gandhi, V. G., Mishra, M. K., Rao, M. S., Kumar, A., Joshi,
P. A., and Shah, D. O. (2011). Comparative study on nanocrystalline titanium dioxide catalyzed photocatalytic degradation of aromatic carboxylic acids in aqueous medium. J. Ind.
Eng. Chem. 17, 331-339.

[2]

Maki, T. and Takeda, K. (2002). Benzoic acid and derivatives in Ullmann's Encyclopedia of Industrial Chemistry,
Wiley-VCH, Weinheim (Germany)

[3]

Glaze, W. H., Kang, J. W., and Chapin, D. H. (1987). The
chemistry of water treatment processes involving ozone, hydrogen peroxide and Ultraviolet radiation. Ozone Sci. Eng. 9,
335-352.

[4]

Tarr, M. A. (2003). Chemical Degradation Methods for
Wastes and Pollutants: Environmental and Industrial Applications; Marcel Dekker Inc., New York.

[5]

Oturan, M. A. (2000). An ecologically effective water treatment technique using electrochemically generated hydroxyl
radicals for in situ destruction of organic pollutants. Application to herbicide 2,4-D. J. Appl.Electrochem. 30, 477-482.

[6]

Brillas, E., Sirés, I. and Oturan M. A. (2009). Electro-Fenton
process and related electrochemical technologies based on
Fenton’s reaction chemistry. Chem. Rev. 109, 6570-6631.

[7]

Cañizares, P., Lobato, J., Paz, R., Rodrigo, M. A. and Sáez,
C. (2005).Electrochemical oxidation of phenolic wastes with
boron-doped diamond anodes. Water Res. 39, 2687–2705.

[8]

[9]

[13] Brillas, E., Banos, M. A., Skoumal, M., Cabot, P. L., Garrido,
J. A. and Rodriguez, R. M. (2007). Degradation of the herbicide 2,4-DP by anodic oxidation, electro-Fenton and photoelectro-Fenton using platinum and boron-doped diamond anodes. Chemosphere, 68, 199–209.
[14] Kesraoui-Abdessalem, A., Bellakhal, N., Oturan, N., Dachraoui, M. and Oturan, M. A. (2010). Treatment of a mixture of
three pesticides by photo- and electro-Fenton process. Desalination, 250, 450-455.
[15] Oturan, N., Panizza, M. and Oturan M.A. (2009).Cold incineration of chlorophenols in aqueous solution by electroFenton process. Effect of number and position of chlorine atoms on the degradation kinetics. J. Phys. Chem. A 113,
10988-10993.
[16] Qiang, Z., Chang, J.H. and Huang, C.P.(2003). Electrochemical regeneration of Fe2+ in Fenton oxidation processes. Water Res. 37, 1308–1319.

The authors have declared no conflict of interest.

[1]

[12] Zhang, H., Chengzhi, F., Zhang, D. and Tang, F. (2007).
Degradation of 4-nitrophenol in aqueous medium by electroFenton method. J. Hazard. Mater. 145, 227–232.

Özcan, A., Şahin, Y., Koparal, A.S. and Oturan, M.A.
(2008). Propham mineralization in aqueous medium by anodic oxidation using boron-doped diamond anode. Experimental parameters' influence on degradation kinetics and
mineralization efficiency. Water Res. 42, 2889-2898.
Panizza, M. and Cerisola, G. (2009). Direct and mediated anodic
oxidation of organic pollutants. Chem. Rev. 109, 6541–6569.

[17] Sirés, I., Centellas, F., Garrido, G.A., Rodríguez, R.M., Arias, C., Cabot, P. L. and Brillas, E. (2007). Mineralization of
clofibric acid by electrochemical advanced oxidation processes using a boron-doped diamond anode and Fe2+ and
UVA light as catalysts. Appl. Catal. B: Environ.72, 373-381.
[18] Dirany, A., Sirés, I., Oturan, N. and Oturan, M.A. (2010).
Electrochemical abatement of the antibiotic sulfamethoxazole
from water. Chemosphere, 81, 594–602.
[19] Panizza, M. and Oturan, M.A. (2011). Degradation of Alizarin Red by electro-Fenton process using a carbon-felt cathode. Electrochim. Acta 56, 7084-7087.
[20] Wu J., Zhang H., Oturan N., Chen L., Huang Q. and Oturan
M.A. (2012). Application of response surface methodology
to the removal of the antibiotic tetracycline by electrochemical process using carbon-felt cathode and DSA (Ti/RuO2IrO2) anode. Chemosphere, 87, 614–620.
[21] Özcan, A., Şahin, Y., Koparal A.S. and Oturan, M.A. (2008).
Carbon sponge as a new cathode material for the electroFenton process. Comparison with carbon felt cathode and application to degradation of synthetic dye Basic Blue 3 in
aqueous medium. J. Electroanal. Chem.616, 71-78.
[22] Wang, C. T., Hu, J. L., Chou, W. L., and Kuo, Y. M. (2008).
Removal of color from real dyeing wastewater by ElectroFenton technology using a three-dimensional graphite cathode. J. Hazard. Mater. 152, 601–606.
[23] Boye, B., Dieng, M. M. and Brillas, E. (2003). Anodic oxidation, electro-Fenton and photoelectro-Fenton treatments of
2,4,5-trichlorophenoxyacetic acid. J. Electroanal. Chem. 557,
135-146.
[24] Sergi, G.S., Centellas, F., Arias, C., Garrido, J.A., Rodríguez,
R.M., Cabot, P.L. and Brillas, E. (2011). Comparative decolorization of monoazo, diazo and triazo dyes by electroFenton process. Electrochim. Acta 58, 303–311.

[10] Rodrigo, M. A., Cañizares, P., Sánchez-Carretero, A. and Sáez
C. (2010). Use of conductive-diamond electrochemical oxidation for wastewater treatment. Catal.Today 151, 173-177.

[25] Oturan, M. A., Oturan, N., Edelahi, M. C., Podvorica, F. I.
and El Kacemi, K. (2011). Oxidative degradation of herbicide diuron in aqueous medium by Fenton’s reaction based
advanced oxidation processes. Chem. Eng. J. 171, 127–135

[11] El-Ghenymy, A., Garrido, J. A., Rodríguez, R.M., Cabot,
P.L., Centellas, F., Arias, C. andBrillas E. (2013). Degradation of sulfanilamide in acidic medium by anodic oxidation
with a boron-doped diamond anode. J. Electroanal. Chem.
689, 149–157.

[26] Rosales, E., Pazos, M., Longo, M.A. and Sanromán, M.A.
(2009). Electro-Fenton decoloration of dyes in a continuous
reactor: a promising technology in colored wastewater treatment. Chem. Eng. J.155, 62–67.

208

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

[27] Isarain-Chávez, E., Arias, C., Cabot, P. L., Centellas, F.,
Rodríguez, R. M., Garrido, J. A. and Brillas, E. (2010). Mineralization of the drug β-blocker atenolol by electro-Fenton
and photoelectro-Fenton using an air-diffusion cathode for
H2O2 electrogeneration combined with a carbon-felt cathode
for Fe2+ regeneration. Appl. Catal. B: Environ.96, 361–369.
[28] Dirany, A., Sirés, I., Oturan, N., Özcan A. and Oturan M.A.
(2012). Electrochemical treatment of Sulfachloropyridazine:
Kinetics, reaction pathways, and toxicity evolution. Environ.
Sci. Technol. 46, 4074–4082.
[29] Oturan, M.A., Edelahi, M.C., Oturan, N., El Kacemi, K. and
Aaron, J.-J. (2010). Kinetics of oxidative degradation/mineralization pathways of the phenylurea herbicides
diuron, monuron and fenuron in water during application of
the electro-Fenton process. Appl. Catal. B: Environ. 97, 8289.
[30] Da Pozzo, A., Merli, C., Sirés, I., Garrido, J. A., Rodriguez,
R. M. and Brillas, E. (2005).Removal of the herbicide amitrole from water by anodic oxidation and electro-Fenton. Environ. Chem. Lett. 3, 7–11.
[31] Zhou, M. H., Tan, Q.Q., Wang, Q., Jiao, Y.L., Oturan, N. and
Oturan, M.A. (2012). Degradation of organics in reverse osmosis concentrates by electro-Fenton process. J. Hazard.
Mater.215-216, 287-293.
[32] Diagne, M., Oturan, N. and Oturan, M.A. (2007). Removal of
methyl parathion from water by electrochemically generated
Fenton’s reagent. Chemosphere 66, 841-848.
[33] Hamza, M., Abdelhedi, R., Brillas, E. and Sirés, E. (2009).
Comparative electrochemical degradation of the triphenylmethane dye Methyl Violet with boron-doped diamond and Pt
anodes. J. Electroanal. Chem. 627, 41–50.
[34] Ammar, S., Oturan, N. and Oturan, M.A. (2007). Electrochemical oxidation of 2-nitrophenol in aqueous medium by
using electro-Fenton technology. J. Environ. Eng. Manage.17, 89–96.
[35] Buxton, G.V., Greenstock, C.L., Helman, W.P. and Ross,
A.B. (1988). Critical review of rate constants for reactions of
hydrated electrons, hydrogen atoms and hydroxyl radicals
(.OH/.O-) in aqueous solutions. J. Phys. Chem. Ref. Data, 17,
513-886.
[36] Oturan, N., Brillas, E. and Oturan, M.A. (2012). Unprecedented total mineralization of atrazine and cyanuric acid by
anodic oxidation and electro-Fenton with a boron-doped diamond anode. Environ. Chem. Lett. 10, 165-170.
[37] Sirés I., Oturan N. and Oturan M.A. (2010).Electrochemical
degradation of beta-blockers. Studies on single and multicomponent aqueous solutions. Water Res. 44, 3109-3120.
[38] Oturan M. A., Edelahi M. C., Oturan N., El Kacemi K. and
Aaron J. J.(2010). Kinetics of oxidative degradation/ mineralization pathways of the phenylurea herbicides diuron, monuron and fenuron in water during application of the electroFenton process. Appl. Catal. B: Environ.97, 82–89.

Received: April 25, 2013
Accepted: July 15, 2013

CORRESPONDING AUTHORS
Mehmet A. Oturan
Université Paris-Est
Laboratoire Géomatériaux et Environnement (LGE)
EA 4508, UPEMLV
77454 Marne-la-Vallée
FRANCE
E-mail: mehmet.oturan@univ-paris-est.fr
Salah Ammar
Unité de Recherche d’Electrochimie et Environnement
Ecole Nationale d’Ingénieurs de Sfax
BPW, 3038 Sfax
TUNISIE
and
Département de Chimie
Faculté des Sciences de Gabès
Cité Erriadh
6027 Gabès
TUNISIE
Phone: +33 1 49 32 90 65
E-mail: salah.ammar@fsg.rnu.tn
FEB/ Vol 23/ No 1a/ 2014 – pages 199 - 206

209

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

OPTIMIZATION OF COD REMOVAL FROM POLYVINYL
ALCOHOL AQUEOUS SOLUTION VIA ELECTROCOAGULATION
USING RESPONSE SURFACE METHODOLOGY
Kai-Yu Huang and Chi-Min Shu*
Doctoral Program, Department of Safety, Health, and Environmental Engineering,
National Yunlin University of Science and Technology (YunTech), Douliou, Yunlin, Taiwan 64002, ROC

ABSTRACT
We investigated the influence of experimental factors
on the removal polyvinyl alcohol (PVA) in a batch reactor
by electrocoagulation (EC) using response surface methodology (RSM). Central composite design (CCD) was
used to evaluate influence of three operating factors of the
response surface on the COD removal efficiency of PVA:
current density, supporting electrolyte concentration, and
temperature. Analysis of variance (ANOVA) showed a
high coefficient of determination value (R2) and an insignificant lack of fit for the quadratic response surface model.
The current density was found to be more significant than
the supporting electrolyte concentration and temperature.
The optimal conditions to achieve over 90% COD removal efficiency were established as a current density of
7.05 mA/cm2, a supporting electrolyte concentration of
0.012 N, and a temperature of 304.98 K. The experimental values agreed with the theoretical results very
well, indicating that the models employed to optimize the
EC removal of PVA were effective. The results show that
process optimization using CCD was reliable and removed
PVA at the desired performance level.

KEYWORDS: polyvinyl alcohol (PVA), electrocoagulation (EC),
Response surface methodology (RSM), Central composite design
(CCD), Optimum conditions

1. INTRODUCTION
A large number of discharge wastewaters contain recalcitrant pollutants that are hazardous and difficult to
degrade using biological treatment. One such contaminant
is polyvinyl alcohol (PVA). It is a well-known water-soluble
polymer widely utilized in the industry, including the application as warp-sizing agent in textiles, paper-coating agent
in the paper-making industry, ophthalmic lubricant in
pharmaceuticals, and as adhesive and emulsifier in paints
* Corresponding author

and shampoos [1-3]. It is also used for polarizing film light
in liquid crystal displays (LCDs) [4]. However, discharged
PVA is not only harmful to human health and the environment, but its degradation leads to high chemical oxygen demand (COD). Conventional biological technologies
do not effectively decompose PVA which is the main contributor of COD in textile industry wastewater, because the
PVA-degrading capacity of most microorganisms is extremely restricted [5]. Although COD is not a specific
compound, it is considered as an important indicator of
the degree of pollution in wastewater discharge. Therefore, a method for reducing the COD in solutions containing PVA has to be developed. Several studies have proposed some PVA removal methods, which includes the
use of photocatalytic degradation [6–8], the Fenton process [9], biodegradation [10–12], chemical oxidation [13–
16], radiation-induced degradation [17], adsorption by
various materials, and the use of extraction resins [18,
19]. However, these methods have certain limitations,
such as long operating times and high capital costs. If
wastewater contains PVA, which can pose ecological
threats, it may inevitably accumulate in the human body
via the food chain [20].
Electrocoagulation (EC) is an electrolytic process that
can form metallic hydroxide from soluble sacrificial anodes. The metallic hydroxides are able to aggregate and
precipitate in the form of suspended particles and induce
adsorption of the pollutants. It is an efficient method for
the treatment of restaurant wastewater [21], chemical
mechanical polishing wastewater [22, 23], and wastewater
containing phosphates [24], arsenic [25, 26], indium [27],
and antimony mine [28]. In the EC process, various parameters, such as the current density, supporting electrolyte concentration, and temperature, affect the removal
efficiency. The removal efficiency can be enhanced by
optimizing these parameters. Conventionally, the experimental optimization condition is usually carried out by
changing a single factor and keeping other factors fixed at
a preset condition [29]. This method requires long experimental times and is inefficient in predicting the true optimum. In recent years, response surface methodology
(RSM) has been applied to optimize complex systems [30–
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32]. RSM uses statistical methods for the modeling and
analysis of problems in which a response of interest is
influenced by several variables. It can evaluate the relative significance of several influencing factors and finally
ultimately determine the optimal operating conditions.
In this study, we used RSM to investigate the influence of parameters on PVA removal in a batch reactor by
EC. The COD removal efficiency of PVA was chosen as
the response parameter and the functional relationships
between the independent variables and the optimal operating conditions were analyzed. Three main factors were
selected as independent factors: current density (mA/cm2),
supporting electrolyte concentration (N), and temperature (K).
2. MATERIALS AND METHODS
2.1 Reagents

Polyvinyl alcohol (PVA, with a molecular weight in
the range of 13,000 to 23,000 g/mol) was obtained from
Sigma-Aldrich (Saint Louis, MO 63103, USA) with a
hydrolysis degree ranging from 98 to 99%. An aqueous
solution containing PVA was prepared in deionized
water at 363 K under stirring. A simulated stock solution
(1,000 mg/L) was prepared by dissolving 1 g PVA. The
stock solution was further diluted to obtain the desired
concentration. The supporting electrolyte concentration
was adjusted by adding sodium chloride (Tedia Company,
USA). Potassium iodide (KI) was purchased from Union
Chemical Work Ltd. (Hsin-Chu, Taiwan) and iodine (I)
was obtained from Toyobo Co. Ltd. (Osaka, Japan). Boric
acid (H3BO3) was obtained from Merck (Darmstadt, Germany). All of the chemicals used were at least reagent
grade quality.
2.2 Experimental set-up

The electrolytic cell had an inner radius of 5.5 cm and
a depth of 11 cm, and a volume of 1.0 L and consisted of
a Pyrex glass reactor equipped with a water jacket and a
magnetic stirrer. The temperature of the electrolytic cell
was controlled by continuously circulating water through
the water jacket from a refrigerated circulating bath (Model
BL-720, Taiwan). A magnetic stirring bar (Suntex, SH-301,
Taiwan) was spun at the center of the bottom of the reactor. In our previous studies, we had determined that a cast
iron (Fe)/aluminum (Al) electrode pair is the optimal
choice for the electrode-pair combination (from among
the Fe/Al, Fe/Fe, Al/Al, and Al/Fe combinations previously tested as the anode/cathode pair). Therefore, cast
iron (Fe) and aluminum (Al) plates (8 cm×6 cm×0.2 cm)
were used as the anode and cathode, respectively. The
electrode plate was immersed in the PVA aqueous solution at a depth of 6.5 cm with the electrodes approximately 2 cm apart. The effective area of the electrode pair was
27 cm2. The assembly was connected to a direct current
power source (Sourcemeter 2400 Series, Cleveland, OH,
USA) to create an EC cell with a galvanostatic mode

using a constant current supply with a maximum source
power of 22 W. The basic characteristics of the PVA
aqueous solution were determined by using a pH meter
and by measuring the conductivity.
2.3 Experimental methods and analysis

Before each experiment, the electrode plates were
polished with sand paper to remove scale and then dipped
in 3 N HCl at a depth of 6 cm for 10 min. During each
test run, a circular container with 0.5 L of aqueous solution containing PVA was used as the reactor. Then, the
magnetic stirrer was turned on and set at 300 rpm; during
the treatment process, the stirrer speed was fast enough to
provide good mixing in the electrolytic cell and yet slow
enough to prevent breakup of the formed flocs formed. A
fixed amount of NaCl (between 0.004 and 0.020 N) was
added to the PVA aqueous solution to increase the solution conductivity and thus assist the EC process. The
direct current power source was operated at a constant
current density of 1.25 to 7.5 mA/cm2. A steady temperature of 288 to 308 K was maintained by circulating water
from the refrigerated circulating bath through the water
jacket. Particulates of colloidal ferric hydroxide were produced, turning the aqueous solution a yellow-brown color
after EC. After the EC treatment, the pH and conductivity
of the PVA aqueous solution were measured with the pH
meter and a multi-meter, respectively. The concentration
of COD in the aqueous solutions was measured using a
HACH Model DR2800 spectrophotometer (HACH Company, USA). The COD removal efficiency after the electrocoagulation treatment was calculated using the formula:

RE (%) =

COD0V0 − CODtVt
× 100
COD0V0

where COD0 is the initial concentration in mg/L,
CODt is the concentration value at time t in mg/L, V0 is
the initial volume of the treated wastewater in liters, and
Vt is the volume of the treated wastewater at time t in liters.
All of the samples were evaluated at least thrice to ensure
data reproducibility, and an additional measurement was
carried out if necessary.
2.4 Response surface methodology (RSM)

RSM is a collection of mathematical and statistical
techniques that are beneficial for the modeling and analysis of problems in which a response of interest is influenced by several variables and the objective is to find the
optimum conditions for the variables to predict targeted
responses [33]. In this study, central composite design
(CCD), which is a widely used form of RSM, was selected for optimization of the EC process for the removal of
PVA [34, 35]. The central composite design was used to
create a set of designed experiments using DesignExpert software (version 7, trial), and the data were evaluated by analysis of variance (ANOVA). For the EC process, three important variables, the current density, supporting electrolyte concentration, and temperature, were
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TABLE 1 - Experimental ranges and levels of independent variables.
Variable

Symbol

Current density
Supporting
electrolyte
Temperature

Coded levels
Center (0) High (+1)
5
7.5

X1

Low (-1)
2.5

X2

0.004

0.008

0.012

X3

288

298

308

chosen as the independent variables and designated as X1–
X3, respectively. The current density (X1) ranged from 2.5
to 7.5 mA/cm2, the supporting electrolyte concentration
(X2) ranged from 0.004 to 0.012 N, and the temperature
(X3) ranged from 288 to 308 K, as shown in Table 1. The
RSM date was based on the CCD experimental design with
coded values for the process variables. The relationship
between the coded form and actual value can be written as:

Xi =

X i − X avg

(1)

ΔX

where Xi is the actual value of the ith factor in the actual units, Xavg is the average of the low and high values

for the ith factor, and ΔX represents the step change.
When there was a curvature in the response surface, a
second-order model was used to approximate a portion of
the true response surface. In order to obtain true functional relationship between independent variables and the
response, a second-order polynomial (Eq. 3) was used to
describe the effect of variables in terms of linear, quadratic and cross product terms:
n

n

i =1

i =1

n

n

Y = b0 + ∑ bi xi + ∑ bii xi2 +∑∑ bij xi x j + ε (2)
i =1 j =1

where i and j are linear, quadratic coefficients; b0 is
constant coefficient; and bi, bii and bij are linear coefficient, interactive coefficient and quadratic coefficients,
respectively. Each variable was investigated for individual and interactive effects on the removal process. Eq. 3
can be written for three independent variables with Y as
(
ultimate response in their coded values using the follow2)
ing equation:

Y = b0 + b1 x1 + b2 x2 + b3 x3 + b12 x1 x2 + b13 x1 x3 + b23 x2 x3 + b11 x12 + b22 x22 + b33 x32
ANOVA was applied to determine the significant variables and interactive effect on the COD removal process. It
is also important that the significance of the process variables was checked using the p-value and F-value. We
used normality, analysis of variance, regression analysis,
and a lack of fit test to evaluate the response model.
To find the optimal response surface and obtain a
suitable fit for the model, the experimental design was
developed as a function of the main factors, which can
avoid poor or ambiguous results [36]. A face-centered
central composite experimental design with a total number of 20 experiments, as displayed in Table 2, was used
for RSM modeling.

(3)

3. RESULTS AND DISCUSSION
3.1 Experimental results

Table 2 also shows the experimental data for PVA
removal efficiency. We used a quadratic model to fit the
experimental data and obtain the most adequate regression equation. Therefore, the quadratic model was useful
in approximating the portion of the true response surface
with a parabolic curvature [37]. Table 3 illustrates the
ANOVA of the regression parameters of the predicted response surface quadratic model for the COD removal of
PVA using the EC process.

TABLE 2 - Independent variables and response of EC.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Current density
(mA/cm2)
2.5
7.5
5
7.5
2.5
7.5
2.5
7.5
5
5
5
7.5
2.5
2.5
5
5
5
5
5
5

Supporting electrolyte (N)

Temperature (K)

0.012
0.012
0.008
0.004
0.004
0.008
0.008
0.004
0.008
0.008
0.008
0.012
0.012
0.004
0.008
0.008
0.004
0.008
0.008
0.012

288
288
298
308
308
298
298
288
298
298
298
308
308
288
298
298
298
308
288
298
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Removal efficiency (%)
Actual
Predicted
59.8
59.6
72.1
72.2
85.3
85.3
86.8
87.0
72.0
71.8
87.9
87.6
73.0
73.7
67.8
67.7
85.3
85.3
86.3
85.3
85.3
85.3
92.3
92.5
76.6
76.6
56.2
55.7
85.3
85.3
85.3
85.3
82.0
82.5
87.5
87.2
68.4
69.1
87.2
87.1
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TABLE 3 - ANOVA table for response surface quadratic model.
Source

Sum of squares

df

Mean square

F-value

Model
X1-current density
X2-supporting electrolyte
X3-temperature
X1 X2
X1 X3
X2 X3

1978.95
480.25
53.82
826.28
0.32
5.44
0.60

9
1
1
1
1
1
1

219.88
480.25
53.82
826.28
0.32
5.44
0.60

852.32
1861.56
208.63
3202.87
1.24
21.11
2.35

p-value Prob
>F
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.2914
0.0010
0.1567

60.63

1

60.63

235.02

< 0.0001

0.82

1

0.82

3.17

0.1053

142.38

1

142.38

551.90

< 0.0001

2.58
1.75
0.83

10
5
5

0.26
0.35
0.17

2.10

0.2180

X 12
X 22
X 32
Residual
Lack of fit
Pure error

The model F-value of 852.32 and the low probability
value indicated that the model was significant for COD
removal of PVA. Values of “Prob > F” less than 0.05
indicated that the model terms were significant. In this
case A, B, C, AC, A2, and C2 are significant model terms.
In addition, we used the lack of fit to compare the residual
error with the pure error from replicated design points. If
significant lack of fit is observe, which can reflect on a
low probability value (Prob > F), then we must be cautious about using the model as a response predictor. The
lack of fit of 2.10 and Prob > F = 0.218 implies that the
lack of fit is not significant relative to the pure error.
There is a 21.8% chance that a lack of fit F-value this
large could occur from noise. Consequently, the quadratic
model does not show a significant lack of fit, so that it is
confirmed to fit this response surface model. The value of

Not significant

R2 was measured to estimate whether the model fits the
experimental data. Joglekar and May [38] have suggested
that R2 should be at least 0.80 to suggest a good fit of a
model. The experimental values against the responses by
the model for COD removal efficiency of PVA showed a
good correlation (R2 = 0.9987), which indicates that the
regression model explained the experimental reaction
very well. The “Pred R2” of 0.9932 was in reasonable
agreement with the “Adj R2” of 0.9975 in this study.
Therefore, the response surface model estimated in this
work for predicting the COD removal efficiency of PVA
was considered to be satisfactory.
The ultimate response surface model in terms of coded factors is represented by the second-order polynomial
equation:

Y (%) = 85.34 + 6.93 X 1 + 2.32 X 2 + 9.09 X 3 + 0.20 X 1 X 2 + 0.82 X 1 X 3
+ 0.27 X 2 X 3 − 4.70 X 12 − 0.55 X 22 − 7.2 X 32
subjected to − 1 ≤ X i ≤ +1 .
The comparison of the experimental and predicted
values for the COD removal efficiency of PVA is shown
in Figure 1. It was found that the model fits the experimental data well and consequently can be used as to predict the COD removal efficiency of PVA in the experimental ranges of the variables. The actual data are the original values of the COD concentrations of PVA in solution,
which were calculated experimentally using Eq. (1). In
other words, the predicted values were generated using
Eq. (4). A good regression model could explain the variations in the dependent variables in the experimental sample. The model parameters of the estimated hypotheses can
also confirm the effectiveness of the model. For this type of
estimation, it is required that the error term be independently and identically distributed with a zero mean and unit
variance. As shown in Figure 2, the experimental data
points are approximately linear and the internally studen-

significant

(4)

tized residuals are normally distributed. If a non-linear
illustration exists, non-normality in the error term is indicated, and thus, the response should be corrected.
The study of the response surface and contour plots
of the quadratic model with one variable maintained in
the center of its range and two variables varying within
the experimental ranges are shown in Figures 3-5. Figure 3
shows the contour plots and 3D response surface displaying the combined effect of current density and supporting
electrolyte concentration on PVA removal at a constant
temperature of 298 K. The total COD removal efficiency
can be achieved at a current density of 7.05 mA/cm2 and a
supporting electrolyte concentration of 0.012 N. As the
applied current density and supporting electrolyte concentration increased, the generation of metal hydroxides increased and led to an increase in COD removal efficiency.
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FIGURE 1 - Predicted versus actual values for COD removal efficiency.

FIGURE 2 - Normal probability plot of the internally studentized
residuals.

FIGURE 3 - The combined effect of contant current density and
supporting electrolyte concentration on COD removal at constant
temperature 298 K.

FIGURE 4 - The combined effect of contant current density and
temperature on COD removal at constant supporting electrolyte
concentration 0.012 N.
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rapidly with increasing current density and temperature.
According to the Arrhenius equation [40], the COD removal
efficiency for increased temperatures can be attributed to
the increased destruction of the passivation film on the
anode surface and the increased rates of all reactions in
the process. The increased temperature also promoted the
generation of metal hydroxides formed in the EC process,
which resulted in more frequent collisions with metal
hydroxides (i.e., iron hydroxides) and pollutants.
Regarding the effects of the supporting electrolyte
concentration and temperature on COD removal, experiments were performed with the supporting electrolyte
concentration varying from 0.004 to 0.012 N and at different temperatures at a constant applied current density
of 5 mA/cm2, as shown in Figure 5. This result indicates
that the COD removal efficiency was enhanced with increasing supporting electrolyte concentrations and temperatures. As the concentration of the supporting electrolyte increased, so did the COD abatement rate of the
aqueous solution containing PVA. This was because the
－
Cl anions destroyed the passivation layer and catalyzed
the dissolution of the electrode material via the pitting
corrosion phenomenon [41]. The depassivation effect was
significant when more Cl－ anions were added to the solution. A COD removal efficiency of 85% could be achieved
at a 5 mA/cm2 current density with supporting electrolyte
concentrations higher than 0.005 N and at a temperature of
303 K. Overall, the three important variables for COD
removal efficiency are in decreasing order of importance, current density, temperature, and supporting
electrolyte concentration.
FIGURE 5 - The combined effect of contant supporting electrolyte
concentration and temperature on COD removal at constant current density 5 mA/cm2.

This result can be explained by the fact that these metal
hydroxides can neutralize the electrostatic charge on the
particles. On the other hand, as the electrostatic interparticle repulsion or Z-potential was reduced, the van der Waals
attractions dominated and facilitated agglomeration [39].
Therefore, higher adsorbent concentrations (i.e. iron hydroxides) increase the availability of binding sites and the
overall surface area of the adsorbent particles, which
results in the removal of COD from the PVA solution.
The interactive effect of the current density and temperature on percent COD removal from PVA solution using EC
is shown in Figure 4. More than 85% removal efficiency
was achieved using a supporting electrolyte concentration of
0.008 N, a current density of 7.05 mA/cm2, and a temperature of 304 K. Thus, the COD removal efficiency increased

It was important to determine the optimal values of
the variables for COD removal using EC technology from
the mathematical model. Under the optimal conditions, the
desired goal for the COD removal efficiency was chosen to
be over 90% with a current density of 7.05 mA/cm2, supporting electrolyte concentration of 0.012 N, and temperature of 304.98 K. This result was confirmed experimentally
(% COD removal efficiency) which approached the predicted value, as shown in Table 4. From Table 4, EC is
suitable for COD removal under justifiable operating
conditions.
4. CONCLUSIONS
In the present study, response surface methodology
using CCD was applied to evaluate a mathematical model
and optimize parameters, including the current density,
supporting electrolyte concentration, and temperature.

TABLE 4 - Response model validation.
Current density (mA/cm2)

Supporting electrolyte concentration (N)

Temperature (K)

7.05

0.012

304.98
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Removal efficiency (%)
Predicted
93.3

Actual
92.9
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The results obtained from the present study revealed that
RSM is a suitable method for optimization of the operating conditions of EC for PVA removal. A quadratic model
was employed to predict the COD removal efficiency
through individual and interactive operating parameters. The
quadratic model was also analyzed using the ANOVA technique. The analysis of variance showed a high coefficient
of determination (R2 = 0.9987), which can ensures a satisfactory second-order regression model with experimental
data. The three variables that affect COD removal are, in
decreasing order of importance, current density, temperature, and supporting electrolyte concentration. The optimal process conditions for to obtain a COD removal efficiency over 90% were a current density of 7.05 mA/cm2,
a supporting electrolyte concentration of 0.012 N, and a
temperature of 304.98 K.
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ABSTRACT
Soil erosion, mainly regulated by topographical factors in complex mountainous areas, is a serious global problem. Taking the upper Mekong River in Yunnan province,
China as the study area and using the USLE model in a
GIS framework, we investigated the spatial distribution of
soil erosion and its relationship to slope gradient, slope aspect, and elevation. The results suggest that soil erosion is
a serious problem in the study area with the degree of soil
loss and soil risk unevenly distributed, and the upper
reach particularly vulnerable to soil erosion. Slope gradient is the primary factor regulating soil erosion, with a
slope gradient between 30° to 40°, being the most serious
gradient class for soil erosion. Soil erosion on the southwestern slope aspect is relatively more serious. The soil
erosion modulus sharply increased with elevation; yet,
soil loss generally decreased with elevation. Topographical factors, especially slope gradient and elevation, sharply
regulate soil erosion in the study area.
KEYWORDS:
Soil erosion, topography, upper Mekong River, China

1. INTRODUCTION
The Mekong River is a significant transboundary river,
with approximately 54.8 million people living in the lower
basin (Mekong River Commission 2003). A large part of
the lower basin population directly depends on natural ecosystems for their livelihood. Fisheries and croplands are
important sources of food and income. Sediment within the
lower Mekong system largely comes from the upper Mekong River in China [1,2]. This estimate was confirmed by
the Asian Development Bank (ADB). Since the Mekong
River is a transboundary river, the consequences of soil
erosion and sedimentation are not confined to a single country. Sedimentation from soil erosion from the upper Mekong
* Corresponding author

River can give rise to many troubles in downstream countries; these problems are linked to accelerated loss of
reservoir storage capacity through sedimentation, siltation
of river channels and water distribution systems with associated loss of conveyance capacity, and the increased turbidity of river water. In this area, measures of soil erosion
control are important, not only environmentally but also
politically, since problems associated with soil erosion can
even affect international relations among riparian countries.
Soil erosion not only has its significance in the international political arena, but also has its domestic significance. For China, the Mekong is important as a source of
hydropower, and for transportation [3]. On the mainstream
or tributaries of the Mekong River, there are many dams,
constructed and planed. These dams are vulnerable to the
effects of soil erosion and sediment. The theoretical sediment trapping efficiency in reservoirs is high, most reservoirs showing a local sediment trapping efficiency of 80%
or more [4]. It is obvious that the dams in the upper Mekong River will sharply lose their storage capacity due to
sedimentation.
Knowledge of the spatial variation of soil erosion is
needed in allocating soil erosion control measures, particularly so for this mountainous terrain because the degree of
soil loss may vary from one area to another. Soil loss and
soil erosion patterns may differ with slope gradient, slope
aspect, and elevation. However, studies related to soil erosion in this area are very limited, and all of the existing
studies focus on sediment, or have taken soil erosion as a
factor in river ecology [5-7]. Observed sediment in given
locations provide a general idea of the amount of soil loss,
but cannot provide any information on the spatial pattern
of soil erosion.
The main objective of this study was to characterize
the spatial pattern of soil erosion and to analyze its relationship to topography. We estimated soil erosion factors
and average annual soil loss from water by applying a
USLE model. We hope that this analysis will provide
essential information for regional soil conservation planning and practices in the upper Mekong River.
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2. MATERIALS AND METHODS
2.1 Study area

The upper Mekong River (Lancang River in Chinese),
located in southwest China, originates in the Tibetan Highlands of China at an altitude of 4970 m above mean sea
level. After leaving China, it is known simply as the Mekong River (Fig. 1). Its estimated length is approximately
2160 km and it drains an area of 8.79×104 km2 in Yunnan
Province, discharging annually a maximum and minimum
of 1590 m3/s and 923 m3/s of water, respectively, and has
a relatively stable annual variability in flood frequency [8,
9]. The river and its tributaries are confined by narrow,
deep gorges making the tributary river systems in this part
of the basin small with only 14 catchment areas that exceed 1000 km2. In the south of Yunnan, in Simao and
Xishuangbanna prefectures, the river changes and, as the
valley opens out the floodplain, becomes wider and slower
(Mekong River Commission 2005). The annual average
rainfall varies between 584 and 1880 mm. The temperature of the study area varies widely between -4.5 °C and
23.6 °C. Dominant land-use in this area includes dry farmland, paddy farmland, forestland, orchards, residential and
developed land, and bare land.
2.2 Methods

Many models have been developed to estimate regional soil erosion, Among them, the Universal Soil Loss
Equation (USLE) given by Wischmeier and Smith [10],

and its modified forms are the most widely used ones
[11]. They not only estimate the degree of erosion by
using watershed characteristics and local hydroclimatic
conditions but also present the spatial distribution of soil
erosion [12]. Further, they conveniently couple with the
geographical information system (GIS) and remote sensing (RS) data, which is essential in an area with limited
observation data. GIS also provides a spatially distributed
environment allowing us to analyze soil erosion in much
more detail [13]. Owing to its convenience in application
and its compatibility with GIS, the USLE has been the
most frequently used empirical soil erosion model worldwide. At present, in the upper Mekong river basin, there
are few gauging stations to acquire input data and conventional methods of soil loss estimation are time-consuming
and costly. Therefore, the USLE model is the best approach for estimating soil erosion in the study area.
In the USLE, the mean annual soil loss is expressed
as a function of six erosion factors:
A= R× K× L× S× C× P

(1)

where, A is the computed averaged amount of soil
loss (t ha-1 y-1), R is the rainfall erodibility factor (MJ mm
ha-1 h-1 y-1), K is the soil erodibility factor ( t h MJ-1 mm-1),
L and S are the slope length and slope gradient factors,
and C and P are crop and erosion control practice factors.
L, S, C, and P are dimensionless. Each of the factors
above and the soil erosion map were calculated in a GIS
environment. Because the spatial resolution of the original

FIGURE 1 - Location and elevation of the study area.
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data was not uniform, varying from 90 to 1000 m, the
ultimate spatial resolution of the model result was set to
250 m to accommodate all the data.
2.2.1 Rainfall erosivity factor (R)

The rainfall erosivity factor, R, reflects the effect of
rainfall on soil erosion; it also reflects the amount and rate
of runoff likely to be associated with precipitation events.
An increase in the intensity and amount of rainfall results
in an increase in the value of R. The R factor for a given
location is expressed in MJ, mm/ha/h/year [10]. Usually,
the R factor is evaluated by applying daily precipitation
records. Since there are not enough daily records, the modified Fournier’s index (MFI) was applied, which only requires monthly precipitation records [14]. It is shown below:

Pi 2
MFI = ∑i =1
P
12

(2)

where, Pi (mm) is the average monthly precipitation
and P (mm) is the average annual precipitation.
R = (4.17 MFI) – 152

(3)

The precipitation data were derived from the WorldClim dataset, a set of global climate layers (climate grids)
⎧
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In the USLE model, the overall topographical factors
including slope length (L) and slope gradient (S) reflect
the effects of topography on erosion. In general, increases
in slope length and slope gradient can produce higher overland flow velocities, and correspondingly, higher erosion
[17]. Since direct standardized measurement of slope and
slope length was impossible at the watershed scale, the
Digital Elevation Model (DEM) was applied to estimate the
L and S factors. The DEM data were derived from ASTER
GDEM with a cell size of 90 m. We calculated the L and
S factors using ArcGIS spatial analyst plus and the
Archydro extension. The following equation proposed
by Moore and Burch [18, 19] was applied to a DEM of
cell size 30 m.

A 0.4
sin θ 1.3
) ×(
)
22.13
0.0896

The soil erodibility factor is an empirical measure of
soil erodibility as affected by internal soil properties [9].
The soil properties are mainly affected by soil texture,
organic matter, and content permeability. Soil erodibility
was estimated with the help of the soil map provided by the
Harmonized World Soil Database (HWSD). The HWSD is
a 30 arc-second raster database with over 16,000 different
soil mapping units that combine existing, regional, and
national updates on soil information worldwide (SOTER,
ESD, Soil Map of China, WISE), and is also contained
within the 1:5,000,000 scale FAO-UNESCO Soil Map of
the World (FAO 2009). The Soil Map of China is at a
scale of 1:1,000,000. With this, the K factor was calculated by means of using the following formula introduced by
Williams et al. [16]:

⎧
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2.2.3 Slope length and slope gradient (LS)

(

2.2.2 Soil erodibility factor (K)

S

）0.3 × [1.0 −

i

where, Sd, Si, Cl, and C represent sand (%), silt (%),
clay (%), and carbon (%), respectively.

LS =

with a spatial resolution of about 1 km2 [15]. This dataset
was developed based on meteorological data collected
from 47,554 stations worldwide. There are 5 meteorological stations in the study area included in the dataset; therefore, the monthly precipitation records in the dataset were
used in our study. The time span of the whole dataset was
1950 to 2000; however, in the study area, the records span
only from 1980 to 2000.

(5)

where, LS is the combined slope length and slope
gradient factor, A is the product of flow accumulation and
cell size, θ, is the slope in degrees, both of which are
derived from the DEM directly.

S

⎫
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⎬
) ⎪
d
] ⎪
⎭

(4)

2.2.4 Cover and management practices factor (C)

The cover and management practices factor reflects
the effect of cropping and management practices in cultivation areas, and the effect of vegetation cover in nonagricultural areas on the soil erosion rate. Vegetation
cover helps to prevent direct soil erosion from rainfall by
dissipating the energy before it reaches the soil surface;
thus, soil erosion can be effectively limited by proper
management of vegetation, plant residue, and tillage [20].
The Normalized Difference Vegetation Index (NDVI) is
one of the commonly used methods to determine the C
factor along with the following formula [21]:

C = exp[−α

NDVI
]
β − NDVI

(6)

where, α and β are dimensionless parameters that determine the shape of the curve relating NDVI and the C
factor, and the values 2 and 1 were selected for the parameters α and β, respectively [21]. The monthly NDVI
data were derived from MODIS remote sensing data with
a cell size of 250 m. In order to accurately reflect the
average vegetation cover in the study area, July and December data were selected between 2001 and 2010. These
data were then calculated to generate the 10-year annual
average NDVI.
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2.2.5 Support practice factor (P)

The support practice factor (P) reflects how soil and
water conservation practices affect the reduction of soil
erosion [22]. Traditionally, the P factor is defined as the
ratio of soil loss with contouring and/or strip cropping to
that with straight row farming up-and-down slope. The P
factor is influenced by various types of farmland and
slope, but this study only considered P values due to landcover type using the values suggested by Yang et al. [23]
(Table 1).
TABLE 1 – Land-cover classification and P factor.
Land-cover / Land-use
Urban area
Bare land
Dense forest
Sparse forest
Mixed forest and cropland
Cropland
Paddy field
Dense grassland
Sparse grassland
Mixed grassland and cropland
Wetland
Water body
Permanent ice and snow

P factor
1.0
1.0
1.0
1.0
0.8
0.5
0.5
1.0
1.0
0.25
1.0
1.0
1.0

watershed. These areas were mostly seen in the south,
especially in the southeast. 19.2% of the study area fell
into a low erosion risk class, and the total annual soil loss
in the area of low erosion risk accounted for 12.3% of the
soil loss in the entire watershed. These were mainly distributed in the central and southwest regions. 8.5% of the
study area fell into a moderate risk class, with the total
annual soil loss in these areas accounting for 15.1% of the
soil loss in the entire watershed. The distribution of these
areas is not concentrated, but is instead widely spread over
the study area. It is worth noting that about 11% of the
study area was estimated to suffer from high or extreme
erosion risk; however, this small area accounted for 70.9%
of the total soil loss indicating that serious soil erosion
has already occurred with around 12,329×104 t y-1 of soil
lost every year. The area that fell into the highest or extreme erosion risk category was concentrated in the northern cape of the study area.

The land-use/land-cover data were derived from
MODIS remote sensing data, with a cell size of 250 m.
Since it is difficult to calculate the average land-use pattern, and because the land-use pattern in the study area is
relatively stable, we used the 2010 land-use/land-cover
data to obtain the P factor.
3. RESULTS
After preparation of the data, we obtained the data layers of all 5 factors. We then estimated the average annual
soil loss over the upper Mekong River in Yunnan province
in a GIS environment (Fig. 2a).
3.1 Spatial distribution of soil loss

As Fig. 2a reveals, annual soil loss ranged from 0 to
2853 t ha-1 y-1 in the upper Mekong River watershed in
Yunnan Province, with a mean value of 19.8 t ha-1 y-1 and
a standard deviation of 52. The results showed that serious soil loss was mostly confined to the north of the upper
Mekong River basin in Yunnan; the further south the river
runs, the less soil erosion was found.
In order to better describe the spatial variation of soil
erosion based on the estimated annual soil loss rates, the
study area was classified into five erosion risk classes
(Table 2) according to the Soil Erosion Rate Standard,
Technological Standard of Soil and Water Conservation
SD238-87, issued by the Chinese Ministry of Water Resources. More than half of the study area (61%) fell into a
minimal erosion risk class where soil loss was nominal,
and the total annual soil loss in these areas only accounted
for a small proportion (1.7%) of the soil loss in the entire

FIGURE 2 - The average annual soil loss (a) and soil erosion risk (b)
over the upper Mekong River basin in Yunnan.
TABLE 2 - Ordinal categories of soil erosion risk and the area and
amount of soil loss for each class.
Erosion class
Minimal
Low
Moderate
High
Extreme

Numeric
range
(t ha-1 y-1)
<5
5-25
25-50
50-80
>80

Area
percentage
(%)
61
19.2
8.5
4.6
6.7

Total soil
loss
(104 t y-1)
292
2146
2624
2506
9823

Soil loss
percentage
(%)
1.7
12.3
15.1
14.4
56.5

3.2 Soil erosion distribution vs. slope gradient

The soil erosion modulus for different slope gradients
generally increases with the steepness of the slope. The
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FIGURE 3 - Soil erosion modulus for different slope gradient classes.

FIGURE 4 - Amount of soil loss for different slope gradient classes.

average soil erosion modulus was 1158 t km2 y-1 when the
slope gradient was lower than 10°, although it reached
5973 t km2 y-1 with a slope gradient larger than 40° (Fig. 3).
The total annual soil loss was 17,391×104 t y-1, and the
amount of soil loss for different slope gradient classes
showed that soil erosion generally increased with slope
gradient, except when the steepness was larger than 40°.
The degree of soil loss for slopes larger than 40° sharply
decreased to 1124×104 t y-1. This value was 8883×104 t y-1
when in the 30° to 40° slope gradient class; the largest
proportion of total soil loss was attributed to this gradient
class which accounted for 51.09% of total soil loss. In
addition, the least soil loss was observed on slopes with a
steepness of less than 10°, where annual soil loss was
728×104 t y-1, and only accounted for 4.08% of the total
soil loss (Fig. 4).

11% of the total soil loss. On the whole, the difference in soil
erosion among slope aspects in the study area was not obvious with more advanced loss on the southwestern aspect.

3.3 Soil erosion distribution vs. slope aspect

Figure 5a shows that, among the eight aspects, the
maximum soil erosion modulus appeared on the southwestern slope aspect with a value of 1340 t km2 y-1.The
minimum soil erosion modulus appeared on the northwestern and northern aspects with values as low as 1210 t km2
y-1 and 1213 t km2 y-1, respectively. As Fig. 5(b) shows, the
difference in soil loss among slope aspects in the study
area is not obvious. Soil loss on the southwestern slope
aspect was 1577×104 t y-1, which accounted for 14.3% of
the total soil loss, and was relatively larger than the other
slope aspects. The minimum soil loss appeared on the
northwestern and northern aspect, which accounted for

FIGURE 5 - Soil erosion modulus (a) and soil loss percentage (b) for
different slope aspects.
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3.4 Soil erosion distribution vs. elevation

The soil erosion modulus generally increased with elevation. The average soil erosion modulus was as low as
432 t km2 y-1 when elevation was lower than 1000 m, but
reached 7138 t km2 y-1 when elevation was higher than
4000 m. It is obvious that elevation is a key factor sharply
influencing soil erosion since the soil erosion modulus for
an elevation higher than 4000 m was about 16 times larger than an elevation lower than 1000 m (Fig. 6). The
amount of soil loss for different elevation zones generally
decreased with elevation, except for elevations lower than
1000 m. The amount of soil loss for elevation zones higher than 4000 m sharply decreased to 1109×104 t y-1; this
value is 6769×104 t y-1 when in the 1000 to 2000 m elevation zone; however, the amount of soil loss for elevation
zones lower than 1000 m was 418×104 t y-1, accounting
for only 6% of soil loss in the 1000 to 2000 m elevation
zone. The largest proportion of total soil loss was attributed to the 1000 to 2000 m elevation zone, which accounted
for 38.9% of the total soil loss. The area of lowest soil
loss was found in elevation zones lower than 1000 m,
where annual soil loss only accounted for 2.4% of the
total soil loss (Fig. 7).
4. DISCUSSION
This paper characterized the spatial pattern of soil
erosion and analyzed its relationship to topography. The

results show that soil erosion is a serious problem in this
spatially heterogeneous area, and is largely regulated by
topographic factors, especially slope gradient and elevation.
Although the extreme erosion class accounted for a
small area, it produced a large amount of soil loss; more
than half of the total soil loss is produced in this class
(Table 2). These areas are mostly seen in the northern
regions of the study area (Fig. 2b) where vegetation cover
is poor. For many years, these areas suffered from largescale deforestation, and land surface soil was exposed directly to rain. This unprotected soil was readily moved
from the land surface to the river by the force of gravity
and by the combined action of rain and resulting flow
(Fig. 8a). In addition, the slope gradient in the north is
large (Fig. 8b), and soil is more easily lost by the integrated effects of rain and resulting flow.
The total amount of soil loss increased with the slope
gradient, however, it sharply decreased when the slope
gradient was greater than 40° (Fig. 4). This may be because
the area is limited when the slope gradient is greater than
40°. In fact, this area only accounted for 2% of the study
area. Therefore, although the soil erosion modulus is high
in this area (Fig. 3), its total soil loss is relatively low.
The soil erosion modulus on the southwestern slope
aspect was higher than other aspects (Fig. 5a). This may
be attributed to the effect of rainfall. The Indian Ocean is
located in the southwest of the study area and, during every
monsoon warm, moist air flows from the ocean carrying a

FIGURE 6 - Soil erosion modulus for different elevation zones.

FIGURE 7 - Soil loss percentages for different elevation zones.
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FIGURE 8 - Vegetation coverage (a), slope gradient (b) and land-use / land-cover (c) over the upper Mekong River basin in Yunnan.

large amount of water. When the warm, moist air flows to
the high mountains in the study area, the southwestern
slope aspect more efficiently intercepts moisture and generates more rainfall explaining the higher soil erosion
modulus on the southwestern slope aspect.
Total soil erosion decreased with elevation; however,
it was limited when elevation was lower than 1000 m
(Fig. 7). There are various reasons for this. First, the study
area is a typical alpineregion with a mean elevation of
1790 m and with most of the area higher than 1000 m.
The areas with an elevation lower than 1000 m only accounted for a small proportion of the area; this may affect
the amount of soil loss generated in this area. In addition,
areas with an elevation lower than 1000 m were mostly
seen in the lower reach of the study area since the terrain
there is relatively flat and land surface is well covered by
vegetation (Figs. 8a, b). These factors may be helpful in
preventing soil erosion to some extent.
On the basis of the analysis above, more attention
should focus on the northern part of the study area where
soil erosion is serious, not only because of the complex
terrain but also because of large-scale deforestation. Although soil erosion in the central and southern regions of
the study area is relatively low, it should not been ignored
because human activities, such as tillage and construction,
are widely practiced in these areas and may accelerate soil
erosion (Fig. 8c). Farmland covered a large proportion of
these areas and economic development introduced many
construction projects. Like other regions of China, urban

expansion is also a serious problem and deforestation is
becoming more serious due to the need of local residents
to cultivate more land. The soil erosion patterns analyzed
above suggest that soil conservation practices should reflect
local conditions. Generally speaking, vegetation recover
measures may be a better approach in the northern regions,
while forest conservation and reasonable cultivation practices should be the focus in the central and southern regions.
5. CONCLUSION
The ultimate goal of this paper was to estimate soil
erosion over the upper Mekong River basin in Yunnan
Province, China, and to clarify the topographical characteristics of spatial distribution for soil erosion. In order to
achieve these objectives, agrid-based quantitative soil
erosion estimation was made by using the USLE model.
The results indicate the following aspects: (1) Soil erosion
is a serious problem in the study area with the degree of
soil loss and soil risk unevenly distributed, and the upper
reach particularly vulnerable to soil erosion; (2) Slope
gradient is the primary factor regulating soil erosion with
a slope gradient between 30° to 40° being the most serious class for soil erosion accounting for half of the total soil
loss; (3) Soil erosion on the southwestern aspect is relatively more serious; (4) The soil erosion modulus sharply increased with elevation; yet, soil loss overall generally decreased with elevation; (5) Topographical factors, espe-
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cially slope gradient and elevation, sharply regulate soil
erosion in the study area.
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THE EFFECT OF FACTORS ON
CHLORINE DECAY AND TRIHALOMETHANE
FORMATION IN A PILOT-SCALE DISTRIBUTION SYSTEM
Cong Li, Jieze Yu, Tuqiao Zhang, Xinwei Mao, Yulong Yang*, Taotao Zhao
College of Civil Engineering and Achitecture, Zhejiang University, Hangzhou 310027, Zhejiang Province, P.R. China

ABSTRACT
As chlorine decay is influenced by many factors, such
as water quality, piping material, initial concentration of
chlorine, chlorine decay in real water distribution system is
difficultly simulated. In this paper, the experiments were
carried out to investigate the kinetic model of chlorine
decay, and the formation of trihalomethanes (THMs) in a
pilot-scale water distribution system. The kinetic model of
chlorine decay and the formation model of THMs fitted
experiment data of pilot-scale water distribution system
very well. In addition, the effects of different bromide
ions including pH and flow velocity on chlorine decay
and THMs formation were investigated. The results
demonstrated that there is little effect on chlorine decay
and THMs formation in the range of pH 6-8 and flow
velocity of 0.2-1 m/s. The concentration of bromide ions
has great effect on the formation of THMs.

KEY WORDS: disinfection by-products; water distribution system;
trihalomethanes (THMs)

1. INTRODUCTION
Although the effective use of chlorine over many decades as a disinfectant for potable water supplies, chlorine
usage has been questioned because it can change some of
the water characteristics and form some toxic disinfection
by-products (DBPs) derived from complicated and not yet
well-known reactions with organic substances contained
in water. However, due to its low cost, stability, and effectiveness, chlorine is still widely used to disinfect water.
Generally, in China, free chlorine residue in excess of
0.05 mg/L must be maintained at the end of water distribution system, thus reducing the likelihood of further
contamination [1]. However, Clark et al. [2-4] stated that
the chlorine residue can disappear in water. By-products
* Corresponding author

concentrations also varied with chlorine decay within water
distribution system. Most models for chlorine decay have
been built based on the following reaction [5]:
Cl + reactants → products
where Cl represents the chlorine species and reactants
represent the species that can react with it. A number of
investigators had conducted research into the development of models to predict chlorine decay, and the classic
kinetic models for chlorine decay generally assume that
chlorine decays follow first order kinetics [6-13]:
C = C0exp(-kt)

(1)

Qualls and Johnson [14], Dharmarajah and Patania
[15], and Fang et al. [16] considered that the total decay
constant (k) is to express as wall decay (kw) and bulk
decay (kb) (Eq.2). But no data are shown in the report to
verify the equation, especially by pilot-scale data.
k = kb + kw

(2)

In this study, experimental tests were carried out in a
pilot-scale water distribution system. Then, mathematical
models for predicting chlorine decay and the formation of
THMs were developed, based on the experiment data of
pilot-scale water distribution system, respectively. Moreover, the effects of different factors on chlorine decay and
formation rates of THMs were investigated.
2. MATERIALS AND METHODS
Herein, experiments of chlorine decay and THMs formation in water distribution system were carried out in a
pilot-scale water distribution system. In this study, the
experiments were carried out in ductile iron loop. Each loop
with the length of 80 m and the diameter of 150 mm had a
theoretical hydraulic residence time of 36 h, as shown in
Fig. 1.
In the experiments, each loop was continuously fed
with tap water of Hangzhou City (characteristics of tap
shown in Table 1).
The chlorine concentration of samples at the certain
time intervals was measured by colorimetric method ac-

227

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

Water tank
6 m3

Heat
exchanger

Outlet

Devices for biofilm

FIGURE 1 - Schematic representation of the pilot-scale water distribution system.

rine concentrations 0.30-0.35 mg/L). The first-order model
was used to fit the experiment data, as shown in Fig. 2.

TABLE 1 - The characteristics of tap water in Hangzhou.
pH

Tap water

6.95-7.01

DOC
(mg/L)
4.60-7.02

Turbidity
(NTU)
0.50-0.60

Conductivity
(µs/cm)
720-736

0.4

cording to the standard 8021 DPD method (powder pillow) for free chlorine using a Hach DR2800 analyzer. All
samples were taken in duplicate to reduce the measurement
error.
THMs consist of chloroform (CF), bromodichloromethane (BDCM), dibromochloromethane (DBCM) and trichloromethane (TCM). THMs in the water samples were
analyzed using a Varian GC 450 with electron capture detector and 15 m × 0.25 mm × 0.25 µm columns. Detection
limits of THMs were less than 0.1 µg/L. The GC-ECD
operating conditions for THMs were as follows: detector
temperature 300 °C, injector temperature 150 °C, injection
volume 1 µl, and temperature program: 60 °C for 3 min,
ramped to 70 °C by 10 °C/min, held for 2 min. Sodium
hypochlorite (purity 97.5%; Sinopharm Chemical Reagent
Company (SCRC)) solution was prepared by tap water of
Hangzhou, and then added to the loops to achieve the
initial chlorine levels wanted.
The concentration of bromide ions was in the range
of 0.5-2 mg/L. Bromide was analyzed using an ion chromatography system (ICS-2000, Dionex) with US Environmental Protection Agency (EPA) method 300.0 A, and
an Ion-Pac As19 analytical column (4 mm×150 mm) was
used with 30 mmol/L potassium hydroxide at a flow-rate
of 1.0 ml/min.

0.3

2

Cl2 (mg/L)

Water

0.1
2

R =0.992
0.0

0

5
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15

20

25

30

35

t/h

FIGURE 2 - Fitting results of chlorine decay by first order model.

It is seen from Fig. 2 that first-order model provides a
good fit, with correlation coefficient (R2) about 0.99.
Moreover, with initial chlorine increase, correlation coefficients (R2) of fitting results were increasing.
3.2 The model of THM formation

Chlorine in water distribution system reacts with trihalomethane formation potential (THMFP) to form disinfection
by-products (DBPs). THMs formation depends on temperature, reaction time, and the concentration of chlorine:

3. RESULTS AND DISCUSSION
3.1 The model for chlorine decay

In order to verify the chlorine decay model, experiments were carried out in every loop (range of initial chlo-

R =0.990

0.2

dTHM
= k0 [Co e− kt ][THMFP − THM ]
dt

(3)

where THMFP = F(TOC)

(4)

At different TOC, the relationship of THMFP and
TOC was determined and shown in Fig. 3.
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In the Fig. 3, the relationship of THMFP and TOC
is THMFP = 11.1TOC + 20.06 .

If organics ≥ Cl2, then:

dTHM
= k[Cl2 ]m
dt

If Cl2 ≥ organics, then:

dTHM
= k [C ]n
dt

(6)

where n, m are determined by experiment data, m = n
= 1 and then:

(5)

TTHMs = THMFP − (THMFP − THM 0 ) exp(
Then:

k0 Co − kt
(e − 1))
k

(7)

TTHMs = (11.1TOC + 20.06) − ((11.1TOC + 20.06) − THM 0 )) × exp(
	
  
100

experiment data
Fitting curves

(8)
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FIGURE 4 - Fitting curves of the THM model and experimental data.

FIGURE 3 - The relationship of THMFP and TOC.

Based on the rate constants k of chlorine decay, the
rate constants of THMs were obtained. The experimental
data of THMs were used to fit the new model, shown in
Fig. 4.
It is seen from Fig. 4 that the new model of THMs
formation fits the experimental data very well and correlation coefficient (R2) was above 0.96.

tants in bulk water do not increase with flow velocity
increase.
70
60

Concentration (µg/L)

2.0

3.3 The effect of different factors on THMs formation
3.3.1 Flow velocity

In order to investigate the effect of flow velocity on
THMs formation including chloroform (CF), bromodichloromethane (BDCM), dibromochloromethane (DBCM)
and trichloromethane (TCM), the experiments were carried out under flow velocities of 0.2, 0.6 and 1 m/s, and
temperature was kept at 18± 0.2 °C. The results are shown
in Fig. 5.
It is seen from Fig. 5 that the formation of BDCM
and DBCM is less than that of CF and TCM. With flow
velocity increasing, the formation of THMs has little increase, and it could be ignored. Therefore, the effect of
flow velocity on THMs formation is weak because reac-

50
40

THM
TCM
BDCM
DBCM

30
20
10
0
0.2

0.4

0.6

0.8

1.0

flow velocity(m/s)

FIGURE 5 - The effect of flow velocity on THMs formation.
3.3.2 pH

In order to investigate the effect of pH on THMs formation, the experiments were carried out under pH 6, pH
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7 and pH 8 in the ductile iron loop. Temperature was kept
at 18± 0.2 °C. The results are shown in Fig. 6.
60

Concentration (µg/L)

50

40

THM
TCM
BDCM
DBCM

30

20

It is seen from Fig. 7 that rate constants of DBCM
and BDCM increased but those of CF formation quickly
decreased with increasing bromide ion concentrations.
The rate constants of TCM were almost the same when
bromide ion level changed because TCM is more stable
than DBCM, BDCM, and CF. The changes may be due to
the differences between the reactions of HOBr and HOCl
with NOM (natural organic matter) as well as conversion
of bromide ions into brominated THMs [18]. In addition,
higher contents of bromide ions might have changed THMs
speciation from chlorinated and lower order species to
higher-order brominated species as discussed in the study
of Cowman and Singer [19].

10

4. CONCLUSIONS
0
6.0

6.5

7.0

7.5

8.0

pH
FIGURE 6 - The effect of pH on THMs formation.

It is seen from Fig. 6 that THMs including TCM,
BDCM, DBCM, and CF had no apparent increase with
increasing pH values. As sodium hypochlorite solution
has some sodium hydroxide, the pH of the solution was
about 7.5 after sodium hypochlorite was added at pH 6
and pH 7. At pH 8, the iron from the pipe wall will react
with hydroxide ions in the solution, and it makes the pH
of solutions stable [17]. Therefore, at pH 6-8, the effect of
pH on THMs formation could be ignored because of the
effect of the pipe wall.
3.3.3 Bromide ions

In order to investigate the effect of temperature on
THMs formation, the experiments were carried out with
bromide ions (0, 0.25 and 0.50 mg/L). In the experiments,
flow velocity was 0.8 m/s and the pH of solutions was
7.5. Temperature was kept at 18± 0.2 °C. The results are
shown in Fig. 7.
70

rate constants of THMs formation

60

CF
TCM
BDCM
DBCM

50
40
30
20

It is well-known that water distribution system may
affect the water quality negatively. Moreover, the models
of chlorine decay in real water distribution system are
difficultly built because most models about chlorine decay are built on the experimental data from beaker tests,
and not in real water distribution systems. In this paper, a
model was built based on the pilot-scale water distribution
system. Based on the model of chlorine decay, a new model
of THMs formation was also built. Moreover, the fitting
results of chlorine decay model and THMs formation model to the experiment data in a pilot-scale water distribution
system were very well, and correlation coefficients (R2)
were all above 0.95. In addition, based on the experimental
data of the pilot-scale water distribution system, the effects
of flow velocity and pH on THMs formation were weak
and could be ignored. Under different concentrations of
bromide ions, rate constants of THMs including CF,
TCM, BDCM and DBCM, were different.
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ABSTRACT
The objective of the performed experiments was to
determine the dynamics of development of selected groups
of microorganisms and the enzymatic activity in a substrate
containing a microbiological inoculum (BAF1) intended
to improve scarlet sage growth and flowering. The material used in the investigations was peat substrate of 5.56.0 pH into which plants were planted and then inoculated
with different doses of the BAF1 biopreparation (1:10,
1:50, 1:100) devised at the Department of General and
Environmental Microbiology of Poznań University of Life
Sciences.
Samples of the substrate on which experimental plants
were cultivated were collected during the following three
phases: the phase of seedling planting, the phase of vegetative growth and the phase of flowering. The scope of
investigations comprised determination of the developmental dynamics of total bacteria number, actinomycetes and
molds using, for this purpose, the Koch plate method as
well as levels of dehydrogenases, urease and acid phosphatase activity by the spectrophotometric method. In
addition, the following plant morphological analyses were
performed: plant height, shoot number and length, number of buds and inflorescences, content of chlorophyll a
and b and leaf greenness index (SPAD).
On the basis of the obtained research results, it was
found that the applied BAF1 biopreparation has a stimulating effect only on the development of the total number of
bacteria and molds. Its inhibitory effect was recorded in case
of actinomycetes and the activity of analysed enzymes.
A positive effect of the BAF1 inoculum was found on
length and fresh weight of inflorescences in scarlet sage.
No significant effect was found for the biopreparation on
vegetative traits of plants. An exception in this respect
was observed for fresh weight of shoots and leaves, which
increased significantly under the influence of foliar application and broadcasting of the inoculum at a concentration of 1:50 and 1:100.

* Corresponding author
KEYWORDS:
inoculum, microorganisms, enzymatic activity, peat, sage

1. INTRODUCTION
Excess use of chemicals in crop cultivation contributes to environmental pollution and disturbs the functioning of native soil microflora [1-3]. At present microbiological preparations are gaining in popularity. The combined
action of different groups of microorganisms contained in a
given inoculum used in farming or horticultural practice
has an advantageous effect on fertility in a given substrate,
improving plant growth conditions e.g. by facilitating
nutrient uptake, enhancing plant growth, preventing the
development of plant pathogens and facilitating gradual
reconstruction of the substrate [4-6]. According to Avis et
al. [7], potential application of microorganisms as biostimulators of plant growth and development may reduce problems resulting from the use of chemicals in agriculture
and horticulture.
In the opinion of Tyszkiewicz [8], the degrading action of microorganisms plays a decisive role in the transformation of organic matter by serving a significant function in peat formation and plant nutrition processes. Slime
formed by certain bacteria and fungi causes the production
of a spongiform, lumpy substrate structure. Moreover,
through the production of extracellular polysaccharides
and other cellular metabolites microorganisms influence
physical properties of the substrate, aiding in the stabilization of its structure. Toxic substances are used by microorganisms as a food source, thanks to which contaminants
penetrating to the substrate are neutralized.
According to Stachowiak et al. [9] and Kordowska–
Wiater [10], microorganisms contained in microbiological
preparations isolated e.g. from composts exhibit an antagonistic action against plant pathogens. Species most typically
isolated from composts include Bacillus spp., Enterobac-
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ter spp., Pseudomonas spp., Streptomyces spp., Penicillum spp., Trichoderma spp., Gliocladium viriens and
Flavobacterium balustinum
Scarce information has been reported on the application of natural origin preparations in growing of ornamental plants. Studies conducted by Wolna-Maruwka et al. [11]
and Wolna-Maruwka et al. [12] show that the use of a
microbiological preparation in growing of pelargonium and
scarlet sage lead to earlier plant flowering and an increased
number of buds and flowers. Experiments performed by
Górski and Kleiber [13] on roses (Rosa x hybrida) and
gerberas (Gerbera jamesonii) showed an increased number
and diameter of flowers in both these plant species. Positive results obtained with an increasing frequency in terms
of improved quality and fertility of the substrate as well as
morphological characteristics of plants are incentives for
further attempts at the application of microbiological preparations in horticulture.
The aim of the conducted laboratory experiments was
to assess the effect of the BAF1 microbiological preparation on the counts and activity of microorganisms in the
peat substrate as well as morphological traits of scarlet
sage.
2. MATERIAL AND METHODS
The experiment was established in 2011 in a glasshouse in Marcelin which belongs to the Department of
Ornamental Plants of Poznań University of Life Sciences.
The material used in the experiments was peat substrate of 5.5-6.0 pH (Table 1) which was supplemented
with a multicomponent fertiliser Osmocote 5-6 M of slow
action in the amount of 3g·dm-3. Seedlings of scarlet sage
cv. Salvano were planted into pots of 12 cm diameter containing the above-mentioned substrate. The plants were
inoculated with different doses of the BAF1 biopreparation,
which was applied either onto leaves or into the soil.
The microbiological inoculum used in the study was
designed at the Department of General and Environmental
Microbiology and was designated as BAF1 (BacteriaActinomycetes-Fungi). The biopreparation consisted of
15 strains of bacteria, 5 of actinomycetes isolated from
mature compost prepared from plant residues and sewage

sludge as well as 4 strains of Trichoderma harzianum derived from the collection of the Institute of Plant Genetics
in Poznań.
The above-mentioned strains were examined, among
others, from the point of view of their proteolytic, cellulolytic and phytosanitary activities. One milliliter of the
employed biopreparation contained 1.55·106 cfu of bacteria, 1.99·103 cfu of actinomycetes and 0.98·102 of fungi.
The preparation was diluted in tap water with the aim
of obtaining the following concentrations: 1:10, 1:50, and
1:100.
The above-mentioned experimental preparation was
applied in two ways: onto leaves and into the soil but
always in the amount of 10 ml. The experiments consisted
of the following combinations (each in ten replications):
K – control (peat substrate)+plant, K1 – peat substrate+
plant+ watering with the preparation - 1:10, K2 – peat substrate+plant+watering with the preparation - 1:50, K3 – peat
substrate+plant+watering with the preparation - 1:100, K4 –
peat substrate+plant+spraying of scarlet sage with the
preparation - 1:10, K5 – peat substrate+plant+spraying
of scarlet sage with the preparation - 1:50, K6 – peat
substrate+plant+spraying of scarlet sage with the preparation - 1:100, K7 – peat substrate+plant+watering and
spraying of plants with the preparation - 1:10, K8 – peat
substrate+plant+watering and spraying of plants with the
preparation - 1:50, K9 – peat substrate+plant+watering
and spraying of plants with the preparation - 1:100.
The adopted research methodological assumptions used
the current developmental phase of scarlet sage as the main
factor determining the moment of collection of substrate
samples: date I – seedling phase (beginning of experiment);
date II – phase of vegetative growth (after 33 days); and
date III – phase of plant flowering (after 50 days).
Microbiological analyses were performed on the basis
of Koch’s plate method and consisted in the determination
with the assistance of selective media of colony forming
units (cfu) of heterotrophic bacteria, molds and actinomycetes. The assessment of cfu numbers of the abovementioned microorganisms using culturing methods is
a measure of intensification of microorganisms characterised by current high metabolic activity.

TABLE 1 - Pearson correlation coefficient between the number of microorganisms and pH value
Combination
K
K1
K2
K3
K4
K5
K6
K7

Molds number
x pH
-0,448
0,104
0,214
-0,021
0,235
-0,558
-0,124
0,854

Bacteria number x pH

Actinomycetes number x pH

-0,508
0,019
-0,003
-0,032
0,039
-0,478
0,041
0,828

-0,664
0,891
0,347
0,109
0,912
0,998
0,870
-0,968
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-0,119
0,344

-1,000
0,191
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Number of heterotrophic bacteria were determined on
the Merck standard agar medium following 5 to 6-day
incubation at the temperature of 28oC [14]. Molds were
determined on the Martin medium in the period of 5 days at
the temperature of 24oC [15]. Numbers of actinomycetes
were determined on the Pochon selective medium [16]
incubating plates for 7 days at the temperature of 26oC.
In addition, using the spectrophotometric method, dehydrogenases activity was determined in the collected samples of the composted material using 1% TTC (triphenyltetrazolium chloride) following 24-hour incubation at the
temperature of 30oC at 485 nm wavelength. The activity
of the enzyme was expressed in µmol TPF·g-1 substrate
DM·24h-1 [17]. The activity of acid phosphatase was determined using as substrate p-nitrophenylophosphate sodium,
after one hour incubation at 37°C with wave length 400 nm.
Enzyme activity was expressed in µmol PNP·g-1·h-1 [18].
Urease activity was determined using as substrate urea,
after one hour incubation at 37°C with wave length 410 nm.
Enzyme activity was expressed in µg N·g-1·18h-1 [19].
Measurements of the following traits were taken during the period of plant flowering: the height of the leaf
floor, number of leaves, width and length of the leaf blade
as well as leaf greenness index (SPAD) with the assistance
of the N-Tester apparatus. In addition, the percentage of
dyed inflorescence buds, indicating the earliness of flowering, and the length of the inflorescence were assessed.
Changes in numbers of microorganisms and levels of their

K

K1

10000

b

K2

K3

metabolic activity in consecutive developmental phases of
scarlet sage were elaborated statistically employing twofactorial analysis of variance. Moreover, Tukey’s test was
also used and its results are presented graphically in order
to facilitate the interpretation of the obtained differences
in the level of the examined parameters [20].
3. RESULTS AND DISCUSSION
When investigating the results of microbiological
analyses presented in the form of Fig. 1 it was found that
the highest number of heterotrophic bacteria was recorded
at date I, i.e. the phase of transplanting. At the vegetative
growth phase of sage the number of these microorganisms
decreased, which was most probably connected with the
presence of root exudates, which amounts and composition are dependent on the development phase of plants. It
also results from a study by Wolna-Maruwka et al. [12]
that the number of bacteria in peat under the culture of
sage cv. Saluti Red decreases significantly at the phase of
plant vegetative growth. In the opinion of Różycki and
Strzelczyk [21], root exudates may have a stimulating or
inhibitory effect on the activity of microorganisms in the
substrate, and thus on their growth and development.
At the next date of analyses (the flowering phase date III) depending on the type of the experimental combination the total number of bacteria increased slightly or
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b
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cfu·10 ·g d.m.of peat
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1
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K - control - peat substrate+plant
K1 – peat substrate +plant+watering with the preparation - 1:10
K2 – peat substrate+plant+watering with the preparation - 1:50
K3 – peat substrate+plant+watering with the preparation - 1:100
K4 – peat substrate+plant+spraying of scarlet sage with the preparation - 1:10
K5 – peat substrate+plant+spraying of scarlet sage with the preparation - 1:50
K6 – peat substrate+plant+spraying of scarlet sage with the preparation - 1:100
K7 – peat substrate+plant+watering and spraying of plants with the preparation - 1:10
K8 – peat substrate+plant+watering and spraying of plants with the preparation - 1:50
K9 – peat substrate+plant+watering and spraying of plants with the preparation - 1:100
b - highly significant difference (α=0,01) between the number of microorganisms in the control combination and their numbers in a given
combinations

FIGURE 1 - The changes of the total bacteria number
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FIGURE 2 - The changes of the total molds number

remained comparable to that of date II. Only in the control the proliferation rate of these microorganisms was
observed to decrease. On this basis it may be assumed
that changes in bacterial counts at the flowering phase of
sage were significantly connected with the application of
varied doses of the BAF1 microbiological preparation
rather than the development phase of plants.
It was found that the above mentioned inoculum statistically significantly stimulated bacterial development
only at the 1st date of analyses in combinations K1 (peat
substrate+plant+watering with the preparation - 1:10) and
K5 (peat substrate+plant+spraying of scarlet sage with the
preparation - 1:50). When analysing the effect of the applied biopreparation on the mean number of colony forming units of the discussed microorganisms at successive
development phases of plants it was found that the biopreparation contributed to an increase in the numbers of
heterotrophic bacteria in all combinations (although this
increase was statistically non-significant) except for object K8, at the foliar application and broadcasting of the
inoculum at a concentration of 1:50.
It also results from a study by Wolna-Maruwka et al.
[12] that microbiological inoculation of sage contributes
to an increase in the numbers of bacteria in the peat substrate, which in the opinion of the above mentioned authors may be connected with the adaptation of bacteria contained in the inoculum to the environment, or their stimulatory effect on the development of native, autochthonous
microflora of peat substrates.
Trends analogous to those in case of bacteria were also
observed in the course of the experiment for the numbers of
molds (Fig. 2). In the opinion of Niewiadomska et al. [22],
it is this group of microorganisms which contributes to
the natural cycle of biogenic elements through mineraliza-

tion and mobilization of dead organic matter. According to
Lioussanne et al. [23], molds together with other microorganisms create a specific environment in the area of plant
roots, i.e. the mycorhizosphere. Thanks to that fact plants
obtain nutrients, thus their growth and productivity are
stimulated.
At the transplanting phase (date I) the highest number
of fungi was recorded in combination K6, in which preparation BAF1 was used in foliar applications at a concentration of 1:100. Moreover, it was found that only in the
above mentioned object the count of these microorganisms
differed statistically significantly at 0.05 in relation to the
control (the combination not inoculated with the biopreparation).
When analysing the results of microbiological analyses presented in Fig. 2 it was stated that the development phase of sage was the primary factor having a statistically significant effect on the proliferation of molds in
the discussed peat objects, with the type of dose of the
BAF1 inoculum ranking second. Based on Pearson’s linear correlation it was also shown that the pH value of substrates may be a factor influencing their microbiological
condition (Table 1, Fig. 3).
Moreover, it was observed that the biopreparation applied in the experiment contributed to an increase in the
number of the discussed microorganisms in most objects
(except for K3, K5, K7), although this increase was statistically non-significant. Different results were recorded by
Wolna-Maruwka et al. [11] when analysing e.g. the development of molds in peat substrate under pelargonium
culture following inoculation with an EM preparation.
According to the above mentioned authors the inoculum,
irrespective of the dose or the type of inoculation, caused
a reduction of numbers of molds in peat substrate.
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FIGURE 4 - The changes of the total actinomycetes number

Actinomycetes in peat substrate constitute a numerous and varied group of organisms. In the opinion of
Hawrot-Paw et al. [24], these microorganisms serve a
significant role in the substrate, metabolising a wide range
of sparingly degradable compounds. When analysing the
results of microbiological analyses presented in the form
of Fig. 4 it was stated that at the first date of analyses (the
transplantation phase) in most peat objects (except for
combination K3) the number of actinomycetes was lower
than in the control substrate. Also at date II (the phase of
vegetative growth) the highest number of actinomycetes
was recorded in the control combination. At the third date

of analyses (the flowering phase) it was stated that the
lowest number of the investigated microorganisms was
found in the control object. It was assumed that changes
in proliferation of actinomycetes in the analysed peat
objects in the course of the experiment was connected
first of all with changes in the quantitative and qualitative
compositions of root exudates [25], while they also depended on the dose of the BAF1 inoculum and the type of
inoculation [12]. However, statistical analysis showed a
lack of a statistically significant effect of the above mentioned factors on actinomycetes number in the analysed
peat objects. Thus on the basis of the conducted Pearson’s
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linear correlation (Table 1) it was found that pH was the
main factor influencing proliferation of these microorganisms in the tested combinations.
Assuming that metabolic activity of microorganisms is
manifested in the activity of their enzymes the aim of the
experiment was to determine the level of metabolic activity
of dehydrogenases, acid phosphatase and urease. In the
opinion of Król et al. [26], the rate of dehydrogenases activity determines the rate of redox changes in the soil medium,
at the same time being a measure of substrate fertility.
When analysing changes in dehydrogenases activity
presented in Fig. 5 it was found that at date I of analyses
dehydrogenases activity reached the highest level in the
control. At date II of analyses a rapid reduction was observed in dehydrogenases activity in all analysed experimental objects together with a repeated increase in the
metabolic activity of microorganisms at the flowering phase
of sage. The above mentioned phenomenon was most
probably connected with a change of quantitative and qualitative composition of root exudates in the successive development phases of sage. These assumptions are con-

K

K1

K2

K3

firmed by the statistical analysis, which showed a statistically significant effect of the development phase in sage
on the level of dehydrogenases activity in the analysed
experimental objects. Also Sinsabaugh et al. [27], Bais et
al. [28] and Walker et al. [29] reported that substrate enzymatic activity is not only connected with the plant species,
but also with its development phase. In the opinion of
Januszek et al. [30], pH of the substrate has a significant
effect on its dehydrogenases activity. According to those
authors the level of dehydrogenases activity decreases with
a lowering substrate reaction. Also on the basis of this
study it was shown that in the course of the conducted experiments, irrespective of the type of the experimental
combination, the level of dehydrogenases activity was
positively correlated with pH of analysed objects (Table 2).
In the analyses of the effect of the BAF1 preparation
on the level of dehydrogenases activity it was found that
the inoculum contributed to an increase in dehydrogenases activity only in four experimental objects (K3-K6).
Statistical analysis showed that the above increase was
statistically non-significant.
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FIGURE 5 - The changes of the dehydrogenases activity level

TABLE 2 - Pearson correlation coefficient between the enzymatic activity and pH value
Combination
K
K1
K2
K3
K4
K5
K6
K7
K8
K9

Dehydrogenases activity x pH
0,562
0,740
0,957
0,992
0,966
0,637
0,919
0,780
0,573
0,562

Phosphatase activity x Urease activity
pH
x pH
-0,227
-0,197
-0,027
0,954
-0,119
0,990
-0,082
0,142
0,140
0,307
-0,553
-0,404
-0,130
-0,070
0,693
0,949
-0,145
0,092
-0,227
-0,197
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TABLE 3 - Pearson correlation coefficient between the number of microorganisms and enzymatic activity
Combination
K
K1
K2
K3
K4
K5
K6
K7
K8
K9
Combination
K
K1
K2
K3
K4
K5
K6
K7
K8
K9
Combination
K
K1
K2
K3
K4
K5
K6
K7
K8
K9

Molds number x
dehydrogenases activity
0,426
0,687
0,286
0,096
0,297
0,372
0,432
0,295
-0,575
0,426

Bacteria number x
dehydrogenases activity
0,487
0,747
0,488
0,107
0,480
0,283
0,276
0,341
0,745
0,487

Actinomycetes number x
dehydrogenases activity
0,244
0,964
0,604
0,236
0,987
0,677
0,606
-0,911
-0,740
0,244
Actinomycetes number x
Molds number x phosphatase activity Bacteria number x phosphatase activity
phosphatase activity
0,954
0,972
0,878
0,999
0,991
0,429
0,993
0,944
0,890
0,999
0,998
0,982
0,995
0,995
0,533
0,996
1,000
-0,509
0,985
1,000
-0,601
0,978
0,967
-0,491
0,143
1,000
-1,000
1,000
0,985
0,998
Molds number x urease activity
Bacteria number x urease activity
Actinomycetes number x urease activity
0,965
0,972
0,863
-0,199
0,991
0,714
0,347
0,944
0,473
0,987
0,998
0,999
0,997
0,995
0,669
0,984
1,000
-0,355
0,998
1,000
-0,552
0,975
0,967
-0,840
-1,000
1,000
0,999
-0,302
0,985
-0,404

Moreover, the statistical analysis showed (Table 4)
that in most discussed peat combinations the primary role
in the production of dehydrogenases was played by actinomycetes.

Length of
inflorescences
(cm)

Fresh matter of
shoots and leaves
(g)

Fresh matter of
inflorescences
(g)

K
31,8 ab
2,60a
24,8 a
44,0 ab
K1
33,5 b
3,3 b
24,9 a
44,9 ab
K2
32,3 ab
2,8 ab
23,8 a
47,8 b
K3
31,1 a
2,8 ab
21,0 a
43,7 a
K4
31,4 a
2,9 ab
23,3 a
44,1 ab
K5
31,2 a
3,0 a
24,3 a
45,2 ab
K6
31,2 a
3,0 ab
24,2 a
45,2 ab
K7
30,4 a
2,7 a
21,6 a
44,1 ab
K8
31,7 ab
2,9 ab
23,7 a
42,5 a
K9
30,6 a
2,5 a
21,0 a
43,8 a
Means followed by the same letters do not differ significantly at α=0.05

Number of inflorescences

Greening index of
leaves (SPAD)

Number of leaves

Number of shoots

Height of plant
(cm)

Combination

TABLE 4 - The influence of BAF1 inoculum on morphological traits of scarlet sage

2,0 a
3,2 b
2,7 ab
2,7 ab
2,9 ab
2,8 ab
2,8 ab
2,7 ab
2,8 ab
2,4 a

9,1 a
11,1 b
10,0 a
11,9 b
10,6 b
11,7 b
10,6 b
11,6 b
11,3 b
11,1 b

8,16 a
9,0 a
9,4 ab
11,9 c
9,8 ab
9,5 ab
10,8 b
12,1 c
11,9 c
12,2 c

5,8 a
6,0 a
7,7 b
7,9 b
7,7 b
6,2 a
8,4 c
7,3 b
8,0 c
9,2 d

In turn, bacteria were ascribed the greatest role in the
production of urease (Table 3), i.e. the enzyme participating in the transformations of organic nitrogen in a given
substrate [31].
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Based on the results of biochemical analyses presented in the form of Fig. 6 it was stated that analogous
changes were observed in the activity of the investigated
enzymes as it was found for dehydrogenases activity and
they were statistically significantly connected with the
development phase of sage. Also in case of urease its
highest activity was recorded at date I of analyses in the
control. It may be assumed that considerable differences
in the activity of the discussed enzymes observed between
the control and the other combinations at the above mentioned date were caused by the occurrence of antagonistic
actions between the autochthonous, ureolytic microflora of
the substrate and microorganisms coming from the microbiological preparation. At the phase of vegetative growth
in sage (date II) a reduction of urease activity was recorded
in most experimental objects, while in the plant flowering
period (date III) its repeated increase was found.
In the opinion of Bais et al. [28], Dąbek–Szreniawska
et al. [32] and Walker et al. [29], an increased activity of
that enzyme at the 3rd date of analyses in the tested combinations could have been caused by the presence of nitrogen compounds released by the more developed root
system found in sage at this development phase. In the
opinion of the above mentioned authors, the composition
of root exudates may provoke microorganisms to produce
urease due to the increased nitrogen requirement of plants
at the flowering phase.
The BAF1 inoculum, irrespective of the applied concentration, contributed to a (statistically non-significant)
reduction of urease activity in the tested experimental
objects. Its inhibitory action to the greatest extent was
evident in combination K7, where the biopreparation at a

concentration of 1:10 was used in foliar and broadcasting
applications. Also when analysing the activity of acid
phosphatase in the peat objects (Fig. 7) it was shown that
BAF1, irrespective of the applied dose, statistically significantly inhibited the activity of the discussed group of
enzymes. The above mentioned inhibitory action was manifested to the greatest extent in combination K1, where the
biopreparation was broadcast at a concentration of 1:10.
Moreover, statistical analysis showed that pH in the
tested experimental objects had no effect on changes in
phosphatase activity (Table 3), while heterotrophic bacteria were considered the primary group of microorganisms
involved in the mineralisation of organic phosphorus in
the substrate, with molds ranking second (Table 3).
Moreover, the development phase in sage had a statistically significant effect on changes in the activity of
acid phosphatase. When analysing changes in the activity
of the discussed enzymes in the tested peat objects the
highest activity of acid phosphatase was recorded at date I
of analyses. At the phase of vegetative plant growth (date II)
a rapid reduction was found in the enzymatic activity of
microorganisms, while at the same time it was stated that
this situation was also maintained at the flowering phase
of sage. In the opinion of Tarafadar and Jungk [33], the
level of acid phosphatase activity depends on the contents
of organic matter in the substrate. Moreover, plants may
release those enzymes to the substrate in response to phosphorus requirement or stimulate microorganisms to their
production. Thus a reduction of acid phosphatase activity
in the course of the experiment could have been caused by
the depletion of organic substance in the peat substrate or
a reduced phosphorus requirement of plants.
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FIGURE 6 - The changes of the urease activity level
K

K1

K2

K3

K4

K5

K6

K7

K8

K9

0,80

-1

µg N·g d.m. of peat·18 h

-1

0,70
0,60
0,50
0,40
0,30
0,20

a

aa

b
b

0,10
0,00

I

II

III

term

a -significant difference (α=0,05) between the level of enzymatic avtivity in the control combination and enzymatic activity in a given
combinations
b-highly significant difference (α=0,01) between the level of enzymatic avtivity in the control combination and enzymatic activity in a
given combinations

FIGURE 7 - The changes of the acid phosphatase activity level

The applied inoculum had a positive effect on generative traits of sage such as the length of inflorescence as
well as its fresh weight. In contrast, it did not influence
the earliness of plant flowering. Different results were
reported by Wolna-Maruwka et al. [11] for garden pelar-

gonium treated with the BAF1 inoculum. In that case the
inoculum caused earlier plant flowering.
In this study, irrespective of the method of inoculum
application and the concentration of the solution, longer
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inflorescences were formed on plants in comparison to the
control plants (Table 4). The combination in which plants
were watered with a solution at a concentration of 1:50
constituted an exception in this respect. Longer inflorescences in scarlet sage after foliar application of BAF1 at a
concentration of 1:50 were observed by Wolna–Maruwka
et al. [12]. A positive effect of the microbiological preparation (EM) on flowering in rose and gerbera was reported by Górski and Kleiber [13]. Under the influence of
foliar application or broadcasting of this inoculum roses
formed flowers of greater diameters and gerberas produced larger numbers of inflorescences.
In the conducted experiment the greatest fresh weight
of inflorescences was found for plants at foliar application
and broadcasting of BAF1 at a concentration of 1:100 as
well as 1:50, and after foliar application at 1:100. As it
was reported by Aytekin and Acikgoz [34], the EM preparation had a positive effect on fresh and dry weight of
stigmas in saffron.

5. No significant effect was found for the biopreparation
on vegetative traits of plants. An exception in this respect was observed for fresh weight of shoots and
leaves, which increased significantly under the influence of foliar application and broadcasting of the inoculum at a concentration of 1:50 and 1:100.
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ABSTRACT
The Zaohe River is a main pollution and flood discharge river in the city of Xi’an. Its water quality is affected not only by point source pollution but also, to some
extent, by non-point source pollution (NPS). Water quality and quantity of the river were monitored during flood
and non-flood periods from April 2010 to October 2011.
The results indicated that: 1) Concentrations of chemical
oxygen demand (COD), total phosphate (TP), ammonia
nitrogen (NH3-N), nitrate nitrogen (NO3-N), and total nitrogen (TN) exceeded class V of the environmental quality
standard for surface water (GB3838-2002 of China). The
pollutant concentration in the wet season was the lowest,

while it was the highest in dry season. 2) At the river outlet
section, average concentrations of all variables (except for
SS) during flood periods were lower than those during nonflood periods. Peak times of each pollutant concentration
and load transport rate in surface runoff occurred prior to
the time of peak flow in the floods; peak times of each
pollutant concentration and load transport rate in the floods
occurred prior to or close to the time of peak flow in the
floods. 3) The proposed mean concentration method and
SCS method were combined to calculate the NPS load.
NPS load accounted for a larger proportion during the
flood, and the proportion was beyond 26%, which accounted for a smaller proportion of annual load and the
proportion was below 10%. Current pollution of the Zaohe
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River is mainly dominated by point sources, but the impact
of NPS on water quality cannot be ignored.
KEYWORDS: Urban river, water quality, heavily polluted, nonpoint source pollution, load

1. INTRODUCTION
An ‘urban river’ specifies a river or river segment
originating from or flowing through an urban area. It also
includes canals and canal systems that were artificially
excavated initially, but now have characteristics of natural
* Corresponding author

rivers after years of evolution [1]. An urban river is crucial
to providing urban ecological balance and a green lifeline.
Urban rivers have the functions of water supply, flood
control and drainage, waterway transport, tourism and recreation, landscaping, natural ecology conservation, science
research and education, and others. These rivers are important for urban ecological construction. They can also
mitigate the urban heat island effect, as well as enrich the
city landscape and urban species diversity. They create
space for cultural and sports entertainment and increase
proximity to nature for citizens [2]. An urban river is a valuable urban resource. It is an important embodiment of urban
resource scarcity and value as well as a manifestation of
urban competitiveness; good urban water environment can
bring a great potential for urban development [3].
Urban river pollution is a widespread environmental
issue worldwide. There are different degrees of pollution of
urban rivers in most countries and regions, in which the
living environment of aquatic organisms has been destroyed,
and the ecological function of such rivers has been severely
affected [4]. Most surface rivers in Africa are polluted by
untreated industrial wastewater and sewage. For these rivers,
the dilution and purification function is lost and the ecological function seriously damaged [5]. In the United States,
nearly half of surface water-bodies cannot support basic
aquatic values, or have lost the recreational function of
water [6]. With rapid economic development, urban river
pollution in China is serious. Emissions of urban point
source pollution (sewage and industrial wastewater) are
far greater than river environmental capacity [7]. In addition, given serious delays in construction of urban pipelines and sewage treatment facilities, large amounts of
untreated or partially processed sewage are directly discharged into many urban rivers, causing them to be polluted. Further, urbanization is accelerating at an unprecedented rate in the country. This urbanization has formed
an “urban second natural pattern” that differs from the
natural surface; this changes the process and characteristics of hydrology and water quality of the urban ecological system [8, 9]. Urban impervious area accounts for an
increasingly large proportion of surface area. This leads to

large quantities of runoff on rainy days, especially during
rainstorms, which are directly discharged into urban water-bodies via sewers [10]. Urban road pollutants carried
by this runoff, such as sediment, heavy metals, nutrients
and toxic organic pollutants, become important pollution
sources that reduce water quality of water-bodies [11-13].
Apart from point source pollution, urban surface runoff
pollution aggravates the urban water environmental problems [14-16]. Further, many urban rivers are artificially
manipulated. Hardened and channeled segments comprise
the main part of urban rivers. As a result, the natural connection between river water, riverbed and riverbank systems is interrupted, and the river’s natural ecological
system is disrupted. The healthy biological chain of natural rivers is destroyed, which makes the river ecosystem
incomplete and unable to exercise its normal ecological
functions and self-purification capabilities [17]. According
to relevant documents, more than 80% of urban rivers in
China are currently polluted. According to statistics from
2222 monitoring stations along 138 urban rivers, only 23%
have class II and III water quality (standard GB3838-2002
of China) [18], and more than 38% exceed class V. This
reveals that urban rivers in the country have serious pollution.
Xi'an is a growing international metropolis, and is the
development focus of the Guanzhong-Tianshui Economic
Zone. Urban water environment quality is directly related
to the image of the city, and restricts urban sustainable and
scientific development. Taking a heavily polluted river (the
Zaohe) in Xi`an as the research object and monitoring water
quality from 2010 to 2011, we investigate temporal and
spatial variations of water quality during flood and nonflood periods, and pollution load composition. This may
provide a theoretical foundation and scientific basis for
treatment of the river and overall water quality improvement for rivers in Xi'an.
2. MATERIALS AND METHODS
2.1 Overview of the Zaohe River

The Zaohe River is a tributary of the Weihe River. It
originates at the village of Shuizhai in Weiqu Sub-district
of the Chang'an District in Xi'an, on the north slope of the
Qinling Mountains. The river flows south to north through
Shendian and Weiqu in the Chang'an District, and then,
enters the city of Xi’an at Xiatapo before it flows through
Ducheng, Zhangbagou, Yuhuazhai, Beishiqiao, Sanqiaozhen, Yanquemen and Liucunbao, and finally merges
into the Weihe at Caotan Farm. The total length of the
river is 30 km, its length in Xi’an city is about 27 km, and
the area drained is 256 km2. Its main water sources are
atmospheric precipitation and groundwater. The Zaohe
River watershed belongs to the warm and semi-humid
continental climate zone. Average annual rainfall ranges
from 500 to 700 mm. Inter-annual precipitation change is
large, and its distribution during the year is uneven. The
watershed is droughty in winter, spring and summer, and
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waterlogged in autumn. Rainfall from June through September accounts for 65% of the annual total, and is mostly
from storms [1]. The river is indispensable to the city of
Xi`an, being important to its economic growth and environmental improvement. It is the main outlet for rainwater
discharge in the southern and western suburbs. It flows
through the city center, and there are more than 20 municipal storm-water pipe networks along its course that import its water. The river also serves for pollution discharge functions of the Xi`an urban district, and its baseflow is essentially from industrial wastewater and sewage.
Over the last decade, because of drought and upstream
closure, water yield of the river has decreased significantly. However, with the rapid urbanization, much rainwater
and wastewater along the bank discharge into the river,
creating a relatively strong flow in flood season. The location
of the watershed is shown in Fig. 1.
2.2 Monitoring program

From April 2010 to October 2011, 17 water quality
monitoring sections were established along the Zaohe River
to study its water quality variations (Fig. 1). Among these, #1 is the source section, #16 is the Caotan section, and
#17 is the section where the Zaohe flows into the Weihe
River. The distance between #16 and #17 is 500 m, and
there is no discharge between them. Since #16 is convenient for transport and power facilities, it can be approximately regarded as the river outlet section.
There is no hydrologic station in the Zaohe River watershed, so measured hydrologic data are extremely lack-

ing. We began with fundamental hydrology work, and
installed a radar-type, self-recording water level gauge at
the beginning of June 2010 at the #16 Caotan section to
continuously monitor water level. An Acoustic Doppler
Current Profiler micro flow-meter was used to measure
flow. Correlation between water level and flow of the river
was established by analyzing data obtained for the two
variables, and we determined flow at the outlet.
Beginning in April 2010, during the middle and late
parts of each month, we conducted routine sampling and
water quality analysis of the aforementioned 17 sections.
Water quality and quantity were synchronously monitored
at #16 Caotan section during flood and non-flood periods
(24 h, continuously).
The Caotan monitoring during the flood period covered the flood discharge fluctuation as much as possible.
This discharge has three stages: rising limb, peak, and
recession limb. Water samples were collected at each
stage, and respective water flows were measured with a
flow gauge. Five to seven total samples were collected
during a flood. Water sampling requirements were two to
three times for the rising limb, once or twice around the
peak, and two to three times for the recession limb. To
compare water quality in a non-flood (normal discharge)
period with that of a flood period and to distinguish NPS
pollution load in each flood, water quantity and quality
were also synchronously monitored during non-flood periods
(low flow conditions). This monitoring lasted 24 h, with a
sampling interval of 3–4 h. Such 24-h continuous sampling

FIGURE 1 - Location of Zaohe River and monitoring sections.
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TABLE 1 - Monitored flow at Caotan section of Zaohe River, during flood and non-flood periods.

Flood
Peak flow
date
/(m3/s)
20100821
16.839
20100909
27.717
20110731
49.427
20110904
75.602
20110927
34.102

Flood period
Runoff amount
/(104m3)
74.79
58.03
180.26
752.56
78.00

Base flow runoff
Amount/(104 m3)
50.48
23.45
55.43
184.99
34.46

Monitor
-ing date
20100415
20100427
20100516
20100530
20100617

is time-consuming and difficult. Consequently, to depict
water quality characteristics in non-flood periods as comprehensively as possible, routine monitoring regulations
were also used at the #16 section during that period. That
is, water samples were only randomly collected once,
when the river water level was low.
Water quality was monitored 22 times, beginning in
April 2010. Among these instances, routine monitoring
was conducted 15 times (including 2 rainy days) along the
entire river (17 sections). At the #16 Caotan section, 24-h
continuous monitoring of water quantity and quality was
done twice during non-flood periods, and water quality and
discharge fluctuation for five floods were synchronously
monitored.
Table 1 shows the flow of each flood at the #16 Caotan section. The flood runoff volume was calculated by
the area under the flow curve, and the base-flow runoff
amount of a flood was obtained by segmenting the flow
of the non-flood period. Average flow of non-flood periods is shown in Table 1. For 30 Oct 2010 and 24 Nov
2010, there was a 24-h continuous monitoring (sampling
every 4 h, from 8:00 a.m. to 8:00 a.m. the following day).
Other monitoring was routine (random sampling).
Supernatant samples were collected and analyzed.
According to surface water environment quality standards
[18], and technical specification requirements for monitoring of surface water and wastewater (HJ/T 91-2002) [19],
a supernatant sample was siphoned 5 cm under the water
surface of the raw sample, shaken, and laid aside for 30 min
in a beaker. Water quality parameters included SS (suspended solids), COD (chemical oxygen demand), DP (soluble orthophosphate), TP (total phosphate), NH3-N (ammonia
nitrogen), NO3-N (nitrate nitrogen), TN (total nitrogen),
and heavy metals such as Pb, Cr, Zn, and Cd. SS were
determined by drying under temperatures of 103–105 °C,
and then weighing. COD was analyzed using the potassium dichromate method, and TP using the potassium persulfate digestion method. NH3-N was determined using
Nessler's reagent spectrophotometry, and NO3-N using the
phenol disulfonic acid photometric method. TN was de-

Flow/
(m3/s)
8.900
10.511
12.106
10.469
8.310

Non-flood period
Monitoring
Flow
data
/(m3/s)
20100714
7.881
20100918
7.909
20101016
8.361
20101030
7.993
20101119
11.025

Monitoring
data
20101124
20101227
20110718

Flow
/(m3/s))
9.771
9.620
9.237

termined using alkaline potassium persulfate oxidation
and ultraviolet spectrophotometric methods, and heavy
metals using flame atomic absorption spectrometry [20].
Each sample was analyzed with parallel samples.
3. RESULTS AND DISCUSSION
3.1 Water quality spatial variation of the Zaohe river
3.1.1 Spatial variation analysis of conventional pollutants

With 15 instances of routine monitoring, average pollutant concentrations for all sections of the Zaohe River
are shown in Table 2. Water quality spatial variation in
the river is shown in Fig. 2.
Table 2 and Fig. 2 show that the average SS concentration of all sections was 229.40 mg/L. The maximum SS
value was 407.36 mg/L, in the #7 Fuyu Road Bridge section. This was because water quality was very poor beginning in the #6 section (Shuangshuimo Bridge), as there
were two large sewage outlets between #6 and #7. The
minimum SS concentration was in #3, at 229.40 mg/L.
This was because the outlet of the wastewater treatment
plant of Chang'an County was within #3. River water was
blocked here and diverted to the sewage treatment plant.
The processed water was discharged into the river, so water
quality improved greatly. For the watershed as a whole, the
order of SS average concentration was midstream > downstream > upstream.
COD levels in the 17 monitoring sections all exceeded
class V (40.0 mg/L) water quality of the surface water environmental quality standard (GB3838-2002). The COD concentration of upstream #2 section (fronting the water conservancy bureau of Chang'an County) was significantly
higher than in other sections, and average COD concentration in this section was 6.59 times the class V water
quality. The COD concentration of #3 declined sharply
after water purification treatment, and it began gradually
to increase after #4 (Caojiabao Bridge section). Figure 2
shows that COD concentration gradually increasing from
upstream to downstream.

TABLE 2 - Variation ranges and mean pollutant concentrations for each section of Zaohe River (mg/L).
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
Average

Index
Standard
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average
Range
Average

SS
—
8–720
137.08
6–192
159.79
20–187
63.93
10–806
75.07
24–763
170.36
14–903
237.43
18–728
407.36
108–526
241.14
80–526
261.07
80–483
242.29
72–652
274.08
65–695
292.86
40–782
367.21
71–594
279.07
28–410
252.64
20–399
225.14
36–340
213.23
6–903
229.40

COD
V: 40 mg.L-1
11.58–68.97
37.71
61.16–401.96
263.64
9.90–221.66
72.41
41.05–233.91
99.46
48.95–234.05
116.86
57.92–238.39
134.86
39.22–246.86
130.17
39.22–256.66
118.25
19.61–302.71
149.57
38.97–260.57
142.21
69.43–245.78
167.34
89.8–250.34
140.63
88.8–297.79
178.11
95.89–313.24
177.07
114.04–375
186.92
114.04–210.64
171.22
134.84–361.76
192.08
9.90–401.96
145.79

DP
—
0.02–3.13
0.96
0.28–3.55
2.08
0.02–2.05
0.34
0.11–1.98
0.68
0.45–3.43
1.09
0.38–4.42
1.67
0.15–4.33
1.82
0.31–7.76
2.01
0.12–5.16
1.39
0.24–3.90
1.23
0.11–4.05
1.31
0.16–2.76
1.15
0.24–3.40
1.24
0.25–3.80
1.07
0.19–4.17
1.17
0.16–2.22
1.00
0.16–2.49
0.98
0.02–7.76
1.25

TP
V: 0.4 mg.L-1
0.45–3.3
1.27
0.45–4.86
3.40
0.12–2.40
0.60
0.39–3.01
1.07
0.32–4.37
1.55
0.32–5.07
2.28
0.37–5.87
2.50
0.27–9.51
2.58
0.24–6.48
2.18
0.32–5.34
1.96
0.38–4.96
2.00
0.42–3.6
1.86
0.35–4.53
1.94
0.49–4.81
1.80
0.42–4.97
1.91
0.39–2.9
1.67
0.43–2.68
1.64
0.12–9.51
1.89

450

NH3-N
V: 2.0 mg.L-1
1.02–15.73
6.00
6.62–59.41
27.75
1.86–37.77
15.55
1.73–38.30
17.26
3.42–40.37
19.43
5.51–38.12
19.42
1.76–46.70
19.69
1.19–36.81
16.02
1.19–37.36
17.32
1.63–27.88
15.13
1.23–27.92
17.09
2.52–35.13
15.71
3.33–25.57
15.85
1.36–26.05
15.46
1.53–27.48
15.48
1.67–28.99
14.54
2.85–28.46
15.26
1.02–59.41
16.64
SS
COD

400
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NO3-N
—
0.25–0.96
0.43
0.18–1.18
0.58
0.18–0.72
0.33
0.18–1.22
0.39
0.17–0.64
0.31
0.19–0.72
0.32
0.16–1.02
0.28
0.18–0.96
0.37
0.17–0.65
0.32
0.19–0.54
0.28
0.18–0.58
0.29
0.17–0.63
0.33
0.18–0.50
0.28
0.19–1.01
0.36
0.17–1.12
0.36
0.22–1.37
0.38
0.18–1.54
0.39
0.16–1.54
0.35

TN
V: 2.0 mg.L-1
5.63–29.23
10.25
12.88–74.75
47.72
13.66–45.13
28.40
12.30–47.00
31.04
11.68–48.56
35.05
11.40–46.75
35.58
11.03–53.94
34.64
11.83–46.90
29.56
16.03–46.03
31.94
13.08–39.95
27.37
12.59–45.53
30.15
13.55–49.65
28.84
12.40–67.18
29.78
12.53–63.00
29.09
11.58–54.95
28.85
12.03–56.03
27.05
11.13–37.56
25.77
5.63–74.75
30.06
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FIGURE 2 - Spatial variation of concentration for conventional pollutants along Zaohe River.

Average concentrations of NH 3-N, NO 3-N and TN
for the 17 sections were 16.64 mg/L, 0.35 mg/L and
30.06 mg/L, respectively. Maximum average concentrations
of NH3-N and TN were in section #2, more than 12.88 times
and 22.86 times that of class V criterion (2.0 mg/L). The
maximum average concentration of NO3-N was also in the
#2 section. In #8, average concentration of NH3-N declined
to 16.02 mg/L, and that of TN dropped to 29.56 mg/L.
Upstream and midstream average concentrations of NH3-N
and TN were higher than those downstream, and NO3-N
average concentration changed little over the entire river
(Fig. 2).
The average DP concentration of all sections was
1.25 mg/L, with maximum and minimum values of 2.08
and 0.34 mg/L, respectively. The average TP concentration
of all sections was 1.89 mg/L, with maximum and minimum values of 3.40 and 0.60 mg/L. These are more than
7.50 times and 0.60 times the class V figure (0.40 mg/L),
respectively. Maximum concentrations of DP and TP were
found in #2, and the minimum in #3. This matches the
variation of COD concentration. The order of concentration for DP and TP was midstream > downstream > upstream.

The reasons for water quality spatial variation in the
Zaohe River are found by analyzing pollution sources.
These are largely comprised of four constituents. The first
is domestic sewage from the village of Julian and the 1st
Middle School of Chang’an County, as well as agricultural non-point sources at the river source. The second is
domestic sewage from the Weiqu sub-district, downstream
riverside villages, Ouya College, Zhangba Hotel, Waishi
College, and the Armed Police College. The third source
is industrial wastewater from Guodu industrial park and
more than 40 enterprises. The fourth consists of 6 discharging tributaries (all have sewage, including Taiping River)
and municipal sewage from two wastewater treatment
plants, Beishiqiao and Dengjiacun. The entire river reach
has received coastal industrial wastewater and domestic
sewage from villages, towns, and schools. It is actually a
river used for sewage.
A segment of Zaohe River intersects Weiqu Street, and
sewage and industrial wastewater from this street essentially discharged into the river. The river was exposed to the
surface through section #2 (entrance to the Chang'an
County water conservancy bureau). Thus, pollutant concentrations in this section were generally high. According
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to data, COD of domestic sewage and industrial
wastewater discharged from Weiqu Street is 19.8 t/d
when the river flows underground in this segment. Pollutant concentrations significantly declined in the #3 section. That is because this section is at the outlet of the
Chang’an County wastewater treatment plant. The upstream river was intercepted and diverted to this plant,
and then, treated effluent reentered the river, resulting in
the significant improvement of quality in #3. In section #4
(Caojiabao Bridge), the river again received domestic
sewage from villages, hotels and schools. Through section
#8, pollutant concentrations decreased because part of the
river water and sewage entered the wastewater treatment
plant for processing. Pollutant concentrations rose again
in section #9, because Kunming canal sewage of the
western suburbs merged with the river there.
3.1.2 Spatial variation analysis of heavy metals

Dissolved heavy metals Zn, Pb, Cd, Cr and Cu were
monitored at each river sampling section. Water samples
were filtered through fiber membranes of 0.45-µm diameter. Figure 3 shows concentration variations of the heavy
metals in the river.

The Cr level was the highest of the heavy metals, its
average concentration was 0.54 mg/L, and it gradually
increased from upstream to downstream. It was followed
by Pb, Cd, Zn, and Cu. Average concentrations of Pb, Cd
and Zn were 0.44, 0.08 and 0.07 mg/L, respectively, and
they also gradually increased from upstream to downstream.
Among these, the Cu concentration did not significantly
change throughout the river. Heavy metal pollutants were
mainly from industrial wastewater and municipal sewage,
but some were caused by rainfall runoff and non-point
source pollution.
Given ion exchange, precipitation, adsorption, hydrolysis, complexation, flocculation and other physical
and chemical effects under certain conditions, most heavy
metal ions in water will eventually deposit but when conditions change, a portion of these heavy metals returns to
the water phase from sediments. This is because of diffusion, desorption, dissolution, oxidation reduction and complexation, as well as biological and physical factors. The
biological processes purify water to a degree, and the physical processes increase the heavy metal concentration in
water and emerge as significant secondary pollution [21].
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FIGURE 3 - Spatial variation of concentration for heavy metals in Zaohe River.
3.2 Water quality temporal variation of the Zaohe river
3.2.1 Conventional pollutant seasonal variation

To study the temporal variation of pollutants, we divided the year into a wet season (June through September), normal season (March through May and October
through November), and dry season (December through
February), according to rainfall runoff in Xi’an city. The
synchronous monitoring results of the 17 river sections
were averaged. Pollutant concentrations in wet, normal
and dry seasons are shown in Table 3.
Table 3 reveals that concentrations of COD, TP, NH3-N,
NO3-N and TN in the dry and normal seasons were much

higher than those in the wet season. The Zaohe is used for
sewage, and thus, different from other rivers. Usually, the
sewage discharge volume into the river is stable, and
pollutant concentrations change little. Most surface runoff
with heavy rainfall from the southern and western suburbs
of Xi`an entered the river during the wet season. This
served to dilute pollutants, reducing their concentrations.
To compare the variation of pollutants on rainy and
sunny days, each river section was monitored twice on
rainy days. This study revealed that COD concentration
on rainy days was lower than that on sunny days in sections #2 and #17. In other sections, the concentration on
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rainy days was slightly greater or equal to that of sunny
days. Rainy day concentrations of TP, NH3-N, NO3-N and
TN were clearly smaller (0.35, 0.48, 0.68 and 0.75 times
those of sunny days). This is consistent with the statistical
results in Table 3. This demonstrates that rainfall runoff
dilutes the pollutants.
According to statistics of rainfall amount, pollutant
concentration was a maximum on sunny days, followed by
light rain days, and then, a minimum on heavy rain days.
For example, average TP concentrations were 0.37 mg/L
on heavy rain days, 1.08 mg/L on light rain days, and
2.12 mg/L on sunny days. Average NH3-N concentrations
were 5.99 mg/L on heavy rain days, 11.20 mg/L on light

rain days, and 18.68 mg/L on sunny days. Corresponding
average NO3-N concentrations were 0.24 mg/L, 0.25mg/L,
and 0.37 mg/L.
3.2.2 Temporal variation of heavy metals

The temporal variation of heavy metals is shown in
Fig. 4. Concentrations of Zn were not detected in wet or
dry seasons, and a maximum concentration was 0.76 mg/L
in the normal season. Pb concentration was higher in the
normal season than in the wet season but lowest in the dry
season. This shows that part of the urban surface runoff
caused Pb amount in the river to increase. The Cd concentration order was wet season > dry season > normal season, with a maximum of 0.27 mg/L. The order for Cr was
normal season > dry season > wet season, with maximum
of 1.38 mg/L. The heavy metal Cu was detected only three
times, on 15 April, 30 May, and 18 September 2010, and
it showed no obvious trend.
3.3 Pollution load calculation and composition analysis in
Zaohe River watershed
3.3.1 Water quality of Caotan outlet section during flood and
non-flood periods

Table 4 lists concentrations at the Caotan section. According to the surface water environmental quality standards
(GB3838-2002), water qualities during flood and non-flood
periods were both inferior to the class V criterion. Furthermore, the concentrations of each variable greatly exceeded those for class V water quality. As seen in the
table, except for SS, average concentrations of each variable during the flood period were lower than those during
the non-flood period. Average concentrations of COD,
NH3-N, NO3-N, TN, DP and TP during the non-flood
period were 1.1, 1.2, 1.4, 1.1, 1.8 and 1.5 times those during the flood period, respectively. This shows that point
source pollution along the Zaohe River is serious. Pollutant
concentrations during the non-flood period caused by point
sources were higher than those of urban rainfall runoff, and
TABLE 3 - Seasonal variation of concentrations of COD, TP, NH3-N, NO3-N and TN (mg/L).
Section
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
Mean

Wet
28.65
219.00
37.20
69.23
85.64
119.95
121.37
95.04
168.23
129.23
166.14
119.29
183.80
207.20
212.56
189.71
179.84
137.18

COD
Normal
37.00
330.72
69.04
103.13
130.56
146.93
117.44
111.41
123.50
129.75
148.20
129.88
168.97
158.66
174.04
153.40
214.90
143.97

Dry
68.97
394.09
73.89
152.71
172.41
137.93
73.89
118.23
118.23
152.71
137.93
137.93
142.86
152.71
157.64
221.67
206.90
154.16

Wet
1.12
2.92
0.39
0.83
0.93
0.71
0.66
0.81
0.90
1.47
1.06
1.79
1.10
1.20
1.17
1.46
1.47
1.18

TP
Normal
1.20
3.53
0.68
1.28
1.18
1.08
0.79
1.40
1.04
1.58
1.81
1.83
1.79
1.66
1.74
1.70
1.86
1.54

Dry
0.73
4.42
0.28
0.66
1.34
1.07
0.56
1.56
1.65
1.49
1.07
1.07
1.49
1.50
1.71
1.67
1.43
1.39

Wet
3.49
19.22
9.23
11.58
13.51
14.05
16.37
12.83
12.22
10.35
11.71
8.43
10.69
10.56
10.64
8.28
11.17
11.43
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NH3-N
Normal
6.16
38.73
23.19
25.45
27.90
27.29
27.48
21.49
24.45
20.08
20.48
21.03
19.17
18.78
18.53
18.65
19.10
22.23

Dry
15.73
51.89
19.02
22.83
30.30
30.25
16.60
18.15
16.60
20.54
20.43
20.38
17.82
17.50
17.81
14.33
12.53
21.34

Wet
0.37
0.32
0.31
0.36
0.31
0.34
0.30
0.33
0.43
0.27
0.32
0.34
0.32
0.33
0.31
0.34
0.31
0.33

NO3-N
Normal
0.49
0.33
0.30
0.32
0.28
0.27
0.40
0.37
0.29
0.29
0.24
0.31
0.28
0.31
0.33
0.31
0.45
0.33

Dry
0.58
4.18
0.72
1.22
0.64
0.72
0.80
0.96
0.24
0.36
0.58
0.57
0.42
1.01
1.12
1.37
0.71
0.95

Wet
7.31
41.68
23.90
27.61
30.69
32.73
37.76
27.73
29.03
24.90
27.00
22.70
25.41
24.92
24.01
21.64
25.42
26.73

TN
Normal
8.48
56.80
32.54
36.47
41.78
41.26
36.65
30.25
35.57
30.73
30.37
31.97
29.79
28.98
29.68
26.33
28.68
32.73

Dry
29.23
63.68
26.19
32.37
43.72
41.86
19.15
27.78
27.11
27.58
26.05
25.50
25.57
24.60
25.83
21.93
20.84
29.94
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FIGURE 4 - Temporal variation diagrams of Zn, Pb, Cd and Cr concentrations.

TABLE 4 - Water quality in Caotan section during flood and non-flood periods (mg/L).
Time
interval

Date

20100821

20100909

Flood
period

20110731

20110904

20110927

Range of
variation
Arithmetic
mean
Range of
variation
Arithmetic
mean
Range of
variation
Arithmetic
mean
Range of
variation
Arithmetic
mean
Range of
variation
Arithmetic
mean

Arithmetic mean of 5 floods
date
Range of
20100415
variation
~20110718
Arithmetic
mean
Range of
Non-flood
variation
period
20101030
Arithmetic
mean
Range of
variation
20101124
Arithmetic
mean
Arithmetic mean of 13 times
monitoring during non-flood period

SS

COD

NH3-N

NO3-N

TN

DP

TP

146–
554

100.775–
139.535

14.328–20.22

0.202–
0.314

17.5–24.625

0.595~1.285

1.085~1.755

348.444

127.046

17.452

0.269

21.424

0.882

1.502

162–352

67.194–
90.909

13.28–19.85

0.25–0.49

19.08–24.56

0.3~0.51

0.79~1.19

232.000

80.489

16.662

0.370

21.791

0.383

0.923

6–252

171.58–
354.26

7.19–33.05

0.194–0.476

16.025–55.05

0.23~1.13

0.67~1.40

130.571

244.882

15.210

0.295

28.661

0.683

1.019

20–428

19.78–
242.52

2.85–20.52

0.136–0.328

6.3–40.15

0.04~0.77

0.1~1.14

119.962

104.464

10.175

0.207

20.886

0.352

0.588

228–1588

147.92–
212

13.59–30.96

0.168–0.274

24.175–54.575

0.33~1.18

1.18~3.62

591.429

180.123

20.571

0.217

36.750

0.693

1.864

147.401
(worse than V)
COD
145.588–
221.675

16.014
(worse than V)
NH3-N

NO3-N

25.902
(worse than V)
TN

DP

1.179
(worse than V)
TP

23.34–26.975

0.335–1.370

33.750–56.025

2.14~2.215

2.495~2.895

260.000

155.194

17.768

0.398

27.944

1.116

1.823

46–378

83.000–
180.000

17.683–30.753

0.156–0.210

33.556–59.688

0.310~1.550

1.080~2.900

224.571

136.000

23.836

0.180

46.355

0.945

1.835

74–384

85.7–
342.6

8.8–27.87

0.180–0.326

15.700–37.088

0.570~1.530

1.190~2.230

236.857

226.943

20.059

0.248

28.335

1.100

1.823

265.619

160.696
(worse than V)

18.324
(worse than V)

0.378

27.171
(worse than V)

1.123

1.912
(worse than V)

284.481
SS
311–399
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this runoff acted to dilute river pollution. The river has long
been a pollutant drainage of industrial effluents and domestic sewage in the southern and western suburbs of Xi`an.
To improve the urban water body environment, management of point sources should be strengthened

referred to the whole flood ,which included surface runoff
and base-flow) occurred prior to or close to the time of
peak flow. This indicates that surface runoff pollution is
heavy early on, and accords with the initial effect of surface runoff.

3.3.2 Surface runoff pollution process

3.3.3 Concentration, load and proportion of NPS pollution

According to the synchronous monitoring data of water quality and quantity for each flood in the Caotan outlet
section, the pollution process of surface runoff in the
watershed can be distinguished. Equations of surface
runoff flow and pollutant concentration in this section
during rainfall are as follows.

NPS pollution concentration and load can be estimated
using a mean concentration method proposed by the authors [22]. Usually, annual total load in a given river section can be calculated as follows:

QSi = QTi − QBi

(1)

CSi = (CTi QTi − CBiQBi ) QSi

(2)
3

QSi is surface runoff flow at time ti, in m /s; QTi is
measured storm runoff flow at time ti, in m3/s; QBi is dry
season flow at ti, in m3/s (flow is not produced by the
rainstorm); CSi is concentration of surface runoff pollutants at ti, in mg/L; CTi is measured pollutant concentration at ti, in mg/L; CBi is concentration of base-flow at ti,
(concentration in dry season), in mg/L; i=1,2, …, n is the
number of synchronous measurements of flow and pollutant concentration during storm runoff. The Zaohe River
channel is constructed of masonry lining, so subsurface
flow does not enter the river. The base-flow is mainly from
urban industrial wastewater and sewage. According to
monitoring data during the non-flood period, the pollution
of base-flow in the outlet section can be determined. The
method is as follows. First, taking each measured flow as
the weight during the non-flood period, corresponding
monitored pollutant concentrations are averaged to obtain
daily average pollutant concentration during that period;
then, the two 24-h concentration evolutions (20101030
and 20101124) are average-weighted over time to obtain a
new 24-h concentration evolution; finally, according to the
proportion between daily average pollutant concentration
calculated above during the non-flood period, and the flowweighted average concentration of the new 24-h concentration evolution obtained above, that evolution is adjusted
to obtain the 24-h evolution of base-flow pollution in the
outlet section. The CBi in Eq. (2) is obtained through temporal interpolation of the 24-h evolution of base-flow
pollution. Because of space limitations, we show only the
change of surface runoff concentration, and its load
transport rate for TP during the flood of 20100821 and
NH3-N in the flood of 20100909 in the Caotan section
(Fig. 5).
According to Fig. 5 and statistical analysis of the 5 rainfall runoff evolutions, the peak time of each pollutant concentration and load transport rate in surface runoff of the
floods (i.e., the flood in the Caotan outlet section was
composed of surface runoff and base-flow, and this referred to surface runoff part of the flood) occurred prior to
or near peak flow time. Peak times of each pollutant concentration and load transport rate in the floods (i.e., this

te

WT = ∫ C(t )Q(t )dt ,

(3)

t0

where, C(t) represents annual concentration change,
Q(t) is annual runoff variation, and t0 and te are initial and
end times, respectively. If we have synchronous flow and
concentration data over long periods, then annual average
load and typical year loads can be calculated by Eq. (3).
In many cases, we have only synchronous monitored data
of flow and concentration for several rainfall-runoff events.
We must simplify Eq. (1) to calculate annual load. As we
know from hydrology, the annual runoff process can be
divided into surface runoff and groundwater processes,
and NPS pollution is induced by surface runoff. Accordingly, Eq. (3) can be expressed as follows:
te

WT = ∫ [CS (t )QS (t ) + C B (t )QB (t )]dt ,
t0

(4)

where, QS(t) and QB(t) are surface and groundwater
processes, respectively, and CS(t) and CB(t) are surface
and groundwater concentrations. If we can obtain mean
concentrations of surface runoff and groundwater, annual
loads of NPS pollution and dry season runoff can be calculated with Eq. (5), and their sum equals the annual total
load, i.e.:
te

te

t0

t0

WT = CSM ∫ QS (t )dt + C BM ∫ QB (t )dt = CSM WS + C BM WB (5)

In this equation, CSM and CBM are mean concentrations of surface runoff and groundwater, respectively, and
WS and WB are their total amounts. It is assumed that the
runoff-weighted mean concentration of several storms is
approximately the annual surface runoff mean concentration. Then, Eq. (5) can be expressed as follows:
(6)
WT = CWS + C BM W B
Here, C is the runoff-weighted mean concentration of
several storms.
This C can be calculated using the following method.
First, NPS pollutant mean concentrations of each storm
runoff are calculated according to the synchronous monitored data of flow and water quality for every storm runoff and dry season period. Then, concentrations are obtained using pollutant load carried by the storm runoff
(total load reduced by dry season load in the monitoring
section) divided by runoff from the storm (total runoff
reduced by dry season runoff in the section). The calculations are as follows.
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FIGURE 5 - Concentration and load transport rate evolution of surface runoff for Zaohe River watershed.
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n

WN =

(8)

∑ (QTi Ci − QBi C Bi )Δt i
i =1

n

(9)

W A = ∑ (QTi − QBi ) Δt i
i =1

ti =(ti+1-ti-1)/2

(10)
_

In Eqs. (7–10), C j is NPS pollution mean concentration of a storm event, WN is NPS pollution load of the
event, WA is storm runoff volume, QTi is measured discharge at time ti, Ci is measured concentration at ti, QBi is
dry season discharge at ti, CBi is dry season concentration
at ti, and n is the monitoring time during the event. Finally, the NPS pollutant weighted mean concentration of all
storm events is weighted by their runoff volumes, expressed as Eq. (11). Here, m is the total annual number of
storms.
m _

C = ∑ C j W Aj
j =1

m

(11)

∑W Aj
j =1

According to the aforementioned method, the weighted
mean concentration C of monitored storm events in the
Caotan section is approximately the annual surface runoff
mean concentration in the section. The annual NPS pollution load of the section is the arithmetic product of the
concentration and annual surface runoff. By adding the
dry season load, annual total load is estimated.
Table 5 presents estimations of NPS (surface runoff)
concentration for each flood and NPS mean (surface runoff) concentration of all floods in the Caotan section. For
each flood in the table, total concentration for every pollutant is calculated using total load divided by total runoff
of the flood; base-flow concentration is base-flow load
divided by base-flow runoff during the flood. Mean concentration of base-flow is 24-h base-flow load divided by

corresponding runoff. Table 5 indicates that for all rainfall
events (floods), every pollutant concentration of surface
runoff in the watershed was lower than those of baseflow, except for SS. The mean concentration of surface
runoff is lower than that of base-flow. These facts indicate
that surface runoff diluted base-flow of the Zaohe River.
Pollutant event mean concentrations of rainfall (surface) runoff monitored by the authors between 2010 and
2011 in the main urban area of Xi’an are shown in Table 6.
Comparing this with Table 5, we see that SS and COD
concentrations of NPS pollution in the watershed in Table 5
are lower than for surface runoff of the main urban area in
Table 6. However, the situation was reversed for NH3-N,
TN and TP concentrations. There are two possible reasons
for this. At first, pollutant concentrations of the Xi’an urban
area (Table 6) are monitored pollutant source concentrations of rainfall runoff, whereas concentrations in Table 5
are calculated pollutant sink concentrations. During
transport through rainwater pipes and the river from
source to sink, the pollutants decreased because of sediment adsorption and sedimentation, as well as river selfpurification. As a result, SS and COD concentrations of
NPS pollution in the watershed were lower those of the
main urban area. Secondly, the Zaohe River source is in
farmland. Because of the application of chemical fertilizers, NH3-N, TN and TP concentrations of NPS pollution
in the watershed were higher than those of the main urban
area.
Before estimating NPS pollution load in the Zaohe River
watershed, its surface runoff in 2010 should be calculated.
Because we had only flow data measured in Caotan (the
outlet section of the watershed) since June 2010, the 2010
surface runoff could not be accurately attained by the runoff division method. Therefore, the Soil Conservation Service (SCS; United States Department of Agriculture) model
was used to calculate surface runoff in the watershed.

TABLE 5 – Non-point source mean pollution concentration of floods, and point source mean concentration (mg/L).
Index
Flood concentration
20100821
Base flow concentration
Surface runoff concentration
Flood concentration
20100909
Base flow concentration
Surface runoff concentration
Flood concentration
20110731
Base flow concentration
Surface runoff concentration
Flood concentration
20110904
Base flow concentration
Surface runoff concentration
Flood concentration
20110927
Base flow concentration
Surface runoff concentration
Mean concentration of surface runoff
Runoff weighted

SS
340.030
219.519
590.307
229.786
166.716
272.562
164.130
255.348
123.626
89.901
206.331
51.952
606.206
253.419
885.449

COD
126.388
157.273
62.246
81.566
147.355
36.946
259.192
172.371
297.744
88.033
149.385
68.037
184.336
184.850
183.929

NH3-N
17.447
17.572
17.189
17.020
17.605
16.623
11.320
18.415
8.170
8.277
18.635
4.902
22.732
17.462
26.903

NO3-N
0.272
0.351
0.109
0.379
0.371
0.384
0.320
0.385
0.291
0.203
0.370
0.148
0.223
0.347
0.125

TN
21.521
25.657
12.931
22.018
23.760
20.837
22.093
28.792
19.118
16.772
29.460
12.637
40.307
27.051
50.800

DP
0.886
0.978
0.694
0.389
0.792
0.116
0.526
1.094
0.273
0.248
0.812
0.064
0.711
1.065
0.431

TP
1.532
1.681
1.222
0.938
1.672
0.441
0.859
1.895
0.400
0.424
1.443
0.093
1.623
1.971
1.347

135.000

108.940

7.508

0.178

16.113

0.139

0.259
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Average concentration of base flow
239.864
154.874
18.792
0.387
28.896
1.067
TABLE 6 - Pollutant event mean concentrations in different functional zones of Xi’an and other Chinese cities.
Water quality index
Traffic
Zone
Commercial
zone
Residential
zone
Xi’an
Industrial
2010-2011
zone
Comprehensive
Range of variation
Comprehensive
mean

SS
4–4256
656.23
42–256
90.00
0–530
95.90
8–4014
824.13

COD
17.27–734.45
176.25
56.77–105.88
74.96
9.2–285.56
81.97
30.63–160.92
64.06

1.796

NH3-N
TN
TP
1.73–17.91 0.795–25.2650.10–2.609
3.13
4.58
0.32
3.23–4.06 10.105–14.570.35–0.652
3.55
12.11
0.51
2.23–7.79 2.97–20.59 0.11–0.46
3.44
5.29
0.18
1.54–2.73 0.88–11.26 0.19–0.508
2.24
6.03
0.31

Cu
—
—
—
—
—
—
—
—

Zn
—
—
—
—
—
—
—
—

Pb
—
—
—
—
—
—
—
—

Cd
—
—
—
—
—
—
—
—

Cr
—
—
—
—
—
—
—
—

0–4256 9.2–734.45 1.54–17.91 0.80–25.27 0.10–2.609

—

—

—

—

—

416.57

99.31

3.09

7.00

0.33

—

—

—

—

—

Beijing(1998-2001) [23]
734
582
2.4
11.2
Shanghai(2003-2004) [24]
664.77
362.90
2.5
22.7
Lanzhou(2005) [25]
750.5
337.67
—
6.15
Integrated wastewater
70
100
15
—
discharge standard level one
Grand
150
40
2
2
Note: Units of former five variables are mg/L; units of the latter five are ug/L.

1.74
1.02
1.16

—
280
—

1230
2130
—

100
220
—

—
—
—

—
2410
—

—

—

2000

1000

—

—

0.4

1000

2000

100

10

100

The SCS model equation is as follows:

⎧
(P − I a )2
Q
=
, P ≥ Ia
⎪ surf
P
−
I
+
S
,
⎨
a
⎪Q = 0, P < I
a
⎩ surf
where,

Q surf

under dry (I) and wet (III) conditions can be amended according to Eqs. (15) and (16) [26]:
AMC I:
(12)

AMC III:

(15)

CN Ⅲ = 23CNⅡ/(10 + 0.13CNⅡ) (16)

Usually, Ia is approximately equal to 0.2S. Eq. (10)
can be written as follows:

is surface runoff (mm); P is daily rain-

⎧
( P − 0.2S ) 2
, P ≥ 0.2S
⎪Qsurf =
P + 0.8S
⎨
⎪Qsurf = 0, P < 0.2S
⎩

I
fall amount; a is initial loss of rainfall, including storage
and interception of surface soil and infiltration before
runoff production (mm); S is a retardation factor (mm)
related to soil characteristics, land-use, slope, soil moisture content, and others.

(13)
Here, CN is runoff curve number, which is related to
soil permeability, land-use, soil moisture content before
rainfall and others. The SCS model considers the influence of antecedent precipitation on runoff in the form of
an antecedent precipitation index API (antecedent precipitation index). The calculation is as follows:
5

(14)

i =1

In this equation, Pi is precipitation over the last 5 days
(mm). According to the API, antecedent soil moisture conditions (AMC) are divided into three types: I (dry), II
(medium), and III (wet) (Table 7). Referring to the CN
table of the SCS, the CN II values of a watershed can be
determined according to its actual situation. CN values

(17)

TABLE 7 - Determination of standard antecedent soil moisture
conditions.

⎛ 1000
⎞
S = 25.4⎜
− 10 ⎟
⎝ CN
⎠

API = ∑ Pi

CNⅠ= 4.2CNⅡ/(10 − 0.058CNⅡ)

Antecedent soil moisture
conditions
I
II
III

Antecedent rainfall of
the last 5 days /mm
Dormant period
Growing season
13
36
13-28
36-53
28
53

According to reference values in the SCS model, in
combination with the actual situation of Xi’an city, CN
values are determined (Table 8). The SCS model was used
to calculate single net rainfall of various land-use types
under different antecedent soil moisture conditions of precipitation. Annual net rainfall was obtained by accumulating single net rainfall. Using annual net rainfalls of each
land-use type multiplied by their corresponding areas and
then adding them, we obtained total annual surface runoff.
The calculation results are shown in Table 9. Surface runoff of the watershed in 2010 was 25.29 million m3. Point
source pollution annual load was obtained using average
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TABLE 8 - CN values in Xi’an.
Land use type

CN
II
94
98
93
95
74
89

I
87
95
85
89
54
77

Residential land
Path and square land
Industrial land
Commercial land
Green land
Unused land

III
97
99
97
98
87
95

TABLE 9 - Surface runoff amounts of different land-use types.
Land use type

Land area/ hm2

Residential land
Path and square land
Industrial land
Commercial land
Green land
Unused land
Total amount

11244
2580
3384
2677
2987
7780
30597

Annual net rainfall/
mm
114.7
270.1
96.1
138.4
8.5
52.6

Annual surface
runoff / 104m3
1286.9
696.7
321.7
370.5
25.4
409.4
3110.7

Runoff coefficient
0.21
0.48
0.17
0.25
0.02
0.09
0.18

Runoff modulus /
(104m3·km-2·a-1)
11.5
27.0
9.6
13.8
0.9
5.3

TABLE 10 – Non-point source pollution loads and proportions for floods in 2010.
SS
Index

COD

NH3-N

NO3-N

TN

DP

TP

NPS
NPS
NPS
NPS
NPS
NPS
NPS
Proportion
Proportion
Proportion
Proportion
Proportion
Proportion
Load
Load
Load
Load
Load
Load
Load
/%
/%
/%
/%
/%
/%
/t
/t
/t
/t
/t
/t
/t

Proportion
/%

20100821 143.5

56.4

15.1

16.0

4.2

32.0

0.0

13.0

3.1

19.5

0.2

25.5

0.3

25.9

20100909

94.2

70.7

12.8

27.0

5.7

58.2

0.1

60.4

7.2

56.4

0.0

17.8

0.2

28.0

20110731 154.3

52.2

371.7

79.6

10.2

50.0

0.4

63.0

23.9

59.9

0.3

36.0

0.5

32.2

20110904 294.9

43.6

386.2

58.3

27.8

44.7

0.8

55.1

71.7

56.8

0.4

19.5

0.5

16.4

20110927 385.5

81.5

80.1

55.7

11.7

66.1

0.1

31.2

22.1

70.3

0.2

33.8

0.6

46.3

214.5

60.9

173.2

47.3

11.9

50.2

0.3

44.5

25.6

52.6

0.2

26.5

0.4

29.8

2010year 3414.1

Average

4.6

2755.1

5.7

189.9

3.3

4.5

3.8

407.5

4.6

3.5

1.1

6.6

1.2

daily load monitored during the non-flood period, multiplied by the number of days in 2010. The NPS pollution
load and its proportion for all monitored floods in 2010
are shown in Table 10.
Table 10 shows that the NPS pollution load accounted
for a larger proportion during floods, and the proportion is
higher than 26%, but NPS pollution load accounted for a
smaller proportion of annual load. The NPS pollution load
proportions of each water quality variable were less than
10% in 2010. Therefore, the Zaohe River is dominated by
point source pollution, and it is important to strengthen
management of point sources.
4. CONCLUSION
(1) River water quality was very poor during the
study period. Concentrations of COD, TP, NH3-N and TN
in 17 sections exceeded surface water environment quali-

ty standards, and were inferior to class V. The average
pollutant concentration of the entire river is lowest in the
wet season, while highest in the dry season.
(2) Orders of SS, DP and TP concentrations were
midstream > downstream > upstream, and COD concentration gradually increased from upstream to downstream.
The concentration order for NH3-N, NO3-N and TN was
upstream > midstream > downstream. Heavy metal concentrations showed a gradual increase from upstream to
downstream.
(3) The Cr concentration was highest among the
heavy metals, with an average of 0.54 mg/L. Its order was
normal season > dry season > wet season. The Pb content
was second, with average concentration of 0.44 mg/L. Its
concentration variation was normal season > wet season >
dry season. The Cd content was third, with average concentration of 0.08 mg/L, and its order was wet season >
dry season > normal season.
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(4) Water quality in the Caotan section during flood
and non-flood periods was worse than class V. Except for
SS, average concentrations of all other variables during
flood periods were lower than those during non-flood
periods. Peak times of each pollutant concentration and
load transport rate in surface runoff occurred prior to the
time of peak flow; peak times of each pollutant concentration and load transport rate in the floods occurred prior to
or close to the time of peak flow. This is in accordance
with the initial effect of surface runoff. Average concentration of surface runoff in the Zaohe watershed was lower
than that of the base-flow (except for SS), and surface
runoff dilutes the river base-flow.
(5) The NPS pollution load accounted for a larger
proportion of total load during a flood, and the proportion
was higher than 26%; but NPS pollution load accounted
for a smaller proportion of annual load. The NPS pollution load proportions of each pollutant were less than 10%
in 2010. Therefore, the Zaohe River is dominated by point
source pollution, and it is important to strengthen point
source management.
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ABSTRACT

1. INTRODUCTION

The amount of eroded material in the Republic of
Serbia has decreased in the last few decades. The aim of
this research is to analyse changes in soil erosion intensity
in the Rasina watershed from 1971-2011, caused by factors including changes in land-use, the population and
number of households, migrations, and erosion control
works. Due to changes in the intensity of erosion processes, the annual gross erosion rate in the study area decreased by 116,140.2 m3 year-1, while the sediment yield
decreased by 52,727.2 m3 year-1. The value of the erosion
coefficient was reduced from Z = 0.39 in 1971 to Z = 0.30
in 2011. In this 40-year period, there were no significant
changes in natural conditions, and the anthropogenic influences were responsible for the reduced erosion intensity. In the Rasina watershed, almost 8,500 ha upstream
from “Ćelije” dam were treated by bioengineering works.
Since 1961, a decrease in the population was typical for
all of the valley and mountain settlements in the Rasina
watershed. The percentage of the population engaged in
agriculture also decreased during this period, as did the
general activity of the population. The analysis shows that
the most significant reduction in livestock occurred in the
mountain region, which has the best conditions for animal
husbandry, followed by the hill region, and finally, the valley
region. These results are the basis for water management
projects, soil and environmental protection, spatial planning, agriculture, and other human activities.

KEYWORDS: soil erosion, demographic and land-use changes,
erosion control works, Serbia.

* Corresponding author

Soil erosion is a natural process, occurring over geological time, and the natural erosion rate has been significantly increased in the last few decades by human activity. Many researchers on the global [1-7], regional [8-13],
and national scale [14-20] have reported that soil erosion
is significantly related to land-use changes and extent of
erosion control works.
Soil erosion is one of the most significant forms of
land degradation in the Republic of Serbia. Since erosion
processes have been mapped in Serbia (1966-1971), significant changes have occurred in this area due to anthropogenic influences. The amount of erosion in the Republic of Serbia has decreased in the last few decades. The
reasons for the soil intensity reduction in Serbia need to
be analysed in terms of direct and indirect anthropogenic
influences. Direct influences are a result of land management, construction of erosion control works, and changes
in land-use, whereas indirect influences result from abandoning or ceasing to cultivate the land due to migration of
the population from rural into urban areas for economic
reasons [21].
The aim of this research is to analyse the changes in
the soil erosion intensity, and changes in the amount of
gross soil erosion and sediment yield in the Rasina river
watershed from 1971-2011 which result from various factors. Anthropogenic influences on the erosion intensity
changes were analysed by comparing aerial photographs,
CORINE 2006 satellite images, field recognition, and
data from the erosion maps of the study area from 1971
and 2011 obtained by the methods of Gavrilovic and data
from the statistical yearbook.
The Erosion Potential Method [22] has been widely
used in mapping erosion in the former Yugoslavia during
the last 40 years, and the soil erosion map of the Republic
of Serbia (1966-1971) was created using this method.
This method was also used in some countries of Central
and East Europe (Czech Republic, Bulgaria). By compar-

262

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

ing the results obtained by the Gavrilovic and USLE
methods in the Kolubara river basin, and other parts of
Serbia and the Republic of Srpska [23-25], it was found
that there were no significant differences in the results
obtained using these two methods. Because the first maps
of erosion intensity in Serbia were performed using
Gavrilovic methods, we have chosen the same method to
facilitate comparison of results.
For the socio-demographic aspects, we used statistical data from the Census of the Republic of Serbia and the
Statistical Office of the Republic of Serbia for municipalities where the Rasina River catchment is located. From
1971 to 2011, forestland and grassland significantly increased. In contrast, the population and number of households as well as the amount of arable land and other agricultural land significantly decreased, which caused the
changes in soil erosion intensity in the study area.
The important results of this study are the determination of the total erosion changes during the last 40 years,
and new accurate information about the recent state of the
Rasina reservoir watershed in formats that can facilitate
its efficient management and protection.
2. MATERIALS AND METHODS
2.1 Study Area

The Rasina watershed encompasses central Serbia
(Fig. 1). The area of the watershed is 609.15 km2, the
watershed perimeter is 184.47 km, and the average elevation above sea level is 695 m. The spring is 1500 to 1938
m above sea level, which is the highest point of the watershed. The lowest level of Rasina, at the confluence with
Zapadna Morava, is 200 m above sea level, and the level
at “Ćelije” dam is 239 m above sea level. The mean slope
of the watershed area (Iav) is 34.6 %, and the stream bed
slope It is 1.62 %. Therefore, all Rasina tributaries flow
through gorges with steep slopes and large longitudinal
slopes; they often carry large quantities of sediment.
The watershed geology primarily consists of Palaeozoic crystalline schists, crystalline schists, Mesozoic rock
complex (flysch), Palaeogene rock complex, Neogene rock
complex, and Quaternary deposits.
According to the main soil map, different soil types
are present in the study area [26]. The largest surfaces in
the study area are covered by soil from the Cambisola
(i.e., Haplic Cambisol (Eutric) and Haplic Cambisol (Dystric)) reference group with a moderately developed soil
profile. Leptosols mainly consist of Umbric Leptosol
(Dystric) [27]. Leptosols on the tested area are shallow,
skeletal and extremely degraded. Due to anthropogenic
erosion, many soils are degraded, which results in increased skeletal content. Leptosols on certain locations
are degraded into skeletal and skeletoidal soils (Lithic
Leptosol - Hyprsceletic Leptosol) without the presence of a
clay component.

FIGURE 1 - Location of the study area: Rasina watershed – Central
Serbia.

The valleys in the study area are under the influence
of a moderate continental climate, while the mountain areas
are at variable altitudes under the influence of a continental
climate. The average air temperature in the valleys is 11 °C;
January is the coldest month (-0.6 °C), and July is the
warmest (21.2 °C). The average air temperature is 10.6°C in
the mountainous area; January is the coldest month (-0.8 °C),
and July is the warmest (20.9 °C). The average annual
precipitation is 745 mm.
In 1972, for the purposes of water supply, sediment
retention, flood protection, the refinement of small waters,
inundation and other reasons, the construction of the
“Ćelije” water reservoir started. “Ćelije” dam was constructed 33 km from the confluence with Zapadna Morava. The “Ćelije” water reservoir is a strategic part of the
Rasinsko-pomoravski regional water supply system that
covers a part of Zapadna Morava downstream and a part
of Velika Morava upstream.
2.2 Methodology

In this research, we used the erosion potential model
(EPM) of Gavrilović [22] for the calculation of the gross
annual erosion and sediment yield. Erosion in the EPM
model is calculated from a soil protection factor, an erodibility factor, and a factor describing the type and severity
of erosion [28]. The analytical equation for the calculation
of the annual volume of detached soil due to surface erosion is as follows:
Wyear = T⋅Hyear⋅π⋅√Z3⋅F

(1)
3

-1

where, Wyear is the total annual erosion (m year ), T
is the temperature coefficient, Hyear is the averaged yearly
precipitation (mm), F is the watershed area (km2), and Z
is the erosion coefficient.
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The soil erosion coefficient (Z) can be estimated using corresponding tables, or can be calculated from the
following equation:
Z = Y⋅X⋅(φ+√I )
Soil protection coefficient
Mixed and dense forest
Thin forest with grove
Coniferous forest with little grove, scarce
bushes, bushy prairie
Damaged forest and bushes, pasture
Damaged pasture and cultivated land
Areas without vegetal cover
Soil erodibility coefficient
Hard rock, erosion resistant
Rock with moderate erosion resistance
Weak rock, schistose, stabilised
Sediments, moraines, clay and other rock
with little resistance
Fine sediments and soils without erosion
resistance
Erosion and stream network development
coefficient
Little erosion on watershed
Erosion in waterways on 20–50% of the
catchment area
Erosion in rivers, gullies and alluvial deposits, karstic erosion
50–80% of catchment area affected by
surface erosion and landslides
Whole watershed affected by erosion

(2)

Determining the type and scope of constructed erosion control works was made based on a detailed survey
of the watershed upstream from the “Ćelije” dam, data
analysis on afforestation performed by Serbian environmental movement activists and Brus forest management,
and data on the biological, biotechnical and technical
works performed by P.W.M.C “Zapadna Morava” from
Kraljevo. Mapping of the vegetative cover in the watershed was performed based on CORINE 2006 satellite
images and field recognition.

X
0.05-0.20
0.05-0.20
0.20-0.40
0.40-0.60
0.60-0.80
0.80-1.00
Y
0.1-0.3
0.3-0.5
0.5-0.6

The impact of socio-economic factors upon erosion in
the studied area was examined through the statistics from
the Statistical Yearbook of the Republic of Serbia as well
as the data from the communities of Kruševac and Brus
for the years 1971, 1981, 1991 and 2002. The data collected by the Statistical Office of the Republic of Serbia
for the given period of 1971 and 2002 were analysed for
the purposes of testing the influence of changes in demographic properties on the erosion processes. Statistical
data refer to population growth, migration balance, difference between censuses, the average age of the population,
the percentage of agricultural population, and the livestock in the villages of the Rasina watershed.

0.6-0.8
0.8-1.0
φ
0.1-0.2
0.3-0.5
0.6-0.7

The population index represents the ratio between the
total population of an area from two censuses. It can be
calculated using the equation:

0.8-0.9
1.0

After the total annual soil erosion rates are calculated,
we can calculate the sediment delivery ratio, which is necessary to calculate the actual sediment yield. Gavrilovic
[22] has suggested the following equation for determining
the sediment delivery ratio:

Ru =

(

)

O⋅D
0.2 ⋅ (L + 10 )

(3)

where, O is perimeter of the watershed (km), D is the
average difference of elevation of the watershed (km),
and L is length of the catchment (km).
Finally, the actual sediment yield (G) was calculated
as follows:
Gyear = Wyear ⋅Ru (m3/year)

lapping of the Rasina watershed was performed with the
soil erosion maps from 1971 and the recent erosion maps
from 2011. Using digitalisation of the areas affected by
different categories of erosion on these two maps, it was
possible to determine the changes over the last 40 years.

(4)

Based on the EPM methodology, the mapping procedure requires investigations and computations to determine and classify the surfaces with the same quantitative
erosion category on a map. In this study, GIS was successfully integrated with the EPM model to determine the
surfaces with the same quantitative erosion category, and
to define the soil erosion coefficient (Z) for each erosion
polygon. To quantify the erosion intensity changes, over-

Ip= P2/P1 × 100 (%)
where, Ip is index of the population, P1 is the population at the beginning of research period (data from the
previous Census), and P2 is the population at the end of
research period (data from the current/researched Census). The population index is expressed in percentage. If
Ip is less than 100, it indicates a decrease in the population; if Ip is greater than 100, it indicates an increase in
population.
3. RESULTS AND DISCUSSION
3.1. Erosion in the Rasina watershed upstream from “Ćelije”
Dam – 1971 and 2011

According to the 1971 erosion map of Rasina river
watershed (Fig. 2A), 604.56 km2 of total territory was
under different erosion intensities, while 4.59 km2 experienced accumulations. According to the categories of erosion, 2.56 % of the territory suffered from excessive erosion, 15.66 % experienced intensive erosion, 16.38 %
suffered from medium erosion, 35.38% experienced weak
erosion, and 29.27 % was subject to very weak erosion
(Table 1).
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FIGURE 2 - Soil erosion map of Rasina watershed – the conditions in 1971 (left - A) and 2011 (right – B).

TABLE 1 - Distribution of erosion processes in the watershed (1971
and 2011).
Year
Category of erosion
Excessive
erosion
Intensive
II
erosion
Medium
III
erosion
IV Weak erosion
Very
V
weak erosion
Water
reservoir
Total
I

1971
Area
(%)
2
(km )

2011
Area
(%)
2
(km )

15.61

2.56

4.50

0.74

0.71 - 1.00

95.41

15.66

3.58

0.59

0.41 - 0.70

99.78

16.38

72.82

11.95

0.21 - 0.40

215.44

35.38

408.26

67.03

0.01 - 0.20

178.32

29.27

115.40

18.94

4.59

0.75

4.59

0.75

609.15

100.00

609.15

100.00

Erosion
coefficient (Z)
1.00 - 1.50
> 1.50

experienced intensive erosion, 11.95 % suffered from medium erosion, 67.03 % was subject to weak erosion, and
18.94 % experienced very weak erosion (Table 1). The data
gathered, while mapping the intensity of the fluvial erosion from the 2011 erosion map, showed decreases in soil
erosion categories I, II and III but an increase in category
IV for the erosion process intensity.
TABLE 2 - Gross erosion and sediment transport in the Rasina
river watershed upstream of the "Ćelije" reservoir (in 1971 and
2011).

Conditions of weak to medium erosion dominated in
the watershed during this period, and the average erosion
coefficient for the watershed was Z = 0.39. Intensive and
excessive erosion processes were present in certain areas
of the watershed, in the spring areas of the Goč and
Kopaonik slopes in particular, as well as the watershed of
the right tributary of the Žunjska River. Medium erosion
processes dominated in the large area of the watershed
that was cultivated. The gross erosion and sediment
transport (reaching the water reservoir) were calculated
using Gavrilović’s method [22] and are shown in Table
2. The average annual siltation of “Ćelije” water reservoir was 162,068 m3 year -1. The specific average annual
siltation of the “Ćelije” water reservoir was approximately 266 m3 year-1 km-2 (Table 2) based on the calculation
using the method of erosion potential extracted from the
erosion map of 1971.
According to the 2011 erosion map (Fig. 2B), 92.25 %
of the territory experienced erosion of different intensities,
while accumulation was the dominant process in 0.75 % of
the territory. According to the categories of erosion, 0.74 %
of the territory suffered from excessive erosion, 0.59 %

No
1 Category of erosion
2 Erosion coefficient (Gavrilovic) - Z
3 Annual gross erosion - W (m3⋅year-1)
Specific annual gross erosion - Wsp
4
(m3⋅year-1⋅km2)
5 Annual sediment yield - G (m3⋅year-1)
Specific annual sediment yield - Gsp
6
(m3⋅year-1⋅km2)

1971
IV
0.39
356979.00

2011
IV
0.30
240838.76

586.00

395.37

162068

109340.80

266.00

179.50

Low erosion processes with a tendency towards medium erosion were present in the watershed during this
period, and the erosion coefficient for the watershed was
Z = 0.30. Through the calculations of the erosion potential
method [22], the averaged annual siltation of the “Ćelije”
water reservoir was 109,340 m3 year-1, and the specific
average annual siltation of “Ćelije” water reservoir was
179.5 m3 year-1 km-2.
The general tendency for the development of erosion
processes over the last 40 years (1971-2011) is a decrease
of the intensity of the soil erosion process. Therefore, due
to changes in the intensity of the erosion processes, the
annual gross erosion in the study area decreased by
116,140.2 m3 year-1. Specific erosion rates in the Rasina
watershed decreased by 190.63 m3km-2 year-1. According
to the 1971 soil erosion map, the sediment yield in the
study area was 162,068 m3 year-1, while in 2011, the sediment yield was 109,340.80 m3 year-1. The decrease in the
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sediment yield was 52,727.2 m3 year-1 (32.53 %). The
value of the erosion coefficient decreased from Z = 0.39
in 1971 to Z = 0.30 in 2011.
The analysis of the natural conditions in the Rasina
watershed (field configuration, petrologic composition,
and climate, hydrological and vegetative properties) conclusively shows the potential for the development of erosive processes. During this 40-year period, there were no
significant changes in the natural conditions, and anthropogenic influences were responsible for the reduced erosion intensity.

River next to the FUD factory at a length of approximately 150 m. Graševačka River, the right tributary to the
Rasina River, was also regulated in the length of approximately 100 m. A part of the Brzećka River, the right tributary to the Graševačka River, was regulated in Brzeće at a
length of approximately 100 m.
TABLЕ 3 - Afforestation in the Rasina River watershed upstream of
the "Ćelije" reservoir.
No.
1

3.2. Performed erosion control works in Rasina river watershed

2

In the past, in Serbia, there have not been many published reports concerning the effects of erosion control
works. Properly designed and performed erosion control
decrease the intensity of soil erosion [18]. In this respect,
bioengineering and technical works have different effects.
Bioengineering works (afforestation, grassing, and orchard
establishment on terraces) are performed on catchment
slopes. They lower the erosion intensity and can reduce
the intensity to normal geological erosion levels. Technical works can be longitudinal, which protect stream
banks against erosion and sloughing, and transversal,
which prevent bed erosion and retain the sediment (primarily bed-load) [15].

3

There are several published works outside of Serbia
that have studied the effectiveness of erosion control treatments in burned areas [29]. Comparative quantitative estimates of the effectiveness of erosion control works, through
the analysis of annual soil loss on a large scale for prefire, post-fire and post erosion control treatment cases,
were presented in the paper [29].
In the Rasina river watershed, in the vicinity as well
as upstream from the water reservoir, technical erosion
control works were actively undertaken to retain the bed
load and stabilise torrential tributary channels. Erosion control works had begun during the construction of the “Ćelije”
dam, and continued after the dam was built and the lake
was filled in. The purpose of those works and the bioengineering works in the watershed was to protect the water
reservoir area and, subsequently, the reservoir from silting.
In the period from 1980 to 1990, a total of 30 check
dams made of concrete or stone masonry, seven stabilisation sills made of stone masonry, and one rock-fill dam
for micro-accumulation in Popovacka River, and a tributary to the Blatašnica River upstream from Blace, were
constructed. Check dams and sills were constructed in
nine torrential streams, which were tributaries of the
Rasina and the main stream of the Rasina River. In addition to check dams, a smaller number of stabilisation sills
in the Žunjska River and the headwater of the Graševačka
River were constructed (the total number exceeds 10).
Regulative works were performed in Brus on the Rasina

4
5
Total

Performer of Afforestation
Serbia environmental movement
activists
Forest management in the city of
Brus
State Enterprise for Erosion and
Torrent Control "West Morava"
Kraljevo
Serbia environmental movement
activists
Serbia environmental movement
activists

Period
19711980
19711980
19761986

Quantity (ha)
1500

19801988
20012008

1250

1000
350

400
4500

Bioengineering works for the protection of the reservoir from sediment were performed in addition to the construction of the “Ćelije” water reservoir and dam. Afforestation and grassing of bare lands and watershed slopes
from 1971 to 2011 were performed each year. Implementers of afforestation and the quantities of seedlings are shown
in Table 3. Afforestation was performed with Picea excelsa
(Norway spruce), Pinus nigra (black pine), Pinus silvestris (Scots pine), Robinia pseudoakcia (black locust)
and Poplar sp. (poplar). Along with the afforestation, the
local inhabitants were provided with grass seeds (Dactylis
glomerata, Festuca pratense, Festuca rubra, Lolium multiflorum, Lolium perenne, and Phleum pratense) and legumes (Trifolium pratense and Lotus corniculatus) for the
purposes of creating artificial meadows, thus preventing
soil erosion. Grass seeds were purchased in an organised
manner from authorised and expert trading enterprises,
and were adequate for the field conditions both with respect to the soil type and the altitude above sea level. Brus
Environmental Movement distributed the grass seeds for
grassing 1850 hectares, whereas the distribution of seeds
for grassing 2150 hectares was performed by the public
water management company “Zapadna Morava” from
Kraljevo. Thus, approximately 4000 hectares of artificial
meadows were seeded.
Based on all the aforementioned information, the
conclusion could be drawn that almost 8500 ha upstream
from “Ćelije” dam in Rasina watershed have been improved
by bioengineering works. A total of 30 check dams and
stabilisation sills were constructed. Considering the area
which the watershed includes upstream from the dam
(609.15 km2) and the erosion conditions in the watershed,
this treatment is still not sufficient to protect the water
reservoir from silting. However, it has contributed in many
ways to the considerable reduction in erosion intensity,
and sediment transport and yield in the watershed up-
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stream from the “Ćelije” dam, compared to conditions prior
to the erosion control works.
The average annual sediment yield after the antierosion works and completing the soil protection from
erosion (Table 2) was Wyear = 240,838 m3 year-1, and the
specific sediment yield was Wyearsp=395.40 m3 year-1 km-2.
The average annual siltation of the “Ćelije” water reservoir
in the period, when bioengineering works (i.e., newly seeded forests) began protecting the soil from erosion, was
Gyear=109,340.80 m3⋅year-1, and the specific annual siltation
(transport of sediment) was Gyear sp = 179.50 m3⋅year-1⋅km-2.
Based on survey measurements on the “Ćelije” water
reservoir from 1980 to 1988, i.e., from launching the
hydro-system to a topographic survey of the water reservoir in 1988, (WMC "Velika Morava" 1998) a total water
reservoir silting of 1,416,000 m3 was achieved. Thus, the
average annual siltation for the 9-year period was Gyear=
157,330 m3 year-1, and the specific annual siltation into
the water reservoir (transport of sediment) was Gyearsp =
258.30 m3⋅year-1⋅km-2. The measured data on the siltation
of the “Ćelije” water reservoir (Gyear = 157,330 m3year-1,
Gyear sp =258.30 m3year-1km-2) are very similar to the calculated results of the average annual siltation of the water
reservoir prior to the erosion control works, and before
the new forest cultures and grass seeding were completed
(Gyear=16,068.50 m3⋅year-1, Gyearsp=266.00 m3⋅year-1⋅km-2).
The completed erosion control works greatly influenced
the erosion conditions as well as the sediment yield and
transport in 2011. Namely, the bioengineering works (the
afforestation and grassing of bare and infertile areas)
changed the land-use on 8500 ha, which is approximately
14% of the total study area. The erosion intensity in the
area was considerably reduced from very strong, strong
and medium erosion to weak erosion. On the other hand,
by constructing 30 check dams and 17 sills, large amounts
of the bed load were held in the reservoir area, the slope
of torrential streams was reduced in the zone of the siltation formed by check dams and sills, and the devastating
power of torrential floods was also reduced, thus reducing
the intensity of fluvial erosion and sediment yield from
the watershed channels.
3.3. Demographic trends in Rasina watershed settlements

Previous studies conducted in Serbia clearly show
that the decrease in the population in mountain and valley
areas directly influences the reduction in the erosion intensity [30-34]. Based on the studies and data analysis for
settlements in the Rasina watershed, it can be concluded
that the population in the majority of settlements was
continuously increasing up to 1961 but continuously decreasing from 1971 to 2002.
A general tendency for decreases in the number of inhabitants since 1961 was typical for all valley and mountainous settlements. The consequences could be observed
in the population index values (Fig. 3). A positive population index exists in only one settlement – Tršanovci
(14.9); in all others, it is negative, and the average is -34.5.

FIGURE 3 - Population index in Rasina watershed settlements, 1971
– 2002 - Source: Inhabitants: Census of population, households and
flats from 2002; Comparative population census 1971, 2002 (data in
settlements), Statistical Office of the Republic of Serbia, Belgrade.
TABLE 4 - Population growth, migration balance and the difference
between censuses in settlements in the Rasina watershed, 1971 –
2002 (Source: Documented material, Statistical office for population
and information gathering on field, Demographic department,
Statistical office of the Republic of Serbia, Belgrade).
Settlement
Batote
Botunja
Brdjani
Budilovina
Velika
Grabovnica
Vrbovac
Grasevci
Dupci
Zunje
Jablanica
Kasevar
Kobilje
Kovioci
Lepenac
Mala
Grabovnica
Osredci
Popova
Prebreza
Ravni
Razbojna
Ribari
Rogavcina
Trbunje
Trsanovci
Celije

1971 - 2002
Population
growth
-8
-112
3
-36

Migration
balance
-564
-95
-115
-67

Difference
consensuses
-572
-207
-112
-103

-21

-61

-82

-101
-33
-7
6
-130
-151
29
-53
68

-141
-174
-48
-307
-81
-89
-75
-96
-70

-242
-207
-55
-301
-211
-240
-46
-149
-2

9

-15

-6

44
-161
-144
-21
-27
-28
-269
-176
88
-37

-705
-70
-134
-121
-91
-146
-346
-167
121
-361

-661
-231
-278
-142
-118
-174
-615
-402
209
-398

between

The average population per settlement for the census
in 1948 was 693.7; in 1953, it was 705.6; in 1961, it was
693.24; in 1971, it was 606.4; in 1981, it was 533.6; in
1991, it was 454.7; and in 2002, it was 396.6. The reduction in the population could be a consequence of natural
or mechanical migrations. Therefore, Table 5 shows the
population growth and migration balance to determine
whether the decrease in population number is the consequence of natural depopulation, increased migration or
both.
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The period from 1971 to 2002 was characterised by
demographic discharge and land reclamation processes.
The decrease in the population in this area was the consequence of both the natural and mechanical movements of
inhabitants. Population growth is mainly negative in most
of the analysed settlements (Table 4), and its mean value
is -50.7. The migration balance is also negative in all
shown settlements. The average value for this parameter
for the analysed area for the period between two censuses is -156.7.
One of the direct consequences of migration from villages is the increase in the average age of the remaining
population. Age structure represents the unifying factor
between the state and quality of population, which is
reflected in how the land is used, especially in rural areas
[30, 34]. The average age structure in settlements in 1971
was 32.7, and in 2002, it was 44.8 (Fig. 4). Thus, the
population came from being young to a stage of old demographic age. The number of old and abandoned households in settlements in the Rasina watershed is continuously increasing. The tendency in this area is consistent
with the general demographic trends in rural areas in
Serbia [35, 36].

FIGURE 4 - Average population age in settlements in the Rasina
watershed, 1971 – 2002 (Source: Documented material, Statistical
office for population and information gathering on field, Demographic department, Statistical office of the Republic of Serbia,
Belgrade).

The percentage of the agricultural population decreased during this period, as did the general activity rate of
the population. In the Rasina settlements in 1971, 86.1 % of
the population was agricultural, and in 2002, this percentage was 30.3 %. The agricultural population is aging old
and becoming smaller, which is directly connected to how
the land is used. Agricultural fields are seldomly cultivated and become meadows or pastures, and young forests
emerge on their outskirts.
The reduction in the activity rate shows the poor economic conditions in the area. The value of this index decreased from 58.5 to 43.9% during the period from 1971–
2002. These unfavourable demographic trends result from
the poor education of workers, which does not meet the
requirements of the labour market. This fact limits the
economic growth of the area because investors avoid
places without qualified and experienced manpower. On

the other hand, the educated population rarely stays in
rural areas that do not have sufficient economic characteristics or job opportunities that match their knowledge.
3.4 Livestock fund

The reduced field cultivation is also obvious from the
condition of the livestock fund, shown herein through the
number of bovine, pigs, sheep and goats (Fig. 5) in the
census years of 1981, 1991 and 2002 (there are no data
concerning settlements from the 1971 census, only municipalities).

FIGURE 5 - Numbers of bovine (a), pigs (b), sheep and goats (c) in
valley, hill and mountain regions of the study area, for the period
1981 – 2002.

The bovine population in all settlements in 1981 was
8027; in 1991, it was 5146, and in 2002, it was 3271. The
bovine population decreased by 35.9 % from 1981 to 1991
and by 59.2 % from 1981 to 2002. The reduction in the
bovine population by region from 1981 to 2002 was the
following: in valley region, it was 50.2 %; in the hill region, it was 59.1%; and in the mountain region, it was
61.4%. The numbers of pigs were 14507 in 1981, 10633
in 1991, and 5608 in 2002, and decreased by 26.7% from
1981 to 1991, 47.3 % from 1991 to 2002, and 61.3 %
from 1981 to 2002. The decrease in each region is as
follows: 48.3 % in the valley region, 60.5 % in the hill
region, and 65.4 % in the mountain region. The total numbers of sheep and goats in all settlements were 18221 in
1981, 16286 in 1991, and 10619 in 2002. The reductions
in the number of sheep and goats were 10.6% from 1981
– 1991, 34.8 % from 1991 to 2002, and 41.7 % from 1981
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to 2002. The decreases in the number of sheep and goats
in regions from 1981 to 2002 were as follows: 38.8 % in
valley region, 36.5 % in hill region, and 46.1 % in mountain region.
The analysis shows that the most significant reduction in the livestock fund occurred in the mountain region,
which has the best conditions for animal husbandry, followed by the hill region, and finally, the valley region.
In the past, anthropogenic factors caused intensive erosion processes in this area. The main demographic agricultural problem was based on the disproportion between the
agricultural population and the amount of land surface,
which is necessary to earn a living in agriculture. This
disproportion resulted in other disproportions: population
– livestock fund, areas – livestock fund, and similar ones.
However, the main disproportion remains between man
and land. Until the mid-1960s, there was a tendency for
growth of the population as well as the livestock fund,
especially small livestock (sheep and goats). Inadequate
land resource management, manifested through land cultivation on slopes and steep areas of the watershed and the
grazing of small livestock in forests, led to intensified
erosive processes during this period.
The period from the 1960s to the current day is marked
by large migrations and changes in agricultural production.
One of the main reasons for leaving these villages is that
the low income renders many households unable to cover
taxes and other fees. Living conditions, particularly in
mountain villages, are very poor, and poor road networks
are the reason that many products remain unused.
Migrations occur for the purpose of obtaining a job
outside of farming, for education or permanent relocation.
Because of these demographic movements, the elderly are
prevalent in households, and it is likely that these households will disappear in the future. The livestock fund also
decreased during the studied period, which resulted in
reduced cultivation in the study area. The socio-demographic
situation in the watershed has definitely contributed to the
decrease in erosive processes.

Therefore, due to changes in the intensity of the erosion
processes, the annual gross erosion in the study area decreased by 116,140.2 m3year-1, while the sediment yield
decreased by 52,727.2 m3year-1. The value of the erosion
coefficient decreased from Z=0.39 in 1971 to Z=0.30 in
2011.
In addition to water reservoir silting and the reduction
of the reservoir area for water, accumulated sediment
causes numerous detrimental effects to the environment
[37, 38]. The ecological aspects of mechanical water pollution by suspended sediment, chemical water pollution by
organic and mineral fertilisers used in plant production in
the watershed, nutrients found in the soil, and the chemical pollution of water and sediment by pesticides and
heavy metals will be the subject of future research in the
study area. All of the above types of pollution induce
ecologically harmful processes in the reservoir that result
in water pollution, meaning that the water supply would
not be suitable for use, even for industrial purposes.
Considering the significance of the “Ćelije” water
reservoir for the Rasinsko-pomoravski water supply system and the protection of the water reservoir from sediment
and pollution, continued erosion control works are necessary, even though relatively small amounts of sediment
reach the reservoir. In this case, mechanical and chemical
pollution of water in the reservoir by suspended sediment is
a more important problem than silting, rendering the water
quality in the area an important concern for supplying the
region.
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4. CONCLUSION
The research of soil erosion, sediment yield and
transport in the Rasina River watershed upstream from the
“Ćelije” water reservoir and dam showed a significant impact from anthropogenic factors on the decrease in the intensity of erosion processes from 1971 to 2011. The anthropogenic impact on the reduction of erosion and torrential
processes was direct (by performing erosion control
works and changing land-use) and indirect (the decrease
in the population number and livestock as well as ceasing
land cultivation due to economic migrations from rural to
urban areas).
The soil erosion process during the last 40 years
(1971-2011) was characterised by a decrease in intensity.
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ABSTRACT
Phosphorus prediction is a complicated task because of
the inherent randomness and uncertainties associated with
various processes and variables throughout the stream
environment. In this study, a water quality model was
employed based on Environmental Fluid Dynamics Code
(EFDC) for the Three Gorges Reservoir Region Area
(TGRA). First-Order-Error-Analysis (FOEA) was used to
quantify the parameter uncertainty of total phosphorus (TP)
simulation at three grid cells located in the upper, middle
and downstream portions of the TGRA. Based on this
study, only three parameters significantly affected the final
simulation output. The results indicated that parameters
related to mineralization, hydrolysis and sorption processes contributed most of the uncertainty to the total phosphorus output. This study provides a quantitative assessment of uncertainty sources of total phosphorus and provides a framework for reducing TP prediction uncertainty
in the TGRA.
KEYWORDS:
Phosphorus; Uncertainty; FOEA; EFDC, TGRA, water quality

1. INTRODUCTION
Mathematical models are valuable tools for enhancing understanding and better characterizing the transport
of contaminants in surface waters to environmental managers. However, inaccurate or oversimplified representations of the processes in the model, measurement errors,
limited availability of data, ubiquitous spatial and temporal randomness of variables and model parameter uncertainty, among other factors, contribute to the unreliability of model results. This necessitates uncertainty
analysis

* Corresponding author

before applying models to the practical water environment [1].
The sources of model uncertainty usually include the
following three elements: structural uncertainty, input
data uncertainty, and parameter uncertainty [2, 3]. In fact,
a study by Post et al. [4] argued that parameter uncertainty provides the greatest contribution to overall uncertainty; therefore, parameter uncertainty is a popular topic in
the uncertainty research field [5].
Many techniques, including sensitivity analysis [6, 7],
first-order error analysis [8, 9], the Monte Carlo method
[10, 11], the Bayesian approach [12, 13], and the Generalized Likelihood Uncertainty Estimation method (GLUE)
[5, 14] have been used to conduct parameter uncertainty
analysis. Among these methods, three methods (sensitivity analysis, FOEA, and the MC methods) are most commonly applied in uncertainty analysis. Sensitivity analysis
for a given parameter does not account for the likelihood
that the parameter is different from its “best” value. Therefore, a highly sensitive parameter that is known to have
low uncertainty may have much less of an effect on the
uncertainty of a model output than a much less sensitive
parameter that is highly uncertain [15]. The Monte Carlo
method is inefficient because it requires repeating model
simulations according to the parameter sampling, which
results in tremendous computational time and human effort
[5]. FOEA is a valuable tool that can be computationally
feasible and does not need to specify parameter distributions; furthermore, FOEA allows explicit consideration of
the combined effects of parameter sensitivity and parameter uncertainty. Though the FOEA technique is based on
linear approximations, its validity does not deteriorate
when parameter coefficients of variation (CV) are less than
30 percent [16]; all parameter CV values in this study are
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less than 30 percent. Therefore, in this study, FOEA is
used to identify key parameters affecting model prediction uncertainty.
The Three Gorges Reservoir is a 1084km2 reservoir
formed by the Three Gorges Project, which is the largest
integrated water project in the world and a principal
source of drinking water for this region and the region
downstream. The water environment has increased in
complexity after impoundment of the TGP [17]. Previous
studies mainly focus on the water quality modeling in this
region; however, research on uncertainty analysis of TP in
this important area is lacking. It is of great practical significance to conduct the parameter uncertainty analysis
that affects TP uncertainty to provide the necessary references for an accurate model of TP concentration in this
area. Hence, the main objective of this study was to determinate the most uncertain parameters for prediction of
total phosphorus in the TGRA. In this study, the widely
used Environment Fluid Dynamic Code (EFDC) was combined with the FOEA (First-Order–Errors analysis) method
to identify and quantify the uncertainty of parameters and
to provide a necessary reference for total phosphorus
modeling in the TGRA.
2. MATERIALS AND METHODS

over-fertilization, leading to serious non-point pollution
problems [5].
Hydrological conditions of the Yangtze River have
changed markedly since impoundment in July 2003, which
altered the surrounding water environment. After impoundment of the TGP, the water depth in the TGP has
increased 65 m. Sediment concentration in the dam has
dropped from 0.578kg.m-3 to 0.155kg.m-3, and average
flow velocity in the main channel has dropped from
0.85m.s-1 to 0.20m.s-1. The retention time of water within
the TGR has been prolonged by 77 days [17].
2.2 Model Description

In this study, the EFDC was employed for hydrodynamic, sediment, and phosphorus modeling. The EFDC is
a general purpose three-dimensional modeling package
for flow, pollutant transport and biogeochemical processes in surface water systems [19]. EFDC was developed by John Hamrick at the Virginia Institute of Marine
Science (VIMS) and has been successfully applied to
many water bodies such as rivers, estuaries and coastal
bays [9, 20-24], a complete description is available in the
Tetra Tech manual [25]. A brief introduction of the hydrodynamic and sediment models in EFDC is presented here.
2.2.1 Hydrodynamics

2.1 Study Area

The TGRA stretches along the Yangtze River from
the Jiangjin District of Chongqing Municipality to Yichang in the Hubei Province. The Three Gorges Project
(TGP) has a capacity of 39.3 km3 and a catchment area
just over 1,000,000 km2. The TGRA is primarily mountainous (74%), while 4.3% and 21.7% of the region is
composed of plains and hills, respectively. The TGRA is
a rapidly developing area, and the ecological environment
has changed rapidly because of excessive cultivation and

The physical representation of the hydrodynamics
that the EFDC model utilizes resembles the widely used
Princeton Ocean Model (POM) [26]. The governing equations are solved using a second-order accurate finite difference scheme in space on stretched vertical coordinates
and curvilinear, orthogonal horizontal coordinates. The
modified Mellor and Yamada level 2.5 turbulence closure
scheme was implemented in the model [27]. The finite
difference in time uses a second-order accurate, threetime level leapfrog scheme Similar to the POM, an internal-external mode splitting technique is applied to separate
the internal shear, or baroclinic mode, from the external
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FIGURE 1 - Sketch of the Three Gorges Reservoir Region
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free surface gravity wave, or barotropic mode, which
would greatly reduce computation time. The advection of
heat and other constituents is solved with a high-order
upwind scheme to ensure numerical accuracy by limiting
numerical diffusion and dispersion.
2.2.2 Sediment transport

The same resolution is applied to the coupled sediment transport and hydrodynamic model, which is capable of simulating the transport and fate of multiple size
classes of cohesive and noncohesive suspended sediment,
including bed deposition and resuspension. Only cohesive
sediment was considered in this study because phosphorus is usually adsorbed to the fine sediment. The governing equation that describes the cohesive sediment
transport scheme is an advection-diffusion equation,
which includes an extra setting term in the vertical direction in the water column. The bottom boundary condition is
described as sediment deposition or resuspension flux
across the water–sediment bed interface [28]. Pertaining
to the different sediment properties, the sediment bed can
be divided into a single layer or multiple layers. The fluctuating density of the mixture of sediment and water from
the suspended sediment concentration in the water column is ignored. The advection and diffusion equations are
solved in an identical fashion to the dissolved materials
equation. The vertical sediment transport is characterized
by two processes, deposition and resuspension, which are
controlled by the near-bed flow condition and the geomechanics of the deposited bed. When the near-bed shear
stress that is provided by the hydrodynamics solution
exerted by the flow decreases below the critical stress for
deposition, deposition happens. In contrast, when the
calculated bottom shear stress increases above the specified critical shear stress for resuspension, then resuspension happens [29].
2.2.3 Phosphorus attachment to sediment

Adsorption and desorption are reverse processes regulating phosphorus dynamics in the water-sediment inter-

face. These processes are influenced by many factors, including the particle size of the sediment [30], the composition of the sediment [31, 32], and the circumstance conditions [32-34]. To model the kinetic phosphorus in the water
column, one key parameter that determines the ratio of
attached phosphorus should be set accurately. Based on
the ratio, the amount of dissolved and particle phosphorous can be calculated in the water column through the
following equations:
⎛ K PO 4 p *S ⎞
⎟ PO 4t ..................(1)
PO4p = ⎜
⎜ 1+ K PO 4 p *S ⎟
⎝
⎠
⎛
⎞
1
⎟ PO 4t ..................(2)
PO4d = ⎜
⎜ 1+ K PO 4 p *S ⎟
⎝
⎠

Where PO4p is particle phosphorus, PO4d is dissolved
phosphorous, and S is the concentration of sediment (g/m3).
PO4t is the sum of PO4d and PO4p, and Kpo4p is the partition coefficient of phosphorous (m3/g).
2.2.4 Model Configuration

Table 1 shows the basic data sets required to develop
the models used in this study. Seagrid [35], a third-party
software, was applied to create active orthogonal curvilinear cells as the equations of the model were solved in curvilinear coordinates; then, the output from Seagrid was imported into EFDC for further model configuration [36]. The
channel characteristics were delineated through a topographic map of the area with a resolution of 1:25,000. The
bottom elevation and initial water surface elevation were
calculated through interpolation. The model was then forced
by the mainstream inflow, the two major tributaries inflows,
the Jialingjiang and Wujiang River, and the open boundary near the dam. Meteorological data, including wind
speed, wind direction, air temperature, solar radiation, precipitation, atmospheric pressure, humidity and evaporation
are important external forces driving this model. In addition, hydrology and water quality data that include flow,
water elevation, DO, BOD 5 , NH 4 -N, NO 3 -N, TN and

TABLE 1 - Data styles and model sources
Data
Topographicmap
(1:250,000)

Station

Bathymetry

whole

Time

whole

NGCC

-

CRAESb
[37]

constant

2003~2007

CMBc

daily

Water quality
Point source discharge

whole

2004~2007

Nonpoint source discharge

whole

-

Hydrology

a

NationalGeomaticsCenter of China
China Environmental Science Research Institute
c
ChongqingMeteorological Bureau
d
Yangtze Water Resources Commission
e
Ministry of Environment Protection of the People’s Republic of China
b
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Frequency

a

-

Langao, Zhenping, Badong, Lichuan, Jianshi, En’shi, Chengkou,
Kaixian, Yunyang, Fengjie, Wuxi, and Wushan Stations
Zhutuo, Cuntan, Changshou, Qingxichang, Zhongxian, Wanzhou,
Fengjie, Wushan, Badong, Beibei, and Wulong Station
Same as above

Meteorological data

Source

2003~2007
2003~2007

CJWRC

d

CJWRC
CRAES
MEPe [38-41]
CJWRC

constant

Daily
Monthly
Yearly
Constant
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TP, and the sediment concentration per day were obtained
to configure the model. Default parameters were initially
used to run the model and later adjusted during calibration
with data from 2004. Model validation was conducted
using data from 2006. Simulation results were evaluated
using four pre-defined statistical parameters: Average
error (AE), Relative error (RE), Average absolute error
(AAE) and Root mean square error (RMSE).These four
parameters can be defined as follows:
N
∑ (Oi − X i )
AE = i =1
N

(

Where cov X i , X j

and X ,
j
which represent the degree of the relevance between two
variables, and m is the number of the basic variable X.
Supposing that all of the variables are independent of
each other, the above formula can be transformed as:

2
⎛ ∂f ⎞
SC = ⎜⎜
⎟
⎟ Var[ X i ].........(7)
i
⎝ ∂X i ⎠

Where Si is a weighting of the input parameter variance by the square of the sensitivity. This equation can be
used to identify and rank parameters that influence the
output of the model.

1 N
n n 2
∑ O −P
N n =1

)

Where N = number of observation-prediction pairs，

O = the value of the nth observed data，and Pn = the
n

−
N
value of the nth predicted data. O = 1 ∑ On = observed
N n =1

mean value.

In contrast to the sensitivity analysis, FOEA takes into account the combined effect of the parameter sensitivity and key parameters that affect the model output uncertainty. In this study, based on the governing equations of
the EFDC water quality model, thirteen parameters related to TP kinetics were selected.
The FOEA method [15] is derived from Taylor’s approximation in which nonlinear components are truncated
and defined as:
∂f ( X e )
( X − X e ) .........(3)
∂X

Where C is the output result of the continuous simulation, f ( X ) is the function for the simulating
ment C ,and

X

e

is the vector in the point of series.

The vector in the point of series is usually set as the
mean value or one median value in FOEA. Therefore, the
expected value and variance of the formula are approximately calculated as:

E [C ] ≈ f ( X m ) .........(4)
n m ⎛ ∂f ⎞
⎛ ∂f
⎜
Var [C ] = ∑ ∑ ⎜
⎟
∂
X
i =1 j =1⎝ i ⎠ X N ⎜⎝ ∂X j

⎞
⎟
cov( X , X ).........(5)
i
j
⎟
⎠ X m

In this study, the FOEA method was used to analyze
the uncertainty of parameters. The contribution of each
uncertainty parameter to the total output variance can be
determined from the following equation:
Contribution (%) = (Contribution of a parameter)/
Total variance *100%
If the contribution ratio of one parameter to the total
variance was greater than 5%, the parameter was considered to be a source of uncertainty.

2.3 FOEA method

C = f ( X ) ≅ f ( Xe ) +

i

The total contribution from the parameters in the
above equation to the output can be calculated by the
following equation:

1 N n n
∑ O −P
N n=1
1 N n n
∑ O −P
N
RE = n =1
−
O

(

X

2
n ⎛ ∂f ⎞
Var [C ] = ∑ ⎜
Var[ X ].........(6)
⎟
i
i =1 ⎝ ∂X ⎠ X m

AAE =

RMSE =

) is the covariance of

3. RESULTS AND DISCUSSION
3.1 Model calibration

Figs. 2-5 provide comparisons of the simulated and
measured results at Qingxichang station during calibration
(2004), the results during verification (2006) are not presented here. Table 2 lists statistic results for Qingxichang
Station, Cuntan and Wanzhou stations.
The sediment concentration at Qingxichang Station
ranged from 0-5 mg/l during low flow and 232.751488.24 mg/l during high flow (Fig. 3). The largest discrepancy occurs during high flood periods and maybe due
to shoreline erosion and the sediment load from other
ignored tributaries; this same phenomenon also appeared
in others regions [42].
Water temperature is a crucial factor, not only in hydrodynamic and water quality studies due to its influence
on vertical mixing but also in the mineralization and hydrolysis process, DO concentration, and biochemical and
physiological processes [43, 44]. Modeled results of water
temperature were similar for 2004 and 2006, and the model
reproduced temperature variation well (Fig. 4). In fact, AE
was< 1 , RE < 10%, and AAE and RMS < 2.5 (Table 2).
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FIGURE 2 - Measured and simulated water surface elevations at
Qingxichang Station

FIGURE 4 - Measured and simulated water temperature results at
Qingxichang Station

FIGURE 3 - Measured and simulated sediment results at Qingxichang
Station

FIGURE 5 - Measured and simulated TP results for Qingxichang
Station

TABLE 2 - Analysis of Simulated Results for Cuntan, Qingxichang and Wanzhou Stations
Station ID

Parameter

Cuntan
Qingxichang
Wanzhou
Cuntan
Qingxichang
Wanzhou
Cuntan
Qingxichang
Wanzhou
Cuntan
Qingxichang
Wanzhou

Water Surface Elevation (m)
Water Surface Elevation (m)
Water Surface Elevation (m)
Sediment (mg/l)
Sediment (mg/l)
Sediment (mg/l)
Temperature (ºC)
Temperature (ºC)
Temperature (ºC)
TP (mg/l)
TP (mg/l)
TP (mg/l)

2004
AE
-0.77
0.76
-0.40
-42.44
-27.34
1.61
-0.27
-0.83
-0.40
-0.03
-0.09
0.06

RE
0.49
0.56
0.29
17.59
21.10
24.62
4.88
8.19
5.57
24.34
32.33
61.41

The simulated water surface elevation corresponded
well with the measured elevation before and after the high
flow period, and the simulation results were slightly
smaller than the corresponding values measured during
the high flow period (Fig. 2). This difference may have

AAE
0.79
0.79
0.40
52.67
51.51
40.91
1.05
1.75
1.21
0.06
0.09
0.09

RMS
1.02
0.94
0.65
89.33
105.57
85.45
1.41
2.14
1.58
0.10
0.18
0.13

AE
-0.14
0.91
-0.11
-48.90
-35.80
17.82
-0.28
-0.74
-0.30
0.01
-0.03
0.04

2006
RE
AAE
0.63
1.01
0.67
0.96
0.14
0.20
22.16
58.39
28.05
58.59
49.12
45.70
4.96
1.05
6.01
1.29
5.67
1.23
34.17
0.05
21.76
0.04
47.59
0.05

RMS
8.31
8.08
0.30
23.23
21.99
99.43
1.36
1.61
1.59
0.08
0.05
0.08

been caused by abundant fresh water inflows from ignored tributaries and direct rainfall in the TGRA, but the
AE, RE, and AAE values were small at the three monitoring stations with AE and RE values< 1% and AAE < 1%
(Table 2).
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In general, these analyses indicate that the simulated
TSS concentrations are reasonably consistent with the
observed data. The modeled TP values were more consistent during low and mean flow periods than the high
flow period, but the model failed to capture the largest TP
con-centration value (Fig. 5) due to non-point sources of
pollution from this region during the high flow period. In
this study, the TP concentration in the water column was
primarily governed by settling of particulate organic phosphorus and sorption processes. The amount of sediment
that was deposited was influenced by the flow velocity,
which differs dramatically throughout the reservoir [37, 45].

How-ever, because only a single velocity can be set in the
model, only one settling velocity was used in this study.
Overall, the model generally simulated the variation in TP
in the water column. Statistical comparisons between
observations and model predictions are given in Table 2
for Average error (AE), Relative error (RE), Average
absolute error (AAE) and root-mean-square error (RMSE).
The root-mean-square errors range from 0.1 mg/l to 0.18
mg/l, which indicate that it can be used for the following
uncertainty analysis. Based on this validated model, the
effect of each model parameter on TP prediction was
studied.

FIGURE 6 - Measured (M) and simulated (S) results along the Yangtze River
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3.2 Uncertainty results with respect to TP concentration in
three grids

To analyze uncertainty variety in different locations,
three grid cells (grid 200, grid450, and grid700) were selected to represent the upper, middle, and lower reaches of
the TGA, respectively. The base model, with calibrated
parameters derived from the 2004 data, was implemented
for the entire modeling period (1 year). The annual mean
output of variables from the three grid cells was compared
with those of the base model to calculate the normalized
sensitivity coefficient (Si). The CV values for variables and
parameters could be estimated from literature reviews,
previous experience, and engineering judgment. An extensive literature review was conducted for this study as the
primary means to estimate the coefficients of variation [15,
46-49]. A summary of input variable uncertainties for a
water quality model, QUAL2E, is listed in Table 3. Coefficients of variation (CV) in the range of 0.0–0.25 are considered typical [50]. The CV values of the model parameters are determined by Table 3 and the other literature
sources mentioned above.
In this study, the results show that the amount of
variance in upstream, midstream and downstream areas
of the TGA is large, but the overall variance of TP
concentration in the three grids differed from each other:
215398.0154, 321167.7688 and 325480.8115. The difference in concentration may be explained by the following
reasons: the difference in local hydrological regime, the
lack of spatial heterogeneity of the parameter in the model,
and the amount of phytoplankton in the three grids.
The grid 200 is situated in the upstream segment of
the TGA, which is an area of fluctuating backwater. Because the flow velocity is higher in this region than in the
others, the sediment and particle phosphorus have diffi-

culty settling, so the uncertainty was smaller. At the same
time, the grids 450 and 700 are located in the backwater
area, where the flow velocity is much slower than in grid
200. The sediment and particle phosphorus tend to settle
in this environment; therefore, the variance of TP in these
two grids is larger. In addition, though the parameter is
spatially variable, the parameter in the model is consistent
in the whole region, which could attribute to uncertainty
in the model results. In contrast to the upstream velocity,
the downstream velocity is so slow that the sediments are
usually able to settle and the water transparency remains
at a high level [51]. The amount of phytoplankton is also
greater than in the upstream area [52], which would equate
to consumption of a large amount of phosphorus; this may
cause much higher uncertainty in the downstream area.
3.3 Parameter Uncertainty Analysis

The contribution ratios of each parameter to the uncertainty of the final output results were also calculated.
The results are shown in Table 4.
In this study, the source of TP in the reservoir is primarily input from the upstream area, and the loss of TP is
chiefly through deposition of particulate phosphate and
phosphorous absorption by the sediment [44, 45].On the
basis of FOEA results presented in Table5, it can be noted
that together three parameters(the reference temperature
for mineralization of dissolved organic matter (DOM), the
reference temperature for hydrolysis of particle organic
matter (POM),and the coefficient relating phosphate sorption to total suspended solid contributed 99.99% to the
total variance of the TP concentration in grid 200, grid 450,
grid700, respectively. These three parameters are involved
in the mineralization, hydrolysis and sorption process. In
contrast, the other parameters contributed less than 1% un-

TABLE 3 - QUAL2E Input Variable Uncertainties

Input variable or parameter
Algae, nutrient, light coefficient
Temperature coefficient
Reaction coefficient
Hydraulic data
Concentration(N forms)
Concentration(P forms)

Coefficient of variation (%)
Typical
10-20
2-5
10-25
5-15
15-30
15-40

Low
5
1
5
1
10
10

High
50
10
100
50
75
75

TABLE 4 - Parameter Uncertainty Sources of TP in the TGR model

Parameters Unit
TRMNL
TRHDR
KPO4p

g-1m-3

Description
Reference temperature for mineralization of dissolved
organic matter
Reference temperature for hydrolysis of particulate
organic matter
Empirical coefficient relating phosphate sorption to total
suspended solid (per g m-3 ) or particulate total active metal
(per mol m-3 ) concentration
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Grid:200
PTV
(%)

Grid:450
PTV
(%)

Grid:700
PTV
(%)

CV
(%)

Si

5

-309.40

44.44

-377.80

44.44

-380.33

44.44

5

-309.40

44.44

-377.80

44.44

-380.33

44.44

10

-309.40 11.1106 -377.80 11.1107 -380.30 11.1098

Si

Si
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certainty in the model, which indicated that the TP loss is
mainly through the particle phosphorus settling and sorption process. DOP is converted to phosphate through the
mineralization process, and the dissolved phosphate that
is the product of the mineralization process is adsorbed to
the sediment and then settles. Then, a fraction of particle
organic phosphorus (POP) settles directly, and the remaining POP could be converted to DOP through the
hydrolysis process, so the remaining loss mechanism is
the same as mentioned above. These findings are similar
to those of Høybye [53] and Abbaspour et al. [54].
It can be inferred from Table 4 that the TRMNL parameter contributes almost the same ratio of overall uncertainty in the three grids. However, for each parameter,
the amount of uncertainty in each grid is different. In light
of the definition of FOEA, the varying amounts of uncertainty are due to the different sensitivities of the parameters in the three grids. In addition, referring to model
configurations, the parameter configuration lacks spatial
heterogeneity; this parameter only has a single value in
the whole model domain. This phenomenon could contribute to different amounts of uncertainty in distinct
grids. The TRMNL parameter represents the temperature
effect on the mineralization rate of dissolved phosphorus
[29]. A change in the TRMNL value will affect the DOP
mineralization rate; a decrease in the TRMNL value will
result in an increased mineralization rate [44] and subsequently, an increase in the TP loss. This effect on mineralization rates is similar for the TRHDR parameter. Furthermore, for the TRMNL and TRHDR parameters, the
mineralization and hydrolysis process are related. The
results reveal that these two processes were the main
processes in this region [55]. The KPO4 parameter is the
ratio of the particulate concentration to the dissolved
concentration per unit concentration of suspended solid
[44], which indicates that the sediment adsorption capacity had a highly significant positive relationship with the
sediment properties [56].The trend of its amount of uncertainty also increases along the river because the nature of
the sediment in the three grids vastly differs [56, 57]. In
the presence of oxygen, dissolved phosphates are prone to
absorb the suspended particles. These particles eventually
settle to the sediment bed and are temporarily removed
from the cycling process. The settling of suspended solids
and sorbed phosphorus can provide a significant loss
mechanism of phosphorus from the water column to the
bed. Therefore, a little change in the KPO4 value could
lead to a bigger change in TP concentration in grid 700.

the TGRA. The models replicated seasonal and spatial
trends in water surface elevation, flow rate, sediment, and
water temperature reasonably well; however, the results
of TP modeling sometimes failed to correspond with the
observed data, especially during the high flow period.
This deficiency may have been due to the effect of nonpoint source pollution and the use of a single settling
velocity for particulate organic phosphorus in the entire
TGRA.
The FOEA model was applied to determine the key
parameters affecting prediction uncertainty for TP along
the TGRA, as simulated with EFDC. The uncertainty
analysis results indicated that model parameters, such as
TRMNL, TRHDR and KPO4, affected the final simulation output significantly. Reduction of the uncertainty in
these parameters could significantly improve model prediction uncertainty of TP. These results revealed that
FOEA can help water quality modelers and planners to
quantify the reliability of water quality predictions and to
conduct more efficient parameter selection to reduce
model output uncertainty.
It is suggested that the flows from ungauged watersheds should be included in water quality modeling in the
TGRA. In addition, further research should be conducted
on model structure and input EFDC model uncertainty in
the TGR.
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INFLUENCE OF ZINC, COPPER, NICKEL, CADMIUM
AND LEAD IN SOILS ON ACID PHOSPHATASE ACTIVITY
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ABSTRACT
The scope of this study was to determine relations between acid phosphatase activity and soil contamination
with zinc, copper, nickel, cadmium and lead. The experiments included acidic and alkaline reaction of loamy sand,
sandy loam and sandy clay loam soils. Soils were incubated at 25°C temperature for 30, 60 and 120 days. After
every time-limit activity of acid phosphatase were analyzed.
The results indicated the inhibitory influence of zinc,
copper, nickel, and cadmium on the activity of acid phosphatase.The stimulation of this enzyme activity in soils
contaminated with lead was also observed. Higher activity
was indicated in soils on pH 5.5 than in soils on pH 7.0.
Activity of acid phosphatase was determined by type and
level of heavy metal contamination, soil type and pH.
Resistance of acid phosphatase and resilience were
decreased with increase of contamination level of heavy
metals and was depended on soil type and pH. Stronger
resistance of acid phosphatase to contamination by zinc,
copper, nickel, cadmium and lead were indicated in heavy
soils than medium and light, at pH 7.0 than at pH 5.5.
Zinc had the weakest influence on RS and RL indices in
sandy clay loam at pH 7.0, the strongest in loamy sand at
the same pH. Contamination with copper, nickel, cadmium
and lead decreased strongest resistance of acid phosphatase
and resilience in sandy loam at pH 5.5, the weakest influence of these metals was indicated in sandy clay loam on
pH 7.0. In loamy sand and sandy loam contamination
suggests to worsen negative influence of heavy metals on
acid phosphatase activity.
KEYWORDS:
acid phosphatase, soil resistance, soil resilience, heavy metals

Rapid progress in people’s living conditions, apart
from obvious benefits, creates certain problems [1].
Among the most common ones, not completely resolved
yet, is soil contamination with heavy metals caused by
agricultural plant production on dedicated farmlands
and on non-agricultural land polluted by trace elements
due to deposition of heavy metals and their compounds
from industries [2]. Thus, extensive economy, especially in
developing countries, leads to deterioration of the health
status of the lithosphere’s topmost layer, thus reducing its
productivity and limiting possible use of contaminated
land [3]. The most common causes of soil contamination with heavy metals in agriculture are: use of excessive rates of fertilizers, application of plant protection
chemicals which contain these elements and deposition of
such elements from anthropogenic sources [4].
Soils contaminated with heavy metals are characterized by worse physical, chemical and biological parameters [5]. The latter ones are extremely important as they are
largely responsible for the cycling of elements and, consequently, for the quality of soils. Organisms which inhabit
soil are sensitive to the presence of elevated quantities of
heavy metals [6, 7], due to the methods testing relationships between soil contamination and soil quality are based
on soil microbial activity. One method is the evaluation of
soil enzymes activity, which take part in the cycling of biogenic elements [8, 9], like acid phosphatases.
Discontinuation of the destructive use of soil should
enable its recovery, so that with time its content of heavy
metals should return to the geochemical background level.
The objective of this study was to determine the effect of soil contamination by zinc, copper, nickel, cadmium and lead in different physicochemical properties on
acid phosphatase activity.

1. INTRODUCTION

2. MATERIALS AND METHODS

Soil environment belongs to basic natural resources,
which determine the development of human civilizations.
* Corresponding author

2.1 Soil preparation

The soil material was obtained from the University of
Warmia and Mazury Research Station in Tomaszkowo near
Olsztyn (Poland). Before the experiment was set up, soil
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samples were passed through a 2 mm mesh sieve. Next,
the following physicochemical properties were determined:
soil texture by the areometric method according to Casagrande modified by Prószyński; pH by the potentiometric
method in 1M of KCl solution in a 1:2.5 soil to soil solution ratio, hydrolytic acidity (HAC) and sum of exchangeable bases (TEB) according to Kappen method and organic
carbon content using potassium dichromate [10]. Cation
exchange capacity (CEC) was calculated from the hydrolytic acidity and total exchangeable base cations:
CEC = HAC + TEB
where: CEC – cation exchangeable capacity, mmol(+)·kgd.m. of soil, HAC – hydrolytic acidity, mmol(+)·kg-1 d.m.
of soil, TEB – sum of exchangeable cations, mmol(+)·kg-1
d.m. of soil.
1

Percentage base saturation (BS) was also calculated:

the activity of acid phosphatase was analyzed in two ranges
of pH: 5.5 and 7.0 (Table 1). The soils were contaminated
with zinc, copper, nickel, cadmium and lead at seven contamination levels (Table 2). The soil samples were incubated for 30, 60 and 120 days.
Soils were weighed out into 100 cm3 glass beakers
and then polluted aqueous solutions of ZnCl2, CuCl2,
NiCl2 · 6 H2O, CdCl2 · 21/2H2O and PbCl2 (Table 3). The
soils were contaminated corresponding to the contamination degrees which specify soil suitability for agricultural
and non-agricultural production:
0° - natural content – characteristic of soils with the
natural content of trace elements, conditioned by the biogeochemical backgrounds of soils; these soils can be used
for growing all horticultural and agricultural plants in line
with good land practice rules.
I° - elevated content – on such soils cultivation of
plants for production of baby food can be restrained;

BS = TEB • 100
CEC
BS - percentage base saturation, %, TEB - sum of exchangeable cations, mmol(+)·kg-1 d.m. of soil, CEC - cation
exchange capacity, mmol(+)·kg-1 d.m. of soil.
The types of soil were assigned according to the soil
texture classification systems proposed by the United States
Department of Agriculture. Detailed data are given in Tables 1 and 2.

II° - weak contamination – there is a possible risk of
chemical pollution of crops with heavy metals. It is forbidden to grow horticultural plants, e.g. lettuce, spinach or
cauliflower. It is allowed to grow cereals, tuber plants and
fodder plants;

2.2 Experiment description

III° - medium contamination – there is a risk of contamination of all plants. Cultivation of cereal, tuber and
fodder plants is allowed provided the level of heavy metals in edible parts of plants is monitored. Industrial plants
and grasses are recommended.

Three types of soil were used in the experiment: loamy
sand, sandy loam and sandy clay loam. In each type of soil,

IV° - strong contamination – contaminated soils which
should be excluded from agricultural production.

TABLE 1 - Physicochemical properties of soils used in the experiment
Soil texture
[grain diameterin mm]
HAC
TEB
CEC
Corg
Soil type
pHKCl
BS [%]
2 – 0.05
0.05–0.002
< 0.002
[g·kg-1]
(+)
-1
Content (%)
[mmol ·kg d.m. soil]
80
12
8
5.05
7.0
10.50
55.00
65.50
83.97
LS
80
12
8
5.05
5.5
21.75
47.00
68.75
68.36
72
21
7
7.05
7.0
8.00
111.00
119.00
93.28
SL
74
16
10
5.75
5.5
25.50
17.00
42.50
40.00
56
23
21
14.33
7.0
6.00
190.00
196.00
96.94
SCL
56
23
21
14.33
5.5
12.75
107.00
119.75
89.35
*
LS - loamy sand, SL - sandy loam, SCL - sandy clay loam;
pHKCl - pH of soil in 1M KCl, Corg - organic carbon content, HAC - hydrolytic acidity, TEB - sum of exchangeable bases, CEC - cation exchangeable
capacity, BS - percentage base saturation
*

TABLE 2 - Content of adoptive heavy metals forms in mg kg-1d.m. soil
Soil type*
LS
SL
SCL
*

pHKCl
7.0
5.5
7.0
5.5
7.0
5.5

Zn2+
10.8
10.8
16.6
11.6
13.0
13.0

Cu2+
2.5
2.5
3.8
1.2
3.6
3.6

Explanation under Table 1.
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Ni2+
3.2
3.2
4.6
4.5
3.7
3.7

Cd2+
0.3
0.3
0.3
1.0
0.2
0.2

Pb2+
12.0
12.0
16.0
9.3
11.9
11.9
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TABLE 3 - Heavy metals doses used in the experiment
Heavy metal type

0°

I°

Zn2+
Cu2+
Ni2+
Cd2+
Pb2+

0
0
0
0
0

70
25
25
0.5
50

Soil contamination degree
III°
IV°
mg kg-1d.m. soil
200
500
1500
50
80
100
50
75
150
1.5
3
5
100
250
1000
II°

Grass swards and trees are recommended. Better quality
soils may also be used for growing flax, hemp and oilseed
rape for technical purposes. It is recommended to rehabilitate such soils by liming and adding organic matter;
V° - very strong contamination – these soils must be
excluded from agricultural production. They must be
rehabilitated. Like above, it is permissible to grow flax,
hemp and oilseed rape for technical purposes;
VI° - 2-fold higher dose of heavy metals, than in V°.
Soil samples were mixed thoroughly and filled up with
deionized water until 50% maximum water capacity was
achieved. Next, the samples were covered by film and
placed in an incubator set at constant temperature of 25oC.
During the whole incubation period, the soil moisture
content was monitored at 7-day intervals. For this aim, the
beakers had been weighed prior to placing them in the
incubator and their weight was written down next to the
number of each sample and in the logbook. Two days before
the termination of each incubation period, the soil moisture
content was checked again. After 30, 60 and 120 days,
certain batches of the incubated samples were removed
from the incubator for determination of the acid phosphatase activity. A separate series of soil containing beakers
with 3 replications was run for each of the set dates.
2.3 Assay of phosphatase activity

The activity of acid phosphatase was determined according to Alef and Nannipieri method [11]. The results
were given in millimols of 4-nitrophenol (PNP) generated
in 1 h and per 1 kg d.m. of soil.
The results were submitted to statistical analyses using Statistica 10.0 software. Four-factor analysis of variance was applied, which then served as a basis for the
acquisition of Duncan’s multiple range test results at p =
0.01 [13]. Additionally, Pearson’s simple correlation coefficients and determination coefficients were derived.
2.4 Calculation of acid phosphatase resistance and soil resilience to heavy metals contamination

Based on the activity of acid phosphatase, soil resistance (RS) and soil resilience (RL) indices were calculated. Formulas given by Orwin and Wardle [12] were
used in the calculations:

V°

VI°

5000
500
600
10
5000

10000
1000
1200
20
10000

where: RS – resistance, RL – resilience index, D0 –
difference between the activity of acid phosphatase in soil
with the natural content of heavy metals and the activity
of acid phosphatase exposed to pressure after 30 days of
incubation, Dx – difference between the activity of acid
phosphatase in soil with the natural content of heavy
metals and the activity of acid phosphatase exposed to
pressure after 120 days of incubation.
3. RESULTS
3.1 Acid phosphatase activity in soils contaminated by heavy
metals

The results indicated the inhibitory influence of
heavy metals on the acid phosphatase activity. The activity of this enzyme in soil with the natural heavy metal
content depended on the type of soil and soil pH. Higher
activity was observed in soils of acid reaction, and the
highest one appeared in sandy loam at pH 5.5 (2.84 mM
PNP kg-1d.m. of soil). In contrast, the lowest activity of
acid phosphatase was observed in sandy clay loam at pH
5.5 (0.85 mM PNP kg-1d.m. of soil). Changes in the activity of acid phosphatase are illustrated in Figures 1-5.
Inhibition of the activity of acid phosphatase in soils
contaminated with zinc occurred already at the Io degree
of contamination, ranging from 6% in loamy sand at pH
5.5 to 26% in sandy loam at pH 7.0 compared to the control soil. The highest degree of soil contamination with zinc
inhibited the activity of phosphatase by an average 84%,
while the average inhibition irrespective of zinc dose of
was 52% (Fig. 1). Increase of soil contamination with zinc
caused an increasing inhibition of acid phosphatase activity.
Copper contamination of soil had a similar effect on
the activity of acid phosphatase. An elevated content of
this metal in soil failed to inhibit the activity of acid
phosphatase in just one case, which was in loamy sand at
pH 5.5. In all the other soils, the activity of the enzyme
declined from 8% in loamy sand at pH 7.0 to 45% in
sandy loam at pH 5.5 compared to uncontaminated soil.
The highest dose of copper inhibited the activity of acid
phosphatase by an average 70% irrespective of the type of
soil and its pH, while the average inhibition regardless of
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the copper dose was 43% (Fig. 2). Similarly to the results
observed in soils polluted with zinc, a higher degree of soil
contamination with copper steadily depressed the activity
of acid phosphatase.
As its contamination rate increased, nickel inhibited
the activity of acid phosphatase in all soils except sandy clay

loam at pH 5.5, in which an increase content of nickel had
a stimulating effect up to the IVo contamination degree,
while the higher rates only slightly depressed the activity
of this enzyme. The average inhibition percentage was 27%,
and the highest doses of nickel inhibited acid phosphatase
activity within the range of 9 to 72% (Fig. 3).

FIGURE 1 - Influence of zinc contamination on acid phosphatase activity

FIGURE 2 - Influence of copper contamination on acid phosphatase activity
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FIGURE 3 - Influence of nickel contamination on acid phosphatase activity

The inhibitory action of cadmium was much weaker
than that of zinc or copper. Although elevated amounts of
this metal substantially inhibited the activity of acid
phosphatase in loamy sand and sandy loam at pH 7.0, a
decline in the activity of this enzyme in response to nickel
in the other treatments was much smaller and the metal
even stimulated the enzyme in sandy clay loam at pH 7.0.

The rate of 20 mg Cd2+ kg-1d.m. of soil most strongly
inhibited the activity of phosphatase in sandy loam at pH
5.5 (56%), but the weakest inhibitory effect was observed
in loamy sand at the same reaction (10%). Irrespective of
the contamination degree, cadmium inhibited the activity
of acid phosphatase by an average 25% (Fig. 4).

FIGURE 4 - Influence of cadmium contamination on acid phosphatase activity
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Lead had the weakest inhibitory effect on the activity
of acid phosphatase. A distinct decrease in the activity of
this enzyme together with a higher rate of this contaminant was only observed in sandy loam, but the metal had a
stimulating influence in the same soil at pH 5.5 up to the
IIo contamination degree. In sandy clay loam at pH 7.0,
the activity of acid phosphatase was also depressed, but
numerous fluctuations were observed between the particular degrees of contamination. The same soil of acid reaction was characterized by a depressed activity of the enzyme within the range of the IIo to IVo contamination
degrees, and the highest rate of lead in soil caused a 2.5fold increase in the activity of phosphatase. In loamy
sand, no inhibitory effect of lead was noticed. At all the
contamination degrees, the activity of acid phosphatase
was higher than in soil containing the natural amounts of
lead, but the application of the rate of 10000 mg Pb2+ kg1
d.m. of soil led to a depressed activity of this enzyme
compared to the lower contamination degrees, i.e. from Io
to Vo (Fig. 5). The relationships between the activity of
acid phosphatase and soil contamination with the examined metals are presented in Table 4.
3.2 Resistance of acid phosphatase in soil contaminated with
heavy metals

The negative effect of zinc on the activity of acid
phosphatase was reflected by the value of the soil resistance index (Table 5) and soil resilience index (Table
6). The resistance of soil to the contamination with zinc
decreased as the contamination degree was higher in
neutral and acid loamy sand and in sandy loam at pH 7.0
and pH 5.5, but in sandy clay loam it only decreased in

the soil at pH 5.5 (Table 5). Sandy loam at pH 5.5 took
the longest to recover its original equilibrium (Table 6).
The resistance of acid phosphatase to copper contamination as a function of the activity of acid phosphatase
decreased as the degree of contamination dose, a tendency
which was manifested by negative coefficients of the
correlation between resistance and content of copper in
soil (Table 5). Neutral sandy loam and sandy clay loam
were generally characterized by higher RS values than the
corresponding acid soils, but a reverse trend was noticed
for loamy sand, where resistance in moderately contaminated soil was higher at acid reaction. Despite the diversity of presented data concerning the RS index, it should be
concluded that soils with neutral reaction recovered faster
than acid soils, which is confirmed by higher values of
the RL index computed for the soils at pH 7.0 (Table 6).
Negative values of the RL index in acid soils prove that
disruptions in the activity of acid phosphatase due to
copper contamination tended to grow more profound.
The experiments show that resistance of particular
types of soil to nickel, measured with the activity of acid
phosphatase is varied (Table 5). Irrespective of soil acidification, sandy clay loam was more resistant to nickel
contamination than sandy loam. In the latter soil, the
negative effect of excess nickel became more demonstrable, especially in soil samples of pH 5.5, the tendency
which was proven by the negative value of RL (Table 6).
Sandy clay loam of the neutral reaction recovered most
quickly from nickel contamination between the Io and IVo
contamination degree.

FIGURE 5 - Influence of lead contamination on acid phosphatase activity
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TABLE 4 - Pearson’s simple correlation coefficients among acid phosphatase activity in soil contaminated by zinc, copper, nickel, cadmium
and lead
Soil type
Sandy loam

Loamy sand

Heavy metal type

Sandy clay loam

Soil pH
7.0

5.5

7.0

5.5

7.0

5.5

2+

-0.98

-0.96

-0.98

-0.97

-0.99

-0.96

Cu2+

-0.94

-0.93

-0.95

-0.92

-0.88

-1.00

+

-0.92

-0.88

-0.86

-0.81

-0.97

-0.73

2+

0.90

1.00

0.85

0.77

0.94

0.91

2+

0.92

1.00

-0.40

-0.20

0.00

-0.53

Zn

Ni2
Cd
Pb

TABLE 5 - Soil resistance index (RS) of acid phosphatase activity in soils contaminated by zinc, copper, nickel, cadmium and lead
Soil type

LS
SL
SCL

Soil pH

Soil contamination degree*
I°

II°

IV°

V°

VI°

r

0.66

III°
Zn2+
0.60

7.0

0.77

5.5
7.0

0.75
0.95

0.47

0.10

0.08

-0.90

0.67
0.53

0.46
0.50

0.16
0.18

0.07
0.10

0.06
0.08

-0.77
-0.84

5.5
7.0
5.5

0.91
0.83
0.77

0.71
0.90
0.73

0.26
0.72
0.72

0.08
0.84
0.70

0.08
0.96
0.69

0.05
0.79
0.68

-0.78
0.59
-0.81

0.56
0.65

0.27
0.59

0.17
0.22

-0.89
-0.92

LS

7.0
5.5

0.93
0.85

0.73
0.66

Cu2+
0.64
0.65

SL

7.0
5.5

0.59
0.23

0.41
0.22

0.34
0.21

0.26
0.17

0.22
0.08

0.15
0.06

-0.75
-0.92

SCL

7.0
5.5

0.68
0.80

0.66
0.32

0.64
0.23
Ni2+

0.63
0.24

0.52
0.10

0.42
0.10

-0.99
-0.58

LS

7.0
5.5

0.92
0.93

0.83
0.88

0.83
0.77

0.48
0.66

0.29
0.62

0.23
0.64

-0.86
-0.68

7.0
5.5
7.0

0.27
0.28
0.90

0.26
0.21
0.89

0.24
0.18
0.98

0.23
0.17
0.97

0.17
0.17
0.86

0.17
0.15
0.54

-0.89
-0.62
-0.92

5.5

0.42

0.85

0.97

0.79

0.80

0.15

7.0

0.93

0.95

0.82
Cd2+
0.67

0.65

0.50

0.49

-0.81

5.5
7.0

0.80
0.31

0.64
0.30

0.59
0.29

0.59
0.29

0.56
0.28

0.49
0.26

-0.78
-0.96

5.5
7.0
5.5

0.18
0.82
0.47

0.19
0.95
0.64

0.19
0.93
0.85

0.19
0.95
0.90

0.19
1.00
0.72

0.19
0.99
0.65

0.41
0.66
0.04

0.42
0.24

0.09
0.01

0.98
0.38

0.65
-0.06

SL
SCL

LS
SL
SCL

LS

7.0
5.5

0.29
0.43

0.42
0.29

Pb2+
0.31
0.25

SL

7.0
5.5

0.28
0.23

0.36
0.24

0.33
0.31

0.37
0.38

0.22
0.42

0.16
0.28

-0.89
0.20

0.84
0.00

0.83
0.93

0.99
0.73

0.74
0.52

0.57
0.33

0.46
-0.45

-0.91
-0.76

7.0
5.5
*
Explanation under Table 1.
SCL
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TABLE 6 - Soil resilience index (RL) of soils contaminated by zinc, copper, nickel, cadmium and lead based on changes of acid phosphatase
activity
Soil type

Soil pH

Soil contamination degree*
I°

II°

III°
Zn

LS
SL
SCL

SL
SCL

V°

VI°

r
0.79

7.0

-0.44

-0.12

0.14

0.40

0.08

0.07

5.5

-0.73

-0.40

-0.44

0.03

0.09

0.07

0.95

7.0

0.91

0.31

0.35

0.10

0.08

0.09

-0.88

5.5

0.31

-0.09

-0.42

-0.37

-0.32

-0.32

-0.81

7.0

0.68

0.84

0.67

0.83

0.96

0.84

0.16

5.5

0.52

0.53

0.54

0.54

0.55

0.55

0.49

Cu
LS

IV°

2+

2+

7.0

0.58

0.41

0.29

0.21

0.13

0.13

-0.96

5.5

0.69

0.15

-0.49

-0.29

-0.07

-0.49

-0.75
-0.73

7.0

0.31

0.19

0.19

0.17

0.17

0.18

5.5

-0.60

-0.57

-0.50

-0.49

-0.42

-0.43

0.97

7.0

0.22

0.42

0.42

0.44

0.31

0.20

-0.20

5.5

0.33

-0.20

-0.08

-0.02

0.10

0.16

0.03

Ni2+
LS
SL
SCL

7.0

0.72

0.51

-0.27

-0.56

-0.58

-0.44

-0.88

5.5

-0.06

-0.30

-0.38

-0.49

-0.31

-0.12

-0.15

7.0

-0.71

0.05

0.07

0.04

0.05

0.08

0.67

5.5

-0.78

-0.70

-0.64

-0.62

-0.51

-0.63

0.80

7.0

0.80

0.79

0.97

0.94

0.76

0.35

-0.57

5.5

-0.41

-0.84

0.00

0.77

0.29

0.30

0.72
-0.92

Cd2+
LS
SL
SCL

7.0

0.68

0.78

0.19

0.12

-0.08

-0.35

5.5

-0.96

-0.96

-0.67

-0.81

-0.41

-0.30

0.86

7.0

0.13

0.13

0.13

0.14

0.12

0.14

-0.22

5.5

-0.59

-0.55

-0.55

-0.57

-0.59

-0.60

-0.16

7.0

0.63

0.89

0.84

0.91

1.00

0.98

0.55

5.5

-0.25

0.12

0.59

0.75

0.56

0.35

0.18

Pb2+
LS
SL
SCL

*

7.0

-0.47

-0.32

-0.13

0.20

-0.30

0.88

0.77

5.5

0.06

-0.07

-0.99

-0.44

-0.54

-0.41

-0.46

7.0

0.11

0.21

0.17

0.23

0.06

0.01

-0.55

5.5

-0.66

-0.65

-0.60

-0.55

-0.53

-0.35

0.92

7.0

0.58

0.57

0.98

0.68

0.50

0.43

-0.35

-0.01

0.92

0.66

0.38

0.37

-0.01

-0.28

5.5
Explanation under Table 1.

Among all the tested soils, acid phosphatase was
most resistant to cadmium in neutral sandy clay loam, but
the least resistant to that metal in acid sandy clay loam
(Table 5). The difference in the RS index between these
soils was nearly five-fold. Quite high values of the RS
index were recorded in loamy sand of the neutral reaction
with the lowest contaminations degrees (Io and IIo). In
acid loamy sand and acid sandy loam, negative values of
the RL index were achieved, which indicates that the
negative effect of cadmium on acid phosphatase grew

stronger in these soils as the experiment progressed in
time (Table 6).
The average value of the resistance index (RS) of acid phosphatase to soil contamination with lead was the
highest in neutral sandy clay loam (0.74), and much lower
in neutral loamy sand (0.42) (Table 5). Acid phosphatase
was more resistant to lead in loamy sand of the neutral
reaction than in acid loamy sand. A similar dependence
appeared in sandy clay loam, but in sandy loam the RS
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index value did not depend on the range of pH. In turn,
the values of the RL index (Table 6) prove that more
persistent disorders in the acid phosphatase activity were
induced by lead in acid than in neutral soils and in loamy
sand or sandy loam than in sandy clay loam.
4. DISCUSSION
Inhibition of the activity of soil enzymes by heavy
metals involves denaturation of enzymatic proteins, competition for substrate or extracellular reactions [14]. The
activity of acid phosphatase is determined by the content
of heavy metals in soil. This has been confirmed by
Wyszkowska et al. [15], who demonstrated the inhibitory
effect of copper in rates of 50 and 450 mg kg-1d.m. of
soil, and zinc, lead, nickel, cadmium and chromium in a
dose of 50 mg kg-1d.m. of soil on the activity of acid
phosphatase. In that experiment, two types of soil were
tested: loamy sand at pH 6.9 and sandy loam at pH 7.0.
Negative effect of zinc, nickel, cadmium and chromium
introduced to soil in a rate of 50 mg kg-1d.m. of soil on
the activity of this enzyme was observed.
The activity of acid phosphatase is also affected by
human action, the fact that has been demonstrated in a
study conducted by Bielińska [16]. This author compared
the activity of acid phosphatase in soil contaminated with
zinc, copper, cadmium and lead exposed to strong anthropogenic stress and in soil from less industrialized areas,
with the natural content of heavy metals. In both cases,
the rhizosphere and extra-rhizosphere soil settled by
Taraxum officinale was analyzed. The author showed that
fluctuations in the activity of acid phosphatase and in the
content of available forms of trace elements depended on
the sphere – in the rhizosphere these parameters were
higher than outside.
Stuczyński et al. [17] demonstrated that hardly assimilable metals may have a negative effect on the quality of
soil. These authors found that cadmium had a toxic effect,
which led to a decrease in the activity of acid phosphatase.
Contamination of soil with lead in high rates stimulated
the activity of this enzyme. This effect was also verified
in the present experiment. Similar effect of soil contamination with copper was described by Wyszkowska et al.
[18], who found inhibition of acid phosphatase in cadmium-contaminated light soil, contrary to heavy one. These
results support the claim that the extent of effect produced
by heavy metals depends on the adsorption capacity of
soils.
Soil contamination with metals may have an inhibitory
effect not only on the activity of enzymes but also on microorganisms which synthesize these enzymes, a conclusion
drawn by Landi et al. [19]. Like Stuczyński et al. [17], they
demonstrated depressed activity of this enzyme in response
to an increasing contamination of soil with cadmium.
Another important factor is the length of time when soil
is exposed to pressure of heavy metals. Balyaeva et al. [20]

concluded that the inhibitory influence of zinc, copper and
lead on the activity of acid phosphatase becomes weaker
after two years. Besides, in soils polluted with the above
metals, an increase in the activity of this enzyme was proportionally higher than in a non-contami-nated treatment.
Although the tendencies observed by the above authors are similar to the trends detected in this study, the
activity of acid phosphatase reached different values, which
may have been caused by the different conditions in which
all the discussed experiments were performed and the different physicochemical properties of the analyzed soils.
The indices which define the resistance of enzymes to
soil contamination with heavy metals reflect very well the
actual quality of soil formations. The RS index is closely
connected with the activity of acid phosphatase. The relevant literature contains many references in which the RS
and related indices are used as indicators of soil quality
[21, 22]. Their calculated values either confirm or reject
the relationship between the resistance of an enzyme and
the type of soil and its pH. Such results have been obtained for example by Dussault et al. [23], who did not
show any effect of copper on the activity of β-glucosidase
and protease. In the present study, a dependence has been
verified between the soil pH and resistance of acid phosphatase to zinc, copper, nickel, cadmium and lead. Our
results support some earlier observations, like the ones
reported by Wyszkowska et al. [24] and Boros et al. [25].
In sandy loam, acid phosphatase was more resistant to
copper than in loamy sand.
Apart from acid phosphatase, soil contains other enzymes which are sensitive to heavy metals, as has been
demonstrated by Wyszkowska et al. [26] in their analysis
of the relationships between copper and dehydrogenases,
catalase and urease. Also these researchers have proven the
dependence between resistance of enzymes and type of
soil. Moreover, they found out that the resistance of acid
phosphatase declined as the degree of soil contamination
increased. The present experiment suggests that depressed
resistance of the enzyme means that soil will take longer to
recover.
Finally, it is worth remembering that analysis of a
single parameter is inadequate for proper determination of
the degree of soil contamination with heavy metals. Contrary to that, a complex approach is necessary, one which
will include the concentration of available forms of trace
elements, type of soil, source of contamination, biosphere
inhabiting the soil environment and environmental conditions [27-29].

4. CONCLUSIONS
1.

Soil contamination with zinc, copper, nickel, cadmium
and lead disturbs the activity of acid phosphatase.

2.

Zinc, followed by copper, nickel and cadmium,
proved to be the metal that induced the strongest inhi-
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bition of the acid phosphatase activity. Lead had the
weakest inhibitory effect on this enzyme.
3.

Soil contamination with lead had a significant inhibitory effect on the acid phosphatase activity in sandy
loam.

4.

In loamy sand, irrespective of its pH, and in sandy
clay loam at pH 5.5, lead contamination stimulated
the activity of acid phosphatase.

5.

The activity of acid phosphatase was higher in soils
with acid reaction, irrespective of the type of soil,
contamination degree and type of metal.

6.

The soil resistance index (RS) and its resilience index
(RL) are reliable indicators of the quality of soil polluted by heavy metals.
ACKNOWLEDGEMENT

The study has been performed under the research project called “The microbial activity of soils exposed to
pressure of heavy metals”, financed by the National Science Centre, No N N305 361839.
The authors have declared no conflict of interest.

[9]

Acosta-Mart nez, M.A. and Tabatabai, V. (2000). Enzyme
activities in a limed agricultural soil. Biol. Fert. Soils, 31, 8591.

[10] Lityński, T., Jurkowska, H. and Gorlach, I. (1976). Chemical
and agriculture analysis, PWN, Warsaw: 129-132.
[11] Alef, K., Nannipieri, P. and Trasar-Cepeda, C. (1998). Phosphatase activity. [in:] Methods in Applied Soil Microbiology
and Biochemistry. Alef K., Nannipieri P. (eds.), Academic
Press. Harcourt Brace & Company, Publishers, London, 335344.
[12] Orwin, K.H. and Wardle, D.A. (2004). New indices for quantifying the resistance and resilience of soil biota to exogenous
disturbances. Soil. Biol. Biochem. 36, 1907-1912.
[13] StatSoft Inc. (2012): STATISTICA (data analysis software
system), version 10.0. www.statsoft.com
[14] Nannipieri, P. (1994). The potential use of soil enzymes as
indicators of productivity, sustainability and pollution. [in:]
Pankhurst, C.E., Doube, B.M., Gupta, V.V.S.R., Grace, P.R.
(Eds.), Soil Biota, Management in Sustainable Farming Systems. CSIRO Publications, Australia, 238–244.
[15] Wyszkowska, J., Kucharski, J. and Lajszner, W. (2006a). The
effects of copper on soil biochemical properties and its interaction with other heavy metals. Pol. J. Environ. Stud. 15(6),
927–934.
[16] Bielińska, E. J. (2007). Soil enzymes activity in the rhizosphere
of the dandelion as an indicator of the ecochemical condition of
urban soils. J. Res. App. Agr. Eng. 52(3), 10-14.
[17] Stuczyński, T.I., McCarty, G.W. and Siebielec, G. (2003).
Response of soil microbiological activities to cadmium, lead
and zinc salt amendments. J. Environ. Qual. 32, 1346–1355.
[18] Wyszkowska, J., Zaborowska, M. and Kucharski, J. (2006b).
Activity of enzymes in zinc contaminated soil. EJPAU 9(1)
#06.

REFERENCES
[1]

Johnson, C.C. and Ander, E.L. (2008). Urban geochemical
mapping studies: how and why we do them. Environ. Geochem. Hlth, 30, 511-530.

[2]

Barker, A.V. and Bryson, G.M. (2002). Bioremediation of
heavy metals and organic toxicants by composting. TheScientificWorldJo., 407-420.

[3]

Smith, S.R. (2009). A critical review of the bioavailability
and impacts of heavy metals in municipal solid waste composts compared to sewage sludge. Environ. Int. 35, 142-156.

[20] Balyaeva, O.N., Haynes, R.J. and Birukova, O.A. (2005).
Barley yield and soil microbial and enzyme activities as Affected by contamination of two soils with lead, zinc or copper. Biol. Fertil. Soils. 41, 85-94.

[4]

Giller, K.E., Witter, E. and McGrath, S.P. (1998). Toxicity of
heavy metals to microorganisms and microbial processes in
agricultural soils: review. Soil Biol. Biochem., 30, 13891414.

[21] Emmerling, Ch., Schloter, M., Hartmann, A. and Kandeler,
E. (2002). Functional diversity of soil microorganisms – a review of recent research activities in Germany. J. Plant Natur.
Soil Sci. 165, 408-420.

[5]

Biyik, H., Imali, A., Atalan, E., Tüfunkci, S. and Ögün, E.
(2005) Diversity of microfungi in soil polluted by cement
factory. Fresenius Environ. Bull. 14, 130-137.

[6]

Doran, W.J. and Parkin, T.B. (1996). Quantitative indicators
of soil quality: A minimum data set. [in:] Metods for assessing soil quality, J.W. Doran and A.J. Jones (red.), SSSA
Spec. Publ. 49. SSSA, Madison, WI, USA, 25-37.

[22] Wertz, S., Degrange, V., Prossier, J.I., Poly, F., Commeaux,
C., Guillamaud, N. and Le Roux, X. (2007). Decline of soil
microbial diversity does not influence the resistance and resilience of key soil microbial functional groups following a
model disturbance. Environ. Microbiol. 9(9), 2211-2219.

[7]

[8]

Loureiro, S., Nogueira, A.J.A. and Soares, A.V.M. (2007) A
microbial approach in soils from contaminated mine areas:
the Jales mine (Portugal) case study. Fresenius Environ.
Bull., 16, 1648-1654.
Schloter, M., Dilly, O. and Munch, J.C. (2003). Indicators for
evaluating soil quality. Agriculture, Ecosys. Environ., 98,
255-262.

292

[19] Landi, L., Renella, G., Moreno, J.L., Falchini, L. and Nannipieri, P. (2000). Influence of cadmium on the metabolic
quotient, L-: D-glutamic acid respiration ratio and enzyme
activity: microbial biomass ratio under laboratory conditions.
Biol. Fertil. Soils 32, 8–16.

[23] Dussault, M., Bécaert, V., Francois, M., Sauvé, S. and
Deschênes, L. (2008). Effect of copper on soil functional stability measured by relative soil stability index (RSSI) based
on two enzyme activities. Chemosphere 72, 755-762.
[24] Wyszkowska, J., Kucharski, M. and Kucharski, J. (2010).
Activity of β-glucosidase, arylsuphatase and phosphatases in
soil contaminated with copper. J. Elem. 15(1), 213-226.
[25] Boros, E., Baćmaga, M., Kucharski, J. and Wyszkowska, J.
(2011). The usefulness of organic substances and plant
growth in neutralizing the effects of zinc on the biochemical

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

properties of soil. Fresenius Environ. Bull., 20(12), 31013109.
[26] Wyszkowska, J., Kucharski, M., Kucharski, J. and Borowik,
A. (2009). Activity of dehydrogenases, catalase and urease in
copper polluted soil. J. Elem. 14(3), 605-617.
[27] Vig, K., Megharaj, M., Sethunathan, N. and Naidu, R.
(2003). Bioavailability and toxicity of cadmium to microorganisms and their activities in soil: a review. Adv. Environ.
Res. 8, 121–135.
[28] Wyszkowski, M. and Radziemska, M. (2013). Influence of
chromium (III) and (VI) on the concentration of mineral elements in oat (Avena sativa L.). Fresenius Environ. Bull.,
22(4),979-986.
[29] Zaborowska, M., Wyszkowska, J. and Kucharski, J. (2006).
Microbial activity in zinc contaminated soil of different pH.
Pol. J. Environ. Stud., 15(2a), 569-574.

Received: March 15, 2013
Revised: July 09, 2013
Accepted: September 17, 2013

CORRESPONDING AUTHOR
Karol Wieczorek
University of Warmia and Mazury in Olsztyn
Faculty of Environmental Management and Agriculture
Department of Microbiology
Plac Łódzki 3 str.
10-727 Olsztyn

293

POLAND
Phone: +48 89 523 48 86
E-mail: karol.wieczorek@uwm.edu.pl
FEB/ Vol 23/ No 1a/ 2014 – pages 274 - 284

© by PSP Volume 23 – No 1a. 2014

Fresenius Environmental Bulletin

ENHANCED NITROGEN REMOVAL IN
A NON-PLANTED MODIFIED EXTENDED
TIDAL FLOW CONSTRUCTED WETLAND
Xiaoli Du1,*, Zuxin Xu2 and Junqi Li1
1
Key Laboratory of Urban Stormwater System and Water Environment, Ministry of
Education, Beijing University of Civil Engineering and Architecture, Beijing , 100044, China.
2
School of Environmental Science and Engineering, Tongji University, Shanghai, 200092, China.

ABSTRACT
An extended tidal flow operation was applied in a
modified constructed wetland with an air pipe to examine
the removal of biological oxygen demand (BOD5), ammonia nitrogen (NH4+-N) and total nitrogen (TN) when
treating rural wastewater in China. The results showed
that mean percentage removal of BOD5, NH4+-N and TN
of each cycle with seven days of saturated operation following by one day of unsaturated operation in the system
were 79%, 95% and 47%, respectively. Nitrification was
considered the major factor to influence on NH4+-N removal in the system. Mass balance calculation of NH4+-N
showed that average removal rate of NH4+-N by nitrification was 5.06g/m2·d, which was 7.5 times more than the
amount removed by biomass assimilation. Average TN
removal was significantly enhanced in the single stage
modified extended tidal flow constructed wetland, which
was 3.27g/m2·d, much higher than the data reported in the
conventional single stage constructed wetland.
KEY WORDS: Modified extended tidal flow constructed wetland,
Organic matter, Ammonia nitrogen, Total nitrogen

1. INTRODUCTION
Because of the low maintenance cost, simple operation and low energy consumption, constructed wetlands
have become more and more popular for rural wastewater
treatment in China. After nearly two decades of gradual
improvement, typical removal rate of organic matters now
is satisfied in most treatment wetlands, about 80-90% [1].
However, typical percentages of ammonia nitrogen and
total nitrogen removal during long-term operation are
only 30% and 39.6%, respectively [2].
Traditional biological nitrification/denitrification is
considered the main principle sustainable nitrogen removal
* Corresponding author

process in most treatment wetlands [3,4]. Classic nitrification is the conversion of ammonia to nitrite or nitrate which
requires an oxic condition and less organic carbon for autotrophic nitrifying bacteria growth. However, classic denitrification is the reduction of nitrite/nitrate to NO/N2O/N2
which requires an anoxic condition with organic carbon as
the electron donor and nitrite/nitrate as the electron acceptor by the heterotrophic denitrifying bacteria. Different
requirements of oxygen and organic carbon for nitrification
and denitrification are major obstacles in many treatment
wetlands for achieving high nitrogen removal. Generally,
vertical flow constructed wetlands and horizontal subsurface flow constructed wetlands were often arranged in a
staged manner to create nitrification and denitrification condition sequentially, producing a good nitrogen removal rate
[5,6]. However, it is not advisable because of the high cost
of occupied land and high energy consumption of operation. Thereafter, it is essential to enhance total nitrogen
removal in single-stage constructed wetland system.
Ammonia nitrogen removal was achieved in the modified constructed wetland with an air pipe without additional energy consumption [7]. In this study, an extended
tidal flow mode was applied in the modified constructed
wetland for total nitrogen removal. Organic matters removal efficiency, ammonia nitrogen removal efficiency
and total nitrogen removal efficiency in the extended tidal
flow constructed wetland with an air pipe were explored
when treating rural wastewater.
2. MATERIALS AND METHODS
2.1 Modified extended tidal flow constructed wetland system

A pilot-scale vertical flow constructed wetland was
used in this study. The ferrous container (0.8m long, 0.8m
wide and 1.5m high) was filled with big gravel (D10=
16mm, Cu=2.40) 15cm, small gravel (D10=2.40mm, Cu=
3.98) 30cm, sand (D10=0.41mm, Cu=7.32) 40cm and small
gravel 45cm from the bottom up, as shown in Figure 1. A
drainage pipe and a distribution pipe were located on the
flat bottom and 5cm below the gravel surface, respective-
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ly. An air pipe with a diameter of 10 cm was installed in
the system. The air pipe was distributed into four
branches with three 5mm diameter apertures each at bottom.

cal oxygen demand (BOD5), ammonia nitrogen (NH4+-N),
nitrite nitrogen (NO2--N), nitrate nitrogen (NO3--N) and
total nitrogen (TN) using the standard methods [8]. Average concentration of pollutants in influent and effluent of
each period during two month experiment was listed in
Table 1. A PHS-25 pH meter was used to measure pH.
3. RESULTS AND DISCUSSION
3.1 Organic matter removal

FIGURE 1 - Schematic diagram of the modified extended tidal flow
constructed wetland system

Extended tidal flow mode was applied in the constructed wetland system. Wastewater was fed continuously, while discharged intermittently in the system with a
hydraulic loading keeping at 0.1m3/m2·d. When the water
level reached 1050mm, the electromagnetic valve fixed
on drainage pipe would be open for draining with the
same flow as inflow, maintaining the water level 1050mm
for seven days. After seven days’ saturated time,
wastewater would be discharged quickly. Then
wastewater was fed and discharged continuously for one
day’s un-saturated time. After that, the electromagnetic
valve fixed on drainage pipe would be closed for flooding.
A new cycle started as the same operation mode mentioned
above. The system was operated in this operation mode for 6
months to establish microorganism population. Then 60
days batch experiments were carried out to evaluate the
efficiency of pollutant removal. During the experiments,
the temperature ranged from 22 to 30℃.

As shown in Table 1, average BOD5 removal percentage of each extended tidal operation period was
78%~80%. BOD5 concentration variety and removal
percentage in the second period during the experiments
were shown in Figure 2. Average BOD5 removal percentage was 80% during the period. BOD5 removal rate increased gradually during first four days and reached maximum value in the fourth day of saturated operation. Then
BOD5 removal rate decreased until the last day of saturated operation. The lowest removal rate of BOD5 was 67%
in the seventh day. During the unsaturated operation period, BOD5 removal rate increased to 72% because of the
enhanced air oxygenation by the air pipe. In constructed
wetlands, BOD5 could be removed by microorganisms as
nutrients in aerobic biodegradation process or as organic
carbons in anoxic denitrification process. During the
unsaturated operation period, oxygenation was enhanced
due to the air pipe and excess oxygen could be stored in
the biofilm for BOD5 removal during the saturated operation. In the first four days of saturated operation, BOD5
removal was satisfied by aerobic biodegradation because
of the oxygen stored in biofilm. With oxygen stored in the
biofilm consuming, BOD5 removal rate slightly decreased
in the last three days of saturated operation. Also, some
BOD5 was possibly removed as organic carbon in the last
three days of saturated operation process due to anoxic
environment.

TABLE 1 - Average concentrations of influent and effluent of different cycle in the modified extended tidal flow constructed wetland
(mg/L, excluding pH)
Parameter
BOD5
NH4+-N
NO2--N
TN
NO3--N
pH

Influent Range in Different
Cycle
132.93-159.31
69.85-73.45
0.03-0.08
74.56-78.88
1.58-2.26
7.65-7.74

Effluent Range in Different
Cycle
28.84-31.32
2.89-4.53
0.17-0.21
38.51-42.43
35.29-37.40
6.38-6.61
FIGURE 2 - Variation of BOD5 of each cycle in the modified extended tidal flow constructed wetland

2.2 Water Quality measurements

Rural wastewater, which obtained on a daily basis from
the municipal sewer in Shanghai of China, was treated in
the constructed wetland system. Influent and effluent samples were collected and analyzed immediately for biologi-

Generally, first-order kinetic equation is considered to
follow in the constructed wetland. Therefore, the following
equation is satisfied in the system.
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dC
= KC
dt

Where t is the time (d); K is the reaction constant
(1/d); C is the value of BOD5 at a random position inside
the wetland system. Based on the equation, the following
‘Kickuth’ equation is usually educed to evaluate the removal rate of organic matter, which is widely used for
constructed wetlands treating domestic sewage.

A=

Q(ln C0 − ln Ce )
K BOD

Where A is surface area (m2); Q is average daily flow
rate of the wastewater (m3/d); C0 and Ce are values of
BOD5 (mg/L) in influent and in effluent of the wetland
and KBOD is the rate constant (m/d) when the removal of
BOD5 is described by first-order kinetics.
Based on the figures in Table 1, average KBOD value in
extended tidal flow constructed wetland system is deduced,
approximately 0.10m/d. The obtained data is in high value,
comparing with the typical value of 0.07-0.10m/d reported
for UK systems [9]. Obviously, the removal of BOD5 in
the modified extended tidal flow constructed wetland is
efficient. Two reasons were useful to enhance BOD5 removal. Firstly, the extended tidal flow operation mode increased reaction time between microbes and organic matters, resulting in high BOD5 removal potential. Secondly,
the air pipe increased air oxygenation during the unsaturated operation period, enhancing oxygen storage in the
biofilm for further BOD5 removal in the saturated operation time of next cycle.
Removal rate of BOD5 described by ‘Kickuth’ equation is a practical and simple way. However, no convincing evidence is proved that BOD5 removal is followed by
first-order kinetics in the modified extended tidal flow
constructed wetland. Therefore, sampling from different
depths of the modified extended tidal flow constructed wetland may help reveal the kinetics of organic matter removal. Further substantial data should be collected to indicate appropriate design criteria for BOD5 removal in extended tidal flow constructed wetland.
3.2 Ammonia nitrogen removal

Average NH4+-N removal percentage of each extended tidal operation period was 94% - 96%, shown in Table
1. NH4+-N concentration variety and removal percentage
in the second period during the experiments were shown
in Figure 3. The removal rate of NH4+-N ranged in 84%98%, with an average removal rate of 95% in the period.
NH4+-N removal rate was the lowest in the seventh day
during the saturated operation. Removal rate of NH4+-N
increased to 94% during the unsaturated operation.
Possible routs of NH4+-N removal involved ammonia
volatilization, nitrification, substrate adsorption and biomass assimilation. Ammonia volatilization was not likely
to be a major removal mechanism in the system because
that pH generally was lower than 7.65 and temperature

was lower than 30℃. Moreover, substrate adsorption could
be negligible because the substrates used are inert materials and have no significant cation exchange capacity for
ammonia adsorption [10]. Nitrification is mostly considered the main removal route of NH4+-N in constructed
wetland. Biomass assimilation might have played a significant role in NH4+-N removal because that 12.4% of
C5H7O2N mass is constituted by nitrogen [11]. 0.6g biomass
is estimated to generate as 1.0g BOD5 removal. Thereafter,
the amount of NH4+-N immobilized by microorganism
assimilation reaches 0.074g for 1.0g BOD5 removal. Based
on these figures and average BOD5 removal amount in
Table 1, the mean amount of NH4+-N immobilized by biomass assimilation was 0.67 g/m2·d. Consequently, contribution of nitrification to NH4+-N removal was estimated to
be 5.06 g/m2·d. Considering that NH4+-N might be removed by some other biological processes and media
adsorption, the actual figure should be lower than this
data.

FIGURE 3 - Variation of NH4+-N of each cycle in the modified
extended tidal flow constructed wetland

Classic nitrification consists of two successive aerobic reactions, ammonia oxidation with the conversion of
ammonium to nitrite by nitrite bacteria (Nitroso-) and nitrite oxidation with the conversion of nitrite to nitrate by
nitrate bacteria (Nitro-). Nitrification was an oxygen consumption process. Excess oxygen, which was caused by
the enhanced oxygenation of the air pipe during the unsaturated operation, could be stored in the biofilm for nitrification during the saturated operation time. As shown in
Figure 3, NH4+-N removal was efficient in the system until
the last day of saturated operation, indicating that oxygen
consumed by nitrification during the saturated operation
could be satisfied by the oxygen supplied by the air pipe
and unsaturated operation mode during the unsaturated
operation. In the first six days of saturated operations, sufficient oxygen was supplied for nitrification, resulting in
high NH4+-N removal rate. On the seventh day of saturated
operation, insufficient oxygen resulted in insufficient nitrification, leading to the lowest NH4+-N removal rate. However, oxic environment could be recovered rapidly inside
the system during the unsaturated operation, resulting in
high NH4+-N removal rate. Also, excess oxygenation en-
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hanced by air pipe during unsaturated operation could
afford the oxygen demand for nitrification in the next
saturated operation.
3.3 Total nitrogen removal

Average TN removal percentage of each extended tidal
operation period was 46%-48%, as shown in Table 1. No
nitrite was accumulated in the system. TN concentration
variety and removal percentage in the second period during the experiments were shown in Figure 4. The removal
rate of TN ranged in 15%-79% and average removal rate
was 47% during the period in the extended tidal flow constructed wetland. With time increasing, TN removal rate
increased gradually and reached maximum value on the
seventh day during saturated period. Then TN removal rate
decreased to15% during the following unsaturated operation.

FIGURE 4 - Variation of TN of each cycle in the modified extended
tidal flow constructed wetland

Traditional nitrogen transformation theory provides an
explanation for that influent concentration of TN should
result in very close to effluent concentration of TN under
aerobic condition, if classic nitrification predominates.
Classic denitrification is the reduction of nitrite/nitrate to
NO/N2O/N2 which requires an anoxic condition. Actually,
the reduction of TN was equal to the reduction of NO3--N
because no NO2--N was accumulated in the system.
Therefore, the reduction of TN indicated that some anoxic
or anaerobic areas existed in the system, especially during
the late period of saturated operation. In the first three
days during the saturated operation, TN removal rate was
not high be-cause of the oxic environment resulted from the
previous unsaturated operation. During the last four days
of saturated operation, the stored oxygen in the biofilm was
insufficient to maintain complete oxic environment and
some anoxic environment appeared to favor denitrification. The gradual increased TN removal rate in the last
four days of saturated operation showed that oxic zones
were decreased and anoxic zones were increased gradually,
resulting in the lowest NH4+-N removal rate and the highest TN removal rate in the last day of saturated operation.
Another explanation was that anaerobic ammonium oxidation (Anammox) maybe occurred in the system because

of no nitrite accumulation [13], which should be further
validated. In the unsaturated time, which was oxygenation
time because of the air pipe and the unsaturated mode,
denitrification was restricted and nitrification was encouraged.
By subtracting the amount of NH4+-N removal by biomass assimilation from the amount of TN, mean removal
amount of TN was 3.27g/m2·d in the modified extended
tidal flow constructed wetland. Traditional total nitrogen
removal rate was 30% and nitrogen removal load ranged
0.68-1.73 gN/m2·d in single stage constructed wetland
[6]. Additionally, it was reported that average total nitrogen removal rate was about 33% in vertical flow and
horizontal flow hybrid constructed wetland systems when
treating rural wastewater in China [12]. Different requirements of oxygen for nitrification and denitrification
were achieved sequentially in the vertical flow and horizontal flow hybrid constructed wetland systems. However, different re-quirements of organic carbon were not
satisfied in hybrid systems. Less organic carbons were
demanded for autotrophic nitrifying bacteria growth during
nitrification process, while more organic carbons were
demanded as the electron donor for denitrification. Organic carbons in the wastewater were degraded by heterotrophic microorganisms in the first constructed wetland
whose oxic environment was useful to nitrification, resulting in insufficient carbons for denitrification in the second
constructed wetland. Therefore, TN removal rate was low
in the vertical flow and horizontal flow hybrid constructed
wetland systems, despite of more improvement than conventional single stage constructed wetland. In the modified
extended tidal flow constructed wetland, nitrification and
denitrification process were achieved chronologically. At
the same time, organic carbon in raw wastewater was not
firstly degraded by heterotrophic microorganisms, while
consumed directly as the electron donor during denitrification process in the system. Apparently, mean TN
removal rate was largely enhanced in the single stage
extended tidal flow constructed wetland, saving occupied
land and energy cost.
Generally, ammonia nitrogen is dominant and the concentration of nitrite and nitrate is usually very low in sewage and other types of wastewater. To achieve total nitrogen removal, denitrification should be coupled with nitrification. Therefore, in most cases, the extent of nitrification influences on nitrogen removal in constructed wetlands.
Nitrification potential was enhanced by the improvement of
oxygenation due to the air pipe, further prompting denitrification potentials in the modified extended tidal flow constructed wetland.
4. CONCLUSIONS
An extended tidal flow operation was applied in a
modified constructed wetland with an air pipe to enhance
nitrogen removal. The results showed that mean percent-
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age removal of BOD5, NH4+-N and TN of each cycle with
seven days of saturated operation following by one day of
unsaturated operation in the system were 79%, 95% and
47%, respectively. BOD 5 and NH 4+-N removal were
achieved because of the increasing oxygenation by the air
pipe. Nitrification was considered the major reason for
NH4+-N removal in the system, accounted for 5.06g/m2·d.
Average TN removal was significantly enhanced in the
single stage modified extended tidal flow constructed wetland because of the extended tidal flow operation, which
was 3.27g/m2·d, much higher than the data reported in
conventional single stage constructed wetland.
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ABSTRACT
Activated carbon (AC) has been widely used as an
adsorbent to adsorb polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs) from flue gas of waste incinerators, either as a fixed bed of granular activated carbon
(GAC), or in an entrained flow of powdered AC (PAC).
Compared with PCDD/Fs, there are very few studies relevant to polychlorinated biphenyls (PCBs) adsorption by
AC. In this study, two types of granular activated carbon,
one from lignite (LAC) and another from nut shell (NAC),
both activated carbons are modified using potassium hydroxide (KOH) or phosphoric acid (H3PO4), means six kinds
of activated carbon used in this study, are tested for adsorbing PCBs from a flue gas in a laboratory-scale system. For all samples, micropore volume and pore diameter were calculated by t-plot analysis and the mesopore
volume was investigated by the Barrett-Joyner-Halenda
(BJH) method. The Brunauer-Emmett-Teller (BET) surface areas were also calculated. High adsorption efficiency of PCBs (>99.8 %) was achieved by using a fixed bed
of AC. Results showed significant positive correlations
between the total PCBs adsorption efficiencies and the
mesopore areas of AC. Selective adsorptions of PCB
congeners were also observed in this study.
KEYWORDS: Polychlorinated biphenyls, activated carbon, adsorption, modification, mesopore area

PCBs was affected by the surface area and micropores
diameters distribution [6], and the adsorption strength of
isomers depends on their molecular structure. The adsorption strength of PCDD/F isomers is probably greater than
that of dl-PCBs isomers when the number of chlorine
substituents is identical, and for dl-PCBs, isomers without
chlorine substituents at ortho positions are stronger than
those with [7, 8].
The absorption properties of activated carbon are mostly
influenced by internal pore structure, surface area and the
presence of surface functional groups [9-11]; these parameters are first determined by the raw materials of activated carbon and can be changed by modification. Modification of the character and surface chemistry of activated carbon could be an attractive route to improve its performance [12, 13].
As the above review, some studies have been conducted on PCBs adsorption by AC, while the PCBs adsorption efficiency was not quite high. The objective of this
study was to obtain a remarkable PCBs adsorption efficiency, and to investigate the correlation between the characterization of AC and adsorption efficiency of PCBs. The
selective adsorptions of AC were also investigated.
2. MATERIALS AND METHODS
2.1 Activated carbon preparation and characterization

Activated carbon (AC) has been extensively used to
adsorb pollutants from air and water, due to its strong ability of adsorption. Since 1991, activated carbon has been
widely adopted for dioxin adsorption from the flue gas of
waste incinerators [1, 2]. For gas pollutants control, three
methods of applications have widely been used [1]: fixed
bed, moving bed adsorption and activated carbon injection (ACI) followed by collection of spent AC in a bag
house. Chang et al. [3] established a minimum feeding rate
of activated carbon to control dioxin emissions of a largescale MSWI. Compared with PCDD/Fs, activated carbon
was not significantly effective for the adsorption of dioxinlike (dl-PCBs) [4, 5]. The activity for the adsorption of

Two kinds of granular activated carbon, one made of
lignite (LAC) and the other made of nut shell (NAC),
were used as raw sorbents. Each AC was heated with
deionized water in magnetic stirrer for 0.5 hours at 333 K.
After being filtrated, AC was dried in a vacuum drying
oven at 393 K for 6 hours. Then two kinds of original AC
were obtained. The AC modification was completed in the
following steps: (1) 10 grams for each kind of AC were
soaked in 50 ml 2 mol·L-1 potassium hydroxide (KOH)
(named as KLAC and KNAC, respectively) or 2 mol·L-1
phosphoric acid (H3PO4) solution (named as PLAC and
PNAC, respectively) for 24 hours at 333 K; (2) AC were
washed with deionized water until pH value equaled to 7;
(3) after being filtrated, AC was put in a vacuum drying
oven at 393 K for 12 hours. Then four kinds of modified
AC were obtained.

* Corresponding author

Nitrogen adsorption-desorption isotherms at 77 K were
used for AC textural characterization. Micropore volume

1. INTRODUCTION
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and pore diameter were calculated by t-plots analysis and
the mesopore volume was analyzed by the Barrett-JoynerHalenda (BJH) method. Also the Brunauer-Emmett-Teller
(BET) surface areas were analyzed.
2.2 PCBs adsorption experiment by AC

PCB containing flue gas was obtained by heating
PCBs contaminated soil in a horizontal tubular furnace
under 623 K with 200 ml min-1 of nitrogen gas flow
(Fig. 1). The PCBs contaminated soil was collected from
one of the waste transformer conservation points in
Shaoxing City, China. Soil was contaminated with PCBs
because of leakage of PCBs containing oil from waste
transformer. The concentration of PCBs in soil was
5984 ± 655 mg·kg-1 (n = 3), with trichlorobiphenyls
(TrCB) and tetrachlorobiphenyls (TeCB) predominating
the homologues. PCBs containing flue gas entered the
fixed bed of granular AC, and PCBs was adsorbed by AC.
AC was heated to 403 K to imitate a similar temperature
condition of flue gas after the cyclone of municipal solid
waste incinerators (MSWI). The mass of AC for each
experiment was 2.00 grams. After been adsorbed by AC,
the residual PCBs in flue gas were adsorbed on XAD-2
and in toluene in an ice bath.
Heat
Heat
controller
controller

Flowmeter
Flowmeter
controller
controller

spectively. Then samples were sequentially cleaned up with
multi-silica gel column and Florisil column, the detailed
method of pre-treatment and purification was conducted
as EPA 1668 method [14]. Finally, the PCBs solution was
analyzed by HRGC/HRMS (JEOL JMS-800D, Japan)
with a DB-5MS column (60m × 0.25mm × 0.25µm). All
209 PCB isomers from mono-chlorinated to decochlorinated PCBs were detected. The detailed operation
conditions of PCBs analyzer were depicted by Chen et
al. [15].
The quantification of PCBs was measured by using
internal standards mixture, purification standards mixture,
and injection standards mixture before Soxhlet extraction,
purification and analysis process respectively. Data analysis demonstrated that, the recovery rates of each internal
standard were between 55 % and 128 %, which were in
accordance with the recovery standard of 25 % to 150 %;
the recovery rates of each purification standard were
between 78 % and 124 %, which were also in accordance
with the purification standard of 30 % to 135 %.
2.4 Statistical analysis

All the statistical analyses were performed using SPSS
software version 15.0. One-way analysis of variance
(ANOVA) was used for statistical comparisons and Pearson coefficient was used for correlation analysis. A value
of p < 0.05 was considered to be statistically significant.

Furnace
Furnace
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3.1 Surface area and pore size distribution of AC
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carbon
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FIGURE 1 - Diagram of the experimental reaction system
2.3 PCBs measurement

Samples were pre-treated in the procedure of Soxhlet
extraction, rotary evaporation and solvent exchange re-

According to IUPAC recommendations, pores are classified as micropores (w < 2 nm), mesopores (2 nm < w <
50 nm), and macropores (w > 50 nm). The characterizations of AC used in this study were summarized in Table 1.
BET equation, t-plots, and BJH were used to calculate the
surface area, micropore area/volume, and mesopore area/
volume from the N2 adsorption isotherm (Fig. 2). The N2
adsorption-desorption isotherm were type IV with H4
hysteresis loop [16]. For NAC, BET decreased 34.7 %
after impregnation by KOH and decreased 81.3 % after
H 3PO 4. For LAC, BET increased 33.8 % after alkali
modification, while decreased 73.9 % after acid modification. Acid with high concentration reduced the surface

TABLE 1 - Characteristics of activated carbon
Activated
carbon
Unit
NAC
KNAC
PNAC
LAC
KLAC
PLAC

Raw
material
Nut shell
Nut shell
Nut shell
lignite
lignite
lignite

Modified
method

BET
area

KOH
H3PO4

m2·g-1
716
468
134
318
425
83

KOH
H3PO4

total
pore
volume
ml·g-1
0.627
0.44
0.234
0.187
0.232
0.052

t-Plot
micropore
area
m2·g-1
347
214
8.98
74.4
140
3.64
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t-Plot
micropore
volume
ml·g-1
0.159
0.098
0.003
0.031
0.061
0.001

BJH
mesopore
area
m2
96.0
66.5
46.8
39.9
42.3
12.8

BJH
mesopore
volume
ml·g-1
0.324
0.24
0.185
0.062
0.066
0.022

BET
Average pore
diameter
Å
35.0
37.7
69.9
23.6
22.2
26.8
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FIGURE 2a - N2 adsorption isotherms of NAC, KNAC and PNAC
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FIGURE 2b - N2 adsorption isotherms of LAC, KLAC and PLAC

area, which was consistent with the results in the previous
studies [9,10].
The width of mesopore centred from 4 nm to 16 nm
for NAC, KNAC and PNAC, while little pores were
found for LAC, KLAC and PLAC during these width
ranges. Compared with LAC, an enlargement phenomenon of pore area occurred after modified by KOH. NAC
had the largest surface area of 716 m2·g-1, while PLAC
had the smallest surface area of 83.0 m2·g-1. Only KOH
modified lignite activated carbon (KLAC) had a larger
BET surface area than unmodified activated carbon.
Table 2 showed Pearson correlation coefficients (2tailed) between the characteristics of all six AC. The total
volume, t-plot micropore area and volume, BJH mesopore

area and volume showed a similar variation trend as BET
surface area. Statistical analysis indicated that there were
positive correlation (p < 0.05) between BET area, total
pore volume, t-plot micropore area/volume and BJH mesopore area. The average pore diameter showed an opposite trend as BET surface area, though no statistically
significant correlation was observed (p > 0.05).
3.2 Adsorption of PCBs by AC

For each experiment, the amounts of PCBs adsorbed
in AC and PCBs adsorbed on XAD and in toluene (in the
off-gas) were detected. The sums of PCBs (in AC and in
the off-gas) had a little difference among experiments because of the un-homogeneity of PCBs contaminated soil.
The amounts of PCBs in AC ranged from 3460 µg to
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TABLE 2 - Pearson correlation coefficients between characteristics of activated carbon
BET Average
pore diameter

correlation coefficients

BET Average pore diameter
1
BET area
-0.27
total pore volume
0.13
t-Plot micropore area
-0.21
t-Plot micropore volume
-0.20
BJH mesopore area
0.18
BJH mesopore volume
0.43
*, Correlation is significant at the 0.05 level (2-tailed).
**, Correlation is significant at the 0.01 level (2-tailed).

BET
area

total pore
volume

t-Plot micropore area

1
0.90*
0.98**
0.98**
0.89*
0.70

1
0.94**
0.94**
0.99**
0.94**

1
1.00
0.91*
0.78

t-Plot
micropore
volume

1
0.91*
0.79

BJH mesopore area

BJH mesopore volume

1
0.94**

1

TABLE 3 - Total PCBs amount (in µg) adsorption by AC

MoCB
(Monochlorobiphenyl)
DiCB
(Dichlorobiphenyl)
TrCB
(Trichlorobiphenyl)
TeCB
(Tetrachlorobiphenyl)
PeCB
(Pentachlorobiphenyl)
HxCB
(Hexachlorobiphenyl)
∑PCB
1
2

NAC-S1

NAC-G2

KNAC-S

KNAC-G

PNAC-S

PNAC-G

LAC-S

LAC-G KLAC-S

KLAC-G

PLAC-S

PLAC-G

1.82

<0.01

1.83

0.02

1.63

0.03

11.1

0.04

0.76

0.03

0.51

0.04

1.14

474

1.47

327

2.95

513

15

292

3.31

272

322
2.33×10

3

2.87×10

3

1.55×10

3

1.04

1.30×10

3

134

0.04

7.8
4.35×103

<0.01
6.36

4.14

2.18×10

3

3.64

1.44×10

3

77.5

0.24

3.08
4.73×103

0.02
9.67

4.28

2.84×10

3

7.03

1.93×10

3

93.2

0.35

4.95
4.04×103

0.02
28.8

18.5

6.67

1.83×10

3

13.7

1.23×10

3

134

0.56

98.9

0.99

132

7.31

6.73
5.44×103

0.03
82.9

6.25
3.46×103

0.08
31.5

8.19
3.74×103

0.47
173

53.6

1.86×10

3

79.6

11.7

1.47×10

3

78.9

15.5

, means the amount of PCBs in solid activated carbon;
, means the amount of PCBs in the off-gas.

HxCB

PeCB

TeCB

TrCB

DiCB

MoCB

Composition, %

60

40

20

NA
CNA S
C
KN -G
AC
KN -S
AC
PN -G
AC
PN -S
AC
-G
LA
CLA S
C
KL -G
AC
KL -S
AC
PL -G
AC
PL -S
AC
-G

0

Samples

FIGURE 3 - Composition profiles of PCB homologues in AC and the off-gas

5440 µg, and the amounts of PCBs in the off-gas ranged
from 6.36 µg to 173 µg (Table 3). Hepta- and higher chlorinated PCB homologues accounted for less than 1 % of
PCBs amount, so the analysis and discussion were concerned on the lower chlorinated species. For all samples,
TrCB and TeCB predominated the homologues, which

accounting for 53.8 ± 3.4 % (n=6) and 34.9 ± 3.5 % (n=6)
of total PCBs respectively.
Comparing the compositions of PCB homologues in
AC and in the off-gas, selective adsorptions by different
kinds of AC could be contracted (Fig. 3). There was no
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remarkable difference among PCBs compositions in AC
except KNAC, while PCBs compositions varied in the
off-gas. The proportions of DiCB and TrCB in the off-gas
were more than in AC for NAC, PNAC and LAC, which
indicated these AC were more inclined to adsorb high
chlorinated PCBs. The proportion of TrCB in the off-gas
was less than TrCB in AC for KNAC, indicated that
KNAC were more inclined to adsorb TrCB. The proportion
of DiCB in the off-gas was less than in AC for PLAC,
which indicated PLAC was more inclined to adsorb less
chlorinated PCBs. No selective adsorption was observed
for KLAC.
3.3 Adsorption of Dioxin-like PCBs by AC

Dioxin-like PCBs (dl-PCBs) have similar toxic as
PCDD/Fs, which were also called coplanar PCBs (coPCBs). The 12 dl-PCBs could be divided into two types
according to the number of chlorine atoms on the orthoposition of the phenyl ring, non-ortho PCBs (#77, #81,

#126, #169, numbering by IUPAC) and mono-ortho
PCBs (#105, #114, #118, #123, #156, #157, #167, #189).
The amounts of dl-PCBs ranged from 25768 ng to
57587 ng in AC, and in the off-gas ranged from 15.8 ng
to 2647 ng (Table 4). PCB #77, PCB #118 and PCB #105
predominated the homologues, accounting for 34.5 ± 2.4 %
(n = 6), 33.0 ± 1.1 % (n = 6) and 19.4 ± 1.9 % (n=6) of dlPCBs in AC respectively, and accounting for 33.5 ± 9.8 %
(n =6), 32.5 ± 5.4 % (n = 6) and 18.0 ± 2.5 % (n = 6) of dlPCBs in the off-gas respectively. The Toxic Equivalent
Quantity (TEQ) of PCBs was calculated based on the WHO
revised Toxic Equivalency Factors (TEFs) in 2005 [17]. The
TEQs of PCBs in AC ranged from 3.22 ng·WHO-TEQ to
11.3 ng·WHO-TEQ, and in the off-gas ranged from 0.005
ng·WHO-TEQ to 0.556 ng·WHO-TEQ. PCB #126, which
has the largest TEF of 0.1, was the main contributor of the
WHO-TEQ. The proportion of PCB #126 ranged from
0.06 % to 0.36 % in all samples, while it accounted for
67.0 ± 9.0 % (n = 12) of WHO-TEQ.

TABLE 4 - Amounts of dl-PCBs (in ng) and WHO-TEQ (in ng·WHO-TEQ) in AC and in the off-gas

3,3',4,4'-TeCB(#77)
3, 4,4',5-TeCB(#81)
3,3',4,4',5-PeCB(#126)
3,3',4,4',5,5'-HxCB(#169)
2,3,3',4,4'-PeCB(#105)
2,3, 4,4',5-TeCB(#114)
2,3', 4,4',5-TeCB(#118)
2',3,4,4',5-PeCB(#123)
2,3,3',4,4',5-HxCB(#156)
2,3,3',4,4',5'-HxCB(#157)
2,3,4,4',5,5'-HxCB(#167)
2,3,3',4,4',5,5'-HpCB(#189)
sum
WHO-TEQ

NAC-S
1.82×104
1.01×103
79.2
5.5
1.12×104
1.31×103
1.81×104
4.42×103
278
79.5
121
N.D.
5.48×104
11.2

KNAC-S
9.37×103
606
21.7
5.3
4.37×103
570
8.40×104
2.28×104
84.4
28.7
44.5
N.D.
2.58×104
3.22

PNAC-S
1.19×104
643
43.2
1.79
6.74×103
777
1.21×104
2.30×103
157
37
75
N.D.
3.47×104
6.42

LAC-S
2.01×104
1.05×103
66.3
N.D.
9.02×103
1.04×103
1.65×104
4.53×103
194
46.6
99.3
N.D.
5.26×104
9.9

KLAC-S
1.51×104
440
54.5
N.D.
9.45×103
1.05×103
1.51×104
3.52×103
258
67.4
112
N.D.
4.52×104
7.98

PLAC-S
1.81×104
949
80
N.D.
12.4×103
1.40×103
1.90×104
5.08×103
332
89.7
136
N.D.
5.76×104
11.3

NAC-G
7.13
0.39
0.04
0.01
2.56
0.3
4.42
0.81
0.03
0.03
N.D.
N.D.
15.8
0.005

KNAC-G
42.6
4.5
0.4
0.5
21.7
2.6
33.7
10.1
1.15
1.7
1.6
N.D.
121
0.079

PNAC-G
16.4
2.9
0.25
0.3
11.15
2.2
24.8
9.95
1.1
N.D.
0.95
N.D.
70.1
0.04

LAC-G
97.9
4.8
0.45
N.D.
34.8
4.95
59.7
13.6
0.65
0.8
0.6
N.D.
218
0.058

N.D., not detected

Total PCBs

100

DL-PCBs

non-ortho PCB

mono-ortho PCB

WHO-TEQ

Adsorption efficiency, %

99
98
97
96
95
94

NAC

KNAC

PNAC

LAC

Activated carbons

KLAC

FIGURE 4 - Adsorption efficiency of PCBs for AC
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PLAC

KLAC-G
92.3
4.2
0.6
N.D.
75.3
9.1
131
37.7
2.4
1.1
2
N.D.
356
0.082

PLAC-G
692
25.2
4.2
N.D.
556
71.8
1.05×103
224
14.4
3.7
10.1
N.D.
2.65×103
0.556
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TABLE 5 - Pearson correlation coefficients between characteristics and adsorption efficiencies

correlation coefficients

BET
area

total
pore
volume

t-Plot
micropore
area

BET area
1
total pore volume
0.90*
1
t-Plot micropore area
0.98**
0.94**
1
BJH mesopore area
0.89**
0.99**
0.91*
AE for total PCBs
0.70
0.77
0.64
AE for dl-PCBs
0.56
0.61
0.46
AE for non-ortho PCBs
0.57
0.61
0.47
AE for mono-orhto PCBs
0.53
0.58
0.44
AE for WHO-TEQ
0.50
0.48
0.37
*, Correlation is significant at the 0.05 level (2-tailed).
**, Correlation is significant at the 0.01 level (2-tailed).

BJH
mesopore
area

AE for
total
PCBs

1
0.82*
0.69
0.70
0.67
0.59

1
0.95**
0.95**
0.95**
0.81

.
3.4 Adsorption efficiency of PCBs for total PCBs, dl-PCBs
and TEQ

Adsorption efficiency (AE) of PCBs is defined and
calculated by,
Adsorption efficiency ( AE ) =

PCBs (in AC)
× 100 %
PCBs (in AC) + PCBs (in the off - gas)

The amounts of PCB in AC were much more than the
contents in the off-gas, yielding remarkable adsorption
efficiencies. As shown in Fig. 4, for all six kinds of activated carbons, the AE of total PCBs, dl-PCBs, and TEQ
were more than 95 %. Under the optimum test condition,
the AE could be more than 99.8 % for total PCBs, and
99.5 % for WHO-TEQ. PLAC, which had the smallest
BET surface area and BJH mesopore area, caused the
lowest PCB adsorption efficiency. No obvious difference
was observed between AE of non-ortho PCB and monoortho PCB except PLAC. These results may be attributed
to the mass of activated carbon used. A mass of 2.00 g
was overmuch for adsorbing most of non-ortho PCB and
mono-ortho PCB under current experiment conditions.
For PLAC, the AE of non-ortho PCB was more than
mono-ortho PCB, which was consistent with previous
studies [8, 18].

AE for
dl-PCBs

AE for nonortho PCBs

1
1.00**
1.00**
0.92**

1
1.00**
0.92*

AE for
mono-orhto
PCBs

AE for
WHOTEQ

1
0.92**

1

vated carbon could effectively adsorb PCBs from flue
gas. Adsorption efficiencies of more than 99.8 % were
obtained by NAC and LAC. The mesopore area is important and a significant positive correlation was found
between the mesopore area and the adsorption efficiency
of total PCBs. Selective adsorption could be observed for
different types of AC. Impregnation by H3PO4 or by KOH
did not significantly improve the adsorption efficiency of
PCBs. Further study should be carried out to decide the
appropriate modification method and explore a suitable
AC amount to the PCBs flue gas.
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3.5 Effect of characteristics of activated carbon on adsorption efficiencies of PCBs

Table 5 shows Pearson correlation coefficients (2tailed) between characteristics and adsorption efficiencies
of all six kinds of AC. Statistical analysis indicated that
there was significant positive correlation (p < 0.05) between the BJH mesopore area and the adsorption efficiency of total PCBs. Besides total PCBs, positive correlation
can also be observed between the mesopore area and the
adsorption efficiency of dl-PCBs/WHO-TEQ, though no
statistically significant correlation was observed (p >
0.05). This phenomenon could be attributed to the selective adsorption of activated carbons.
4. CONCLUSIONS
In this study, the adsorption of PCBs by AC was examined. It was observed that a fixed bed of granular acti-
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ABSTRACT

1. INTRODUCTION

Titanium ore (TO) supported on activated carbon
(AC) from walnut shell was prepared using the blending method and physical activation method. Titanium ore
(TO) supported on AC catalysts (ACTOx; x is defined as
the TO addition content, 1, 2, 5, 7 and 10%, respectively)
were characterized by Brunauer–Emmett–Teller nitrogen
sorption, X–ray diffraction, X–ray photoelectron spectroscopy and scanning electron microscopy with an energy-dispersive X–ray spectrometer. The desulfurization
activity of granular catalysts was evaluated at a fixed bed
under the simulated gaseous mixture. TO addition to AC
can significantly improve desulfurization activity, indicating that metal mixtures or metal oxides on AC play a key
role in SO2 removal. When the additive dosage of TO is
2%, ACTO2 exhibits the best desulfurization activity.
With the increase of TO addition, the desulfurization
activity of samples decreases, showing that excessive
addition of TO is not conducive to further improve the
desulfurization activity because of diffusion resistance
which is related to texture. The desulfurization activity of
catalysts from poor to excellent activity is as follows:
AC<ACTO1<ACTO10<ACTO7<ACTO5<ACTO2. The
specific surface area and micropore volume of AC are
401.2 m2/g and 0.210 cm3/g, and those of ACTO2 increase to 937.2 m2/g and 0.388 cm3/g, respectively. When
10% TO is added to AC, both surface area and micropore
volume decrease to 769.1 m2/g and 0.320 cm3/g, indicating
that excessive addition of TO is not conducive to enhance
texture, resulting in the decrease of desulfurization activity. The Ti and Fe elements in ACTOx are mainly anatase
TiO2 and α-Fe2O3, indicating that they are main active
component in SO2 removal. ACTOx includes C–O–, C=O
and O=C–O functional groups, which can enhance the
desulfurization activity of the catalyst.

Greater energy savings and more thorough removal
of SO2 from flue gas should be developed to protect the
environment, given that SO2 causes acid rain. To resolve
the problem, engineers and researchers have exerted efforts to improve the current technology of flue gas desulfurization (FGD) and to develop novel FGD technologies
with good resource utilization, low cost, and high efficiency. The use of activated carbon (AC) in the removal
of SO2 from the industrial ﬂue gas containing sulfur appears to be particularly promising [1, 2], because AC possess large surface area, abundant microporous structure,
and surface oxygen species. Several studies have reported
that loading with metal or metal oxides can significantly
enhance the desulfurization activity of AC [3–5]. Apart
from the supported phase, carriers also strongly influence
the metal or oxide particle surface morphology and electronic structure, which can directly affect the stability and
activity of catalysts [6, 7]. Numerous studies have reported
that titanium dioxide (TiO2) is a promising material for
environmental purification, such as the direct decomposition of NOx or SOx [8], because TiO2 crystallites show
strong oxidation and reduction capabilities [9]. The production of TiO2 originates from titanium ore (TO). This
study aims to explore the possibility of obtaining ACsupported TO with good desulfurization performance at
low temperature, which may be suitable for the treatment
of industrial ﬂue gas at low production costs.
In this paper, TO as titanium source is supported on
AC from walnut shell, and the surface functional groups
and interactions between TO and AC during catalyst
preparation were investigated. The catalytic activities for
desulfurization under the simulated flue gas as well as the
influence of surface functional groups and oxide species
were studied.

KEYWORDS: AC; titanium ore; desulfurization; surface functional
groups; walnut shell

2. MATERIALS AND METHODS
2.1 Preparation of activated carbon and catalysts

* Corresponding author

The original AC from walnut shell (48.99% C, 5.74%
H, 45.03% O and 0.24% N; measured by XRF) was prepared by physical activation. The walnut shells were first
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crushed into small particles using 200 meshes. Under pure
nitrogen, the resulting particles were carbonized at 500 °C
for 1 h in a sealed muffle furnace to obtain the carbonized
materials. These carbonized materials were mixed with
starch solution, binder, and coal tar heated at 60 °C at a
nominal proportion. These mixed materials were heated at
60 °C in a water bath and continuously stirred until they
were mixed uniformly. These mixed materials were
squeezed into a columnar shape in a vacuum extruder
under 8 MPa of pressure. After being naturally dried for
24 h, the columnar materials were dried at 105 °C for 24 h
in a drying furnace. Finally, the materials were heated from
room temperature to 850 °C at a heating rate of 5 °C/min in
a sealed muffle furnace under nitrogen atmosphere. The
atmosphere was then switched to CO2 with 1200 mL/min
gas flow and calcined at 850 °C for 2 h. The obtained materials were used as comparative samples and named as AC.
Titanium ore (TO) loading on AC was prepared using
the physical mechanical blending method. The main components of TO were analyzed by X-ray fluorescence. TO
contained 37.59% O, 25.76% Fe, 24.96% Ti, 4.21% Mg
and 3.49% Si. The carbonized materials and respectively
1, 2, 5, 7 and 10% of TO were mixed with starch solution,
binder and coal tar heated at 60 °C at a nominal proportion. The next processing step was the same as the preparation method for AC. The catalysts containing TO were
labeled as ACTOx. AC represents the as-prepared activated carbon, and x is defined as the TO addition content, 1,
2, 5, 7 and 10%, respectively. Thus, the prepared catalysts
were named as ACTO1, ACTO2, ACTO5, ACTO7 and
ACTO10, respectively.
2.2 Activity evaluation

SO2 was removed at 90 °C in a fixed bed flow microreactor (i.d. 18 mm) containing 15 cm catalysts by passing a flue gas mixture. Gases were controlled by a mass
flow controller before entering blender. The flue gas mixture contained 0.20 % SO2, 9 % O2, 10 % water vapor and
N2 as the balance. The gas space velocity (SV) was 600 h-1.
A relation curve of SO2 removal and reaction time was
obtained. Breakthrough occurred when outlet SO2 concentration increased to 572 mg/g. The flue gas before and
after the reactor passed through a solution containing
H2O2 (3%). The formed H2SO4 was determined by titration with a NaOH (0.01 mol/L) solution. The amount of
H2SO4 was used to calculate the amount of sulfur on the
catalysts.

0.35 and to determine the microspore volume (pore
radius<1nm) and total pore volume ( P/Po=0.997) based
on the single-point adsorption volume. The crystal structures of selected samples were determined by X-ray diffraction (XRD) on a diffractometer (X′Pert Pro MPD,
Philips, Netherlands) using Cu Kα radiation (λ = 0.15406
nm). The X-ray tube was operated at 30 kV and 20 mA.
The samples were scanned within the 2 theta (2θ) range
10°–80°. The crystalline phases were identified by comparing with the reference data from the International Center for Diffraction Data (JCPDs). X-ray photoelectron spectroscopy (XPS) experiments were conducted using a spectrometer (XSAM-800, KRATOS Co., UK) with Al Kα
radiation under ultra-high vacuum (UHV) and operated at
12 kV and 12 mA. Energy calibration was performed by
recording the core level spectra of Au 4f7/2 (84.0 eV) and
Ag 3d5/2 (368.3 eV). Peak areas, including satellites, were
computed by a program that assumed Gaussian-line shapes
and flat background subtraction. The surface morphology
of samples was observed by scanning electron microscopy
(SEM) using a JSM5800LV electron microscope (JEOL
Co., Japan). The elemental composition of samples was
determined using an energy dispersive X-ray spectrometer
(EDS) (X-Max 51-XMX0019, Oxford Instruments, UK).
3. RESULTS AND DISCUSSION
3.1 Desulfurization performance of the prepared catalysts

The desulfurization performance of all catalysts, including the relation between outlet SO2 concentration and
breakthrough time (SO2 outlet concentration increases to
572 mg/g corresponding to the accumulated working time),
is presented in Fig. 1. The breakthrough sulfur capacity
(SO2 outlet concentration increases to 572 mg/g corresponding to the total amount of SO2 removal) is listed in
Table 1. Catalysts containing TO exhibit good desulfurization activity and high breakthrough sulfur capacity com800

2.3 Catalyst characterization

N2 adsorption isotherms of the samples at –196 °C
were obtained using an SSA 4300 pore size and specific
surface area analyzer (Beijing BUILDER Electronics Co.,
Ltd., Beijing, China). Before each analysis, the samples
were degassed at 300 °C for 5 h to remove the physisorbed material from the narrowest pores. The adsorption isotherm data were used to calculate the surface area
(SBET) of each sample via the Brunauer–Emmett–Teller
(BET) equation at relative pressures between 0.05 and
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AC

700
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FIGURE 1 - The curves of the relation between outlet SO2 concentration and breakthrough time of AC and ACTOx
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TABLE 1 - The breakthrough sulfur capacity of AC and ACTOx
Breakthrough sulfur
capacity (mg/g)

Breakthrough time
(h)

AC

134.24

15.00

ACTO1

150.24

17.73

ACTO2

210.95

22.03

ACTO5

189.64

20.43

ACTO7

178.83

19.18

ACTO10

161.03

18.90

Catalysts

pared to AC, which indicates that metal mixtures or metal
oxides on AC can significantly improve desulfurization
performance. This improvement is probably related to
the catalytic activity of metal species (active site) during
the SO2 oxidation process. As shown in Fig. 1, the SO2
removal efficiency of catalysts gradually decreases with
time prolonging, revealing that the catalyst is a gradual
deactivation process. An explanation of this case could be
that SO2 molecules are firstly adsorbed on the active sites
of catalysts and then oxidized to SO3, followed by hydration to form H2SO4 with H2O in the simulated flue gas [4].
The generated H 2SO 4 is excluded from active centers,
which leads to the continuous SO2 adsorption and oxidation. In Table 1, it is found that ACTO1 has slightly better
desulfurization performance than AC but is poorer than
other catalysts containing TO, which is due to a small metal
species. When 2% TO is employed, the breakthrough sulfur capacity and breakthrough time of ACTO2 increase to
210.95 mg/g and 22.03 h, respectively. When 5% TO is
added, the breakthrough sulfur capacity and breakthrough
time of ACTO5 decrease to 189.64 mg/g and 20.43 h.
With the further increase of addition contents, the desulfurization activity of catalysts gradually decreases. When
10% TO is employed, the breakthrough sulfur capacity and
breakthrough time of ACTO10 decrease to 161.03 mg/g
and 18.90 h. This may be because excessive addition titanium ore could block the pore of activated carbon, which will
influence reactive molecular diffusing into pore and getting to active sites. At the same time, ACTO2 has the best
desulfurization performance, indicating that the optimum
additive dosage of ACTOx is 2% in our experiment,
which is due to the metal species and functional groups on
the surface of AC. According to the results of the breakthrough sulfur capacity and breakthrough time, the desulfurization activity of catalysts from poor to excellent
activity is as follows: AC<ACTO1<ACTO10< ACTO7< ACTO5<ACTO2. One is caused by the number of
active components on the catalysts. Another is due to the
texture properties which are relation to the diffusion of
the reactant molecules. A suitable surface area could
improve the dispersion of active sites, which is conducive
to the improvement of catalytic activity.

sites. The N2 isothermal adsorption curves of AC, ACTO2
and ACTO10 are Type I isotherms, as shown in Fig. 2.
The curves are suitable to porous materials with abundant
microporous. From these curves, they can evaluate the
surface area and pore volume (Table 2). The specific surface area of AC is 401.2 m2/g, and it has a microporous
structure (0.210 cm3/g), which indicates that walnut shell
can be used to prepare activated carbon with abundant
micropores. When TO is added into AC, the pore structures
take place changes. When the 2% TO is added into AC, the
specific surface area and micropore volume of ACTO2
increase to 937.2 m2/g and 0.388 cm3/g. When the TO
increases to 10%, the surface area and micropore volume of
ACTO10 decrease to 769.1 m2/g and 0.320 cm3/g, indicating that excessive addition of TO is not conducive to enhance texture, resulting in the decrease of desulfurization
activity. ACTO2 and ACTO10 have more micropores and
higher total pore volume compared to AC, which can be
attributed to the strong interaction between TO and carbonized powders during the activation process. AC is a reducing agent in the process of TiO2 preparation from TO. AC
can react with TO, and the generated gas can change the
pore structure and increase the total pore volume and surface area, especially micropores. These properties may
influence the desulfurization activity because of reactive
molecular diffusion. Combining with the data of desulfurization evaluation, ACTOx is determined to have good
desulfurization performance, which is attributed to its
large surface area and developed pore structure.
400
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FIGURE 2 - The N2 absorption isotherms of AC, ACTO2 and ACTO10.

TABLE 2 - The BET surface area and pore structure of AC, ACTO2 and ACTO10

3.2 Texture performance of samples

Pore structure and surface area of support materials
are important in heterogeneous catalysis because of the
reactive molecular diffusing into pores to reach the active

309

Samples

SBET (m2/g)

Vtotal (cm3/g)

Vmic (cm3/g)

AC

401.2

0.236

0.210

ACTO2

937.2

0.536

0.388

ACTO10

769.1

0.529

0.320
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3.3 SEM-EDS of catalysts

The SEM patterns of TO (a) and ACTO2 (b) are illustrated in Fig. 3, whereas the EDS patterns of ACTO2 are
illustrated in Fig. 4. In Fig. 3a, some fine crystals on the
surface of TO particles are observed, which is attributed
to some trace inorganic compound such as Mg and Si. For
ACTO2, AC has an abundant pore structure, and many
white crystalline particles are embellished, which may
include catalytic components such as Ti and Fe as well as
some impurity elements such as Ca, K and Mg, indicating
that TO can be used to prepare the catalyst directly. The
presence of Ti, Fe, Ca, K and Mg in ACTO2 is confirmed
in Fig. 4. Ca and K come from walnut shell, whereas Ti, Fe
and Mg originate from TO. Furthermore, the element
distribution of Ca, K and Mg is uniform, whereas Ti and
Fe elements exist in a small local aggregation. This condition can probably be attributed to the fact that Ti and Fe
react with carbonized powders during the activation process, which is apparently related to the chemical properties of the AC surface [10]. The desulfurization activity of
ACTO2 does not decrease in spite of the local aggregation of Ti, which indicates that the physical structure of
AC is not the primary factor affecting the desulfurization
performance of ACTO2. The chemical nature and metal
species are the key influential factors.
3.4 Influence of the metal phase of TO on desulfurization
activity

TO, ACTO2 and ACTO10 were characterized by
XRD to study the influence of metal phase of TO on
desulfurization activity. The XRD patterns of TO (a),
ACTO2 (b) and ACTO10 (c) are shown in Fig. 5. Both
ACTO2 (b) and ACTO10 (c) exhibit wide dispersion
peaks around 20°~30° and 30°~40° in the 2θ range, which
is assigned to the characteristic peaks of graphite structure
of AC [11]. This finding shows that TO does not destroy
carbon supports during the physical activation process. In
Fig. 5a, evident peaks at 2θ= 23.76°, 32.49°, 35.19°,
40.32°, 48.60°, 52.98°, 61.50° and 62.46° are observed,
which are identified as FeTiO3 (JCPDs 75-0519). The
peaks at 2θ=18.91°, 29.85°, 35.61°, 42.99°, 56.16° and

62.46° are attributed to the characteristic peak of Fe3O4
(JCPDs 89-0691) [12], whereas 2θ= 30.24° appears to be
a diffraction peak of Fe2O3. Some small diffraction peaks
are also detected. During TO production, raw ore is crushed,
ball-milled, concentrated, and magnetically separated. These
processes may take place a series of complex chemical
reactions, resulting in the formation of various iron species. TO contains Ti, Fe, Mg and Si. Therefore, TO mainly
exists in the FeTiO3, Fe3O4 and Fe2O3 phase and includes
some other inorganic oxides such as MgO and SiO2. In
Fig. 5b, ACTO2 shows broad peaks at 2θ=24° and 44°,
which is indicative of amorphous carbons. The obvious
peaks at 20.8° and 26.6° observed on the broad carbon
peaks are identified as silica (JCPDs 46-1045), and some
new unknown impurity peaks in ACTO2 are detected,
which indicates that more inorganic contaminants exist in
ACTO2. The diffraction peaks of FeTiO3, Fe2O3 or TiO2
are not observed, which may be because TO powder is
uniformly dispersed on the AC carriers or that the content
of TO is too low and is thus below the detection limit of
the XRD. For ACTO10, many diffraction peaks are detected. The evident peaks at 2θ=25.30°, 37.84°, 38.56°,
40.36°, 48.04°, 53.86° and 62.68° belong to the anatase of
TiO2 (JCPDs 21-1272), and a small rutile of TiO2 is observed at 2θ=27.48° and 36.16° (JCPDs 21-1276). According to the literature [13, 14], the strong signals at 2θ=20.3°,
24.6°, 29.7° and 32.6° can be attributed to Fe2O3 (JCPDS
21-0920); the peaks at 2θ=30.2°, 35.6°, 43.3° and 63.1°
belong to γ-Fe2O3 (JCPDS 39-1346); and the observed
peaks at 2θ=24.1°, 33.1°, 35.6°, 40.8°, 49.4°, 54.0°, 57.5°,
62.4° and 63.9° for the powders calcined at 600 °C are
attributed to α-Fe2O3 (JCPDS 33-0664). Therefore, TO in
AC can be mainly decomposed into the anatase of TiO2
and α-Fe2O3 because the structure of FeTiO3 (space group
R ) is similar to that of hematite (a-Fe2O3), where the two
Fe3+ ions in hematite are replaced by Fe2+ and Ti4+ in
ilmenite in an ordered manner along the c-axis. These
metal oxide species possess catalytic oxidation capability
because of the changes in electron valence, which improves
the desulfurization performance of ACTOx compared to AC.

FIGURE 3 - The SEM patterns of TO (a) and ACTO2 (b)
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FIGURE 4 - The EDS patterns of ACTO2
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Intensity

TiO2 and Fe2O3 are found to be the primary active species
for SO2 removal because of their capability to change the
oxidation state in this process.
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FIGURE 5 XRD patterns of TO (a), ACTO2 (b) and ACTO10

The full XPS spectra of ACTO2 is illustrated in Fig. 6
to clarify further the catalytically active species of TO on
AC. Ti2p peaks are not clearly observed, and Fe2p peaks
are not detected because the Ti and Fe content in ACTO2
is very low, especially Fe content, which below the detection limit of the XPS. Ti2p content is only 0.49% by XPS
measurement. Ti2p XPS patterns of ACTO2 and ACTO10
are shown in Fig. 7. According to the literature [15–17],
2p3/2 and 2p1/2 of Ti4+ appear at 458.7 and 464.3 eV, appearing at 453.8~454.1 eV for metallic Ti and 454.8 eV for
TiO. In Fig. 7, the Ti2p3/2 binding energy of ACTO2 at
458.37 eV and the Ti2p1/2 binding energy at 464.02 eV
are assigned to the Ti4+ of TiO2, which is in agreement
with reference [18]. For ACTO10, the Ti2p3/2 binding
energy at 458.43 eV and the Ti 2p1/2 binding energy at
464.18 eV are also observed, which are also attributed to
the Ti4+ of TiO2, which indicates that loading contents do
not affect the thermal decomposition of TO on AC. According to previous reports [19, 20], the Fe2p3/2 peak for
Fe3O4 does not contain a satellite peak, whereas both
Fe2p3/2 and Fe2p1/2 for FeO and Fe2O3 exhibit satellite
peaks. The Fe2p3/2 binding energy of 711.0 eV and Fe2p1/2
binding energy in the range of 724.1 ± 0.2 eV are indexed
to Fe3O4 [21]. The Fe2p3/2 binding energy of 709.8 eV is
assigined to Fe2+ of FeO [19]. The deconvoluted Fe2p
spectrum (Fig. 8) is comprised of two peaks at 711.63 and
724.63 eV, corresponding to Fe2p3/2 and Fe2p1/2, respectively. The energy difference between the Fe2p3/2 and
Fe2p1/2 peaks is 13.0 eV. This value is characteristic of
the Fe3+ state, which indicates the formation of α-Fe2O3
[22–24]. Furthermore, the Fe3+ satellite peak is observed
in the spectrum at 718.89 eV, above the Fe2p3/2 peak,
which indicates that ACTOx contains Fe2O3 species.
According to the data obtained from XRD and XPS
measurements, one can conclude that TiO2 and Fe2O3
species are formed during the catalyst preparation process. This formation is facilitated by the strong interaction
between TO and AC. TiO2 and Fe2O3 coexist in the AC.
Combined with the results of desulfurization evaluation,
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FIGURE 6 - XPS patterns of ACTO2
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FIGURE 9 - C1s (a) and O1s (b) XPS patterns of ACTO2 and C1s (c) and O1s (d) of ACTO10

TABLE 3 - The binding energy of C1s and O1s for ACTO2 and ACTO10
Samples
ACTO2

ACTO10

C1s
BE (eV)
284.80
285.92
287.63
289.56
284.78
285.97
287.75
289.72

C-C
C-OC=O
COO
C-C
C-OC=O
COO

Area %
61.40
22.99
8.47
7.13
57.70
28.64
6.74
8.72

3.5 Influence of surface functional groups on the desulfurization activity

Surface functional groups on the surface of AC, especially the surface containing oxygen groups, could significantly influence the catalytic performance of AC [25]. To
investigate the surface functional groups of the employed
catalysts, XPS analysis is conducted. Fig. 9a and c show
the C1s spectra of ACTO2 and ACTO10. The corresponding peak area is listed in Table 3. For all the investigated catalyst samples, forms of carbon occurring on the
surface were found. In Fig. 9a, ACTO2 has one major

O1s
BE (eV)
531.48
533.16
535.00

O2C=O
-O-

Area %
39.96
44.68
15.35

531.41
533.23
535.08

O2C=O
-O-

44.00
42.37
13.63

peak at 284.80 eV with three shoulders at 285.92, 287.63
and 289.56 eV. For ACTO10, one major peak at 284.78 eV
and three shoulders at 285.97, 287.75 and 289.72 eV are
observed. These peaks and shoulders could be assigned to
graphitic carbon in addition of the presence of adventitious
carbon [26], C–O– carbon [26, 27], C=O carbon [28, 29]
and COO carbon [30, 31]. Compared with ACTO2, the C–
C and C=O carbon of ACTO10 significantly decreased, but
C–O– and O–C=O carbon increased. These observations
could be attributed to surface interaction of TO and AC
during the physical activation process.
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The O1s XPS patterns of ACTO2 (b) and ACTO10 (d)
are shown in Fig. 9. Surface oxygen on ACTOx consists
of inorganic and organic matter. For ACTO2, the peaks at
535.00 and 533.16 eV are respectively assigned to –OH
and –O– oxygen [32] as well as C=O or C–O– oxygen
[33], whereas the minor peak at 531.48 eV corresponds to
an oxide oxygen assigned to O2- of TiO2 [34], which indicates that a relatively strong Ti–O bond has been formed.
Similar results are observed in ACTO10, but the minor
peak at 531.41 eV corresponds to oxide oxygen assigned
to O2- of TiO2 and Fe2O3. Table 3 shows that the C=O or
C–O– oxygen content of ACTO2 is higher than that of
ACTO10, which suggests that excessive TO will consume
more surface functional groups (C=O) to form TiO2 or
Fe2O3, which hinders desulfurization because it serves a
key function in the desulfurization reaction. According to
the literature [35, 36], C=O possesses Brønsted basic properties and is the active center for SO2 oxidation. C=O and
C–O– oxygen may provide an electron-rich surface that can
transfer electrons to the oxygen chemically bonded to the
carbon surface [37]. TiO2 and/or Fe2O3 species can also
transfer electrons to the adsorbed molecule oxygen, thus
facilitating O2- formation [38]. The oxygen transfer from
the support to the metal surface depends on oxygen mobility on the surface, in the bulk of oxides, and on the metal/
support interface [39]. The presence of oxygen species in
the catalysts is directly related to the oxidation reaction in
the multi-phase, which involves reactive oxygen species.
The “ionic” oxygen is active in total oxidation [40], which
can improve SO2 oxidation. SO2 is first adsorbed onto the
catalyst, where it then reacts with oxygen species to form
adsorbed SO3. H2SO4 is then generated with H2O, which
is washed by excess amounts of condensed H2O to recover
the SO 2 adsorption sites. Therefore, surface functional
groups are another factor for affecting desulfurization.
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4. CONCLUSIONS
The blending of TO into AC significantly improves
desulfurization activity. ACTO2 exhibits the best desulfurization activity when the additive dosage of TO is 2%,
and the desulfurization activity decreases with the increase of TO addition content. Furthermore, when TO is
added into AC, the specific surface area and micropore
volume are increasing because of strong interaction between TO and carbonized powders. The Ti and Fe elements
in ACTOx are anatase TiO2 and Fe2O3. However, Ti and Fe
exhibit a local aggregation phenomenon. TiO2, Fe2O3 and
C=O coexist in ACTOx, which can enhance the desulfurization performance of the catalyst. The blending preparation method of a desulfurization catalyst from TO and AC
has numerous potential applications because of its low cost.
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IMPLEMENTING THE “GAUSS PEAK SPECTRA” FITTING
METHOD TO ASSESS THE COMBINED EFFECTS
OF HEAVY METALS ON THE CHLOROPHYLLS
OF PLANTS GROWING IN POLLUTED SOILS
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ABSTRACT
Natural pigments, including chlorophylls whose central Mg2+ is replaced by a metal ion (Zn2+, Cu2+ or Cd2+),
can be detected spectrophotometrically and quantified by
the “Gauss peak spectra” (GPS) method. Here we assess
the use of this method to examine the effects of heavy
metal-polluted soils on plants growing in these soils, as an
indicator of primary production of terrestrial ecosystems.
The GPS method was first optimized in native plants collected from abandoned mine sites with several heavy metals
in their topsoil layers. Then based on the results of this
study, we conducted a bioassay in which a cultivable plant
species (Lupinus albus L.) was grown in real soils polluted
with different heavy metal concentrations, to avoid the
effects of factors such as climate, different ecotypes or
heavy metal tolerance. According to the metal contents of
the leaves of the plants as determined by chemical analyses, the GPS method was unable to distinguish between
plants affected or not by the soil heavy metals. Neither
was a greater chlorophyll effect observed in plants exposed to the higher metal concentrations. Our findings
thus indicate that the proposed method is of little use to
examine the joint effects of heavy metals on plants growing in polluted soils.

KEYWORDS: Abandoned mines, cadmium, copper, Mediterranean grass species, zinc.

1. INTRODUCTION

heavy metal-polluted soils obtained from landfills and
abandoned mines [2-4]. As it is known, the chlorophyll
molecule consists of a porphyrin ring with a central Mg2+
and a phytol chain. In the presence of metal ions, this central Mg2+ can be replaced by one of these ions. This substitution prevents light harvesting in affected chlorophylls,
leading to reduced photosynthesis [5], and consequently
may have an impact on the primary production of affected
ecosystems.
Küpper et al. [6,7] designed a spectrophotometric
method in which Gaussian peak spectra (GPS) are mathematically fitted to a sample absorption spectrum to detect
and quantify the effects of heavy metals on the chlorophylls of plants. In the present study, we assessed the use
of this method in plants growing in polluted soils with
more than one heavy metal. This question led the proposal
of the following hypothesis: i) the GPS method would serve
to distinguish between plants affected or not affected by
heavy metals in the soil where they grew, and ii) a greater
effect would be detected on the chlorophylls of plants
exposed to higher metal levels compared to plants grown
in less polluted soils.
2. MATERIALS AND METHODS
The GPS method was first optimized in 12 native
plant species collected from abandoned mine sites with
several heavy metals in their topsoil layers. Later, a bioassay with Lupinus albus L. growing in real heavy metal
polluted soils polluted was conducted in a greenhouse.
2.1 Native species collection

Although heavy metals produce numerous stress effects on plants [1], an important impact is the inhibition of
photosynthesis. In previous bioassays, we have detected
chlorosis signs in the leaves of several species grown in
* Corresponding author

Native species were collected from three abandoned
mine sites (two copper mines and one silver mine) in the
central Iberian Peninsula. The three mines fell into disuse
40 to 100 years ago, and have not been restored in any
way. Soils around the copper mines are mainly copperpolluted but may also contain high levels of other metals.
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Metals mainly found in the silver mine soils are Zn and
Pb. Both the soil pollution and plant communities affected
by heavy metals at all three sites have been extensively
investigated [8-10].
Given the known heterogeneous distribution of heavy
metals at these sites, we selected points of different metal
concentrations to collect 52 samples of 12 native plant
species. Plant species were selected if they occurred in
high frequency at the three mines or if they grew in the
most polluted areas of the mine sites (Table 1). For example, Trifolium striatum grows in the most polluted areas
of one of the Cu mines [8] and Crepis vesicaria and Marrubium supinum have been found to grow well in the
most polluted soils of the Ag mine [10].
2.2 Bioassay

We also performed a greenhouse bioassay in which
the white lupin (Lupinus albus L.) was grown in real soils.
The white lupin was chosen since it has been frequently
used by us and other authors in studies designed to determine the effects of heavy metal polluted-soils on plants
[4, 11,12].
Apart from the three mine soils mentioned above, for
the bioassay we also used a soil from an abandoned aluminium mine [13] with high Cd, Cr and Ni concentrations
and two soils from the layer used to seal a landfill [14]
heavily polluted with all the metals determined. Control
soil was obtained from an area of central Spain containing
Al but lacking heavy metals. Table 2 provides pseudototal
and bioavailable levels of metals in all the soils used.
Throughout the text, table, and figures, the soils have
been designated according to their main pollutants as

CuA, CuB (copper mines), Zn (silver mine) and Al (aluminium mine). The soil from the landfill is referred to as
LF. The bioassay design included 11 treatments plus a
control. The treatments were set up using soils collected
from different points (indicated by a number) in the four
mines and landfill. Five replicates were prepared per treatment and control. Soil samples (average 3 kg) collected
from the topsoil layer (0 – 10 cm) at each site were dried
at room temperature, sieved through a 2 mm mesh, and
manually mixed before their use in the bioassay. An aliquot of 0.5 kg was separated for subsequent analysis. Pots
were filled with 0.5 kg of soil and planted with two
pregerminated seeds in vermiculite.
The duration of the bioassay was four weeks. Pots
were watered daily with deionised water. The plants were
monitored weekly to determine plant heights and leaf
symptoms, since these are indicators of heavy metal effects on plants [2]. At the end of the bioassay, 1 g samples
of leaves collected at random from three replicates per
treatment were stored at -20ºC for chlorophyll quantification. The remaining leaves were washed with deionised
water, oven dried (48 h, 70ºC) and weighed.
2.3 Optimisation and use of the GSP method

The GPS method created by Küpper et al. [6] and later
expanded and improved [7] has been well described by its
authors. The method is based on the description of the
absorption spectrum of each leaf pigment by a series of
Gaussian peaks. The absorption spectrum of a sample is
then fitted by a linear combination of these “Gauss peak
spectra”, including automatic corrections. The method is
thus able to quantify the pigments in a leaf from their ab-

TABLE 1 - Plant species analysed by the GPS method. The number of mines where the species appeared is given in parentheses.
Spp. found in more than one mine
Agrostis castellana Boiss. & Reut. (3)
Dactylis glomerata L. (2)
Corrigiola telephiifolia Pourr. (2)
Spergularia rubra (L.) C. Presl (2)

Spp. found at more than one point at the same mine site
Arrhenatherum elatius subsp. bulbosum (Willd.) Schübl. & G. Martens
Micropyrum tenellum (L.) Link
Jasione montana L.
Rumex bucephalophorus L.
Thymus zygis Loefl. ex L.

Spp. found in one mine only
Trifolium striatum L.
Crepis vesicaria L.
Marrubium supinum L.

TABLE 2 - Pseudo-total (T) and bioavailable (B) metal concentrations (mg/kg) recorded in the soils used in the bioassay.

Control
CuA 1
CuA 2
CuB 1
CuB 2
Al 1
Zn 1
Zn 2
Zn 3
Zn 4
LF 1
LF 2

Fe
T
5665
26346
28096
20758
17102
75304
30953
27019
24166
32784
78940
111709

B
40
158
88
70
59
10
60
60
71
88
173
135

Mn
T
65
541
489
323
261
2535
477
282
380
438
6291
1706

Zn
B
23
133
63
27
37
44
150
69
72
88
134
72

T
11
265
129
145
60
154
2282
2193
1640
706
41063
5045

Cu
B
2.0
64
17
39
5.9
7.3
325
336
265
128
10309
962

T
2.3
2575
1001
4392
367
262
53
54
38
32
1713
802
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Pb
B
1.1
640
169
1143
53
13
5.9
4.5
4.2
2.8
183
112

T
2.8
70
48
90
28
30
2031
2865
2111
881
26391
1954

Cd
B
2.6
24
8.6
37
8.3
2.1
322
761
600
258
8086
1016

T
0.0
9.4
2.4
4.5
0.0
60
11
11
7.8
0.0
322
31

Cr
B
0.0
5.2
1.2
1.5
0.0
32
2.9
3.2
2.5
0.0
120
17

T
4.4
14
29
6.5
4.7
329
7.4
5.2
7.4
7.4
267
190

Ni
B
0.2
0.3
0.2
0.2
0.2
0.7
0.2
0.2
0.2
0.2
5.4
3.7

T
2.6
20
17
3.0
3.4
264
18
16
14
16
72
143

B
0.3
0.9
0.5
0.3
0.3
1.8
2.3
2.1
1.6
0.7
3.2
3.1
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sorption spectra, provided these pigments have been modelled in the method. For vascular plants, the method is
able to detect chlorophylls a and b, Zn-, Cu- or Cd- substituted chlorophylls a and b, pheophytins a and b and
8 carotenoids. Although the authors validated the GPS
method using Thlaspi fendleri grown in hydroponic culture,
here we tested its use in plants grown in heavy metalpolluted soils.
In an effort to maintain the nomenclature of the authors of the method, normal chlorophylls are designated
Chl or [Mg]Chl, and chlorophylls with a central Zn2+, Cu2+
or Cd2+ replacing the native Mg2+ ion are denoted [Zn]Chl,
[Cu]Chl or [Cd]Chl respectively. Chls refers to both chlorophyll a and b. Although carotenoids were also detected,
they were not taken into account in our assessment of the
method. The term “affected Chls” is used for any chlorophyll whose central Mg2+ has been replaced by any metal.
Samples of about 1 g of leaves and green parts were
collected at random from several specimens per native
plant species at each sampling point. For the lupins of the
experiment, 1 g samples were cut from two random individuals per pot as three replicates of each of the five
treatments (soils). Samples were kept on ice until storage
at -20ºC.
The optimisation procedure was conducted on native
plants. First we used 100 mg of each sample, but these
had to be often diluted to avoid an absorbance greater
than 1.5 units (method requirement), so we decided to use
50 mg samples. After weighing 50 mg of each sample,
pigments were extracted in 100% acetone in a porcelain
mortar with the help of sea sand. The extract was filtered
through a 0.45 µm filter. The acetone extracts of the plant
specimens were placed in paired quartz cells (optical path
10 mm) and absorbance measured in a Perkin-Elmer double-beam UV/vis spectrophotometer model λ16, 0.25 nm
bandwidth, in the region 350-750 nm. When absorbance
was higher than 1.5 units, the sample was diluted. The
spectrum of each leaf extract was normalized to its maximum absorbance.
The normalized spectra obtained were subjected to
the GPS fitting procedure using the Sigmaplot 10 programme. Resultant pigment concentrations in µM were
expressed per gram of fresh sample (µmol g-1) and as the
percentage of affected Chl in a given sample.
The authors of the GPS method provide an equation
for [Mg]Chls (“non stressed”), and three further equations
incorporating the corresponding terms for [Zn]Chls
(“stressed by Zn”), [Cu]Chls (“stressed by Cu”) or [Cd]Chls
(“stressed by Cd”). They also recommend adding to the
initial equation as many terms as pigments are expected in
the sample. Given the soils used here are usually polluted
with more than one heavy metal and that plants take up
several of these, we established a fifth equation including
terms for [Zn]Chl a, [Zn]Chl b, [Cu]Chl a, [Cu]Chl b,
[Cd]Chl a and [Cd]Chl b and designated this equation
“stressed by three metals”. According to the results obtained
for the native plants using these five equations, we only

used the equation “stressed by three metals” for the lupin
samples.
2.4 Determinations made in soils and plants

Pseudototal (prior acid extraction, [15]) and bioavailable metal contents (prior ammonium acetate and EDTA
extraction [16]) were determined in the bioassay soils by
plasma emission spectroscopy (ICP-OES, Perkin-Elmer
4300DV).
Metal contents were also determined by ICP-OES with
prior acid extraction [15] in the native plants and white
lupins after washing in deionised water, oven drying (48 h,
70ºC) and grinding.
The chlorophyll contents of the lupin leaves stored at
-20ºC were determined by HPLC according to the method
of Masuda et al. [17].
2.5 Data analysis

Given the non-normal distribution of the data, Spearman’s coefficient was used to assess correlations between
the heavy metal contents of plants and percentages of Zn-,
Cu- or Cd-affected chlorophylls.
Data derived from the bioassay were compared by
analysis of variance (ANOVA) and post hoc multiple comparison testing (Bonferroni test or Dunnett’s T3 test when
there was no homoscedasticity).
All statistical tests were performed using SPSS 19
software for Windows.
3. RESULTS AND DISCUSSION
3.1 Results obtained in the native plants

The five equations were applied to the absorbance
spectra obtained for each of the 52 native plant extracts.
Table 1 shows the native plant species analysed by the
GPS method. Among the pigments analysed, only the Chl
results were taken into account.
Results indicate that the central Mg2+ in Chl b was
rarely replaced by any of the metals. In only 3/52 extracts
was Chl b found to be affected by one of the metals using
the three separate equations, and this occurred only in
1/52 when we used the equation “stressed by three metals”. According to the three equations for Zn, Cu and Cd
incorporation by chlorophylls, 35/52 extracts showed
[Zn]Chl a, 33/52 showed [Cu]Chl a, and only 4/52 showed
[Cd]Chl a. However, the equation assessing stress due to
three metals provided different results such that 18 extracts showed [Zn]Chl a, 28 showed [Cu]Chl a, and 11
showed [Cd]Chl a.
According to Küpper et al. [7] one of the major limitations of the GPS method is that equations sometimes
lack terms for the pigments present in the extracts under
test. This will generate errors or it will not be possible to
fit the GPS to the sample spectrum. We observed this by
comparing the results for [Zn]Chls, [Cu]Chls and [Cd]Chls
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obtained using the five different equations in samples of
Spergularia rubra, Agrostis castellana and Jasione montana growing at different points of the three mines. In all
these cases, the R2 of equation “stressed by three metals”
was higher than that provided by the other four equations.
In the case of Rumex bucephalophorus, its absorption
spectrum could only be fitted in 2 of the 8 samples analyzed. We propose that the reddish colour of young stems
of this plant reflects the presence of a pigment whose
corresponding term is not included in the GPS equation.
In a further analysis, we examined correlations between the metals detected in leaves by ICP-OES and the
percentage of Chl a affected by these metals separately
using the results of each equation. Given the few samples
in which Chl b was affected by any metal, this pigment
was not considered.
The “stressed by Zn” equation was only used on data
obtained for the samples collected at the silver mine,
where Zn and Pb are the main metals present. Results
were incoherent in that no relationship was detected between Zn concentration and percentage [Zn]Chl a.
Küpper et al. suggest the possibility that if a pigment
present in an extract not considered by the equation has a
similar spectrum to another of the extract’s pigments, this
will lead to erroneous results. Since other bivalent metal
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Next we considered the possibility that the GPS method
would be able to distinguish between affected and non affected plants. To this end we stratified the plant samples
into two categories: a) those with low metal contents in
their leaves considered reference levels, and b) those with
higher metal concentrations. Although a Zn concentration
in leaves under 300 mg/kg is not considered toxic [18],
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Similarly, when we considered the results obtained
for [Cu]Chl a and [Cd]Chl a, no correlations with the
amounts of the corresponding metals determined in the
plants were detected. When we used the “stressed by three
metals” equation, data for samples containing a metal other
than Zn, Cu or Cd were eliminated. However, again no
significant correlations were observed. Thus, our second
working hypothesis that we would be able to detect greater
chlorophyll effects in plants exposed to more heavy metal
pollution was not proven.
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ions found in the plants, such as Pb and Ni, are able to
substitute the central Mg2+ ion in Chl a [5], we suggest that
some of our samples contained more pigments than the
corresponding terms included in the equation. We therefore decided to only include samples in which Zn was the
only metal found in leaves or in which no appreciable
amount of any metal was found. However, this strategy
failed to improve the correlation coefficient.
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FIGURE 1 - Scatterplot showing percentages of affected Chls in the samples grouped as “reference” or “metal containing” according to the
leaf metal concentration data (mg/kg). Top row (A), results arising from the three separate equations for the corresponding three heavy
metals. Bottom row (B), results arising from the “stressed by three metals” equation.
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we used 60 mg/kg of Zn as the limit for the two categories
since this was the highest Zn concentration detected in the
leaves of plants collected from soils where this metal
was present at reference levels. The limit used for Cu
was 20 mg/kg, and for Cd, we divided the plants into
those with or without Cd. As described above, the equations separately considering each heavy metal were only
used on samples known to contain the corresponding
metal alone or no metal at all. We then compared the
percentages of affected Chls between the two groups but
no difference was detected (Fig. 1).
Thus, our starting hypotheses were not fulfilled. We
attribute this to the most important limitation described by
Küpper et al., i.e., the presence in the extracts of pigments
with similar absorption spectra in the measurement range
(350-750 nm). In tests performed by Küpper et al.,
[Cd]Chl a and [Mg]Chl a could not be clearly distinguished when both were present in the same sample.
According to our results, we consider that this problem
affects all heavy-metal substituted Chl a’s, making it
impossible to differentiate plants affected or not by pollution when growing in soils containing several metals.
Plants may have numerous tolerance mechanisms to
heavy metal stress [19]. These mechanisms depend on the
plant species as well as adaptation of the ecotype to the
hostile environment. Although this does not really explain
the detection of affected Chl in our reference plants, it
may explain why no relationship was observed between
heavy metal accumulation and the percentage of affected
Chl. Our bioassay was designed to control the factors driving anti- stress mechanisms such that only one plant species was exposed to different amounts of pollution. Since

we used a commercial cultivable species, heavy metal adaptation was not expected.
3.2 Results obtained in the white lupin

The heights and dry weights recorded in the bioassay
indicated that the lupins grew best in the soils control,
CuB2 and Zn4. Decreasing plant growth in different
treatments followed this order: CuB2, Zn4, Control > Zn3
> Al1 > LF2, CuA2, CuB1, LF1, CuA1, Zn2, Zn1. The
most affected lupins were those grown in the other copper
mine soils, in the most Zn- and Pb-polluted soils of the
silver mine, and in the soils of the landfill. These were the
soils where the highest heavy metal concentrations were
found and the sites at which lupins took up the higher
quantities of metals in their leaves (Table 3). Although
plants grown in the Al mine soil (Al1) showed no major
growth problems, they showed earlier signs of chlorosis
than the rest of the plants. Thus, we expected worse effects on Chls in these plants (i.e., reduced production or
increased Mg2+ substitution) whereas we anticipated no
such effects on the lupins growing in the control, CuB2 and
Zn4 soils.
Figure 2 reveals reduced Chl concentrations, as determined by HPLC, in plants grown in the most polluted soils
in relation to plants showing no metal toxicity symptoms.
The GPS method indicated a similar trend, though the Chl
concentrations detected by this method were clearly lower
than those provided by HPLC. In contrast, the Zn-, Cu- or
Cd-substituted chlorophylls ([Zn]Chls, [Cu]Chls, [Cd]Chls)
determined by the GPS method (Fig. 3) were not coherent.
Since no heavy metal-substituted Chl b was detected,
all the results refer to Chl a. We expected to find some

TABLE 3 - Heavy metal contents (mean and standard deviation, mg/kg) recorded in the lupins grown in the different soils. Different letters in
each column indicate significant (95%) differences between treatments.
Treatment
Control
CuA 1
CuA 2
CuB 1
CuB 2
Al 1
Zn 1
Zn 2
Zn 3
Zn 4
LF 1
LF 2

Fe
117 ab
10
94 ab
27
82 ab
15
86 a
0.7
106 ab
11
105 ab
15
89 ab
3.1
73 ab
8.5
73 ab
19
140 ab
21
284 ab
363
71 b
2.0

Mn
713 d
44
257 abc
45
385 abcd
78
187 abc
13
795 cd
106
660 abcd
457
283 abc
26
294 abc
67
484 bcd
58
1178
269
133 ab
77
147 a
34

Zn
27 ab
6.1
53 b
3.6
56 ab
7.1
34 ab
0.3
34 a
3.4
28 ab
10
1170 abcd
75
1253 abcd
191
1219 d
147
162 c
16
367 abcd
375
96 abc
26
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Cu
7.3 ab
1.2
68 de
4.3
105 e
8.5
49 abcde
10
35 bc
5.2
17 abc
3.6
19 abcd
6.4
14 abc
3.4
6.9 a
2.7
8.9 ab
1.4
23 abc
7.6
25 c
1.1

Pb
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
6.7
9.5
0.0
0.0
0.5
0.8
0.0
0.0
61
101
0.0
0.0

Cd
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.6
0.8
0.5
0.9
2.0
3.4
0.0
0.0
0.7
1.2
0.0
0.0

Cr
1.9 abc
0.9
2.6 c
0.2
2.5 c
0.1
3.2 bc
0.1
1.2 ab
0.1
3.2 abc
1.2
3.3 abc
1.4
3.5 abc
1.0
1.4 a
0.1
1.3 a
0.1
3.5 abc
1.6
2.8 c
0.1

Ni
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.0
5.1
4.1
5.8
2.4
4.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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FIGURE 2 - Concentrations (µmol g-1) of Chl a and Chl b determined by HPLC versus the GPS method

FIGURE 3 - Percentages of Chl a with Mg2+ replaced by Zn, Cu or Cd in the different treatments

correlation, albeit weak, between leaf metal concentrations and the percentages of affected Chls. Above all, we
predicted that control plants and those with low metal
concentrations would show no heavy metal-substituted
Chls. Thus, in clear contrast with our predictions, [Zn]Chl
a was not detected in plants grown in soils heavily polluted with Zn (Zn1 and Zn2) and these plants showed high
Zn contents in their leaves while it did appear in control
plants. Similarly, [Cu]Chl a was detected in every plant
yet control plants showed the higher percentages of this
substituted Chl. More expectedly, [Cd]Chl a was mostly
detected in plants grown in the landfill soils where Cd is
found in large amounts and this metal was also detected in
the leaves of these lupins.
3.3 Assessment of the GPS method for its use in plants exposed to more than one heavy metal

The authors of the GPS method describe their procedure as rapid and inexpensive for the quantification of
more than a dozen pigments in a crude extract, making it

suitable for high-throughput screening applications [7]. In
effect, the method has been successfully used to quantify
Chls in Crassula helmsii [20] and Thlaspi caerulescens
[21]. However, plant species were always exposed in
hydroponic culture to a single metal. Our findings indicate the method is ineffective for assessing the combined
effects of heavy metals on plants grown in real polluted
soils. Not even when it is applied for testing a bioassay in
controlled conditions, as that conducted with L. albus.
4. CONCLUSIONS
We optimized the GPS method with 12 native plant
species from Mediterranean environment collected from
sites with heavy metal polluted soils. The results obtained
with these native plants and with white lupin grown in
real soils polluted with various heavy metals, unfortunately, indicate its inability to differentiate plants whose chlorophylls are affected by polluted soils. Therefore, it is not
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advisable to use this method as an indicator of decrease of
primary production of terrestrial ecosystems by the combined action of heavy metals.
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ABSTRACT
Today, global climate change has made itself widely
evident. In the planning of water resources, it is of great
importance to determine certain parameters, such as precipitation and flow, for the preparation of future projects.
In our study, we tried to analyze the streams in the Western Mediterranean Basin of Turkey monthly and annually.
Applying Mann-Kendall trend test, it was tried to observe
whether a trend changed or not, in the safety range of
95%. Moreover, scatter diagrams are created to determine
the slopes of increase and decrease on the trend-line, and
to foresee the flow-rates. Eventually, the trends for each
station are determined plotting Şen diagrams, and these
trends’ compliance with Mann-Kendall test is evaluated.
According to the results, some serious decreasing trends are
observed in all stations both annually and monthly. Besides,
the trend changes occurred especially in summer when the
amount of rainfall was very low and almost all of the flows
of rivers were provided by underground sources. Moreover, it was discovered that there is a strong correlation
between Sen test and Mann-Kendall trend analysis. The
angles between x-axis and trend-lines in Sen diagram test
were analyzed, and angles less than 36 degree were statically found to stand for a strong trend change.
KEYWORDS: Western Mediterranean, Mann-Kendall, flow, trend
analysis, Dalaman River, Esencay, Sen diagram test

1. INTRODUCTION
Nowadays, the water demand has remarkably increased
due to the rapid increase in population, the efforts for developing agricultural foods depending on rising population,
and the industrial growth. On the other hand, available
water resources are quite limited in some areas, and they
have to be used carefully and efficiently. Republic of Turkey on Climate Change National Certificate [1], a strategy,
is assigned to increase the studies of climate changes and to
discuss the results of these studies. Climate changes cause
* Corresponding author

increasing of surface and ground water consumption and
of vaporization [2]. In the studies for the solutions of
climate changes, the most important freshwater bodies,
such as rainfall, streams, lakes, and groundwater resources,
should all be evaluated and planned appropriately. Actually, determination of these freshwater body trends in the
future is the most significant factor considering the ongoing planning. The precautions can be taken clarifying the
trend changes in advance. To illustrate, in summer time, the
reduction of stream levels originates from the reduction of
the groundwater resource level that is mainly reasoned by
digging pits unconsciously. In such a case, altering the
trend from decrease to increase could be possible with
controlling digging pits. Furthermore, if increase in the
trend is over the critical level that might result in some
damages, precautions should also be taken prior. Therefore,
in literature, many studies have examined the effects of
rainfalls and temperature on flow-rates and reservoir capacities.
Partal and Kahya [3] analyzed trend changes in
amount of rainfall annually and monthly. They completed
the analysis using nonparametric methods of Sen’s T test
and Mann-Kendall using 96 rainfall measurement stations
at various places of Turkey. As a result of this study,
especially in 14 stations, the decrease of rainfall in January was remarkable. Turkes et al. [4], in their study on
111 rainfall measurement stations, tried to analyze longterm changes and tendencies in rainfall intensity series
based on time and place properties. They observed a serious decrease in amount of rainfall and intensity of rainfall, especially in the Mediterranean region of Turkey.
Karbulut and Cosun [5] studied on data from meteorology
stations in Kahramanmaras which is a southeast province
of the Mediterranean region of Turkey. They found stability in the region about the annual amount of rainfalls.
Effect of climate change on rivers in the Mediterranean
region of Turkey was investigated by Albek [6]. In this
study, results show that significant changes can be expected in near future with possible impacts on the water
quality and ecological status of rivers. Gonecgil and Icel
[7] observed annual and seasonal trend changes using a
one-directional variant analysis to the data of 11 meteorology stations at the coasts of the southeast Mediterranean
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region of Turkey, in between 1975-2006. In their analysis,
a decrease in the numbers of rainy days, especially in
spring and winter, was observed. Bahadir [8] modeled the
data of temperature degrees and amount of rainfall in
southeast Anatolian region of Turkey with ARIMA. In this
study, after the very cold year of 1992, an obvious increase
in the average temperature degrees was stated. If only the
greenhouse effects are examined, it is indicated that the
temperature increase will be 1-3 °C per year until 2050,
and when the sulphate particle changes are taken into
account, the increase becomes 1-2 °C per year. Bahadir [9]
tried to predict prospective temperature and rainfall increases using Box-Jenkins technique on 6 stations characterizing 3 different climate types on a line of north-south
direction. In this study, in our next 15 years, an increase of
0.3 °C in Black Sea region and of 0.6 °C in Mediterranean
region was determined. Additionally, about the rainfalls,
an increase of 25-50 mm for Black Sea region and of 2100 mm for Mediterranean region was determined. Republic of Turkey on Climate Change National Certificate [1]
made a study on Kizilirmak, which is the longest river in
Turkey, and its basin whether they are affected by climate
changes or not. According to this study, an inverse proportion between temperature and flow is observed while a
direct proportion between rainfall and flow is observed.

2. MATERIALS AND METHODS
2.1 Study area and method

As study area, southwest part of Mediterranean Region of Turkey was chosen, where most of the fresh water
resources of Turkey are located. In this basin, six discharge
gauge stations are operated by Electrical Works Administration. Three of these six stations are eliminated because
of missing data or having a regime extremely affected by
external factors, such as regulation and dam effects. Among
three stations, the first station No. 809 Kavaklidere is located on Seki valley of Fethiye-Elmalı way on Esencay River. It is located on 29033’44 E - 36049’36 N, has a rainfall area of 546.8 km², and an elevation of 1115 m. The
measurement of this station is available since July 1956.
The second study station is No. 811 Sucalti station
(29006’05 E -37005’34 N), located 54 km south of Acipayam County in Denizli, and having a rainfall area of
3819.8 km² and the elevation of 589 m. The measurement
of this station is available since July 1960. The final station is No. 812 Akkopru station (28056’00 E - 36055’01 N)
located at the intersection of Dalaman river and KoycegizFethiye way; its rainfall area is 4622.3 km² and the elevation is 128 m. The measurement of this station is also
available since June 1963 [23].

Gregory [10] studied annual rainfall trend changes in
England. Suzuki [11] made a similar study in Japan. In
1973, Jagannathan and Parthasarathy [12], and in 1974,
Parthasarathy and Dhar [13] analyzed the trend changes
of rainfall in India. Also Goswami et al. [14] examined
the monsoon rainfalls [15] representing 80% of rainfalls
in India. In Canada, an increase of 1-2 °C per year was
detected by Plummer et al. [16], and also an increase of
rainfall amount was determined by Mekis and Hogg, [17]
Stone et al. [18], Zhang et al. [19]. Groleau et al. [20]
examined the trend changes of rainfalls in winter in Canada. They used Mann-Kendall test to the data of 60 air
stations about the trend of the most hazardous rainfalls
which were in January and February. As a result, in 25 of
60 air stations, an increase was observed, and 18 of these
stations were stated in positive direction according to the
significant level of 5%. Tabari et al. [21] made a study
about climate changes in 13 stations covering the east,
south and southeast part of Iran between the years 19662005. They reached their conclusion by taking the average of Mann-Kendall, Mann-Whitney, and Mann-Kendall
Rank Correlation tests. According to the results, from the
beginning of 1970’s, increases of 0.412 °C in average
values, 0.452 °C in maximum values, and 0.493 °C in
minimum values were obtained. He et al. [22] used linear
regression, Mann–Kendall test, and wavelet transform to
reveal the variation characteristics of observed streamflow and natural stream-flow in the Yellow River basin.

The Mann Kendall test [24, 25] which is nonparametric, is independent from the data distribution. The MannKendall statistic S is given as follows [26]:

In this study, we analyzed the effects of climate change
on the streams of the Western Mediterranean Basin of
Turkey where most of the fresh water resources are located, in monthly and annually time scales.

(4)

(1)
The application of the trend test is done to a time series xi that is ranked from i = 1,2,………n-1 ,and xj,
which is ranked from j = i+1,2,……….n. Each of the data
points xi is taken as a reference point which is compared
with the rest of the data points xj, so that follows [26]:

(2)

It has been documented that when n ≥8, the statistic S
is approximately normally distributed with the mean [26].
(3)
The variance statistic is given as follows:

where, ti is considered as the number of ties up to
sample i. The test statistics Z is computed as follows:
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(5)

It is concluded that if the absolute value of Z, calculated according to the above method, is less than the Z/2
value of a normal distribution at the α significance level,
zero hypothesis is accepted and time serial does not include a trend. If it is greater than Z/2, time serial includes
a trend, and if S is positive, this trend is an increasing one.
If S is negative, on the other hand, trend is decreasing. As
the data is not required to be compatible with a distribution, this test is particularly useful [27, 28].

A new trend analysis methodology by Şen [29] depends
on the 1:1 line on a Cartesian coordinate system, where it
corresponds to trend free case, and any deviation from
this line indicates trend existence, and the closer are the
plots to 1:1 line, the smaller is the trend slope.
Apart from the 1:1 line, upper and lower triangular
areas correspond to trend existence, when two different
time series are plotted against each other. In order to illustrate the effectiveness of the proposed methodology, Fig. 1
is prepared as the plot of sorted time series versus two
trend-embedded synthetic time series. Each series is obtained by adding a linear monotonic increasing and decreasing trend into the original time series in the upper and
lower graphs of Fig. 1. In the middle square, plots versus
trend free time series are given after sorting in ascending

FIGURE 1 - Decreasing and increasing trends versus trend free time series [29].
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order. The final product yields the fact that the upper
(lower) triangular area includes increasing (decreasing)
trends, respectively. Additionally, on the 1:1 plots, increasing trend time series points can be interpreted by
considering low and high values subjectively in two groups.
Hence, since low values are concentrated near the 1:1
line, the trend existence is weaker than the group of high
values, which significantly deviate from the 1:1 line. On
the other hand, in the lower triangular area, the time series
have a low values’ cluster, this time away from the line,
whereas high values approach the 1:1 line implying comparatively weaker trend existence in the structure of the
time series, considered all based on visualization. [29-31].
The most elementary type of regression model is the
simple linear regression model, which can be expressed
by the following equation [32-34]:
(6)
The subscript t is used to index the observations of a
sample. The total number of observations, also called the
sample size, will be denoted by n. Thus, for a sample of
size n, the subscript t runs from 1 to n. Each observation
comprises an observation on a dependent variable, written
as
for observation t, and an observation on a single
explanatory variable, or independent variable, written as
. The relation (Equation 6) links the observations on
the dependent and the explanatory variables for each
observation in terms of two unknown parameters,
,
, and an unobserved error term,
. Thus, of the five
quantities that appear in (Equation 6), two,
and
,
are observed, and three,
,
, and ut, are not. Three of
them, ,
, and
, are specific to observation t, while
the other two, the parameters, are common to all n observations. Here is a simple example of how a regression
model like (Equation 6) could arise in economics. Suppose that the index t is a time index, as the notation suggests. Each value of t could represent a year, for instance.
Then
could be household consumption as measured in

year t, and
could be measured as disposable income
of households in the same year. In that case, (Equation 6)
would represent what in elementary macroeconomics is
called a consumption function [31].
3. RESULTS AND DISCUSSIONS
Herein, flow-rate values of 3 stations located in western basin of Mediterranean region of Turkey are examined according to Mann-Kendal, Regression tests and Şen
test. The trends are observed both annually and monthly.
The results are summarized in Tables 1, 2, and 3. In these
tables, some values are summarized as follows: annual or
monthly average flow-rates, test statistic value S of
Mann-Kendall test, Z value which is for testing the accuracy of hypothesis, and the
values of Eq. 3 calculated
by regression analysis of data used in scatter chart regardless of trend-line. The probability of trend is evaluated
according to 95% confidence interval. The months and
the years which Z value exceeds 1.96 are indicated as that
the trend-line occurs in 95% confidence interval. Additionally,
coefficients point out the amount of increase or
decrease of annual average of flow-rates.
According to the Mann-Kendall test, 3 stations are all
observed in decreasing trend. Moreover, when the annual
changes are analyzed, there is a serious decreasing trend
for the station No. 809 on Esencay River, except the heavy
rain period between November and May. When we look at
the stations No. 811 and No. 812, which are on Dalaman
River, a decreasing trend for all months is observed for
the station No. 811 located in the headwater, and a decreasing trend for all months, except November and December, is observed for the station No. 812.
Additionally to the regression analysis, the
coefficients in equation 3 point out annual decrease, and are
crucial parameters to foresee the flow-rates. According to
these results, there can be periodic droughts, especially
for the seasons with negligible amount of rainfall. The

TABLE 1 - Annual and monthly trend analysis of station no. 809.
Month
Mean Flow Rate (m³/s)
October
0.75
November
1.56
December
4.34
January
5.74
February
7.30
March
7.96
April
8.52
May
4.78
June
1.80
July
0.67
August
0.39
September
0.48
Annual
3.69
(↓) Denotes decreasing and (↔) denotes no trend

S
-512
54
-154
-184
-106
-200
-155
-171
-326
-542
-426
-563
-272

Z
-3.81
0.40
-1.14
-1.37
-0.79
-1.49
-1.15
-1.27
-2.43
-4.04
-3.17
-4.20
-2.02
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Trend Z (0,95)
↓
↔
↔
↔
↔
↔
↔
↔
↓
↓
↓
↓
↓

Annual Change (m³/s)
-0.0116
0.0049
-0.0169
-0.0689
-0.0259
-0.0659
-0.044
-0.0387
-0.0183
-0.0139
-0.0055
-0.0087
-0.023

Şen Trend Test
↓
↔
↔
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
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TABLE 2 - Annual and monthly trend analysis of station no. 811.
Month
October
November
December
January
February
March
April
May
June
July
August
September
Annual

Mean Flow Rate (m³/s)
5.55
8.44
18.87
25.18
28.98
28.56
23.22
12.30
6.24
3.34
2.09
3.10
13.82

S
-437
-295
-325
-350
-412
-431
-334
-484
-462
-466
-390
-363
-441

Z
-4.13
-2.79
-3.07
-3.31
-3.90
-4.08
-3.16
-4.58
-4.37
-4.41
-3.69
-3.43
-4.17

Trend Z (0,95)
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓

Annual Change (m³/s)
-0.113
-0.103
-0.403
-0.732
-0.759
-0.707
-0.492
-0.403
-0.174
-0.087
-0.042
-0.068
-0.340

Şen Trend Test
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓

TABLE 3 - Annual and monthly trend analysis of station no. 812.
Month
October
November
December
January
February
March
April
May
June
July
August
September
Annual

Mean Flow Rate (m³/s)
18.32
28.55
63.88
77.16
76.42
70.84
58.14
35.36
22.35
16.80
14.41
14.96
41.44

S
-388
-83
-106
-200
-235
-289
-226
-328
-357
-393
-334
-341
-315

Z
-3.92
-0.83
-1.44
-2.02
-2.37
-2.92
-2.28
-3.31
-3.61
-3.97
-3.37
-3.44
-3.18

Trend Z (0,95)
↓
↔
↔
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓

Annual Change (m³/s)
-0.211
-0.078
-0.960
-1.781
-0.895
-1.128
-0.710
-0.589
-0.283
-0.196
-0.128
-0.156
-0.594

FIGURE 2 - The mean annual flow rates of the station No. 809

FIGURE 3 - The mean annual flow-rates of the station No. 811.
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Şen Trend Test
↓
↔
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
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FIGURE 4 - The mean annual flow-rates of the station No. 812.

FIGURE 5 - The mean flow-rates of September of the station No. 809.

FIGURE 6 - The mean flow-rates of May of the station No. 811.

FIGURE 7 - The mean flow-rates of July of the station No. 812.

results of regression analysis are tabulated at the rightmost
columns of Tables 1, 2, and 3. The mean annual flow-rate
changes of the stations No. 809, No. 811, and No. 812 are
shown in the scatter charts of Figs. 2, 3, and 4. For the
same stations, the flow-rate changes of the months with
maximum values are shown in Figs. 5, 6, and 7.

Annual and monthly results obtained from Şen test
are shown in Figs. 8, 9, and 10. The decreasing trends
have been detected in almost all of these findings. However, the amount of the decrease varies according to
the stations and months. From the results of station 811,
a clear decrease in monthly and annual averages can be
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FIGURE 8 - The discharge changes of station 809 as a result of Şen test.
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FIGURE 9 - The discharge changes of station 811 as a result of Şen test.
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FIGURE 10 - The discharge changes of station 812 as a result of Şen test.
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FIGURE 11 - Determination of Şen test trend-line.

TABLE 4 - Comparison of Mann-Kendall Z test results and Şen test angles.

Month
October
November
December
January
February
March
April
May
June
July
August
September
Annual

Z
-3.81
0.40
-1.14
-1.37
-0.79
-1.49
-1.15
-1.27
-2.43
-4.04
-3.17
-4.20
-2.02

Station 809
Şen Trend Test Angle
27.70
45.71
39.96
36.32
38.08
35.99
38.13
36.03
33.17
26.19
31,71
28.61
36.24

Station 811
Şen Trend Test Angle
27.89
32.70
23.90
22.28
26.23
27.03
28.59
22.18
24.61
27.40
32.46
30.87
25.79

Z
-4.13
-2.79
-3.07
-3.31
-3.90
-4.08
-3.16
-4.58
-4.37
-4.41
-3.69
-3.43
-4.17

seen (Fig. 9). When the results of station 809 (Fig. 8) are
examined, the decrease in all months, except October and
November, is in question. For the station 812, a decrease
for all months and annual draws the attention, except November (Fig. 10). When the analysis in the study is evaluated, a decrease in discharge of rivers is seen all over the
region. Due to the similar results of all three methods, an
existing decrease is proven. In June, July, August and
September when the flow of rivers are supplied by the
groundwater, the decrease is more remarkable which
shows us the groundwater amount is also decreasing in
the region.
In the final part of the study, the trend-lines of the
graphics used in Sen test are obtained (Fig. 11), and the
angles between these trend-lines and x-axis are found. In
general, the angles are all found to be less than 45 degrees
in the figures.
According to Sen test, being less than 45 degrees means
that there is a decreasing trend [29]. For Mann-Kendall test,
Z statistic values shall have 95% confidence bounds
( >1.96), to be a meaningful argument. In Table 4, MannKendall Z test results and Sen test angles are compared.
In Table 4, the Z test values obtained by Mann-Kendall
test and trend-lines in Sen test are compared. According to

Z
-3.92
-0.83
-1.44
-2.02
-2.37
-2.92
-2.28
-3.31
-3.61
-3.97
-3.37
-3.44
-3.18

Station 812
Şen Trend Test Angle
36.11
42.58
36.52
25.52
34.93
33.80
36.04
32.85
34.23
36.25
36.71
36.99
33.22

this comparison, where the values are in 95% confidence
bounds for Mann-Kendall test and the angles of Sen test
range between 0° and 36°, they are found to be very similar
for each test. However, the bigger angles between 36° and
45° are determined to be useless in 95% confidence
bounds.
4. CONCLUSION
In the study, 3 stations (Esencay and Dalaman river),
located on Western Mediterranean Basin of Turkey, are
analyzed. The trends of flow-rates are tried to be figured
out using Mann-Kendall test. According to the results,
some serious decreasing trends are observed in all stations
both annually and monthly. Besides, the trend changes
occur especially in summer when the amount of rainfall is
very low, and almost all of the flows of rivers are provided by underground sources. This situation shows us a
remarkable decrease of the underground water levels.
With respect to slope of the trend-lines of the figures, a
risk of vanishing of the flow-rates is observed, especially
in stations No. 809 and No.811 in drought seasons, which
are predicted to occur in 30 or 50 years. This prediction is
80 years for the station No. 812.
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The second crucial result in this study is tried to be
found by the comparison between trend-line of Sen test
and Mann-Kendall test. According to the results, when the
angels are between 00 and 360, there is a meaningful decrease in values. Nonetheless, when the angels are between 360 and 450, there is still a decrease in the values
but it is statistically not meaningful. Furthermore, it is
determined that the results in Sen test and Mann-Kendall
test have a correlation.
According to these data, the protection and development of the available water sources have become vital for
the region. Especially for the drought seasons, it would be
a critical precaution to increase or, at least, to keep the
level of the underground sources, which feeds the rivers,
equal. Therefore, the water flow by the available wells
should be provided in a controlled way. Also, increasing
the level of underground sources can be provided constructing new reservoirs. This type of structures simplifies
the control of suction.
The global climate rapidly changes day by day; for
this reason, the regions which may suffer from the climate
change of every country, should be detected as soon as
possible. The precautions mentioned before can help these
regions to minimize the damages of the climate changes.
The authors have declared no conflict of interest.
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