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THE USE OF DIFFERENT REACTOR SYSTEMS
FOR BIOLOGICAL TREATMENT OF PETROLEUM
REFINERY WASTEWATERS
Lucija Foglar*, Sanja Papić, Dunja Margeta and Katica Sertić-Bionda
Faculty of Chemical Engineering and Technology, University of Zagreb, Marulićev trg 19, 10000 Zagreb, Croatia

ABSTRACT
In order to protect the environment and due to the strict
regulations, harmful organic and inorganic compounds
must be removed from refinery wastewaters. In this paper,
the application of different reactor systems for biological
treatment of petroleum refinery wastewaters was reviewed
and the performance of the different biological treatment
processes with suspended and immobilized biomass was
described with emphasis on working parameters, such as
chemical oxygen demand (COD), organic load, hydraulic
retention time, the presence of different carriers and microorganisms, the pH and the working temperature. Furthermore, some combined treatment processes were presented
and their use was analysed. According to the review of the
literature data, it can be concluded that biological treatment, with the selection of a suitable reactor system, favourable microorganisms and the optimal working parameters, enables very efficient removal of organic substances
present in the refinery wastewaters.
KEYWORDS:
biological treatment, biomass, hydraulic retention time, chemical
oxygen demand, refinery wastewater, reactor systems

Furthermore, new technologies such as membrane
technology [12, 13] and microwave-assisted catalytic wet
air oxidation [14] are investigated. In general, these methods involve the transfer of pollutants from one medium to
another, thus requiring further treatment for complete removal of organic components. Some of these methods have
reduced efficiency, some generate sediments or sludge,
whereas certain methods are performed in a narrow pH
range [15, 16], which limits their application. Therefore,
the different bioreactor systems are still being investigated
to achieve effective reduction of harmful organics present
in refinery wastewaters. Biological treatment is the most
widely used treatment technologies for the removal of dissolved organic compounds from petroleum refining industry wastewater [17, 18]. The biological treatment can be
classified into two main categories that include processes
with suspended biomass and processes with immobilized
biomass (Table 1.)
TABLE 1 - Survey of different reactor systems and their abbreviations used for the biological treatment of petroleum refinery
wastewaters.

1. INTRODUCTION
The ever-increasing global energy demand makes the
processing and consumption of crude oil as raw material in
petroleum industry important issue that significantly contribute to pollution of water. The petroleum refinery and
similar industries generate large volume of effluents which
are discharged into water bodies [1, 2]. Such effluents contain many different substances including hydrocarbons,
phenol, sulphides and other sulphur and nitrogen containing compounds. Numerous of these pollutants have adverse effect on environment, especially on aquatic organisms and therefore should be removed from wastewaters.
The effective removal of these compounds with the use of
different physico-chemical and biological methods was intensively studied during the last decade [3-11].

Abbreviation

Reactor system

Reactors
with suspended
biomass growth

Reactors
with attached
biomass growth

* Corresponding author

3695

Continuous flow suspended
biomass reactor
Up-flow anaerobic sludge blanket bioreactor
Sequencing batch reactors
Membrane bioreactors
Membrane sequencing batch reactors reactor
Wetlands ecosystems
Active sludge reactor
Immobilized biological aerated
filters
Fluidised bed reactors
Fixed-film bioreactor system
Reactor with a biological aerated filter
Trickling filter reactor
Rotating biological contactors
Bio electrochemical reactor
system
Spouted bed bioreactor
Microbial electrolysis reactors

CSBR
UASB
SBR
MBR
MSBR

IBAF
FBR
FFR
RBAF

RBC

SBBR
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Generally, the microorganisms use and degrade the organic components of the wastewater and form new microbial biomass and degradation products. In the reactor with
suspended growth, microorganisms are suspended in the
solution with organic material and during the treatment
form aggregated active biomass called activated sludge.
The process of biological treatment with activated sludge
is one of the most effective biological systems, used in
many refineries around the world for biological wastewater
treatment. Microorganisms use organic matter from refinery wastewater (RWW) as a source of carbon and energy
for growth and development and simultaneously convert
these substances in cell tissue, water and other oxidized
products. In processes with immobilized biomass, microorganisms are attached, bonded or immobilized to the inert
carrier. The carriers, usually used in those processes are
small rocks, gravel, plastic and other synthetic materials
that have different size and properties that enable survival
and proliferation of microbes. [18].
2. APPLICATIONS OF DIFFERENT REACTOR
SYSTEMS WITH SUSPENDED BIOMASS FOR
BIOLOGICAL TREATMENT OF REFINERY
WASTEWATERS
The most commonly used process that includes suspended biomass is treatment in batch and continuous-flow
reactors with activated sludge, and very often for treatment
of RWW sequencing batch reactors and membrane bioreactors were applied. Furthermore, suspended biomass processes include the treatment in aerated lagoons and systems, which are constructed as wetlands ecosystem [18].
During the treatment, refinery wastewater entering the
aeration tank with microorganisms (reactor). To maintain
the structure of the aerobic active sludge and a homogenous suspension of microbes with solids present in the solution, air is continuously introduced into reactor. In general, in the RWW treatment systems, the biomass in the
mixture of wastewater and sludge (mixed liquor suspended
solids, MLSS) contain 70-90% of active organic portion of
the biomass (mixed liquor volatile suspended solids,
MLVSS) and 10-30% inert solids [18]. The treatment of
RWW from six different refineries with use of the activated
sludge was recently studied in the United States [17]. The
observed results suggest that the treatment was effective in
reducing the chemical oxygen demand (COD) and the
naphthenic acid concentration. Furthermore, it was noteworthy that a significant toxicity reduction was achieved
by the biological treatment units in all six refineries. Similarly, Mizzouri and Shaaban [19] monitored the kinetics of
degradation of RWW in continuous flow suspended biomass reactor (CSBR) and 89.9-96.5% reduction in COD
was observed. The identification of bacteria present in biomass indicated that prevailed bacteria Pseudomonas
putida, Acidovorax delafieldii and Aeromonas hydrophila.
Furthermore, in recent investigation 67 different aerobic
bacterial cultures were isolated and identified during the

activated sludge treatment study in which effectiveness in
cleaning up a petrochemical wastewater in Iran was evaluated. Bacterial strains mainly belonged to Pseudomonas,
Flavobacterium, Comamonas, Cytophaga, Acidovorax,
Sphingomonas, Bacillus and Acinetobacter genera [20]. The
use of different engineering bacteria was studied in a pilotscale two-stage anoxic-oxic process of biological treatment
of petrochemical wastewater under low temperatures [21].
The different types of suspended biomass reactors applied for the RWW treatment, the values of applied process
parameters, the process efficiency and literature data were
shown in Table 2. The RWW treatment was also conducted
in up-flow anaerobic sludge blanket bioreactor - UASB [22].
The operation of UASB includes anaerobic process with formation a blanket of granular sludge which suspends in the
tank. Wastewater flows upwards through the blanket and is
processed (degraded) by the anaerobic microorganisms.
The monitoring of anaerobic RWW treatment from refinery in Teheran, Iran revealed 30-81% COD removal, with
the highest efficiency observed at organic loading rate
(OLR) of 0.4 kg/m3d and at hydraulic retention times (HRT)
of 48 h. After preliminary investigations, the process optimisation model (response surface methodology) was applied to
predict the behaviours of influent COD, upflow velocity and
HRT in the bioreactor and the determined optimal range of
process performance was 630 mg/dm3, 0.27 m/h, and 21.4 h
respectively, at which was achieved 76.3% COD removal
efficiency [22].
The batch reactors that have different sequences such as
fill/settling/decant during operation are in basic a modification of the traditional activated sludge processes are known
as sequencing batch reactors - SBR [23]. The SBR technology is becoming more popular as an alternative for treating
industrial wastewater due to use of a single unit, production
of reduced amount of sludge, low aeration costs, minimal
footprint, and flexible operation and control [24-26].
In a recently published paper [27], sequencing batch
reactor was used for treatment of petroleum refinery wastewater (Kuala Lumpur) and the effects of toxic, hydraulic,
and organic shocks on the performance of a lab-scale SBR
were investigated. The results of this study indicate that with
an OLR in the range of 0.53-0.93 kg COD/kg MLSS d, COD
removal efficiency was 86-68.9% (Table 2). During the
toxic shock tests, it was observed that addition of 10 and
20 mg Cr+6/dm3 decrease efficiency to 79.4% and 77.1%
respectively, but the process regained stability and efficiency increased to 86%. On the contrary, the simultaneous
application of increased OLR and decreased HRT caused a
loss of biomass activity, biomass wash out and system failure [27].
In addition to the above mentioned reactor systems, in a
recently published study [28] the possibility of RWW treatment was investigated in the reactor system which combines
upward flow anaerobic sludge bioreactor (UASB) with and
immobilized biological aerated filters (IBAF). The pilot plant
was set up in the vicinity of the oil fields and COD, ammonia
concentration, suspended solids, and presence and degra-
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TABLE 2 - The literature review of different types of suspended biomass reactors applied for the RWW treatment with processing parameters
and the process efficiency data.
OLR*/
Reactor system
Active sludge reactor
CSBR
UASB
SBR
Combination of
UASB and IBAF
reactor
MBR


467-1117(700)
0.177-0.744

0.2-1.2
500-1200
0.3-0.93
920-1620

129.8-1238
/COD:616±231
/COD:1010±45
/COD:765±187
30-65 mg/d
(160-2300)10

MBR

pH

Microorganisms/
Carrier

COD**

3

24-67 mg/d /
(370-2300)103

T (°C)
7-7.6
22-24


6.5-7.7/
38±1
6.7-7.3
27±2
7.8-8.3

Refinery waste sludge
Mixed culture
Waste sludge
Active sludge
Active sludge (UASB)
and commercial culture
(IBAF)/Policin urepan
Active sludge /
Membrane- polyetherimide fibers

25-35
8.0

COD removal
efficiency
(%)

Reference



24.17-75.6

17

19,225,6

89.9-96.5

19

10-48

30-81

22

12,8-4,8

75-95

27

40-12

20-90

28

10

25

Active sludge (3000 mg
MLSS/L)
Active sludge (5000 mg
MLSS/L)

***Toluene: 25
Active sludge /
Etilbenzene: 25
Poletilen mikrofiltration
Nonane: 25-3000
module
COD:165-347
Sand-gravel
Wetlands ecosystems
Phenol: 3-9
Sand-compost
Oil and grease: 24-66
OLR*-organic loading rate (kg COD/kg MLSS/d)
COD**-influent COD (mg COD/dm3)
***Concentration of different hydrocarbons (CH) (mg/dm3)
MSBR

dation of alkanes were monitored during 252 days. The reduction of COD, NH3-N concentration and the reduction in
suspended solids were 74%, 94% and 98% respectively
(Table 2). The analysis of the samples determined that most
of the alkali compounds decomposed in the UASB-reactor,
while the IBAF has an important role in the degradation of
other organic compounds and in reduction of NH3-N and
suspended solids. Analysis of biomass indicated that in the
UASB reactor dominated bacteria belonging to the genera
Bacillales and Rhodobacterales, while in the IBAF prevail
presence of an unidentified bacterial species [28].
Membrane bioreactors (MBR) are biological treatment
methods that represent the variation of application activated sludge system. MBR combines membrane process
(eg. microfiltration) with suspended growth biomass [18].
Application of MBR for RWW treatment [29] was studied
at different OLR and HRT of 10 h at 25 °C for 93 days and
the results suggest the effective removal of organic matter
(Table 2). The comparison of the results obtained with the
use of MBR, with the results observed only with the use of
biomass, indicated that the application of the membrane increased COD removal and total organic carbon (TOC) removal efficiency for 17% and 20% respectively [29]. With
the application of cross flow membrane bioreactor [12]
treatment of RWW at HRT of 16-34 h, in the presence of

HRT
(h)

6-8



27±1
8-10.5
5-20

16
20
33
17
22
34
8
16
24


15-79
48-77
41-69
93.8-94.3
94-95
94.5-95.5
93.5-94
93.5-94.5
94.7-95.8
Removal of CH:
97

29

12

30

45-78
33-62

34

3000 mg MLSS/dm3 and 5000 mg MLSS/dm3 was efficient
and 82-97% reduction in COD was observed. The highest efficiency of more than 95% was achieved at HRT of 34 h [12].
In addition to the above mentioned membrane system,
in a recent survey [30], the effect of different HRT on the
course of RWW treatment was determined in membrane
sequencing batch reactors reactor (MSBR). Stages of operation of these reactors, depending on HRT (8, 16 and 24 h)
were filling phase - 11 min, the reaction phase (149, 389 and
629 min), and drawing phase - 80 min. The process was
monitored at 27 ± 1 °C and the prepared RWW contained
mineral salts necessary for the optimal growth and development of the microbial biomass and toluene, ethylbenzene
and nonane as hydrocarbon components. Although the increase of HRT from 8 h to 16 h and then to 24 h had resulted
in a statistically significant reduction in the value of MLSS,
it was observed that the hydrocarbon removal efficiency was
more than 97% (Table 2) [30]. The SBR technology was
used for treatment of RWW in other studies and effective
reduction of COD was also observed [31, 32].
Wetlands ecosystems can be designed as natural and
engineered ecosystems, the natural wetland ecosystems are
mainly used to remove suspended solids, nitrogen, phosphorus, trace elements and microorganisms present in

3697

© by PSP Volume 24 – No 11a. 2015

Fresenius Environmental Bulletin

wastewater, while the constructed wetlands are used for
treatment of municipal, industrial and agricultural wastewater [33]. In order to explore the practical application of
constructed wetland for RWW treatment, the performance
of two parallel wetlands ecosystems and their effectiveness
were monitored in Pakistan [34]. Two identically engineered wetland ecosystems contained different filter media
(sand/compost and sand/gravel) and planted marsh cane
shoots. In the first period, the growth of plants was monitored with the addition of fresh water, then the flow of
RWW was initiated and after a period of adjustment, the
efficiency of this system was investigated. The COD removal efficiency amounted to 45-78% for the system with
sand/compost and 33-62% for the system of sand/gravel.
The reduction of total suspended solids in the wetlands was
48-73% in a system with sand/compost and 39-58% in the
system of sand/gravel (Table 2). In addition, an effective
reduction of biological oxygen demand (BOD) and the reduction of heavy metal concentrations were observed. Results of this study indicate that the use of wetlands ecosystems enables effective reduction of the COD and BOD values of RWW, and also enables significant reduction in the
concentration of heavy metals such as Fe, Cu and Zn. [34].
Treatment of RWW in ecosystem designed as wetlands has
been investigated in other studies and observed results indicated that the removal of harmful substances from the
RWW could be achieved with application of wetlands [35].
3. BIOLOCGICAL TREATMENT OF REFINERY
WASTEWATER IN REACTOR SYSTEMS WITH
ATTACHED BIOMASS
The processes with reactor systems that contain microbes attached, entrapped or immobilised on carrier, are
generally called attached growth processes. The carriers of
microbes could be as mentioned sand, gravel, clay or zeolite particles, hydro gels such as carrageenans and Ca-alginates, polymer granules and numerous different plastic or
synthetic materials. The use of small, porous, fluidized media in the reactor enables the retaining of biomass and operation at reduced HRTs. In dependence to performance of
the process there are different types of batch and continuous flow reactors, which in correlation to flow could be reactors with fixed or fluidised bed with or without mixing.
The fluidised bed reactors (FBR) were intensively used
and investigated for efficient removal of diverse organic pollutants [36-39]. These reactor systems seems to be more efficient than suspended biomass reactors since they enable
process performance without mechanical moving parts, at
higher concentration of biomass, at lower HRT and the
footprint requirements are small [40]. Literature data suggest that aerobic biodegradation by natural populations of
microorganisms was a favourable for effective degradation
of diesel fuel [41-44]. In recently conducted study [40],
aerobic biological degradation of wastewater contaminated
with diesel fuel was carried out in a three-phase fluidized
bed reactor with lava rock particles used as support for bio-

mass, under unsteady and steady state conditions. The wastewater and air stream were introduced at the bottom of reactor to achieve efficient fluidization and obtained results
indicated complete removal of diesel fuel (100%) and 9097% reduction of COD [40]. The use of different types of
attached growth processes in the RWW treatment along
with values of applied process parameters and process efficiency are reviewed and listed in Table 3.
The aerobic treatment of RWW in a three-phase fluidised bed bioreactor with polypropylene KMT® particles
used as a biomass support was investigated at various ratios
of bed (settled) volume to bioreactor volume (Vb/VR) and at
different air velocities and the optimal COD removals of
90% was achieved at Vb/VR ratio of 0.55 and at air velocities of 0.029 m/s [43]. A similar reactor system was used
for RWW treatment in pilot study [45], and aerobic degradation was conducted in the bioreactor containing 7 fixed
tubes placed in main reactor tube, and spherical particles
made of synthetic resin was used as biomass carrier. The
wastewater and air was pumped at the bottom of bioreactor
to enable aeration and fluidisation of carrier particles. The
influences of pH value, air flow rate and HRT on COD and
ammonia nitrogen reductions were monitored and revealed
that the optimum operation conditions were obtained at air
flow rate of 3.2 m3 air /m3 liquid h, at HRT of 6.5 h and at
pH value of 7.0-8.0 (Table 3). Under the optimal operation
condition, during more than 40 days, the effluent COD and
NH4-N were lower than 100 and 15 mg/dm3, respectively
and the overall efficiency clearly exceeded the values obtained by traditional methods of wastewater degradation.
Furthermore, this pilot-bioreactor generated only onethird of the sludge waste compared to the traditional activated sludge process.
Biological treatment of industrial oil refinery waste-water is a well-established method for removal of organics but
in order to increase efficiency a new bioreactor system was
designed and studied [46]. A fixed-film bioreactor system
(FFR) was constructed in order to allow higher organic
loads, to minimize production of sludge waste by-products
and to increase process stability and resistance to shock loading. The fixed-film bioreactor pilot unit was equipped with
a 4-chamber horizontal tank, the support frame was built
from cylindrical plastic pall rings to form a packed bed of
‘mixed-media’ and highly porous polyurethane foam was
used to incubate microorganisms. Monitoring of input/output values of COD and phenols indicate 85-90% removal
of COD and complete reduction of phenols [46]. In this paper a conventional treatment with activated sludge was also
monitored and reduction of COD and degradation of phenol yielded 50-60% and 99% respectively. The comparison
of the results observed with FFR and conventional treatment indicate that FFR during treatment generated only 1/3
of sludge waste produced during a conventional treatment
[46]. Among many various systems even a reactor with a
biological aerated filter (RBAF) has been studied for treatment of RWW [47]. The performance of two aerobic, upflow, submerged polymethyl methacrylate reactors with
poly-ammoniacal carriers and two different commercial cul-
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tures of microorganisms (B350M and B350) were monitored
at OLR of 0.4-1.07 kg/m3d and at different HRT (20-4 h) and
83-99% reduction in COD was achieved. By monitoring of
the RBAF treatment during 142 days and comparing the
results, a higher efficiency was observed in bioreactor with
immobilized B350M culture (Table 3). Furthermore, the
monitoring of polycyclic aromatic hydrocarbons concentrations revealed that in both reactors their concentrations
were reduced and the efficiency of degradation in reactors
with B350M and B350 cultures amounted 90% and 84%
respectively [47]. Additionally, analysis of microbial community proved presence of 20 different bacteria in the reactor with B350M culture and only 13 different bacteria in
the reactor with B350 culture, indicating that the reactor
inoculated with B350M achieves richer diversity than that
with B350.
The trickling filter reactor system usually consisting
the distributors for spraying the influent wastewater to the
surface of the filter bed, a bed of packing material such as
rock or plastic on which the wastewater is distributed continuously and an under drain system that carried out treated
water. A slime layer of microorganisms develops on the
packing material of the trickling filter. As wastewater
passes through the trickling filter bed, the microorganisms

degrade the organics. A trickling bed biofilm reactor
packed with siliceous granular material (PORAVER particles) was used to evaluate phenol and total organic carbon
removal efficiencies by Pseudomonas putida DSM 548
[48]. In another study, two identical biotrickling filters
were loaded with aluminosilicate beads (molecular sieve)
and polyurethane foam as filter media to compare the toluene removal efficiency after seeding with Bacillus cereus
S1 and based on observed higher removal capacity of toluene and shorter recovery time, aluminosilicate beads are
reported as a better choice than the polyurethane foam for
packing material used for biotrickling filter [49].
In practice, submerged biofilm filter systems including
rotating biological contactors (RBC) are also used for
RWW treatment. The RBC consists of closely spaced polystyrene or polyvinyl chloride plastic discs mounted on a
horizontal shaft. The plastic discs are submerged in
wastewater and are continuously rotated by the horizontal
shaft through an air driven motor. Microorganisms adhere
to the plastic surface and form a layer of microbial biomass
(slime) on the discs. As the discs are rotating, the attached
microorganisms react and degrade the contaminants in the
wastewater and convert them to new biomass and oxidation
products, and the excess of sludge is sloughed off the discs.

TABLE 3  The review of process parameters used in different types of attached biomass growth processes during the RWW treatment and
observed process efficiency.

Reactor system

FBR

FBR

OLR*/
COD**

547-4025

200 and 1237

45000

FBR
FBR
FFR

RBAF

RBC

Combined reactor
system


36650

215-613

510±401.9
Phenol***: 30±6.2
0.4-1.07
124
27,33 g/m2d
2677,30-5406,38

3600-5300

T (°C)

HRT
(h)

6.7-7.8
Lava rock particles

Polypropylene KMT®
particles

6.5-7.0

Polypropylene particles

6.5-7.0

28-30
28-30
7-8

Syntic resin

25-35
6.0-8.5

Polyurethane foam

15-39

Commercial culture
B350 and B350M /
Polyamoniacal material
Burkholderia cepacia
and phototrophic microorganisms
Pseudonymous putida
/Polyvinyl alcohol gel

COD removal
efficiency
(%)

Reference

90-97
4h




Mixed culture present
in RWW
136-1400
OLR*-organic loading rate (kg COD/kg MLSS/d)
COD**-influent COD (mg COD/dm3)
***Concentration of different hydrocarbons (CH) (mg/dm3)
Microbial electrolysis cells

pH

Microorganisms/
Carrier

96
diesel: 100%

[40]



90-95

[43]

3.33-30

40-95

[44]

6.5

> 53-84

[45]

16
8

85-90
phenol: 100

[46]

20-4

83-99

[47]

24
21

97.19-78.56
84.6-97.8

[51]



COD: 97
phenol: 100
Cresol: 100

[53]



40-79

[54]

8.0
18-24
7.5
28±2
7,2-8,2
30 and ambient T
7.2-8.9
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The basic advantages of RBC over other types of filter reactors are that the addition of oxygen isn’t required and
process is not dependent on the concentration of oxygen in
the water, furthermore, the microorganisms are attached to
the surface of the disc and thus clogging of the filter are
very rare, and process performance have a small energy requirements. Biodegradability of RWW was investigated in
laboratory scale by applying the modified RBC with polyurethane foam [50]. Degradation of RWW was monitored
in two parallel-connected RBC at various input hydraulic
loads (from 0.01 to 0.04 m3/m2d) with a rotation speed of
10 rpm, and the efficiency of COD and the oil reduction
was greater than 87% and 80%, respectively. Additionally,
observed removal of NH3-N and phenol was 99% and 85%
respectively [50]. Application of RBC was also investigated for treatment of wastewater containing diesel oil and
the presence of bacteria Burkholderia cepacia and cyanobacteria (Phormidium, Chroococcus and Oscillatoria) was
determined [51]. After the formation of biofilm and the period of adjustment, in the outlet stream, the presence of
only 0.003% of residual diesel was determined. The effectiveness of wastewater treatment was monitored at different N:P ratios (19:1 to 47.4:1), and at HRT of 21 h, at OLR
of 27.33 g/m2d. The observed reduction of the COD was
84-97.8% and the reduction efficiency of the total petroleum hydrocarbons was more than 99% (Table 3). Furthermore, the association of B. cepacia and phototrophic microorganisms at a reactor scale was reported as favourable
for hydrocarbon degradation. The major advantages of this
RBC system apart from high total petroleum hydrocarbons
removal efficiency include good settleability of sludge,
low phosphorus requirement, no soluble carbon source requirement and pH stability. Thus, although RBCs were
commonly used for treatment of low-strength wastewater,
RBCs utilizing the association of phototrophic microorganisms and bacteria can effectively treat wastewater with
high organic loading. The RBC was investigated for possible biodegradation of toluene at OLR of 1.5-0.6 g/m2d and
observed reduction of COD ranged from 77 to 88.3% [52].

RWW sample or a mixture of RWW with domestic
wastewater in microbial electrolysis cells resulted in 79%
reduction of COD and 82% reduction of BOD values.
4. CONCLUSIONS
According to the literature data on the performance of
the biological treatment of refinery wastewaters, the selection of an appropriate reactor system and selection of favourable conditions of the process implementation, as well
as the selection of suitable microorganisms can significantly affect the efficiency of the biological treatment of
RWW. The presented and reviewed data indicated that
among suspended growth bioreactor, the application of
membrane bioreactors is very efficient and provides more
than 93% reduction of COD, but the use of immobilized
cells also resulted in a very high efficiency of the process,
particularly in the fluidized bed reactor system, in which
up to 96% COD removal efficiency is observed. In addition, application of the combined reactor system consisted
of electro coagulation cell, fluidized bed reactor and adsorption column, also provides 97% reduction of COD and
the 100% removal of phenol and cresol.
The treatment of RWW is significantly affected by operational parameters such as temperature, pH and HRT.
The analysis of the data presented, indicate that the treatment of RWW are mainly conducted at the pH neutral or
close to neutral (pH 6.0-8.9) and at temperatures of 25-35
°C, which are the values that enable optimal growth and
development of microorganisms that can degrade organic
substances present in the RWW. The comparison of different reactor system with suspended and immobilized biomass, the comparison of process efficiency and the HRT
values provide reliable observation that the effectiveness
of the process is higher, and HRT is mostly lower in the
reactor systems with immobilized biomass, which contributes to the cost-effective removal of harmful pollutants
from refinery wastewaters during the biological treatment.

Application of different bio electrochemical system,
and in particular, the application of combined reactor systems in the treatment and purification of wastewater, could
result in effective removal of suspended solids, oil and
grease [53]. A novel three-step process was developed and
evaluated for the treatment of highly contaminated refinery
wastewater. The process consisted of an electro-coagulation cell (EC), a spouted bed bioreactor (SBBR) with Pseudonymous putida immobilized in polyvinyl alcohol gel,
and an adsorption column packed with granular activated
carbon produced from agricultural waste. During operation, the samples from each of the output stream were analyzed and the concentrations of phenol, cresol and COD
were determined and 100% removal of phenol and cresol,
and 97% reduction of COD was achieved (Table 3). Microbial electrolysis reactors in which the anode is graphite
plate and cathode is a mesh of stainless steel have been
used in a recent paper for the treatment of various RWW
[54]. In anaerobic batch conditions, the introduction of the
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ABSTRACT
Food processing by-products and wastes are generated
from direct consumption or industrialization of primary
products that are no longer useful for food processing. Currently, in several developing countries there is insufficient
infrastructure, technology, financial resources, and specific
legislation to facilitate proper disposal and provide a final
destination for the waste, which can create pollution. Sustainable development based on the concept of biorefinery
has produced alternatives that facilitate waste recovery.
The food processing by-products can be transformed into
biomaterials or biofuels by fermentation; however, the
main limitation is availability of fermentable compounds
because of the complex chemical structure of biomass. For
that reason, some pretreatments are initially applied to the
biomass to increase the degree of saccharification and obtain fermentable sugars. Recent advances in technology developed for utilizing food biomass waste for production of
fermentable sugars focusing in treatment conditions and
the limitations of each are discussed in this review.

tainable development based on the concept of biorefinery
has produced alternatives that facilitate waste recovery [4,5].
The International Energy Agency [6] defines the term
biorefinery as “the sustainable processing of biomass into
a spectrum of marketable products (e.g., food, feed, materials, and chemicals) and energy (e.g., fuel, power, and
heat)”. There are several crops that are mainly used as feedstock for biorefinery (perennial grasses, starch, sugarcane,
oil, and forestry wastes), but the utilization of by-products
from the food industry has recently increased, because they
are rich in nutrients and their reuse could also solve problems related to their disposal [7,8].
The use of biomass as part of the biorefinery system involves a series of sequential processes, including its preparation and transformation into products of interest [9]. In
most cases, pretreating the biomass is required to increase
the availability of its components and obtain fermentable substrates that are used for direct or indirect production of biofuel
and/or biomaterials [10]. Thus, hydrolysis efficiency is measured in terms of free sugars (e.g., glucose, xylose, and galactose) and fermentation inhibitors [e.g., furfural and hydroxymethylfurfural (HMF) yields].

KEYWORDS:
biorefinery, pretreatment, biomass, lignocellulosic, food waste

2. BIOMASS COMPOSITION

1. INTRODUCTION
Processed agro-food waste materials, both in solid and
liquid form, are generated from the direct consumption or
industrialization of primary products that are no longer useful for food processing [1]. This waste is mainly utilized as
animal feed and compost or is disposed of in landfills; however, it is rich in chemical components with commercial
interest that can be obtained by extraction or transformation to generate valuable products [2].
The problems associated with agro-food processing
wastes include insufficient technology, financial resources,
and specific legislation to provide an appropriate destination
for the wastes [3]. To ensure proper management from generation to disposal, these problems need to be addressed. Sus* Corresponding author

Lignocellulosic biomass is mainly composed of cellulose (38–50%), hemicellulose (23–32%), and lignin (10–
25%) [11, 12]. Cellulose is a homopolymer composed of
glucose monomers that are linked by glycoside bonds β1and β-4 [13]. Most of the glucose present in the lignocellulosic biomass is a component of the cellulose, which is a polymer that is hard to hydrolyze because of its crystalline and
linear conformation. Moreover, it is surrounded by hemicellulose and lignin that further hinder its hydrolysis [14].
Hemicellulose is a heteropolymer that is constituted by
pentoses (D-xylose and L-arabinose), hexoses (D-glucose,
D-mannose and D-galactose), and uronic acids, such as Dglucuronic acid, D-galacturonic acid, and galacturonic acid
methyl esters [15]. Because of its amorphous structure,
multiple branching, and relatively low molecular weight,
hemicellulose is easier to hydrolyze than cellulose [16].
But, because the diversity of sugars, it requires a wide range
of enzymes to complete hydrolysis of the biomass [17].
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The third major component of lignocellulosic biomass
is lignin, which is composed of multiple units of three alkyl
phenols: p-coumaryl, coniferyl, and sinapil, which can be
solubilized and inhibit fermentation process at different
grade [18]. This polymer is tightly bound to cellulose and
hemicellulose, making them less accessible to hydrolysis
[19, 20]. Because of the large quantity of sugars in the lignocellulosic biomass, it is an excellent source of fermentable
materials. Moreover, lignocellulosic components of some
food processing by-products, such as citrus peels, contain a
high content of essential oils or galacturonic acid, which
could be useful in recovery of additional value-added products [21]. Potato peels contain until 52% d.w. starch, which
is more easily hydrolysable than cellulose and produces a
relatively clean glucose stream for fermentation process
[22]. Apple pomace contains large amounts of specific polyphenols, such as chlorogenic acid, epicatechine, and phloridzin [23] that can act as fermentation and enzyme inhibitors and therefore as an additional step for the removal.
3. PRETREATMENT AND
SACCHARIFICATION OF BIOMASS
The main limitation that prevents optimal use of biomass is the availability of fermentable compounds [24]. For
that reason, it is necessary to apply the appropriate pretreatment to remove the complex network formed by lignin and
hemicellulose that inhibits effective enzymatic action on cellulose [25, 26]. Likewise, it is required to disrupt the hydrogen bonds between cellulose units as well as increase the porosity and surface area for subsequent hydrolysis [27, 28].
However, biomass characteristics differ depending on
the source from which it is obtained and choice of pretreatment employed, which are different for each situation. The
main aspects that strongly influence enzymatic hydrolysis
are the index of cellulose crystallinity [29], degree of
polymerization of cellulose [30], area of contact surface between the substrate and enzyme [31], content and distribution of lignin [32], hemicellulose content, porosity of the
substrate, and thickness of the cell wall [33].

can incorporate combinations of different pretreatment classifications [24, 36].
3.1 Physical pretreatments

Physical pretreatments are mainly applied to increase
the surface area, reduce particle size, degree of polymerization and crystallinity of the lignocellulosic material [18, 37].
The energy required in these pretreatments is relatively high
and depends on the desired particle size and biomass characteristics [38]. However, very small particle sizes may subsequently cause negative effects, such as agglomeration of
the biomass during enzymatic hydrolysis treatment [34].
Milling (ball mills, vibratory mills, roller mills, hammer mills, knife mills, colloid mills, and attrition mills) is
the most widely used mechanical method for physical pretreatment of lignocellulosic biomass [39], although ultrasonication [40, 41], microwave irradiation [42, 43, 44],
gamma rays [45, 46], and electron bombardment [36] have
recently been studied.
The choice of mill type also depends upon the desired
particle size and biomass moisture content. Colloidal mills
and extruders are only suitable for grinding wet materials
with a moisture content of more than 15–20%, while tworoll mills, attrition, hammers, or knives are only suitable
for grinding dry biomass with a moisture content of up to
10–15%. Ball and vibratory ball mills are universal types
of blasters, and they can be used for either dry or wet materials [39].
The particle size obtained with these pretreatments
varies from 0.2–2.0 mm after grinding and 10–30 mm after
chopping. Thus, size reduction leads to an increased overall hydrolysis yield of 5–25% as well as reduced digestion
time by 23–59% [24, 47, 48]. Application of these pretreatments requires a large amount of energy, and implementation at the industrial level is not cost-effective [18, 24], also
energy needs raises grow up with moisture content [24].
Moreover, combination with another physical or chemical
treatment is required [49, 50].
3.2 Chemical pretreatment

Chemical pretreatments have been extensively investigated because of their high efficacy in delignification of
biomass as well as de-polymerization and decrystallization
of cellulose [51]. Moreover, these pretreatments are easily
scaled to industrial levels and application is generally cost
effective.

Depending on the physicochemical characteristics of
lignocellulosic biomass, pretreatment selection should take
into consideration the following aspects: i) maximum sugar
yields, ii) loss and/or low sugar degradation [34], iii) minimum formation of toxic products such as furfural and
HMF, which are inhibitory compounds that affect the fermentation process [24, 35], iv) it must not require particle
size reduction, v) effectiveness of the process when there
is a low moisture content [31], vi) compatibility of fermentation processes, vii) minimum heat and/or energy requirements [31, 34], and viii) maximum recovery of lignin [35].

3.2.1 Acid hydrolysis

Currently, there is no universal pretreatment because
of the diverse biomass characteristics. Therefore, a variety
of methods based on different principles have been developed. These pretreatments are classified as: physical, chemical, physicochemical, and biological; however, approaches

The use of acid is the most common chemical pretreatment in which the constituent monomers of hemicellulose
(mainly xylose) are hydrolyzed. Moreover, the effect of acid
for pretreatment of the biomass structure facilitates enzymatic action of cellulase [74, 75].

There are a variety of chemicals that can be used for
this kind of pretreatment, such as oxidizing agents, acids
and bases, which may also be implemented in combination
with other pretreatments (Table 1).
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TABLE 1 - Chemical pretreatments applied to the exploitation of lignocellulosic biomass
Type PretreatWaste
ment

Pretreatment conditions

Acid hydrolysis Sugarcane
bagasse

H2SO4 (1%) and acetic acid
(1%), 90 ºC, 10 min

Rice hulls
Wheat straw
Cashew Apple
bagasse
Corn stover

Rice straw
Sugarcane
bagasse
Alkaline hydrolysis

Enzymatic treatment

2.32 g Celluclast 1.5 L (65 FPU/ml to
17 IU/ml of β-glucosidase) and 0.52 g
of Novozyme 188 (376 IU/g of βglucosidase), 10 g solid, 24 h, pH 4.8
H2SO4 (0.3 %), S/L 5:95, 152 CEL (40 FPU/g), 50ºC, 48 h, pH 4.8
ºC, 33 min
HCl (1.5% w/w), S/L 1:10
10 FPU/(NS50013) and 10 CBU/g
w/w, autoclaved at 121 °C,
(NS50010) of cellulose,10% (w/w)
60 min
solid, 50 °C, 72 h, pH 5
H2SO4 (0.6 mol/L), solid 30% Not applied
(w/v), 121 ºC, 30 min
H3PO4 (0.5% v/v), 180 °C, 15 Celluclast 1.5 L (15 FPU/g glucan),
min
Novozyme 188, (1578 U/g glucan),
Fiberzyme (1578 U/g hemicellulose),
solid 10% (w/w), 45 °C, 72 h, pH 5
Step 1: H2SO4 (1%), 60 °C,
Commercial enzyme blend (6 ppm),
24 h. Step 2: autoclave at
1% solid, 60 °C, 24 h.
121 °C, 15 min, 15 lb pressure
H2SO4 (2%), S/L 1:20, 200
Not applied
ºC, 45 min, assisted with ultrasonic energy

Organosolv

[59]

GLU 163 g/kg RM

[60]

GLU 5.33 g/100 g RM;
XYL 2.34 g/100 g RM

[61]

GLU: 12 g/100 g RM;
XYL: 3 g/100 g RM

[62]

Celluclast 1.5 L (68.3 FPU/ml),
50 ºC, 60 min
Spezyme CP loading 2.5% (w/w)
and 20 FPU/g solid, 50 °C, 48 h

TS 7.5 g/100 g RM

[63]

GLU 64.55/100 g solid
mass

[64]

Celluclast 1.5L (60 FPU/ ml),
Novozyme 188 (190 IU/ml),
10 g/l solid, 45 ºC, 72 h, pH 4.8
5% 1-ethyl 3-methyl imidazo- Novozyme 188 (5 FPU/g), 50 ºC,
lium acetate, 100 ºC, 4 h
24 h, pH 4.8
1-ethyl-3-methylimidazolium ac- CEL (35 U/ml), 10 mg solid, 50 °C,
etate (50% w/v), 150 °C, 90 min pH 4.8
1-ethyl-3-methylimidazolium1.5 mg CEL (20 FPU/g biomass),
DMSO, 50 mg/ml solid, 130 ºC 30 mg solid, 50 ºC, pH 4.8
microwave irradiation, 50 W,
1 min

GLU 450 g/kg rice straw

[65]

GLU 60 g/100 glucan,
XYL 55 g/100 g xylan
GLU 81/100 g glucan

[66]

GLU 10.4 mg/ml
XYL 5.1 mg/ml

[68]

EtOH:water 60:40 (H2SO4, 1%), Celluclast 1.5 L (44 FPU/ml), 7.2 µl
S/L 1:10, 180 ºC, 60 min
Novozyme 188, 200 mg solid, 45 ºC,
68 h
EtOH:water 65:35 (2% H2SO4), Celluclast 1.5 L (15 FPU/g),
S/L 1:8, 180 ºC, 60 min
Novozym 188 (15 IU/g), 2% solid,
48 ºC, 48 h, pH 4.8
EtOH (30%):NaOH (3%)
Celluclast 1.5 L (15 FPU/g),
aqueous solution (S/L 7:1 w:w), Novozyme 188 (15 IU/g), 5% solid,
195 ºC, 60 min
50 ºC, 24 h, pH 4.8
EtOH:water (50:50), 30 mM
CEL (20 FPU/g), 3% solids,
H2SO4, 210 ºC, 60 min
50 ºC, 72 h, pH 4.8

GLU 38.6 g/100 g biomass [69]
Ethylglycosides 12.5 g/100
g RM
GLU 88.3 g/100 g RM
[70]

NaOH (2% w/w), 10% (w/v)
solid, 121 °C, 60 min

Empty palm
fruit bunch
Sugarcane
bagasse
Wheat straw

GLU 256.3 mg/g cellulose [55]
XYL 987.1 mg/g hemicellulose
GLU 35.35 g/100 stover
[56]
XYL 16.83 g/100 g stover

GLU 42 g/100 g RM

Sorghum straw

Sitka spruce

[54]

CEL (60 FPU/g glucan)
Novozyme 188 (64 CBU/g glucan),
5 g solid, 55 °C, 24 h, pH 4.8
Celluclast 1.5 L (80 FPU/ml),
Novozyme 188 (240 IU/ml), 2%
solid, 45 °C, 72 h, pH 4.8
CEL (2.5 FPU/g), β-glucosidase
(3.75 CBU/g), xylanase (1.5 FXU/g),
50 °C, 48 h
HCEL (0.3% v/v), β-glucosidase
(0.3% v/v), 50 ºC, 24 h, pH 4.8

NaOH (12% w/v), 5% solid,
0 °C, 3 h

Rice straw

[53]

[58]

Rice straw

Triticale straw

GLU 47.2 g/100 g glucan;
XYL 86.3 g/100 xylan
GLU 1.25 g/100 g RM
XYL 16.49/100 g RM

GLU 69.06 g/100g glucan
XYL 81.35 g/100 xylan

Ammonium hydroxide (28%
v/v), 130 °C, 1 h

Corn stover

GLU 93 g/100 g hemicellu- [52]
lose

[57]

Sorghum
bagasse

Rice straw

Reference

GLU 380 g/L

Rapeseed straw NaOH 2M (5% in solution),
H2O2 (35% m/m), 50⁰C, 1 h,
pH 11.5
Kapok fiber
NaOH (2%), S/L 1: 12, 120 ºC,
60 min
Soybean straw NaOH (12 % w/w), S/L 1:10,
RT, 24 h, pH 8
Ionic liquids

Yield

1-ethyl-3-methylimidazolium
acetate, 5% solid, 120 ºC, 5 h

GLU 67.3 g/100 g RM
XYL 6.1 g/100 g RM

[67]

[72]

Digestibility of 86% of
[73]
wheat straw with a lignin
yield of 84%
RT: room temperatura, GLU: glucose, XYL: xylose, TS: total sugar, EtOH: ethanol, RM: raw material, S/L Solid:liquid ratio, CEL: Cellulase, HCEL:
hemicellulase.
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Acid hydrolysis may be performed in two ways: i) with
dilute acid (0.2–2.5%) and high temperatures (140–210 °C),
or ii) with concentrated acid (30–70%) and low temperatures
(80–100 °C) for periods ranging from seconds to several
minutes [76]. In both cases, sulfuric acid is the most commonly used [77]. However, because of equipment corrosion and the high concentration of the fermentation inhibitors, which are generated by the use of concentrated acid,
pretreatment with dilute acid is preferred [18].
Furthermore, other acids that have been studied include HCl, HNO3 [78], H3PO4 [79, 80], and organic acids
[81, 82] (Table 1). Evaluation of acid pretreatment of
wheat straw showed that high concentrations of maleic acid
had a negative effect on glucose yield, because the acid
promoted solubility of glucose in the aqueous phase, which
is discarded. In this case, about 46 mM acid concentration
is sufficient to achieve yields of 85% glucose. In addition,
it was found that only 1% of these sugars degraded to
HMF. Pretreatment with maleic acid showed similar yields
to those obtained with sulfuric acid, with the advantage that
less sugar degradation occurs [82].
In general, the main drawback of this pretreatment is
the production of fermentation inhibitors, such as acetic
acid, furfural and HMF, which can be further transformed
to formic acid and levulinic acid if conditions are too extreme; therefore, the obtained acid hydrolysates must be
detoxified [83-85] which can increases the process cost.
3.2.2 Alkaline hydrolysis

In alkaline hydrolysis, bases such as NaOH [85, 86],
Ca(OH)2, KOH, and NH4OH [87] are used in order to remove lignin, acetyl groups, and uronic acid, which are
known to block the enzymatic reaction during cellulose hydrolysis [36]. The saponification that takes place facilitates
the rupture of cross linkages between hemicellulose with
lignin or other compounds [47].This bonding elimination
also leads to an increase of porosity and inner surface area;
moreover, it diminishes the cellulose crystallinity index
and degree of polymerization. However, the cellulose solubility is less than is obtained with acid or hydrothermal
pretreatments. Additionally, in the case of hemicellulose,
the main solubilized fraction corresponds to xylan [87].
NaOH is the most commonly used base for alkaline
pretreatment [77], although Ca(OH)2 has recently been
considered important because it is safe as well as cost effective, as it is cheaper than NaOH [88]. On the other hand,
the principal factors that affect the efficiency of the process
are temperature, reaction time, and base concentration (Table 1). Khuong et al. [89] found that higher yields of saccharification were obtained with a greater concentration of
NaOH during the pretreatment of sugarcane bagasse. With
0.2% NaOH, only 3% of the solids were saccharified; in
contrast, with a concentration of 5% NaOH, the soluble
solids increased up to 51%. Likewise, this pretreatment had
a greater effect on lignin and xylan fractions than on those
of glucan; therefore, with 5% NaOH, the residual percentage
of each fraction was 11%, 3.8%, and 81.6%, respectively.

The addition of an oxidizing agent, such as H2O2, can
increase lignin removal when using NaOH or Ca(OH)2 and
significantly inhibit the formation of furfural and HMF [39,
62]. Pretreatment of lignocellulosic waste from the production of furfural with 2% NaOH and 20.4% H2O2 produced
higher saccharification performance. Percentage of xylose
did not significantly increase; but, glucose yield was 9%
higher [90].
3.2.3 Ionic liquids

The use of ionic liquids is a trend that has been gaining
attention as a pretreatment of lignocellulosic biomass [91].
Ionic liquids are salts that are typically liquid at relatively
low temperatures and consist of large organic cations and
small inorganic anions. In addition, these solvents have low
viscosity, hydrophobicity, and vapor pressure; chemical and
thermal stability; and are non-flammable. These characteristics vary depending on the nature of the anion and cation.
Moreover, they are called "green" solvents, since they are
neither toxic nor explosive [92]. Additionally, because of
their low vapor pressure, recovery of more than 99% is
possible [75].
The action mechanism of ionic liquids is based on the
fact that they can dissolve the carbohydrates and lignin,
since the anionic part forms hydrogen bonds with the hydroxyl groups of cellulose in a 1:1 ratio, thus breaking the
crystalline structure of the cellulose and making it more accessible to enzymatic hydrolysis [93]. Nevertheless, some
studies revealed that the structures of the lignin and hemicellulose remain unchanged after treatment with ionic liquids [94]. Da Costa et al. [95] developed a methodology for
the pretreatment of wheat stubble using 1-ethyl-3-methylimidazolium acetate. The pretreatment performed at
120 °C for 6 h with 5% of biomass yielded a cellulose residue that was 12% higher than the pretreatment conducted
at 120 °C for 2 h with 2% of biomass; however, pretreatment at 6 h with 6 % biomass was preferable for the hydrolysis of hemicellulose and lignin.
Typically, pretreatments with ionic liquids are carried
out under temperatures between 90–130 °C and periods
from 1–24 h [96] (Table 1). Afterward, the biomass is recovered by precipitation through the addition of water or other,
solvents such as ethanol, methanol, and acetone [97]. Cellulose dissolves very well in ionic liquids that contain chloride
ions, formate, acetate, and alkylphosphonates [98].
Pretreatment of sugarcane bagasse that had previously
been conditioned by grinding with bis(2-hydroxyethyl-ammonium) acetate for 4 h at 100 °C yielded 84% saccharification [99].
Groff et al. [100] analyzed pretreatment of switchgrass
for 3 h with 1-butyl-3-methylimidazolium chloride in combination with Amberlyst-15, which is a protic acid resin
that catalyzes the hydrolysis of the ether bonds between
glucose molecules, which are adjacent in cellulose. Their
results notably improved saccharification performance,
which was 10 times higher than the use of only 1-butyl-3methylimidazolium. However, this technology is expensive
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and further development should focus on ionic liquids that
are available for their application at an industrial level
[101]. Additionally, it has also been reported in some studies that certain solvents might irreversibly inhibit the activity of hydrolytic enzymes [102].
3.2.4 Organosolv

The organosolv process consists of breaking the internal bonds of the lignocellulosic material using an organic
solvent or its aqueous mixtures [103]. At a structural level,
the organosolv pretreatment allows hydrolysis of the internal
bonds of lignin, between lignin and hemicellulose, and the
hemicellulose glycosidic bonds with cellulose [104, 105].
Usually, these pretreatments are conducted at temperatures between 180 and 200 °C; however, the addition of
an inorganic acid catalyzer, such as HCl, H2SO4, or H3PO4,
allows the pretreatment to work at temperatures less than
180 °C [70] (Table 1). Some studies have evaluated other
neutral and basic catalysts to increase the yield in the organosolv process. In particular, a study conducted on pitch
pine (Pinus rigida) compared the effects of H2SO4 (an acid
catalyst), NaOH (a basic catalyst), and MgCl2 (a neutral
catalyst). In optimal time and temperature conditions, it
was found that the maximum yield of saccharification was
obtained with 1% MgCl2 (69.5%) followed by 1% H2SO4
(61.5%). Nevertheless, the use of 1% NaOH did not significantly improve the yield. However, when the concentration was increased to 2% NaOH, saccharification increased
to 58.8% [106].
On the other hand, organic acids, such as acetic and
formic acids, can also be used. Pretreatment of wheat straw
with an solution of water, acetic and formic acid (15:55:30)
at 105 °C over 3 h produced a composition of 48% cellulose, 27% hemicellulose, and 21% lignin [71].
One of the main disadvantages of organosolv is that
the solvent system needs to be completely removed, since
this can inhibit enzymatic action and growth of microorganisms in the fermentation process. For this reason as well
as their low cost, methanol and ethanol are the solvents of
choice. However, several others have also been used, including acetone, glycol, glycerol, aqueous phenol, and
aqueous n-butanol [98].
3.3 Physicochemical pretreatments

The most common physicochemical treatments are
steam explosion and ammonia fiber explosion AFEX [107];
however, there have also been studies on the use of liquid
hot water [108]. Table 2 lists some studies that were conducted on lignocellulosic biomass using physicochemical
methods pretreatments.
3.3.1 Steam explosion

In the pretreatment with steam explosion (previously
conditioned by mechanical methods), biomass is exposed
to relatively high pressures (0.7 and 4.8 MPa) of saturated
vapor at temperatures of about 160–240 °C (Table 2). The
process can last from a few seconds to several minutes and

then biomass is quickly depressurized [51, 74]. This process combines mechanical forces and chemical effects. The
mechanical effects are caused by quick depressurization;
alternatively, the chemical effects occur by auto-hydrolysis
of hemicellulose acetyl groups, which facilitate the release
of hemicellulose sugars and the transformation of lignin
and cellulose exposure during enzymatic hydrolysis [129].
Some studies revealed that the use of H2SO4, CO2, or
SO2 improves biomass hydrolysis, which in turn increases
the yield of the hemicellulose sugars and decreases production of inhibitory compounds [51]. Corrales et al. [130]
compared the effect of CO2 and SO2 with regard to the
structure of sugarcane bagasse that was exposed to a vapor
explosion pretreatment. Moreover, it was found by X-ray
diffraction that the index of untreated samples [index crystallinity (IC)] was 40.0%; on the other hand, samples that
were pretreated with SO2 and CO2 showed ICs of 65.5%
and 56.4% because of the elimination of 68.3% and 40.5%
of hemicellulose, respectively. Likewise, SO2 showed
greater efficiency in the pretreatment of biomass because
the required energy and process time is less (190 °C for 5
min) compared with CO2 (205 °C for 15 min).
Like other treatments that require high temperatures
and acidic conditions, furfural and HMF form in steam explosion; however, their concentrations can be minimized if
the pretreatment conditions are carefully controlled [131].
Moreover, with this pretreatment, there is also risk of condensation and precipitation of the soluble lignin components that result in a less digestible biomass and therefore
reduces their exploitation [18].
Working in birch wood, Vivekanand et al. [132] found
an increase in Klason lignin when pretreatment severity increased with respect to time and temperature. This was
probably due to the production of pseudo-lignin from the
degradation products of polysaccharides, primarily furfural
or other aromatic compounds that can polymerize again
following a resulting rearrangement reaction, hence, becoming insoluble and forming pseudo-lignin.
3.3.2 Ammonia fiber explosion (AFEX)

The AFEX process is a pretreatment where biomass is
subjected to high pressures and temperatures between 60–
100 °C in the presence of anhydrous liquid ammonia during various periods of time. Subsequently, a sudden pressure drop takes place, resulting in the formation of ammonia gas that breaks the fibers of the biomass and produces
a partial loss of the crystalline conformation of cellulose
[133]. During AFEX, the deacetylation of the hemicellulose and some specific regions of the lignin polymer also
take place. Only a small amount of solid material is solubilized [120].
Factors that exert greater effects in pretreatment are temperature, water load, and ammonia concentration, but pressure
and time should also be checked and controlled (Table 2). The
use of high temperatures promotes saccharification yield;
however, excessive heat can result in the degradation of compounds as well as furfural and HMF formation [134].
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TABLE 2 - Physicochemical pretreatments applied to lignocellulosic biomass
Type
Pretreatment

Waste

Steam explosion Mandarin peel
Oat straw
Wheat straw
Corn stover
Corn stover

Roasted coffee
beans
Rice straw
Rice straw
Corn stalk

Ammonia Fiber Sweet sorghum
bagasse
Explosion
Corn stover
Rice straw
Switchgrass

Liquid hot water Sugarcane
bagasse

Supercritical
CO2 explosion

Pretreatment conditions

Enzymatic treatment

Product (Yield)

Hot popping: 150°C,
pressure: 15 kgf/cm

Pectinase (5 mg/kg), xylanase
(5mg/kg), β-glucosidase (2 mg
/kg), 45 ºC, 24 h, pH 4.8
Accellerase 1000 (2707 CMC/g),
80 g solid, 55 ºC, 72 h, pH 4.5
Celluclast 1.5 L, Novozym 188
(20 FPU/g), 50 g/L solid, 50 ºC,
pH 5.0
Not applied

GLU 45.1 g/100 g RM; Fructose [109]
18.4 g/100 g RM

Chopped oat straw
(3-5 mm), 190 ºC, 10 min
Milled wheat straw
(10 mm), 210 ºC, 10 min
Steam chamber, 2.5 MPa,
200
100 g solid (2 cm), steam
200 ºC, 5 min

GLU 157 g/kg solid
XYL 76 g/kg solid
GLU 21.6 g/L

[110]

GLU 3.3 g/L
XYL 6.46 g/L
GLU 33.4 g/100 g glucan
XYL 3.17 g/100g xylan

[112]

Accellerase 1500 (60 FPU/g
glucan), Novozyme 188 (64
pNPGU/g glucan), 6% solid, 50 ºC,
72 h, pH 4.8
Hot popping: 150°C, pres- CEL (18.3 mg/g), 37 ⁰C, 96 h,
FS 40.2 g/L
sure: 1.47 MPa.
pH 5
CEL (20 FUP/g), 50 ºC, 36 h,
GLU 600 mg/g RM
1.4 MPa, 4 min, Ratio
pH 4.8
solid:aqueous NH4Cl
(90 g/l) 1:1, RT, overnight
S/L: 40:60, 2 MPa, 2 min Celluclast 1.5 L (15 FPU/g),
GLU 30.08 mg/g RM
Novozym 188 (15 IU/g), 0.5 g
XYL 55.35 mg/g RM
solid, 50 ºC, 48 h, pH 4.5
200 g rm, S/L 1:1,
CEL produced by Trichoderma
GLU 150 g/kg RM
1.7 MPa,1 min
reesei YG3 (50 FPU/cm), 50 ºC,
48 h, pH 4.8
Ratio 2:1 ammonia:biomass loading (w/w),
140°C, 30 min
Ratio 1:1 ammonia:biomass loading (w/w),
130 ºC,15 min
Ratio 2:1 ammonia:biomass loading (w/w),
100 ºC, 30 min
Ratio: 1.5:1 ammonia:biomass loading (w/w),
140 ºC, 20 min

CEL: 31.3 mg/g glucan, β-glucosidase: 17.1 mg/g glucan and xylanase: 15.6 mg/g, 72 h
Accellerase 1000 (6 mg/g glucan),
Multifect xylanase (3 mg/g glucan), 24 h, 50 ºC, pH 4.8
Spezyme (15 FPU/g glucan),
Novozyme (64 pNPGU/g glucan),
6% glucan, 50 ºC, 168 h, pH 4.8
Novozyme (735 CBU/g), Spezyme
(15 FPU/g), Multifect Xylanase
(27 mg protein/ml), 1% glucan,
50 ºC, 72 h, pH 4.8

with high pressure CO2:
S/L: 1:12, 115 ºC, 60 min

Corn stover

100 g solid, 230 ºC,
24 min, 4.3% NaOH

Sugarcane
bagasse

S/L 1:3, 70 ºC, 60 min

Cellulose (Celluclast 1.5 L), βglucosidase (Novozym 188), solid
10% (w/v), 50 ºC, 72 h, pH 4.8
CEL (170 FPU/g), hemicellulose
(11.3 IU/g), 1 g solid, 50 ºC, 120 h,
pH 4.8
Not applied

Sugarcane
bagasse

45 g RM, 300 ml water,
160 ºC, 60 min, 7 MPa

CEL (20 FPU/ g solid), 2% solid,
50 ºC, 60 h, pH 4.8,

Wheat straw

200 ºC , 12 MPa, 60 min

Reference

[111]

[113]

[114]
[115]
[116]
[117]

GLU 25g/100g glucan
XYL 12.7g/100g xylan

[118]

GLU 0.54 g/L
XYL 2.04 g/L

[119]

GLU 7.9 g/L
XYL 4.3 g/L

[120]

GLU 69.3 g/100 g glucan
XYL 67.7 g/100 g xylan

[121]

Glcose 30.43g/L
XYL 9.82g/L

[122]

GLU 376 mg/100 g RM;
XYL 160 mg/100 g RM

[123]

XYL 41.28 mg/100 g RM

[124]

GLU 29.17 g/100 g RM;
XYL 3.76 g/100 g RM

[125]

CEL (25 FPU/g wheat bran),
GLU 234.6 g/kg RM
[126]
50 °C, 72 h, pH 4.8.
Corn stover
5 g RM, 165 ºC ,
1 g CEL (0.95 g
TS 37 g/ 100 g RM
[127]
34.5 MPa, 60 min
NS50013 & 0.05 g NS50010),
1 g solid, 50 ºC, 48 h, pH 4.8
Sugarcane ba20 g RM, 80 ºC, 25 MPa, Cellulolitic complex from Tricho- FS380 g/kg RM
[128]
gasse
120 min (ultrasonic bath: derma reesei (NS50013), 1 g solid,
154 W)
50 ºC, 8 h, 4.5
Note: GLU: glucose, XYL: xylose, TS: total sugar, RM: raw material, S/L: Solid:liquid ratio, CEL: Cellulase, HCEL: hemicellulose, RT: room temperature.
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According to Yoo et al. [135] bound water molecules
in the biomass react with ammonium ions and create hydrogen bonds with cellulose, which effectively results in
the swelling of the cellulose structure and a consequent loss
of its crystallinity. This also results in increased enzyme
accessibility. On the other hand, ammonia concentration
strongly influences the obtained sugar yield. However, the
ammonia load must be approximately 2.0. A study examined the impact of the different conditions of AFEX pretreatment on the ultrastructure of the corn stubble’s cellular
wall and found that the average structure of the blades,
which are rich in lignin, was significantly affected with
loads of 3.0 ammonia. Additionally, the formation of large
pores and the deposition of hemicellulose were also observed [136].
Previous or simultaneous treatment of biomass with
H2O2 as an oxidizing agent significantly improves the saccharification yield after treatment with AFEX. Samples of
corn stover were previously conditioned with a load of 0.5
H2O2 at 30%, which then underwent pretreatment for saccharification at 130 °C for 10 min with a load of 0.7 water
and 1.0 ammonia. It was observed that the H2O2 had greater
effect on the polysaccharide structure in lignin with hydrolysis yields of 88.08% and 90.64% for glucan and xylan,
respectively [137]. This occurs because H2O2 generates
radical free reagents, including the hydroxyl radical (OH-),
perhydroxyl anion (OOH-), and superoxide anion (O2-),
which oxidizes and degrades lignocellulose. At the same
time, the crystalline structure of cellulose breaks, which increases its surface area and therefore improves the enzymatic hydrolysis [138].
3.3.3 Liquid hot water

In pretreatment of lignocellulosic biomass with liquid
hot water high pressure is used to keep water in a liquid
state at temperatures of 160-240 °C and pressures above 5
MPa for 20 min [34], with the aim of hydrolyzing hemicellulose and making the cellulose more accessible to enzymatic action [139, 140]. Hemicellulose is the main polymer
that is hydrolyzed during this process, for which the major
yield is xylose [141].
Time, heat, and pressure supplied to the process are
critical factors, because insufficient saccharification yields
occur at very low temperatures during short periods of time
[142] (Table 2). In contrast, very high temperatures for extended periods of time favors the formation of inhibitors,
such as furfural and HMF, which are generated from the
degradation of sugars, including xylose and glucose but
production of these inhibitory compounds can be minimized by maintaining the pH between 4 and 7 [139].
One study showed that the yield of saccharification decreased from 86.16 to 62.60% by increasing the temperature in the pretreatment of sugarcane bagasse from 160 to
200 °C [140]. On the other hand, during the pretreatment
of eucalyptus kindling at 180 °C, it was observed that the
furfural concentration increased from 0.42 to 2.05 g/L by
extending the process from 10 to 40 min; however, HMF

could not to be quantified in the first 10 min [142]. Moreover, acetic acid, which is generated by ionization of the
hemicellulose acetyl groups, can also inhibit the fermentation process. However, it was found that certain concentrations of acetic acid can act as catalysts during saccharification, since its hydronium ions sufficiently decrease the pH
of the medium and allow the hydrolysis of polymers [122].
Hongdan et al. [140] showed that pretreatment at 220 °C
for 20 min yielded a concentration of 2.25 g/L of acetic
acid and showed no negative effect on the production of
ethanol. Generally, the pH must be between 4 and 7 to favor the hemicellulose to be in its oligomeric form and avoid
the formation of inhibitors from monomers [78].
3.3.4 Supercritical CO2 explosion

This pretreatment uses CO2 in a supercritical state,
which removes the lignin, increasing hemicellulose and
cellulose digestibility. In aqueous solution, the CO2 forms
carbonic acid, which promotes the hydrolysis of polymers
[31]. The CO2 molecules are comparable in size to water
molecules and under the high pressure can penetrate the
pores of lignin. Subsequently, a rapid drop of pressure occurs, which generates the breakdown of the cellulose and
hemicellulose structures and in turn increases their susceptibility to enzymatic hydrolysis [127]. Supercritical CO2
explosion has been performed at temperatures of 80-200 ºC
and pressures of 7-34.5 MPa for 60 minutes (Table 2).
Glucose yields obtained in corn stover pretreatment
with CO2 were higher as the temperature increased, although such increments were not directly proportional. A
low temperature (80 °C) has less impact on the saccharification yield because there is less diffusivity of supercritical
CO2 in the biomass structure. The same study showed, by Xray diffraction, that there was no change in the cellulose fraction crystallinity of the biomass treated with supercritical
CO2 compared with the untreated biomass, while scanning
electron microscopy images revealed an increase in surface
area using a pressure of 3500 psi at 150 °C for 1 h [143].
3.4 Biological pretreatments

Lignocellulosic biomass degradation can also be conducted using microorganisms. Currently, fungi have been
studied the most, and the main fungi include brown rot,
white rot, and soft rot fungi [144, 145]. Brown rot is the
most effective for cellulose hydrolysis, while white and
soft rot are involved in both cellulose and lignin hydrolysis
[146-148]. It has been observed that the white fungi with
the highest efficiency of delignification are Phanerochaete
chrysosporium, Ceriporia lacerata, Cyathus stercoerus,
Ceriporiopsis subvermispora, Pycnoporus cinnabarinus,
and Pleurotus ostreatus [146]. Additionally, in a study of
sugarcane bagasse that was exploited as substrate to obtain
fermentable sugars, it was found that Pleurotus florida increased the delignification of the substrate by 7.91% compared with samples that were only treated with H2SO4
(0.5%, w/v) and NaOH (0.5%, w/v); similarly, Ganoderma
sp. rckk-02 and Coriolopsis caperata RCK 2011 showed
5.58 and 5.48% increments, respectively [149].
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Despite the fact that biological pretreatments have the
advantage of being cost effective, require little energy, and
do not use chemical reagents, they require a large amount
of space, long periods of time, and constant monitoring of
the growth of the microorganism [150, 151].
3.5 Advantages and disadvantages of the pretreatment technologies for saccharification of lignocellulosic material.

Nowadays, there is an intensive research on the development of technologies to take advantage of agro-food
waste for biofuels or biomaterial production, due to environmental problems associated to their disposal and the necessity to have alternatives for use of fossil fuels. Currently, it has been developed a variety of technologies to
optimize the yield of saccharification products, so that the

choice of a suitable method or selection of the most convenient operation conditions must take into account mainly
the nature and composition of the lignocellulosic material
[153]. However, when more than one type of pretreatment
can be used for a specific type of biomass, it would be useful to consider the advantages and disadvantages offered
by the reported pretreatment methods (Table 3). Correct
implementation of the pretreatment technology used for
saccharification of food biomass waste is crucial in the process of biorefinery, because the efficiency of selected pretreatment will significantly define the profit of the process
and therefore the yield of fermentable sugars for biofuels
and biomaterials production. Intensive research has been
dedicated mainly on the use of waste from commodities,
such as sugar cane, maize, rice, and wheat as feedstock, but

TABLE 3 - Advantages and disadvantage of pretreatments used for saccharification of lignocellulosic material
Pretreatment
method

Advantage

Physical

No waste production or fermentation inhibitor compounds Requires a chemical, physico-chemical or biological pretreat[26]
ment complementary

Acid hydrolysis

High rate glucan conversion to glucose (at least 90%) [26]
Higher performance saccharification that alkaline hydrolysis
Easily scalable to industrial level [36]
Requires lower temperatures than other pretreatments [26, 78,
152]
Reagents used are inexpensive
Easily scalable to industrial level [153]
Can dissolve efficiently lignin and carbohydrate simultaneously [155]
Ionic liquids can be easily reused
Non-flamability [11]
Easy recovery of lignin [157]

Alkaline hydrolysis

Ionic liquids

Organosolv
Steam explosion

Disadvantage

Corrosive, production of fermentation inhibitor compounds
[26]
High energy requirement of the process that increases cost [36]
Production of toxic effluents [26]
Requires longer reaction times (from hours to days) and neutralization of slurry is required [154]
High cost of ionic liquids
Ionic liquids are incompatible with cellulase leading to the inactivation requires effective recuperation [156]

High cost process
Requires a thorough solvent recovery (fermentation inhibitor)
[30]
Easily scalable to industrial level [11]
Incomplete disruption of the lignin–carbohydrate matrix [34]
Nor chemical is required
Acidic conditions favor formation of fermentation inhibitors
Environmentally attractive [34]
compounds
Requires up to 70% less energy than mechanical methods to Requires proper equipment to work with high pressures
obtain a similar particle size [36]
Less effective for softwoods [36]
Low cost [38]

Small particle size is not required for efficacy [78]
Short times treatment [38]
Unlike steam explosion produced no slurry, but solid material
[11]
Low or no inhibitors production [11]
Liquid hot water
No chemicals or catalysts are required
No washing or neutralization is required [158]
Easily scalable to industrial level
Not require particle size reduction of the biomass [159]
Supercritical
CO2 Easy removal of CO2 by depressurization [11]
Requires less energy than AFEX
explosion
More cost-effective than AFEX [31]
No waste products and does not requires further recovery
Saccharification yields are higher compared to steam explosion method
Not cause the formation of inhibitors as in steam explosion
[34, 36]
Not requires chemicals
Biological
Decreases both lignin and cellulose [34]
Low energy requirements
Low waste production [36]
AFEX
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Ineffective in biomass with high lignin content
Requires efficient ammonia recovery to be economical due to
the high cost of ammonia [11, 38]
Very low solubilizing hemicellulose [11]

Yields of fermentable sugars are lower compared to steam explosion and AFEX [31]
Requires infrastructure to operate at high pressures [11, 36]

Long times treatment [26]
Loss of sugars (used as substrate by microorganisms)
Requires infrastructure with controlled conditions [36]
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local crops which produce high quantities of waste have
been poorly studied [160-162]. It is necessary to develop
technologies to use non-food crops and biomass waste in
large scale to obtain fermentable sugars for commercial
production of biomaterials or biofuels. Particularly, uncomplicated chemical and physicochemical treatments
with reduced cost and high conversion efficiencies can be
profitable within the biorefinery concept.

4. CONCLUSIONS
Food processing by-products and wastes are a source
of fermentable sugars that can be used by specific microorganisms to produce value-added products. The amount
and kind of sugars produced from this waste depends on
the residue source and pretreatment process. In contrast
with forestry waste, food by-products contain additional
components, such as essential oils, alkaloids, or polyphenolic compounds that can interfere with the fermentation
process. In this case, it is necessary to carry out previous
extraction of the bioactive compounds before the pretreatment process that is used to obtain hydrolysates. Thus, food
waste can be turned into value-added compounds by a
combination of extraction and hydrolysis technologies, either by using physicochemical or enzymatic treatments.
The presence of enzyme and fermentation inhibitors of the
obtained fermentable liquor depends on the pretreatment
used, but selection of resistant microbial strains could prevent the need for additional clean-up steps prior to the fermentation processes.
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ABSTRACT
Full factorial design of experiment was used to screen
the factors affecting the color and COD removal efficiency
for an azo dye, Direct Orange 26 (DO26). The obtained linear model was statistically tested using analysis of variance
(ANOVA), Student’s t-test, lack of fit test, and test of curvature. The percentage removal of color and COD was examined by varying experimental conditions with center points.
The factors and levels used during the experiments were;
initial pH (2, 4 and 6), catalyst amount (0.2 g/250 ml, 0.6 g/
250 ml and 1g/250 ml), stirring speed (150 rpm, 200 rpm and
250 rpm) and reaction time (10 min., 35 min. and 60 min.). A
desirability function based simultaneous optimization procedure was implemented to seek better conditions in terms of
maximizing the color and COD removal from wastewaters.
The results showed that 98.5% color and 77.5% COD removal was obtained when initial pH, catalyst amount, stirring speed, and reaction time are roughly set to 2, 1 g/250 ml,
250 rpm, and 60 min., respectively.

KEYWORDS: Experimental Design, Heterogeneous Fenton,
Fe(III)-sepiolite catalyst, Direct Orange 26, Oxidation

1. INTRODUCTION
Wastewaters from textile and dye industries constitute
a substantial amount of pollutants such as high Chemical
Oxygen Demand (COD), broad fluctuating pH, high amount
of suspended particles and are strongly colored and direct
discharge of textile industry wastewater into the receiving
media causes serious environmental pollution by imparting
intensive color and toxicity to aquatic environment [1, 2].
Azo dyes are the most common pollutants of textile wastewaters and can cause several problems to the aquatic life [3].
* Corresponding author

The traditional methods are being used to decolorize dye in
textile wastewaters, such as chemical or electrochemical
precipitation, coagulation/flocculation, membrane separation (ultrafiltration, reverse osmosis), biological treatment
processes and adsorption [4-5]. However, most of the dyes
are found to be resistant to conventional treatment process
[5] and due to the variability of the organic dyes it is difficult to treat this kind of wastewater using traditional biochemical treatment process and coagulation treatment process is inadequate [6]. Most azo dyes are not biodegradable
by aerobic treatment processes, but they can be decolorized
by anaerobic treatment. However, this treatment results in
the cleavage of the nitrogen double bond, and the resulting
fragments, which are aromatic amines, are proven carcinogens [7].The disposal problem of precipitated wastes is the
main disadvantage of precipitation methods. For dye adsorption, activated carbon, biomass derivatives, and other
adsorbents were found to remove dye efficiently. Activated
carbon adsorption process for the removal of dyes is an accepted practice, but the cost of treatment is high [8]. Also,
the regeneration of the adsorbents is not easy. Some lowcost adsorbents may be directly disposed of, but in many
countries disposal of the wastewater treatment sludge and
spent adsorbents are prohibited by laws [9]. Therefore, recently, advanced oxidation processes (AOP) using ozone,
titanium dioxide (TiO2), ultra violet (UV), and Fenton’s reagent (H2O2 and ferrous ion) have received considerable
attention as effective pretreatment processes of less biodegradable wastewater [10]. Among them, Fenton’s reagent
has been widely used because had proved to be highly effective in the degradation and mineralization of most of the pollutants in wastewaters. Fenton’s process has not only transformed chemically polluting agents, but present very attractive advantages, such as the complete mineralization of some
compounds, their oxidation at very low concentrations, the
generation of environmentally friendly by products and the
low consumption of energy, in comparison with other
wastewater treatment methods [11]. The Fenton process also
could be adopted rapidly in a textile wastewater treatment
system, without the need for reconstructing the existing coagulation unit. The only change in operating the process
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will be the addition of H2O2 and Fe+2 as well as pH adjustment. The use of Fe2+/H2O2 as an oxidant for wastewater
treatment is attractive since iron is highly abundant and
non-toxic, and a 30% hydrogen peroxide aqueous solution
is easy to handle and environmentally not harmful [6]. Numerous studies on the treatment of textile dye effluents include Fenton processes [12-19]. The Fenton system also
has been applied in real industrial wastewaters such as
treatment of olive oil mill wastewater in southwestern
Spain [20], removal of organic contaminants in paper pulp
treatment effluents in Spain [21] chemical industry for pesticides removal in southern Poland, El-Nasr pharmaceutical industry for antibiotic removal in South-East of Cairo,
tannery industrial treatment plant in Brazil [22].

In this work, Fenton treatment in heterogeneous
phase is used to remove organic dye present in synthetic
solutions. In order to investigate the influence of different
variables 24 full factorial experimental design with center
points was used and then the different models were described for the organic dye decolorization and degradation
process. To the best of our knowledge, simultaneous optimization of color and COD removal of DO26 using Fe(III)sepiolite clay as a catalyst has not been reported previously.

Although Fenton process has received much attention
in the past few years, the use of Fe(II)/Fe(III) as a homogeneous catalyst has a significant disadvantage. The homogeneous Fenton requires complementary steps, such as precipitation and flocculation to recover the iron catalyst, prevent contamination and enable catalyst reuse [11-23]. As a
consequence, heterogeneous Fenton processes are of particular interest since most of the iron remains in the solid
phase. In addition to showing limited leaching of iron ions,
the catalysts can easily be recovered after the reaction and
remain active during successive operations [24].

Direct Orange 26 commonly used in textile industries
was obtained from Burboya Co. Textile Industry, Bursa,
Turkey, at 45 % purity and was used without further purification. The structure and characteristics of DO26 are presented in Table 1. Hydrogen peroxide (30%, w/w) and
Fe(NO3)3·9H2O were obtained from Sigma-Aldrich, Germany. All chemicals were analytical-grade reagents and
were used as received without further purification. Deionized water was used and the heterogeneous catalyst was the
natural clay without pre-treatment, which was supplied from
sepiolite mines in the Eskisehir region of Turkey.

The development of supported Fenton catalysts has recently become important in the emerging field of advanced
oxidation technologies [25]. A number of heterogeneous catalysts developed by immobilizing Fe(II)/Fe(III) ions on various supports had been reported in the literature [26-27]. The
use of clays as catalysts for Fenton-like reactions is a promising alternative because they are abundant in nature and,
they have high specific surface area, high chemical and mechanical stabilities, and a variety of surface and structural
properties [22]. Among these clays, sepiolite is gaining considerable attention because of its sorptive, rheological and
catalytic properties, as well as its needle-like morphology.
Moreover, the relatively low cost of sepiolite guarantees its
continued utilization in the future [24]. The heterogeneous
Fenton techniques depend on various parameters such as the
catalyst amount, H2O2 concentration, pH, reaction time, stirring speed and temperature. The number of the influential
variables in the selected system is high, and for this reason it
is useful to apply experimental design techniques. The experimental design is a helpful tool to identify significant variables that affect the process and to determine optimal conditions in several processes with minimal experimental runs
[28]. Additionally, the relative significance of the factors and
possible synergistic or antagonistic interactions that may exist between them can be evaluated [29]. A two-level factorial
design (2k) was selected in the present work due to the fact
that this design technique is very useful in experiments studying the effect of several variables and how these variables
interact with each other over a response factor. Full factorial
design is considered to be the most suitable design when the
study is directed towards gaining knowledge of the influence
of the variables on the process [30].

2. MATERIALS AND METHODS
2.1. Materials

TABLE 1 - The characteristics of DO26

Molecular Formula: C33H22N6Na2O9S2
Formula Weight: 756.67
Colour:Orange
λmax (nm): 494.5
2.2. Preparation of the catalyst

After washing and drying, the selected 0.038–0.053
mm-sized sepiolite was prepared through a cation exchange process as follows: 10 g sepiolite and 100mL of 1
g/L Fe(NO3)3·9H2O solution were mixed and shaken at 175
rpm for 6 h at 55°C. The samples were washed with deionized water and dried at 105°C. The characterization of this
catalyst was performed previously [24].
2.3. Experimental Procedure

Chemical oxidation of DO26 was carried out in batch
mode, using a beaker filled with 250mL of the DO26 solution at a given concentration. In a typical run, the pH of the
DO26 solution has been adjusted to the desired pH value
by NaOH or H2SO4. After stabilization of the temperature
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and pH, the powder catalyst (Fe(III)-sepiolite) was added to
the DO26 solution. The beginning of the reaction was considered when the required amount of H2O2 (0.5 mM) was
added. All experiments were carried out under constant stirring to ensure good dispersion of the catalyst. Thereafter,
samples were withdrawn periodically and centrifuged to remove suspended particles for 5 min and analyzed using a
UV–vis spectrophotometer (Shimadzu, model UV-120-01).
2.4. Analysis

The maximum absorbance wavelength (λmax) of
DO26 was found to be 494.5nm using a UV–vis spectrophotometer (Thermo Electron Corporation, model Helios
Aquamate).
The color removal was determined using Eq.1.

% Color removal  (

C 0  Ct
)  100
C0

%Color Removal

(1)

where C0 is the initial dye concentration in ppm and Ct
is dye concentration at any time t. COD removal was measured at different time intervals by COD kits. The calculation of the extent of COD removal is shown in Eq.2.

% COD removal  (

3. RESULTS AND DISCUSSION
3.1 Experimental Design and Modeling

Initially, preliminary experiments were conducted to
decide the most influential operating parameters and their
levels. The effect of pH was investigated in the range of 26. The results indicated that color and COD removal was
significantly influenced by the pH of the solution.
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where COD0 is the initial COD in ppm and CODt is
COD in ppm at any time t.
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A=2, B= 1g/250mL, C= 250 rpm

FIGURE 1 - Preliminary Experiment Results for Color and COD Removal
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Some results of preliminary experiments are shown in
Figure 1 at the optimum level of pH (pH=2). According to
the preliminary experiments maximum color or COD removal was reached at pH=2, 1 g/250 ml catalyst concentration, 250 rpm stirring speed, and 60 min. reaction time under
the following conditions: a temperature of 250C, 100 ppm
initial dye concentration and 0.5 mM H2O2 concentration.
High temperature more than 250C (room temperature) was
not preferred because of its high cost in macro scale. According to the preliminary experiments, initial dye concentration was determined as 100 ppm to measure COD accurately. On the other hand, high H2O2 concentration more
than 0.5 mM causes interference with COD.
To evaluate the influence of operating parameters on
color and COD removal efficiency of DO26 contaminated
wastewater, four different factors were chosen for analysis:
pH of the reaction (A), catalyst amount (B), stirring speed
(C) and reaction time (D) under the following conditions: a
temperature of 250C, 100 ppm initial dye concentration and
0.5 mM H2O2 concentration. After the preliminary experiments, 24 full factorial design with center points (20 experiments), was employed for the optimization of color and
COD removal as response variables. Experimental data
were analyzed using Design Expert software from Stat
Ease Inc., USA. The levels and ranges of factors are given
in Table 2.
Base level experiments were carried out to determine
critical factors and respected levels, and to test adequacy of
the model (Table 3). The coefficients of the empirical
model for percentage of color and COD removal were cal-

culated through regression analysis and tested for significance by Student’s t-test at 95% confidence level. The estimated effects and coefficients are given in Table 4 and
Table 5 for color and COD removal, respectively. Table 4
shows that the coefficients of all the main effects and AB,
ABD, BCD interactions effects are statistically significant
(p<0.05) and the remaining coefficients are statistically insignificant at 95% confidence level.
TABLE 2 - Variable levels of the factors
Factors
pH of the reaction (A)
Catalyst concentration (B) g/250 mL
Stirring speed (C) rpm
Reaction time (D) min.

-1
2
0.2
150
10

A

B
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
0
0
0
0

C
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
0
0
0
0

D
-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1
1
1
1
0
0
0
0

-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1
1
1
1
1
0
0
0
0

+1
6
1
250
60

In order to test whether the reduced model is adequate regarding with lack of fit and curvature effects, analysis of variance (ANOVA) was carried out. The results of ANOVA for
percentage of color and COD removal are given in Table 6
and 7. According to the analysis of variance results for color
removal, the impact of the curvature effect was not found
to be significant, meaning that the first order model is suitable for the process concerned. All the main effects and
AB, ABD, BCD interactions effects are statistically significant (p<0.05). On omitting the coefficients not significant
at 95% confidence level, Y1 was given in terms of coded
variables and represents % color removal in Eq. (3):
.

.
.

.

.

.

TABLE 3 - 24 full factorial experiments for color and COD removal

Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

0
4
0.6
200
35

Color Removal
Actual
Predicted
34.318
36.852
12.682
10.534
67.591
69.455
42.864
42.932
49.227
43.738
17.410
17.420
87.818
88.091
58.682
61.568
61.773
66.818
23.409
21.522
95.364
92.193
86.955
84.647
87.545
85.454
36.136
40.159
98.045
99.080
92.182
91.534
53.591
59.500
58.682
59.500
59.227
59.500
55.955
59.500

3720

COD Removal
Actual
Predicted
31.25
32.656
10.00
5.7812
56.25
55.156
41.25
45.781
52.50
51.406
12.50
14.531
68.75
65.781
45.00
46.406
45.00
46.094
17.50
19.218
70.00
68.593
61.25
59.218
66.25
64.843
27.50
27.969
73.75
79.219
63.75
59.844
40.00
46.406
45.00
46.406
47.50
46.406
46.25
46.406

.

.
(3)
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TABLE 4 - Coefficients for color removal
Factor
Effect
Coef
SE Coef T
Intercept
-59.500
0.652
91.2
A
-26.42
-13.210
0.652
-20.25
B
38.37
19.188
0.652
29.41
C
12.76
6.381
0.652
9.78
D
26.35
13.176
0.652
20.20
AB
9.39
4.693
0.652
7.19
AC
-3.14
-1.570
0.652
-2.4
AD
0.41
0.200
0.652
0.31
BC
-1.77
-0.890
0.652
-1.36
BD
2.55
1.270
0.652
1.95
CD
-1.16
-0.580
0.652
-0.89
ABC
2.67
1.340
0.652
2.05
ABD
9.49
4.744
0.652
7.27
ACD
0.51
0.260
0.652
0.39
BCD
-5.87
-2.938
0.652
-4.5
ABCD
1.23
0,610
0.652
0.94
Center Point --2.636
1.459
-1.81
*insignificant coefficients at 95% confidence level (p>0.05)

TABLE 5 - Coefficients for COD removal
p
0.000
0.000
0.000
0.002
0.000
0.006
0.096*
0.774*
0.267*
0.146*
0.440*
0.133*
0.005
0.721*
0.020
0.416*
0.168*

Factor
Effect
Coef
SE Coef
T
Intercept
-46.41
0.822
56.46
A
-23.12
-11.56
0.822
-14.07
B
27.19
13.59
0.822
16.54
C
9.69
4.84
0.822
5.89
D
13.44
6.72
0.822
8.18
AB
8.75
4.38
0.822
5.32
AC
-5.0
-2.5
0.822
-3.04
AD
1.88
0.94
0.822
1.14
BC
-4.06
-2.03
0.822
-2.47
BD
0.94
0.47
0.822
0.57
CD
-0.31
-0.16
0.822
-0.19
ABC
2.5
1.25
0.822
1.52
ABD
3.13
1.56
0.822
1.90
ACD
1.88
0.94
0.822
1.14
BCD
-2.19
-1.09
0.822
-1.33
ABCD
0.00
0.00
0.822
0.00
Center Point --1.72
1.838
-0.94
*insignificant coefficients at 95% confidence level (p>0.05)

p
0.000
0.001
0.000
0.01
0.004
0.013
0.056*
0.337*
0.090*
0.608*
0.861*
0.226*
0.153*
0.337*
0.275*
1.000*
0.419*

TABLE 6 - ANOVA results for color removal

Source
Model
A-pH
B-Catalyst amount
C-Stirring speed
D-Time
AB
ABD
BCD
Curvature
Residual
Lack of Fit
Pure Error
Cor Total
Model
R2: 0.997

Sum of
Squares
12962.52
2792.162
5890.563
651.4096
2777.769
352.4153
360.1369
138.0625
22.24132
40.8595
20.42975
20.42975
13025.62
12962.52
R2(adj): 0.993

df
7
1
1
1
1
1
1
1
1
6
3
3
14
7

Mean
Square
1851.788
2792.162
5890.563
651.4096
2777.769
352.4153
360.1369
138.0625
22.24132
6.809917
6.809917
6.809917

F
Value
271.9252
410.014
864.9976
95.65602
407.9006
51.7503
52.88418
20.27374
3.266019

p-value
Prob > F
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.0004
0.0003
0.0041
0.1207

1

0.5000

not significant

1851.788
R2(pred):0.961

271.9252

< 0.0001

significant

significant

not significant

TABLE 7 - ANOVA results for COD removal

Source
Model
A-pH
B-Catalyst amount
C-Stirring speed
D-Time
AB
AC
BC
Curvature
Residual
Lack of Fit
Pure Error
Cor Total
R2: 0.990

Sum of
Squares
6665.625
2139.063
2956.641
375.3906
722.2656
306.25
100
66.01562
9.453125
147.6563
115.2344
32.42188
6822.734
R2(adj): 0.979

df
7
1
1
1
1
1
1
1
1
11
8
3
19

Mean
Square
952.2321
2139.063
2956.641
375.3906
722.2656
306.25
100
66.01562
9.453125
13.4233
14.4043
10.80729
R2(pred):0.923
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F
Value
70.93878
159.3545
220.2619
27.96561
53.80688
22.81481
7.449735
4.917989
0.704233

p-value
Prob > F
< 0.0001
< 0.0001
< 0.0001
0.0003
< 0.0001
0.0006
0.0196
0.0486
0.4192

1.332831

0.4478

significant

not significant
not significant
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lyst amount provides higher percentage. On the other hand,
high level of time provides an important effect in terms of
percentage of color and COD removal than stirring speed.
In addition, catalyst amount is considered the most important factor among others due to a steep slope appear in
Fig. 2 and 5.
It is stated from AB, ABD and BCD interaction plots
from Fig. 3 and Fig. 4 higher percentage of color removal
would appear to be obtained when pH is at the low levels
and the other factors are at the high levels. (A = 2 and B =
1.0 g/250 mL, C=250 rpm, D=60 min., respectively). On the
other hand, according to the Fig.6 higher percentage of COD
removal would appear to be obtained when pH is at the low
levels and the other factors are at the high levels again.

According to the Table 5, the coefficients of all the
main effects and AB interaction effect are statistically significant (p<0.05) and the remaining coefficients are statistically insignificant at 95% confidence level. However, by
considering the ANOVA results of COD removal for all
the second and third order interactions and to ensure the
hierarchical model structure AC and BC interaction effects
were included to the model given in Eq. (4):
.
.
.
.
.
.
.
.
(4)
In the case of color removal, by focusing on the F values in Table 6, B is considered as the most important factor,
while A is the second and D is the third ones. C, ABD, AB
and BCD follow them. On the other hand, In the case of
COD removal, the most important factors and interactions
are in order of B, A, D, C, AB, AC and BC.
In addition, both of the models provide higher R2, adjusted R2 and predicted R2. These values are 0.997, 0.993
and 0.961 for the color removal and 0.990, 0.973 and 0.923
- for the COD removal, respectively. Predicted R2 values
are in a good agreement with adjusted R2. Thus, it can be
concluded that the reduced models may be used for precisely estimating the percentage of both color and COD removal.
In order to estimate the percentage of color and COD
removal using the reduced model given in Eq. (3) and (4),
the appropriate levels for statistically significant main and
interaction effects should be determined by means of main
and interaction effect plots.
The main and interaction effect plots are depicted for
color and COD removal in Figs. 2-6, respectively. It is observed from Fig. 2 and 5 that the percentage of color and
COD removal is affected by each level of the factors in a
different way. While low level of initial pH provides higher
percentage of color and COD removal, high level of cata-

3.2. Simultaneous Optimization and Confirmation

Individual goals can be combined into an overall desirability function to find the local solutions Desirability
functions are used to obtain qualitative and quantitative responses by the simple and quick transformation of different
responses to one measurement [31]. Generally speaking,
the first step when using desirability functions is to convert
each response into an individual desirability function (di)
the values of which vary from 0 to 1 (lowest desirability to
highest desirability).
The individual desirability scores for the predicted values of each dependent variable are then combined in an
overall desirability function, D, by computing the geometric mean of different di values as shown in Eq. (5):

D   d1  d 2   d n 

1

n

where di indicates the desirability of response i and n
is the number of responses in the measure. If any of the
responses do not satisfy their desirability requirement(s),
the overall function becomes zero.

Main Effects Plot for Colour
Data Means
pH

80

Catalyst amount

Point Ty pe
Corner
Center

70
60

Mean

50
40
2

4

6

0,2

Stirring speed

80

0,6

1,0

Time

70
60
50
40
150

200

250

(5)

10

35

60

FIGURE 2 - The Main Effect Plots for Color Removal
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Interaction Plot for Colour
Data Means
0,2

0,6

1,0

150

200

250

10

35

60
90
60

pH

pH
2
4
6

Point Ty pe
Corner
Center
Corner

30
90
60

Catalyst amount

30
90
60

Stirring speed

30

Catalyst
amount
0,2
0,6
1,0
Stirring
speed
150
200
250

Time

FIGURE 3 - The interaction effects for color removal

FIGURE 4 - (ABD) and (BCD) interaction effects for color removal
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Main Effects Plot for COD
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FIGURE 5 - The Main Effect Plots for COD Removal

Interaction Plot for COD
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FIGURE 6 - The interaction effects for COD Removal

For the simultaneous optimization of color and COD
removal, the optimization function in the Design Expert
software was used. Optimization was carried out by generating a global desirability function (D) that assigned a
value ranging from 0 to 1 to each solution (see Table 8).
The first highlighted solution is selected with the
highest desirability value of 1. According to the first solution, optimized reaction conditions were established as
a pH of 2, 1 g/250 mL catalyst dose, 250 rpm stirring speed
and 60 minute reaction time, approximately. Estimated %

removals of color and COD are 98.398 and 78.351, respectively. Similarly, the other non-dominated solutions which
have the same desirability value from Table 8 could be
used one over the other.
A useful measure of confirmation is to ensure that the
predicted responses fall within the prediction interval (PI)
for each response at the optimal point [32]. The calculations for prediction interval can be found in the study.
For the optimized reaction conditions, an additional
experiment was carried out under the same conditions as
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TABLE 8 - Local solution sets with desirability values
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

pH
2.04
2.07
2.01
2.07
2.02
2.05
2.1
2.5
2.02
2.02
2.13
2.17
2
2
2
2
2
2.11
2
2

Catalyst amount
0.990
0.970
0.990
0.990
0.980
1.000
0.960
1.000
0.990
1.000
0.990
0.980
0.990
1.000
1.000
1.000
1.000
1.000
0.910
1.000

Stirring speed
249.560
247.940
238.400
248.320
242.470
238.160
248.650
249.930
249.780
241.190
248.360
249.760
249.430
233.690
250.000
230.440
230.060
250.000
249.990
250.000

Time
58.570
59.280
59.960
58.620
59.990
59.730
59.760
59.770
57.410
58.840
58.240
59.790
58.080
60.000
54.390
60.000
60.000
54.740
60.000
52.640

Color
98.398
98.073
98.046
98.271
98.241
98.060
98.076
98.061
98.224
98.066
98.147
98.413
98.411
97.956
97.841
97.731
97.706
97.655
97.515
97.458

COD
78.351
77.912
77.712
78.099
78.037
77.618
77.852
76.720
78.200
77.801
77.790
78.051
78.434
77.486
77.705
77.139
77.100
77.260
77.561
77.237

Desirability
1
1
1
1
1
1
1
1
1
1
1
1
1
0.999
0.999
0.998
0.998
0.998
0.997
0.997

TABLE 9 - Results of the confirmation
Response
% Color Removal
% COD Removal

Prediction
98.398
78.351

95% PI low
90.73
68.64

the original experiment. Percent removal of color and COD
were measured for the confirmation and the results are
shown in the last column of Table 9. According to the confirmatory trial, 98.5% color and 77.5% COD removals fell
within the PI with a 95% confidence level. The results verify that the model predicts the optimal point well.
4. CONCLUSION
The aim of the work was to investigate the color and
COD removal by the heterogeneous Fenton-type oxidation
of DO26 azo dye. In order to determine the effects of various operating conditions (pH of the reaction, catalyst
amount, stirring speed and reaction time) a full 24 factorial
design with center points was performed. The study was
conducted by Fe(III)-sepiolite catalyst in the presence of
hydrogen peroxide (H2O2) in a batch process. According to
the regression models and ANOVA results, the influential
factors such as pH of the reaction, catalyst amount, stirring
speed and reaction time are highly significant. Moreover,
the interaction between pH of the reaction & catalyst
amount, the interaction among pH & catalyst amount & reaction time, the interaction among catalyst amount & stirring speed & reaction time are significant. The models fitted very well to the experimental data as confirmed by the
high R2, adjusted R2 and predicted R2 values. Similarly, according to the regression model and ANOVA results of

95% PI high
106.07
88.06

Confirmatory trial
98.5
77.5

COD removal, individual effects of all the factors are significant. Interaction effects of pH & catalyst amount, pH and
stirring speed, pH & reaction time are also significant. For
the simultaneous optimization of color and COD removal,
desirability functions were used and optimized reaction conditions were established as a pH of 2, 1 g/250 mL catalyst
dose, 250 rpm stirring speed and 60 minute reaction time.
Under the optimum conditions, color and COD removal
were predicted to be 98.398% and 78.351%, respectively,
and the corresponding confirmatory trial values (98.5 % and
77.5 %) fit well to the dataset of predicted values.
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ABSTRACT

1. INTRODUCTION

This study aimed to determine some morphological
characteristics of freshwater crayfish (Astacus leptodactylus Eschscholtz 1823) populations 2014, in Dikilitaş Pond.
We present the relationships between total length (TL), total weight (TW); carapace length (CL), total weight (TW);
carapace length (CL), total length (TL); abdomen length
(AL), total weight (TW); chelea length (ChL), total weight
(TW) for Astacus leptodactylus from Dikilitaş Pond. The
research was used 260 (105 female, 155 male). The research was found as 40.38 % male, 59.62 % female of crayfish thought investigation female and male ratios was of
determined as to 0.68 / 1.00. Results of the research can be
seemed as follows; average total length 110.60 mm for female 113.50 mm for male, average total weight 38.52 g for
female 50.08 g for male. Length-weight relation equation
was found for females W = 0.031 x L 2.97, for males W =
0.059 x L 2.75 and for all gender W = 0.024 x L 3.01. The
results obtained by artificial neural networks and lengthweight relation equation are compared to those obtained by
the growth rate of the crayfish caught from the natural environment. Length-weight relation and artificial neural network MAPE results were examined. It was found MAPE
value of the forecast of ANNs as a 0.46 and 1.30, while
MAPE value of relationship results as a 6.07 and 2.98 for
length – weight of all gender. Artificial neural networks
gives better results than length-weight relation. Artificial
neural networks can be alternative as a evaluated for
growth estimation.

KEYWORDS: Artificial neural networks, Dikilitas Pond, estimated,
length-weight relation

* Corresponding author

The importance of crayfish in the food webs of freshwater habitats has been recognised for a long time; thus,
they are regarded as a flagship species for comprehensive
water protection [1].
Astacus leptodactylus is a widespread species distributed throughout Europe, eastern Russia, and the Middle East
[2]. Freshwater crayfish has had an economic importance in
Turkish aquatic food market. Recently, there has been an increase, gradually. In 1990s, the annual crayfish production
was between 300 and 500 tonnes. In 2011, crayfish production in Turkish freshwater was 1681 tonnes. 609.6 tonnes
crayfish were caught from Turkish freshwater [3].
Water bodies in British Isles, Norway and Turkey remained long the last safe havens for the European crayfish
[2] until mid 1980’s, after which many productive native
narrow clawed crayfish (Astacus leptodactylus) stocks collapsed in Turkey [4]. As a result, the crayfish trapping and
export ceased from Turkey to Europe. The stock collapses
in Turkey were partial in some water bodies with up to 25%
survival [5]. The collapsed narrow clawed crayfish stocks
have later recovered substantially in Turkey [6].
The most frequently used dimensions for crustaceans
are carapace length, body length, total length, body width,
and wet weight [7]. To demonstrate the morphological
changes between the male and female crayfish species are
utilized to differences in length between individual parts of
the body [8]. These differences also in the determination of
the crayfish populations, relative growth, comparing the
populations of the same species, the comparison of the
morphology of crayfish species, and in determining the
size of crayfish to be placed on the market and is used in
the systematic classification of crayfish [8-10]. It may be
convenient to able to convert into the desired length measurement when only one of the other length measurements
is known and the length-weight regression may be used to
estimate length from weight [11].
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The use of ANNs in ecosystem modeling began in the
early 1990s, particularly for situations where data do not fit
statistical suppositions and non-linear relationships prevail.
ANNs behave better than linear models and have a good capacity for generalizing when entering new data [12].
In fisheries, a wide range of multivariate techniques
have been used to this end, including several methods of
ordination and canonical analysis, univariate and multivariate linear, curvilinear and logistic regressions [15]. Most
of the models used to predict species distribution assume
that relationships are smooth, continuous and either linear
or simple polynomials [16]. However, in real nature, any
changes in distributional boundaries or location cen tres of
a fish stock are unlikely to be either monotonic or linear.
Traditional methods of statistic may therefore be defective
for detecting and successfully quantifying such changes
[13]. ANNs offer a promising alternative to traditional statistical approaches for predictive modeling when non-linear patterns exist [14].
Artificial neural networks (ANNs) are widely used in science and technology with applications in various branches of
chemistry, physics, and biology. ANN have long been widely
used in in many disciplines, such as predicting the distributions of demersal fish species [13], predicting the presences
of small-bodied fish in a river [15], modeling population dynamics of aquatic insects [17] and modeling and spatially
mapping freshwater fish and assemblies of decapods [14].
ANNs have been trained to overcome known limitations of
conventional approaches in solving complex problems.
Much work has been performed in predicting future
data with artificial neural networks (ANNs) as they exhibited better results than the traditional methods from the literature [18-20].
The fact that the ANN provides a better model was highlighted by better predictions for lower values, the normality
of the residuals and their independence from the predicted
variable. Several authors have reported greater performances of ANNs compared to linear regressions [21]. ANNs
have another advantage in that the ANN modeling approach
is fast and flexible [22]. In this study, the ANN has demonstrated a new and alternative approach for its application in
predicting the growth and weight of crayfish.

Length

There is a very wide literature upon the properties of
crayfish in various water system [23-31]. The main purpose of the present investigation was to study lengthweight relation and artificial neural networks for growth in
crayfish. Thus, the present study provides on the properties
of the crayfish in Dikilitaş Pond in the last years.
2. MATERIALS AND METHODS
Dikilitaş Pond is located about 54 km south of Ankara,
capital of Turkey, and lies within the coordinates of 39º31'
22.9332'' N and 32º43' 7.8312'' E longitudes. It is near the
Dikilitaş Village of Haymana town. Crayfish samples were
collected from Dikilitaş Pond. During the study, 260 crayfish specimens (105 females and 155 males) were caught
2014. The total length (TL), total weight (TW), carapace
length (CL), carapace width (Cw), abdomen length (AL)
and abdomen witdh (Aw), chela length (ChL) and chela
width (Chw) of each specimen were measured with a digital caliper to the nearest 0.10 mm, while weighted to the
nearest 0.01 g, and each specimen was sexed [32]. Some
parameters of specimen (TL, TW, CL, AL and ChL) were
used in ANNs. The crayfish obtained from the lake were
immediately transported to the laboratory. The length and
weight (min-max) of the crayfish were 85– 140 mm and
23.80–86.65 g.
Sex and length composition, the average length and
weight, and the length-weight relationship for each sex and
combined sexes were determined from samples.
The length-weight relationships were estimated from
the formula, W = a Lb, where W is total body weight (g), L
the total length (mm), a and b are the coefficients of the
functional regression between W and L [33]. The equation
was log transformed to estimate the parameters ‘a’ and ‘b’.
When b is equal to three (3), isometric pattern of growth
occurs but when b is not equal to 3, allometric pattern of
growth occurs, which may be positive if >3 or negative if
<3.
A multilayer feed-forward neural network was used
for ANN. A schematic representation of a typical ANN is
shown in Figure 1 and consists of 4 interconnected layers of
‘nodes’ or ‘neurons’, including an input layer containing 1

/
Weight / Length

Sex

Output Layer
Input Layer

Hidden Layer

FIGURE 1 - The ANN consisted of an input layer with 2 nodes, hidden layer, and an output layer with 1 node to be predicted for length and
weight
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Input 1 (x1)

Output

∑

Input 2 (x2)
........................
Input n (xn)

FIGURE 2 - Biological and mathematical explanation for ANNs design

node per independent variable (i.e., length, weight and sex
of crayfish), hidden layer, and finally, an ‘output layer’ with
2 node (i.e., the weight or length of the crayfish samples).
ANNs are computational systems that simulate biological neural networks and can be defined as a specific type
of parallel processing system based on distributional or
connectionist methods [34]. The use of ANNs to predict
the future is one a key area of study. ANNs can reveal the
power relations between unknown and unnoticed data.
ANNs are simulations of biological nervous systems
using mathematical models. They are networks with simple processor units, interconnections, adaptive weights and
scalar measurement functions (e.g., summation and activation functions) [35]. ANN mathematical expression is seen
in Figure 2. y is the neuron’s output, x is the vector of inputs, and w is the vector of synaptic weights.
In case of biological neuron information comes into
the neuron via dendrite, soma processes the information
and passes it on via axon. In case of artificial neuron the
information comes into the body of an artificial neuron via
inputs that are weighted (each input can be individually
multiplied with a weight). The body of an artificial neuron
then sums the weighted inputs, bias and “processes” the
sum with a transfer function. At the end an artificial neuron
passes the processed information via output(s). Benefit of
artificial neuron model [36] simplicity can be seen in its
mathematical description below:
.

(1)

Where:
wi(k) is weight value in discrete time k where i goes
from 0 to m,
xi(k) is input value in discrete time k where i goes from
0 to m,
F is a transfer function,
yi(k) is output value in discrete time k.
As seen from a model of an artificial neuron and its
equation (1) the major unknown variable of our model is its
transfer function. Transfer function defines the properties of
artificial neuron and can be any mathematical function.

During the training of the network, the input data and
the input-output relationship between the learning of the
network is provided. This method, which is generally
called supervised learning, is one of the preferred methods
[37]. The supervised learning method trained with the network structure (Back-propagation Networks) will be used
to solve problems in this study.
In this study, the sum squared error (SSE) and mean
absolute percentage error (MAPE) are used as the two performance criteria SSE was used as a criterion for determine
training during the training of the network. In addition, we
can make comparisons involving more than one method
because the MAPE of each provides information about the
average relative size of their errors.
SSE and MAPE are described by equations 2 and 3,
respectively.

n
SSE   e 2
i
i 1
MAPE 

1 n ei
*100

n i  1 Yi

(2)

(3)

Where Yi is the actual observation value, ei is the difference between the actual vale and prediction value, and n
is the number of total observations.
Neural Network Toolbox of MATLAB was used for the
ANN calculations. This study was performed on 260 crayfish (105 females and 155 males) caught 2014 in Dikilitaş
Pond. Data were divided into three equal parts: training,
validation and test sets. The Matlab functions were used for
“training”, “testing”, and “validation”. They were used randomly: 70% in training, 15% in testing, and 15% in the validation of the fishes.
3. RESULTS AND DISCUSSION
There were about 40.38 % females, 59.62 % males. The
female: male ratio was found to be 0.68:1 for the general
population. The length and weight (min-max) of the crayfish
were 85 – 140 mm and 23.80 –86.65 g. The average length
(mm) and weight (g) of samples were 110.60 ± 1.05 and
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Female

Male

Female+Male

40
30
20
10
137-142

131-136

125-130

119-124

113-118

107-112

101-106

95-100

89-94

0
83-88

Number of distribution

50

Range of length (mm)
FIGURE 3 - Number of distribution of all individuals

38.52 ± 10.00 mm for female, 113.50 ± 1.24 and 50.08 ±
13.16 for males and 112.30 ± 1.17 and 46.87 ± 13.72 for the
combined sex, respectively (Table 1). The number of males
were greater than females in Dikilitaş Pond. It is seemed that
number of distribution all individual in Figure 3.
Total length (TL), total weight (TW), carapace length
(CL), abdomen width (Aw), chelea length (ChL) and chelea
width (Chw) of females are smaller than males, while carapace width (Cw), and abdomen length (AL) of females are
bigger than males (Table 1). TL, TW, CL, Cw, AL, Aw, ChL
and Chw of females and males are were insignificant (p <
0.05).

TL
TW
CL
Cw
AL
Aw
ChL
Chw

The carapace length - weight relations (CL - TW) for the
crayfish in Dikilitaş Pond were found as W= 1.499 x L 1.93 for
female, W = 2.168 x L 1.84 for male and W = 0.981 x L 2.25
for female+male. The carapace length - length relations (CL
- TL) for the crayfish in Dikilitaş Pond were found as W =
2.980 x L 0.80 for female, W = 2.675 x L 0.83 for male and W
= 3.179 x L 0.74 for female+male (Table 2 and Figure 4).
TABLE 2 - Length-weight relation parameters, equations and correlation coefficients.
Species

TABLE 1 - Metric properties for crayfish in Dikilitaş Pond
Metric
species

female, W = 0.059 x L 2.75 for male and W = 0.024 x L 3.01
for female+male.

TL – TW
Sex

Mean ± Sx

Min-Max

♀
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂

110.6+10.5
113.5+12.4
112.3+11.7
38.52+10
50.08+13.16
46.87+13.72
52.0±5.1
56.5±5.7
54.7±5.9
55.1±4.9
53.7±6.6
54.3±6.0
57.5±5.0
56.4±8.7
56.8±7.5
19.10±6.6
20.10±5.6
19.8±6.0
65.2±10.3
83.2±20.7
75.9±19.4
11.7±3.5
15.7±3.8
14.1±4.2

95–130
85– 140
95- 140
23.80 - 59
29.65– 86.65
23.80 - 86.65
45-60
45-67
45-67
45-60
30-60
30-65
45-65
42-75
42-75
18-40
17-40
17-40
55-100
35-115
35-115
10-25
10-25
10-25

t test
CL – TW

P<0.05

CL – TL

P<0.05

AL-TW

P<0.05

ChL-TW

P<0.05

Sex
♀
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂

Relationship
W = 0.031x L 2.97
W = 0.059 x L 2.75
W = 0.024 x L 3.01
W = 1.499 x L 1.93
W = 2.168 x L 1.84
W = 0.981 x L 2.25
W = 2.980 x L 0.80
W = 2.675 x L 0.83
W = 3.179 x L 0.74
W = 10.308 x L 0.70
W = 16.749 x L 0.66
W = 17.583 x L 0.53
W = 5.083 x L 1.04
W = 59.137 x L 0.06
W = 28.037 x L 0.23

r2
0.98
0.99
0.96
0.98
0.98
0.97
0.99
0.99
0.99
0.97
0.98
0.96
0.98
0.94
0.95

In the present study, Table 3 shows that there are
strong positive correlations between TW and TL and there
are high correlations between CL and TL, CL and TW (p <
0.01).

P<0.05
P<0.05

Figure 5 illustrate the graphical presentation of the fit
between the actual and predicted values. Performance of
ANNs between forecast values for TL and TW is seen in
Figure 6.

P<0.05
P<0.05

The length - weight relations (TL - TW) for the crayfish in Dikilitaş Pond were found as W = 0.031 x L 2.97 for

The values observed, ANNs and length-weight relation data are presented in Table 4. The observed data,
which is collected from the Dikilitaş Pond, were presented
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120
100
80
60
40
20
0

W = 0.032 L 2.90
r2 =0.96
n=130

50

100
150
Length (mm)
(a)

Weight (g)

0

for comparison of data of the crayfish in Dikilitaş Pond
with length-weight relation and ANNs method.

Weight (g)

Weight (g)

according to the gender of group with length and weight.
The calculated data observed from the artificial neural networks and length-weight relations. Table 4 were prepared

160
140
120
100
80
60
40
20
0

200

160
140
120
100
80
60
40
20
0

W = 0.041 L 2.88
r2 = 0.97
n=195

0

50

100
150
Length (mm)
(b)

W = 0.022 L3.02
r2 = 0.96
n=325

0

50

100
Length (mm)
(c)

150

200

FIGURE 4 - Length–weight relationships in female (a), male (b) and all gender (c)

TABLE 3 - Pearson correlation coefficients between metric properties.
TL

TW

CL

AL

Aw

Cw

1.000
TL
0.901**
1.000
TW
0.796**
1.000
0.758**
CL
**
0.658
0.496**
0.377**
1.000
AL
0.353**
0.256**
0.366**
0.390**
1.000
Aw
0.300
0.289
-0.007
0.332
0.043
1.000
Cw
0.350**
0.375**
0.435**
0.123*
0.247**
0.284**
ChL
0.592**
0.652**
0.487**
0.265**
0.194**
0.466**
Chw
** correlation is significant at the 0.01 level; * correlation is significant at the 0.05 level;

ChL

Chw

1.000
0.484**

1.000

FIGURE 5 - Relationship between observed and forecast values for TL - TW
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FIGURE 6 - Performans of ANNs between forecast values for TL TW

The number of males were greater than females in Dikilitaş Pond. Some researcher reported that the males were
greater than females [24, 29, 31, 38], while some researcher reported that the females were greater than males
(Table 5) [23, 26-28].
The average lengths of males and weight was higher
than females in Dikilitaş Pond. Some researchers found
that the average length and weight of males were higher
than females [23, 24] while some researchers found that the
average length and weight of females were higher than
males [28, 29]. It was found that the average length of females was higher than the average length of males [38]. It
was found that the average length and weight were higher
than in some literature [23,24, 28, 29, 38].
It was determined that mean TL, TW, CL, Aw, ChL
and Chw of the male individuals was greater than those of

the females while mean AL and Cw of the female individuals was greater than those of the males (Table 1).
TW, Cw, ChL and Chw of males was greater than
those of females in Keban Dam Lake [27]. CL, TW, Cw
and ChL of males were greater than females, while AL, TL,
AW and Chw of females are greater males in Eğirdir Lake
[28]. TW, ChL and Chw of males are greater than females
in İznik Lake and Hirfanlı Dam Lake [28]. TW, TL, CL,
Cw, ChL of males are greater than females, while AL, Aw
of females are greater than males [39]. TL, TW, CL, AL,
Cw, Aw of females are greater than males, while Chw of
males are greater than females [29].
Variation in morphometric traits may also be largely
affected by environmental factors such as eding, behavior,
foraging efficiency, and the availability and quality of food
resources [8]. Environmental conditions influence crustacean growth by effecting molt intervals and incremental increases in length and weight. The relationship between
body length and weight is an important and widely used
equation in fishery studies, fish length being the easiest parameter to measure, particularly in the field. During their
development, crustaceans are known to pass through stages
in their life history which are defined by different lengthweight relationships. The parameter b is characteristic of
species and generally does not vary significantly throughout the year, unlike the parameter, which may vary daily,
seasonally, between different habitats, water temperature
and salinity, sex, food availability, differences in the number of specimens examined, as well as in the observed
length ranges of the species 195 caught [40].
The slope (b) values of the length–weight relationship
in both gender is found as a 3.09. It was found intercept of
the relationship (a) as a 0.02481870. In the present study,

TABLE 4 - Observed and calculated values for ANNs and length-weight relation.
Type*
(1) - (2)
TL
TW (2)
CL
TW (2)
CL
TL (2)
AL (1)
TW (2)
ChL (1)
TW (2)

Sex
♀
♂
♀♂
♀
(1)
♂
♀♂
♀
(1)
♂
♀♂
♀
♂
♀♂
♀
♂
♀♂
MAPE
(1)

Observed data
1
2

Forecast
1

2

MAPE (%)
1
2

L W Relation
1
2

MAPE (%)
1
2

110.6
113.5
112.3
52.0
56.5
54.7
52.0
56.5
54.7
57.5
56.4
56.8
65.2
83.1
75.9

109.9
115.9
113.0
51.5
56.7
54.6
51.2
56.6
54.4
56.8
56.7
56.8
64.8
83.3
75.2

37.18
52.41
46.94
35.68
52.81
45.96
109.2
113.2
111.9
37.18
55.22
48.21
37.01
52.1
46.3

0.63
2.11
0.62
0.96
0.35
0.18
1.54
0.18
0.55
1.22
0.53
0.00
0.61
0.24
0.92

109.6
116.4
114.1
52.6
57.2
55.6
52.0
56.7
54.8
59.9
58.4
61.6
66.5
47.1
89.9

0.90
2.56
1.60
1.15
1.24
1.65
0.00
0.35
0.18
4.17
3.55
8.45
1.99
43.32
18.45

2.40
5.19
3.09
2.21
2.18
3.50
0.18
0.26
0.18
2.76
2.29
4.27
1.99
3.42
3.88

6.07

2.98

36.64
53.77
46.86
36.64
53.77
46.86
110.6
113.5
112.3
36.64
53.77
46.86
36.64
53.77
46.86

1.47
2.53
0.17
2.62
1.79
1.92
1.27
0.26
0.36
1.47
2.70
2.88
1.01
3.11
1.20

Mean
0.46
1.30
(%)
*
Type (1) – (2): is a description of the parameters used in the calculation for ANNs and and length-weight relation.
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37.52
50.98
45.41
35.83
52.6
45.22
110.4
113.2
112.1
35.63
52.54
44.86
35.91
51.93
45.04
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TABLE 5 - Comparison of growth parameters in different locations.
Regression parameters
References

Sex

TL

TW

Karabatak and Tüzün [23]
Mogan Lake
Kuşat and Bolat [24]
Eğirdir Lake
Köksal et al. [26]
Dikilitaş Pond

♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂

104.45
105.44
92.67
107.21
102.04
102.50
103.29
101.81
104.54
100.47
105.93
104.76
92.88
90.18

31.92
36.98
29.18
52.91
32.24
33.11
32.17
33.07
29.19
29.34
19.36
20.17
24.19
25.43

89.07
82.12

Harlioğlu and Harlioğlu [28]
Eğirdir Lake
İznik Lake
Hirfanlı Dam Lake
Balık et al. [38]
Demirköprü Dam Lake
Berber and Balık [29]
Manyas Lake
Berber and Balık [30]
Apolyont Lake
Deniz et al. [31]
Inland water in Turkey
Eğirdir Lake
Hirfanlı Dam Lake
Keban Dam Lake
Porsuk Dam Lake
This Study

♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀♂

r

0.00002
0.00001

b
3.05
3.18
2.78
3.13
3.08
3.01
2.11
2.51
2.66
2.72
2.22
3.66
3.06
3.27

21.85
19.57

0.0003
0.0003

2.94
2.98

0.99
0.97

-

20.62
21.92

-

-

-

-

-

-

0.0003
0.0002
0.00003
0.00003
0.00007
0.00001
0.0001
0.000008
0.0001
0.000005
0.032933
0.041409
0.022299

2.96
3.03
2.96
2.97
2.78
3.21
2.71
3.28
2.42
3.38
2.91
2.89
3.02

0.94
0.95
0.87
0.88
0.88
0.93
0.90
0.92
0.75
0.83
0.96
0.97
0.96

-

-

126.00
128.50
127.50

52.80
75.52
66.43

growth was a negative allometry for females and males, while
growth was a positive allometry for all gender. It is found that
b values are smaller than Karabatak and Tüzün [23]; Köksal
et al. [26]; Balık et al. [38] (Table 5). Similar results were reported for Harlioğlu and Harlioğlu [28] in Eğirdir and İznik
Lake; Berber and Balık [29] in Manyas Lake.
The reason for these differences may be factors such
as the environmental, food, population density and the selectivity of the traps or fykenets used in the studies. In addition, male crayfish were heavier than females. This disparity is due primarily to the accelerated development of
the male chelae with the onset of sexual maturity, while the
chelae of the females remain isometric throughout their life
[41]. Furthermore, males are rougher and more thick-set
than females [9]. Lengths of both male and female crayfish
ranged from 40 to 150 mm. The catching of crayfish
smaller than 90 mm in total length is prohibited in all Turkish lakes [42].
The relationships between carapace length and weight
have many uses. They are, for example, indicators of condition and can be used to calculate biomass and to estimate
the recovery of edible meat from crayfish of various sizes.
On the other hand, body weight and total length, carapace
length and carapace width are the most frequently used dimensions in the study of crustaceans [43]. There are several
possible explanations for such a pattern but the most likely
in this case being different growth rates between sexes.

a
0.00002
0.00001
0.000087
0.000019
0.00002
0.00005

2

-

Sex ratio
(F/M)

-

1.22/1

-

0.60/1

0.99
0.99
0.82
0.92
0.94
0.94
0.78
0.89
0.97
0.98

1.08/1
1.14/1
1.15/1
0.82/1
0.49/1
0.53/1
0.68/1
0.84/1
0.91/1
0.57/1
0.87/1
0.66:1

The estimated length-weight relation are model dependent; as a result, model selection uncertainty may be
quite high in certain data sets. Ignoring model selection uncertainty may cause substantial overestimation of the precision and estimation of the confidence intervals of the parameters below the nominal level. This uncertainty has serious implications, e.g., when comparing the growth parameters of different crayfish populations.
Length-weight relation and artificial neural network
MAPE results were examined. It was found MAPE value
of the forecast of ANNs as a 0.46 and 1.30, while MAPE
value of relationship results as a 6.07 and 2.98 for length –
weight of all gender. According to Table 4; artificial neural
networks gives better results than length-weight relation.
In conclusion in the study the use of ANNs as a forecasting tool was found to provide fairly good results. Artificial neural networks can be an alternative as a evaluated
for growth estimation.
The morphometric characters could be helpful in comparing the same species in different locations. It was shown
that the study of morphometric characters could be used to
describe populations. This study also provides some information on the length-weight relationships that would be
useful for sustainable fisheries management in Dikilitaş
Pond. In addition, for sustainable economic yield, the crayfish population should be carefully monitored in the future
as well.
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ABSTRACT
In this study, is reported the first occurrence of cylindrospermopsin (CYN) in Serbia. CYN is a newly emerging
carcinogenic hepatotoxic alkaloid, originally identified in
tropical cyanobacteria Cylindrospermopsis raciborskii
(Woloszyńska) Seenayya et Subba Raju. The research was
conducted on a monthly basis from June 2012 to February
2013 in Aleksandrovac Lake, Serbia (42°29′22″ N, 21°53′54″
E). C. raciborskii showed the value of abundance between
0.1 x 102 and 2.38 x 106 trichomes ml-1. According to
HPLC-PDA analysis CYN concentration ranged between
1.91 and 24.28 g l-1. Maximum concentration of CYN was
in November 2012, and the fish kill occurred in the following month.

KEYWORDS: Cylindrospermopsin,
borskii, HPLC, Serbia.

Cylindrospermopsis

raci-

1. INTRODUCTION
The cyanotoxin cylindrospermopsin (CYN) is an alkaloid with hepatotoxic, cytotoxic, dermatotoxic, genotoxic
and carcinogenic properties [1]. Because of that the presence
of CYN in surface waters and reservoirs is observed as a potential risk for human health [2]. CYN was first isolated from
Cylindrospermopsis raciborskii (Woloszyńska) Seenayya et
Subba Raju by Ohtani et al. [3]. CYN-producing species of
the genera: Cylindrospermopsis, Aphanizomenon, Anabaena, Umezakia, Raphidiopsis and Lyngbya have been detected worldwide [4, 5].
Kinner [6] showed a map provided with the global distribution of blooms of CYN-producing species, but the territory of Serbia was not marked on the map. Over the last
* Corresponding author

90 years, the presence and blooming of cyanobacteria has
been described for different aquatic ecosystems of Serbia.
The research so far has shown that the accumulation
blooming most commonly occurs due to the excessive multiplication of the genera Anabaena, Aphanizomenon, Microcystis, Oscillatoria and Planktothrix [7]. Previous studies of cyanotoxins in Serbia are related to the presence and
detection of microcystins [8-11]. In Serbia C. raciborskii
was detected in a salt marshes and a fish ponds [12, 13]
while the occurrence of massive development of this species was detected in an eutrophic lowland river [14] and an
alkaline microaccumulation [15-17]. Since C. raciborskii
produces CYN, it is a highly-ranked species on the Watch
List of toxic cyanobacteria for water managers [4].
The massive presence of C. raciborskii in Aleksandrovac Lake [16, 17] and the use of the lake (fishing, swimming, sports and recreation activities) guided our choice of
the research related to CYN.
The aim of the present study is to describe the first
detection and quantification of CYN in Serbia using
HPLC/PDA technique and it also demonstrates a potential hazard to the environment (fish kill) due to the presence of CYN.
2. MATERIALS AND METHODS
Aleksandrovac Lake is an oligosaline, shallow lake
(maximum depth 4 m) in the southernmost part of Serbia
(42°29′22″ N, 21°53′54″ E). It is an artificial reservoir
formed in 1963-1964; the lake was emptied in 2009. The
lake was completely restored and refilled in 2010. This reservoir was originally used for the irrigation of agricultural
areas and later for sports and recreational purposes and,
above all, for fishing [15-17]. Sampling from Aleksandrovac
Lake was conducted monthly, from June 2012 to February
2013. Twenty seven samples of phytoplankton were gathered by standard methods - phytoplankton net (net frame
25 cm, mesh net e.g. 22 µm) and Ruttner bottle (2 l) in all
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aspects. All samples were immediately preserved in 4 %
formaldehyde. C. raciborskii was identified on morphological grounds on a Nikon Eclipse E100 microscope at 40100x magnification. The identification was performed by
using literature [18].
The quantitative analysis of phytoplankton was made
by using Utermöhl method [19] with a Carl Zeiss inverted
microscope (No. 724 395) and it is expressed as the number
of trichomes per ml.
Simultaneously with gathering phytoplankton samples
in the field and samples for CYN detection, the following
physical and chemical parameters were measured: water
temperature (ºC), pH, oxygen concentration (mg l-1), saturation (%), conductivity (µs cm-1), phosphorus concentration (mg l-1) and water transparency (Secchi disc) (m) [20].
Physical and chemical parameters, phytoplankton samples
and samples for CYN detection were taken from three sites
(dam, middle and end of the lake) and at greater depths
(surface 0–0.3 m, 2 m and 3.5-4 depending on the depth of
the lake at the moment of sampling), but because of both
the size of the lake and insignificant deviations mean values are given for all parameters. Samples of water bloom
biomass of C. raciborskii were collected from Aleksandrovac Lake when blooming observed. Sampling of the biomass was done 1th November, 2012.
For the analysis of CYN, water samples were collected
in 1-litre bottles and transported to the laboratory in refrigerators. The samples were stored in the dark at -20ºC, until
analysis.
Chemicals of appropriate purity were used in the investigation (HPLC grade). The CYN standard was adopted from
Enzo Life Sciences (Lausen, Switzerland). Trifluoroacetic
acid ( 99.0 %) was purchased from Sigma-Aldrich (St.
Louis, USA). Methanol (HPLC grade was from J.T. Baker,
Deventer, Holland), Millipore Milli-Q system (Watford, UK).
Water samples were prepared according to the protocol of Meriluoto and Codd [5], suggesting that solid phase
extraction (SPE) is necessary to concentrate the toxin to
concentrations capable of being detected by HPLC in order to
determine the concentration of CYN in the extracellular fraction of filtered environmental waters. Water samples (1 l)
were filtered through GF/C filter. A Supelco (Bellefonte, PA,
USA) vacuum tank and Supelco LC-18 (500 mg, 6 ml Superclean) cartridges connected to a PGC cartridge (200 mg, 3 ml
for Enviro Clean) (UCT, Bristol, PA) were used for the
SPE. The samples were applied to the cartridges onto the
conditioned SPE system with 10 ml methanol containing
0.1 % (v/v) TFA followed by 10 ml of water. The cartridges were not allowed to dry during condition and sample application. After that, the PGC cartridge should be airdried. Cylindrospermopsin eluted with 3 ml 0.1 % (v/v)
TFA in methanol. Methanol solution of sample was evaporated under nitrogen and reconstructed in 500 l of MilliQ water.
Cyanotoxins extraction from C. raciborskii biomass for
cyanotoxin analysis were performed according to the protocol

of World Health Organization [21]. Sample of 5 l water filtered through pre-weighed Glass fibre filters 70 mm, GF/C,
1.2 μm under the vacuum. Filter papers were dried using an
oven, under the temperature below 50°C until constant
weight. For cyanotoxin detection, dry samples on filter papers
(0.699 g) extracted with ten times higher volume of methanol then was weight of cells. Cells in methanol were sonicated for 3 min in 100 Hz and then allow cells to extract
for 1 h in dark on room temperature. The suspension was
then filtered through Glass fibre filters and the solvent was
removed under vacuum in a rotary evaporator, yielding
0.093 g of the dry crude extract. Extract suspended in MiliQ water (Watford, UK) and dissolved by sonication for
5 min. Trifluoracetic acid (TFA), 0.1% v/v (Sigma-Aldrich
St. Louis, USA) was added after the centrifugation. Samples were mixed for 1 h and decanted at room temperature
for 3 h, according to Welker et al. [22].
The prepared samples were analysed according to the
protocol of Welker et al. [22] and Bláhová et al. [23]. The
samples were analysed by HPLC (Shimadzu, Kyoto, Japan)
consisting of a DGU-20A3 degasser, LC-20AT analytical
pumps, 7125 injector and a diode array detector SPD-M20A
and a CBM-20A system controller on a Supelcosil ABZ Plus,
150 x 4.6 mm, 5 μm column (Supelco) at 30C. The binary
gradient of the mobile phase consisted of (A) H2O + 0.05 %
TFA and (B) methanol + 0.05 % TFA (linear increase from
0 % B at 0 min to 50 % B at 20 min), the flow rate was 1 ml
min-1. The chromatograms at 262 nm were recorded with a
SPD-M20A diode array detector. CYN was identified by
characteristic UV absorption spectra (200 - 300 nm) and retention time and quantified using external calibrations 1 60 mg l-1 (LOD = 0.188, LOQ = 0.572 mg l-1), a injection
volume 20 µl. The chromatographic data were processed
using LC Solution computer software (Shimadzu).
3. RESULTS AND DISCUSSION
Physical and chemical data for Aleksandrovac Lake
during the study period are summarized in Table 1. Maximum water temperature was 27.9ºC in July and minimum
was 3.1ºC in December. High pH levels were recorded with
the maximum value of 9.36 in September. Total phosphorus levels varied, the maximum value of 0.69 mg l-1was
measured in June, and there was a gradual decrease until
September and after that it was uniformly measured at
<0.02 mg l-1. Dissolved oxygen values were between 7.7
and 11.6 mg l-1. Water transparency ranged from 1.3 m to
0.2 m and it decreased transitioning from early summer to
late autumn.
Cyanobacteria C. raciborskii (Figure 1) was present in
the phytoplankton in Aleksandrovac Lake over the entire
study period (Table 2). The abundance of C. raciborskii varied through months; in June and July it was very low if compared to the autumn months, while the highest abundance of
C. raciborskii was recorded in the month of October (2.38 x
106 trichomes ml-1). In that period of blooming C. raci-
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TABLE 1 - Mean values of physical and chemical parameters at Aleksandrovac Lake June 2012 - February 2013
Month
Water temperature (ºC)
pH
Oxygen (mg l-1)
Saturation (%)
Phosphorus (mg l-1)
Conductivity (µs cm-1)
Water transparency (m)

Jun
26.8
8.68
9.68
129
0.69
434
1.3

Jul
27.9
8.47
11.60
157.6
0.56
436
0.8

Aug
26.3
9.02
10.25
135.4
0.42
449
0.35

FIGURE 1 - Photomicrographs of Cylindrospermopsis raciborskii
from Aleksandrovac Lake. Scale bar represent 10 m. Legends: hheterocyst, a-akinete.

borskii looked like a brown-green mash. The abundance
was significantly reduced over winter months (Table 2).
C. raciborskii is an invasive species that has been observed in many tropical, subtropical and, recently, temperate regions [24]. In Serbia C. raciborskii was detected in a
salt marshes and a carp ponds [12-13] while the occurrence
of massive development of this species was detected in an
eutrophic river [14]. Simić et al. [15] provided first data on
the occurrence of this species in the Aleksandrovac Lake,
just three months after the restoration and filling the microacumulations with fresh water (September 2010). The
abundance of C. raciborskii was low (37 trichomes ml-1).
Akinetes were observed on trichomes in the Aleksandrovac

Sep
23.26
9.36
8.07
98.53
0.46
473
0.3

Oct
17.16
8.68
9.04
100.76
<0.02
475
0.25

Nov
12.26
9.05
9.05
89.9
<0.02
478
0.20

Dec
3.1
8.21
7.7
60.2
<0.02
428
ice

Feb
5.1
8.5
8.1
65.3
<0.02
430
0.3

Lake both individually and in series (number of 2-4) [15,
17]. It is known that under favourable conditions akinetes
have the potential of germination [17, 25]. The conditions in
this oligosaline, alkaline, shallow lake, where the water temperature in summer months increased up to 26.2ºC, favoured
the development of this species, so it reappeared in September 2011 in large populations (2.37 x 102 trichomes ml-1)
[17]. Unchanged and still suitable conditions (Table 1) remained favourable so that the species occurred in June of
the next year, and its abundance significantly increased
each month in 2012 (Table 2).
In this study the massive development of C. raciborskii was noticed during the period and after the period
of high temperature (over 26ºC) (Table 1 and 2). High temperature is one of the most important factor for massive development of C. raciborskii [26]. This species prefers environments with temperatures ranging from 20 to 35ºC, but
it also has a wider temperature tolerance range [27]. At
lower temperature values there was a gradual reduction in
the abundance of this species in Aleksandrovac Lake (Tables 1 and 2).
High pH values also favoured the development of C.
raciborskii. It occurs in water ecosystems with high pH
values – 8.0-8.7 [26].
Phosphorus also appears to play an important role in
the dominance of C. raciborskii. According to Padisák
[26], inorganic phosphorus content, as well as total phosphorus concentrations, can vary within a wide range in
lakes where C. raciborskii occurs in abundant populations,
as presented in this study. In the waters of Aleksandrovac
Lake phosphorus was reduced gradually starting June. It
was observed that with increasing abundance, the value of
phosphorus started to decline from late spring through autumn. After reaching the maximum value abundance in October, there was a large reduction in phosphorus concentration. C. raciborskii has a high affinity and storage capacity
for phosphorus if compared to other cyanobacteria [28].

TABLE 2 - Mean values of abundance of C. raciborskii and distribution of CYN at Aleksandrovac Lake (Serbia) June 2012 - February 2013

C. raciborskii (trichomes ml-1)
CYN (g l-1)

Jun
1.2 x 103
Not detected

Jul
1.7 x 103
Not detected

Aug
6.8 x 104
1.91
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Sep
8.7 x 104
9.75

Oct
2.38 x 106
10.70

Nov
2.13 x 105
24.28

Dec
1.1 x 103
5.25

Feb
0.1 x 102
4.22
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These adaptations allow C. raciborskii to grow in low
levels of phosphate [25] and may provide a competitive advantage to C. raciborskii.
After all, recent research has found that the one of the
main drivers behind the dominance of the cyanobacterium
C. raciborskii is also in low light requirements [29]. C.
raciborskii blooms in Aleksandrovac Lake under low light
levels (Table 1 and 2).
In this study, the cyanotoxin CYN was first detected
and quantified in Serbia, using HPLC/PDA method (Table
2). CYN was identified by retention time and characteristic
UV absorption spectra. The retention time of CYN standard was 5.392 min (Figure 2). The chromatogram of a sample from Aleksandrovac Lake showed that retention time
was 5.371 min (Figure 3). The concentrations of CYN
ranged between 1.91 - 24.28 g l-1. CYN was not detected
only in June and July, while it was found in the water samples taken over the remaining months.
The value of abundance and CYN concentrations increased until November, when the abundance started to decrease. In November the representation of the species C.

raciborskii was 98% in relation to the entire phytoplankton
of the Aleksandrovac Lake. Because of the absolute dominance of this species, it was possible to collect biomass of C.
raciborskii. HPLC-determined CYN content was 6.65 μg
CYN mg-1 dw.
Maximum CYN concentration in the water was in November 24.28 g l-1, while the maximum value of abundance was in the previous month. This was expected because the concentration of cyanotoxins significantly increased as a defence mechanism in stressful conditions
(lack of nutrients/light) [30], and especially because of the
cell age and after the extinction of cyanobacteria and the
release of cell content in the water.
Previous research [31, 32] showed that environmental
concentrations of CYN in freshwater habitats can vary considerably. Cellular abundance of CYN-producing cyanobacteria can differ and does not necessarily correlate with
CYN concentrations [33].
A high toxin concentration of 589 μg l-1 was detected
in an aquaculture pond with the abundance up to 3.25 x 105
trichomes ml-1 [34]. In Lake Albano (Italy) concentrations

FIGURE 2 - Chromatogram of cylindrospermopsin standard (5 mg l-1) (262 nm, retention time 5.392 min) and UV spectra

FIGURE 3 - Chromatogram of sample - Aleksandrovac Lake (262 nm, retention time 5.371 min) and UV spectra (retention time 5.371 min)
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of CYN was in the range 1.6 - 15 μg l-1 while toxic cyanobacteria had abundance between 0.1 x 106 - 30 x 106 trichomes ml-1 [35]. Low concentrations of toxin of 1 μg l-1
were reported with the blooms of 9 x 104 trichomes ml-1
[36]. McGregor and Fabbro [37] also discussed the correlation between abundance and CYN concentrations. Low
densities with an abundance of 2 x 104 trichomes ml-1 were
associated with 1 μg l-1 CYN. The relationship between cell
number and toxin concentration varied in reservoirs and
blooms. The majority of the reservoirs had C. raciborskii
abundance of around 3 x 104 - 10 x 104 with recorded CYN
concentrations below 10 μg l-1 [37].
This was exactly the case in this research, suggesting
that the relationship (CYN concentrations - abundance)
varied through months.
When cyanotoxins are released into the water, they can
be absorbed by different aquatic organisms. CYN may adversely affect all food components (phytoplankton, zooplankton and fish) [38, 39]. Human consumption of contaminated fish could therefore lead to significant health hazards.
Fish are CYN-exposed directly by feeding on phytoplankton
or contaminated organisms and/or passively via their epithelium (gills and skin) when CYN is dissolved in the water [40].
In December 2012 fish kill occurred in Aleksandrovac
Lake. The fish kill happened in one day, when 3 tones of
cyprinid fish died. It happened after the period when the
maximum CYN value was detected in the lake; in the same
period the lake was completely frozen and oxygen concentration was reduced (Table 1). Potential causes of fish death
could be CYN in combination with other environmental
factors [40]. A similar situation indicated that the toxicity
of C. raciborskii caused the fish kill in 1990 and 1993 in
Rio Pequeno in Brazil [41]. Berry et al. [42] studied the
developmental toxicity of CYN, as well as extracts from C.
raciborskii on zebra fish (Danio rerio) embryos. They concluded that pure CYN was toxic only when it was injected
directly into embryos. In contrast, direct immersion of embryos in all the extracts resulted in both increased mortality
and reproducible developmental dysfunctions. The occurrence of toxic blooms or dense growths of cyanobacteria
has been related to fish and other animals mortalities and
human illness [1]. There are studies on different effects of
CYN in fish (accumulation of CYN in fish, oxidative parameters and histological parameters) moreover, LD50
data for CYN has not been reported on fish [40].
It is worth mentioning that CYN occurred at low concentrations in February after the period when the lake was
completely frozen (Table 2). This is in accordance with the
research indicating the stability of this toxin; CYN is stable
when exposed to a range of light intensities, temperatures
and pH [30].

locations clearly show that C. raciborskii is now a species
of concern in recreational, sport and other water bodies in
Serbia and it extends its already known geographic distribution. The first detection of CYN by HPLC/PDA provides
evidence for the presence of this toxin in Serbia. Further
monitoring of toxin-producing cyanobacteria is needed,
both worldwide and in Serbia, to minimize possible harmful effects on human health and the environment. Monitoring of water bodies that humans use in agriculture or for
entertainment and recreation is necessary by all means.
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GREENHOUSE GAS (GHG) EMISSIONS
AND THE OPTIMUM OPERATION MODEL OF
TIMBER PRODUCTION SYSTEMS IN SOUTHERN CHINA
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1. INTRODUCTION

ABSTRACT
Deforestation as an activity of forest management is
an intermediate link in timber production. Different models
of timber production make a difference in GHG emissions
and to a certain extent affect the sustainable development
of the ecological environment. Accordingly, due to global
climate change, energy conservation and emission reduction have become critical issues concerning all humans.
This paper taking the operating systems of timber production in the southern China, as a case study, and GHG emissions and the optimum operation model of timber production are analysed with the B2B model of life cycle assessment (LCA) and the current forest industry standard. The
results indicate that the total emissions of GHG range between 11.600 9 kg/m3 and 15.303 6 kg/m3, accounting for
approximately 4.5 percent to 5.5 percent of their carbon sequestration abilities. Direct GHG emissions generated by
fuel consumption during harvesting, skidding, loading,
transportation and production are the primary emissions,
accounting for approximately 69.1 percent to 91.5 percent
of the total emissions. Moreover, the emission of every
type of GHG is lowest under model IV (which included
chainsaw cutting, cableway skidding, winch loading, diesel
vehicle transportation and vehicle transmission). From the
perspective of ecology, therefore, model IV is the optimal
operation model. On the other hand, the emission from timber transportation is highest, accounting for approximately
61.5 percent to 72.3 percent. Therefore, appropriate operation models should be choose according to the mechanical
production and management, production tasks and scales,
foundations of forest mechanization and economic conditions. In terms of carbon reduction, improvement of the
mechanical equipment efficiency, operation skills and utilization of new energy resources should be considered.
KEYWORDS:
Timber production, Operation models, GHG emissions, Life cycle
assessment, Emission reduction, Energy consumption

* Corresponding author

It has been hypothesised that increasing CO2 concentrations in the atmosphere may be increasing global warming, and a rise in mean global surface temperature of 1.45.8℃ by the year 2100 has been forecast [1-4]. There is a
general consensus that the increasing emissions of CO2 and
other greenhouse gases (GHG) have led to changes in the
earth’s climate and the warming of the earth’s surface [5].
The use of carbon footprints as the quantitative parameter
of energy conservation and emission reduction has been responded to and extensively researched by many scholars.
Among the research on carbon footprints, many investigations have focused on individual carbon footprints [6, 7],
production or service carbon footprints [8-11] and company carbon footprints [12, 13], which involve the energy
production of electricity and coal [14, 15], material production of steel and cement [16-18], product production of
pulp and paper [19], usage of transport [20, 21] and so on.
Energy consumption plays the critical role in modern
economic development, and currently even more in ecosystem. The IPCC Guidelines for National Greenhouse
Gas Inventories has reported that emissions of GHG can be
generated by energy consumption, industrial production,
agricultural and forestry production, waste disposal and so
on [22]. On the other hand, energy departments are the
most important departments in the GHG inventories. Table
1 reflects the energy consumption of the timber production
in China. It shows the energy consumption both physical
quantity and standard quantity. Results denote that the industry has consumed a significant amount of energy. In developed countries, their emission often accounts for more
than 90 percent of CO2 emissions and 75 percent of the total emission of GHG [23]. According to the available literature, studies on energy carbon emission have primarily
been on the mechanism of energy-related carbon emissions
as well as dynamic systems and point-source research [2427], and the levels of research involve the industrial features of energy-related carbon emissions, low-carbon economies, carbon emission and other relevant issues [28-32].
Research and Development emphasise that dual functions of improving energy efficiency and reducing pollution
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TABLE 1 - Type of energy consumption in timber production
(10 000 tce)
Industry division
Fuel & electricity total
Electricity
Gasoline
Kerosene
Crude oil
Diesel oil
LPG
Raw coal
Coke

Physical quantity
675.93
264.08
7.47
0.08
0.17
14.32
0.09
389.35
0.37

Standard quantity
624.63
324.55
10.99
0.12
0.24
20.87
0.15
267.35
0.36

Source: NBS (National Bureau of Statistics [33])

are mostly neglected, especially in the logging sector. Evaluations of the environmental sustainability of lifestyles and
energy consumption have been taking centre stage in the
research projects in recent years, with final goal of attaining GHG emissions reduction [34, 35]. Considerable work
has been undertaken on the environmental assessment of
energy consumption patterns, and several analytical tools
and methodologies have been proposed to quantify the environmental burden of production and consumption [36].
In order to minimize harmful impact on the environment,
ISO standards were introduced. Certified management standards also came into existence for ensuring of the workerhealth and safety [37]. With all major mitigation measures
implemented, energy consumption and GHG emissions in
2050 can be reduced by 30 percent and 32 percent, respectively [38].
Forests are the most extensively distributed vegetation
type in the world and cover approximately 1/3 of the land
surface of the earth [4, 39]. As an organic component of
the global environment and human well-being, forest plays
an important role in addressing climate change, preserving
biodiversity and lowering the risk of disasters. To a certain
extent, the quantity of forest resources represents the quality of the ecological environment. In addition, forests constitute an important component of terrestrial ecosystems
that exerts a great influence on the global carbon cycle [4].
As a consequence, some policies were necessary to balance
the forest ecosystem. While, much of current policy discourse on reducing emissions from forest ecosystem is still
framed in aspects of forest management types, or as a triangle in the stakeholder groups [40-42]. Necessarily, policies makers require a good understanding of the complex
connections between four key stakeholder groups: state, local communities, human activities, and state-sanctioned
concessions [40]. Earlier studies have examined the role of
human activities in forest ecosystem, and the likely consequences for global climate change [43, 44]. In this interac-

Raw material

tion, human activities act as intermediaries in forest ecosystem and creating a new balance of power between local
communities, the government authorities and business concessions [40].
For the timber production is a primary activity of forest
management, its operational process will not only undermine the carbon sink function of forests but also increase the
emission of GHG [45]. Therefore, the sustainable development of forest ecology is viewed as an effective way for relieving ecological crises. The broad objective of this study is
to estimate the GHG emissions and confirm the optimum
operation model of the mechanized timber production in the
southern China. Additionally, we adopt the B2B model of
life cycle assessment (LCA) and the current forestry-industry standard to derive the estimates of GHG emissions. The
following objectives guided the research project:
(i) Identify both diagram of steps for the commodity
process and flow chart of the timber production operating
system;
(ii) Identify the type of GHG emission as well as calculation methods;
(iii) Assess the GHG emission and optimum operation
model of timber production;
(iv) Set reasonable emission reduction goal and
choose the appropriate operation models for the logging industry.
2. MATERIALS AND METHODS
2.1 Flow chart

Forest harvesting transferred the stumpage into timber
production as well as transported them to the timber logistics distribution centre. While GHG emission of this process is equivalent to the B2B (Business to Business) model
of life cycle assessment, which is a method of “cradle to
gates”. In the life cycle of commodity, it only contained
raw material reach to a new organization via production,
and distributes and transport to the place of customer [46].
However, it does not included the final product distribution, retail, consumer use and disposal/recycling. The steps
for the commodity process are shown below in Fig. 1.
Timber production involves five steps for the process
of changing from standing trees to timber as raw materials,
including cutting, skidding, loading, transporting and lumberyard like production. During the process, steps such as
cutting, lopping and bucking serve to change the shape of
timber, and skidding, loading, transporting and unloading

Production

Distribution

FIGURE 1 - The diagram of steps for the commodity process
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Tree species
Forest type
Forest Conditions

Cutting

Stand volume

Chainsaw

Rotting rate
Mill run

Tractor
Skidding

Topography

Cableway

Forest farm level
Climate
Natural Conditions

Loading

Elevation

Winch

Slop
Soil

Automobile
Transportation

Road grade

Diesel vehicle
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FIGURE 2 - Flow chart of the timber production operating system

serve to displace the timber. A flow chart based on the unit
for the operation system for the mechanization of timber
products is shown in Fig. 2. The initial boundary demarcation at the harvesting and the terminate boundary demarcation at the lumberyard production stage are shown.
2.2 Category

The carbon footprint standard ISO 14064 has defined the
GHG emission type as being divided into three categories:
Direct GHG Emission. This refers to the emission of
GHG generated from fuel consumption by equipment for
skidding, transportation and production during logging.
Indirect Electric Power GHG Emissions. This refers to
the emission of GHG generated from electric power consumption over the lifetime of production workers during
logging, fuel production and steel production.
Other Indirect GHG Emissions. This refers to the emissions of indirect GHG unrelated to energy in the process of
logging. Instead, the greenhouse gases pertain to or are con-

trolled by steel consumption for the equipment for cutting,
skidding, transportation and lumberyard production.
2.3 Calculation methods
2.3.1 Calculation of energy consumption

In this research, the comprehensive energy consumption for timber production under standard operation is calculated by regarding Energy Consumption for Wood Production in Forest Region [47] as the baseline.
(1) Fuel consumption of chainsaw cutting
In a lumbering operation, the fuel consumption of
chain saws for producing a unit of wood is related to every
log volume and mill run per hectare as well as temperature,
elevation, varieties of trees, grades of forest farms and the
rotting rate of wood. The lower the temperature and proportion of coniferous trees and the higher the elevation, forest farm level and rotting rate, the higher the energy consumption will be:
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where C1 refers to the fuel consumption of chainsaws
(kg/m3), qa1 refers to the basic fuel consumption of chainsaws (kg/m3), Kt1 refers to the correction factor of temperature, Kh1 refers to the correction factor of elevation, Kl1 refers to the correction factor of the forest farm level, Ka1 refers to the correction factor of tree species, and Kb1 refers
to the correction factor of the rotting rate.
(2) Fuel consumption of skidding
In the industry standard, only the fuel consumption for
tractors for logging or small-scale skidding in mountain
farms with cableways is listed. The fuel consumption is related to temperature, elevation, skidding slope, grades of
forest farms and skidding distance. The bigger the skidding
slope and distance, the higher the consumption will be:
C2  qa 2  K t 2  K h 2  K p 2  K l 2  K j 2

(ii)

where C2 refers to the fuel consumption of skidding
(kg/m3), qa2 refers to the basic fuel consumption of skidding (kg/m3), Kt2 refers to the correction factor of temperature, Kh2 refers to the correction factor of elevation, Kl2 refers to the correction factor of the forest farm level, Kp2 refers to the correction factor of the skidding slope, and Kj2
refers to the correction factor of the skidding distance.
(3) Fuel consumption of winch loading
The fuel consumption of the loading of 2105 diesel
winches is specified in the standard. The fuel consumption
is related to temperature and elevation:
C3  qa 3  K t 3  K h 3

(iii)

where C3 refers to the fuel consumption of loading
(kg/m3), qa3 refers to the basic fuel consumption of loading
(kg/m3), Kt3 refers to the correction factor of temperature
and Kh3 refers to the correction factor of elevation.
(4) Fuel consumption of log transportation
The fuel consumption of EQ140 vehicles and diesel
vehicles is specified in the standard. The fuel consumption
of log transportation for a unit of transportation distance is
related to temperature, elevation and grade of road. The
lower the grade of the road, the higher the fuel consumption will be:
C4  qa 4  K t 4  K h 4  K r 4

(iv)

where C4 refers to the fuel consumption of log transportation [kg/(m3·km)], qa4 refers to the basic fuel consumption of log transportation [kg/(m3·km)], Kt4 refers to
the correction factor of temperature, Kh4 refers to the correction factor of elevation and Kr4 refers to the correction
factor of road grade.
(5) Energy consumption of lumberyard production

C5 

Wa 5
M a5

refers to the total energy consumption of lumberyard production during the statistical period (measured with standard coal) (kg) and Ma5 refers to the total lumberyard production during the statistical period (measured with standard coal) (m3).
The basic fuel consumption at the formula is the fuel
consumption under basic conditions, that is, the correction
factor is 1.
2.3.2 Calculation of GHG emission

In the timber production process, mainly energy use is
one of the primary production inputs as a production process. During this process, the substances emitted are CO2,
CH4 and N2O .The GHG emission of timber production
was estimated with the process analysis method.
As highlighted in IPCC Guidelines for National
Greenhouse Gas Inventories, carbon emission equals activity data multiplied by emission factor. When converting
through the heat value of fuel, we can obtain a formula for
calculating the emission equivalent (MC) of CO2:
MC 

where C5 refers to the energy consumption of lumberyard production (measure with standard coal) (kg/m3), Wa5

i

(vi)

i

where Ei refers to the energy consumption of standard
coal (kg/m3), Ai refers to the carbon emission factor and r
is the calorific value of standard coal, 29 271 kJ/kg [48].
The emission of other types of GHG can be converted
to emissions of CO2 through the GWP value. Various referential coefficients are shown in Table 2 [23, 49]. Therefore, simply, effective load of the energy consumption was
composed of energy usage, emission factor and GWP
value.
TABLE 2 - Energy emission factor and GWP
Species
Gasoline
diesel

GHG
CO2
CH4
N2O

Emission factor/(kg·TJ-1)
74 100
3.0
0.6

GWP
1
25
298

Sources: IPCC (Intergovernmental Panel on Climate Change). [23],
Wang et al. [49].

Because different models of operation consume different types of fossil fuels such as oil and electric power and it
would be incomplete or inaccurate to compare only certain
types of fossil fuel, there is a need to convert the consumption of all types of energy into standard coal for calculating
CO2. In other words, the converted consumption of standard
coal is equal to physical quantity multiplied by the converted
standard coal coefficient, as shown in Table 3 [23, 50].
TABLE 3 - Energy conversion to standard coal
Converted standard
coal coefficient
(kg/kg)
gasoline
43 124
1.4714
diesel
42 705
1.4571
electric power
11 840
0.404 0
Source: 2006 IPCC date [23]. Qingdao energy consumption factor contribution analysis and energy conservation countermeasures. [50].
Name

(v)

E  A r
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Once the GHG emission of every activity is attained
through calculation, GWP (refer to Guide to PAS 2050) is
used to convert it into the equivalent of CO2. The carbon
emission equivalent generated by CH4 and N2O is MˊC:
M C 



ij

E ij  Aij  GWPj  r

(vii)

where Eij refers to the standard coal fuel consumption
of gas j in activity i (kg/m3), Aij refers to the emission factor
of gas j in activity I and GWPj refers to the warming potential of gas j.
3. RESULTS
3.1 Data

We assumed that all operation models are practiced
under the same conditions based on the flow chart of the
operation system of each unit of timber product; that is, the
conditions of total skidding and transportation, area of cutting area, total mill run and the length of existing log transportation branch roads (combined with the actual situation,
such as the 42 km) are identical [51, 52]. Moreover, we
assumed that the cutting area meets the conditions for skidding and transporting logs of the four operation models
shown in Table 4. The place that is approximately 3 km
away from the centre of the cutting area can be used for log
transportation.
3.2 Data analysis under basic conditions

(1) Direct GHG Emissions
Direct GHG emissions are used primarily for collecting the emission of GHG resulting from fuel consumption.
According to national level statistics for energy consumption

in timber manufacturing, a forestry-industry standard in the
People’s Republic of China, the basic fuel consumption of
all steps of timber production by timber production enterprises is the following [47]: 0.180 kg/m3 for cutting with
gasoline chain saws, 0.691 kg/m3 for tractor skidding,
0.615 kg/m3 for cableway skidding, 0.145 kg/m3 for winch
loading, 0.103 kg/m3 for EQ140 transportation, 0.073 kg/m3
for diesel vehicles and 0.073 kg/m3 for lumberyard production with vehicles. Moreover, all of the fuel consumption
fixed for all operation models are the maximum limits.
The carbon emission of timber production operating
systems under basic conditions was calculated according to
basic conditions and the basic fuel consumption specified
in the industry standard. This paper uses southern China as
the subject, while where the basic conditions of timber production operations are as follows: the temperature ranges
from 5 to 28 , the elevation is below 1 000 m; the forest
farm level ranges from 5 to 7, and the forest road reaches
level 2. The skidding slope of the tractors ranges from 5 to
15°, and the cableways a in the range of 15 to 22°. The
skidding distance of the tractors range from 200 to 500 m,
and cableways are in the range of 400 to 700 m.
Because the distance of log transportation is not provided in the standard and there are limitations from the research conditions and research scale, the author has referred
to the values of field surveys of previous research [51, 52]
and set the log transportation distance as 42 km, 3 km of
which is the skidding distance of tractors and 350 m of which
is the skidding distance of cableways. When timber production proceeds under basic conditions, fuel consumption during operations is viewed as basic fuel consumption. The results of the calculation are shown in Table 5.

TABLE 4 - Operation models of timber production
Operation model
Ⅰ
Ⅱ
Ⅲ
Ⅳ

Logging equipment
Chainsaw
Chainsaw
Chainsaw
Chainsaw

Ways of skidding
Tractor
Tractor
Cableway
Cableway

Loading equipment
Winch
Winch
Winch
Winch

Models of transportation
EQ140
Diesel vehicle
EQ140
Diesel vehicle

Lumberyard production
Vehicle transmission
Vehicle transmission
Vehicle transmission
Vehicle transmission

TABLE 5 - Direct emissions of GHG/ (kg·m-3)
Model
Ⅰ

Ⅱ

Ⅲ

Ⅳ

Type
CO2
CH4
N2O
Subtotal
CO2
CH4
N2O
Subtotal
CO2
CH4
N2O
Subtotal
CO2
CH4
N2O
Subtotal

Cutting
Chainsaw
0.390 4
0.000 4
0.000 9
0.391 8
0.390 4
0.000 4
0.000 9
0.391 8
0.390 4
0.000 4
0.000 9
0.391 8
0.390 4
0.000 4
0.000 9
0.391 8

Skidding
Tractor
1.498 8
0.001 5
0.003 6
1.503 9
1.498 8
0.001 5
0.003 6
1.503 9

Cableway

1.333 9
0.001 4
0.003 2
1.338 5
1.333 9
0.001 4
0.003 2
1.338 5

Loading
0.314 5
0.000 3
0.000 8
0.315 6
0.314 5
0.000 3
0.000 8
0.315 6
0.314 5
0.000 3
0.000 8
0.315 6
0.314 5
0.000 3
0.000 8
0.315 6
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Transportation
EQ140
Diesel vehicle
9.383 0
0.009 5
0.022 7
9.415 2
6.650 1
0.006 7
0.016 1
6.672 9
9.383 0
0.009 5
0.022 7
9.415 2
6.650 1
0.006 7
0.016 1
6.672 9

Lumberyard
Vehicle transmit
1.151 7
0.001 2
0.002 8
1.155 7
1.151 7
0.001 2
0.002 8
1.155 7
1.151 7
0.001 2
0.002 8
1.155 7
1.151 7
0.001 2
0.002 8
1.155 7

Total
12.738 4
0.012 9
0.030 8
12.782 2
10.005 5
0.010 1
0.024 2
10.039 9
12.573 5
0.012 8
0.030 4
12.616 8
9.840 6
0.010 0
0.023 8
9.874 5
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Table 5 shows that operation model IV generates the
least amount of GHG emission (9.874 5 kg/m3). Model I
generates the highest amount of GHG emission (1.3 times of
that by model IV). Among direct greenhouse gases generated by fuel consumption, CO2 is the primary one, accounting for 99.7 percent of the total emission. Loading winches
generate the least direct GHG (0.315 6 kg/m3). The second
lowest emission of direct greenhouse gases (0.391 8 kg/m3)
is generated by chainsaws. The direct GHG emissions generated by the skidding segment and cableway skidding are
lower than that by tractor skidding, approximately 89 percent
of that by tractor skidding. The direct GHG emissions generated by the production of the timber yard are 1.155 7 kg/m3.
Due to longer transportation distances, the direct GHG emission generated by the log transportation segment is highest,
and the direct GHG emission generated by EQ140 log
transportation (is 9.415 2 kg/m3) is higher than that by
transporting with diesel vehicles (6.672 9 kg/m3).

(2) Electric power Indirect GHG Emissions
Electric power indirect GHG emissions refer to the
consumption of electric power presented in electric power
consumption over the life of a production worker and the
electric power consumption for fuel and steel production.
In this article, electric power consumption is estimated according to the number of workers at every stage of operation.
Moreover, the required number of workers and consumption
of steel at every stage are sorted according to the statistical
results of available data [52], as shown in Table 6.
According to the statistics, the domestic electric power
consumption per capita across the country is 0.8 kWh per
day [52]. Therefore, the electric power consumption at
every stage can be estimated as 0.8 multiplied by the number of work days. Moreover, the electric power consumption for producing fuels is approximately 0.06 kWh/kg, and
that for producing steel is approximately 4 kWh/kg. The

TABLE 6 - Artificial demand and unit of steel consumption of harvesting operations
Section
Artificially demand
(work days / m3)
Steel consumption
(kg/m3)

Cutting

Skidding
Tractor

Cableway

Winch loading

Transportation
EQ140
Diesel vehicle

Lumberyard
production

0.55

0.01

0.05

0.25

0.35

0.60

0.000 3

0.133 9

0.021 9

0.000 2

0.218 4

0.159 6

0.077 9

Source: Study on the influence of plantation operation on resource-environment-economics based on Life Cycle Assessment theory. [52].

TABLE 7 - Electric power indirect GHG emissions
Cutting
Model

Ⅰ

Ⅱ

Ⅲ

Ⅳ

Skidding

Transportation

Type
Fuel electric power
consumption
Life electric power
consumption
Steel electric power
consumption
Subtotal
Fuel electric power
consumption
Life electric power
consumption
Steel electric power
consumption
Subtotal
Fuel electric power
consumption
Life electric power
consumption
Steel electric power
consumption
Subtotal
Fuel electric power
consumption
Life electric power
consumption
Steel electric power
consumption
Subtotal

Loading
Chainsaw

Tractor

Cableway

0.003 4

0.013 1

—

0.138 8

0.002 5

0.000 4
0.142 5

Lumberyard
production
Vehicle
transmission

Total

EQ140

Diesel vehicle

0.002 7

0.081 9

—

0.010 0

0.111 1

—

0.063 1

0.088 3

—

0.151 4

0.444 1

0.168 9

—

0.000 3

0.275 5

—

0.098 3

0.543 4

0.184 5

—

0.066 1

0.445 7

—

0.259 7

1.098 5

0.003 4

0.013 1

—

0.002 7

—

0.058 0

0.010 0

0.087 2

0.138 8

0.002 5

—

0.063 1

—

0.088 3

0.151 4

0.444 1

0.000 4

0.168 9

—

0.000 3

—

0.201 4

0.098 3

0.469 3

0.142 5

0.184 5

—

0.066 1

—

0.347 7

0.259 7

1.000 5

0.003 4

—

0.011 6

0.002 7

0.081 9

—

0.010 0

0.109 6

0.138 8

—

0.012 6

0.063 1

0.088 3

—

0.151 4

0.454 2

0.000 4

—

0.027 6

0.000 3

0.275 5

—

0.098 3

0.402 1

0.142 5

—

0.051 9

0.066 1

0.445 7

—

0.259 7

0.965 9

0.003 4

—

0.011 6

0.002 7

—

0.058 0

0.010 0

0.085 7

0.138 8

—

0.012 6

0.063 1

—

0.088 3

0.151 4

0.454 2

0.000 4

—

0.027 6

0.000 3

—

0.201 4

0.098 3

0.328 0

0.142 5

—

0.051 9

0.066 1

—

0.347 7

0.259 7

0.867 9
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global average electric power carbon emission coefficient
is 315.4×10-3 [53]. Therefore, the results of the electric
power emission calculation are shown in Table 7.
From Table 7, we can see that electric power indirect
GHG emissions primarily consist of fuel electric power consumption, life electric power consumption and steel electric
power consumption. Among them, life electric power consumption and steel electric power consumption generate
more emissions. Moreover, fuel electric power consumption
generates the highest emissions (0.111 1 kg/m3) in model I
and the lowest emissions (0.085 7 kg/m3) in model IV.
Life electric power consumption generates less emissions
in model I and model II than in model III and model IV
(0.454 2 kg/m3). Moreover, steel electric power consumption generates minimal emissions (0.328 0 kg/m3) in model
IV. Therefore, total electric power indirect GHG emissions
reach a minimum (0.867 9 kg/m3) in model IV.
(3) Other Indirect GHG Emissions
Although logging operation does not generate the direct consumption of steel, the manufacturing of forestry
mechanical equipment consumes a great deal of steel. To
attain an accurate analysis result, steel was also considered
in the research as an emission of other greenhouse gases.
The calculation results of emissions from steel consumption are shown in Table 8.
Table 8 indicates that CO2 remains the primary greenhouse gas among other indirect greenhouse gases, accounting for 96.7 percent of the total emission. In the cutting
segment and the loading segment with winches, the

emissions of CH4 and N2O are nearly 0. Similar to direct
GHG emissions, the emission of GHG reaches a minimum (0.858 6 kg/m3) in model IV. Moreover, winch loading generates minimal emissions at 0.000 6 kg/m3. The
chain saw segment generates the second lowest emissions
(0.000 9 kg/m3). The direct GHG emissions generated by
the skidding segment and cableway skidding are much
lower than that by tractor skidding, only approximately
16.4 percent of that by tractor skidding. The log transportation segment generates the highest emission, of which
EQ140 log transportation generates 0.721 6 kg/m3 and log
transportation by diesel vehicles generates 0.527 3 kg/m3.
Through comprehensively sorting Table 6 to Table 8,
we have attained Table 9.
From Table 9, we can see that GHG emissions generated by harvesting are primarily direct GHG emissions
generated by fuel consumption accounting for approximately 69.1 percent to 91.5 percent of the total emission.
Moreover, indirect GHG primarily consist of electric power
consumption and steel consumption. From the whole operations process, winch loading generates a minimal amount of
emission at 0.382 3 kg/m3, and the cutting segment generates
the second lowest emission (approximately 1.4 times that by
winch loading). Moreover, the emissions by cableway skidding, tractor skidding and lumberyard production are 3.8,
5.6 and 4.4 times that generated by winch loading, respectively. The log transportation segment generates the highest
emissions, of which EQ140 vehicle and diesel vehicle log
transportation generates 10.582 5 kg/m3 and 7.547 9 kg/m3,
respectively.

TABLE 8 - Other Indirect GHG Emissions
Model

Ⅰ

Ⅱ

Ⅲ

Ⅳ

Type
CO2
CH4
N2O
Subtotal
CO2
CH4
N2O
Subtotal
CO2
CH4
N2O
Subtotal
CO2
CH4
N2O
Subtotal

Cutting
Chainsaw
0.000 9
0
0
0.000 9
0.000 9
0
0
0.000 9
0.000 9
0
0
0.000 9
0.000 9
0
0
0.000 9

Skidding
Tractor
0.427 8
0.004 3
0.010 3
0.442 4
0.427 8
0.004 3
0.010 3
0.442 4

Cableway

0.070 0
0.000 7
0.001 7
0.072 4
0.070 0
0.000 7
0.001 7
0.072 4

Loading
0.000 6
0
0
0.000 6
0.000 6
0
0
0.000 6
0.000 6
0
0
0.000 6
0.000 6
0
0
0.000 6

Transportation
EQ140
Diesel vehicle
0.697 7
0.007 1
0.016 8
0.721 6
0.509 9
0.005 2
0.012 3
0.527 3
0.697 7
0.007 1
0.016 8
0.721 6
0.509 9
0.005 2
0.012 3
0.527 3

Lumberyard production
Vehicle transmission
0.248 9
0.002 5
0.006 0
0.257 4
0.248 9
0.002 5
0.006 0
0.257 4
0.248 9
0.002 5
0.006 0
0.257 4
0.248 9
0.002 5
0.006 0
0.257 4

Total
1.375 9
0.013 9
0.033 1
1.422 9
1.188 1
0.012 0
0.028 6
1.228 6
1.018 1
0.010 3
0.024 5
1.052 9
0.830 3
0.008 4
0.020 0
0.858 6

TABLE 9 - CHG emissions of operations at various stages (kg/m3)
Operation process
Cutting

Chainsaw
Cableway
Tractor
Loading
Winch
EQ140
Transporting
Diesel vehicle
Lumberyard production
Skidding

Direct GHG emission
Fuel
0.391 8
1.338 5
1.503 9
0.315 6
9.415 2
6.672 9
1.155 7

Indirect GHG emission
Electric power
Steel
0.142 5
0.000 9
0.051 9
0.072 4
0.184 5
0.442 4
0.066 1
0.000 6
0.445 7
0.721 6
0.347 7
0.527 3
0.259 7
0.257 4
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Subtotal
0.143 4
0.124 3
0.626 9
0.066 7
1.167 3
0.875 0
0.517 1

Total emissions
0.535 2
1.462 8
2.130 8
0.382 3
10.582 5
7.547 9
1.672 8
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Total emissions (kg/m3)
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FIGURE 3 - Total carbon emissions of each operating model

To further analyse the GHG emissions of forestry harvesting operations, a comparative analysis of the total
emissions of the above four operation models has been
made, as shown in Fig. 3.
Figure 3 indicates that the total emissions of all operation
models range between 11.600 9 kg/m3 and 15.303 6 kg/m3.
When further analysing the proportions of carbon emissions
of all operational steps in the total carbon emissions of the operation models, we find that the carbon emissions generated by the log transportation segment are maximal in all
operational models, and the proportion is lowest (61.5 percent) in model II and highest (72.3 percent) in model III.
The skidding segment generates the second highest emissions, and the proportions of carbon emissions of tractor
skidding in model I and model II are 13.9 percent and 17.4
percent, respectively. The proportion of carbon emissions
generated by the cableway skidding in model III and model
IV is 10.0 percent and 12.6 percent, respectively. The production of the timber yard generates the third highest emissions, and the emission reaches a maximum (14.4 percent)
in model IV and a minimum (10.9 percent) in model I. The
lowest proportion of carbon emission generated by chain
saw felling is 3.5 percent, and the highest is 4.6 percent.
Winch loading generates the lowest carbon emissions, and
the proportion is 2.5 percent (the lowest) in model I and 3.3
percent (the highest) in model IV. GHG emission generated by model IV is minimal (11.600 9 kg/m3), that is, the
optimal model of operation. As with other carbon emissions, model II generates more than model III, which generates more than model I. Furthermore, the proportions of
carbon emissions change with transportation distance. The
longer the transportation distance, the higher the proportion of carbon emission of the log transportation, and the
lower the proportions of other steps. Therefore, the log
transportation segment is the key to achieving energy savings and emission reduction for log production and operation systems.

4. DISCUSSION AND CONCLUSION
The forest is a library of carbon cycles on the earth,
and the carbon sequestration per m3 of wood reaches as
high as 0.21-0.34 t [54]. According to the energy consumption of timber production in timber yards specified in current forestry industry standards, the author has analysed
GHG emissions and the optimum operating model in the
five stages (cutting, skidding, loading, and transporting and
lumberyard production) of mechanical timber production
based on the B2B model of life cycle assessment. The results indicate that the total emissions of GHG from timber
production under basic conditions are approximately
11.600 9 kg/m3 to 15.303 6 kg/m3, accounting for approximately 4.5 percent to 5.5 percent of the carbon sequestration ability. Timber production inevitably produced the
carbon emissions such as fuel consumption, power consumption, both of which offset can achieve the zero emissions of carbon cycle is worthy studying. The GHG effect
is one of our most severe current environmental problems.
Forests make up large ecosystems and can play an important role in mitigating the emissions of GHG. Dong et
al. [55] emphasized that there is no shirking the responsibility for the forestry sector, especially for state-owned
Forest Region to respond to global climate change and develop low-carbon economy. Forest industry low-carbon
economy and constantly enhance ecological civilization
construction level, we must achieve a new leap in carefully
cultivating forest resources, effectively protecting forest
resources and reasonably using forest resources. Jiang [56]
analyzed the need for low-carbon economic development
and the measurement of state-owned Forest Region. The
results indicated that low-carbon economic development is
an important way for state-owned Forest upgrading development. Moreover, Alig [57] recognized that forest can not
only reduce its GHG, but also provides environmental, economic and social benefits. Tavoni [58] utilized the energyeconomy-climate model to show that forestry is a determinant abatement option and could lead to significantly lower
carbon emissions.

3750

© by PSP Volume 24 – No 11a. 2015

Fresenius Environmental Bulletin

The GHG emissions calculated in this paper are primarily direct GHG emissions, electric power indirect GHG
emissions and other indirect GHG emissions. Among
them, direct GHG emissions resulting from fuel consumption are the primary emissions, accounting for approximately 69.1 percent to 91.5 percent of the total emission.
Moreover, model IV generates the least GHG emission
(9.874 5 kg/m3). Model I generates the highest emission,
approximately 1.3 times of that by model IV. Among indirect electric power GHG emissions, lifetime electric power
consumption and steel electric power consumption are primary, and their total emissions are the lowest (0.867 9
kg/m3) in model IV. In addition, indirect steel GHG emissions are the lowest (0.858 6 kg/m3) in model IV. Hence,
the model IV is the optimum operation model of timber
production system. Among the four operation models, log
transportation generates the highest emission, accounting
for approximately 61.5 percent to 72.3 percent. The proportion of carbon emission generated by log transportation
of the total carbon emissions increases with the increasing
transportation distance. The segments that generated less
carbon emissions were the skidding segment (the tractor
skidding accounts for 13.9 percent to 17.4 percent and the
cableway skidding accounts for 10.0 percent to 12.6 percent), lumberyard production accounts for 10.9 percent and
14.4 percent, cutting with chain saws accounts for 3.5 percent and 4.6 percent and winch loading accounts for 2.5
percent and 3.3 percent. Zhang et al. [51] analyzed and
evaluated eight kinds of harvesting operation models in
southern China, and the results demonstrated that under the
same operation conditions, the economic, ecologic, social
and comprehensive benefits of different operation models
are different, the model II (chainsaw cutting-walking tractor skidding-boat transportation) should have priority to the
optimum operation model with the condition of waterway
transportation, while the model III (chainsaw cutting-cableway skidding-farm vehicle transportation) should be the
optimum model without the condition of waterway transportation. Certainly, we should choose appropriate operation models featured with large-scale and mechanized production according to the mechanical production and management model of forestry, scales of production, production tasks, foundations of forest mechanization and economic conditions.

of log transportation and using new energy resources. Furthermore, the government should also making policies in
reaching emission reduction.
Generally, for the items specified in this standard are
the maximum limits of fuel consumption, the results of the
calculation are a little higher than the actual emissions.
Moreover, fuel consumption during mechanical operation
is affected by temperature, elevation, slope and other operation conditions. In addition, certain measurement errors
and calculation errors exist in the data attained through literature survey. Due to different tree species, terrains, climates and other conditions in forest areas, different operation models as well as different equipment for cutting, skidding and transporting and different degrees of mechanization should be applied. The calculation result of this research was attained after considering the GHG emissions
of all mechanical operations. In current timber production,
however, push cart skidding, animal skidding and manual
loading which do not directly generate emission are universal. Nevertheless, GHG emissions in practice are less
than the emissions in this research. Therefore, in practice,
it should work in the same environment, taking into account the GHG emissions generated by both of the human
activities and the mechanical operation, and the correction
coefficient should also be considered into the calculation
in order to minimize the error calculation.
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Due to the carbon emission generated by log transportation accounts for the largest proportion, reasonable selection of log transportation machines is an effective way for
reducing logging work and achieving ecological balance in
the timber production system. Ortiz et al. suggested that
environmental studies should not only aim to promote and
ensure the quality of physical components of nature, but
should also consider the ecosystem properties and dynamics that emerge from complex networks [59]. Chen et al.
introduced a new concept of “controlled energy”, that adds
to the analysis of energy consumption, indicating the adjustable energy consumed by each steps [60]. In practice,
we can start by improving the efficiency of vehicles, skills
of drivers and exhaust emission by optimizing the process
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MECHANISM OF GALLIC ACID EXTRACTION IN THE
TRIBUTYL PHOSPHATE/KEROSENE EXTRACTING SYSTEM
Yundong Wu1, Kanggen Zhou1,*, Shuyu Dong1 and Wei Yu1
1

School of Metallurgy and Environment, Central South University, Changsha 410083, Hunan, China

ABSTRACT
The extraction of gallic acid (GA) with tributyl phosphate
(TBP) is a neutral complex extraction process with good extraction performance. In this study, the mechanism of GA extraction with TBP was studied, the composition of the GATBP-complex was determined by the double logarithmic
slope ratio and continuous variables methods, the structure of
the GA-TBP-complex was determined by Fourier transform
infrared spectroscopy (FT-IR), and the enthalpy of the
extraction was measured. Our results showed that the
proportion of gallic acid and TBP in the extracted complex
was 2:1. The GA and TBP molecules were connected by
intermolecular hydrogen bonds in the GA-TBP-complex.
The enthalpy of the reaction was -1.064 kJ mol-1, and the
nature of the extraction was an exothermic process. The results of this work were useful for the design of separating
GA from wastewater.
KEYWORDS: tributyl phosphate; extraction; gallic acid; extracted
complex; enthalpy

1. INTRODUCTION
The separation of phenolic compounds from industrial
wastewater has received considerable attention in recent
years [1-5]. Gallic acid (GA) (Fig. 1) is a phenolic compound
that is also well-known as an important environmental
contaminant because of its toxicity [6] and widespread existence in industrial wastewater and natural water-bodies, especially in the Chinese nutgall processing wastewater.
Widespread concerns have been aroused about the emission
of GA. The biodegradability of GA is poor [7]; after being
discharged as waste, it could cause serious damage to the
local environment.

A significant amount of studies has been done on the
separation and recovery of GA from wastewater. Of the numerous removal methods that have been suggested [8-11],
solvent extraction was easy to perform and the evaluation
was high. As reported in our previous study, the removal efficiency of GA from GA processing wastewater with tributyl
phosphate (TBP)/kerosene was higher than 93% [12], which
indicated that separation of GA by extraction had high application value. Currently, no study had reported the mechanism of extraction of GA with any extractant.
Extraction mechanisms published with TBP as extractant had generally focused on the extraction of metal ions [13],
which were basically connected by covalent bonds, so the
mechanism reported could not be used to explain the mechanism of extraction of GA with TBP. Because the GA molecule had one carboxyl group (-COOH) and three hydroxyl
groups (-OH), and the TBP molecule had four available sites
to form hydrogen bonds, we speculated that the extracted
complex generated by GA and TBP might be connected by
one hydrogen bond or more.
Research on the structure of the extracted complex
formed by GA and TBP was of great theoretical and practical
significance. In this study, the double logarithmic slope
method and continuous variable method were used to study
the composition of the extracted complex; the FT-IR spectra
of GA, TBP, and the GA-TBP-complex were obtained to
study the possible connections between TBP and GA in the
extracted molecular complex. In addition, the enthalpy of
the TBP/kerosene gallic acid extraction system was analysed.
2. MATERIALS AND METHODS
2.1 Reagents

The GA standard was provided by China Pharmaceutical
and Biological Products. GA, TBP, kerosene, NaOH, HCl,
methanol and phosphoric acid were of analytical grade. All
chemicals were used as received without further purification.
2.2 Analytical methods

FIGURE 1 - The molecular structure of GA.
* Corresponding author

The GA in the aqueous phase was analysed by an Agilent Series 1100 LC system (Agilent Technologies Inc.,
Waldbronn, Germany) [14, 15], and the GA in the organic
phase was calculated through quality balance. TBP was
monitored by an Agilent 5890 (Agilent Technologies Inc.,
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Wilmington, DE, USA) [16]. The Fourier transform infrared
spectra (FT-IR) of TBP, GA and the GA-TBP-complex were
recorded on a Nicolet IS10 FT-IR (Thermo Fisher Scientific
Inc., Waltham, MA, USA) spectrophotometer in the 4004000 cm-1 wavenumber range, and 128 scans were taken at
a resolution of 4 cm−1.
2.3 Experimental setup

Experiments were carried out in separating funnels.
Both the extraction time and hierarchical time were 10 min,
and the temperature was 25 °C.
2.4 Preparation of the GA-TBP-complex

Eq. (5)

The D value could be obtained by changing the GA content in the aqueous phase. The correspondent curve was obtained by plotting the values of lgD and lg[GA](aq) (Fig. 2).
From Eq. (3) we could also deduce the relationship between D and TBP content as Eq. (6):
lg D  N lg[TBP]( org )  constant

Eq. (6)

The D value was obtained when the GA level was fixed
and TBP content was different. The relationship between
lgD and lg[TBP](org) is shown in Fig. 3. In addition, the
D value of the extraction of GA by kerosene is shown in
Fig. 2. Because the D value was much smaller in the kerosene
extraction system than the TBP/kerosene extraction system,
the effect of kerosene on the extraction of either fixed GA
or TBP levels was ignored.
0.0

0.8
lg D
lgD(Kerosene)

-0.5
0.6

-1.0

lg D

As the composition of kerosene was complex which
would interfere with the FT-IR results, to study the structure of the extracted complex accurately, pure TBP was
used as the organic phase to extract GA. GA solution (10
g·L-1) was prepared as the aqueous phase. The extraction
was not stopped until the crystals precipitated. After that, the
separating funnels were allowed to stand for stratification for
3 h, and then, the aqueous phase and the crystals were discarded, and the remaining organic phase was the GA-TBPcomplex. The FT-IR spectra of TBP, GA, and the GA-TBPcomplex were scanned and recorded.

l g D  ( M -1) lg[GA](aq)  constant

0.4
-1.5

3. RESULTS AND DISCUSSION

lg D(Kerosene)
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0.2
-2.0

3.1. Double logarithmic slope method

We assumed that M molecules of GA were connected
with N molecules of TBP in a GA-TBP-complex; and the
reaction could be expressed as follows:

0.0
0.0

M ([ GA ] M  [TBP ] N ) ( org )

-2.5
1.2

lg D

Eq. (1)

1.2

Eq. (2)

0.9

0.6

By merging Eq. (1) and Eq. (2), we got Eq. (3):
D

1.0

1.5

[ GA ]( aq )

M -1
N
K·M ·[GA]( aq ) [TBP](org )

0.8

1.8

lg D

D 

M
N
[ GA]( aq ) [TBP ]( org )

0.6

FIGURE 2 - Change of D value under different GA levels.

The equilibrium constant (K) and the distribution ratio
(D) of the extraction could be calculated as Eq. (1) and Eq.
(2), respectively:
([ GA] M  [TBP ] N ) ( org )

0.4

lg [GA](aq)

MGA ( aq )  NTBP(org)  (GA M  TBPN ) (org)

K 

0.2

0.3

Eq. (3)

0.0
-0.2

By taking the logarithm of both sides of Eq. (3), the
relationship among the concentrations of D, K and GA was
described by Eq. (4):
lg D  lg K  lg M  ( M - 1) lg[GA]( aq )  N lg[TBP]( org )

Eq. (4)
Kerosene was used as the diluent, the TBP level was
30%, and the relationship between D and GA content could
be derived as Eq. (5):

0.0

0.2

0.4

0.6

lg [TBP](org)

FIGURE 3 - Change of D value under different TBP levels.

The slope of the lg [GA](aq)-lg D line was 0.959, the
value was taken as 1; so, we could get that M = 2 from Eq.
(5). The slope of the lg [TBP](org)- lg D line was 1.248, and
we could also take the value as 1. Thus, M: N = 2: 1, which
indicated that the extracted complex was composed of one
TBP molecule and two GA molecules.
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3.2 Continuous variables method

The GA levels in the aqueous phase and TBP contents
in the organic phase were different in each treatment, but
the total amount was 60 mmol in each group.

complex, and thus, the extraction formula could be expressed
as follows:

2C7 H6O5(aq) +TBP(org )  (C7 H6O5 )2  (TBP)(org )
3.3 FT-IR spectra of GA, TBP and the GA-TBP-complex

-1

GA in organic phase (mol·mol )

6
5
4
3
2
1
0
0

1

2

3

4

5

-1

nGA: nTBP (mmol·mmol )

FIGURE 4 - Extraction equilibrium under different GA and TBP levels.

The GA levels dissolved in the organic phase did not
increase after the GA: TBP ratio reached 2:1 (Fig. 4); thus,
we concluded that the ratio of GA to TBP molecules in the
extracted complex was 2:1. Also from the result of the continuous variables method, it could be calculated that when
30% TBP/kerosene was used as extractant, the capacity for
GA extraction was 374.30 g L-1 in the ideal case.
The results of both the double logarithmic method and
the continuous variables method showed that two molecules
of GA and one molecule of TBP composed the extracted

The absorption of the carbonyl band group of the GA
and GA-TBP-complex was 1706 cm-1 (Fig. 5). The absorption
of the resonance of the aromatic ring was 1611 cm-1 and
1536 cm-1. The absorption of the 3,4,5-substituted benzene
ring was 692 cm-1. The absorption peak of the GA-TBPcomplex at 1284 cm-1 was weaker and moved to 1249 cm-1;
meanwhile, a new absorption peak was formed at 1194 cm-1.
An absorption peak at 1249 cm-1 was the absorption of P-OH, and one at 1194 cm-1 was P-O-Ar. The absorption peak
of P=O in the GA-TBP-complex derived from 1284 cm-1
to 1253 cm-1, presumably because intermolecular hydrogen
bonds had been generated between the P=O bond of TBP
and the -OH of GA, and the electron clouds had moved.
Compared with the curve of pure TBP, the composite absorption peak of P-O and P=O in the GA-TBP-complex remained the same, indicating that no covalent bond was generated during the extraction. Neither pure GA nor pure TBP
had an absorption at 3210 cm-1, which was the absorption of
intermolecular hydrogen bonds, whereas the GA-TBPcomplex did have one, indicating that there were inter-molecular hydrogen bonds generated between the GA and TBP
molecules during the extraction process. Combined with the
previous results, we concluded that the GA and TBP molecules were connected by the intermolecular hydrogen
bonds, and the mechanism of GA extraction by TBP was
completion extraction.
From the above results, we conjectured the possible
structure of the extracted complex as drawn in Fig. 6.

FIGURE 5 - FT-IR spectra of GA, TBP and the GA-TBP-complex
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Regression analysis of Eq. (9) was carried out with the least
squares method. The slope of lnD - T-1 was 1.064, as H
was the negative value of the slope; thus, the H value was
-1.064 kJ mol-1, which indicated that the extraction was an
exothermic process. The result showed that the extraction
of gallic acid with TBP/kerosene was a spontaneous exothermic reaction.
4. CONCLUSION

FIGURE 6 - Structure of the GA-TBP-complex.
3.4 Determination of the reaction heat ( H)

We assumed that the extraction process of GA with
TBP was a macro process, and the distribution coefficient
(k) could be denoted as follows:

k  k0 e

(

H
)
RT

In this paper, the mechanism of the TBP/kerosene gallic extraction acid system was studied. The GA-TBP-complex was found to be composed of two GA molecules and
one TBP molecule, and the equation of the extraction was
as follows:

2C7 H6O5(aq ) +TBP(org )  2(C7 H6O5 )  (TBP)(org )

Eq. (7)

By taking the logarithm of both sides of Eq. (7), we got
Eq. (8):

ln k  ln k0  (

H

1
)( )
R T

Eq. (8)

The results of FT-IR showed that inside the extracted
complex, the GA and TBP molecules were connected by
two intermolecular hydrogen bonds. The enthalpy of the
reaction was found to be -1.064 kJ mol-1, and the extraction
reaction was an exothermic process.

Under the same extraction conditions, D and k would
show a linear relationship as can be seen from Eq. (3), so
Eq. (8) could be transformed into Eq. (9):

ln D  ln D0  n(

H

1

)( )
T

R

Eq. (9)

-1

GA solution (10 g·L ) was prepared and extracted
with 30% TBP/kerosene and kerosene under different temperatures. The relationship between temperature and D
value was presented with T-1 as the abscissa and lnD values
as the vertical axis.
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ABSTRACT
This paper deals with the influence of traffic on bioaccumulation of zinc in three grass species: Dactylis glomerata, Arrenatherum elatius, Alopecurus pratensis. Plant material samples were collected in 2011, along the international road E30, a section of 9 km of the bypass of Siedlce.
Plants in the flowering stage were collected at the following distances from the road: 1, 5, 10 and 15 m. Then they
were divided into three parts: stems, leaves and inflorescences. The zinc concentration was determined with the
AAS method, after earlier dry mineralization. Zinc bioaccumulation in tested grasses differed significantly according to
the distance from the road. On average, in Arrenatherum elatius biomass, most zinc was accumulated in the immediate
vicinity of the road (1m) and for other species within the area
of 15 m away. The results showed that most zinc is accumulated by leaves, then by inflorescences and stems.
KEYWORDS:
zinc, grass species, morphological parts, highway, Poland

1. INTRODUCTION
The development of municipal infrastructure, including traffic infrastructure, is an important source of heavy
metals pollution in the environment. According to many
publications [1-6], the main sources of heavy metals are
dust and gasses emitted by motor vehicles. Heavy metals
come from wearing of different elements of the engine but
also as a result of traffic infrastructure exploitation, a consequence of tarmac surface wearing out or corrosion of
acoustic screens, road railings and traffic signs. Those substances settle on road surfaces or are spread in the immediate neighborhood of the road [7, 8]. Heavy metals accumulate in soil or in the form of falling dust are absorbed by
plants growing near roads. In order to keep roadsides along
* Corresponding author

fast highways in good condition, most often different sorts
of grass are used. Among heavy metals of traffic origin the
most dangerous are: lead, cadmium, zinc, copper and
nickel. The content of these elements in soil along traffic
routes is usually monitored.
Zinc is classified as a plant nutrient of high mobility in
soil [9, 10]. Thereby, one of its features is the fact that it is
easily absorbed by plants because it is present in the form
of easily soluble compounds. Organic substances, as well
as Fe and Mn oxides, form stable compounds with zinc [9,
11-13]. Generally, plants are tolerant to an increased concentration of zinc as by binding it in cell membranes they
exclude it from physiological processes. They can absorb
this nutrient through roots and leaves in the form of Zn2+
ions or in the form of zinc chelates [14]. A high concentration of zinc in soil is harmful to plants because of its easiness of accumulation in vegetative and generative parts,
which causes worsening of plant quality [15, 16]. A proper
selection of plant species growing by roadsides may limit
bioaccumulation of metals and, consequently, make those
plants less harmful to animals feeding on them.
The aim of the research was to determine the relation
between zinc bioaccumulation in different parts of three
grass species: Dactylis glomerata, Arrenatherum elatius,
Alopecurus pratensis and the distance of their growing
place from the highway.
2. MATERIALS AND METHODS
The plant material for the research was morphological
parts of the following grass species in the flowering stage:
Dactylis glomerata, Arrenatherum elatius and Alopecurus
pratensis. Samples of plants were taken along the international E30 road, the ring-road of Siedlce (Fig. 1) in May 2011.
A 9 km road section was examined with samples collected on
both sides covering a stretch of 700 m, at the following distances from the edge of the road: 1, 5, 10 and 15 m. The total
number of samples was 96.
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FIGURE 1 - Schematic representation of the studied sites of the E30 road [17]

The E30 road is a part of the international traffic route
from Cork (Ireland) to Omsk (Russia).
It passes through five provinces but the range of research covers only a section of the road in the Masovian
province and is located in the central-eastern part of Poland, approx. 80 km east of Warsaw. In 2010 the General
Directorate for National Roads and Motorways (GDNR &
M) counted the number of vehicles (SDR) on Polish roads,
including the tested section (Table 1). The average of three
counts of the daily number of motor vehicles (SDR) on international roads in 2010 was 16667 vehicles/day, whereas
on remaining national roads 7097 vehicles/day [17]. On the
analysed section of road (the ring-road of Siedlce), the average daily movement of motor vehicles was higher than the
average on national roads of Poland and it was 8136 vehicles/day [17].
The average concentration of organic carbon in the soil
sampled 1, 5, 10 and 15m from the road was 9.05 g.kg-1,
while total nitrogen concentration was 0.57 g.kg-1, with
pHKCl of 4.10. The average zinc concentration in the tested
soil was 20.41 mg.kg-1. Mostly it was bulk soil which developed from sand. Samples of the abovementioned grass
were divided into three morphological parts: leaves, stems
and inflorescences. Then, out of all samples, five samples
for each plant species and each distance from the road were

selected. Next, plant material was dried in an oven (SUSLAB
–PLE-406, SLW 1000 STD) at 105oC for 48 hours. It was
ground to 0.25mm particle size with 1-g samples weighed out
and poured into stoneware crucibles, and then organic matter
was ashed at 450 oC in a muffle furnace (L3/11) for 18 hours,
diluted in 10% HNO3 and transferred to 100 ml volumetric
flask.
Zinc concentration was marked with the AAS method,
using the Varian Spectra AA20 spectrophotometer (VARIAN, Australia), using the standards of the Merck company. The parameters of the spectrophotometer are: VARIAN, Australia; range of 190 nm to 900 nm, equipped with
a graphite cuvette type GTA-96.
An internal quality control system was used for validation of analytical methods. It was assumed that the average
recovery of an internal standard should be in the range of
85 to 115%) of the true value. For the needs of the research,
two standards of quality control were prepared. One standard was added to a known amount of analyte. A recovery
was calculated after the analysis of the sample with and
without the analyte. The average recovery was dependent
on the analyte content in the sample. The analysis was performed in each series of samples and the obtained recovery
was included in the assumed range.

TABLE 1- The average daily traffic of motor vehicles (SDR) in 2010, on the ring road of Siedlce [17]
Measuring point

Length
(km)

11517

5.65

11518

5.00

11504

2.60

Average

The name of the
measuring point
Siedlce/
Ring Road 1
Siedlce/
Ring Road 2
Siedlce/
Ring Road 3

Total

Motorcycles

Automobiles

Light trucks

8938

32

5827

970

8202

25

5314

7267

29

8136

29
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Trucks
without
a trailer

with a
trailer

Buses

395

1665

45

874

352

1597

39

4490

696

413

1594

41

5210

847

387

1619

42
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The obtained data were elaborated statistically with the
use of the Statistica software, Version 10.0 StatSoft. Arithmetical means, coefficients of variation (V) and the geoaccumulation index (Igeo) were calculated. According to Müller [18], the geoaccumulation index, Igeo, is calculated according to the formula: Igeo= logCn/1.5Bn, where Cn indicates concentration of elementary substance in a given element of the environment and Bn – geochemical background of a given elementary substance. The geoaccumulation index calculated by this method is presented by Królak [19].
Influence of the tested factors on zinc bioaccumulation
was examined with the bi-factor analysis of variance. For
the purpose of detailed comparison of means Tuke’y test
was carried out at p≤0.05.
3. RESULTS AND DISCUSSION
The average zinc concentration in the tested species of
grass was 77.8 mg . kg-1 DM (Fig. 2). In Dactylis glomerata
a higher bioaccumulation of this elementary substance was
noted than in the remaining species.
Kabata-Pendias and Pendias [12] found that the average zinc concentration in grass ranges between 3.7 and
292 mg . kg-1, and maximal natural concentration of this
elementary substance for grass is 72 mg . kg-1 DM. In Poland in areas not exposed to pollution, natural concentration of zinc ranges from 10 to 50 mg . kg-1 DM [20], depending on the plant species. According to Cottenie et al.
[21] and Ilyin [22] the concentration of zinc in plant biomass is 25-150 mg . kg-1 DM. This study has shown that
zinc concentration in Dactylis glomerata (86.1 mg . kg-1)
and Alopecurus pratensis (81.7 mg . kg-1) was above the
natural concentration. According to the Guidelines for Agriculture [23] admissible concentration of this metal is
41.2-67.2 mg·kg-1DM in wheat grain, potatoes and grasses.

A high concentration of zinc and other elementary substances, especially lead, in plants growing along highways
is the result of their morphological features and growing
traffic [24, 25]. According to the General Directorate for
National Roads and Motorways, in the years 2005-2010 the
motor vehicles traffic on the national road network increased by 22%. Ciećko et al. [26] say that zinc concentration in grass growing along the national road No. 7 Olsztynek-Płońsk is almost twice lower than the concentration along the ring-road of Siedlce.
Analyzing the general concentration of zinc in the
whole biomass of three grass species in relation to the distance from the road, it may be said that in the case of Dactylis glomerata there was a proportional increase of zinc
concentration together with the growing distance (Table 2).
Within 1m from the road the concentration of this
metal was 68.3 mg . kg-1, and 15 m from the road it was
104.2 mg . kg-1. Arrenatherum elatius reacted conversely;
on average, most zinc was accumulated in plants growing
close to the road, 81.9 mg . kg-1. In turn, in Alopecurus
pratensis the higher concentration of zinc was noted at the
farthest distance from the road, 136.0 mg . kg-1 on average.
Wowkonowicz et al. [27] finds twice lower concentration
of zinc in grass collected at a considerable distance (250 m
to 10 km) from highway roads to Warsaw. However,
Słowik et al. [28] notices spatial diversification of the concentration of heavy metals in soil depending on the distance from the road. The distance significantly influences
bioaccumulation in plants and the authors note that the
highest concentration of heavy metals is within 40 m from
the road.
Nevertheless, within 100-120 m from the road, there
are no increased concentration exceeding the geochemical
background. The literature data show that accumulation of
heavy metals in plants does not always increase proportionally to their content in the soil. There are soil features and
plant species features which determine it [20, 29].

Zn (mg . kg -1 DM)

100
80
60
40
20
0
Dactylis
glomerata

Arrenatherum
elatius

Alopecurus
pratensis

mean

FIGURE 2 - The average Zn concentration (mg . kg-1 DM) in selected species of grass growing in the roadside area along the highway E30
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TABLE 2 - Relation between the average concentration of Zn (mg . kg -1 DM) in selected species of grass and the distance from the road
Distance from the road (m)

Plant species

Zinc

1m

Dactylis glomerata
Arrenatherum elatius
Alopecurus pratensis

68.28
81.88
53.42
67.86
77.56
68.65
71.05
72.42
94.19
43.62
66.35
68.06
104.27
68.74
135.98
102.99

Average for 1 m
Dactylis glomerata
Arrenatherum elatius
Alopecurus pratensis

5m
Average for 5 m

Dactylis glomerata
Arrenatherum elatius
Alopecurus pratensis

10 m
Average for 10 m

Dactylis glomerata
Arrenatherum elatius
Alopecurus pratensis

15 m
Average for 15 m
LSD0.05 for: A – distance A = 3.28
AxB - interaction

B – grass species
AxB = 5.68

Coefficient of
variation [%]
30.02
59.95
11.12
33.70
48.36
37.35
34.75
40.15
69.53
22.72
38.98
43.74
12.59
40.91
36.93
30.14

B = 2.57
BxA = 5.14

0,045

Geocummulation index

0,04
0,035
0,03
0,025
0,02
0,015
0,01
0,005
0
1m
Dactylis glomerata

5m

10 m

Arrenatherum elatius

15 m

Alopecurus pratensis

FIGURE 3 - Value of the geoaccumulation index (I geo) for average zinc concentration in the chosen species of grass

The value of the geoaccumulation index (I geo) for average zinc concentration in the chosen species of grass growing at particular distances from the road was between 0.034
and 0.044 (Figure 3). As a reference value, the average natural concentration of zinc in Polish soil was taken into consideration, which is 32.4 g . kg-1 [30]. According to Müller
[18], the values indicate that tested grasses belong to the 1st
class of the geoaccumulation index (0< I geo<1), i.e. they are
slightly polluted. Królak [19] notes similar values of I geo for
zinc in dandelion leaves on South Podlasie Lowland.
The distance from the highway considerably differentiated the content of zinc in all analysed parts of Dactylis
glomerata (Fig. 4a). In stems the content of the tested metal
grew proportionally along with the distance from the road.
In inflorescences, the greatest bioaccumulation of zinc was

observed within 10 m from the road (175.1 mg . kg-1 DM),
contrary to the leaves in which the concentration of zinc
was the smallest (29.0 mg . kg-1 DM). In Dactylis glomerata samples collected from 15 m distance, the concentration of zinc significantly increased in comparison with the
plants growing in the nearest neighborhood of the road.
Among the analysed parts of Arrenatherum elatius, the
highest concentration of zinc was found in stems within 1m
from the road (Figure 4b). Within 10m from the highway,
the bioaccumulation of the tested elementary substance in
stems decreased over four times and in inflorescence over
2 times. Within 15m zone, the content of zinc increased in
inflorescence of Arrenatherum elatius whereas in leaves,
along with the distance from the road, the increase of zinc
from 20.1 to 72.5 mg . kg-1 DM was noted.
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a.

b.
Arrenatherum elatius

210
180
150
120
90
60
30
0

mg Zn . kg -1

mg Zn . kg -1

Dactylis glomerata

1

5

10

15

140
120
100
80
60
40
20
0
1

5
10
distance from the road (m)

distance from the road (m)
stems

leaves

A - distance from the road A = 10.12
B = 7.93 AxB = 17.53 BxA = 15.87

stems

inflorescences

B – morphological part

inflorescences

A - distance from the road A = 4.15 B – morphological part
B = 3.52 AxB = 7.19
BxA = 6.51

c.

d.
average for grass species

Alopecurus pratensis
210
180
150
120
90
60
30
0

150

mg Zn . kg -1

mg Zn . kg -1

leaves

15

120
90
60
30
0

1

5

10

1

15

5

distance from the road (m)
stems

leaves

10

15

distance from the road (m)
stems

inflorescences

A - distance from the road A = 4.65 B –morphological part
B = 3.64 AxB = 8.05 BxA = 7.29

A - distance from the road
B = n.s.
AxB = n.s.

leaves

inflorescences

A = 33.43 B – morphological part
BxA = n.s.

FIGURE 4 - The concentration of zinc (mg . kg-1 DM) in morphological parts of selected grass species

Essential differences in the concentration of the tested
elementary substance in morphological parts of Alopecurus pratensis as well as at particular distances from the road
(Figure 4c) were noticed. Compared to the concentration of
zinc in the grass growing 1m from the road the same concentration was higher over 3 times in leaves, over 2 times in
inflorescence and almost 2 times in stems within 15 m from
the road.
The average concentration of zinc in stems of the tested
grass species collected at four distances did not exceed
80 mg . kg-1 DM (Figure 4d). In comparison to the plants
growing closest to the road, there was a considerably
greater concentration of zinc in leaves and inflorescences
of grass growing 15m from the road. Concentration of zinc
within 15m was, respectively, 130.3 and 101.4 mg . kg-1
DM, and within 1m 56.0 and 70.5 mg . kg-1 DM, respectively. Concentration of zinc was probably dependent on
morphological features of plants and the intensity of traffic. Those results were confirmed by many authors [25,
27]. Kabata-Pendias and Pendias [12] noted that excessive quantities of zinc were most often in leaves or in
roots. In Rosówek, on the border between Poland and

Germany, Wybieralski and Maciejewska [31] observed
that environmentally friendly values of lead were exceeded and zinc and copper concentration was a little
too high too.
Many publications [32, 33] underline the danger of
heavy metals to the environment around petrol stations.
Therefore, it is very important to determine the scale of accumulation of those elementary substances in the plants as
a result of traffic pollution. In particular, leaves accumulate
dusts because they have bristles, grooves and cilia so it is
important to introduce proper grass species absorbing the
least amounts of heavy metals so that they can be used as
fodder for animals.
4. CONCLUSIONS
The tested grass species Dactylis glomerata, Arrenatherum elatius, Alopecurus pratensis growing in the roadside
area along the fast highway E30 (the ring-road of Siedlce)
had a high concentration of zinc. The average concentration of this elementary substance in Dactylis glomerata and
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Alopecurus pratensis was above the natural concentration
of zinc for grass.
Distance from the road considerably differentiated bioaccumulation of the tested elementary substance in grass.
In Arrenatherum elatius biomass, on average the highest
zinc concentration was noted in places close to the road
(1 m), for the remaining species the highest concentration
was within 15 m from the road.
For all the tested grass species, on average the highest
zinc concentration was in leaves, so in parts of plants most
eagerly eaten by animals, whereas in inflorescences and
stems the concentration of zinc was lower.
Given the increasing rate of road traffic, the chemical
composition of plants growing along the roadway and their
use as animal fodder should be systematically monitored.
The authors have declared no conflict of interest.
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OF CEMENT INTO ALLUVIAL SOILS
Jinlan Ji1,2,*, and Guisheng Fan1,*
1

College of Environmental Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi Province, China
2
Jincheng Institute of Technology, Jincheng 048026, Shanxi Province, China

ABSTRACT
Based on a series of indoor simulating infiltration tests,
which experienced different postponed water feeding times
after fine particulate matters infiltrating into the river alluvial sandy soils, the impact of postponed water feeding
time to infiltration-reducing in the case of cement infiltrating into alluvial soils is revealed, and its mechanism is explained as well. The results show preliminarily that (1)
compared to the method of instant water feeding after cement infiltrating into the riverbed alluvial soil, the method
of postponed water feeding may enhance the infiltrationreducing effect 2 ~ 4 times on both tap water and sewage
infiltration process, and extending the postponed time can
enhance infiltration-reducing effect; (2) the infiltration-reducing rate is exponentially positive correlated to the postponed time and the reducing effect reaches to an ideal level
when the postponed time rises to 12 h; however, the reducing effect is not obvious any more when the time is exceeding 24 h, especially for exceeding 36 h; (3) the trend of the
infiltration-reducing rate changing is consistent after cement infiltrating into different textures of alluvial soil, yet,
the postponed time that different soils reach to the ideal reducing effect is not the same. The results may provide a
useful reference for the study of cutting pollutants migrating into the groundwater through surface water infiltration.
KEYWORDS: Cement, alluvial silt, infiltration-reducing effect, postponed water feeding time

water contamination has mainly been focused on the treatment of groundwater pollution and soil pollution. Helalia et
al. [5] and other researchers [6-9] have proven that changing
the physical properties of topsoil on the river bed could enhance the infiltration-reducing effect. Keijzer et al. [10, 11]
believe that small pores of clay soil show certain membranous properties, making it considerably potential in the practical application of clay barriers. Some researchers [12] also
suggest the crust of soil surface decreases its infiltration capacity dramatically while some others [13-14] claim that
the infiltration properties of soil change when they are admixed or covered with foreign substances. Zhang et al. [9]
proposed the new concept of ‘isolating pollutants, and thus,
sewage water can be allowed to enter groundwater, and develop the techniques of adding a variety of chemical curing
agents into the soil. However, how to enhance the infiltration ability of alluvial silt to block surface pollutants migrating into deeper layers of soil or groundwater through
soil-water convection has gradually become one of the
main concerns in the studies of reduction and control of
groundwater pollution. From our previous research results,
it can be shown preliminarily that using cement to gradually infiltrate or ooze into soil is effective and applicable
for the infiltration-reducing effect of the soil, especially the
loosely-structured sand silt [15]. However, the postponed
water supply time obviously impact the infiltration-reducing effect of the sand silt. In this paper, based on laboratory
experiments of fine cement particulate substance infiltrating into sand silt with different delaying times for water
supply, we attempt to reveal and explain how postponed
time influences the infiltration-reducing effects.

1. INTRODUCTION
In the process of saturated/unsaturated water infiltration, pollutants in surface water could accumulate down
into the soil and infiltrate into groundwater. Consequently,
river channels or ditches that convey polluted surface water
inevitably become the main sources of groundwater contamination [1-4]. Research on reducing and controlling ground* Corresponding author

2. MATERIALS AND METHODS
2.1 Test material

The Fen River is the largest tributary of the Yellow
River in Shanxi Province, and is also the largest river itself
in Shanxi. Soil samples were taken from the alluvial silt
from the sections of both the main stream of Fen River and
the Xiao River (the largest tributary of the Fen River). The
locations included the Eddy Dam of Xiao River at Yuci
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TABLE 1 - Grain size distribution of the test materials
Particle Size

≤2 μm

2-20 μm

20-65 μm

65-2000 μm

D90[a] /μm

≥2000 μm

Dav[b]/μm

Material
Cement
0.26%
58.13%
40.70%
0.91%
0
39.93
20.69
Soil 1
14.38%
13.04%
72.3%
72.3%
0.22%
204.59
131.18
Soil 2
10.11%
9.44%
80.17%
80.17%
0.28%
228.67
165.05
Soil 3
15.90%
9.82%
74.05%
74.05%
0.23%
207.96
135.74
The data in the above table are average data calculated from multiple device measurements.
[a] D90 = 90% of the grain diameter is less than this value (μm); [b] Dav = volume average grain size (μm).

Material property
Ordinary Portland cement
Sandy loam
Sandy loam
Sandy clay loam

City, the Fen River at Qingxu County, and the Fen River at
Qingyuan Town, Qingxu County (herein referred to as Soil
1, 2, and 3, respectively). Samples were collected from 030 cm depth from the surface layer. In order not to destroy
the soil structure, the tested alluvial silt was not dried or
sifted. Only the big chunks of soil particles were pulverized
and the large debris (e.g. plant roots, stones etc.) were eliminated. The tested fine particle substance was an ordinary
Portland cement purchased from the market (model: P·O
42.5). The cement was sealed for preservation, and screened
by a sieve with 0.075 mm round holes before use. The test
water for infiltration was tap water (pH value: 7.2, TDS
value: 320 mg/L) and the natural sewage effluent (pH: 7.8,
TDS: 917 mg/L, SS: 52 mg/L, CODCr: 598 mg/L) from the
Fen River at Huyu Valley. Test soil and cement were analyzed by a Rise-202X laser granulo-meter and the composition is shown in Table 1.

The infiltration soil column is composed of the water supply
chamber, the infiltration column, and the drainage chamber,
which are connected by flanges. There are three controllable
in-and-out holes for supplying water, adding cement slurry,
and exhausting, respectively. The infiltration column (Φ 10
cm × H 100 cm) is designed with two rows of evenly distributed holes from top to bottom for the purpose of sampling water and soil at the proper time and positions. The
drainage chamber is designed to measure and discharge the
yielding water from the soil column, ensuring the aeration
of soil. The main unit of the water supply system is a Markov tube (Φ 3 cm × H 100 cm), which provides a constant
water head for the soil column while supplying and measuring water flow automatically. The cement adding system
includes an oxygenator, an adding bottle and an equalizer
to make sure that the cement is evenly dispersed in water,
so as the water could ooze smoothly into the soil column.

2.2 Infiltration test rig

2.3 Test design and methods

A group of self-made laboratory infiltration devices was
used to conduct this experiment. Each set of the infiltration
device consists of the infiltration soil column, the water supply system, and the cement adding system shown in Fig. 1.

Research design: The experiments contained a set of
tap water infiltration tests and a set of effluent infiltration tests,
and both sets used the above-mentioned three alluvial silt
samples collected from different places. While keeping all

Water adding hole

Cement infiltration system
Adding bottle

Water outlet

90
80
70
60
50
40
30
20
10

Water supply system

Markov tube

Air inlet

Exhaust hole
Equalizer
Water supply chamber

Infiltration
device
Water&soil-sampling
hole

1

Water supply hole
Adjustable support

2
3

Infiltration column

4
5

Drainage hole

Drainage chamber

FIGURE 1 - The schematic diagram of the test rig.
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of the other experimental conditions identical, a set of five
water supply waiting times (0, 6, 12, 24 and 48 h) was applied to each type of soil. Also each sample was tested and
compared simultaneously both with and without cement.
Therefore, each kind of alluvial silt had 10 sets of soil columns, and each test included 30 samples, leading to total
test specimens of 60.
Research method: A one-dimensional cylindrical
pressurized soil column was used in the infiltration tests.
According to the existing research conducted by our research group [15], adding too a small quantity of cement,
could not meet the required amount of cement particles infiltrating into the sand matrix, whereas a too large dosage
lead to a thick crust on the surface of the infiltrated alluvial
silt. As a result, a cement dosage of 1.0 kg/m3 was used for
this study, which could form a fairly diluted suspension liquid of cement when dissolved in water. At the same time,
an equal amount of water was added in the reference samples (referred as R in Fig. 2) to ensure its initial water content was consistent with that of the tested samples. In order
to avoid both cement accumulation on the silt surface due
to excessively fast feeding and initial cement setting (45
min) and due to excessively slow feeding, the time for cement to infiltrate into the soil column was limited to 20
min. In the intermittent infiltration mode, after the completion of the cement slurry infiltration process, the top water
chamber valve was opened to keep the tested soil fully contacting the open air.
The selected dry density of filling soil was 1.4 cm³ and
the thickness of the stratified filling soil column. Both were
weighed and filled according to the pre-set soil dry density
and the actual initial moisture content. Surfaces between
layers were scabbed. 1 cm was left at the top layer for cement infiltration. The reading of the Markov tube when

feeding water followed the principle of ‘dense to sparse’,
and based on this infiltration water amount, the instantaneous infiltration rate could then be calculated. It indicates
the end of the test when the entire soil column is completely infiltrated, i.e. the stable infiltration phase. Other
infiltration conditions included an infiltration water head
of 100 cm and an initial moisture content of about 7%.
3. RESULTS AND DISCUSSION
In this test, the infiltration-reducing effect means the
extent to which the infiltration rate is reduced, compared
with the reference sample. In order to quantify the infiltration-reducing effect, this paper introduces the infiltrationreducing rate ( Ri ), which is the percentage of infiltration
rate decrease of the cement-infiltrated-soil column when
compared with the reference sample within the same infiltration period:

Ri  (ir  is ) / ir *100%

(1)

Ri is the infiltration-reducing rate (%), i r is the
infiltration rate of the reference sample (cm/min), and i s
where

represents the infiltration rate of the tested sample (cm/min).
3.1 Postponed water feeding can obviously reinforce the infiltration-reducing effect of cement infiltrating into the silt

The experiments reveal that, regardless of tap water or
sewage, the postponed water supply had a better performance than instant water supply (i.e. postponed time: 0 h)
in reducing the infiltration.
Figure 2 describes how infiltration rates evolve along
time under instant water supply and 12–h postponed water

FIGURE 2 - Comparison of the infiltration-reducing effects between postponed water supply and instant water supply.
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supply conditions, after the cement infiltrates into Soil 2.
Figure 2-a (left) represents tap water infiltration and Figure
2-b (right) is sewage infiltration.
In Fig. 2, the infiltration rate curves of samples added
with cement are all below that of the reference sample
without cement addition, and the infiltration rate curve of
the 12-h postponed test case is always below that of the
instant water supply one. In Fig. 2-a, when the infiltration
lasted 10 min, the infiltration-reducing effects of instant
water supply and postponed water supply were 41.07 and
63.21%, respectively. When the infiltration lasted 400600 min, the infiltration-reducing effects of steady infiltration rate were 9.93 and 37.01%, respectively. It can be observed in Fig. 2-b that, when the infiltration lasted 10 min,
the infiltration-reducing effects of instant water supply and
postponed water supply were 12.46 and 38.34%, respectively; when the infiltration lasted 400-600 min, the infiltration-reducing effects of steady infiltration rates for the
two cases were 8.03 and 18.77%, respectively. The experimental results reveal the following facts: 1) No matter how
long the delay time of water supply is, adding cement infiltrating into alluvial silt could decrease the infiltration capacity of the silt; 2) compared with the instant water supply
mode, the postpone water supply mode generates relatively
better infiltration-reducing effects when the cement infiltration process is completed; 3) The judgment that postponed water supply can reinforce the infiltration-reducing
effect of infiltrating cement into river alluvial silts is also
be applicable to sewage infiltration, and the infiltration-reducing effect could be raised to more than twice that of the
instant water supply. However, the infiltration-reducing effect of effluent is inferior to tap water under the same infiltration conditions.
Analyses have shown that after infiltrating into the
river alluvial silt, cement could influence the infiltration
capacity of sandy soil by three mechanisms. Firstly, the
fine particles of cement infiltrating into alluvial silt could
block the capillary pores and the macro air-pores of sandy
soil, which makes the big pores smaller, and the small
pores further smaller, or even blocked. In this way, the pore
structure of the topsoil to be infiltrated will be changed.
Thus, the congestion of pores decreases the flow cross-section of water in the silt and increases the resistance of water
flowing through the pores which, consequently, leads to a
decrease in water infiltration capacity of the silt [16]. Secondly, the oozing of fine particles of cement could cause
the formation of an extremely dense infiltration control
layer (i.e. a dense film that covers the macro-pores of the
sandy soil matrix) on the surface of the silt, which plays a
similar role as a soil crust (referred to as a compacted surface layer with a thickness of 0~2 mm). The crust could
block the channels for water infiltrating into sandy soil and,
thereby, dramatically decrease the infiltration capacity of
sandy soil [17]. In addition, the impact will become increasingly remarkable with the extension of time [18]. The
third mechanism can be attributed to the mutual adsorption
and adhesion between the colloidal particles of cement and

the soil, especially the superficial colloidal particles of the
soil, which can enhance the soil particle aggregation. The
fine cement particles, as a mineral mixture, and their multivalent cat-ions can enhance the cohesion and adhesion capacities of soil particles, and the strong molecule-adsorption capacity of the cement itself also can adsorb the soil
moisture so as to further reduce the hydraulic convection.
In the mode of the instant water supply, the first mechanism plays the primary role. In the postponed mode, there
is a water supply time delay after the cement oozes in the
sand silt. According to the national standards, the final setting time of ordinary Portland cement P·O 42.5 should be
no more than 600 min. This period of time is sufficient to
enable the already infiltrated cement particles in the silt and
the deposited cement particles on the soil surface to set and
harden with the soil particles, form a reasonably solid
structure for better infiltration-reducing capacity [19]. For
sewage, due to the higher contents of SS and TDS, the
higher content of suspended and dissolved solids in water
would increase its physical viscosity [20]. In the process of
infiltration, some suspended solids are gradually trapped
by soil, and then block the pores in soil and finally impede
water infiltration [21]. The remaining suspended solids deposit on the soil surface, so the obstructing effect for water
infiltration would become stronger with prolonged time of
infiltration [22]. This will lead to an effect on the reference
samples, which is similar as that produced by the fine cement particles. Due to the decreased reference value, the
infiltration-reducing effect of cement infiltrating into tap
water performs is better than that into sewage; however,
the postponed water supply mode still has a stronger influence on the infiltration-reducing effects than the instant
water supply.

FIGURE 3 - Relationship between infiltration-reducing effect and
postponed time.
3.2 Impact of postponed time on infiltration-reducing effects

To reveal the impact of postponed time on the infiltration ability of river alluvial silt after cement infiltrating, a
series of experiments were conducted to explore the infil-
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tration-reducing effect evolution, with a postponed water
supply time varying from 0-48 h under the same infiltration
conditions and processes. These experiments use the silts
from three different cross sections. The results are presented in Fig. 3.
Figure 3 shows the relationship between the postponed
time and the infiltration-reducing rate of three different
tested soils with various postponed time at the steady infiltration stage (400 ~ 600 min). From Fig. 3, we can observe:
3.2.1 Infiltration-reducing effect increases with the extension
of the postponed time

After infiltrating the cement into three kinds of alluvial
silts, an increasing trend of the infiltration-reducing effect
can be seen when the postponed water supply time was been
increased. Figures 4-a (left) and 4-b (right) present two sets
of infiltration curves for Soil 2 under different water supply
time delays (relatively long and short postponed time).
Figure 4 provides us with the following statements:
1) When the postponed water supply time < 12 h, infiltration-reducing rate increases faster
In Fig. 4-a, with the extension of the postponed time,
the infiltration rate curves decline significantly. To put it
into another way, lower infiltration rates are reached. It indicates that, within the range of postponed time in Fig. 4-a, the
infiltration-reducing rate increases with the postponed
time. For example, when the infiltration lasts for 10 min,
the infiltration-reducing rates for postponed time of 0, 3, 6,
and 12 h are 43.51, 49.24, 61.61 and 62.09%, respectively.
When the postponed time is less than 12 h, the two adjacent
infiltration rate curves become closer with time extending.
It indicates that the increasing amplitude of the infiltrationreducing rate declines with the postponed time extending.

Figure 3 describes that the slopes or the increasing paces of
the infiltration-reducing rates decline. For example, when
the infiltration process lasts 400-600 min, the average infiltration-reducing ratios of the relatively stable infiltration
rates for postponed time of 0, 3, 6, and 12 h were 9.59,
22.86, 27.15 and 37.01%, respectively.
2) When the postponed water supply time is between
12 and 24 h, the infiltration-reducing effects slowly increase with the extension of postponed water supply time.
In Fig. 4-b, with the extension of postponed time (12,
24, and 48 h), the infiltration rate curves show a close and
unnoticeable down-trend. It indicates that the differences
among all the infiltration rate curves under different postponed time conditions get smaller, and accordingly, the infiltration-reducing rates increase more slowly. For example, when infiltration lasts for 10 min, the infiltration-reducing rates for a postponed time of 12, 24, and 48 h are
62.09, 62.65 and 60.30%, respectively. When infiltration
lasts for 400-600 min, however, the three average infiltration-reducing rates of the relatively stable infiltration rates
are 37.01, 38.14 and 39.61%, respectively, showing a very
slow increase.
3) When the postponed time is more than 24 h, the infiltration-reducing effect becomes relatively stable. Figure 3 indicates that when the postponed water supply time is longer
than 24 h, all the infiltration-reducing rate curves of alluvial silt are almost approaching parallel to the horizontal
axis (time). This suggests that under different sand conditions, when the time delay > 24 h, the infiltration-reducing
rates will reach a relatively stable stage. They will not
cause a noticeable increase with further extending the postponed water supply time.

FIGURE 4 - Infiltration rate curves under different postponed times after cement infiltrates into the soil.
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3.2.2 With the extension of the postponed time, both the time
spent for the samples to reach relatively stable infiltration
stages and the relatively stable infiltration rates decrease.

From Fig. 4, it can be seen that the infiltration rate
curve of the instant water feeding (postponed time: 0 h) is
almost parallel to the reference sample curve. With the extension of the postponed time, the time needed for infiltration rate to reach a relatively stable stage was reduced. Especially when the postponed time is above 12 h, the infiltration rate becomes relatively stable rapidly. At the same
time, the relatively stable infiltration rate gradually decreases with the increase of time. Compared with the time
for the reference sample (420 min), the time for the tested
samples under various postponed time (0, 3, and 6 h) to reach
relatively stable stages is shortened to approximately 400,
360, and 300 min. When the postponed time is over 12 h, the
infiltration rate becomes relatively stable within 90 min.
When the infiltration process lasts for 400-600 min, the relatively stable infiltration rates of the reference sample (R)
and tested samples with different postponed times (0, 3, 6,
12, 24, and 48 h) are 0.098, 0.089, 0.076, 0.071, 0.062,
0.060, and 0.059 cm/min, respectively.
Possible reasons to explain the above differences are
depicted as follows: When cement was in soils, the filling
functions to modify the infiltration properties of soils include ‘physical filling’ and ‘chemical filling (formed by
changing the bonding effects between soil particles) [23].
When postponed time is 0 h, the ‘physical filling’, which
has a weak infiltration-resisting effect, is the main resistance mechanism. The infiltration rate variation is also
consistent with that of the reference sample. With a shorter
postponed time, the fine cement particles themselves, the
cement grains and sandy soil grains will begin the initial
setting stage. However, water supply makes the condensed
structure before the final setting in the water environment
under certain pressure. Since this unstable crystallized
structure could not sufficiently contact with air and also
withstands a certain degree of water head pressure, in the
meanwhile, the agglomerated crystalline structure accordingly could not form a solid and hardened structure, which
gives rise to unstable decrease in infiltration-reducing effect, unnoticeable reduction of time to reach a relatively
stable phase, and the decline of stable infiltration rate. With
prolonging the delay time, the setting and the crystallization reactions of the cement particles will be enhanced. The
cement particles infiltrating into the silt pores, the cement
particles covering the infiltrated topsoil, and the silt parti-

cles produce carbonization reactions to form a solid and
hard carbide structure [19]. Consequently, the infiltrationreducing effect will be reinforced remarkably. Macroscopically, the infiltration process quickly reaches a balance
with a significant decrease in stable infiltration rate. When
the postponed time continues to extend, condensation and
aggregation of cement particles themselves and soil particles will slightly reinforce the infiltration-reducing. However, the delay time, in this case, only contributes trivially
to the infiltration-reducing effect, the decrease of stable infiltration rate, and the reduction of stable infiltration time.
3.3 Mathematical relationship between infiltration-reducing effects and postponed time
3.3.1 Curve fitting between infiltration-reducing rates of tested
soils during relatively stable infiltration and postponed time

In Fig. 3, we could see that when the delay time increases to 6, 12, 24, and 48 h from 0, according to Eq. (1),
the infiltration-reducing rate of relatively stable infiltration
of Soil 1 increases to 16.66, 30.89, 35.02 and 36.56%, respectively, from 8.91%; the infiltration-reducing rate of
Soil 2 increases to 27.15, 37.01, 38.14 and 39.61%, respectively, from 9.93%; the infiltration-reducing rate of Soil 3
increases to 20.62, 37.59 and 38.45%, respectively, from
9.84%. A significant positive exponential correlation can
be observed. The correlation formula is R i  a - b * c t , and
specifically, the correlation equations of Soils 1, 2 and 3
are as follows:

R i1  37.8621- 30.0762* 0.9128t (R 2  0.9112)
2

R i 3  39.5085- 30.4789* 0.8964t (R 2  0.9379)

Soil 2
Soil 3

Actual value
Fitted value
Actual value
Fitted value
Actual value
Fitted value

(4)

3.3.2 Test of models

In the analysis of regression, Goodness of Fit Test (Rtest) and Overall Significance Test (F test) are normally
used for the overall test of linear regression models [24]. In
Eq. (1), Ri = a-b*c1. By taking the logarithms, the model
can be converted to a linear regression model, and then,
tested by F-test. Test data is presented in Table 2.
In the Goodness of Fit Test, adjusted R-Square is used.
A greater value means the fitting of the model is better.
From Fig. 2, the R2 values of three soils > 0.9 can be seen,
suggesting the fitness of the model is good. By constructing F, F-test is an overall significance test for all explana-

TABLE 2 - Parametric analysis of the forecasting model for the relationship between infiltration-reducing ratio and postponed time.

Soil1

(2)

R i2  39.3909- 29.2986* 0.8431 (R  0.9834) (3)
t

0h

6h

12 h

24 h

48 h

8.9124
7.7859
9.9265
10.0923
9.8356
9.0297

16.6556
20.4678
27.1506
28.8704
20.6160
23.6978

30.8851
27.8023
37.0125
35.6175
34.1932
31.3067

35.0220
34.4973
38.4192
39.1822
37.5871
37.3015

36.5639
37.4856
39.6082
39.3827
38.4524
39.3487
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Adj.
R-Sqr
0.9112

Reduced
Chi-Sqr
13.2153

F Value

F0.05

97.0534

10.128

0.9834

2.2072

867.6164

7.709

0.9379

9.6817

157.0984

10.128
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tory variables. It is a strict statistical test method. Its essence is to test whether the variables to be explained could
be interpreted by these explanatory variables [24]. According to the tested sample data, the reduced Chi-Square and
the F values (follow F (1, n-2) distribution) are shown in
Table 2. Given the significance   0.05 , the corresponding F0.05 value can be found. From Table 2, all the
calculated F values are greater than F0.05 value, with large
differences. So, the regression of this model is significant,
and a significant positive exponential relationship between
the stable infiltration-reducing rate and postponed time
can, thereby, be identified.
4. CONCLUSIONS
1) A certain delay time for supplying water after adding cement could allow cement particles themselves, or cement particles and soil particles to set and harden each
other, which can greatly improve the infiltration-reducing
effect. It was applied to both tap water infiltration and sewage infiltration, but the infiltration-reducing effect of the
latter is slightly inferior.
2) The postponed feeding water time could increase
the infiltration-reducing effect by a factor of 2 to 4. However, the contribution of delay time to infiltration-reducing
effect is limited. When the delay time is shorter than 12 h,
the infiltration-reducing effect signally increases with the
delay time extending. Once the time is above 24 h, particularly exceeding 36 h, the continuing enhancement of infiltration-reducing effect is getting slighter.
3) Herein, an exponentially positive correlation between the infiltration-reducing rate and the postponed time
is presented. A postponed time of 12 to 24 h can achieve
more satisfactory results to infiltration-reducing effects.

[3]

Wang C., Li Y. and BAO Z. Q. (2002). Study on the influence
of polluted river on its offshore groundwater environment. Advances in Water Sci..13(5), 535-541.

[4]

Bekhita H. M., Mohamed A. E. and Ahmed E. H. (2009). Contaminant Transport in Groundwater in the Presence of Colloids
and Bacteria: Model Development and Verification. J . of Contaminant Hydrology. 108 (9), 152 -167.

[5]

Zhang W. J., Dong W. H., and Su X.S., et al. (2006). Comprehensive evaluation of groundwater remediation technologies.
Water Resources Protection. 22 ( 5), 1-4.

[6]

Zhang Y., Liu C. L., and Lu D. Y., et al. (2013). Investigation
of groundwater pollution prevention strategies. In Chinese Society for Environmental Sciences Annual Conference. In: Chinese Society for Environmental Sciences Academic Annual
Meeting of Chinese Society for Environmental Sciences.
China Environmental Science Press, Kunming, 3081-3091. .

[7]

Ferro S. (2014). Electrokinetic Barriers for Preventing Groundwater Pollution. Encyclopedia of Applied Electrochemistry. 9,
719-723.

[8]

Helalia A. M. (1993). The relation between soil infiltration and
effective Porosity in different soil. Agric. Water Mgmt.. 24(8),
39-47.

[9]

Zou Y., Chen H. S. and Su Y. R., et al. (2005). Study on
Ponded Water Infiltration and Soil Water Redistribution in
Red Soil．J. of Soil Water Cons. 19(3), 174-177.

[10] Keijzer T. J. S., Loch J. P. G. (2000). Chemical osmosis in
compacted dredging sludge. Soil Sci. Soc. Am. 65, 1045.
[11] Xi Y. H., Feng S. J. (2009). Development of Study on Semipermeable Membrane of Clayey Soil. J. of Tongji Univ. ( Natural Sci.). 37(2), 187-191
[12] Freebaim D. M., Gupta S. C.. (1990). Microrelief rainfall and
cover effects on infiltration.Soil. Tllage Res.. 16, 307-327.
[13] Kalinski M. E., Yerra P. K. (2006). Hydraulic conductivity of
compacted cement-stabilized fly ash. Fuel. 85, 2330-2336.
[14] Song R. Q., Chu G. X., and Ye J., et al. (2010). Effects of
surface soil mixed with sand on water infiltration and evaporation in laboratory. Trans. of CSAE. 26 (Supp.1), 109－114.
[15] Ji J. L, Fan G. S. (2014a). Study on infiltration-reducing effect
of cement infiltrating into the riverbed alluvial silt. J. of Irrig.
and Drainage. 33 (3), 110-114

ACKNOWLEDGEMENTS
This work is granted by the financial supports from
Shanxi Province Science and Technology Development
project under No. 20150313002-2, Shanxi River Management and Protection Services Program under Sci 2012-1,
and Jincheng City Science and Technology Development
project under No.201202238.

[16] Wu J. Q., Zhang J. F. and Gao R.. (2009). Physical simulation
experiments of effects of macropores on soil water infiltration
characteristics. Trans. of the CSAE. 25(10), 13－18.
[17] Sonia C., Yolanda C. (2012). Biological soil crust development affects physico-chemical characteristics of soil surface in
semiarid ecosystems. Soil Biol Biochem. 49(6), 96–105
[18] Liu M. (2011). Analysis of the Relationship among the Statistical Tests on Linear Regression Model. Stat. & Info. Forum.
26(4), 21-24

The authors have declared no conflict of interest.

[19] Ji J. L., Fan G. S. (2014b). Study on infiltration-reducing effect
of using different cement-adding methods to the riverbed alluvial silt. J. of Taiyuan Univ. of Tech. 45(7), 480-484

REFERENCES

[20] Pan J., Yu L. (2015). Characteristics of subsurface wastewater
infiltration systems fed with dissolved or particulate organic
matter. Int. J. Environ. Sci. Technol.. 12, 479–488.

[1]

Alley W. M., Healy R. W. and LaBaugh J. W., et al. (2002).
Flow and storage in groundwater systems. Science. 296, 985990.

[2]

Jin Z. F., Wang F. E. and Chen Y. X. (2004). Nitrate pollution
of groundwater in urban area. Acta Pedologica Sinica. 4 (2),
252 -257

3772

[21] Wang Y., Wang J. F. and Wang H. (2006). Investigation of
seeping pattern of processed sewage in irrigated loess layer. J.
of Lanzhou Univ. of Tech.. 32(6), 70-71
[22] Hiscock K. M, Grischek T. (2002). Attenuation of groundwater pollution by bank filtration. J. of Hydrology. 266, 139-144.

© by PSP Volume 24 – No 11a. 2015

Fresenius Environmental Bulletin

[23] Yang B. (2007). Cement soil strength properties PhD diss.
Shanghai Jiao Tong Univ., Shanghai, China.
[24] Niu Y. Y, Shen Y. Y, and Gao C. Y., et al. (2006). Impact of
Different Tillage Method on Infiltration Character to Winter
Wheat in the LoessPlateau. J. of Mountain Sci.. 24(1), 13-18

Received: March 17, 2015
Accepted: May 05, 2015

CORRESPONDING AUTHOR
Guisheng Fan
College of Environmental Science and Engineering
Taiyuan University of Technology
Taiyuan 030024, Shanxi Province
P.R. CHINA
Phone: +86-0351-6018892
E-mail: fanguis5507@263.net
Jinlan Ji
College of Environmental Science and Engineering
Taiyuan University of Technology
Taiyuan 030024, Shanxi Province
P.R. CHINA
E-mail: 649762533@qq.com
FEB/ Vol 24/ No 11a/ 2015 – pages 3766 - 3773

3773

© by PSP Volume 24 – No 11a. 2015

Fresenius Environmental Bulletin

STUDY ON THE SORPTION OF CHROMIUM(III) IONS
IN AQUEOUS SOLUTION WITH DIATOMITE
TREATED WITH MANGANESE OXIDE
Xiangying Zeng* and Er Li
Wuhan Municipal Engineering Design and Research Institute, Changqing Road 1037, Jianghan District, Wuhan 430015, PR China

ABSTRACT
In this paper, the properties and characteristics of diatomite treated with manganese oxide (MTD) for the removal of chromium(III) ions in aqueous solution was studied. The characters and performance of sorption MTD were
compared with that of raw diatomite (RD). The results indicate that the trivalent chromium(III)) ion sorption capacities of diatomite were considerably improved after treated
by manganese oxide. Due to the formation of manganese
oxide (MnO) on the diatomite surface, the surface area of
MTD was improved. And the sorption of chromium(III) by
MTD was more than that in RD owing to the different electrostatic forces between the heavy metal ions and the surface of the diatomite. The removal of chromium(III) ions
by RD and MTD were both improved with the increment
of synthetic solution concentration.
KEYWORDS:
Diatomite, manganese oxide, treat removal of chromium(III) ions

are always in dispute [1, 2]. Therefore, an alternative method
appropriate for this type of heavy metals has been in study
[1-3]. Diatomite, which consists of a wide variety of shaped
and sized diatoms, in a structure containing up to 80–90%
voids, is a pale-colored, soft, lightweight sedimentary rock,
composed principally of silica micro-fossils of aquatic unicellular algae [4]. Due to its highly porous structure, low
density and high surface area, diatomite has been widely
used in a number of industrial applications, e.g. as a filtration media for various beverages and inorganic and organic
chemicals, and as an adsorbent for the treatment of oil
spills [1]. In order to improve the adsorption capacity, the
surface of diatomite should be treated [5, 6]. Many treatment methods have been researched. Manganese oxide has
been demonstrated to have high surface charge which is
useful for treatment [5, 7].
The aim of this study is to study the characteristics of
diatomite treated with manganese oxide (MTD) and its performance for the removal of chromium(III) ions from aqueous solutions.

1. INTRODUCTION

2. MATERIALS AND METHODS

Water is considered to be an important and scarce resource in many countries. In particular, the contamination
of surface and ground water with heavy metals is becoming
a public concern of China. Heavy metal ions like trivalent
chromic(III) ions are not biodegradable and tend to accumulate in living organisms causing various diseases and
disorders. It is becoming a severe menace to public health
that the chromium(III) ion concentrations increase owing
to fast development of some local industries, such as electroplating, leather tanning, metal finishing and chromate
preparation [1].
Many conventional methods, such as chemical precipitation, membrane filtration, ion exchange, alum coagulation and adsorption tend to be mentioned for aqueous solutions containing heavy metals, but their safe and economic
efficiency, especially their effect for chromium(III) ions,
* Corresponding author

2.1. Adsorbent

In this study, the raw diatomite (RD) was obtained
through the National Territorial Resource Authority (NTRA)
Suizhou, China. The samples were washed several times
using deionized water and dried in an oven at 100 ºC overnight, and then, desiccated and stored in tightly stoppered
glass bottles. Obtained by X-ray florescence (XRF), the detailed chemical composition of raw diatomite in mass percentage was: Al2O3 13.26, SiO2 71.35, Fe2O3 5.5, CaO 1.94,
Na2O 6.7, TiO2 0.08, MgO 0.15, K2O 0.11, MnO<0.05, and
CuO <0.07. The raw diatomite was sieved into different
Tyler sizes and the fraction passed through a sieve of 0.84
mm (+20 Tyler) and retained at 0.297 mm (-20+48 Tyler)
in the experiments.
2.2 Chemicals

All chemicals were of analytical grade, and used without pre-purification.
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2.3 Adsorbate

Standard chromium(III) ion (1000 mg L-1) solutions
were prepared by dissolving Cr(NO3)3·9 H2O powder, respectively, in distilled water. Diluted solutions were prepared from the stock solutions (1000 mg L-1). The concentration of heavy metals in aqueous solutions were analyzed
by flame atomic absorption spectroscopy (FAAS) using a
VARIAN SpectrAA–10 PLUS, with air–acetylene and nitrous oxide–acetylene flames.
2.4 Surface treatment

Samples of raw diatomite (15 g) were immersed in 6M
sodium hydroxide at 90 ºC for 2 h. The mixture was then
placed in 100 ml of 2.5M manganese chloride (adjusted to
pH 1–2 with HCl), at room temperature, for 10 h. The manganese-soaked diatomite was filtered and separated from
the supernatant. The solid was then immersed in 6M sodium hydroxide, at room temperature, for 10 h to precipitate the manganese hydroxide. The excess solution was decanted off and the diatomite left exposed to the air (to facilitate oxidation of manganese hydroxide to form a mixture of hydrated manganese oxide). The samples were then
washed with deionized water, dried at 100 ºC, desiccated
and stored in tightly stoppered glass bottles. The manganese content of the samples was determined by atomic absorption spectroscopy (Perkin–Elmer UV–Vis). Prior to
analysis, the samples were immersed in 4M HCl at 40 ºC,
to dissolve the deposited oxides. Manganese oxide diatomite (MTD) samples were prepared, using the aforementioned procedure, with manganese chloride concentrations
from 0.20 to 3.50M.
2.5 Surface area

Based on the Zn2+ adsorption method, the surface areas
of MTD were estimated. A 2-g sample was mixed with 25 ml
of Zn2+ solution (2M NH4Cl, 0.1073M ZnCl2), stirred with a
mechanical shaker for 24 h, and then, allowed to stand overnight. The supernatant solution was analyzed for Zn2+ content using atomic absorption spectroscopy.
2.6 Adsorption isotherms

Adsorption isotherms were obtained by adding into 100ml Erlenmeyer flasks a variable mass of sorbent into a fixed
volume of chromium(III) ions synthetic solution containing
a constant metal-ion concentration (1.5g L-1, pH 3.5). The
contact time for equilibrium is 2 h. A thermostatic agitator
was used for mixing the mixtures at room temperature. A
Whatman membrane filter (pore size -2.7 mm) was for filtering the samples, and the filtrate was analyzed by atomic
adsorption spectroscopy. The Langmuir isotherm was used
in this paper. The quantity of adsorbed heavy metal ions on
MTD was calculated from the difference between initial and
the final concentration at equilibrium using Eq. (1). The relationship between the adsorption capacity of MTD and concentration of heavy metal ions can be calculated from the
Langmuir equation as Eq.(2) [8-10].
qe 

(Ci  Ce )V
1)
W

Ce
1 Ce

 (2)
qe qsb qs

where q e and q s are the quantity of heavy metal ions
adsorbed per unit of mass of MTD, (mg.g-1) and Langmuir
adsorption capacity of MTD, (mg.g-1), respectively. Ci and
Ce are the initial and equilibrium concentration of heavy
metal ions, (mg.ml-1), respectively, and b is the Langmuir
isotherm constant, V is the volume of solution (ml), and W
is the mass of the adsorbent (g).
The essential characteristics of the Langmuir equation
can also be expressed in terms of a dimensionless factor, R1 :

R1 

1
1  q s bC 0

(3)

where C 0 is the highest initial heavy metal ion concentration, (mg ml−1). The magnitude of the factor R1 indicates the nature of the interaction, and the isotherm type;
unfavorable ( R1 >1), linear ( R1 =1), favorable (0< R1 <1),
and irreversible values ( R1 = 0) [10].
2.7 pH of solution

The pHsolution of diatomite was determined in 60 cm3
glass bottles where 2.5g of treated diatomite and 25 cm3 of
deionized water were added. The mixture was then agitated
for 24 h. The pH of the mixture was recorded using a pHmeter.
The hydroxyl groups present on the surface of the diatomite can gain or loose a proton, resulting in a surface
charge that varies with varying pH. At low pH, the surface
of diatomite is protonated and the surface becomes positively charged:
H++MOH  MOH2+

(4)

while at high pH, the surface hydroxides loose their
protons, and the surface becomes anionic.
MOH  H++MO-

(5)
+

When the concentration of cationic MOH2 sites
equals the concentration of anionic MO- sites, the average
surface charge is neutral, at the zero point of charge (ZPC).
The corresponding pH is named as pHZPC.
2.8 Surface charge density

Owing to existence of ionizable functional groups,
such as -OH, -COOH, -SH and -NH3, the surface charges of
diatomite can be increased by chemical reaction at the surface. Electric charges are caused by the ionization of such
groups [11].
For example, in the case of oxides and hydroxides, the
surface charge is formed by the ionization of [MOH2+] and
[MO-]:
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[MOH]=[MO-]+[H+]
(7)
The surface charge density caused by the above surface chemical reactions is called as  . It can be concluded
from Eq.(6) and Eq.(7) that  is dependent on the degree
of ionization and pH of the system, and the H+ and OHions are potential determining ions. Therefore, the total
positive and negative charge is determined by the quantity
of total base and acid consumed, respectively. So, the surface charge density  can be calculated from Eq. (8):
(8)
CA- CB+[OH-] -[H+]=[MOH2+]-[MO-]
where CA and CB represent the concentration of the
base and acid added, respectively, while [OH-] and [H+] are
the equilibrium concentrations of the base and acid. The
concentration of [OH-] and [H+] are measured potentiometrically with a glass electrode, and the final values are estimated by using the following equation:
pH=-log[H+] and Kw=[OH-] [H+]=10-14
(9)
The mean surface charge, Q (mol/g), can then be calculated as a function of pH from the difference between the
total added base or acid, and the equilibrium OH- and H+
ion concentrations for a given quantity of the adsorbent a :
(CA- CB+[OH-] -[H+])/ a = Q

(10)

If the surface area S (m2/g) of the adsorbent is known,
the surface charges (C/m2) can be calculated from Eq.(11).

QF
(11)
S
where F is the Faraday’s constant (96,500 C/mol).



3. RESULTS AND DISCUSSION
3.1 Properties of MTD and RD

The surface areas of the MTD and RD depend on the
solution acidity and the duration of the treatment. In this
study, their surface areas were estimated to be approximately

65 and 90 m2 g−1 in the same solution acidity based on the
Zn2+ adsorption method. Fourier transform infrared (FT-IR)
spectra were used to show the effects of the treated method.
Figure 1 shows the FT-IR spectra of MTD and RD.
It is exhibited in Fig. 1 that the trend of spectra curves
are similar at pH 4 and 5.2. The adsorption bands, such as
486, 991, 1383 and 3602 cm-1 disappear in the MTD spectrum at pH 4, and the corresponding bands are 455, 1015,
1495 and 3611 cm-1 in the MTD spectrum at pH 5.2, respectively. This disappearance can be attributed to the chemical
interactions between the manganese oxide and the silanol
groups on the diatomite surface. The broad band at 3630 cm-1
in the MTD spectrum at pH 4 and at 3750 cm-1 in that at pH
5.2 represent the O-H stretching of interlayer molecules
and framework hydroxyl groups. Compared with the spectrum of RD and MTD in Fig.1(a), the most important peak
of RD spectrum (the band at 821 cm-1) transfers in the
MTD spectrum (the band at 753 cm-1), and the similar conclusion can be drawn from Fig. 1(b). The cause is the MnO stretching [6, 7].
3.2 The surface charges of MTD and RD

The surface charge density of the diatomite as a function of pH is shown in Fig. 2. Function relation curve between the surface charge of RD and MTD and pH value are
shown in Fig. 2. The intersection of the curve with the xaxis at surface charge density equaling zero, defines the
zero point of charge (the intersection of the curve with xaxis at  equaling zero, gives the zero point of charge
(pHZPC)). The total charge from the cations and anions at
the adsorbent surface are equal to zero, and this zero point
of charge occurs at pH 4.3 for MTD and 4.6 for RD under
the same conditions. Fig. 2 also shows that the surface
charge density of both MTD and RD decreases with increasing pH. The hydroxyl groups present on the surface of
the diatomite can gain or loose a proton, which results in a
surface charge varying with pH.

(a) pH=4

(b) pH=5.2

FIGURE 1 - FT-IR spectra of RD and MTD (experimental conditions: sample of adsorbent = 0.05g, temperature = 23 ºC, particle size = 300–
500 μm at different pH values).
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creasing chromium ion(III) concentration until a maximum
adsorption capacity (Q) is reached. The values of Q in Table
1 demonstrate that the maximum adsorption capacity of RD
for chromium(III) ion removal is lower than that of MTD.
Obviously, this can be benefited from the increment in the
surface area of the diatomite by this treatment way. And the
resultant surface charge is offered by the formation of the
manganese oxides on the diatomite surface. Manganese oxide surface charge in solution is normally higher than that of
other oxides, e.g. SiO2, TiO2 and Al2O3, due to the large
acidity constant of the manganese oxide surface [3-5]. This
means that the surface ionizes at a low pH carry a net negative charge greater than that of other oxides [15, 16].

FIGURE 2 - Surface charge of RD and MTD with different pH values
(experimental variables: particle size = 300–500 μm, sample of adsorbent = 0.05g, volume of solution = 25 cm3, equilibrium time = 24 h,
shaking speed = 125 rpm.
3.3 Adsorption capacity for chromium(III) ions: adsorption isotherms

As known, alkaline solution conditions will readily
lead to heavy metals precipitating. In addition, high pH will
cause diatomite powder to be slightly unstable but strong
acidic pH (pH≤4), thus improving its capability of filtration based on a previous study [3, 4]. Therefore, batch isotherm studies are commonly conducted under the acidic conditions (pH≤4). The equilibrium measurements focus on
the determination of the adsorption isotherms. The relationship between the quantities of chromium(III) ions adsorbed
per unit mass of RD and MTD and the equilibrium concentration at the same temperature (23 ºC) are shown in Fig. 3.
According to the values of correlation coefficients (R2) for
the Langmuir equation (R2>0.99), both of the chromium(III)
ions adsorption by RD and MTD could be described as an
isotherm of Langmuir type, which supports the theory that
the number of sites on the diatomite surface is limited and
chromium(III) ions form a mono-molecular layer on the surface at maximum capacity for RD and MTD.
The Langmuir values of qs are calculated by the slope
of each isotherm, and b is calculated based on the ordinate
at the origin of each isotherm line, respectively, as shown
in Table 1. The results of Rl in Table 1 indicate that both of
the RD and MTD adsorption behaviors are extremely favorable (Rl<1), and tend to be weakly irreversible (Rl = 0)
[13,14] . Due to its lower value of Rl, the heavy metal adsorbed by MTD is more favorable than that by RD. It is
also exhibited that the quantity of chromium adsorbed increases with in-

FIGURE 3 - Adsorption isotherm of chromium(III) ions on RD and
MTD (experimental conditions: sample of adsorbent = 0.05 g; volume
of solution = 50 cm3; T = 23 ºC; equilibrium time = 24 h; pH = 4,
shaking speed = 125 rpm).

3.4 Effect of pH on the removal rate of chromium(III) ions

The effect of pH on the percentage of heavy metal ions
removal in aqueous solution by RD and MTD are illustrated in Fig. showing that the maximum percentage of the
heavy metal ions removal by both RD and MTD takes
place at nearly pH 4 (The corresponding pH values of MTD
and RD are 3.7 and 3.9, respectively), and the removal rates
decline when pH >4. Figure 4 displays that the heavy metal
ions removal by MTD is higher than that by RD for the
same heavy metal at the same pH, and at the same pH,
within the range of pH (pH <3), the difference of the removal for the same heavy metal by between MTD and RD
is obviously less than that when 3<pH<6.3. And the reason
for this is the different electrostatic force between chromium(III) and the surface of RD and MTD [13, 17, 18].
When the surface charge density decreases with an increment

TABLE 1 - Langmuir isotherm constants for adsorption of chromium (III) ions on RD, MTD.
Type of diatomite

Q (mgg-1)

A (dm3mg-1)

KL (dm3mg-1)

R1 (  10-3)

R2

RD
MTD

18.18
35.47

0.23
0.16

3.66
7.82

2.1
0.46

0.993
0.996
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in pH of the solution, the electrostatic gravitation between
chromium(III) and the surface of RD and MTD (negative
charge) is both lowered, which leads to a decrement of the
adsorption rate. Owing to less decline in the surface charge
density, that the electrostatic gravitation of MTD is more
than that of RD, which lead to the higher sorption of chromium(III) ions by MTD than that by RD [19, 20].

3.5 Comparison of chromium(III) ions solution concentration

The variation of the heavy metal ions removal by RD
and MTD in different equilibrium times (pH 3.8) is illustrated in Fig. 5. The result shows that the heavy metal ions
removal by both RD and MTD increases with the increasing synthetic solution concentration, and 48 h for RD and
36 h for MTD are optimal equilibrium times for a maximum removal, respectively.
4. CONCLUSION

FIGURE 4 - pH-dependency of adsorption isotherms of RD and MTD
(experimental variables: chromium solution concentration = 150 mg/
dm, particle size =300–500 μm, sample of adsorbent = 0.05 g, volume of
solution = 25 cm3, equilibrium time = 24 h, shaking speed =125 rpm).

Compared with raw diatomite (RD), the surface areas
of diatomite treated with manganese oxide (MTD) is increased, and its capacity for the sorption of chromium(III)
ions are improved owing to the formation of the manganese
oxides on the diatomite surface. Due to the different electrostatic forces between chromium(III) and the surfaces of
the adsorbent, the heavy metal ion removal by MTD is
higher than that by RD at the same pH. In addition, the increased heavy metal synthetic solution concentrations
leads to the improvement of the removal by both RD and
MTD.

FIGURE 5 - Influence of chromium synthetic solution on chromium(III) ions removal at different equilibrium times for RD and MTD.

The authors have declared no conflict of interest.
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ABSTRACT

1. INTRODUCTION

This study was carried out in the Abujiaohe watershed
in Sanjiang Plain, northeast China. This study investigated
the characteristics of nitrogen (N) and phosphorus (P) losses
by surface runoff during natural rainfall events. The surface
runoff on the Abujiaohe watershed was estimated based on
the Soil Conservation Service Curve Number (SCS-CN)
model. The results showed that N loss in runoff of paddy
land was higher than that of dry land, wetland and forest
land. The average event mean concentrations in runoff of
paddy land were 18.39mg/L for TN, 2.81mg/L for ammonium nitrogen (NH4+-N), 8.64mg/L for nitrate nitrogen
(NO3--N). The minimum N loss occurred on the forest land,
the average concentrations in surface runoff of which were
11.45mg/L for TN, 1.64 mg/L for NH4+-N, 4.04mg/L for
NO3--N, respectively. In the six rainfall events, NO3--N was
the major form of N loss, which was 2.11, 3.07, 2.46 and
3.45 times higher than NH4+-N loss for dry land, paddy land,
forest land and wetland. However, the average TP concentrations in runoff measured for four land use types showed
followed the order: paddy land (0.35mg/L)>dry land
(0.27mg/L)>wetland (0.26mg/L)>forest land (0.08mg/L). In
addition, the loads of N and P (kg·ha-1·a-1) in runoff were
determined by concentrations and runoff volume. The estimated results using SCS-CN model demonstrated that N
loads were higher than TP loads in runoff for four land use
types. Meanwhile, the peak value of TN load in surface
runoff was 21.78 kg·ha-1·a-1 for paddy land and the maximum NO3--N load was 17.82kg·ha-1·a-1 for wetland. This
phenomenon was due to the fact that the nitrate in soil is
easily lost by water movement, especially when runoff discharge is low. Dry land, which accounted for 24.1% of the
total watershed area, contributed to 29.9% TN loss
amounts and 49.2% TP losses, and however, paddy land
accounting for 32.0% the total area contributed to 42.5%
of TN losses and 29.0% of TP losses. These indicated that
agricultural activity had an obvious impact on the N and P
losses in the Abujiaohe watershed.
KEYWORDS: Land use types; Surface runoff; Non-point source
pollution; Nitrogen and phosphorus losses

With increasing population and rapid economic development, surface water is heavily polluted due to large
amount of municipal sewage, industrial wastewater and
non-point source pollution. Non-point source pollution accounts for a large proportion of total pollution contribution
as reported in various countries [1,2]. Non-point source
pollution of surface waters by nitrogen (N) and phosphorus
(P) can accelerate eutrophication and threaten drinking water safety [3]. Agricultural sources of N and P often contribute the largest share of non-point source pollution. For
instance, agricultural non-point pollution contamination of
surface waters in the mid United States is regarded as a major threat to drinking water, recreational resources, and
aquatic ecosystems by the U.S. Environmental Protection
Agency [4]. Thereby, the eutrophication of water bodies
has aroused international concern, wherein N and P are key
determinants for eutrophicated process. In arable lands,
due to excessive application of chemical fertilizers, nutrient were largely transferred by runoff into surface [5], and
they could raise N and P concentrations in runoff waters to
levels above values generally proposed as guidelines for
degraded waters [6]. Therefore, to carry out forecasting N
and P pollution load of the watershed in rural area is of
great significance for the protection of the water environment safety and for the prevention of the agricultural nonpoint source pollution.
A variety of factors can influence nutrient losses from
soils, among which are soil properties, rainfall intensity,
topographical features, vegetation coverage [7,8]. The contributing factors of agricultural non-point source nutrient
loss by rainfall runoff from land soils have been widely
studied [9] and rainfall intensity is considered as the most
important factor leading to soil nutrient loss [10]. As an
example, it is found that the losses of N and P from farmland are positively correlated with the rainfall intensity and
negatively correlated with the vegetation cover in the North
China Plain [11]. Accordingly, N and P loads from farmland soil may significantly impact the quality of the receiving
water body. Understanding the variations of nutrient concentration in runoff during the rainfall and the observation of
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various rainfall events are very helpful in controlling the
potential pollution hazards in a watershed [12]. In order to
improve the water quality and to reduce pollutants, a considerable amount of studies have focused on laws of watershed non-point pollutions [13], the estimation of non-point
source pollution [14], simulation of total pollution load
[15] and a variety of models to simulate hydrological processes [16,17].
Nutrient loss is heavily influenced by farming practices, vegetation coverage and cropping system under agricultural land use. Buffers zones and year-round vegetated
fields have therefore been introduced as methods to reduce
soil erosion and the P loss in surface runoff waters [18]. In
addition, the duration between fertilizer application and the
first rainfall-runoff event has also been shown to be an important factor in controlling N and P losses. It was found
that when an irrigation event occurred immediately after
fertilizer application, the P concentration occurred as the
water deficit reaching 50mm [19]. Runoff induced by inappropriate tillage practices and land use can cause severe
soil erosion and nutrient loss [20]. Land use change can
potentially lead to changes in future rainfall runoff and can
significantly impact the N and P losses [21]. Agricultural
non-point source pollution takes place in the form of N and
P losses induced by surface runoff [22]. The simulation accuracy of surface runoff in various land use types is primarily dependent on rainfall, temperature, topography, geomorphology, land use type, and other parameters. At present, the
Soil Conservation Service (SCS) curve number (CN) model
developed by the U.S. Department of Agriculture National
Resources Conversion Service is the most popular and
widely applied model for direct runoff estimation [23]. The
SCS-CN model is a simple, empirical model with clearly
stated assumptions and few data requirements. Therefore, it
has been widely used for water resource management and

runoff estimation for single rainfall event in small agricultural watershed [24,25].
In the current study area, the so-called freeze-thaw agricultural region, Sanjiang Plain, has experienced several
agricultural reclamations to increase the arable area since
the 1950s. It is recognized by many studies that a large portion of wetland and forest land has been converted for arable. Whilst the N and P loss processes, the generation
mechanism of non-point source pollution and the influence
factors have been extensively investigated [26]. However,
little is known about agricultural non-point source pollution in intensive agricultural area, especially for watershed
in the freeze-thaw agricultural area, because it is generally
believed that the load and concentration of pollutants from
agricultural area is relatively low and therefore possesses
less of a threat to the environment. This study aims at investigating the N and P losses during typical rainfall
events, and exploring the nitrogen and phosphorous load
patterns by surface runoff under different land use types.
Beyond that, this study also aims to provide a basis for the
estimation of overall contribution of nutrient loss by surface runoff in freeze-thaw region.
2. MATERIALS AND METHODS
2.1 Study area

The watershed studied, Abujiaohe, is located in one of the
branches of the Wusuli River, Sanjiang Plain of Northeast
China (Fig.1). This area belongs to a continental monsoon climate zone and has a mean annual temperature of 2.94 and
precipitation of 583.2mm. Rainfall distribution during the period of April through September accounts for above 80% of
the total, while the period of November through the following
March accounts for only about 10% of the total.

FIGURE 1 - Location of the study area
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The total area of the watershed is 142.5 km2, with main
land uses as paddy land, dry land, forest land and wetland
in the proportion of 31.99%, 24.13%, 25.41% and 11.78%,
respectively. The soil property database was directly referred to the national database, and there were six types of
soils in this watershed, which were dark-brown earths, albic soil, meadow albic soil, gleyed albic soil, meadow soil
and bog soil [27]. With net grids, surface soils (0-20cm
depth) from 40 sites (16 dry land sites, 12 paddy land sites,
7 existing wetland sites and 5 forest land sites ) of different
land use types were collected in late April 2010 prior to
fertilization, plowing and seeding. The sampling sites are
in the middle of each field to avoid field ridges, roadsides,
farmhouses and soils that have been obviously disturbed
after the last harvest. The forested mountain area (elevation≥100m) and the riparian flooding area (elevation≤43m)
in the watershed were not considered for soil sampling and
analysis. On each sample site, three soil cores (0-20cm)
were taken in a 100cm×100cm area. For each site, 3 soil
samples were homogenized by hand mixing and sealed in
plastic bags. The sampler was rinsed with distilled water
between soil samples to avoid cross-contamination.
All soil samples were air-dried at 25℃, freed of plant
residues, ground to pass through 2mm nylon sieves, and
then stored in plastic bags. With a soil water ration of 1:5,
the soil pH was measured using a pH meter. Soil total nitrogen (STN) was measured with a CHN Elemental Analyzer (Eurovector EA 3000; EuroVector SpA, Milan, Italy;
dry combustion temperature, 900℃). Soil total phosphorus
(STP) were digested with a mixed acid containing HF,
HNO3, and HClO4 [28] and then measured using the inductively coupled plasma optical emission spectrometry (IRIS
Intrepid II XSP, Thermo Electron, Madison WI, USA).
Soil available nitrogen (SAN) was measured using the

NaOH diffusion method [29]. Soil available phosphorus
(SAP) was extracted with 0.03 M NH4F, 0.025M HCl and
then measured using the molybdate spectrophotometric
method [30]. The soil properties of the four land use types
are provided in Table 1.
2.2 Runoff samplings sites

Water sampling sites were chosen using information
obtained from land use data. The distribution of land type
was extracted from the cloud-free LANDSAT TM image
on May 20th in 2009. Surface runoff samples from 7 sites
(2 dry land sites, 2 paddy land sites, 2 existing forest land
sties and 1 wetland site) of four land use types were selected along Abujiaohe watershed to study N and P loss
characteristics. As was shown in Fig.1, 2 forest land sites
are located in the headstream and southwest of watershed,
where the runoff samples are represented the background
value without agricultural interference and the pollution
value influenced by agricultural activity of dry land, respectively. The runoff sampling sites of arable land are in
the middle of watershed to avoid livestock industry pollution and sanitary sewage. Whilst wetland land site is chosen in the estuary of Wusuli River because Abujiaohe finally flows through the wetland into the Wusuli River. The
detailed information of surface runoff sampling sites is provided in Table 2.
2.3 Runoff collection and laboratory analysis

The rain season occurs mainly in the period from July
to September, sometimes in June. All rainfall events were
recorded from 1964 to 2012 (Fig.2). At the current study,
runoff samples of six rainfall events were collected during
the period of April through August in consideration of crop
growing season.

TABLE 1 - Soil properties of four land use types in the study area
Ration
Land use
Area
pH
(%)
type
(km2)
Dry land
Mean
5.73
34.38
24.13
S.D.
0.26
(n=16)
Paddy land
Mean
6.00
45.58
31.99
(n=12)
S.D.
0.22
Forest land
Mean
5.72
36.21
25.41
(n=5)
S.D.
0.20
Wetland
Mean
5.76
16.78
11.78
(n=7)
S.D.
0.67
n, the number of soil sites for each land use type; S.D., standard deviation

STN
(g.kg-1)
2.58
0.60
2.15
0.49
3.18
0.50
6.54
4.98

SAN
(mg.kg-1)
247.22
60.30
223.39
42.43
274.52
26.49
381.72
205.27

STP
(g.kg-1)
0.91
0.27
0.88
0.10
0.84
0.37
1.36
0.78

SAP
(mg.kg-1)
28.77
14.03
12.01
4.29
9.08
2.39
17.00
9.06

TABLE 2 - Description of runoff sampling sites
Number
1
2
3
4
5
6
7

Geographical position
47°24.317′N 134°02.219′E
47°24.676′N 134°02.569′E
47°25.037′N 134°03.567′E
47°25.326′N 134°03.688′E
47°25.800′N 134°05.672′E
47°26.242′N 134°09.619′E
47°26.561′N 134°19.953′E

Land use types
Forest land
Dry land
Forest land
Dry land
Paddy land
Paddy land
Wetland
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Vegetation composition
Deciduous broadleaved forest
Corn
Deciduous broadleaved forest
Corn
Rice
Rice
Deyeuxia angustifolia
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FIGURE 2(a) - The annual precipitation change of the study area from 1964 to 2012

FIGURE 2(b) - The daily precipitation of study area in 2012

Surface runoff samples from 7 sites (Table 2) of dry
land, paddy land, forest land and wetland were collected
after the surface runoff started. For each site, samples were
collected at specified intervals during the rainfall. Specifically, one sample was collected every 5 min within 30 min
after the surface runoff started, every 10min during a period of 30 to 60 min, and thereafter every 30 min till the
runoff disappeared or became gradually stable. All samples
at specified intervals were mixed together and three 250 mL
parallel runoff samples were collected in the polyvinyl
chloride bottles. Before sampling, all bottles were washed
clean to avoid contamination.
In order to maintain sample integrity and prevent the
degradation of samples, the runoff water samples were
sealed in plastic bottles, cooled at <4 and immediately
taken to the laboratory for analysis. Runoff total nitrogen
(TN) was measured according to the alkaline potassium
persulfate digestion-ultraviolet spectrophotometric method
[31]. Nitrate nitrogen (NO3--N) was determined according to
the phenol disulfonic acid ultra-spectrophotometric after the
samples were filtered through 0.45μm filter paper. Ammonia nitrogen (NH4+-N) was measured by the method of salicylate-hypochlorous acid spectrophotometric after filtering

through 0.45μm filter paper. To determine total phosphorus
(TP), the runoff samples were digested in a H2SO4 and H2O2
mixture as catalyst followed by the colorimetric measurement of the molybdenum-blue complex [32].
2.4 Rainfall runoff estimation

The most commonly used and popular method for direct
surface runoff estimation of small agricultural watershed is
the SCS-CN model designed by American soil conservation
service [33]. The theory underlying the SCS-CN model is
that runoff can be related to soil-cover complexes (soil properties, vegetation coverage, topography, soil types, etc) and
rainfall through a curve number. The SCS-CN model can be
expressed in its general form as follows [34]:

Q

( P  0.2 S ) 2
( P  0.8S )
Q0

P  0.2S
P  0.2S

(1)

Where Q is the direct surface runoff (mm), P is the total rainfall (mm); S is the potential maximum retention
(mm) after runoff begins. S is expressed in the form of a
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dimensionless runoff curve number (CN) which represents
the runoff potential of the land cover-soil complex characteristics determined by soil type, soil antecedent moisture
condition (AMC), land use and treatment [33]:

S

25400
 254
CN

(2)

Where CN is a dimensionless catchment parameter
ranging from 0 to 100 [35]. A CN of 100 conceptually represents a limiting condition of a perfectly impermeable
catch with zero retention, in which all rainfall becomes runoff. A CN of zero represents the other extreme, with the
catchment abstracting all rainfall and with no runoff regardless of the rainfall amount. However, the CN ranges
from 30 to 100 in most realistic cases.
2.5 Determining the CN value

The CN can be determined from empirical information. The SCS has developed standard tables of curve
number values as functions of watershed land use conditions and HSG. The HSG reflects the soil permeability and
surface runoff potential. And it refers to the standard soil
classifications ranging from A, which corresponds to sand
and aggregated silts with high infiltration rates, to classification D, which refers to swell soils when wet and have
low infiltration rates [36]. The HSG characteristics are presented in Table 3.
Three AMCs were defined as dry (lower limit of moisture), moderate (normal or average soil moisture condition)
and wet (upper limit of moisture), which were denoted as
AMCI, AMCII and AMCIII, respectively [37]. Table 4
listed the classification of antecedent moisture condition.
The CN value of AMCII (CNII) was provided by the
SCS-CN manual and the CN value of AMCI (CNI) and CN
value of AMCIII (CNIII) can be calculated by the following
equations [38]:

CN I  4.2CN II /(10  0.058CN II )

CN III  23CN II /(10  0.13CN II )

(4)

To apply this SCS-CN model to Abujiaohe watershed,
the CN values were obtained by land use and soil type data.
In this study, the primary soil in the watershed was light or
heavy clay, thus the HSG was classification D. According
to the previous researches [39], the CNII of dry land, paddy
land, forest land and wetland were estimated to be 90, 86,
79 and 89, respectively. Since there were different five-day
antecedent rainfall in six rainfall events, CNII needed to be
corrected to match CNI and CNIII. Using Eq. (3) and (4), the
different CN values of the Abujiaohe watershed for three
AMCs are shown in Table 5.
2.6 Calculation of N and P loads

Typically, the load of a pollutant in surface runoff is
described based on the loss amounts during rainfall events.
A pollutant load was calculated by runoff volume multiplied by the pollutant concentration. The N and P loads can
be defined as the total pollutant load of four land use types
during rainfall events according to the formula (5) [40]:
Ti

Li   Ct ,i Qt ,i dt

(5)

0

Where, Li is the event total concentration (g), Ct,i is the
time variable concentration (mg/L); Qt,i is the time variable
runoff depth (mm/s) and Ti refers to the discrete time interval during rainfall event (s).
The formula (5) can also be expressed as the formula
(6) due to the surface runoff process being difficult to be
monitored continuously. The pollutant loads in the study
were calculated by the formula (6).
n

Li   C j ,i Q j ,i

(6)

j 1

Where n is the time section number during a rainfall
event.

(3)

TABLE 3 - HSG characteristics summary
HSG

Surface runoff potential

A
B
C
D

Low
Moderately low
Moderately high
High

Final infiltration rate
(mm/h)
25
13
6
3

TABLE 4 - Grade classification of soil antecedent moisture
Antecedent
moisture condition
AMCI
AMCII
AMCIII

Five-day antecedent rainfall (mm)
Growing season
Telogen
<13
>28
13~28
36~53
>28
>53

Permeability rate
(mm/h)
>7.6
3.8~7.6
1.3~3.8
<1.3

Soil texture
Sand, Loamy sand, or sandy loam
Silt or loam
Sandy clay loam
Clay loam, silty clay loam, sandy clay, silty clay, or clay

TABLE 5 - CN values of different land use types in Abujioahe watershed
CNI
CNII
CNIII
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Dry land
79
90
95

Paddy land
72
86
93

Forest land
61
79
90

Wetland
77
89
95
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2.7Statistical analysis

3.1.2 Ammonia nitrogen (NH4+-N) loss

The data were analyzed using SPSS 13.0 for Windows
(SPSS Inc., IL). Significant correlation coefficients between
nitrogen or phosphorus concentrations and the values of impact factors were determined at ɑ=0.05.To explore whether
nitrogen or phosphorus contents of surface runoff are significantly different in different lands, an analysis of variance
(ANOVA) was used in this study. If p≤0.05, differences between land groups were considered significant, and if p>0.05
there was no significant difference.

NH4+-N losses for different land use types by surface
runoff in six rainfall events were shown in Fig.4. In the
current study, the mean NH4+-N concentration order in runoff from high to low was same as TN concentration for four
land use types. Peak of NH4+-N losses (3.71mg/L) in the
six rainfall events occurred on June 11 and it varied from
2.39mg/L to 3.04mg/L in a gentle change during other five
events. The SD of the NH4+-N losses for the paddy land,
dry land, forest land and wetland were 0.37, 0.64, 0.25 and
0.03 respectively. The variability of wetland was relatively
low, which meant that there were no significant differences
among NH4+-N loss in six rainfall events. NH4+-N concentration of forest land in runoff was lower than the other land
use types and varied from 0.44 to 4.14mg/L, with a median
value of 1.64mg/L. It was found that there was significant
difference between paddy land and forest land for NH4+-N
loss by surface runoff (p<0.05). This phenomenon can be
explained by the previous research result that NH4+-N concentration in runoff had positive correlation with vegetation coverage. Various studies proposed that the higher the
vegetation coverage rate of forest and dry land was, the
smaller the NH4+-N concentration in surface runoff [6].
The amount of runoff NH4+-N loss was determined by the
amount of runoff and the amount of soil nitrogen in the soil
water [41].Because of the large forest vegetation coverage,
the canopy and litters can mitigate the precipitation and rainfall intensity arrive the ground and decrease rainfall splash
effect on surface to minimize runoff depth [42]. Thus, the
NH4+-N output is relatively lower with the small surface runoff volume of forestland (Table 6). The vegetation coverage
of farmland is considerably below forestland, and the agricultural production started later in freeze-thaw agricultural
area. This means that the evapotranspiration decreases and
the rainfall runoff erosion increases, which will accelerate

3. RESULTS
3.1 Characteristics of N loss
3.1.1 TN loss

The TN concentrations in surface runoff of four land
use types are shown in Fig. 3. For surface runoff, the TN
concentration of paddy land was higher than the other land
use types in every rainfall event. The mean TN concentration in surface runoff measured for four land use type was
paddy land (18.39mg/L)>wetland (15.05mg/L)>dry land
(12.61mg/L)>forest land (11.45mg/L). It could be found
that the TN concentration of paddy land by surface runoff
was more than those from dry land and forest land
(p<0.05). The peak TN loss of paddy land (24.23mg/L)
was found in the rainfall event on August 29, which was
1.5 times higher than the foot loss on April 26 (16.3mg/L).
Whilst the maximum TN loss of forest land appeared in the
rainfall event of June 16 (23.93mg/L) and the minimum
loss was 5.93 mg/L on April 26. The statistical analysis on
the standard deviation (SD) of the TN losses for the paddy
land, dry land, forest land and wetland were 2.51, 2.26,
1.18 and 1.13 respectively, which meant there were huge
differences among the TN loss in different rainfall events.

FIGURE 3 - TN loss of four land use types by surface runoff in Abujiaohe watershed
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FIGURE 4 - NH4+-N loss of four land use types by surface runoff in Abujiaohe watershed

FIGURE 5 - NO3--N loss of four land use types by surface runoff in Abujiaohe watershed

NH4+-N accumulation in runoff. Simultaneously, the runoff NH4+-N concentration values of different land use types
were also determined by livestock and poultry and rural
residents according to the relevant literatures [43].
3.1.3Nitrate nitrogen (NO3--N) loss

NO3--N losses of four land use types by surface runoff
were presented in Fig.5. In six rainfall events, the average
NO3--N concentration order in runoff for different land use
types from high to low was wetland (8.89 mg/L)>paddy land
(8.64 mg/L)>dry land (5.26 mg/L)>forest land (4.04 mg/L).
The primary reason of high NO3--N loss in arable was the
excessive application of chemical fertilizers, a majority of

components in which had been converted into NO3--N before adsorbed by vegetation [44]. Meanwhile, the NO3--N
loss in runoff was higher than the other land use types, and
this phenomenon can be explained by the fact that wetland
in this study is located in the downstream and slope also
existed. In additional to soil characteristics, the terrain also
affects the N loss. The N loss due to surface runoff was
higher in sloped land compared with flat land [45]. To
identify whether NO3--N concentration in runoff is significantly different in four land use types, ANOVA was applied to analyze. It could be found that differences among
paddy land, dry land and forest land were considered significantly (p<0.05). The maximum NO3--N loss of wetland
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(15.58mg/L) occurred on May 8, which was 6.06 times
higher than the minimum loss (2.57mg/L) on July 11. The
SD values of the NO3--N loss for the paddy land, dry land,
forest land and wetland were 2.98, 1.22, 0.57 and 1.12 respectively, which meant NH4+-N losses varied slightly
changes in six rainfall events than NO3--N. In the six rainfall
events, NO3--N was the major form of N loss, which was
2.11, 3.07, 2.46 and 3.45 times higher than NH4+-N loss for
dry land, paddy land, forest land and wetland. These results
were similar to those of another three adjacent agricultural
watersheds in Knox County, MO, USA [46]. However,
some research has shown that suspended particulate nitrogen (SN) was the major form of N loss in China with different ecological settings [47], which can be explained by
that the variation of rainfall intensity and soil erodibility as
well as nutrient behavior can vary N loss substantially.
3.2 Characteristic of P loss

Compared with the TP concentrations during rainfall
events, the trends of mean TP and TN concentrations in
surface runoff of the land uses in this study were almost the
same (e.g., the TN and TP concentrations of paddy land were
the highest, followed dry land and wetland, while the forest
land was the lowest (Fig.6). Average TP concentration in
runoff measured for four land use types was paddy land
(0.35 mg/L) > dry land (0.27 mg/L) > wetland (0.26 mg/L)
> forest land (0.08 mg/L). The peak TP loss of paddy land
(0.81 mg/L) was found in the rainfall event on June 11,
which was 27 times higher than the foot loss (0.03 mg/L) on
May 5. Meanwhile, the maximum TP loss (0.15 mg/L) of
forest land occurred on May 8 and the foot loss appeared on
July 11 and August 29 (0.04 mg/L). The ANOVA analysis
showed that there was no significant difference between
four land use types (p>0.05). All the SD values of the TP
loss for four land use types were below the 0.03 level,
which meant TP losses varied smoothly changes in six
rainfall events.

In the present study, the concentration of TN is higher
than TP transported by runoff. This can be explained by that
the amount of P fertilizer applied in the farmland was less.
The amount fertilizer used in this study was 236.5kg/ha for
paddy land (N:P:K=2:1:1.5) and 279.0kg/ha for dry land
(N:P:K=2:1:0.5) in each year. After application of P fertilizer to the soil, phosphorus is quickly fixed through a series
of precipitation and adsorption processes of phosphate ions
with organic matter or metals such as aluminum and iron
[48]. However, in the long-term studies, the difference in
surface soil nutrient contents and soil properties should be
considered. The result showed TP losses by surface runoff
were positively affected by soil TP content of different land
use type (Table 2). Soil properties and soil adsorption
might also contribute to the difference between N and P
losses. Soil types of dark-brown earths, albic soil, meadow
albic soil, gleyed albic soil, meadow soil and bog soil in
this watershed were the clay, and the percentage of particles smaller than 0.02mm were 48.8% for dry land, 43.6%
for paddy land, 51.0% for forest land and 42.0% for wetland, respectively. Phosphorus enters the runoff and open
water bodies mainly through transport with clay and fine
silt fractions [47]. Some research shows that P is absorbed
by micro-aggregates (0.02-0.002 mm) and particles smaller
than 0.002 mm [49].
The primary growth limiting nutrient in most of freshwater systems is not N but P [50] and consequently the
framework of most eutrophication management has been
focused on the control of P concentration [51]. Although
there is a lack of consensus concerning the concentration
at which P in runoff leads to eutrophication in agricultural
production area, it is generally accepted that runoff water
is degraded if it contains more than 0.1mg/L [47]. In this
study, TP exceeded the guideline value of 0.1mg/L in 50%
of the tested samples (Fig.6). The present study showed
that N and P concentrations in surface runoff were high and

FIGURE 6 - TP losses of four land use types by surface runoff in Abujiaohe watershed
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their losses to watershed would stimulate eutrophication in
those ecosystems and worsen the pollution in Abujiaohe
watershed.
3.3 Estimation of N and P loads and losses in surface runoff

The loads of N and P (kg·ha-1·a-1) in runoff were determined by concentrations and runoff volume. In this
study, six rainfall events were chosen and characteristics of
these events are summarized in Table 6. It is apparent that
dry conditions prevailed for the six events, since measured
five-day antecedent rainfall of May 28 event was more than
28mm and it was less than 13mm for other five events (Table 4). Therefore, CNI for AMCI and CNIII for AMCIII (Table 5) were used in assessing the predicted runoff depth for
the six events as shown Table 6.

Surface runoff samples from 7 sites (2 dried lands, 2
paddy lands, 2 forest lands and 1 wetland) were collected
after the surface runoff started. All samples at specified intervals were mixed together and three 250mL parallel runoff
samples were collected in the polyvinyl chloride bottles.
Therefore, data of N and P concentration for dry land, paddy
land and forest land during the rainfall were the mean value
of six parallel samples, and the data of N and P concentration
for wetland was the mean value of three parallel samples.
The mean values with standard deviations of N and P concentrations in these four types are given in Table 7.
According to the normal mean rainfall (583.2mm) of
Abujiaohe watershed, the average annual pollutant load
and loss per unit area by surface runoff could be calculated
based on the weighted average of different land type areas
(Table 8).

TABLE 6 - Estimated runoff depths of six rainfall events by SCS-CN method
Date
(Month-Day)
04-26
05-05
05-08
06-11
07-11
08-29

Amount of
rainfall (mm)
16.0
19.6
23.6
9.4
18.5
13.0

Five-day antecedent
rainfall (mm)
11.1
9.9
41.1
0
7.3
9.0

Surface runoff depth (mm)
Dry land
Paddy land
2.8
1.2
9.5
7.1
12.8
10.1
0.4
0.1
4.0
2.0
1.5
0.5

Forest land
0.1
4.6
7.0
0
0.3
0

Wetland
2.3
9.4
12.8
0.3
3.4
1.2

Estimated mean runoff depth(mm)
1.5
7.3
9.6
0.2
2.3
0.7

TABLE 7 - N and P concentrations in surface runoff of four land use types
N and P concentrations on different sampling date(Year-Month-Day)
2012-4-26
2012-5-5
2012-5-8
2012-6-11
Dry land
TN
NH4+-N
NO3--N
TP
Paddy land
TN
NH4+-N
NO3--N
TP
Forest land
TN
NH4+-N
NO3--N
TP
Wetland
TN
NH4+-N
NO3--N
TP

(mg/L)
2012-7-11

2012-8-29

8.60±1.76
1.66±0.44
4.80±0.95
0.011±0.002

10.50±2.83
2.29±0.73
5.27±1.03
0.032±0.012

11.58±2.06
1.83±0.88
5.21±1.50
0.240±0.029

20.17±1.67
1.28±0.22
5.57±0.88
0.166±0.038

12.57±2.21
3.35±0.83
3.25±1.13
0.492±0.074

12.25±2.96
4.46±1.53
7.43±3.21
0.698±0.064

16.30±2.71
2.68±0.30
9.27±3.97
0.035±0.008

17.45±2.24
3.04±0.49
9.87±3.94
0.032±0.012

18.85±2.88
2.52±0.11
11.83±4.57
0.078±0.010

20.57±3.03
3.71±0.91
9.63±4.12
0.806±0.055

12.92±2.95
2.54±0.24
2.86±0.75
0.795±0.035

24.23±5.05
2.39±1.13
8.35±2.05
0.343±0.025

5.93±1.07
0.44±0.34
1.77±0.21
0.055±0.008

6.88±0.87
1.82±0.55
3.16±0.83
0.076±0.016

8.03±0.66
1.49±0.04
1.93±0.93
0.147±0.013

23.93±2.71
4.14±0.72
10.07±1.26
0.114±0.015

11.23±1.08
0.53±0.07
2.59±0.36
0.040±0.014

12.71±1.54
1.39±0.09
4.72±0.25
0.038±0.007

8.40±0.66
0.87±0.01
4.40±0.32
0.070±0.002

10.90±0.56
1.16±0.02
7.63±0.24
0.085±0.002

21.30±3.00
3.02±0.01
15.58±2.99
0.062±0.005

19.17±0.68
2.88±0.12
13.20±1.83
0.856±0.017

10.43±1.37
2.76±0.03
2.57±1.03
0.123±0.020

20.10±2.72
4.80±0.10
9.93±1.42
0.364±0.011

TABLE 8 - The average annual N and P loads and losses by surface runoff for four land use types
Land use type
Dry land
Paddy land
Forest land
Wetland

Pollutant loads (kg·ha-1·a-1)
TN
NH4+-N
20.32
4.10
21.78
3.31
5.35
1.11
26.79
3.94

NO3--N
9.12
12.32
1.69
17.82

TP
0.38
0.17
0.08
0.17
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Loss amounts (t·a-1)
TN
NH4+-N
69.86
14.10
99.27
15.09
19.37
4.02
44.95
6.61

NO3--N
31.35
56.15
6.12
29.90

TP
1.31
0.77
0.29
0.29
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FIGURE 7 - Spatial distribution of N and P loads in surface runoff of Abujiaohe watershed

It can be seen in Table 8 that N loads in surface runoff
for four land use types were higher TP loads. Whilst NO3-N load was the major form of N load in Abujiaohe watershed. It was found that the peak TN load in surface runoff
was 21.78 kg·ha-1·a-1 for paddy land and the maximum
NO3--N load was 17.82kg·ha-1·a-1 for wetland. This phenomenon was due to the fact that the nitrate in soil is easily
lost by water movement, especially when runoff discharge
is low [52]. Ammonium is difficult to be released or transported by runoff, but it can be strongly adsorbed by soil
particles [53]. The soil physical characteristics affect the N
loss, which includes the soil type, the saturated soil moisture content, the organic matter, and the particle distribution [11]. In sands dry area, particulate nitrogen carried by
surface runoff sands were the primary forms of nitrogen
losses under typical rainfall conditions [54]. In addition to
soil characteristics, the watershed topography is also important factor that influence the hydrological process and
degree of erosion [55]. The TN loss due to runoff was
higher in sloped land compared with flat land. The rainfall
intensity, vegetation fraction and soil moisture content
were three factors influencing the runoff depth [56]. Beyond that, the rainfall intensity, vegetation fraction and soil
moisture also had a significant influence on the loss of N.
The higher rainfall intensity and the soil moisture content
are conductive to the surface runoff formation and the N
output [8]. For the vegetation fraction, some researchers

have shown that there is large fluctuation in the N concentration in bare soil because of the lag effect of the extraction process between the surface and the internal N concentrations [57]. In addition, fertilization also affects the
losses of N and P, and the use of fertilizer can obviously
increase the outputs of N and P [58]. In the present study,
N and P loads in rainfall runoff would significantly increase after topdressing during a period from June to July.
The majority of wetland was located in the downstream of
Abujiaohe watershed and most of wetland soil was contaminated by farmland in the transformation process from wetland to paddy land. In the agricultural pollution, dissolved
nitrogen was the predominant form of N loss, but for phosphorus, because phosphorus was less mobile than N and
less soluble, the predominant loss form was influenced by
the rainfall intensity, and the vegetation cover [59]. Nonpoint source pollution load would be caused by land use
change as a result of agricultural reclamation. Therefore,
reducing N fertilizer application to decrease N loss in runoff would be a good measure for reducing N and P entering
into watershed.
The losses of N (t·a-1) in runoff for land use types were
determined by concentrations, runoff depth and the land
area. In this study, the N losses of nitrogen pollutants like
TN, NH4+-N and NO3--N from paddy land were significantly higher than those from dry land, wetland and forest
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land. Peaks of TN, NH4+-N and NO3--N losses amounts
were 99.27 t·a-1, 15.09 t·a-1 and 56.15 t·a-1 for paddy land
(Table 8). The TP losses amounts by surface runoff measured for four land use types was dry land (1.31t·a-1)>paddy
land (0.77t·a-1)> forest land and wetland (0.29t·a-1). The
reason for such a phenomenon might be the relatively large
area. In the current study, dry land accounting for 24.1% of
the total watershed area contributed to 29.9% of TN losses
and 49.2% TP losses. Whilst for paddy land, which accounted for 32% of the total area, contributed to 42.5% of
TN losses and 28.95% of TP losses. The estimated results
showed that agricultural production had significant impacts on the N and P losses after the surface runoff started,
even the whole freeze-thaw agricultural area.
3.4 Spatial pattern of N and P loads

The spatial distributions of N and P loads in surface
runoff were explored based on the analysis results of land
use distribution carried out with GIS software ArcGIS
(Version 9.3). The land use datasets of watershed were extracted from the cloud-free LANDSAT TM image obtained
in 2012. The TM image was geometry-corrected and manmachine interactive interpreted with the assistance of the
1:250000 national standard topographic databases and the
EDRAS remote sensing software; next, the land use data
was acquired by ArcGIS software (Fig.1). After the N and
P loads of different land use types in surface runoff were
calculated, the distributions of pollutant loads were then
analyzed according to the land use distribution (Fig.7).
The spatial pattern of the TN and NO3--N loads in runoff of the land uses in this study were almost the same (e.g.,
the highest pollutant loads was located on the east of Abujiaohe watershed, while the lowest loads appeared on the
west of watershed). However, the spatial distribution of
NH4+-N loads was more complicated. Besides for the obviously higher value of NH4+-N loads in the eastern watershed, the NH4+-N loads also had obvious higher level in the
central area of watershed. Compared with the distribution
of N losses, the TP loads in runoff for four land use types
were lower. Maximum TP load (0.38 kg·ha-1·a-1) occurred
on the sampling sites of dry land, which was near the center
of the watershed.
4. DISCUSSION
The contributing factors of N and P losses by surface
runoff from land use types have been widely studied and
soil properties, rainfall amounts, agricultural activity and
land use change are considered as the most important factors leading to nutrient loss [60]. This study was conducted
in the Abujiaohe watershed, located in the typical farm area
of Heilongjiang Province, China. N and P losses resulting
from high intensity farming activity is one of the major
causes of the quality of receiving waters. Therefore, the
quantification and characterization of N and P losses from
rainfall runoff is necessary for the assessment of their contribution of agricultural non-point source pollution. The

watershed studied is characterized by the apparent freezethaw action, and it is a typical agricultural development
area and some of wetlands have been converted into paddy
rice since the 1950s. In this study, soil has been frozen before the rainfall is discharged in the cold season. Whilst
ever frozen ground prevent water from infiltrating to deep
layer, which increases the depth of runoff. Beyond that, regional flow process due to the flat terrain and long flood
season can accelerate pollutants transportation. NO3--N
was the major form of the N loss by surface runoff in this
study. This was in accordance with the previous result that
NO3--N loss accounted for 79-88% of the total inorganic
nitrogen losses [61]. This phenomenon can be explained by
the NO3--N characteristics of dissolving in water easily and
difficulty adsorbed by the sand [62].
However, little is known about the quantitative relationship between surface runoff volume and pollutants
losses because of the limited data obtained in this study.
The existing data is hard to meet the request of agricultural
hydrological model, which further resulting in the eco-hydrological process is difficult to be obtained. Additionally,
the estimated N and P losses by surface runoff may be
higher than the average annual values because rainfall
amounts in 2012 is relatively abundant compared with the
annual mean precipitation. Therefore, it is necessary to accumulate more hydrological data to acquire the regression
equation between pollutants losses and runoff volume of
Abujiaohe watershed, which would provide a scientific basis to estimate the annual average N and P losses more accurately.
5. CONCLUSION
This study demonstrated the N and P losses by surface
runoff from different land use types under different rainfall
events. Soil properties, vegetation coverage, rainfall intensity and fertilizer application may lead to serious N and P
loss, and then cause water eutrophication. It was proven
that N loss by surface runoff of paddy land was higher than
other land use types, and the forest land possessed the minimum N loss. It emerged that the vegetation coverage was
an effective method of preventing runoff and N loss. For N
loss, NO3--N was the main loss, the concentration of which
was about three times higher than NH4+-N in runoff. The
loss of TP in runoff was less than that of nitrogen, but the
content of TP in runoff also had surpassed the threshold
level to prevent eutrophication of water bodies. There were
obvious differences on N and P losses by surface runoff,
the major reason of which is that dissolved nitrogen is the
predominant form of N loss. But for phosphorus, it is less
mobile than N and less soluble. Meanwhile, the applicability of the SCS-CN model to the Abujiaohe watershed was
evaluated in this study. The TN loads of wetland and forest
land were the maximum with 26.79 kg·ha-1·a-1 and the minimum with 5.35 kg·ha-1·a-1 respectively. Dry land, which
accounted for 24.1% of the total watershed area, contributed to 29.9% N loss amounts and 49.2% P loss amounts,
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and paddy land accounting for 32% the total area contributed to 42.5% of N loss amounts and 28.95% of TP losses.
These showed that agricultural production had great influence on the N and P losses of Abujiaohe watershed and
even the whole freeze-thaw agricultural area.
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ABSTRACT
The oxidative degradation of natural estrogens 17β-estradiol, estriol and synthetic estrogen 17-ethynylestradiol
in water was carried out with FeCl3/NaNO2 as catalyst and
dioxygen as terminal oxidizing agent. Under a representative reaction conditions (150 oC and 0.5 MPa of O2, 50 mol
% of FeCl3/NaNO2, 4 h reaction), the reaction achieved the
removals of 17β-estradiol, estriol and 17-ethynylestradiol
being 99%, 99%, and 86%, respectively. By GC/MS analysis, the main products were small organic acids. The estrogenic activity of the intermediate products was negligible by evaluation of estrogenic activities.
KEYWORDS:
Oxidative degradation, estrogens, iron chloride, sodium nitrite

1. INTRODUCTION
Estrogens are an important class of steroidal compounds that have found widespread use in hormone replacement therapeutic agents, contraceptive and farm animal meat or milk production regulators. They may also
elicit a variety of adverse effects on both humans and animals by intervening the normal functions of their endocrine
pathways [1-4]. Documented impacts on wildlife include
hermaphrodite polar bears and decreasing fertility in birds,
fish, frogs and mammals [5]. Human health effects include
reproductive abnormalities, decrease in the sperm count
and increase in testicular, breast, uterine, ovarian and prostate cancers, hypospadias and cryptorchidism [6-8]. New
research suggests that the endocrine disrupting chemicals
(EDCs) can rob plants of key nutrients [5].
The presence of steroid estrogenic compounds in aqueous environments can be attributed to both natural occurring estrogens such as 17β-estradiol (E2), estriol (E3), estrone (E1), and anthropogenic activities, such as those excreted from humans as a result of their use for contraception and hormone replacement therapy, 17-ethynylestradiol (EE2), etc. The significant quantities of these estrogen
pollutants found in the global environment [4, 9-12] and
* Corresponding author

the growing knowledge about their adverse effects have resulted in an urgent need for eradication of these pollutants
from the environment [13-21].
Although there is significant importance in removing
these estrogens from the environment, only a few reports
on this particular subject have been found. Most reports involved biological degradation [9,22-25] and advanced oxidation processes [26, 27] of estrogens. Only recently, a
few examples involving degradations of estrogens with
photo-catalysis methods have been reported [28-34]. Typically, the photocatalytic degradations of estrogens were
carried out with TiO2-based catalysts or photo-Fenton under UV/O3/sunlight irradiation. [26-28,30,33-41]. However, for a number of reasons, these degradation methods
for estrogens have a limited degree of success in view of
their efficiency, complexity, and industrial viability. On
the other hand, wet catalytic air oxidation as a versatile
strategy is increasingly used in the destruction of the environmental pollutants and the reduction of COD level. However, rare examples have been reported that the use of such
wet catalytic air oxidation methods treat estrogens. Here
we report that FeCl3 in combination with NaNO2 is a competent catalyst for the oxidative degradation of estrogens,
E2, E3, and EE2 using molecular oxygen, and the intermediate products have no estrogenic activity.
Formerly, we presented that FeCl3/NaNO2 was capable of degrading E2, E3, and EE2 under the mimic natural
conditions.[42] However, the degradation method suffered
from a major shortage, namely the degradation rate was
slow. Attempting to obtain a highly efficient degradation
method that not only can remove estrogens with rapid degradation rates but also can treat high concentrations of the
pollutants, such as the waste from the industrial effluents
of contraceptive pill production, we use FeCl3/NaNO2 as
the catalyst and dioxygen as the oxidizing agent for the exploration of the degradation of estrogenic pollutants with
the method of catalytic wet air oxidation (CWAO).
2. MATERIALS AND METHODS
2.1 The degradation of estrogens:

E2, E3 and EE2 were purchased from Sigma Chemical
Company Ltd (GC grade >98 %). FeCl3 and NaNO2 were
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purchased from KeMiOu reagent plant (China). E2 was dissolved in water (Milli-Q) by ultrasonication at 50 oC. The
catalytic oxidation of estrogens was carried out in a 50 mL
Teflon-lined, stainless steel autoclave. The autoclave was
added with 20 mL of E2 solution (5 mg·L-1) and the desired
amounts of FeCl3 and NaNO2 and then was closed and
charged with pure oxygen to 0.5 MPa. Subsequently it was
heated to the desired temperature with a stirring speed of
300 rpm. After reaction (heating time included), the autoclave was cooled to room temperature in a water bath, carefully depressurized and sampled for further analysis. The
degradation of other estrogens was carried out in a similar
way.
2.2 Analysis of the treated solution:

Residual estrogens were determined at 30 C using a
high performance liquid chromatography (HPLC) equipped
with an ODS column (250 mm × 4.6 mm) and a Waters 474
fluorescence detector (excitation wavelength, 280 nm;
emission wavelength, 320 nm). The mobile phase was an
acetonitrile /water mixture (4/6, v/v). The flow rate was set
to 1.0 mL·min-1 for E2 and EE2, and 0.8 mL·min-1 for E3.
The injection volume was 8 L.
With GS-MS analysis, the concentration of E2 was
100 mg·L-1 (containing 40 % acetonitrile) before reaction.
GC-MS analysis was performed using an Agilent 6890 GCMS system with a DB-5 capillary column (30 m × 0.25 mm)
and helium was used as the carrier gas. The injection volume
was 1 L, the split ratio was 50:1, and the oven program was
held at 50 C for 5 minutes, increased by 3 C·min-1 to
200 C, then 10 C·min-1 to 300 C, and held at 300 C for
30 min. The voltage of electron impact ionization was set
at 70 eV. The scanning range of m/z was from 30 to 500.
Before GC-MS analysis, the solution was concentrated 20fold by evaporation under vacuum and eluted with acetonitrile (2 mL), and then was dried under a nitrogen stream.
The sample of intermediate products analysis was eluted
with pyridine (100 L) and derivatized by adding 100 L
of the derivatization reagent (N-methyl-N-trimethylsilyl
trifluoroacetamide, MSTFA), and the sample was incubated for 30 min (160 rpm) at 37 C , and then stored for
2 h at ambient temperature. The termination products were
derivatized by ((CH3)3S+OH-) before analysis.
2.3 Evaluation of estrogenic activities

The estrogenic activities of the test solutions were investigated by a recombinant yeast screening assay (YES).

The details of the method were similar to those reported in
our previous paper [43].
The test solution was concentrated 20-fold by evaporation under vacuum and eluted with dimethyl sulphoxide
(DMSO, 1 mL), then diluted by 7 orders of magnitude. In
the control experiment, the original E2 solution was treated
by the same method.
3. RESULTS AND DISCUSSION
3.1 Oxidative degradation of E2 in the presence of Fe(III) and
NaNO2

Initial experiments were carried out with 17β-estradiol
(E2) as a prototypical estrogenic pollutant. When 10 mol %
of FeCl3 and 50 mol % of NaNO2 were added to the reaction
system, the removal of E2 was higher than 74 % after 4 h
under 0.5 MPa of oxygen at 150 oC (Table 1, entry 4). To
understand the role of FeCl3 and NaNO2 in this degradation
system, some control experiments were designed. In the
first control experiment, the solution of E2 was carried out
without catalyst, which indicated the removal of E2 was
negligible (Table 1, entry 1). The second experiment was
performed with sole NaNO2 as the catalyst. Unfortunately,
E2 remained recalcitrant toward the degradation method.
For example, when 50 mol % NaNO2 (corresponding to
1:2 mol ratio of NaNO2 to E2) was used with E2 for 4 h in
the presence of 0.5 MPa dioxygen at 150 oC, the disappearance of E2 was also negligible (Table 1, entry 2). This result clearly indicated that NaNO2 did not destroy E2 in the
system. In the third control experiment, the reaction was
performed with sole FeCl3 (10 mol %) as the catalyst, the
removal ratio of E2 was 65 % (Table 1, entry 3).
The above results showed that the combination of
FeCl3 and NaNO2 in the system exhibited a robust catalytic
activity for the degradation of E2. The efficiency of E2
degradation in the combination of FeCl3 and NaNO2 system was higher than that in the presence of FeCl3 or NaNO2
alone. In view of this promising result, we systematically
investigated and optimized the reaction conditions (temperature, reaction time, oxygen pressure, and the amounts
of NaNO2 and FeCl3).
3.2 Effects of temperature on the degradation of E2

Temperature is an extremely important factor in the
oxidative degradation process. The oxidative degradation
of E2 has been studied at temperatures ranging from 90 oC

TABLE 1 - The removal of E2 in the absence of NaNO2 or FeCl3 a
Entry

NaNO2 (mol%)

FeCl3 (mol %)

1
0
0
2
50
0
3
0
10
4
50
10
a. The reaction were carried out under 150 oC, 0.5 MPa of oxygen pressure and the reaction time was 4 h.
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FIGURE 1 - Influence of temperature on the removals of E2
Experimental conditions: CE2 = 5 mg L-1, PO2 = 0.5 MPa, the mol ratio of E2/NaNO2

to 180 oC (the oil bath temperature) for 4 h under 0.5 MPa
of oxygen pressure with FeCl3/NaNO2 catalyst. As shown
in Fig. 1, the removal of E2 increases with the reaction temperature from 90 oC to 150 oC. For example, when the reaction temperature was lowered to 90 oC, the removal of
E2 was only 47 %. As the temperature reached 150 oC, the
removal of E2 was higher than 99 %.
3.3 Effect of reaction time on the degradation of E2

Under the ideal reaction temperature condition, the reaction time from 1 h to 8 h has been studied under 0.5 MPa

of O2 and in the presence of 50 mol % of FeCl3/NaNO2
catalyst system at 150 oC. As shown in Fig. 2, the removal
of E2 increased with the increase of reaction time from 1 h
to 4 h. For example, there was only 53% removal of E2 in
the presence of 50 mol% FeCl3 and 50 mol% NaNO2 after
1 h reaction. For further prolonging the reaction time to 2 h,
88% of removal of E2 was obtained. When the reaction
time was 4 h, the removal of E2 was higher than 99 %.
However, for prolonging the reaction time from 4 h to 8 h,
there was no further improvement in E2 removal. So the
ideal reaction time was 4 h in the system.

120

Removal of E2(%)

100
80
60
40
20
0
0

2

4

6

8

Reaction time(h)
FIGURE 2 - Influence of reaction time on the removal of E2
Experimental conditions: CE2=5 mg L-1, PO2=0.5 MPa, the mol ratio of E2/NaNO2 /FeCl3=1:0.5:0.5
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3.4 Effect of oxygen pressure on the degradation of E2

The oxygen pressure is also an important factor in the
oxidative degradation system for the environmental pollutants. The effect might be related to the oxygen concentration in the liquid phase. Therefore an increase in the oxygen pressure in the gas phase will increase the dissolved
oxygen concentration in the liquid phase which is beneficial to the pollutant oxidation. To investigate the effect of
oxygen pressure on oxidative degradation of E2, three experiments were conducted under pressures ranging from
0.1 to 0.5 MPa. As shown in Table 2, the removal of E2
increases with the increase of the oxygen pressure.
The control experiment was carried out under 0.5 MPa
of air instead of oxygen. Surprisingly, 77% of E2 was removed under this condition. This degradation process was
of great interest from its potential low cost of industrial applications.
3.5 Influence of the amount of the catalyst on the degradation
of E2

The amount of catalyst has significant influence on
the process of oxidative degradation. In the study, we
have explored the effect of the amounts of FeCl3 and

NaNO2 at 150 oC under 0.5 MPa oxygen pressure on the
degradation of E2. As shown in Fig. 3a, the increase of
FeCl3 amount leads to more efficient degradation of E2
when the amount of NaNO2 was fixed at 50 mol % and the
reaction time was set at 4 h. For example, the removal of
E2 was negligible in the presence of 50 mol % NaNO2
alone. However, adding of 1 mol % of FeCl3, there was a
significant improvement in E2 removal from 0 to 52 %. Increasing the FeCl3 amount to 20 mol % led to 82 % E2
removal. More than 99 % of E2 removal was obtained in
the experiment with 50 mol % of FeCl3. However, when
the FeCl3 amount was increased to 100 mol %, there was
no further improvement in E2 removal. The results indicated that 50 mol % of FeCl3 may be the ideal dosage using
in the current degradation system for E2.
Fig. 3b shows the effect of NaNO2 amount on the degradation of E2 in the presence of 50 mol % molar ratio of
FeCl3 at 150 oC under 0.5 MPa of oxygen pressure. It can
be observed from Fig. 3b that the larger the NaNO2 amount,
the higher the E2 removal efficiency will be obtained. For
example, with the addition of 1, 20 and 50 mol % of NaNO2
in the system, the removal of E2 increased from 97 % to
more than 99 %. It has been demonstrated that steroid estro-

TABLE 2 - The removal of E2 in the different oxygen partial pressure a
Entry

Pressure (MPa)

NaNO2 (mol%)

FeCl3 (mol %)

Removal of E2(%)

1
2
3
4b

0.1
0.3
0.5
0.5

50
50
50
50

50
50
50
50

70
94
99
77

a. The reaction were carried out under 150 oC and the reaction time was 4 h.
b. Under 0.5 MPa of air.
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FIGURE 3a - Influence of mol ratio of FeCl3 on the removal of E2.
Experimental conditions: CE2=5 mg L-1, PO2=0.5 Mpa; the mol ratio of E2/ NaNO2=1: 0.5
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FIGURE 3b - Influence of mol ratio of NaNO2 on the removal of E2.
Experimental conditions: CE2=5 mg L-1, PO2=0.5 Mpa; the mol ratio of E2/ FeCl3=1: 0.5

gens, such as E2, can provoke reproductive disturbances in
riverine fish even at nanogram per liter concentration levels (10-100 ng·L-1) [3,6]. Therefore, a thorough removal of
E2 is very important. Hence, the best amount of NaNO2 is
50 mol % in the present system.
Recently, FeCl3/NaNO2 was found to be highly efficient for the wet oxidative degradation of dye pollutants
[44, 45]. We postulate that NO2/NO, Fe(III)/Fe(II) and
ONOO- are most likely to be involved in the present catalytic system. The same mechanism was supposed in this
study. Peroxynitrite, which has oxidative activity similar to

hydroxyl radical, and Fe(III) might act as the most important active oxidants for the degradation of pollutants including E2.
3.6 GC/MS analysis of intermediate products and termination
products

To further probe the fate of estrogen E2 in the model
process, we utilized gas chromatography-mass spectrometry (GC-MS) to identify the intermediate products in the
reaction process. When 50 mol% of NaNO2 and 50 mol%
of FeCl3 were mixed with E2 solution under the standard
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FIGURE 4a -. The Total ion current (TIC) of GC-MS analysis for residual organic compounds of E2 degradation. (reaction time: 1 hour, the
samples were derivatized by the derivatization (N-methyl-N-trimethylsilyl trifluoroacetamide, MSTFA).1: silanamine, N,1,1,1-tetramethyl-N[trimethylsilyl] which produced by derivatization reagents. 2: Butanedioic acid, bis(trimethylsilyl) ester. 3: acetic acid, bis(trimethylsilyl) ester.
4 and 5: bis(trimethylsilyl) 2 or 4-nitroestradiol.)
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FIGURE 4b - The Total ion current (TIC) of GC-MS analysis for residual organic compounds of E2 degradation. (reaction time: 4 h, the
samples were derivatized by the derivatization ((CH3)3S+OH-) 1 and 5: Cyclotrisiloxane, hexamethyl which produced by column losing. 2:
Ethane, 1,2-bis(methylthio-) which produced by derivatization reagents. 3 and 4: electronic response.)
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FIGURE 5 - Estrogenic activity of aqueous solutions containing various amounts of E2. (a) E2 original solution; (b) E2 solution after reacted
1 h, and the mol ratio of E2/ NaNO2/FeCl3 were 1:0.5:0.5.

reaction conditions for 1 h, mass spectrometric analysis indicated that the presence of low molecular weight organic
acids (e.g. butanedioic acid and acetic acid) and nitroestrogens (i.e. 2-nitroestradiol and 4-nitroestradiol) as the major
chemical offspring (Fig. 4 a). Of particular interests are the
observations for low molecular weight organic acids and the
nitrified E2 compounds. These compounds were further degraded with prolonged reaction time to 4 h (Fig. 4 b).
3.7 Estrogenic activities

Estrogenic activity is also one of the critical factors for
evaluating the effectiveness of a new degradation system for
estrogens. For this reason, the recombinant yeast screening

assay (YES) was selected to determine the estrogenic activity of E2 to chart a time course. We prepared an E2 solution
which has been reacted for 1 h. The removal of E2 was
about 53 %. The solution was concentrated 20-fold by
evaporation under vacuum and eluted with dimethyl
sulphoxide (DMSO, 1 mL). The treated solution, which
contained about 47 μg·mL-1 of E2, was diluted by about
7 orders of magnitude, and the estrogenic activities of the
diluted solutions were evaluated and plotted in Fig. 5, curve
b against the E2 concentrations in the diluted solutions. In
the control experiment, the original E2 solution was treated
to contain the same concentration of E2 with the reaction solution. The activity-concentration relationship (dose-response
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curve) for E2 solution without reaction treatment was investigated (Fig. 5, curve a). The two curves were in good agreement. This result exhibited that the estrogenic activities of the
intermediate products were negligible and that there was no
secondary risk associated with the increased estrogenic activity as a result of the model degradation of E2 in water under
the present experimental conditions. If the intermediate products in the treated solution have appreciable estrogenic activities, the plot should exhibit higher values than the original
dose-response curve in a certain concentration region [6].
3.8 The degradation of other estrogens

The degradation model was also applied to estrogen E3
and EE2. A similar degradation effect was observed when
they were treated with NaNO2 and FeCl3 under the standard conditions. For example, with 50 mol% of NaNO2 and
50 mol% of FeCl3 under 0.5 MPa of O2 and 150 oC, the
removal of E3 (10 mg·L-1) reached 99.2 % after reacting
4 h and 86.2 % of EE2 (4 mg·L-1) was degraded. Especially, it is noteworthy that EE2, which is generally believed to be a recalcitrant substrate for degradation, was efficiently removed in the present degradation system.
The FeCl3/NaNO2/O2 system can rapidly and efficiently degrade estrogens with no secondary pollution.
Furthermore, the use of dioxygen as the oxidizing agent
and FeCl3/NaNO2 as the catalyst renders the reaction interesting from both economical and environmental points of
view. Therefore, this inexpensive, simple and efficient catalytic degradation system facilitates its industrial applications.
4. CONCLUSIONS
The FeCl3/NaNO2/O2 system can rapidly and efficiently degrade natural estrogens 17β-estradiol, estriol and
the synthetic estrogen 17-ethynylestradiol. After reacting
for 4 h at 150 oC and 0.5 MPa of O2, 50 mol% of FeCl3 and
50 mol% NaNO2 as the catalyst, the removals of 17β-estradiol, estriol and 17-ethynylestradiol were 99%, 99%, and
86%, respectively. By GC/MS analysis, the main products
were small organic acids and the estrogenic activities of the
intermediate products were negligible by evaluation of estrogenic activities.
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1. INTRODUCTION

ABSTRACT
The adaptation process of a microbial community to
industrial wastewater plays key roles in the successful establishment and start-up of wastewater treatment plants.
Here, real-time PCR and 454 high-throughput pyrosequencing were used to analyze the evolutionary process of a microbial community in a municipal wastewater treatment system, as compared to printing and dyeing wastewater, and papermaking wastewater system, respectively. During the domestication processes, the numbers and compositions of
the dominant protozoa largely varied, in which Rotifera
species were generally observed, while Epistylidae, Flagellate, and Vorticella species were more sensitive to various industrial wastewaters. Contrary to the total number of
microorganisms, the ratio of fungi to bacteria increased at
the beginning of the domestication processes and then decreased to initial levels. With the domestication process and
as compared to seed sludge and control samples, the richness
of the genera Proteiniclasticum, Arcobacter, and Nitrospira,
etc. largely decreased or disappeared altogether in both industrial wastewater systems. However, species from the
genera Caldilinea, Phenylobacterium, Brevundimonas, etc.
were largely enhanced in the printing and dyeing wastewater
domestication system. Members of the order Bacillales
(phylum Firmicutes), especially the genera Bacillus, Exiguobacterium, Caryophanon, etc. were largely enhanced in the
paper-making wastewater domestication system. Rhodobacter, Caldilinea, unclassified Rhodobacteraceae, and other
unclassified Bacteria were present in all the tested systems,
indicating their possible roles in the maintenance of activated sludge structures. The hydraulic retention time was
very important for sustaining microbial function during the
domestication process of the printing and dyeing wastewater
system. A short hydraulic retention time resulted in some
important genera, such as Caldilinea, Phenylobacterium,
and Brevundimonas, being washed away.

KEYWORDS: printing and dyeing wastewater; papermaking
wastewater; microbial community; 454 high-throughput pyrosequencing; domestication

* Corresponding author

Biological processes are conventionally used for treatment of municipal and industrial wastewaters with various
physicochemical characteristics. Performance of a biological wastewater treatment process is primarily dependent on
microbial activities, which underlies the importance of the
structure and dynamics of microbial communities. With the
introduction of various molecular techniques, the evolution
and dynamics of microbial communities in many wastewater
treatment processes have been extensively investigated, including anaerobic digestion processes [1], submerged membrane bioreactors [2], and nitrifying-denitrifying sludge systems [3], among others. Several important factors, such as
the characteristics of wastewater, operation parameters, and
process controlling, separately or jointly influence the structure and composition of microbial communities in wastewater treatment systems [2, 4]. However, most current studies have primarily focused on the effects of operation parameters, while relatively few have investigated the impacts of
wastewater characteristics on microbial communities, especially the evolution of microbial communities for treatment of different industrial wastewaters.
In most current industrial wastewater treatment plants,
seed sludge inoculated in the system at the establishment
stage is normally collected from municipal wastewater (MW)
treatment plants. This sludge undergoes a dramatic variation
in microbial community structure during acclimation to the
new wastewater environment, which sometimes results in
failure of the system start-up, especially for bio-recalcitrant
wastewater. Therefore, elucidation of the evolutionary process of the same microbial community in different industrial wastewater treatment systems will be helpful for system establishment and start-up.
Treatment of printing and dyeing wastewater (PDW) or
straw pulp papermaking wastewater (PW) is difficult due to
the low ratio of biological oxygen demand to chemical oxygen demand (BOD5/COD ratio) and toxic content. The establishment of systems to treat these two types of wastewater
is very difficult and requires an extended period of time for
microbial domestication. In this study, with the help of 454
high-throughput pyrosequencing, we investigated the effects of these two types of wastewater on the structure of
microbial communities.
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TABLE 1 - Characteristics of wastewater samples.
Samples

COD
BOD5
Colority
pH
TN
TP
Lignin
(mg l-1)
(mg l-1)
(dilutes)
(mg l-1)
(mg l-1)
(mg l-1)
PDW
2360-3510
590-1053
128-200
6.8-8.1
5.2-21.3
0.8-8.7
PW
914-1140
365-479
80-128
5.4-7.2
9.8-16
3.5-6.7
664
MW
177-448
78-169
32-64
4.3-6.7
51-64
42-58
PDW, collected from printing and dyeing wastewater plant; PW, collected from papermaking wastewater plant; MW, collected from municipal
wastewater plant; TN, total nitrogen; TP, total phosphate

2. MATERIALS AND METHODS
2.1 Characteristics of wastewater and sludge samples

Seed sludge samples were collected from the secondary
sedimentation tank of an MW treatment plant. Industrial
wastewater (sample PW) was collected from a papermaking
plant that produces paper from straw pulp, which contained
copious amounts of toxic and recalcitrant COD, such as residual lignin and brighteners, although most of the lignin
content was recovered via an alkali method [5]. Industrial
wastewater (sample PDW), which contained high concentrations of COD, different types of dyes (mainly activated
dyes) and dyestuffs, and salt, was collected from a printing
and dyeing plant. COD, BOD5, pH, and colority were assayed using standard methods [6]. MW was collected from
the influents of the same plant as the seed sludge and used for
comparison. The characteristics of the collected wastewater
samples are listed in Table 1.
2.2 Domestication of activated sludge in industrial wastewater

Seed sludge (5 g wet weight) was inoculated into
1000 mL Erlenmeyer flasks containing 500 mL of different wastewater samples, respectively. Three parallel flasks
were prepared for each type of wastewater. The flasks were
cultivated at 25oC while shaking at 150 rpm. Every 12 h,
the contents of the flasks were allowed to settle for 20 min
and then the supernatants (400 mL) were replaced with
fresh wastewater, which resulted in a hydraulic retention
time (HRT) of at least 15 h. The wastewater treatment efficiencies were monitored daily. Sludge samples from the
domestication flasks were periodically collected on days
10, 25, 41, and 86 for microbial community analysis.
2.3 Total DNA extraction

For total bacterial community analysis, sludge samples
were washed three times with phosphate-buffered saline
(pH 8.0) and centrifuged at 4oC and 10,000 rpm for 15 min.
Total genomic DNA of the microbial community was extracted using the cetyltrimethylammonium bromide method
[7]. The yield and fragmentation of the crude or purified
DNA were determined by agarose gel electrophoresis (1%
w/v agarose) and Ultraviolet Rays visualization after ethidium bromide staining.
2.4 454 high-throughput 16S rRNA gene pyrosequencing

The bacterial universal primer pair, 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 534R (5'-ATTACCGCGGCTGCTGG-3'), was used for analysis of the V1-

V3 region of the 16S rRNA gene [8]. The PCR mixture
contained 4 μl of 5×FastPfu Buffer, 2 μl of deoxy-ribonucleoside triphosphate (2.5 mM each), 0.8 μl of forward primer (5 μM), 0.8 μl of reverse primer (5 μM), 0.4 μl of
FastPfu polymerase and 10 ng of template DNA. PCR amplifications were carried out in a total volume of 20 μl in a
GeneAmp® 9700 thermocycler (Applied Biosystems, Inc.,
Foster City, CA, USA) under the following cycling conditions: initial denaturation for 2 min at 95°C followed by
25 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s,
and a final extension at 72°C for 5 min. PCR products were
sequenced by Beijing Genomics Institute (Shenzhen, China)
using a 454/Roche GS-FLX Titanium instrument (Roche
Molecular Systems, Inc., Branchburg, NJ, USA).
Pyrosequencing data were processed using mother, an
open-source, platform-independent, community-supported
software for describing and comparing microbial communities [9], based on the 454 standard operating procedure
(http://www.mothur.org/wiki/454_SOP as of November
2014). Sequences shorter than 200 bp were excluded. Chimeric sequences were removed using the UCHIME algorithm (http://drive5.com/uchime). Archaeal, mitochondrial,
and chloroplast sequences were also removed. Datasets
were normalized to reach the same sequencing depth for
each sample. Sequences were classified using the Ribosomal Database Project reference version 9 and binned into
operational taxonomic units (OTUs, 97% similarity) based
on taxonomic classifications. Rarefaction curves were obtained at the genus level. The dominant genera in each sample (more than 100 sequences) were extracted and plotted
in a figure.
Principal component analysis (PCA) of seed sludge
samples was conducted according to genera proportion using SPSS 19.0 data analysis and processing software (IBMSPSS, Inc., Chicago, IL, USA). In the PCA plots, samples
positioned closely together along an axis were considered
to have similar microbial community compositions.
2.5 Quantification of microbial populations

Quantification of the total microbial community was
performed by enumerating cells stained with 4, 6-diamidino2-phenylindole (DAPI) and fixed with 4% paraformaldehyde (m/v) solution [10]. After the samples were concentrated onto 0.2-pore-size black polycarbonate filters (EMD
Millipore, Billerica, MA, USA), the total number of cells
was counted under an epifluorescence microscope (Ti-U;
Nikon Corporation, Tokyo, Japan). At least 10 fields of
view per sample were enumerated using oil immersion at a
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magnification of 1000×. The average number of cells in
each wastewater treatment period was obtained from three
parallel samples.
Bacterial and fungal populations were also quantified
through a real-time PCR technique using the primer pairs
338F (5′-ACTCCTACGGGAGGCAGCAG) and 518R
(5′-ATTACC-GCGGCTGCTGG) for bacteria, and
FF390 (5′-CGATAACGAAC-GAGACCT) and FR1 (5′AICCATTCAATCGGTAIT) for fungi [11, 12]. The PCR
parameters are reported elsewhere [13]. Amplified 16S or
18S rRNA sequences were inserted into plasmids that were
transformed into competent Escherichia coli DH5-α cells.
The standards were prepared using serially diluted plasmid
DNA with 103–108 gene copies µL-1. The specificity of the
amplified products was confirmed by both melting curve
analysis and agarose gel electrophoresis. Two independent
real-time PCR assays were performed for each of the three
replicate DNA samples. Standard curves were generated
by plotting the threshold cycle values versus log10-transformed gene copy numbers [14].
2.6 Enumeration and observation of protozoa

Identification and enumeration of protozoa were performed by bright-field microscopy within 5 h after sample
collection, as described in a previous report [15]. Protozoa
were identified mostly to the genus level, mainly based on
morphology and movement during live observations, and
according to several key factors [16-19].

3. RESULTS AND DISCUSSION
3.1 Domestication process of seed sludge in different industrial wastewater samples

Efficient removal of COD and colority is a key challenge in the treatment of PW and PDW. Therefore, these
two parameters were monitored daily during the entire domestication process (Fig. 1). When the seed sludge was inoculated into PW, there seemed to be no domestication period in COD removal efficiency, which reached 90% on the
first test day and was later maintained at around 77%–
89.8% under the conditions of feeding two batches of
wastewater. However, for color removal, the seed sludge
underwent a significant and long-term domestication process (Fig. 1A’). The color removal efficiencies increased
sharply from 60% to 80% after treatment for 21 days,
thereby indicating successful establishment of a domestication system.
Compared to PW, it was much more difficult for the
seed sludge to grow in PDW. During the first 50 treatment
days, the COD and color removal efficiencies were very
low (only 20%–30% for COD and 10%–35% for colority)
(Figs. 1B and B’) and the sludge grew very slowly, as
shown in Figure 2. In consideration of high inhibition potential, the HRT was extended from 15 to 30 h from day 51
to provide sufficient time for the growth of the minor
adaptable microorganisms. We found that the COD and

A (PW)

A’ (PW)
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B (PDW)

B’ (PDW)

C (MW)

C’ (MW)
FIGURE 1 - Removal efficiencies of COD (A, B, C) and colority (A’, B’, C’) in papermaking (PW), printing and dyeing (PDW), and municipal
wastewater (MW), respectively. (■ influent; ◆ effluent; ▲ removal efficiency).
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FIGURE 2 - Growth of sludge during the domestication process of municipal wastewater, papermaking wastewater, and printing and dyeing
wastewater domestication systems (MW, PW, and PDW, respectively).

FIGURE 3 - Richness of protozoa during different wastewater treatment processes. The number of each protozoan species was calculated from
an average of 10 microscopic fields. ASS, seed sludge; MW-10, MW-25, and MW-41 indicate municipal wastewater samples obtained on days
10, 25, and 41, respectively; PW-10, PW-25, and PW-41, indicate papermaking wastewater samples collected on days 10, 25, and 41, respectively; PDW-10, PDW-25, and PDW-85 indicate printing and dyeing wastewater samples collected on days 10, 25, and 85, respectively.

color removal efficiencies gradually increased and reached
91% and 75%, respectively (Figs. 1B and B’). Corresponding to this process, the amount of sludge in the flasks increased significantly and the sludge color changed from
brown to black, which suggested successful establishment
of an enrichment system for PDW treatment.
As compared to the industrial wastewaters, the seed
sludge in the control samples (MW) underwent no significant domestication period (Figs. 1C and C’).
3.2 Dynamic evolution of protozoa population during the domestication process of seed sludge in different industrial
wastewaters

Microscopic observations indicated changes in both
the number and dominance of protozoan species in the seed
sludge during the domestication process, which then formed

specific protozoa populations in different industrial wastewaters, even though the same seed sludge was used for all
inoculations (Fig. 3). In the control system (MW), there
was no significant variation in protozoan number or species
during the entire test period. In the PW and PDW systems,
the numbers of protozoa significantly decreased on day 10,
but recovered to the same or higher level than in the control
system (MW) at the end of the domestication process (day
25 for PW and day 85 for PDW).
There was no variation in protozoan populations in
MW during the entire cultivation period. These populations were mainly composed of Rotifera, Vorticella, Nematoda, Epistylidae, Flagellate, and Arcellinida with the
same species diversity as those present in the seed sludge.
However, when the seed sludge was inoculated into PW
flasks, the environment was obviously unsuitable for growth
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protozoans are widely employed as indicators of activated
sludge performance and effluent quality [20]. In this study,
Ciliatea were only observed in well-domesticated sludge,
while Rotifera were generally observed in the two industrial wastewater systems and during the entire domestication process, which suggested strong suitability to these environments. However, Epistylidae, Flagellate, and Vorticella spp. were obviously more sensitive to the various industrial wastewater environments. A study by Hu et al. [15]
reported similar results, in which the abundances of Epistylis plicatilis and Vorticella striata largely changed in the
activated sludge in response to the operation parameters.
3.3 Dynamic evolution of microbial populations during the domestication process of seed sludge in different industrial
wastewaters

The total number of microorganisms was counted using the DAPI staining technique. As shown in Fig. 4A, as
compared to the seed sludge, there was no significant
change in microbial concentrations in the control flasks
(MW flasks) (1.08 × 1014–2.15 × 1014 g-1 dried activated

16
15

-1

(log 10 g )

Total number of microorganisms

of Flagellate and Vorticella, as indicated by the absence of
these organisms in the samples before day 21. As the domestication process proceeded, especially after feeding the
second batch of PW, Flagellate and Vorticella spp. reappeared.
In the case of the PDW domestication process, more
dramatic changes occurred in the protozoan population. Epistylidae spp. completely disappeared from PDW system
shortly after the seed sludge was inoculated. Vorticella spp.
disappeared during the first 25 days, but reappeared at the
end of the domestication period, especially after the HRT
was extended. Moreover, at the end of the domestication
period, populations of Ciliatea and Paramecium spp. were
especially prevalent, as indicated in Fig. 3.
According to Dubber and Gray, ciliate protozoa play a
vital role in sludge activation process by reducing the density of dispersed bacteria through predation, thereby contributing to the flocculation process, and improving effluent quality by reducing BOD and concentrations of suspended solids in effluents. The diversity and abundance of

14
13
12
ASS

MW-10

MW-25

MW-41

PW-10

PW-25

PW-41

PW-25

PW-41

PDW-10 PDW-25 PDW-85

Samples

A
M icrobial concentration s (log10 g-1 )

20
15
10
5
0
ASS

MW-10

MW-25

MW-41

PW-10

PDW-10

PDW-25

PDW-85

-5
-10

Samples

B
FIGURE 4 - Enumeration results of total microbes (bacteria and fungi) in the activated sludge during the domestication processes in different
wastewaters using the DAPI method (A) and real-time PCR (B) (
, bacteria;
, fungi;
, fungi to bacteria; ASS, seed sludge). MW-10,
MW-25, and MW-41 indicate municipal wastewater samples collected on operation days 10, 25, and 41, respectively; PW-10, PW-25, and PW41 indicate papermaking wastewater samples collected on operation days 10, 25, and 41, respectively; PDW-10, PDW-25 and PDW-85 indicate
printing and dyeing wastewater samples collected on operation days 10, 25, and 85, respectively.
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sludge). However, during the first 10 days of the domestication period of industrial wastewater, the total number of microorganisms significantly decreased (8.8 × 1013 g-1 for PW
and 3.4 × 1013 g-1 for PDW), but then recovered to the initial
values after domestication (25 days for PW and 85 days for
PDW). This phenomenon possibly resulted from the toxicity
and lethality of PW and PDW to some microorganisms.
However, with the progress of the domestication process,
the microbial communities changed or became resistant to
the toxicity, resulting in an increased number of microbes
in the two industrial wastewater systems. The PDW was
obviously more toxic to the microorganisms. The sludge
concentrations and number of microbes recovered very
slowly in PDW system, which actually occurred some time
after the HRT was extended (after 41 days).
Variations in the abundance of bacteria and fungi were
also monitored by real-time PCR. As shown in Fig. 4B, the
concentrations of bacteria and fungi were in the range of
1013–1015 and 107–109 g-1 of dried activated sludge, respectively. These levels were similar to or slightly higher than
the number of microbes determined by the DAPI method
used for total microbial counts in this study. Compared to
the control, the ratio of fungi to bacteria increased in both
industrial domestication systems during the first 10 days
and then gradually decreased throughout the rest of the domestication period, which suggested that the bacteria were
more sensitive to changes or toxicity of wastewaters than
the fungi. Although occupying a small proportion in the
microbial community in wastewater systems, some fungi,
especially yeasts, produce extracellular enzymes, such as
manganese dependent peroxidase or lignin peroxidase, as
a stress response to bio-recalcitrant or toxic substances [10,
21]. After the seed sludge from the municipal wastewater
treatment system was inoculated into the industrial
wastewater, the microbes experienced toxic shock, while
the fungi were more tolerant, as indicated by the relative

abundance of fungi in the wastewater systems. The results
of our previous study of full-scale printing and dyeing
wastewater treatment systems were similar [22]. However,
the large abundance of bacteria in the activated sludge was
endowed with great functional redundancy [4], thus once
the resistant bacterial population was established, the
growth of bacteria exceeded that of fungi.
3.4 Bacterial compositions in different wastewater treatment
systems at the end of the domestication period

To explore how microbial communities change from
seed sludge during the domestication process in industrial
wastewater systems, we performed high-throughput sequencing of the 16S rRNA genes, which yielded between
5125 and 7703 sequences per sample. The sequences were
binned into OTUs based on taxonomical attributes and rarefaction curves were plotted at the genus level (Fig. 5).
With the OTUs defined at the genus level, the curves of all
samples nearly plateaued at 5125 sequences sampled.
Therefore, we could normalize the dataset to reach similar
sequencing depth by randomly selecting 5125 sequences
from each sample. Mothur analysis indicated that these
sequences were clustered in 224, 221, 138, 130, and 144
OTUs for the sample of seed sludge (ASS), a sample collected on day 25 from the control system (MW-25), a PW
sample collected at the end of the domestication period
(PW-25), and PDW samples collected during the middle
and end of the analysis (PDW-25 and PDW-85), respectively. The number of OTUs in sample MW-25 was very
close to that in the seed sludge, indicating that lab conditions did not impact the bacterial diversity in the municipal
wastewater system. However, the OTUs in the two industrial wastewater systems decreased by 35.7%–47.3%, indicating that the domestication process significantly decreased the bacterial diversity in the industrial wastewater.
The number of OTUs from sample PDW-85 was higher

FIGURE 5 - Rarefaction curves constructed from the 16S sequencing results (sequences were binned to OTUs based on taxonomic characteristics at the genus level); MW-25, PW-25, PDW-25, and PDW-85 indicate sludge samples collected from the control, papermaking wastewater
domestication system on day 25, and the printing and dyeing wastewater system on days 25 and 85, respectively.

3808

© by PSP Volume 24 – No 11a. 2015

Fresenius Environmental Bulletin

FIGURE 6 - Bacterial compositions of sludge samples based on mothur analysis of 16S rRNA gene sequences detected by the 454 pyrosequencing method (A, phylum level; B, family level; C, genus level); MW-25, PW-25, PDW-25, and PDW-85 indicate sludge samples collected from
the control, papermaking wastewater domestication system on day 25, and the printing and dyeing wastewater system on days 25 and 85,
respectively.

than that from sample PDW-25, indicating that extension
of the HRT was helpful to maintain a greater diversity of
bacterial species.
Bacterial sequences with a mean relative abundance of
> 1% used to identify the dominant bacterial compositions.
As shown in Fig. 6, Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Chloroflexi were generally
dominant in all samples, although the relative richness of
each differed among samples (Fig. 6A). At the end of domestication process, as compared to the seed sludge, there
were no significant changes in the richness of composition
of bacterial communities in the control flask (MW) at each
classification level (Fig. 6). However, large variation in
bacterial communities occurred in the two industrial
wastewater flasks (Figs. 6B and C). This phenomenon was
clearly indicated by the PCA analysis that was based on
genus-level bacterial community data (Fig. 7), in which the
seed sludge and the control sample (MW-25) were closely

clustered together, unlike the industrial domestication samples.
With the domestication process and as compared to the
seed sludge and control samples, the richness of Proteiniclasticum, Arcobacter, unclassified Rhizobiales, Nitrospira, unclassified Actinobacteria and unclassified Bacteroidetes genera largely decreased or disappeared altogether in both industrial wastewater systems. PW and
PDW are considered to be very difficult to treat because of
the large amount of toxic and bio-recalcitrant pollutants,
such as various synthetic dyes and dye additives in PDW,
and lignin and various brighteners in PW. Nitrospira are
nitrite-oxidizing bacteria that are important for nitrogen removal from municipal wastewater; however, they fail to
grow in PW and PDW. Species of the genus Arcobacter
are generally found in both animal and environmental
sources. However, they were also sensitive to the two industrial wastewater conditions in this study. Reportedly,
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specific in the PW system. For example, the abundance of
members of the order Bacillales (phylum Firmicutes), especially genera of Bacillus, Exiguobacterium, Caryophanon, Lysinibacillus, Planococcaceae_incertae_sedis, Solibacillus, Sporosarcina, unclassified Planococcaceae, as
well as unclassified Bacillales, was very low in the seed
sludge, the control samples and the PDW system, but
largely enhanced in the paper-making wastewater domestication system becoming the dominant population. These
bacteria are possibly able to degrade bio-recalcitrant substances, such as lignin or their metabolic intermediates.
Some genera of bacteria, which included Rhodobacter,
Caldilinea, unclassified Rhodobacteraceae, unclassified
Alphaproteobacteria, and unclassified Bacteria, were
dominant in all systems, although the prevalence of each
differed among the wastewater systems (Fig. 6C). These
bacteria appear to be the core populations of the activated
sludge and are possibly important to sustain the structure
of the sludge particles.
FIGURE 7 - PCA analysis based on the 16S sequencing results (sequences were binned to OTUs based on taxonomic characteristics at
the genus level); MW-25, PW-25, PDW-25, and PDW-85 indicate
sludge samples collected from the control, papermaking wastewater
domestication system on day 25, and the printing and dyeing
wastewater system on days 25 and 85, respectively. The closer the two
samples were in the graph, the more similar the genera compositions.

some species of genus Proteiniclasticum are both anaerobic and proteolytic [23]. We detected a high abundance of
such species in the seed sludge (about 10%), but these concentrations decreased during the domestication process in
both systems, as well as in the control flasks. The aerobic
domestication conditions employed in this study were obviously deleterious to this genus of bacteria.
Contrary to the above bacterial populations, quantities
of some genera of bacteria were significantly enhanced in
the industrial wastewater systems. For examples, the richness of Caldilinea, Phenylobacterium, Brevundimonas,
Sphingobium, Xanthobacter, Stappia, unclassified Sphingobacteriales, unclassified Cytophagaceae and unclassified Xanthobacteraceae species was very low in the seed
sludge and MW-25, but significantly higher in PDW-85.
According to Kragelund et al., members of the genus Caldilinea (phylum Chloroflexi) were generally detected in
wastewater treatment plants, and the total Chloroflexi population constituted 12% of the entire microbial population
and seems to play an important structural role in the sludge
floc formation. Some Caldilinea species showed high potential for macromolecule conversion, as evidenced by the
high expression levels of exoenzymes [24]. Another genus,
Sphingobium, is believed to degrade a variety of environmental chemical pollutants, such as aromatic and chloroaromatic compounds, as well as phenols and polycyclic aromatic hydrocarbons. The high prevalence of the above genera in sample PDW-85 suggested that these bacteria might
be very efficient in the degradation of various synthetic
dyes and dye additives. The bacterial community was very

Together, these results suggest that developing a quick
domestication method for a specific wastewater system by
screening specific bacterial consortiums and adding these
species to the seed sludge at system establishment and
start-up is practical. Notably, extending the HRT was very
important for sustaining the functional microbes during the
domestication process. In the PDW system, samples PDW25 and PDW-85 were chosen as representative samples before and after extension of the HRT, respectively. In PDW25 (HRT of 15 h), a genus of unclassified Rhodobacteraceae was the predominant population, accounting for
46.8% of all bacteria, and the diversity of bacteria was significantly reduced, as compared to the seed sludge, control
samples, and sample PDW-85 (HRT of 30 h) (Fig. 6C).
The prevalence of some possibly important populations,
such as Caldilinea, Phenylobacterium, Brevundimonas,
Xanthobacter, Stappia, unclassified Sphingobacteriales,
unclassified Xanthobacteraceae and unclassified Alphaproteobacteria species, was high in sample PDW-85, but
were detected or very low in sample PDW-25. This phenomenon suggests that these bacteria grew slowly and were
washed out during the domestication system under the condition of a short HRT (15 h), resulting in low wastewater
treatment efficiency. Extension of the HRT (i.e., 30 h after
day 51) significantly increased bacterial diversity (as indicated by sample PDW-85 in Fig. 6C) and improved the
COD and color removal of the wastewater (Figs. 1B and
B’). Hu et al. reported that different treatment processes
with the same wastewater may affect the abundance and
diversity of microbial communities, and longer sludge retention time or lower food/microorganism ratios provided
more time for the bacteria to adapt to pollutants [4]. Therefore, before starting up a wastewater treatment system,
comprehensive research on the operation parameters, especially HRT, is very important for sustaining a greater diversity of microbial species.
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4. CONCLUSIONS
During the domestication process of the same seed
sludge from an MW treatment plant in the PDW and PW
wastewater systems, the following general observations
were noted: the numbers and species of protozoa dramatically varied; the ratio of fungi to bacteria slightly fluctuated
at first and then recovered; the abundance of the dominant
bacterial genera changed, forming specific bacterial communities in response to the components of different
wastewaters; operation parameters (i.e., HRT) significantly influenced the persistence of some important genera
of bacteria during domestication of the PDW system,
which subsequently influenced the establishment of an efficient wastewater treatment system.
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OPTIMIZATION OF DERIVATIZATION OF ACIDIC DRUGS
FOR ANALYSIS BY GC-MS AND ITS APPLICATION FOR
DETERMINATION OF DRUG RESIDUES IN WASTEWATER
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ABSTRACT
This article is focused on optimization of derivatization
of acidic drugs from the group of non-steroidal anti-inflammatory drugs (NSAID): salicylic acid, ibuprofen, naproxen,
ketoprofen and diclofenac. Derivatization is a necessary step
for analysis of pharmaceuticals by GC. MSTFA (N-methylN-(trimethylsilyl)trifluoroacetamide) and BSTFA (N,Obis(trimethylsilyl)trifluoroacetamide) were used as a derivatization reagents and tested under different conditions:
volume, temperature and time of derivatization. Results of
optimization were compared and optimized conditions
were successfully applied for analysis of real samples of
wastewater. Wastewater samples were collected from influent and effluent of wastewater treatment plant (WWTP). The
whole analytical procedure involved solid phase extraction
(SPE), optimized derivatization and analysis by GC-TOF MS.
Limits of detection (LOD) ranged between 8.9 - 71.6 ng.L-1
and limits of quantification (LOQ) ranged between 29.5 –
238.7 ng.L-1 depending on the specific compound. Concentration of selected drugs in real samples of wastewater varied
from 0.1 to 30 g.L-1 in influent and from 0.05 to 2 g.L-1 in
effluent, depending on the compound.
KEYWORDS:
Non-steroidal anti-inflammatory drugs, derivatization, silylation,
derivatization reagents, gas chromatography, wastewater

1. INTRODUCTION
Worldwide production and consumption of drugs characterized by different structure increases every year. Due
to the fact that these substances are not always completely
eliminated in the human or animal body, subsequently get
into the environment [1], which leads to a negative effect
of certain constituents of natural ecosystems [2]. Their biggest representation is in the waste water. However, it was
shown that most of them are very difficult to decompose in
* Corresponding author

the process of cleaning. Generally in wastewater treatment
plants (WWTPs) drugs are removed from 60-90% [2-4].
From the WWTP these substances enter surface waters,
where they can lead to intoxication of aquatic organisms
[3, 5].
Due to the high consumption of drugs its input to the environment is practically continual. In waters trace amounts of
drugs are found, which may not cause acute risks, but can
become dangerous in the long-term exposure [6]. Negative
effect on aquatic organisms has been demonstrated for hormonal and antibacterial drugs. Largely also analgesics and
nonsteroidal anti-inflammatory drugs (NSAIDs) enter the
environment, which are one of the world's most widely
used groups of drugs. Those do not have adverse effects as
much as hormone or antibacterial drugs, but their increasing presence in the aquatic environment should be controlled as well as other xenobiotics. It requires sufficiently
sensitive analytical methods that can qualitatively and
quantitatively determine the amount of these substances in
waste and surface waters.
LC-MS is the most common analytical method used
for drug analysis from water due to the fact, that pharmaceuticals are generally non-volatile compounds. Nevertheless GC-MS offers substantially better separation efficiency based on fused silica capillary column. Mass spectrometric detection with electron ionization enables reliable identification of separated compounds on the base of
library searches. However use of chromatography for determination of drugs requires the necessity of derivatization by suitable derivatization reagents. Derivatization provides increasing of volatility and thermal stability. Derivatives with these properties are more suitable for analysis by
gas chromatography. The most common used derivatization reagents for acidic drugs are MSTFA (N-methylN-(trimethylsilyl)trifluoroacetamide) and BSTFA (N,Obis(trimethylsilyl)trifluoroacetamide) [3, 7, 8-13].
This study is focused on the optimization of derivatization necessary for GC-MS analysis of selected drugs.
Five of the most used acidic drugs (salicylic acid, ibuprofen, naproxen, ketoprofen diclofenac) from the group of
non-steroidal anti-inflammatory drugs were selected.
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2. MATERIALS AND METHODS
2.1 Chemicals

The following chemicals have been purchased from
these establishments: methanole for HPLC from Lach-Ner,
s.r.o., Czech Republic, Pyridin from Lach-Ner, s.r.o., Czech
Republic, salicylic acid from Sigma-Aldrich, Germany, ibuprofen sodium salt from Sigma-Aldrich, Germany, naproxen
from Sigma-Aldrich, Germany, ketoprofen from SigmaAldrich, Germany, diclofenac sodium salt from SigmaAldrich, Germany, N-methyl-N-(trimethylsilyl)trifluoroacetamid (MSTFA) from Sigma-Aldrich, Germany, N,Obis(trimethylsilyl)trifluoroacetamid (BSTFA) from SigmaAldrich, Germany.
Due to the fact that the selected drugs (salicylic acid,
ibuprofen, naproxen, ketoprofen diclofenac) are all carboxylic acids (Fig. 1), they were identified and quantified by
GC-MS as silyl esters [13]. Trimethylsilyl derivatives
(TMS) were prepared with two silylating reagents: N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) and
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (Fig.
2), under different conditions. Optimization of derivatization includes following: volume of derivatization reagents,
time of derivatization and temperature of derivatization.
Optimized derivatization method then was verified and
used for determination of selected drugs in real samples.
Whole analytical method including solid-phase-extraction
(SPE), optimized derivatization and analysis by gas chromatography with „time-of-flight“ mass spectrometric detection (GC-TOF MS) was successfully applied for determination of selected drugs from wastewater on influent and
effluent of wastewater treatment plant Brno – Modřice in
Czech Republic.

FIGURE 2 - Chemical structure of tested silylation reagents

FIGURE 3 - Example of derivatization of ibuprofen
2.2 GC-MS instrumentation

Gas chromatographic analysis was carried out with a
Pegasus IV D from LECO, USA equipped with column HT5 (30 m x 0,25 mm; d.f. = 0,25 m). Samples were injected
(1 l) into the GC in splitless mode at 270 °C. The carrier
gas was helium set at the constant flow mode (1 ml/min). For
chromatographic separation of all derivatives, the temperature was programmed as follows: at 80 °C for 1 min, from
80 °C to 300 °C at 20 °C/min and 300 °C at 2 min. The gas
chromatograph was connected to mass spectrometry with
analysator time-of-flight. MS was operated under electronic impact (EI) mass spectra mode at 70 eV ionization
energy. The MS transfer line temperature was maintained
at 280 °C, whereas the ion source temperature was 220 °C.
Range of observed molecular weights was from 50 to 600.
Scanning velocity was programmed on 5 spectrum.s-1.
2.3 Assessment of Retention times, monitored mass and mass
spectrum

The stock solution of selected drugs in methanol with a
concentration of 80 g/mL was prepared with analytical precision for assessment of retention times, monitored mass and
mass spectrum. Then from the stock solution 500 l were
taken into 1.5ml vial and evaporated to dryness under a gentle stream of nitrogen and redissolved in mix of 100 l pyridine (as solvent) and 300 l derivatization reagent (MSTFA
or BSTFA). The incubation of prepared samples processed
at 70 °C for 90 min. This values were used and modified
from [13] for primary assessment and in the next steps this
values were optimized for our specific analysis. After incubation, samples were analyzed by GC-TOF MS.
2.4 Optimization of derivatization

FIGURE 1 - Chemical structure of selected NSAID

For optimization of derivatization the following conditions were tested: different volume ratios of solvent (pyridine) and derivatization reagent (MSTFA or BSTFA); different temperatures of incubation and different time of incubation. The stock solution of disolved drugs in methanol
with a concentration of 80 ng/mL was prepared. From this
stock solution were taken 500 l into 1,5ml vial in every
case of tests and evaporated to dryness under a gentle
stream of nitrogen. Then followed dissolving in different
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mixes of pyridine and derivatization reagent and incubation at different temperatures for a different times.
For optimal volume ratio of pyridine and MSTFA the
following three different ratios were tested: 100 l of
MSTFA + 300 l of pyridine; 150 l of MSTFA + 250 l
of pyridine; 200 l of MSTFA + 200 l of pyridine.
For optimal volume ratio of pyridine and BSTFA the
following four different ratios were tested: 100 l of BSTFA
+ 300 l of pyridine; 150 l of BSTFA + 250 l of pyridine;
200 l of BSTFA + 200 l of pyridine and 300 l of
BSTFA + 100 l of pyridine.
For optimal time of incubation the following different
times were tested: 30 min, 60 min, 90 min, 120 min; and
for optimal temperature of incubation were tested following different temperatures: 30 °C, 50 °C, 70 °C, 90 °C.

used for this extraction method were previously optimized
and published in [14, 15]. Before SPE method, 400 ml samples of wastewater were filtered on a glass microfiber paper
and adjusted to pH 2 with HCl. SPE cartridges were conditioned with 6 ml of methanol and 3 ml of Milli-Q water
adjusted to pH 2. Then 400 ml of prepared wastewater sample were loaded. After sample loading, cartridges were
washed with 3 ml of Milli-Q water and dried under vacuum
for 20 min. After elution with 8 ml of methanol, 500 l of
eluate were taken into 1,5ml vial and evaporated to dryness
under a gentle stream of nitrogen and redissolved in optimized mix of 200 l pyridine and 200 l of MSTFA and
incubated at optimized conditions: 70 °C, 90 min. After incubation, samples were analyzed by GC-TOF MS with the
same adjustment as for optimization.
3. RESULTS AND DISCUSSION

2.5 Wastewater sampling

Wastewater samples were collected from the WWTP
in Brno – Modřice in one-day intervals for 10 days. The
amber glass sample bottles were used for this collection.
Samples were collected from influent and effluent of
WWTP. The samples were processed and analyzed immediately after sampling and transportation into laboratory.
2.6 Sample preparation and analysis

For the extraction was used solid phase extraction
(SPE) with Oasis HLB cartridges from Waters. Conditions

3.1 Analytical data

Fig. 4 shows chromatograms of trimethylsilyl derivatives of selected drugs for MSTFA and BSTFA. In Table 1
values of retention times and monitored mass for MSTFA
and BSTFA derivatives of selected drugs are given. Retention times, mass spectrum and unique monitored mass are
the same for MSTFA and BSTFA due to the fact, that
MSTFA even BSTFA create the same derivatives of selected drugs.

FIGURE 4 - Chromatogram of model sample with MSTFA (a), BSTFA (b); 1 – salicylic acid, 2 – ibuprofen; 3 – naproxen; 4 – ketoprofen; 5 –
diclofenac
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TABLE 1 - Analytical data (monitored mass, retention time)
TMS of compound
salicylic acid
ibuprofen
naproxen
ketoprofen
diclofenac

MSTFA
monitored mass
retention time (s)
267
495,3
160
531,5
185
692,7
282
727,7
214
749,5

3.2 Optimization of derivatization

Results of optimal volume of derivatization reagents
are shown on folowing pictures of chromatograms. Pictures show, that the best ratio of volume of pyridine and

BSTFA
monitored mass
retention time (s)
267
498,7
160
534,3
185
692,9
282
727,7
214
749,5

derivatization reagent are 200 l of MSTFA + 200 l of
pyridine (Fig. 5) and 300 l of BSTFA + 100 l of pyridine
(Fig. 6).

FIGURE 5 - Chromatograms – different volumes of MSTFA; (a) 100 l of MSTFA + 300 l of pyridine, (b) 150 l of MSTFA + 250 l of
pyridine, (c) 200 l of MSTFA + 200 l of pyridine; 1 – salicylic acid, 2 – ibuprofen; 3 – naproxen; 4 – ketoprofen; 5 - diclofenac
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FIGURE 6 - Chromatograms – different volumes of BSTFA; (a) 100 l of BSTFA + 300 l of pyridine, (b) 150 l of BSTFA + 250 l of pyridine,
(c) 200 l of BSTFA + 200 l of pyridine, (d) 300 l of BSTFA + 100 l of pyridine; 1 – salicylic acid, 2 – ibuprofen; 3 – naproxen; 4 – ketoprofen;
5 – diclofenac

Because of similarity of using MSTFA and BSTFA,
only one derivatization reagent was chosen. Its use was optimized under different conditions, and then used for anal-

ysis of real samples. Fig. 7 shows dependence of signal intensity of each drug derivative on different derivatization
reagents. Higher intensity is reached with use of MSTFA,
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FIGURE 7 - Dependence of signal intensity each drug derivative on different derivatization reagent
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FIGURE 8 - Dependence of signal intensity of each drug derivative on different conditions: temperature (a), time (b)

therefore this reagent was chosen for another tests and optimizations.
Following figures show dependence of signal intensity
of each drug derivative (created by MSTFA) on conditions

of derivatization. Fig. 8(a) shows depending of signal intensity on different temperature of incubation and Fig. 8(b)
shows depending of signal intensity on different time of incubation. From the results is obvious, that the best temperature for incubation is 70 °C and the best time is 90 min.
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Therefore this conditions were used for analysis of real
samples.

TABLE 2 - Linearity, limits of detection and quantification
Linearity
(R)

TMS of compound
3.3 Real samples of wastewater

Analytical method including SPE, optimized derivatization and GC/MS-TOF analysis were successfully applied
on real samples of wastewater from influent and effluent of
WWTP Brno – Modřice. Calibration curves of each drug
were constructed for evaluation of their concentrations in
waste water. In Table 2 are linearity (R) limits of detection
(LOD) and quantification (LOQ).

0,9987

8,9

29,5

ibuprofen

0,9986

47,0

156,8

naproxen

0,9981

20,0

66,7

ketoprofen

0,9966

56,3

187,8

diclofenac

0,9963

71,6

238,7

0,30
0,25
0,20

c (μg.L )

0,15
0,10
0,05
0,00
23.III.

24.III.

25.III.

26.III.
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FIGURE 9 - Concentrations of selected drugs in influent and effluent of WWTP Brno – Modřice and their comparing

Fig. 9 shows graphs of concentrations of each drug on
influent and effluent of WWTP and their comparing. The
ranges of concentrations of selected drugs in influent and
effluent were as follows: salicylic acid 0.15 – 0.27 / 0,09 –
0,15 g/L; ibuprofen 18.75 – 29,11 / 0.06 – 0.11 g/L;
naproxen 0.91 – 1,31 / 0.17 – 0.74 g/L; ketoprofen 1.73 –
4.32 / 0.47 – 1.74 g/L; diclofenac 1.29 – 14.27 / 0.53 –
1.54 g/L.Average removal efficiency of the WWTP for
each drug was as follows: salicylic acid 35.4 %; ibuprofen
99.3 %; naproxen 60.1 %; ketoprofen 63.1 % and diclofenac 62.4 %.

MSTFA was chosen as a very suitable derivatization reagent. Derivatization method optimalized and performed in
this paper is convenient not only for derivatization of performed drugs from group of non-steroidal anti-inflammatory drugs, but even for derivatization of another acidic
drugs. This method thus enables using of advantages of gas
chromatography for trace analysis of wide group of pharmaceuticals. Performed derivatization method was successfully applied for determination of selected drugs in real
samples of wastewater. Results of this paper prove, that
non-steroidal anti-inflammatory drugs are relatively significant contaminants of aquatic environment due to their
presence in effluent of WWTP.

4. CONCLUSION
GC-MS is very suitable analytical method for determination of organic compounds, such as non-steroidal antiinflammatory drugs, in environmental samples due to high
separation efficiency of GC and high selectivity and sensitivity of MS. Only disadvantage is necessity of derivatization with suitable derivatization reagent. However this
study proves, that use of silylation reagents is not difficult.
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ADSORPTION BEHAVIOR OF VICTORIA BLUE DYE ON
HALLOYSITE NANOTUBES FROM AQUEOUS SOLUTIONS
Pınar Turan Beyli
Balikesir University Faculty of Science and Literture Department of Chemistry 10145 Çağış, Balıkesir, Turkey

ABSTRACT
This study examines the adsorption and electrokinetic
properties of victoria blue dye (VB) onto halloysite nanotubes from aqueous solutions. The adsorption of VB was
studied with batch experiments. Equilibrium was rapidly
attained after 60 min of contact time. The halloysite nanotubes used as adsorbent in this work were initially characterized by BET, XRD, FTIR-ATR, SEM/EDX and Zetasizer
Nano ZS. The zeta potential of the halloysite was negative
in the wide pH range (>2.2) and indicated that the material
had a potential for binding of cationic dyes. The effects of
pH, ionic strength and temperature on adsorption process
were investigated. Adsorption increased with increasing
initial pH, ionic strength and temperature. The Langmuir
and Freundlich models were applied to describe the equilibrium isotherms and the Langmuir model agreed very
well with experimental data. The isosteric heat of adsorption (H°) indicated that the adsorption process was spontaneous and endothermic. The obtained results indicated
that the halloysite nanotubes had the potential to be utilized
as low-cost and effective alternative for dye removal in
wastewater.
KEYWORDS: Halloysite nanotube, victoria blue, adsorption, zeta
potential, characterization.

1. INTRODUCTION
Synthetic dyes and pigments are widely used in various fields, such as leather, paper, printing, plastics, textile,
dye synthesis, pulp mills, etc., and their discharge into natural waters causes environmental problems, related to their
carcinogenicity, toxicity to aquatic life and undesirable
aesthetic aspect [1,2]. Besides, they also interfere with the
transmission of light and upset the biological metabolism
processes which cause the destruction of aquatic communities present in the ecosystem [3,4]. To meet environmental regulations and reduce the harm to human, it is imperative for industries to decrease the dyes in their effluents to
an acceptable level before discharging into the environment. Therefore, increasing attention is paid to the removal
of dyes from aqueous systems in the last few years.

Several methods like precipitation, coagulation, membrane separation, photo-degradation, biosorption, ion exchange, solvent extraction, filtration, electrochemical treatment, and advanced oxidation processes have been extensively exploited for the removal of dyes-contaminated
wastewater treatment [5-7]. But most of the methods mentioned above have some disadvantages, such as consumption of large quantity of chemicals, generation of secondary
pollutants, being time consuming, having high cost, nonbiodegradable and incomplete removal of dyes, and are not
able to effectively remove the dyes. In contrast to the techniques mentioned earlier, adsorption is a most versatile and
convenient method for the removal of dyes due to high efficiency, environmental friendliness, low cost, easy operation, insensitivity to toxic substances and the possibility of
the materials recycling [6,8]. Generally, cost effectiveness,
locally availability and adsorptive property are the main
criteria for choosing an adsorbent. Currently, activated carbon, the most widely used adsorbent for dyes removal, has
the disadvantages of high costs and problems associated
with its subsequent treatment and regeneration. These limitations have encouraged the searches for inexpensive and
readily available materials as adsorbents for dyes removal
[9]. Many low-cost adsorbents including zeolites, kaolinite, perlite, sepiolite and montmorillonite clays, banana
peel, resin, saw dust, fly ash, and other materials have been
tested as adsorbents to remove dyes from colored wastewater
[6]. Among them, clays are being considered as promising alternative adsorbents due to their cheap and abundant resources, simply operation, large specific surface area and high
adsorption capacity [9].
Recently, halloysite nanotubes, economically viable clay
mineral, attracted a great interest due to their hollow tubular
structure, high surface area and unique surface properties [6,
10]. Besides, in contrast to other nanomaterials, naturally occurring halloysite is easily obtained and an inexpensive nanoscale container. Halloysite is an aluminosilicate which
has two different basal faces. The first one consists of a
tetrahedral silicate surface Si-O-Si while the other basal
surface has gibbsite octahedral layer (Al(OH)3) [11]. Halloysite nanotubes are widely used in the areas of electronics, catalysis, biological and functional materials due to
their submicron hollow tubular structure, rich reactive
groups, and large surface/volume ratio [12,13]. Compared
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with other tubular nanomaterials (such as carbon nanotubes
(CNTs)), natural halloysite nanotubes are cheap and environmentally friendly [14]. Due to these excellent properties, halloysite nanotubes can be used as cheap and efficient
adsorbents for dyes wastewater. In the literature, only a
limited number of studies on the use of halloysite nanotube
as an adsorbent have been found. Luo et al. [9] investigated
the removal of methylene blue from aqueous solutions by
adsorption onto chemically activated halloysite nanotubes.
Peng et al. [14] investigated the adsorption of methylene
blue and malachite green dyes in aqueous solutions by chitosan-halloysite nanotubes composite hydrogel beads.
Kiani et al. [2] investigated the removal of malachite green
from aqueous solutions onto halloysite nanotubes; Liu et
al. [1] investigated the adsorption of methyl violet from
aqueous solution by halloysite nanotubes. Zhao and Liu [15]
investigated the adsorption behavior of methylene blue on
halloysite nanotubes. Luo et al [16] investigated the adsorption of neutral red from aqueous solution onto halloysite
nanotubes. Therefore, the aim of the present study was to
investigate the ability of halloysite nanotubes as an adsorbent forthe removal of victoria blue (VB) from aqueous solutions using batch method.The halloysite nanotubes were
characterized using BET, XRD, FTIR-ATR and SEM/EDX.
Theelectrokinetic properties of halloysite were studied by
Zetasizer Nano ZS instrument. The effects of pH, ionic
strength and temperature on adsorption process were evaluated and the equilibrium adsorption isotherms were reported.
2. MATERIAL AND METHODS
2.1 Material

Halloysite and victoria blue (C33H32ClN3) were purchased from Sigma-Aldrich and Fluka, respectively. The
dye stock solution was prepared from an exact and preweighed quantity of VB dye (4-[[4-anilino-1-naphthyl]
[4(dimethylamino)-phenyl]-methylene]-cyclohexa-2,5-dien1-ylidene]dimethylammonium chloride) having a molecular
formula of C33H32ClN3 and a formula weight of 506.10 g/mol
that was dissolved in 1000 mL of double distilled water and
used throughout the experiment. The experiments were
carried out by diluting the bulk solution with the desired
concentration. Double distilled water was used for all the
experiments. Figure 1 shows the structure of VB.

FIGURE 1 - The structures of victoria blue dye

2.2 Characterization of halloysite nanotubes

Nitrogen adsorption–desorption isotherms were measured with NOVA2200e, Quanto Chrome Instruments at 77 K
for the specific surface area estimations with the BET
(Brunauer-Emmett-Teller) technique. X-ray diffraction measurement of halloysite nanotubes was performed using an Analytical Philips X’Pert-Pro X-ray diffractometer equipped
with a back monochromator operating at 40 kV and a copper cathode as the X-ray source (λ = 1.54 Å). Fourier transformed infrared spectroscopy was performed with PerkinElmer Spectrum 100 FTIR-ATR spectrometer in the range
of 600–4000 cm-1 to observe halloysite nanotube surface
functional groups. The size and morphology, and chemical
analysis of halloysite nanotubes were characterized with a
Zeiss EVO LS 10 scanning electron microscope (SEM/EDX).
2.3 Zeta potential analysis

Zeta potential measurements of dilute halloysite suspensions (1 mg/mL) in an aqueous solution with pH adjustment using 0.1 M HCl or 0.1 M NaOH, were performed
using a Zetasizer Nano ZS, Malvern. The operating conditions were checked and adjusted using a calibrated latex
solution supplied by the instrument manufacturer [17].
2.4 Adsorption studies

Adsorption studies were carried out by the batch technique to obtain equilibrium data. Batch adsorption studies
were performed at different pHs, ionic strengths and temperatures. For isotherm studies, adsorption experiments were
carried out by shaking 0.1 g halloysite nanotubes with 50 mL
aqueous solution in a series of 100 mL polyethylene flasks.
Each polyethylene flask was filled with 50 mL of a dye solution of varying concentrations (20-140 ppm) and adjusted
to the desired pH, ionic strength and temperature. A known
amount of adsorbent was added to each polyethylene flask
and agitated for the desired time periods, up to a maximum
of about 60 min. Preliminary experiments demonstrated
that the equilibrium was established in 60 min. Equilibration for longer times gave practically the same uptake.
Therefore, a contact period of 60 min was finally selected
for all of the equilibrium tests. At the end of the adsorption
period, the solution was centrifuged for 15 min at 5000 rpm
and then the concentrations of the residual dye, Ce, were
determined with the aid of a PerkinElmer Lambda 25 UV–
vis spectrophotometer. The measurements were made at
the wavelengths= 620 nm, which corresponds to maximum
absorbance. Blanks containing no dye were used for each
series of experiments. The effect of pH was observed by
studying the adsorption of dye over a pH range of 2–6 with
NaOH or HCl solution by using an Orion 920A pH-meter
equipped with a combined pH electrode. pH-meter was
standardized with NBS buffers before every measurement.
The sorption studies were also carried out at different temperatures, i.e., 30, 40, 50 and 60 0C, to determine the effect
of temperature and to evaluate the isostreic heat of sorption. A thermostated shaker bath was used to keep the temperature constant. The sorption studies were also carried
out at different ionic strengths, i.e.,1x10-1, 1x10-2, 1x10-3
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and 1x10-4 mol/L NaCl concentrations. The amounts of
dyes adsorbed were calculated from the concentrations in
solutions before and after adsorption. All the experiments
were carried out in duplicate. The amount of dyes adsorbed
(mg/g), (qe), onto halloysite nanotubes was calculated from
the mass balance equation as follows:

qe  (C0 - Ce )

V
W

(1)

where C0 and Ce are the initial and equilibrium liquidphase concentrations of dye solution (mg/L), respectively;
Vthe volume of dye solution (L), and Wthe mass of halloysite sample used (g) [18].

in the adsorbent material is identified with Fourier Transform Infrared Spectroscopy (FTIR) in the range of 4000–
600 cm−1. The FTIR-ATR spectrum of halloysite nanotubes is
depicted in Figure 3. The peaks at 3691 and 3622 cm−1 are
attributed to the stretching vibrations of inner-surface hydroxyl groups, whose deformation vibration is at 907 cm−1.
The band at 998 cm−1 is caused by the stretching vibrations
of Si-O-Si. Interlayer water is indicated by the deformation
vibration at 1652 cm−1 [8]. The VB dye adsorbed on halloysite nanotubes shows peaks at 1584 cm−1 and 1369 cm−1.
These peaks of VB on halloysite nanotubes imply that VB
dye was physically adsorbed on the surface of halloysite
nanotubes because it was not observed the shift in the FTIR
peaks of halloysite. Figure 4 presents the scanning electron
100

3. RESULTS AND DISCUSSION
80
3.1 Characterization
Counts

Halloysite nanotubes were characterized using BET,
XRD, FTIR-ATR and SEM/EDX. The specific surface
area of the halloysite was found as 32 m2/g. Figure 2 shows
the XRD pattern of halloysite nanotubes. X-ray diffraction
(XRD) peaks of the nanotubes are consistent with those of
halloysite-7A (Al2Si2O5(OH)4, JCPDS Card 29-1487). The
significant broadening of the diffraction peaks is ascribed
to the very small crystallite size [19]. The plot for the halloysite in Figure 2 shows the basal spacing reflections indicating a peak at 120 (2) which translate to a (001) basal
spacing of 7 A. The presence of various functional groups
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FIGURE 2 - XRD pattern of halloysite nanotube
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FIGURE 3 - FTIR-ATR spectrum of (a) halloysite nanotube and (b) VB adsorbed halloysite nanotube.
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FIGURE 4 - SEM/EDX pattern of halloysite nanotube

the solid–liquid interface increase with increase in solid
concentration and that using inadequate solids concentration can lead to erroneous conclusions in the interpretation
of zeta potential measurements. Therefore, in the subsequent zeta potentials measurements the solid-to-liquid ratio
has been kept constant as 1 g/L.
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0,2
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0,3

0,35

-16
Zeta potential (mV)

microscopy studies of halloysite nanotubes. Scanning electron microscopy reveals that majority of sample consists of
cylindrical tubes of 50 – 100 nm diameter and length of
0.5-2 μm. Previous works [19,20] stated that the halloysite
nanotubes were geometrically similar to multiwall carbon
nanotubes. But, different to multiwall carbon nanotubes,
the halloysite nanotubes observed in Figure 4 are straight
without entanglement. Energy-dispersive X-ray spectroscopy (EDX) analysis is an analytical technique used for the
elemental analysis or chemical characterization of a sample. It relies on an interaction of some source of X-ray excitation and a sample. Its characterization capabilities are
due in large part to the fundamental principle that each element has a unique atomic structure allowing unique set of
peaks on its X-ray spectrum [21]. As seen from Figure 4, the
SEM/EDX analysis has shown the presence of Si, Al and O
atoms in the structure of halloysite nanotubes. Halloysite has
(Al2Si2O5(OH)4.2H2O formula unit. The weight percentages of Al, Si, O and H are 18.3, 19.1, 59.8 and 2.8, respectively. The weight percentages from EDX analysis are 18,
19 and 60 for Al, Si and O, respectively. In this case, it can
be said that the results have quite a good fit.

-17
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-20
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g/100mL

FIGURE 5 - The effect of solid concentration on the zeta potential of
halloysite nanotube

3.2 Electrokinetic properties
3.2.1 Effect of solid concentration

The solid concentration has an important effect in the
measurements of zeta potential of solids [17]. As shown in
Figure 5, the zeta potential change with the solid concentration in solution, indicating that solid concentration in solution is a major parameter governing the surface charge
generation. This means that the ionic species produced at

3.2.2 Effect of pH

The zeta potential curve for halloysite was determined
in the pH ranges of 2 to 10. Figure 6 illustrates the effect
of pH on the variation of zeta potential of halloysite nanotubes. Zeta potential of halloysite nanotube suspensions at
pH 2.2–10 was negative and isoelectrical ponit (pHiep) of
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Silica, being an acidic oxide, causes the reaction on the
right-hand of the equation to be predominant over a large
range of pH values, while alumina shows an amphoteric behavior. Since the surface is mainly occupied by silica, the
surface charge will be negatively charged over a wide range
of pH values. As a result, halloysite nanotubes tend to readily bind cationic compounds in aqueous solution [16].

10

Zeta potential (mV)
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FIGURE 6 - The effect of pH on the zeta potential of halloysite nanotube

halloysite nanotubes was at pH = 2.2 (Figure 6). The adsorbent outer surface has a net positive charge below
pHiep, while at pH > pHiep, the surface has a net negative
charge. Similar results were reported by Luo et al. [16],
Mellouk et al. [22] and Levis and Deasy [23]. At pH 2.2,
the number of negatively charged Al–OH sites equals the
number of positively charged Si–OH sites and the surface
is electrically neutral [6].The reason for the negative surface charge with increasing pH is that in its curved structure, the silica is mainly positioned on the outer surfaces of
the tubule, whereas the alumina is present mainly on the
inner surface and edges of the tubules. Exposure of both
oxides to water caused the formation of the surface hydroxyl group. Since the surface is mainly silica, the surface
charge will be negative over a wide range of pH [24].The
surface of halloysite nanotubes bears abundant Si–OH and
Al–OH, which can ionize in the following form:
Si⁄Al

OH

Si⁄Al

OH

Si⁄Al

O

(2)

40
30
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0
0

5

10

15

Ce (mg/L)
FIGURE 7 - Adsorption isotherm of VB on halloysite nanotube. (Adsorbent dose: 2 g/L, shaking rate: 150 rpm, contact time: 1 h, pH: 3.5,
temperature: 30 0C)
3.3 Adsorption properties
3.3.1 Adsorption isotherms

Figure 7 shows the adsorption isotherm of VB on the
halloysite nanotubes. Again, Figure 8 shows the photo of
the dye solution before and after the adsorption of VB dye
on halloysite nanotube. An increase in initial dye concentrations resulted in increased dye uptake. The adsorption
capacity of the adsorbent at equilibrium increased from 9.9
to 56.1 mg/g with an increase in the initial VB concentra-

a)

b)

FIGURE 8 - The photo of the dye solution before adsorption of VB dye on halloysite nanotube a), and after adsorption of VB dye on halloysite nanotube b). (Adsorbent dose: 2 g/L, shaking rate: 150 rpm, contact time: 1 h, temperature: 30 0C, VB concentrations: 20-100 ppm.)
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tions from 20 to 140 mg/L. The initial dye concentration
provides the necessary driving force to overcome the resistance to the mass transfer of VB between the aqueous
phase and the solid phase. The increase in initial dye concentration also enhances the interaction between VB and
halloysite nanotubes. Therefore, an increase in initial concentration of VB enhances the adsorption uptake of VB.
This is due to the increase in the driving force of the concentration gradient, as an increase in the initial dye concentration. A similar trend was reported for the adsorption of
dyes such as reactive blue 221 onto kaolinite [25] and maxilon blue 5G on sepiolite [26]. Dyes can be removed from
adsorbet filters by burning at high temperatures. Second
generation reusable adsorbed filters were made and their
efficiency was demonstrated using VB. Filtrate is almost
completely transparent at 20 ppm concentration of VB dye.
This result shows that halloysite almost completely preserved the dye removal efficiency after first reuse. Furthermore, halloysite filters have been effectively regenerated
by burning the adsorbed dye.

favorability for VB adsorption at higher ionic strength
could be explained by two effects: (1) dimerization of dyes
in the presence of salts, which leads to the adsorption of
more molecules per adsorption site [27, 28] and (2) compression of the diffuse double layer on the adsorbent surface with the increase of ionic strength, which facilitates
the electrostatic attraction and contributes to the adsorption
[6,29]. Similar results were found for Rhodamine 6G on
hallosiyte nanotube [6] and methylene blue and methyl violet on sepiolite [30], respectively.
50

45
qe (mg/g)
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40

35

3.3.2 Effect of pH

3.3.3 Effect of ionic strength

There are a number of studies showing the changing of
the removal order of dye with the concentration of various
electrolyte types in dye medium [25,26]. In order to investigate the effect of ionic strength, halloysite nanotubes as
adsorbent were added to VB solution, in which concentration of NaCl ranges from 0 to 0.1 mol/L. The results, shown
in Figure 10, indicate that the inorganic electrolyte suppresses distinctly the adsorption of dye. The chloride ion
concentration increases from 0 to 0.1 mol/L, the VB adsorption capacity of halloysite nanotubes increased. The
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6

Equilibrium pH
FIGURE 9 - The effect of pH of the solution on the adsorption of victoria blue on halloysite nanotube (Adsorbent dose: 2 g/L, shaking
rate: 150 rpm, contact time: 1 h, temperature: 30 0C, VB initial concentration: 100 ppm.)
50

49
qe (mg/g)

The pH of the solution always affects the nature and
surface charge of the adsorbent and is responsible for the
interaction of the dye molecules with the adsorbent material may be due to protonated or deprotonated surface
charges in solution at different pH values [26]. Generally
in aqueous medium, the ionization of basic dyes acquires a
net positive charge and the adsorbents containing organic
functional groups on their surfaces also develop charges on
their own surfaces. As can be seen in Figure 9, the amount
of VB adsorbed increased with increasing pH of the solution. The zeta-potential of halloysite nanotubes is negative
at pH 2.2–10 due to the surface potential of SiO2 with a
small contribution from the positive Al2O3 inner surface.
The surface of halloysite nanotube is positively charged below pH 2.2 while it acquires a negative charge above this
pH. The zeta potential of halloysite nanotube is more negatively charged with increase in pH in the pH range of 2.2
to 10.0. Halloysite nanotubes contain significant amount of
hydroxyl groups as evidenced by FTIR-ATR spectrum.
Therefore, increasing electrostatic attractions between negatively charged adsorption sites and positively charged VB
cations causes an increase in VB removal. Lower adsorption at lower pH is due to the presence of excess of H+ ions
competing with the dye cations for adsorption sites.

48

47
-4

-3

-2

-1

log [NaCl]
FIGURE 10 - The effect of ionic strength of the solution on the adsorption of victoria blue on halloysite nanotube (Adsorbent dose: 2
g/L, shaking rate: 150 rpm, contact time: 1 h, temperature: 30 0C,
pH: 3.5, VB initial concentration: 100 ppm.)
3.3.4 Effect of temperature

Temperature also has important impact on the adsorption process. As seen from Figure 11, the adsorbed amount
of VB on halloysite nanotubes has increased with increasing temperature from 30 to 60 0C that corresponds to the
endothermic heat of adsorption. This increment is attributed
to the increasing rate of diffusion of the adsorbate molecules
across the external boundary layer and in the internal pores
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of the adsorbent particles, owing to the decrease in the viscosity of the solution, and change the equilibrium capacity
of the adsorbent for a particular adsorbate. In addition, a
change of the temperature modifies the equilibrium capacity of the adsorbent for a particular adsorbate [31,32].
70
60

qe (mg/g)

50
40
30 C
40 C
50 C
60 C

30
20
10
0
0

5

10

15
Ce (mg/L)

20

25

30

where KF(mg/g) (L/g) is an indicator of the adsorption
capacity, 1/n is the adsorption intensity. KF and n can be
determined from the linear plot of lnqe versus lnCe [34].
Langmuir and Freundlich models were applied to describe the adsorption process. The isotherm constants of
Langmuir and Freundlich models were given in Table 1. The
isotherm data were calculated from the least square method
and the related correlation coefficients (R2 values) were
given in the same table. As seen from Table 1, the Langmuir equation represents the adsorption process very well;
the R2 values were all higher than 0.99, indicating a very
good mathematical fit. Figure 12 shows the Langmuir plots
for the adsorption of VB onto halloysite nanotubes at 30,
40, 50 and 60 °C. The fact that the Langmuir isotherm fits
the experimental data very well may be due to homogenous
distribution of active sites on hallosiyte nanotube surface;
since the Langmuir equation assumes that the surface is homogenous, adsorption sites are energetically equivalent
and only monolayer adsorption occurs in the process [33].
0,3

FIGURE 11 - The effect of temperature of the solution on the adsorption of victoria blue on halloysite nanotube (Adsorbent dose: 2 g/L,
shaking rate: 150 rpm, contact time: 1 h, pH: 3.5.)

The adsorption isotherms predict whether the adsorbate molecules combine with the adsorbent and also provide
information about the nature of combinations. Several
types of isotherms have been developed for the determination of adsorption equilibrium capacity of the adsorbent. In
this study both Langmuir and Freundlich models were used
for the fitting experimental data. The linear form of Langmuir equation is given:

Ce
C
1

 e
qe qmK qm

Ce/qe (g/L)

3.4 Adsorption isotherms

30 C

0,25

40 C

0,2

50 C
0,15
0,1
0,05
0
0

(3)

where qe (mg/g) is the equilibrium amount of VB adsorption by halloysite nanotubes, Ce(mg/L) is the equilibrium VB concentration in the solution, qm (mg/g) is the
maximum adsorption of dye and K (L/mg) is the Langmuir
constant related to the enthalpy of the process. qm and K
can be calculated from the slope and intercept of the plot
of Ce/qe versus Ce, respectively [33].
Freundlich isotherm model is based on the assumption
of exponentially decaying adsorption site energy distribution. It is used for heterogeneous surface energy systems.
The linearized form of Freundlich isotherm is

ln qe  ln K F  1 n ln C e

(4)

5

10
Ce (mg/L)

15

FIGURE 12 - Langmuir isotherm plots

The shape of the isotherm may also be considered with
a view to predicting if an adsorption system is ‘favourable’
or ‘unfavourable’. The essential characteristics of Langmuir
isotherm can be expressed by a dimensionless constant
called equilibrium parameter, RL [35], which is defined by

RL 

1
1  KCe

(5)

The value of RL indicates the type of the isotherm to
be either unfavorable (RL>1), linear (RL= 1), favorable
(0<RL<1) or irreversible (RL= 0). The RL values reported
in Table 1, show that the adsorption behavior of VB dye
was favorable (0<RL<1).

TABLE 1 - Isotherm constants for victoria blue adsorption onto halloysite nanotube
Temp.(0C)

pH

30
40
50
60

5.5
5.5
5.5
5.5

[NaCl]
(M)
---------

qm
(mg/g)
58.8
62.5
66.6
66.6

20

Langmuir isotherm
K
R2
(L/mg)
1.8
0.9980
1.7
0.9990
3.0
0.9990
1.9
0.9920
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RL

n

0.030-0.92
0.034-0.82
0.022-0.89
0.044-0.83

3.2
3.0
3.6
3.3

Freundlich isotherm
KF
R2
30.6
30.5
35.4
34.1

0.9770
0.8520
0.8310
0.7990
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3.5 Heat of adsorption

The authors have declared no conflict of interest.

The isosteric heat of adsorption, H0, from the adsorption data at various temperatures as a function of coverage
fraction (=qe/qm) can be estimated from the following
equation [35]:
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shows that the interactions between surface and adsorbate
molecules are a physical interaction. Since adsorption is an
endothermic process, it would be expected that an increase
in solution temperature would result in an increase in adsorption capacity [36]. Similar result was found for the adsorption of MV on perlite [37].
11

[1]

Liu R., Zhang B., Mei D., Zhang H., Liu J. (2011). Adsorption
of methyl violet from aqueous solution by halloysite nanotubes. Desalination. 268, 111–116.

[2]

Kiani G., Dostali M., Rostami A., Khataee A.R. (2011). Adsorptionstudies on theremoval of Malachite Green from aqueous solutions onto halloysite nanotubes. Applied Clay Science.
54, 34–39.

[3]

Hameed B.H., Ahmad A.A. (2009). Batch adsorption of methylene blue from aqueous solution by garlic peel, an agricultural
wastebiomass. J. Hazard. Mater. 164, 870–875.

[4]

Royer B., Cardoso N.F., Lima E.C., Macedo T.R., Airoldi C.
(2010). Sodicandacidic crystalline lamel armagadiite adsorbents for the removal of methylene blue from aqueous solutions: Kinetic and equilibrium studies. Sep. Sci. Technol. 45,
129–141.

[5]

Kumar M. And Tamilarasan R. (2013). Kinetics and Equilibrium Studies on the Removal of Victoria Blue Using
Prosopisjuliflora-Modified Carbon/Zn/Alginate Polymer
Composite Beads. J. Chem. Eng. Data. 58, 517−527.

[6]

Zhao Y., Abdullayev E., Vasiliev A., Lvov Y. (2013). Halloysite nanotubule clay for efficient water purification. Journal
of Colloid and Interface Science. 406, 121–129.

[7]

Karaoglu, M.H., Doğan, M., Alkan, M., Ugurlu, M. (2012).
Photo oxidative degradation of cationic dyes using UV/H2O2
and UV/H2O2/TiO2 process. Fresenius Environmental Bulletin. 21(7), 1758-1763.

[8]

Kumar M., Tamilarasan R., Sivakumar V. (2013). Adsorption
of Victoria blue by carbon/Ba/alginate beads: Kinetics, thermodynamics and isotherm studies. Carbohydrate Polymers.
98, 505– 513.

[9]

Luo P., Zhang B., Zhao Y., Wang J., Zhang H., and Liu J.
(2011). Removal of methylene blue from aqueous solutions by
adsorption onto chemically activated halloysite nanotubes.
Korean J. Chem. Eng..28(3), 800-807.

-ln Ce

10,5

10

9,5
0,0029

0,003

0,0031

0,0032

0,0033

0,0034

1/T (K-1)
FIGURE 13 - Plots of -lnCe versus 1/T for adsorption of VB dye on
halloysite nanotube
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ABSTRACT
A field experiment was conducted to investigate the
influence of potassium fertilization on net photosynthetic
rate (Pn), transpiration rate (Tr), stomatal conductance (Gs)
and water use efficiency (WUE) of peanut at different
growth stages under enhanced ultraviolet-B (UV-B) radiation. The experiment was designed with three levels of UVB radiation, i.e. ambient UV-B radiation (CK, natural light,
1.5kJ/m2), enhanced UV-B by 20% (E1, 1.8kJ/m2), enhanced UV-B by 40% (E2, 2.1kJ/m2) and two levels of potassium fertilization, i.e. low (K1, 75 kg K2O/hm2) and
high (K2, 200kg K2O/hm2). The results showed that, compared with control, enhanced UV-B radiation decreased the
net photosynthetic rate, transpiration rate, stomatal conductance, and leaf water use efficiency, and with increasing intensity of UV-B radiation, the above decreasing tendency was enhanced. Potassium supply could increase the
net photosynthetic rate, transpiration rate, stomatal conductance and leaf water use efficiency, and with increasing
potassium supply the above parameters were also increased. This indicated that potassium supply could mitigate the depressive effects of enhanced UV-B on photosynthesis and transpiration in peanut to some degree. This
finding is helpful in further investigating the effect of potassium fertilization on yield and quality in peanut under
enhanced UV-B radiation.

2% while the ozone in the stratosphere reduces 1%. UV-B
has a direct effect on earth’s life in the view of biology [2,
3]. The influence of enhanced UV-B radiation on crops
has received more attentions in recent years. Some studies
showed that enhanced UV-B radiation led to dwarfing of
plant height, decreasing leaf area, stunting growth, reducing leaf stomatal conductance, photosynthetic rate and
transpiration rate [4-6]. Enhanced UV-B radiation also depressed crop root, stem, vegetative and reproductive organs, thus reduced the biomass and yield [7-11].
Plant growth is influenced by many factors. Recently,
more attentions have been paid to the effects of UV-B and
other abiotic factors on plant growth, development and reproduction, such as elevated CO2, global warming,
drought, mineral nutrition deficiency and air pollution [1214]. Potassium is an essential nutrient for crop. Potassium
application can increase plant resistance against drought,
cold, disease, salt and lodge [15, 16]. Peanut is the fourth
major oil crops. So far few studies have been available regarding whether potassium application can mitigate the depressive effect of enhanced UV-B on peanut physiological
properties. The purposes were to investigate the influences
of potassium fertilization on photosynthetic and transpiration parameters in peanut through a field experiment under
enhanced UV-B radiation.
2. MATERIAL AND METHODS

KEYWORDS: Enhanced UV-B; Potassium Supply; Peanut; Photosynthesis; Transpiration

1. INTRODUCTION
The ozone in the stratosphere has been reduced by the
release of artificial CFCs and nitrogen oxide gases [1]. Ultraviolet radiation reaching the earth's surface increases
* Corresponding author

2.1 Materials

The tested peanut variety is Kainong 64, from Kaifeng
Agriculture and Forestry Science Research Institute, Henan Province. The tested potassium fertilizer is potassium
sulphate.
2.2 Experimental design

A field experiment was conducted from June 6, 2013
to October 13, 2013 at the Experimental Station of Agrometeorology, Zhengzhou (34°43′N, 113°39′E). Peanut was
sowed at the rate of 180,000 holes hm-2 in the filed after
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cultivation and fertilization. The experiment was designed
with 3 levels of UV-B radiation intensity, and 2 levels of
potassium fertilization. The tested field was divided into
three zones, i.e., one natural light zone (A, ambient at
1.5kJ·m-2·h-1), and two UV-B treated zones (E1 and E2, at
1.8 kJ•m-2•h- and 2.1 kJ•m-2•h-1, elevated by 20% and 40%,
respectively). The UV-B lamps were fixed on a liftable
steel frame over the canopy to simulate the enhanced UVB radiation. The UV-B radiation intensity was monitored
with a UV meter (BNU297, Beijing). The potassium fertilization was set at 2 levels, i.e. low potassium (K1, 75 kg
K2O hm-2), and high potassium (K2, 200 kg K2O hm-2). The
experiment was designed with a complete random design
method. The treatments were listed as follows, (1) ambient
UV-B and low potassium (A+K1); (2) ambient UV-B and
high potassium (A+K2); (3) enhanced UV-B by 20% and
low potassium (E1+K1); (4) enhanced UV-B by 20% and
high potassium (E1+K2); (5) enhanced UV-B by 40% and
low potassium (E2+K1); and (6) enhanced UV-B by 40%
and high potassium (E2+K2). Compound fertilizer and potassium fertilizer were basally applied into the field before
peanut sowing. Each treatment was replicated 3 times. There
were totally 18 plots. Each plot area was 3m×3m =9 m2.
The distance between the lamps and the canopy of the
peanut was frequently adjusted to keep the distance at 0.8m
during the experimental duration. The UV-B radiation was
daily supplied for 8h from 8:00 to 16:00 except cloudy and
rainy days. Field routine management such as irrigation
and disease control was conducted according to actual requirement.
2.3 Testing Items and methods

The physiological parameters were measured with a
portable photosynthesis system (LI-6400, USA) at flowering stage (July 17, 2013), fruiting stage (August 13, 2013),
full fruit stage (September 26, 2013). The main parameters
included net photosynthetic rate (Pn), transpiration rate
(Tr), stomatal conductance (Gs), leaf water use efficiency
(WUE) and intercellular CO2 concentration. The third leaf
below the stem was selected to measure the parameters
from 9:00 to 11:00 on a sunny day.
2.4 Statistic analysis

Statistic analysis of the data was performed with SPSS
software. The differences among different treatments and
growth stages were subjected to multi-way ANOVA.

increasing potassium supply could obviously alleviate the
inhibitory effect of enhanced UV-B on net photosynthetic
rate in the leaf of peanut.
Compared with control, enhanced UV-B by 20% significantly reduced Pn by 9.09% (low potassium), and
9.77% (high potassium), respectively. The difference was
significant at p < 0.05 at flowering stage and fruiting stage,
but not at full fruit stage.
Compared with the control, enhanced UV-B 40% (E2)
sharply decreased Pn by 13.65% (low potassium) and
13.99% (high potassium), in contrast, E1 reduced Pn by
4.56% (low potassium), 4.22% (high potassium). The difference in Pn among the treatments was significant at the
three growth stages (p<0.05). Net photosynthetic rate under high potassium was generally higher than low potassium under the same UV-B intensity, indicating that increasing potassium supply improved Pn in peanut leaf, and
alleviated the depressive effect of UV-B radiation.
TABLE 1 - The influences of potassium fertilization on Pn in peanut
at different growth stages under enhanced UV-B radiation (μmol CO2
m-2 s-1)
Treatment
Time
mean
UV-B
K
Flowering
Fruiting
Full fruit
level
supply
stage
stage
stage
CK
K1
24.16b
23.53b
15.37ab
21.02
K2
25.64a
25.47a
16.42a
22.51
E1
K1
21.93c
21.35c
14.04b
19.11
K2
23.02bc
22.97b
14.93a
20.31
E2
K1
20.89d
20.89d
12.76b
18.15
K2
22.29c
21.94c
13.85b
19.36
Note: Values with different letter in the same column were significantly
different at p<0.05 level. The same below.
3.2 Transpiration rate (Tr)

Table 2 showed that the highest of transpiration rate
(Tr) occurred at flowering stage, and lowest at full fruit
stage. In general, the highest value of Tr occurred in the
treatment with ambient UV-B and high potassium (A+K2),
in contrast, the lowest in the treatment with enhanced UVB 40% and low potassium (E2+K1), indicating that increasing potassium supply might alleviate the depressive
effect of UV-B radiation on transpiration rate. Compared
with control, enhanced UV-B 20% (E1) reduced Tr by
7.58% (low potassium) and 7.47% (high potassium), but
the differences between treatments and growth stages were
not significant at p＞ 0.05.
TABLE 2 - The influences of potassium fertilization on transpiration
rate in peanut at different growth stages under enhanced UV-B radiation (mmol H2O m-2 s-1)

3. RESULTS
3.1 Net photosynthetic rate (Pn)

Pn peaked at flowering stage and bottomed at full fruit
stage (Table 1). At the same growth stage, obvious differences among different treatments were observed in Pn.
Generally, the highest Pn occurred in the treatment with
ambient UV-B and high potassium treatment (A+K2), and
the lowest in the treatments with enhanced UV-B by 40%
and low potassium treatment (E2+K1). This indicated that
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Treatment
UV-B
K
level
supply
CK
K1
K2
E1
K1
K2
E2
K1
K2

Time
Flowering
stage
13.10ab
13.31a
12.04b
12.38ab
11.62b
12.38ab

Fruiting
stage
10.28ab
10.79a
9.43b
9.89b
9.32b
9.73b

Full fruit
stage
8.69ab
9.22a
8.16b
8.58ab
7.63b
7.84b

mean
10.69
11.11
9.88
10.28
9.52
9.98
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In comparison with the control, UV-B enhanced 40%
(E2) decreased Tr by 10.94% (low potassium), 10.17%
(high potassium), In contrast, E1 reduced Tr by 3.36% (low
potassium) and 2.70% (high potassium). The differences in
transpiration rate between low and high potassium treatment was not significant at the same UV-B level, implying
that increasing potassium supply could not mitigate the inhibitory effect of enhanced UV-B on transpiration rate in
peanut leaf.
3.3 Stomatal conductance (Gs)

The stomata functioned as modulating water vapor and
CO2 exchange and controlling photosynthesis and transpiration. Stomatal conductance peaked at fruiting stage and
bottomed at full fruit stage (Table 3). Generally, the highest
Gs occurred in the treatment with ambient UV-B and high
potassium (A+K2), and the lowest in the treatment with enhanced UV-B 40% and low potassium (E2+K1), indicating
that elevated UV-B inhibited stomatal conductance, but increasing potassium supply could alleviate the depressive
effect of elevated UV-B on Gs.
Compared with control, enhanced UV-B 20% (E1) significantly reduced Gs by 16.28% (low potassium) and
12.00% (high potassium). The differences in Gs among
treatments and growth stages were significant at p<0.05.
Stomatal conductance sharply decreased by 20.93% (low
potassium), 28.00% (high potassium) under enhanced UVB 40% (E2), compared to the control; in contrast, it reduced
by 4.65% (low potassium) and 16.00% (high potassium)
under E1. Under the same UV-B, Stomatal conductance in
the treatment with high potassium was generally higher
than that with low potassium. According to stomatal dynamics, the increased stomatal conductance might be associated with the improvement of potassium supply [17].
TABLE 3 - The influences of potassium fertilization on stomatal conductance in peanut at different growth stages under enhanced UV-B
radiation (mol m-2 s-1)
Treatment
UV-B
K
level
supply
CK
K1
K2
E1
K1
K2
E2
K1
K2

Time
Flowering
stage
0.41b
0.51a
0.36b
0.48a
0.35c
0.38b

Fruiting
stage
0.49b
0.57a
0.41c
0.50b
0.42c
0.43c

Full fruit
stage
0.40a
0.43a
0.32bc
0.34b
0.24d
0.27c

ducive to photosynthesis and the accumulation of photoassimilate.
Intercellular CO2 concentration significantly increased
by 3.22% (low potassium), 4.77% (high potassium) when
UV-B enhanced 20% (E1) compared with control. The difference was not significant (p＞ 0.05) at different stages.
Compared with the control, enhanced UV-B 40% (E2) increased intercellular CO2 concentration by 4.94% (low potassium) and 6.96% (high potassium). The difference was
significant (p < 0.05) at different stages. Intercellular CO2
concentration under high potassium was generally lower
than low potassium under the same UV-B intensity, indicating the decrease of the intercellular CO2 concentration
might be associated with the improvement of the potassium
nutrition.
TABLE 4 - The influences of potassium fertilization on intercellular
CO2 concentration at different growth stages in peanut under enhanced UV-B radiation (μmol CO2 mol-1)
Treatment
UV-B
K
level
supply
CK
K1
K2
E1
K1
K2
E2
K1
K2

Time
Flowering
stage
229.30b
217.52c
237.24ab
227.05b
240.67a
231.82b

Fruiting
stage
259.04ab
237.51c
266.76ab
257.94b
270.32a
262.84ab

Full
fruit stage
325.73b
308.87c
336.30a
315.36c
343.28a
322.38b

mean
271.36
254.63
280.10
266.78
284.76
272.35

3.5 Water use efficiency (WUE)

Leaf water use efficiency referred to the amount of assimilated CO2 per unit of consumed water, usually expressed as the ratio of net photosynthetic rate to transpiration rate. The formula is WUE=
use efficiency,
respectively.

Pn / Tr , WUE for water

Pn , Tr for the average of the Pn and Tr,

TABLE 5 - The influences of potassium fertilization on leaf water use
efficiency in peanut at different growth stages under enhanced UV-B
radiation (μmol CO2 · mmol-1 H2O)

mean
0.43
0.50
0.36
0.44
0.34
0.36

Treatment
UV-B
K
level
supply
CK
K1
K2
E1
K1
K2
E2
K1
K2

3.4 Intercellular CO2 concentration (Ci)

Intercellular CO2 concentration gradually ascended
during the whole growth stages (Table 4). Generally, the
Ci peaked in the treatment with enhanced UV-B 40% and
low potassium (E2+K1) and was lowest in the treatment
with ambient UV-B and high potassium (A+K2), indicating that enhanced UV-B increased the intercellular CO2
concentration, but increasing potassium supply decreased
it. The result showed that potassium significantly improved
the intercellular CO2 assimilation ability, which was con-

Time
Flowering
stage
1.84a
1.93a
1.82a
1.86a
1.79a
1.80a

Fruiting
stage
2.29a
2.36a
2.26a
2.32a
2.24a
2.25a

Full
fruit stage
1.77a
1.78a
1.72a
1.74a
1.67a
1.77a

mean
1.97
2.03
1.93
1.97
1.91
1.94

The highest water use efficiency (WUE) in peanut leaf
was found at fruiting stage and the lowest at full fruit stage
(Table 5). In general, the leaf water use efficiency maximized in the treatment with ambient UV-B and high potassium (A+K2), and minimized in the treatment with enhanced UV-B 40% and low potassium (E2+K1), but the
differences were not significant at p<0.05) at different
stages, indicating that enhanced UV-B inhibited water use

3833

© by PSP Volume 24 – No 11a. 2015

Fresenius Environmental Bulletin

efficiency, and potassium application alleviated the depressive effect of enhanced UV-B on WUE.
Compared with control, UV-B enhanced 20% (E1) significantly decreased water use efficiency by 2.03% (low
potassium) and 2.96% (high potassium). However, the difference was not significant (p<0.05) at different stages. Enhanced UV-B 40% (E2) obviously decreased water use efficiency by 3.05% (low potassium) and 4.43% (high potassium).. Under the same UV-B intensity, water use efficiency in high potassium treatment was generally higher
than that in low potassium treatment, indicating that the increase of the leaf water use efficiency was associated with
the improvement of the potassium nutrition, and potassium
application alleviated the depressive effect of enhanced
UV-B radiation on leaf water use efficiency.
4. DISCUSSION AND CONCLUSION
Enhanced UV-B radiation obviously decreased net
photosynthetic rate, stomatal conductance, transpiration
rate and water use efficiency at different peanut stages (Tables 1-3, Table5). The reasons might be related to that enhanced UV-B hurt the chloroplasts and obstructed the synthesis of chlorophyll, chlorophyll and carotenoid were induced to the non-enzymatic photooxidation, lowered hill
reaction activity, increased stomata resistance or closed
stomata, thus inhibited the photosynthesis of plants [18].
UV-B enhancement also impaired photosynthesis function,
characterized by optical system II reaction center inactivation, function inhibition of electron transport chain, low
saturation value of electronic light transmission rate, decrease in light energy utilization rate, decline of unsaturated fatty acid (linolenic acid), decline of membrane fluidity caused by the increase of saturated fatty acids (palmitic acid) and stearic acid etc [19]. Under enhanced UVB radiation, the net photosynthetic rate in peanut leaf decreased through the way of lowering transpiration rate and
stomatal conductance to improve water use efficiency, to
resist against the damage of enhanced UV-B [20]. Thus,
enhanced UV-B radiation had a significant effect on photosynthetic and transpiration. The net photosynthetic rate,
transpiration rate and water use efficiency decreased with
increasing UV-B levels, leading to decrease of the peanut
yield, and increase of water demand [21, 22].
Potassium application improved the net photosynthetic
rate, transpiration rate, stomatal conductance and water use
efficiency, to a certain extent, and alleviated the inhibitive
effect of enhanced UV-B on net photosynthetic rate and
transpiration rate. In this experiment, the regulating effect
of potassium supply on related photosynthetic parameters
was remarkable, especially stomatal conductance, because
K+ directly influenced stomata opening and effectively
regulated stomata movement [23]. Potassium could also
regulate CO2 permeating rate and water transpiration rate
by influencing stomata opening and closing. In our experiment, potassium increased the transpiration rate and pro-

vided strong transpiration pull for nutrient delivery. Potassium was needed in the formation of high-energy compounds (ATP) for photosynthesis and respiration.
According to previous research, plants mainly absorbed K+ in the soil solution and soil colloid as nutrition.
Potassium existed in plant body by ions or soluble salt, participated in the photosynthesis, metabolism of sugar, protein and fat synthesis and transportation process, and adjusted the osmotic pressure and stomata opening and closing, improved plant drought resistance, cold resistance,
disease resistance, salt resistance, lodging resistance [24].
Enhanced UV-B radiation significantly increased leaf intercellular CO2 concentration in peanut. Potassium application could decrease intercellular CO2 concentration,
which indicated that potassium might improve the intercellular CO2 assimilation ability, conducive to photosynthesis
and the accumulation of photo assimilate. The photosynthetic rate decrease was mainly caused by low stomatal
conductance when the intercellular CO2 concentration and
stomatal limitation increased. If photosynthetic rate decreased, but the intercellular CO2 concentration increased,
the limit of photosynthesis might be non-stomatal factors,
namely the decline in crop photosynthetic activity of mesophyll cells. Furthermore, UV-B enhancement influenced
the photosynthetic reaction process directly.
Potassium regulating effect on related photosynthesis
parameters was remarkable with increasing potassium levels. The stomatal conductance of function leaf increased
with increasing potassium supply, implying that providing
potent guarantee for CO2 exchange, and abundant supply
for photosynthesis [25]. In this study, net photosynthetic
rate, transpiration rate, stomatal conductance and water use
efficiency were higher in the treatment with high potassium
than low potassium, indicating that potassium application
levels alleviated the effect of UV-B enhancement on net
photosynthetic rate, transpiration rate, stomatal conductance and intercellular CO2 concentration and water use efficiency. Although potassium was not a part of the plant
organic compounds, it was indispensable to sustain plant
life. Enough potassium accelerated the transport rate in
vessels and sieve tubes to promote a variety of metabolic
processes and also played a unique physiological role in
plant growth and development.
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ABSTRACT

1. INTRODUCTION

Due to many reasons people had been interested in
consuming bottled waters. Therefore, this study was done
to give a clear view of physical, chemical and microbial
quality of bottled water available in Bushehr. Ten commercial brands of bottled water were analyzed to determine
physical, chemical and microbial parameters. Multiple
tube fermentation method was used to determine fecal and
total coliform bacteria and spread plate method was used
to measure heterotrophic bacteria. Results were compared
with Iranian National Regulation (INR), WHO and EPA
guidelines. The mean values of physical, chemical and microbial parameters of bottled drinking water were electrical
conductivity (452.38 µS/cm), turbidity (0 NTU), pH (7.7),
alkalinity (172.4), total hardness (170.18), calcium hardness (113.92), magnesium hardness (56.26) mg/L CaCO3,
calcium (45.56), magnesium (14.02), residual chlorine (0),
chloride (16.08), TDS (226.19), iron (0.04), fluoride
(0.18), phosphate (0.04), nitrate (3.68), nitrite (0.14) and
sulphate (39.88) mg/L ,total coliform (0), fecal coliform (0)
MPN/100ml and HPC (260.8 CFU/mL). Except HPC concentrations in one bottled drinking water brand all mentioned results met the INR, WHO and EPA guidelines.
Physicochemical parameters in some brands had a statistically significant difference with labeled values. Physical,
chemical and microbial quality of bottled water in Bushehr
were not problematical from health point of view. As the
residual chlorine level of bottled water was zero, there is a
risk of secondary contamination of bottled water if stored
in unsuitable conditions.

KEYWORDS: Bottled drinking water; physical, chemical and microbial quality; Bushehr

* Corresponding author

Availability of healthy drinking water sources is a
main concern in many countries around the world [1].
About 80% of worldwide mortalities among children arise
due to gastrointestinal diseases such as diarrhea following
drinking of contaminated water [2]. Accordingly, awareness about drinking water quality has been continually increased during recent years [3].
Physical, chemical and microbial properties of drinking water may affect its safety and consumer's satisfaction
[4]. Hence, drinking water guidelines have been developed
by national and international organizations to define limits
for physical, chemical and microbial contents to ensure the
required quality [5].
Among different sources of drinking water, bottled
drinking water has been increasingly paid attention by the
consumers worldwide. The main reasons for this rapid tendency are the lack of sufficiently safe drinking water, unfavorable taste of tap water and the availability and portability of bottled drinking water [5-9]. Accordingly, people
in Iran have shown considerable appeal to consumption of
bottled drinking water in the last decade [7]. Although consumers mainly consider bottled drinking water as pure and
safe [10], there are growing concerns regarding the chemical and microbiological characteristics of such waters. A
number of studies have shown that microbial quality of
bottled drinking water were at levels much higher than the
national and international standards set for drinking water
[11-13]. In addition, levels of some chemical parameters
(e.g. pH and calcium) were reported to be higher than
guidelines for drinking waters [7].
Therefore, the aims of this study were to investigate
the physical, chemical and microbial properties of different
commercial brands of bottled drinking water available in
Bushehr city, Iran and to compare their properties with the Iranian National Regulation (INR), US Environmental Protection Agency (EPA) and World Health Organization (WHO)
guidelines as well as with the values on the labels.
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TABLE 1 - Regulation and guidelines for drinking water
Drinking water quality guidelines
EPAa
WHOb
Ec
µS/cm
*
*
pH
6.5-8.5
*
Turbidity
NTU
5
*
Residual-Chlorine
mg/L
*
*
TDS
mg/L
500
500
2+
Ca
mg/L
*
*
Mg2+
mg/L
30#
*
Clmg/L
250
*
Fe
mg/L
0.3
*
Fmg/L
4
1.5
No3mg/L
45
50
No2mg/L
0.3
3
2So4
mg/L
250
*
Po42mg/L
*
*
Alkalinity
mg/L as CaCO3
*
*
Bicarbonate
mg/L as CaCO3
*
*
Total hardness
mg/L as CaCO3
*
*
Ca Hardness
mg/L as CaCO3
*
*
Mg Hardness
mg/L as CaCO3
*
*
Total Coliform
MPN/100mL
0
0
Fecal Coliform
MPN/100mL
0
0
HPC
CFU/ml
500
500
* Not determined
# desirable admissible concentration
a
US Environmental Protection Agency guideline for drinking water (maximum admissible concentration)
b
World Health Organization guideline for drinking water (maximum admissible concentration)
c
Iranian National Regulation guideline for drinking water (maximum admissible concentration)
Parameter

Unit

2. MATERIALS AND METHODS
In this study, 10 commercial brands of 1.5 liter bottled
drinking water were analyzed for their physical, chemical
and microbial properties. Five bottles of each brand, some
packaged in different locations, were purchased during
March 2012 to February 2013 from supermarkets, grocery
stores, and health shops in the Bushehr, Iran. Bottled drinking water samples were immediately transferred to the laboratory and were stored in a dark place at room temperature in their original sealed plastic containers until the analyses were made. Residual chlorine level and pH were
measured using DPD colorimetric kit test and pH meter respectively. Hardness and chloride were measured by standard method [14]. Spectrophotometric method was used for
analyses of F- (570 nm), Fe2+ (510 nm), NO3- (400 nm),
NO2- (507nm), PO42-(890nm), SO42- (450nm) using a
DR/2000 spectrophotometer (HACH Company, USA).
Electric conductivity (EC) and turbidity were measured by
using Greisinger-GLM020 electrical conductivity meter
and LUTRON-2016 turbidity meter (nephlometric
method), respectively.
For total coliform (TC) and fecal coliform (FC) 100ml
samples (10 tubes/10ml) were analyzed according to the
multiple-tube fermentation method [15]. For total coliform
determination, Lactose Broth (incubated at 35°C for 48
hours) and Brilliant Green Bile Lactose (incubated at 35°C
for 48 hours) and for fecal (FC), Brilliant Green Bile Lactose (incubated at 44.5°C for 24 hours) were used and the
results reported as Most Probable Number (MPN) per
100mL.

INRc
1500
6.5-9
5
*
1500
*
*
400
0.3
1.5
50
3
*
*
*
*
500
250
50
0
0
500

In order to determine heterotrophic bacteria, 0.1 ml
water samples were spread onto R2A agar plates and incubated at 35°C for 48 hours and colonies were counted by
using a Scan 100 Interscience colony counter and results
reported as CFU/mL.
Statistical analyses were performed using Microsoft
Excel 2010 and Statistical Package for Social Science
(SPSS) software (Version 16). The results were expressed
as mean ± SD and mean value of each parameter was compared to national and international guidelines. Kolmogorov-Smirnov statistical test was done and result showed
that all data had a normal distribution (P-value > 0.05).
Therefore, parametric one sample t-test was performed to
compare mean of each measured physicochemical parameter for every brand with its labeled value (P-value < 0.05).
3. RESULTS AND DISCUSSION
The EPA, WHO and INR guideline values for physicochemical and bacteriological parameters of drinking water
are shown in table1. The measured physicochemical parameters of each brand were compared to labeled values of the
samples (Tables 2 and 3). The level of turbidity and residual
chlorine were 0 mg/L in all bottled drinking water samples.
The results of FC, TC and HPC measurements of all
bottled drinking water samples are presented in Table 4.
The results of HPC measurements compared with the EPA,
WHO and INR guidelines in Figure 1. Table 5 shows the
distribution of HPC in bottled drinking water brands.

3837

© by PSP Volume 24 – No 11a. 2015

Fresenius Environmental Bulletin

lack of guideline values for some parameters such as calcium etc. in drinking water [16]. The total hardness of water may range from trace amounts to hundreds of milligrams per liter [17]. EPA and WHO have not set guideline
value for total hardness, but the INR has set a guideline value
of 500 mg/L for total hardness in drinking water [18]. In
some instances, consumers tolerate water hardness higher
than 500 mg/L [16]. The minimum and maximum levels of
TH were 58 (sample 22, brand 5) and 316 (sample 31, brand
7) mg/L. Calcium and magnesium salts make water hard.
However, there are evidences that have suggested magnesium
and calcium hardness may play a role in protection against

The majority of physicochemical and microbiological
parameters of bottled drinking water samples were in accordance with the EPA, WHO and INR guidelines. However, there were deviations from the labeled values for a
number of physicochemical parameters in some brands of
bottled drinking water samples.
Bottled mineralized water can offer a significant
amount of required nutrients and minerals [10]. There are
insufficient data to suggest either minimum or maximum
concentrations of minerals currently, as adequate intake
will depend on a range of other factors. This is reason for

TABLE 2 - Measured physicochemical parameters of bottled drinking water in conjunction with label values
Brand

Source

1
2
3
4

spring
spring
spring
spring
ground
water
spring
spring
spring
spring
spring

5
6
7
8
9
10
a

Measured value

Ca2+ (mg/L)
Ma
Lb
44.8±3.7
NL
40.8±3.34*
49
40.16±2.67 40
40.16±1.53* 45
3.68±3.81

5

Mg2+ (mg/L)
SO42– (mg/L)
Cl─ (mg/L)
M
L
M
L
M
L
15.96±1.45 NL 30.57±29.64 NL 1.69±1.25 NL
13.96±2.36* 19 46.25±18.87 NL 32.68±1.64 NL
22.24±1.6* 11 44.37±44.003 6
3.49±0.99* 6
13.56±1.19* 10 45.71±26.75 NL 32.19±3.27* 15

F− (mg/L)
M
L
0.19±0.1
NL
0.16±0.06* 0.26
0.31±0.04 0.3
0.19±0.02 0.2

14.16±0.906* 13 117.59±26.53*

0.13±0.08

47.84±3.16 48.6 8.37±4.36
83.36±3.01* 50 22.34±2.42*
51.84±4.21 48
8.37±2.57
60.32±1.75 62 10.92±1.27*
42.72±3.17 45.6 10.37±4.59
b

labeled value

12
12
8
8.4
10

NL: Not Labeled

*

8.98±2.59
36.43±22.61
23.94±15.64
16.75±3.89
28.18±11.26
*

51

20.69±0.44 NL

4.8
1.29±1.3
16 31.39±1.38*
5
1.59±1.13*
NL 4.59±0.22*
NL 31.19±0.56*

Fe (mg/L)
NO3− (mg/L)
NO2− (mg/L)
M
L
M
L
M
L
0.033±0.006 NL 3.08±0.79 NL
0.2±0.44
NL
0.058±0.041 0.02 3.91±0.59*
2 0.0018±0.001* 0.008
0.043±0.021 NL 5.066±0.59* 4
0.4±0.89
0.001
0.046±0.01 NL 3.28±0.7*
5 0.002±0.0018* 0.01

NL 0.034±0.008 NL
*

NL 0.072±0.05 0.23
18 0.22±0.08 NL
3.7 0.12±0.06* 0.24
8 0.27±0.04* 0.48
12 0.12±0.07* 0.024

0.04±0.008
0.036±0.01
0.036±0.005
0.035±0.009
0.042±0.01

0.004±0.01* 0.1 0.0028±0.0019

NL 3.77±0.57*
NL 7.57±3.008*
NL 3.89±0.91
NL 3.06±0.68*
NL 3.16±0.49*

NL

0.8 0.005±0.0057 NL
1.8 0.202±0.445
NL
3.7 0.203±0.445 0.001
5
0.203±0.445 0.005
4.8 0.202±0.446 0.007

(P < 0.05) statistically significant compared to the labeled value

TABLE 3 - Measured physicochemical parameters of bottled drinking water in conjunction with label values
Brand Source
1
2
3
4
5
6
7
8
9
10
a

spring
spring
spring
spring
ground
water
spring
spring
spring
spring
spring
Measured value

TDS (mg/L)
Ma
189.3±26.97
251±42.58
239.4±32.39
237.2±30.69*

Lb
NL
NL
214
180

140.9±24.63*

110

170.7±23.6
337.8±35*
200.7±34.85
253±44.3
241.9±38.47
b

172.8
235
185
230
265

labeled value

Total Hardness
HCO3─
(mg/L as CaCO3) (mg/L as CaCO3)
M
L
M
L
176±9.89
NL 189±8.94 NL
158±8.12
NL 159±11.4* 190
189.6±2.19* 160 208±9.08 NL
154.8±6.57 150 159±7.41* 170
66±10.39*
153.2±13.38
298±14.69
163.2±7.82*
194.6±7.056
148.4±17.68

53
142.6
NL
132
190
156

NL: Not Labeled

26±5.47

NL

pH
M
7.72±0.1
7.8±0.0
7.68±0.1
7.8±0.0
7.44±0.43
*

*

M
0.042 ±0.02
0.049 ±0.01
0.044 ±0.01
0.034 ±0.01

L
NL
NL
NL
NL

NL

0.004±0.01*

NL

0.002±0.00

NL

NL 119.6±7.92 NL
NL 208.4±7.53 NL
NL 129.6±10.52 NL
NL 150.8±4.38 NL
NL 106.8±7.94 NL

3.77±0.57*
7.57±3.008*
3.89±0.91
3.06±0.68*
3.16±0.49*

NL
NL
NL
NL
NL

0.05± 0.01
0.08± 0.01
0.043± 0.01
0.062± 0.02
0.029±0.01

NL
NL
NL
NL
NL

L
NL
NL
7.6
7.6

M
378.6±53.9
502±85.16
478.8±64.79
474.4±61.39

L
NL
NL
NL
NL

7

281.8±49.27

NL

7 341.4±47.21
164±11.4 170.8 7.72±0.17
257±51.67 NL 7.64±0.26* 7.06 675.6±70.01
187±47.64 NL
7.8±0.0
7.5 401.4±69.71
219±13.41 NL
7.72±0.1
7.7 506±88.61
156±5.47 NL 7.76±0.08 7.8 483.8±76.95

Ca Hardness
(mg/L as CaCO3)
M
L
112±9.27
NL
102±8.36
NL
100.4±6.69 NL
100.4±3.84 NL

Mg Hardness
(mg/L as CaCO3)
M
L
3.08±0.79
NL
3.91±0.59* NL
5.066±0.59* NL
3.28±0.7*
NL

EC (µS/cm)

9.2±9.54

(P < 0.05) statistically significant compared to the labeled value

TABLE 4 - Microbiological quality (Mean±SD) of bottled drinking water samples

Brands
1
2
3
4
5
6
7
8
9
10
Mean ± SD

Microbiological properties of bottled drinking water samples
TC
FC
HPC
( MPN/100mL)
( MPN/100mL)
(CFU/mL)
0±0.0
0±0.0
224±59.41
0±0.0
0±0.0
326±142.23
0±0.0
0±0.0
184±174.44
0±0.0
0±0.0
508±394.42
0±0.0
0±0.0
224±124.81
0±0.0
0±0.0
278±78.23
0±0.0
0±0.0
116±63.48
0±0.0
0±0.0
288±84.08
0±0.0
0±0.0
204±105.02
0±0.0
0±0.0
236±177.42
0±0.0
0±0.0
260.8±182.6
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FIGURE 1 - Mean of the HPC results compared to HPC guidelines for drinking water

TABLE 5 - Distribution of HPC in bottled drinking water brands
Number of positive sample
(Percent of positive sample)
0 (0.0)
47 (94)
3 (6)
40-940
260±182.6

HPC (CFU/mL)
<1
1 ─ 500
> 500
Range
Mean ± SD

cardiovascular diseases and prostate cancer [16,19-21], in
addition calcium is an essential element for nervous system
as well as formation of the human bones [22]. Our results
showed that the minimum level of measured calcium was
1.6 mg/L for brand 5 and the maximum level was 86.4
mg/L for brand7. The mean concentration of calcium was
found to vary widely between 3.68 and 83.36 mg/L. This
range met INR value for calcium (MCLG: 30 mg/L) [18].
Our result in case of calcium is in agreement with study
results of Samadi et al. [7] and Moazeni et al. [10] reported
the measured calcium values in some other Iranian bottled
water between 0-202 mg/L and 11.22–49.70 mg/L, respectively. The Mg hardness level in our study was between
33.6 - 89.6 mg/L. The magnesium level ranged from 2.99
(sample 46, brand 10) to 24.93 (sample 31, brand 7) mg/L.
The brand 7 (22.34 mg/L) had the highest mean level of Mg,
whereas the brands 6 and 8 had the lowest levels (8.37 mg/L).
So all the bottled drinking water brands met the EPA guideline
(50 mg/L) [23]. In a similar study on bottled drinking water
samples in Iran, Eslami et al. [24] reported the Mg level in
the range of standard. According to the classification of
drinking water hardness [25], 2% of the bottled drinking
water samples in our study were considered as soft, 10% as
moderately hard, 54% as hard and 34% as very hard water.

Most brand of bottled waters survey in our study were natural mineral water. As regards, natural mineral water originated from an underground aquifer tapped via one or more
natural or drilled wells [25], so the reason for high hardness
content of water, may because of their underground origin.
The results of this study are in agreement with Loloei et al.
[26] and Van der Aa et al. [25] findings who reported most
of the bottled water samples in their study as hard water.
The range of pH was found to vary between 7.44 and 7.8.
All the bottled water samples had pH value in the range of
EPA and INR guidelines which is generally consistent with
Loloi et al. [26]. Analyses of turbidity and residual chlorine
showed that amount of these two parameters in all samples
were equal to zero (0 mg/L). The guideline value for turbidity is 5 NTU according to WHO and INR [16,18], so all
the bottled water brands met the turbidity regulations. Nitrate and nitrite in water can affect the health of consumers
specially in the case of infants [10]. The maximum measured
concentrations of nitrate and nitrite were 7.57 (brand 7) and
0.4 (brand 3) mg/L, respectively. So nitrate and nitrite of all
bottled water brands in this study met EPA, WHO and INR
guidelines. EPA and INR set a 0.3 mg/L guideline value for
iron in drinking water. Iron can be found in natural water
especially groundwater. Minimum and maximum levels of
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iron in bottled drinking water in our study were found vary
widely between 0.025 and 0.128 mg/l. All bottled drinking
water samples met the EPA and INR guidelines. The mean
level of fluoride ion in our study ranged from 0.072 (brand
6) to 0.32 (brand 3) mg/L which is generally consistent
with results reported by Shams et al. [27], Dobaradaran et
al. [28] and Nabipour et al. [29]. Some studies were done
about excessive intake of fluoride and association with an
adverse health effect such as higher risk of hypertension,
dental caries and dental fluorosis [30-32]. In this regard,
different studies have reported the occurrence of elevated
fluoride levels in drinking water, air, fish as well as in connection with its removal from aqueous solution [33-36].
Maximum mean values of sulfate and chloride ions were
117.59 mg/L and 32.68 mg/L, respectively. All these results met the maximum admissible concentration set by
EPA, INR and WHO guidelines [16, 18, 23].
Among nineteen physicochemical parameters that
were measured in the present study, only eleven values of
these parameters including calcium, magnesium, sulfate,
chloride, fluoride, nitrate, nitrite, TDS, TH, bicarbonate
and pH have been labeled on the bottled. As shown in table
2 and 3, results of one-sample t-test indicated that amount
of analytical examinations of these parameters in some
brands had a significant statistical difference with manufacturer's labeling values (P< 0.05). As Moazeni et al. [10]
have reported that the amount of pH and ions including F−,
SO42-, Ca2+, Mg2+, K+ and Cl- in 21 samples of bottled mineral waters in Isfahan have differences with amounts of
their labels on the bottles. Samadi et al. [7] have also reported that except for magnesium and pH values there were
statistically significant difference between measured parameters with manufacturer's labeled values (P> 0.05).
Also, Saberi Bidgoli et al. [8] have done a study on nitrate
concentration of bottled drinking water in Qom and have
reported that 66.7 % of the bottled samples had measured
nitrate concentration less than the labeled value whereas
33.3% of the bottled samples had measured nitrate concentration higher than the labeled value .

reported that from 7 brands of bottled water, 3 brands were
positive with a HPC levels of < 350 CFU/mL and 4 brands
were negative in the case of HPC. Also, they found that the
quality of all bottled drinking water samples were consistent with the WHO and Iranian drinking water guidelines [37]. But in another study on evaluation of microbiological quality of bottled water in Bangladesh, the results
indicated that most of bottled water samples had HPC level
higher than their safety guidelines.
4. CONCLUSIONS
Results of the present study showed that all of 10 examined bottled water brands distributed in the Bushehr except HPC for one brand generally complied with current
drinking water regulations regarding their bacterial and
physiochemical properties. The measured levels of Ca2+,
Mg2+, SO42-, Cl-, F-, NO3-, NO2-, pH, HCO3-, TDS and TH in
some brands had a statistically significant difference with
manufacturer's labeled values. Finally, it should be noted
that the quality of bottled drinking water distributed in Bushehr was not problematical from health point of view.
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The results of all FC and TC measurements were negative. In other words, all the bottled drinking water brands
were found free from coliforms and met the INR, EPA and
WHO guidelines (0 MPN/100mL) [15, 16, 23]. In agreement with our study, Jahed khaniki et al. [13] reported that
none of the bottled water samples in their study were positive for fecal coliform. In present study, the results showed
that 94% and 6% of the bottled drinking water samples
contained heterotrophic plate counts (HPC) within a range
of 1-500 CFU/mL and greater than 500 CFU /mL, respectively. Brand 7 and brand 4 had the lowest and highest mean
levels of HPC with 116 and 508 CFU/mL values respectively. A total of 3 from 50 examined bottled water showed
heterotrophic plate counts (HPC) greater than 500 CFU/ml
and as shown in Figure 1, except brand 4, other brands of
our samples met the INR, EPA and WHO guidelines [15,
16, 23]. In a study, Zazouli et al. surveyed bacterial quality
of bottled drinking water in Semnan City, Iran. They have
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EFFECTS OF CHLORPYRIFOS INSECTICIDE ON CYP1 FAMILY
GENES EXPRESSION AND ACETYLCHOLINESTERASE
ENZYME ACTIVITY IN ORYZIAS JAVANICUS
Trieu Tuan*, Yoshio Kaminishi, Aki Funahashi, Takao Itakura
Laboratory of Marine Biotechnology, Faculty of Fisheries, Kagoshima University, 4-5-20 Shimoarata, Kagoshima 890-0056, Japan.

1. INTRODUCTION

ABSTRACT
Effects of chlorpyrifos (0.01-0.5 mg/L) on differential
expression of CYP1 genes in exposed-fish tissues for 5 days
and characteristics of the intrinsic variations of acetylcholinesterase (AChE) activity and recovery in medaka fish tissues were evaluated for 20 days. Javanese medaka CYP1
genes transcript expression was detected in all tissues, including the liver, gill and intestine of the fish exposed to
different concentrations of the insecticide for 5 days. The
CYP1A gene induction level in each tissue increased with
higher concentrations of chlorpyrifos. CYP1B1 transcription was detected in all of observed tissues. The CYP1C1
transcription in all evaluated tissues increased 2- to 5-fold
at all chlorpyrifos levels after 1 day of exposure. Significant
effects and interactions of the insecticide concentrations
and exposure time were found in fish tissues AChE activity. A trend occurred in which AChE inhibition increased
with higher insecticide concentrations and exposure duration. Tissue AChE activity was significantly inhibited after
1 day of exposure to the chemical, but liver AChE activity
showed the lowest concentration. Recovery was occurred
after holding the fish in clean water for 5 days, but the activity in all exposure groups was still significantly lower
than that in the control group. Full recovery was only found
in liver AChE activity after keeping the fish in clean water
for 15 days at the lowest concentration. The findings of the
study can serve as sensitive multi-biomarkers to characterize toxicological impacts and monitor aquatic environments.

KEYWORDS: Chlorpyrifos, Oryzias javanicus, acetylcholinesterase, cytochrome P450, CYP1

* Corresponding author

Chlorpyrifos insecticide is widely used for pest control
in agricultural areas. Unfortunately, the chemical has been
detected in environmental water areas and unintended effects on aquatic animals by aerial overspray or run-off have
occurred [1]. Chlorpyrifos is a broad-spectrum insecticide,
killing insects upon contact by affecting their nervous system normal function by preventing the breaking down of
the acetylcholine (ACh) in the synaptic cleft [2]. In aquatic
organisms, ACh accumulation in the neuronal cells affects
neurotoxicity, abnormal respiration, swimming, feeding,
muscle spasms and convulsions [3]. However, the specific
tissue acetylcholinesterase (AChE) activities of fish may
be affected by many factors. For example, differences in
AChE activity were found in relation to fish species [4],
fish organs [5] and fish populations [6], and environmental
factors, such as temperature [7].
Marine Javanese medaka Oryzias javanicus is distributed in a wide range of salinity in the estuarine regions of
Southeast Asia [8]. Therefore, the marine medaka has been
extensively used in toxicity test for toxic pollutants in different environments [9]. Cytochrome P450 is largely used
as an indicator of exposure to environmental contaminants
[10] because CYP proteins play a critical role in the oxidative metabolism of endogenous and xenobiotic (exogenous) compounds, including pharmaceuticals and environmental toxins [11]. Fish CYP1 genes expression patterns
could become useful biomarkers for measuring the response of aquatic organisms when assessing exposure to
contaminants in environmental systems [12].
In the present study, we evaluated the time duration
changes in the expression of the cytochrome P450 CYP1A
(GenkBank accession number, KJ689303), CYP1B1
(GenkBank accession number, KJ689304) and CYP1C1
(GenkBank accession number, KJ689305) gene of the
marine medaka fish exposed to low chemical contamination levels for 5 days. In addition, the study also investigated the time period chlorpyrifos inhibition and recovery
on tissues AChE activity in the fish exposed to environmentally-realistic concentrations of chlorpyrifos for 5 days
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before being transferred to clean water to be kept for another 5 to 15 days.
2. MATERIALS AND METHODS
2.1 Test animal and cultivation conditions

Javanese medaka Oryzias javanicus was cultured in
the aquarium facility (Faculty of Fisheries, Kagoshima
University, Japan). Before the experiment, the fish were
acclimatized to the experimental conditions for one week.
The fish were fed a medaka commercial diet (Kyorin, Japan) once daily at 5% of their biomass during the acclimatization. The aquariums were cleaned everyday by renewing 80% of the water. The culture tanks were filled with
natural seawater (salinity 33±1 ppt) and maintained at pH
(7.4±0.5), and temperature (25.1±0.4oC) throughout the
raising period. The raising systems were continuously aerated to maintain adequate levels of the dissolved oxygen
levels. During the culturing cycle, the aquariums were kept
in a 12-hour dark and 12-hour light photoperiod regime.
2.2 Chlorpyrifos

The chlorpyrifos (CAS No. 2921-88-2) insecticide was
obtained from Wako Pure Chemical Industries (Japan).
The insecticide was of 99.5% purity. Its stock solution was
prepared by dissolving in 0.02% acetone in water inside a
standard volumetric flask to obtain the desired concentration. Although the stock pesticide solution was prepared in
acetone, the final solvent amount in the experimental system, considering the total system volume, was negligible,
as recommended by OECD guidelines for testing chemicals with some modifications.

the chemical. Total RNA was isolated from medaka fish
liver, gill and intestine using QuickGene RNA Tissue Kit S
II (RT-2) (Fujifilm, Japan) according to manufacturer instructions. mRNA reverse transcription was conducted with
a PrimeScript™ 1st strand cDNA Synthesis Kit (Takara Bio,
Japan) following supplier protocols. Gene-specific primers
for the CYP1 genes and β-actin (GenBank accession number,
JQ905607), as an internal control gene, were designed by the
web-based software, Primer3Plus [13], with a product size
between 50-150 bp, Tm ranging from 57-63oC and all the
default parameters (Table 1). Real-time PCR was analyzed
using a FastStart Essential DNA Green Master Kit and a
LightCycler® Nano system (Roche Applied Science). For
each sample, gene expression was analyzed in triplicate
with the following protocol: initial holding at 95oC for 10 min,
3-step amplification in 45 cycles (95oC for 10 sec, 60oC for
10 sec, 72oC for 15 sec), holding stage at 95oC for 30 sec,
melting at 60oC for 20 sec and 95oC for 20 sec. Melt curve
analysis was performed after each PCR run to assure that
the single product was amplified. The 2-Ct method [14]
was used to compare the different CYP1 expression levels
within a given organ and using β-actin as a reference gene
to calculate changes in fold-induction in response to experimental conditions.
TABLE 1 - Oligonucleotide primers used for real-time PCR analysis
Primer name
Java_CYP1A 1F
Java_CYP1A 2R
Java_CYP1B 1F
Java_CYP1B 2R
Java_CYP1C 1F
Java_CYP1C 2R
Java_actin 1F
Java_actin 2R

Location
1163-1182
1269-1288
1188-1207
1301-1320
1244-1263
1362-1381
346-365
447-466

Primer sequences (5'-3')
CATTCACAATCCCACACTGC
ATGGATCCTGCCACAGTTTC
GAGCTACACCATCCCCAAGA
CTTGTTCAGCTTCCCCTCTG
ACCAGTTCTCCGTCAACCAC
GCCGTTTACCTGTGGAGAAA
AGGGAGAAGATGACCCAGAT
CAGAGTCCATGACGATACCA

2.3 Experimental design

The exposure regimen of the experiment was carried
out in 3 L beakers with net lids containing 2 L of natural
seawater at the stocking density of five adult fish per
beaker while aerated using glass Pasteur pipettes fitted onto
each lid. Four fish groups including three experimental
groups and one control group, were prepared. The insecticide stock solution was distributed to each beaker, reaching
nominal concentrations of 0.02, 0.1 and 0.5 mg/L chlorpyrifos. No mortality was observed under the experimental
conditions employed. The control group was kept in natural seawater with only 0.02% acetone. The insecticide concentrations used in the study were based on results from the
concentrations of preliminary tests (0.01-10 mg/L) (data
not shown). The experiments were carried out in the semistatic systems with a beaker solution renewal of 80% and
an appropriate volume of stock solution was added to
maintain constant concentrations of active chemicals every
24 hours after measuring water quality. The experimental
conditions were maintained as described above.
2.4 Real-time PCR and RNA preparation

Four fish were randomly collected from beakers of
each treatment group after 1, 3 and 5 days of exposure to

2.5 Effects of chlorpyrifos on tissue AChE activity in the
medaka fish

Four fish were randomly collected from beakers of
each treatment group after 1, 3 and 5 days of exposure.
Their brain, muscle and liver were removed to be used for
determining AChE activity in these tissues. The fish remaining after 5 days of exposure were moved to new beakers containing clean seawater. The water in each beaker
was changed with approximate 80% clean natural seawater
every day. The fish were kept for another 5 to 15 days, at
which point four fish from each group, were collected as
described above. The tissues AChE activity was determined using an Acetylcholinesterase Activity Assay Kit
(Sigma-Aldrich, USA), according to the manufacturer instructions. The tissues were homogenized in 0.1 M phosphate buffer, pH 7.5 (Sigma-Aldrich, USA), at concentration of approximately 25 mg fresh tissues per milliliter. The
homogenized solution was centrifuged at 14,000 rpm at
4oC for 10 minutes. Seven hundred micro-litters (700 µl)
of the supernatant were kept on ice for tissue AChE analysis within 6 hours. The analyses were carried out in an airconditioned room (25oC). This assay is an optimized version of the Ellman method [15] in which thiocholine, pro-
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duced by AChE, reacts with 5,5’-dithiobis (2-nitrobenzoic
acid) to form a colorimetric product proportional to the
AChE activity present. One unit of AChE equals the amount
of enzyme that catalyzes the production of 1.0 µmole of thiocholine per minute at pH 7.5 (at room temperature). Enzyme AChE activity was determined using a spectrophotometric microplate reader (Immuno Mini NJ-2300, USA) at
a 412 nm wavelength. The results of these measurements
were expressed as units/L and the AChE activity calculated
as follows:
AChE Activity
A412 final – A412 initial
units/L =
x n x 200
A412 calibrator – A412 blank
where, 200 = equivalent activity (units/L) of the calibrator when assayed is read at 2 minutes and 10 minutes
n = dilution factor
(A412)final = Absorbance of the sample at 10 minutes
(A412)initial = Absorbance of the sample at 2 minutes
(A412)calibrator = Absorbance of the calibrator at 10 minutes
(A412)blank = Absorbance of the blank at 10 minutes
2.6 Statistical analysis

The statistical analysis was carried out by using SuperANOVA (Abacus Concepts, Berkeley, CA). All data were
presented as mean±standard deviation (S.D.) of triplicate
studies. Two-way analysis of variance (ANOVA) was performed to test the effects of insecticide concentrations and
time course of exposure. If interaction between the two factors was found, the difference in means was tested within
each factor. The means of groups were compared using oneway ANOVA followed by Duncan’s multiple comparison
tests. A value of p<0.05 indicated statistical significance.
3. RESULTS
Environmental parameters, temperature, pH and salinity varied during the study period. Temperature, pH and
salinity were 24.3±0.6oC, 7.5±0.4, and 31±1 ppt, respec-
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tively. These ranges are considered within optimal values
for Javanese medaka fish [9].
3.1 CYP1A expression changes induced by chlorpyrifos exposure

Expression of CYP1A in chlorpyrifos-exposed fish tissues after 1-, 3- and 5-day exposure was illustrated in Fig.
1A, 1B and 1C, respectively. A significant increase in
CYP1A transcription in liver, gill and intestine was found
after 1 day of exposure to the insecticide at the highest concentration (p<0.05) (Fig. 1A). A significant change in
CYP1A mRNA induction in the liver was observed only in
the 0.5 mg/L chlorpyrifos-exposed group after 5 days of
exposure. In the gill, CYP1A transcription peaked at 0.02
mg/L chlorpyrifos-exposed group after 3-day exposure. In
the intestine, CYP1A transcription reached the maximal
level at 0.5 mg/L of chlorpyrifos-exposed group after 3-day
exposure (Fig. 1B). CYP1A expression in the liver peaked
at 0.1 mg/L chlorpyrifos-exposed group after 5-day exposure. In the gill, CYP1A expression peaked at the highest
concentration group after 5 days of exposure. In the intestine, significant changes in CYP1A expression were observed at all exposure levels after 5-day exposure compared with the control group (Fig. 1C).
3.2 CYP1B1 expression changes induced by chlorpyrifos exposure

Chlorpyrifos induced CYP1B1 mRNA expression in
the medaka fish tissues after 1-, 3- and 5-day exposure, as
presented in Fig. 2A, 2B and 2C, respectively. CYP1B1 induction level in the liver increased with higher chlorpyrifos
concentrations after 1 day of exposure. Significant CYP1B1
expression changes in the gill were only observed in the 0.5
mg/L group compared with the control after 1-day exposure. No significant CYP1B1 expression changes were observed in the intestine after incubation with chlorpyrifos for
1-day exposure compared with the control group (Fig. 2A).
CYP1B1 expression in medaka fish liver and intestine were
not significantly altered at any chlorpyrifos concentrations
after 3 days of exposure. In the gill, significant differences
in CYP1B1 expression were only observed in the 0.1 and
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FIGURE 1 - Relative mRNA levels of CYP1A gene in liver, gill and intestine of the medaka fish after exposure to chlorpyrifos insecticide for 5
days. A, expression of CYP1A in these tissues after 1-day exposure; B, expression of CYP1A in these tissues after 3-day exposure; C, expression
of CYP1A in the tissues after 5-day exposure. Black, 0 mg/L; white, 0.02 mg/L; upward diagonal, 0.1 mg/L; horizontal brick, 0.5 mg/L. Different
letters indicate a statistically significant difference (p<0.05).
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FIGURE 2 - Relative mRNA levels of CYP1B1 gene in liver, gill and intestine of the medaka fish after exposure to chlorpyrifos insecticide for
5 days. A, expression of CYP1B1 in these tissues after 1-day exposure; B, expression of CYP1B1 in these tissues after 3-day exposure; C,
expression of CYP1B1 in the tissues after 5-day exposure. Black, 0 mg/L; white, 0.02 mg/L; upward diagonal, 0.1 mg/L; horizontal brick, 0.5
mg/L. Different letters indicate a statistically significant difference (p<0.05).

0.5 mg/L groups after 3-day exposure (Fig. 2B). CYP1B1
expression in medaka fish liver was not significantly altered at any chlorpyrifos concentration after 5 days of exposure. CYP1B1 transcription in gill and intestine changed
significantly only after exposure to 0.1 mg/L of the insecticide for 5 days (Fig. 2C).
3.3 CYP1C1 expression changes induced by chlorpyrifos exposure

The CYP1C1 gene expression in medaka fish tissues
after 1-, 3- and 5-day exposure are depicted in Fig. 3A, 3B
and 3C, respectively. The transcription of CYP1C1 in the
liver and gill reached the maximal level at 0.1 mg/L
chlorpyrifos-exposed group after 1 day of exposure. Significant changes in CYP1C1 expression in the intestine tissue
was observed in all chlorpyrifos levels, compared with the
control group after 1 day of exposure (Fig. 3A). Significant

changes in CYP1C1 expression in the liver were only observed in the 0.1 mg/L group after 3-day exposure. No significant changes in CYP1C1 induction were observed in
the intestine after 3-day exposure to all levels of the insecticide. CYP1C1 transcription in the gill peaked at 0.1 mg/L
chlorpyrifos-exposed group after 3-day exposure (Fig. 3B).
Five days of exposure to various concentrations of chlorpyrifos indicated that the CYP1C1 mRNA levels in the liver,
gill and intestine reached the maximal level at 0.1 mg/L
chlorpyrifos-exposed group (Fig. 3C).
3.4 Response of tissues AChE activity to chlorpyrifos

AChE activities in various tissues, such as brain, muscle and liver of the marine medaka are presented in Fig.
4A, 4B and 4C, respectively. In the brain, significant interactions (p<0.05) between insecticide concentrations and
exposure time were found in AChE enzyme activity. Brain
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FIGURE 3 - Relative mRNA levels of CYP1C1 gene in liver, gill and intestine of the medaka fish after exposure to chlorpyrifos insecticide for
5 days. A, expression of CYP1C1 in these tissues after 1-day exposure; B, expression of CYP1C1 in these tissues after 3-days exposure; C,
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AChE activity was significantly inhibited by all chlorpyrifos treatments after 1 day of exposure to the chemical. Percentage inhibition increased with higher concentrations
and reached a maximum (82%) after five days of exposure

at the highest concentration (0.5 mg/L). Recovery was observed after replacing the water, but the AChE enzyme activity in all groups was still significantly lower than that in
the control group after 15 days holding the fish in clean
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water (Fig. 4A). In the muscle, two-way ANOVA showed
significant effects (p<0.05) of insecticide concentrations
and exposure time on the AChE enzyme activity. Inhibition
levels ranged from 19-22%, 21-47%, and 27-86% of the
control values in the 0.02, 0.1 and 0.5 mg/L chlorpyrifos
treatment, respectively. No sign of recovery was found in
AChE activity, and the effects remained significant when
compared to the control group until the end of the exposure
period. Muscle AChE activity recovery was slow, and at
the end of the experiment, was still significantly lower than
the AChE enzyme activity in the control group at all
chlorpyrifos insecticide levels (Fig. 4B). In the liver, twoway ANOVA shows significant effects and interactions
(p<0.05) of insecticide concentrations and exposure time
on the AChE enzyme activity. Liver AChE activity was
significantly inhibited after 1 day of exposure to the chemical, except in the lowest concentration (0.02 mg/L), which
was not significantly inhibited compared to the control. In
general, the higher concentration of chlorpyrifos, the lower
the liver AChE activity during 5-day exposure. Recovery
occurred after changing the water for 5 days, but the activity in all exposure groups was still significantly lower than
that in the control group (p<0.05). Full recovery was found
after 15 days holding the fish in clean water at the lowest
concentration (0.02 mg/L) group (Fig. 4C).
4. DISCUSSION
Rice farming is the main agricultural industry worldwide. The amount of used organophosphorus insecticide
increases every year. A large number of agricultural and
industrial chemicals have been developed and overuse of
these chemicals causes concern regarding their toxicity or
persistence in the environment. Living organisms in the
contaminated environment take such chemicals into their
bodies and respond to exterior stresses through defense and
adaptation. Despite the wide use of organophosphorus insecticide in agriculture, there are few studies on their hazardous effects on aquatic organisms or the risks arising
from the exposure of aquatic animals. Therefore, the study
was conducted to provide information on the physiological
or genetic changes induced by such environmental stresses.
In addition, the result of the study may serve as useful biomarkers for chlorpyrifos insecticide pollution. Since there
is the development of sensitive biomarkers for detection of
genotoxic effects in aquatic organisms has gained importance because of growing concern over the presence of
genotoxins in the aquatic environment [16]. We chose to
examine chlorpyrifos due to its relatively common agricultural chemical use in many countries such as the United
States [17], Australia [18], India [19] and United Kingdom
[20]. Direct application of chlorpyrifos to water bodies to
control mosquitoes or agricultural run-off from treated areas can result in contamination of chlorpyrifos up to 4.3
mg/L in streams and lakes [21]. In addition, previous works
examined chlorpyrifos concentrations in small water bodies adjacent to cropland report concentrations ranging from

73 to over 700 µg/L [22, 23]. In India, chlorpyrifos is classified as an extremely hazardous pesticide. It has been
found 4.8 ppb in soft drinks, which was 47 times higher
than the permissible limit recommended by Bureau of Indian Standards [19]. Therefore, the nominal concentrations
(0.02-0.5 mg/L) we used in the study are realistic for estuarine regions where Javanese medaka is likely to develop.
The biological responses of organisms to exterior stresses,
identified at the gene transcript level and enzyme activities,
provide a basis for assessing physiological and biochemical responses, and afford an early warning of ecological
risks at the individual and community levels.
The present study reported the organs distribution of
CYP1 genes induction in the medaka fish exposed to various concentrations of chlorpyrifos insecticide for 5 days.
In aquatic organisms, CYP1A is one of the major P450
subfamilies that are responsive to toxic organic chemicals.
CYP1A gene has been used as a biomarker to monitor the
presence and effects of contaminants in a wide ranges of
aquatic environments [24]. In the study, we evaluated differential expression of the biomarker gene in exposed-fish
responsed to chlorpyrifos insecticide exposure for 5 days.
The expression of the CYP1A gene in chlorpyrifos-exposed medaka varied in the organs studied, suggesting that
the gene has different functions in the tissues. The results
also revealed that the CYP1A gene induction level in each
tissue increased with higher chlorpyrifos concentrations.
Specially, the CYP1A gene was predominantly expressed
in the gill during each sampling point. Gill can be stimulated to produce oxidative stress through exposure to environmental pollution [25]. However, this result is opposite
to previous study on the effect of chlorpyrifos on the expression of CYP1A in gill of common carp [26]. The
CYP1A induced expression can be served as a biomarker
for assessing animal exposure to pollutants [27]. The present study shows CYP1A gene involvement in other physiological functions of the Javanese medaka.
In this study, we used stress-related gene, CYP1B1 as
a molecular biomarker in the medaka fish for assessing the
marine environment and the fish health status. Javanese
medaka CYP1B1 transcripts were detected in all tissues examined, including the liver, gill and intestine. The highest
CYP1B1 gene level expressions were found in the liver after 1 day of exposure to the chemical. The result of this
study is in line with previous findings in killifish, zebrafish
and mice, in which the CYP1 gene expression patterns
were high in the liver tissue [28-30]. The CYP1B1 induction in the liver may consider functions associated with the
role of the organ in endogenous metabolite [31]. In addition, CYP1B1 mRNA level changes were observed in the
gill of the fish exposed to the high concentration groups
after 3 and 5 days of exposure to the insecticide. Similarly,
CYP1B1 transcripts were induced in the gill of zebrafish
exposed to βNF and PCB126 [29]. However, the result of
this study is in contrast with previous study on the effect of
chlorpyrifos on the CYP1B expression in gill of common
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carp [26]. The present study shows that CYP1B1 transcription appears to be an appropriate biomarker for insecticide
exposure in aquatic animals.
The study have shown that CYP1C1 transcription was
expressed in all observed tissues increased 2- to 5-fold at
all chlorpyrifos levels after 1 day of exposure. The highest
CYP1C1 mRNA expression was observed in the gill at
high chlorpyrifos concentration groups after 3 days of exposure to the chemical. This result is consistent with previous study on the effect of chlorpyrifos on the expression of
CYP1C in gill of common carp [26]. Specifically, the highest CYP1C1 gene expression was found in all exposed-fish
tissues at 0.1 mg/L chlorpyrifos group after 5 days of exposure. The markedly similar patterns for basal expression
suggested conserved physiological functions of CYP1C
gene in fish [12]. The CYP1Cs genes were recently isolated
and its roles in animals are little understood. CYP1C genes
have been described in fish, frogs and birds [32, 33]. Studies on expression of CYP1C1 and CYP1C2 in different tissues of carp have showed CYP1Cs induced expression
only in the gill and kidney, respectively [34, 35]. In addition, CYP1Cs subfamily genes expression in many tissues
by exposure to xenobiotics was also reported in zebrafish
[29] and killifish [30]. The result of the study indicate that
the CYP1C1 of Javanese medaka is involved largely in the
fish tissues, and may play an important role in the metabolic detoxification systems of the fish, especially in response to the insecticide.
Stress indicators at cellular and tissue levels have been
presented in fish and other aquatic organisms to monitor
environmental pollution for recent years [36]. Recently,
studies have been carried out to investigate AChE activity
in fish tissues as early-warning biomarkers for insecticide
pollution assessment in tissue-specific variations in AChE
responses [36]. Tissues AChE and non-protein reduced
glutathione, which protects cells against oxidative injury
and detoxicates xenobiotics and/or their metabolites, have
been validated as pollution biomarkers in fish and other
aquatic organisms [37]. In the present study, AChE enzyme
activity in all tissues was rapidly inhibited by chlorpyrifos
insecticide during 5 days of exposure. The duration of the
effect following chlorpyrifos exposure was not only concentration-dependent but also exposure-time dependent.
All chlorpyrifos concentrations tested in the experiment
caused significant inhibition of tissues AChE activity at
any sampling point during the study. Low tissue AChE activity, such as brain, liver, gill, muscle and plasma, was observed in snakehead fish Channa striata exposed to the organophosphate insecticide, diazinon [38, 39], channel catfish Ictalurus punctatus exposed to chlorpyrifos [40], and
mosquitofish Gambusia affinis exposed to chlorpyrifos,
parathion and methyl parathion [41]. AChE activity inhibition above 20% has been suggested as indicative of exposure to anticholinesterase agents [42]. However, the experimental activity of AChE for the marine medaka fish in this
work indicate variations of over 20%, even though fish

were not previously exposed to any inhibitory agent. It is
worth mentioning that AChE decrease is not necessarily
fatal. In the study, no mortality was found in any treatment
at any levels of chlorpyrifos insecticide, even when the inhibition rate reached over 80% of the control values. The
relationship between AChE inhibition and mortality in fish
has not been known because some species survival has
been observed, even in brain AChE activity inhibition of
90-95%, though some have died [43]. These observations
strongly support the importance of marine medaka tissue
AChE activity as a biomarker for assessing patho-physiological changes in fish caused by chlorpyrifos insecticide
pollution and its mitigation by depuration.
AChE inhibition increased rapidly within 1 day after
exposure and remained significant until the end of the exposure period, even in the lowest chemical treatment concentration. Five days after the medaka fish were transferred
to chlorpyrifos-free water, the percentage of AChE activity
inhibition decreased. Full recovery was seen in the liver
AChE activity after 15 days in the lowest insecticide concentration group. The current results show that the AChE
enzyme activity responds to the insecticide, which is currently regulated in different kind of tissues. Long-term inhibition of tissue AChE activity exposed to organophosphate insecticides followed by recovery in insecticide-free
water has previously been presented in the snakehead fish
Channa striata [39], gold fish Carassius auratus [43], hybrid catfish Clarias macrocephalus x Clarias gariepinus
[44], tilapia Oreochromis mossambicus [45] and rainbow
trout Oncorhynchus mykiss [5]. The long-term AChE enzyme activity inhibition found in the study may be explained by slow rate of spontaneous reactivation of the enzyme [46]. In addition, the organophosphates insecticide
with a thiol group (P=S bond, as chlorpyrifos in the present
study) may have a slow metabolism than the oxon form
(P=0 bond) in fish [45]. Moreover, the AChE activity recovery depends on multiple factors such as the tissue being
evaluated, the species and class of pesticide [47]. In this
study, full liver AChE activity recovery was only found at
the lowest insecticide concentration after keeping the fish
in clean water for 15 days. The different rate of AChE recovery may be explained by various protein syntheses in
the tissue. In the current experiment, the AChE enzyme activity recovery was observed after keeping the fish in clean
water for 5 days and increased after 15 days. However,
some extra time was needed for total enzyme activity recovery in the high concentration groups.
5. CONCLUSION
The regulated CYP1 gene expression in the marine
medaka fish can be used as potential biomarkers in controlling aquatic environments. The findings of the study provide a better understanding of the genetic responses of the
medaka fish to chlorpyrifos insecticide exposure. In addition, this study demonstrates the effect of chlorpyrifos on
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different tissue AChE activities in the marine medaka fish.
AChE inhibition in the tissues evaluated appears as an
early process in response to sublethal exposures and could
be a sensitive biomarker to characterize toxicological impacts. The duration of the effects of chlorpyrifos exposure
was not only concentration-dependent but also exposuretime dependent. AChE inhibition increased with higher
chlorpyrifos concentrations and exposure duration. The
quick and long-term inhibition of AChE activity indicates
that the AChE inhibition may not be the main cause of
acute toxicity in fish.
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ABSTRACT
A real-time air pollution monitoring campaign was
conducted in Wuhan, the largest city in mid China, during
the 2013 Spring Festival pollution episode. Analysis of
chemical characteristics indicated that eight water soluble
inorganic ions (WSIIs) and seventeen elements, respectively, accounted for 42.1% and 4.2% of PM2.5 mass. The
study period was divided into three phases: the pre-holiday
pollution phase (phase 1), the holiday pollution phase (phase
2) and the post-holiday pollution phase (phase 3). The ratio
of Cl-/K+ in phase 2 was 0.6, which was exactly equal to the
value of firework-burning aerosol reported by Shen et al.
(2009). Phase average concentrations of PM2.5, SO2, SO42and K+ reached the highest in phase 2, whereas those of NO2,
NO3-, Ca2+, and Mg2+ peaked in phase 3. K-mean cluster analysis and PMF were performed successfully to resolve seven
sources of PM2.5 during the pollution period. Motor vehicle
exhaust (25.0%) and coal combustion (21.6%) were the major contributors to PM2.5 mass followed by steel works
(15.5%), secondary inorganic source (14.8%), firework burning (10.9%), glass/cement plants (6.5%) and road dust
(5.7%). Additionally coal burning was the primary source of
aerosol Pb in Wuhan during the study period. And the resolved sources of steel works and glass/cement plants mainly
referred to the local sources in Wuhan. The results of health
risk assessment from heavy metal indicated that As, Pb and
Cd were the three main metals in PM2.5, which could cause
non-carcinogenic effects.
KEYWORDS: PM2.5; water soluble ion; element; source apportionment; PMF; K-mean cluster analysis; health risk assessment

crease in particulate matter exposure and increase in mortality and morbidity [1-4]. Moreover, there are better correlations in short-term air quality degradation events between particle pollution and human diseases [5-8], and the
festival-type air pollution episode has become an important
type of short-term air pollution events around the world [911]. Furthermore, the Chinese Spring Festival will be the
biggest one due to the time-concentrated and wide-range
enormous burning firework and vehicle exhaust.
Although there were already some research reports
about PM2.5 pollution during the Spring Festival pollution
episode [12-15], all of them just focused on the impacts of
firework burning on the chemical and physical characteristics of PM2.5, and there were rather limited studies providing information about emission sources and health risk assessment of PM2.5 during the period.
In this study we selected the positive matrix factorization (PMF) model to do the source apportionment of PM2.5
in Wuhan, the largest city in mid China. PMF is one of the
most widely used methods for source apportionment [16,
17], and it has been successfully applied in many cities all
over the world [18-23]. Due to the fact that source apportionment with PMF required plenty of samples [17], a high
time-resolution monitoring campaign with online instruments was conducted to provide sufficient samples and capture the whole pollution process of the Chinese Spring Festival pollution episode (1 to 25 February, 2013). K-mean
cluster analysis was innovatively performed to assist the
PMF with the identification of source type and dig out more
information about sources. Moreover health risk assessment
from heavy metal in PM2.5 during the pollution episode was
also discussed.

1. INTRODUCTION

2. MATERIALS AND METHODS

Over the past decades, loads of epidemiological studies
have already demonstrated the good correlations between in* Corresponding author

2.1 Study region

As the most populous city in central China, Wuhan had
a population of 10,120,000 people with 8,217,170 residents
in its urban area as of 2012. And Wuhan is also a major
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transportation hub, with dozens of railways, roads and expressways passing through the city. Because of its key role
in domestic transportation, Wuhan was sometimes referred
to as the "Chicago of China”. Moreover, it not only has a
huge amount of migrant residents, but also has the largest
number of enrolled college students (about 1,040,000 college students in 2012) in the world. Therefore there will be
extremely high traffic flow as numerous college students
and migrant residents come back to their hometowns to reunite with their families and celebrate the traditional Chinese New Year. The transport system including trains, airplanes and buses experiences tremendous challenges. In
2013, the total number of journeys during the “spring travel
rush” reached ~3.4 billion, which exceeded the entire population of China. It was estimated that about 120 million
people traveled via the Wuhan transport system. Obviously
Wuhan plays a very significant role in the Chinese New
Year exodus which was regarded as the world’s biggest annual migration on Earth. Apart from tremendous vehicle
exhaust, there will be a citywide fireworks burning during
the Spring Festival. Furthermore Wuhan is also a typical
heavy industry city with numerous complex emission
sources including steel works, petrochemical plants, glass
plants, cement mills, and power stations.
2.2 Measurement site

The monitoring station (30°31′N, 114°21′E; see Fig. 1)
is situated in the Hubei Environmental Monitoring Centre
(HEMC), which is located in an urban district of Wuhan.
All the instruments in the monitoring campaign are installed on the top of a 6-floor building. Then the sampling
site is situated in a residential area. Beside it are the Wuhan
University and the East Lake, and there is not vital communication traffic line, large scale fireworks burning sites,
railway/coach stations and huge metallurgical steel mills
within 1-km radius. In all, the monitoring site is believed
to represent a typical urban pollution environment in Wuhan during the Spring Festival.
2.3 Data collection

In the intensive atmospheric field campaign, the study
period lasted from 1 to 25 February in 2013, covering the
Spring Festival (10-16 February) and the Lantern Festival
(24 February). In the campaign, the data to be collected with
real-time measurement include gas pollutants (SO2, CO,
NO2, NO), particulate pollutants (PM2.5), constituents (8 water soluble inorganic ions (WSIIs) (SO42-, NO3-, NH4+, Cl-,
K+, Na+, Ca2+, Mg2+) and 17 elements (Pb, Se, Cr, Cd, Zn,
Cu, Ni, Fe, Mn, Ti, Sb, Sn, V, Ba, As, Mo, Sc)) of PM2.5,
and meteorological parameters (wind speed (WS), wind direction (WD), temperature (T), relative humidity (RH), precipitation).
Gas pollutants including sulfur dioxide (SO2), nitrogen
oxides (NOX) and carbon monoxide (CO) were measured
every 60 min by a SO2, NOX and CO analyzer (Thermo
Fisher Scientific Inc., Franklin, MA; Model 43i, Model 42i,
Model 48i), respectively. The accuracy for SO2 and NOX analyzer both were 0.1 µg m-3, while 0.01 mg m-3 for CO.

FIGURE 1 - Location of the sampling site in Wuhan

Hourly PM2.5 concentration was measured by the
TEOM™ Series 1405 Ambient Particulate Monitors
(Thermo Fisher Scientific Inc., Franklin, MA) and its WSIIs
and elements species were measured every 60 min by a WSII
and elements analyzer (Marga 1S/Metrohm, Switzerland;
AMMS-100/Focused Photonics Inc., China), respectively.
The minimum detection limit (MDL) of these equipment was
determined by sampling zero air (Parker, USA). Standard deviation (SD) for each constituents was obtained, and three
times of the SD (99.7% confidence limit) was considered
as the MDL for the respective constituents. The MDL for the
8 WSIIs ranged from 0.002 to 0.056 μg m-3, while the MDL
for the 17 elements varied from 0.001 to 0.017 μg m-3.
Cleaning with the isopropanol and leakage detection of
the sampling system was conducted prior to sampling. Zero
and span checks were done every 5 days to identify possible analyzer malfunction and zero drifts. The multi-point
calibrations were performed at approximately a 4-day interval during the study period.
Meteorological data (WS, WD, T, RH, precipitation)
were also measured every 60 min at the sampling site with
auto meteorology monitoring station (WS600-UMB/ Swarcolufft, Austria). However, there were loads of missing values among the precipitation data. Thus we collected the
daily precipitation of Wuhan from the Weather Underground (http://www.wunderground.com).
Finally for all the real-time monitoring items, there
were 600 samples totally collected during the whole study
period.
2.4 PMF

The PMF model was developed by Paatero and Tapper
[17]. The Environmental Protection Agency (EPA) PMF is
one of the receptor models that the US EPA’s Office of
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Research and Development (ORD) has developed. Algorithms used in the EPA PMF model to compute profiles
and contributions have been peer-reviewed by leading scientists in the air quality management community and certified to be scientifically robust. Detailed algorithms were
introduced elsewhere [16, 17]. In this study, the data included 8 water soluble inorganic ions, 17 elements. The
EPA PMF program input data included the concentration
of each sample data and the uncertainty of the data which
can be calculated as below:

U  2  MDL (c  MDL )

(1)

U 

(2)

( P  c ) 2  ( MDL ) 2 ( c  MDL )

Where U is the data uncertainty; P is expressed as a
percentage of the measurement uncertainty, and P values
for all species are set to 10% estimated by experience; c is
the concentration of the sample; MDL is the minimum detection limit of the instruments, calculation method of
which has been described above in detail.

health impact of pollutant exposure, the average amount of
pollutant exposure per individual’s body weight over a
given time span for the three sensitive groups (aged 2-6
years and ≥70 years) was calculated [28] as:

DE 

CI FD
t W

(4)

where the terms are DE: dose of exposure (mg/kgday); C: mean concentrations (mg/m3); I: inhalation rate
(m3/day); F: exposure frequency (days/year); D: exposure
duration (years); t: average time; and W: body weight (kg).
The elemental risk (R) was calculated by Eq. (5). Here RD
is the reference dose [28].

R  DE

RD

(5)

3. RESULTS AND DISCUSSION
3.1 Particle pollution levels

(3)

The time series of meteorological conditions and various aerosol parameters are shown in Fig. 2. During the
whole period, concentrations of PM2.5 ranged from 7 μg m-3
to 672 μg m-3 with an average value of 90 μg m-3. Caused
by large-scale firework burning, the maximum PM2.5 mass
loading (672 μg m-3) occurred on the Chinese New Year’s
Eve (10 February) with a high average 24 h concentration of
338 μg m-3. For the same reason, extremely high hourly concentration (285 μg m-3) and daily concentration (177 μg m-3)
also happened on the Lunar Lantern Festival. Although the
peak value on the New Year’s Eve was much higher than
that on the Lunar Lantern Festival, the lasting hour for high
PM2.5 value was pretty shorter on the New Year’s Eve. This
phenomenon suggested that the firework-burning pattern
was more concentrated and the duration for large scale
burning was shorter on the New Year’s Eve than that on
the Lunar Lantern Festival. Moreover, there was also a peak
value (279 μg m-3) before the holiday, which was mainly explained by increasing traffic flow to meet the rising demands
for transportation resources [29]. Similar high PM2.5 concentrations during the Spring Festival were also reported in Beijing (224 μg m-3) [13], Shanghai (382 μg m-3) [30], Jinan
(464 μg m-3) [31] and Xi’an (299 μg m-3) [14], especially on
the New Year’s Eve. All these PM2.5 concentrations far exceeded the China National Ambient Air Quality Standards
for 24 h PM2.5 (75 μg m-3), which fairly evidences the widespread and serious air pollution in China during the Spring
Festival. As it is nearly impossible to cut human activities,
such as setting off fireworks and going home to have a
family reunion through public traffic systems, to a low
level during the Spring Festival, understanding more about
emission sources during the period is thus crucial to the
improvement of the air quality in China.

where X is the mean concentration, S is the standard
deviation, t is the Student’s t value, which can be found in
Gilbert [27], and n is the sample size. To evaluate the

According to the known human activity habits during
the Spring Festival and temporal distribution of air pollutants (Fig. 2), the whole study period could be divided into
three phases: the pre-holiday phase (1-9 February, phase

2.5 K-mean cluster analysis

The choice of K-mean clustering was made from a selection of partitional cluster packages [24]. The mathematical details of the method presented are available elsewhere
[24, 25]. Briefly, K-means method aims to minimize the
sum of squared distances between all points and the cluster
center. In order to choose the optimum number of cluster
the Dunn-Index (DI) was used, which aims to identify
dense and well-separated clusters. DI is defined as the ratio
between the minimal intercluster distances to maximal intra-cluster distance. In other words, for Dunn’s index we
wanted to find the clustering which maximizes this index.
The use of cluster analysis was justified in this work using
a Cluster Tendency test, providing a calculated Hopkins
Index of 0.2 and implying the presence of structures in the
form of cluster in a dataset [24]. The Dunn-Index for the
results of the K-means analysis for different cluster numbers showed a clear maximum for 13. However, by carefully looking at the clusters, these were reduced to 9 as the
difference among some of them was minimal.
2.6 Health risk assessment of heavy metal in PM2.5

In this study, representative heavy metal elemental
components (Cu, Zn, Ni, Pb, As, Cd, Cr, Co, Mn) of PM2.5
were applied to calculate elemental risk levels to assess the
possible impacts on human health.
Based on the human health evaluation manual of US
EPA [26] and the experimental data in this study, the following equation was used to obtain the 95% upper confidence limit (UCL) of the arithmetic mean concentration:

UCL195%  X 

t95%,n 1  S
n
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1), the holiday phase (10-16 February, phase 2) and the
post-holiday phase (17-25 February, phase 3). Concentrations of PM2.5 and its chemical species in these phases are
presented in Table 1. The PM2.5 concentration in these
three phases followed the order: phase 2 (115 μg m-3) >
phase 3 (92 μg m-3) > phase 1 (69 μg m-3). The similar temporal distributions of PM2.5 concentration were also reported by Huang et al. [29] and Feng et al. [30] in Shanghai. Obviously, widespread firework-burning and high traffic volume were the main reasons for the highest PM2.5 concentration in phase 2. In addition, low wind speed and stable
atmosphere (Table 1) in phase 2 favored the accumulation
of air pollutants [32, 33]. There were two main reasons for
the higher PM2.5 concentration in phase 3 than that in phase
1: (1) more concentrated high traffic flow in the Spring
Festival return travel rush (phase 3) led to more motor
vehicle exhaust in a short period; (2) more rainfall (4 mm
h-1) and stronger wind (8.84 m s-1) in phase 1 were helpful
for the diffusion of air pollutants.
3.2 WSIIs

Total WSIIs mass concentrations in PM2.5 varied from
0.4 μg m-3 to 227.4 μg m-3 with a mean value of 37.9 μg m-3.
Previous studies showed that WSIIs accounted for one-third
or more of the fine particles in Chinese urban aerosols [3436]. In this study, WSIIs accounted for 46.3% of PM2.5 mass
during the whole Spring Festival, implying that WSIIs might
play an important role in PM2.5.

According to Table 1, sulfate, nitrate and ammonium
(SNA) were the three main ions no matter when in phases 1,
2 and 3, and their average concentrations during the whole
period were 15.3 μg m-3, 11.5 μg m-3, and 8.1 μg m-3, respectively. Percentages of SNA mass in PM2.5 during
phases 1, 2 and 3 were, respectively, 49.5%, 41.1% and
47.0%, following a completely opposite order as PM2.5 :
phase 1 > phase 3 > phase 2.
According to the relevant literatures [29, 36], SO42and NO3- are mainly neutralized by NH4+. As shown in Fig.
3, all the slopes of linear regression equation between NH4+
versus SO42- and NO3- in phases 1, 2 and 3 were just a little
higher or lower than 1.0, indicating that SO42- and NO3were just completely neutralized by NH4+ during the
phases and existed in the form of (NH4)2SO4 and NH4NO3.
Previous studies demonstrated that the ratio of NO3/SO42- could be reasonably used to evaluate the influence
of mobile versus stationary pollution sources [37, 38]. The
ratios of NO3-/SO42- (0.71~0.91) in Wuhan during the
Spring Festival were fairly close to those in Guangzhou
(0.79) [39], Shanghai (0.64) [32], and Beijing (0.71) [40],
whose traffic densities were much higher than those in Wuhan. The ratios of NO3-/SO42- in phases 1 and 3 were higher
than those in phase 2. On the whole, the high ratio of NO3/SO42- in this study could be explained by the extremely
high traffic flow and large-scale shutting-down of plants
during the study period, especially in phases 1 and 3.

FIGURE 2 - Time series of meteorological conditions and various aerosol parameters with time resolution of 1 h from 1 to 25 February 2013
in Wuhan. (a) wind speed and direction (b) relatively humidity (RH), temperature and precipitation (c) PM2.5 mass concentration during the
whole study period (d) PM2.5 mass concentration on the Chinese Lunar New Year’s Eve (9 February) and the Chinese Lunar New Year’s Day
(10 February)
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TABLE 1 - Concentrations of PM2.5 and its compositions in phases 1, 2 and 3
Composition
PM2.5
WS* (m/s)
SO2
NO2
SO42NO3NO3-/ SO42+
SOR
NOR
NH4+
ClK+
Ca2+
Mg2+
Total ions
Fe
Pb
Zn
Sn
Cu
Ba
Sb
Ti
Cd
Mo
Mn
Sc
Ni
As
Se
Cr
V
Co
Total elements

Phase 1
Mean / μg m-3
69
1.68
22.9
41.1
11.43
8.91
0.91
0.35
0.16
7.18
1.93
1.24
0.29
0.14
31.44
1.566
0.203
0.173
0.158
0.141
0.123
0.105
0.090
0.084
0.078
0.058
0.037
0.025
0.022
0.019
0.018
0.004
0.002
2.904

Range
7~279
0.01~8.84
4.38~62.53
8.96~105.78
2.04~50.03
1.59~25.46
0.23~1.74
0.13 ~0.69
0.02~0.36
1.60~16.45
0.13~13.70
0.13~23.02
0.06~1.15
0.08~0.39
6.55~227.40
0.076~6.200
0.019~1.871
0.009~0.687
0.012~0.431
0.004~0.572
0.002~1.870
0.001~0.440
0.003~0.290
0.001~0.223
0.001~0.261
0.002~0.214
0.002~0.125
0.003~0.054
0.001~0.174
0.001~0.046
0.002~0.051
0.001~0.032
0..001~0.005
0.525~9.426

Phase 2
Mean / μg m-3
115
1.02
46.8
37.4
16.68
11.78
0.71
0.32
0.23
9.60
1.79
3.14
0.24
0.28
43.44
2.364
0.321
0.227
0.127
0.191
0.431
0.081
0.141
0.075
0.071
0.083
0.039
0.029
0.032
0.022
0.024
0.007
0.003
4.264

Range
44~672
0.05~3.26
10.67~241.05
8.38~95.07
0.26~26.46
0.23~27.41
0.30~1.26
0.11~0.61
0.02~0.54
0.15~16.60
0.20~82.80
0.28~75.90
0.10~0.66
0.08~0.68
0.96~80.69
0.373~8.802
0.062~1.497
0.041~1.431
0.004~0.351
0.001~0.796
0.018~4.372
0.003~0.368
0.01~0.928
0.003~0.239
0.005~0.194
0.017~0.616
0.004~0.121
0.009~0.085
0.001~0.280
0.001~0.064
0.003~0.228
0.001~0.082
0..001~0.005
1.194~19.623

Phase 3
Mean / μg m-3
92
1.44
36.8
48.5
15.74
12.33
0.77
0.32
0.16
7.98
2.21
1.55
0.46
0.37
40.10
2.612
0.258
0.253
0.112
0.156
0.260
0.060
0.150
0.063
0.064
0.091
0.054
0.030
0.034
0.019
0.024
0.006
0.002
4.247

Range
15~285
0.04~5.32
3.61~110.23
5.08~116.90
0.24~51.82
0.22~41.74
0.17~1.39
0.14~0.80
0.02~0.51
0.11~27.32
0.23~20.61
0.12~10.48
0.09~1.05
0.07~2.48
0.35~119.91
0.051~8.813
0.031~0.923
0.006~0.931
0.006~0.327
0.01~0.658
0.009~7.876
0.004~0.222
0.007~0.449
0.001~0.225
0.001~0.217
0.006~0.309
0.001~0.149
0.005~0.058
0.001~0.420
0.001~0.057
0.002~0.087
0.001~0.023
0..001~0.005
0.658~11.817

FIGURE 3 - Correlations between NH4+ versus NO3- and SO42-. Linear regression equations are given on the top

Moreover, the nitrogen oxidation ratio (defined as
NOR = NO3- / (NO3-+NO2)) and the sulfur oxidation ratio
(defined as SOR = SO42- / (SO42-+SO2)) could be used to
estimate secondary transformation processes from NO2 to
NO3- and SO2 to SO42-, respectively [41]. Generally, NOR was
lower than SOR. In this study, average SOR (0.32~0.35) and
NOR (0.16~0.23) in the phases were relatively close to
each other, as shown in Table 1. High hourly SOR and

NOR mainly happened from 12:00 to 16:00, when the UV
intensity reached the highest during a day. When SOR is
higher than 0.1, photochemical reactions of SO2 might
have occurred in the atmosphere [42]. The SORs of PM2.5
in the phases were higher than 0.1, suggesting that the formation of secondary pollutants from SO2 occurred in the
whole study period, especially in phase 1.
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As for K+ and Cl-, their concentrations in the whole study
period were, respectively, 1.88 μg m-3 and 1.99 μg m-3, which
were just lower than those of SNA. It was noted that K+ mass
in phase 2 was much higher than that in phases 1 and 3, and
coefficients of variation (106.1% ~ 495.1%) for these two
ions were rather higher than other PM2.5 components,
which indicates the huge variations of K+ and Cl- mass during the study period. KNO3, KClO3, and KClO4 were often
widely used as the oxidizer in order to sustain the burning
of firecrackers [43]. Thus we could deduce that the large
scale and time-concentrated firework-burning caused these
temporal variations for K+ and Cl-. Interestingly, the ratio
of Cl-/K+ in phase 2 was 0.6, which was exactly equal to
the value of firework-burning aerosol reported by Shen et
al. [14].
As for Ca2+ and Mg2+, their mass loadings for the whole
period were, respectively, 0.34 μg m-3 and 0.26 μg m-3,
slightly lower than those of Cl- and K+. The Ca2+ concentration followed the pattern: phase 3 > phase 1 > phase 2, while
for Mg2+, it was phase 3 > phase 2 > phase 1. Usually, Ca2+
and Mg2+ were the tracer for construction source. But due
to the fact that most of construction sites in Wuhan were
all shut down during the Spring Festival, the highest Ca2+
and Mg2+ concentrations in phase 3 should be explained by
road dust caused by high traffic volume, which also resulted in the highest NO2 concentration in phase 3. In addition, Mg is also one of raw materials for fireworks [43],
and enormous firework burning in phase 2 caused higher
value for Mg2+ than that in phase 1.
3.3 Elements

All 17 analyzed elements comprised about 4.2% of
PM2.5 mass, and all elements together have an average
concentration of 3.77 μg m-3 ranging from 0.53 μg m-3 to
19.62 μg m-3. Their average concentrations in the whole
study period followed a decreasing order: Fe > Pb > Zn >

Sn > Cu > Ba > Sb > Ti > Cd > Mo > Mn > Sc > Ni > As
> Se > Cr > V. In this study, Fe is the most abundant element with an average concentration of 2.17 μg m-3, which
was much higher than that of other PM2.5 elements. Despite
the fact that there were no other crust elements (Si, Al, Ca
and Mg) measured in this study, it was still easy to know
crust elements played a comparatively important role in
PM2.5 elements [44, 45].
As for the heavy metal elements whose annual standard was given by the 2012 Chinese ambient air quality
standard, Pb concentrations (0.203 μg m-3 ~ 0.321 μg m-3)
for all these three phases were lower than the standard
value (0.5 μg m-3). Promoting the use of lead-free gasoline
in China might be one of the reasons for meeting the standard for Pb. As and Cd almost exceeded the yearly standard
value by about 2~16 folds, which should get much attention from the authorities. Therefore, investigation into the
measures for figuring out the sources of these heavy metal
elements and reducing their concentrations during the
Spring Festival seemed particularly urgent.
3.4 Source apportionment of PM2.5 by PMF and K-mean cluster
analysis

In this study, 25 species including PM2.5 were used as
input data for PMF model. PMF was run multiple times,
while varying the number of sources (from 1 to 9), bootstrap (seed: random; minimum correlation R-value: 0.6;
block size: 20) and fpeak (0, 0.1, 0.2, 0.3, 0.4, 0.5), which
affects the rotation of matrices for source compositions and
contributions. Seven sources were resolved with a resultant
fpeak of 0. Under the solution, residuals of the majority of
standardized species were between -3 and +3. G-space plot
shows data points lying within the source axes. Twenty
runs were made for each factor and the Qrobust is 7383.1
with the Qrobust / Qtrue ratios of 0.97. Note that Qrobust / Qtrue
< 2 indicates an overall acceptable fit [46]. A comparison
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FIGURE 4 - Predicted and observed PM2.5 mass concentration in Wuhan
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FIGURE 5 - Profiles of factors from base run and bootstrap runs

of the daily calculated PM2.5 mass concentration from
seven sources with the measured mass concentration is
shown in Fig. 4. The squared correlation coefficient (R2) of
0.9742, a slope of 0.9445 and an intercept of 1.2005 indicated that the reconstructed mass concentrations were consistent with the measured mass concentrations, and the resolved seven sources profiles were shown in Fig. 5.
In order to accurately figure out source types represented by each factor and dig out more information about the
emission sources, K-means cluster analysis was also performed with the data of the resolved sources’ tracer species,
gas pollutants and meteorological parameters. Through
modifying the cluster number from 6 to 15 and checking the
Dunn Index, we got nine reasonable clusters. The average
values associated to each of the nine clusters were presented in Table 2. And source contribution estimates of
PM2.5 were calculated for each of the samples from the correspondingly modeled species’ absolute mass (Table 3).
Also the results of Bootstrap run are shown in Table 3 with
similar source contribution estimates.
Motor vehicle source was characterized by the high
loadings of NO3-, V, Sb, Pb, Zn, Mo and Cd. Zn is emitted
from lubrication oil, brake linings and tyres, whereas metal

wear particles from Cd-bearing alloys are also emitted [47,
48]. In addition, the highest values of Mo (0.082 μg m-3)
and Cd (0.088 μg m-3) were distributed into cluster 3 with
high values of CO and NOX according to Table 2. The contribution of motor vehicle source (25.0%) (Table 3) during
this special period was much higher than the annual contributions of the same source in Beijing (5.6%~11.5%) [49,
50], Zhengzhou (10%) [45] and Jinan (6.06%) [48].
Coal combustion source had high concentrations of
SO42-, NO3-, Cl-, Se, Ba, Cr, Ti, Fe, Mn, Pb mixing with
medium concentrations of As. High concentrations of Cl-,
Se and Cr were probably associated with coal burning [21].
According to the cluster analysis, additionally, high concentrations of Ti (0.096 μg m-3), Ba (0.35 μg m-3) and Pb
(0.51 μg m-3) were put into cluster 1 together with high
concentration of SO2 (41 μg m-3), and low concentration of
CO (1783 μg m-3) (Table 2). The concentration of Pb in
cluster 1 was higher than that in cluster 3 indicating that
coal burning was the main source of aerosol Pb in Wuhan
(Table 2). Similar results were also reported in other cities
[51]. However, Widory et al. [52] argued that in Beijing,
metal-refining plants are the dominant sources of aerosol
Pb, followed by thermal power stations and other coal com-
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bustion sources. As shown in Table 3, coal combustion was
the second major source of PM2.5 with a contribution of
21.6%, which could be explained by high ratio of coal
burning in the energy consumption in China [21, 53]. Coal
consumption in Wuhan was mainly for power generation
and steel smelting. Based on Fig. 6, one of the predominant
wind directions for cluster 1 was north-north-east (NNE),
just the direction of the two biggest coal-fired power plants
with more than 1 million-kilowatt of installed capacity
(Fig. 1).
Steel works source presented high loading for Fe, Mn,
As and medium loadings for Sc. Meanwhile, highest loadings of Fe (6.21 μg m-3) and Sc (0.077 μg m-3) were associated with medium concentration of SO2 in cluster 9 (Table 2). Moreover, the absolute dominant winds of the wind
rose of cluster 9 (Fig. 6) were north-north-east (NNE) /
north-east (NE) sides, exactly where a number of steel
works belonging to Wuhan Iron and Steel (Group) Corporation were located. According to the Wuhan City ambient
air quality bulletins, Wuhan Iron and Steel (Group) Corp is

one of the enterprises with the largest air pollutant (SO2,
NO2, PM2.5, PM10) emission in Wuhan. Therefore it was
easy to understand the high contribution (15.5%) of steel
works to PM2.5 mass. Additionally, the good consistency between the dominant wind direction of cluster 9 and the direction of local steel works indicated that the resolved steel
work source was mainly local, not regional.
Secondary inorganic source showed not only high loadings for SO42-, NH4+ and NO3-, but also medium loadings for
Cl-, K+, V, Fe, As, Pb and Zn. All these elements were also
tracers of other sources such as motor vehicle emission, coal
burning, steel works and firework burning (Fig. 5). This result suggested that SO2 and NO2 emitted by these sources participated in these secondary reactions. As shown in Table 3,
secondary inorganic source contributed up to 14.8%. However in Beijing, Song et al. [21] reported a higher value (31%)
of secondary inorganic source for the winter in 2000-2001,
and Zhang et al. [54] gave a lower value (6%) for the winter
in 2009-2010. The difference could be partly explained by
the different concentration levels of SO2 (2001: 71 μg m-3;

TABLE 2 - Average values associated to each of the nine clusters. Bold texts are for particularly high values (Units for all the air pollutants:
µg m−3)

3

4

5

6

7

8

Steel
Plants
9

0.86

0.60

3.66

1.10

0.73

1.39

3.55

0.23

80
2388
62
3.33
3.52
0.28
0.35
0.27
0.02
0.08
0.19
0.15
0.03
5.30
0.09
0.12
0.32
0.04
0.08
0.07
0.003

37
3126
100
1.75
1.13
0.42
0.24
0.32
0.05
0.09
0.30
0.57
0.02
1.26
0.08
0.14
0.26
0.02
0.08
0.06
0.002

14
1891
25
1.17
1.28
0.18
0.24
0.10
0.03
0.06
0.09
0.17
0.03
0.20
0.10
0.10
0.22
0.04
0.07
0.03
0.002

31
2065
36
1.83
1.81
0.66
0.28
0.22
0.04
0.07
0.11
0.18
0.04
3.54
0.12
0.11
0.23
0.03
0.07
0.04
0.003

31
2303
49
1.70
1.73
0.68
0.55
0.28
0.02
0.08
0.21
0.17
0.03
2.11
0.07
0.10
0.25
0.02
0.08
0.04
0.002

23
2136
51
1.21
0.76
0.60
0.25
0.23
0.01
0.06
0.10
0.12
0.02
3.69
0.04
0.12
0.19
0.02
0.06
0.04
0.002

21
1831
25
1.25
1.66
0.33
0.20
0.09
0.02
0.06
0.11
0.15
0.03
0.15
0.07
0.09
0.19
0.02
0.05
0.03
0.003

38
2729
129
1.20
0.46
0.56
0.45
0.34
0.04
0.07
0.31
0.28
0.04
6.21
0.12
0.11
0.19
0.03
0.06
0.08
0.002

Cluster Type

Coal combustion Fireworks Motor vehicle Dilution Glass plants Road dust Glass/Cement plants Dilution

Cluster number
WS
(m s-1)
SO2
CO
NO2
ClK+
Ca2+
Mg2+
Pb
Cr
Cd
Zn
Cu
Ni
Fe
Mn
Ti
Ba
As
Mo
Sc
Co

1

2

0.63
41
1783
118
1.82
1.49
0.48
0.26
0.51
0.03
0.07
0.14
0.16
0.03
1.74
0.09
0.10
0.35
0.06
0.07
0.05
0.002

Table 3 PM2.5 source contribution estimates (SCE) (μg m-3 and %) for PM2.5
Factor

Source name

Factor 1
Factor 2
Factor 3
Factor 4
Factor 5
Factor 6
Factor 7

Motor vehicle emission
Coal combustion
Steel works
Secondary inorganic source
Firework burning
Glass/Cement plants
Road dust

Base run
μg m-3
20.7
17.9
12.8
12.2
9
5.4
4.7

3860

%
25.0%
21.6%
15.5%
14.8%
10.9%
6.5%
5.7%

Bootstrap run
μg m-3
21
18.2
11.6
11.3
8.6
5.2
4.9

%
26.0%
22.5%
14.4%
14.0%
10.6%
6.4%
6.1%
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FIGURE 6 - Wind rose maps associated with each cluster

2010: 32 μg m-3) and NO2 (2001: 71 μg m-3; 2010: 57 μg
m-3) in the atmosphere between 2000 and 2010 [55].
Factor 5 was composed of high mass fractions of NO3-,
K+ and Cl-, mixing with medium loadings for Mg2+, Ba and
Cu. If simply based on the PMF profile, we could make a
mistake to attribute this factor to biomass burning [56]. Results of K-mean cluster analysis showed that all the members of cluster 3 with highest concentrations of SO2, K+ and
Cl- occurred on the Chinese Lunar New Year’s Eve and
Lantern Festival when people set off fireworks on the largest scale. Additionally, KNO3, KClO3, BaNO3, Mg, etc
were used as raw materials in firework powders. Therefore
this factor should be recognized as firework burning. And
firework burning source contributed 10.9% to the PM2.5
mass during the study period (Table 3).
Factor 6 was characterized by high loadings of Ca2+,
Cu, Fe and Mn mixing with other element species, such as

Sn, Ti, Sc and Pb. CaCO3 was one kind of raw material for
cement production, whereas CaO for glass production.
Moreover, CuO, FeO, Fe2O3, MnO2, CaF2, etc. were necessary additives for producing colored glass [57]. And relatively high values of Ca (0.60~0.66 μg m-3) and Fe
(3.54~3.69 μg m-3) occurred in clusters 5 and 7 (Table 2).
According to Fig. 6, predominant wind directions of clusters
5 and 7 were west-north-west (WNW) and south-west (SW),
respectively, where plenty of glass/cement plants lie as
shown in Fig. 1. Therefore this factor was attributed to glass/
cement plants, which contributed 6.5% to PM2.5 mass. Furthermore, like steel works source, the agreement between the
dominant wind direction and local glass/cement sources’ direction also suggested that this resolved glass/cement plants
were a local source.
Factor 7 had high loadings for Ca2+ and Mg2+, and medium loadings for Mn, Fe, Pb and Zn. Ca, Mg and Fe were
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elements of soil dust [58]. Ca2+ was usually the tracer element of construction dust [53]. As almost all the construction activities were shut down during the study period, this
factor should be road dust. The medium loading of those
elements indicated that road dust was mixed with steel
smelting dust, motor vehicle dust and others. Non-predominant wind direction of cluster 6, of which Ca2+ and Mg2+
concentrations were the highest, was consistent with the
truth that this site was surrounded by roads. Road dust accounted for 5.7% of PM2.5 mass during the study period in
Wuhan (Table 3).
3.5 Assessment of health risk from heavy metal

In this study, nine major metals (Cu, Pb, Cr, Co, Mn,
Zn, Cd, Ni and As) were used to assess the possible noncarcinogenic human health risks during the Spring Festival
pollution episode. The non-carcinogenic risk assessment
results for children (≤6) and elderly (≥70) during the whole
period, are listed in Table 4.
TABLE 4 - Health risk estimated from heavy metal elemental components of PM2.5
Element
Pb
Zn
Cu
Cd
Mn
Ni
As
Cr
Co
Total

Whole
Child(≤6)
0.7814
0.0076
0.0508
0.8701
0.0203
0.0164
1.0042
0.0516
0.0013
2.8037

Adult(≥70)
0.1197
0.0011
0.0102
0.1753
0.0049
0.0033
0.1362
0.0105
0.0002
0.4614

Based on the study [59], elemental risk level higher
than 0.1 has adverse health effects on children. As shown
in Table 4, the metals in PM2.5 with higher risk value than
0.1 were As (1.042), Cd (0.8701), and Pb (0.7814) for the
whole period in Wuhan. The values of high-risk-level elements were rather higher than their values in Nanjing [60]
and Jinan [48]. Hu et al. [59] reported that As (0.414), Pb
(0.173), Cr (0.109) and Co (1.13) were the metal elements
with high risk value in Nanjing, whereas Yang et al. [48]
reported that Cr (0.168), Mn (0.481) and Co (0.463) were
the metal elements in Jinan. Different sampling periods were
the main reason for the higher values. Our sampling period
covered almost the most serious air pollution episode, the
Chinese Spring Festival pollution episode, but He et al. [60]
and Yang et al. [48] collected the annual samples.
The elemental risk levels for other metals were much
lower than 0.1, especially for Co (0.0002-0.0013). However, the elemental risk according to the impact of heavy
metals on health could be cumulative. The total elemental
risk for the two groups was much larger than 0.1 with a
value of 2.8037 for children (≤6 years), a much lower value
of 0.4614 for the elderly (≥70), indicating that the health
impact of the combination of all the heavy metal elements
in PM2.5 would be more serious than that of a single indi-

vidual element in it. In addition, children were the more
sensitive group to develop non-carcinogenic effects, and
avoiding possible exposure to these contaminant elements
is important. Therefore, it is critical for the government to
adopt effective measures to control PM2.5 pollution and to
improve urban air quality, especially in the important festivals.
4. CONCLUSIONS
A real-time air pollution monitoring campaign was
carried out at a semi-residential site in Wuhan from 1 to
25 February, 2013, covering the Chinese Spring Festival.
During the whole period, concentrations of PM2.5 varied from 7 μg m-3 to 672 μg m-3 with an average value of
90 μg m-3. Eight water soluble inorganic ions (SO42-, NO3, NH4+, Cl-, K+, Na+, Ca2+, Mg2+) and 17 elements (Pb, Se,
Cr, Cd, Zn, Cu, Ni, Fe, Mn, Ti, Sb, Sn, V, Ba, As, Mo, Sc),
respectively, explained 46.3% and 4.2% of PM2.5 mass.
The whole study period was divided into three phases:
the pre-holiday phase (phase 1), the holiday phase (phase 2)
and the post-holiday phase (phase 3). PM2.5, SO2, SO42- and
K+ presented the highest concentration in phase 2 because
of firework burning, whereas NO2, NO3-, Ca2+, and Mg2+ in
phase 3 because of motor vehicle emission.
The source apportionment by PMF and K-mean analysis resolved 7 sources for PM2.5 mass: motor vehicle emission (20.7%), coal burning (17.9%), steel works (13.8%),
secondary inorganic source (13.2%), firework burning
(9.2%), glass/cement plants (9.0%), and road dust (5.4%).
In addition, the coal burning was the main source of aerosol
Pb in Wuhan during the study period. And the resolved
steel works and glass/cement plants mainly referred to local emission sources.
The results of health risk assessment from the heavy
metal elements in PM2.5 indicated that As, Pb and Cd were
the three main metals in PM2.5, which could cause non-carcinogenic effects. The health impact of the combination of
all the heavy metal elements in PM2.5 would be more serious both for children (≤ 6) and the elderly (≥70). In addition, the children were the more sensitive group than the
elderly to develop non-carcinogenic effects, and avoiding
possible exposure to these contaminant elements is important.
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APPLICATION OF THE SELF-ORGANIZING MAP FOR
AQUEOUS PHOSPHORUS MODELING AND MONITORING
IN A NATURAL FRESHWATER WETLAND: A CASE STUDY
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as agricultural activities and large-scale water conservancy
projects [6-8].

ABSTRACT
Water quality simulation is an efficient low-cost tool
of communities investigating approaches for controlling
eutrophication in water bodies. In this study, the feasibility
of applying self-organizing map (SOM) model to analyze
the water quality data in a large natural freshwater wetland
was assessed. The SOM model and a multivariable linear
regression were used for analyzing water quality in a natural freshwater wetland. The relationships between transparency, temperature, pH, conductivity, dissolved oxygen
(DO) and phosphorus were revealed by the multivariable
linear regression model and the visualization function of
SOM model. Furthermore, the SOM model performed satisfactory in predicting the total phosphorus concentrations
by utilizing those rapidly and easily measurable online variables, such as transparency, temperature, pH, conductivity
and DO. It could be concluded that the SOM model is a
future modeling and predicting approach for monitoring
and managing water quality in natural freshwater wetlands.
KEYWORDS: self-organizing map (SOM); phosphorus; prediction;
water quality, Honghu Lake wetland

1. INTRODUCTION
Eutrophication has become generally acknowledged as
a serious environmental threat for many freshwater bodies
all over the world [1, 2]. Eutrophication leads to a severe
reduction in water quality and decrease in the value of water bodies for recreation, fishing, hunting, and aesthetic enjoyment [3, 4]. The overloading of phosphorus is the most
common cause of fresh water eutrophication. A 37-year
whole-ecosystem study indicated that eutrophication in
lakes was hardly controlled by reducing nitrogen input; it
should be focused heavily on phosphorus controlling [5].
The inputs of phosphorus in freshwater lakes are multiple
and significantly determined by the human activities, such
* Corresponding author

Water quality modeling and simulation is important
for optimizing the design, operation, and management for
the ecological treatment and restoration pilot applications
in freshwater [4, 9]. Furthermore, water quality online forecast is significant for water quality management and improvement. A fuzzy quality index (FQI) is introduced for
the environmental assessment in a restored wetland to assess the pollutants removal efficiency [10]. This model is
simple enough to be immediately grasped by non-technical
people. Qian and Reckhow developed a predictive model
based on nonparametric Bayesian regression for the total
phosphorus effluent concentration in an Everglades wetland [11]. In another study, an artificial neural network
(ANN) model is applied to establish an interrelationship
between phosphorus, biochemical oxygen demand and dissolved oxygen (DO). It shows satisfactory prediction and
probably could be used as a future tool for quality monitoring [12].
The accuracies of the modeling results are greatly affected by the quality of the collected data set; it is difficult
to assemble a robust and multivariate data set [2, 13]. There
are always sometimes resulting in gaps in the data when
something goes wrong [14]. Compared with multivariable
linear regression model, the self-organizing map (SOM),
which is not affected by the missing values in the input variables, could process with incomplete input data set and
perform relatively well in simulation [13, 15]. The model
is based on an unsupervised neural network algorithm, and
has been successfully applied in the field of data analysis
in complex dimensions [15-17]. The SOM model has been
well performed in improving water treatment performance,
developing water resource and freshwater ecology management [18-20]. But it is not often implemented in water
quality forecast and control strategies for large-scale natural freshwater wetland in comparison to traditional neural
networks. In our previous research, the SOM model has
been experimentally used as a prediction tool for assessing
the nitrogen and phosphorus removal performance in a pilot-scale constructed wetland [9]. However, compared with
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previous researches, the feasibility of using SOM model to
analyze the water quality data in large natural freshwater
wetland was assessed in this study. Additional aims of this
work are to find potential approaches for: (1) identifying
relationships between phosphorus and other water quality
variables in a natural freshwater wetland; and (2) predicting the phosphorus concentrations for online, real time
monitoring and controlling.
2. MATERIALS AND METHODS
2.1 Field site description

Honghu Lake wetland, located at the north bank of the
middle reaches of Yangtze River and near the Three Gorges
Dam Project, is the largest natural wetland in Jianghan Plain
in central China [2]. It has an area of approximate 344 km2,
with an average water depth of 1.34 m and a maximum depth
of 2.3 m. The study area had a subtropical monsoon climate.
The monthly variations of mean temperature and mean rainfall of the study area during 2001-2010 was obtained from
China Meteorological Data Sharing Service System. The average air temperature and annual rainfall during 2001-2010
were 17.8 ºC and 1367.6 mm. The highest monthly averaged
temperature and rainfall, appeared in July, were 29.9 ºC and
215.3 mm, respectively. The lowest monthly averaged temperature was 4.6 ºC in January; while the lowest monthly
rainfall (39.1 mm) appeared in December.

is based on unsupervised learning, which indicates that no
human intervention is required during the model learning
process and that little information needs to be known about
the characteristics of the input data [24, 25]. The SOM
models have been widely applied for the visualization of
dimensional systems and data mining [15, 26]. The SOM
consists of two layers (the multi-dimensional input layer
and the competitive or output layer) [27, 28]. In the SOM
algorithm, the topological relations and the number of the
neurons or nodes are fixed from the beginning. Each neurons or nodes i (i =1,2,…,M) contains a weight vector Mi
= [mi1,…,min] [27]. As the model runs, the weight vectors
are initialized to random values at the beginning. During
the training, each weight vector is calculated using a distance measure such as the Euclidian distance, which is defined as Equation 1.

Di 

2.3 Statistical analyses

All statistical analyses were performed using the
standard software packages Origin 8, Matlab 7.0 and SPSS.
Missing values are very common in field water quality data
sets. Outliers are data that appear to be not consistent with
the entire data set. Outliers can be identified by many methods, such as visual inspection methods, z-score method,
modified z-score method, box plot method [14, 19, 21].
2.4 Self-organizing map

The SOM model, an unsupervised competitive learning neural network and algorithm, implements a characteristic non-linear projection method from the high-dimensional space of sensory or other input signals onto a lowdimensional regular lattice of neurons [22, 23]. The SOM

 (x
j 1

ij

 mi j ) 2

(1)

where
Di, the Euclidian distance, xij, the jth element of the current input vector x; mij, jth element of the weight vector x.
Then, a node (Equation 2) is chosen as the best matching unit (BMU) and the weight vectors are updated consequently. The BMU and its topological neighbors are moved
closer to the input vector on the basis of the update rule
shown in Equation (3) [27].

2.2 Sampling and analysis

Water quality data were collected by monitoring the
surface water quality parameters for three times during
2010-2011 (Jan 2010: 32 samples; Oct 2010: 33 samples;
July 2011: 41 samples). The sampling sites were spread all
over of Honghu Lake wetland and its main canals. Temperature, pH, conductivity, and dissolved oxygen (DO)
were analyzed by using a calibrated Hydrolab DS5 Multiprobe Water Quality Sonde made by Hach Co., USA.
Transparency was determined using Secchi disk. Total
phosphorus (TP) was measured by ammonium molybdate
spectrophotometric method by a spectrophotometer.

n

x  mc  min  x  mi



(2)

where
x, the input vector; m, the weight vector;

, the dis-

tance measure.

mi (t  1)  mi (t )   (t )hci (t )[ x(t )  mt (t )]

(3)

where

 (t ) , the learning rate at t; m(t ) , weight vector at t;
hci (t ) , neighborhood function centered in the winner unit
at t; x (t ) , input vector drawn from the input data set at t.
After a competitive learning process, the clusters corresponding to characteristic features can be shown on a Umatrix map. The quality of the mapping is measured by the
final quantization error and the final topographical error
[27]. For prediction purposes, the model is initially trained
with the training data set. The vector is subsequently presented to the SOM to identify its BMU. The values for the
missing variables are then obtained by their corresponding
values in the BMU [19, 29].The SOM toolbox (version 2)
for Matlab 7.0 used in this study was developed by the Laboratory of Computer and Information Science at Helsinki
University of Technology. The toolbox is available online
at http://www.cis.hut.fi/projects/somtoolbox [26].
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of the 1980s, and increased sharply from the year 2000 [30,
31].

3. RESULTS AND DISCUSSION
3.1 Water quality analysis

Table 1 summarizes the water quality parameters collected in Honghu Lake during the monitoring period (20102011). Altogether 106 measurements per variable were
taken, but three of them were identified as outliers according to the visual inspection method supported by summary
statistics and excluded from the present analysis. The average transparency, water temperature, pH, conductivity, DO
and TP concentration during the monitoring period were
0.771 m, 20.3 ºC, 8.19, 0.407 mS/cm, 10.7mg/L, 0.211 mg/L,
respectively. Several missing values were observed in the
data set for transparency, temperature, pH, conductivity,
DO and TP; these missing values would potentially mislead the data analysis. Honghu Lake wetland has an important role in the agricultural economy development in
Jianghan Plain, its water quality is required to meet the
Class III of the Chinese environmental quality standards
for surface water (GB3838-2002) with TP no more 0.05
mg/L, however, it was not satisfactory during the monitoring period (Table 1). As a shallow freshwater wetland, DO
in most surface water samples were supersaturated, suggesting the areas of higher aquatic primary productivity.
Algae blooms and the excessive loading of nutrients have
also been observed in some bays of Honghu Lake wetland.
One of the most important reason causing this problem is
the enclosure culture for fishery, which started at the end

3.2 Multivariable linear regression simulation

Table 2 summarizes the results from a correlation analysis of six variables. It can be seen that the linear relationships between five input variables transparency, temperature, pH, conductivity and DO, and the target variable TP
were statistically significant. Multivariable linear regression model was applied to determine the TP concentrations
by using other more cost-effective, rapid and easier to
measure water quality variables such as transparency, temperature, pH, conductivity and DO. The results of the regression analysis are shown in Table 3. TP concentrations
in Honghu Lake wetland during the monitoring period
were determined well by the selected variables with r2 of
0.4025, 0.2715, 0.3954, 0.4022, 0.3901 and 0.3341, respectively (Table 3). However, the missing values of each
pair were disregarded in this analysis, the simulation results were influenced by missing values in different degrees.
3.3 Self-organizing map simulation

The SOM model was also applied to identify the relationships between the incomplete input data set of water
quality parameters of Honghu Lake wetland. It is reported
that the SOM learning result can be affected considerably
when the input data are pre-processed appropriately [32].

TABLE 1 - Water quality variables collected during 2010 to 2011
Variable
Transparency (m)
Temperature (ºC)
pH
Conductivity (mS/cm)
DO (mg/L)
TP (mg/L)

Mean ± standard deviation
0.771±0.3433
20.3±8.804
8.19±0.5545
0.407±0.10383
10.7±5.395
0.211±0.231

Samples
94
103
102
102
103
105

Missing values
12
3
4
4
3
1

TABLE 2 - Correlation matrix (variable pairs in bracket) for transparency, temperature, pH, conductivity, DO and TP
Variable
Transparency
Temperature
pH
Conductivity
DO
TP

Transparency
1.000 (94)

Temperature
0.119 (91)
1.000 (103)

pH
0.261 (90)
-0.594 (102)
1.000 (102)

Conductivity
-0.287 (90)
-0.729 (102)
0.246 (102)
1.000 (102)

DO
-0.165 (91)
-0.770 (103)
0.638 (102)
0.445 (102)
1.000 (103)

TP
0.409 (94)
0.398 (102)
-0.206 (101)
-0.245 (101)
-0.493 (102)
1.000 (105)

TABLE 3 - Multivariate linear regression equations for TP as functions of transparency, temperature, pH, conductivity and DO.
Linear regression equation for determining phosphorus values
TP = 0.266  Transparency + 0.005  Temperature – 0.011  pH + 0.412  Conductivity – 0.020  DO + 0.053
TP = 0.005  Temperature + 0.095  pH + 0.195  Conductivity – 0.024  DO – 0.487
TP = 0.259  Transparency – 0.030  pH + 0.179  Conductivity – 0.024  DO + 0.457
TP = 0.261  Transparency + 0.006  Temperature + 0.423  Conductivity – 0.021  DO – 0.044
TP = 0.244  Transparency + 0.0004  Temperature – 0.024  pH – 0.022  DO + 0.462
TP = 0.314  Transparency + 0.014  Temperature – 0.044  pH + 0.618  Conductivity – 0.204
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Variable pairs
90
101
90
90
90
90

r2
0.4025
0.2715
0.3954
0.4022
0.3910
0.3341
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The numerical accuracy of statistical computations in
connection with the SOM algorithm is therefore improved by
utilizing a component scaling transformation (Equation 2) of
each vector component.

xi (new) 

xi  xmin
xmax  xmin

(4)

where
xi(new), pre-processed data of component i in the input
vector x; xi, the original data of component i in the input
vector x; xmin, the minimum component in the input vector
x; xmax, the maximum component in the input vector x.
Prior to simulation implementation, the raw data sets
were pre-processed by applying this component scaling
transformation method (Equation 2) to ensure that no component would have excessive influence on the training result by virtue of its higher absolute value [32]. A two-dimensional lattice with a map size of 126 hexagonal units
was used. The final quantization error and final topographic error (0.2062 and 0.0094, respectively) were relatively low if compared to the error values with other parameters, indicating that the mapping quality was relatively
good. After training the original un-scaled data can be also
obtained by reversing the Equation 2. The component
planes for each scaled variable of the SOM model are
shown in Fig. 1. The unified distance matrix (U-matrix)
representation of the SOM visualizes the distances between the map neurons [16, 26]. The distances between the
neighboring map neurons were calculated and visualized
with grey shades between them in Fig. 1. The component
plane shows the value of the variable in each map unit [16].
For example, the lighter grey shades are linked to the high
relative component value of the corresponding weight vector. The relationships between TP and other input variables
could be identified and illustratively showed. The finding
was in agreement with the result of correlation analysis
(Table 2). High scaled TP(new) values (>0.22) were linked
to high transparency (new) values (>0.36), high temperature(new) values (>0.50), low pH(new) values (<0.53), low
conductivity(new) values (<0.58) and low DO(new)
(<0.39).
Phosphorus concentration in Honghu Lake wetland
tended to be low under the suitable conditions linked to
specific transparency, temperature, pH, conductivity, and
DO concentrations. Phosphorus transformation and reducing mechanisms in wetlands include adsorption, desorption, precipitation, dissolution, plant and microbial uptake,
fragmentation, leaching, mineralization, sedimentation
(peat accretion) and burial [33, 34]. Those processes are
significantly affected by the crucial factors of water quality, such as temperature, DO, pH and conductivity. High
temperatures were linked to low DO concentrations in the
Honghu Lake wetland (Fig. 2). Abundant growth of filamentous algae, during high temperatures periods, would
increase the sediment oxygen demand of the organics in
natural wetlands, the anoxic condition resulted in a breakdown of sediment water boundary layer, leading to release

of phosphorus previously retained in the sediment [12]. DO
is an important variable influencing phosphorus transformation in natural wetlands. The interrelationship between
DO and TP in an untreated effluent impacted urban stream
was revealed by Girija et al. [12], concentration of TP was
maximum while dissolved oxygen was the least. In terms of
the effect of pH, phosphorus might precipitate as calcium
phosphate within sediment pore water or in the water column near active phytoplankton growth when pH values were
relatively high [35]. The TP concentration in the Honghu
Lake wetland tended to be low if the conductivities were lager than 0.44 mS/cm, it might be because the adsorption capacity of phosphorus onto sediments increased with the enhancement of ionic strength, that in agreement with the formation of inner-sphere complexes [36].

FIGURE 1 - Abstract visualization of the relationships between the
pre-processed input data set of water quality parameters using a selforganizing map model.
3.4 TP prediction with the self-organizing map

TP, an important parameter for water quality assessment, is the sum of reactive, condensed and organic phosphorous. In order to monitor TP in real time, the SOM
model, which has been successfully used for nutrients modeling and prediction in pilot-scale constructed wetlands [9,
13], was tested in this study to predict the TP concentrations
in a large natural freshwater wetland. The input variables,
used for predicting, were easier to be measured online water quality parameters.
For modeling purposes, data set was randomly arranged and then subdivided into three sets. The first set was
used as training data, the second set was used as validation
data and the last set was used as test data. The model was
first trained using the training data set. Then, a prediction
could be made by seeking the BMU for a vector with unknown components. Finally, the missing values in the validation and test data sets were obtained from their corresponding values in the BMU [19, 29]. The numbers of
training, validation and test data sets are shown in Table 4.
The TP data were omitted from the test data set, implying
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that TP values were in fact missing values, and then the
predicted TP values were compared with the actual values.
The results of the SOM modeling performance in predicting TP concentrations are shown in Fig. 2. Table 4 shows
the summary statistics of the SOM model during test. SOM
model showed comparatively lower mean absolute scaled
error (MASE < 1), a scale-free error metric proposed by
Hyndman and Koehler, indicating that, on average, the forecast was satisfactory [16, 37]. In general, the SOM model
performed better in predicting the TP concentrations in
Honghu Lake wetland if compared with the multivariable
linear regression model.
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ABSTRACT
Effects of Zn and Cd on condition factor (CF), hepatosomatic (HIS) and gonadosomatic (GSI) of Oreochromis
niloticus, after exposing the animals to 10 % of their LC50
values, namely 6.0 ppm Zn and 1.6 ppm Cd, over 7, 15,
and 30 days. Standard mathematical formulations were
used in determining the mentioned parameters.
Cadmium, which is a toxic metal, increased GSI and decreased HSI and CF at the beginning of the experiments. The
decrease in HSI and CF continued with increasing exposure
periods. Zinc, however, decreased all three parameters compared with control at the end of experiments (P<0.05).
Changes in CF, GSI and HIS might reflect metabolic
and physiologic disturbances under the effect of metals.
KEYWORDS: Zinc, cadmium, Oreochromis niloticus, condition
factor, gonadosomatic index, hepatosomatic index.

1. INTRODUCTION
The water cycle among atmosphere, lithosphere and
hydrosphere is important in sustainability of life on earth.
Heavy metal containing wastes that enter lithosphere and atmosphere by natural and anthropogenic activities, are washed
to the hydrosphere where they increase the levels of these metals [1, 2]. Aquatic organisms uptake heavy metals directly
from their environment and by through food chain. Excess
amounts of these metals are accumulated in various tissues
which result in loss of appetite, growth and reproduction
disorders and changes in metabolic and physiologic functions as a result of weakening of immune system [3, 4].
Although these effects show differences among the species, they may alter the statue of a population and energy
flow within the ecosystem, thus resulting disturbances in
ecological balance [5].
The mode of action of heavy metals show differences
among metals. Some of them, such as Cu, Zn and Fe, have
metabolic functions at low concentrations and some, such
* Corresponding author

as Cd, Pb and Hg, are toxic even at very low concentrations
with no known biological function [6].
Zinc, being a structural component of a number of enzymes, plays an important role in protein, carbohydrate, lipid and nucleic acid metabolisms and have function in
growth, development and reproduction in animals. The
main source of zinc is the earth crust and it is widely used
in construction, automotive, dye and food industries and in
medicine [7].
Cadmium is xenobiotic which is widely used in electric, electronic, automotive, metal plating, battery, dye,
plastic and synthetic fiber industries and in nuclear reactor
control systems. It is known to have toxic effects on animals even at very low concentrations [8].
It was reported that Zn and Cd entering aquatic ecosystems from these resources cause enzymatic and hormonal disorders, DNA damages, defectiveness in blood oxygen carrying capacity and electrolyte losses in fish which
in overall result in alterations in condition factor and somatic index [9].
Together with hematologic and biochemical parameters, changes in condition factor, hepatosomatic and gonadosomatic index were also frequently used to determine
and monitor heavy metal toxicity in aquatic animals. In
general, condition factor, hepatosomatic and gonadostomatic index reflect the developmental, metabolic and reproductive status of the organisms respectively [10, 11].
Studying changes in biological functions of aquatic animals under the effect of heavy metals allow to determine
the health condition of economic aquatic products which
also reflect the state of pollution in the environment. Present study was undertaken to determine condition factor,
hepatosomatic and gonadosomatic index of O.niloticus exposed to 10% LC50 values of zinc and cadmium, namely
6.0 ppm Zn and 1.6 ppm Cd, over 7, 15, and 30 days.
2. MATERIALS AND METHODS
O.niloticus 18.34 ± 1.11cm in length and 107.89 ± 1.19 g
in weight were used in the experiments. Experiments were
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run in the culture laboratory of the Aquaculture Faculty,
Mersin University. Fish were placed in three glass aquaria
40x100x40 cm in height and adapted to controlled laboratory conditions for one week. The laboratory had a constant
temperature of 24 ± 10C and a 12h light/12h dark illumination period was applied.
Three glass aquaria of the same size were used in the
experiments. The first two aquaria were filled with 6.0 ppm
Zn and 1.6 ppm Cd, which are 96h LC50 concentrations of
these metals to this species, and the third aquarium was
filled with metal free tap water and used as control. Experiments were run in triplicate being two fish in each replicate. Hence 18 fish were placed in each aquarium. Aquaria
were aerated using central aeration system.
Some physical and chemical parameters of experimental water are given in Table 1.
TABLE 1 - Physical and chemical parameters of experimental water
Temperature (0C)
pH
Dissolved Oxygen (mgL-1)
Total Hardness (mgL-1 CaCO3)
Alkalinity (mgL-1 CaCO3)

24 ± 1
8.62 ± 0.16
5.29 ± 0.70
227 ± 0.48
332 ± 0.50

ZnSO4.7H2O and CdCl2 water soluble salts of the metals were used in preparation of metal solutions. Experimental solutions were changed once in every two days to
prevent concentration changes due to precipitation, evaporation and adsorption. Fish were fed with a commercial fish
feed (Pınar; Bream feed, Pellet No:2) once a day in
amounts 2% of their total body weight.
Six fish were removed from each aquarium at the end of
7, 15 and 30 days of exposure periods and were anaesthetized using ethylene glycol monophenyl ether (=Phenoxyethanol, C8H10O2; Merck). Fish were then washed with tap
water, dried with Whatman paper to remove metal residues
from their skin and their total length and wet weight were

determined. Weights of the liver and gonad tissues were also
determined after dissecting from each fish.
Total length, weight and organ wet weight values were
used to determine the hepatosomatic index, gonadosomatic
index and condition factor parameters using the formulas
given below [12].
Liver Wet Weight (g)
% Hepatosomatic Index (HSI) = ------------------------------------ x 100
Total Body Wet Weight (g)
Gonad Wet Weight (g)
% Gonadosomatic Index (GSI) = ----------------------------------- x 100
Total Body Wet Weight (g)
Total Body Wet Weight (g)
% Condition Factor (CF) = ----------------------------------------- x 100
Total Length (cm)

Experimental data were statistically analyzed by a series of analysis of variance (ANOVA) and Student’s Newman Keuls’ Tests (SNK) using SPSS package program.
Since data were expressed in percentages Arcsine transformation was applied before analysis.
3. RESULTS
No mortality was observed in O.niloticus exposed to
6.0 ppm Zn and 1.6 ppm Cd over 30 days. Exposure to both
metals decreased HSI significantly compared with control
at a given period except 7 days exposure to Zn (P<0.05)
(Table 2). Cadmium was more effective in lowering HSI
compared to zinc (P<0.05) (Table 2).
Zinc decreased whereas Cd increased GSI compared
to control at the end of exposure period (P<0.05). GSI also
showed a decrease with increasing exposure periods to zinc
and vice versa was true for Cd (P<0.05) (Table 2).

TABLE 2 - Effects opf Zinc and Cadmium on Hepatosomatic Index, Gonadosomatic Index and Condition Factor in O.niloticus.
Metal
(Concentration)

Exposure Period (Days)
0 (Control)
7

X  Sx

*

15

X  Sx

*

X  Sx

30
*

X  Sx

1,73±0,026

a

1,91±0,075 b

1,18±0,006 c

1,46±0,024 d

HSI
(%)

Zn
(6 ppm)
Cd
(1.6 ppm)

1,73±0,026

a

1,60±0,015 b

1,32±0,014 c

0,96±0,003 d

Zn
(6 ppm)
Cd
(1.6 ppm)

0,56±0,012 a

0,67±0,006 a

0,60±0,050 a

0,44±0,012 b

GSI
(%)

0,56±0,012 a

0,46±0,019 b

0,56±0,042 a

0,66±0,018 c

Zn
1,78±0,043 a
1,77±0,026a
1,75±0,107 a
1,52±0,014 b
(6 ppm)
Cd
1,78±0,043 a
1,55±0,012 b
1,72±0,008 a
1,75±0,003 a
(1.6 ppm)
*SNK; Letters a, b, c and d show differences between exposure periods. Data shown with different letters are significant at the P<0.05 level.
CF
(%)

X  Sx : Mean± Standard Error.
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The effects of Zn and Cd on CF differed depending on
exposure period. These differences was statically important on days 30 and 7 for Zn and Cd respectively. The
decrease in CF was more pronounced on exposure to Cd
then to Zn (P<0.05) (Table 2).
4. DISCUSSION
Toxic materials entering aquatic organisms through
their food, skin and water are detoxified by various mechanisms. The level of detoxification depends upon type of
toxic material, its concentration, exposure period and various environmental factors. Sixty percent mortality was observed in C. carpio exposed to increasing concentrations of
Fe, Zn, Mn, Ni, Cr, Cu, Pb and Cd under laboratory conditions depended on concentration and exposure periods to a
given metal [13]. No mortality was observed in O. niloticus
exposed to 6.0 ppm Zn and 1.6 ppm Cd for 30 days which
was probably due to low concentrations of metals at the
exposure periods tested and/or tested concentrations of
metals stimulated the detoxification mechanisms.
Physical and chemical alterations occurring in the environment cause stress in aquatic organisms which in turn
result in metabolic, physiologic, biochemical, behavioral
changes that have negative effects on growth, development
and reproduction [5].
Hepatosomatic index is the main indicator of metabolic activity in animal organisms. HSI of Leuciscus cephalus sampled from a discharge area of a waste water plant
was higher than those sampled from control station which
was attributed to hypertrophy or hyperplasia occurred in
liver under the effect of pollutants [14]. Bekmezci [15] reported that heavy metals decreased HSI in Clarias gariepinus which was possibly due to depletion of energy reserves
in liver. HSI decreased in O. niloticus exposed to Zn and
Cd singly compared to control. Stress condition developed
under the effect of metals and the excess usage of energy
reserves in response to increase in requirement might cause
the decrease in HSI.
Condition factor is another parameter that reflects general health state of fish which differs according to the environmental factors, age, sex and reproduction period [16]. CF
decreased in Gasterosteus aculeatus [17] and Gobio gobio
[18], increased in Astyanax fasciatus [19] and did not effected in C. gariepinus under the effect of heavy metals [20].
They concluded that the decrease in CF under the effect of
heavy metals might be a result of loss in appetite or excessive use of energy reserves to compensate requirements. The
increase in CF under metal exposure can be explained by the
stimulation of detoxification mechanisms which prevented
metabolic reactions to be effected by heavy metals. The decrease in CF in O. niloticus exposed to Cd and Zn was observed at the beginning and at the end of experimental periods respectively. The decrease in CF in both groups can be
explained by loss in appetite, whereas the difference between
the metals might be due to Cd being more toxic than Zn.

Gonadosomatic index is an important parameter that
reflects both the state of population for the continuity of
generation and changes in organisms under the effect of
heavy metals. GSI decreased in Mullus barbatus under the
effect of Hg, Pb and Ar, possibly due to structural deformation of DNA and an increase in liver EROD (ethoxyresorufin-O deethylase) activity [21]. Heavy metals had
negative effects on gonad size in Leuciscus cephalus possibly as a result of a decrease in the amounts of 11-ketotestesteron, EROD and vitelline [22]. The increase in GSI
under the effect of Zn, structural part of a number of enzymes and hormones, at the beginning of experiments with
O. niloticus, might be due to stimulation of reproductive
enzymes and hormones. As in other trace elements, the increasing levels of Zn with increasing exposure times might
have toxic effect in gonads, resulting a decrease in GSI.
The decrease in GSI compared to control at the beginning
of exposure to toxic metal Cd was also probably due to inhibition of enzymes functioning in synthesis and release of
reproductive hormones whereas the increase in GSI with
prolonged exposure to this metal might activate synthesis
of metal binding proteins in gonads.
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