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HEPATIC SPECIFIC ANTIOXIDANT RESPONSES
IN PELTEOBAGRUS FULVIDRACO FOLLOWING
A SHORT-TERM EXPOSURE TO PHENANTHRENE
Jun-Li Hou1, Ping Zhuang1, Ling Chen2 and Ling-Ling Wu2,*
1
Key Laboratory of Marine and Estuarine Fisheries, Ministry of Agriculture, East China Sea
Fisheries Research Institute, Chinese Academy of Fishery Sciences, 200090 Shanghai, P.R. China
2
State Key Laboratory of Pollution Control and Resource Reuse, College of
Environmental Science and Engineering, Tongji University, 200092 Shanghai, P.R. China

ABSTRACT

1. INTRODUCTION

Phenanthrene (PHE) is among the most abundant and
ubiquitous polycyclic aromatic hydrocarbons (PAHs) in
the aquatic environment as a result of human activities. In
this study, juvenile yellow catfish (Pelteobagrus fulvidraco)
was exposed to 0.05µg/L and 100 µg/L of waterborne PHE
during 14 days. Hepatic enzymatic antioxidants such as
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) were quantified. The ratio of
specific antioxidant enzyme activity from treatments to
the controls was expressed as an index, the relative enzymatic activity (REA). Hepatic SOD exposed to 0.05 µg/L
PHE was induced significantly (P < 0.05) at day 0.25, 1, 3
and 14 except at day 7. Whereas, the SOD of 100 µg/L
PHE treatment declined significantly at day 0.25 (P <
0.05), and recovered to the control level at day 1 or day 3
following increased at day 7 or day 14. Hepatic CAT of
both treatments were declined with the exposure duration
before day 14, and gradually increased at day 14. Hepatic
GPx exposed to 0.05 and 100 µg/L PHE significant induced to the highest level at day 0.25 and day 3 respectively, and they tended to recover at day 14. Overall, the
results indicate that yellow catfish is susceptible to the
waterborne PHE that even in 0.05 µg/L could affect the
antioxidant defense systems in liver, and demonstrate a
higher adaptive competence expressed as hepatic antioxidant enzyme activation. So we considered that the hepatic
antioxidant enzyme of yellow catfish has potential to be a
sensitive biomarker of PHE exposure.

KEYWORDS: Phenanthrene; Yellow catfish; Relative enzymatic
activity; Oxidative stress

* Corresponding author

Polycyclic aromatic hydrocarbons (PAHs) are widely
spread class of environmental pollutants composed of two
or more fused aromatic rings. Due to their strong carcinogenic, mutagenic, and teratogenic properties, PAHs have
raised considerable concern for environmental and human
health in the recent decades. PAHs are mainly originated
from incomplete combustion of fossil fuels and biomass
[1]. Once released into the aquatic environment, PAHs tend
to bind on particles and subsequently deposited in the
sediments owing to their high hydrophobicity [2], which
may pose a potential health risk to the aquatic organisms,
especially to benthic and epibenthic organisms [3]. Emission of 16 PAHs listed as U.S. Environmental Protection
Agency [4] priority pollutants from major sources in China
were estimated 25 300 tons in 2003 [1], which revealed
initially that PAHs contamination is a relatively severe
problem in China. Phenanthrene (PHE), a tricyclic PAH, is
widely distributed in the aquatic environment [5]. Studies
have shown that high levels of PHE can be found in polluted
areas, reaching water concentrations as high as 1460 µg/L in
marine samples near some crude oil exploration area [6].
Water concentrations of PHE in some rivers are nearly
1.0 µg/L in China [7, 8]. Since PHE is the smallest aromatic hydrocarbon with a “bay-region” and a “K-region”,
the highly reactive regions of PAH molecules where the
main carcinogenic species can be formed, it is commonly
used as a model for studies on metabolism of carcinogenic PAHs [9]. Some toxic effects of PHE on growth and
development [10], hematological [11], immune [12] and
reproductive system [13] have been known. However,
studies investigating the health risks on aquatic organisms
from low-level of PHE exposure are limited.
Generally, the excess of environmental pollutants accumulated in the living organisms can enhance the intracellular formation of reactive oxygen species (ROS) such
as superoxide anion radicals (O2·ˉ), hydrogen peroxide
(H2O2) and hydroxyl radical (OH·), leading to oxidative
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stress [9]. Antioxidant enzymes such as superoxide dismutase (SOD, EC 1.15.1.1 - converts O2·ˉ to H2O2), catalase (CAT, EC 1.11.1.6 - reduces H2O2 to water) and
glutathione peroxidase (GPx, EC 1.11.1.9 - detoxifies H2O2
or organic hydroperoxides) play the key roles in protecting cells from oxidative stress and have been extensively
used as biomarkers of oxidative stress [14]. Some studies
have demonstrated that antioxidant enzymes in fish are
valuable tools to evaluate oxidative stress induced by pollutants, including PHE [9, 15, 16].
As one of an Order Siluriformes, yellow catfish
(Pelteobagrus fulvidraco) is a small-size demersal fish
widely living in lakes or rivers of China, especially in
midstream and downstream of the Yangtze River [17]. It
also lives in freshwater of India, Japan, Korea, Lao, Russia and Vietnam [18]. For its excellent meat and successful artificial breeding, yellow catfish proved to be an important commercial fish in China [17]. Although fishes
are considered to very useful monitoring organisms for
pollution in aquatic ecosystems [19], few studies were conducted about the effects of environmental pollutants on
yellow catfish. In this study, we investigated responses of
antioxidant enzymes in liver of yellow catfish exposed to
low-level (0.05 µg/L) and high-level (100 µg/L) of PHE
at different exposed times in laboratory conditions. The
low concentration, 0.05 µg/L, was selected according to the
concentrations reported in some rivers in China [7]. The
high concentration, 100 µg/L, was chosen on the basis of
the concentration of PHE in the heavy PAHs contamination area such as near or in the crude oil exploration area
[6]. Because it is one of the abundant species and living in
bottom water near sediment where PAHs often deposit,
yellow catfish were selected as the experimental specimen
in this study. Considering biochemical indicators are
susceptible to fish age and growing environment [17], the
artificial propagation of yellow catfish was conducted in
our laboratory so as to remove the differences from the
individual growing asynchronous to some extent. The objective of this study is to explore the oxidative stress of
yellow catfish caused by the waterborne PHE exposure, and
identify if the hepatic antioxidant enzyme of yellow catfish
is potential as a sensitive biomarker of PHE exposure.
2. MATERIALS AND METHODS
2.1. Chemicals and test organisms

PHE was purchased from Sigma-Aldrich (99.9% purity, Deisenhofen, Germany). Other reagents were analytical grade and obtained from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). 10 females (105.2 ± 37.2 g)
and 6 males (250.4 ± 61.6 g) parental yellow catfish were
obtained from a commercial fishery farm in Shanghai,
China. They were acclimatized under laboratory condition
for two days in a 1000-L concrete tank before artificial
hatching. Larval fishes were obtained after hormone-induced ovulation, fertilization and incubation. After 4 months
cultivation in lab, juvenile fishes were used to the toxic

experiment. During the 4 months, fries were kept under a
photoperiod of 12 h light : 12 h dark, and maintained in
dechlorinated tap water with the following physicochemical characteristics: temperature 25.5 ± 0.2 °C, pH 7.36 ±
0.2, dissolved oxygen > 5.5 mg/L and total hardness as
CaCO3 200 ± 20 mg/L. Ammonia and residual chlorine
were below detection limits. Fish were fed twice each day
with commercial frozen chironomus larva (red worm). The
chironomus larva was artificial bred sterilized by ultraviolet
lamps.
2.2. PHE exposure protocol

PHE exposures were conducted using 15-L glass
aquaria containing 12-L dechlorinated tap water. Triplicates
were used in all treatments. Juveniles (5.42 ± 0.45 cm, 1.35
± 0.25 g) were randomly distributed into three glass aquaria
as three groups, each aquarium containing 20 fish. Group
I and Group II were exposed to 0.05 µg/L and 100 µg/L
PHE for 0, 0.25, 1, 3, 7 and 14 days, respectively, with
0.01% acetone as the cosolvent of PHE. Group III was
held in 0.01% acetone as control. During the exposure
period, the photoperiod and the physicochemical characteristics of water were kept as the cultivation period mentioned above. The solution was renewed every 12 h to
maintain a constant PHE concentration. On days 0, 0.25,
1, 3, 7 and 14, three fish per group were taken out following anesthetization in 1.00 g/L MS-222 (3-aminobenzoic
acid ethyl ester dissolved in water), rinsed with ultrapure
water (PURELAB Option-Q, ELGA LabWater, UK) and
dissected on an iced medical basin immediately. After
removal, liver samples were carefully cleaned of adhering
attachments and stored at −70 °C prior to analysis for liver
antioxidant enzyme activities.
2.3. Biochemical assays

Using potter homogenizer with glass pestle, each sample of liver tissue was rapidly thawed and manually homogenized in ice-cold physiological salt water (0.9%) in
the ratio of 1:9 (w/v). The salt water was about volume
9 times liver tissue. Potters and pestle were precooled at
4 °C, and all procedures were performed on ice. Homogenates were centrifuged for 15 min at 4 °C and 4000 × g
(Beckman J2-MC Refrigerated centrifuge, America). The
resultant supernatants were collected to assay antioxidant
enzyme activities.
The activity of SOD and CAT was evaluated with
commercial kit (Jiancheng Bioengineering Institute, Nanjing, China). Liver SOD activity was expressed in unit per
milligram of protein (U/mg protein). One unit (U) means
50% of inhibition by SOD of nitric ion production in this
condition. One unit (U) of CAT activity was defined as
the amount of enzyme that was required to deplete 1 µmol
H2O2 in 1s per milligram of liver protein and was expressed as mU/mg protein. GPx activity was measured
using the Glutathione Peroxidase Assay Kit (Beyotime
Institute of Biotechnology, Shanghai, China). One unit of
GPx activity was defined as the amount of enzyme that
catalyzed 1 µmol NADPH to NADP+ in 1 min per milli-
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gram of liver protein and was expressed as mU/mg protein. The protein content in the homogenate was measured
with a Coomassie (Bradford) Protein Assay Kit (Jiancheng
Bioengineering Institute, Nanjing, China). The ratio of
specific antioxidant enzyme activity from treated yellow
catfish samples to specific antioxidant enzyme activity of
the controls was expressed as an index, the relative enzymatic activity (REA).

before day 14, and reached its minimum level which was
27% of the control group at day 7, and then recovered
significantly (P < 0.05) to 78% of the control group at
day 14 (Fig. 2). yellow catfish exposed to 100 µg/L of
waterborne PHE reduced its REA of CAT of liver by 70%
at day 0.25 compared to the control, then CAT activity
enhanced gradually and reached the control level at day
14 (Fig. 2).

2.4. Statistical analysis

Data were given as means ± SD. Student’s t-Tests
were used to determine significant differences. All statistical analysis was performed using SPSS 17.0 software
(SPSS, Chicago, IL, USA) and P ≤ 0.05 was considered
statistically significant.
3. RESULTS
3.1. Changes of SOD activity

No fish died in treatment or control groups during the
entire experiment period. Yellow catfish exposed to 0.05
µg/L waterborne PHE showed a significant (P < 0.05) increase of relative SOD activity (REA) of liver at day 0.25,
1, 3 and 14 than the control group, except at day 7 (Fig. 1).
However, the REA of SOD in liver of 100 µg/L of PHE
treatment group decreased significantly at day 0.25 (P <
0.05). Whereas, SOD activity recovered to the control level
at day 1 and day 3 following increased at day 7 or day 14
(Fig. 1).

FIGURE 2 - Relative enzymatic activity (REA) of catalase (CAT) in
liver of yellow catfish (Pelteobagrus fulvidraco) exposed to waterborne phenanthrene (PHE) of 0.05 µg/L and 100.0 µg/L. * : Significantly different from control, n =6, P < 0.05. “▢”: 0.05 µg/L; “▧”: 100.0
µg/L.
3.3. Changes of GPx activity

In contrast to CAT, GPx in liver of yellow catfish
were significant induced by both treatments of waterborne
PHE (Fig. 3). The REA of hepatic GPx of yellow catfish
challenged with 0.05 µg/L of PHE didn’t reveal a significant difference at day 0.25 compared to the control. However, it was significantly higher than the control at day 1

FIGURE 1 - Relative enzymatic activity (REA) of superoxide dismutase (SOD) in liver of yellow catfish (Pelteobagrus fulvidraco)
exposed to waterborne phenanthrene (PHE) of 0.05 and 100.0 µg/L.
* : Significantly different from control, n =6, P < 0.05. “□”: 0.05 µg/L;
“▧”: 100.0 µg/L.
3.2. Changes of CAT activity

The significant inhibitions on hepatic CAT were observed at the early time of exposure period in the both
treatments (Fig. 2). REA of CAT of liver in yellow catfish
challenged with 0.05 µg/L of waterborne PHE was significant decreased (P < 0.05) with the exposure duration

FIGURE 3 - Relative enzymatic activity (REA) of glutathione peroxidase (GPx) in liver of yellow catfish (Pelteobagrus fulvidraco) exposed to waterborne phenanthrene (PHE) of 0.05 and 100.0 µg/L. * :
Significantly different from control, n =6, P < 0.05. “▢”: 0.05 µg/L; “▧”:
100.0 µg/L.
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and reached the maximum level (5.3-fold of the control)
at day 3. It decreased and reached to 2.9-fold of the control group at day 14 (Fig. 3). Whereas, hepatic GPx was
significantly induced in 100 µg/L treatment group at day
0.25 with REA 7.6-fold of the control (P < 0.01), following hepatic GPx activity decreased and reached its minimum level with REA 1.8-fold of the control at day 14
(Fig. 3).
4. DISCUSSION
PHE is among the most abundant and ubiquitous PAHs
in the aquatic environment as a result of both petrogenic
and pyrogenic sources. The reported PHE levels in natural
waters had a wide range of 0.01µg/L [7] to 1460 µg/L [6].
The available studies demonstrated PHE could be accumulated and even be metabolized in fish tissues [9, 16], resulting in ROS production and oxidative stress in Paralichthys olivaceus [15], Carassius auratus [8, 16] and Sparus
aurata [20], and so on. Additionally, the previous studies
reported different effects of PHE on antioxidant enzymes
activities in fish. Exposed to 50.0 µg/L of PHE for 21 d, hepatic SOD activity in Sparus aurata was induced significantly after 4 d exposure; CAT activity was increased at 6 h
after phenanthrene treatment. After 1 d exposure, CAT activity was depressed gradually and then was activated after
14 d [20]. Exposed to 100 or 400 µg/L of PHE for 4-14d ,
hepatic SOD, CAT and GPx activities in tilapia were induced at either 100 or 400 µg/L at day 8 and 14, as well as
for CAT at 50 µg/L at day 14, except for GPx at 400 µg/L at
day 8 [21]. Therefore, the different fish species showed
differences in the sensitivity to PHE exposure and may use
different strategies to reduce oxidative damage, as described
elsewhere [22]. The species differences in the efficiency of
antioxidant defenses may partly explain prevalence of
pathological lesions observed in certain species of fish [23].
Thus, the antioxidant enzymes have been considered the
important biomarkers to evaluate the influence of pollutants on the biochemical pathways and enzymatic function in fish [21]. In the present study, we evaluated the
antioxidant enzymatic (SOD, CAT and GPx) responses in
yellow catfish exposed to a low-level (0.05 µg/L) and a
high-level (100 µg/L) of waterborne PHE. Both levels of
PHE concentrations could be considered as environmentally realistic since they fell within the levels detected in
natural waters. Our results indicated that yellow catfish
was very sensitive to the PHE exposure, and the 0.05 µg/L
of waterborne PHE could affect the antioxidant defense
systems in liver. Moreover, the effects of waterborne PHE
on the activities of hepatic antioxidant enzyme in yellow
catfish depended on the concentration and exposure duration.
SOD is a metalloenzyme which catalyze the conversion of O2·ˉ to yield H2O2. H2O2 is an important ROS as
well. The increase of the SOD activity in liver of yellow
catfish exposed to 0.05µg/L of waterborne PHE (Fig. 1)
suggested that SOD was induced as a consequence of

generation of O2·ˉ. The increased activity of SOD could
be considered an adaptation of yellow catfish to overcome
the unsafe stress by PHE and to prevent from its toxicity.
However, when exposed to 100.0 µg/L of PHE, the hepatic SOD activity was inhibited at day 0.25 and then significantly induced at day 14. Sun et al. [16] demonstrated
that a severe oxidative stress could suppress the activities
of antioxidant enzymes due to oxidative damage and a
loss in compensatory of the antioxidant defenses. Doyotte
et al. [24] pointed out that the decreased enzyme activity
response might accompany the first exposure to pollutants,
which could be followed by an induction of antioxidant
systems. In our study, the SOD activity in yellow catfish
exposed to 100.0 µg/L of PHE increased gradually and
was higher than the control after 7 or 14-days exposure,
which could be explained that yellow catfish adapted to
the PHE exposure with exposure duration, and the generation of ROS was still within the SOD catalyzing capacity.
CAT and GPx protect organisms from oxidative damage by decomposing H2O2 to H2O and O2. In this study, the
hepatic CAT activity in yellow catfish was inhibited under both treatments of waterborne PHE at the early time
of exposure period (Fig. 2). The decrease of hepatic CAT
activity indicated the reduction of the capacity of scavenging H2O2 in response to the oxidative stress, which might
enhance the risk of oxidative damages [25]. The decrease
of CAT might be attributed to that the formation and accumulation of H2O2 exceeded the function of CAT elimination and resulted in CAT poisoned [9]. Unlike CAT, the
hepatic GPx was significantly induced after exposed to both
levels of waterborne PHE (Fig. 3). The increase of GPx
indicated that the concentration of generated H2O2 in liver
cells was within the extent which did not poison GPx or
damage the synthetic system of GPx. At day 0.25 expose
to 0.05 µg/L of waterborne PHE seemed to have no significant induction of hepatic GPx by yellow catfish. However, when exposed to 100.0 µg/L of waterborne PHE, the
hepatic GPx activity was significantly induced, which revealed that yellow catfish was sensitive to high level of
waterborne PHE. Additionally, after 14-days exposure,
both hepatic CAT and GPx in yellow catfish had recovered
to the control level (Fig. 3), profiled meaning that juvenile
yellow catfish had adjusted itself from the situation of
oxidant stress to the normal physiological conditions via
activation of cellular antioxidant defense. Furthermore,
CAT and GPx which both functioning as scavengers of
H2O2, presented reverse trends at the early time of waterborne PHE exposure duration. These distinct reactions reflected the selective efficiency of the two enzymes in PHEinduced oxidative stress, the increase of GPx activity and
decrease of CAT activity indicated that GPx was more responsive and efficient to the increase of H2O2 in the liver
of yellow catfish. This finding was supported by the previous work of Oliveira et al. [26].
In the present study, SOD and GPx was significantly
induced whereas CAT significantly inhibited in the lowlevel (0.05 µg/L) of waterborne PHE. This result indicated
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that juvenile yellow catfish was very sensitive to waterborne PHE. Moreover, when exposed to both 0.05 and
100 µg/L of PHE, the activities of antioxidant enzyme
tended to the level of the control with the exposure duration, demonstrating that yellow catfish has a strong adaptability to the PHE exposure. The activities of antioxidant enzyme can be induced or inhibited under stress of inner or
outer factors. These changes of antioxidant enzyme are not
always the final result of pathological lesions but generally
a temporary situation. The different inducing or inhibiting
change of antioxidant enzyme depends on stress factors
(such as different pollutants), duration of stress, species
differences of specific factor, etc. [27]. Inducing or inhibiting effects of antioxidant enzyme should be a mechanism
of organism to overcome and prevent the final pathological lesions. However, the changes of antioxidant enzyme
indirectly indicate the increasing of ROS in organism and
disturbance of the normal physiological function [28].
It is demonstrated in the study that hepatic antioxidant
enzyme of yellow catfish is susceptible to PHE exposure.
So we considered that the hepatic antioxidant enzyme of
yellow catfish has potential to be a sensitive biomarker of
PHE exposure. We propose that the future work will focus
on the possibility of employing hepatic antioxidant enzyme in yellow catfish as a biomarker of PHE exposure.
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ABSTRACT
Sewage sludge conditioned by municipal solid waste
incineration (MSWI) fly ash is introduced to condition
sludge dewatering and to obtain high pH, high salinity,
and high calcium ions. The dewaterability of sludge was
dramatically improved after conditioning process with
MSWI fly ash, resulting in 95% specific resistance to
filtration (SRF) reduction. In addition, Yn index increased
to 2.24 kg/m2·h from 0.71 kg/m2·h, three times higher than
that of original sludge. Meanwhile, pH increased up to
12.54 as the MSWI fly ash dose increased; this was directly
correlated with increase in salinity of the sludge. BoxBehnken design and response surface methodology were
applied to determine the effects of major variables on moisture content and SRF. Findings show the increase of calcium dose and pH, as well as the suitable sodium salt favourable to sludge dewatering. Compared with nitrate ion,
chloride ion has little effect on the dewatering of sludge
water. As compared with nitrate salts, chlorine salts were
insignificant on dewatering.

KEYWORDS: Sludge dewaterability; municipal solid waste incineration (MSWI) fly ash; specific resistance to filtration (SRF);
response surface methodology (RSM)

1. INTRODUCTION
Sludge conditioning is a basic process improving solid–
liquid separation. It can be performed using inorganic or
organic chemicals, or through physical processes like heating [1], microwave treatment [2], freezing, and thawing.
Among these, inorganic chemical conditioning is simpler,
more cost-efficient and effective. Its conditioning role has
* Corresponding author

two aspects. First, the physical and chemical contributions
from pH and alkalinity, and coagulation or flocculation
and salinity, are highly stressed. Higher alkalinity induces
higher coagulant doses through EPS disruption. Coagulation or flocculation effectively increases particle size by
neutralizing colloidal surface charge, or through discharged
inorganic chemicals, and the performance is depending on
the size and positive charge. Salinity is believed to significantly affect sludge dewaterability. It improves the characteristics of sludge flocs and increases final solid amount
through the salting out effect [3-5]. Irene et al. [6] observed
that the use of chemical coagulants in improving specific
resistance to filtration (SRF) is more effective for sludge
with low salinity levels. In such cases, salt performs and
behaves like chemical coagulants; hence, solid contents are
significantly enhanced. In practice, lime and seawater are
applied successfully in chemical treatments of municipal
wastewaters [7-10]. In the above process, adding seawater
to wastewater serves as an economical and bountiful source
of magnesium ions, whereas lime or caustic soda provides
essential hydroxyl ions.
Second, the contributions of skeleton builders are essential in enabling the skeleton in sludge dewatering. Conditioning with skeleton builders greatly reduces the compressibility of the structure. Consequently, a more rigid and
incompressible structure capable of maintaining high porosity during high pressure filtration is yielded [11]. In
applications, physical inorganic conditioners like coal fly
ash, cement kiln dust, quicklime, hydrated lime, and fine
coal are generally used as inert materials from industries,
acting as skeleton builders in sludge dewatering [12].
Recently, MSWI fly ash has become an emerging
waste requiring incineration treatment of municipal solid
waste. MSWI fly ash is regarded as a hazardous waste, as
it has high levels of heavy metals and traces of toxic chlorinated compounds [13]. In Shanghai, MSWI fly ash is over
25,000 tons per year; the figure increases yearly. The safe
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treatment of MSWI fly ash has become a growing challenge. As a solution [14], MSWI fly ash in pre-washing
treatment has been explored as a practical way of recycling;
this is accomplished by partly substituting cement raw
material with fresh water. MSWI fly ash typically contains CaO, MgO, Al2O3, CaSO4, and massive chlorine-rich
dissoluble salts. In the process of MSWI fly ash pre-washing
treatment, soluble salts are easily washed out; they transform into aqueous wastewater with high Ca2+ ions, alkalinity, and salinity. As such, the author proposes a design
using sewage sludge with 97% moisture to wash MSWI
fly ash. Herein, soluble chlorine salt is removed so that
cement raw materials can be obtained. Enhanced improvement of sludge dewaterability can be synergistically realized through chemical conditioning of wastewater with
high Ca2+ ions, alkalinity, and salinity from the pretreatment of MSWI fly ash, as well as with the aid of skeleton
builders to provide for a solution for the remaining insoluble parts of MSWI fly ash, similar to typical physical
inorganic conditioners.
This work explores the feasibility of improving sludge
dewaterability using MSWI fly ash as conditioner, as well
as the synergistic effectiveness of existing calcium ions,
pH, and salinity on sludge dewaterability.
2. MATERIALS AND METHODS
2.1. Sludge and MSWI fly ash collection and their characteristics

Sludge was collected from a sludge-thickened tank at
the Shidongkou Sewage Treatment Plant (Shanghai, China).
The tank has a capacity of 40,000 m3 sewage per day. The
sludge from Shidongkou Sewage Treatment Plant has
undergone thickening without any chemical conditioning.
Prior to use, the collected sludge samples were stored in a
refrigerator at 4 °C. All experiments were completed within
two weeks upon the obtainment of samples in order to
minimize changes in sludge characteristics due to microbial
activity. Meanwhile, MSWI fly ash was obtained from the
Pudong Yuqiao Municipal Solid Waste Incineration Plant
(Shanghai, China), and then sealed to preserve its original
conditions and to avoid moisture absorption. Tables 1 and 2
provide a brief description of the characteristics of the
excess sludge and MSWI fly ash.
TABLE 1 - Characteristics of sewage sludge generated from the
Shidongkou Sewage Treatment Plant.
Sewage
sludge
pH
6.8
Moisture content 96.6%
Total solids
34300 ppm
Suspended
21500 ppm
solids
Parameters

Volatile solids

17900 ppm

Salinity

600 ppm

Method used
pH meter
Drying in oven at 103～105° C for 24 h
Drying in oven at 103～105° C for 24 h
Applying vacuum filtration and drying
in oven 103–105° C for 24 h
Drying in oven at 103–105° C for 24 h
and burning in furnace at 500 +50° C for
1h
Electrical conductivity method

TABLE 2 - Chemical compositions of MSWI fly ash from the
Pudong Yuqiao Municipal Solid Waste Incineration Plant
Comp.
CaO SiO2
Content
25.34 18.2
(wt %)
Comp.
K2O Fe2O3
Content
4.34 3.65
(wt %)
Comp.
PbO F
Content
0.492 0.42
(wt %)
Comp. = component

SO3

Cl

Al2O3

Na2O

13.01

12.29

6.74

5.51

P2 O5

MgO

TiO2

ZnO

2.87

2.39

0.942

0.841

SnO2

BaO

MnO

CuO

0.324

0.19

0.122

0.106

Method

XRF

Table 2 illustrates the components of MSWI fly ash
typically containing CaO, MgO, Al2O3, and CaSO4, with
massive Cl-rich dissoluble salts, such as NaCl, KCl, and
CaCl2. The natural pH value of MSWI fly ash exhibited
strong alkalinity. More than one-third of the chemical constituents in MSWI fly ash were composed of calcium and
silicate.
2.2 Sludge conditioning procedure by MSWI fly ash

Recent studies have focused on the effect of sludge dewaterability that had been conditioned by MSWI fly ash
containing several level additions of 2–10% (wet basis),
based on a previous study by Wang and Viraraghavan [15].
The mixture of sludge and MSWI fly ash were obtained
simultaneously using a blade impeller with a 6.5 cm diameter at 80 rpm for 5 min [6]. After 10 min, the samples
were tested to ensure sufficient reaction.
As the employed mixing procedure might affect sewage sludge properties, thereby affecting dewatering characteristics, utmost care was observed to ensure that the same
procedure was applied for all samples.
2.3 Response surface experimental design

Design Expert Software (Version7.1.6) was used for
the statistical design of the experiments and for data analysis. Box-Behnken design and response surface methodology (RSM) were applied to determine the effects of major
variables on moisture content and SRF. The process involves the following steps: identification of the problem
to be solved, determination of the influencing factors and
levels that affect the response variable, and execution of the
statistically designed experiments and data analysis [1618]. As presented in Table 3, three important impact factors on Ca2+ dose, Na+ dose, and pH were chosen as independent variables; they are denoted by X 1, X 2, and X 3,
respectively. Ca2+ dose (X1) changed between 0.10 and
0.50 mol·L-1; Na+ dose (X2) varied between 0.10 and 0.30
mol·L-1; and pH (X3) values ranged from 7.0 to 12.0.
Each parameter (X1, X2, and X3) was carried in three
levels and coded as -1, 0, and +1 for low, middle and
high, respectively. In the course of the experiment, Ca2+
and Na+ were added to 200 ml sludge, and then adjusted
to corresponding pH values using potassium hydroxide
(KOH).
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Moisture content and SRF were taken as the response,
which was assumed to be influenced by the three independent variables. Experimental data obtained from the
TABLE 3 - Levels of each factor for Box-Behnken.
Independent
factors
Ca2+ dose
Na+ dose
pH

Units

Symbol

mol·L-1
mol·L-1

X1
X2
X3

Coded levels
-1
0
0.10
0.30
0.10
0.20
7.00
9.50

+1
0.50
0.30
12.00

2.5.2 Calculated Yn index

Yn is an index related mathematically to SRF. It can
be calculated from the Buchner funnel test. Yn denotes
filterability and corresponds to sludge dry solids yield
(kg/m2·h) [19].

TABLE 4 - Experimental data points
used in Box-Behnken experimental design.
Ca2+ dose
(mol·L-1)
0.3
0.3
0.3
0.3
0.1
0.5
0.1
0.1
0.5
0.3
0.3
0.3
0.5
0.1
0.3
0.5
0.3

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

Na+ dose
(mol·L-1)

pH
0.1
0.2
0.2
0.1
0.2
0.1
0.1
0.3
0.2
0.3
0.3
0.2
0.2
0.2
0.2
0.3
0.2

2.5.3 Moisture content

12
9.5
9.5
7
12
9.5
9.5
9.5
12
12
7
9.5
7
7
9.5
9.5
9.5

Filter cake was collected using the Buchner funnel
test, dried in an oven at 103–105 °C for 24 h, and then
used to measure moisture content.
3. RESULTS AND DISCUSSION
3.1 Effect of sludge conditioned by MSWI fly ash

Box-Behnken design was analyzed through the response
surface regression procedure using the following secondorder polynomial equation:

Yi =β0 + ∑βi xi + ∑βii xi2 + ∑βij xi x j
i

ii

applied. The volume of filtrate, collected at different times,
was recorded until no additional water flowed out of the
sludge. The calculation method was adapted from Irene et
al. [6]. TTF is defined as the time required in collecting
the 100-ml filtrate. Filter cake was used to measure moisture content.

(1)

ij

where Yi is the predicted response surface, β0 is the
model constant, βi is the linear coefficients, βii is the quadratic coefficients, and βij is the interaction coefficients.
Design Expert (Version7.1.6, Stat-Ease Inc., USA)
was used in constructing the experimental design, as well
as in determining the coefficients and for data analysis.
2.4 Sludge conditioned by different anion salts

MSWI fly ash is characterized by high chloride salt.
Hence, a special experiment was designed to identify the
possible effect of chloride ions on sludge dewatering. Several salts, such as NaCl, NaNO3, CaCl2, Ca(NO3)2 and
Ca(OH)2, were added to the sludge to measure moisture
content and SRF.

Fly ash addition from 2–10% was used to condition
sludge dewatering. Figs. 1 and 2 present the SRF and TTF
of sludge versus different MSWI fly ash doses. The SRF
of raw sludge was approximately 21.6 × 1012 m·kg-1. It
significantly decreased as the fly ash addition increased.
Approximately 57% reduction was observed in SRF when
fly ash addition was 2%, whereas TTF decreased to 256 s.
This indicates that the duration of sludge dewatering time
was drastically reduced. In contrast, as fly ash addition continuously increased, both SRF and TTF decreased slightly
because of the enlargement of fly ash/sludge dry solid. The
enlargement may significantly influence the eventual difference in the characteristics of the mixtures (i.e., sludge
and fly ash) with initial sludge in various aspects. Further
confirmation of the decreased SRF exhibited increase of
total solids. Consequently, Yn was also calculated. As
shown in Fig. 1, the Yn that has not undergone conditioning
was 0.708 kg/m2·h, and it reached 2.24 kg/m2·h upon the
addition of 10% fly ash, which is approximately 3-fold
that of raw sludge. This indicates that fly ash conditioning
potentially results in the remarkable improvement of sludge
dewaterability. Higher fly ash addition also resulted in
better sludge dewatering.

2.5 Index parameters measurement
2.5.1 SRF and TTF measurements

SRF has been widely used in gauging sludge dewatering. The filtration dewaterability of sludge was measured
by the Buchner funnel test expressed in terms of SRF and
time to filter (TTF). In each test, a 200-ml sample was
poured onto a Buchner funnel fitted with a filter paper. After
2 min of gravitational drainage, a vacuum of 50 kPa was
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21
-1

SRF(m·kg )

ured value of sludge, including fly ash. Theoretical MC,
as the name denotes, corresponds to the theoretical value of
the mixture under the same dewatered conditions, which
was calculated with the presumption that fly ash is only a
physical filler, and that it has no chemical effect on sludge
conditioning. The following presumptions must be set prior
the calculation of the MC-theoretical-curve, and should be
in accordance with the MSWI fly ash pretreatment results
(i.e., by using tap water):
1: 20% of soluble fly ash components used to condition sludge dewatering is washed out after filtration.
2: In the filter cake, the wet fly ash contained 35%
water.
The calculation formula of MC-theoretical curve for
the filter cake is as follows:

3.0
SRF
Yn

18

2.5

15

2.0

12

1.5

9

1.0

6

Yn(kg/m2h)

24
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FIGURE 1 - SRF and Yn vs. different MSWI fly ash doses.

700

(1-

600
TTF (S)

500

(2)

where mz denotes the dry solid of 100 g sludge (g) and
mf is the fly ash addition used to condition 100 g sludge (g).

400
300

Fig. 3 shows the degree of effect of fly ash conditioning on sludge dewatering. As the fly ash addition increased,
the theoretical moisture content of the filter cake was negatively relative. However, the actual measured MC decreased
even more quickly. When fly ash dose increased from 6 to
10%, the measured MC values were as low as to 72.2 and
60.3%, or 4.75 and 11.5% lower than the theoretical MC,
respectively. This difference manifested an extending trend.
In contrast, in the conditioning process, the salient feature
of the filtrate turbidity was observed when fly ash dose
was 40 g·L-1. In fact, turbidity increased slowly because
of the fine particles of fly ash; hence, turbidity remained
steady. This indicates that some of the disrupted floc fragments in the sludge and the fine particles in fly ash were reflocculated due to the interaction between the floc fragments and the fine particles in fly ash. The wide discrepancy between the two curves (Fig. 3) proves that fly ash
had indeed created a suitable sludge dewatering environment to significantly enhance sludge dewaterability. Further experiments were conducted to fully understand how
MSWI fly ash could affect sludge dewatering.

200
100
0

ms + m f × 80%
) ×100(%)
m f × 80%
ms
+
12.07%
65%

0

2
4
6
8
10
fly ash addition (% wet basis)

FIGURE 2 - TTF vs. different MSWI fly ash doses.

3.2 Variations of the related index in the sludge-fly ash system
FIGURE 3 - Moisture content and turbidity of filtrate vs. different
MSWI fly ash doses.

SRF revealed that mechanically dewatering of the
sludge was relatively easy. After mechanical dewatering,
the derived moisture content (MC) could reflect the degree
of dry solids in the sludge. The transportation and disposal
of sludge would be easier if conditioned sludge had higher
solid content. To confirm if fly ash had a significant chemical role in sludge dewatering, the measured and theoretical
MC of the filter cake were delineated at different fly ash
doses (Fig. 3). Measured MC denotes the actually meas-

Fig. 4 illustrates the variations in salinity and pH with
different fly ash additions, corresponding to 600 ppm and
6.62, respectively, for raw sludge. As fly ash dose increased,
salinity also increased. Specifically, as fly ash dose increased up to 4%, salinity and pH reached 8800 ppm and
11.85, respectively. As the dose increased further, salinity
continued to rise, while pH remained steady, i.e., between
12.00–12.54, without significant change.
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moisture content and SRF (i.e., 0.0564 and 0.0501 (>0.05),
respectively) implies an insignificant correlation and hence,
the appropriateness of the models. The p-values for the
model of MC and SRF were 0.0002 and 0.0004, respectively, showing a significant relation. The R2 for moisture
content and SRF were 0.9685 and 0.9600, but adjusted R2
were 0.9280 and 0.9085, respectively. Both models can be
used to navigate the design space. Predicted and actual
values were in adequate agreement with each other (Fig. 6).
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pH
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8
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The surface response of the quadratic models with one
variable kept at the zero level, and the other two varying
models within the experimental design range, are shown
in Figs. 7 and 8.

6

fly ash addition (% wet basis)
FIGURE 4 - Variations in salinity and pH with fly ash dose.

XRD patterns showed that the untreated fly ash contained a significant amount of dissolved chlorides, such as
Design-Expert?Software
CaCl2, NaCl, and KCl (Fig. 5). After
the MSWI fly ash
含水率
was washed with tap-water, dissolved
chloride
salts were
Color points by value of
washed away. This explains the high含水率:
salinity
and
high pH
77.79
of the sludge-fly ash system. High salinity
might
have
been
71.95
caused by dissolved chlorides, while the high pH may have
resulted from the existence of calcium oxide (Table 2). In
addition, fly ash also contained substantial amounts of insoluble materials, such as CaSO4, CaCO3 and SiO2, which
acted as skeleton builders in sludge dewatering during the
conditioning process. According to previous studies [3, 4,
6, 7], various factors, including pH, calcium ions and salts,
could affect it; therefore, improving dewaterability could
be related to the characteristics of fly ash, i.e., high salts,
high pH, and high calcium.

The 3D response surface curves for the optimization
of moisture content and SRF at different levels are shown
in Figs. 7 and 8.
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FIGURE 5 - XRD patterns of MSWI fly ash.

p re d ic te d S R F (E 1 2 m ·k g -1 )

1200

72.00

3.3 Results of RSM

28.00

26.00

24.00

22.00

20.00

18.00

16.00

Sludge dewatering conditioned by the 3 variables was
evaluated using the Box-Behnken experimental design.
Coefficients of the response function for moisture and
SRF are presented in Table 5. Predicted values were determined by the response functions in relation to the coefficients (Fig. 7). Results were then analyzed with ANOVA
to assess the presented model (Table 6). The lack of fit for
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FIGURE 6 - Design-expert plot: predicted vs. actual values plot for
(a) moisture content and (b) SRF.
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TABLE 6 - Results from ANOVA on the response surface quadratic model.
Source

Design-Expert?Software

Mean squares
5.38
0.22
0.43
0.070

Model
Residual
Lack of fit
Pure error

p-value
0.0002

6.12

0.0564

Design-Expert?Software

P-value < 0.05 means significant.
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FIGURE 8 - The 3D response surface for moisture content.
(d) Interactive effect of A and B (pH value = 9.50)
(e) Interactive effect of A and C (Na+ dose = 0.20mol·L-1)
(f) Interactive effect of B and C (Ca2+ = 0.30mol·L-1)

3.4 Effect of chloride ions on sludge dewatering

MSWI fly ash is characterized by high chloride salt,
caused by chloride ions amount in a sludge solution.
Hence, the effect of different anionic salts on sludge dewatering was designed. As shown in Fig. 9, with the increase of calcium and sodium salts, the rise of salinity
in the sludge conditioned by calcium chloride was much
faster than that conditioned by the other salts used in this
experiment. When salt addition was 0.3 mol·L-1, sludge
salinity conditioned by CaCl2 and Ca (NO 3)2 were
22800 and 16800 ppm, respectively. Meanwhile, under the
same con-ditions, SRF and water content decreased to
25.7x1012 and 27.2x1012 m·kg-1 (77.8 and 78.2 %), respectively. In addition, calcium chloride exhibited lesser advantage than calcium nitrate, to some extent. However,
when calcium dose increased from 0.10 to 0.50 mol·L-1, the
discrepancy was finite.

40000

Ca( NO3) 2

35000

salinity (ppm)

Each represents an infinite number of combinations of
two test variables, with the third at its respective zero
level. Figs. 7 (a) and 8 (d) illustrate that the interaction of
Ca2+ ions and Na+ ions with pH at zero level was insignificant. Moisture content and SRF decreased as Ca2+ ions
increased. Moisture content firstly decreased and then
increased with increasing Na+ dose, but SRF showed no
marked changes. A negative effect of the interaction between them was assumed; however, no significant values
were obtained based on the positive sign of the coefficient
of X1X2 model term. Figs. 7 (b) and 8 (e) show a similar
decreasing trend for moisture content and SRF as a function of increasing pH and Ca2+ ions. In addition, the interaction between moisture content and the SRF was insignificant with Na+ at zero levels; however, both exhibited a
positive effect on dewatering. Fig. 7 (c) and 8 (f) show the
interaction of pH and Na+ doses with Ca2+ doses at zero
levels. Na+ dose increased as moisture content decreased.
Afterwards, moisture content increased. The negative sign
of the coefficient of X2X3 model term also indicates a
positive impact on sludge dewatering.
Optimization was explored using the point optimization
technique. The optimal values obtained for the test variables of the minimum moisture content and SRF were as
follows: Ca2+ dose 0.50 mol·L-1, Na+ 0.20 mol·L-1, pH
value 12, and Ca2+ dose 0.50 mol·L-1, Na+ 0.25 mol·L-1,
pH value 11.98. In summary, as Ca2+ dose, pH, and sufficient amount of Na+ dose increased, sludge dewatering was
significantly improved.

NaNO3

CaCl2
NaCl

30000
25000
20000
15000
10000
5000
0.10

0.20

0.30

0.40

0.50

-1

salt addition ( molL )
FIGURE 9 - Salinity of sludge conditioned with different salts.

Figs. 10 and 11 demonstrate the same tendency, i.e.,
sludge dewatering was improved by increasing the amount
of sodium salt added. Salinity values after conditioning with
NaCl and NaNO3 were 14600 and 14500 ppm, respectively,
and their SRF and moisture content decreased to 28.4 and
8.3 m·kg-1 (81 and 81.2%), respectively. This result further
stressed that the discrepancy between NaCl and NaNO3 on
SRF and moisture content was insignificant. Thus, it can
be further deduced that, compared with nitrate ions, chlorine ions were not significant on dewatering. However, the
effect of calcium on sludge dewatering is superior compared
with sodium. Both calcium and salinity played important
roles in sludge conditioning. This can be supported by the
fact that the monovalent cations, in general, and bivalent
cations, specifically, promoted increase in floc size, floc
density, floc resistance to shear, and dewaterability [20-23].
E12
Ca(NO3)2

33
-1

FIGURE 7 - The 3D response surface for SRF.
(a) Interactive effect of A and B (pH = 9.50)
(b) Interactive effect of A and C (Na+ = 0.20mol·L-1)
(c) Interactive effect of B and C (Ca2+ = 0.30mol·L-1)
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FIGURE 10 - Effect of different salts on SRF.
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Finally, it was observed that if sodium salt was kept
at a certain level, the best conditioning effect could be obtained from the Box-Behnken design experiments. Higgins and Novak [26] reported that when the sum of the
monovalent cation concentrations divided by the sum of
the divalent cation concentrations was greater than 2, floc
properties would deteriorate. The Box-Behnken design experimental results showed that the negative trend caused by
the ratio of Ca2+/Na+ was insignificant. The MSWI fly ash
conditioning process yielded a favourable effect on salinity; hence, it was more remarkable.

moisture content (%)

90
Ca(NO3)2
NaNO3

87

CaCl2
NaCl

84
81
78
75
72

0.10

0.20

0.30

0.40

0.50

4. CONCLUSIONS

-1

salt addition (mol·L )
FIGURE 11 - Effect of different salts on moisture content.
3.5 Mechanism assumption of sludge conditioning by MSWI
fly ash

Based on the aforementioned results, MSWI fly ash
showed a positive effect on the improvement of sludge dewaterability. This improvement should be ascribed to the
integrated or synergistic interactions from the neutralization of negative charges, skeleton builder, salting out effect,
and others. These were contributed by the MSWI fly ash,
characterized by high calcium, high-salinity, and strong alkalinity.
At first, with the increased addition of MSWI fly ash,
the pH values of the sludge significantly increased to 12.5.
Under such high pH values, the bacterial surface becomes
increasingly negatively charged, thereby creating high static
repulsion [24]. All these effects lead to sludge flocs and cell
disruptions [25]. Some extracellular polymers and intracellular materials were released due to bulk solutions and
a part of internal-bound water. Meanwhile, MSWI fly ash
was containing amounts of chloride salts that caused a
remarkable increase of sludge salinity, which was believed
to have a significant effect on sludge dewaterability. It may
cause compression of thickness of double layers, neutralization of negative charges, and even a salting out effect; in
turn, these help release bound water from the flocs to surrounding water [6]. All these effects lead to an improvement of sludge dewaterability.

1) The addition of MSWI fly ash onto municipal sewage sludge resulted in a significant improvement of dewaterability, as measured by SRF, TTF, moisture content,
and Yn values. The pH and salinity of sludge-MSWI fly
ash system dramatically increased.
2) The Box-Behnken design was applied to explore
how sludge dewaterability was improved by MSWI fly
ash. Results indicate that sludge dewatering exhibited a
better filter performance with increased calcium, pH, and
a certain level of sodium salt.
3) Sludge conditioning by MSWI fly ash is the result
of excessively high pH values and high calcium, as well
as salts contributed by sodium, potassium, and calcium in
MSWI fly ash.
4) Compared with nitrate salts, chlorine salts could be
insignificant on dewatering.

Secondly, calcium ions played a dual role in improving
the dewatering of sludge. Part of the calcium ions in the
sludge-MSWI fly ash system can be used to bind proteins
[26, 27] released from sludge flocs and cells by high pH.
Liao et al. [28] reported that carboxyl groups from amino
acids in proteins and phosphate groups from DNA were the
dominant functional groups involved in salt bridging,
which improves sludge settling and dewatering to some
extent. More importantly, calcium hydroxide precipitation
and insoluble matters acting as “skeleton builders” could
greatly reduce the compressibility and yield a more rigid
and incompressible structure capable of maintaining high
porosity during high pressure filtration. In this case, the
filter performance was improved.
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ABSTRACT
According to the European Standard EN 14214, biodiesel fuels must have significant purity values; therefore,
a post transesterification purification process is required
to produce the fuel that fulfills the standard. Until recently, water washing was conventionally preferred as a biodiesel purification method. In this study, upon completion
of the two parallel transesterification reactions, one of the
reaction mixtures was washed with water and the other
one with polyethylene glycol 300 (PEG 300), a flocculation
agent, under several concentration conditions in order to
compare two different purification methods, and which
of them obtains better results. The features of biodiesel
washed with PEG 300 were found to be similar to those
of the other. Moreover, washing with PEG 300 was found
to provide less glycerol precipitation time than conventional glycerol decantation. This process provided easy
production of fatty acid alkyl esters without acid neutralization and deionized water-washing procedures that were
necessary to produce a high-purity product onto the conventional transesterification process. The new washing
process enabled low-cost production of the biodiesel
from refined vegetables.

KEYWORDS:
Biodiesel, flocculation, purification, transesterification

1. INTRODUCTION
Currently, there is an increasing attention on the use
of sustainable energy sources. There is still a great interest
in the use of vegetable oil for biodiesel production because
of its renewable and environmentally benign nature compared to conventional diesel oil [1]. Biodiesel is a biodegradable product that causes minimal amount of pollutants, such as greenhouse gases and sulfur [2, 3]. Oils for
human consumption, such as soybean, rapeseed, sunflower,
and safflower oils, can also be used as transesterification
* Corresponding author

reactant materials [4]. Moreover, several attempts have
been made to produce biodiesel from cooking oils, greases,
tallow and lard [2, 5, 6].
Oils are converted into the biodiesel using a transesterification process. Transesterification is a chemical reaction of an oil/fat (triglyceride) excess alcohol, and catalyzed
by alkalis [7], acids [8], or enzymes [9] to yield fatty acid
alkyl esters (i.e., biodiesel) and glycerol. Trans-esterification
is a sequence of 3 subsequent reversible reactions: (i) triglyceride conversion to diglycerides, (ii) diglyceride conversion to monoglycerides, and (iii) monoglyceride conversion to glycerol. Therefore, each triglyceride molecule produces 3 ester molecules [10]. The reaction steps of fatty
acid methyl ester synthesis from triglyceride can be seen
in Fig. 1.
In general, methanol is the alcohol of choice in transesterification processes because of its reasonable price [11,
12]. Alkali catalysts used for transesterification include sodium hydroxide, potassium hydroxide, carbonates, sodium,
and potassium alkoxides, such as sodium methoxide, sodium ethoxide, sodium propoxide, and sodium butoxide.
Sulfuric and sulfonic acids are used frequently as acid
catalysts. Lipases can also be used as biocatalysts. Alkalicatalyzed transesterification has been determined to be
much faster than acid-catalyzed transesterification [7, 13].
The amount of alcohol and catalyst, temperature, pressure, reaction time, free fatty acid contents (FFA), mixing
rate, and the amount of water in the oil influence the transesterification process [13]. Each parameter is important to
achieve biodiesel that fulfills the regulatory standards.
After the transesterification reaction, the reaction mixture
contains impurities, such as free fatty acids (FFA), water,
methanol, glycerides, metals (soap, catalyst), and glycerol.
High purity requirements must fulfill the EN 14214 for biodiesel fuel. Therefore, time-consuming efforts for the postpurification of the transesterification reaction are needed.
Until recently, the preferred method for post-purification
of biodiesel was washing with deionized water. However,
ion exchange resins and magnesium silicate as the solid
adsorbent have also been employed as purification agents
instead of water [14]. Ion exchange resins are polystyrenedivinylbenzene co-polymers with sulfonic acid functional
groups. Point of use can be either before demethylation to
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FIGURE 1 - Reaction steps of fatty acid methyl ester synthesis from trigyicerides.

remove catalyst and glycerine, and prevent back reactions,
or after demethylation as a “final” polishing step [15]. Amorphous hydrated, synthetic magnesium silicate has a mole
ratio of MgO to SiO2 of 1:1.0 to 1:1.4 [16]. The biodiesel
fuel is treated with magnesium silicate to remove impurities. Amount of magnesium silicate can be varied from
0.01 to 20.0 %wt., based on the weight of the biodiesel
fuel [16]. Three different purification techniques have been
tried under varying reaction conditions, such as temperature, concentration, and agitation rate to obtain better results [14].
The impurities glycerol and soap can be removed by
three processes. No differences between the other parameters tested have been observed [14]. The methods mentioned
above suffer from several drawbacks: (i) it has been found
that methanol should be removed in the process to avoid
the saturation of the resins when ion exchange resins are
used for the purification. There is some indication of a
slight increase in acid value as the products pass through
the ion exchange column, which can be explained by the
fact that the resins are “acid”. (ii) Magnesium silicate:
The standard washing time is about 30 min. In the separation of the final product, vacuum filtration is used. The
intermediate products are separated by centrifugal forces,
which is an energy consuming process. (iii) Water washing: Water washing is used for neutralization as well as
glycerol, soap and salt removal. Removal of soap from
fatty acid methyl esters after transesterification reaction is
achieved by precipitation of glycerol, acid neutralization

and multi-stage distilled water-washing processes. All these
stages are time-consuming and require costly equipment.
Additionally, purification of waste washing water requires
additional treatment processes and investment.
Flocculation and sedimentation processes are widely
employed in the purification of water as well as sewage
treatment, stormwater treatment and treatment of other
industrial wastewater streams.
This investigation focused on the comparison of nonaqueous purification with polyethylene glycol and aqueous purification of biodiesel produced from rapeseed oil by
using sodium methoxide under the determined conditions.
The main goal was to develop a process for non-aqueous
separation and purification of biodiesel that would provide easy and high quality biodiesel production.
2. MATERIALS AND METHODS
2.1. Materials

In the experiments, refined rapeseed oil supplied from
Yonca Gida San.Tic.A.S., (Manisa, Turkey) was used. All
the chemicals including NaOCH3 catalyst (BASF, The
Chemical Company, Istanbul, Turkey), methanol (Merck
KGaA, Darmstadt, Germany), polyethylene glycol 300
(Merck KGaA, Germany), and sulfuric acid (Merck KGaA,
Darmstadt, Germany) were of analytical reagent grade. A
500-ml spherical reactor (Gebr. Rettberg GmbH, Göttin-
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gen, Germany), equipped with a thermostat, rotary agitator (IKA works Inc., China), sampling outlet and a condensation system, was used. The experimental set-up is
shown in Fig. 2.

TABLE 1 - Properties of rapeseed oil used in experiments.
Properties
Acid value (mg KOH/g)
Saponification number (mg KOH/g)
Theoretical iodine value (g I/ 100 g oil)
Density (g/ml)

Value
0.2
190.24
104
0.9213

TABLE 2 - Fatty acid analysis of rapeseed oil used in experiments.
Fatty acids
C12:0 Lauric acid
C14:0 Myristic acid	
  
C16:0 Palmitic acid	
  
C16:1 Palmitoleic acid	
  
C18:0 Stearic acid	
  
C18:1 Oleic acid	
  
C18:2 Linoleic acid
C18:3 Linolenic acid	
  
C20:1 Eicosanoic acid	
  
C20:2 Eicosadienoic acid	
  
C20:3 Eicosatrienoic acid	
  
C22:0 Behenic acid	
  
C22:1 Erucic acid
C24:0 Lignoceric acid
C24:1 Nervonic acid

FIGURE 2 - Schematic diagram of reaction and condensation system (1) Feed valve, 2) Motor (50-1900 rpm), 3) Shaft (diameter 8
mm), 4) Hot water outlet, 5) Reactor, 6) Impeller (vane height 50
mm), 7) Discharge valve, 8) Hot water inlet, 9) Condenser water
outlet, 10) Condenser water inlet, 11) Condenser, 12) Condenser
outlet).
2.2. Analytical methods

Properties of refined rapeseed oil are given in Tables 1
and 2. The acid value of the refined oils shown in Table 1
was determined according to EN 14104 by titrimetric
method while the fatty acid profile was determined by gas
chromatography (GC). The kinematic viscosity of the refined oil was determined using an Ubbelohde glass capillary viscometer according to EN ISO 3104.
The composition of methyl esters in biodiesel was determined according to EN 14103 using an HP 6890 Series II
Gas Chromatograph equipped with flame ionization detector (FID), data process software 3365/IIGCChemStation,
and HP-INNOWax (cross-linked PEG) column (30 m x
0.32 mm x 0.5 µm). Helium was used as carrier and auxiliary gas. For each GC run, 1 µl sample was injected manually. Methyl heptadecanoate as an internal standard was
chosen for quantitative determination.

Content (%)
0.01
0.06
4.58	
  
0.22	
  
1.84	
  
60.21	
  
20.76
9.64
1.23
0.03
0.14
0.91
0.07
0.13
0.15

The purity of biodiesel product, denoted by its ester
content, is defined as the weight percentage of methyl
esters in the final product in Eq. (1). It, in fact, is a close
representation of the percentage of triglycerides converted
to methyl esters.
Ester content = weight of esters in product/weight of
total product.
2.3. Transesterification

Transesterification reaction was finished at similar
reaction conditions, catalyst amount/oil: 1.06 %, mixing
rate: 695 rpm, and temperature: 68.5 °C. These reactions
were carried out with 6:1 methanol/oil molar ratio by the
sodium methoxide catalyst for 90 min. The reactor, transesterification and purification system were used to determine yield of each non-aqueous purification with PEG 300
and aqueous purification. The reactor is shown in Fig. 2.
Firstly, 380 ml of refined oil was added to the reactor, and
then was pre-heated to reach 68.5 °C. When the oil in the
reactor reached the desired temperature, 96.5 ml of 1.06%
of catalyst amount/oil freshly prepared sodium methoxide–methanol solution was added into the reactor, mixing
at 695 rpm was started and the reaction was stopped after
90 min.
2.4. PEG 300 experiments

The compositions of free glycerol, total glycerol, monoglyceride, diglyceride, and triglyceride in biodiesel were
determined according to EN 14105 by the following procedure. An Agilent 6890N GC equipped with FID and a
capillary column (10 m x 0.32 mm x 0.1 µm) was used
with hydrogen as carrier and auxiliary gas. 1 µl of sample
was injected manually for each GC run. Internal standards
of 1,2,4-butanetrial and 1,2,3-tri-caproylglycerol dissolved
in pyridine were used for quantitative analyses.

After transesterification for the non-aqueous purification with polyethylene glycol.1 µl of PEG 300 was added
into the reaction mixture. The reaction mixture was stirred
for 1 min at 600 rpm. In the glycerol precipitation step,
the reaction mixture was left unstirred for 10 min to precipitate glycerol. After decantation, the glycerol phase
was discharged from bottom of the reactor. The evaporation process to remove the excess alcohol in fatty acid
alkyl esters after transesterification was performed (condi-
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tions: temperature of fatty acid alkyl esters 80 °C, pressure of the media reduced to 300 mbar) in the reactor. After
evaporation, fatty acid alkyl ester fraction was transferred
to vacuum filtration using a Büchner funnel and water
ejector to remove the rest of impurity floccs.
2.5. Acid neutralization and water washing experiments

Quality of water used for washing and sulphuric acid
solution were 18 megaohm-cm resistivity and 0.05 NTU
turbidity. After transesterfication for aqueous purification
of biodiesel, decantation of glycerol was performed within
1 h. The upper methyl ester layer was separated from
lower glycerol layer in the reactor. 300 ml of sulphuric acid
solution (0.034 mol/L) was added to biodiesel for neutralization at 60 °C in the reactor. The mixture was stirred for
10 min, and then left for 1 h to decant the wastewater
containing glycerol residues, di- and mono-glycerides as
well as inorganic salts. The wastewater was collected in
the bottom of the reactor. In water-washing step, the biodiesel was washed with 120 ml of pure water three times.
Finally, the biodiesel was distilled to remove the essential
water.

2.6. Treatment methods

Samples (1 ml) from both purified biodiesel with
PEG 300 and water were taken for the chromatographic
analysis at pre-determined and evenly spaced time intervals. The samples were quenched immediately in 0.5 ml of
water to stop the reaction, and subsequently centrifuged.
The mixture was extracted with dichloromethane and the
organic phase was separated, dried with sodium sulphate
and evaporated. The organic layers were then analyzed for
the quantification of fatty acid methyl esters, monoglycerides, diglycerides, and triglycerides.
3. RESULTS AND DISCUSSIONS
3.1. Transesterification

Methyl ester yield versus that of monoglycerides, diglycerides, and triglycerides is shown in Fig. 3. Nearly 90 %
of triglycerides reacted and produced about 77% of methyl
esters within 5 min. During this reaction time, by-products
of diglycerides and monoglycerides accumulated and were
converted to methyl esters. Triglyceride content in the
reactor decreased with length of time. At the end of the
experiment, all glyceride forms were less than 1% and

FIGURE 3 - Change in methyl ester, monoglyceride, diglyceride and triglyceride concentrations versus time under experimental conditions
(catalyst amount: 1.06%, mixing rate: 695 rpm, temperature: 68.5 °C, oil/methanol molar ratio: 1/6).
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ester content was about 94% in the reactor. Monoglyceride
content does not change after 90 min, while triglyceride
and diglyceride contents decreased slightly as methyl ester
content increased.
3.2. Glycerol separation, neutralization, and washing with
water

This process time was around 5 h (1.5 h reaction time,
1 h glycerol precipitation, 1 h neutralization, 0.5 h water
washing, 1 h distillation). Some results for fatty acid alkyl
esters with water purification produced from refined rapeseed oil are shown in Table 3. After water washing, monoglyceride, diglyceride and triglyceride contents of biodiesel
were determined to be 0.48, 0.06 and 0.12%, respectively,
and ester content was 99% according to many similar
results [17-20].
TABLE 3 - Some results for fatty acid alkyl esters produced from
refined rapeseed oil and purified with PEG 300 (Value 1) and water
(Value 2).
Analysis components
Mono-glycerides (%)
Di-glycerides (%)
Tri-glycerides (%)
Free glycerol (%)
Total glycerol (%)
Ester content (%)
Acid value (mg KOH/g oil)
Sodium (Na+) and Potassium (K+) Concentrations
(mg/L)
Calcium (Ca++) and Magnesium (Mg++) Concentrations (mg/L)
Total contamination (mg/kg)
Carbon residue (%)
Phosphorus (mg/kg)

Value 1
0.54
0.07
0.1
0.01
0.168
99
0.185
1.27

Value 2
0.48
0.06
0.12
0.016
0.160
99
0.185
1.34

0.81

0.94

12.7
0.020
0.3

13.1
0.032
0.27

Standard). Level of glycerol reached the desired level of
0.02% in 7.5 min because of interactions between water
and glycerol through hydrogen bonding and dipole moments during first water washing step. In the 1st min of
washing process, the glycerol content was about 0.06 % (3
times higher than required level of 0.02%), while it was
0.006% after 30 min. Acid neutralization step before
water washing should reduce the amount of glycerol in
the biodiesel.
3.3. Glycerol separation, neutralization, and washing with
PEG 300

Glycerol precipitation rate became extremely rapid,
and 10 min after the reaction PEG 300 was added. This
step included glycerol precipitation, neutralization and
removal treatment of impurities. As can be seen in Table 3,
after PEG 300 washing, monoglyceride, diglyceride and
triglycerides of biodiesel were determined to be 0.54, 0.07
and 0.1%, respectively, and ester content was 99%. These
values fulfilled the limits of the EN 14214 Standard.
The experiment with 1 µl of PEG 300 in the 500 ml
reactor removes most of the glycerol content from biodiesel within 10 min after treatment (Fig. 5), and glycerol
achieved the required level in 7 min because of flocculation
(glycerol was 0.06% in 1 min, but 0.005% after 30 min).

FIGURE 5 - Evolution of glycerol content versus time in the purification of biodiesel with PEG 300 at ambient temperature.

FIGURE 4 - Evolution of glycerol content vs. time in the purification of biodiesel at ambient temperature.

Water washing is the process reducing free glycerol
levels down to those required by EN 14214 Standard. The
results can be seen in Fig. 4. The glycerol removal by water
washing is completed within 30 min in all the experiments (acidified water washing needs 3 times of 10 min to
decrease glycerol level to the limit value of EN 14214

In general, homogeneous catalysts have been used in
biodiesel production technologies [21]. However, homogeneous catalysts lead to some undesired reactions [22].
Transesterification reactions take place in the presence of
homogeneous alkali catalysts, and each process has some
disadvantages. One disadvantage of the alkali-catalyzed
transesterification is the precipitation process of glycerol.
Both fatty acid alkyl esters and glycerol are soluble in
methanol. After the reaction, excess alcohol in the reaction media behaves as surfactant that leads to very long
precipitation time for glycerol. It is expected that PEG
300 added to the reaction mixture serves as flocculation
agent via molecular interactions (e.g. dipole-dipole, monopole-dipole, monopole-monopole and ionic ones) with gly-
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cerol, the catalyst, and monoglyceride,, diglyceride and
triglyceride molecules. Flocculation has been shown to be
dependent on free Na+ ions, sodium glyceride, mono and
diglycerides with sodium salts, and glycerol (Fig. 6).
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addition of inorganic acids. In continuous or batch processes, additional equipment and reaction time are required.
If glycerol precipitation and neutralization are not required,
there will be no water and acid consumption like in nonaqueous purification processes. Consequently, additional
equipment for those processes is not required, which reduces the investment costs for the total process. Non-ionic
PEG 300 consists of hydroxide molecules and oxygen atoms. Hydroxide molecules and oxygen atoms can neutralize
base catalyst molecules. In this situation, PEG 300 has
a key role as neutralization and separation agent. According to Table 3, after PEG 300 washing, 0.185 mg
KOH/g oil, 1.27 mg/L sodium and potassium concentrations, 0.81 mg/L of Ca and Mg as well as 0.3 mg/kg of
phosphor were found.
The rest of water in the biodiesel requires to be distilled after water washing process. This process is timeconsuming and needs extra energy. There is no need to
use of water and distillation step in PEG 300 process.
Washing of biodiesel with distilled water to remove monoand di-glycerides, glycerol, inorganic salts, and soap from
the product is another disadvantage of alkali-catalyzed transesterification reaction because water consumption is high,
and purification of wastewater is required.
Flocculation is specifically used in wastewater treatment from biodiesel production. Non-aqueous purification
of biodiesel can appear as an effective method via flocculation. Additionally, research on new catalysts, such as combination of NaOH/MeOH solution with PEG 300, should
be taken into consideration in future studies.

FIGURE 6 - Flocculation of impurities together with PEG 300.

This flocculation mechanism can be explained with
the DVLO theory. The DLVO theory, developed by Derjaguin, Verwey, Landau and Overbeek, is a classical colloidal theory that describes a double-layer of counter ions
surrounding the particle. The first layer is often referred to
as the Stern layer which is comprised of a tightly associated layer of counter ions, and the second layer is often
referred to as the diffuse layer which is made up of less
tightly associated counter ions [23]. This double-layer or
cloud of ions surrounding the particle results in repulsion
of adjacent particles and inhibits aggregation. When the
ionic strength increases, the size of the double-layer decreases, thus decreasing the repulsion between particles
and allowing short-range attractive forces to promote aggregation [23].
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The presence of Na+ ions, sodium glyceride, mono
and diglycerides with sodium salts would, therefore, result
in an improvement of flocculation with PEG 300 due to a
decrease in the size of the double-layer and the repulsive
forces between particles. According to Cousin and
Ganczarczyk [24], the addition of sodium to a biological
suspension increased floc size and improved floc porosity.
Another disadvantage of alkali-catalyzed trans-esterification reaction is neutralizing the alkali reaction media by
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ABSTRACT

1. INTRODUCTION

Experiments were carried out to investigate the influence of selected seed dressings, Premis 025 FS (BASF;
active substance (a.s.) – triticonazole, 25 g/L), Raxil 060
FS (Bayer; a.s. – tebuconazole, 60 g/L) and Kinto Duo
080 FS (BASF; a.s. – triticonazole, 20 g/L and prochloraz
complex with copper, 60 g/L), on the total bacteria counts
and numbers of oligotrophs, copiotrophs, actinomycetes
and fungi in soils as well as on the activity of dehydrogenases and acid phosphatase under spring barley cultivation.
The obtained results indicate that plant protection
agents used in the experiment exerted varying impacts on
changes in numbers of the analysed microorganism groups
because the employed seed dressings were found both to
stimulate and to inhibit the development of soil microflora. The majority of the examined fungicides caused an
increase of total bacteria counts and numbers of oligotrophs
and copiotrophs in the soil, but in the case of actinomycetes
and fungi, their numbers were observed to fluctuate.
Moreover, the performed experiment also revealed
changes in the activity of the analysed soil enzymes. During the first dates of analyses, the majority of the applied
seed dressings stimulated dehydrogenase activity in the
soil, while during the last tests, their activity was inhibited. On the other hand, the activity of acid phosphatase in
soil treated with different seed dressings declined.

KEYWORDS: seed dressings, change dynamics of bacterial
counts, activity of dehydrogenases, activity of acid phosphatase

* Corresponding author

Soil biological status, apart from natural biological
factors, is affected by a wide range of chemical plant protection agents commonly used in modern farming. The application of these xenobiotics frequently prevents significant
losses in agriculture and makes it possible to obtain higher/
better quality yields [1].
However, plant protection agents introduced into the
soil environment, apart from obvious advantages resulting
from their application, also cause a number of undesirable
side-effects because pesticides are characterised by considerable biological activities which may significantly influence the course of biological processes taking place in
soil, as well as the development of microorganisms inhabiting it [2,3].
Under the influence of chemical, physical as well as
biological factors, pesticides undergo numerous transformations in soil as the result of which various decomposition products develop which are frequently far more toxic
than the applied initial products [4]. These kinds of products accumulated in soil frequently constitute a serious
threat to organisms living in this environment. Toxicity of
pesticide preparations most frequently manifests itself as a
reduction in the numbers of soil microorganisms as well
as in changes of the enzymatic activity [5]. In addition,
the above disturbances are also accompanied by a loss of
soil biological balance apparent in quantities of elements
available for plants in the soil solution, which significantly influences both the quantity and the quality of
agricultural produce [6].
Soil microorganisms respond quickly to unfavourable
environmental changes caused by anthropogenic factors.
Therefore, they can serve as soil quality indicators and
find widespread application in different ecotoxicological
investigations of soil ecosystems.
The objective of this study was to examine changes in
numbers of selected groups of microorganisms (total bacteria counts, oligotrophs, copiotrophs, actinomycetes and
fungi) and enzymatic activity (dehydrogenases, acid phosphatase) following the application of selected seed dressings - Premis 025 FS (a.s. triticonazole 25 g/L), Kinto
Duo 080 FS (a.s. triticonazole 20 g/L and prochloraz com-
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plex with copper 60 g/L) and Raxil 060 FS (a.s. tebuconazole 60 g/L) in spring barley cultivation.
2. MATERIALS AND METHODS
The field experiment was carried out in 2009, in the
area of the Experimental Station of the Department of Soil
and Plant Cultivation belonging to the Poznań University
of Life Sciences.
The experiment employed the method of random blocks
on plots of 28 m2 area on which spring barley cv. Nadek
was sown. This is a cultivar of barley characterised by
good to very good brewer’s quality.
Soil samples for analyses were collected on five dates
connected with consecutive developmental phases of spring
barley in accordance with the BBCH-scale. The dates of
soil sample collection were as follows: emergence (BBCH
10-13), tillering (BBCH 21-25), flowering (BBCH 51-69),
dough stage (BBCH 71-82), after harvest.
The experiment was carried out on grey-brown podzolic soil which belongs to IVb valuation class of good
rye soil complex. The soil texture was within the range
from light loamy to heavy loamy sands deposited on light
loam. The content of the 0.02-mm fraction in the examined soil was 12%, on average. The average level of groundwater was usually 2 m but increased during periods of excessive precipitation. The content of organic matter in the
experimental soil was 1.6%, while the soil pH was 6.0.
Mineral fertilisers were used twice: in autumn (before
sowing) and in spring (after sowing). The fertiliser applied
in autumn was Azofoska (0-20-30) and the dose applied
was 250 kg/ha. The fertiliser used in spring was ammonium
nitrate used after sowing in the amount of 265 kg/ha.
Apart from the application of mineral fertilisers and seed
dressings employed on the experimental field, the soil
was also treated with a dose of 150 g/ha of Lintur 70 WG
herbicide.

The experimental material comprised soil samples
collected from five plots differing with regard to the kind,
and the dose of seed dressings applied to treat seeds. One
of the fields was treated as a control on which no pesticide
was used (Table 1). Each time, 14-18 individual samples
were collected from each combination, and then pooled to
obtain a representative sample.
Climatic conditions that prevailed in the experimental year were favourable for spring barley productivity (Table 2).
2.1. Enzymatic activity

The performed examination of the soil enzymatic activity treated with different pesticides was based on the determination of the following activities of:
• dehydrogenases by the colorimetric method [7] at
485 nm using 1% TTC (triphenyltetrazolium) following a 24-h incubation at 30 oC, expressed in
mmol TPF kg-1 ·h-1,
• acid phosphatase by the spectrophotometric method [8,
9] using sodium nitrophenylphospate as a substrate
after 1-h incubation at 37 oC, expressed in mmol PNP
kg-1 ·h-1.
2.2. Microbiological analyses

In soil samples collected from under the plants, interrows and depth of 15-20 cm, numbers of microorganisms
were determined using the Koch’s method of poured plates
dilution on appropriate agar media (5 replications). Mean
numbers of colonies were recalculated per soil dry matter.
Total bacterial counts were determined on a ready-touse Merck-Standard count agar medium following a 5days incubation at 25 oC.
- Fungi were determined on Martin’s substrate following a 5-days incubation at 24 oC [10].
- Copiotrophs were determined on the NB [11]substrate
following a 5-days incubation at 25 oC.

TABLE 1 - Design of the field experiment.
Sample
1. Control

Active substance of seed dressing
without seed dressing

Dose of seed dressing
without seed dressing

2. Premis 025 FS
3. Premis 025 FS
4. Kinto Duo 080 FS
5. Raxil 060 FS

triticonazol
triticonazol
triticonazol+prochloraz complex with copper
tebuconazol

150 ml/100 kg grain
200 ml/100 kg grain
200 ml/100 kg grain
50 ml/100 kg grain

TABLE 2 - Meteorological observations recorded in Brody in years 2008-2009
Month
year
Temperature (°C)
Precipitation (mm)

VIII
2008
18.8
171.5

IX
2008
13.9
29.8

X
2008
10.0
74.9

XI
2008
5.7
34.3

XII
2008
1.6
36.6
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I
2009
-2.4
22.6

II
2009
0.1
52.6

III
2009
4.3
65.1

IV
2009
11.7
13.3

V
2009
13.4
85.3

VI
2009
15.7
79.3

VII
2009
19.7
68.1
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- Oligotrophs were determined on the NB [11] substrate
following a 5-days incubation at 25 oC.

isms. The remaining fungicides either did not affect or increased the total soil bacterial count.

- Actinomycetes were determined on a substrate according to Pochon following a 5-days incubation at 25 oC.

A statistically significant increase of total bacterial
counts was observed in the soil treated with Kinto Duo
080 FS seed dressing on both the third and fourth dates.
The performed statistical analysis also showed that
Premis 025 FS (dose 200 ml/100 kg grain) exerted a statistically highly significant impact on total bacterial
counts on the fourth date of analysis. On the fifth date of
application (after harvest), all experimental fungicides
caused an in-crease of total bacterial counts, with the exception of Premis 025 FS (triticonazole 25 g/L) at a higher
dose. Comparing changes in soil total bacterial counts
caused by lower and higher doses of Premis 025 FS
(triticonazol 25 g/L), it can be concluded that the dose
level of the applied pesticide exerts a strong influence
on changes in numbers of the discussed group of microorganisms.

The obtained research results were processed statistically using Statistica 7.1 software.
3. RESULTS AND DISCUSSION
3.1. Analysis of the impact of seed dressings on numbers of
selected soil microorganisms under spring barley cultivation

Numerous investigations indicate that pesticides applied
to soil can result in quantitative and qualitative changes of
soil microflora composition [12,13]. Adding xenobiotics to
soil leads to distinct changes in the qualitative composition
of the soil microflora, eliminating certain species of microorganisms and causing simultaneous succession of other
species [14].
Results of the performed investigations revealed a
trend of growth in total bacterial counts at different dates of
analysis following the application of various seed dressings (Fig. 1).
A decline in numbers of the examined microorganisms
was recorded only in the case of Premis 025 FS (triticonazole 25 g/L) fungicide applied at both doses (Fig. 1). At
the first date of application (emergence), Premis 025 FS
fungicide (dose 200 ml/100 kg of grain) caused a drop in
total bacterial counts by 66% with regard to control, while
the remaining experimental seed dressings used on this
date stimulated growth of the discussed group of bacteria.
Premis 025 FS (triticonazole 25 g/L) used on the second date and at a lower dose (150 ml/100 kg grain) also
led to reductions in numbers of the discussed microorgan-

The impact of various plant protection preparations
on numbers of bacteria in soil has been analysed in many
research papers and many researchers have reported results similar to those obtained in our experiment confirming increased total bacterial counts in soils subjected to
the action of different pesticides. This phenomenon is
frequently attributed to the settlement of the space left by
dead microbes by other microorganisms resistant to a given
pesticide, reduced competitiveness between microbes, and
the utilisation by these microorganisms of chemical compounds derived from dead cells [12].
Michalcewicz [15] investigated the influence of herbicide, fungicide and insecticide combinations applied to
soil constituting part of a system of chemical control of an
apple orchard, winter wheat, potatoes and horse beans. The
performed trial showed that a field dose as well as a dose
10 times higher than the optimal one, in general, caused
an increase in numbers of soil bacteria, whereas a dose
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FIGURE 1 - The effect of seed dressing compounds on the number of total bacterial counts.
number
** - LSD lowest significant differences (0.01); * - LSD lowest significant differences (0.05).

exceeding 100 times that recommended by the manufacturer reduced their numbers. On the other hand, introduction into the soil of doses lower than those recommended
led to increased biomass content of soil microorganisms.
It was also found that after the application of field doses
of the examined pesticides changes in the biomass quantities of microorganisms were weak and short-lived in comparison with changes caused by natural stress factors.
Similar conclusions were drawn by Omar and AbdelSater [16] who demonstrated that bacterial populations
increased following the application of pesticides at doses
lower than recommended but decreased when these doses
were increased.
On the basis of the performed investigations, Shukla
[17] found that numbers of soil bacteria increased following the application of herbicides at the dose of 1 L/ha.
On the other hand, Głażewska-Maniewska and Piotrowski [18] investigated the impact of horsebean, pea
and white lupine seed dressing using fungicides applied at
doses recommended by the manufacturers on numbers of
bacteria dissolving calcium triphosphate. The quantitative
response of these bacteria to fungicides was compared
with the total numbers of soil microflora. The most important conclusion drawn from that experiment was that
total bacterial counts during the initial period were reduced but later increased significantly (conversely to
“phosphoric” bacteria). Towards the end of the vegetation
season, total bacterial counts in the plant rhizosphere were
similar to the level determined for the control sample
(without fungicide). In addition, it was also concluded on
the basis of the experiment that the dynamics of quantitative changes as well as the final bacterial population size
depend on the kind of fungicide applied for seed dressing
as well as the plant species subjected to its action.
A drop in total bacterial counts during the first days
of the performed investigations was also reported by Tu

[19, 20]. However, bacterial populations regenerated during
the successive days of experiments, and their numbers
were similar as in the control sample. Such conclusions
were drawn both after the application into soil of fungicides as well as herbicides.
Moreover, data from the literature indicate that, in
contrast to fungi and actinomycetes, bacteria usually show
lower sensitivity to the action of fungicides. Small doses
of sulphur preparations exert a stimulating effect on numbers of soil bacteria, and doses ranging from 100 to 400
kg/ha are required to inhibit their development. On the
other hand, mercury preparations and Captan (applied in
doses intended to destroy fungi) exert no impact on total
bacterial counts in soil [21].
Similarly to total bacterial counts, also numbers of oligotrophic bacteria in soil underwent fluctuations depending on the applied seed dressing and the date connected
with the developmental phase of spring barley. However,
the majority of the obtained results confirm a stimulating
impact of fungicides applied in the trial on numbers of
oligotrophs in soil. The only exception is the second date
of analysis when numbers of the discussed group of microorganisms declined (Fig. 2).
Kaszubiak and Durska [22] studied the impact of the
Oxafun T fungicide preparation on numbers of oligotrophic bacteria under barley cultivation and demonstrated
that the applied fungicidal preparation failed to reduce
numbers of oligotrophs; on the contrary, it caused populations of these microorganisms in soil to increase, similarly
to our experiment.
On the other hand, Jastrzębska and Kucharski [23]
drew quite different conclusions on the basis of performed
experiments, in which they examined the influence of
Unix 75 WG and Swing Top 183 SC fungicides, and
reported a drop in oligotroph numbers in soil.
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In another experiment investigating the effect of plant
protection agents on oligotrophic bacteria, Kucharski et
al. [24] reported a 3-fold decline in numbers of the discussed microorganisms as a result of the application of the
Starane 250 EC herbicide. A drop in numbers of oligotrophs in soil following the application of the Triflurotox
250 EC herbicide was also reported by Wyszkowska [25].

on the same date, nearly a 2-fold increase in numbers of
copiotrophic bacteria in soil. This is frequently attributed
to the settlement in free space, after dead microorganisms,
by other microbes resistant to a given pesticide, reduced
competitiveness between microbes and to the utilisation by
these microorganisms of chemical compounds derived from
dead cells [12].

On the other hand, Węgorek et al. [26] proved that the
influence which pesticides exert on numbers of oligotrophic
bacteria is relatively small, as the numbers of these microorganisms in contaminated soils undergo small changes in
comparison to soil which was not subjected to the action
of plant protection agents. Slight changes in the composition of soil microflora frequently occurred only during
part of a given vegetative period, or showed a tendency to
disappear during the following season. Also Wyszkowska
[40], on the basis of the performed experiments, proved
that soil contamination with the Treflan 480 EC herbicide
failed to exert a significant impact on numbers of oligotrophic bacteria.

Many researchers have obtained results similar to ours
confirming a stimulating effect of fungicides on quantities
of copiotrophic bacteria in soil.

Changes were also observed in copiotroph numbers in
soil depending on the date of the performed analysis and
the seed dressing applied in experiments. However, the
majority of the obtained research results confirm a stimulating influence of fungicides on numbers of copiotrophic
bacteria in soil. The only exception was the third date on
which microbiological analyses were conducted (Fig. 3).
At the dough stage (date IV), the performed statistical
analysis revealed highly significant differences in numbers of copiotrophs under the influence of Premis 025 FS
(triticonazole 25 g/L) at a higher dose and Kinto Duo 080
FS (triticonazole 20 g/L and prochloraz complex with
copper 60 g/L). Numbers of the examined microorganisms increased 1.5 times in the case of the application of
Premis 025 FS at the dose of 200 ml/100 kg grain. On the
other hand, the Kinto Duo 080 FS seed dressing caused,

Kaszubiak and Durska [22] reported increased quantities of copiotrophs following application of Oxafan T fungicide. In their experiment, they recorded a 35% increase
in numbers of these soil microorganisms. The impact of
fungicides on numbers of copiotrophs was also studied by
Jastrzębska and Kucharski [28] who reported a positive
influence of Swing Top 183 SC and Unix 75 WG compounds (applied at optimal doses) on numbers of these
microbes. The first of the pesticides increased numbers
of the discussed bacteria by 25% in a sown and by 17%
in an unsown soil. On the other hand, Unix 75 WG caused
an increase of copiotrophs by 48% in a sown soil, and by
20% in an unsown one.
Figure 4 presents results of the experiment examining
the effect of the application of seed dressings on numbers
of actinomycetes. The analysis of these results indicates
fluctuations in actinomycetes number in soil depending on
the applied seed dressing and the date associated with the
developmental stage of spring barley.
On the first date of analysis, numbers of actinomycetes showed an increasing tendency for all the employed
seed dressings, although only Premis 025 FS (triticonazol
25 g/L) preparation applied at 200 ml/100 kg grain exerted a statistically significant impact on numbers of these
microbes.
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On the other hand, on the second date, a decline in
numbers of the examined microorganisms was observed
for all analysed fungicides, with the exception of Premis
025 FS (triticonazole 25 g/L) applied at higher dose where
numbers of actinomycetes increased by about 5%.
On the third date of analysis, all the examined seed
dressings exerted a highly significant influence on numbers
of actinomycetes in soil causing declines of 53, 46, 56 and
44%, respectively.
Numerous researchers have focused their investigations on determining the impact of various pesticide preparations on numbers of actinomycetes in soil. Some results
of these studies indicate, similarly to our research results,
variations (increase and decline) in numbers of these microorganisms in soils subjected to the action of pesticide
preparations applied at different doses or combinations.

Also Niewiadomska et al. [29] reported changes in
numbers of actinomycetes in soils treated with Funaben T
and Pivot 100 SL fungicide seed dressings applied in different combinations. In all combinations, the performed experiments revealed increases in numbers of actinomycetes
in soils on the first three dates of analysis, while on subsequent dates, numbers of the examined microorganisms
in soil dropped. The increase in numbers of actinomycetes
was attributed to the fact that plant protection agents applied to the soil became an additional source of food for
the examined microorganisms capable to manufacture enzymes, and actinomycetes participate in the degradation
of pesticides supplied to the soil [30].
On the other hand, Błaszak and Nowak [12] found
that Miedzian 50 WP (traditional fungicide) exerts a
strong in-fluence on numbers of actinomycetes reducing
their population by 20% when applied at the dose of 100
mg kg-1, although when used in lower quantities (i.e. 10
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or 1 mg kg-1), it increased numbers of actinomycetes. The
above researchers also demonstrated that herbicides containing trifluralin (a herbicide with additional adjuvant)
exerted a strong influence on actinomycetes. The above
preparations (dose of 100 mg·kg-1) reduced numbers of
these microorganisms, on average, by 40% in comparison
with control.
Omar and Adbel-Sater [16], however, demonstrated
that populations of soil actinomycetes subjected to the
action of two pesticides (Brominal and Selecron) increased
when these preparations were used at lower doses but declined when the applied dose was lower. Digrak and
Özçelik [31] maintained that actinomycetes demonstrate smaller sensitivity to the action of herbicides and
insecticides than to fungicides.
Numbers of the experimental soil fungi underwent
fluctuations depending on the applied seed dressing and the
date associated with the developmental phase of spring
barley (Fig. 5).
In the case of the first date, i.e. at the phase of emergence of spring barley, numbers of fungi were found to increase, but, only in the case of Kinto Duo 080 FS (triticonazol 20 g/L and prochloraz complex with copper 60 g/L), this
influence was statistically highly significant (over 3-fold increase in comparison with control).
On the fourth date of analysis, all fungicides reduced
in a highly significant manner numbers of fungi in soil.
The highest decrease (reaching even 98%) in numbers of
these microorganisms was recorded in the soil in which
Premis 025 FS (dose of 150 ml/100 kg grain) was applied,
while a higher dose of the same fungicide 84% reduction
of fungal populations. An approximately 92% decrease
was recorded in the soil treated with Kinto Duo 080 FS
seed dressing, and 67% drop when Raxil 060 FS was applied. Causes of such considerable declines in the numbers
of fungi on the fourth date of analysis can be attributed to
the fact that, following the application of this fungicide,
some fungal species disappeared but were replaced by other
species of microorganisms as indicated by increases of
total bacterial counts (Fig. 1), oligotrophs (Fig. 2), copiotrophs (Fig. 3) and actinomycetes (Fig. 4). Moreover, it
should also be stressed that fungi are very sensitive to the
action of fungicides which destroy not only harmful microflora but also the saprophytic ones [32].
Numerous investigations indicate that some fungicide
preparations cause changes in the quality composition of
soil fungal microflora. Following the application of fungicides, frequently some fungal species disappear and an
ecological, quantitative succession of other species of microorganisms occurs, as happened in our experiment. Under pesticide application conditions, soil environment is
frequently taken over by the Trichoderma viride fungus
which is quite tolerant in relation to fungicides [33]. However, Klimach and Wieczorek [34] reported a negative

impact of fungicide preparations on the development of
Trichoderma viride.
3.2. Analysis of the impact of seed dressings on soil enzymatic activity under spring barley cultivation

Many investigations confirm that enzymes, i.e. dehydrogenases (DHA) and acid phosphatase (PHOS-H), can be
treated as very good parameters of the effects of applied
pesticides on soil microbiological activity. Changes in soil
enzymatic activity reflect the population composition of
microorganisms and its functional diversification. Therefore, they can be utilised as indicators of environmental
contamination [35,17].
Figure 6 presents the results of the experiment to
evaluate the impact of the applied seed dressings on dehydrogenases activity (DHA) in soils. The analysis of these
results confirms changes in the activity of the examined
soil enzymes depending on the seed dressing employed in
the experiment as well as on the date of analysis. However, the performed statistical analysis showed that the obtained results were not statistically significant.
On the first and second dates of analysis, dehydrogenase activity in soils increased in comparison to the
control sample not treated with seed dressings, with the
exception of Raxil 060 FS (tebuconazole 60 g/L) fungicide
on the second date of analysis causing a decline in the
activity of the analysed enzymes.
However, on the remaining dates (III, IV and V), the
applied seed dressings were found to exert a negative impact on the activity of dehydrogenases in soil, except a
25% increase of this activity on date V in soil treated with
Premis 025 FS (triticonazole 25 g/L) in smaller dose. The
observed activity decline of these soil enzymes on the last
date of analysis can be attributed to a very toxic impact
exerted by products of pesticide degradation compared to
the native compound applied to soil.
Research results (including the results herein, on the
last dates) indicate declining activity of dehydrogenases
following treatments with different pesticide preparations.
Investigations on the effect of Eminent 125 SL on dehydrogenase activity confirm a significant decrease in activity of these enzymes in sandy soils, whereas in a loamy soil,
the applied fungicide caused only short-term inhibition of
dehydrogenase activities [36].
In their study, Pozo et al. [37] reported a drop in dehydrogenase activities following soil application of Maneb
fungicide. However, in the above investigations, the activity of these enzymes was also found to increase following
the application of Mancozeb.
Increased activity of dehydrogenases following soil
application of fungicides was observed in experiments
per-formed by Jastrzębska and Kucharski [23, although
the authors emphasised the fact that only a dose 100 times
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higher than the recommended one inhibited the activity of
these soil enzymes.
Numerous papers have also reported a drop in dehydrogenase activity as a result of herbicide application.
Kucharski et al. [24] observed a 50% decrease of hydrogenase activity after Starane 250 EC herbicide application (200-fold dose of control).
Also experiments carried out by Wyszkowska and Kucharski [38] demonstrated an unfavourable impact of herbicides on dehydrogenase activities. They showed that
soil application of Triflurotox 250 EC in amounts ranging
from 1.5 to 12 mm3/kg decreased dehydrogenase activity
as these enzymes were most sensitive to the action of this
herbicide.
A distinct decline in the activity of dehydrogenases was
also observed in investigations carried out by Yao et al.

[39]. On the basis of their analyses, the authors reported
that the application even of optimal doses of acetamiprid
can cause changes in soil enzymatic activity.
On the other hand, Wyszkowska and Kucharski [40]
observed increased activity of dehydrogenases caused by
the lowest dose of Granstaru 75 WG, but they also found
that 5 and 10-fold doses of this herbicide significantly
decreased dehydrogenase activity in soil. It should be
stressed, however, that only a few studies have reported
an increase of dehydrogenase activity, and the majority of
papers indicate that the applied pesticides inhibit the activity of these enzymes [29].
Figure 7 presents the experimental results of the impact of the applied seed dressings on the activity of acid
phosphatase (PHOS-H) in soil. The performed investigations proved that applied fungicide action did not remain
neutral regarding the activity of the examined soil enzyme,
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ever, all the obtained results fail to show that the preparation exerted a significant or highly significant effect on the
activity of the acid phosphatase.
The results indicate that all fungicides applied in the
experiment caused a decline in soil acid phosphatase activity on the first, third and fifth date of analysis. The strongest
activity reduction of this enzyme was observed at the phase
of spring barley flowering (third date). The reduction in
soil acid phosphatase activity on this date of analysis,
compared to control, was 34, 48, 31 and 29%, respectively.
Other researchers also reported a negative influence
of plant protection agents on the activity of acid phosphatase [25,39].
Inhibition of acid phosphatase activity in soil following the application of three examined herbicides, Solar 200
EC, Lontrel 300 SL and Mustang 306 SE, was reported
by Nowak et al. [41].
4. CONCLUSIONS
On the basis of the performed investigations and analyses of the obtained results, the following conclusions were
drawn:
1. Fungicidal preparations applied to the soil changed the
numbers of the analysed groups of microorganisms.
• The majority of them caused an increase of total bacterial counts and numbers of oligotrophs (exception –
2nd date of analysis) and copiotrophs (exception – 3rd
date of analysis) in soil which could have been caused
by the utilisation of these pesticides as additional
sources of nutrients by the examined groups of microorganisms.

• They also caused fluctuations (stimulation or inhibition) in numbers of actinomycetes and fungi in soil.
• Fungicides led to a decrease in numbers of fungi and a
simultaneous increase of other species of microorganisms (4th date of analysis).
• Bacteria were less sensitive to the action of fungicides
than fungi and actinomycetes.
2. Additionally, the seed dressings applied in the experiment influenced changes in the activity of soil enzymes.
• The majority of them stimulated the activity of dehydrogenases in soil on the first dates of the performed
analyses but inhibited their activity on the last dates
possibly caused by a more toxic effect which is often
exerted by products of pesticide degradation in soil.
• The majority of fungicides reduced the activity of acid
phosphatase in soil.
3. The obtained results indicate that the dose of the applied fungicide exerts a strong influence on numbers
of individual groups of microorganisms in soil. The
same fungicide (Premis 025 FS) applied at different
doses frequently exerted a different impact on numbers
of microorganisms in the soil environment.
4. The applied seed dressings were found to exert a statistically highly significant or significant influence on
total counts of bacteria, oligotrophs copiotrophs, actinomycetes and fungi at different dates of analysis.
However, the statistical analyses failed to confirm a
significant impact of seed dressings on the activity of
the examined enzymes.
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ABSTRACT

to be a potential bioaccumulator able to hyperaccumulate
Pb, Cu and Zn at different rates of accumulation.

The use of the aquatic plant Phylidrum lanuginosum
for the removal of lead, zinc and copper was studied. Plants
were exposed to various concentrations of Pb, Cu and Zn
(1, 5, 15 and 20 mg/L) and harvested at different time
intervals (24, 48, 120, 168 and 240 h). Morphological
changes (chlorosis) occurred after 10 days of exposure to
1 mg/L mixed heavy metal solutions. With increasing concentrations, chlorosis occurred after 24 hours at 15 mg/L
level. Necrosis (death) occurred after 168 hours in 15 mg/L
and 120 hours in 20 mg/L solution. Heavy metals were detected in the roots after 24-h exposure. Pb is readily absorbed compared to Cu and Zn, and the maximum amount
was 6.545 ± 0.157 mg/g in 20 mg/L solution and 168-h
exposure. The maximum amount of Cu was 1.038 ±
0.008 mg/g harvested in 15 mg/L solution at 120 h while
the amount of Zn harvested was 0.996 ± 0.018 mg/g in
1 mg/L solution at 120 h. Phylidrum lanuginosum showed

KEYWORDS: Rhizofiltration, Phylidrum lanuginosum, heavy
metals, chlorosis.

1. INTRODUCTION
Studies on the potential use of aquatic plants to remove heavy metals started in 1960s. Since then, numerous
aquatic plants have been identified. Although the conventional mechanisms (chemical and physical methods) are
effective, they are very expensive to build and also to operate. In comparison, the natural mechanism using aquatic
plants, requires minimal cost as well as technology to
remediate the effluent. Extensive reviews by Sarma [1]
indicate that currently there are 500 plant species that can
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accumulate heavy metals. Some plants have the ability to
tolerate elevated levels of heavy metals and accumulate
them in high concentration. The process of absorbing and
accumulating heavy metals or excess nutrients in harvestable parts of plants, such as roots or shoots, from the soil
is called phytoextraction. If the roots are used to accumulate toxic metals from aqueous substrates, such as
wastewaters, it is known as rhizofiltration. These approaches are suitable for removing most toxic metals (Pb,
Cd, Ni, Cu, Cr, V) and excess nutrients (such as NH4NO3)
from contaminated medium. There are three types of
aquatic plants that are commonly used: (1) free floating
(only the roots under water); (2) submerged (whole plant
in water); and (3) emergent (plants rooted in soil). Dhote
and Dixit [2] as well as Rai [3] summarized the potential
use of these plants to improve water quality while few
examples summarized their use to remediate polluted
soils [4, 5]
Free floating aquatic plants, such as Eichhornia crassipes (water hyacinth), Pistia stratiotes (water lettuce),
Lemna minor (duckweed), Nasturtium officinale (water
cress), accumulate heavy metals in the roots and show
high potential for cleaning up polluted water. Eichhornia
crassipes has been widely used in constructed wetlands
due to its rapid growth rate and high nutrient and contaminant uptake. However, its invasive nature and rapid decomposition are few of the problems. Submerged aquatic
plants, such as Hydrilla verticillata (waterthyme), Salvinia
sp. (water fern), Potamogeton natans (pondweed) and
Myriophyllum spicatum L. (Eurasian water milfoil) are
suggested for use in treating storm water and secondary
treated wastewater as well as polluted river water. However, works on submerged plants were still at experimental stage. Emergent plants, namely, Phragmities australis (reed) and Typha latiofolia (cattail), play an important role in extracting heavy metals from soil [3, 6-9].
This emergent plant readily takes up and accumulates
metals in their re-duced form from sediments, which exist
in anaerobic situations due to lack of oxygen, and oxidize
them in the plant tissues making them immobile as well
as bioconcentrate them to a great extent [10].
Aquatic plant species responded differently to heavy
metals` accumulation. Qian et al. [11] studied 12 wetland
plants, namely, Polygonum hydropiperoides Michx. (smart
weed), Myriophyllum brasielense Camb (Parrot’s feather),
Cyperus alternifolius L. (umbrella plant), Marsilea drummondii (fuzzy water clover), Cyperus pseudovegetus (sedge),
Spartina alterniflora Loisel (smooth cordgrass), Mimulus
guttatus Fisch. (monkey flower), Hippuris vulgaris L.
(mare’s tail), Juncus xiphioides E. Mey. (iris-leaved rush),
Baumea rubiginosa (striped rush), Pistia stratiotes and
Wedelia trilobata Hitchc (water zinnia) with 10 metals
(As, B, Cd, Cr, Cu, Pb, Mn, Hg, Ni and Se). All the heavy
metals, except for B, were highly concentrated in the root.
For Pb , the good accumulators were smartweed (1882 mg
kg-1) > Parrot’s feather, umbrella plant, fuzzy water clover

(1000-1200 mg kg-1 ), > sedge, smooth cordgrass, monkey flower, mare’s tail and iris-leaved rush (200 mg kg-1).
Deng et al. [12] examined 12 emergent species on the
accumulation of Pb, Zn, Cu and Cd. Their study showed
these wetland plants are tolerant to heavy metals (mainly
Pb, Zn and Cu), e.g. L. hexandra, 127–1022 mg/kg Pb
(levels in the soils/sediments), 438–5420 mg/kg Zn and
21–6993 mg/kg Cu; J. effusus, 141–15,138 mg/kg Pb, 306–
10,606 mg/kg Zn and 31–860 mg/kg Cu). The metal uptake for all studied aquatic plants followed the order of Zn
> Pb > Cu > Cd.
Plants that can tolerate excessive amounts of metals
are known as hyperaccumulators. These plants are considered to be appropriate for phytoremediation. Hyperaccumulation is defined as the accumulation of more than
0.1% by dry weight in plant tissue. Hyperaccumulator
plants are characterized by several characteristics: (1)
those that can accumulate metals in high concentration in
plant shoots or leaves [13], (2) the concentration in the
above ground part is 10-500 times more than in plants
from unpolluted environment, (3) concentration in shoots
greater that in roots (>1) [14-18], and (4) bioaccumulation
potential: bioconcentration factor (BCF) value > 1000,
bioaccumulation factor (BAF) 100 – 1000 times larger
than BCF [19, 20].
There are several characteristics that make these
plants good metal accumulators: (1) high tolerance level,
(2) high accumulation and uptake rate, (3) high growth
rate and biomass yield, (4) ability to accumulate multiple
metals, and (5) tolerance to extreme conditions and diseases. A plant that is highly metal-specific and has slow
growth is not suitable for commercial use, in comparison
to a plant that has high biomass and the ability to tolerate
and accumulate multiple metals. The use of indigenous
plants is recommended since these plants are well adapted
to the local environments and easily managed compared
to introduced plants which will pose problems due to invasiveness [3]. In this study, a locally grown plant, Phylidrum lanuginosum (fan grass), is used to examine uptake of lead (Pb), copper (Cu) and zinc (Zn).
The purpose of this study is to explore the ability of
Phylidrum lanuginosum to extract heavy metals (Pb, Zn
and Cu) by growing the plants in solutions containing
known concentrations of these metals. This study will evaluate the ability of Phylidrum lanuginosum to accumulate
heavy metals and its ability to respond on in situ risk
reduction, and/or removal of contaminants from contaminated water. Search on publications about the use of
Phylidrum lanuginosum in phytoremediation is limited.
With the outputs of this study, the knowledge on toxicity,
uptake mechanism, accumulation and tolerance to heavy
metals will be updated.
2. MATERIALS AND METHODS
2.1. Plant collection
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Phylidrum lanuginosum is a perennial, classified as
emergent macrophyte, erect herb with leafy stem that can
reach up to 10 m or more. Fan grass has long and narrow
sword-shaped leaves with 60 cm length and 1.3 cm width
which contain long fibrous root systems. It is commonly
found in wet areas, such as in swamps, along margins of
streams and dams, ponds, lakes and ditches. For this study,
the plants were taken from the Botanical Gardens nursery,
Wetland, Putrajaya, Malaysia. Plants of similar shape,
size (weight of each plant, 200 ± 20 g wet mass) and
height (roots, 20–22 cm; aerial parts, 26–40 cm) were
selected and transferred to the laboratory.
2.2. Experimental set-up

Soil was carefully removed from the growing roots of
Phylidrum lanuginosum, and the whole plants were then
thoroughly rinsed in tap water, followed by deionised water
(Milli Q; 18 MΩ cm). Since the bioavailability of metals to
plants growing in soil is dependent on the bioavailability
of dissolved metals in soil water [21], hydroponic technique experiments, where Phylidrum lanuginosum plants
were exposed to Pb, Cu and Zn in mixed solutions, were
used in this study. Individual healthy Phylidrum lanuginosum (approximately 100 g of fresh weight) were maintained in 1000 ml of modified solution in acid-cleaned
polyethylene containers (2 L) for 10 days prior to the start
of experiments, as well as during the experimental period.
Three heavy metals (Pb, Cu, Zn) were investigated in this
study. The plants were grown in holding tanks in aerated
solution filled with 1 L of mixed solutions containing deionised water and targeted heavy metals solution. The deionised water used in the study was pH, temperature and
electroconductivity (EC) controlled. As a final step, the
water is normally dispensed through a 0.22-µm membrane
filter. Pb, Cu and Zn were added together in an amount so
that the concentration in the experimental tanks was controlled as well as to minimise changes in the elemental
content and distribution. The experimental tanks were set
based on various metal concentrations as mixed solution
with deionised water (1, 5, 15 and 20 mg/L). During 10 days
of the experiment, the following parameters were maintained and controlled: humidity, water temperature (25 oC)
and heavy metals` concentration in solutions. Lead nitrate
[Pb(NO3)2•3H2O], cupric nitrate [Cu(NO3)2•3H2O] and zinc
nitrate [Zn(NO3)2•3H2O] were added simultaneously to the
solution to achieve treatment concentrations of 1, 5, 15
and 20 mg/L for Pb, Cu and Zn, respectively. Individual
plants of Phylidrum lanuginosum were exposed to each
metal concentration in triplicate using a standard holding
tank for 10 days. As a control experiment, Pb, Cu and Zn
were maintained at 1, 5, 15 and 20 mg/L, respectively, in
the experimental tank without any plants and treated as
Control 1 while plants that were grown in 1 L of water
containing no metals were treated as Control 2.

the experiments. Five experimental plants were inserted in
each holding tank. Each plant was removed from the solution at intervals of 24, 72, 120, 168 and 240 h (1-10 days).
During the experimental setup, visual changes in plant
grown in mixtures of Pb, Cu and Zn at various concentrations and different time intervals were observed and recorded.
Plants were then thoroughly rinsed in tap water, followed by deionised water. The frond and root of each plant
was separated, cut into small pieces and dried at 80 °C in
an oven for 24 h to a constant measured weight. Aliquots
(0.1 g) of plant’s dried roots were ground in a mortar and
pestle. A homogenised sub-sample of the roots (0.1 g) from
each plant was digested with 10 ml of 65% HNO3 (AR
grade; BDH) and 1 ml of 30% H2O2 (AR grade; BDH).
H2O2 was added to promote oxidation. In addition, the use
of Cl-based acid caused isobaric interferences from Clderived polyatomic cations in spectrometry analysis. Moreover, the digestion with HNO3 + H2O2 also demonstrated
good recoveries of all the major and trace elements as
proven by Wang et al. [22]. The samples were microwavedigested at 120 °C and 850 watt for about 60 min (Ethos
One microwave digestion system). To complete the organic
matter oxidation, acid digestion was continued with 0.5 ml
of 30% H2O2 (v/v) [23, 24]. A total of 10 ml of the digested
sample was filtered and adjusted with addition of approximately 40 ml of deionised water to a final volume of 50 ml.
The solutions were AAS-analysed for Pb, Cu and Zn
(Model AA-6800 Shimadzu). The concentrations of heavy
metals (Conc.) were obtained by the following equation:

Conc. =

a×b
c

(1)

where a = mg/L metal in the diluted sample obtained
by the spectrometric analysis; b = the dilution factor of
the sample, and c = dry weight of the sample. Pb, Cu and
Zn concentrations were expressed as mg/g dry weight.
ANOVA was applied to find significance differences in

2.3. Experimental procedure

Three of these individual plants were chosen as a blank
to determine their initial metal ion concentrations before
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heavy metal concentration at different times and concentrations (p <0.05). Multiple comparison was performed using
Tukey’s Studentized Range (HSD) test with degree of significance of 0.05. All statistical analyses were performed
with SAS 9.2.
3. RESULTS AND DISCUSSION
3.1. Visual changes as sign of metal toxicity

The control plants appeared to be healthy, with green
leaves, observed until 240 h. Table 1 illustrates the visual
changes recorded during the study period.
In a 1 mg/L mixture, the plant appeared healthy until
168 h, but then, they turned to yellow at observation time
of 240 h. The change in colour from green to yellow is
known as chlorosis. At 1 mg/L concentration, the plants
did not exhibit any symptoms of toxicity after 7 days of
exposure. However, plants harvested after 10 days showed
evidence of chlorosis. For 5 mg/L mixture, the plants appeared healthy until 24 h of exposure but at 72 h the
leaves turned yellow. Prolonged exposure resulted in further deterioration, where at 120 and 168 h, the leaves

turned brown, and at 240 h, the plants started to wilt. The
leaves were already yellow after 24 h in a 15 mg/L mixture. Further exposure resulted in leaves turning brown
and wilted at 120 h. At 168 h, the leaves appeared dead
and complete wilting was recorded at 240 h. Finally, in a
20 mg/L mixture, after 24-h exposure, the leaves turned
brown. Signs of death were exhibited after 72 h and complete death occurred after 168 h.
The visual changes observed in plants grown in various metal solutions indicated the plants can tolerate exposure to 1 mg/L up to 7 days. Conversely, the leaves that
were visibly “withered” exhibited varying symptoms of
Pb, Cu and Zn toxicity. Chlorosis started from the tip and
margins of the frond, turning them to yellow/brown and
shows the signs of death. With increasing metal concentrations, tolerance is markedly reduced. Chlorosis occurred
as early as 24 h in 15 mg/L concentration. Necrosis (death)
is observed after 168 h in 15 mg/L and 120 h in 20 mg/L
solution. Results from this study are in line with other
published studies. Despite limited available data of metal
toxicity on Phylidrum lanuginosum, other published studies indicated that aquatic plants responded differently. Cu

TABLE 1 - Visual changes observed in plants grown in mixtures of Pb, Cu and Zn at various concentrations and different time intervals.
Time (hours)
Media
0
24
72
120
168
240
Distilled water(control)
Green
Green
Green
Green
Green
Green
Heavy metal solution
(mixtures of Pb, Cu and Zn):
1 mg/L
Green
Green
Green
Green
Green
Yellow
5 mg/L
Green
Green
Yellow
Brown
Brown
Partial wilting
15 mg/L
Green
Yellow
Brown
Partial wilting
Mostly died
Died
20 mg/L
Green
Brown
Partial wilting
Mostly died
Died
Died
Note: Green: the plants have green leaves; Yellow: the plant have yellow leaves; Brown: the plant have brown leaves; Partial wilting: the plant
partially wilting; Mostly died: most of the leaves were dead; Died: the plant completely died

and Zn caused chlorosis to duckweed at concentrations of
0.5 and 18 mg/L [25, 26]. Cu uptake occurred rapidly in
Nasturtium officinale during 24 h and declined upon further exposure. Excess copper induces metabolic disturbances, such as chlorophyll degradation. Kanoun-Boule et
al. [27] suggested that L. minor’s chlorophyll a and carotenoids are more sensitive than chlorophyll b to Cu damage. Elodea canadensis (Canadian waterweed) responded
differently to Cu toxicity. Both chlorophyll a and chlorophyll b are equally sensitive [28]. For Zn, maximum uptake occurred at 48 h. Zn concentration of 5 mg/L promoted pigment degradation while Cu was tolerated up to
3 mg/L [7]. Zn accumulation is observed in Hydrilla verticillata, beyond the hyperaccumulation limit, without showing any visible symptoms of toxicity. However, upon exposure to 5000 µM Zn, toxicity was observed after 7 days
[29]. Hydrocotyle umbellata L. (manyflower marshpennywort) tolerated all levels of tannery sludge (20, 40, 60 %
concentrations) until 90 days of exposure and were still
very healthy and green after 90 days. After two weeks, the
plants were unable to tolerate the 80 and 100% concentrations of sludge [30].

3.2. Pb, Zn and Cu uptake

The variations of Pb, Cu and Zn concentrations in
Phylidrum lanuginosum roots grown in various metal
concentrations (1, 5, 15 and 20 mg/L) observed over time
(0, 24, 72, 120, 168 and 240 h) are shown in Fig. 1. Also
included is the initial sign of toxicity as indicated by appearance of chlorosis. In general, it was observed that
there are no significant differences in the metals uptake (p
>0.05) in 1 mg/L solution for all studied heavy metals.
Solutions containing 5, 15 and 20 mg/L heavy metals show
significant differences between Pb, Zn and Cu where the
accumulation and morphological effect portrayed by Pb
was more obvious compared to Zn and Cu. Pb showed a
clear accumulation trend (p <0.05) and morphological
changes over time (p < 0.001) with regard to Zn and
Cu (weak or no significant differences of accumulation
and morphological changes over time; p >0.05). Results
show that Phylidrum lanuginosum can be applied effectively to treat water containing heavy metal contaminants
at time of exposures <120 h, especially for Pb at significance level of p <0.001. After 120 h, Phylidrum lanugi-
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nosum showed signages for dead,and the efficiency of its
accumulation factor started to decrease.
In 1 mg/L treatments Zn concentration was the highest followed by Pb and Cu, 0.920 ± 0.005 mg/g, 0.460
± 0.03 mg/g and 0.258 ± 0.008 mg/g, respectively. Zn
increased by 5.1 times compared to Pb (1.3 times) and Cu
(2.2 times). Further increase was noted after 72-h exposure but not as high as with 24-h exposure. Zn uptake was
the lowest, almost 0 to 0.03-fold while Pb and Cu increased by 0.9 and 1.9 times, respectively. Concentration
change of Pb, Cu and Zn in the roots is shown in Fig. 2.
Beyond 120-h exposure, uptake of all metals decreases
indicating that the plants had responded. The plants show
maximum capability to accumulate heavy metals at 120-h

FIGURE 1 - Pb, Zn and Cu concentrations (mg/g, dry weight) in the
roots of Phylidrum lanuginosum treated with various metal concentrations (1, 5, 15, 20 mg/L) and morphological changes in leaves (in
mixed metal solutions) observed for 240 hours.
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FIGURE 2 - Increment in metal concentration in roots observed for 240 hours.

exposure, when plant morphological effects start as discussed and shown in Fig. 1. Uptake for all metals stopped
at 168 h. This is in line with visual observation when plants
were grown in a mixture solution (described in Table 1),
at this concentration, chlorosis occurs after 240 h. Limitation to this study is that we do not have the data to show
the morphological changes in Phylidrum lanuginosum if
exposed to a pure solution. Despite that, uptake in pure
metal solution observed in this study exhibited a similar
pattern in morphological changes occurring in a mixture
solution. Studies have shown that in certain plants, the
rate of uptake differed in pure and mixture solutions.
The highest amount extracted from the roots followed this
order: Zn (0.996 ± 0.018 mg/g) > Pb (0.994 ± 0.024
mg/g) > Cu (0.989 ± 0.005 mg/g), all harvested at 120 h.

With respect to 5 mg/L treatments, Pb uptake was
highest and Zn lowest (p <0.05). Pb concentration increased by 6.8 times, followed by Cu (2.0-fold) after 24-h
exposure. After 72-h exposure, intake of all metals decreased significantly (p <0.05; Pb 0.1 times, Cu 0.6 times
and Zn 0.7 times). Beyond 72 h, uptake decreases, except
for Zn (at 168 h, the amount increased 3.0-fold). In a
mixture solution, at this concentration, chlorosis appeared
at 72 h. The highest amount extracted followed this order:
Pb (4.748 ± 0.015 mg/g) > Cu (0.857 ± 0.003 mg/g) > Zn
(0.202 ± 0.007 mg/g), all harvested at 120 h.
Pb uptake was highest and that of Zn lowest with the
15 mg/L treatment. Even at higher concentration, all metals are significantly actively absorbed after 24 h. Pb increased by 13.7 times, followed by Cu (5.4-fold) and Zn
(0.6-fold). Beyond 24 h, uptake decreased, and in a mix-
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ture solution, at this concentration, chlorosis appeared at
24 h. The highest amount extracted followed this order:
Pb (6.40 ± 0.01 mg/g) > Cu (1.038 ± 0.008 mg/g) > Zn
(0.394 ± 0.005 mg/g), all harvested at 120 h, except for
Zn at 72 h.
Finally, at 20 mg/L treatment, a similar trend in uptake
was observed. Pb concentration increased by 14.5 times,
followed by Cu after 24-h exposure. Beyond 24-h exposure, intake of all metals decreased, except for Zn (5-fold
amount found at 120 h). The highest amount extracted
followed this order: Pb (6.545 ± 0.157 mg/g) > Zn (0.881
± 0.006 mg/g), Cu (0.881 ± 0.001 mg/g). All were harvested at 120 h, except for Pb at 168 h.
Results showed that all heavy metals were readily absorbed by the plants within 24 h of exposure. Further exposure significantly resulted in marked decrease of uptake. The maximum amount of Pb in roots was 6.545 ±
0.157 mg/g in 20 mg/L solution at 168-h exposure, Cu
was 1.038 ± 0.008 mg/g harvested in 15 mg/L solution at
120 h while the amount of Zn harvested was 0.996 ±
0.018 mg/g in 1 mg/L solution at 120 h. The metal concentration in the roots followed this order: Pb > Cu > Zn.
Extensive literature search on metal uptake by Phylidrum
lanuginosum is not successful, making it difficult to compare current findings with other published data. Despite
that, comparison can still be made with other aquatic plants
tested in the laboratory or field. Observations from this
study are parallel to other studies. Fritioff and Greger [8]
treated the leaves, stems or roots of Potamogeton natans
with 1300 µg/L Zn, 32 µg/L Cu, 170 µg/L Cd and 310 µg/L
Pb for 5 days. Highest metal accumulations were found in
the roots (in treated roots): Zn 1255± 205 µg/g, Cu 325.3
± 57.4 µg/g, Cd 325.9 ± 59.3 µg/g and Pb 333 ± 405 µg/g.
Kamal et al. [31] examined three aquatic species,
Myriophyllum aquatic (parrot feather), Ludwigina palustris (creeping primrose) and Mentha aquatic (water
mint) with removal efficiency of this order: Hg > Fe > Cu
> Zn. Tolerance to these heavy metals is as follows:
Myriophyllum aquatic > Mentha aquatic > Ludwigina
palustris. Metal accumulation in different parts of the
plants (rhizomes, stalk and leaves) differed. Babovic et al.
[32] studied six macrophytes: Typha latifolia accumulated
highest Zn, Cu, Fe and Ni amounts in rhizomes but Pb
and Mn in leaves; Phragmites communis accumulated Cd,
Zn, Pb, Fe and Mn in rhizome and Cu in stalks; Nuphar
lutea accumulated Cd, Zn Pb, Cu and Ni in stalk; Ceratophyllum de-mersum accumulated Zn, Cu and Fe in tissues. Contents of Cu and Pb are the same for Ceratophyllum demersum, Salvinia natans and Hydrocharis morsusranae. Deng et al. [12] studied 12 plant species and illustrated variations in metal uptake among these different
plants. In most of their tested plants, the metal concentration followed the order of Zn > Pb > Cu > Cd. Wetland
plants grown in their study area had high metal content
indicating that plants grown in metal-contaminated areas
had evolved into metal-tolerant species, thereby, confirming earlier studies. For Zn, the mean concentration in

normal plants (above ground tissues) is 66 mg/kg [33,
34], and the toxic level is up to 230 mg/kg [35, 36]. For
Cu, it will cause toxic effects when shoots or leaves accumulate levels exceeding 20 mg/kg Cu [35]. Duckweed
accumulated Cu at high con-centrations 300-650 mg/kg
[37] and 6000-7000 mg/kg in water hyacinth [38]. L. gibba
exposed to 0.3 mg Cu/L accumulated high concentration of
Cu at 0.29 mg/g dry weight [11]. The general trend in uptake of metals by Hydrocotyle umbellata L. exposed to
fresh tannery sludge was in the order Cr > Na > Zn > Cu
[30]. The percentage removal rates of Pb, Cr, Mn and Zn
by Pistia stratiotes, Spirodela intermedia (duckweed) and
Lemna minor were very high (> 90 %), almost completely
in the first 24 h of exposure and proportional to the metal concentration. When the initial and final plant metal
content was determined, it was observed that Cu, Zn, Cr
and Pb final levels were more than 10 times the initial
values for S. intermedia and P. stratiotes [39]. Pb accumulation in Elodea canadensis tissues increased with
increasing metal concentrations. The increases at 1, 10 and
100 mg/L Pb were about 12.0, 44.6 and 71.1 times greater
than control, respectively. Contents of chlorophylls, carotenoids and protein were adversely affected by Pb accumulation [40]. It has been reported that in most plants,
the presence of more than one metal in the media will
result in competitive uptake, hence affecting the rate of
uptake and accumulation for certain metals. However,
such action was not observed in Potamegeton natans [8].
Hyperaccumulator plants have the capacity to absorb
metals at levels 50-500 times greater than average plants
[41]. Buckwheat grown in unpolluted soil did not accumulate much Pb compared to plants grown in polluted
soil (8000 mg/kg dry weight after 8 weeks cultivation).
Concentration in shoots was greater than in roots (4200
mg/kg vs. 3300 mg/kg) [16].
4. CONCLUSION
Uptake of Pb, Cu and Zn by Phylidrum lanuginosum
grown in known concentrations of metals was analyzed.
Metals were detected in the roots after 24 h of exposure.
The maximum amount of Cu was 1.038 ± 0.008 mg/g
harvested in 15 mg/L treatment solution after 120 h while
the amount of Zn harvested was 0.996 ± 0.018 mg/g
(1 mg/L solution at 120 h). The non-toxic effect of Pb was
exhibited by its presence in roots (6.545 ± 0.157 mg/g in
20 mg/l solution, 168-h exposure). The major outcome of
this screening study was the discovery of Phylidrum lanuginosum samples that were able to hyperaccumulate Pb,
Cu and Zn at different rates of accumulation. In general,
the metal uptake by Phylidrum lanuginosum follows the
order of Pb > Cu ~ Zn.
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ABSTRACT
Photocatalysis and its combination with biological oxidation have increasingly attracted researcher’s attention. A
novel TiO2/PP composite media was produced by loading
TiO2 particles on suspended polypropylene plastic (PP) filter
media. Biological filter media was also prepared by culturing
microbe on the same PP filter media. TiO2/PP composite
media and biological filter media were used to treat the
micro polluted raw water. Four processes, i.e. single photocatalysis, single biological oxidation, photocatalysis + biological oxidation combination, and biological oxidation +
photocatalysis combination, were performed to compare the
treatment efficiency of micro-polluted raw water. The results showed that, the TOC removal by single photocatalysis and single biological oxidation was relatively low.
The treatment efficiency of photocatalysis + biological combination process was better than that of biological + photocatalysis combination process. The removal of COD,
TOC, and ammonia was 87.3%, 64.7%, 84.3% separately,
by photocatalysis + biological combination process. Photocatalytic oxidation degrades organic molecules into small
molecules, thus improves the biodegradability of organic
compounds. The subsequent biological treatment process
can further remove the remains.
KEYWORDS: photocatalysis, biological oxidation, micro-polluted
raw water, suspended plastic media

1. INTRODUCTION
With the development of industrial economy, water
pollution is increasingly becoming a significant issue. Raw
water body is sometimes slightly contaminated by organic
matter, which makes the effluent of water supply works
does not meet water quality standards. Therefore, it is necessary to use additional treatment process, such as, physical
* Corresponding author

process (adsorption [1], membrane filtration [2, 3], enhanced coagulation [4]), chemical process (ozonation [2,
5], permanganate pre-oxidation [6]), biological process
(membrane bioreactor [7], biological contact oxidation [8]),
and combined process [9, 10]. What's more, OzonationBiological Activated Carbon process is widely used in
China [10].
Photocatalytic technology, particularly taken the semiconductor metal oxide TiO2 as catalyst, has provided an
ideal energy application and pollution treatment method
[11-13]. TiO2 photocatalysis, as a kind of Advanced Oxidation Technology (AOT), can oxidate and degrade many
kinds of organic contaminants, especially non-degradation
organic contaminants [14]. In addition, TiO2 photocatalysis has many advantages, such as mild reaction conditions, simple devices, non-secondary pollution [15].
However, there are some technical problems that limit
the wider use of photocatalysis. For example, it is hard to
separate and recover TiO2 photocatalyst. Therefore, the key
factor of TiO2 industrial application is to find suitable
photocatalyst carrier and efficient loading methods [16,
17]. Besides, TiO2 photocatalysis cannot achieve high removal efficiency of ammonia, some small organic molecules, and degradation intermediates, which limits the further mineralization of organic matter [11].
The combined process of photocatalysis and biological treatment is an extension and expansion of photocatalytic technology. The combined photocatalytic-biological
process was used to treat different kinds of organic compounds, such as H-acid[18], nitrocellulose [19], pesticides
[20-22], α-methylphenylglycine [23], EDTA [24], and
phenol [25]. Photocatalytic oxidation was used as a pretreatment to degrade and destroy macromolecular structure of organic compounds, thus improved the biodegradation of model compounds [18].
Some researchers also adopted combined process of
biological treatment followed by photocatalysis to remove
phenol [26], chlorophenols [27]. In the biological treatment followed by photocatalysis process, biodegradable

1272

© by PSP Volume 20 – No 5a. 2011

Fresenius Environmental Bulletin

compounds were removed by biological treatment and
non-biodegradable compounds were degraded by photocatalysis. After the biological treatment, the model compounds were treated photocatalytically to complete the
mineralization process [26].
However, most of the researches mentioned above
were focused on the degradation of some model organic
pollutants. Little research was carried out to treat micropolluted raw water. Compared with single model organic
compounds, micro-polluted raw water contains wider range
of pollutants with low bio-degradation. Since water pollutants are complex and a single treatment process may have
some limitations, it is a new way to combine and optimize
several treatment processes.
In this paper, a kind of novel TiO2/PP composite media was produced by loading TiO2 particles on suspended
polypropylene plastic (PP) filter media. Biological filter
media was also prepared by culturing microbe on the same
PP filter media. TiO2/PP composite media and PP biological media were used to treat the micro polluted raw water.
Four processes, i.e. single photocatalysis, single biological oxidation, photocatalysis + biological oxidation combination, and biological oxidation + photocatalysis combination, were performed to compare the treatment efficiency of micro polluted raw water.
2. MATERIALS AND METHODS
2.1. Micro-polluted raw water

Micro-polluted raw water was taken from Gehu Lake
in Changzhou city, China. Gehu Lake, also called ‘west
Taihu Lake’, is adjacent to the west of Taihu Lake. A
severe drinking water crisis took place in 2007, due to the
massive bloom of the toxin producing cyanobacteria Microcystis spp. in Taihu Lake, China’s third largest freshwater lake [28]. Similar to Taihu Lake, water eutrophication also appeared in Gehu Lake. The water quality was
characterized by high CODMn and ammonia and remained
stable during the experiment. The usual water quality indexes, such as CODMn, ammonia, TP, etc., are shown in
Table 1. The unusual water quality indexes were as fol-

lows: average diaphaneity trend 43 cm, average DO concentration 3.43 mg/L, average BOD5 4.62 mg/L, average
chlorophyll a 0.006 mg/L.
On the whole, the nutritional status of Gehu Lake water body is at eutrophic stage. The main reason for eutrophication was the increasing content of phosphorus and
nitrogen in the water body. Polluted upriver and the dense
enclosure aquaculture caused water pollution of Gehu Lake,
damaged the normal lake function, and leaded to the accumulation of phosphorus and nitrogen.
2.2. Preparation of TiO2/PP Composite Media

TiO2/PP composite media was prepared with TiO2
nanoparticles and polypropylene (PP) media by using a
melt-blending process. The mass ratio of TiO2 and polypropylene (PP) was 1:9 (wt). TiO2 nanoparticles featured
with anatase crystal and average particle size 20 nm from
Zixilai Environmental Protection Technology Co., Ltd
(Shandong, China). PP filter media was a kind of suspended media usually used in Moving Bed Biofilm Reactor (MBBR) from Raw Water Development Co., Ltd
(Shanghai, China). The PP media can be fluidized in reactor due to its density close to 1. The characteristics of PP
media are shown in Table 2.
2.3. Experimental Setup

The experimental setup for photocatalysis and biological treatment is shown in Figure 1. The setup was composed of photocatalytic reactor and moving bed biofilm
reactor (MBBR). The volume of each reactor was 10 L.
TiO2/PP composite media was fluidized in photocatalytic
reactor, while PP biological media was in moving bed biofilm reactor. The filling rate of TiO2/PP composite media
was 40%, that’s to say, the volume of TiO2/PP composite
media was 40% of reactor volume.
UV lamp was vertically fixed in the photocatalytic reactor with power 40 W, and wavelength 254 nm. By changing the order of the reactors, two combined processes, i.e.
biological + photocatalysis combination process, and
photocatalysis + biological combination process, can be
carried out. Air pump was used to aerate the solution.

TABLE 1 - The characteristics of water quality
Item

CODMn (mg/L)

NH3-N (mg/L)

Maximum
Minimum
Average

5.43
4.71
5.03

2.46
2.13
2.27

UV254
(cm-1)
0.382
0.373
0.378

TP
(mg/L)
0.314
0.252
0.283

pH
8.11
6.86
7.35

Temperature
(°C)
23.4
19.7
20.8

TABLE 2 - The characteristics of PP media.
Material
Polypropylene

Density
(g/cm3)
0.967

Surface area
(m2/m3)
850

Porosity (%)
96.6
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Packing density
(kg/m3)
150

Thickness
(mm)
<1
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FIGURE 1 - Experimental setup for photocatalysis and biological treatment

3. RESULTS AND DISCUSSIONS

2.4. Acclimation of PP biological media

The activated sludge obtained from a domestic sewage treatment plant was put into moving bed biofilm reactor and aerated with air at room temperature for 3 days.
Then, the cultivation was continued in continuous flow
with raw water retention time 60 min for 20 days, until
the stable biofilm formed on the PP media surface.

3.1. The surface of media

The SEM micrographs of pure PP media, TiO2/PP media and PP biological media are shown in Figures 2-4.
The solid surface of pure PP media was smooth (Figure 2),

2.5. Experimental processes

The four processes were carried out, included single
photocatalysis, single biological treatment, biological +
photocatalysis combination process, and photocatalysis +
biological combination process.
(1) Single photocatalysis. The single photocatalytic experiment was performed in continuous flow with 4 different
hydraulic retention time (HRT), 30 min, 60 min, 90 min,
120 min.
(2) Single biological treatment. The single biological
experiment was also performed in continuous flow with
4 different hydraulic retention time (HRT), 30 min, 60 min,
90 min, 120 min.
(3) Combined photocatalysis and biological treatment.
By changing the order of the reactors, two combined processes, i.e. photocatalysis plus biological treatment, and
bio-logical treatment plus photocatalysis, can be carried
out. During the processes, PP biological media was used
and the UV light was turned on at the same time. The
HRT in each reactor was 60 min.

FIGURE 2 - SEM micrograph of pure PP media.

2.6. Analysis

JSM-6360LA scanning electron microscopy (JEOL,
Kyoto, Japan) was used to investigate the surface of pure
PP media, TiO2/PP media and PP biological media. CODMn
was determined by using potassium-dichromate oxidation
method. Nessler reagent spectrophotometry was used to
measure ammonia. TOC (Total Organic Carbon) was measured by TOC analyzer (Shimadzu TOC-V, Japan).
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Besides, after the acclimation, microbe was loaded on
the plastic surface on PP media, as shown in Figure 4.
That ensured the effective removal of pollutants in the
biological treatment process.

8

80
70
COD removal
Inlet COD
Outlet COD

6

60
50

4

40
30

2

20

COD Removal (100%)

while TiO2 particles was loaded on the PP media after
melt-blending process (Figure 3). However, TiO2 particle
agglomeration occurred on PP media, as shown in Figure 3.
Therefore, it is necessary to optimize the melt-blending
process to make TiO2 particles disperse more evenly on
the PP media.

COD (mg/L)
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FIGURE 5 - COD removal by single photocatalysis process
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FIGURE 6 - TOC removal by single photocatalysis process
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The value of pH is one of the important parameters
for the photocatalytic processes. pH value could change
the properties of the solid/liquid interface, i.e. the electrical double layer, thus substantially affects the effectiveness of the adsorption/desorption processes and the separation of the photo-generated electron-hole pairs [29]. The
zero point charge for TiO2 is usually at a pH between 5.6
and 6.4. Therefore, at more acidic pH values, the TiO2
surface is positively charged and at alkaline pH the surface is negatively charged [30]. However, changes of photocatalytic rate are not big, often less than 1 order of magnitude [12]. During the current photocatalysis process, pH
value remained basically neutral and stable. It was due to
the small amounts of organic matter and intermediates,
the continuous flow reactor. Furthermore, aeration promoted fluid uniform in the reactor.

10

NH3-N (mg/L)

The results of the single photocatalysis process are
shown in Figures 5-7. With the increase of HRT, the
removal of COD, TOC and ammonia nitrogen gradually increased. COD decreased from 4.9 mg/L to 2.7 mg/L with
a COD removal of 44.9% under the condition of HRT
120 min. At the same time, TOC decreased from 9.1 mg/L
to 6.4 mg/L with a TOC removal of only 29.8%. This
showed that some organic compounds were difficult to
remove in the photocatalytic process. Figure 7 also illustrated that photocatalysis had small removal capacity for
ammonia nitrogen. The ammonia removal was only 5.1%
in 120 min reaction time.

10
1.0

0
30

60

90

120

Hydraulic Retention Time (min)

FIGURE 7 - NH3-N removal by single photocatalysis process
3.3. Single biological treatment process

The results of the single biological treatment process
are shown in Figures 8-10. When HRT was 120 min, the
removals of COD and TOC were 19.4%, and 15.2% respectively. The removal efficiency of biological treatment
was lower than photocatalysis at the same reaction time.
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Both single photocatalysis and single biological treatment had limited removal efficiency. It is necessary to
combine the two processes to enhance the final removal.
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FIGURE 8 - COD removal by single biological treatment process

3.4. The combination of photocatalysis and biological treatment

The single photocatalysis and single biological treatment were time-consuming to get rid of the pollutants in
the raw water. Therefore, two combined processes, i.e.
biological + photocatalysis combination process, and photocatalysis + biological combination process, were carried out.
The results were compared and shown in Figure 11.
Compared with single photocatalysis and single biological
treatment, the two combined processes achieved higher
removal efficiency. The final removal of COD, TOC, and
ammonia was 87.3%, 64.7%, 84.3% respectively by photocatalysis + biological combination process. The removal
revealed a high synergic effect of the combined treatment.
Compared with single photocatalysis and single biological
treatment process, the removal of COD, TOC, and ammonia by the two combined processes increased significantly.
100

Photocatalysis (60min)+biological (60min)
Biological (60min)+photocatalysis (60min)

80

30
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FIGURE 9 - TOC removal by single biological treatment process
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FIGURE 10 - NH3-N removal by single biological treatment process

As shown in Figure 10, the ammonia removal in single biological treatment was as high as 74.6% at HRT of
120 min. The results illustrated that, compared with ammonia removal by single photocatalysis process, the microbe loaded on the PP media can effectively remove
ammonia in raw water.

COD

TOC

NH3-N

Water Quality Index
FIGURE 11 - The removal efficiency by two combined processes

Water quality index COD can be divided into B-COD
(Biodegradable COD) and N-COD (Non-biodegradable
COD) [31]. In the biological + photocatalysis combination
process, microbe on PP biological media could easily degrade B-COD and hardly remove N-COD. After 60 min
biological treatment, the remained N-COD was removed
by the following photocatalytic process. It is usually considered that hydroxyl radicals (OH) with strong oxidation capacity, formed in the photocatalytic process, have a
key effect on pollutant removal. Therefore, biological treatment and photocatalysis, which play different roles, improved the removal of pollutants.
In the photocatalysis + biological combination process, photocatalytic oxidation could degrade organic molecules into small molecules, thus improved the biodegradability of organic compounds. That’s to say, photocatalysis oxidation not only removed pollutants and brought
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down COD, but also changed N-COD into B-COD. The
subsequent biological treatment process can further remove the remains [25].
Among the four processes adopted in the experiment,
photocatalysis + biological combination process achieved
the highest removal. Photocatalysis + biological combination process was more efficient (87.3%) than the biological + photocatalysis combination process (68.4%) in relation to COD removal.
The results was contrary to Marcio's [18] finding
where the efficiency of fungal + photocatalysis process was
better than that of photocatalysis + fungal process. The
author in this study considered that photocatalytic treatment was more efficient due to the reduction in chromophore compounds caused by the fungus biological treatment. However, the present research was focused on the
treatment of micro-polluted raw water, which was basically clean. The chromaticity of raw water had negligible
effect on photocatalysis.

84.3% separately, by photocatalysis + biological treatment
process. The combined photocatalysis and biological treatment will be an effective process for the treatment of micropolluted raw water.
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In the combination of advanced oxidation technology
(such as ozonation, photocatalysis, UV/H2O2) and biological treatment process, advanced oxidation has the potential
to convert recalcitrant organic matter to more biodegradable forms, which is in favor of the further removal by
biological treatment. Ozonation-BAC (biological activated carbon) technology, wildly used in water treatment
plant, had also the similar mechanism [32]. This could explain photocatalysis + biological combination process is
better than biological + photocatalysis combination process.
It can be seen from Figure 11 that, both the combined
processes had the similar ammonia removal with 84.3% by
photocatalysis + biological treatment process, and 82.1%
by biological treatment + photocatalysis process. The results of two single processes mentioned earlier showed
that, the removal of ammonia was difficult by the photocatalysis process, while ammonia removal was easy by
the biological treatment process. The main removal of ammonia was achieved by microbe on the PP biological media. The biological treatment process played an important
role for ammonia removal. This could explain why the two
combined processes achieved the similar ammonia removal.
4. CONCLUSIONS
Two kinds of media were prepared. One was TiO2/PP
composite media produced by loading TiO2 particles on
suspended polypropylene plastic (PP) media. Another was
PP biological media prepared by culturing microbe on the
same PP media. TiO2/PP composite media and PP biological media were used to treat the micro polluted raw water.
Photocatalysis followed by biological oxidation process can effectively remove pollutants in raw water. The
removal of COD, TOC, and ammonia was 87.3%, 64.7%,
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RATE OF NOCTURNAL OZONE
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ABSTRACT
The chemical nocturnal rate of ozone removal in a
downtown location in the city of Santiago de Chile was
evaluated during March (end of summer), and May and
June (autumn) of 2005. In all the measured days, ground
level ozone concentrations drop below 1 ppb during
nighttime. The simultaneous measurements of NO and
VOCs concentrations allows an estimation of the chemical
rates of ozone removal by these pollutants. Calculated
chemical re-moval rates are considerably larger than those
experimentally determined. The main chemical ozone
removal process is its reaction with NO. This process is
partially compensated by ozone transport, most probably
from the resi-dual layer and / or advection of ozone enriched air masses.

KEYWORDS:
nocturnal ozone, Santiago of Chile, nitric oxide.
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The change in ozone concentration at a given location
results from the difference between its production and
removal rates. Since no major dark generation sources of
ozone are known, nocturnal ground level increments must
result from is advective and/or convective transport. On
the other hand, a large number of processes can contribute
to its nocturnal depletion: advective and convective
transport, dry deposition and chemical reactions. Among
these reactions, consumption by NO and olefins can be
considered as the main chemical removal processes. In
fact, the occurrence of other chemical reactions, such as the
reaction between nitrogen dioxide and ozone, can be disregarded due to its relatively low rate constant [14, 15].
In the present communication we attempt to evaluate
the chemical nocturnal rate of ozone removal at downtown
location in the city of Santiago de Chile and determine the
main processes leading to the noticeable deficit of the oxidant in urban areas.
2. MATERIALS AND METHODS

1. INTRODUCTION

2.1. Sampling site

Diurnal ozone levels in the atmosphere of large cities
are above those measured in the clean atmosphere, particularly in summer and spring [1-4]. The presence of excess
ozone at ground level implies a local source that can be
related to the photolysis of NO2. There are a large number
of studies showing that summer-time NO2 accumulation,
and hence O3 production, is a photochemical driven process whose rate is determined by early morning NOx and
VOC levels [2, 5, 6]. On the other hand, nocturnal ozone
levels are frequently below background, being sometimes
below the detection limit of the employed instruments [7-9].
The factors leading to this ozone depletion have been
much less considered [10-13] and few studies have been
devoted to determine the main processes that leads to the
depletion of the diurnally generated ozone.

The measurements were carried out during late summer (March 8-20, 2005) and late autumn (May 25- June
07, 2005) at the campus of the University of Santiago de
Chile (USACH). Complementary data were obtained from
the Parque O’Higgins station (POH), ~1.8 km southeast the
USACH measurement site. Both USACH and POH sites
are located downtown Santiago de Chile. Measurements
were also done at two altitudes in December, 2009, in order
to asses the feasibility of vertical ozone transport during
nighttime. These measurements were done at the third and
20th floor of a tower of the University of Chile located
downtown Santiago. Cluster analyses have shown that these
three sampling sites are within a zone with similar levels of
pollution [16].
2.2. Measurement techniques
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Temperatures (T) were obtained from the POH station, and crepuscular hours from the corresponding WEB
page (www.wunderground.com). Ozone was measured at
USACH with a DOAS automatic instrument (OPSIS) with
453 meters optical path length. The instrument provides a
measurement each 10 minutes (DL: 1.5 ppb, precision: 4 %).
Ozone was alternatively measured at POH station, using
short-path UV absorption at λ = 254 nm (Advanced Pollution Instruments, Model 400, DL: 1 ppbv). Carbon monoxide (CO) and nitric oxide (NO) were measured at the
USACH, with an IR absorption based monitor (Interscan
4000, DL: 1 ppb); and a chemiluminescence based analyzer (Model TELEDYNE 200 E, DL: 400 pptv), respectively.
C3-C10 NMHCs were sampled at the USACH site on adsorption tubes and quantified by GC-FID analysis following
the US EPA Compendium Method TO-17 (DL: 37 pptv; 4 77pptv). After sampling, the adsorption tubes were capped
with Parafilm, stored in air sealed glass tubes kept to 5°C .
After the campaign they were returned to Germany for GCFID analysis.

Several ozone profiles, measured after sunset, are
shown in Figure 2. The data given in this figure indicate:
i) very low nocturnal values; and
ii) periods of fast decrease in ozone concentrations taking
place after sunset.
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Photolysis frequencies, J (NO 2) and J (O D) were
measured at USACH with two independent filter radiometers (Meteorologie Consult GmbH).

In the frame of two measurement campaigns carried
out in Santiago we have evaluated the concentration time
profiles of several contaminants in the urban atmosphere
of Santiago de Chile [17]. Figure 1 shows the average
ozone profiles obtained in summer and autumn. Those
profiles are typical for photochemical smog episodes, with
maximum values at the early afternoon hours and very low
nocturnal values. These low values, measured after sunset
and before sunrise, are the subject of the present communication.
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FIGURE 2 - Night-time profiles (8 pm - 8 am) of ozone. March
12/13 (■), 14/15 (●), 15/16 (□), 19/20 (○), 2005 and May 29/30(▼),
2005.
3.1.
Nocturnal
levels.
Figure
2

3. RESULTS AND DISCUSSION
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FIGURE 1 - Average ozone daily profiles measured during summer
(■) and autumn (□), and average photolysis constants, J(NO2) daily
profiles measured during summer (●) and autumn (○) at the
USACH sampling site.

In all the measured days, ground level ozone concentrations drop below 1 ppb during nighttime. Some days,
these low values are observed during all the night period.
In these situations, only very minor spikes of ozone, attributable to convective and/or advective transport, are observed. These profiles, with very low nocturnal ozone levels and minimal spikes, may be associated to very stable
conditions in the nocturnal boundary layer. However for
some other days, different nocturnal ozone profiles are observed. In particular, ozone spikes are more distinct and
nocturnal concentrations as high as 10 ppb are observed.
This behaviour could be explained by the mountain-valley
wind circulation, that would bring back ozone-rich masses
aloft a stable nocturne boundary layer, thus promoting an
enhanced ozone downward turbulent transport [18, 19]. In
order to test this assumption, we compare nocturnal CO and
ozone values by plotting maxima nocturnal ozone concentrations as a function of the maximum carbon monoxide
concentration. The plot is shown in Figure 3. These data
show an inverse relationship (r = - 0.74, p < 0.006. N = 12)
that can be explained if high nocturnal stability increases
CO accumulation and decreases ozone levels by increasing
its removal by NO and decreasing its downward transport.
Ozone and CO data obtained during March 13th night
supports this assumption (Figure 4). The data recorded
during this night at around 22:30 pm show a sudden rise
in CO and NO levels leading to very low ozone mixing
ratios. This increase in primary pollutants concentration can
be due to strong changes in the ground levels inversion and
or in emissions. Regarding the first point, Δ T measured

Figure 1
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at 8 m high in La Platina (south of Santiago) raised from
1°C to 2°C at 22:30 pm. (data not shown). Regarding
second point, its must consider that March 13 was Sunday
and hence late night emissions can increase. This has been
shown for weekend pollution episode at Santiago [20],
where has been shown that weekend traffic emissions are
shifted to late afternoon and evening hours. Furthermore,
advective entrance of air masses rich in NO could also
explain the profiles shown in Figure 4, in spite that very
low wind speeds (below 1 m s-1) are measured in Santiago’s nights in late autumn and winter.
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FIGURE 3 - Relationship between maximum nocturnal ozone concentration and the measured maximum carbon monoxide nocturnal
concentration. The line represents the linear correlation of the data
(r = -0.74, p < 0.006, n =12).
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3.2. Nocturnal rates of ozone depletion

Time profiles show periods of noticeable ozone removal during night time. Typical examples are shown in
Fig 2. From the slopes of these plots the net rate of ozone
removal (Rremoval) can be obtained.
Rremoval = - d[O3] / dt
(1)
Values obtained during periods with a clear predominance of removal processes are included in Table 1. The
simultaneous measurements of NO and VOCs concentrations allows and estimation of the chemical rates of ozone
removal by the processes:
NO + O3 à NO2 + O2
(2)
and:
O3 + VOCs à products
(3)
The rate (dc / dt) of process (2), RNO+O3, was evaluated with:
RNO+O3 = -k2·[NO]·[O3]
(4)
employing k2 values calculated from literature data at
the corresponding temperature [25]. The values of RNO+O3
obtained are included in Table 1. The rate of ozone consumption resulting from its reaction with VOCs was estimated employing equation (5)
RVOCs+O3 = [O3]·Σ ki·[VOC]i
(5)
where ki stands for the rate constant of the ith VOC
with ozone and the sum is carried out over all the measured
compounds whose rate constants are available in the literature [2, 24, 26]. The VOCs incorporated in this sum and the
corresponding rate constants are included in Table 2. Calculated RVOCs+O3 values are given in Table 1.

300

NO, O3, ppbv

ln [ozone]

1.5

pensated by high diurnal values generated by the photochemical smog. These very low ozone levels will drastically reduce the nocturnal chemistry of Santiago’s atmosphere, minimizing the formation of other oxidants (such
as NO3*) and secondary organic aerosols.

7:30

Time, Hour:minute

FIGURE 4 - Night-time profiles (8 pm - 8 am) of ozone (▲), carbon
monoxide (●) and nitric oxide (□) during March 13/14, 2005.

It is interesting to speculate regarding the consequences
4
ofFigure
severe
background ozone depletion. If ambient ozone
at background levels plays a bactericidal role [21-23],
both, a decreased atmospheric concentration and the concomitant reduced soil uptake could contribute to bacteria
proliferation [24]. In this regard, it is important to take
into consideration that very low nocturnal levels are also observed downtown during winter time, without being com-

The data collected in Table 1 allow concluding that:
i) the main chemical ozone removal process is its reaction with NO; and
ii) calculated chemical removal rates are considerably
larger than those experimentally measured.
Ozone removal rates arising by its reaction with VOCs,
evaluated with equation (5) are underestimated due to the
limited number of compounds considered [17]. Since nearly
only 1/3 of the detected VOCs were identified and their
reactivity towards ozone were available, a rough correction of RVOCs values reported in Table 1 could be to multiply them by a factor three. However, it is noticeable that
even after this significant correction ozone consumption
by VOCs is not competitive to that elicited by its reaction
with NO.
An ozone mass balance applied to concentration profiles presenting significant ozone diminution is given by:
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Rremoval = RNO+O3 + RVOCs+O3 + Rdepos. + Rtransport

(6)

where Rdepos. and Rtransport stand for the rates of deposition on surfaces and total transport by convection and ad-

TABLE 1 - Experimentally determined and calculated rates of ozone removal.
day

hour

O3 average
[ppbv]

Rremoval
[cm-3 s-1]·108

RNO+O
-3

-1

3

[cm s ]·10
1.83
1.42
0.81
0.57

RVOCs+ O
10

-3

-1

3

[cm s ]·10
2.80
2.80
2.80
2.80

7

ΔR (*)
[cm-3 s-1]·1010

9-03

20:10 - 20:30
20:50 - 21:20
21:20 - 21:50
22:10 - 22:30

25.7
18.3
7.8
5.1

2.19
2.34
3.80
1.62

13-03

20:00 - 21:20
21:40 - 22:00
22:20 - 23:00

30.9
19.5
6.5

1.45
0.39
1.56

1.82
1.86
0.80

15-03

20:10 - 20:50

5.7

0.69

0.45

0.44

16-03

20:00 - 20:20
20:30 - 20:50
20:50 - 21:10

16.2
8.6
5.3

1,29
0.57
0.78

1.18
0.74
0.37

1.2
0.7
0.4

18-03

20:00 - 20:20
20:30 - 20:50

10.0
1.4

1.87
0.57

1.22
0.16

19-03

20:00 - 0:20

27.6

0.91

1.45

1.4

29-05

16:50 - 18:20

10.3

1.02

0.19

0.18

30-05

16:20 - 16:40
16:40 - 17:00
17:00 - 17:40

22.1
12.7
4.7

1.67
2.09
0.78

0.63
0.40
0.14

0.61
0.38
0.13

01-06

17:20 - 17:30
17:40 - 17:50

4.5
1.1

5.73
0.28

0.27
0.25

0.21
0.25

1.68
1.68
1.68

0.91
0.91

TABLE 2 - Compounds considered in the evaluation of ozone removal rates by reaction with VOCs.
compound

specific rate constant at 298 K
[cm3 molecules-1 s-1]

2,3-dimethyl-2-butene
cis-2-butene
trans-2-butene
cyclopentene
propene
1-pentene
1-hexene
1-heptene
isoprene
1-octene
2,3-dimethyl-1,3-butadiene
1,4-ciclohexadiene
cyclohexene
α-pinene
1,3-butadiene
1-butene
benzene
toluene
xylene
propane
n-butane
n-octane

1.10E-16
1.25E-16
1.90E-16
6.55E-16
1.00E-17
1.00E-17
1.10E-17
1.20E-17
1.27E-17
1.40E-17
2.62E-17
4.60E-17
8.14E-17
9.00E-17
6.30E-18
9.64E-18
9.13E-21
9.13E-21
9.13E-21
9.13E-24
9.13E-24
9.13E-24
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1.8
1.4
0.78
0.56
1.8
1.9
0.79

1.2
0.16
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vection, respectively. These rates are considered as positive when they decrease the ozone concentration at the
sampling place. If ΔR is defined by:
ΔR ≡ RNO+O3 + RVOCs+O3 – Rremoval
(7)

In order to qualitatively assess the feasibility of a nocturnal downward flux during summertime nighttime we
carried out simultaneous measurements at low (6 meters)
and higher (55 meters) altitudes during five days of December 2009 at a downtown location employing two parallel ozone monitors. In these measurements both ozone instruments were initially intercompared side-by-side at the
lowest level. Excellent agreement was obtained:
[O3] instrument 2 = -0.74±0.03 + ( 0.996 ± 0.003) [O3]
R=0.99652, p<0.0001

16

O3, ppbv

Equation (6) can be rearranged to:
Rtransport = - ΔR - Rdepos.
(8)
and hence, since R depos. and ΔR are positive, the ozone
decay is modulated by the entrance of ozone, most probably by downward transport from the residual layer. Values
of ΔR, that can be considered as a lower limit of the rate of
transport, are included in Table 1. This vertical transport
from the upper layers to near ground level is not enough
to compensate the high rate of ozone consumption by NO
and, probably, by additional surface deposition, leading to
the observed very low nocturnal ozone concentrations. In
days of strong inversion near ground level, the accumulation of NO and the slower diffusion towards the surfaces
would minimize the role of deposition and the nearly steady
state ozone concentrations observed during long nocturnal
periods can result from the balance between NO mediated
consumption and vertical/horizontal transport. In fact, to
maintain a steady state concentration of ozone of ca. 1 ppb
with a NO concentration of ca. 100 ppb, a net ozone incorporation rate of ozone of ca. 109 molecules cm-3 s-1 to
the air mass present near the surface is required.

20
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4

0
22:00

00:00

02:00

04:00

06:00

08:00

Local Time, hour:minute, november 22 to 23, 2009

FIGURE 5 - Night-time profiles (8 pm - 8 am) of ozone, measured at
6 m (black line) and 55 m (gray line) altitudes.

This last difference was quantified by plotting [O3]55
vs [O3]6 m. A typical example is shown in Fig. 6. The
lineal correlation renders a slope of 1.17. Similar slopes
larger than one were obtained during other nights. These
results indicate increasing ozone concentrations with height
attributable to transport from the residual layer aloft. This,
together with the similarity of the time profiles at both
levels is compatible with the proposed gradient promoted
downward ozone flux. Alternatively, the ozone gradients
can be also explained by advection of ozone rich air to the
measurement side and titration of ozone by surface emitted NO from the traffic. Interesting the data in Figure 6
shows some [O3]55 m / [O3]6 m values significantly below
one. This could be related to situation in which NO concentrations increased with height [28], probable due to a
convective and or adventive entrance of NO relatively rich
air masses.
m

in-

strument 1

i) there is a high correlation between time profiles at
both levels; and
ii) larger values were measured at 55 meters height.

20

15

O3, ppbv 55 m

showing that both instruments have high precision,
which is of high importance for the interpretation of the
gradient data. Typical results obtained at different levels
are shown in Figure 5. Remarkable features of these results are:

10

5

0
0

5

10

15

20

O3, ppbv, 6 m

FIGURE 6 - Lineal correlation between ozone measured simultaneously at 6 m and 55 m altitudes.

Figure 6
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4. CONCLUSIONS
In conclusion, nocturnal low levels of ozone are explainable in terms of their consumption by NO and its reposition by transport. In days of high stagnation, near ground
NO accumulation and low convective and advective dispersion rates lead to below detection limit (ca. 1 ppbv) ozone
concentrations during almost all the nocturnal period.
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SULFONIC ACIDIC IONIC LIQUIDS:
EFFICIENT AND ENVIRONMENTALLY
BENIGN CATALYSTS FOR ESTERIFICATION
Wenshuai Zhu, Hua Shi, Huaming Li*, Weihong Huang, Hui Liu, Yongsheng Yan and Zhigao Wang
School of Chemistry and Chemical Engineering, Jiangsu University, Zhenjiang 212013, P. R. China

ABSTRACT
Esterification of salicylic acid with alcohols was investigated in the presence of Sulfonic Acidic Ionic Liquids (ILs). The catalytic activity of each ILs was dependent on both cation and anion. Two acidic ILs 1-methyl-3(3-sulfopropyl)-imidazolium hydrogensulfate ([MIMPS]
[HSO4]) and N-propanesulfonic acid pyridinium hydrogensulfate ([PSPy][HSO4]) showed good activity. Esterification with primary alcohols gave the higher yield compared with secondary alcohols. Especially, ILs could be
separated easily from the product and be reused eight times
without significant loss of activity. Therefore, an efficient
and environmentally benign approach for esterification of
salicylic acid was provided.

KEYWORDS: Acidic Ionic Liquid; Esterification; Salicylic Acid;
Environmentally Benign

1. INTRODUCTION
Esterification of salicylic acid (SA) with alcohols is a
useful reaction in organic synthesis. Traditional catalysts
used in the synthesis process were mineral acids and solid
acid catalysts, such as anion-modified metal oxides, mesoporous materials, zeolites, etc. [1-4]. However, mineral
acids suffer from inherent problems of corrosiveness, more
byproducts, environmental hazards, difficulty in catalyst
recovery, and high susceptibility to water. Solid acid catalysts also have their own disadvantages, for example, high
mass transfer resistance, easy to deactivation, adsorption
of products, which make their applications limited. Moreover, facing the ecological and economic increasing challenge, there is an urgency to develop green and environmentally benign catalysts [5, 6].
* Corresponding author

Ionic liquids (ILs), featuring excellent thermal and
chemical stability as well as negligible vapor pressure and
wide electrochemical windows [7], have been put in a
wide range of applications as green solvents and catalysts
[8, 9]. A variety of typical organic reactions based on ILs
have been reported, among which esterifications are hot
topic [10-12], and the results demonstrate that ILs exhibit
good catalytic properties. The implementation of acidic
functionalized ILs further enhances the versatility of ILs
where both reagent and medium are coupled. Cole et al. [9]
first synthesized Brönsted acidic functionalized ILs that
bear an alkane sulfonic acid group in the cation, and used
them as dual solvent-catalysts in esterification. Since then,
the research and application of Brönsted acidic functionalized ILs have received more and more attention. By using
Brönsted acidic functionalized ILs as catalysts [13-17], the
esterification system is homogeneous at the early stage of
the reaction, and at the end, it often forms a liquid–liquid
biphase. Consequently, ILs can be reused several times by
decantation of ester.
In this paper, several Brönsted acidic ILs were prepared and characterized by NMR. They were used in the
esterification of salicylate. Two HSO3-functionalized ILs
showed high catalytic activity. The stability and reuse performance of these ILs was also investigated.
2. MATERIALS AND METHODS
All reagents and solvents (AR grade) were commercially available and were used without further puriﬁcation.
NMR spectra were recorded on an AV-400 spectrometer
(Bruker Corporation, Germany) in D2O.
The composition of the products was analyzed by
GC-FID (Agilent 7890A, HP-5 column, 30 m × 0.32 mm i.d.
× 0.25 µm film thickness). Detector temperature, 300℃; injection port temperature, 300℃; oven temperature program,
70-170℃ at a 15℃/min gradient; air flow of 400 mL/min,
hydrogen flow of 30 mL/min; injection volume of sample,
0.2 µL. The conversion and selectivity were calculated
according to the area of chromatograph peak.
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3. RESULTS AND DISCUSSION

2.1. Catalyst preparation

effect of IL weight
effect of reaction time
effect of reaction temperature

2.2. Esterification procedure
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Produced methyl salicylate was analyzed by 1H NMR
(400 MHz, acetone-d 6): δ 3.95 (s, 3H), 6.91 (t, 1H), 6.97
(d, 1H), 7.50 (t, 1H), 7.81 (d, 1H), 10.79 (s, 1H).

55 h
o
10 C
m

50
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In a typical reaction, salicylic acid (SA) (0.04 mol),
methanol (0.12 mol), and ILs (0.016 mol) were charged
into a 50 ml single-necked flask with a reflux condenser.
The mixture was stirred for 12 h with the oil bath at 95℃.
After the reaction, the reactor was cooled to room temperature. Then the mixture became biphasic. Diethyl ether
was added to dissolve the unreacted SA. The upper layer
consisting of the produced ester and some unreacted SA
was isolated by simple decantation, while the lower layer,
viscous ionic liquids, could be reused after removal of
water under vacuum at 90℃ for 6 h.

o

[Hmim]HSO4 used in this paper were synthesized according to literatures [20].

C

Spectral data for [PSPy]HSO4: 1H NMR (400 MHz,
D2O): δ 2.28 (m, 2H), 2.80 (t, 2H), 4.59 (t, 2H), 7.90 (t,
2H), 8.38 (t, 1H), 8.70 (d, 1H); 13C NMR (100 MHz,
D2O): δ 26.06, 47.00, 59.84, 128.37, 144.32, 145.89.

5

Spectral data for [MIMPS]HSO4: 1H NMR (400 MHz,
D2O): δ 2.17 (m, 2H), 2.77 (t, 2H), 3.74 (s, 3H), 4.21 (t, 2H),
7.30 (s, 1H), 7.37 (s, 1H), 8.60 (s, 1H); 13C NMR (100 MHz,
D2O): δ 24.96, 35.63, 47.14, 47.62, 122.06,123.68, 136.03.

The effect of [MIMPS]HSO4 weight on the conversion was investigated. Results presented in Fig.1 indicated
that there was an increase in conversion of SA with increasing in IL weight. Maximum conversion was obtained
when 16 mmol of IL was added. Further increasing the IL
weight, the conversion of SA had little decrease. Thus the
preferred amount of the catalyst was 16 mmol. The effect
of reaction time on the conversion of SA with methanol
was studied and the results were shown in Fig.1, which
indicated that the higher the reaction time was, the higher
the conversion of SA was. The conversion could reach
95.9% when the reaction time reached 12 h. Continuous
prolonging the reaction time had little effect on the conversion. Thus the reaction time of 12 h was used in subsequent studies. The selectivity towards methyl salicylate
remained above 99.9%. Temperature is an important
factor in the equilibrium of esterification. The conversion
of SA increased from 47.5% to 95.9% when the temperature was increased from 55 to 95 ℃. At the reaction temperature above 95℃, little decrease in SA conversion was
observed. This phenomenon lay in H2O as the product
being out of the system in the form of steam with the
increasing temperature, which makes the equilibrium
shifting towards the esterification side. However, with the
temperature further increased, methanol (boiling point
65.8℃) would be gasified easily, which was not beneficial to esterification. So the optimal temperature 95℃
could be thought as reasonable.

m
m
ol

Preparation of [PSPy]HSO4 and [PSPy]H2PO4: Under
vigorous stirring, PSPy was dissolved in water. Then equalmol sulfuric acid (or phosphoric acid) was dropped slowly
with an oil bath. The mixtures were stirred at 50℃ for 24 h.
The combined solution was dried at 95℃ for 5 h to remove
water. The obtained viscous liquid was washed repeatedly
with ether to remove unreacted material and dried in vacuum to form ILs [PSPy]HSO4 ([PSPy]H2PO4) and were
analyzed by 1H, 13C NMR spectroscopies, and the spectral
data agreed with their structures.

3.1. Effect of reaction conditions

13

Preparation of [MIMPS]HSO4 and [MIMPS]H2PO4:
Under vigorous stirring, 1, 3-propane sulfone was dissolved
in ethyl acetate. Then equal-mol 1-methyl imidazole was
dropped slowly in an oil bath. The mixtures were stirred
at 50℃ for 2 h. The white precipitate was washed with
ether three times to remove non-ionic residues and dried
at 95℃ for 5 h, giving MIM-PS as a white powder. Then
MIM-PS was dissolved in water and equal-mol sulfuric acid
(or phosphoric acid) was added dropwise at room temperature. Then the system was slowly heated up to 90℃ and
stirred for 2 h. The obtained viscous liquid was dried in
vacuum to form ILs [MIMPS]HSO4 ([MIMPS]H2PO4).

The esterification of salicylic acid (SA) with methanol
was chosen as a model reaction. The reaction parameters,
such as catalyst weight, time, temperature and molar ratio
of the reactants were investigated by using [MIMPS]HSO4
as a catalyst. The elementary condition was following: reaction time = 12 h, reaction temperature = 95℃; catalyst
weight = 0.016 mol, n (methanol): n (SA) = 3:1.

m

The SO3H-functionalized ILs used in this paper were
synthesized according to literatures [18, 19].

o
8 l
6 h
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FIGURE 1 - Effect of reaction conditions to Esterification of salicylic acid with methanol.
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3.2. Effect of molar ratio of the substrates

100

80

SA Conversion (%)

In order to ascertain the effect of molar ratio of the
substrates on the conversion of SA, a series of reactions
under the same condition were carried out. The results
were listed in Fig.2. As the molar ratio of methanol to SA
increased from 2:1 to 3:1, the conversion of SA was increased. However, sharp drop was observed as this molar
ratio further increased. This may be due to the decrease in
acidity and the concentration of the catalyst of the reaction system.
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FIGURE.3 - Recycling of ionic liquid in esterification reaction.
Reaction conditions: n (methanol): n (SA)=3:1; catalyst weight=0.016
mol of [MIMPS][HSO4]. refluxed for 12 h at 95℃.

90

TABLE 1 - Esterification of different alcohols catalyzed by ionic
liquid [MIMPS][HSO4]a
85
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FIGURE 2 - Effect of molar ratio of methanol to SA in esterification
reaction. Reaction time=12 h; reaction temperature=95℃; catalyst
weight=0.016 mol of [MIMPS][HSO4].

Entry
Alcohol
Yield (%)b
Selectivity(%)b
1
methanol
95.8
99.9
2
butanol
94.5
99.2
3
amyl alcohol
92.4
96.0
4
hexanol
88.8
97.3
5
octanol
79.2
98.1
6
isopropyl alcohol
44.7
99.8
7
sec-butyl alcohol
40.2
69.9
a
reaction conditions: n (methanol): n (SA) = 3:1; catalyst weight =
0.016 mol of [MIMPS][HSO4]; refluxed for 12 h at 95℃. b Yield and
selectivity of methyl salicylate (based on SA).

3.3. Recycling of ionic liquid [MIMPS]HSO4

On the basis of the results mentioned above, the reusability of [MIMPS]HSO4 was checked. After the reaction,
the mixture was cooled to room temperature, leading to
form two layers. [MIMPS]HSO4 was readily separated and
extracted with ethyl acetate (3×10 mL). After removal of
water under vacuum at 90℃ for 6 h, IL was ready to be reused for the next cycle. The data listed in Fig.3 showed
that [MIMPS]HSO 4 can be reused eight times without
significant loss of activity, which also indicated that
[MIMPS]HSO4 as catalyst had excellent reusability for
esterification.
3.4. Esterification of different alcohols catalyzed by ionic
liquid [MIMPS][HSO4]

Due to excellent reusability of ILs, we focused our
studies on the application of [MIMPS]HSO4 for esterification of SA with different carbon chain alcohols. The results were outlined in Table 1. It was observed that esterification with primary alcohols (entries 1-5) gave higher
yield compared with secondary alcohols (entries 6 and 7).
The results also showed that activities of primary alcohols
decreased as the carbon chain of the alcohol grew longer.
In general terms, we could conclude that the yield of esters
increased in following order: primary > secondary and the
steric hindrance of alcohols may affect the yield of esterification [21].

3.5. Esterification of salicylic acid with methanol by different
ionic liquids

Methyl salicylate was synthesized using various kinds
of catalysts. In order to investigate their catalytic activity,
a series of experiments were tested and the results were
listed in Table 2. According to Table 2, it could be found
that the catalytic activity of HSO 3 -functionalized ILs
[MIMPS]HSO4 and [PSPy]HSO4 (Table 2, entries 1 and 3)
were better than that of non-functionalized IL (Table 2,
entries 5). This phenomenon can be explained in
terms of two aspects: on one hand, [MIMPS]HSO 4 and
[PSPy]HSO 4 have H+ of both anion and cation, which
could enhance their acidity. On the other hand, esterification was a reversible and competitive reaction, so the different solubility of esters in ILs was a factor affecting ILs’
catalytic activity.
Comparing with the catalytic performance of [MIMPS]
HSO4, [PSPy]HSO4 and [HMIM]HSO4, which had the same
anion, it was clear that the cation of the ILs had an obvious effect on the conversion of esterification. When the
cations were [MIMPS]+ and [PSPy]+, the conversions were
higher than that of [HMIM]+. However, the effect on the
selectivity was inconspicuous. When comparing with the
catalytic activity of ILs with the same cation, it could be
found that the anion of the ILs also played an important
role on the conversion of esterification. However, the
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[MIMPS]H2PO4 and [PSPy]H2PO4 showed particularly
poor activity. Probably, this was due to the weaker Brönsted
acidity of the H3PO4. Additionally, blank experiment without catalyst (entry 6) manifested that the application of
SO3H-functionalized ILs could effectively promote the
reaction.
TABLE 2 - Esterification of salicylic acid with methanol by different
ionic liquidsa
Entry Ionic liquids
SA Conversion (%)
Selectivity(%)b
1
[MIMPS][HSO4]
95.9
99.9
2
[MIMPS][H2PO4] 9.1
91.3
3
[PSPy][HSO4]
97.0
99.9
4
[PSPy][H2PO4]
14.5
82.3
5
[Hmim][HSO4]
28.4
95.0
6
Blank
0.6
99.0
a
reaction conditions: n (methanol): n (SA) = 3:1; catalyst weight = 0.016
mol of [MIMPS][HSO4]; refluxed for 12 h at 95℃. b selectivity for
methyl salicylate (based on SA)

4. CONCLUSION
In summary, esterification of salicylic acid with alcohols using Sulfonic Acidic Ionic Liquids as catalysts was
investigated. HSO3-functionalized ILs with HSO4- showed
good activity. However, ILs containing H2PO4- showed
poor activity. Esterification with primary alcohols gave
higher yield compared with secondary alcohols. Additionally, ILs are immiscible with the products (ester), so they
can be easy separated by simple decantation and used repeatedly after removal of water under vacuum at 90℃ for
6 h.
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PHOSPHORUS REMOVAL FROM
AQUEOUS SOLUTION BY THE Fe(III)-IMPREGNATED
SORBENT PREPARED FROM SUGARCANE BAGASSE
Yinian Zhu*, Meina Liang, Rongrong Lu, Hua Zhang, Zongqiang Zhu, Shaohong You, Jie Liu and Huili Liu
College of Environmental Science and Engineering, Guilin University of Technology, Jian-Gan Road 12, Guilin 541004, P.R. China

ABSTRACT
An Fe(III)-impregnated sorbent was prepared from
sugarcane bagasse and FeCl3 solution via carbonization/activation in a muffle furnace at 500oC for 4h. The
sorption removal of phosphorus from aqueous solution by
the prepared sorbent was then studied in a batch system.
The amount of phosphorus sorbed decreased from 1.03 to
0.19 mg/g with increasing amount of sorbent from 200 to
1200 mg in 50 mL test solution. With increasing initial
phosphorus concentration from 2 to 50 mg/L, the amount
of phosphorus sorbed increased from 0.33 to 2.67 mg/g at
25oC, from 0.32 to 3.66 mg/g at 35oC and from 0.32 to
3.85 mg/g at 45oC, and the corresponding removal rate
decreased from 98.89 to 32.06% at 25oC, from 94.52 to
43.79% at 35oC and from 96.01 to 46.35% at 45oC. As the
initial pH increased from 2 to 10, the sorption capacity
increased from 0.55 to 0.77 mg/g and the corresponding
removal rate increased from 71.23 to 92.89%. The pseudosecond-order kinetic model generated the best fit to the
experimental data with regression coefficients R2>0.9970.

KEYWORDS: Fe(III)-impregnation; sorbent; sugarcane bagasse;
phosphorus; sorption removal

1. INTRODUCTION
Phosphorus is one of the essential limiting factors for
the eutrophication of surface waters, while the phosphorus
removal efficiency of conventional biological wastewater
treatment plants is often low due to mechanical, financial,
and limited personnel reasons. Phosphorus exists in municipal wastewaters in different forms, including total phosphorus, soluble phosphorus, and particulate phosphorus. In
general, primary and secondary treatment is effective in removing particulate phosphorus. Phosphorus in the sec* Corresponding author

ondary effluents is mostly soluble and is present as orthophosphate [1]. However, only orthophosphate is consumed
for phytoplankton growth causing eutrophication in surface water bodies. Therefore, an efficient removal of this
constituent from the secondary effluent of municipal wastewater treatment plants has been of growing interest.
Sorption has been considered as an alternative approach
for phosphorus remove since the sorption process can be
operated simply, produces little sludge, and enables phosphorus recovery. Considerable attention has been paid to
the development of effective and low-cost sorbents and to
evaluate their capacity for phosphorus removal. If inexpensively alternative sorbents can be developed, it would
be beneficial to the environment and have attractive commercial value. In this respect, various materials such as
natural sands, furnace slag, steel slag, zeolite, diatomite,
activated oyster shell, and red mud have been investigated
for phosphorus sorption [2,3].
Activated carbon is a black solid substance resembling
granular or powder charcoal and is widely used as sorbents
in waste water and gas treatments [4,5]. Despite its prolific use in environmental protection, activated carbon remains an expensive material. In recent years, research interest in the production of low-cost alternatives to activated
carbon has grown [6]. Agricultural wastes have emerged as
a better choice. Though raw agricultural wastes can be used
as sorbents without further treatment, activation could enhance their sorption capacity. The production of activated
carbons from agricultural wastes convert unwanted, surplus agricultural waste, of which billions of kilograms are
produced annually, to useful valuable sorbents [5,7].
Sugarcane bagasse is the fibrous waste left after the
extraction of sugar juice from crushed cane. Sugarcane refining generates a large volume of residue called bagasse.
Sugarcane bagasse in its natural state is a poor sorbent of
organic compound such as sugar colorants and metal ions
[8,9]. Since bagasse is a highly carbonaceous agricultural
byproduct, a natural outlet would be to use bagasse as a
feedstock in the manufacture of activated carbons, which
can then be used in the wastewater treatment process.
Bagasse is reported as a suitable resource for preparation
of activated carbon [10-13].
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In the present work, an Fe(III)-impregnated sorbent
was prepared from sugarcane bagasse and FeCl3 and then
was used to investigate the sorption removal of phosphorus
from aqueous solution. Studies concerning the effects of
contact time, temperature, amount of sorbent, initial phosphorus concentration, and solution pH are presented and
discussed. Experimental data were analyzed using kinetic
equations. The characteristic parameters for each model have
been determined.
2. MATERIALS AND METHODS
2.1. Preparation of the Fe(III)-impregnated sorbent

Sugarcane bagasse was collected from a sugar industry, Guangxi, China. The reagents FeCl3·6H2O and cetyltrimethyl ammonium bromide (CTMAB) were bought
from Country Medicine Group, Shanghai, China. The
bagasse was left to dry in oven at 80oC for 24h, then it
was cut into small pieces and sieved to an average particle
size of 5 mm. 1mol/L FeCl 3 solution, 0.05mol/L cetyltrimethyl ammonium bromide (CTMAB) solution, 1% and
10% (v/v) ammonia solutions were prepared from chemical reagents of analytical grade and ultrapure water.
800mL ultrapure water and 100mL 0.05mol/L CTMAB
solution were added into a 2L beaker and heated to the
boiling point. Then, 100mL 1mol/L FeCl3 solution was
added into the beaker slowly under stirring to obtain red
brown colloid solution. 50g dried bagasse was added to
the colloid solution and mixed. After soaked for 24h, the
mixture of the colloid solution and bagasse was adjusted
to pH=7.4 with 1% or 10% (v/v) ammonia solution by
using the automatic potentiometric titator (Metrohm 848
Titrino Plus). Under this condition, a bagasse/Fe(OH)3 mixture was formed in the suspended solution. The suspended
solid was filtered and dried in oven at 105-110oC for 24h.
Finally, the bagasse/Fe(OH)3 solid was carbonized/ activated in a muffle furnace at 500oC for 4h to get the Fe(III)impregnated sorbent.
The sample was ground and sifted to obtain a powder
with a particle size smaller than 0.124mm (120 mesh).
BET surface area and the BJH desorption surface area of
the prepared Fe(III)-impregnated sorbent were determined
to be 26.79 m2/g and 32.58 m2/g, respectively. The total
pore volume and the average pore diameter were derived
from the BJH method to be 0.0201 cm3/g and 12.25 nm.
All the major peaks in the XRD pattern from the sorbent
could be clearly seen and identified as belonging to standard hematite (α-Fe2O3) (00-033-0664). This confirms the
formation of hematite (α-Fe2O3) during the sorbent preparation (Fig. 1). The SEM images of the prepared sorbent
are showed in Fig. 2. Particles of different size and different shape could be observed for the sugarcane bagasse used
in the experiment. The particle sizes of carbons and hematite (α-Fe2O3) in the prepared sorbent were 400nm-1µm
and <500nm, respectively.

FIGURE 1 - XRD result of the sugarcane bagasse and the Fe(III)-impregnated sorbent prepared from sugarcane bagasse.

FIGURE 2 - SEM result of the Fe(III)-impregnated sorbent prepared from sugarcane bagasse.
2.2. Sorption experiments
2.2.1. Effects of sorption conditions

The experiments were carried out in a set of plastic
centrifuge tubes (100 mL) by agitating desired amounts of
the Fe(III)-impregnated sorbent powder in 50 mL phosphate solutions of desired concentration and pH with an isothermal shaker (25, 35 or 45oC) at the agitation speed of
200 rpm for 72 h to reach equilibrium of the solid-solution
mixture. After centrifuged at 4000 rpm for 5 min, all samples were filtered through 0.45µm micro-pore membrane
and aqueous phosphate concentrations were determined by
the Mo-Sb molybdenum blue spectrophotometry method
measuring the absorbance at 700 nm by using a spectrophotometer (Lambda 25 UV/VIS, Perkin Elmer).
Effect of pH was studied by adjusting the initial pH
of phosphate solutions using diluted HCl and NaOH solutions (pHs 2, 3, 4, 5, 6, 7, 8, 9, 10) and the solutions were
agitated with 0.3g/50mL sorbent for 5 mg/L phosphate
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concentrations at 25oC. Eleven initial concentrations for
phosphate (2, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 mg/L)
were employed for the study of initial concentration effect
on sorption at 25, 35 or 45oC. Effect of sorbent amount was
studied with different amount of sorbent (0.2, 0.3, 0.4, 0.6,
0.8, 1.0 and 1.2 g) and 50 mL 5 mg/L phosphate solutions
at 25oC.
2.3. Sorption kinetics

Kinetic studies were carried out in a set of plastic centrifuge tubes (100 mL) at constant temperatures (25, 35 or
45oC), by shaking 0.3 g of the Fe(III)-impregnated sorbent
powder in 50 mL phosphate solutions (2, 5 or 10 mg/L;
initial pH=7) in each capped plastic centrifuge tube at the
stirring speed of 200 rpm. The aqueous samples were
taken from different conical flasks at different time intervals of 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 7, 9, 12, 15, 18, 24, 30,
36, 42, 48, 54, 60, 66 and 72 h, respectively. All samples
were centrifuged and filtered similarly through a 0.45 µm
membrane filter in order to remove the carbon fines. And
then, the total phosphate concentrations in aqueous solutions were determined by the Mo-Sb molybdenum blue
spectrophotometry method measuring the absorbance at
700 nm by using a spectrophotometer (Lambda 25 UV/VIS,
Perkin Elmer).

It is also observed that for an initial phosphorus concentration of 2 mg/L at 25oC and pH 7, the maximum
amount of phosphorus was sorbed within the first 420 min
at an average sorption rate of 0.000620 mg/(g·min) (86.19%
of total amount of phosphorus sorbed) and, thereafter, the
sorption rate tends to decrease and proceeds at an average
sorption rate of 0.000011 mg/(g·min). A similar trend was
observed for the initial phosphorus concentrations of 5 and
10 mg/L. The contact time between sorbate and the sorbent
is of significant importance in sorption. In physical sorption, most of the sorbate species are sorbed within a short
interval of contact time. However, strong chemical binding of the sorbate with sorbent requires a longer contact
time for the attainment of equilibrium. Available sorption
studies in literature reveal also that the uptake of sorbate
species is fast at the initial stages of the contact period, and,
thereafter, it becomes slower near the equilibrium [15].
The initial rapid uptake of sorbate species may be due to
large numbers of available vacant sites on the sorbent surface at the initial stage [16].

3. RESULTS AND DISCUSSION
3.1. Effects of sorption conditions

Sorption equilibrium is governed by several operational factors, such as the nature of solute and sorbent as
well as the pH of the medium. In this study, the effect of
the contact time, temperature, the solution pH, the mass
of the Fe(III)-impregnated sorbent, and the initial concentration on sorption kinetics was investigated.
3.2. Contact time and temperature

The sorption rate denoted by dq/dt shows how much
sorbate can be sorbed from the liquid phase onto the
sorbent within a unit of time. In a diagram depicting the
qt–t relationship, the slope at each point of the curve represents the instantaneous sorption rate dq/dt [14]. The effect
of the contact time on the sorption kinetics is shown in
Fig.3, in terms of the qt–t relationship. The phosphorus
concentration decreased rapidly with the contact time and
this confirmed strong interactions between the phosphorus
and the sorbent. In other words, the sorption capacity
increased with contact time. Fig.3 reveals that the
amount of phosphorus sorbed (mg/g) increased with the
contact time until it gradually approaches the equilibrium state due to the continuous decease in the driving
force (qe-qt). The amount of phosphorus sorbed and the
concentration of phosphorus in the liquid phase remained almost constant, after sorption for 420, 1440,
2880 min at 25oC and pH 7 with the initial phosphorus
concentration of 2, 5 and 10 mg/L, respectively.

FIGURE 3 - Effect of contact time on phosphorus sorption onto
the Fe(III)-impregnated sorbent prepared from sugarcane bagasse
(initial pH=7, amount of sorbent 0.3g/50mL, 25oC).

FIGURE 4 - Effect of temperature on phosphorus sorption onto the
Fe(III)-impregnated sorbent prepared from sugarcane bagasse
(initial concentration 5 mg/L, initial pH=7, amount of sorbent 0.3g/
50mL).
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3.3. Amount of sorbent

The sorption of phosphorus onto the Fe(III)-impregnated
sorbent was studied by varying the sorbent quantity in the
test solution while keeping the initial phosphorus concentration, initial pH and contact time constant at 25oC (Fig.5).
Increase in sorption with amount of sorbent can be attributed to increased sorbent surface area and availability
of more sorption sites. But unit sorption decreased
with increase in amount of sorbent. This may be attributed
to overlapping or aggregation of sorbent surface area available to phosphorus, and an increase in diffusion path
length [17]. The actual amount of phosphorus sorbed per
unit mass of sorbent decreased with increasing sorbent quantity in test solution from 1.03 to 0.19 mg/g. On the contrary, the percentage of phosphorus removed from solution
increased continuously from 82.71 to 91.14% with increasing amount of sorbent from 200 to 300 mg in 50 mL test
solution. But the removal efficiency did not increase with
the increasing amount of sorbent when the amount of
sorbent was greater than 300 mg in 50 mL test solution.
The solution pH decreased with increasing sorbent quantity
in test solution from 2.53 to 1.93 mg/g.

FIGURE 5 - Effect of amount of sorbent on phosphorus sorption
onto the Fe(III)-impregnated sorbent prepared from sugarcane
bagasse (initial concentration 5 mg/L, initial pH=7, 25oC).
3.4. Initial phosphorus concentration

The kinetic dependencies were also measured for various initial phosphorus concentrations at 25, 35 and 45oC,
whereas the other experimental parameters were kept constant. The dependencies of the amount of phosphorus
sorbed, qe, and the removal percentage versus the initial
concentration are shown in Fig.6. The overall trend for
different temperatures was similar, i.e., with increasing phosphorus concentrations in test solution from 2 to 50 mg/L, the
actual amount of phosphorus sorbed per unit mass of sorbent
increased from 0.33 to 2.67 mg/g at 25oC, from 0.32 to
3.66 mg/g at 35oC and from 0.32 to 3.85 mg/g at 45oC,
which confirmed strong physical and chemical interactions
between phosphorus and the Fe(III)-impregnated sorbent.
When the initial phosphorus concentration was higher than
40 mg/L, the unit sorption for phosphorus at 45oC remained
almost constant and did not increase with initial phosphorus concentration. If the results are expressed in percentage of phosphorus removed from solution, the percent

sorption decreased continuously from 98.89 to 32.06% at
25oC, 94.52 to 43.79% at 35oC and 96.01 to 46.35% at 45oC,
with increase in initial phosphorus concentration from 2 to
50 mg/L.

FIGURE 6 - Effect of initial concentration on phosphorus sorption
onto the Fe(III)-impregnated sorbent prepared from sugarcane bagasse (initial pH=7, amount of sorbent 0.3g/50mL).
3.5. Solution pH

The pH of the solution plays an important role in the
whole sorption process, influencing not only the solution
phosphorus chemistry, but also the surface charge of the
sorbent [18]. Effect of initial solution pH on the sorption
of phosphorus is shown in Fig.7. Phosphate upon dissolution formed phosphorus anions in solution. The sorption
of these charged phosphorus groups onto the sorbent surface was primarily influenced by the surface charge on the
sorbent which, in turn, was influenced by pH of the solution [18]. After sorption, the solution pH decreased under
both acid and basic conditions. High initial pH favored the
sorption of phosphorus onto the Fe(III)-impregnated
sorbent. As the pH increased from 2 to 10, the sorption
capacity increased from 0.55 to 0.77 mg/g and the corresponding removal rate increased from 71.23 to 92.89%.
The sorption capacity and the corresponding removal rate
were also negatively correlated to the solution pH at equilibrium (Fig.8). It is obviously that both of them increased
with the decreasing solution pH at equilibrium.

FIGURE 7 - Effect of initial pH on phosphorus sorption onto the
Fe(III)-impregnated sorbent prepared from sugarcane bagasse
(initial concentration 5 mg/L, amount of sorbent 0.3g/50mL, 25oC).
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3.6. Sorption kinetics

The study of sorption equilibrium and kinetics is essential in supplying the fundamental information required for
the design and operation of sorption equipments for
wastewater treatment. In order to investigate the mechanism
of sorption, this paper employs the four different kinetic models, namely the pseudo-first-order equation, the
modified pseudo-first-order equation, the pseudo-secondorder equation and the intra-particle diffusion model.
3.7. Pseudo-first-order kinetic model

The equation corresponding to the pseudo-first-order
kinetic model is the following differential form [22]:
FIGURE 8 - Effect of equilibrium pH on phosphorus sorption onto
the Fe(III)-impregnated sorbent prepared from sugarcane bagasse
(initial concentration 5 mg/L, initial pH=7, amount of sorbent
0.3g/50mL, 25oC).

The pH is shown to be one of the key variables for
phosphate removal. The pH at 3.0 favored the maximum
sorption of phosphate from aqueous solutions by iron impregnated coir pith and Fe(III)-loaded orange waste [19].
Speciation and charge of the anionic sorbate phosphate influence the sorption onto metal oxide surfaces, i.e. phosphate removal is pH dependent. The sorption of phosphate
onto hematite is believed to be dominated by complexation
between surface groups and the sorbing molecules. Depending on pH, the hematite surface sites react as acid or
base, resulting in a pH-dependent surface charge causing
electrostatic interactions with the surrounding aqueous
phase. Below its pHPZC (point zero of charge), hematite is
a positively-charged sorbent. Phosphate is an anionic sorbate in monovalent (H2PO4-) and divalent (HPO42-) forms.
Hematite beared higher positive charged at low pH values, hence, sorbed higher amounts of phosphate. There is
no clear correlation between surface area and phosphate
sorption capacity for hematite. It has been found that sorption capacity depends on crystal morphology [20,21].

dq t
= k1 (qe − qt )
dt

(1)

Integrating this for the boundary condition qe=0 at
t=0 and qt=qt at t=t, gives:

ln

qe
= k1t
qe − qt

(2)

where qe and qt refer to the amount of phosphorus
sorbed (mg/g) at equilibrium and at any time, t (min),
respectively, and k1 is the equilibrium rate constant of the
pseudo-first-order sorption (min-1). Eqn (2) can be rearranged to obtain a linear form:
ln(qe-qt)=lnqe-k1t

(3)

The plot of ln(qe-qt) against t should give a straight
line with slope -k1 and intercept lnqe (Fig.9). The values
of k1 and qe at different initial phosphorus concentrations
are presented in Table 1. As seen in Table 1, the correlation coefficient value R2 for phosphorus sorption onto the
Fe(III)-impregnated sorbent changed in the range of
0.9517-0.9426. These results have shown that the experimental data do not well agree with the pseudo-first-order
kinetic model.

TABLE 1 - Kinetic Parameters for Phosphorus Sorption onto the Fe(III)-Impregnated Sorbent Prepared from Sugarcane Bagasse
Pseudo-first-order constants
Initial P concentration (mg/L)
k1/(1/min)
2
0.0010
5
0.0010
10
0.0009
Modified pseudo-first-order constants
Initial P concentration (mg/L)
K1/(1/min)
2
0.0009
5
0.0008
10
0.0008
Pseudo-second-order constants
Initial P concentration (mg/L)
k2/(g/(mg·min))
qe(mg/g)
2
0.0488
0.30
5
0.0105
0.68
10
0.0047
1.10
Intra-particle diffusion constants (Fitting data with single straight line)
Initial P concentration (mg/L)
Kd/(mg/(g·min1/2))
2
0.0022
5
0.0069
10
0.0124
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qe(mg/g)
0.09
0.34
0.62

R2
0.9517
0.9426
0.9481

qe(mg/g)
0.19
0.59
1.03

R2
0.9736
0.9407
0.9412

h/(g/(mg·min))
0.0045
0.0049
0.0057

R2
0.9997
0.9987
0.9970
R2
0.7437
0.8574
0.9085
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3.8. Modified pseudo-first-order kinetic model

The pseudo-first-order equation represented by Eqn (1)
is modified through the modification of its rate constant
[14]. Denote the rate constant in the modified pseudofirst-order rate equation by K1 (min-1), the following equation is proposed:

k1 = K1

qe
qt

(4)

As qt<qe, the above equation implies that the rate
constant k1 is minimum when equilibrium is reached.
The modified pseudo-first-order rate equation can be
derived as follows:

dqt
q
= K1 e (qe − qt )
dt
qt

(5)

Eqn (5) can be rearranged into

−dqt +

qe dqt
= K1qe dt
(qe − qt )

(6)

Integrate Eqn (6) over time t∈(0, t), during which the
solid phase concentration increases from zero to qt, the
following algebraic equation can be obtained:

qt
+ ln(qe − qt ) = ln(qe ) − K1t
qe

(7)

If the sorption process follows the modified pseudofirst order kinetic model represented by Eqn (7), a plot of
qt/qe+ln(qe-qt) against t should be a straight line (Fig.9).
The values of K1 and qe at different temperatures are presented in Table 1. As seen in Table 1, the correlation coefficient values for phosphorus sorption onto the Fe(III)impregnated sorbent changed in the range of 0.97360.9407. This result has shown that the experimental data
did not fit well with the modified pseudo-first-order kinetic model.
3.9. Pseudo-second order kinetic model

The equation corresponding to the pseudo-second-order
kinetic model is the following [23]:

dqt
= k 2 (qe − qt ) 2
dt

(8)

Integrating this for the boundary condition t=0, qe=0,
t=t, qt=qt gives:

1
1
= + k 2t
q e − qt q e

(9)

where k2 is the equilibrium rate constant of the
pseudo-second-order sorption (g/(mg·min)). Eqn (9) can
be arranged to obtain a linear form:

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

(10)

the initial sorption rate, h (mg/(g·min)), as t=0 can be
defined [16]:
h=k2qe2
(11)
where the initial sorption rate (h), the equilibrium
sorption capacity (qe), and the second-order constants k2
(g/(mg·min)) can be determined experimentally from the
slope and intercept of plot t/q versus t (Fig.9). Calculated
correlations are closer to unity for second-order kinetics
model (R2=0.9970-0.9997); therefore the sorption kinetics
could well be approximated more favorably by secondorder kinetic model for phosphorus sorption onto the
Fe(III)-impregnated sorbent. The k2 and h values are calculated from Fig.9 to be 0.0047-0.048 g/(mg·min) and
0.0045-0.0057 g/(mg·min), respectively (Table 1).
3.10. Intra-particle diffusion kinetic model

The phosphorus sorption is governed usually by either the liquid phase mass transport rate or the intraparticle mass transport rate. Hence diffusive mass transfer is
incorporated into the sorption process [18]. Intraparticle
diffusion model assumes that the film diffusion is negligible and intraparticle diffusion is the only rate-controlling
step, which is usually true for well-mixed solutions. An
empirically found functional relationship, common to the
most sorption processes, is that the uptake varies almost
proportionally with t1/2, the Weber–Morris plot, rather
than with the contact time t [16].
qt=Kdt1/2+C

(12)

where Kd is the intra-particle diffusion rate constant
(mg/(g·min1/2)). According to Eqn (12), a plot of qt versus
t1/2 should be a straight line with a slope Kd and intercept
C when sorption mechanism follows the intra-particle
diffusion process. Values of intercept give an idea about
the thickness of boundary layer, i.e., larger the intercept
with greater is the boundary layer effect.
In Fig.9 plot of mass of phosphorus sorbed per unit
mass of sorbent, qt versus t1/2 is presented for phosphorus.
The linear plots are attributed to the macro pore diffusion
that is the accessible sites of sorption. This is attributed to
the instantaneous utilization of the most readily available
sorbing sites on the sorbent surface [16]. The values of Kd
as obtained from the slope of straight lines was 0.00220.0124 mg/(g·min1/2). As seen in Table 1, the correlation
coefficient value R 2 for phosphorus sorption onto the
Fe(III)-impregnated sorbent changed in the range of
0.7437-0.9085. These results have shown that the experimental data do not well agree with the intra-particle diffusion kinetic model.
3.11. Comparison of the applicability of different kinetic models

Among the four kinetic models, the pseudo-secondorder equation generates the best fit to the experimental
data of the three investigated sorption systems at the initial phosphorus concentrations of 2, 5 and 10 mg/L for the
entire sorption period, with regression coefficients higher
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FIGURE 9 - Kinetics for phosphorus sorption onto the Fe(III)-impregnated sorbent prepared from sugarcane bagasse (initial pH=7, amount
of sorbent 0.3g/50mL, 25oC).

than R2>0.9970 for the concentration range used in this
study. The calculated qe values from the model were also
in good agreement with the experimental values. This indicates that the pseudo-second-order equation is potentially a generalized kinetic model for sorption study. Kinetics
of phosphorus sorption onto the Fe(III)-impregnated
sorbent followed the pseudo-second order model, suggesting that the rate-limiting step may be chemisorption [24].
This confirmed that sorption of phosphorus takes place
probably via surface exchange reactions until the surface
functional sites are fully occupied; thereafter phosphate
molecules diffuse into the sorbent network for further interactions.
The second best model to generate a good fit to the
experiment is the pseudo-first-order kinetic model, followed by the modified pseudo-first-order kinetic model.
For the pseudo-first-order kinetic model and the modified
pseudo-first-order kinetic model, correlation coefficients
were below 0.975 and the calculated qe were not equal to
experimental qe, suggesting the insufficiency of the model
to fit kinetic data for the initial concentrations examined.

After a short period, the experimental data deviated considerably from linearity.
It is worth noting that the low correlation coefficients
shown in Table 1 do not necessarily mean that the intraparticle diffusion process is not the rate-controlling step.
It is a mere indication that the intraparticle diffusion model does not apply to the investigated sorption systems
[14]. This may be due to the following two reasons: first,
the intraparticle diffusion model assumes infinite solution
volume control, which implies that there is no change in
solution concentration during the approach to equilibrium.
This is only achieved when the product of the solution
volume and solution concentration greatly exceeds the
product of the sorbent mass and the equilibrium sorption
capacity of the sorbent. Second, the intraparticle diffusion
model is derived assuming a constant diffusivity [14]. However, available studies have shown that the diffusivity of the
investigated sorption systems depends on the solid phase
concentration to a large extent. The two factors may have
contributed to the less than satisfactory agreement between the experiment and the prediction by the intraparti-
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cle diffusion model [14,25]. Actually, the plots of the
amount of phosphorus sorbed versus t1/2 for intraparticle
transport appeared to present a multilinearity which indicated that three steps occurred in the process (Fig.9): (1)
mass transfer across the external boundary layer film of
liquid surrounding the outside of the particle; (2) sorption
at a site on the surface (internal or external) and the energy will depend on the binding process (physical or chemical); this step is often assumed to be extremely rapid; (3)
diffusion of the sorbate molecules to an sorption site either by a pore diffusion process through the liquid filled
pores or by a solid surface diffusion mechanism. The
mechanism of sorption is generally considered to involve
three steps, one or any combination of which can be the
rate-controlling mechanism [26]. It can be also observed
that the plots did not pass through the origin; this was
indicative of some degree of boundary layer control and
this further showed that the intraparticle diffusion was not
the only rate-limiting step, but other processes might
control the rate of sorption [15,18].

respectively. The experimental data do not well agree with
the pseudo-first-order kinetic model, the modified pseudofirst-order kinetic model and the intraparticle diffusion
kinetic model.
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ABSTRACT

KEYWORDS: Uptake, accumulation, Glycine max L., heavy
metals, soybean, relationship

In this study, growth responses, uptake and accumulation of cadmium (Cd), zinc (Zn) and lead (Pb) by soybean (Glycine max L.) were examined in three hydroponic
experiments: experiment 1 included eight Cd supply levels;
experiment 2 was conducted with Cd concentrations ranging from 0 to 400 µmol l-1 and two Zn concentration levels
(100 and 1000 µmol l-1); experiment 3 was conducted with
Cd concentrations ranging from 0 to 400 µmol l-1 and two
Pb concentration levels (100 and 1000 µmol l-1). The results showed that in all three experiments, the dry matter
yield of shoots was much higher than that of roots, and
both decreased slightly with increasing Cd supply levels
with or without other metals. Cd concentrations in the shoots
and roots of soybean increased with increasing external
Cd supply levels, peaked at 800 µmol l−1 in the nutrient
solution with 622.6 and 1350.3 mg kg-1, respectively (experiment 1). Cd concentrations in the shoots and roots of
soybean increased at different gradients with increasing
Cd supply levels either in complex treatments of Cd/Zn or
in complex treatments of Cd/Pb (experiment 2 and experiment 3). Cadmium had a negative effect on Zn or Pb
concentrations in the shoots and roots of soybean when
the plants were grown at both low Zn or Pb supply
levels (100 µmol l-1) and high Zn or Pb supply levels
(1000 µmol l-1). Zn or Pb concentrations in nutrient solutions had a positive effect on Cd concentrations in different soybean parts at relatively low Cd supply levels, however a negative effect of Zn or Pb on Cd uptake was noticed
at relatively high Cd supply levels, and the influence was
not always significant. There existed an antagonistic effect
between Cd and Zn, in which increasing Zn or Cd content
in nutrient solutions may decrease Cd or Zn accumulation
in different tissues of soybean. The antagonistic activity
was also determined between Cd and Pb at any Cd/Pb
complex supply levels.

* Corresponding author

1. INTRODUCTION
Metal pollution is a global problem. In agricultural areas, application of phosphate fertilizers, pesticides, and
sewage sludge are the most important anthropogenic sources
of potentially toxic metals [1-6] and in the case of lead (Pb),
the source is the former use of leaded gasoline [7]. Metal
ions can be held to the soil by adsorption onto the surface
of mineral particles, by complexation with humic substances, and by precipitation reactions [8-10]. These complex processes are dependent on many factors including
soil composition, pH, redox status, and the nature of the
contaminant. Therefore, metal bioavailability and toxicity
can vary substantially from soil to soil. Cadmium (Cd),
zinc (Zn) and Pb are some of the most widespread heavy
metal contaminants of agricultural soils [11-14], and known
to exert toxic effects in animals and plants at elevated concentrations [15-18].
More traditional soil remediation methods (ex situ and
in situ) such as soil excavation and dumping, containment
methods (e.g., vitrification, stabilization), soil washing/
flushing etc. are generally costly and harmful to soil properties that are needed for a successful remediation of contaminated soils [19]. So, most conventional remediation
approaches do not provide acceptable solution to toxicity
caused by metal pollution. Therefore, phytoextraction of
heavy metals from contaminated soils has attracted much
attention as a perspective, environmentally friendly and
cost effective method of soil remediation, and can remediate a site without dramatically disturbing the landscape
[20, 21]. However, the main drawback of this method
remains the low mobility and thus bioavailability of some
heavy metals (especially Cd and Pb) in polluted soils [7].
Since the use of heavy metal-hyperaccumulating plants
(e.g., Thlaspi spp.) is associated with slow plant growth
and low biomass yields and a true Cd-, Zn- and Pb-hyper-
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accumulator has not been identified yet, most of the recent studies are focused on the use of fast growing crops
(e.g., Brassica juncea, Zea mays L., Helianthus annuus,
Phaseolus vulgaris, Glycine max L., T. turgidum var durum, Oryza sativa L., Linum usitatissimum L.) with high
biomass yields[22-28]. The unique capacity of hyperaccumulators to accumulate high metal concentrations in the
shoots makes these plants suitable for the development of
phytoremediation [20].
In this experiment, the accumulation and distribution
of Cd, Zn and Pb (Cd supplied alone and Cd in combination with Zn and Pb, respectively) in soybeans (Glycine
max L.) were studied. In two reports [25, 29], only the
effect of Cd was studied. The primary objective of this
paper was to determine the distributions of Cd, Zn and Pb
in shoots and roots in plants grown in nutrient solutions
with Cd supplied alone and Cd in combination with Zn
and Pb, respectively. As the concentrations of Cd and Zn
in the nutrient solution increase, the relative concentrations of Cd in all plant tissues are expected to increase,
and those of Zn decrease, due to competitive exclusion of
Zn by Cd at the common root membrane carrier for these
metals. Pb is expected to have the same function as Zn
because of their similar physicochemical and geochemical
characteristics.

2. MATERIALS AND METHODS
2.1. Plant culture

Seeds of soybean (Glycine max L.) were offered by
Gansu Academy of Agricultural Sciences. The seeds were
first sterilized in 2% (v/v) sodium hypochlorite solution for
15 min and washed under running tap water for 30 min,
followed by a deionized water rinse. The surface-sterilized
seeds were placed aseptically in a Petri dish to germinate
in an incubator (25 ℃) for about 3 days. When the radicles were about 1 cm long, similar seedlings were chosen,
fixed in cystose, and floated in 50% modified Hoagland’s
solution in plastic containers in a greenhouse equipped with
supplementary lighting (14-h photoperiod; 24-26 °C). The
composition of the nutrient solution was (in mmol l -1):
Ca (NO3)2·4H2O 2.0, KH2PO4 0.10, MgSO4·7H2O 0.50,
KCl 0.10, K 2SO 4 0.70, and (in µmol l-1): H 3BO 3 10.00,
MnSO4·H2O 0.50, ZnSO4·7H2O 0.50, CuSO4·5H2O 0.20,
(NH4)6Mo7O24 0.01, Fe-EDTA 100. Three days after culture, the seedlings were treated with heavy metals. Experiment 1: The treatments were composed of control (without
addition of Cd), 12.5, 25, 50, 100, 200, 400, 800 µmol Cd
l−1, and cadmium was supplied as CdCl2·2.5H2O. Experiment 2: The treatments were composed of a control and
the complex Cd/Zn supply levels with Zn and Cd levels
of 100, 1000, and 0, 25, 50, 100, 400 (µmol l-1), respectively. Cadmium and Zinc were applied as chloride and
sulfate, respectively, and were added to each container of
2-l Hoagland’s solution in solution forms. Experiment 3:
The treatments were composed of a control and the com-

plex Cd/Pb supply levels with Pb and Cd levels of 100,
1000, and 0, 25, 50, 100, 400 (µmol l-1), respectively.
Cadmium and Pb were both applied as chloride, and were
added to each container of 2-l Hoagland’s solution in solution forms. A randomly complete block design was used
with each treatment replicated three times. Nutrient solution was aerated and replaced every four days. The pH of
nutrient solution was maintained at 5.5 by daily adjustment with 0.1 mol l-1 HCl or 0.1 mol l-1 NaOH.
2.2. Plant samples

The experiment was terminated and the plants were
harvested after they were grown in the metal treated nutrient solution for 15 days. At harvest, roots of intact plants
were rinsed with tap water and then were immersed in
20 mmol l-1 Na2-EDTA (disodium ethylenediaminetetraacetate) for 15 min to remove Cd and Zn adhering to root surfaces. Roots were washed for 5 min with deionized water.
The plants were divided into two samples for analyses: the
fully mature leaves and the roots were rinsed three times
with deionized water, blotted dry. Macroscopic observation
was made. All the plant samples were dried for 3 days at
45 °C, followed by 3 days at 80 °C in an oven, measured
for dry weight (DW), and ashed for 2 h at 200 °C and then
10 h at 650 °C, and the resulting ash was dissolved in
10 ml of concentrated HNO3 and diluted to a final volume
of 50 ml with deionized water. These digested samples
were the basis for the determination of Cd and Zn in plant
tissues. The concentrations of Cd and Zn in the solutions
were determined with inductively coupled plasma atomic
emission spectrometry (ICP-AES) (Perkin-Elmer Optima
3300 DV).
A certified standard reference material (SRM 1515,
apple leaves) of the National Institute of Standards and
Technology, USA, was used in the digestion and analysis
as part of the QA/QC protocol. Reagent blank and analytical duplicates were also used where appropriate to ensure accuracy and precision in the analysis. The recovery
rates were around 90 ± 6% for all of the metals in the plant
reference material.
2.3. Data analysis

Analysis of variance (ANOVA) for the data was performed on all data sets. Least significant different (LSD)
was used for multiple comparisons between treatment
means. Statistical analysis was performed using STATISTICA software.
3. RESULTS
3.1. Effects of Cd supply levels on shoot and root growth of
soybean

The dry matter yields of shoot were much higher than
that of root of soybean in single Cd treatments (Fig.1).
The dry weights of shoot and root of soybean both decreased slightly with increasing Cd supply levels (Fig.1).
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200, 400 and 800 µmol l-1, respectively, and root dry matter
yield lowered 2.4%, 8.2%, 9.6%, 10.3%, 18.1%, 29.2% and
41.9% as compared to the control group.

Shoot dry matter yield lowered 0.16%, 15.5%, 15.9%,
24.2%, 32.4%, 39.3% and 47.0% as compared to the control group for the Cd supply levels of 12.5, 25, 50, 100,
0.45

Dry matter yield (g pot-1)

0.40
0.35

shoot
root
a

a

0.30

ab

ab
ab

0.25

ab

b

0.20

b

0.15
0.10

A

A

AB

AB

AB

BC

CD

0.05

D

0.00
0

12.5

25

50

100

200

400

800

Cd supply levels ( µmol l-1)

FIGURE 1 - Effects of Cd supply levels on dry matter yields of shoots and roots of soybean. Mean values (n=3); vertical bars denote standard
deviations. Different letters above the columns of shoot or root indicate a significant difference at P＜0.05 according to the Duncan’s multiple range tests
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FIGURE 2 - Effects of Cd/Zn (Cd with 0, 25, 50, 100, 400 µmol l-1 and Zn with 100, 1000 µmol l-1) or Cd/Pb (Cd with 0, 25, 50, 100, 400 µmol l-1
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bars denote standard deviations. Different letters in the same group indicate a significant difference at P＜0.05 according to the Duncan’s
multiple range tests.
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3.2. Effects of Cd/Zn and Cd/Pb complex supply levels on
shoot and root growth of soybean

The dry matter yields of shoot were much higher than
that of root of soybean, and both shoot dry matter yields
and root dry matter yields decreased with increasing Cd
supply levels either in the complex treatments of Cd/Zn or
in the complex treatments of Cd/Pb (Fig. 2).
There was no significant difference among the Cd/Zn
complex levels of x/100 µmol l-1 (x = 0, 25, 50, 100 and
400 µmol l-1), among the Cd/Pb complex levels of x/100
µmol l-1 (x = 0, 25, 50, 100 and 400 µmol l-1), and among
the Cd/Pb complex levels of x/1000 µmol l-1 (x = 0, 25,
50, 100 and 400 µmol l-1) for shoot dry matter yield (Fig.
2). There was no significant difference between the Cd/Zn
complex level of 25/100 µmol l-1 and 50/100 µmol l-1,
between the Cd/Zn complex level of 100/100 µmol l-1 and
400/100 µmol l-1, between the Cd/Zn complex level of
50/1000 µmol l-1 and 100/1000 µmol l-1, among the Cd/Pb
complex levels of x/100 µmol l-1 (x = 0, 25, 50 and 100
µmol l-1), and among the Cd/Pb complex levels of x/1000
µmol l-1 (x = 25, 50, 100 and 400 µmol l-1) for root dry
matter yield (Fig. 2).

that (1) Cd ions and Cd-complexes travel in bulk flow
within the symplasm of the root cortex, (2) Cd may be
transported across membranes in ionic and/or complexed
form, (3) Cd ions may compete with other cations (e.g.,
Na+, Ca2+ and Zn2+) for transmembrane carriers, (4) the
primary mechanism for intracellular immobilization of Cd
is through the formation of Cd phytochelatin complexes,
which deposit Cd in vacuoles, (5) Cd ions are transported
over long distances in both the xylem and phloem, (6)
existing models of Cd translocation appear to be genotype-specific and most likely related to genotypic differences in long distance transport processes and (7) no
information is available on how Cd moves into seeds
[30]. The highest proportion of Cd (and indeed many
metals) is found in roots because of immobilization of Cd
through precipitation and/or adsorption on the root surface and within the symplasm of root cells, and sequestration of Cd by phytochelatins in the vacuoles of roots cells.
3.4. Effects of Cd/Zn and Cd/Pb complex supply levels on Cd
concentration in soybean

Cadmium was most concentrated in the roots, but was
also high in the shoots (Fig. 4). Cd concentrations in the
shoots and roots of soybean increased at different gradients with increasing Cd supply levels either in complex
treatments of Cd/Zn or in complex treatments of Cd/Pb.
However, both zinc and lead had a negative effect on Cd
concentration in the shoots when the plants were grown at
high Zn or Pb supply level (1000 µmol l-1) compared with
at low Zn or Pb supply level (100 µmol l-1) at each Cd
supply level (Fig. 4a). There was no significant (P＜0.05)
difference between Cd supply level of 400 and 800 µmol l−1
at Zn or Pb supply level of 100 µmol l−1 for shoot Cd concentration (Fig. 4a).

3.3. Cadmium concentration in shoot and root of soybean at
different Cd supply levels

The Cd concentrations in the shoots and roots of soybean increased with increasing external Cd supply levels,
peaked at 800 µmol Cd l−1 in the nutrient solution. The
concentrations of Cd in roots were higher than that in
shoots (Fig. 3). Cataldo and Arao reported similar patterns
of distribution of Cd in soybean grown in solution culture
and soil, respectively [25, 29]. The mechanisms of uptake
and translocation of Cd are poorly understood. Tudoreanu
and Phillips have written an extensive review of the literature related to Cd movement within plants and concluded
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FIGURE 3 - Cadmium concentrations in the shoots and roots of soybean grown at different Cd supply levels. Mean values (n=3); vertical
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the Duncan’s multiple range tests.
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There was no obvious difference between the effects
of different Zn supply levels on Cd concentration in the
roots of soybean, but marked changes of root Cd concentration were noticed between Pb supply levels of 100 and
1000 µmol l−1, decreasing in the order: 100 µmol l −1
＞1000 µmol l−1 (Pb supply level) (Fig. 4b). Pb had a more
strongly inhibitory influence on shoot and root Cd absorption than Zn (Fig. 4). There was no significant difference
between Cd supply level of 25 and 50 µmol l−1 at both Pb
supply levels for root Cd concentration (Fig. 4b). The maximum Cd concentration in the shoots and roots was 237
and 528 mg kg-1 at the Cd/Zn complex level of 400/100
µmol l-1 and 400/1000 µmol l-1, which were 61.2% and
52.8% lower as compared to those grown with Cd only at
the supply level of 400 µmol l-1, respectively (Fig. 4).

3.5. Effects of Cd/Zn and Cd/Pb complex supply levels on Zn
and Pb concentration in soybean

Cadmium had a negative effect on Zn or Pb concentration in the shoots and roots of soybean when the plants
were grown at both low Zn or Pb supply level (100 µmol l-1)
and high Zn or Pb supply level (1000 µmol l-1) (Fig. 5).
Zn concentrations in the shoots and roots of soybean decreased sharply with increasing external Cd supply levels
from 0 to 25 µmol l-1 and from 50 to 100 µmol l-1 at both
Zn supply levels. Pb concentrations in the shoots decreased
sharply with increasing external Cd supply levels from 25
to 50 µmol l-1 at both Pb supply levels, however, in the
roots a distinguished decrease from 25 to 50 µmol l-1 was
observed at low Pb supply level and there was a dramatically decrease from 25 until to 400 µmol l-1 at high Pb
supply level (Fig. 5).
The concentrations of Zn in the shoots and roots decreased 58% and 45% at the Cd/Zn complex supply level
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FIGURE 5 - Effects of Cd/Zn (Cd with 0, 25, 50, 100, 400 µmol l-1 and Zn with 100, 1000 µmol l-1) or Cd/Pb (Cd with 0, 25, 50, 100, 400 µmol
l-1 and Pb with 100, 1000 µmol l-1) complex supply levels on Zn or Pb concentration in the shoots (a) and roots (b) of soybean. Mean values
(n=3); vertical bars denote standard deviations. Different letters in the same group indicate a significant difference at P＜0.05 according to
the Duncan’s multiple range tests

of 25/100 µmol l-1, and 47% and 25% at the Cd/Zn complex supply level of 25/1000 µmol l-1, respectively, in
comparison with those in the control group. The concentration of Pb in the shoots and roots also decreased 8% and
6% at the Cd/Pb complex supply level of 25/100 µmol l-1,
and 14% and 9% at the Cd/Pb complex supply level of
25/1000 µmol l-1, respectively, compared with the control
plants (Fig. 5).

the relationships between Pb concentrations in the shoots
and in nutrient solutions with the Cd supply level of 100
and 400 µmol l-1, respectively (Tab.1, 2 and 3).

3.6. Linear model regression analysis

Shoot

Linear model regression analysis was used to highlight the relationships between the metal concentrations in
soybean structures and in nutrient solutions and their interactions. Trends of metal concentrations in soybean different parts concerned as a function of metal contents in the
nutrient solutions were best described by linear models.
The relationships between metal concentrations in soybean
parts and in nutrient solutions were all positive and all
correlation coefficients (R) were found to be significant (P＜
0.05) except two correlation coefficients which described

TABLE 1 - Relationships between cadmium concentrations in
soybean’s different parts and in nutrient solutions
Parts

Root

linear model a
[Cd]p = 173.5084 + 6.4407 ×
[Cd]s
[Cd]p = 438.5987 + 11.9623 ×
[Cd]s

R
0.7307
0.8015

F
21.765

P

***

<0.001

34.139***

<0.001

a

[Cd]p denotes the content of Cd in soybean’s different parts, with the
unit of mg kg-1; [Cd]s denote the contents of Cd in nutrient solutions,
respectively, with the unit of mg l-1. F-ratios indicating statistical significance at *** P＜0.001, ** P＜0.01 and * P＜0.05.

Table 1 summarized the regression models describing
the relationships between cadmium concentrations in soybean’s different parts and in nutrient solutions in single Cd
treatment. The correlation coefficients (R) were found to
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TABLE 2 - Relationships between metal concentrations in soybean’s different parts and in nutrient solutions in the complex treatments of
Cd/Zn
linear model a
R
F
P
[Cd]100 = 74.9007 + 4.0738 × [Cd]s
0.7562
17.362**
0.0011
Shoot
[Cd]1000 = 36.2013 + 2.1675 × [Cd]s
0.9552
135.436***
<0.001
[Cd]100 = 182.6069 + 8.5292 × [Cd]s
0.7937
22.125***
<0.001
Root
[Cd]1000 = 188.0875 + 8.4921 × [Cd]s
0.8127
25.291***
<0.001
**
[Zn]0 = 1230.1939 + 3.3927 × [Zn]s
0.9380
29.316
0.0056
[Zn]25 = 498.9178 + 4.1304 × [Zn]s
0.9877
159.486***
<0.001
Shoot
[Zn]50 = 293.4750 + 4.9080 × [Zn]s
0.9859
138.490***
<0.001
[Zn]100 = 75.9247 + 2.1093 × [Zn]s
0.9974
754.333***
<0.001
[Zn]400 = 54.6175 + 0.5964 × [Zn]s
0.9705
64.824**
0.0013
[Zn]0 = 3442.3746 + 19.0310 × [Zn]s
0.9563
42.820**
0.0028
***
[Zn]25 = 1795.1615 + 25.9576 × [Zn]s
0.9847
127.370
<0.001
Root
[Zn]50 = 1031.4312 + 23.8126 × [Zn]s
0.9724
69.395**
0.0011
[Zn]100 = 229.4451 + 12.8904 × [Zn]s
0.9976
822.586***
<0.001
***
[Zn]400 = 135.0251 + 6.0697 × [Zn]s
0.9850
130.564
<0.001
a
[Cd]x denotes the content of Cd in soybean’s different parts at the complex Zn level of x µmol l-1, with the unit of mg kg-1; [Zn]y denotes the content
of Zn in soybean’s different parts at the complex Cd level of y µmol l-1, with the unit of mg kg-1; [Cd]s and [Zn]s denote the contents of Cd and Zn in
nutrient solutions, respectively, with the unit of mg l-1. F-ratios indicating statistical significance at *** P＜0.001, ** P＜0.01 and * P＜0.05.
Parts

TABLE 3 - Relationships between metal concentrations in soybean’s different parts and in nutrient solutions in the complex treatments of
Cd/Pb
linear model a
R
F
P
[Cd]100 = 53.0757 + 2.8225 × [Cd]s
0.7814
20.379***
<0.001
Shoot
**
[Cd]1000 = 30.9024 + 0.8896 × [Cd]s
0.7061
12.929
0.0033
[Cd]100 = 125.1673 + 7.3770 × [Cd]s
0.8628
37.850***
<0.001
Root
[Cd]1000 = 84.1617 + 2.9891 × [Cd]s
0.7944
22.230***
<0.001
[Pb]0 = 450.5093 + 1.1663 × [Pb]s
0.8933
15.800*
0.0165
[Pb]25 = 418.7825 + 0.8640 × [Pb]s
0.9072
18.593*
0.0125
Shoot
[Pb]50 = 131.0001 + 0.4442 × [Pb]s
0.9106
19.414*
0.0116
[Pb]100 = 69.8881 + 0.1065 × [Pb]s
0.5779
2.006
0.2296
[Pb]400 = 10.3145 + 0.0268 × [Pb]s
0.6611
3.105
0.1528
[Pb]0 = 1607.0132 + 8.0937 × [Pb]s
0.9996
4476.027***
<0.001
[Pb]25 = 1513.6974 + 7.1712 × [Pb]s
0.9399
30.299**
0.0053
Root
[Pb]50 = 470.0390 + 6.8335 × [Pb]s
0.9808
100.981***
<0.001
[Pb]100 = 124.7221 + 2.6857 × [Pb]s
0.9580
44.679**
0.0026
[Pb]400 = 75.5321 + 0.4040 × [Pb]s
0.9681
59.675**
0.0015
a
[Cd]x denotes the content of Cd in soybean’s different parts at the complex Pb level of x µmol l-1, with the unit of mg kg-1; [Pb]y denotes the content
of Pb in soybean’s different parts at the complex Cd level of y µmol l-1, with the unit of mg kg-1; [Cd]s and [Pb]s denote the contents of Cd and Pb in
nutrient solutions, respectively, with the unit of mg l-1. F-ratios indicating statistical significance at *** P＜0.001, ** P＜0.01 and * P＜0.05.
Parts

TABLE 4 - Relationship models between contents of metals in soybean’s different parts and nutrient solution Cd and Zn levels in the complex treatments of Cd/Zn
linear model a
R
F
P
[Zn]100 = 662.3598 - 16.3958 × [Cd]s
0.6181
8.038*
0.0140
Shoot
[Zn]1000 = 900.2143 - 21.0096 × [Cd]s
0.7178
13.818**
0.0026
[Zn]100 = 2106.8960 - 51.4776 × [Cd]s
0.6794
11.146**
0.0053
Root
[Zn]1000 = 3427.1782 - 73.6808 × [Cd]s
0.7882
21.326***
<0.001
[Cd]0 = 24.6957 + 0.0010 × [Zn]s
0.0096
0.0004
0.9856
[Cd]25 = 58.3794 - 0.2671 × [Zn]s
0.9502
37.147**
0.0037
Shoot
[Cd]50 = 122.1464 - 1.0531 × [Zn]s
0.9713
66.788**
0.0012
[Cd]100 = 219.1205 - 2.2513 × [Zn]s
0.8872
14.796*
0.0184
[Cd]400 = 248.6428 - 1.8092 × [Zn]s
0.7895
6.620
0.0618
[Cd]0 = 59.0056 + 0.1149 × [Zn]s
0.6182
2.475
0.1908
[Cd]25 = 132.7789 + 0.5250 × [Zn]s
0.9715
67.099**
0.0012
Root
[Cd]50 = 301.2798 - 0.1355 × [Zn]s
0.4053
0.786
0.4253
[Cd]100 = 450.1866 - 0.2226 × [Zn]s
0.2301
0.224
0.6610
[Cd]400 = 518.2449 + 0.1430 × [Zn]s
0.0830
0.028
0.8758
a
-1
-1
[Cd]x denotes the content of Cd in soybean’s different parts at the complex Cd level of x µmol l , with the unit of mg kg ; [Zn]y denotes the content
of Zn in soybean’s different parts at the complex Zn level of y µmol l-1, with the unit of mg kg-1; [Cd]s and [Zn]s denote the contents of Cd and Zn in
nutrient solutions, respectively, with the unit of mg l-1. F-ratios indicating statistical significance at *** P＜0.001, ** P＜0.01 and * P＜0.05.
Parts
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TABLE 5 - Relationship models between contents of metals in soybean’s different parts and nutrient solution Cd and Pb levels in the complex treatments of Cd/Pb.
linear model a
R
F
P
[Pb]100 = 335.4415 - 8.3967 × [Cd]s
0.7088
13.127**
0.0031
Shoot
[Pb]1000 = 479.7401 - 12.0361 × [Cd]s
0.7243
14.349**
0.0023
[Pb]100 = 1262.6587 - 30.9514 × [Cd]s
0.7037
12.749**
0.0034
Root
[Pb]1000 = 2591.9967 - 61.1171 × [Cd]s
0.8074
24.344***
<0.001
[Cd]0 = 8.5175 - 0.0006 × [Pb]s
0.0750
0.023
0.8876
[Cd]25 = 60.1759 - 0.1378 × [Pb]s
0.9585
45.253**
0.0025
Shoot
[Cd]50 = 73.0357 - 0.1108 × [Pb]s
0.9333
27.022**
0.0065
[Cd]100 = 156.7499 - 0.4834 × [Pb]s
0.9377
29.118**
0.0057
[Cd]400 = 175.5199 - 0.5319 × [Pb]s
0.9746
75.795***
<0.001
[Cd]0 = 28.4903 - 0.0313 × [Pb]s
0.6712
3.280
0.1444
[Cd]25 = 149.5483 - 0.2210 × [Pb]s
0.8852
14.479*
0.0190
Root
[Cd]50 = 186.8394 - 0.2830 × [Pb]s
0.9448
33.263**
0.0045
***
[Cd]100 = 340.8710 - 0.8978 × [Pb]s
0.9889
176.776
<0.001
[Cd]400 = 451.1519 - 1.1872 × [Pb]s
0.9676
58.668**
0.0016
a
[Cd]x denotes the content of Cd in soybean’s different parts at the complex Cd level of x µmol l-1, with the unit of mg kg-1; [Pb]y denotes the content
-1
-1
of Pb in soybean’s different parts at the complex Pb level of y µmol l , with the unit of mg kg ; [Cd]s and [Pb]s denote the contents of Cd and Pb in
nutrient solutions, respectively, with the unit of mg l-1. F-ratios indicating statistical significance at *** P＜0.001, ** P＜0.01 and * P＜0.05.
Parts

be significant (linear model regression analysis: R= 0.7307,
F=21.765, P<0.001 for the positive relationship between
Cd concentrations in the shoots and in nutrient solutions;
R=0.8015, F=34.139, P<0.001 for the positive relationship between Cd concentrations in the roots and in nutrient solutions).
The relationships between metal concentrations in soybean’s different parts and in nutrient solutions in the complex treatments of Cd/Zn were shown in Table 4. The
highest correlation coefficient (R) was 0.9976 (linear
model regression analysis: F=822.586, P<0.001) observed at the positive relationship between Zn concentrations in the roots and in nutrient solutions with the Cd
supply level of 100 µmol l-1, and the lowest correlation
coefficient (R) was 0.7562 (linear model regression analysis: F=17.362, P=0.0011) observed at the positive relationship between Cd concentrations in the shoots and in
nutrient solutions with the Zn supply level of 100 µmol l1
.
The relationships between metal concentrations in soybean’s different parts and in nutrient solutions in the complex treatments of Cd/Pb were shown in Table 4. The
highest correlation coefficient (R) was 0.9996 (linear model
regression analysis: F=4476.027, P<0.001) observed at the
positive relationship between Pb concentrations in the
roots and in nutrient solutions with the Cd supply level of
0 µmol l-1, and the lowest correlation coefficient (R) was
0.5779 (linear model regression analysis: F=2.006, P=
0.2296) observed at the positive relationship between Pb
concentrations in the shoots and in nutrient solutions with
the Cd supply level of 100 µmol l-1.
Table 4 summarized the regression models describing
the Cd and Zn levels in soybean tissues with the contents
of the metals in nutrient solutions. Cd concentrations in
nutrient solutions had a negative effect on Zn concentrations in soybean different parts and the effect was significant (P＜0.05) (Tab. 4). Zn concentrations in nutrient solu-

tions had a positive effect on Cd concentrations in soybean different parts at the Cd supply level of 0 µmol l-1,
however a negative effect of Zn on Cd uptake was noticed
at other Cd supply levels, and the influence was not always significant (Tab. 4). These findings showed there
existed an antagonistic effect between Cd and Zn, in which
increasing Zn or Cd content in nutrient solutions may decrease Cd or Zn accumulation in different tissues of soybean. The antagonistic activity was also determined between Cd and Pb at any Cd/Pb complex supply level
(Tab. 5).
4. DISCUSSION
Metal elements can penetrate into the leaves. The
amount would depend upon the metal and plant species.
For example, Cd, Zn can penetrate into the leaves, while
Pb is mostly adsorbed to the epicuticular lipids at the
surface [31]. Extensive information about uptake and
translocation of metal elements by plants can be found
[32-34]. We found higher Cd concentration in shoots and
roots in the Cd treatment alone and lower Cd concentration in Cd/Zn and Cd/Pb treatments. This result suggests
that Cd absorption by plants is lower when Cd ions are
competing with Zn or Pb in the medium. The finding supports the view for competition (antagonism) between Cd
and Pb ions with respect to plant uptake [35]. Although
most research has shown that Cd is easily transported
from roots to shoots [35], at elevated Cd concentration in
the medium Cd transport from roots to shoots may be impaired. Our results for disproportional increase in tissue Cd
relative to the growth medium Cd supports the report of
Cunningham [36].
The interaction between Cd and essential metals on
uptake and distribution in crops is a public concern. The
mechanisms of the long distance transport of Cd in plant
may be similar to that of Zn. Cd would be transported
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most likely by transporters, in the form of compounds or
chelate complexes [35]. The mobilizing function of phytosiderophores (PS) is effective not only to Cd but also to
Zn, Mn and Cu [37-38]. Lasat had cloned and screened
genes of the Zn transporter-ZNT1, and proved that ZNT1
enhanced the translocation of Cd in plants [39]. Sequence
analysis of ZNT1cDNA indicated that it shared significant
sequence homology with a putative Fe transporter-IRT1.
Cohen reported that IRT1 might facilitate the transport of
heavy metal divalent cations such as Cd2+ and Zn2+, in
addition to Fe2+[40]. Salt and Kramaer presented that a Zn
hyper-accumulation plant could also accumulate high concentrations of Cd [41]. These reports may help to explain
why the bioaccumulation index of Cd in plants is high and
may exceed many essential elements (such as Zn) although
plants do not require Cd for growth and reproduction, and
to indicate the basis of the interactions between Cd and
other metals.
Contamination of soil by a single metal is rare. Where
one metal is highly concentrated, there are usually others.
In addition, metal interactions can be difficult to predict.
For example, McKenna reported that Cd stimulated the
uptake of Zn in the young leaves of Lactuca sativa L. but
not in Spinacia oleracea L. [42] when the metals were
provided at toxic concentrations in hydroponic culture. In
Phaseolus vulgaris L., the effect of Cd on the accumulation
of Zn depended on the tissue; concentrations of Zn were
higher in roots and lower in shoots when Cd was added to
solution culture [43]. The interaction may also depend on
the nutritional status of the plant. Addition of Cd to Zndeficient soil resulted in reduced concentrations of Zn in
Triticum aestivum L. and Triticum turgidum L. var durum,
whereas the addition of Cd to soils with adequate Zn either
stimulated or had no effect on the uptake of Zn [44]. The
effects of Zn on the accumulation of Cd are also varied.
Oliver grew T. aestivum in Zn-deficient soil and found that
concentrations of Cd in the grain decreased as Zn was
brought up to sufficient levels [45]. Podar found a similar
effect for Brassica juncea (L.) Czern. and Cosson Grown in
Cd-contaminated soils, but Zn induced reduction in accumulation of Cd occurred only in soils supplemented with
up to 340 mg Zn per kg soil. A higher dose of Zn (705 mg
kg-1) stimulated Cd-accumulation [46]. Many researchers
showed that addition of Zn to soil reduced crop Cd concentrations [45]. But others reported that Cd uptake was
increased by adding Zn to soils [47, 48]. The situations
may be different when Cd is present in soil as a complex
contaminant, and the interactions of Cd and other metals
in soil have not been fully explained. Another study found
no interaction between the two metals for Glycine max L.
Merr. grown in Cd- and Zn-amended soil [49]. Hart determined that Zn and Cd were transported by a common
carrier at the root plasma membrane, which had a higher
affinity for Cd than for Zn. Therefore, Cd and Zn ions
should experience competitive inhibition [50].
In low Zn polluted soil the plant Cd and Zn uptake
are linked to each other, as shown by the significant cor-

relations. Due to chemical and physical similarity both
metals are likely to be taken up and/or stored via similar
transporters [51, 52]. Pronounced interactions between Zn
and Cd also occurred in Cd uptake and translocation in
soybean [49]. Due to the relatively low total soil Zn concentration, competition between Cd and Zn did not occur,
whereas high Zn diminishes Cd uptake e.g. in Thlaspi
cearulescens Prayon [53]. Other studies have shown that
in sites highly polluted with Cd, high soil Zn concentrations did not significantly lower Cd concentrations in
lettuce and spinach. Heterogeneity of soil Zn contamination would favor Zn over Cd uptake [46].
Pb has been shown to accumulate mainly in plant roots,
and very small amount are transported from roots to shoots
[34], which is consistent with our study. However, our
results suggest that at high Pb concentration (1000 mg
kg-1) in the medium, Pb transported from roots to shoots
increased, which might be due to disruption of plasma
membranes by high concentrations of Pb and subsequent
reduction of the soil/plant barrier [54].
Taking into account of the capacity of this plant to
translocate the metals, it appears that soybean can preferentially uptake and accumulate Zn and Pb to the aboveground biomass rather than Cd. Unfortunately no other
similar experiments on soybean have been reported in
literature. Therefore, we can not estimate our data. Andrade
provided data about the amelioration of Pb uptake by
Glycine max L. that was recorded after the establishment
of a double symbiosis with an arbuscular mycorrhizal
fungus and Bradyrhizobium [55]. We did not use any inoculation, so we can suppose that in our conditions Glycine
max L. could perform better.
5. CONCLUSIONS
This study demonstrated that higher Cd concentration
in shoots and roots in the Cd alone treatment, and lower
Cd concentration in Cd/Zn and Cd/Pb treatments. This
result suggests that Cd absorption by plants is lower when
Cd ions are competing with Zn or Pb in the medium. Our
results showed disproportional increase in tissue Cd relative to the growth medium Cd. The interaction between
Cd and essential metals on uptake and distribution in
crops is a public concern. The mechanisms of the long
distance transport of Cd in plant may be similar to that of
Zn. In low Zn polluted soil the plant Cd and Zn uptake are
linked to each other, as shown by the significant correlations. At high Pb concentration (1000 mg kg-1) in the
medium, Pb transport from roots to shoots increased,
which might be due to disruption of plasma membranes
by high concentrations of Pb and subsequent reduction of
the soil/plant barrier. Taking into account of the capacity
of this plant to translocate the metals, it appears that soybean can preferentially uptake and accumulate Zn and Pb
to the aboveground biomass rather than Cd.
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This research showed that the toxicity and bioavailability of one heavy metal must have been influenced by other
metals. In fact, field soil always contains many kinds of
metals, deeper researches on the cooperative effects of
several heavy metals on plant growth and up-taking are
necessary in the future.

[13] Winiarska, K.N. and Wrobel, S. (2009) Response of white
mustard to excessive zinc levels in soil in relation to remediation applied. Fresenius Environmental Bulletin. 18(7): 10661069.
[14] Jun, R., Ling, T. and Guanghua, Z. (2009). Effects of chromium on seed germination, root elongation and coleoptile
growth in six pulses. International Journal of Environmental
Science and Technology. 6 (4): 571-578.
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ABSTRACT
The present work investigated aqueous phase thiocyanate (SCN-) removal using the titanium dioxide (TiO2)
assisted photocatalytic degradation (PCD) process. Preliminary results showed that use of 15 W UV lamp yields
much higher SCN- removal efficiency as compared to 8 W
UV lamp, considering which further PCD work was conducted using the 15 W UV lamp. Results from the present
studies also showed that SCN- removal at 4 h reaction
time increases with an increase in pH, i.e., pH 12 > pH 7
> pH 4, with 92% substrate removal noted at pH 12. The
reaction intermediates analysis results indicated that at pH
4 most SCN- that is removed from the aqueous phase is
converted into CN- that actually showed a constant increase
with time. Furthermore the SO42--S formation results at
pH 4 also followed the overall SCN--S portion removed.
Though the pH 7 reaction intermediates formation findings showed a significant SO42-, CN- and OCN- production,
however the CN- results showed reaching a plateau, with
somewhat smaller values compared to respective pH 4 data.
Nevertheless the CN- formation results at pH 12 first
showed an increase that was followed by a decrease. Also
the OCN- species accounted for most SCN--N removed at
pH 12 and 4 h reaction time. The present results indicated
that with a careful control of process pH the PCD technology can yield high SCN- removal efficiency under a varying set of conditions.

photo-processing, agrochemistry and farm processing
plants [1-5]. Because of SCN- related environmental and
toxicity concerns, the respective wastewater streams often
require an appropriate treatment before their safe return to
the nature [5-6]. Advanced oxidation processes (AOPs)
have also been extensively tested and used for the treatment of several industrial effluents [7-8]. The respective
AOPs also provide an alternative for the treatment of
SCN- polluted streams. The titanium dioxide (TiO2) assisted
photocatalytic degradation (PCD) process which is an AOP
technology has also been widely studied for the removal of
both organic and inorganic pollutants from contaminated
water bodies [9-13]. When feasible, the PCD process offers
several advantages (over the other existing technologies
such as biological treatment, carbon adsorption, air stripping, chemical treatment) including minimum waste byproducts, low operational temperature, use of a non-toxic
& reusable photocatalyst, and no specific chemical requirement. The mechanism of PCD process has also been
described earlier in detail [14]. In brief, a TiO2 particle
upon exposure to a near UV radiation (~352 nm) absorbs
the light energy, which results in transfer of VB (valence
band) electrons/e- to CB (conduction band) of respective
TiO2 particle. This in turn produces an electron/hole (e/h+) pair as mentioned in Equation 1:
TiO2 + hυ → e- + h+

The h+ species that is electron deficient reacts with an
adsorbed hydroxyl molecule OH- on the TiO2 surface and
produces an •OH radical:

KEYWORDS:
advanced oxidation, photocatalysis, cyanide, cyanate, UV light

Ti-OH- + h+ → Ti-•OH

(2)

The •OH radicals are powerful and non-selective oxidants that can typically simultaneously remove both organic and inorganic pollutants from the concerned
wastewaters [15-18].

1. INTRODUCTION
The presence of thiocyanate (SCN-) has been reported
in several industrial effluents including those from petroleum refineries, coal gasification, steel making, mining,
* Corresponding author

(1)

As mentioned earlier that SCN- species is noted in
several industrial wastewaters, and treatment of such
streams is typically required as per the local regulations. A
few studies do report SCN- photocatalysis under basic
research topics such as pulse radiolysis study [19] and
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femtosecond study [20]. However there is a need to know
some additional details related to PCD of SCN- such as
the effect of pH, intermediates produced, etc., to treat the
respective wastewater streams more efficiently using photocatalysis. Considering this, the present study investigated
PCD initiated SCN- removal efficiency under a varying set
of conditions and also determined the reaction intermediates produced during SCN- photocatalysis. It is hoped that
the obtained findings will be helpful to better treat the respective industrial wastewaters using the PCD process.
2. MATERIALS AND METHODS
2.1. Chemicals

All chemicals used for the present study were of high
purity reagent grade quality. The major chemicals that
were used included TiO2 (P25, DEGUSSA), KSCN (BDH),
NH 4Cl (BDH), NaCN (FISHER), KOCN (FLUKA),
K 2SO 4 (FISHER), NaAsO2 (FISHER), Na2CO 3 (BDH),
NaHCO 3 (BDH), HClO4 (BAKER), NaOH (FISHER),
and pH calibration standards (FISHER).
2.2. Photocatalysis Experimental Details

The PCD experiments were conducted using a batch
type (Pyrex glass) reactor holding 1000 mL of the respective synthetic wastewater sample. Fig. 1 provides the reactor details. Synthetic wastewater for the PCD experiments
was prepared using high purity water (CORNING Mega
PureTM System) and stock solutions of respective chemicals. For all PCD experiments 1 g TiO2 was suspended in
1 L synthetic wastewater batch using a magnetic stirrer
setup. The initial suspension pH was then measured and

adjusted to the desired value using HClO4 or NaOH solutions. Also, two blank samples were always collected from
each wastewater batch, i.e., first one before the addition
of TiO2 and second one after the addition of TiO2 and
initial pH adjustment. These steps accounted for any initial substrate adsorption on to TiO2 at the given initial pH.
The synthetic wastewater batch with TiO2 was then transferred to the PCD reactor and again subjected to continuous stirring using a magnetic stirrer setup (Fig. 1). Initially
two UV lamps, with wattage values of 8 W and 15 W,
were used in the present work. However after an initial set
of PCD experiments, only the 15 W UV lamp was considered for further work. The 15 W near UV light lamp
(F15T8-BLB 15 W, SANKYO DENKI, Japan) emitted
rays at wave length between 315-400 nm with peak maximum at ~352 nm. This lamp was positioned at the centre of
the reactor while being separated from the synthetic wastewater batch using a glass sleeve. The UV lamp was then
turned on and during the course of photocatalysis several
samples were collected through the sampling port (Fig. 1).
2.3. Analytical Methods

Each collected sample was first filtered through a
0.2 µm cellulose nitrate membrane filter (WHATMAN,
Germany) and then analyzed for the target pollutants. The
SCN-, SO42-, OCN-, NO3-, and NO2- species were analyzed
using an Ion Chromatograph setup (IC 761, METROHM,
Switzerland) that was equipped with a conductivity detector. A Metrosep Anion Dual 2 IC column 4.6 mm x 75 mm
(6.1006.100, METROHM, Switzerland) was used for the
respective analyses. The eluent composition was 3.5 mM
Na2CO3/1 mM NaHCO3 and eluent flow rate was 1
ml/min. The IC system was regularly calibrated using
appropriate calibration standards prepared using the respective reagent grade chemicals. Aqueous phase ammonia was analyzed using an ammonia electrode (ORION
95-12, USA) and an ISE meter setup (ORION, USA).
Each respective sample was first transferred into a minisize beaker to which an appropriate amount of NaOH
solution was added. The sample-solution was stirred
(using a small magnetic stirrer setup) with the ammonia
electrode dipped into it and the respective mV reading was
noted after the meter showed a stable value. The ammonia testing setup was regularly calibrated to ensure quality control. Cyanide (CN-) species was analyzed using a
cyanide electrode (96-06 Cyanide Electrode, ORION,
USA) and an ISE meter setup (ORION, USA). The pH
analyses were completed using a standard pH meter setup
(ORION, U.S.A.). Both the CN- and pH measurement
setups were also regularly calibrated using appropriate
calibration standards.
3. RESULTS AND DISCUSSION

FIGURE 1 - The reactor setup used for the photocatalysis experiments.

First of all, the 'effect of UV lamp wattage' on the PCD
of SCN- was briefly investigated. The respective experiments were conducted at pH 7 and an initial SCN- concen-
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tration of 10 mg/L, using 8 W and 15 W UV lamps. The
results as given in Fig. 2 show that use of 8 W UV lamp
causes 12% SCN- removal at 4 h reaction time whereas
employing 15 W UV lamp yields almost 84% SCN- removal for the same time period. A similar trend i.e., increased PCD rate with an increase in lamp wattage, has
also been reported by Barakat et al., [21] for CN- photocatalysis. Furthermore results from the previously reported
work show that the PCD rate increases both linearly and
non-linearly with an increase in the UV light intensity Io
[22-26]. For example Peterson et al., [24] report that initially the PCD rate increases linearly with Io whereas at
higher light intensity it is directly proportional to Io1/2. The
initial linear trend (with an initial increase in light intensity) results because of increased energy available for enhanced e-/h+ pair formation and in turn higher •OH radicals production (reactions 1 and 2, respectively), whereas
a non linear trend at higher light intensity values transpires because e-/h+ recombination rate also increases with
an increase in the e-/h+ concentration. As use of 15 W UV
lamp resulted in a significant SCN- removal in the present
case (Fig. 2), all further PCD work was conducted using
the same lamp type.

Thiocyanate Remaining (%)

100

80

8 W UV Lamp
60

15 W UV Lamp

40

20

as compared to pH 4 and pH 10. Similarly Wei and Wan
[25] report an increase in phenol PCD up to pH 6.5 followed by a decrease up to pH 11 and then again an increase
up to pH 13. The authors present several arguments including variations in phenol adsorption on to TiO2 with pH
and its effect on to •OH radicals production, to explain
the noted trends. Though SCN- adsorption on to TiO2 surface has previously been stated at pH 1 [20] however the
present results do not show any significant SCN- adsorption on to TiO2 at any of the studied pH values (Fig. 3).
This indicates, at least for the present case, that adsorption
plays no significant role during SCN- degradation and hence
can not explain the aforementioned pH dependent SCNphotocatalysis trend. This also indirectly suggests that SCNphotocatalysis transpires in the bulk solution phase (rather
than at the TiO 2 surface), i.e., the surface bound •OH
radicals first diffuse from the TiO2 surface in to the bulk
solution phase where they attack the SCN- species. Now
two reasons that can possibly explain the noted enhanced
SCN- degradation at elevated pH are 1) higher concentration of OH- ions [26] and 2) changes in the TiO2 bandspotential position [28]. First we know from reaction 2 that
•OH radicals (the dominant oxidant species in the PCD
systems) are produced from the OH- ions; as the concentration of latter species increases with pH, we expect comparatively more •OH radicals at higher pH values. Second,
the TiO2 CB position becomes increasingly negative with
an increase in pH, which implies that the reducing capability of CB e- species is enhanced with an increase in pH.
This should also initiate a higher CB e- species transfer to
O2, causing reduced e-/h+ recombination and consequently
higher h+ species availability for the formation •OH radicals. These suggested 'enhanced •OH radicals formation'
scenarios possibly cause increased SCN- removal at higher
pH values, as noted in Fig. 3.

0
50

100

150

200

250

Time (min)

FIGURE 2 - Effect of UV lamp type on to SCN- photocatalysis
(SCN- 10 mg/L, pH 7).

After assessing the effect of UV lamp type, more
PCD experiments were conducted to realize the effect of
pH on to SCN- PCD. Fig. 3 summarizes those results including the above mentioned pH 7 study. In general, the
overall SCN- removal at time 4 h shows the following
trend: pH 12 > pH 7 > pH 4, and to be more specific the
overall 4 h SCN- removal at pH 4 is 53%, at pH 7 is 84%,
and at pH 12 is 92%. Matthews [27] also found that the
PCD rate of 4-chlorophenol increased with an increase in
pH. Nevertheless the effect of pH on to PCD rate is much
more complex and typically difficult to generalize, considering a variety of parameters that can vary with pH including the TiO2 speciation, pollutant speciation (if applicable
like for phenol), TiO2 flat band potential, pollutant adsorption, concentration of OH- ions, etc. For example Kormann
et al., [22] report higher PCD rates for chloroform at pH 9
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FIGURE - 3 - Effect of pH on to SCN- photocatalysis (SCN- 10 mg/L,
15 W UV lamp).

Though the above mentioned results do confirm a
high SCN- removal efficiency using the PCD process,
nevertheless it is equally important to know what reaction
intermediates are formed during the respective photoca-
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12. However the conversion of CN- to OCN- shows the
following trend: pH 12 > pH 7 pH > 4. The oxidation of
CN- to OCN- can be described as [29]:
CN- + 2h+ + 2OH- → OCN- + H2O
(3)
O2 + 2e + 2H2O →H2O2 + 2OH
(4)
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FIGURE 4 - The reaction intermediates produced during SCNphotocatalysis at pH 4 (SCN- 10 mg/L, 15 W UV lamp).

100
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talysis studies, as in some cases the reaction end products
may even be more toxic than the parent compound itself.
Considering this, some possible intermediates that were
expected to result from SCN- photocatalysis, were also
investigated in the present work. The respective findings
are provided in Figs. 4, 5, and 6; all results in these Figs.
are presented as percentage of either Total-N or Total-S
amount that was introduced in to the respective system at
time zero. The pH 4 reaction intermediates data as given
in Fig. 4 indicates that most SCN- that is removed from
the aqueous phase is converted into CN- with approx.
45% CN- noted at 4 h. Presence of NH4+ and OCN- as
minor intermediates is also observed. Furthermore the
SO42--S formation results in Fig. 4 also tend to follow the
overall SCN--S portion removed. Frank and Bard [29-30]
also report formation of OCN- during PCD of CN-. Furthermore Wilson and Harris [31] who investigated SCNoxidation using H2O2 state formation of OCN- and SO42as well. However it is the CN- formation and buildup as
noted at pH 4 (Fig. 4) that actually poses a bigger concern
because of its toxicity and hence its conversion to other
comparatively less harmful species is desired. Indeed a
sample collected at 6 h reaction time from the same experiment did show CN- concentration decreasing to 37%
that was also followed by an increase in the OCN- amount.
Hence at pH 4, CN- conversion to OCN- is expected, however at higher reaction times. Following this subject, we
now explore the reaction intermediates that are formed at
pH 7 with respective details given in Fig. 5. The pH 7 results also show a significant SO42-, CN- and OCN- formation. Nevertheless unlike the pH 4 findings (Fig. 4), we
now observe CN- values reaching a plateau (Fig. 5). CNamount at 4 h reaction time is about 39.7% that is somewhat smaller than the respective pH 4 value (i.e., 45%).
Furthermore we also note that the OCN- formed at pH 7 is
higher as compared to respective pH 4 outcome and that
is why we do not see a consistent rise in CN- amount with
time at pH 7 (as noted for pH 4). As mentioned above we
rather observe CN- reaching a plateau because of the fact
that the produced CN- is constantly being oxidized to OCNspecies. Now moving to the reaction intermediates produced during the pH 12 experiment, similar to the previous
systems we again note insignificant formation of NH4+,
NO2-, and NO3- (Fig. 6). Furthermore, like the pH 4 and
pH 7 studies, the SO42- species formed at pH 12 and 4 h
also approx. accounts for the SCN--S portion that is removed from the aqueous phase. Nevertheless the CN- and
OCN- formation trends are somewhat different from those
noted at pH 4 and pH 7 (Figs. 6, 4, and 5 respectively).
The CN - results at pH 12 first show an increase that is
followed by a decrease till 4 h reaction time. Also the
OCN- species accounts for most SCN--N removed at 4 h
(Fig. 6) which was not the case for the pH 4 and pH 7
studies (Figs. 4 and 5, respectively). Hidaka et al., [32]
and Barakat et al., [21] also report a similar OCN- buildup
trend during CN- photocatalysis.
Comparing the given results, the overall CN- formation results show the following trend: pH 4 > pH 7 > pH
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FIGURE 5 - The reaction intermediates produced during SCNphotocatalysis at pH 7 (SCN- 10 mg/L, 15 W UV lamp).
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FIGURE 6 - The reaction intermediates produced during SCNphotocatalysis at pH 12 (SCN- 10 mg/L, 15 W UV lamp).
-

The role of pH in CN oxidation (reaction 3) and increased reducing potential of CB e- species at basic pH
(that was also used previously to explain elevated SCNremoval at higher pH) may elucidate the pH dependent
OCN- formation as well. Nevertheless considering OCN- to
be the dominant reaction end product at pH 12, question
arises whether such an OCN- accumulation could possibly
affect SCN- photocatalysis in the actual wastewater treatment systems. Therefore one mixed PCD experiment was
also completed at pH 12, 10 mg/L SCN-, and 20 mg/L
OCN-. Results from the respective study, as given in Fig. 7,
in fact show 83.5% SCN- removal at 2 h reaction time that
is even higher as compared to respective '10 mg/L SCNonly' system data (i.e., 72.4% substrate removal at 2 h).
This indicates that OCN- presence does not inhibit SCNoxidation at least for the present conditions. Vicente and
Díaz [33] who studied SCN- removal in the presence of
phenol using the wet oxidation process also noted increased
SCN- removal from the mixed system. To further realize
the effect of co-pollutants, one more experiment was conducted at pH 12, 10 mg/L SCN-, and 10 mg/L arsenite
(AsO2-). Results from the respective study, as given in Fig. 7,
also show no significant effect of co-pollutant's presence on
to SCN- removal.
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conclusion, findings from the present work show that the
use of TiO2 assisted PCD process can successfully remove
not only SCN- but also the toxic intermediate product CNfrom the respective wastewater streams.
4. CONCLUSIONS
Preliminary results obtained from the present SCNphotocatalysis studies showed that use of 15 W UV lamp
yields much higher SCN- removal efficiency as compared
to 8 W UV lamp, considering which further PCD work was
conducted using the 15 W UV lamp. Furthermore results
from the effect of pH on to SCN- PCD showed the following trend: pH 12 > pH 7 > pH 4, and to be more specific
the overall 4 h SCN- removal at pH 4 was 53%, at pH 7
was 84%, and at pH 12 was 92%. The noted higher SCNdegradation at elevated pH was explained using 'enhanced
•OH radicals formation' because of increased OH- ions concentration and a cathodic shift in the reducing capability
of CB e- species. The reaction intermediates analysis results indicated that at pH 4 most SCN- that was removed
from the aqueous phase was converted into CN-; the latter
species showed a constant increase till 4 h reaction time.
Furthermore the SO42--S formation results at pH 4 also
followed the overall SCN--S portion removed. Though the
pH 7 reaction intermediates formation findings showed a
significant SO42-, CN- and OCN- production, nevertheless
CN- formation data indicated a plateau, with somewhat
smaller values compared to respective pH 4 data. Reaction
intermediates formation results at pH 12 showed a mixed
trend with insignificant NH4+, NO2-, & NO3- formation and
near stoichiometric SO42- production that was in line with
the pH 4 and pH 7 studies. Nevertheless the CN- formation
results at pH 12 first showed an increase that was followed
by a decrease till 4 h. Also the OCN- species accounted for
most SCN--N removed at 4 h, which was not the case for
the pH 4 and pH 7 studies. Findings from this study show
that the TiO2 assisted PCD process can be successfully
employed to clean SCN- contaminated industrial effluents.

Time (min)
-

FIGURE 7 - SCN photocatalysis: Effect of SCN- concentration and
co-pollutants (pH 12, 15 W UV lamp).

The present investigation ended after conducting an
additional experiment at 20 mg/L SCN- and pH 12 to realize the effect of increase in SCN- concentration on to its
PCD. The respective results are also provided in Fig. 7. We
note approx. 74% SCN- removal at 4 h reaction time for the
20 mg/L SCN- study, whereas as also mentioned earlier
that 92% SCN- removal transpires for the 10 mg/L SCNsystem during the same time duration. Though the former
system shows about 18% lower substrate removal, however this comparative decrease in the SCN- removal (for
the 20 mg/L SCN- study) in spite of its initial concentration being twice, is not that significant. Additionally it
should also be noted that the overall SCN- removal in terms
of mass, is still higher for the 20 mg/L SCN- system. In
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ABSTRACT

nucleic acid synthesis, respectively [1,2]. The major role of
NADPH in erythrocytes is the regeneration of reduced

Human erythrocyte glucose-6-phosphate dehydrogenase was purified to apparent homogeneity by salting out
with ammonium sulfate and applying one chromatographic
step with the commercially available resin 2',5'-ADP
Sepharose 4B. The enzyme, having a specific activity of
70.7 U/mg protein, was purified 7069 fold with an overall
enzyme yield of 33.6%. The purity and molecular mass of
the protein was confirmed with SDS-PAGE. The purified
glucose-6-phosphate dehydrogenase was effectively active
on glucose-6-phosphate and NADP+ with Km values of 0.22
and 0.14 mM and Vmax values of 1.94 and 2.76 U/mg,
respectively. The in vitro effects of commonly used pesticides GlyphosateTM (N-(Phosphonomethyl) glycine) and
2,4-DTM (2,4-Dichlorophenoxyacetic acid) were determined
on the purified glucose-6-phosphate dehydrogenase. Both
pesticides were effective inhibitors on the activity with IC50
values of 32.35 and 38.34 mM, respectively. The interaction kinetics of GlyphosateTM and 2,4-DTM with the purified enzyme indicated uncompetitive and competitive inhibition patterns with Ki values of 13.45 and 8.45 mM, respectively.
KEYWORDS: Glucose-6-phosphate dehydrogenase, purification,
pesticide, inhibition.

1. INTRODUCTION
Glucose-6-phosphate dehydrogenase (EC 1.1.1.49;
G6PD) is the first and key enzyme of the pentose phosphate metabolic pathway, catalysing the conversion of glucose-6phosphate to 6-phosphogluconate in the presence of
NADP+. The fundamental physiological function of G6PD
is the production of NADPH and ribose-5-phosphate, which
are essential for reductive biosynthetic metabolisms and

* Corresponding author

glutathione, which prevents hemoglobin denaturation, preserves the integrity of red blood cells’ membrane sulfydryl groups, and detoxifies hydrogen peroxide and
oxygen radicals in and on the red blood cells. Moreover,
NADPH is also functional in cell membrane protection
and cell de-toxification from xenobiotics, through the
glutathione re-ductase-peroxidase system and mixedfunction oxidases [3-6].
The amount and variety of pesticides used have increased tremendously in recent years. This increase has
caused a positive effect on crop production, however, certain pesticides, their residues, metabolites and/or contaminants have created many unforeseen adverse effects on
the environment. Under some conditions, pesticides may be
present in very low concentrations which have no immediate detectable effect. These small amounts of chemicals
can cause sublethal (chronic) damage to organisms and this
is more insidious and difficult to define than acute toxicity.
Sublethal effects may be further enhanced by persistent
pesticides which are accumulated in the organisms and
magnified in the food chain [7-10]. Thus, the aim of this
present study was mainly to purify G6PD from human
erythrocytes and to investigate the in vitro inhibitory effects
of more commonly used pesticides on this purified enzyme.
2. MATERIALS AND METHODS
2.1. Chemicals

Glucose-6-phosphate, NADP+, NADPH, protein assay reagents and chemicals for electrophoresis were obtained from Sigma Chem. 2',5'-ADP Sepharose 4B was purchased from Pharmacia. Glyphosate TM (N-(phosphono-

1319

© by PSP Volume 20 – No 5a. 2011

Fresenius Environmental Bulletin

methyl) glycine) and 2,4-DTM (2,4-Dichlorophenoxyacetic
acid) were provided from authorized local pesticide shop.
All other chemicals were of the best available grade.

Quantitative protein determination was performed [13]
using bovine serum albumin (BSA) as a standard.
2.6. SDS Polyacrylamide gel electrophoresis (SDS-PAGE):

2.2. Preparation of the hemolysate

Appropriate amount of fresh blood from human was
collected in the tubes containing anticoagulant EDTA and
sample tubes were centrifuged at 3000g for 10 min. The
plasma and leukocyte coat were removed by pipette. The
package of erythrocytes was washed three times with isotonic KCl solution, then hemolysed with 5 volumes of icecold distilled water containing 2.5 mM EDTA and 0.7 mM
β-ME. The hemolysate was centrifuged at 15000 g for
20 min at 4 0C to remove the ghost and intact cells [11].
2.3. Ammonium sulfate fractionation and dialysis

The hemolysate was treated with solid ammonium
sulfate to obtain the 30-70% fraction after centrifuging at
15000g for 30 min. The precipitate was dissolved in
50 mM potassium phosphate buffer, pH 7.0, and then
dialised at 4 0C in 50 mM potassium acetate/50 mM potassium phosphate buffer, pH 7.0 [12].
2.4. 2',5'-ADP Sepharose 4B affinity chromatography

All purification steps were performed at 4°C unless
otherwise stated. Two grams of dry 2',5'-ADP Sepharose
4B for 10 ml of bed volume was several times washed, to
remove impurities and conditioning the gel, in 300 ml of
distilled water. Following removal of the foreign bodies
and air bubbles in the gel, it was resuspended in 0.1 M
potassium acetate + 0.1 M potassium phosphate buffer,
pH 6.0, at a ratio of 3 gel to1 buffer, and packed in a column (1x10 cm). After setting of the gel, the column was
pre-equilibrated with the same buffer prior to loading the
enzyme solution. The dialised enzyme solution was loaded
on the column and then was sequentially washed with
25 ml of 0.1 M potassium acetate + 0.1 M potassium
phosphate buffer, pH 6.0, and 25 ml of 0.1 M potassium
acetate + 0.1 M potassium phosphate buffer, pH 7.85. The
washing with 0.1 M potassium chloride + 0.1 M potassium phosphate buffer, pH 7.85 was continued until the
absorbance becomes almost zero at 280 nm. The enzyme
was eluted with a solution of 80 mM potassium phosphate
+ 80 mM potassium chloride + 0.5 mM NADP+ + 10 mM
EDTA (pH 7.85) at a flow rate of 20 ml/h, and 1 ml fractions were collected. The proteins containing the highest
glucose-6-phosphate dehydrogenase activity were combined
and used as purified enzyme for subsequent studies after
confirming homogeneity by gel electrophoresis [2, 12].
2.5. Glucose-6-phosphate dehydrogenase assay and protein
determination

The enzyme activity was routinely measured by Beutler’s method [11]. One enzyme unit was defined as the enzyme amount that reduces 1µmole NADP+ per min under
the assay conditions.

Protein samples were fractionated on 12% SDS-PAGE
gels [14] using a Minigel system (Bio-Rad Laboratories,
USA). Gels were fixed, stained with Coomassie brilliant
blue R-250 (Sigma), and destained using standard methods to detect protein bands.
2.7. Determination of kinetic parameters and in vitro inhibition studies

Various final concentrations of G6P were used to estimate the kinetic parameters Km and Vmax. Inhibition experiments were performed using G6P as substrate and different final concentrations of commonly used pesticides
GlyphosateTM and 2,4-DTM as inhibitors. The double reciprocal Lineweaver–Burk plot was used to calculate the
parameters. Activity % values of glucose-6-phosphate dehydrogenase for five different concentrations of each possible inhibitor were determined by regression analysis. Glucose-6-phosphate dehydrogenase activity without a possible inhibitor was accepted as 100% activity. The inhibitor
concentration reduces the enzymatic activity by 50% (IC50
values) were determined from the graphs.
3. RESULTS AND DISCUSSION
Human erythrocyte glucose-6-phosphate dehydrogenase
was purified to apparent homogeneity by salting out with
ammonium sulfate and subsequentially using 2',5'-ADP
Sepharose 4B affinity chromatography. Upon fractionation of the G6PD active fractions with ammonium sulfate,
68% of the activity was obtained in the fraction saturated
with 30-70% ammonium sulfate. This step removed the
greater part of the contaminants and considerably decreased
total protein amount. The precipitate with G6PD activity
was dissolved and applied on 2',5'-ADP Sepharose 4B
affinity chromatography column. Figure 1 shows the typical
elution pattern of the enzyme activity on this affinity column. The enzyme activity and total protein concentrations
were determined from all fractions collected. The fractions
with the highest G6PD activity and the relatively lower
protein contents were pooled. In order to reduce the number of the purification steps, this affinity chromatography
purified the enzyme from remaining contaminants to apparent homogeneity, retaining 50% of the activity from
the previous step. The G6PD was purified 7069 fold with
an overall enzyme yield of 33.6% and a specific activity
of 70.7 U/mg (Table 1).
SDS-PAGE analysis of the purified enzyme showed
the presence of a single band with an apparent molecular
mass of ca. 59 kDa, when stained with Coomassie brilliant
blue (Figure 2).
The reaction kinetics of the purified G6PD were determined from Lineweaver–Burk plots using glucose-6phosphate and NADP+ as substrates with Km values of
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0.22 and 0.14 mM and Vmax values of 1.94 and 2.76 U/mg,
respectively. (Table 2). Affinity of the enzyme for NADP+
was considerably higher than for glucose-6-phosphate. The
higher G6PD affinity for NADP+ have also been reported
[15]. The inhibition kinetic experiments of the enzyme were

performed using glucose-6-phosphate as substrate, while
commonly used pesticides GlyphosateTM and 2,4-DTM as
inhibitors. Table 3 shows that the enzyme was uncompetitively and competitively inhibited by Glyphosate TM and
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FIGURE 1 - Purification of human erythrocyte glucose-6-phosphate dehydrogenase by affinity chromatography. The enzyme activity and
total protein concentrations were determined, from all fractions collected, as described in Methods section. The enzyme activity was expressed as the enzyme amount that reduces 1µmole NADP+ per min under the assay conditions.

TABLE 1 - Purification of human erythrocyte glucose-6-phosphate dehydrogenase
Step
Hemolysate
Ammonium sulfate
2’5’-ADP Sepharose 4B affinity chromatography

Total protein
(mg)
732,27
391,12
0,035

Specific activity
(U/mg)
0,01
0,012
70.69

Yield
(%)
100
68,18
33.65

Purification factor
(fold)
1,2
7068,9

FIGURE 2 - SDS-PAGE of purified human erythrocyte glucose-6phosphate dehydrogenase. The enzyme was electrophoresed at pH
8.3 on a 12% polyacrylamide gel and stained with Coomassie brilliant blue R-250. Lanes: 1, molecular weight standards (βgalactosidase,116 kDa; bovine serum albumin, 66.2 kDa; egg albumin, 45 kDa; lactate dehyrogenase, 35 kDa; Rease Bsp981 (E.coli),
25 kDa; β-lactoglobulin, 18.4 kDa; Lysozyme, 14.4 kDa; 2, purified
human erythrocyte glucose-6-phosphate dehydrogenase).
TABLE 2 - Kinetic parameters of human erythrocyte glucose-6phosphate dehydrogenase
Substrate
G6P
NADP+

Km (mM)
0,22
0,14

Vmax (U/mg)
1,94
2,76

TABLE 3 - Inhibitory effects of Glyphosate TM and 2,4-D
human erythrocyte glucose-6-phosphate dehydrogenase
Pesticide
GlyphosateTM
2,4-DTM

Inhibition type
Uncompetitive
Competitive

Ki (mM)
13,45
8,45

TM

on

IC50 (mM)
32,35
38,34

2,4-DTM, respectively. GlyphosateTM which is a widely used
herbicide in agricultural fields, was the most effective inhibitor of the enzymatic activity with Ki value of 13.45 mM
(Figure 3) and IC50 of 32.35 mM (Figure 4). As shown in
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Figures 5 and 6 the obtained Ki and IC50 values of 2,4-DTM
were 8.45 and 38.34 mM, respectively.
The essential role of G6PD activity in overall metabolism of organisms has been well known for several
years. Glutathione is used by antioxidant defense mechanisms and its production depends on NADPH to be syntheControl
[I]-1

1/V

[I]-2

-40

sized in the pentose phosphate metabolic pathway mainly
with G6PD catalytic activity. Thus, G6PD has been considered as an antioxidant enzyme [16]. Many chemicals at
relatively low dosages affect the metabolism of biota by
altering normal enzyme activity. In some of these interactions there is high reactivity involving a high degree effect
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FIGURE 3 - Lineweaver-Burk graph of G6PD in different glucose-6-phosphate and GlyphosateTM concentrations.
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FIGURE 4 - Activity % curve of G6PD in different GlyphosateTM concentrations.

1322

40

45

© by PSP Volume 20 – No 5a. 2011

Fresenius Environmental Bulletin

Control

70

[I]-2

60

[I]-1

50

1/V

40
30
20
10
0
-20

-10

0

10

20

30

40

50

1/[S] mM
FIGURE 5 - Lineweaver-Burk graph of G6PD in different glucose-6-phosphate and 2,4-DTM concentrations.
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FIGURE 6 - Activity % curve of G6PD in different 2,4-DTM concentrations.

on the whole animal or plant. On the other hand, many
chemicals affect the activity of many enzymes only to a
moderate degree and it is presumed that the ultimate debilitating effect on the whole organism develops from a
variety of nonspecific biochemical functions [17]. Therefore, GlyphosateTM and 2,4-DTM were chosen to investigate their effects on the G6PD activity. GlyphosateTM has
been reported as the most used herbicide in the USA with
5-8 million pounds [2.5 to 4 kilotonnes] every year on lawns
and yards and 85–90 million pounds annually in US agriculture [18]. 2,4-DTM is also the most widely used herbicide in the world, and the third most commonly used in
North America [19]. Laboratory toxicology studies suggest
that other ingredients combined with Glyphosate TM may
have greater toxicity than Glyphosate TM alone. For example, a study comparing GlyphosateTM and RoundupTM
which is the brand name of a systemic herbicide and contains the active ingredient GlyphosateTM, found that
RoundupTM had a greater effect on aromatase than

GlyphosateTM alone [20]. Another study has shown that
RoundupTM formulations and metabolic products cause
the death of human embryonic, placental, and umbilical
cells in vitro even at low concentrations. The effects are
not proportional to GlyphosateTM concentrations but dependent on the nature of the adjuvants used in the formulation [21]. Also it has been reported that 2,4-DTM causes
cancer in humans and it’s exposure substantially increased
the risk of Non-Hodgkin's lymphoma and amyotrophic
lateral sclerosis [22-24]. Since the strong inhibitory concentrations of these pesticides have been found rather low,
both have negative effects on the metabolism through
G6PD activity.
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ABSTRACT
A new-type electrodeless UV lamp (EDUVL), namely
206nm UV, from discharge of mixtures of Kr/I2 by microwave (MW) energy, was employed. EDUVL was optimized
by investigating start-up characteristics of lamp, MW energy coupling character, and irradiation intensity at 206 nm
under different conditions, including the inserting depth in
cavity, lamp structure and amount of filled Kr/I2 mixture.
Experiments showed that 206 nm irradiation intensity was
enhanced by the decline of Kr and I2 filled in the lamp and
the advisable amount of Kr and I2 was 266 Pa and 0.5 mg,
respectively. In addition, photochemical degradation of
simulating pyridine wastewater under 206 nm irradiation
was conducted. The following results were obtained that
removal efficiency of pyridine was greatly increased with
irradiation time, the decrease of initial pyridine concentration, bubbling with N2 or Air and the rise of microwave
power. The removal of pyridine after 1 h irradiation reached
73.1% under the experimental conditions with solution
volume of 150 mL, initial pH of 7.0, and initial pyridine concentration of 120 mgL-1 and 75 w of microwave power.
At last, we analyzed degradation products via GC/MS and
azacyclopropane and N-1-propenyl –azacyclopropane were
detected. On the basis of which, degradation pathway were
concluded. Therefore, this study was presumed to provide
the referable information about the proper application of
206 nm UV radiation for the direct photolysis of coking
wastewater.

KEYWORDS: Electrodeless UV lamp (EDUVL), 206 nm, coupling; pyridine, coking wastewater.

1. INTRODUCTION
In the past decades, novel technology for wastewater
advanced treatment has increased remarkably, such as
ultrasonic, wet oxidation, plasma and UV photolysis. UV
photolysis has become a promising wastewater treatment
* Corresponding author

technique owing to simple operation, moderate reaction
conditions, moderate cost, compact system, and wide application field [1]. The most commonly used UV sources
are conventional mercury lamps and its irradiation wavelength was limited at 185nm/254nm/365nm, which presented some shortcomings in wastewater treatments.
Excimer lamp, as a new-type electrodeless lamp (EDL),
has caused more and more attention in recent years due to
its unique advantage of extensive wavelength range (covering the spectrum from the vacuum UV to the infrared
region), high emission intensity and long lifetime (no inner
electrode) over conventional lamp [2-7]. It can also be noticed that literatures hitherto [8-11] pay more attention to
dynamics of excimer forming and emission characteristics
and mechanism, on the contrary, little attentions was attracted on pollutant treatment with excimer lamp. As yet,
only 172nm Xe-excimer lamp was investigated for 4-CP
[12] and nitrobenzene degradation [13] in aqueous solution, while this lamp can not be used widely for pollutant
treatment due to low penetrate percentage to quartz and
short photo-distance for vacuum UV (VUV, λ< 200 nm)
[14]. Therefore, it is very important to find an effective and
versatile light source with high photon energy, long photon-distance in water, high penetrate percentage to VUV.
In theory, UV around 200 nm wavelength can meet above
demand. Feng X F et al. [15] has investigated the removal
of dyes in water using the planar KrBr* excimer lamp that
emits 207 nm radiation via dielectric barrier discharge
technology. In the last year, we engaged pilot study on the
photolysis of three organic pollutants (RhB, TPTCl and
DMP) in wastewater under 206 nm UV irradiation [16].
The results showed that removal efficiency of 50 mgL-1
RhB and 120 mgL-1 TPTCl can reach 99.5% and 89.4%,
respectively, implying the feasibility of this novel excimer
UV source. So, it is necessary to study photolysis mechanism for organic pollutant in detail and optimize lamp
structure further.
Coking wastewater is a kind of typical industrial wastewater, which had to be treated as it contains many kinds
of indissoluble organic compounds [17]. Biological treatment for coking wastewater is by far the most widely
applied and cost-effective technology [18, 19]. However,
some nitrogenous heterocyclic compounds (NHCs) in the
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coking wastewater are refractory and toxic and even nonbiodegradable, as a result, the water quality usually cannot meet the discharge standards [20, 21]. Therefore, this
paper presents a further investigation of 206 nm UV
photolysis for pyridine (C5H5N), a representative of NHCs,
in an attempt to explore the feasibility of treating coking
wastewater containing pyridine and gain more insight into
this novel technology. The ability of 206 nm UV to remove pyridine was evaluated by monitoring degradation
efficiency, TOC and intermediate substances.
2. MATERIALS AND METHODS
2.1. Chemicals

madzu TOC 5000 analyzer was used for determination of
total organic carbon (TOC). The concentration variations
of pyridine and TOC concentration of the solution were
analyzed at specified time intervals to study the decomposition of pyridine. Intermediate products were analyzed by
gas chro-matography/mass spectrometry (GC/MS) using an
Agilent 7890 GC coupled with an Agilent 5975c mass
spectrometer detector. The pH of solution was measured
with pHS-3C meter (Lei-ci, China). The emission spectra
from EDL were recorded from the light source by a precalibrated UV detection system, which consisted of a VUV
spectrometer (VM-505, American) in conjunction with a
photomultiplier tube with a sodium salicylate fluorescent
coating. The power of EDL could be measured by monitoring the temperature of the solution and the reactor.

Pyridine standard was purchased from AccuStandard
Inc., USA. Pyridine in simulating wastewater was analytical grade. All experimental solutions were prepared with
deionized water without other buffers.

6

2.2. Photolysis process

As illustrated in Figure 1, MW source (frequency,
2.45 GHz; maximal power, 800 w) generated high voltage, which can be transmitted by a high-quality coaxial
cable to the magnetron to establish a uniform MW field in
the resonant cavity. EDL, fabricated using VUV transparent synthetic quartz as the envelope (external diameter=
20 mm, length=100~200 mm), filled with mixtures of Kr/I2,
was inserted into resonant cavity. When the EDL was
placed in resonant cavity, the mixtures of Kr/I2 gases
within the envelope ionize, a low-pressure plasma discharge forms, heating and beating the envelope, vaporizing materials to emit 206 nm UV light, which acted on
organic pollutant in container, leading to the removal of
pollutants. The fan located at resonant cavity was used to
remove the excess MW energy to prevent the magnetron
from being destroyed by overheating. In order to avoiding
lamp contacting with solution directly, another VUVopacity quartz envelope was set between EDL and solution
using a PTFE ring as a bracket. In particular experiments
either Air or N2 gas was bubbled to the reaction solution
in sufficient quantities and continuously in order to mix the
solution. Solution temperature was kept at 35 ℃ by means
of circulating water to a cooler with a peristaltic pump.
Pyridine solution volume is 150 mL and initial pH is
about 7. During the photochemical reactions, samples for
analysis were taken at different time intervals.

3

2

4

1

7
10

5

9

8

11

FIGURE 1 - Experimental setup of 206nm UV photochemical reactor. 1. Microwave source 2. Coaxial cable 3. Magnetron 4. Resonant
cavity 5. EDL 6. Fan 7. VUV-opacity quartz envelope 8. Container
9. Bubbling setting

3. RESULTS AND DISCUSSION
3.1. Irradiation spectrum

Figure 2 illustrated the UV emission spectrum from the
mixtures of Kr/I2 (Kr 133 Pa, I2 0.5 mg) driven by MW
field. As seen, the high-intensity emission wavelength
located at 206 nm, and five other VUV wavelengths including 178.3 nm, 180.1 nm, 183 nm, 184.4 nm and 187.6
nm appeared, which were very weak compared with 206
nm. Additionally to that, optical emission near 342 nm
was attributed to the I2 * excimer. Pyridine degradation in
our experiment was presumed under 206 nm UV due to
the filtration of VUV-opacity quartz envelope to VUV.

2.3. Analytic methods

Pyridine concentrations were analyzed by a high
performance liquid chromatography system (Shimadzu
LC10ADVP; Diamonsil C18 reverse-phase column, 250×
4.6 mm, 5 µm). A mixture of methanol and water (V/V=
1:1) was used as mobile phase at a flow rate of 1.0 ml/min.
Temporal absorption spectral changes during the decomposition of pyridine were monitored with a UV-vis spectrophotometer (CARY-50, USA Varian Pty Ltd. Co.).
solution at 150 C for 75 min (Hach Co., USA). A Shi-

3.2. Optimization of electrodeless lamp

According to above description, 206 nm UV emission
in this work originated from discharge and dissociation of
Kr/I2 mixture filled in lamp, which was inserted in resonant cavity. Kr is a kind of inert gas and I2 as an excitable
substance. Free electrons in lamp are accelerated by the
MW field energy, then colliding with the gas atoms and
ionize them to release more electrons (the “avalanche”
effect). The energetic electrons collide with Kr/I2, thus ex-
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vacuumized and enclosed a Mo wire) were designed at one
end of EDL. The start-up power was listed in Table 1 for two
kinds of lamp (lamp total length of 190 mm and 130 mm, Kr
266 Pa, I2 0.5 mg).
As presented in Table1, Mo wire at one end of lamp
can lessen start-up power of EDL. The more interesting
thing is that Mo wire can make light more bright and increase 206 nm emission intensity to some extent.

citing them from the ground state to higher energy levels
(Kr*, I*). The excitation energy of higher energy levels is
then released as an electromagnetic radiation with certain
spectral characteristics according to the composition of
the fill. So, a number of operating parameters have been
recognized as influencing the EDL performance, such as
nature and pressure of the fill gas, inserting depth in resonant cavity (which will influence the characteristics of the
MW energy coupling device), dimensions of the lamp and
MW power. The optimization of EDL was obtained by
examining the start-up power of EDL and spectral peak
intensities of 206 nm.
Table 1 presented start-up power of EDL illumined
entirely under different inserting depth in resonant cavity.
Lower start-up power indicated that lamp was easily kindled and matched with cavity well. As shown in Table 1,
depth in cavity has great influence on start-up power.
When depth in resonant cavity was less than 70 mm, lamp
is hard to ignite owing to absence of incept of MW energy, as a result, gas in lamp cannot be excited effectively. In
our experiment, 80 mm depth in resonant cavity is favorable of lamp start-up. The references [22] showed that
antenna and metal wire at one end of lamp can improve
discharge in virtue of exporting and congregate energy from
resonant cavity. That is to say, antenna or metal wire serves
as transmit for accumulating microwave energy. Therefore, double-layer quartz tube (inner quartz tube was

2000

irradiation intensity(a.u.)

FIGURE 2 - UV emission spectrum from electrodeless lamp

The influence of I2 mass on 206 nm UV intensity was
determined by changing I2 within the range of 0.2~4 mg
at a fixed Kr pressure of 266 Pa and MW power of 65 w.
As represented in Figure 3, 206 nm intensity went down
sharply with increasing I2 mass, demonstrating that too
high I2 filled was unfavorable for lamp intensity. In our
subsequent experiment, 0.5 mg I2 was chose to fill into
lamp for producing 206 nm UV.

1900
1800
1700
1600
1500
1400
1300
1200
1100

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

I2 mass (mg)
FIGURE 3 - 206nm UV intensity dependence on I2 mass in EDL.

Figure 4 shows the relationship between 206 nm UV
intensity and Kr pressure from 266 Pa to 26600 Pa at a
fixed I2 of 2 mg and MW power of 65 w. As shown in
Figure 4, 206 nm intensity decreased monotonically with
increasing Kr pressure. Start-up of EDL seemed to retard
even could not be lighted entirely when Kr pressure exceed 3325 Pa according to our results phenomenon. So,
unless indicated otherwise, 266 Pa of Kr was chosen for
the following experiments.

TABLE 1 - Start-up power of EDL under different inserting depth in resonant cavity.
Start-up power /w
Lamp structure

Depth in resonant cavity /mm
60

65

70

75

80

85

90

95

Total Length 190mm

-

-

200

145

96

75

65

60

Total length 190mm/ Mo wire

-

-

67

37

35

61

50

49

Total Length 130mm

-

87

63

55

67

43

42

36

-

81

43

43

30

28

28

28

Total Length 130mm/ Mo wire
-: lamp cannot ignite entirely

4.5
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ing 206 nm UV intensity. We found that 206nm UV intensity rise with the increase of MW power by recording
emission spectra via a VUV spectrometer, concluding that
pyridine removal was speed up as a result of high irradiation energy from EDL when MW power increased.

1800
1400
1200
1000

80

800
600
400

Pyridine removal(%)

irradiation intensity(a.u.)

1600

200
0
-200

0

5000

10000 15000 20000 25000 30000
Kr pressure(Pa)

FIGURE 4 - 206 nm irradiation intensity as a function of Kr pressure in EDL

70
60
50
40
30

3.3. Pyridine removal with 206nm UV

Figure 5 showed the change of pyridine removal efficiency (η) with photolysis time under 206 nm UV. Duration of experiments was 1h and samples were taken each
10 min (0, 10, 20 . . . 60). Air bubbling is the simplest
way to supply the appropriate amount of oxygen to the
solution. For comparison, experiments were also performed under bubbling with Air or N2 without adjusting
the initial pH values. Initial pyridine concentration (ρ0)
was 120 mgL-1 and MW power was set at 70 w. As seen
in Figure 5, η rises with photolysis time and has a higher
value under stirring with Air or N2. However, there was
not distinct discrepancy with Air or N2 stirring.

30

60

70

80

FIGURE 6 - Pyridine removal dependence of MW power

Figure 7 presented η changing with ρ0 during 0.5 h
and 1.0 h photolysis treatment at MW power of 75 w. The
experimental results showed that η decreased rapidly firstly
when ρ0 increased from 50 mgL-1 to 300 mgL-1, then the
decreasing trend exhibited unobvious from 300 mgL-1 to
600 mgL-1. In conclusion, 206 nm UV was unsuitable for
treating pyridine wastewater with high initial concentration directly.
90

Air stirring
without stirring

1h
0.5h

Pyridine removal(%)

80

60

Pyridine removal(%)

50

Microwave power(w)

N2 stirring

70

40

50
40
30
20

70
60
50
40
30

10

0

100

200

300

400

500

Pyridine initial concentration(mg/l)

0
10

20

30

40

50

FIGURE 7 - The effect of pyridine initial concentration on removal
efficiency

60

Photolysis time(min)
FIGURE 5 - Pyridine removal increase during the 1h photolysis
treatment with 206 nm UV irradiation

The η was plotted as a function of MW power (Figure 6). From the Figure 6 it can be seen that η after 1h
varied linearly from 32.0% to 73.1% when MW power
increased over the range of 35 w to 75 w, indicating that
higher MW power was preferential for pyridine degradation. This effect most likely can be explained by measur-

The value of pH can be one of the most important parameters for the photochemical process and so it has long
been of a focus to study its influence on pollutant degradation in aqueous solution. When the concentration of pyridine solution and other optimum conditions were fixed
(MW power=65 w, ρ0=120 mgL-1, t=1 h), the pH value of
the solution was adjusted continuously by sulfuric acid
(0.1~1 M) and sodium hydroxide (0.1~1 M). Figure 8
shows the variation of η as a function of pH value. The
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removal efficiency increased firstly then decreased with
pH value. The degradation efficiency in acid is a little
higher than that in a neutral/alkali environment due to the
influence of pH on the pyridine structure, while there is a
maximal value at about 4. Pyridine protonated to conjugated acid in acid media resulted in its change in structure, which influenced pyridine removal.

Pyridine removal(%)

70
65
60
55
50
45

Figure 10 shows typical UV–vis spectra obtained during 206 nm UV photochemical degradation of pyridine.
The spectrum obtained prior to UV irradiation is characterized by two absorption bands at 250 nm and 263 nm in
the region of 200 to 300, corresponding to nitrogenous
heterocycle of the pyridine. When photochemical reaction
occurred, it is obvious that the two absorption bands dramatically declined and intermediate at 375 nm was generated concurrently. Further observation on Figure 10 reflected
that new intermediate substance increased firstly then shrank
step by step. This phenomenon could be explained as following. At the first stage, most pyridine molecules were
only destroyed to small intermediate substances. Subsequently at the second stage these small intermediate were
further destroyed to CO2 resulting in TOC removal and
the elimination of intermediate substance.

40

2.0

35
30

0

2

4

6

8

10

0min
10min
20min
30min
40min
50min
60min

1.5

12

pH value

Abs

FIGURE 8 - The effect of pH value on pyridine removal efficiency
3.4. Decomposition efficiency
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40
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20

20
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20
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60

TOC removal(%)

Pyridine removal(%)

Practical application of photochemistry for pollutant
decomposition must be considered based on not only removal efficiency but also mineralization degree. TOC value
is the total concentration of organics in solution and the
change of TOC mirrors the degree of mineralization, so it
is very important to research TOC variety during reaction
process to analyze the decomposition of pyridine. Results
of TOC measurements obtained during 206nm UV irradiation treatment of pyridine are presented in Figure 9. It was
observed that 206 nm UV irradiation had a good performance on pyridine removal but a relatively lower TOC
removal under the same condition. For instance, η of
120 mgL-1 pyridine was up to 60.2% in 1h while TOC removal only 33.5% under 65 w MW power, suggesting
that some pyridine molecule was decomposed into small
substance not CO2 and H2O.

10

Photolysis time(min)

FIGURE 9 - TOC changing with photolysis time under 206 nm UV
irradiation

1.0
0.5
0.0
200

300

400

500

Wavelength(nm)
FIGURE.10 UV–vis spectral changes of pyridine in solution as a
function of time under UV irradiation.
3.5. Decomposition byproduct and mechanism analysis

According to UV–vis spectral changes of pyridine,
we can infer that intermediate substance was produced in
the process of UV irradiation. To identify the intermediate
substance, degradation product after 1 h irradiation were
determined qualitatively via GC/MS. Figure 11 displayed
that there appeared two new peaks at retained time 3.774 min
and 9.725 min, respectively, except for 2.762 min corresponding to pyridine. Resultant substances were named as
product1 and product2 for 3.774 min and 9.725 min. Product1 and product2 has satisfactory matching with azacyclopropane (C 2H 5N) and N-1-propenyl –azacyclopropane
(C5H9N) by searching NIST spectrum library. So, we inferred that two intermediate substances (azacyclopropane
and N-1-propenyl –azacyclopropane) were formed when
pyridine was photolyzed under 206 nm UV.
Pyridine is one of the most important six-membered
heterocyclic compounds, which can be seen as resulting
from a nitrogen atom replacing one CH group in benzene
molecule. According to above byproduct analysis, we inferred the degradation pathway of pyridine under 206 nm
UV, which was presented in Scheme 1.
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FIGURE 11 - GC/MS spectrum of degradation product of pyridine in 1h
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SCHEME 1 - Proposed photodegradation pathway of pyridine under 206nm UV

During the photodegradation process of pyridine using
206 nm radiation, pyridine was excited to higher energy
state by absorbing 206 nm photon (Eq.2), which was not
stable. C-N bond and C=C double bond energy in pyridine was break down for its energy was lower than 206
nm photon energy (~6.1eV), resulting in excitation state
pyridine molecule was decomposed in term of Eq. 3.
Further reaction can form product1 and product2, which
can be oxidized into CO2 and H2O (Eq. 5). Since photon
absorption by H2O at wavelength ≥200 nm was lower, the
quantity of OH radical in solution system seems to be
low, resulting in that TOC removal was much lower than
pyridine removal according to Figure 9. Moreover, the
oxidative degradation by O· radicals was excluded even

though O-O bond easily break down. The probable reason
can be obtained by calculating the ratio of the number of
photons absorbed by pyridine and oxygen using Eq. 6
shown below:
n

pyridine

nO2

=

ε pyridine gM pyridine
780 × 6 ×10−5
=
= 15110 (6)
ε O gM O
2.4 ×10−3 ×1.29 ×10−3
2

2

In which, εpyridine presented the absorption coefficient
of pyridine obtained as εpyridine = 780·M-1·cm-1 according
to the Beer-Lambert law A = ε l c. The absorbance A at
206 nm wavelength was determined from the UV-Vis
curve of pyridine of 6×10-5M. The concentration of dissolved O2 molecules (MO2) is 1.29×10-3·M-1 at 25ºC in
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water and the absorption coefficient of O2 (εO2) at 206nm
wavelenght is about 2.4×10-3·M-1·cm-1. Form Equation
(6), we found the number of photons absorbed by pyridine
was much higher than that of oxygen, meaning that the
photons absorbed by oxygen can be disregarded in our
experimental system. Thus direct photolysis was the main
pathway to degrade pyridine in solution under 206nm UV
irradiation.
4. CONCLUSIONS
A novel UV light to degrade directly pyridine that
had not been previously exploited was addressed in this
article. Photo-degradation of pyridine was achieved without addition of oxidants by 206 nm UV radiation emitted
from EDL excited by MW. In the first part, we optimized
the light source from three aspects: inserting depth in
resonant cavity, improvement on lamp structure by adding
metal wire as MW energy eduction at one end of lamp
and pressure of mixtures of Kr/I2 filled in lamp. Secondly,
photolysis of pyridine in solution under 206 nm UV was
investigated. The experiment showed that ρ0, pH value,
photolysis time and MW power have significant influence
on pyridine degradation. Comparison between pyridine
removal and TOC removal showed that removal efficiency of 120 mgL-1pyridine was up to 60.2% in 1h while
TOC removal only 33.5% under 65 w MW power, suggesting that some pyridine molecule was decomposed into
intermediate substances not CO2 and H2O. GC/MS qualitative analysis testified that two intermediate substances
were azacyclopropane and N-1-propenyl–azacyclopropane.
According to the experimental data, byproduct analysis and
calculation, we concluded that pyridine degradation was
mainly attributable to direct photolysis rather than oxidative degradation by active radicals.
It is noteworthy that 206 nm UV photolysis technology has not been totally optimized. Time and effort should
be paid for its practical application to degrade coking
wastewater.
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ABSTRACT
This study compared the biofouling of membrane bioreactor at three short mean cell residence times (MCRTs)
of 10, 5, and 3 days. Severe membrane fouling was first
observed in the 3-day followed by the 5-day MBR. Minimal membrane fouling was detected in the 10-day MBR.
Atomic force microscopy (AFM) images showed that the
lower MCRT had relatively higher roughness of membrane
surface. The concentration of extracellular polymeric substances (EPS) and soluble microbial products (SMP) all
decreased as MCRT increased. Batch filtration experiments
indicated that the overall fouling resistance decreased as
MCRT prolonged and the main part attributed to SMP.
High molecular weight (MW) components (>30 kDa) constituted the major fraction (49–67%) of EPS. However,
low MW (<1 kDa) constituted the main part (62–83%) of
SMP. Moreover, the high-density universal 16S rRNA
Miroarray results revealed that bacterial diversity increased
as MCRT increased. That’s one of the reasons for lower
EPS and SMP concentration at longer MCRT and different MW distributions in three reactors.

KEYWORDS: Membrane bioreactor, short mean cell residence
time, membrane fouling, microbial community, microarray.

1. INTRODUCTION
The MBR process offers several benefits over the
conventional activated sludge process, including reduced
footprint and sludge production, system reliability throughout hydraulic and solids load variations, variable feed char
* Corresponding author

acteristics and high biodegradation efficiency [1, 2]. Mean
cell residence time (MCRT) is a significant factor affecting the mixed liquor suspended solids (MLSS) and food/
microorganism (F/M) ratio in biological wastewater, which
controls the extracellular polymeric substances (EPS), soluble microbial products (SMP) and microbial characteristics
in the MBR system. It was cleared that these factors had
more effect on membrane fouling [3, 4].
The reports about the impact of MCRT on membrane
fouling are still a controversial topic [5]. Several researchers had reported that high MLSS concentration associated
with long MCRT will increase the membrane filtration
resistance [6]. However, others suggested the reverse trend
[7, 8] or no significant change of fouling under certain
conditions [9]. This conflict implies that membrane fouling
is not only related to sludge quantity but also be influenced
by other parameters like microbial community in submerged
MBR. A better understanding of bacterial community in
MBR may help us to optimize the operating conditions
and control membrane fouling. Previous studies about the
bacterial community at short MCRT have been mostly
focused on using some methods such as PCR-DGGE [10],
T-RFLP[11], Phospholipid Fatty Acid Analysis (PLFA)
[12] and respiratory quinone profile [8]. They acquired
various results since the technical shortcoming of above
methods in microbial community research. Microarraybased geno-mic technology is an emerging technology to
study complex microbial communities. It’s a powerful tool
for viewing the expression of thousands of genes simultaneously in a single experiment [13], which combine staggering increases in sample throughput and analytical
breadth with relative ease and speed of analysis. However,
there are few reports about using high-density universal
16S rRNA Miroarray to compare the microbial community
diversity in different MBR systems. The primary objective
of this research was, therefore, to contribute towards a
better understanding of the effect of MCRT on biofouling and microbial community in MBR.
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2. MATERIAL AND METHODS

2.3 Membrane Fouling Prediction

2.1 MBR Operation

Three laboratory scale submerged membrane bioreactors were operated simultaneously at different MCRT
to treat synthetic municipal wastewater. The influent
(total influent COD of 181.71±29.6 mg/L) contained
505.4 mg/L Sodium Acetate, 30 mg/L Corn Starch,
50 mg/L Yeast Extract, 133.75 mg/L NH4Cl, 30.8 mg/L
KH2PO4, 71 mg/L MgSO4·7H2O, 19.3 mg/L CaCl2·2H2O,
17.4 mg/L FeSO 4 ·7H 2 O, 0.07 mg/L CuCl 2 ·2H 2 O,
0.126 mg/L MnCl2·4H 2O, 0.132 mg/L ZnSO 4·7H 2O,
0.03 mg/LNa 2 MoO 4 ·2H 2 O, 0.0248 mg/L H 3 BO 3 and
0.0332 mg/L KI. The effective volume of the bioreactor was
4 L. A hollow fiber membrane module made of polyethylene that had a total area of 0.03 m2 and a normal pore
size of 0.4 µm (Mitsubishi Rayon, Japan) was used. MBRs
were operated under constant flux mode. The nominal value
of the flux was 2.22 cm/h (22.2 L/h.m2 or 13.1 gpd/ft2).
Membrane fouling was indicated by an increase of the
transmembrane pressure monitored by pressure gauge.
Chemical cleaning of the membrane was carried out by
soaking it in 0.5% of sodium hypochlorite solution overnight. Continuous aeration was provided underneath the
membranes to supply air and prevent membrane fouling.
The aeration rate for each MBR was maintained at 27.6
L/min, resulting in dissolved oxygen concentration of
about 9 mg/L. The target hydraulic retention time (HRT)
was 6 h for each. The desired MCRT of 10, 5 and 3 days
were maintained through direct discharge the sludge from
the bioreactor on daily basis. The experiments were conducted at room temperature at approximately 20oC.
2.2 Analytical Methods

The influent and permeate quality as well as the membrane suction pressure were routinely monitored. MLSS
and MLVSS were measured by standard methods [14].
COD, TN, and NH4+-N were measured according to manufacturer’s instructions using Hach Method 8000, 8039 and
8008, respectively. The non-flocculating microorganisms
were quantified by centrifuging mixed liquor from the reactors at 1300g for 2 minutes and measuring the turbidity of
the supernatant [15].
Cationic exchange resin (Sigma-Aldrich, US) was used
to extract EPS from activated sludge [16]. Briefly, the untreated mixed liquid from each MBRs were filtrated as
representing the SMP. The centrifuged supernatant of the
samples after CER extraction represented the sum of SMP
and EPS. The difference between these measurements was
the EPS concentration. Carbohydrate concentrations were
quantified using anthrone method [17] and dextrose was
used as the standard. The proteins were quantified using
the binochoninic acid protein assay kit (Sigma-Aldrich,
US). Molecular weight distribution tests were carried out
using Amicon YM series UF membranes (nominal
MWCO of 1, 5, 10, 20, 30, 50, 100 kDa) with stirred cell
devices 8200 (Amicon, US)

The component of MFI included the mixed liquor
(MFIML), SMP (MFISMP) and suspended solids (MFISS),
were measured by a batch stir cell 8200 connected to an
external computer. The ultrafiltration membrane (MWCO
100 kDa, polyethersulfone, Amicon, US) was used for the
experiment. 200mL of each samples (SS was determined
by centrifuging and resuspending) was loaded on the batch
stir cell, and the flux decline due to membrane fouling was
monitored by weighing permeate volume on a top-loading
digital mass balance at preset time intervals with computerized data acquisition. The operating pressure was maintained constant at 10 psi (69 kPa) using nitrogen gas and
the stirring speed was set at 180 rpm throughout the experiments. The MFI were determined as the gradient of
the linear region found in the plot of t/V versus V from
the following equation[18]:

t η Rm
ηI
=
+
V
V ΔPA 2ΔPA2
MFI
where △P is the applied transmembrane pressure, η
is the water viscosity, Rm is membrane filter resistance
(1/m). I is the index for the propensity of particles in
water to form a layer with hydraulic resistance (1/m2), A
is the membrane surface area.
2.4 Membrane surface Analysis

AFM was used to observe the surfaces roughness of
fresh and fouled membranes. Three replicates membrane
samples from each reactor were dried under vacuum before observation. AFM surface topography was performed
in tapping mode by a Digital Nanoscope III AFM (Digital
Instruments, US) in Nanoscale Science and Engineering
Center, University of California, Berkeley.
2.5 Microarray

The G2 Microarray chips were designed by Lawrence
Berkeley National Laboratory and synthesized by Affymetrix Inc (Santa Clara, US) at an approximate density of
10,000 molecules/µm2. The chips includes 506,944 probes,
where 297,851 probes targeted to 8935 clusters in 16S
rRNA gene sequences, and the remaining were used for
other purpose. The average number of replicated probes
chosen for each clusters was 24 for precision control. Each
clusters containing approximately 3% sequence divergence,
were considered operational taxonomic units (OTUs) representing all 121 demarcated prokaryotic orders, which
belong to 842 subfamilies.
The biomass was collected in the operation of 40 day
for each MBR. DNA was extracted by a Fast DNA Spin
Kit (Qiagen, US) as described in the manufacturer’s instructions. 16S rRNA gene fragments were amplified with
Taq DNA hot start polymerase (Promega, US) by using
universal bacterial primer sets 27f and 1492R. The bacterial PCR products were diluted or concentrated (Microcon
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YM100 spin filter, US) to the final concentration of 500 ng.
Identical amplicon pools were fragmented to 50–200 bp
using DNase I (0.02 U/mg DNA; Invitrogen, US) and terminally labeled with biotin-ddUTP according to the
Affymetrix protocol. Next, the labeled DNA was denatured (99°C for 5 min) and hybridized to the DNA microarrays at 48°C overnight at 60 rpm. PhyloChip washing
and staining were performed according to the standard
Affymetrix protocols as described previously [13]. Each
PhyloChip was scanned and analyzed by Affymetrix
software (GeneChip microarray analysis suite, version
5.1).
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3. RESULTS AND DISCUSSION
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FIGURE 1 - Normalized membrane suction pressure profile at
different MCRTs

3.1 Membrane Fouling

The median MLSS concentration decreased as the
MCRT reduced from 10 to 3 d, since the HRT were held
constant for all conditions tested. The average MLSS were
1064±299 mg/L, 575±199 mg/L and 303±69 mg/L for 10,
5 and 3 days MCRT, respectively. There was no obvious
difference in COD and NH4+-N removal efficiencies in
three reactors. The COD removal efficiencies were maintained over 95% even at short MCRT. The NH4+-N removal efficiencies were excellent and stable with an average of 89.5%, 86.9% and 87.9% at different MCRT. That
means nitrification occurred even at lower MCRT 3 days.

The membrane fouling was first observed on day 18 in
all MBRs (Fig. 1). Subsequently, the fouling rate increased
as MCRT decreased. All the membrane modules were removed and chemically cleaned on day 25 since the membrane suction pressure was beyond the maximum in MCRT
3 day. It indicated that membrane fouling occurred earlier
and more rapidly when operating at short MCRT. It can be
attributed to high concentrations of SMP or bound EPS at
short MCRT and will be discussed below.

a
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Chemical cleaning of all
membranes on day 25
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SRT 5d
SRT 3d
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FIGURE 2 - AFM images of fresh and fouled membrane surfaces: (a) fresh membrane; (b) MCRT 3 days membrane; (c) MCRT 5 days
membrane; (d) MCRT 10 days membrane

The hydraulic resistance due to SMP, suspended solids
(SS), and mixed liquor (ML) were determined by batch
dead-end ultrafiltration experiments and calculated as MFI
[18]. The MFIML increased as MCRT decreased (Table 1).
This tendency consisted with the fouling observation
above. The MFISS also increased as MCRT decreased, may
due to the EPS concentration. There was a slight difference
in mixture effect when combining the soluble and suspended solid fraction in all MCRTs. The main resistance
of mixed liquor attribute to MFISMP, which constituted
more than 57% of MFIML in all samples. It was suggested
that the SMP present in the mixed liquor played an important role in the membrane fouling. Furthermore, as
the MCRT decreased from 10 to 3 d, the proportion of
MFISMP to MFIML decreased from 72% to 57% while the
proportion of MFISS to MFIML increased from 21% to
37%. That means the increased filtration resistance main
attributed to the suspended solids. The increased MFISS
ratio was likely due to higher total EPS concentration and
changes in EPS properties (i.e. EPS P/C and MW distribution).
TABLE 1 - Relative contribution of various fractions in sludge to
membrane fouling at various MCRTs
MCRT
3d
5d
10d

ML
106
85
67

Modified Fouling Index, 103s/L2
SMP
SS
Mixture effect
60
39
7
50
25
10
48
14
5

3.2 Effect of MCRT on EPS and SMP

Table 2 presented the EPS and SMP composition and
concentration in terms of protein (EPSp, SMPp) and carbohydrate (EPSc, SMPc). It was cleared that the EPS concentration decreased with increasing MCRTs. The high
EPS at lower MCRT resulted in the formation of fouling
layers, as evident from the decline membrane suction pressure depicted in Fig.1, which led to higher cake resistance
and fouling rates as confirmed by the MFIss. The EPSp was
higher than the EPSc in all MCRTs suggested that proteins
constitute a higher portion of EPS. In addition, the EPSp/
EPSc ratio decreased with decreasing MCRT. That means
more carbohydrate were produced by bacteria or released
from flocs at short MCRT. It was observed that SMP had
the same tendency as EPS, while both protein and carbohydrate also decreased dramatically as MCRT increased
from 3 to 10 d. This result could explain the high MFISMP

in dead-batch stir test. Laspidou and Rittmann [19] indicated that SMP were soluble EPS, consisted of soluble
cellular components which were released during cell lysis
prior to diffusing through the cell membrane. Thus the fate
of SMP will be very similar to EPS under the same condition. In addition, we found that the carbohydrates concentration increased about 5 times when MCRT decreased
from 10 to 3 day. It has been reported that the carbohydrate of SMP promoted fouling under some conditions
[20, 21].
TABLE 2 - EPS and SMP quantity and composition at different
MCRTs.
Parameter(mg/gVSS)
Protein
EPS
Carbohydrate
Protein
SMP
Carbohydrate

MCRT10d
88.2±10
36.7±9
38.8±13
20.8±8

MCRT5d
74.6±25
64.6±20
63.6±9
50.6±8

MCRT3d
167.9±45
115.6±40
232.3±60
96.1±38

The EPS and SMP results above can due to the F/M
ratios and cell specific activity of sludge. Fig.3 indicated
that both EPS and SMP had relatively high concentration
at high F/M ratio (shorter MCRT). It is possible that sludge
at lower MCRTs did not consume all the carbon sources
available for growth. Excess substrates which cannot
utilized by microorganisms could have been converted to
intracellular storage granules and extracellular polymers
that accumulated as EPS[22, 23]. At higher MCRTs, with
a lower F/M, the level of storage carbohydrate declined
which reflected the available carbon. The biomass had more
cell specific activity at lower MCRTs, and the microorganisms were in the growth phase. More EPS was produced
during this stage. In contrast, there had more inert biomass at longer MCRT, and the biomass predominately
undergone endogenous respiration. This would cause the
release of EPS into solution and further hydrolyzed into
SMP. These newly available substrates may have been
utilized to sustain the biomass population for maintenance
processes, resulting in a decrease in both EPS and SMP
content under prolonged MCRT operation.
450

Concentration(mg/g MLVSS)

The surface characters were detected by AFM on
day 40 when stopped all the reactors (Fig.2). Significant
difference in surface morphology was observed for three
MBRs. The increase of surface roughness was much more
pronounced for the MCRT 3day. The values of mean
roughness (Ra) were 22, 18, 10 and 6 for the MCRT 3, 5,
10 days and fresh membrane, respectively. The result can
attributed to the surface enrichment of EPS due to the
adsorption fouling at short MCRT.
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FIGURE 3 - Total EPS and SMP concentrations versus F/M ratio
for all reactors
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It can be seen that both EPS and SMP (the sum of
protein and carbohydrate) in the MBR had a broad spectrum of MW and similar apparent MW distributions, even
though the concentrations were significantly different
(Fig.4). High MW components (>30 kDa) constituted the
major fraction (49–67%) of EPS. Low MW components
(<1 kDa) were the second largest fraction (25-42%). Midrange MW fractions (1-30 kDa) were the minimal part (811%), and it just had slight fluctuate with changing MCRT.
It also cleared that 10 day MCRT had more part of high
MW components (67%), but 3 day MCRT had an extremely
part in the MW size between 30-50 kDa (48%). In contrast,
low MW components were the main fraction of SMP and
it occupied about 66%, 62% and 83% at MCRT 10, 5 and
3 day. Each high and midrange MW fractions, however,
only represented a very small amount of SMP. It was
account for 10-31% and 5-14%, respectively. Moreover, it
was cleared that more fraction of SMP smaller than MW
of 1000 Daltons were produced (83%) at short MCRT (3
day). These smaller particle sizes can cause greater cake
layer resistance [24]. That’s one of the reasons leading to
the high biofouling potential at MCRT 3 day.

0.5

Percentage (%)

0.4

The high-density universal 16S rRNA Miroarray was
used to compare the difference of the microbial community
diversity in the three reactors. The detected OTU numbers
were 1113, 1019 and 941 for MCRT 10, 5 and 3 days, respectively. All the bacteria can separate as 24 phylas. As
shown in Fig.5, Proteobacteria was the predominant phylum in three MBRs with OUT numbers of 703, 657 and
559. Bacteroidetes and Acidobacteria were second largest
fractions occupying around 100 OTUs. It was noticed that
the whole bacterial diversity include Proteobacteria increased as MCRT increased.
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FIGURE.5 - Microbial community diversity in three reactors detected by high-density universal 16S rRNA Miroarray
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FIGURE 6 - Temporal variations of non-flocculating microorganisms in supernatant at different MCRTs
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This due to some slowly growing populations and
non-flocculating micro-organisms were retained at long
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MCRT, while it will be wasted from the bioreactor at lower
MCRT. Indeed, we also found more non-flocculating micro-organisms at MCRT 10 day when compare the turbidity of supernatant from each MCRTs (Fig.6). That is one
of the reasons for lower biofouling potential at longer
MCRT and different MW distributions in three reactors.
On the one hand, more bacterial diversity means more
types of macro-molecules (polysaccharides and proteins)
can be used as substrate, since some known microorganism just can decompose several special macro-molecules.
On the other hand, the presence of more non-flocculating
and dispersed organisms in longer MCRT could enhance
the mass transfer resistance rates in system and let it better access to substrate. Other research also indicated that
non-flocculating bacteria produced less bio-polymers which
were known to be flocculating agents, if we assumed that
the quantified organics (polysaccharides and proteins) were
principally composed of microbial products [25]. Moreover, some slowly growing populations can also use some
macro-molecules as substrate when substrate concentration becomes very low at longer MCRT.
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4. CONCLUSIONS
In this study, three laboratory scale submerged membrane bioreactor at SRT 10, 5, 3 days were used to compare the effect of short mean cell residence time on biofouling and bacterial community. The composition and concentration of EPS and SMP were measured to indicate the
fouling condition. The component of membrane fouling
were determined and expressed as a MFI. The microbial
communities were monitored by a novel microarray which
contained 506,944 probes targeted to 8935 clusters in 16S
rRNA gene. The results shown that the fouling potential
increased as MCRT decreased, despite almost the same
COD and NH4+-N removal efficiency in all bioreactors.
The EPS and SMP concentration decreased with increasing MCRTs. Through apparent MW distributions analysis, we found that both EPS and SMP had a broad spectrum of MW and similar apparent MW distributions. High
molecular weight components (>30 kDa) constituted the
major fraction (49–67%) of EPS. However, low MW
(<1 kDa) were the majority part (62–83%) of SMP. Moreover, longer MCRT (10 day) had more part of EPS at high
MW components (67%), and short MCRT (3 day) produced more fraction of SMP smaller than MW of 1000 daltons (83%). Batch filtration experiments indicated that the
overall fouling resistance decreased as MCRT prolonged
and the main part attributed to SMP. The high-density
universal 16S rRNA Miroarray analyses revealed that
bacterial diversity increased as MCRT increased. Proteobacteria was the predominant phylum in three MBRs.
Bacteroidetes and Acidobacteria were second largest fractions occupying around 100 OTUs.
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