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ABSTRACT
The aim of the present study was to assess water quality of the coastal waters in Rijeka Bay (NE Adriatic Sea)
using a composite trophic index (TRIX) that takes into account oceanographic parameters, nutrient concentrations and
chlorophyll a as an indicator of phytoplankton biomass.
Despite the defined eutrophic status of the investigated
area as mesotrophic with the exception of the eutrophic
harbor site, high surface DIN/TP ratio at all investigated
stations (>16) generally indicated potential P-limitation of
phytoplankton growth, while occasionally, nutrient concentrations were balanced. However, at the Secchi depth
and at the bottom of all investigated stations, DIN/TP ratio
was near the Redfield’s ratio (16) during whole investigated
period, indicating unhindered and nutrient balanced phytoplankton growth. Bioassay results with higher biomass of
Phaeodactylum tricornutum in water samples from the
harbour site and a lower biomass in all other water samples coincided with the trophic state based on nutrients
and the TRIX index. In controlling of the actual variation
of trophic state it was observed that nutrients were not
utilized to their maximum potential.
KEYWORDS: Adriatic Sea; nutrient limitation; TRIX; eutrophication; bioassay; Phaeodactylum tricornutum

1 INTRODUCTION
In recent decades coastal zones throughout the World
have shown an increasing evidence of problems related to
the eutrophication, primarily due to a large increase in nutrient inputs. The trophic state in freshwater and marine coastal
systems has been assessed by a number of developed indica* Corresponding author

tors, indices and models. Four eutrophication indicators
were combined into one index which aggregates pressure
(nutrients), biological response (Chl-a) and environmental
disturbance in water quality (oxygen), as described by
Pettine et al. [1]. This composite trophic state index (TRIX)
was originally developed by Vollenweider et al. [2] for
Italian coastal waters. So far, TRIX has been efficiently implemented in several coastal areas in the Mediterranean:
Adriatic, Tyrrhenian and Ligurian Sea [1-3], Black Sea
[4], Baltic [5], Caspian Sea [6], southeast Mexico [7], and
the Aegean Sea [8].
Phytoplankton biomass and overall ecosystem
productivity may be controlled by both nutrient composition and nutrient availability. An estimation of mechanisms driving changes in nutrient and chlorophyll a concentrations contribute to verify real eutrophication trends in
shallow marine ecosystems. Therefore, even the estimation of the mechanisms driving changes in the nutrient
and chlorophyll a concentrations, can give contribution to
verification of the real eutrophication trends in shallow
marine ecosystems such is the north-eastern part of Northern Adriatic (Rijeka Bay).
The northern Adriatic Sea is very sensitive to seasonal
and long-term variations of the anthropogenic freshwater nutrient input. Furthermore, due to climatic fluctuations,
changes in the oceanographic conditions have significantly
modified this anthropogenic impact [9].
However, from the beginning of the mid 1980s and subsequent to the setting of the regulations that reduced phosphate contents in detergents, phosphorus loading has became, de facto, the primary limitation factor of phytoplankton growth in the Northern Adriatic [10]. In contrast to the north-western (NW) area of the Adriatic which
receives large amount of freshwater from the Po River
[11], Rijeka Bay is primarily influenced by incoming current stream bringing oligotrophic water along the east Adriatic coast from the southern Adriatic and the Ionian [12].
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Bioassay measurement of algal growth potential in
marine waters is designed to establish baseline data and the
influence of nutrients on algal growth as well as to provide
improved means for predicting and controlling excessive
algal growth in coastal waters. The importance of measuring algal growth potential in waters is that differentiation
can be made between nutrients determined by chemical
analysis and nutrients that are actually available for algal
growth [13]. Marine diatoms represents the dominant phytoplankton group of the eastern Adriatic Sea, while the northern Adriatic is characterized by pennatae diatoms [14]. Most
strains of Phaeodactylum tricornutum have been isolated
from the coastal belt, and they grow efficient within a wide
range of salinities [15]. The marine pennatae diatom P. tricornutum is one of the most used algal species in the marine
bioassays, and the maximal biomass of these algae is a good
parameter of the algal growth potential in waters.
The aim of this study was to assess water quality of the
coastal waters in Rijeka Bay (NE Adriatic Sea) using a
composite trophic index (TRIX) and to compare it with
ecophysiological laboratory studies (bioassay method) in
order to better predict the risk of eutrophication of coastal
waters.

Water exchange between the Rijeka Bay and the surrounding regions mostly occurs by Vela and Srednja Vrata, while
contribution of the Tihi Channel water exchange is significantly less important. Vela Vrata channel which connects
Rijeka Bay with Kvarner is extremely important for the
exchange of water masses between these two basins. Major
characteristic of circulation is an outgoing (mainly SWSSW) current flow from Rijeka Bay towards Kvarner,
throughout the water column. Intensity of circulation decreases with depth, while observed monthly oscillations
can be also interpreted as seasonal oscillations, because
circulation is very intensive and most constant in the winter
period.

2 MATERIALS AND METHODS
2.1 Study area

Rijeka Bay as a part of the Adriatic Sea represents the
easternmost part of northern Adriatic (NA). Precisely, Rijeka Bay is a northernmost edge of eastern Istrian peninsula
in Kvarner Bay with the total surface of 450 km2 (Figure
1). The coastal area of Rijeka Bay stretches for 115 km
with an average depth of 60 m and 27 km3 of water volume.
An intense maritime traffic is present in Rijeka Bay
due to the location of the important Port of Rijeka in it. It
is linked with the adjacent Adriatic waters through three
channels: with the Kvarner region through the “Vela Vrata”
Straits (depth 62 m), with the Kvarnerić Area through the
“Srednja Vrata” Channel (depth 70 m) and with the “Vinodolski” Channel through the “Tihi” Channel (depth 53 m).

FIGURE 1 - Map of the Rijeka Bay, showing location of sampling
sites

The sea water was sampled at five sites along the Rijeka Bay, which gives an overview of three areas differently impacted by freshwater runoff (Table 1, Figure 1).
2.2 Sampling and laboratory procedures

Water samples were collected monthly from February
2005 to January 2006 at five sites in Rijeka Bay coastal
area. Samples were taken at mid-day with a 5-liter Niskin
bottle at three depths: near the surface (0.1 m below surface), at the Secchi disk depth (SD) and near the bottom.
Secchi disk depth (SD), water temperature (WT), pH (Mettler Toledo) and salinity (S, Model YEO-KAL 601Mk1V)

TABLE 1 - Sampling locations of Rijeka Bay and site description with average values and sampling range of Secchi depth (SD) and near the
sea bottom depth during the period of investigation

Location

Site codes

45°19´N
14°25´E

PR
(Rijeka Port)
3M
(Shipyard)
KA
(Kantrida)
OP
(Opatija)
IC
(Ičići)

45°20'N 14°23'E
45°20'N 14°22'E
45°19'N 14°18'E
45°18'N 14°17'E

Site description
An area under the dominant influence of
municipal waste water
Both areas without a significant freshwater
runoff
Both locations significantly influenced by fresh
water through stormwater channels, streams
and coastal and submarine springs

1022

Secchi depth
average value and
range values (m)
6.8
(5.0-10.0)
10.5
(8.0-12.0)
10.3
(8.5-13.0)
9.6
(7.0-14.0)
8.0
(5.0-10.0)

Bottom depth average
and range values
(m)
13.6
(10.0-25.0)
19.3
(14.0-22.0)
23.2
(10.0-30.0)
18.3
(9.0-30.0)
12.9
(8.0-18.0)
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were also measured. Determination of dissolved oxygen
(DO) was carried out using Winkler method [16]. Sea water samples for chemical and phytoplankton chlorophyll-a
(Chl-a) analysis were collected in glass bottles, preserved
in cold and dark conditions and transported to the laboratory for subsequent analyses. The following nutrients were
assessed: ammonium (NH4, µM); nitrite (NO2, µM); nitrate
(NO3, µM); orthophosphate (PO4, µM) and total phosphorus (TP, µM) using standard oceanographic methods reported by Parsons et al. [16]. Dissolved inorganic nitrogen (DIN) was obtained as a sum of ammonia, nitrite and
nitrate while N/P ratio was calculated on the basis of DIN
and TP. Water samples (0.5-1 l) for Chl-a determination
were filtered through the Whatman GF/C filters (porosity
1 µm) and extracted with 90% acetone. Concentrations were
determined fluorometrically (Turner Designs, TD-700) and
calculated according to equations of Parsons et al. [16] and
Smodlaka [17]. To identify the coastal trophic condition in
the Rijeka Bay we used trophic index (TRIX) [2]:
TRIX = (Log10[Chl-a×aD%O×DIN×TP]+1.5) / 1.2
Where:
Chl-a = chlorophyll-a concentration as µgl-1,
aD%O = oxygen as an absolute deviation (%) from saturation: [abs/100−%O = D%O],
DIN = dissolved inorganic nitrogen N(NH4+NO2+NO3)
as µgl-1,
TP = total phosphorus as µgl-1 and
1.5 and 1.2 were scale factors based on an extended dataset.
Numerically TRIX is scaled from 0 to 10, covering a
wide range of trophic conditions from oligotrophy to
hypertrophy and it should not exceed 5 for a water body
in good trophic state [18].
The Efficiency Coefficient (Eff. Coeff.) is defined as the
log of the ratio between the two aggregated main components of TRIX, biotic (Chl-a and aD%O) and abiotic (DIN
and TP). It represents a measure of the degree of nutrient
utilization. Low values indicate low nutrient utilization while
high values indicate high nutrient utilization. Numerically,
values are usually negative. Eff. Coeff. was calculated as
follows according to the Giovanardi and Vollenweider [3]:
Eff. Coeff. = Log10([Chl-a×aD%O]/[DIN×TP])
2.3 Algal bioassay

The algal growth potential was evaluated in microplates with a suspended culture of Phaeodactylum tricornutum Bohlin 1897 CCAP 1052/1A (Culture Centre of Algae
and Protozoa, UK) by the laboratory miniaturized growth
bioassay method [19-21]. Cultures were incubated in the
Guillard’s medium for diatoms, at 20°C and illuminated
by the white light irradiance with 16/8 photoperiod (PAR,
400-700 nm) at approximately 100 µmol photon m-2s-1.
Due to the prior uptake and possible storage of nutrients,
it was necessary to starve P. tricornutum cells before experimental use [22, 23]. If algae are cultivated in dilute
media, the amount of growth from nutrient carry-over in
subsequent test waters is negligible [13]. The algal culture
in its exponential phase was washed from the nutrient

medium with sterile synthetic seawater and cultivated for
three days. The algal cell density in this solution was determined using Bürker-Türk counting chamber (Karl Hecht
KG, Sondheim, Germany) under a light microscope (Ax
overt 25, Carl Zeiss, Inc., Göttingen, Germany). The initial
cell density in the inoculum solution was 8 x 105 cells ml-1.
Water samples from the investigated sites were filtered
through Whatman GF/C glass fibre filters to eliminate particles. Bioassays were carried out in the polystyrene 96-well
microplates (TPP, Switzerland) with well volume of 300 µl.
The miniaturized growth bioassays were conducted with six
pseudo replicates of control samples (200 µl tested water
sample from each site and month + 50 µl algal inoculums
in sterile synthetic seawater). Prior to adding the algal
inoculum solution, the uncovered microplates containing
water samples from the investigated sites were exposed to
the UV light for sterilization. The microplates were covered with lids, placed in a glass incubation chamber and
exposed to cultivation conditions. The growth of P. tricornutum was determined by measuring the optical density at 750 nm every day, for approximately 14 days (until
the stationary phase of growth), using an automated microplate reader (Multiskan MS, Labsystem, Finland) controlled by GENESIS II software (Windows™ Based Microplate Software). Conversion of optical density at 750 nm to
dry weight (g l-1) of P. tricornutum was described in detail by Kvíderová and Lukavský [20]:
DW (g l-1) = (OD750 – a)/b (a=0.018, b=1.375, r=0.976).
The results were plotted as growth curves (biomass
over time), and during the experiment, the maximal biomass of algae was used to determine the trophic potential
of waters.
2.4 Data processing and statistical analysis

Statistical analysis of data was performed using Statistica ver. 7.1 (StatSoft, Inc., Tulsa, USA, 2005). All
results were considered significant at significance level
p<0.05. All data were log transformed except pH in order
to obtain normal distribution. Two way variance analysis
(ANOVA) was used in order to test differences among
layers and sites. Physical-chemical and biotic parameters
were considered as dependent variables, while sampling
depth and location were considered as categorical variables. Tukey HSD test was carried out for post-hoc testing.
Principal Component Analysis (PCA) was performed by
the Statistica ver. 9.1 software (StatSoft, Inc., Tulsa,
USA, 2009) on environmental data to determine which
variables were correlated and to identify the key variables
with the greatest influence on the total multivariate distribution of data matrix. Data were first standardized and log
transformed as variables had different units.
3 RESULTS
Tables 2 and 3 summarize the mean values and standard deviation of physical and chemical parameters as well
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as of phytoplankton Chl-a from three water layers at investigated sites in Rijeka Bay. Nitrogen (N-NH4, N-NO3)
and phosphate (P-PO4, TP) concentrations were significantly higher (Tukey HSD, p < 0.05) in surface waters than
in the Secchi depth and near the bottom waters. Surface
waters significantly differentiated also in EC, S and DIN/TP
ratios (Tables 2 and 3).
Surface water samples at the harbour site Rijeka Port
(PR) distinguished from other water samples in significantly higher N-NH4 (ANOVA: F4,165=12.7, p<0.001), NNO3 (F4,150=6.9, p<0.001), P-PO4 (F4,165=20.4, p<0.001)
and TP (F4,120=24.8, p<0.001) concentrations (Figure 2a,
b, c). The DIN/TP ratio at this site (average 21) was near
to the biological requirements.
A wide range of N/P ratio values was found at all
sites.
Ratio of DIN/TP in the surface water of all stations of
the studied area in this research, generally suggested the
P-limitation prevalence. The OP station has revealed Plimitation throughout the whole research period. Secchi
depth and near the sea bottom samples showed lower and
generally optimal ratios (10-20) indicating that the growth

of phytoplankton at all stations has not been not limited
by nitrogen or phosphorus. The largest discrepancy of the
N/P ratio values was noticed for surface samples of IC
station where values of N/P ratios ranged from 7.0 to 126.7,
indicating alternation of P-and N-limitation. Only 13% of
water samples had N/P indicating nitrogen deficiency
(N/P<10), 41% had N/P near to the biological requirements (10<N/P<20) while 46% of water samples had N/P
indicating deficiency of phosphorus. The averages of PPO 4 and TP concentrations were quite low (0.1 µM at
Secchi depth to 0.63 µM at surface waters or 0.00950.057 mg P-PO4 l-1) and close to the analytical detection
limit of 0.02 µM P-PO4, Table 3.
Two way ANOVA showed no significant differences
among layers for phytoplankton Chl-a concentrations (F2,
149=1.7, p=0.18). On the other hand, among sites, the
significantly higher phytoplankton Chl-a concentrations
(F4,149=3.6, p=0.008) were found in PR water samples
(concentrations ranged from 0.06 in April to 4.53 µg l-1 in
June, with average 0.93 µg l-1). The average values of
phytoplankton Chl-a concentrations for other sites were
0.43, 0.50, 0.39 and 0.43 µg l-1 at 3M, KA, OP and IC,

TABLE 2 - Descriptive statistics of selected water quality variables in coastal waters of Rijeka Bay (NE Adriatic Sea)

PR
3M
KA
OP
IC

Surface
Secchi depth
Bottom
Surface
Secchi depth
Bottom
Surface
Secchi depth
Bottom
Surface
Secchi depth
Bottom
Surface
Secchi depth
Bottom

DOSAT
(%)
88.40±15.79
91.70±16.63
82.72±11.77
89.07±16.18
95.84±20.28
95.13±16.68
90.63±18.28
99.68±16.96
94.18±22.72
93.76±16.58
95.44±21.91
99.97±25.79
95.76±24.29
105.33±19.47
104.76±22.50

pH
7.8±0.4
8.1±0.2
8.0±0.1
8.0±0.1
8.1±0.1
8.1±0.1
8.1±0.1
8.1±0.1
8.1±0.1
8.0±0.1
8.1±0.1
8.1±0.1
8.0±0.1
8.1±0.1
8.1±0.1

EC
(µScm-1)
30.3±9.7
51.1±2.9
51.8±2.2
45.8±8.4
52.9±1.4
52.8±1.3
46.4±9.1
52.7±1.5
52.8±1.7
36.3±5.4
52.4±1.6
52.7±1.6
38.5±12.5
51.8±2.7
52.7±1.6

S
22.4±8.3
36.8±1.2
37.3±1.1
33.6±4.3
37.4±0.8
37.6±0.7
33.8±6.6
37.4±1.0
37.6±0.7
24.7±4.4
37.1±1.0
37.2±0.9
27.2±9.3
36.9±0.8
37.3±0.8

BOD
(mgl-1)
2.81±1.24
2.29±1.84
2.37±1.79
2.45±1.62
1.82±1.91
1.92±1.91
2.38±1.60
2.24±2.05
2.42±1.90
2.20±1.55
1.90±1.71
2.52±1.88
2.15±1.80
2.61±2.25
2.19±1.80

Chl-a
(µgl-1)
0.930±1.304
0.896±0.641
1.072±1.099
0.413±0.199
0.452±0.343
0.425±0.222
0.442±0.173
0.548±0.488
0.520±0.372
0.344±0.243
0.452±0.199
0.379±0.167
0.431±0.286
0.456±0.174
0.416±0.243

Maximal biomass of
P. tricornutum (gl-1)
0.111±0.049
0.077±0.039
0.076±0.038
0.080±0.035
0.074±0.041
0.075±0.038
0.079±0.039
0.078±0.046
0.072±0.039
0.096±0.072
0.089±0.068
0.079±0.046
0.077±0.031
0.073±0.040
0.074±0.041

TABLE 3 - Descriptive statistics of nutrient concentrations in coastal waters of Rijeka Bay (NE Adriatic Sea)

PR
3M
KA
OP
IC

Surface
Secchi depth
Bottom
Surface
Secchi depth
Bottom
Surface
Secchi depth
Bottom
Surface
Secchi depth
Bottom
Surface
Secchi depth
Bottom

NH4 (µM)
14.527±14.302
0.533±0.378
0.649±0.541
0.562±0.493
0.274±0.127
0.291±0.193
0.450±0.348
0.205±0.113
0.216±0.136
0.369±0.218
0.267±0.256
0.241±0.162
0.338±0.251
0.245±0.267
0.214±0.153

NO2 (µM)
0.317±0.198
0.154±0.157
0.150±0.166
0.173±0.127
0.144±0.159
0.156±0.168
0.156±0.146
0.154±0.164
0.117±0.159
0.136±0.125
0.138±0.156
0.148±0.173
0.148±0.091
0.151±0.133
0.141±0.152

NO3 (µM)
37.664±14.316
3.507±1.651
2.527±1.349
21.988±22.197
2.425±1.431
2.205±1.325
10.244±18.211
1.878±1.063
1.603±0.818
16.500±7.674
2.198±0.873
1.698±0.821
11.947±8.335
1.933±0.921
1.611±0.819

1024

PO4 (µM)
2.187±1.109
0.248±0.356
0.752±1.497
0.304±0.303
0.070±0.113
0.077±0.091
0.349±0.684
0.032±0.055
0.193±0.611
0.185±0.152
0.055±0.089
0.053±0.088
0.144±0.128
0.076±0.133
0.048±0.088

TP (µM)
2.517±1.369
0.274±0.134
0.318±0.150
0.507±0.600
0.130±0.037
0.129±0.058
0.204±0.203
0.134±0.039
0.125±0.029
0.253±0.068
0.153±0.058
0.121±0.019
0.252±0.189
0.157±0.085
0.113±0.032

DIN/TP
23.5±9.9
16.3±6.3
11.5±4.3
35.9±18.7
19.8±8.4
21.3±11.8
24.6±14.6
14.9±3.9
14.2±4.6
60.0±15.5
18.4±7.3
16.5±5.1
54.9±41.4
15.9±8.8
18.0±9.7
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FIGURE 2 - Concentrations (mean and standard deviation) of a) N-NO3, b) N-NH4, and c) P-PO4 and TP in the three water layers at five
investigated sites (PR, 3M, KA, OP and IC) in Rijeka Bay from February 2005 to January 2006. Asterisk (**) indicates significantly different
values among sites at p<0.01 (ANOVA and Tukey HSD test). Different letters indicate statistically significant differences among sites

respectively. This effect refers to the Chl-a means associated with sites. The difference among them may be attributed to the real effect or nutrient concentrations (e.g.

PR site is nutrient rich). The interaction among sites and
layers was not significant.
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Trophic state index values was significantly higher
(one way ANOVA: F4,39=19.4, p<0.001) in surface waters
at the site PR compared to other sites (Figure 3), indicating highly productive waters.

PC analysis was applied in order to figure out and
score the most relevant combination of parameters to discriminate between sites and select representative descriptors of trophic conditions. Performed PC analysis has
produced four principal components: PC1, PC2, PC3 and
PC4. PC1 and PC2 together accounted for total of 92.0% of
the variance (67.0% for the PC1 and 25.0% for the PC2).
The correlation coefficients between these four principal
components and the variables are reported in Table 4.
TABLE 4 - Correlation coefficients between the environmental
variables and the principal components

FIGURE 3 - Mean values, box and whiskers represent standard
error and standard deviation of the mean with outliers of trophic
index (TRIX) units and maximal biomass of P. tricornutum (g l-1) in
surface waters of Rijeka Bay during the study period

Mean TRIX values for 3M, KA, OP and IC classified
these sites as moderately productive or mesotrophic. Utilization efficiency coefficient had low negative values at all
sites during the study period (Figure 4).

SD
pH
TW
S
DO
NH4
NO2
NO3
PO4
TP
DIN/TP
Chl-a

PC1
0.814
0.991
0.955
0.762
−0.557
−0.961
−0.924
−0.905
−0.873
−0.960
0.405
−0.384

PC2
−0.202
−0.070
−0.180
−0.578
0.749
−0.268
−0.369
−0.035
−0.468
−0.201
0.898
0.870

PC3
0.403
0.072
−0.235
0.276
−0.204
−0.063
0.000
0.422
−0.052
0.174
0.129
0.286

PC4
−0.367
0.088
−0.001
0.095
−0.296
−0.013
0.102
−0.039
−0.125
0.091
0.110
0.118

PC1 showed the highest positive correlations with WT,
SD, S, pH, and the highest negative TP, NH4, NO3 and
NO2. PC2 showed the highest positive correlations with
DIN/TP, Chl-a, DO and the highest negative correlations
with S, PO4 and NO2. PCA ordination of environmental
variables and sampling sites is presented in Figure 5.

FIGURE 5 - Results of PCA carried out on environmental parameters with superimposed circles of TRIX

FIGURE 4 - Efficiency Coefficients vs. Trophic Index (TRIX) in
surface waters of Rijeka Bay during the study period

The lowest values were determined at the site PR (from
-4.8 to -3.2, mean -3.8). No correlation was determined
between the log(Chl-a×aD%O) and log(DIN×TP), two
aggregate components of the TRIX. The biotic component
contributes with up to 26% in TRIX data (e.g. in June 2005).
The abiotic component, on the other hand, contributes with
up to 80% in TRIX data, exceeding a maximum of 90%
(e.g. in January 2005 at site PR).

Certain environmental variables were positioned close to
each other on the ordinate of the diagram due to their mutual
high correlation coefficient. This was the case of NO3, NH4,
NO2, TP, and PO4; Chl-a and DO; pH, WT and SD.
The algal growth potential in original water samples
from the investigated sites in Rijeka Bay was studied up
to the stationary phase of P. tricornutum growth, which
was usually established by the 14th day of incubation. Obtained results of P. tricornutum maximal biomass are overvalued. But, they followed the trend of TRIX data and
were therefore used for comparison with TRIX index of
trophic conditions (Figure 3). A significantly higher bio-
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mass was determined in water samples from the site PR
(ANOVA, F48,109=2.73, p<0.001) indicating higher trophic
level at that site. Comparing the results from chemical
analysis of water samples with bioassay results, a significant positive correlation was found between biomass of P.
tricornutum and N-NH4 (r=0.345, p=0.02), N-NO3 (r=
0.482, p=0.001), P-PO4 (r=0.425, p=0.004), TP concentrations (r=0.417, p=0.005), as well as between maximal biomass of P. tricornutum and TRIX units (r=0.554, p<0.001)
for surface water samples.
4 DISCUSSION AND CONCLUSIONS
Water quality evaluation of coastal marine environments is based on parameters such as nutrients, chlorophyll-α and oxygen concentrations and Secchi disk depth.
The Croatian part of the Adriatic Sea is by its nature an
oligotrophic sea where primary production processes are
controlled by the low nutrient concentrations. Very complex and variable thermohaline properties in the coastal
waters of Rijeka Bay are directly connected with the thermal exchange between atmosphere and sea surface, freshwater input, submarine springs and rainfalls, circulation
dynamics and exchange between different Adriatic water
masses. The nutrient input to the coastal areas has been
dramatically increasing in the last decades due to intensive
urbanization along the coastal regions. Freshwater inflows,
mainly caused by rivers, wastewaters and precipitations
significantly affect the nutrient contents in the surface layer
of the coastal area. As only significant river in studied
area, Rječina River is showing quite high variations of its
flow with annual flow rate of 13.0 m 3/s. Total nutrient
freshwater input by Rječina River results annually in
460.7 tons of total nitrogen and 6.4 tons of total phosphorus [24]. Moreover, there is a large number of underwater
springs of fresh water (submarine springs) along the north
coast of Rijeka Bay whose activities are most expressed
and intensive in late spring and late autumn. It is estimated
that discharge of wastewaters directly into the Rijeka Bay
results with total N and total P amount of 637.7 tones/year
and 63.2 tones/year, respectively [24].
In other words, hydrographical and hydrodynamic
characteristics in coastal waters depend on the seasonal
meteorological conditions and the extent to which waters
are affected by events of freshwater supply [25]. As it is
evident from the statistical summary of the environmental
parameters, the surface water in Rijeka Bay (NE Adriatic
Sea) differentiates in nitrogen and phosphorus concentrations and their ratio, electrical conductivity and salinity.
According to our results, the differences in nutrient concentrations, especially ammonium and nitrate, between surface waters at the harbour site (PR) and other sites are related to the freshwater inflow. This site is located nearest to
the coastline (approximately 50 m offshore) unlike other
sites (~400 m), and is in close proximity of municipal
wastewater discharge. Also, the nutrient concentrations
were significantly negatively correlated with both tempera-

ture and salinity, therefore confirming their freshwater
origin. According to nitrates, nitrites and phosphates concentrations, study sites are characterized as mesotrophic
with the exception of site PR which was eutrophic.
The N/P ratio is commonly used as indicator for either
nitrogen and/or phosphorus limitation. In our study, the
N/P ratio is indicative of phosphorus limitation in majority
of surface water samples where phytoplankton blooms prevail and decreases the orthophosphate level. Nevertheless,
stratification of the water column also reduces phosphorus
supply from other layers. On the other hand, N limitation
was rarely determined, and this is ascribed mainly to
precipitation as a dominant input of this nutrient in this
investigated area.
These results are in contrast to many other coastal
marine environments which are commonly assumed N
limited [25], but coincide with bioassay studies and nutrient stoichiometry in the eastern Mediterranean [26, 27] as
well as in the Adriatic Sea [21, 28, 29], where phosphorus
concentrations have been determined as very near to the
analytical detection limit [30]. The N/P ratio varies seasonally or over the years too, greatly depending on the input of
nutrients into the system [31]. This is the indication that
changes from N to P limitation or vice-versa can occur.
This variability was more marked in the upper water column where the most significant impact of freshwater, but
also because of the water column stratification which is
most pronounced in summer. The stratification degree is the
most affected by the temperature, but a significant influx
of fresh water, even in other seasons may be intermittent
stratification, which directly affects the concentration distribution of nutrients and chlorophyll a in the water column. It is necessary to point out that spatial inhomogeneous precipitations in this area additionally emphasize the
variability in thermohaline properties.
P-limitation in the Adriatic is probably the consequence
of high inorganic N/P ratio of freshwater inflows and precipitation (>25). Degobbis and Gilmartin [30] calculated
the atmospheric N and P contributions analysing nutrient
concentrations in rain waters (NH4, NO2, NO3, and PO4).
They concluded that atmospheric nitrogen contribution is
significant, especially in periods of heavy rainfall. Hence,
nitrogen can be an important factor in regulating primary
production. In contrast, atmospheric contribution of phosphorus is minimal and is not considered as significant in
regional primary production [32].
Since chlorophyll a concentration can be considered
as a direct measure of organic matter assimilation processes, which are mostly conditioned by nutrient availability, it is expected that along the eastern Adriatic coast
chl-a concentrations are low. The exception is eutrophic
station PR, which is nearest to the coastline and characterized by the bimodal distribution of maximal Chl-a values,
with a more pronounced summer maximum (June – August) and a less pronounced autumn maximum (October).
On the other hand, at all other sites, which are further
offshore, predominant annual maxima was in autumn.
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TABLE 5 - Eutrophication scale based on TRIX and chlorophyll-a concentration according different
criteria after Giovanardi and Vollenweider [3], Ignatiades [35], Simboura et al. [36] and Pagou et al. [37]
Stations

PR
3M
KA
OP
IC

TRIX
Giovanardi and Vollenweider [3]

Chl a (µg/l)
Ignatiades [35]

5.9
eutrophic
4.3
mesotrophic
3.6
oligotrophic
4.2
mesotrophic
4.2
mesotrophic

Simboura et al. [36] and
Pagou et al. [37]
0.93

mesotrophic

higher mesotrophic
0.41

oligotrophic

moderate
0.44

oligotrophic

moderate
0.34

oligotrophic

lower mesotrophic
0.43

oligotrophic

This occurrence is characteristic for NE Adriatic. Supić et al. [33] observed a shift in the distribution of the
annual Chl-a maximum from spring to autumn in the NE
Adriatic as a result of a change in the Po River hydrology.
In addition, primary productivity of northern Adriatic Sea
is influenced by many smaller rivers that provide a significant flow of freshwater [34] and nutrients. A non-homogeneous distribution of chlorophyll a in relation to nutrients
can be explained by eutrophic conditions prevailing at stations along with physical characteristics that determine the
vertical mixing in the column. Specifically, in the PR station during the entire study period, chlorophyll a showed a
similar distribution in water column and was well correlated with nutrient concentrations. However, at stations
which exhibited low levels of eutrophic conditions, phosphorus limitation determined phytoplankton production.
According to the Chl-a concentration and criteria by
Ignatiades [35] (Table 5), harbour site can be characterized as eutrophic, while all other sites (3M, KA, OP and
IC) as mesotrophic. Based on Simboura et al. [36] and
Pagou et al. [37] trophic classification, site OP can be
characterized as the lower mesotrophic with good ecological quality status, while other sites as higher mesotrophic,
with moderate ecological quality status for sites 3M, KA
and IC and poor ecological quality for site PR. Therefore,
a composite index that takes into account causes (nutrients), effects (Chl-a) and environmental conditions (oxygen)
was used to assess trophic status of investigated coastal waters. In terms of productivity, Figures 3 and 4 summarize
results of TRIX values in coastal waters of Rijeka Bay.
Average annual values of 5.9 at site PR indicating highly
productive waters are typical for the Adriatic coastal waters
that are under a strong influence of anthropogenic factor
and activities situated on the shore. Conversely, results at
other sites indicate scarcely to moderately productive waters and thus confirming their mesotrophic state. The TRIX
values were similar to those of the South-Eastern Adriatic
[38]. Using the efficiency concept, two distinctive clusters
of points are identified: one having high TRIX and low Eff.
Coeff. data at the site PR and the other with lower TRIX
and higher Eff. Coeff. data at sites 3M, KA, OP and IC.
That is, TRIX, as a static index, indicates either the actual

moderate

productivity (e.g. at sites 3M, KA, OP, IC) or the potential
productivity (e.g. site PR) of Rijeka Bay coastal waters.
Therefore, in controlling the actual variation in coastal
waters TRIX data, it appears that potential productivity is
dominated by the nutritional factor component, and the
obtained results give us the perspective of what the system “potentially could do”.
The maximum biomass which can be sustained when
there is no losses is fundamentally given by the ratio of
the substance quota sensu Droop [39] versus the amount
of all chemical forms of the limiting nutrient which can be
taken up by the algae. It means that the nutrient content
sets the theoretical maximum for phytoplankton biomass,
although this level may never be reached. Since all nutrients in the water are not in the form that can be used by
algae (there may be substances that inhibit algal growth),
bioassay provides a better indication of trophic conditions
than nutrient concentration in situ. Therefore, the maximal biomass of P. tricornutum in the waters of the investigated sites is determined as the maximum amount of
algal growth that nutrients in water samples can support.
In this paper maximal biomass of P. tricornutum followed
only the trend of TRIX data, because the current biomass
data showed as overvalued. According to the productivity
level [40-42] biomass ranging from 0.11 to 0.8 mg/l
would be classified as “moderate”, from 0.81 to 6 mg/l as
“moderately high” and from 6.1 to 20 mg/l as “high”
productivity level. Nevertheless, higher biomass of P.
tricornutum in water samples from site PR and lower
biomass in water samples from other sites follow the
trend of their trophic state based on nutrients and TRIX
index. During the development of experimental procedure
for algal growth bioassay with P. tricornutum, a few problems with this simple experimental approach emerged.
High density of cells/ml at the starting point of the experiment, most definitively contributed to the overvalued
data of P. tricornutum biomass. Also, biomass conversion
factor should have been revised by coupling microscope
counting or gravimetric analyses to the spectrophotometric analyses. These problems will be addressed in future
research.
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In order to correctly set limits of the trophic state, the
experimental system, which has produced overvalued data,
needs further adjustments and calibration with a conventional culture flask system. In addition, more samples with
wide scale of environmental parameters should be analysed. At that point bioassay approach could be applicable
to the routine monitoring of the coastal waters as a complement to the chemical analysis. Nevertheless, biomass
of experimental algae is not always directly related to the
phytoplankton chlorophyll-a. On the contrary, Horvatić et
al. [22] determined that trophic conditions based on the
algal growth potential were inversely related to the phytoplankton chlorophyll-a. Therefore, for the evaluation of
trophic conditions both parameters should be considered
as supplementary.
Since coastal areas are regions of the significant economic and ecological importance, it is of great importance
to further develop techniques for a quantitative assessment of their trophic state. From eutrophication management perspective, understanding the relationship mechanisms in the hydrologic and nutrient regime is of crucial
importance for identification the algal growth and bloom
control factors. Therefore, these findings may be used for
developing the short-term and the long-term strategies for
eutrophication management.
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ABSTRACT
In this study, sediment toxicity and bioavailability of
copper and zinc to Phaeodactylum tricornutum were determined with and without sediment. Phaeodactylum tricornutum was exposed to different copper and zinc concentrations (250-2000 µg L-1) for 96 hours. A significant
positive correlation between inhibition and metal concentrations and between the total cell counts and the chlorophyll-a content of Phaeodactylum tricornutum was observed. The metal concentration significantly (p<0.05) rose
the inhibition values at the end of 96 h. The EC50 values
indicated that it was more sensitive to copper and zinc with
sediment than without sediment, and zinc was more toxic
than copper both with and without sediment. The presence of sediment significantly (p<0.05) affected the inhibition values. The mean bioaccumulation and the mean
bioconcentration factor rose with the increasing metal concentration, being with and without sediment. The metal
concentration level significantly (p<0.05) affected the
mean BA and BCF values. The exposure time significantly (p<0.05) affected bioavailability of metals. The sediment significantly (p<0.05) affected the mean BA values
with copper, but did not significantly (p>0.05) affect the
mean BA values with zinc.

KEYWORDS: Sediment Quality Guidelines; Sediment Toxicity;
Phaeodactylum tricornutum; Bioavailability; Copper; Zinc.

1 INTRODUCTION
The assessment of the chemical status of a surface water body is based on compliance with Environmental Quality Standards according to the Water Framework Directive
(WFD) acknowledges that sediment and biota are important matrices for the monitoring of certain pollutants
with significant potential for bioaccumulation [1]. Sediment is

* Corresponding author

an integral component of aquatic ecosystems, providing
habitat, feeding and spawning resources for many aquatic
organisms. However, sediment also serves as a reservoir
for contaminants, which can then transfer to the water column and organisms [2] and sediment can be re-suspended
following dredging or food events and, thus, act as a secondary source of contamination for aquatic organisms [3].
This is now considered to be a major route of exposure for
many species [4]. A complex array of sediment processes
influence the exposure of aquatic organisms to sediment
contamination, so a multifaceted approach is needed to
assess the contaminant impact on ecosystems and human
and wildlife health. This requires knowledge of how sediment components moderate metal bioavailability. The interactions between sediments and endpoints in water basins
can be evaluated in terms of sediment quantity, location
and transport. Protecting sediment quality has been viewed
as a logical and necessary extension of water quality protection.
To evaluate sediment quality, a “triad approach” with
chemical, ecotoxicological and ecological parameters is
often used [5, 6]. For the protection of the sediment ecosystem one needs information on the sensitivity of the microorganisms, plants and animals which are living in and
on the surface of sediments. Therefore the results of toxicity tests with microorganisms, plants and animals must
be combined in order to derive sediment quality guidelines. Sediment quality guidelines based on the distribution of chemicals between sediment and aqueous phase,
and assessment of toxicity of sediment with water quality
guidelines were not confirmed [7]. To derive sediment
quality guidelines, van Beelen [7] defined eight different
categories using different types of standard toxicity tests.
These categories deal with the determination of environmental risk limits of specific pollutants or location specific risk assessment of polluted sediments. In category F of
tests pure chemicals or toxic mixtures are tested with pure
cultures of added microorganisms that are introduced into
the sediment.
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Measurement of toxicity in coastal sediment toxicity
becomes a very important topic. Chemical analyses provide only measured concentrations of a given chemical in
an environmental compartment and are not good predictors of the effects (e.g. acute toxicity) of chemicals to
aquatic biota. Hence, bioassays have been designed to determinate the effect of potentially toxic samples on biota
and are necessary to establish contamination risk in sediments. Most of the standard bioassays have been designed
for freshwater environments but there has been a recent
increase in the interest on the development of standard
toxicity bioassays for marine environments, some of the
research focusing on marine microalgae [8]. Green algae
and diatoms are the most commonly used microalgae in
marine toxicity tests [9]. The presence of primary producer
influences the transfer of chemicals in sediment and in the
food chain. Hence, determining the effect of sediment
bound toxicants on algae may be a good estimate for the
potential effect of such contaminants on the benthic
community [2, 10]. Such studies can provide critical information for the environmental risk assessment of metals
in aquatic environments. Currently in addition, there is a
very serious concern for seafood safety, which also requires knowledge of the bioaccumulated (BA) concentrations of metals and their potential risks to human beings
[11]. Additionally, the enrichment of heavy metals in biota
plays an important role in risk assessment. The examination
of low-scale effects of low concentrations of biologically
active but not acutely toxic substances on the metabolism
of living systems is complicated. One major problem in
this respect is the accumulation in the organisms to a level
of toxic concentrations [12].
Bioavailability is defined as the fraction of the total
contaminant in the interstitial water and in the sediment
particles that is available for bioaccumulation. Therefore,
it can be absorbed by biota and hence can potentially cause
toxic effects if present at the target site in sufficiently high
concentrations [13]. Estimating bioavailability is an important first step in evaluating the significance of chemicals sorbed into sediment [4]. Metal bioavailability results
in high concentrations of the corresponding metals in
biota, through the so-called bioconcentration process
(BCF). This occurs through the bioconcentration, a process by which chemical matter is accumulated into biota
from its surrounding environment [14]. When there are
no results of toxicity tests with microorganisms, plants or
animals available it is very difficult to derive sediment
quality guidelines [7]. It is apparent, therefore, that numerical sediment quality guidelines, when used in combination with other tools, such as sediment toxicity tests,
represent a useful approach for assessing the quality of
freshwater and marine sediments [15].
Previous toxicity studies were conducted using static,
uncovered test conditions without analytical confirmation.
As a result, the toxicity endpoints generated in these studies do not meet the published EPA 2002 or OECD 2006
testing guidelines. Toxicity tests involving sediments and

microphytobenthic organisms are extremely scarce and
recent. Traditional laboratory-based toxicity tests are the
difficulty of extrapolating effects observed in the laboratory
to those in the real environment. Laboratory experiments
using single indicator species have served well in the past
and continue to provide a mainstay for toxicology. Laboratory-cultured organisms can also alter their sensitivity
due to acclimation (or adaptation) to different metal concentrations in the culture medium and consequently toxicity test results [16].
The objective of this study is to determine whether it is
feasible to implement an algal growth inhibition test with
sediment suspensions and also aims to support the hypothesis that this type of bioassay can be used for assessment of
the potential bioavailable toxicity in presence of clean
(control) sediment. The study also support that the sediment toxicity tests and bioavailability are of importance to
derive sediment quality guidelines. Thus, this study, first,
determined the toxic effects of copper and zinc over different exposure intervals. Second, the biological response
of the marine diatom P. tricornutum was measured, and
third, examined the effect of sediment toxicity, acting individually and in combination on the bioavailability of
copper and zinc under laboratory conditions.
2 MATERIALS AND METHODS
2.1 Culturing the algae

In this study, the 96-h growth of marine diatom P.
tricornutum and a standard marine algal toxicity test was
used. The marine diatom P. tricornutum (UTEX 646) was
obtained from the Culture Collection of Algae at the University of Texas at Austin. The methods described by the
International Standards (ISO) and the Environmental Protection Agency (EPA) were used for culturing the microalgae [17, 18]. Artificial seawater was prepared for culturing
the microalgal stocks [17] and was enriched with f/2 medium containing low nutrient levels [17, 19, 20]. The
growth medium was placed in 250 mL glass Erlenmeyer
flasks and autoclaved at 121°C for 20 minute. Then 0.4 ml
of microalgal stock solution at an exponential growth phase
was inoculated in the growth medium. All the flasks for the
toxicity test were incubated at 20±2°C under continuous
“cool-white” fluorescent lighting of 3500-4000 lux and at
12:12 h light:dark cycle. They were shaken twice daily by
hand.
2.2 Preparing of the sediment

Sediment from a depth of 0-5 cm was collected with a
Bridge-Ekman grab sampler from location Esençay above
Abdal River in Samsun, Turkey, an area known to be
clean. Native biota was separated, and large particles and
debris were removed [21]. The sediment was stirred and
rinsed twice with distilled water for 24 h [22] and was
kept at about 4°C. The control sediment sample was dried
for 12 h at 105°C, and then sieved through a 0.25 mm mesh
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sieve to remove immature amphipods and most macrofauna
[23]. The physical and chemical properties of control
sediment were determined before and after washing [24].
The quality values of control sediment were determined to
be lower than those proposed by Simpson et al. [25], and
were given in Table 1. The pH was measured in a mixture
of 10 g sediment and 25 mL distilled water [26]. The moisture content was determined by ASTM method [23]. The
particle size classification was determined by the Wentworth Grade Scale [27]. The dried sediment was heated to
600°C for 4 h to determine the organic matter content
[26].
2.3 Experimental Design

Toxicity tests of soils and sediments determined with
aquatic organisms are usually carried out with aqueous
elutriates. However, these procedures tend to underestimate the bioavailable fraction of the sorbed compounds
[28]. In this study, the toxicity tests were initiated after
both the control and test flasks reached a cell density of
1×105 cells mL-1. The sediment toxicity tests were performed according to OECD and CCME guidelines, and
50 g (dry weight) of control sediment was mixed with 200
mL of microalgal test medium [18, 21, 28, 29]. The flasks
were shaken at 100 rpm for one hour so that the control
sediment was thoroughly mixed with the microalgal test
medium. The Cu and Zn test concentrations were prepared by diluting a concentrated stock solution of CuCl2
(Merck) and ZnCl2 (Merck) (pH 8.0±0.1). Then, six copper and six zinc concentrations ranging from 250 µg L-1 to
2000 µg L-1 were each added to the control with and without sediment and to six test flasks with and without sediment. All these flasks were placed on a shaker table and
shaken at 50 rpm in continuous lighting of 3500-4000 lux
at 20±2°C.
The cell density and chlorophyll-a contents were
measured at 0, 24, 48, 72 and 96 h and the mean count
(cell mL-1) was calculated for each treatment. Cells in the
exponential growth phase were used for all experiments.
The growth inhibition tests were performed following the
ISO testing guidelines 10253 [17]. The growth rate µ was
calculated with the following equation:

µ=

ln X L − ln X 0
tL

where XL is the measured cell density at time tL , X0
is the nominal initial cell density and tL is the time in
hours, between the Lth measurement and the beginning of
the test.
The mean values of µ for each test concentration and
the control were calculated. The percentage inhibition for
each test concentration was calculated as follows:

µc − µi
×100
µc

I µi =

(2)

where µc is the mean growth rate for the control and
µi is the mean growth rate for the test concentration “i”.
Each of the Iµ values was plotted against each concentration on a semi-logarithmic scale. The growth inhibition
rates were calculated by linear regression analysis. An
accurate determination on the EC50 (or LC50) toxicity
index for a particular toxicant is possible if the response
of a test organism to several toxicant concentrations include
values from 0% to 50% and above. The EC50 is reported as
a value that is greater than the maximal tested concentration. EC50 is the concentration showing Ia=50% [17, 30].
The microalgal cells were concentrated by filtering a
known volume of water and water-sediment through Whatman GF/C filters. The pigments were extracted from the
concentrated microalgal sample in an aqueous acetone
solution. The chlorophyll-a concentration was determined
spectrophotometrically by measuring the absorbance (optical density - OD) of the extract at various wavelengths
[31].
The bioaccumulation (BA) was used to describe the
uptake of chemicals from the water. The bioconcentration
factor (BCF) used to calculate the distribution of heavy
metals between biota and water was defined with the
following equation [14, 32-35]:
BCF=

C Biota
CWater

(3)

where CBiota is the total metal concentration in the microalgae (µg metal g-1 dry weight of algae) and CWater is
the total metal concentration in water (mg metal L-1).

(1)

TABLE 1 - The physical and chemical properties of control sediment were determined before and after washing (n=3, the mean value±SD).
Physical and chemical properties of sediment
pH
Moisture content (%)
Particle size distribution (%)
Gravel (>2 mm)
Sand (2-0.063 mm)
Silt+Clay (<0.063 mm)
Organic matter content (%)

Before washing

After washing

6.84±0.19
35.78±2.45

7.35±0.09
29.71±1.47

Recommended sediment quality
values*
-

-

-

3.68±0.14

-

14.42±1.94
63.55±3.20
22.03±1.57
4.09±0.15
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-

20.785±3.61
108.660±53.32
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BA with sediment was evaluated to be both the uptake of metals to microalgae and the adsorption of metals
onto sediment particles from the water because algae were
not separated from sediment. With sediment, the BCF used
to calculate the distribution of heavy metals between biotasediment and water was determined using the equation
below [14, 24, 34]:
BCF=

CBiota − Se dim ent
CWater

(4)

where CBiota-Sediment is the total metal concentration in
the microalgae-sediment (µg metal g-1 dry weight of algae-sediment) and CWater is the total metal concentration
in the water (mg metal L-1).
2.4 Analysis of Metals

Algal cells were separated from the water (without
sediment) and the microalgal cells-sediment was separated
from the water-sediment (with sediment) by filtering with
Whatman GF/C daily. Each filter paper was digested with
10 mL of HNO3 (65%), 10 mL of HF (40%), 5 mL of HClO4
(60%) and 10 mL of HCl 1M [31, 36]. After digestion, the
samples were diluted with distilled water and filtered
through Whatman filter paper for analysis using a UNICAM 929 AA Spectrometer.
2.5 Statistical Analysis

Chemical and toxicological experiments were performed in triplicate and standard deviations of all values
were calculated using Microsoft Office Excel 2007. The
reported values are the mean ± standard deviation.
Analysis of variance was conducted using SPSS 17.0,
3-Factorial Design. Statistical analysis was conducted to
determine whether main effects of the inhibition values at
the end of 96 h were significant different to each other.
And statistical analysis was also conducted to determine
whether the mean bioaccumulation and bioconcentration
factor values with and without sediment at the different
exposure times were significant different to each other.
The normality of assumption was tested using Kolmogorov-Smirnov Normality Test, and all groups appeared to
be normal (p>0.05). The homogeneity of variance was
tested using Levene’s Test, and all groups appeared to be
homogene (p>0.05).
3 RESULTS AND DISCUSSION
3.1 Toxic effects of copper and zinc on P. tricornutum activity

The primary criterion of microalgal toxicity tests is
the growth inhibition rate at the end of the exposure to
test and control medium. The variation in the count of the
P. tricornutum cells and the chlorophyll-a content at the
end of 24-96 h in the different concentrations of Cu and
Zn for each medium are shown in Figures 1 and 2. Commonly used culture medium varies considerably in their
trace element composition. Mediums containing zinc con-

centrations ranging from 0 to 2000 µg L-1 have been reported [16].
As soon as the Cu and Zn solutions of the concentrations ranging from 250 µg L-1 to 2000 µg L-1 were transferred to the flasks both with and without sediment, Cu
and Zn affected P. tricornutum. The total count of the P.
tricornutum cells decreased in response to the different
concentrations of Cu and Zn compared with the control
medium both with and without sediment at the end of 96 h.
Similarly, the chlorophyll-a content of P. tricornutum decreased in the different concentrations of Cu and Zn compared with the control medium. For the same species, Clarkson et al. [37] reported that complex wastewater (metal and
organic) affected the total count of cells and the chlorophyll-a content. Sometimes the chlorophyll-a content
decreased when the count of cells was decreased. Moreno-Garrido et al. [38] reported that Cu is known to be a
very toxic metal to phytoplankton, as it affects photosynthesis. For Pseudokirchneriella subcapitata and some species, Oberholster et al. [2] reported that contaminated sites
were much more toxic than uncontaminated sites when the
total count of cells and chlorophyll-a content of P. subcapitata was examined.
Growth rates at the end of 96 h for the different concentrations of Cu and Zn and each medium are shown in
Figure 3. The maximum growth rates were obtained in
control cultures for both mediums. The control medium,
and both with and without sediment were acceptable for
conducting microalgal toxicity tests in the standard testing
guidelines. As both Cu and Zn concentrations rose in the
medium, the total growth rate decreased in both with and
without sediment. At the 250 µg L-1 concentration of Cu
and Zn in both mediums, the growth rates decreased and
were calculated as zero or positive. However, the growth
rates became negative for the concentrations of Cu and Zn
greater than 250 µg L-1. Cu solubility in water decreases
and photosynthetic organisms create a local zone near cells.
This would be responsible for rapid binding of divalent
cations as copper to cell walls. It is possible that adsorbed
metal would be available for cells, and this would explain
an increase of toxicity when initial cellular density decreases [9].
Growth inhibition tests with unicellular algae (e.g.
Pseudokirchneriella subcapitata, Cylindrotheca closterium, Phaeodactylum tricornutum, Navicula sp., Scenedesmus subspicatus, Cyclotella cryptica, Porphyridium purpureum) have long been used to evaluate the bioavailability
and toxicity of contaminants [2, 8, 28, 39, 40]. Inhibition
values at 96 h depending on the test concentration of the
test mediums are shown in Figure 3. The inhibition of microalgae increased with the rise in both Cu and Zn in the
mediums. Statistical analysis revealed that there were significant (p<0.05) differences in the inhibition values between different metal (Cu and Zn) concentration levels
(250, 500, 750, 1000, 1500 and 2000 µg L-1) (Table 2).
Moreno-Garrido et al. [9] accepted that adsorbed metal
would be available for cells, and this would be explained
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FIGURE 1 - Changes in P. tricornutum cell counts (A1 and A2) and in chlorophyll-a content (B1 and B2) at the end of 0, 24, 48, 72 and 96 h
exposure to the different concentrations of copper for each medium (n=3, the mean value±SD).

FIGURE 2 - Changes in P. tricornutum cell counts (A1 and A2) and in chlorophyll-a content (B1 and B2) at the end of 0, 24, 48, 72 and 96 h
exposure to the different concentrations of zinc for each medium (n=3, the mean value±SD).
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FIGURE 3 - Growth rates (h-1) of P. tricornutum cells at the end of 96 h exposed to different concentrations of copper (A1) and zinc (A2) for
each medium, and percentage inhibition of P. tricornutum at 96 h versus copper concentration (B1) and zinc concentration (B2) of test mediums (n=3, the mean value±SD).

TABLE 2 - Analysis of variance for EC50 values of P. tricornutum at 96 h.
Type III Sum of
Squares
Corrected Model
1233776.273*
Intercept
3287528.768
Sediment
58133.344
Metal Concentration
1159315.059
Sediment×Metal Concentration
16327.871
Error
47345.467
Total
4568650.508
Corrected Total
1281121.740
* R Squared = 0.963 (Adjusted R Squared = 0.945)
Dependent Variable: EC50
Source

an increase of toxicity when initial cellular density decreases. Other possible explanations could be given if specific or unspecific substances capable of chelating metals
were dropped to the medium from cells.
A specific activity of microorganisms in or on the
sediment was measured in the laboratory under controlled
and artificial conditions. Therefore it is possible to compare the EC50 of clean reference sediment with the EC50
of polluted sediment since both EC50 values are measured
in the same medium. The medium can have a pronounced
influence on the EC50 [7]. The growth inhibition of P. tricornutum at 96 h was plotted as a function of both Cu and

df

Mean Square

F

Sig.

23
1
3
5
15
48
72
71

53642.447
3287528.768
19377.781
231863.012
1088.525
986.364

54.384
3332.978
19.646
235.068
1.104

0.000
0.000
0.000
0.000
0.379

Zn concentrations on a semi-logarithmic scale. Shifts in the
shape of the concentration-response curve as a function of
inhibition were observed. The EC50 values at 96 h for Cu
and Zn with and without sediment are given in Table 3.
The EC50 values were determined 409.120±18.030 µg Cu/L
and 365.824± 27.549 µ g Z n/L w ithout sedim ent,
279.241±23.614 µg Cu/L and 262.484±54.367 µg Zn/L
with sediment for P. tricornutum after 96 h exposure.
These data indicated that Zn was more toxic than Cu, both
with and without sediment. For Pseudokirchneriella subcapitata, Atay and Özkoç [41] and Guéguen et al. [36]
reported that Cu was more toxic than Zn probably due to
organismal difference (Table 3). Similarly, for both the
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amphipod Ampelisca abdita and the mysid Americamysis
bahia, Burgess et al. [42] reported that Cu was much
more toxic than Zn. High-level metal toxicity can cause a
significant decrease in microbial growth rate, leading to
low EC50 values in the population.
The EC50 values with sediment were lower than those
without sediment. These data indicated that P. tricornutum was more sensitive to Cu and Zn with sediment than
without. Lower values were found with sediment for the
inhibition of P. tricornutum. The reason for this can be
seen in the fact that sediment is an important living life
space for microalgae. Statistical analysis revealed that
there were significant (p<0.05) differences in the inhibition values between the mediums with and without sediment. But, statistical analysis revealed that there were no
significant p=0.379 (p>0.05) differences in 2-Factorial
Design (sediment×metal concentration) analysis of the inhibition values. A series of similar studies using samples
with and without sediment have shown that molinate [13],
Cu and Zn [43] would commence binding to the sediment
and hence, the bioavailability of the contaminants would
decrease. While the presence of sediments can decrease
toxic effects of pollutants, some of the naturally occurring
compounds in anaerobic sediments can cause inhibitory
effects [7]. Abiotic factors in sediment, such as pH variations, light and test mediums can significantly affect the
tolerance of organisms. In this study, microalgae can be
decreased because the pH of medium was decreased when
the control sediment sample was mixed with the culture
medium. This illustrates the general principle that toxicity

is not a substance property only, but it is the combination
of the substance, the organisms, the conditions and the exposure duration that can cause toxic effects. Abiotic factors, such as the composition of the culture and test mediums can significantly affect the tolerance of the organisms
[7, 16].
3.2 Bioaccumulation and bioavailability of copper and zinc

Microalgae are accumulated Cu and Zn in the interior
of the cell (absorption) and bound it to the cellular surface
(adsorption) [9]. The mean bioaccumulation values at the
end of the 24-96 h periods are given in Table 4. The BA
values rose with increasing exposure time, with and without sediment. Statistical analysis revealed that there were
significant (p<0.05) differences in the BA values with
both copper and zinc between the different exposure times
(24, 48, 72 and 96 h) (Table 5). The mean bioaccumulation values rose with increasing metal concentration in the
sample, with and without sediment. Statistical analysis
revealed that there were significant (p<0.05) differences
in the BA values with both copper and zinc between the
different metal concentrations (Table 5). For P. tricornutum, Özkoç and Taylan [44] reported that bioaccumulation rose with increasing metal concentration in the medium. Metal accumulation greatly depends on the metal
concentration in the medium [9, 45].
The BA values were calculated in the uptake of metals without sediment (or in water). On the other hand, the
BA values with sediment were calculated in both the uptake of metals to the microalgae and adsorption of metals

TABLE 3 - EC50 or LC50 values of some species in various literature studies *(n=3, the mean value±SD).
Species

Phaeodactylum tricornutum
(marine diatom)

Pseudokirchneriella subcapitata

Vibrio fischeri

Diogenes pugilator
(hermit crab)
Chydorus sphaericus
(Daphnia)

Test medium/
Test phase
without sediment
(water)
with sediment
without sediment
(water)
with sediment
water

Chemical

Test
duration

Results

Cu

96 h

EC50=409.120 ±18.030 µg L-1

Cu

96 h

EC50=279.241 ±23.614 µg L-1

Zn

96 h

EC50=365.824 ±27.549 µg L-1

Zn
Cd

96 h
96 h

water

Cu

72 h

water
water
water
with sediment
water
with sediment
water
water
Laboratory water
Laboratory
water-sediment
water
with sediment
water
with sediment
sediment/pore water
sediment/pore water

Cu
Zn
Cu
Cu
Zn
Zn
Cu
Zn
Molinate

72 h
72 h
96 h
96 h
96 h
96 h
30 min
30 min
96 h

EC50=262.484 ±54.367 µg L-1
EC50=22.39 mg L-1
EC50=35.0 µg L-1 (Initial Cellular
Densities=104 cells mL-1)
EC50=12-19 µg L-1
EC50=55-79 µg L-1
EC50=381.153 ±31.918 µg L-1
EC50=274.022 ±13.092 µg L-1
EC50=454.762 ±62.501 µg L-1
EC50=309.816 ±24.337 µg L-1
EC50=580 µg L-1
EC50=488 µg L-1
EC50=3.6 mg L-1

Molinate

96 h

EC50=4.2 mg L-1

Zn
Zn
Cu
Cu
Cu
Cd

96 h
96 h
96 h
96 h
96 h
96 h

LC50=6.5 mg L-1
LC50=19 mg L-1
LC50=2 mg L-1
LC50=4.1 mg L-1
LC50=191 µg L-1
LC50=594 µg L-1

1038

Reference

This study*

[35]
[9]
[36]
[41]*

[36]
[13]

[43]

[10]
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TABLE 4 - BA (µg metal g-1 dry weight of algae) values without sediment and BA (µg metal g-1 dry weight of algae-sediment) values with
sediment at the end of 24, 48, 72 and 96 h for copper and zinc (n=3, the mean value±SD).
Metal concentration (µg L-1)

Control

250

500

750

1000

1500

2000

BA
Time (h)
24
48
72
96
24
48
72
96
24
48
72
96
24
48
72
96
24
48
72
96
24
48
72
96
24
48
72
96

Copper

Zinc

Without sediment
12.3±1.3
12.4±1.3
13.1±2.2
13.6±3.1
65.2±16.5
126.4±27.0
145.2±16.3
163.4±16.5
99.4±16.3
140.6±15.8
179.3±16.5
214.1±16.2
112.5±15.9
147.7±16.6
190.6±15.6
264.3±15.7
186.7±15.3
268.5±29.4
286.9±15.6
318.4±16.0
215.2±27.0
311.5±28.8
359.2±16.0
382.5±15.6
277.1±16.5
354.4±15.8
388.9±27.3
427.5±27.7

With sediment
41.7±8.8
41.7±8.9
42.1±8.9
44.7±9.3
73.7±43.2
134.4±26.5
165.3±27.5
195.9±28.0
107.6±11.0
149.3±34.3
189.7±34.1
220.6±58.9
128.7±32.3
165.6±34.0
195.3±77.7
286.0±78.9
194.9±57.9
282.1±80.2
292.9±53.5
334.1±40.5
231.1±79.4
324.3±48.0
379.0±36.0
417.7±36.9
302.6±59.5
378.5±35.9
413.7±36.5
450.9±16.1

Without sediment
327.6±33.8
336.0±34.6
361.8±61.0
375.2±63.2
1530.9±77.1
1601.9±121.7
1648.1±118.1
1760.3±91.4
1661.9±108.5
1718.5±100.2
1795.7±141.2
1866.7±62.5
1763.9±123.4
1836.2±83.7
1863.6±123.7
1991.8±114.0
1894.6±118.8
2058.5±79.0
2071.2±114.6
2384.8±195.4
2094.2±40.4
2174.3±83.1
2345.8±195.1
2599.9±43.5
2291.7±207.3
2385.7±160.4
2500.0±117.1
2733.4±187.4

With sediment
359.3±16.0
360.7±16.0
370.4±7.1
379.5±16.1
1537.5±70.5
1606.1±80.9
1694.6±97.6
1801.4±94.2
1671.4±78.7
1750.3±66.1
1827.8±66.4
1891.7±79.1
1781.2±61.8
1854.8±83.1
1891.3±149.6
2049.5±145.2
1905.4±129.5
2061.2±145.9
2112.0±82.2
2414.4±132.1
2144.8±79.5
2241.3±123.2
2381.0±122.4
2638.3±138.7
2389.5±129.9
2454.9±80.8
2585.0±130.9
2801.2±128.1

TABLE 5 - Analysis of variance for BA values with and without sediment at the end of 24, 48, 72 and 96 h for copper and zinc.
Source
Copper
Corrected Model
Intercept
Metal Concentration
Time
Sediment
Metal Concentration×Time
Metal Concentration×Sediment
Time×Sediment
Metal Concentration×Time×Sediment
Error
Total
Corrected Total
Zinc
Corrected Model
Intercept
Metal Concentration
Time
Sediment
Metal Concentration×Time
Metal Concentration×Sediment
Time×Sediment
Metal Concentration×Time×Sediment
Error
Total
Corrected Total
*R Squared = 0.921 (Adjusted R Squared = 0.883)
Dependent Variable: Copper-BA
**R Squared = 0.926 (Adjusted R Squared = 0.890)
Dependent Variable: Zinc-BA

Type III Sum of
Squares

df

Mean Square

F

Sig.

1536669.837*
8467332.262
1122081.250
379010.421
9423.798
23668.646
1087.749
481.390
916.582
131527.730
10135529.830
1668197.568

47
1
5
3
1
15
5
3
15
96
144
143

32695.103
8467332.262
224416.250
126336.807
9423.798
1577.910
217.550
160.463
61.105
1370.081

23.864
6180.171
163.798
92.211
6.878
1.152
0.159
0.117
0.045

0.000
0.000
0.000
0.000
0.010
0.323
0.977
0.950
1.000

16506044.543**
600988411.954
13613182.635
2474769.946
52061.549
343113.198
15385.981
1241.306
6289.929
1314592.909
618809049.407
17820637.453

47
1
5
3
1
15
5
3
15
96
144
143

351192.437
600988411.954
2722636.527
824923.315
52061.549
22874.213
3077.196
413.769
419.329
13693.676

25.646
43888.026
198.824
60.241
3.802
1.670
0.225
0.030
0.031

0.000
0.000
0.000
0.000
0.054
0.070
0.951
0.993
1.000
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onto sediment particles from the water because the microalgae were not separated from sediment. Therefore, the
calculated BA values in those with sediment sample were
higher than those without sediment. Statistical analysis
revealed that there were significant (p<0.05) differences
in the BA values with copper between with and without
sediment. On the other hand, there were no significant
(p>0.05) differences in the BA values with zinc between
with and without sediment (Table 5). Bioavailability of
metals associated with particles appears to vary among organisms food habits and assimilation efficiencies for particle-associated metals. Bat and Raffaelli [22] reported that
metal in medium was accumulated by sediment more than
by the Corophium volutator and Arenicola marina species. The BA values indicated that Zn was accumulated
more than Cu by P. tricornutum both with and without
sediment. Schmitt et al. [39] reported that Zn in medium
was accumulated more than Cu in medium by the green
alga Scenedesmus subspicatus and diatom P. tricornutum.
Statistical analysis revealed that there were no significant
(p>0.05) differences in 2- and 3-Factorial Design (metal
concentration×time, metal concentration×sediment, time×
sediment and metal concentration×time×sediment) analysis of the BA values with copper and zinc (Table 5).
Metals are available to the seaweeds and microalgae
only in the dissolved phase, concentrations in these organisms may indicate the bioavailable levels of a metal in the

solute phase [46]. At low metal concentrations, organisms
can actively accumulate essential metals to meet their
metabolic requirements [32]. The mean bioconcentration
factor values at the end of the 24-96 h are given in Table 6.
The BCF values for the without sediment were calculated
from the uptake of metals by the microalgae. The BCF
values rose with increasing exposure time, with and without sediment. Statistical analysis revealed that there were
significant (p<0.05) differences in the BCF values with
both copper and zinc between the different exposure times
(Table 7). For the Pseudokirchneriella subcapitata species, Atay and Özkoç [41] reported that BCF values rose
with increasing exposure time, with and without sediment. The BCF values rose with increasing metal concentration in the sample, with and without sediment. Statistical analysis revealed that there were significant (p<0.05)
differences in the BCF values with both copper and zinc
between the different metal concentrations (Table 7). At
higher water concentrations, organisms with active regulatory mechanisms are able to excrete excess metals or
limit their uptake [32].
Sorption of chemicals into sediment particles reduces
the proportion of the chemical (i.e. the bioavailable fraction) that is available to be absorbed by aquatic organisms,
such that lower concentrations are observed in aquatic
organisms, compared to the predicted bioconcentration
factor [13]. The uptake of metals by microalgae decreases

TABLE 6 - BCF (µg metal g-1 dry weight of algae (mg metal L-1)-1) values without sediment and BCF (µg metal g-1 dry weight of algaesediment (mg metal L-1)-1) values with sediment at the end of 24, 48, 72 and 96 h for copper and zinc (n=3, the mean value±SD).
Metal concentration
(µg L-1)

Control

250

500

750

1000

1500

2000

BCF
Time (h)
24
48
72
96
24
48
72
96
24
48
72
96
24
48
72
96
24
48
72
96
24
48
72
96
24
48
72
96

Copper
Without sediment
148.1±16.0
149.4±16.2
158.0±26.1
163.4±36.8
299.0±75.9
579.9±123.7
666.0±75.0
749.7±75.9
311.6±51.0
598.3±67.4
974.3±89.5
1163.8±88.2
334.8±47.3
628.7±70.8
1035.7±84.7
1436.6±85.4
505.9±41.4
799.0±87.5
1221.0±66.6
1583.9±79.4
557.5±69.9
885.0±81.7
1340.4±59.9
1903.0±77.8
687.7±40.9
960.5±42.9
1451.1±101.8
2126.8±137.9

Zinc
With sediment
226.5±48.1
226.9±48.1
229.0±48.4
243.0±50.4
338.1±198.2
616.4±121.4
989.6±164.8
1173.3±167.4
377.5±38.4
635.5±145.9
1030.9±185.5
1321.2±352.5
383.0±96.1
704.6±144.6
1061.5±422.1
1554.5±429.0
504.9±150.0
839.5±238.6
1166.9±213.3
1662.0±201.7
573.5±197.0
921.3±136.3
1414.3±134.3
2270.1±200.7
692.5±136.2
1025.8±97.4
1451.5±127.9
2450.7±87.5

1040

Without sediment
3180.7±327.9
3262.1±336.3
3691.7±622.2
3828.7±645.3
7654.5±385.3
8009.3±608.5
8629.0±618.4
9725.4±504.9
7914.0±516.6
8767.7±511.4
9401.6±739.1
10313.4±345.4
8204.1±574.2
9180.8±418.5
9508.3±631.3
11004.6±629.7
8420.6±528.0
10292.7±395.0
10843.8±600.0
12821.7±1050.8
8547.8±164.9
10606.5±405.3
11968.3±995.6
13977.9±233.9
8848.1±800.5
10844.3±728.9
12755.1±597.7
14311.0±981.4

With sediment
3666.8±162.8
3680.3±163.3
3779.7±72.7
4080.1±173.0
7844.5±359.6
8194.6±413.0
9110.7±524.7
10234.9±535.4
8356.8±393.3
8929.9±337.5
10098.1±366.8
10748.3±449.2
8688.9±301.3
9463.4±424.0
9902.3±783.4
11323.3±801.9
9073.2±616.8
10516.5±744.6
11354.6±442.1
13339.4±730.1
9325.0±345.8
11206.5±615.9
12465.7±640.7
14576.1±766.5
10168.2±552.8
12274.4±404.2
13534.0±685.1
15060.1±688.7
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TABLE 7 - Analysis of variance for BCF values with and without sediment at the end of 24, 48, 72 and 96 h for copper and zinc.
Source
Copper
Corrected Model
Intercept
Metal Concentration
Time
Sediment
Metal Concentration×Time
Metal Concentration×Sediment
Time×Sediment
Metal Concentration×Time×Sediment
Error
Total
Corrected Total
Zinc
Corrected Model
Intercept
Metal Concentration
Time
Sediment
Metal Concentration×Time
Metal Concentration×Sediment
Time×Sediment
Metal Concentration×Time×Sediment
Error
Total
Corrected Total
*R Squared = 0.943 (Adjusted R Squared = 0.915)
Dependent Variable: Copper-BCF
**R Squared = 0.942 (Adjusted R Squared = 0.913)
Dependent Variable: Zinc-BCF

Type III Sum of
Squares

df

Mean Square

F

Sig.

3.839E7*
1.437E8
8106968.080
2.680E7
348011.506
2571874.153
121586.110
264988.731
173005.689
2334928.882
1.845E8
4.073E7

47
1
5
3
1
15
5
3
15
96
144
143

816831.932
1.437E8
1621393.616
8934888.846
348011.506
171458.277
24317.222
88329.577
11533.713
24322.176

33.584
5910.137
66.663
367.356
14.308
7.049
1.000
3.632
0.474

0.000
0.000
0.000
0.000
0.000
0.000
0.422
0.016
0.948

5.424E8**
1.552E10
2.307E8
2.627E8
1.095E7
3.468E7
2215663.366
131924.557
1038620.100
3.369E7
1.610E10
5.761E8

47
1
5
3
1
15
5
3
15
96
144
143

1.154E7
1.552E10
4.614E7
8.755E7
1.095E7
2311854.910
443132.673
43974.852
69241.340
350957.083

32.883
44226.007
131.483
249.474
31.214
6.587
1.263
0.125
0.197

0.000
0.000
0.000
0.000
0.000
0.000
0.286
0.945
0.999

with increasing metal concentration in the water medium.
The BCF values with sediment were calculated both the
uptake of metals to the microalgae and adsorption of metals
into sediment particles from the water. Thus, the calculated
BCF values for samples with sediment are greater than
those without sediment, for the microalgae are not separated from sediment. Statistical analysis revealed that there
were significant (p<0.05) differences in the BCF values
with copper and zinc between with and without sediment.
Statistical analysis revealed that there were significant
(p<0.05) differences in 2-Factorial Design (metal concentration×time) analysis of the BCF values with copper and
zinc, and in 2-Factorial Design (time×sediment) analysis of
the BCF values with copper. On the other hand, statistical
analysis revealed that there were no significant (p>0.05)
differences in 2-Factorial Design (time×sediment) analysis
of the BCF values with zinc, and in 2- and 3-Factorial
Design (metal concentration×sediment and metal concentration×time×sediment) analysis of the BCF values with
copper and zinc (Table 7). Consequently, clear comparisons of results with other marine organism bioassays were
not possible. Since the sediment microorganisms are tested
together with the sediment there is no way to differentiate
between the sensitivity of the microflora and the ability of
the sediment to bind and mitigate toxicity [7].

4 CONCLUSIONS
(1) The standardized laboratory bioassays for water
quality assessment, evaluation of potential impact of contamination on aquatic ecosystems and sediment quality
guidelines are certainly valuable complements to the chemical quality evaluation [36]. The present work has demonstrated that high concentrations of Cu and Zn may damage
P. tricornutum. There were significant (p<0.05) differences in the inhibition values between the different metal
concentration levels.
(2) The EC50 values at 96 h were Sediment-Zn< Sediment-Cu<Water-Zn<Water-Cu, indicating that Zn was much
more toxic than Cu in both with and without sediment.
(3) Lower values were obtained for the samples with
sediment for the inhibition of P. tricornutum. The reason
for this can be seen in the fact that sediment is important
living area as above this is not clear for microalgae. The
presence of sediment significantly (p<0.05) affected the
inhibition values at the end of the 96 h.
(4) The BA and BCF values rose with the increasing
metal concentration in the water and in water-sediment
mediums. There were significant (p<0.05) differences in
the BA and BCF values with copper and zinc between the
different metal concentration levels.
(5) The BA and BCF values for the sample with sediment were greater than the BA and BCF values for the
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sample without sediment. There were significant (p<0.05)
differences in the BA values with copper, and the BCF
values with copper and zinc between with and without sediment. On the other hand, there were no significant (p> 0.05)
differences in the BA values with zinc between with and
without sediment.
(6) Moreover, the exposure time significantly affected
the bioavailability of Cu and Zn measured in all treatments
over the 96 h. Sediment toxicity tests involving benthic
microalgae are cheap, quick and easy, however, research
on these types of tests has only recently been carried out
and is very scarce [8], furthermore, it is not possible to
make a clear comparison with the results of other marine
microalgal bioassays because of the lack of standardization.
(7) The results presented in this study show that the
bioavailability of metals associated with particles appears
to vary among organisms in relation to the organisms’
food habits and efficiency of assimilation efficiencies for
particle-associated metals. This further confounds attempts to identify and quantify a bioavailable fraction at
sediment quality guidelines for water quality. Because
chemical analysis don’t provide information about toxicity, except in extreme area, bioassays are necessary to
establish pollution risk both in terms of sediments and
extension of water quality protection at early stage.
(8) This study emphasized that it can't be denied that
the standard toxicity tests is of importance for derived
sediment quality guidelines and that there is a need to
more rigorously define the interactions between metal
phase speciation and toxicity.
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SILVER NANOPARTICLES LOADED WITH
4,5-DIPHENYL 2 (2-HYDROXYL PHENYL) IMIDAZOLE
AS NOVEL ADSORBENT FOR TRACE METAL ENRICHMENT
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ABSTRACT
In this research, the efficiency and performance of
silver nanoparticle loaded activated carbon (Ag-NP-AC)
modified with 4,5-diphenyl 2-(2-hydroxyl phenyl) imidazole (PHPI) as new sorbent (PHPI-Ag-NP-AC) successfully was applied for the preconcentration and determination of Cu2+, Zn2+, Co2+, Cd2+ and Pb2+ ions from real environmental samples. The retained metal ions were reversibly eluted using 5 ml 4.0 mol L-1 HNO3. The effects of
experimental parameters including pH, amounts of ligand
and supports, conditions of eluents, and flow-rates of sample
and eluent on metal ion recovery rates have been investigated. Following optimization of variable preconcentration factor of 180 for all metal ions was achieved for
proposed method with detection limits between 1.6-2.9 ng
ml-1. The proposed methods have been successfully applied for the extraction and determination of the metal
ions content in some real samples with extraction efficiency
in the range of 96-102% and relative standard deviation
(RSD) <4.5 %.

KEYWORD: Activated carbon, silver nanoparticle loaded on
activated carbon solid phase extraction, 2-(4- isopropylbenzylideneamino) thiophenol (IPBATP), trace metal enrichment

1 INTRODUCTION
Direct analysis of trace levels of metals in environmental and biological samples is not possible with conventional analytical techniques, because of very low concentrations of these metals and high amounts of matrices
in the analyzing samples. The best way is to separate and
preconcentrate the metals from the matrix constituents,
and then analyze them using the suitable analytical technique. Solid phase extraction has become one among the
most important preconcentration procedures in the analyses of complex matrices and the determination of low
con- centration analytes [1]. Hence, development of
chelating
* Corresponding author

materials for solid phase extraction (SPE) has gained special attention due to the advantages in the use of these substances in metal ion enrichment. The advantages are a high
degree of selectivity by controlling pH, durability and good
metal loading capacity [2]. A variety of supports and chelating ligands has been used in the design of chelating
resins. The objective of this study was to develop a matrix
impregnated with suitable chelating reagent for the simultaneous enrichment of five metal ions in order to determine
them by ICP–AES (fast multi-elemental analysis). Accurate
and precise evaluation and quantification of trace amounts
of heavy metals by instrumental analysis techniques including inductively coupled plasma-mass spectrometry
(ICP-MS), inductively coupled plasma-atomic emission
spectrometry (ICP-AES) and flame atomic absorption
spectrometry (F-AAS) is an important part of the analytical
chemistry [3], since various ecological and health problems
associated with environmental contamination continue to
rise [4]. It is well-known that ICP-based techniques suffer
from limitation, such as the limitation of expensive instrumentation, high day-to-day maintenance cost, and various
types of inherent interferences for ICP-OES. If the target
species concentration is so low to be directly detected
and/or the interference effects cannot be eliminated by
other means carried out, a separation/enrichment procedure
is unavoidable prior to measurement step in all instrumental methods. Solid-phase extraction (SPE) technique is superior and more popular in comparison to traditional liquid–
liquid extraction methods due to its unique and major advantages, such as simple operation, high enrichment and
preconcentration factors, the ability of combination with
different detection techniques, and low consumption of
chemical reagents, especially toxic harmful organic solvents.
Nanoparticles have very interesting physicochemical
properties, such as ordered structure with high aspect ratio,
ultra-light weight, elevated mechanical strength, high electrical and thermal conductivity, metallic or semi-metallic
behavior, and large surface areas. It is a common behavior
that nanoparticles would easily aggregate because of the
high surface energy and, hence, most of the particles exist
in chain-like aggregates. The application of nanoparticles
in the field of wastewater treatment is becoming an interesting area of research. Nanoparticles exhibit good adsorption efficiency, especially due to higher surface area and
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greater active sites for interaction with metallic species,
and can easily be synthesized. Several researches have
used it as an adsorbent [5-7].
Use of nanoparticles as surface modifying agent may
be a suitable option. Nanoparticles are expensive compared
to activated carbon. Although there are many researches
concentrating on the use of nanoparticles as adsorbent,
research on modification of activated carbon using nanoparticles and its application in dye removal is scant. Hence,
there is a further scope of research for the preparations of
nanoparticle-modified activated carbon and its suitable application. This paper reports on the preparation of nanoparticle-impregnated activated carbon and its application in dye
removal.
In the present work, surface modification of activate
carbon was done using silver nanoparticles. The influences
of temperature, stirring speed, pH, adsorbent dose and contact time were studied and reported. Thermodynamic parameters were calculated and the adsorption kinetics was
determined. The equilibrium data were tested with Langmuir, Freundlich and Tempkin isotherm models. This fundamental study will be helpful for further application in
designing an adsorber for the treatment of dye-containing
effluents coming out from dying industries using bamboo
leaves-based adsorbents.

in an oven at 80 °C. The shape and surface morphology of
Ag nanoparticles were investigated with a field emission
scanning electron microscope (FE-SEM, Hitachi S4160)
under an acceleration voltage of 15kV.
2.2. Reagents and solutions

Acids and bases were of the highest purity available
from Merck, Darmstadt, Germany and were used as received. Doubly distilled deionized water was used throughout. Nitrate salts of all metal ions including analytes and
interferences, purchased from Merck (Darmstadt/ Germany), were of the highest purity available and used
without any further purification. Diluted nitric acid or sodium hydroxide was used for adjustment of pH to desired
value. Commercial activated carbon (AC) (gas chromatographic grade, 50-70 mesh from Merck), was soaked in
hydrochloric acid for 2 days, then washed with water and
dried at 110 °C for 1 day. At first, activated carbon powder was subjected to purification with 10% (v/v) hydrochloric acid solution for 24 h to remove adsorbed impurities on it and metal ions. Then, following the filtering and
washing the AC with distilled deionized water, it was
dried at 80 °C for 5 h.
2.3. Preparation of SNPC

Activated carbon (AC) was treated according to the
procedure described in [8]. Nano-silver coated activated
carbon (Ag-NP-AC) was prepared by chemical plating
method [14]. Purified and functionalized AC (1 g) was
mixed with 50 ml mixture solution of 38% (w/w) formaldehyde, absolute ethyl alcohol and double-distilled water
(volumetric ratio 3:10:10) (solution A). 35 g L−1 silver nitrate (AgNO3) and 25 % ammonia solution (volumetric
ratio 1:2) was mixed (solution B), and 50 ml solution B
was dropped one by one into solution A, keeping the pH
within 8–9 and under rigorous stirring. After reaction, the
product is centrifuged and washed twice using doubledistilled water. The product was obtained after drying in
vacuum oven at 60 °C.

2. MATERIALS AND METHODS
2.1 Instruments

The measurements of metal ions were performed with
a Perkin Elmer Model A Analyst 300 (Shelton, CT, USA)
atomic absorption spectrometer equipped with a hollow
cathode lamp and a deuterium background corrector, at
respective wavelengths (resonance line) using an airacetylene flame. A Metrohm 691 pH/Ion meter with a
combined glass–calomel electrode was used for adjustment of test solution pH.
Spectrometric determinations were carried out on a
Perkin Elmer Lambda 25 spectrophotometer using a
quartz cell with an optical path of 1 cm. X-ray diffraction
(XRD) pattern was collected with an automated Philips
X'Pert X-ray diffractometer with Cu Kα radiation (40 kV
and 30 mA) for 2θ values over 10-80º. For XRD analyses,
solid samples of the Ag nanoparticles were separated
from the aqueous suspension by centrifugation at 4000 rpm
with ethanol as an anti-solvent, and then dried overnight

2.4 Synthesis of 4,5-diphenyl 2-(2-hydroxyl phenyl) imidazole
(PHPI) catalyzed via iterium nitrate hexahydrate

To the mixture of 1 mmol benzyl and 1 mmol salicylaldehyde, 3 mmol ammonium acetate and 0.05 mmol
indium triflate at 120 ºC was added and refluxed for 3 h.
The PHPI was synthesized according to the following reaction (Scheme 1):
	
  

	
  

SCHEME 1 - Diagram for synthesis of PHPI.
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SCHEME 2 - Schematic diagram for mechanism of PHPI formation.

In this mechanism, at first, carbonyl group and benzyl
was activated in the presence of iterium nitrate. Then, the
amino nitrogen formed in acetate medium attack via nucleophilic pattern to the activated carbonyl group leads to
appearance of intermediate compounds A and B. B intermediate via an intermolecular interaction forms a ring and
forms the intermediate C. This intermediate compound
via loosing a hydrate molecule leads to formation of the
product (Scheme 2).
3. RESULTS AND DISCUSSION
3.1 Characterization of adsorbent

The typical XRD pattern of the nano-silver coated activated charcoal shows the diffraction peaks of silver
corresponding to the cubic structure of Ag (1.1.1, (2.0.0,
2.2.0 and 3.1.1 planes), respectively.

was a little bit greater. There were not found large size
particles in the Ag/AC, and the scale of Ag particles was
at nanometer level. The reduction of the Ag+ ions starch is
a slow process, and until 1 h, a broad absorption band
(maximum at about 400 nm) was achieved that related to
the SPR of Ag nanoparticles that show high poly-dispersity
(in size and shape). The intensity of the SPR band increased systematically with the increase of reaction time
and reached a constant maximum value after about 24 h,
and stability of Ag nanoparticles was obtained. The reduction with starch aqueous solution at 50 °C for several
months showed that starch serves as both reducing and
protecting agent.
X-ray diffraction (XRD) pattern of silver nanoparticle
powder (Fig. 1) exhibits peaks at 2θ angles of 38.17, 44.21,
64.32, and 77.12 that correspond to the [1.1.1), (2.0.0),
(2.2.0), and (3.1.1) crystal planes of a cubic lattice structure of silver nanoparticles, respectively [10]. From the
full-width at half-maximum of diffraction peaks, the aver-

Fig. 2 displays the typical morphology of the nanoAg/AC, characterized by scanning electron microscopy
(SEM). At nano-silver coated AC, the breadth of the tubes
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The FESEM image of the Ag nanoparticles is shown
in Fig. 2, which reveals that the Ag nanoparticles are semispherical in shape and uniform in size distribution. The
size of each Ag nanoparticle is in the range of 15–80 nm.
The particle size measured directly from this FESEM
image agrees with that determined by the XRD results.
3.2 Effect of pH

FIGURE 1 - XRD patterns of the activated carbon (a) and the SNPAC (b).

The pH corresponding to the point of zero charge
(pHZPC) for the modified AC was determined by the final
pH drift method, previously reported elsewhere [12]. The
pH was adjusted to initial values between 1 and 7 by
adding HCl or NaOH; then, SNPC was added to the solution (50 ml) and stirred for 9.5 min. Difference between
final pH and initial pH of the solution is plotted against
initial pH of the solution. The surface of the material is
neutral when pH = pHpzc. The surface is negatively
charged at pH values greater than pHZPC, and positively
charged at pH values lower than pHpzc [13, 14].
120
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FIGURE 3 - Effect of pH on metal ions recovery.

pH

In order to evaluate the effect of pH on the sorption
of metal ions by this new proposed sorbent, a series of
sample solutions (100 ml) containing 0.5 µg ml-1 of all
under study metal ions was passed through the column, in
the pH range of 2.0–8.0. Then, the retained metal ions
efficiently were eluted with 5 ml of 4.0 mol L-1 HNO3,
and respective results are presented in Fig. 3. As it can be
seen, sorption of tested analytes increased with increasing
pH till 5.5. The low recovery in the acidic region can be
attributed to the competition between hydrogen and metal
ions for binding ions on the same sites. The modified
carbon surface becomes more negative with increasing
pH which causes electrostatic interactions that lead to
higher retention of metal ion species. In this study, no
correlation was found between the radii of hydrated metal
ions and their sorption.
3.3 Effects of amounts of PHPI

FIGURE 3 - FE-SEM images of the activated carbon (a), the SNPAC (b), and typical TEM image of silver nanoparticles.

age size of the silver nanoparticles based on Debye-Scherrer
equation [11] was calculated to be around 55 nm.

In order to investigate the influence of amount of
PHPI loaded on Ag-NP-AC for the quantitative sorption
and recoveries of Cu2+, Ni2+, Co2+ and Pb2+ ions, the proposed method was applied. The recoveries of target analyte ions were not quantitative without ligand while addition of ligand led to a significant improvement in metal
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ion recoveries. The influence of PHPI amount on metal
ion recoveries in the range of 10-50 mg was investigated,
and with increasing amounts of ligand until 35 mg for
both sorbents (PHPI-Ag-NP-AC), high preconcentration
efficiency was obtained. At higher amount of ligand, probably due to formation of charged complexes with low tendency for retention on solid phase, recoveries will be
decreased.
The influences of the amounts of solid phase were also
investigated, and results display that up to 0.3-0.4 g of PHPIAg-NP-AC, efficiency of extractions increased and further addition led to significant decrease in metal ion recoveries, which may be attributed to insufficiency of the eluent.
As mentioned in the experimental procedure, the silver
concentration of AC was determined semi-quantitatively by
F-AAS applying slurry technique and standard addition
method. Criterion for reusability of solid phase is the
amount of silver nanoparticles loaded on AC. The silver
concentration of AC was found around 60 µg g-1
(sorbent), 50 µg g-1 (sorbent ) and 1.2 µg g-1 (sorbent)
before, after 50 times and 100 times of usage, respectively, which shows stability of solid phase. The silver concentration remained the same on the AC, even after two
months of its preparation (Fig. 4).
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FIGURE 5 - Effect of amount of adsorbent on recovery.
3.5. Choice of eluent

The choice of a suitable eluent is another important factor
for obtaining efficient and selective recovery of analytes.
As could be seen from Fig. 1, the uptake of these metal
ions was negligible at low pH; therefore, the acidic eluent
is the best solution for obtaining efficient extraction. Due
to this point, various eluent solutions given in Table 1
were used for elution of metal ions retained on proposed
sorbent due to chelation with PHPI. Quantitative recoveries for the mentioned ions were obtained using 3 M
HNO3. Recovery rates were not quantitative using other
eluents. The effect of eluent volume and concentration on
the recoveries of the analytes was also studied by using
various volumes of 3 M HNO3 and 5 ml of different concentrations of HNO3. It was found that quantitative recoveries could be obtained with 2.0–10.0 ml of 3 M HNO3.
Therefore, 5.0 ml of 4 M HNO3 was used in the subsequent experiments.
TABLE 1 - Conditions of eluent on analyte ions recovery.

40
0

10

20

30
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50

60

Conditions of eluent
10 ml of HCl (3.0 mol L-1)
10 ml of H2SO4 (3.0 mol L-1)
10 ml of H3PO4 (3.0 mol L-1)
10 ml of HNO3 (0.5 mol L-1)
10 ml of HNO3 (1.0 mol L-1)
10 ml of HNO3 (2.0 mol L-1)
10 ml of HNO3 (4.0 mol L-1)
2 ml of HNO3 (3.0 mol L-1)
4 ml of HNO3 (3.0 mol L-1)
6 ml of HNO3 (3.0 mol L-1)
8 ml of HNO3 (3.0 mol L-1)
10ml of HNO3 (3.0 mol L-1)

Amount of ligand (mg )
FIGURE 4 - Effect of amount of ligand on recovery.
3.4 Effect of the amount of adsorbent

In subsequent work, it is necessary to investigate the
influence of solid phase amount on metal ion recoveries.
In this regard, a set of similar experiments at fixed values
of all variables was passed through various amounts of
solid phase in the range of 0.1-0.6 g, and results are presented in Fig. 5. As it can be seen, with increasing solid
phase amount till 0.4 g, recoveries will be increased but at
further values, recovery will be decreased. At higher solid
phase amounts, probably eluting solution is insufficient for
efficient elution of these metal ions. With a lower amount,
the extent of complexation and retention of metal ions on
the loaded solid phase is low and, hence, the recovery was
decreased.

Cu
89
84
76
66
79
90
97
59
88
97
98
99

Co
65
89
78
73
81
89
96
65
89
98
99
98

Ni
76
85
84
71
84
92
98
63
82
96
97
98

Pb
80
56
60
62
76
88
97
72
90
98
99
98

3.6 .Interference

In view of the high selectivity provided by F-AAS,
the only interference may be attributed to the preconcentration step; the cations may react with ligand and anions
which may form a stable complex with metal ions (both
leads to decrease in extraction efficiency). The possible
interference of other metal ions and a few anions on the
recovery of the investigated metal ions was investigated.
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A relative error of less than 5% was considered to be
within the range of experimental error. At the given level,
no significant interference was observed in the determination of these ions. Thus, the interference-free determination level of the present system indicates that high concentrations of matrix salts have minimal effect on ion
species relative to matrix ions (Table 2).

TABLE 2 - Effects of matrix ions on the recovery rates of the examined metal ions.
Tolerance Limit Ions
(mg L-1)
1000
Cl-, NO3-, CH3COO-, PO43-, K+, Na+, SO42-, Ca2+, Mg2+
750

Bi2+

500

Cd2+, Zn2+, Hg2+Ag+, Mn2+, Al3+

TABLE 3 - Specification of presented method at optimum conditions for each element.
Parameters
Linear Range (µg ml-1)
Detection Limit (ng ml-1)
RSD (repeatability) (%)
Recovery (repeatability) (%)
RSD (reproducibility) (%)
Recovery (reproducibility) (%)
Loading capacity (mg g-1)
Preconcentration factor
Enrichment factor

Ni
0.01-0.21
2.0
1.8
97
2.4
98
38.3
180
28.9

3.7 Analytical features

One of the most important figures of merit of a method
is its liner range and detection limit. By employing the
optimum experimental conditions, the calibration graphs
obtained were linear in the wide concentration range according to Table 3. The experimental preconcentration factors, calculated as the ratio of the slope of the calibration
graph with and without preconcentration, were in the range
while the preconcentration factor as the volume of initial
solution (450 ml) to the volume of eluting solution (5 ml)
for all ions was 180.
The limit of detection (LOD) of a method is the lowest analyte concentration that produces a response detectable above the noise level of the system, typically, three
times the standard deviation (s) of the blank (n=10). LODs
were found to be between 1.6-2.9 for all metal ions. The
empirical limit of quantification (LOQ) is the lowest level
of analyte that can be accurately and precisely measured,
and LOQs were found to be in the range of 10-30 M L-1
for all ions.
A comparison of the proposed system with other preconcentration procedures using several sorbents is given
in Table 3. The proposed preconcentration system shows
good enrichment factors with reasonable preconcentration
time over other preconcentration methods. Consumptive
index (CI) is another efficient way to evaluate the performance of a preconcentration system. CI is expressed by
volume of analyte solution (V, ml) and the experimental
preconcentration factor (EPF) ratio (CI = V/EPF), thus
indicating the necessary volume to obtain one unit of enrichment factor. As seen from Table 6, the detection limit
for the proposed method is comparable to those given by
many methods in the literature.

Co
0.02-0.27
2.6
2.1
96
2.5
98
35.6

Pb
0.03-0.30
2.9
2.2
98
2.4
97
35.9

Cu
0.01-0.30
1.6
2.0
97
2.3
96
37.6

22.3

23.1

26.5

Due to the low concentrations of trace metals in real
samples, by using samples with large volumes, the trace
metals in these volumes should be taken into smaller volumes for a high preconcentration factor. Hence, the maximum sample volume was optimized by the investigation
of the recovery of trace metals in various sample volumes
in the range 250–1250 ml. The recoveries of the metal
ions from different volumes of aqueous solutions containing the same amounts of the metal ions, recovery rates were
found to be stable until 900 ml being chosen as the largest
sample volume to work. In this study, the final solution
volume to be measured by F-AAS was 5.0 ml; therefore,
the preconcentration factors were 180 for all metal ions.
3.9 Accuracy and applications

The specifications of the presented method at optimum
conditions were given in Table 3. In order to assess the
applicability of the method to real samples, with different
matrices containing varying amounts of a variety of diverse ions, it was applied to the separation and recovery
of ions from different matrices, such as vegetable, fish,
meat and liver water. Spiking experiments using standard
addition method were checked for reliabilities. The percent recoveries and relative standard deviations for each
element in spiked vegetable and water samples are given
in Tables 4 and 5. As seen, the results of three analyses of
each sample show that, in all cases, the ion recoveries
were almost quantitative with a low RSD.
3.10 Effect of contact time on metal ions removal and recovery

The effects of contact time at room temperature on the
sorption of metal ions is depicted by conducting a set of

3.8 Effect of sample volume
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TABLE 4 - Recovery of analyte ions from spiked samples by using the proposed method (N=3).
Ions
Orange juice
Cu
Pb
Co
Ni

Added, µg ml-1

Found, µg ml-1

RSD (%)

0
0.2
0
0.2
0
0.2
0
0.2

3.16
3.38
0.09
0.21
0.13
0.34
0.04
0.25

4.3
4.0
4.9
4.1
4.3
4.0
4.3
3.8

5.23
5.41
0.13
0.32
0.19
0.40
0.09
0.30

4.0
3.6
3.9
3.3
4.0
3.7
4.2
3.6

4.76
5.78
0.05
1.06
0.06
0.27
0.07
0.28

3.7
2.9
4.2
3.7
4.0
3.3
3.8
3.5

10.81
20.84
0.04
10.05
0.06
0.27
0.03
0.24

3.8
3.4
3.5
3.1
3.7
3.4
4.1
3.8

11.59
21.68
0.10
10.14
0.17
10.21
0.16
10.19

3.9
3.4
3.4
3.1
4.0
3.8
3.4
2.9

Soil
Cu

0.0
0.2
Co
0
0.2
Pb
0
0.2
Ni
0.0
0.2
Cow liver (all value ng g-1)
Cu
0
1.0
Pb
0
1.0
Co
0
0.2
Ni
0
0.2
Fish
Cu
0
10
Pb
0
10
Co
0
0.2
Ni
0
0.2
Spinach
Cu
0
10
Co
0
10
Pb
0
10
Ni
0
10

Recovery (%)
102.5
104.0
102.5
104.0
---104.0
102.5
104.0
----103.5
101.3
99.4
102.5
104.0
104.0
100.5
102.5
104.0
104.8
102.5
104.0
101.8

TABLE 5 - Recovery of analyte ions from spiked samples by using the proposed method (N=3).
Ion
rice
Pb
Co
Cu
Ni

Added value

Found value

RSD (%)

Recovery (%)

0
10
0
10
0
10
0
10

0.42
10.55
0.32
10.46
8.65
18.48
0.23
10.30

4.5
4.1
4.2
3.7
3.9
3.5
4.3
3.8

....
93
....
98
....
99
....
93

0
10
0
10
0
10
0
10

0.15
10.20
0.10
10.18
9.60
19.76
0.21
10.17

4.4
3.7
4.8
3.6
3.9
3.4
4.7
3.8

Spinach 2
Pb
Co
Cu
Ni
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....
94
....
89
....
97
....
96
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similar experiments with 100 ml of 5 mg L−1 initial metal
ions concentration (pH value of 5.5) at optimum quantities
(0.3 g) of adsorbent at different times. As can be seen, by
increasing the contact time to 60 min, the amount of adsorbed metal ions was not drastically increased. After
these times, sorption rate was slow leading to a smooth
and continuous saturation curve.
At the beginning of the adsorption process, the adsorption rate was fast as the metal ions were adsorbed by
the exterior surface of the modified solid phase. After the
adsorptions of the exterior surface reached saturation, the
metal ions exerted onto the pores of the adsorbent particles and were adsorbed by the interior surface of the particle. This phenomenon takes a relatively long contact
time [15].
3.11 Adsorption equilibrium study

Adsorption isotherms are prerequisites to understand
the nature of the interaction between adsorbate and adsorbent used for the removal of organic pollutants [16-19].
An adsorption isotherm describes the relationship between
the mount of adsorbate uptaken by the adsorbent and the
adsorbate concentration remaining in solution. There are
many equations for analyzing experimental adsorption equilibrium data. The equation parameters of these equilibrium
models often provide some insight into the adsorption
mechanism, the surface properties and affinity of the adsorbent [20-22].
Equilibrium data, commonly known as adsorption isotherms, are basic requirements for the design of adsorption systems. In order to discover the adsorption capacity
of activated carbons, the experimental data points were
fitted to the Langmuir, Freundlich, and Tempkin isotherm
equations, and the constant parameters of the isotherm
equations were calculated. The temperature of solution
was varied while the metal ion concentration and adsorbent
weight in each sample were held constant. The Langmuir
equation, which is valid for monolayer adsorption onto a
completely homogenous surface with a finite number of
identical sites and with negligible interaction between adsorbed molecules, is represented in the linear form as
follows [23]:
Ce/qe =1/kLQm +Ce/Qm
(2)
where, KL is the Langmuir adsorption constant (L mg−1)
and Qm is the theoretical maximum adsorption capacity
(mg g−1). The Langmuir (Ce/qe vs. Ce) plots for adsorption of brilliant green at different temperatures, the values
of Qm and KL constants, and the correlation coefficients for
Langmuir isotherm are presented in Table 7. The isotherms
of all activated carbons were found to be linear over the
whole concentration range studied and the correlation coefficients were extremely high (R2 >0.99) as shown in Table 1.
The values of Qm decreased with temperature increase,
thereby confirming that the process is exothermic [24].
The Freundlich isotherm is derived by assuming a
heterogeneous surface with a non-uniform distribution of

heat of sorption over the surface. It can be expressed in
the linear form as follows:
log qe = log KF +1/nlog Ce

(3)

−1

where, KF (L mg ) and n are isotherm constants indicating the capacity and intensity of the adsorption, respectively. The 1/n factor also indicates heterogeneity factor.
The linear plot of log qe vs. log Ce at each temperature
indicates that adsorption of metal ions also following
Freundlich isotherm. Table 1 shows the Freundlich adsorption isotherm constant and correlation coefficients. The value
of 1/n for Freundlich isotherm was found to lie between
2.9-3.8, indicating that metal ions are favorably adsorbed
by activated carbon at all temperatures studied. Heat of adsorption and the adsorbent–adsorbate interaction on adsorption isotherms were studied by Tempkin and Pyzhev
[25]. The Tempkin isotherm equation is given as follows:
qe =RT/b ln(KTCe)

(4)

Eq. (4) can be linearized as follows:
qe = BT ln KT + BT ln Ce

(5)

where, B1 = RT/bT, T is the absolute temperature in K,
R the universal gas constant, 8.314 J mol−1 K−1, KT the
equilibrium binding constant (L mg−1), and BT is related
to the heat of adsorption. The constants obtained for Tempkin isotherm are shown in Table 1. The Tempkin constant,
BT, shows that the heat of adsorption decreases with the
increase in temperature, indicating exothermic adsorption.
3.12 Kinetic study

The rate as well as mechanism of adsorption process
can be elucidated on the basis of a kinetic study. Metal
ions adsorption on solid surface may be explained by two
distinct mechanisms: (i) an initial rapid binding of metal ion
molecules on the adsorbent surface, followed by (ii) relatively slow intra-particle diffusion. The adsorption kinetic
data were described by the Lagergren pseudo-first-order
model [26], which is the earliest known equation describing
the adsorption rate based on the adsorption capacity. The
Lagergren equation is commonly expressed as follows:
dqt/ dt = k1(qe − qt)

(6)

where, qe and qt are the adsorption capacity at equilibrium and at time t, respectively (mg g−1), k1 is the rate
constant of pseudo-first order adsorption (l min−1). Integrating Eq. (6) for the boundary conditions t = 0 to t = t
and qt = 0 to qt = qt gives:
log( qe/qe − qt ) =k1/2.303t

(7)

Eq. (7) can be rearranged to obtain the following linear form:
log(qe − qt ) = log(qe) −k1/2.303t
(8)
The values of log (qe −qt) versus t were plotted to give
a linear relationship from which k1 and qe can be determined from the slope and intercept. If the intercept dose is
not equal qe, then, reaction is not likely to be first-order
reaction, even if this plot has a high correlation coefficient
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with the experimental data. The variation in rate should
be proportional to the first power of concentration for strict
surface adsorption. However, the relationship between initial
solute concentration and rate of adsorption will not be
linear when pore diffusion limits the adsorption process.
The first 30-min data fit well Lagergren model and,
thereafter, the adsorption data deviate from theory. Thus,
the model represents the initial stages where rapid adsorption occurs well but cannot be applied for the entire adsorption process. Furthermore, the calculated qe values are
too low compared with experimental qe values, and the
correlation coefficients R2 are relatively low for most adsorption data (Table 6), which indicates that the adsorption
of Brilliant Green onto AC is not a first-order reaction.
Experimental data show high degree of nonlinearity
and poor correlation coefficients for pseudo first-order
model. The adsorption kinetic may be described by the
pseudo-second order model [27], which is generally given
as follows:
dqt/dt = k2(qe − qt )2

(9)

where, k2 (g mg−1 min−1) is the second-order rate constant of adsorption. Integrating Eq. (9) for the boundary
conditions qt = 0 to qt = qt at t = 0 to t = t is simplified and
can be rearranged and linearized to obtain:
(t/qt ) =1/k2qe2 +1/qe(t)

(10)

The second-order rate constants were used to calculate the initial sorption rate, given as follows:
h = k 2q e2

(11)

It was mentioned above that the curve fitting plots of
log (qe −qt) versus t does not show good results for the
entire sorption period, while the plots of t/qt versus t give
a straight line for all the initial metal ion concentrations
confirming the applicability of the pseudo-second-order
equation. Values of k2 and equilibrium adsorption capacity qe were calculated from the intercept and slope of the
plots of t/qt versus t, respectively. The values of R2 and qe
also indicated that this equation produced better results
(Table 6); at all concentrations and sorbent doses, R2 values for pseudo-second-order kinetic model were found to
be higher (between 0.980 and 0.998), and the calculated

TABLE 6 - Kinetic parameters for the adsorption of different ions onto adsorbent.
Model
First-order
kinetic
Second-order
kinetic

Intraparticle
diffusion
Elovich

k1
qe (calc)
R2
k2×103
qe (calc)
R2
h
Kdiff
C
R2
β
α
R2

qe (exp)

Ion
Co
0.030
2.612
0.9767
7.206
1.636
0.730
0.019
0.479
-1.313
0.982
0.724
0.123
0.968
2.39

Cu
0.028
2.732
0.8832
2.922
2.731
0.809
0.022
0.464
-1.527
0.915
1.138
0.110
0.779
2.24

Pb
0.030
3.065
0.925
2.555
2.932
0.947
0.022
0.496
-1.754
0.972
0.653
0.094
0.974
2.23

Ni
0.022
2.213
0.983
6.491
3.005
0.977
0.059
0.269
-0.370
0.981
1.735
0.140
0.984
2.98

TABLE 7 - Isotherm parameters obtained from four linear forms of Langmuir model for the adsorption of ions onto adsorbent carbon.
Model

Parameters

Langmuir-2:
1/qe = 1/(KaQmCe) + 1/Qm

Qm (mg/g)
Ka (L mg-1)
R2
1/n
KF (L/mg)

Freundlich:
ln qe = ln KF + (1/n) ln Ce
Tempkin:
qe = B1 ln KT + B1 ln Ce
Dubinin and
Radushkevich (D-R):
ln qe = ln Qs –Bε2
Harkins-Jura (H-J):

R2
B1
KT (L/mg)
R2
Qs (mg/g)
B
E (kj/mol) = 1/(2B)1/2
R2
A

Ions
Co
41.4
0.435
0.828
3.713

Cu
39.8
0.813
0.986
0.260

Ni
35.8
0.999
0.92
2.882

Pb
38.4
0.180
0.96
2.317

2.188

4.123

3.614

4.365

0.97
67.13
0.814
0.917
35.1
2.00E-06
500
0.973
18.868

0.757
1.3455
31.15
0.789
37.81
1.00E-07
2236.07
0.935
14.684

0.958
47.89
0.957
0.874
35.9
1.00E-06
707.107
0.932
50

0.994
39.59
0.988
0.904
36.8
1.00E-06
707.107
0.963
37.037
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0.340
0.869

1.336
0.589

1053

0.4
0.954

0.41
0.937

© by PSP Volume 22 – No 4a. 2013

Fresenius Environmental Bulletin

qe values were mainly equal to the experimental data.
This indicates that the metal ions-AC adsorption system
obeys the pseudo-second-order kinetic model for the entire
sorption period [28]. Transportation of the metal ions from
the solution phase into the pores of the adsorbent may also
be considered as the rate controlling stage in batch experiments under rapid stirring conditions.
3.13 Intra-particle-diffusion model

In this model, it is assumed that the mechanism for
metal ions removal by adsorption onto a sorbent material is
taking place through four steps: (a) migration of metal ion
molecules from bulk solution to the surface of the adsorbent through bulk diffusion, (b) diffusion of metal ion
molecules through the boundary layer to the surface of the
adsorbent via film diffusion, (c) the transport of the metal
ion molecules from the surface to the interior pores of the
particle occur through intra-particle-diffusion or porediffusion mechanism, and (d), the adsorption of metal ions
at an active site on the surface of material by chemical reaction via ion-exchange, complexation and/or chelation.
In general, the metal ions sorption is governed by either
the liquid phase mass transport rate or through the intraparticle mass transport rate. Pore-diffusion models should
be formulated so as to consider not only the particle size
but also particle shape. The importance of considering particle geometries (shapes and surfaces) in the formulation of
pore-diffusion models is reported in the literature [29, 30].

metal ions, and was found to exhibit a better sorption
capacity for brilliant green metal ions. It was observed
that batch sorption using AC was dependent on parameters, such as initial concentration of metal ions, time, pH,
dose of adsorbent, and type of metal ions.
Equilibrium and kinetic studies were made for the adsorption of metal ions from aqueous solutions onto Ac
prepared from acorn. Initial pH of the metal ions solution
strongly influenced the chemistry of metal ion molecules
and fungal biomass in the aqueous solution. The effective
initial pH for brilliant green was 6.
1. Adsorption of the eosin metal ions on proposed
sorbent follows the Langmuir model.
2. The process is exothermic in nature. The highest
efficiency of the adsorption process is observed at 30 °C.
3. The sorption process is very fast initially, attains
equilibrium within 30 min, and follows the second-order
kinetic rate model.
4. The treated adsorbent is recyclable.
The intraparticle diffusion of metal ion molecules
within the particles was found to be rate-controlling in
these adsorption processes after 20 min contact time. The
present work revealed that the AC prepared from acorn is
a promising materials for the removal of metal ions from
aqueous solutions.

The potential effect of particle shape on the observed
extent of adsorption is discussed in [31, 32]. The adsorption
process is a diffusive mass transfer process where the rate
can be expressed in terms of the square root of time (t). The
intra-particle-diffusion model is expressed as follows:
qt = ki t0.5 + I
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ABSTRACT
Cadmium, a highly toxic heavy metal, is distributed
widely in the general environment. This metal accumulates mainly in the liver and kidney as these organs are
involved in the detoxification of foreign material. Evidence
suggests that sub-chronic toxicity of cadmium may have
effects on biochemical properties. In the present study, the
sub-chronic toxic effects of cadmium (3.05 mg CdCl2/kg
body weight) on biochemical parameters were studied
with experimental animals (rats). Result revealed that Cd
increased creatinine and urea levels in blood but decreased
iron level. Increases in aspartate transaminase (AST), alanine transaminase (ALT), lactate dehydrogenase (LDH)
and creatine phosphokinase (CPK) activities were significant with regard to control group. Bioaccumulation of Cd
was higher in kidney, followed by liver.

2 MATERIALS AND METHODS
2.1 Animals

Male albino rats of a locally bred strain, each weighing 125-150 g, were used as experimental animal model.
Rats were obtained from the animal house of the Faculty
of Medicine, Assiut University, Egypt. They were housed
under constant environmental conditions of temperature
(22±2 °C) and humidity (70±5 %RH), with a 12-h light/
dark cycle. All animals were fed ad libitum on a commercially available balanced ratio.
2.2 Experimental studies

KEYWORDS:
Rat, cadmium chloride, AST, ALT, LDH, CPK

2.2.1 Determination of the median lethal dose (LD50)

1 INTRODUCTION
Toxic metals naturally present in the environment, or
produced by industrial and other human activities, can
affect the health of a large section of the population in a
community. Outbreaks of large-scale toxicities of Cd (ItaiItai disease) and mercury (Manimata disease) in the 1950's
in Japan heightened the acute awareness about the adverse
consequences of environmental pollution by heavy metals.
Cadmium is a widely distributed environmental contaminant that causes toxic effects in humans and animals.
Its toxic effects result from accumulation of the metal in
the vital organs leading to hepatotoxicity, nephrotoxicity
and cardiomyopathy [1-3]. It has also been suggested that
Cd may play a role in the production of atherosclerosis,
hypertension and cardiovascular disease as well as lung
cancer [4]. In laboratory animals, Cd caused reduced growth,
kidney and liver damage, brain hemorrhage, skeletal decalcification, testicular necrosis and hypertension [5, 6].
* Corresponding author

The aim of the present work was to study the subchronic toxic effects of cadmium chloride on some biochemical parameters in different body organs, in relation
to its concentration, using rats as experimental model.

These experiments were carried out according to
method reported by Weil [7]. A group of 5 animals received saline by gavage and served as control. Twenty rats
(4 groups with 5 animals each) were used for LD50 determination of CdCl2. The 4 CdCl2 dosage levels used were
20, 40, 80 and 160 mg/kg body weight. All dosages were
administered orally by gavage. The number of dead animals for each dose was recorded after 24 h.
The calculated oral LD50 value for CdCl2 was 61 mg/kg.
This value was taken as basis for estimating the dosages used
in further experiments where the animals used for the subchronic Cd study received one twentieth (1/20) of the calculated LD50 by the same route of administration.
2.2.2 Sub-chronic toxicity study of cadmium chloride

In this experiment, each of 20 male albino rats received 3.05 mg CdCl2 in 1 ml saline per kg body weight
by gavage, twice weekly for 12 weeks. Animals of control groups (n=10) received equivalent amount of normal
saline without CdCl2.
Every two weeks, blood samples were collected by
orbital sinus bleeding from each rat for the duration of the
experiment. The collected samples were left to clot at room
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temperature, then centrifuged at 3000 rpm, and used for
the assays of the biochemical parameters.
At the end of the experimental period of 12 weeks,
blood samples were obtained and the animals were then
sacrificed by decapitation. Samples of different organs and
skeletal muscles were quickly dissected. One part of the
organs or tissues was washed with ice-cold normal saline
and stored at -20 °C until being assayed for Cd residue.
2.2.3 Biochemical analyses

An auto-analyzer (Express Plus; Ciba Corning Diagnostics, Palo Alto, CA) was used for analysis of the biochemical parameters. Renal functions were assessed by
urea and creatinine serum levels. Serum albumin, alanine
aminotransferase (ALT), aspartate aminotransferase (AST)
and lactic dehydrogenase were used to determine the
extent of liver function. Other biochemical parameters
assayed were uric acid and the activities of creatine phosphokinase and alkaline phosphatase. Serum calcium, inorganic phosphate and iron were also assayed.
Cadmium levels in serum and homogenized tissues
were estimated by GFAAS analysis (Thermo Scientific,
USA) [8].
2.2.4 Statistical analysis

All data are presented as means ± SEM. One-way
analysis of variance (ANOVA) was performed on each
variable, and Bonferroni statistic tests were employed to
compare the mean values of control and experimental
groups. Differences were considered to be significant at
P<0.05. All statistical analyses were performed using
SPSS statistical software (version 10).
3 RESULTS
The kidneys of rats treated with CdCl2 were affected
by a steady increase in renal function markers of urea and
creatinine, especially apparent in the second week of the
experimental period and steadily increasing until week 12
(Table 1). Urea in the serum was elevated by 102.2% in

week 2, and remained more or less in the same range
throughout the experiment reaching 107.5% above control
value in week 12. The corresponding serum creatinine
concentrations increased gradually but less pronounced,
as they were steadily elevated, by 17.8% and 48.9%
above control levels during the same period.
The liver functions were also affected by Cd administration. However, the synthetic ability of the liver was
only slightly affected, as represented by the synthesis of
serum albumin (Table 2). The decreases in serum albumin
concentrations ranged from 7.3% to 17.1% between
weeks 2 and 12. The changes in serum enzymes reflecting
hepatocyte functions were more indicative of liver function. The activities of all three enzymes were assessed. It
was noted that LDH and ALT were significantly elevated.
The increase in LDH concentration ranged from 77.1 to
92.4 % between weeks 2 and 12. Significant increase in
ALT was observed between week 2 and 12. The level of
ALT was very high during week 6 (+140.7%). Significant
increase in AST level was observed up to 8 weeks. The
change in AST level was not statistically significant after
the 8th week. The highest values were observed in the
middle period of the experiment, with a slight tendency
for recovery toward the later weeks.
So far as ALP level is concerned, no significant
change was observed during week 2 to 8. There was a
slight change in the activity between week 10 and 12
(Table 3). The concentration of uric acid in the serum was
significantly higher (+21.6%) than in control up to the 6th
week of experiment. There was no significant change in
the level after week 6. In the meantime, we noticed that
CPK activity was highest at the 4th week reaching 204.1%
above control level, then starting a steady, but slight decline until reaching a mean value of 130.1% above that of
the corresponding control (at week 10).
Changes in serum components extending to some inorganic elements were also observed (Table 4). The concentration of Ca increased in the early time points of the
experimental period, reaching its highest values of 37 and
42.2% above control in weeks 2 and 4, respectively. This
was followed by fluctuations and a declining tendency

TABLE 1 - Changes in renal function of rats treated with CdCl2 (3.05 mg/kg), twice weekly for 12 weeks.
Time (weeks)
2

Control
0.45±0.02

4

0.45±0.01

6

0.45±0.02

8

0.44±0.01

10

0.44±0.02

12

0.45±0.01

Data presented as means ± standard
to be significant

Creatinine (mg/L)
Cd-treated
P-value
0.53±0.01
0.0022
(+17.8%)
0,56±0.03
0.0027
(+24.4%)
0.58±0.03
0.0020
(+28.9%)
0.59±0.03
0.0002
(+34.1%)
0.65±0.03
0.0001
(+47.7%)
0.67±0.03
0.0001
(+48.9%)
error; numbers in parentheses represent percentages
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Urea (mg/L)
Cd-treated
P-value
46.9 ± 1.4
0.0001
(+102.2%)*
20.9 ± 2.4
43.1 ± 1.3
0.0001
(+106.2%)
21.9 ± 1.1
46.3 ± 1.6
0.0001
(+111.4%)
21.4 ± 0.8
44.0 ± 3.4
0.0001
(+105.6%)
21.0 ± 1.1
43.9 ± 2.1
0.0001
(+109.0%)
22.7 ± 1.0
47.1 ± 2.0
0.0001
(+107.5%)
from the corresponding control values; P-values considered
Control
23.2 ± 1.2
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TABLE 2 - Changes in liver functions of rats treated with CdCl2 (3.05 mg/kg body weight, twice weekly for 12 weeks).
LDH (U/L)
Time
(weeks)

Control

Cd-treated

2

86.3
±4.94

4

85.5
±5.58

6

86.5
±4.91

8

82.8
±4.81

10

81.8
±4.30

12

83.3
±4.07

152.8
±6.44
(+77.1%)
169.6
±5.79
(+106.85)
163.6
±5.20
(+89.1%)
179.4
±2.62
(+116.7%)
164.9
±4.58
101.6%)
160.3
±3.51
(+92.4%)

ALT (U/L)
P value

Control

Cd-treated

p<0.001

67
±13.07

p<0.001

66.5
±10.08

p<0.001

65.8
±13.07

p<0.001

68.9
±10.14

p<0.001

66.8
±12.07

p<0.001

65.6
±`0.71

126.1
±15.62
(+88.2%)
135
±17.64
(+103.0%)
158.4
±23.06
(+140.7%)
128.9
±17.61
(+87.1%)
121.1
±16.38
(+81.3%)
117.9
±21.78
(+79.7%)

AST (U/L)
P value

Control

Cd-treated

p<0.001

72.7
±9.90

p<0.001

73.1
±8.84

p<0.001

71.2
±9.90

p<0.001

73.7
±9.90

p<0.001

71.7
±9.81

p<0.027

73.6
±7.65

149.8
±29.87
(+106.1%)
142.8
±26.24
(+95.3%)
158.6
±35.91
(+122.8%)
152.3
±30.81
(+106.6%)
146.7
±36.00
(+104.6%)
144.1
±33.81
(+95.8%)

P value
p<0.024
p<0.038
p<0.0303
p<0.025
P<0.059
P<0.057

Serum albumin (g/dl)
CdControl
P value
treated
43.7
40.5
± 0.64
± 0.84
p<0.007
(-7.3%)¶
43.7
39.8
± 0.65
± 0.73
p<0.0001
(-8.9%)
43.9
38.9
± 0.58
± 0.90
p<0.001
(-11.4%
44.1
39.1
± 0.63
± 0.89
p<0.001
(-11.3%)
43.5
36.1
± 0.58
± 0.51
P<0.001
(-17.0%)
43.4
36
± 0.57
± 0.78
P<0.001
(-17.1%)

Data presented as means ± standard error; numbers in parentheses represent percentage changes from the corresponding control values; AST: aspartate transaminase, ALT:
alanine transaminase, LDH: lactate dehydrogenase

TABLE 3 - Changes in alkaline phosphatase, creatine phosphokinase and uric acid in the sera of rats treated with CdCl2 (3.05 mg/kg body
weight, twice weekly for 12 weeks).
Time
(weeks)

Uric acid (mg/dl)
Control

Cd-treated
P-value
2.52
2.15
0.0523*
2
±0.14
± 0.11
(+17.2%)
2.45
2.09
4
± .14
0.0666*
± 0.12
(+17.2%)
2.53
2.08
6
± 0.13
0.0204
±0.12
(+21.6%)
2.36
2.09
8
± 0.16
0.1937*
± o.12
(+12.9%)
2.19
2.08
10
± 0.13
0.5571*
± 0.13
(+5.3%)
2.17
2.02
12
± 0.11
0.3477*
± 0.11
(+7.4%)
Data presented as means ± standard error; numbers in parentheses
CPK: creatine phophokinase, ALP: alkaline phosphatase

CPK (U/L)
Control
147.8
± 31.57
143.1
± 31.64
144.0
± 31.25
143.1
± 30.45
149.6
± 33.8
149.9
± 33.52
represent

ALP(U/L)

Cd-treated
393.4
± 109.97
(+166.2%)
435.2
± 121.16
(+204.1%)
388.9
± 53.77
(+170.1%)
320.0
± 37.72
(+123.6%)
344.2
± 24.64`
(+130.1%)
311.3
± 72.23
(+107.7%)
percentage changes from the

P-value

Control

Cd-treated
P-value
150.4
0.0457
± 6,24
0.1773*
(-8.7%)*
145.7
163.7
0.0234
±7.99
0.1381*
± 8.41
(-11.0%)
159.7
162.9
0.0010
± 7.34
0.7754*
± 8.23
(- 2.0%)
158.6
166.6
0.0018
± 4.74
0.3805*
± 7.53
(- 4.8%)
147.1
168.3
0.0003
± 6.01
0.0477
± 7.64
(-12.6%)
142.7
167.8
0.0577*
± 3.99
0.0094
± 7.65
(-15.0%)
corresponding control values; *P values : NS (non-significant) ;
164.8
± 8.14

TABLE 4 - Concentration changes of calcium, inorganic phosphorus and iron in the sera, and cadmium in whole blood of rats, treated with
CdCl2 (3.05 mg/kg body weight, twice weekly for 12 weeks).
Time
(weeks)

Cd (mg/dl)

Fe (mg/dl)

Inorganic P (mg/dl)

Control

Ca (mg/dl)

Cd-treated
P-value
Control
Cd-treated
P-value
Control
Cd-treated
P value
Control
Cd-treated
P value
1.10
161.9
8.37
13.58
0.51
191.2
8.09
9.91
2
±0.03
0.0001
±5.89
0.0040
±0.23
0.3805*
± 0.31
0.0001
±0.04
±6.99
±0.21
± 0.23
(+115.7%)
(- 15.3%)
(+3,5%)
(+37.0%)
1.03
138.7
7,75
14.21
0.53
195.2
8.22
9.99
4
±0.03
0.0001
±6.11
0.0001
±0.21
0.1309*
± 0.26
0.0001
±0.04
±2.65
±0.21
± 0.20
(+94.3%)
(- 28.9%)
(-5.7%)
(+42.2%)
1.01
152.2
7.99
12.18
0.48
199.8
8.26
9,94
6
±0.02
0.0001
±4.43
0.0001
±0.21
0.3864*
± 0.22
0.0001
±0.04
±7.22
±0.22
± 0.21
(+110.4%)
(- 23.8%)
(- 3.3%)
(+22.5%)
0.95
153.5
7.91
13.32
0.47
195.5
8.38
9.96
8
±0.01
0.0001
±4.09
0.0001
±0.21
0.1309*
± 0.12
0.0001
±0.03
±7.07
±0.21
± 0.21
(+102.1%)
(- 21.5%)
(- 5.6%)
(+33.7%)
0.98
137.4
8.00
11.23
0.46
200.3
8.36
9.96
10
±0.02
0.0001
±3.82
0.0001
±0.16
0.2023*
± 0.13
0.0001
±o.04
±6.75
±0.22
± 0.21
(+113.0%)
(- 31.4%)
(- 4.3%)
(+12.8%)
1.03
140.1
7.89
11.13
0.44
196.2
8,24
9.81
12
±0.03
0.0001
±2.08
0.0001
±0.15
0.1918*
± 0.18
0.0003
±0.08
±`6.27
±0.21
± 0.24
(+134.1%)
(- 28.6%)
(- 4.2%)
(+13.5%)
Data presented as means ± standard error; numbers in parentheses represent percentage changes from the corresponding control value; *P-value NS (non-significant)
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Cadmium Concentration (µg/dL)
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FIGURE 1 - Cd concentration changes in the blood of rats treated with cadmium chloride (3.05 mg/kg b.w.), twice weekly for 12 weeks.
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FIGURE 2 - Distribution of cadmium in different organs and tissues of rats treated with CdCl2 (3.05 mg/kg, b.w.), twice weekly for 12 weeks.

reaching a mean value of 13.5% by week 12. The changes
in Ca concentration were not accompanied by changes in inorganic P, which showed no statistically significant changes
throughout the treatment period. Iron in the sera of the

treated rats showed a moderate decrease of 15.3% after
2 weeks persisting throughout the treatment period, ranging between 15.3-31.4% below control.
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Cd concentration in whole blood of treated rats was
highly elevated to 115.7% above control within 2 weeks.
By the end of experiment, Cd level was 134.1% higher than
in control (Table 4 and Fig. 1). The distribution of Cd residues in different tissues and organs of the treated rats is
presented in Fig. 2. The highest concentrations were found in
the kidney, reaching a mean value of 3.68 ± 1.05 µg/g tissue,
followed by the liver, containing an average of 3.21 ± 1.27
µg/g tissue. Cadmium concentrations in bone, heart, muscle,
brain and spleen were 1.94±0.63, 1.58±0.36, 1.17±0.27,
0.71±0.17, 0.52±0.24 and 0.44±0.11 µg/g tissue, respectively. The lowest concentrations were found in the uterus
(averaged only 0.27 ± 0.11 µg/g tissue).
4 DISCUSSION
Cadmium is an important industrial chemical with
known signs and symptoms for acute and chronic toxicities. However, more studies are needed for a deeper understanding of the underlying mechanisms of its toxic effects in order to devise more effective treatment modalities.
Cadmium has been reported to deplete glutathione and
protein-bound sulfhydryl groups, resulting in enhanced
production of reactive oxygen species, such as superoxide
ion, hydroxyl radicals, and hydrogen peroxide. These reactive oxygen species result in increased lipid peroxidation,
enhanced excretion of urinary lipid metabolites, modulation
of intracellular oxidized states, DNA damage, and altered
gene expression, cell membrane damage and apoptosis [9].
These metabolic alterations eventually lead to damage of
many body organs and deterioration of their functions.
In the present study, the deleterious effect of cadmium chloride toxicity on the kidney was presented as
increase in levels of creatinine and urea in the blood of
treated rats. Such increase in the markers of renal insufficiency were also reported by Novelli et al. [10] and
Mahmoud et al. [11], following administration of cadmium
as inorganic salt or as a complex with metallothionine.
In factory workers exposed to airborne cadmium, significant reduction in creatinine clearance was reported
[11, 12], and the degree of which varied with the severity
of renal insufficiency [13-15]. It was also noticed that Cd
significantly increased uric acid concentration in blood
and urine [11, 12]. The observed significant hyperuricemia was attributed mainly to increased purine catabolism
resulting from degeneration and necrosis in many tissues,
such as liver and kidney. The degree of hyperuricemia
decreased at the end of the experimental period, probably
due to inhibition of renal reabsorption of uric acid through
degenerated renal tubules. On long-term exposure to cadmium, renal tubular dysfunction develops in humans and
experimental animals [13-15]. Such functional impairment
could have resulted from both vasoconstriction and a direct
cytotoxic effect of cadmium. The detrimental effect may be
attributed mainly to the accumulation of this toxic metal in
kidney, showing the highest concentration of cadmium
residues in the organs of treated animals [16, 17].

In Cd-treated rats, the observed decrease in serum albumin concentration was in agreement with Wennberg et
al. [18] who recorded significantly decreased plasma total
protein and albumin concentrations, with continuous high
cadmium intake given freely in the diet. Such a hypoalbuminemia could be attributed mainly to the pathogenic
effects of cadmium on both hepatic and renal tissues. The
toxic effect on hepatocytes interferes with albumin synthesis in liver, and the degenerative effect on the kidney
may lead to albuminuria [19]. Hepatotoxicity was also
presented by increased activities of serum enzymes indicative of liver function. Administration of cadmium resulted in significant increases in the activities of AST, ALT
and LDH, which are markers of liver function.
The elevation in serum enzymatic activities of AST
and ALT could be attributed to the pathological effect of
cadmium upon hepatic tissue which causes release of
AST and ALT enzymes from hepatocytes with damaged
cellular membranes into circulation. Moreover, the activity of LDH was also elevated as a result of cadmium administration. The release of LDH into the serum is taken
as an indication of hepatocyte damage and death, and/or
involvement of the myocardium [20]. These results are in
agreement with those of other authors [21-23] who reported high levels of LDH activity in rats after cadmium
exposure. It could be noted that the accumulation of cadmium residues after administration was highest in these
two organs indicating serious toxicity.
The activity of CPK in the serum was significantly
elevated, probably indicating multi-organ damage. Different iso-enzymes of CPK are released into the serum as a
result of injury to the brain, muscle and the myocardium.
Significant accumulation of cadmium was shown in the
present work to occur in all three organs, indicating its
widespread deleterious toxic effects in a multitude of
body systems. These findings are in agreement with Kuliczkowski et al. [24] who found marked elevation of serum CPK after cadmium poisoning.
The activity of ALP in the serum was slightly inhibited
by Cd administration. Such a decrease was not highly significant. The reported effects of cadmium toxicity on ALP
are variable. Szilagyi et al. [25] and Abou El Ela et al. [26]
reported a permanent decrease in serum ALP of rats administered cadmium. In contrast, a study by El-Hussiny et al.
[27] showed an increase in ALP activity levels of workers
of a cement factory exposed to cadmium.
Administration of cadmium resulted in disturbance of
inorganic serum elements. Calcium concentration increased
significantly at the early time points, and showed attenuation towards the end. These results should be viewed in
relation with cadmium accumulation in bones, which
represent the main calcium store in the body. The elevated
calcium levels in serum may occur by several mechanisms.
Imbalance between osteoblasts and osteoclasts may have
resulted from accumulated Cd in bones leading to mobilization of calcium from the bones into the blood. Other
mechanisms could include effects on the parathyroid gland,
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calcitonin from the thyroid-like gland, or disturbance in
renal excretion of Ca, as a result of renal damage [28]. In
contrast to the observed hypercalcemia, inorganic phosphorus was practically not affected by administration of
cadmium. Plasma levels of phosphates are partly under
the control of the parathyroid hormone, which controls its
excretion by the kidney. The net effect is to increase the
concentration of calcium and lower that of phosphate [11,
29], as no change in blood levels of phosphorous in rats
kept under cadmium chloride was recorded.
The concentration of iron was also decreased, probably indicating iron deficiency anemia in cadmium-treated
rats. Such deleterious effect started early after cadmium
administration and persisted throughout the whole experimental period [30].
The concentration of cadmium in the blood increased
with continued administration. This may indicate increased
distribution of cadmium into vital organs with stronger
toxic effects and metabolic disturbances. In factory workers exposed to Cd-polluted air, showed significantly higher
urinary and serum levels compared to healthy control persons [27].
Herein, cadmium residues were detected in all tested
organs, but kidney and liver showed the highest levels
being reflected in the greatest detected disturbances in
their functions.
These results are in agreement with other researchers
[26, 31] who concluded that Cd administration in drinking
water in low doses over a period of 12 months led to significant reduction in body and kidney weight. The study
also revealed that cadmium was more concentrated in
kidney, followed by liver, bone, and heart, respectively,
indicating that the kidney is the main storage organ for
chronic Cd exposure and, accordingly, may be the most
affected organ (reflected by disturbance in indicators of
liver function). The relatively high concentration in the
heart would explain the results of increased CPK activity.
The data of the present study clearly show the detrimental
effects of cadmium on the general health and body functions of the exposed population stressing the urgency of
limiting such a pollution as well as the importance of
early treatment of affected personnel.
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ABSTRACT

di(ethyl)hexylphtalate in fruits were less than 1% even in
an experiment designed to maximize transfer.

Application of sewage sludge to agricultural land may
be beneficial because it can improve the physical, chemical
and biological properties of soils but it may also introduce
organic pollutants in soils which could have adverse effects on wildlife and human health if these compounds
enter food chain. The present study aims at evaluating the
potential transfer of phthalates from biosolids to tomato
plants (Lycopersicon esculentum) in a greenhouse experiment. Four phthalates were studied simultaneously: dimethylphthalate, diethylphthalate, dibutylphthalate and
di(ethyl)hexylphthalate. Two types of experiments were
carried out: aquiculture (hydroponic conditions) and soil
culture. Aquiculture experiments involved (1) addition of
phthalates as pure substances to the plant growth solution
and (2) addition of filtrate from wastewater treatment plant
biosolids to the plant growth solution. Soil experiments
were carried out testing biosolid from three different origins
and treatments (dried biosolids from municipal wastewater
treatment plant, biosolids from municipal wastewater
treatment plant composted with green wastes and dehydrated
biosolids from industrial wastewater treatment plant) with
application rate at 30 t.ha-1. Phthalates were quantified
by high resolution gas chromatography coupled with a
low resolution mass spectrometer in single ion monitoring
mode into roots, sap, leaves and fruits. The results clearly
show a difference in behaviour of phthalates according to
the part of the plant and kind of experiment. Two transfer
pathways were identified: (1) uptake by roots and translocation (2) foliar uptake of vapour from surrounding air.
The concentration of phthalates varied from non quantifiable
to 174 mg.kg-1dry matter in roots, from non quantifiable to
24 mg.kg-1dry matter in leaves and from non quantifiable to
6.5 mg.kg-1dry matter in fruits. Di(ethyl)hexylphthalate
concentration in tomato plant was positively correlated
with levels in the biosolids. Compared to the control,
application of biosolids resulted in increases concentration
of phthalate in plant. However, transfer percentage of
* Corresponding author

KEYWORDS: Endocrine disrupting chemicals, Transfer, Plant,
Sewage sludge, Di(ethy)hexylphthalate

1 INTRODUCTION
Application of sewage sludge to agricultural land may
be beneficial because it can improve the physical, chemical
and biological properties of soils which may enhance crop
growth [1]. Indeed, sludge application enables to recycle
nutrients and to restituate organic matter to soils in order
to prevent over-exploitation of agriculture. In addition the
use of sludge as a fertilizer would decrease the amounts of
chemical fertilizers needed in agriculture and supply micro-nutrients which are not commonly restored in routine
agricultural practice. While it encourages the use of sewage sludge, the EU Directive 86/278/EEC regulates its use
to prevent harm to the environment. Limit values for concentrations of organic compounds in sludge were suggested
in the third draft of the “Working paper on sludge” [2].
Each year, millions of tons of phthalates esters are
produced in the world for the manufacture of a wide variety of common consumer goods. Their increasing presence in the environment has prompted several countries to
investigate population exposure. Phthalates are esters of
phthalic acid. Although a large number of phthalates exist,
only a few are commonly used and will be considered for
this study (Table 1). Due to human activities, they are present in the environment in quite large quantities, since they
are a group of chemicals which has been used for about
the last 50 years as plasticisers agents, mainly to make
polyvinyl chloride supple and flexible [3]. They are also
commonly used as antifoaming agent in paper production,
as an emulsifier for cosmetics, in perfumes and pesticides.
In view of this widespread use, phthalates have been the
subject of intensive research concerning effects on health
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and the environment. These substances give great cause
for concern because they bio-accumulate (accumulate in
living tissues and in the food chain) and they are potentially toxic. The latter can be short-term effects (allergies,
asthma, etc.) or longer term (nervous and endocrine disrupter effects, development and fertility disrupter effects
carcinogenic effects) [4].
Europe, by actively pursuing a policy favouring wastewater collection and treatment, has ensured the production
of clean water but also increased the biosolids production.
Nowadays, 40% of biosolids are recycled biologically via
land application. Phthalates are found regularly in municipal wastewater and, because of lipophilic properties, they
concentrate in sewage sludge [5]. Land application limit
value of 100 mg.kg-1 dry matter for di(2-ethylhexyl)phthalate
(DEHP) was envisaged by European legislation [2]. They
would appear to be different potential sources for phthalates
in biosolids: compounds produced and/or used industrially
and abnormally present in effluents, or compounds from
plastics in manufactured goods released back into
wastewater, or phthalates atmospheric deposition on urban
surface released by precipitation and domestic use of products containing phthalates. Phthalate levels in sludge
residues varied according to wastewater treatment plant
and compounds due to their different physico-chemical
properties [6]. A review by Alcock et al. [7] stated DEHP
were detected in almost all samples of sewage sludge analysed and that DEHP readily accumulates in suspended
particulate material. DEHP is present in quite high concentrations in biosolids (between 4 and 170 mg.kg-1 dry matter) [8, 9]. Sludge treatments as aerobic composting process, anaerobic process [10] and thermic process [11] have
shown to reduce phthalates concentrations in sludge.
Anaerobic processes were more controversial as some
authors did not see any degradation [12, 13]. Soil microorganisms breakdown phthalates under aerobic conditions
or the chemicals are removed by volatilisation, so they
have a half-live of 50 days.
Most of publications report fate, mobility and degradation of phthalates in soil [14] or in sludge amended soil
[15]. Toxic effects of phthalates on crop and vegetable
growth had also been studied [16]. Only a minority of the
reports deal with plant uptake: carrots [17, 18], lettuce [19],
barley [20, 21], radish [22]. In order to increase the
knowledge on this topic, this work was carried out to evaluate potential transfer into plants of phthalates. We used such
an approach successfully in the case of laurylalkylbenzene
sulfonates [23] and polychlorinated biphenyls [24]. This
experiment was carried out by separately (1) adding
phthalates pure substances to growth nutrient solution, (2)
adding biosolids filtrate to growth nutrient solution and (3)
adding three types of biosolids to agricultural soil. Tomato
plants (Lycopersicum esculentum cv) were grown in aquiculture (1, 2) to provide optimal transfer conditions [25]
and in soil culture (3) to provide real experimental results,
in plant containers inside a temperature and humidity
regulated greenhouse.

2 MATERIALS AND METHODS
2.1. Materials
2.1.1 Plant

The experiment was conducted on tomato plants (Lycopersicon esculentum cv.), Rondello variety (de Ruiter
seeds). This particular variety is a hybrid often used for
experiments because of its high rate of germination (99%)
and genetic homogeneity.
2.1.2 Containers

The containers used were 10 liters galvanised buckets
to avoid problems associated with polyvinyl chloride
whose plastifying agents are phthalates.
2.1.3 Aquiculture

Tomato plants were grown hydroponically on aerated,
non-circulating nutrient solution. This was prepared using
pure salts and deionised water: macronutrients concentrations (7 mmol.L-1 of K+, 5 mmol.L-1 of Ca2+ , 1.5 mmol.L-1
of Mg2+, 15 mmol.L -1 of NO 3-, 2 mmol.L -1 of H 2PO 4-,
1,5 mmol.L-1 of SO42-) and micronutrients concentrations
(15 mg.L-1 of Fe, 0.49 mg.L-1 of Mn, 0.06 mg.L-1 of Cu,
0.11 mg.L-1 of Zn, 0.26 mg.L-1 of B, 0.01 mg.L-1 of Mo).
Macronutrients amounts were calculated according to the
mineral needs of the plants for the duration of the experiment. The nutrient solution was replaced twice a week. Its
conductivity was 2 mS.cm-1 and the pH varied from 5.2
for fresh solution to 6.5 for spent solution.
2.1.4 Soil culture

Tomato plants were cultivated on an argilo-calcareous
soil coming from an experimental station about five kilometres in the South of Toulouse (GPS Latitude 43.536°
Longitude 1.498°) (Haute-Garonne, France). Soil was collected in the 0-25 cm layer of the field what corresponds
to the plough layer. The soil was air-dried and sieved at
5 mm diameter to separate the fine earth which will be of
use exclusively for the filling of the pot. 10 kg of soil was
put in containers. The soil density was 1.5 and the soil pH
was 7.6. The water capacity in pot of the soil is around
24%. Pots were watered in 2/3 of the capacity in pot to
allow the oxygenation of roots. No phthalate contamination of the soil was noticed: concentrations were less than
limit of quantification (10 µg.kg-1 dry matter).
2.1.5 By-products materials

Phthaltes in pure form were introduced for the pure
substance experiment: dimethylphthalate (DMP), diethylphthalate (DEP), dibutylphthalate (DBP) and di-2ethylhexyl phthalate (DEHP) from Cluzeau Info Labo
(France) (Table 1).
Biosolid A was obtained from a municipal
wastewater treatment plant equipped with a separated
sewer system. It was derived from an aeration tank and
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dewatered by centrifugation prior to a thermal drying
process. The
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TABLE 1 - Physico-chemical properties and formulae of the four phthalates studied

Name

Abbreviation

Molecular
weight
(g.mol-1)

Solubility
Octanol-water
Vapour
(mg.L-1
at coefficient
(log pressure
25°C)
Kow at 25°C)
(mm Hg)

COOCH3
Dimethylphthalate

DMP

194.2

4 000

1,56

2.0 10-3

COOCH3

COOC2H5
Diethylphthalate

DEP

222.2

1 100

2,48

1.0 10-3

COOC2H5

COOC4H9
Dibutylphthalate

DBP

278.4

11

4,72

2.7 10-5

COOC4H9
COOC8H17
Di-(2-ethylhexyl)
phthalate

DEHP

390.6

0,3

5,11

1.0 10-7

COOC8H17

sample was collected in granular form (93% dry matter)
after the drier and consisted in 10 sampling of 500 g homogenised and mixed according to the norm NF EN 12579
[26]. Biosolid B was sludge compost obtained from a composting facility processing 54% of biosolids A mixed with
23% of crushed green waste and 23% of riddling refusal in
mass. The sampling of compost was accomplished following norm NF EN 12579 [26]. The acquired compost answers the French norm NF U 44-095 [27]. Biosolids C was
obtained from a municipal and industrial wastewater treatment plant equipped with a semi-separative sewer system.
It was derived from dewatering system prior to an anaerobic digestion and centrifugation. The sample was collected
in “pâteuse” form (30% dry matter) after centrifugation and
consists in 10 sampling of 500 g homogenised and mixed
according to the norm NF EN 12579 [26].
2.2 Experimental set-up

48 plants were used in the experiment and Table 2
shows the plant containers that were set up. A total of
16 plants were used in the aquiculture experiment with
pure substances: (1) 8 control plants were grown in a
nutrient solution (2) 8 plants were grown in the nutrient
solution with addition of phthalates. For the aquiculture
experiment with biosolids filtrate 16 plants were used: (1)
8 controls (2) 8 growing in the biosolids A filtrate. Experimentation was also carried out in soil culture with biosolids A, B and C with 48 plants: (1) 24 controls (2) 24
growing in the biosolids-soil mixture. The pots were arranged randomly on the bench.

According to the French ministerial order of 8 January
1998, the maximum quantity authorised for land application
of biosolids is 30 tonnes dry matter per ha per 10 years. For
this experiment, in order to obtain clear-cut results, this
quantity was applied in a single dose to the plant containers.
Concerning the pure substance experiment, the dose introduced into the container’s initial solution was thus 84 mg of
each individual phthalate which corresponds to the maximum authorized. For the filtrate experiment, 105 g of
ground-up biosolids A granules were mixed into 1 L of
demineralised water. This mixture was stirred for 24 hours
in a 6 L glass beaker placed on a horizontal, rotary mechanical stirrer, and then filtered on a screening column down to
32 µm in order to recover the biosolids filtrate. Phthaltes
levels in the biosolids filtrate were determined: DEP < 40
µg.L-1, DMP < 40 µg.L-1, DBP < 40 µg.L-1, DEHP=2680
µg.L-1. Not all the trace or-ganic compounds present in the
biosolids were found in the filtrate. However, the fractions
that were present in the filtrate were also those which were
most available for transfer into the plant. In the soil experiment, 110 g dry matter of biosolids was mixed with 10 kg of
soil. Phthalates level in soil was lower than the limit of
quantification. Levels in biosolids A were determined: DEP
< 10 µg.kg-1 DM, DMP < 10 µg.kg-1 DM, DBP < 10 µg.kg1
DM, DEHP = 116 mg.kg-1 DM. Levels in biosolids B
were determined: DEP < 10 µg.kg-1 DM, DMP < 10
µg.kg-1 DM, DBP < 10 µg.kg-1 DM, DEHP = 6.5
mg.kg-1 DM. Levels in biosolids C were determined: DEP
< 10 µg.kg-1 DM, DMP < 10 µg.kg -1 DM, DBP < 10
µg.kg-1 DM, DEHP = 132 mg.kg-1 DM.
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TABLE 2 - Summary to show the various containers set up.

Pure substance experiment
Controls : tomato plant + nutrient solution
Tomato plant + nutrient solution + phthalates
Biosolids A filtrate experiment
Controls : tomato plant + nutrient solution
Tomato plant + nutrient solution + biosolids A filtrate
Biosolids A experiment
Controls : tomato plant + soil
Tomato plant + soil + biosolids A
Biosolids B experiment
Controls : tomato plant + soil
Tomato plant + soil + biosolids B
Biosolids C experiment
Controls : tomato plant + soil
Tomato plant + soil + biosolids C

Dose

Mass of DEHP in pots (mg)

Number of pots

equivalent to 30 t DM/ha

0
84

8
8

equivalent to 30 t DM/ha

0
22

8
8

30 t DM/ha

0
1.16

8
8

30 t DM/ha

0
0.65

8
8

30 t DM/ha

0
1.32

8
8

-

2.3. Cultivation technique

About 20 tomato seeds were germinated on pieces of
polystyrene, covered with thick absorbent paper dipping
into a plastic tray such that the seeds are in contact with
the water in the tray bottom. The tray is then placed in a
dark germination cupboard for 3 days. The germinating
seeds in the tray are then put into a phytotron for 2 days.
This is an enclosure lit by sodium lamps where there are
controlled conditions of light, humidity and temperature:
14 hours light per 24 hours, 50% humidity in the air and a
temperature of 24 ± 1°C by day and 18 ± 1°C by night.
The plants then follow their development in a greenhouse
where conditions are controlled as a function of the external temperature and light. Blinds, ventilation and lighting
ensure optimum conditions (average temperature 24°C,
14 hours light).
2.3.1 Aquiculture

The 10 cm long seedlings are transferred into troughs
containing 20 L of nutrient solution. They are wrapped in
cotton wool and inserted into special holes in the trough
covers, with just the root dipping into the solution. A bubbler is put into the solution to oxygenate it, with an on/off
cycle of 6 minutes and 12 minutes respectively. Once the
plants have attained a height of 30 cm, they are transplanted
individually into the galvanized containers holding 8 L of
nutrient solution, each oxygenated with an individual
bubbler. This solution is topped up with demineralised
water to compensate for losses through transpiration and
evaporation. Once the solution conductivity was fall below half that of its original value, it is renewed. The pure
substances or biosolids filtrate were introduced into these
containers after 50 and 90 days growth respectively. Ten
days after the introduction of the pure substances or the
biosolids filtrates, the plants were sampled in order to
study the fruits, the leaves and the roots.
2.3.2 Soil culture

A first step consists in incubation period in order to
mimic the biosolids land application before winter. Soil-

biosolid mixtures were added with water in order to obtain 2/3 of water holding capacity during 17 days. Then,
the 10 cm long seedlings are transferred into special holes
in soil-biosolid mixtures. Transparent plastic films were
placed during 15 days on each container in order to maintain tomato seedling with water saturated atmosphere.
Fruits, leaves and roots were collected at 90 days after
sowing.
,
2.4 Analytical procedure

All samples were carefully washed and put in aluminium foil trays into a freezer at –25°C until analyses. The
analytical method is explained briefly in this paper and
more details on the method development and optimisation
can be found in Sablayrolles et al. [28].
The solid/liquid extraction was carried out with a
Soxtec System HT2 (Tecator, France). About 2 g of lyophilised sample was extracted with 100 mL of n-hexane
(Suprasolv, VWR Merck) for 45 minutes (30 minutes in
boiling mode and 15 minutes in rinsing mode). The internal
extraction standard, benzylbenzoate (1 mL at 5000 mg/L in
n-hexane) (Cluzeau, France), was added to extraction cartridge just before extraction. Then, a rotary evaporator
(Rotavapor, Büchi) and 30°C temperature controlled bath
is used to concentrate the solvent down to 10 mL. Concentration of the n-hexane extract to 1 mL before purification is by a stream of nitrogen. Purification step was carried out with a 6 g florisil SPE cartridge (Supelco, France)
rinsed with 10 mL of n-hexane. The 1 mL n-hexane extract is placed at the top of the cartridge, and a first elution with a 1-2 drops/second flow rate is carried out with
8 mL of n-hexane. This fraction is collected and put aside.
A second elution with 5 mL of n-hexane/acetone (90/10,
v/v) allows 100% of phthaltes compounds to be recovered. This fraction is concentrated down to 1 mL under
nitrogen. A high resolution gas phase chromatograph coupled to a low resolution mass spectrometer (HRGC-LRMS)
(Finnigan Trace 2000 Series) on electron impact mode with
a quadruple type analyzer was used. The chromatograph
is fitted with a Restek RTX-5MS capillary column (5%
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diphenyl ; 95%dimethylpolysiloxane ; 30 m x 0.25 mm x
0.25 µm). A helium Alpha 2 (Air Liquide) gas vector is
used, flow rate 1.2 mL/min. A 1 µL sample is injected
into the split/splitless inlet in splitless mode (splitless for
1 minute, split flow: 50mL/min) at 280°C. The temperature of the HRGC-LRMS interface is 250°C and at the
end, the oven temperature program chosen started at 50°C
for 1 minute, followed by an increase of 20°C/min to
310°C which is maintained for 6 minutes. The full scan
electron impact data is obtained as follows: solvent delay
5 minutes, electron impact energy 70 eV, source temperature 200°C, emission current 150µA, scan rate 4scan/s,
detector voltage 350V. Deuterated 3,4,5,6 d 4 di-ethylhexylphthalate (DEHP-d4) is used as the internal standard
and is added to the extract (10 µL at 5 µg/mL in n-hexane)
just prior to the analysis. Single Ion Monitoring (SIM) detection was performed (m/z: 149, 153, 167, 279, 283).
The method was validated according to the AFNOR
regulation XP T 90-210 [29]. The calibration range covers
concentrations from 1-10 µg.mL-1 for low concentrations
and from 20-300 µg.mL-1 for higher concentrations. The
repeatability of the analysis procedure was good: 0.2% for
DMP, 3.5% for DEP, 2.4% for DBP and 0.9% for DEHP.
The reproducibility of the overall extraction - purification
- analysis procedure was 11% for DMP, 18% for DEP,
8% for DBP and 4% for DEHP. Recovery yield was up to
85% for each compound. The limits of quantification for
the phthalates studied were 10 µg.kg-1 dry matter in soil
and biosolids, and 40 g.L-1 in biosolid filtrate. A blank
extract was analysed after each batch of 10 samples in
order to verify the absence of any contamination which
could lead to quantification errors. Phthalates concentrations in the blank extract were always less than limit of
quantification.

2.5. Statistical analysis

The results are expressed on a dry weight basis. Variance analysis of data and a Newman-Keuls multiple range
tests at 0.05 probability level was performed (Statistical
Software, Sigma Stat 2.00). The same letter in a column
means that there is no significant difference at a probability equal to 0.05. On the other hand, a different letter means
that there is a significant difference between control and
treatments.
3 RESULTS AND DISCUSSION
4.1. Biomass production

Dry plant matter production was presented in Table 3.
It can be seen that there is a difference between the average mass of the tomato plants in the pure substance experiments and those in the biosolids ones. This can be explained by the plant’s stage of development. Sampling for
the pure substance experiments was undertaken when the
3rd cluster of flowers had developed (after 60 days)
whereas for the biosolids experiments sampling has been
possible at the 5th cluster stage (100 days). Moreover, a
difference in biomass production can be observed between aquiculture (pure substance and filtrate experiment)
and soil cultures. Indeed, the use of nutrient solution allows a better production. In order to compare, a ratio
between the treatments biomass production (g dry matter/pot) and the controls (g dry matter/pot) was calculated.
The ratio between the average mass of the control plants
and the average masses produced after introduction of the
pure substances is quite the same and significantly equal
to one. And the same is true for the biosolids experiments.
We used pure substances, filtrate and three types of bio-

TABLE 3 - Biomass production (g dry matter / plant) and mass production ratio (no unit) in each experiment.
Roots
Leaves
Aquiculture - Pure substance experiment (sampling at the 3rd cluster of flowers)
Control
13.20 ± 1.34 a
26.88 ± 1.43 a
Treatment
9.02 ± 1.59 a
27.80 ± 3.46 a
Ratio
0.7
1.0
Aquiculture - Biosolids A filtrate experiment (sampling at the 5th cluster of flowers)
Control
19.10 ± 3.00 b
58.72 ± 7.19 b
Treatment
31.33 ± 2.36 b
59.41 ± 8.10 b
Ratio
1.5
0.9
Soil culture - Biosolid A experiment (sampling at the 5th cluster of flowers)
Control
6.96 ± 0.00 c
96.24 ± 0.05 c
Treatment
5.24 ± 0,44 c
88.60 ± 9.38 c
Ratio
0.7
0.9
Soil culture - Biosolid B experiment (sampling at the 5th cluster of flowers)
Control
5.22 ± 0.23 d
84.36 ± 7.27 de
Treatment
4.56 ± 0.58 d
60.38 ± 2.96 d
Ratio
0.9
0.7
Soil culture - Biosolid C experiment (sampling at the 5th cluster of flowers)
Control
5.72 ± 0.37 e
88.44 ± 7.08 de
Treatment
3.93 ± 0.41 e
74.46 ± 6.84 de
Ratio
0.7
0.8
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Fruits
3.77 ± 0.70 a
4.80 ± 0.60 a
1.6
77.80 ± 19.39 b
72.00 ± 6.37 b
0.9
22.32 ± 0.50 c
20.73 ± 1.20 c
0.9
18.89 ± 3.13 d
21.06 ± 0.75 d
1.1
18.86 ± 4.48 e
18.66 ± 3.98 e
1.0
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TABLE 4 - Phthalate levels in tomato plants in the experiment with pure substances, with sludge filtrate and with biosolids. Mean level in
µg.kg-1 dry matter after harvest. Standard deviation corresponds to 10% (corresponding to cultivation and analytical steps).
Roots
Control
Aquiculture - Pure substances experiment
DMP
<10 a
DEP
<10 a
DBP
99 e
DEHP
150 g
Aquiculture - Sludge filtrate experiment
DMP
<10 a
DEP
<10 a
DBP
<10 a
DEHP
100 b
Soil culture - Biosolids A experiment
DMP
<10 a
DEP
<10 a
DBP
<10 a
DEHP
90 b
Soil culture - Biosolids B experiment
DMP
<10 a
DEP
<10 a
DBP
<10 a
DEHP
90 b
Soil culture - Biosolids C experiment
DMP
<10 a
DEP
<10 a
DBP
<10 a
DEHP
90 b

Leaves

Fruits

Treatment

Control

Treatment

Control

Treatment

<10 a
<10 a
995 f
173238 h

42 b
2680 c
30 b
105 I

50 b
3279 d
50 b
269 j

<10 a
<10 a
<10 a
<10 a

<10 a
<10 a
<10 a
<10 a

<10 a
<10 a
<10 a
1350 c

<10 a
<10 a
<10 a
98 b

<10 a
<10 a
<10 a
234 d

<10 a
<10 a
<10 a
<10 a

<10 a
<10 a
<10 a
10 a

<10 a
<10 a
<10 a
272 c

<10 a
<10 a
<10 a
1643 d

<10 a
<10 a
<10 a
3888 e

<10 a
<10 a
<10 a
3931 e

<10 a
<10 a
<10 a
5578 f

<10 a
<10 a
<10 a
488 c

<10 a
<10 a
<10 a
1643 d

<10 a
<10 a
<10 a
10867 e

<10 a
<10 a
<10 a
931 f

<10 a
<10 a
<10 a
1854 g

<10 a
<10 a
<10 a
503 c

<10 a
<10 a
<10 a
1643 d

<10 a
<10 a
<10 a
23334 e

<10 a
<10 a
<10 a
3931 f

<10 a
<10 a
<10 a
6513 g

solids at doses of up to 30 t.ha-1, which is 10 times higher
than the average sludge application rate in France. It is
thus interesting to note that no negative effects on the
growth of the plant were apparent.
4.2 Transfer of phthalates into tomato plants
4.2.1 Accumulation of phthalates in tomato plants

Table 4 presents the average levels of phthalates
found in the roots, leaves and fruits of tomato plants in
the control and treatment experiments. Substantial variation in the values was observed, ranging from non quantifiable (<LOQ) to 174 mg.kg-1dry matter in roots, from
non quantifiable (<LOQ) to 24 mg.kg-1dry matter in leaves
and from non quantifiable (<LOQ) to 6.5 mg.kg-1dry matter
in fruits. Concentrations were comparable with those observed in tomato [28], in leaves of barley grown in soils
amended with sludge [20] and in vegetables in the Netherlands [30].
The aquiculture experiments with pure substances in
the nutrient solution correspond to the maximising conditions for transfer into the plant. It appears to be practically
no transfer of DMP, DEP, DBP and DEHP in tomato
fruits (levels under limit of quantification). However, all
compounds were detected in the leaves. DMP and DBP
levels in the leaves were around 50 µg.kg-1 dry matter,
whereas DEHP levels was around 270 µg.kg-1 dry matter
and DEP level 3300 µg.kg-1 dry matter. An analysis of
sap sampled had not shown presence of phthalates in sap
(level < LOQ, 10 µg.L-1). Moreover, a contamination of
leaves from the control experiment was observed. Thus,
leaves contamination could be explained by a loss of DEP

and DEHP from nutrient solution through volatilisation
(vapour pressure of DEP = 1.0 10-3 mm Hg and DEHP =
1.0 10-7 mm Hg) [31] or presence of other sources [32].
DBP and DEHP were found in large quantities in the roots
(around 1 and 175 mg.kg-1 dry matter) that are in contact
with the nutrient solution with added pure substances. A
significant difference between control and treatment was
shown. This result is in convenience with physico-chemical
properties of these compounds whose Kow are higher than
4.5. In the same way, Gron et al. [17] found the greatest
concentrations of phthalates in the roots of their plants
(3850 ± 212 µg of DEHP per kg of carrot peel).
For aquiculture experiment with the filtrate, levels of
DMP, DEP and DBP were below the quantification limits
for all parts of the plant. This observation can be explained
by the fact that the initial concentrations of these compounds in the filtrate were already very low. The DEHP,
on the other hand, was found in roots (1.3 mg.kg-1) and
leaves (0.2 mg.kg-1). There is a significant difference
between treatments and controls. An analysis of sap sampled
had shown presence of DEHP in sap. Thus, a DEHP
translocation from roots to leaves seems to be a possible
pathway. Several studies have also demonstrated a transfer
from roots to plant [16, 19, 21]. As observed in the pure
substance experiment, concentrations in roots were larger
than leaves concentrations. Indeed, according to chemodynamic study of Russell and McDuffie [33], DEHP is
strongly adsorbed on organic matter and is relatively
immobile.
As expected levels of DMP, DEP and DBP in the soil
culture experiments with biosolids were lower than the

1070

© by PSP Volume 22 – No 4a. 2013

Fresenius Environmental Bulletin

limit of quantification in all parts of the plant, as it was
in biosolids. DEHP was present in roots (around 0.3 to
0.5 mg.kg-1 dry matter), leaves (around 4 to 24 mg.kg-1
dry matter) and fruits (around 2 to 7 mg.kg-1 dry matter).
A significant difference between control and treatment
was observed. Moreover, DEHP has been detected in sap
at the end of the experiment. Moreover, it seems that
DEHP levels in plant were dependant with DEHP levels in
biosolids: biosolids B experiment < biosolids A experiment

Distribution (%) =

< biosolids C experiment. This result is consistent with
the work of Scheunert et al. [34]. Moreover, 74 till 94%
of DEHP transferred were found preferentially in leaves.
Leaves uptake of DEHP from sludge-amended soils is
usually dominated by vegetative uptake of contaminated
vapour from the surrounding air [17].
Distribution percentages of DEHP in tomato compartment were calculated according to equation (1).

mass of DEHP in a tomato compartment (µg)
x 100
mass of DEHP into the 3 tomato compartments (µg)

(1)

With:
Mass of DEHP in a compartment (µg) = DEHP concentration in the compartment (µg.kg-1 DM) x mass of the compartment (kg DM)

100%

% distribution

80%

60%
Fruits
Leaves
Roots
40%

20%

0%
Pure substances
experiment

Sludge filtrate
experiment

Biosolids A
experiment

Biosolids B
experiment

Biosolids C
experiment

FIGURE 1 - DEHP distribution in roots, leaves and fruits of tomatoes as a function of the experiment type.

Distribution profiles in the different compartment, presented in Figure 1, clearly show a difference in the behaviour of DEHP. When introduced in the pure form, 99.5% of
DEHP is present in the roots. However, in the biosolids
form, it can be traced in all plant compartments. This difference could probably be explained by the presence of
surfactant compounds in the biosolids, favouring the uptake
of the DEHP by the plant roots. Measurements of laurylalkylbenzene sulfonates (LAS), anionic surfactants, were
per-formed and were respectively 4400 mg.kg-1 DM in biosolids A, 1620 mg.kg-1 DM in biosoliods B, 13700 mg.kg-1
DM in biosolids C. These values are in the order of magnitude for LAS found in sludge (3 – 15 g.kg−1). It seems that
the greater the amount of is important, the greater the
transfer taking place. This behaviour has been light up by
Gunther and Pestemer [35] in pot experiments with car-

rots: pesticides were more easily available to plants when
LAS was added.
4.2.2 Transfer percentages and bioconcentration factors of
phthalates

Bioconcentration factor was expressed as the ratio of
DEHP level in fruits on a dry weigh basis to the initial
soil concentration (Table 5). Bioconcentration factors of
DEHP in the fruits, leaves and roots ranged from 0.0007
to 1.67. Concerning biosolids-soil cultures, bioconcentration factors of DEHP in the roots were lower than those in
the shoots in the same treatment, which may be partly
attributed to the uptake of DEHP by the roots and then to
be translocated to the shoots. It should be pointed out that
the bioconcentration factors are equivalent to the present
ones for radish [22].
Transfer percentages of DEHP into tomato compartments were calculated according to Equations (2-4). In
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term of health risk assessment, it is interesting to see that
less than 1% of DEHP initially introduced was transferred
into tomato fruits, whatever the type of experimentation.
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TABLE 5 - Percentage of transfer (R) and bioconcentration factors (BCF) of DEHP in tomato fruits
Roots
BCF (-)
R (%)
Aquiculture - Pure substances experiment
DEHP
Aquiculture - Sludge filtrate experiment
DEHP
Soil culture - Biosolids A experiment
DEHP
Soil culture - Biosolids B experiment
DEHP
Soil culture - Biosolids C experiment
DEHP

1.86

0

0.01

0

0

0.006

2.38

0.0007

0.54

0.0003

0.03

0.002

0.01

0.03

2.97

0.05

1.00

0.07

0.34

1.67

10.1

0.28

0.60

0.003

0.01

0.16

12.1

0.04

0.85

m DEHPi = (CDEHPis x ms) + (CDEHPib x mb)

(2)

m DEHPf = (mDEHPt - mDEHPc )

(3)

mDEHPf
mDEHPi

× 100

Fruits
BCF (-)
R (%)

0.02

This observation is consistent with Aranda et al. [18] and
Yin et al. [36] that revels that DEHP uptake in comestibles parts of plants was very low. It can therefore be concluded that sewage sludge application and sludge compost
application at 30 t.ha-1 in the short-term is unlikely to pose
significant environmental risk.

RDEHP =

Leaves
BCF (-)
R (%)

(4)

With:
m DEHPi : mass of DEHP in pots at the beginning of the
experiment (µg)
m DEHPf : mass of DEHP in tomato fruits at the end of the
experiment (µg)
CDEHPis : initial concentration of DEHP in soil (µg.kg-1
DM)
CDEHPib : initial concentration of DEHP in biosolids
(µg.kg-1 DM)
ms : mass of soil (kg DM) equal to 10 kg DM
mb : mass of biosolids (kg DM) equal to 0.1 kg DM
mDEHPt : mass of DEHP in tomato fruits in treatments at
the end of the experiment (µg)
mDEHPc : mass of DEHP in tomato fruits in controls at the
end of the experiment (µg)
RDEHP : Percentage of transfer of DEHP in fruits (%)

the tomato plants among experimentations. These results
show that as far as phthalate transfer is concerned, DEHP
should be prioritized. For the experiments using pure substances, the roots absorb greater amounts of DEHP (99,5%)
and block their transfer to the above ground parts of the
plant (0.5% in leaves and 0% in fruits). In the soil with
biosolids experiments, DEHP was found and traced in all
parts of the plant. The concentrations of DEHP in tomato
plant were positively correlated with DEHP levels in the
biosolids and rate application. Two transfer pathways were
identified: (1) soil-to-root and subsequent root-to-shoot
translocation (2) foliar uptake of vapour from surrounding
air. Transfer percentages in tomato fruits (ranging from
0.03 to 1%) were low even in pot experiment that is
known to exaggerate the bioavailability of contaminants
compared to field conditions.
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ABSTRACT
Bioremediation is one of the most cost-effective techniques to clean up oil-contaminated soils and sediments.
Due to the heterogeneity of oil distribution in soil/ sediment, non-biodegradable or relatively degradation-resistant
hydrocarbon biomarkers have been commonly used as conserved internal standards to correct for the non-biodegradation loss of oils and sampling errors. However, little
is known about the biodegradability of these biomarkers
in the field. The lack of this knowledge could underestimate the degradation rate of oil in soil/sediment. In this
study, the biodegradation of several commonly used biomarkers (pristine, phytane, steranes, and hopanes) in simulated oil spill shoreline was examined under different
conditions: 1) oil only, 2) oil + water-soluble nutrients, 3)
oil + slow-release nutrients, and 4) oil +slow-release nutrients + oil-degrading bacteria. Significant degradation of
pristine, phytane and C27-C29 steranes was observed over
the 90-day incubation at all treatments. Compared to the
other tested biomarkers, 17α (H), 21β (H)-hopane (C30αβ)
and its homologues, presented a much stronger resistance
to biodegradation. Based on the results of this study, we
suggest using C30αβ as conserved internal standard in the
study of oil remediation on shoreline field trials.

KEYWORDS: Biomarker; Biodegradation; Pristine; Phytane;
Sterane; Hopane

1 INTRODUCTION
Bioremediation, removing pollutants by microorganism metabolism, is one of the most cost-effective techniques for cleaning up oil-contaminated soil and sediment
[1, 2]. However, it is still a challenge to quantitatively estimate the rate of oil biodegradation in the field, which is
* Corresponding author

mainly due to the heterogeneity of oil distribution in soil or
sediment, and the difficulty of obtaining representative samples for hydrocarbon analyses [3].
In order to correct for the non-biodegradation loss of
oils and sampling error, internal biomarkers, which are
highly degradation-resistant components in hydrocarbon
mixtures, have been commonly adopted as internal standards and applied in evaluating the biodegradation of oil in
field oil bioremediation trials [4, 5]. An ideal biomarker
should be stable and resistant to biodegradation during the
experimental period. Several biomarkers, such as isoprenoids (pristine and phytane), steranes, and hopanes [6],
have been used in this field. Pristine and phytane are the
compounds that were firstly used as internal standards in
evaluating the biodegradation of crude oil [7, 8]. However,
this method could underestimate the measured oil biodegradation rates as isoprenoid compounds can also be biodegraded under environmental conditions [9-11]. In recent
years, pristine and phytane have been replaced by hopane
due to the higher resistance of hopane to microbial biodegradation [8, 12-15]. However, recent studies showed that
hopanes can also be degraded in the environment, such as
in soils containing severely biodegraded oil [16-20]. These
results indicate that the biodegradability of the hydrocarbon
biomarkers depends on not only oil properties, but also
environmental conditions, such as temperature, oxygen
and microbial populations. Thus, it is necessary to comprehensively investigate the biodegradability of these previously assumed conserved hydrocarbon biomarkers in
field oil remediation experiments. Such experiments are especially important for determining the biomarkers to be
employed in the experiment time within which the selected biomarkers won’t become significantly degraded.
The objective of this study is to evaluate the biodegradability of hydrocarbon biomarkers in the oil-contaminated
shoreline. The biodegradation of several commonly used
biomarkers (pristine, phytane, steranes, and hopanes) in a
simulated oil spill shoreline was examined under different
treatments. Biomarker compounds in the bioremediation
field were detected by gas chromatography- mass spectrometry (GC-MS) analysis.
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2 MATERIALS AND METHODS
2.1 Materials

The crude oil (BXPT-1) was purchased from Boxi
offshore platforms of China National Offshore Oil Corporation. The BXPT-1 used had the following characteristics: specific gravity 0.8934×103 kg·m-3, kinematic viscosity 24.16 mm2·s-1, pour point 31 °C, wax content 14.57%,
resin content 19.79%, sulfur content 0.22% by weight.
2.2 Experimental design

Experiments were conducted in 2008, from May to
August, on the shoreline of Bohai Sea, which is located in
Tianjin (E117˚37'46", N38˚50'46"). A controlled oil spill
on this shoreline was simulated to test four treatment strategies. The experiment modules were divided into four plots
(5m×3m×1m, length× width× height) padded across coarse
sand substrate. Four different treatments were tested in
four plots, including: 1) oil only, 2) oil +water-soluble
nutrients (WSF), 3) oil + slow-release nutrients (SRF),
and 4) oil +slow-release nutrients + oil-degrading bacteria(ODB). SRF supplemented with oil-degrading bacteria
(ODB) was isolated from sediment of dock No. 6 in Tianjin port. A brief description of the experimental design
could be found in Table 1.
TABLE 1 - Experimental design for testing the degradation of
hydrocarbon biomarkers.
Treatments
Oil (7 L)
Oil (7 L) + Water-soluble fertilizer (220 g)
Oil (7 L) + Slow-released fertilizer (280 g)
Oil (7 L) + Fixed strains (1 kg) +
Slow-released fertilizer nutrients(280 g)

which could determine the recovery of surrogate, and then
mixed with an equal mass of anhydrous Na2SO4 and 1 g
of copper powder. The mixture was extracted using 100 ml
of 1:1 hexane/ dichloromethane (v/v) (Soxhlet extraction)
for 24 h at 60 °C. The extract was dried using a rotary
evaporator. The amount of TPH could be obtained by
weighing the dried extract. Then, the dried extract was
diluted with 10 ml of hexane. 1ml of the hexane extract
was introduced to a chromatographic column packed with
3 g of silica gel (100/200 mesh) and 1 g anhydrous Na2SO4.
After eluting the column with 20 ml of hexane, saturates
and biomarker compounds were eluted into the hexane
fraction. A 1-µL aliquot of hexane extract was injected into
an Agilent 6890N GC equipped with a model 5975B mass
selective detector (MSD). The column used was a HP-5MS
fused silica capillary column (30 m long, 0.25 mm i.d., and
0.25 µm film thickness). Operating conditions for the GC
were as follows: carrier gas, helium (1.0 ml·min-1); injection port and detector temperature, 290 and 300 °C, respectively; initial GC oven temperature, 55 °C, held for 3 min,
then ramped to 300 °C at 5 °C/min, held for 15 min. Qualitative and quantitative analyses of n-alkanes were according to n-alkane compound reference standards. The structural identifications of steranes and hopanes were based
on mass data in total ion chromatogram (TIC) mode. The
selected ion monitoring (SIM) mode (m/z 217 and m/z 191)
and literature data were described in details by Wang [22].
3 RESULTS

Abbreviation
Control
WSF
SRF
SRF & ODB

3.1 Aliphatic hydrocarbons

About 7 L of crude oil was mixed with 100 L of seawater and sprayed into each plot. Ahead of conducting the
bioremediation experiments, the substrates were washed
continuously for 15 days to let diesel and other light components in crude oil evaporate completely. For WSF treatment, water-soluble nutrients containing 200 g NH4NO3
and 20 g KH2PO4 were used. This treatment could maintain
a C/N/P ratio of 100/10/1; for the SRF treatment, 280 g of
slow-release fertilizer which contained granule urea and
KH2PO4 were spread onto the substrate surface evenly;
for the SRF& ODB treatment, the bacteria inoculums containing six strains, including four strains of Bacillus sp.,
one strain of Acinetobacter sp. and one strain of Oceanobacillus sp., were screened from the sediments of Tianjin
port dock No.6, and applied manually into the plots [21].

As described above, aliphatic hydrocarbons in the hexane fraction eluted from silica gel column were analyzed
using GC-MS. Figure 1 shows the ion chromatograms of
the saturated fraction at m/z 85 fragments for the treatment, with the addition of WSF at different stages of experimental period. n-Alkanes, isoprenoid alkanes, and TPH
content were observed to decrease significantly with time
during the 90-day experiment period (Figs. 1a, 1b, and
1c). Table 2 shows the concentrations of aliphatic hydrocarbons in each plot at 0 and 90 days. After 90-days incubation, the concentrations of both n- and isoprenoid alkanes
(pristine and phytane) decreased clearly, especially for the
treatment of WSF in which the biodegradation rates of nalkanes and isoprenoids (pristine and phytane) were 67
and 72%, respectively (Table 2). The ratio of low molecular weight hydrocarbons (∑nC 16-nC 26) versus high
molecular weight hydrocarbons (∑nC27-nC36) (L/H) declined obviously, indicating that biodegradation of nalkanes depends on their chain lengths (Table 2).

2.3 Samplings and analyses

Two cores (5 cm × 5 cm, id. × thk.) were collected by
a gravity corer from each plot at 30, 60, and 90 days. Total
petroleum hydrocarbons (TPH) and biomarker compounds
in soil samples were analyzed following EPA methods [2224]. Briefly, the sediment was dried at room temperature for
a week. 10 g of sediment was spiked with d10-phenanthrene

3.2 Steranes and hopanes

The mass chromatograms of hopanes in BXPT oil are
shown in Fig. 2. The identification of each peak, molecular weight and empirical formulas is listed in Table 3.
Molecular ratio parameters for terpanes and steranes were
commonly employed in source identification and maturity

1076

© by PSP Volume 22 – No 4a. 2013

Fresenius Environmental Bulletin

1200000
800000

Pr

400000

a

Ph

Abundance

0
1200000

5

10

15

20

25

30

35

40

45

50

55

50

55

50

55

800000
Pr Ph

400000

b

0
1200000

5

10

15

20

25

30

35

40

45

800000
400000
0
5

10

15

20

c

Ph

Pr

25

30

35

40

45

Retention time (min)
FIGURE 1 - Representative GC-MS chromatogram of m/z 85 of aliphatic hydrocarbon fractions at the treatment with the addition of WSF
at (a) 0 days, (b) 30 days, and (c) 90 days. Pr = pristine, Ph = phytane.
TABLE 2 - Concentrations of aliphatic hydrocarbons in each plot at 0, 30, and 90 days.
n-Alkanes

Treatments
Control
0d
32.13
25.92
739.39
12.3

a

Pr (µg/g)
Ph (µg/g)b
∑Alk (µg/g)c
L/Hd
a

WSF
90 d
21.88
21.35
600.37
6.98

SRF

0d
18.23
13.16
392.20
8.47

90 d
3.81
5.01
128.91
3.92

SRF & ODB

0d
28.52
21.62
573.92
9.31

90 d
16.95
17.53
491.80
5.27

30 d
22.19
21.32
630.49
8.87

90 d
18.10
19.09
501.59
7.26

Pr = pristine, b Ph = phytane, c Sum of C8–C38 alkanes, d Sum of nC16–nC26 alkanes relative to sum of nC27–nC36 alkanes; d = days.
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FIGURE 2 - Mass chromatogram of m/z 191 and 217 from BXPT oil, a, m/z 191, triterpanes; b, m/z 217, steranes. The general structures for
hopanes and steranes are shown in the left inset of a and b, respectively. Identification of each peak is shown in Table 3.
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TABLE 3 - Identifications of peaks in the m/z 191 and m/z 217 fragmentograms.
Peak number

Formula

Molecular weight

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

C23H42
C24H44
C27H46
C27H46
C29H50
C29H50
C29H50
C30H52
C30H52
C31H54
C31H54
C30H52
C32H56
C32H56
C33H58
C33H58
C34H60
C34H60

318
332
370
370
398
398
398
412
412
426
426
412
440
440
454
454
468
468

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

C20H34
C21H36
C22H38
C27H48
C27H48
C27H48
C27H48
C28H50
C28H50
C28H50
C28H50
C29H52
C29H52
C29H52
C29H52

274
288
302
372
372
372
372
386
386
386
386
400
400
400
400

Compound
Hopanes
Tricyclic terpane(C23)
Tricyclic terpane(C24)
18α(H)-22,29,30-trisnorhopane (Ts)
17α(H)-22,29,30-trisnorhopane (Tm)
17α(H),21β(H)-30-norhopane (C29αβ)
18α(H)-30-norneohopane
17β(H),21α(H)-30-norhopane
17α(H),21β(H)-hopane (C30αβ)
17β(H),21α(H)-hopane
17α(H),21β(H)-30-homohopane(22S)
17α(H),21β(H)-30-homohopane(22R)
Gammacerane
17α(H),21β(H)-30,31-bishomohopane(22S)
17α(H),21β(H)-30,31-bishomohopane(22R)
17α(H),21β(H)-30,31,32-trishomohopane(22S)
17α(H),21β(H)-30,31,32-trishomohopane(22R)
17α(H),21β(H)-30,31,32,33-tetrakishomohopane(22S)
17α(H),21β(H)-30,31,32,33-tetrakishomohopane(22R)
Steranes
5α(H),14α(H),17α(H)-sterane
5α(H),14β(H),17β(H)-sterane
5α(H),14β(H),17β(H)-sterane
5α(H),14α(H),17α(H)-cholestane(20S)
5α(H),14β(H),17β(H)-cholestane(20R) (C27Ster)
5α(H),14β(H),17β(H)-cholestane(20S)
5α(H),14α(H),17α(H)-cholestane(20R)
24-methyl-5α(H),14α(H),17α(H)-cholestane(20S)
24-methyl-5α(H),14β(H),17β(H)-cholestane(20R) (C28Ster)
24-methyl-5α(H),14β(H),17β(H)-cholestane(20S)
24-methyl-5α(H),14α(H),17α(H)-cholestane(20R)
24-ethyl-5α(H),14α(H),17α(H)-cholestane(20S)
24-ethyl-5α(H),14β(H),17β(H)-cholestane(20R) (C29Ster)
24-ethyl-5α(H),14β(H),17β(H)-cholestane(20S)
24-ethyl-5α(H),14α(H),17α(H)-cholestane(20R)

TABLE 4 - Ratios of selected hopanes and steranes in experimental plots over the 90-days biodegradation experimental period.
Plot
Biomarker Ratiosa
C23/C24
Ts/Tm
C29αβ/C30αβ
C31(S)/C31(R)
C33(S)/C33(R)
C27/C29Ster
C28/C29Ster
a

Control
0d
30d
1.85
1.69
1.06
1.00
0.56
0.57
1.23
1.26
1.39
1.37
0.47
0.49
0.47
0.45

60d
1.84
1.03
0.58
1.25
1.36
0.50
0.52

90d
1.85
1.03
0.56
1.27
1.39
0.47
0.47

RSD%
4.48
2.13
2.05
1.40
1.24
3.57
6.25

WSF
0d
1.95
1.02
0.56
1.33
1.39
0.49
0.37

30d
1.81
1.02
0.56
1.29
1.36
0.44
0.46

60d
1.78
0.95
0.58
1.24
1.37
0.47
0.48

90d
1.66
1.03
0.57
1.29
1.38
0.47
0.43

RSD%
6.64
3.67
2.12
2.72
0.96
4.65
10.88

SRF
0d
1.80
1.00
0.56
1.32
1.39
0.47
0.42

30d
1.74
1.02
0.57
1.27
1.39
0.39
0.46

60d
1.88
0.94
0.57
1.32
1.36
0.49
0.47

90d
1.82
1.02
0.59
1.31
1.39
0.49
0.50

SRF & ODB
0d
30d
1.87
1.68
1.01
0.94
0.58
0.58
1.26
1.25
1.40
1.35
0.51
0.50
0.45
0.45

RSD%
3.17
3.83
2.23
1.90
1.12
9.67
6.76

60d
1.78
0.96
0.59
1.27
1.34
0.51
0.48

90d
1.89
1.11
0.58
1.30
1.38
0.46
0.52

RSD%
5.40
7.62
1.43
1.70
1.81
4.50
6.52

Ratio of biomarkers (abbreviations could be found in Table 3).
TABLE 5 - Ratios of homohopane in the four plots at time 0 days and 90 days.

Index
Control
WSF
SRF
Biomarker Ratios
0d
90d
0d
90d
0d
Homohopane indexa
7.52
6.28
7.41
4.89
8.11
b
C31-C34/C35homohopane
12.29
14.92
12.49
19.47
11.33
a
b
C35 (22R+22S)/C31-C35 homohopanes (22R+22S), C31-C34 homohopanes (22R+22S)/C35 homohopanes (22R+22S); d = days.

determination as shown in Table 4. The ratios of selected
paired Ts/Tm ranged from 0.94 to 1.11 at SRF & ODB
treatment, from 0.95 to 1.03 at WSF treatment, from 0.94
to 1 at SRF treatment, and from 1.00 to 1.06 for control
(Table 4). The relative standard deviations of Ts/Tm were
more than 3.5% for most treatments, except for the control treatment, which had a standard deviation (STD) of
only 2.13%. In addition, the relative STD values of C23/C24
ratios were all over 3%. The average ratios of C29αβ/C30αβ in
all plots were 0.57±0.02, with a relative STD of about 2%.
However, the ratios of C27/C29 Ster and C28/C29 Ster significantly declined over time, while the tendency was not

90d
7.04
13.2

SRF & ODB
0d
90d
7.52
7.05
12.3
13.17

always regular in 90-day field biodegradation period. The
homohopane index decreased in all four plots, which were
further supported by the increasing ratios of C31-C34/C35
homohopane (Table 5).
4 DISCUSSION
4.1 Biodegradation of aliphatic hydrocarbon

Microorganism-mediated degradation of oil depends
on the structure and molecular weight of oil compounds.
A decrease of L/H was observed over the 90-days field
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experiment indicating that the degradation of low-molecularmass n-alkanes was much faster than that of high-molecularmass n-alkanes. This may be because it is easier for microorganisms to adhere to low-molecular-mass hydrocarbons
than high-molecular-mass ones [27]. Pr and Ph were previously thought to be resistant to biodegradation, and
thus, they have been widely used as a conserved internal
standard in evaluating oil biodegradation [28]. However,
significant degradation rates of Pr and Ph were observed
in this study, implying that the degradation of crude oil
could be underestimated if they were employed as the
biomarkers. These results suggest that both compounds
are not conserved and should not be used as biomarkers in
field evaluation of oil degradation. In addition, Pr/Ph ratio
showed a decreasing trend over the 90-day experiment
indicating that Pr was more sensitive to biodegradation
than Ph (Fig. 3.) which may be due to the shorter chain
length of Pr, compared to Ph.

Pr/Ph-0d

1.2

Pr/Ph-90d

1.0

Ratios

0.8
0.6
0.4
0.2
0.0
Control

WSF

SRF

SRF & ODB

Experimental plots
FIGURE 3 - Pr/Ph ratios in experimental plots at 0 and 90 days.
Pr/Ph = ratio of pristane relative to phytane.

T s /T m
1.1

C ontrol

4.2 Biodegradation of steranes and hopanes

Steranes and hopanes were thought to be more resistant to biodegradation and weathering compared to
alkanes. In recent years, the ratios of sterane and hopane
have been applied in monitoring and evaluation of oil
weathering and degradation under a variety of conditions
[13, 29]. In this study, the ratios of C27/C29Ster were observed to decrease with time in most of experimental plots
(Fig. 4), which indicated that C27 steranes may be preferentially degraded among C27-29 sterane series. Thus, steranes could not be a kind of suitable compounds to be used
as internal biomarkers in field biodegradation studies.
The ratios of Ts/Tm and C23/C24 are geochemical parameters that can be used to characterize both source
input and maturity of a crude oil as they are conservative
under most natural weathering conditions [28, 29]. However, these ratios were reported to change severely under
a biodegradation level [14, 30]. A significant change of
these ratios was observed with the treatments of SRF &
ODB (Fig. 4). The ratios of Ts/Tm slightly increased from
60 to 90 days of incubation in most experimental plots,
except for the control plot. These results were consistent
with the previous studies [9, 31], in which Tm had a relatively faster rate of depletion than Ts in seriously-weathered
samples in the marine environment and during the process of
crude maturation. No significant variation was detected
for C29αβ/C30αβ ratio in all the treatments. This indicated
that both C29αβ and C30αβ were resistant to biodegradation. Combined with the fact that C30αβ is dominant in the
group of homohopanes, and thus can be quantified accurately, it can be used as an internal standard in evaluating oil
biodegradation in the shoreline field experiment. Among
homohopane series, C 31 (S)/C 31 (R), and C 33 (S)/C 33 (R)
seemed to be stable under various degradation conditions.
These results suggested that 22S and 22R epimers of
homohopanes based on the asymmetric center at C-22 had
no obvious change.
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FIGURE 4 - Changes of hopane and sterane ratios in experimental plots from time zero to 90 days (abbreviations could be found in Table 3).
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The decrease of homohopane index from 0 to 90 days
(Table 5) demonstrated that larger molecules of homohopane series are preferred for biodegradation (C35 > C34>
C33> C32>C31). The biodegradation of homohopane series
in reservoir oils, in crude oil-contaminated mangrove soil,
and under laboratory simulated conditions has been studied in several previous studies [32-34]. Moldowan et al.
[35] proposed that bacteria could attack the homohopane
molecule by oxidizing the side chain, and then causing the
degradation of homohopane. This could explain why the
higher molecular weight homologues are preferred for
biodegradation (C35> C34 > C33 > C32 > C31).

toring safety and efficacy. In Hinchee, R.E., Alleman, B.C.,
Hoeppel, R.E., Miller, R.N. (Eds.), Hydrocarbon bioremediation (pp. 107–124). Ann Arbor: Lewis Publishers.
[6]

Fernandez-Varela, R., Andrade, J.M., Muniategui, S., Prada,
D., Ramirez-Villalobos, F. (2009). The comparison of two
heavy fuel oils in composition and weathering pattern, based
on IR, GC-FID and GC-MS analyses: Application to the
Prestige wreackage. Water Research, 43, 1015-1026.

[7]

Lee, K., Wong, C.S., Cretney, W.J., Whitney, F.A., Parsons,
T.R., Lalli, C.M., Wu, J. (1985). Microbial response to crude
oil and Corexit 9527: SEAFLUXES enclosure study. Microbial Ecology, 11, 337-351.

[8]

Barakat, A.O., Qian, Y., Kim, M., Kennicutt, M.C. (2001).
Chemical characterization of naturally weathered oil residues
in arid terrestrial environment in Al-Alamein, Egypt. Environment International, 27, 291-310.

[9]

Wang, Z., Fingas, M., Sergy, G. (1995). Chemical characterization of crude oil residues from an arctic beach by GC/MS
and GC/FID. Environmental Science and Technology, 29,
2622-2631.

5 CONCLUSIONS
Isoprenoids, Pr and Ph, could be significantly degraded
in the field shoreline. Application of these compounds in
field evaluation of oil biodegradation would underestimate
the oil biodegradation rates. The big variations of the ratios
of C27/C29Ster and C28/C29Ster within a 90-days period
suggested that C27-C29 steranes were not conservative
under natural conditions. Compared to the other tested biomarkers, 17α (H), 21β (H)-hopane (C30αβ) presented a
much stronger resistance to biodegradation. The abundance
of C30αβ was quite prominent in samples, and it can be
quantified easily and accurately. Therefore, using C30αβ as
conserved internal standards to normalize petroleum components can provide a more accurate evaluation of bioremediation at an oil-contaminated shoreline.
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EFFECT OF LAND-USE CHANGE FROM
CROPLAND TO POPLAR-BASED AGROFORESTRY ON SOIL
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ABSTRACT
In the last decade, agroforestry systems have been
motivated by the Grain-for-Green Program in arid and
semiarid regions of China. In order to examine the effect
of agroforestry practices on soil quality, we investigated the
changes in selected soil physical, chemical and microbial
properties in 0–15 and 15–30 cm layers following 5 years
of land-use change from croplands to poplar (Populus
euramericana cv. ‘N3016’)-based agroforestry systems
in a semiarid temperate area of Northeast China. A sorghum (Sorghum bicolor (L.) Moench)–foxtail millet
(Setaria italica (L.) P. Beauv.)–maize (Zea mays L.)–
maize–maize rotation under conventional tillage was
established during 2005–2009 in both croplands and agroforestry systems. Our results showed that agroforestry
practices increased soil microbial biomass C (MBC) and
the ratio of MBC to microbial biomass N (MBN), and
caused a decline in soil NO3--N concentration, while there
were no significant differences in soil bulk density, pH,
total organic C, total N, MBN, microbial metabolic quotient, and potential N mineralization rate between
croplands and agroforestry systems. Our results suggest
that agroforestry systems in semiarid temperate regions of
China can maintain soil quality in the early phase of system establishment, and that they would be a viable alternative to the afforestation programs.
KEYWORDS: afforestation, land degradation, soil microbial activity,
soil microbial biomass, soil organic carbon, soil quality.

1 INTRODUCTION
Agroforestry systems, in which trees are incorporated
into farming systems, are believed to arrest land degradation and sustain soil productivity [1, 2]. In theory, compared with arable lands, the trees in agroforestry systems
* Corresponding author

can improve soil quality mainly by biological nitrogen (N)
fixation and increasing the amounts of aboveground and
belowground organic matter inputs [1]. In tropical regions,
it has been well documented that agroforestry practices
could effectively improve soil physical, chemical and biological properties and maintain long-term land productivity
[1, 3, 4]. However, the effect of agroforestry systems on
soil quality was contrasting in temperate regions; agroforestry practices caused either increases [5–7] or decreases
[8, 9] in soil quality variables, or had limited effects [10,
11]. Given the mixed results of the previous studies and the
location bias of the existing studies (mainly from North
America and New Zealand), additional studies are needed
to identify the response of soil properties to agroforestry
practices in temperate regions.
In arid and semiarid temperate areas of China, the
rapid growth of population, coupled with the development
of traditional pastoral and agricultural systems, as well as
deforestation, has resulted in severe land degradation in
the past decades [12]. In order to prevent and combat land
degradation, as well as control dust storms, several afforestation programs, such as the Three-North Forest Shelterbelt Program and the Grain-for-Green Program, have
been implemented in these regions of China. These afforestation programs give impetus for the adoption of agroforestry systems in arid and semiarid temperate regions of
China, due to their important roles in alleviating poverty
and arresting land degradation [12]. In a previous study,
Mao et al. [9] observed that 4-year-old agroforestry systems caused changes in soil labile organic carbon (C) in
semiarid regions of Northeast China, and the effects varied with soil texture. However, there is little information
on the effect of agroforestry systems on soil quality in this
region. Knowledge about the changes in soil quality variables following land-use change from croplands to agroforestry systems is essential to provide guidelines for the
afforestation programs.
In the present study, we investigated soil bulk density, pH, total organic carbon (TOC), total nitrogen (TN),
NH4+-N, NO3--N, microbial biomass C (MBC), microbial
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biomass N (MBN), basal respiration rate (BR), microbial
metabolic quotient (qCO2) and potential N mineralization
rate (PNM) in croplands and 5-year-old poplar (Populus
euramericana cv. ‘N3016’)-based agroforestry systems in
a semiarid temperate area of Northeast China. The objectives of our study were to examine the effect of this landuse change on selected soil physical, chemical and microbial properties and to test the hypothesis that agroforestry
practices would enhance soil quality in semiarid temperate regions.
2 MATERIALS AND METHODS

lizers containing 60 kg N ha-1, 60 kg P2O5 ha-1 and 30 kg
K2O ha-1 had been applied before sowing once every cropping year since 2005. During crop growth periods, N fertilization was added as urea; 60 kg N ha-1 had been applied for
sorghum before stem elongation stage, 60 kg N ha-1 for
millet at stem elongation stage, and 90 kg N ha-1 for
maize between stem elongation and tasselling stages. In
addition, weeds were pulled by hands during crop growth
periods; crop’s water supply mainly depended on precipitation, and irrigation was conducted only in drought seasons. Following crop harvest, aboveground crop residues
were removed from the field, and crop stumps and roots
were retained in the soils.

2.1 Study site and experimental design

2.2 Sample collection and analyses

The study was carried out in a relatively flat farm in
the western area of Jianping County (41°17′–42°20′N,
119°10′–120°02′E, about 632 m above sea level), Liaoning
Province, Northeast China. The study site lies in the temperate zone with a semiarid monsoon climate, and has a
mean annual temperature of 6.5 °C, precipitation of 467 mm,
and frost-free period of 148 days. The soil at the study site is
classified as Entisols of suborder Fluvent in the US Soil
Taxonomy [13].
In the study site, a large amount of marginal agricultural lands has been converted into poplar-based agroforestry systems since 2000, due to the Grain-for-Green Program. In April 2009, we selected 5-year-old poplar-based
agroforestry systems and adjacent croplands (prior to agroforestry systems) as control, and we identified six pairs of
croplands and agroforestry systems. Each pair of cropland
and agroforestry system was within a distance of 10–20 m,
and shared similar soil type, topography and land management history. In agroforestry systems, poplars were in the
first-rotation cycle, and their rotation period was approximately 20 years. According to the oral survey, agricultural
lands had been under cultivation for more than 60 years
before establishing agroforestry systems. A basic assumption is that soil properties have reached a relative stable
equilibrium following more than 60 years of cultivation.
In agroforestry systems, 2-year-old nursery-raised poplar
seedlings were planted in pits of 40 cm × 40 cm size and
40 cm deep under 3 m × 4 m spacing. In agroforestry systems, the crop rows were planted 75 cm from both sides of
a tree row, and six parallel rows of crops were planted
between the tree rows at 50 cm within-row spacing. Since
2007, the tree canopy in agroforestry systems was pruned
every year in mid-October, and the pruning rate was 2–
2.5 m of branch height every year. The plant materials
pruned was removed from the agroforestry systems. During
2005–2009, the cropping sequences in both croplands and
agroforestry systems were sorghum (Sorghum bicolor (L.)
Moench), foxtail millet (Setaria italica (L.) P. Beauv.), and
3 years of maize (Zea mays L.). Before seeding, all the
study sites were flooded and tilled to about 15 cm in depth
using a tractor pulling a semi-mounted plough. Crops
were usually sowed in late April to middle May, and harvested in late September to early October. Compound ferti-

To minimize the direct effects of management practices (e.g. tillage, irrigation, and fertilization) on soil properties, we conducted soil sampling in April and October
2009 when fields were fallow. At each of six sites, we
selected a plot of 12 m × 21 m for agroforestry system,
and a plot of 15 m ×15 m for cropland. In agroforestry
systems, we measured diameter at breast height (DBH,
1.3 m) and tree height for each poplar. Meanwhile, we
collected poplar litter from five randomly selected 50 cm
× 50 cm quadrats at two sampling seasons in each plot.
The litters were transported to the laboratory, oven-dried
at about 65 °C, and then weighed.
In each plot, we randomly collected six soil cores (4 cm
in diameter) at 0–15 and 15–30 cm layers and thoroughly
mixed by layer to make the sample to be homogenized.
The soil was sieved (<2 mm) to remove plant roots, fauna
and debris, and then divided into two sub-samples. One
sub-sample was stored at 4 °C for determination of soil
NH4+-N, NO3--N, MBC, MBN, BR and PNM, and another
sub-sample was air-dried at room temperature (approximately 20 °C) and stored for chemical analysis. Soil microbial properties were measured within four days of sample collection. In addition, we collected three soil samples
from each layer for estimating bulk density using volumetric rings (5 cm in diameter) in each plot in April. We only
measured bulk density, pH, TOC and TN of soils sampled
in April 2009, as we assumed that these soil variables
would not change after one growing season.
The bulk density samples were dried in an oven to
reach a constant mass at 105 °C, weighed and expressed
as the mass of dry soil per unit volume [14]. Soil pH in a
1:2.5 (w:v) water suspension was measured using a pH
meter with a glass electrode [14]. For measurement of
TOC and TN concentration, air-dried soil samples were
ground to pass a 0.25-mm sieve. Soil TOC concentration
was analyzed by the Walkley-Black acid dichromate wet
oxidation method [15], and TN concentration was determined by the spectrophotometric method with a continuous-flow autoanalyzer (AutoAnalyzer III, Bran+Luebbe
GmbH, Germany) after Kjeldahl digestion [14].
Soil MBC and MBN were measured using the chloroform fumigation-extraction method proposed by Vance et
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al. [16] and Cabrera and Beare [17], respectively. Fresh
soil samples (equivalent to 20-g oven-dried soil) were fumigated with ethanol-free chloroform at 25 °C for 24 hours,
extracted by shaking with 50 mL 0.5 mol L-1 K2SO4 on an
oscillating shaker for 30 min, and then filtered. Simultaneously, non-fumigated soil samples were extracted as
above. Organic C and total N in fumigated and non-fumigated extracts were determined by the wet oxidation method
with sulfuric acid-dichromate [16] and the alkaline persulfate oxidation method [17], respectively. Soil MBC was
calculated by dividing microbial C flux (difference between
organic C concentration of the fumigated and non-fumigated
extracts) with a conversion factor of 0.38 [16]. Similarly,
soil MBN was also calculated by dividing microbial N
flux with a conversion factor of 0.45 [17].
Soil BR was determined by the aerobic incubation
method according to Islam and Weil [18]. Field-moist soil
(equivalent to 20-g oven-dried soil) was placed in 500 mL
flask, moistened to 60% water-holding capacity (WHC),
and a plastic vial holding 10 mL of 0.2 mol L-1 NaOH
solution to trap the evolved CO2 was placed in each flask.
Afterwards, the flasks were sealed and incubated at 25 °C
in the dark for 10 days. After the carbonate was precipitated with excessive 1 mol L-1 BaCl2 solution, the evolved
CO2 was measured through back-titration with 0.1 mol L-1
HCl. Soil BR was expressed as µg C g-1 soil d-1, and microbial metabolic quotient (qCO2) was obtained by dividing soil BR by the corresponding MBC.
Soil inorganic N (NH4+-N + NO3--N) concentration
and PNM were measured by the methods described in
Nourbakhsh [19]. Initial NH4+-N and NO3--N were extracted from fresh soil (equivalent to 20-g oven-dried soil)
by shaking with 50 mL 2 mol L-1 KCl solution for one
hour, and analyzed with a continuous-flow autoanalyzer.
Simultaneously, another fresh soil sample (equivalent to
20-g oven-dried soil) was placed in a 100 mL beaker, moistened to 60% of WHC with distilled water and then aerobically incubated at 25 °C for 14 days. Following 14 days

of incubation, the NH4+-N and NO3--N concentrations of
the incubated soil were determined by the method as
described above. Soil PNM was calculated as the difference in inorganic N concentration before and after incubation, and expressed as µg N g-1 soil d-1.
2.3 Statistical analyses

All statistical analyses were performed using SPSS
13.0 for Windows software package, and statistical significance was determined at α = 0.05. We used the Kolmogorov-Smirnov test to examine the normality of data, and
the data followed a normal distribution (data not shown).
Effects of land-use type and soil layer on soil physical
and chemical properties were assessed by the two-way
analysis of variance (ANOVA). We also used repeated
measures ANOVA to test the effects of land-use type and
soil layer on soil NH4+-N, NO3--N, MBC, MBN, BR,
qCO2 and PNM over the sampling seasons. For each soil
layer, significant differences in soil properties between
croplands and agroforestry systems within the same sampling season were determined by a paired t-test.
3 RESULTS
3.1 Stand characteristics in poplar-based agroforestry systems

Mean DBH and tree height for poplar in the 5-year-old
agroforestry systems were 10.6 cm and 13.6 m, respectively
(Table 1). Poplar litter mass was 2.25 Mg ha-1 in April and
2.59 Mg ha-1 in October, respectively (Table 1).
3.2 Effects of land-use change on soil bulk density, pH, TOC
and TN

In both croplands and agroforestry systems, soil bulk
density increased significantly with soil depth (P < 0.05,
Table 2), whereas soil TOC and TN showed a significant
decrease (P < 0.001, Table 2). In addition, soil pH showed
no significant change with soil depth (P = 0.195, Table 2).

TABLE 1 - Poplar stand characteristics in 5-year-old agroforestry systems
DBH
(cm)

Tree species

H
(m)

Populus euramericana cv. ‘N3016’
10.6±0.2
13.6±0.3
DBH, diameter at breast height; H, tree height. Data are mean values±standard errors (n=6).

Litter mass
(Mg ha-1)
April
2.25±0.02

October
2.59±0.02

TABLE 2 - Soil physical and chemical properties under croplands and agroforestry systems
Soil layer
(cm)
0–15

Land-use type

Croplands
Agroforestry
15–30
Croplands
Agroforestry
Two-way ANOVA analysis (P value)
Land use
Soil depth
Land use × Soil depth
Data are mean values±standard errors (n=6).

Bulk density
(g cm-3)
1.36±0.02
1.34±0.02
1.42±0.03
1.40±0.02

pH

0.502
0.026
0.915
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8.33±0.03
8.34±0.02
8.32±0.03
8.28±0.04

TOC
(mg g-1)
5.30±0.38
5.31±0.52
2.81±0.40
3.27±0.48

TN
(mg g-1)
0.51±0.04
0.46±0.04
0.23±0.04
0.28±0.04

0.686
0.195
0.407

0.613
<0.001
0.625

0.944
<0.001
0.288
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There were no significant differences in soil bulk density,
pH, TOC and TN between croplands and agroforestry
systems at each layer (Table 2).
3.3 Effects of land-use change on soil microbial biomass, BR
and qCO2

Soil MBC, MBN and BR significantly decreased with
soil depth in both croplands and agroforestry systems (P <
0.001, Table 3). However, land-use type, soil layer and
sampling season had no significant three-way interactive
effects on soil MBC, MBN, MBC/MBN ratio, BR and
qCO2 (Table 3). At both 0–15 and 15–30 cm layers, soil
MBC of agroforestry systems was significantly greater
than that of croplands at each sampling season (P < 0.05,

Fig. 1), whereas there was no significant difference in
MBN between croplands and agroforestry systems (P >
0.05, Fig. 1). In addition, MBC/MBN ratio of croplands at
0–15 soil layer was lower than that of agroforestry systems at each sampling season (Fig. 1). At 15–30 cm layer,
soil BR of agroforestry systems was significantly greater
than that of croplands only in April 2009. However, there
was no significant difference in BR between croplands
and agroforestry systems at 0–15 cm layer in two sampling seasons (P > 0.05, Fig. 2). Similarly, no significant
difference in soil qCO2 existed between croplands and
agroforestry systems at each soil layer in both sampling
seasons (P > 0.05, Fig. 2).

TABLE 3 - Results (P values) of repeated measures ANOVA on the effects of land-use type (T), soil layer (L), sampling season (S) and their
interactions on selected soil properties
Sources of
MBC
MBN
MBC/MBN
BR
qCO2
NH4+-N
NO3--N
PNM
variation
T
<0.001
0.974
<0.001
0.086
0.485
0.073
<0.001
0.735
L
<0.001
<0.001
0.011
<0.001
0.261
0.222
<0.001
<0.001
S
0.356
0.077
0.002
<0.001
<0.001
<0.001
0.006
<0.001
T×L
0.454
0.186
0.456
0.608
0.707
0.083
0.001
0.174
T×S
0.895
0.623
0.694
0.937
0.763
0.033
0.675
0.086
L×S
0.008
0.895
0.052
0.050
0.026
0.265
0.092
<0.001
T×L×S
0.715
0.662
0.945
0.140
0.158
0.106
0.488
0.841
MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; BR, basal respiration rate; qCO2, metabolic quotient; PNM, potential N mineralization rate.
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FIGURE 1 - Soil microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) under croplands and agroforestry systems. Data
are mean values and vertical bars are standard errors (n=6). At each soil layer, bars with asterisks indicate a significant difference in soil
properties between croplands and agroforestry systems. *P <0.05, **P < 0.01.
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FIGURE 2 - Soil basal respiration rate (BR) and metabolic quotient under croplands and agroforestry systems. Data are mean values and
vertical bars are standard errors (n=6). At each soil layer, bars with asterisks indicate a significant difference in soil properties between
croplands and agroforestry systems. *P < 0.05.
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FIGURE 3 - Soil NH4+-N, NO3--N and potential N mineralization rate (PNM) under croplands and agroforestry systems. Data are mean
values and vertical bars are standard errors (n=6). At each soil layer, bars with asterisks indicate a significant difference in soil properties
between croplands and agroforestry systems. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.4 Effects of land-use change on soil NH4 -N, NO3 -N and
PNM

There was no significant three-way interaction between soil layer, land-use type and sampling season on
soil NH4+-N, NO3--N and PNM (Table 3). In each sampling season, no significant difference in soil NH4+-N
existed between croplands and agroforestry systems at 0–
15 cm and 15–30 cm layers (P > 0.05, Fig. 3). In both
sampling seasons, soil NO3--N in agroforestry systems
was significantly lower than that in croplands at 0–15 and
15–30 cm layers (P < 0.05, Fig. 3). However, at both the
layers, no significant difference in PNM existed between
croplands and agroforestry systems in both two sampling
seasons (P > 0.05, Fig. 3).
4 DISCUSSION
4.1 Effects of agroforestry systems on soil properties

Interestingly, we found no significant differences in
soil TOC and TN between croplands and 5-year-old poplar agroforestry systems, despite increased organic matter
inputs in agroforestry systems. Previous studies also observed no significant difference in soil TOC between arable
lands and agroforestry systems in temperate North America
[10, 11]. However, most of the previous studies found that
agroforestry systems enhanced soil TOC and TN by increasing organic matter inputs and releasing and recycling
nutrients in temperate region [1, 6, 7, 20]. Moreover, Saggar et al. [8] found that Pinus radiata agroforestry decreased soil TOC and TN compared with grassland in New
Zealand. These contrasting results from temperate agroforestry systems may be explained by differences in climate, edaphic characteristics, stand age and density, and
tree species. In our study, increased organic C and N inputs
to soils in agroforestry systems may be offset by enhanced
decomposition caused by site preparation before afforestation [21], soil tillage [22] and priming effect induced by
fresh organic matter input [23].
Soil microbial biomass acts as both a pool of labile
nutrients and the agent of decomposition of organic materials in soil, and can regulate flow of nutrients and energy
in soils [24]. It is also typically sensitive to small changes
in soil conditions and provides early information on
changes in soil TOC and TN [9]. In the present study, poplar-based agroforestry practices caused an increase in soil
MBC, which was consistent with the previous studies conducted in temperate agroforestry systems in North America
[7, 25] and New Zealand [5]. Increased soil MBC following a land-use change from croplands to agroforestry systems may be caused by enhanced plant residue inputs and
improving understory microclimate [5, 25]. However, no
significant difference in soil MBN between croplands and
agroforestry systems (Fig. 1) is perhaps attributed to the high
amounts of fertilizer application (120–150 kg N ha-1 yr-1)
and/or increased soil fungal/bacterial biomass ratio [24].
In addition, a higher soil MBC/MBN in agroforestry systems relative to croplands (Fig. 1) suggests an increase in

soil fungal/bacterial biomass ratio [24]. Increased soil
fungal/bacterial biomass ratio in agroforestry systems can
enhance microbial biomass synthesis efficiency [26] and
favor organic matter accumulation with time.
Soil BR depends on substrate quantity and quality, soil
microbial biomass and soil fungal/bacterial biomass ratio
[18, 26]. Therefore, soil qCO2 is a more clearly interpretable variable to indicate the energy requirements for microbial maintenance, and thus the extent of soil stress or disturbance status [18, 26, 27]. Notably, we did not observe
changes in soil qCO2 following land-use change from
croplands to agroforestry systems. Generally, trees in temperate agroforestry systems produce lower-quality organic
matter inputs (high C/N ratio) than the crops and make
substrate more resistant to biological decay [8, 28]. However, poplar leaf litter N concentration and C:N ratio
showed no difference from the crop residues in this agroforestry system [29]. Therefore, no difference in soil qCO2
between croplands and agroforestry systems was probably
induced by unchanged substrate quality [29] and increased
soil fungal/bacterial biomass ratio [26].
No significant difference in PNM between croplands
and agroforestry systems in our study was inconsistent
with Saggar et al. [8], who observed PNM was greater for
grassland soil than for P. radiata agroforestry soil in New
Zealand. In the study by Saggar et al. [8], a well-established
legume-based grassland could increase soil TN and PNM,
and hence improve soil N status, compared with P. radiata
agroforestry system. In our study, N input through poplar
litter was very low as compared to N fertilization. Therefore,
agroforestry systems could not enhance PNM compared
with arable lands (Fig. 3). However, there was a decline in
soil NO3--N in agroforestry systems relative to croplands
(Fig. 3). In the southeastern USA, Bambo et al. [30] also
observed that silvopastures reduced NO3--N concentration
at 1.2 m depth compared with open pasture. This suggests
that trees in agroforestry systems could capture N before
and after the cropping season and increase N use efficiency,
avoiding NO3--N leaching and preventing groundwater
pollution.
4.2 Implications for regional afforestation programs

Our previous studies suggested that, a land-use change
from agricultural land to 5-year-old poplar plantation
caused a decline in soil quality in semiarid regions of
Northeast China [21, 23]. In the present study, compared
with croplands, most of the selected soil properties did not
decline in poplar-based agroforestry systems, and several
soil properties even improved. Compared with pure poplar stands planted on agricultural lands, poplar-based
agroforestry systems can at least maintain most soil quality variables in the early 5 years of system establishment.
Moreover, increased soil MBC and MBC/MBN ratio in
agroforestry systems relative to croplands may help to
accumulate organic matter in soils. In addition, agroforestry
systems can diversify farming products and provide cash
incomes from the crops cultivated in tree rows [12], alt-
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hough the cropping in the agroforestry systems we studied
was ceased in 2010 due to the canopy shading. Therefore,
agroforestry practices would be an effective means of afforestation in the semiarid temperate regions of Northeast
China.

[5]

Amatya, G., Chang, S.X., Beare, M.H. and Mead, D.J. (2002)
Soil properties under a Pinus radiata-ryegrass silvopastoral
system in New Zealand. Part II. C and N of soil microbial biomass, and soil N dynamics. Agroforestry Systems 54, 149160.

[6]

Udawatta, R.P., Kremer, R.J., Adamson, B.W. and Anderson,
S.H. (2008) Variations in soil aggregate stability and enzyme
activities in a temperate agroforestry practice. Applied Soil
Ecology 39, 153-160.

[7]

Kremer., R.J. and Kussman, R.D. (2011) Soil quality in a pecan-kura clover alley cropping system in the Midwestern
USA. Agroforestry Systems 83, 213-223.

[8]

Saggar, S., Hedley, C.B. and Salt, G.J. (2001) Soil microbial
biomass, metabolic quotient, and carbon and nitrogen mineralization in 25-year-old Pinus radiata agroforestry regimes.
Australian Journal of Soil Research 39, 491-504.

[9]

Mao, R., Zeng, D.H., Li, L.J. and Hu, Y.L. (2012) Changes
in labile soil organic matter fractions following land use
change from monocropping to poplar-based agroforestry systems in a semiarid region of Northeast China. Environmental
Monitoring and Assessment 184, 6845-6853.

5 CONCLUSIONS
In semiarid regions of Northeast China, a land-use
change from croplands to 5-year-old poplar-based agroforestry systems increased soil MBC and MBC/MBN ratio,
declined soil NO3--N concentration, and had no effects on
soil bulk density, pH, TOC, TN, MBN, qCO2 and PNM.
Our results suggest that agroforestry practices in semiarid
temperate regions can maintain soil quality in the early
stage of system establishment, and would be a viable alternative to the afforestation programs. In addition, our results
imply that the trees in agroforestry systems may capture
NO3--N during fallow periods and have the potential to
reduce NO3--N leaching due to N fertilization.
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ABSTRACT
The photocatalytic degradation rate of organic pollutants was usually influenced by many factors, such as different ions, addition of reagent and pH value. The effect
of anions, cations, variation of pH and the H2O2 addition
were systematically investigated with P25 TiO2 photocatalyst and Rhodamine B (RhB) as organic pollutant in this
work. The results showed that the investigated cations of
low valence showed a negative effect on degradation rate,
and the investigated anions showed the same negative
effect on degradation rate of RhB. The photocatalytic degradation rates of RhB were obviously enhanced with H2O2
in the presence of RhB solution with iron ions, and the
photocatalytic degradation rate of RhB solution which
contained iron ions was notably influenced by different
pH values.
KEYWORDS: Photocatalysis, P25, inorganic ions, H2O2, pH
values, Rhodamine B

1 INTRODUCTION
Photocatalytic technology, as one kind of advanced
oxidization methods, is easy to control and possesses the
advantages of soft reaction conditions, simple operation of
equipment and small secondary pollution, etc. Therefore,
it is usually used in treatment of environmental
wastewater pollution, and it is also widely applied in the
photocatalytic organic synthesis and production of hydrogen
from water [1-3]. TiO 2 as one kind of semiconductor
photocatalysts, which possesses a high stability and is a
environmentally friendly, non-toxic, low-cost material
for wastewater treatment, has been of interest for many
re-searchers [4-6]. When light intensity irradiated onto
the surface of TiO2 is appropriate, it is generating the
photoelectrons and holes, and the holes could effectively
react to the hydroxyl groups and H2O molecules which
are ad- sorbed onto the surface of TiO2 and generate the
hydroxide

* Corresponding author

radicals, and the hydroxide radicals can further degrade the
organic pollutants in the solution. However, it has wide a
band gap (3.0-3.2 eV, the exciting wavelength is located
within the ultraviolet (UV) wavelength range), and it could
not effectively use the solar light for degradation and/or
purification of pollutants [7]. Thus, many approaches have
been devoted to improve the light response of TiO2 in the
visible light region. For instance, dye photosensitivity, ions
doping, semiconductor compounds, noble metal deposition,
et al. have been examined [8-13]. However, these ways for
modified TiO2 could effectively enhance the photocatalytic degradation rates of pollutants, but the ways were not
the only methods for enhanced photodegradation. It is
well-known that photocatalytic degradation processes are
influenced by various factors, such as light intensity, pH
values, temperature, initial concentration of the pollutants,
etc. [14]. Taking into account that the preparation of modified and/or complex TiO2 photocatalysts is hard to industrialize, and moreover, the further prepared process may be
caused more by the costs, it may also lead to second pollution in the environment. The most popular commercial
TiO2, which is named P25, has a specific surface area of
50± 5 m2/g, particlel size of 21 nm, and is composed of
80% anatase and 20% of rutile, it usually exhibits high
photocatalytic activity for degradation of organic pollutants in the environment [15].
Therefore, P25 was chosen as photocatalyst in this
work. Rhodamine B (RhB) is one of the common chemicals used widely in the industrial production, which often
causes environmental pollution [16]. Therefore, RhB is chosen as representative organic pollutant to evaluate photocatalytic activity under different conditions. We changed the
different conditions of RhB solution, and investigated the
various factors affecting photocatalytic activity of P25 on
degradation of RhB.
2 MATERIALS AND METHODS
2.1 Materials
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TiO2 is Degussa P25 TiO2. Ferric chloride (FeCl3),
potassium chloride (KCl), magnesium chloride hexahydrate (MgCl• 6H 2O), calcium chloride (CaCl 2), ferric
nitrate (Fe(NO3)3), hydrochloric acid (HCl), ferric sulfate
(Fe2(SO4)3), and sodiun hydroxide (NaOH) were of analytical grade, purchased from Sinopharm Chemical Reagent Co., Ltd., and used as received without further purification. Rhodamine B was purchased from Shanghai
Reagent Factory 3, and double-deionized water was applied throughout the experiments.
2.2 Photocatalysis experiments

The photodegradation reaction of wastewater including rhodamine B was carried out at 30 °C in a home-made
photocatalytic reactor under visible light. The photochemical reactor contains 0.01 g P25 photocatalyst and 50 ml of a
10 mg/L aqueous solution of rhodamine B. Then, different
conditions were adjusted. After 30 min in the dark, it
reached absorption balance, and its initial absorbency was
determined. The photocatalytic reaction was initiated by
irradiating with two 150-W tungsten halogen lamps. The
sampling analysis was regularly conducted. The photocatalytic degradation rate (DC) was calculated by the
following formula:
DC = [1 - Ai/A0] × 100%
where A0 is the initial absorbency of RhB solution
which reached absorbance balance, and Ai is the absorbance of reaction solution.

enhanced. The changed status of Fe3+ in the photocatalytic
process may be followed by equations (1-3) [5, 17, 18]:
Fe3+ + H2O → [Fe(OH)]2+ + H+
(1)
[Fe(OH)]2+ + hv → Fe2+ + •OH
(2)
2+
+
3+
Fe + O2 + H → Fe + H2O
(3)
When the other investigated inorganic salts were used
in the presence of RhB solution, it had obviously negative
effects for the degradation rate of RhB. The reason may
be that these cations could cause an increase of the recombination rate of photoelectrons and holes, and the
activated species (such as hydroxide radicals) were decreased in the RhB solution; thus, the photocatalytic degradation rate was reduced. The other reason may be the
competitive adsorption of RhB and cations on the surface
of P25 photocatalyst, which decreased concentration of
RhB around the P25, and the photocatalytic degradation
rate was reduced.
60
3+

Fe
2+
Mg
+
K
2+
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No ions
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3.1 Photocatalytic effect of cations in RhB solution

In order to eliminate the effects of anions in the RhB
solution, we added the chloride salts in the photocatalytic
degradation process. The inorganic salts of 0.05 g KCl,
MgCl2, FeCl3, CaCl2 and no inorganic salt were added
into the 50-ml 10 mg/L RhB solution, respectively, and it
was stirred to be dissolved in the RhB solution. Then,
0.01 g P25 TiO2 was added into the above solution. The
degradation process was followed by the photocatalytic
experiment. The results are shown in Fig. 1. It was obviously observed that the photocatalytic effect of cations
was significant in the presence of different cations. From
the results, it is clearly seen that the presence of Fe3+
showed a positive effect on the degradation rate of RhB,
and the other investigated cations (K+, Mg2+ and Ca2+)
displayed negative effects (negative effect order: K+ >
Ca2+ > Mg2+).
It can be clearly found that the highest photodegradation rate of RhB is near 55% in 60 min under visible light
irradiation with Fe3+ salt, in the presence RhB solution.
The reason may be due to that the Fe3+ ions could effectively be changed to Fe2+, which could be better for
transport of the photoelectrons. Thus, the separation
rate of photoelectrons and holes was improved and the
photocatalytic degradation rate of RhB was obviously

FIGURE 1 - The photocatalytic effects of different cations in RhB
solution. Photocatalyst P25:0.01g, solution: 50 ml 10 mg/L RhB.
3.2 Photocatalytic effect of anions in RB solution

In order to investigate the effect of anions for degradation of RhB in the photocatalytic experiment, and to
avoid the effect of cations, different anions (Fe-salts FeCl3,
Fe(NO3)3 and Fe2(SO4)3) were chosen to be added into the
RhB solution, respectively. The photocatalytic degradation
process was observed, and the results are shown in Fig. 2.
It can be clearly seen that the anions are important for the
photocatalytic degradation rate of RhB. The photodegradation rate was enhanced in the presence of Cl- and NO3but reduced in presence of SO42- in the RhB solution.
The reasons for enhanced photodegradation rate of RhB
with NO3-, compared with RhB solution without cations,
may be due to that the NO3- could generate the reactions
under light irradiation in the solution. The processes may
be followed by equations (4-7) [19]:
NO3- + hv → NO3- *
(4)
NO3 * → NO2 + O
(5)
NO3 * → NO2 + •O
(6)
•O- + H2O → •OH + OH(7)
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The • OH could effectively enhance the photodegradation rate of RhB. But compared with Cl- in the presence
of RhB solution, the photocatalytic degradation rates of
RhB were all reduced. The reasons may be due to that the
groups of NO3- and SO42- may possess more space, and/or
they were adsorbed more than Cl- ions on the surface of
P25 photocatalyst, and these ions prevented generation of
more active species in the solution; thus, the photodegradation rate of RhB was low compared with Cl- in the
presence of RhB solution [14].

dation rate was reduced. However, when compared to no
addition of H2O2, the degradation rate was still enhanced.
The reasons may be due to that more dosage of H2O2
could consume more radicals or the radicals could be
recombined. The reasons suggest that the photocatalytic
degradation process with H2O2 and FeCl3 in the presence
of RhB solution follows equations (8-13) [20, 21]:
H2O2 + hv → 2• OH
(8)
• OH + H2O2 → HO2• + H2O
HO2• + • OH → H2O + O2
2+

60

Fe(NO)3
Fe2(SO4)
non ions

(10)

-

(11)

2• OH → H2O2

(12)

H 2O 2 + h + → O 2 + H +

(13)
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FIGURE 2 - The effect of different anions in RhB solution. Photocatalyst P25:0.01g, solution: 50 ml 10 mg/L RhB.
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3.3 Photocatalytic effect of H2O2 dosage in RhB solution

H2O2, as one of oxidizer reagents, could effectively
change the properties of solution and generate more the
active species in the solution, and the photocatalytic degradation rate of RhB was enhanced when taking into account the positive effect of FeCl3 in the presence of RhB
solution. Therefore, different dosages of H2O2 (0.05, 0.1
and 0.2 ml) were added into the 50 ml aliquot of the 10
mg/L RhB solution, respectively. The P25 photocatalyst
of 0.01 g and FeCl3 of 0.05 g were chosen to investigate
the synergistic effect of H2O2. In order to compare the
synergistic effect of P25, we did the photocatalytic degradation under the conditions of Fe3+ and H2O2 without P25
photocatalyst. The sampling was analyzed after intervals
of 15 min, and the reactions were carried out under visible
light within 90 min. The results are shown in Fig. 3.
It can be clearly seen that the degradation rate of RhB
is effectively enhanced with hydrogen peroxide and FeCl3
in the presence of RhB solution. The degradation rate
without addition of P25 was obviously lower than that
with P25 in the RhB solution, under the same photocatalytic degradation conditions. It indicates that the P25 photocatalyst is a key factor to degrade RhB, and also important
for the synergistic effect in the photocatalytic process. The
results showed that the degradation rate of RhB was increased with hydrogen peroxide dosages of 0.05-0.1 ml,
and the highest degradation rate of 91% could be reached.
With increasing the dosage of H2O2 to 0.2 ml, the degra-

FIGURE 3 - The effect of different H2O2 dosages in RhB solution.
Photocatalyst P25: 0.01g, solution: 50 ml 10 mg/L RhB, and presence of 0.05 g FeCl3.
3.4 Photocatalytic effect of different pH values in RhB solution

The property of RhB solution was changed via adjusting different initial pH values, and the effect of photocatalytic degradation of RhB was investigated with 0.01 g P25
photocatalyst and 0.05 g FeCl3 in the presence of 50 ml of
10 mg/L RhB solution. The sampling was analyzed after
intervals of 15 min, and the reactions were carried out under
visible light within 90 min. The results are demonstrated
in Fig. 4. From Fig. 4, it can be obviously found that pH
values play an important role in the photocatalytic degradation process, and there was a significant effect on degradation of RhB when the pH value was varied between 3
and 12.
It can be clearly seen that the highest photocatalytic
degradation rate was obtained at pH 7, and the reason
may be attributed to the relation of the photocatalytic
activity to the isoelectric point. The pH value is near the
P25 isoelectric point (commercial P25: isoelectric point of
6.3), and it is better for the photocatalytic degradation
process. The photocatalytic degradation rate of RhB was
influenced at low and high pH values, and was obviously
reduced at pH 12. On the one hand, it is well-known that
the degradation process mainly depended on the hydroxyl
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radicals, and the different pH values could possess different generation possibility of hydroxyl radicals. Also, the
hydroxyl radicals were consumed in different ways at low
and high pH values. In addition, Fe3+, in the presence of
RhB solution, could consume more hydroxyl radicals at
low pH values, and the photocatalytic degradation rate of
RhB was reduced. It could change the ions status and lead
to precipitation of Fe(OH)3 at high pH values, thus decreasing the transport of photoelectrons and lowering the
photodegradation rate of RhB. On the other hand, the different pH values may cause that RhB has different ability
of adsorption on the P25 photocatalyst surface, thus adjusting the solution with different pH values could influence
the photodegradation rates of RhB in photocatalytic degradation processes.
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FIGURE 4 - The effect of different pH values in RhB solution.
Photocatalyst P25: 0.01g, solution: 50 ml 10 mg/L RhB and presence
of 0.05 g FeCl3.

4 CONCLUSIONS
The effect of various factors on the photocatalytic
degradation of RhB was studied with P25 photocatalyst.
The photocatalytic reactions under different conditions of
the solutions (different cations, anions, additional reagents
and pH values) were mainly investigated. The results
showed that the presence of Fe3+ had positive effects
whereas the other cations (K+, Mg2+ and Ca2+) displayed
negative effects (negative effect order: K+ > Ca2+ > Mg2+).
The photodegradation rate was enhanced in the presence of
Cl- and NO3- but reduced in the presence of SO42- in RhB
solution. The degradation rate was effectively enhanced
with appropriate dosages of hydrogen peroxide and Fe3+
in the presence of RhB solution. The pH value played an
important role for phtotocatalytic degradation with Fe3+,
in the presence of RhB solution.
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ABSTRACT

unit weight of soil to the metal concentration in solution
at equilibrium [3, 10-15].

This paper examines the influence of soil characteristics on monometal and competitive sorption of Cu2+ and
Pb2+ by four soils. According to statistical analysis, pH,
CECe and the contents of clay, iron and manganese oxides
are the parameters that mostly influence both individual
and competitive sorption capacity. Using high-resolution
transmission electron microscopy (HR-TEM) and the field
emission scanning electron microscope (FE-SEM) in combination with energy-dispersive X-ray spectroscopy (EDS)
and selected area electron diffraction (SAED) or microbeam diffraction (MBD) shows the soil distribution of Cu2+
and Pb2+, revealing that gibbsite sorbs the most of Cu2+ and
Pb2+ (containing 8% and 4%, respectively), and both are
also associated with hematite. Individual Cu2+ sorption is
mainly on gibbsite and chlorite. High-resolution microscopy combined with laboratory studies and statistical analysis is an effective tool for checking the affinity of the soil
components for Cu2+ and Pb2+, and their competition for
sorption sites.

2+

2+

KEYWORDS: Cu ; Pb ; individual-competitive sorption; soil
components; HR-TEM/EDS/SAED; FE-SEM/EDS.

1 INTRODUCTION
The bioavailability of heavy metals depends on their
sorption in soil, as the sorption/desorption processes determine their concentration in surface or underground water
[1-5]. Copper and lead can reach the soil through fertilizers,
liming agents, sewage sludge as well as urban and industrial waste [6-9], and are often found concomitantly.
The results of the sorption experiments are often reported in the form of a distribution coefficient, (Kd), which
is defined as the ratio of the amount of metal sorbed per
* Corresponding author

This paper examines the influence of soil characteristics on monometallic and competitive Cu2+ and Pb2+ sorption. For this purpose, a comprehensive assessment of the
capacities of soil horizons jointly polluted by copper and
lead was carried out by determining the Kr parameter
defined by Vega et al. [16, 17] as the slope of a regression
equation Cs,i = Kr Cp,i, where Cs,i is the sorbed metal i
(µmol) per g of soil at equilibrium, and Cp,i is the potentially sorbable metal i, i.e., the amount of metal i in the
solution before contact with the soil, likewise per g of
soil. Kr is dimensionless and varies from 0 for totally nonsorbent soils to 1 for an ideal soil that completely eliminates metal i from solution. To measure capacity for retention of the sorbed metal in desorption experiments, Kr
is calculated in the same way, except that sorbed metal is
replaced by metal retained at equilibrium; then, Kr is 0 for
a soil that completely releases all sorbed metal, and for a
soil that releases no metal during the desorption phase of
the experiment, it adopts the value obtained using the
corresponding sorption data. Kr allows soil horizons to be
accurately compared in terms of monometallic and competitive Cu2+ and Pb2+ sorption.
The soil micro/nano-mineralogy was also studied using
high resolution transmission electron microscope (HRTEM) and field emission scanning electron microscope
(FE-SEM). Combining these techniques with EDS (energydispersive X-ray spectroscopy) and SAED (selected area
electron diffraction) or MBD (micro-beam diffraction), it
is possible to investigate the elemental distribution, morphology, crystalline phases and electronic structure of individual soil particles. The study was focused on the assemblage of Cu2+ and Pb2+ with ultra-fine soil particles.
The objectives were: i) to assess and compare the
monometallic and competitive sorption capacity of Cu2+
and Pb2+ sorption, ii) to elucidate the dependence of Cu2+
and Pb2+ sorption on soil properties and components, and
iii) to characterize distribution of Cu2+ and Pb2+ in micro/
nanometer-sized phases using energy-dispersive EDS,
FE-SEM and HR-TEM images, in order to verify the relationship between soil components, and Cu2+ and Pb2+
fixation within them.
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2 MATERIALS AND METHODS
2.1. Soils and sampling

The four soils studied were the A horizons of an Endoleptic Luvisol, a Humic Cambisol, a Mollic Umbrisol
and a Dystric Fluvisol developed on serpentinite, limestone, slate and amphibolite, respectively. Samples from
their horizons (EL.A, HC.A, MU.A, and DF.A) were analyzed and extensively characterized with a view to assessing the influence of their components and properties on
monometallic and competitive Cu2+ and Pb2+ sorption. The
soils were chosen in such a way as to represent a wide
range of soil properties that can influence heavy metal
sorption. An Eijkelkamp sampler was used to collect 6 samples from each horizon, and they were pooled and stored
in polyethylene bags. The samples were subsequently air
dried, passed through a 2-mm sieve, and homogenized in
a Fritsch Laborette 27 rotary sample divider. Each pooled
sample was split into six sub-samples, three of which were
used for soil analyses, and the other three in sorption tests.
2.2. Chemical methods

Soil reaction was determined in 2:1 water/soil extracts [18], using a pH electrode. Particle size distribution
was determined after oxidizing the organic matter with
hydrogen peroxide, separating the upper fraction (down to
50 mm) by sieving and subjecting the lower fraction to
the internationally endorsed procedure [19]. Total organic
C was determined according to UNE-EN 1484, using a V
CSH/CSN Shimadzu TOC analyzer. This instrument uses
the method "oxidative combustion-infrared analysis".
Exchangeable acidity was determined by using 1 M
KCl as the extractant and titration to a phenolphthalein endpoint [20]. The effective cation exchange capacity (CECe)
and exchangeable cation content were determined using the

method of Hendershot and Duquette [21]. Al, Ca, K, Mg
and Na were extracted with 0.1 M BaCl2, and their concentrations were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES) in a Perkin Elmer Optima 4300 DV instrument.
Oxide contents were determined using the dithionite–
citrate method [22, 23]. To do so, samples were shaken
with a solution of sodium hydrosulphite and sodium citrate, and the Fe, Al and Mn contents of the extract were
determined by ICP-OES as before.
The characteristics of the studied soils are summarized in Table 1.
2.3. Sorption tests

Individual and competitive (Cu2+ and Pb2+) sorption
isotherms were constructed using the methods of Alberti et
al. [24] and Fontes et al. [25] as modified by Harter and
Naidu [26]. We used solutions containing both metals (Cu2+
+ Pb2+) at an identical concentration (0.01, 0.05, 0.1, 0.5, 1
or 3 mmol L−1) or only Cu2+ or Pb2+ (monometallic sorption: at the same concentrations), in addition to 0.01 M
NaNO3 as a background electrolyte [26]. The metals were
used as nitrates because of their high solubility.
Triplicate suspensions of 1.5 g soil samples with 25 ml
of solution in polyethylene tubes were shaken in a rotary
shaker for 24 h at 25 ºC, and then centrifuged at 5000 rpm.
The supernatant was filtered through cellulose acetate syringe filters (0.45 µm), and the filtrate was analyzed by
ICP-OES in the Perkin Elmer Optima 4300 DV instrument. The amount of metal sorbed in each case was calculated from the difference between its concentration in
solution prior to addition of the soil and after equilibration
(shaking). Sorption isotherms for each metal were constructed by plotting the sorbed metal content of the soil

TABLE 1 - Soil characteristics.
Soil/ Horizon
pHH2O

EL.A
5.73a

HC.A
5.80a

MU.A
5.21ab

DF.A
4.97b

27.01c
18.90c
0.27b
3.57d

50.20b
23.05b
0.12c
20.33b

144.79a
15.51c
0.11c
35.73a

TOC
FeOx
MnOx
AlOx

(g kg )

21.90c
52.16a
0.39a
7.47c

CECe

cmol(+) kg–1

7.95b

13.23a

3.25c

4.45bc

Sand
Silt
Clay

%

54.00ab
30.30b
15.70b

41.70c
33.50a
24.80a

57.50a
30.82b
11.69c

50.58b
31.88b
17.54b

–1

Vermiculite
XX
XX
Chlorite
X
Interstratified Vemiculite/chlorite
X
XXX
Mica
tr
XX
Kaolinite
XX
XXX
XXX
XX
Quartz
XX
XXX
XXX
XX
Gibbsite
XX
X
XX
Plagioclase
X
TOC: total organic carbon. FeOx: iron oxides. MnOx: manganese oxides. AlOx: aluminum oxides. CECe: effective cation exchange capacity. tr:
<3%. X: 3–10%. XX: 10–30%; XXX: 30–50%. XXXX: >50%. Values followed by different letters in each file differ significantly at P < 0.05.
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horizon (µmol g–1 dry soil) against its concentration in
solution at equilibrium (µmol L−1).
The overall capacity of the soil from each site to sorb
either metal was measured as the slope K r [16] of the
regression equation Cs,i = KrCp,i, where Cs,i is the
amount of metal i sorbed (µmol) per g of soil at equilibrium, and Cp,i the amount which is potentially sorbable
(i.e. the amount of metal i in solution before contact with
the soil, also per g of soil). Kr is a dimensionless quantity
and ranges from 0 for a totally non-sorbing soil to 1 for an
ideal sorbent capable of completely removing metal i
from solution [16].
2.4. X-ray diffraction

The mineral composition of the soil samples was determined using a Siemens model D5005 X-ray diffractometer. The samples were ground by hand in a ceramic
mortar and pestle, dry mounted in aluminum holders, and
scanned at 8-60o 2θ with Cu K-α radiation.

weight percentages. Electron diffraction patterns of the
crystalline phases were recorded in SAED (selected area
electron diffraction) or MBD (micro-beam diffraction)
mode, and the d spacing was compared to the International
Centre for Diffraction Data [36] inorganic compound powder diffraction file in order to identify the crystalline phases.
Prior to STEM analysis, the HR-TEM specimen holder was
cleaned with an Advanced Plasma System (Gatan Model
950) to minimize contamination. A drift correction system
was used for the STEM-EDS mapping.
2.6. Statistical analyses

The data obtained were statistically analyzed using
SPSS v. 18.0 for Windows. Several variance analyses were
performed (ANOVA). When variance homogeneity was
found, we carried out the DMS test in order to establish
significant differences. In the opposite case, we carried out
Dunnett’s T3 test.
3 RESULTS AND DISCUSSION

2.5. Electron beam methods

The morphology, structure and chemical composition
of the particles and minerals in the selected samples were
further investigated using a Zeiss ULTRA plus FE-SEM
with charge compensation for all applications on conductive as well as non-conductive samples [27-29], and a
200-keV JEOL-2010F HR-TEM equipped with an Oxford
energy dispersive X-ray detector and a scanning (STEM)
unit [30]. The FE-SEM was equipped with an EDS, and
the mineral identifications were carried out based on the
morphology and grain composition, using both secondary
electron and back-scattered electron modes [31].
Samples for these observations were prepared by adding to soil solutions containing: i) both metals (Cu2+ +
Pb2+) at a concentration of 0.4 M (competitive sorption)
and ii) Cu2+ 0.4 M in addition to 1M NaNO3 as the background electrolyte (1.5 g of soil in 25 ml of solution),
following the same procedure used for obtaining the isotherms.
The pellets obtained in this sorption phase were dried
at 45 ºC, and hexane suspensions of the samples were
used to prevent possible mineralogical changes in individual solvents. Each suspension was pipetted onto lacy
carbon films supported by grids (200 mesh) and left to
evaporate before inserting the sample into the HR-TEM.
This method may have led to agglomeration, although it is
a widely used procedure for most minerals, including
metal sulphates [32]. Geometrical aberrations were measured by HR-TEM, and controlled to provide a phase shift
of less than a π/4 of the incoming electron wave over the
probe-defining aperture of 14.5 mrad [33-35]. The scanning acquisition was synchronized to AC electrical power
in order to minimize 60 Hz noise, and a pixel dwell time
of 32 µs was selected. EDS spectra were recorded in FESEM and HR-TEM image mode, and then quantified using
ES Vision software that uses the thin-foil method to convert the X-ray counts of each element into atomic or

3.1. Soil characteristics

The soil horizons that were studied differed significantly in terms of the components and properties that most
strongly influence metal sorption and mobility (Table 1)
and, therefore, in their ability to retain the two metals.
The pH ranges from 4.97 in DF.A to 5.80 in HC.A; organic carbon from 21.90 g kg–1 in EL.A to 144.79 g kg–1
in DF.A. The highest proportion of Fe and Mn oxides
is found in EL.A (52.16 and 0.39 g kg-1, respectively,
Table 1). DF.A is the horizon with a higher Al oxides
content (35.73 g kg-1, Table 1).
The effective cation exchange capacity is relatively
low in all of the soils, and ranges from 13.23 cmol(+) kg-1
in HC.A to 3.25 cmol(+) kg-1 in MU.A.
The clay content differs significantly between the horizons, ranging from 24.80 % in HC.A to 11.69 % in
MU.A. XRD data on the mineralogical constitution of the
clay fraction of the soils (Table 1) indicate that kaolinite
and quartz are among the most abundant constituents of
the samples that were studied. Significant proportions of
vermiculite (prevalent in EL.A and HC.A), gibbsite (EL.A
and DF.A), and interstratified vermiculite/chlorite (DF.A)
are also present, together with small proportions of chlorite (EL.A).
3.2. Sorption

Figure 1 shows sorption isotherms for Pb2+ and Cu2+.
Their classification as Giles curve types [37] indicates
that all of the isotherms were of the L type, and a gradual
saturation of the sorbent takes place. This is usually
caused by internal sphere complexation or significant
superficial interactions with Van der Waals forces in the
sorption process when the solid has a high affinity for the
sorbate.
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FIGURE 1 - Monometal and competitive sorption isotherms.
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As shown in Fig. 1, monometallic Cu2+ sorption is
greater than when competing with Pb2+, which suggests a
greater affinity of soil for this cation (Pb2+) and the competition favorable to Pb2+ for sorption sites.
Table 2 shows how the individual and competitive
Cu2+ and Pb2+ sorption data fit to Langmuir and Freundlich models. Most of the data fit to the Langmuir model
(Table 2), giving a determination of around 0.99, except
for monometal Cu2+ sorption in MU.A soil (R2 = 0.7919).

The adjustment to this model indicates that the horizon with the highest Cu2+ and Pb2+ monometal sorption
capacity and Pb2+ competitive sorption is the HC.A (39.37,
47.17, and 32.15 µmol g-1, respectively). This is due to
the fact that this is the horizon with the highest pH, CECe
and clay content (Table 1), and these characteristics positively influence copper and lead sorption and, therefore,
are less bioavailable to plants and other organisms.

TABLE 2 - Fitting to linearized Langmuir and Freundlich models to the individual and competitive sorption of Cu2+ and Pb2+.
Cu2+ individual sorption
Pb2+ individual sorption
Soil/horizon
Langmuir
Freundlich
Langmuir
Freundlich
R2
βL
KL.103
R2
n
KF
R2
βL
KL.103
R2
n
KF
EL.A
0.999
27.25
38.18
0.838
1.77
1.02
0.998
31.85
60.97
0.659
1.79
1.66
HC.A
0.996
39.37
28.13
0.854
1.59
1.15
0.965
47.17
48.49
0.675
1.53
2.36
MU.A
0.791
21.10
5.05
0.964
1.75
0.36
0.980
24.39
7.29
0.895
1.72
0.43
DF.A
0.993
22.68
20.81
0.978
2.13
1.06
0.988
37.17
18.71
0.950
1.92
1.28
Cu2+ competitive sorption
Pb2+ competitve sorption
Soil/horizon
Langmuir
Freundlich
Langmuir
Freundlich
R2
βL
KL.103
R2
n
KF
R2
βL
KL.103
R2
n
KF
EL.A
0.998
15.97
27.42
0.814
2.12
0.76
0.989
25.58
36.11
0.840
2.18
1.73
HC.A
1.000
18.55
35.30
0.804
1.94
0.76
0.997
32.15
77.19
0.804
2.06
2.39
MU.A
0.988
9.35
9.12
0.965
2.20
0.34
0.980
16.13
6.29
0.895
1.65
0.23
DF.A
0.990
21.01
14.96
0.924
2.20
0.90
0.982
24.57
14.85
0.944
2.03
0.89
2
−1
R : determination coefficient; βL: maximum sorption capacity from Langmuir equation (µmol g ); KL: sorption energy from Langmuir equation
(L µmol−1); n: adimensional Freundlich constant; KF: sorption energy from Freundlich equation (L g −1).

TABLE 3 - Fitting to the monometallic and competitive sorption data and Kr values.
Cu2+
Monometallic sorption
Soil/Horizon
[added solution] vs [sorbed] (µmol g–1)
[added solution] vs [unsorbed] (µmol g–1)
Equation
R2
Equation
R2
EL.A
y = 0.5927 x
0.9024
y = 0.4073 x
0.8714
HC.A
y = 0.7618 x
0.9813
y = 0.2382 x
0.8743
MU.A
y= 0.5207 x
0.9887
y = 0.4793 x
0.9888
DF.A
y = 0.5318 x
0.8904
y = 0.4682 x
0.9086
Pb2+
Monometallic sorption
Soil/Horizon
[added solution] vs [sorbed] (µmol g–1)
[added solution] vs [unsorbed] (µmol g–1)
Equation
R2
Equation
R2
EL.A
y = 0.6911 x
0.9556
y = 0.3089 x
0.8576
HC.A
y = 0.8897 x
0.9969
y = 0.1103 x
0.8631
MU.A
y = 0.4667 x
0.9195
y = 0.5333 x
0.9557
DF.A
y = 0.6354 x
0.9613
y = 0.3646 x
0.9183
Cu2+
Competitive sorption
Soil/Horizon
[added solution] vs [sorbed] (µmol g–1)
[added solution] vs [unsorbed] (µmol g–1)
2
Equation
R
Equation
R2
EL.A
y = 0.3554 x
0.6774
y = 0.6446 x
0.9351
HC.A
y = 0.4026 x
0.6624
y = 0.5974 x
0.8999
MU.A
y = 0.2103 x
0.6958
y = 0.7897 x
0.9846
DF.A
y = 0.3997 x
0.8384
y = 0.6003 x
0.9501
2+
Pb
Competitive sorption
Soil/Horizon
[added solution] vs [sorbed] (µmol g–1)
[added solution] vs [unsorbed] (µmol g–1)
2
Equation
R
Equation
R2
EL.A
y = 0.5953 x
0.9319
y = 0.4047 x
0.9049
HC.A
y = 0.7076 x
0.9662
y = 0.2924 x
0.8746
MU.A
y = 0.3609 x
0.8738
y = 0.6391 x
0.9703
DF.A
y = 0.49 x
0.9162
y = 0.51 x
0.9448
For each metal and each monometallic or competitive sorption, Kr values followed by different letters differ significantly at P < 0.05.
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Sorption data (Fig. 1) was compared with the linearized equations of Langmuir and Freundlich, and the
parameters K, n, and β were obtained (Table 2). Because
not all the adjustments show satisfactory results, it was
not possible to estimate and compare the sorption capacity
of all soils with those parameters.
This fact led us to calculate the sorption capacities of
the different horizons in the soils studied from the Kr
slope as calculated according to Vega et al. [16], using the
equation Cs,I = KrCp,I, where Cs,I is the amount of metal
I sorbed (µmol g–1 dry soil) at equilibrium and Cp,I the
amount of metal I potentially sorbable in solution (i.e. the
amount of metal present in solution prior to contact with
the soil, also in µmol g–1 dry soil). The curves obtained by
plotting the concentrations of metal added (µmol g–1 dry
soil) against those sorbed in each horizon (in µmol g–1) —
or the amounts added against those not sorbed by the
soils— were all straight lines, and thus fitted an equation
of the type y = ax (Table 3).

cording to Kabata-Pendias [43], this process mainly depends on the surface load of the sorbents.
3.3. Electron beam microscopy

The HR-TEM/EDS/SAED results combined with FESEM/EDS (Fig. 2A) reveal that despite having added the
two metals, Pb2+sorption is best observed in the gibbsite.
It was found that the gibbsite from contaminated soil
samples contains 6% Cu2+ and 4% Pb2+.

As a result, it was decided to calculate the monometallic and competitive sorption capacity using the parameter Kr as proposed and validated by Vega et al. [16], whose
values are shown in Table 3.
All of the soils show significant differences between
the monometallic and competitive sorption of Cu2+ and
Pb2+ (Table 3), and HC.A has the highest sorption capacity due to its components and properties (Table 1), with a
high sorption and capacity for metallic cations [38-40].
The soil with the lowest capacity for individual and
competitive sorption (MU.A, Table 3) is the soil with the
lowest exchange capacity, Mn oxides, and clay content
(Table 1). This soil does not contain vermiculite or chlorite in its clay fraction (Table 1). According to these results, the soil properties that mostly influence the soil
sorption capacities (monometal and competitive) are the
organic matter, clay and oxide (mainly Fe and Mn) contents and the CECe [38-40].

FIGURE 2 - (A) Gibbsite containing Pb2+ in all of the samples treated with Cu2+ and Pb2+; (B) DF.A soil treated with Cu2+: Mixed
gibbsite, organic matter and hematite sorbing Cu2+ (7%).

On examining the isotherm curves (Fig. 1), strong
competition was observed between Cu2+ and Pb2+ for the
sorption sites. This is reflected in the low Kr values obtained for the competitive sorption of Cu2+ which means
that the Cu2+ is fixed to a very small extent in the soil, due
to antagonism with Pb2+. And in case of joint contribution, the largest part will migrate through the profile as
already shown by Lair et al. [39], Covelo et al. [13, 41]
and Vega et al. [3, 16].
Therefore, Pb2+ ions are preferably sorbed by organic
matter and clays, and the sorption of Cu2+ also strongly
depends on the presence of the competing ion Pb2+. The
high quantity of Pb2+ sorbed (Table 3) by the studied soils
(which sorb less Cu2+) shows that there is antagonism
with Cu2+, and that Pb2+ competes favorably for the sorption sites.
The Cu2+ in the mineral phase is strongly bound, with
very little mobility [42]. As a result, soil minerals have
the ability to sorb Cu2+ from the dissolution, although ac-

FIGURE 3 - Typical Gibbsite (containing Cu2+) and Kaolinite EDS
in samples treated with Cu2+.

Additionally, when the gibbsite is in contact with Feminerals and organic matter, it reveals that it contains both
metals (Fig. 2B). However, the samples that were only

1101

© by PSP Volume 22 – No 4a. 2013

Fresenius Environmental Bulletin

treated with Cu2+, clearly show the sorption of this ion in
the gibbsite (Fig. 3). Similar results are observed in the
chlorite (Figs. 4 and 5).
It was also found that both metals are sorbed in the
gibbsite, whose presence and abundance in the soil significantly increases the sorption capacity of both metals. It
was, therefore, found that in soils treated with both ions,
the gibbsite contains 8% Cu2+ and 4% Pb2+.

hematite and gibbsite aggregates (or mixtures) which together retain 7% of the Cu2+ (Fig. 2B), as well as with the
hematite in three of the soils that were studied.
Moreover, the results obtained by FE-SEM and HRTEM analysis revealed that when the treatment was bimetallic, Pb2+ has a higher affinity than Cu2+ for sorption
sites in most soil components, and it was found that in the
bimetallic treatment, both ions are associated with hematite (Fig. 5B).
4 CONCLUSIONS

FIGURE 4 - Chlorite containing Al-Cu-hydroxy polymer particles
(in white) in all of the samples.

The soils with the highest pH, CECe, Mn and Fe oxide contents, and the greatest mineralogical variety in the
clay fraction are those which have the highest capacity for
the individual and competitive sorption of Cu2+ and Pb2+.
The soils have a higher affinity for Pb2+ than for Cu2+.
The Pb2+ competes favorably for the sorption sites in these
soils, mainly in the organic matter, oxides and clay fraction.
The combination of the batch method, statistical analysis and high-resolution microscopy experiments was an
effective tool to check the affinity of the soil components
for Cu2+ and Pb2+, and their competition for sorption sites.
High resolution microscopy makes it possible to check
which soil components retain Cu2+ and Pb2+, providing
information that contributes towards proposing effective
measures for the remediation of contaminated soils.
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THE VARIABLES FOR OPTIMUM LIPASE PRODUCTION
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ABSTRACT
Isolated bacteria from oily wastewaters were screened
for lipase activity. The highest lipase activity was found
in an isolated strain Flavobacterium sp. Some parameters
influencing the extracellular lipase production of Flavobacterium sp. were investigated using the Plackett–Burman
design and Response Surface Methodology technique. In
the first step, the Plackett–Burman design was used to
evaluate the medium components (Tween80, glucose,
NaCl, peptone, yeast extract, pH, KH2PO4 and olive oil) for
lipase production by Flavobacterium sp. under batch conditions. Peptone, yeast extract and KH2PO4 had most significant effects on the lipase production. In the second step,
optimization of these three medium components was studied
in twenty experimental trials. The optimum values of peptone, yeast extract and KH2PO4 were 15, 10 and 2.5 g L-1,
respectively. Maximum lipase activity (4.25 U/ml) was
obtained using the optimized culture.

This study was carried out to determine the culture
conditions for the maximum lipase production by a Flavobacterium sp. Therefore, lipase-producing bacteria were
isolated from oily wastewaters and the effects of various
medium components on lipase production of the isolated
Flavobacterium sp. strain were determined using Plackett–
Burman and Response Surface Methodology (RSM) statistical experimental designs.
2 MATERIALS AND METHODS
2.1. Isolation and screening of bacteria

KEYWORDS:
Lipase., Flavobacterium sp., oily wastewaters

1 INTRODUCTION
Lipases are enzymes that catalyze the hydrolysis of triglycerides at the insoluble substrate and water interface [1].
Lipases have various applications in detergent formulations, oleo-chemical industry, paper manufacture, dairy industry, agrochemical industry, synthesis of biosurfactants,
cosmetics, nutrition, and pharmaceutical processing [2].
These enzymes have been produced from fungi, yeasts, and
bacteria [3, 4]. Microorganisms capable of producing lipases can be found in several sites, including oily wastes, dairy
product industries, soils contaminated by oils, and hot
springs [5, 7]. Oily wastewaters have a great variety of
microorganisms that can be evaluated as enzyme producers. Sevgi et al. [8] isolated a lipase-producing Bacillus
* Corresponding author

strain from olive mill wastewater, and investigated the
effects of the media containing different compositions.
They found that the strains showed higher activity toward
triolein and whey [8]. Mafakher et al. [9] reported on the
isolation of lipase-producing yeasts from agro-industrial
wastewater; they investigated the influences of oil on the
activity of the enzyme, and found that the maximum lipase
activity was 11 U/ml using olive oil.

The strains were isolated from wastewater samples of
Behshahr oily wastewater treatment design. Behshahr factory produces food oils. A 10-ml sample of the oily wastewater was added to 100 ml OPY medium containing olive
oil 2%, peptone 0.5% and yeast extract 0.3% in a 250-ml
Erlenmeyer flask, and incubated at 35 °C and 100 rpm for
48 h. Samples were serially diluted, plated onto Tween80
agar, and incubated at 35 °C for 24-72 h. Tween agar contains Tween80 1%, NaCl 0.5%, peptone 1%, CaCl2 0.1%,
and agar 1.5% [10]. Colonies showing clear zones were
picked out and purified on Tween agar plates. The pure
cultures were kept at 4 °C.
2.2. Identification of strains

The organisms producing large clear zones were isolated
and identified by their cultural, morphological, physiological
characteristics as well as biochemical tests [11, 12].
2.3. Enzyme assay

Cells were separated from the cultivation medium by
centrifugation at 6000 rpm for 30 min, and the supernatant
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was used as the source of extracellular lipase. Lipase assay
was performed using olive oil emulsion as substrate. Oil
emulsion was prepared by mixing 25 ml of olive oil and
75 ml of 2% polyvinyl alcohol solution in a homogenizer
for 3 min at 5000 rpm. The reaction mixture containing
5 ml of olive oil emulsion, 4 ml of 0.1M Tris buffer (pH =
8), 1 ml of 0.1 M CaCl2, and 1 ml of the culture supernatant was incubated at 37 °C for 20 min through orbital
shaking. The emulsion was immediately disrupted after
incubation by the addition of 15 ml of acetone–ethanol
mixture (1:1, v/v), and the liberated free fatty acids were
titrated with 0.05N NaOH. One unit of lipase activity was
defined as the amount of enzyme, which liberated 1 µmol
of fatty acids per min [13].
2.4. Plackett–Burman experimental design

The first stage involves identifying of the important parameters for optimization of lipase production. The Plackett–Burman design has been used for screening of the parameters with the greatest impact on the process. Minimum
and maximum values of the parameters used in this model
are shown in Table 1. Eight different parameters were
tested at 11 steps designed by the Plackett–Burman model.
The Design Expert Software, Trial 7 was used in this
regard. At all stages, a 100-ml aliquot of culture medium
and 1% inoculum were applied. All the Erlenmeyer flasks
were incubated at 35 °C, and lipase activity was monitored from 24 to72 h.
TABLE 1 - Different parameters studied in Plackett–Burman design.
Factor (%)
Olive oil (%)
Peptone (%)
Yeast extract (%)
Glucose (%)
pH
Tween80 (%)
NaCl (%)
KH2PO4(%)

Minimum (-)
0.5
0.3
0.3
0
6
0
0.1
0.1

Maximum (+)
2
1
0.6
0.5
7.5
0.1
0.5
0.3

2.5. Optimization of identified factors using RSM model

After identifying the effective variables on the enzyme
production, optimization of these variables was performed
using the Response Surface Methodology (RSM). DesignExpert 7 software was used to analyze the experimental
design. The parameters were tested at five levels, coded
−1.682, −1, 0, +1, and +1.682 for lowest, low, middle,
high, and highest concentrations, respectively. To optimize the variables (peptone, yeast extract and KH2PO4), a
20-step test was designed using the data in Table 2. Other
medium parameters included NaCl (0.1%) and olive oil
(2%). The medium's pH was 7. The Erlenmeyer flasks
(250 ml) containing 100 ml medium (Table 5) were incubated at 35 °C, 100 rpm; and the lipase activity was measured each 24 h.
TABLE 2 - The values of factors used in RSM design.
Factor
Peptone (g/L)
Yeast extract (g/L)
KH2PO4 (g/L)

Low (-)
5
3
0.8

Mean (0)
10
6.5
1.65

High (+)
15
10
2.5

3 RESULTS AND DISCUSSION
3.1. Isolation of bacteria

From 20 different samples, 6 strains with the strongest lipase activity were isolated. Lipase activity of all
strains was analyzed through comparison of the clear zone
magnitude. One of the strains with the highest lipase
activity was selected for the next steps. Lipase activity of
strains is shown in Fig. 1.
Identification tests showed that the chosen strain belongs to Flavobacterium sp. Some morphological and
biochemical characteristics of the strains are as follows:
negative gram rode, positive oxidase and positive catalase, non-sporulating, oxidation positive, negative fermentation, negative motility, and yellow pigments.

FIGURE 1 - Lipase activity of strains isolated from oily wastewater in medium containing peptone (1%), yeast extract (0.5%) and olive oil
(2%) at 24 hours, 48 hours and 72 hours after incubation.
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3.2. Identification of important variables

At the next stage, eight medium components were examined using the Plackett–Burman (PB) design. Table 1
shows the various parameters used in PB design model.
The lipase activity at different runs of the experiment varied from 0.8 to 2.7 U/ml (Table 3). Minimum and maximum lipase activities were in run 11 (0.8 U/ml) and run 2
(2.7 U/ml), respectively. The lipase activity was found to
be maximum at 2.7 U/ml for the medium with the following composition in experimental run 2: olive oil 0.5%,
glucose 0.5%, peptone 1%, yeast extract 0.6%, KH2PO4
0.1%, and NaCl 0.5%.
The results of the ANOVA analysis with various parameters (Table 4) showed that among the eight parameters investigated, peptone; yeast extract and KH2PO4 have
greater influence on lipase production. Confidence levels
of these parameters were 96.2, 97.9 and 97, respectively.
Tween80, glucose, NaCl, and oil have no significant effect
on lipase production. Production of the lipase is mostly inducer-dependent, and oils act as good inducers of the enzyme [14]. However, increasing the concentration from
0.5 to 2 % was not significant. These results were similar
to those presented by lipase from Rhizopus. Results obtained for Rhizopus oligosporus indicated that enzyme
activity in oil-supplemented medium was much lower
[15]. Lipase production by Bacillus was significant when
oil concentrations were 0.2-0.4 % [16]. However, with the
increase of the oil concentration from 1 to 2.5%, the lipase
activity does not increase. Tween80 was another parameter
that was evaluated (Table 4). Tween80 with concentration
level of 0.1% was not statistically significant, and found

to be in accordance with Babu et al. [5] report stating that
Tween80 did not influence the lipase production in Staphylococci. Aravindan [17] also reported that Tween80 negatively affects lipase activity (0.5-1%). Tween80 is a
nonionic surfactant and its high concentration can disrupt bacterial enzyme activity. Nevertheless, in some
studies, Tween80 and Tween20 have been reported as
stimulants of lipase production [16, 18].
Glucose was another parameter evaluated in Plackett–
Burman design. Statistical analysis of the results demonstrated that the glucose concentration was not statistically
significant. These results were comparable with the findings of Rakesh et al. [16]. They showed that glucose has no
significant effect on lipase production by Bacillus pumilus
[16]. Gupta et al. [19] also showed that the increase of
glucose concentration from 0.2 to 0.6% decreased lipase
production. On the other hand, Aravindan [14] has reported a proportional increase in biomass and enzyme production by addition of 2% glucose. Although simple sugars,
such as glucose, do not contribute to lipase production; as
a general result, it can be noted that applying glucose as a
carbon resource depends on the type of microorganism.
3.3. Optimization of medium components

To optimize the value of lipase production by Flavobacterium sp., the three parameters with the greatest impact on lipase activity were used to test the central composite design (RSM) model (Table 5). The ANOVA table
of lipase production showed a P value of 0.0017 and F
value of 7.81 which indicated the significance of the model.

TABLE 3 - The Plackett–Burman design setup for the screening of main factors for enzyme production by Flavobacterium sp.
Run
1
2
3
4
5
6
7
8
9
10
11
12

Olive oil
+
+
+
+
+
+

Peptone
+
+
+
+
+
+

Yeast extract
+
+
+
+
+
+
-

Tween 80
+
+
+
+
+
+

pH
+
+
+
+
+
+
-

KH2PO4
+
+
+
+
+
+
-

NaCl
+
+
+
+
+
+

Glucose
+
+
+
+
+
+
-

Lipase activity
1.25
2.7
2.2
2
1.62
2.25
1.3
2
2.1
2.37
0.8
1.1

TABLE 4 - Statistical analysis (ANOVA) of Plackett–Burman design for lipase production.
Variables
Olive oil
Peptone
Yeast extract
Tween80
pH
KH2PO4
NaCl
Glucose

SS
0.042
0.88
1.37
0.005
0.066
1.05
0.12
0.007

DF
1
1
1
1
1
1
1
1

MS
0.042
0.88
1.37
0.005
0.066
1.05
0.12
0.007
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F value
0.61
12.81
19.90
0.076
0.96
15.29
1.72
0.10

P value
0.4913
0.0373
0.0210
0.8009
0.3993
0.0297
0.2813
0.7704
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The R2 value of 0.943 for lipase activity indicates the
accuracy of the model. According to the results of the
three parameters in the RSM model, the following relationship was obtained:
X1=2.67+0.3A+0.81B+0.31C+0.09AB-0.11AC-0.035BC0.053A2-0.085B2-0.044C2
where, X1 is the response factor (lipase production);
A is peptone concentration in g/L; B is yeast extract concentration in g/L, and C is KH2PO4 concentration in g/L.
The value of the multiple correlation coefficients (R) was
0.943. According to Table 5 (run 14), the optimized conditions for lipase production by Flavobacterium sp. were
as follows: KH2PO4 2.5 g/L; peptone 15 g/L; yeast extract
10 g/L; olive oil 2%, and NaCl 0.1%, pH 7; inoculum
value 1%; incubation time 44 h. Under such conditions, a 2fold increase in lipase production (4.25 U/ml) was achieved
(compared with the results of the first stage; Table 3).
The three-dimensional response surface graphs were
plotted to investigate the interaction among various parameters, and to find the optimum concentration of each
factor for maximum enzyme activity (Figs. 2-4) by Fla-

vobacterium sp. Increase in peptone concentration from 5
to 15 g/L and yeast extract from 3 to 6 g/L (Fig. 2) increased lipase production when KH2PO4 concentration
was 1.65 g/L. Fig. 3 shows the effects of peptone and
KH2PO4 on enzyme production. With the increase of the
initial levels of KH2PO4 and peptone, the enzyme production increased at a constant value of the yeast extract (6.5
g/L). Results obtained for the KH2PO4 concentration in
relation to lipase activity by Flavobacterium sp. showed
that, within the investigated range, the phosphate value
2.5 g/L provided the maximum lipase production. Similar
lipase activity to that obtained herein has been reported by
Rakesh et al. [16]. They have found that Bacillus presented the higher lipase production at high phosphate level,
and KH2PO4 was found to be responsible for maximum
lipase production (5.59 U/ml). This is probably due to
increase of buffering properties and avoidance of extreme
pH changes [16].
As shown in Figs. 2 and 4, the yeast extract, compared to all other parameters, has greater influence on the
lipase production. The appropriate lipase production was
obtained at a value of 10 g/L yeast extract. Nitrogen source

TABLE 5 - Experimental setup for enzyme production by Flavobacterium sp. using RSM design matrix.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Peptone (g/L)
1.59
10
15
5
10
18.41
10
15
10
10
10
5
10
15
5
15
10
10
5
10

Yeast extract (g/L)
6.6
0.61
3
3
6.5
6.5
6.5
3
6.5
6.5
12.39
10
6.5
10
3
10
6.5
6.5
10
6.5

KH2PO4 (g/L)
1.65
1.65
2.5
0.8
1.65
1.65
1.65
0.8
1.65
0.22
1.65
0.8
1.65
2.5
2.5
0.8
1.65
1.65
2.5
3.08

Lipase activity (U/ml)
2.2
1.12
2.3
0.77
2.7
2.6
2.65
1.75
2.6
2.1
3.5
2.5
2.75
4.25*
1.92
3.7
2.7
2.6
3.37
2.75

TABLE 6 - Analysis of variance table for RSM modela.
Source
Model
A-Peptone
B- Yeast extract
C-KH2pO4
AB
AC
BC
A2
B2
C2

SS
11.86
1.24
8.99
1.3
0.065
0.11
0.009
0.04
0.1
0.028

DF
9
1
1
1
1
1
1
1
1
1

MS
11.86
1.24
8.99
1.3
0.065
0.11
0.009
0.04
0.1
0.028
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F value
7.81
7.14
51.84
7.49
0.37
0.61
0.056
0.95
1.60
0.80

P value
0.0017
0.0234
0.0001
0.0209
0.5547
0.4529
0.8169
0.3527
0.2347
0.3923
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R-‐Squared:	
  0.943,	
  Significance	
  at	
  P	
  ≤	
  0.05	
  

FIGURE 2 - Response surface plot depicting interaction between peptone and yeast extract concentrations on lipase activity by Flavobacterium sp.

FIGURE 3 - Response surface plot depicting interaction between peptone and KH2PO4 concentrations on lipase activity by Flavobacterium sp.

FIGURE 4 - Response surface plot depicting interaction between yeast extract and KH2PO4 concentrations on lipase activity by Flavobacterium sp.
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is an important factor that plays a significant role in
production of lipase. In various studies, organic nitrogen
sources like peptone and yeast extract have been used to
increase lipase production. In Mucor racemosus, Rhizopus
arrhizus and Aspergillus wentii, lipase production efficiency increased with addition of peptone to the medium
[14]. Lipase of Pseudomonas was produced in a medium
that contained peptone (2%) and yeast extract (0.1%) as
nitrogen sources [2]. Apart from acting as a nitrogen resource, yeast extract also supplies vitamins and trace elements; hereby, it affects the growth of the bacteria which,
in turn, increase the lipase activity [19].
4 CONCLUSION
This research was one of a few researches reported on
the production and optimization of lipase by Flavobacterium sp. This strain was isolated from oily wastewaters.
The results obtained in this study showed that peptone,
yeast extract and KH2PO4 have positive effects on lipase
production by Flavobacterium sp. We also demonstrated
that culture optimization using Response Surface Model
enhanced lipase activity of the strain from 2.7 U/ml in
basic medium to 4.25 U/ml in optimized medium.
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ABSTRACT

1 INTRODUCTION

The quantitative structure-retention relationship (QSRR)
models were established for predicting the gas chromatographic retention indices (RI) of nitrogen-containing polycyclic aromatic compounds (N-PACs) by quantum chemistry descriptors, including the total Hartree-Fock energy
(EHF), the eigenvalue of the highest occupied molecular
orbital (EHOMO), the eigenvalue of the lowest unoccupied
molecular orbital (ELUMO), and the dipole moment (µ). The
quantum descriptors of N-PACs, selected and calculated by
density functional theory (DFT), were used to construct
some linear and nonlinear models with the employment of
multiple linear regression (MLR), artificial neural network
(ANN), and support vector machine based on particle swarm
optimization (PSO-SVM). The values of squared correlation
coefficients (R2) between experimental and calculated ones
of RI for the test set (12 N-PACs) by MLR, ANN and PSOSVM were 0.949, 0.805 and 0.982, with max relative error
values of 6.72, 13.79 and 4.67%, respectively. The results
indicated that the PSO-SVM model was superior to the
MLR and ANN models. This investigation also proved
that the proposed models can be extended to predict the
RI of other unknown N-PACs using quantum chemical
descriptors.

KEYWORDS: Quantitative structure-retention relationship; nitrogen-containing polycyclic aromatic compounds; support vector
machine; density functional theory.

* Corresponding author

Nitrogen-containing polycyclic aromatic compounds
(N-PACs) usually include cyano(-CN), nitro(-NO2), imino(NH), amino(-NH2) groups, and replacement of a CH group
in the benzene rings by a nitrogen atom [1]. N-PACs are
mainly produced by incomplete coal combustion [2]. Although N-PACs exist usually in a much smaller quantity
than PAHs, the research has shown that N-PACs were
more toxic than PAHs [3]. As the pyrolysis behaviour of
N-PACs appears to be a complex function of fuel type and
combustion conditions [4], it is necessary to conduct the
quantitative tests of N-PACs in order to control their
pollution in time.
To investigate the composition of N-PACs, the most
effective modern approaches include the separation of the
components by mass-spectrometric identification via gas
chromatography-mass spectrometry (GC-MS) analysis [5].
Reliable results of GC-MS are based on mass-spectrometric
data and gas chromatographic retention indices (RI) [6].
The retention behaviour of compounds in chromatographic
columns has a close relationship with molecular structure,
because the differences of the mutual reserve role mainly
depend on the molecular structure when flow and stationary phases are determined [7]. Therefore, it is possible to
develop a method which can predict the RI of congener
compounds via the molecular structure.
Recently, the quantitative structure-retention relationship (QSRR), which is one of the most efficient tools for
predicting the RI, has been the focus of many studies.
Previous QSRR studies [8-12] mainly targeted the establishment of prediction models using different algorithms.
However, the RI predictions of N-PACs through PSOSVM and DFT were limited until recently.
The objective of this study was to further explore the
relationship between the RI and the molecular structure
descriptors of N-PACs using the MLR, ANN and PSOSVM models. The constructed QSRR models can be
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applied to further predict the RI of other unknown NPACs with similar molecular structure.

word of single point energy was Pop = Regular Test. The
restrictive wave function (R-closed-shell) was implemented with a dispersion function. The effect of solvent (water) was not considered in the algorithm process.

2 MATERIALS AND METHODS
2.3 Support vector machine (SVM) and particle swarm optimization (PSO)

2.1 Data set

The chromatographic values used in this paper were
obtained from the studies published by Hu [1] and Vassilaros [13]. The equipment and procedures were previously described in detail by Kier [14]. The values of RI for 60
N-PACs were generated in this paper. The data set was
split into two groups, a training set and test set with random selection. The training set comprised 48 compounds
and the test set 12, i.e. 80% and 20% of the full date set
[15]. The names and corresponding experimental values
of compounds are given in Table 1.
2.2 Quantum descriptors selection and calculation

To obtain a good QSRR model, it is necessary to encode the structural features of the compounds, which are
named quantum descriptors. From all calculated descriptors, only those related to the subsequent discussion
were described as follows:
(a) The total Hartree-Fock energy (EHF) in Hartree
(1 Hartree = 627.51 kcal/mol = 2625.50 kJ/mol =
27.21 eV)
(b) The eigenvalue of the highest occupied molecular
orbital (EHOMO)
(c) The eigenvalue of the lowest unoccupied molecular
orbital (ELUMO)
(d) E GAP =E LOMO -E HOMO
(e) Dipole moment (µ) in Debye.
EHF is the most influential molecular structure parameter for distinguishing the structure of an isomer. The
stronger robustness is contained in the isomeric compound, with the lower the value of EHF. “The E HOMO energy plays a very important role in the nucleophilic behaviour, and it represents molecular reactivity as a nucleophile [16]”. The higher E HOMO level for electrons, the
easier it can be excited. The ability of a chemical to gain an
electron could be assessed by the value of ELUMO [17]. The
value of EGAP is calculated as the light absorbance descriptor [18]. The dipole moment (µ) relates to the molecular directional force and induction force.
Density functional theory (DFT) has been widely applied recently [19, 20]. DFT solves the Schrodinger equation using functional analysis. As DFT considers the related electronic parameters, its calculation results are better
than the classical Hartree-Fock (HF) method. The energy of
each N-PAC molecule was pre-optimized by the procedure,
and the quantum chemical algorithms were performed
with the related programs. The parameters of single point
energy were calculated based on time-dependent density
functional theory (TD-DFT) [18] to obtain the optimized
geometries at the B3LYP/6-311+G(d,p) level. The key-

The support vector machine (SVM) is a kind of machine-learning method developed on the basis of the statistical learning theory by Vapnik [21]. SVM has become
an important application tool for regression and classification recently because of its global optimization, the short
training time, and the robust generalization performance
[22, 23].
Given a training set of instance-label pairs ( xl , yl ) ,
where xi ∈ Rn，yi ∈ R，i = 1, 2,…, l , the generalized linear
SVM finds an optimal fitting function of f ( x) = w ⋅ x + b
( w ∈ R n , b ∈ R ) by solving the following optimization
problem according to the structural risk minimization
principle [24]:
min R( w, ξ , ξ * ) =

1
2

l

wT ⋅ w + C ∑ (ξi + ξi* )

(1)

i =1

where, C is a penalty parameter for the samples beyond the error range of precision parameter ( ε ), and

ξ i / ξ i* is the slack variable.
The non-linear SVM maps the training set from the
input space into a higher dimensional feature space
through a mapping function Φ ( x ) . The scalar product
Φ( xi ) ⋅ Φ( x j ) is calculated directly by the kernel func-

tion K(xi , x j ) . The kernel function is introduced to acquire
the features from the original space. The samples from the
original space are mapped as a vector in the high dimension space [25].
*

After introducing the Lagrange factor ( ai , ai ), the
fitting function of SVM has the following form:
l

f ( x ) = ∑(ai − a*i ) K ( x , xi ) + b

(2)

i =1

There are four possible choices of kernel functions:
linear, polynomial, sigmoid and radial basis. The radial
basis function (RBF) was used to finish the regression
tasks in this paper, owing to its good general performance
and the small number of parameters to be adjusted [26].
The expression is given as follows:
K ( xi , x j ) = exp( − g⋅ || x i − x j ||2 )

(3)

where, g is Kernel function parameter controlling the
amplitude of the RBF function; therefore, it controls the
predictive power of SVM.
In this study, particle swarm optimization (PSO) was
chosen as an optimization technique to optimize the SVM
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TABLE 1 - Experimental and calculated RI of N-PACs by three kinds of algorithms.
No.

Name

RI
Exp.a

MLRb
(Cal.)

MLRb
(Re./%)

Training set
1
5-Aminoindole
232.12
259.08
11.62
2
2-Aminobenzo[c]phenanthrene
450.10
463.72
3.03
3
1-Aminoanthracene
362.83
373.00
2.80
4
4-Aminobiphenyl
298.05
322.14
8.08
5
Isoquinoline
214.14
215.41
0.59
6
1-Aminopyrene
415.39
425.43
2.42
7
3-Methylindole
239.20
240.08
0.37
8
4-Aminobenzo[c]phenanthrene
451.51
464.31
2.83
9
1-Methylisoquinoline
229.21
241.02
5.15
10
5-Aminochrysene
487.88
464.46
-4.80
11
Benzo[a]carbazole
402.22
401.67
-0.14
12
Phenazine
294.37
311.26
5.74
13
7-Methylquinoline
231.37
237.63
2.70
14
2-Aminobiphenyl
273.63
310.85
13.60
15
1-Aminoﬂuorene
327.21
336.59
2.87
16
2-Methylcarbazole
329.61
326.64
-0.90
17
Indole
222.66
210.61
-5.41
18
9-Phenylcarbazole
381.51
432.22
13.29
19
4-Aminophenanthrene
353.97
363.42
2.67
20
4-Aminopyrene
412.31
418.44
1.49
21
3-Methylcarbazole
328.81
327.45
-0.41
22
2-Methylquinoline
224.13
235.53
5.09
23
8-Methylquinoline
225.18
238.08
5.73
24
1-Methylcarbazole
324.45
329.13
1.44
25
6-Aminochrysene
463.19
468.04
1.05
26
2,3,5-Trimethylindole
273.61
294.01
7.46
27
1-Azapyrene
357.73
370.96
3.70
28
2-Phenylindole
346.18
355.93
2.82
29
1-Methylindole
216.90
238.98
10.18
30
7-Azaindole
223.70
206.73
-7.59
31
1-Azabenz[a]anthracene
400.00
422.30
5.58
32
1-Aminonaphthalene
262.98
270.77
2.96
33
2-Azachrysene
411.49
420.60
2.21
34
2-Aminoanthracene
367.45
377.88
2.84
35
9-Cyanoanthracene
350.46
384.42
9.69
36
2-Methylbenzo[f]quinoline
320.50
342.13
6.75
37
1-Azachrysene
407.18
416.08
2.19
38
7-Methylindole
235.49
237.38
0.80
39
Phenanthridine
307.94
310.07
0.69
40
Carbazole
311.71
300.51
-3.59
41
7-Aminobenzo[a]pyrene
511.98
516.77
0.94
42
2-Aminophenanthrene
365.80
365.23
-0.16
43
Quinoline
210.26
210.42
0.07
44
3-Methyl-2-aminonaphthalene
283.73
297.92
5.00
45
Acridine
304.04
321.32
5.68
46
4-Methylcarbazole
331.88
325.82
-1.83
47
1-Cyanonaphthalene
256.75
272.72
6.22
48
1-Aminoindan
207.63
207.88
0.12
Test set
1
9-Methylacridine
331.15
350.21
5.76
2
3-Aminoﬂuorene
329.08
338.07
2.73
3
2-Azapyrene
362.43
375.89
3.71
4
6-Phenylquinoline
340.84
363.74
6.72
5
Benzo[def]carbazole
363.92
356.05
-2.16
6
2-Methylindole
240.10
240.50
0.17
7
3-Methylquinoline
232.47
238.10
2.42
8
2-Aminofluorene
331.91
349.97
5.44
9
4-Methylquinoline
235.77
239.33
1.51
10
9-Cyanophenanthrene
351.84
372.34
5.83
11
10-Azabenzo[a]pyrene
455.40
474.16
4.12
12
4-Azachrysene
401.16
415.66
3.61
a
: Taken from Ref.[1, 13];
b
: Multiple linear regression, MLR;
c
: Artificial neural network, ANN;
d
: Support vector machine with the particle swarm optimization, PSO-SVM;
Exp.: Experimental values; Cal.: Calculated values; Re.: Relative error.
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ANNc
(Cal.)

ANNc
(Re./%)

PSO-SVMd
(Cal.)

PSO-SVMd
(Re./%)

201.33
441.32
394.12
294.66
217.77
371.00
237.50
474.99
227.78
485.91
392.72
293.32
239.77
271.35
326.95
329.86
242.87
383.14
351.72
409.48
362.28
237.69
234.92
333.91
461.45
278.04
344.56
345.91
214.6
214.89
390.24
271.84
408.84
342.2
351.97
337.07
403.75
228.07
306.74
310.74
489.58
331.13
206.44
281.21
331.95
332.55
243.48
200.13

-13.26
-1.95
8.62
-1.14
1.70
-10.69
-0.71
5.20
-0.62
-0.40
-2.36
-0.36
3.63
-0.83
-0.08
0.08
9.08
0.43
-0.64
-0.69
10.18
6.05
4.33
2.92
-0.38
1.62
-3.68
-0.08
-1.06
-3.94
-2.44
3.37
-0.64
-6.87
0.43
5.17
-0.84
-3.15
-0.39
-0.31
-4.38
-9.48
-1.82
-0.89
9.18
0.20
-5.17
-3.61

233.66
457.22
364.36
297.13
212.59
416.98
237.70
460.06
231.71
460.87
400.69
292.86
228.90
301.72
328.73
328.51
221.09
383.07
352.47
412.98
327.38
226.43
226.32
328.82
461.65
273.28
356.15
347.64
233.80
222.19
401.58
261.47
409.99
368.06
348.92
332.51
405.66
236.51
306.42
300.58
510.53
352.60
208.68
282.16
302.56
329.73
258.21
209.16

0.66
1.58
0.42
-0.31
-0.72
0.38
-0.63
1.89
1.09
-5.54
-0.38
-0.51
-1.07
10.26
0.46
-0.34
-0.71
0.41
-0.42
0.16
-0.44
1.02
0.50
1.35
-0.33
-0.12
-0.44
0.42
7.79
-0.68
0.40
-0.57
-0.36
0.17
-0.44
3.75
-0.37
0.43
-0.49
-3.57
-0.28
-3.61
-0.75
-0.55
-0.49
-0.65
0.57
0.74

320.55
308.06
336.22
387.85
342.68
208.14
231.29
342.16
241.45
397.17
438.10
449.39

-3.20
-6.39
-7.23
13.79
-5.84
-13.31
-0.51
3.09
2.41
12.88
-3.80
12.02

333.14
329.14
359.64
353.72
346.91
232.27
231.81
321.52
233.22
336.27
453.89
398.89

0.60
0.02
-0.77
3.78
-4.67
-3.26
-0.29
-3.13
-1.08
-4.43
-0.33
-0.56
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parameter set (C, g). Similar to genetic algorithms, PSO is
also an evolutionary computation algorithm. Each individual in the PSO flies through the search space with a
velocity which is adjusted according to its own and others’ behaviour [27]. Each individual is considered as a
point in the N-dimensional search space [28]. All particles
can share the same information about the search space.

The overall performances of MLR were evaluated
in terms of square correlation coefficient (R2), root mean

3 RESULTS AND DISCUSSION
3.1 Quantum descriptors

The typical molecular structure of N-PACs (quinoline,
carbazole, 7-aminobenzo[a]pyrene) is shown in Fig. 1.
All of the quantum chemistry descriptors (EHF, EHOMO,
ELUMO, E GAP , and µ) calculated by quantum chemistry
algorithm (TD-DFT/B3LYP/6-311+G(d,p)) were performed
by the programs. Some results are shown in Table 2.
3.2 MLR analysis

The resulting MLR equations, as a linear model, could
describe the structure retention relationships well. However, due to the collinearity problem in the MLR, the
collinear descriptors should be removed before the MLR
model development [29].
Stepwise Regression, which is a combination of Forward Selection and Backward Elimination, was performed
for feature selection [15]. This algorithm starts by selecting
the minimum probability variable (descriptors) which has
largest correlation with the dependent variable (RI). If the
probability of the parameter, which has been introduced
into the regression equation, is greater than the set point,
the parameter will be eliminated from the regression
equation. When there is no parameter to be introduced or
eliminated, the regression process will be terminated.
With the stepwise regression, three descriptors were
selected and the following MLR equation was obtained:
RI=94.021-0.624×EHF+604.489×EHOMO+5.655×µ

(4)

FIGURE 1 - Typical structure of N-PACs (quinoline, carbazole, and
7-aminobenzo[a]pyrene).

TABLE 2 - Quantum chemical descriptors of N-PACs calculated by TD-DFT.
No.

Name
EHF

TD-DFT/B3LYP/6-311+G(d,p)
EHOMO
ELUMO
EGAP

µ

Training set
1
5-Aminoindole
2
2-Aminobenzo[c]phenanthrene
3
1-Aminoanthracene
4
4-Aminobiphenyl
5
Isoquinoline
6
1-Aminopyrene
7
3-Methylindole
8
4-Aminobenzo[c]phenanthrene
…
Test set

-419.20
-748.59
-594.94
-518.73
-401.98
-671.18
-403.18
-748.59

-0.17
-0.19
-0.17
-0.19
-0.24
-0.17
-0.20
-0.18

-0.01
-0.05
-0.06
-0.02
-0.06
-0.05
-0.01
-0.05

0.17
0.14
0.11
0.17
0.18
0.13
0.19
0.13

1.21
2.73
2.30
3.40
2.57
3.16
2.53
2.42

1
2
3
4

-594.95
-556.84
-631.86
-633.06

-0.21
-0.19
-0.21
-0.23

-0.08
-0.03
-0.07
-0.07

0.13
0.16
0.14
0.16

2.24
2.09
2.74
2.18

9-Methylacridine
3-Aminoﬂuorene
2-Azapyrene
6-Phenylquinoline
…
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squared error (RMSE) and mean absolute error (MAE).
RMSE and MAE were defined as below:
n

∑(y

i , cal

i =1

RMSE =

n
n

∑y

i , cal

MAE =

− y i , exp ) 2

− yi , exp

(5)

(6)

i =1

n

where, n is the number of samples in data set，yi,cal
and yi,exp, respectively, are the calculated and experimental
values of the dependent variable (RI).
The calculated values of RI, obtained from the MLR
model, are listed in Table 1. The residuals plot for training
and test set with the MLR method is exhibited in Fig. 2.
For MLR model, the values of R2 as well as RMSE for the
training and test set were 0.961 and 16.076 as well as
0.949 and 14.620, respectively. The values of MAE for
the training and test set, respectively, were 12.352 and
12.808 (Table 5).
3.3 ANN analysis

The next step was generation, training and testing of
the artificial neural network. ANN is a kind of artificial
intelligence that imitates principle of human brain and that
can solve complex nonlinear problems [30]. Table 3 depicts
the architecture and specifications of the optimized ANN
parameters. Results attained revealed that after 9956 iterations, the value of prediction set converged to a desirable
level. So, the training was stopped at this point.
TABLE 3 - Architecture and specifications of optimized the ANN
model.
Number of nodes in the input layer
Number of nodes in the hidden layer
Number of nodes in the output layer
Training requirement precision
Maximum iterations of training
Actual iterations
Display training iterative process
Transfer function
Training function
Learning function

5
18
1
10-5
105
9956
10
tansig, purelin
trainrp
learngdm

The calculated values of RI, obtained from the
ANN model, are listed in Table 1. The residuals plot
for training and test set with the ANN method is
shown in Fig. 2. The statistical values of the training
set for the ANN model were R 2 =0.966, RMSE=15.013,
and MAE=10.143. The above values of the test set were
R 2 =0.805, RMSE=28.494, and MAE=23.834 (Table 5).
3.4 PSO-SVM analysis

After the establishment of MLR and ANN models,
SVM was used to develop a model by the training set compounds, based on the same descriptors. The PSO method
implied in SVM was used to optimize parameters (C,g).

Each feature can be linearly scaled to the [0, 1] range
using the following formula:
x − min a
(7)
x' =
max a − min a
where, x is original value, x ' is scaled value, maxa
is the maximum value of feature a, and mina is the minimum value of feature a [27].
The coefficient values in the PSO-SVM are shown in
Table 4. The maximum number of evolution was 200 and
the swarm size was 20. Herein, 7-fold cross-validation
technique was used. The most appropriate parameters
were found through PSO-SVM model as follows: C1=1.5,
C2=1.7, C=66.64, g=0.159.
TABLE 4 - Coefficient values in the PSO-SVM model.
Swarm size
Maximum number of evolution
Parameter local search ability(C1)
Parameter global search ability(C2)
The relationship between the rate and X
K-fold cross-validation
Precision parameter ( ε )
Penalty factor (C)
Kernel function parameter (g)

20
200
1.5
1.7
0.6
7
0.01
66.64
0.159

The results of calculated RI through the method PSOSVM are listed in Table 1. The residuals plot for training
and test set with the PSO-SVM method is revealed in Fig. 2.
The statistical values of the training set for the PSO-SVM
model were R2=0.992, RMSE=7.190, and MAE=3.880.
The above values of the test set were R2=0.982, RMSE=
8.626, and MAE=6.292 (Table 5).
3.5 Validation and comparison of the different models

The MLR, ANN and PSO-SVM methods were employed to demonstrate the relationship between RI and the
selected descriptors. By using the same five descriptors
and the same 48 training samples used for MLR, ANN
and PSO-SVM models, the calculated values of RI and
relative error are shown in Table 1. The validation for
QSRR models is a crucial aspect. The most conclusive
proof of the predictive capacity of a QSRR model is wellknown and that from external validation (test set) [15].
From Table 1, it can be seen that the values of max relative error between experimental and calculated values
of RI for the test set (12 N-PACs) by MLR, ANN and
PSO-SVM were 6.72, 13.79 and 4.67%, respectively.
The statistical parameters of different constructed
QSRR models are shown in Table 5. The results proved
that the R 2 values of the PSO-SVM model for the training and test set were higher than those of the models
proposed in the other methods. The RMSE and MAE,
given by the PSO-SVM model, were much lower than
those of the MLR and ANN methods.
The residuals distributions for the MLR, ANN and
PSO-SVM models are shown in Fig. 2. The propagation
of the residuals at both sides of zero line indicated that
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TABLE 5 - The statistical parameters of different constructed QSRR models.
Model

Training set
R2
RMSE
MAE
MLR a
0.961
16.076
12.352
ANNb
0.966
15.013
10.143
c
PSO-SVM
0.992
7.190
3.880
a
: Multiple linear regression, MLR; b : Artificial neural network,
PSO-SVM

Test set
n
R2
RMSE
MAE
n
48
0.949
14.620
12.808
12
48
0.805
28.494
23.834
12
48
0.982
8.626
6.292
12
ANN; c : Support vector machine with the particle swarm optimization,
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there is no systematic error. From Fig. 2, it can be seen that
the residuals for the PSO-SVM model dispersed between 20 and 20, which were better than those for the MLR model.
The residuals for the ANN model dispersed between -40 and
40 proving that the ANN model was the worst prediction
model in three QSRR models for this study.
At the end, the best model must present the highest statistical quality, and it was used repeatedly in comparison
with the other models. From the results of three different
QSRR models, it can be seen that results obtained by using
PSO-SVM were comparable or superior to those by MLR
and ANN. Actually, as a general machine learning method,
PSO-SVM is based on the structural risk minimization
principle, which minimizes an upper bound of the generalization error rather than minimizes the training error [30].
So, PSO-SVM had a better generalization performance
than MLR and ANN. It also showed the better generalization ability for PSO-SVM, and exposed that PSO-SVM can
be used as a better tool for QSRR investigations.

-20
-40

As well-known, model comparison is a difficult and
ambiguous task in some sense. A special aspect of model
comparison was studied by using the Károly Héberger
and Klára Kollár-Hunek’s approach which were called
Sum of Ranking Difference (SRD) and Comparison of
Ranks by Random Numbers (CRNN) [31]. Bevington’s
table [32] can be used to reveal the relationship between
the correlation coefficient and degree of freedom. Therefore, it is recommended that not only the prediction results but also more other crucial characteristics of models
should be analyzed [30].
Hu et al. [1] developed QSRR of N-PACs using three
multivariable linear models. The proposed models in that
paper gave the following results: for the models with one,
two and three molecular descriptors, the values of R2 were
0.957, 0.978 and 0.985, respectively. The authors found
that the three-parameter model was obviously the best
one, and the R2 values for the training set and test set were
0.986 and 0.974, respectively. Compared with the work of
Hu et al. [1], the PSO-SVM model in this paper includes
the better statistical parameters, such as R2, RMSE and
MAE (Table 5).

Training set
Test set

-60
200

250

300 350 400 450
Experimental values of RI
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FIGURE 2 - Residuals plots for the different models.

4 CONCLUSION

550

The MLR, ANN and PSO-SVM methods were used
to investigate the correlation between the RI and the quan-
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tum chemistry descriptors. The obtained results from the
training and test set revealed that the PSO-SVM model
was superior to the MLR and ANN models. This study
also indicated that the proposed models can be extended
to predict the RI of other unknown N-PACs using quantum chemical descriptors. These results are significant for
the risk assessment and management of conflagrant hazard chemicals.
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ABSTRACT
Carbonic anhydrase plays different roles in various tissues. It is a key enzyme that regulates the acid-base homeostasis under both normal and pathological conditions.
In this study, carbonic anhydrase (CA; E.C 4.2.1.1) was
purified from erythrocytes of Van cat (Felis catus) by affinity chromatography. The purification rate was found to be
367.21-fold. SDS-PAGE (sodium dodecyl sulfatepolyacrylamide gel electrophoresis) was used to control the
purity of enzyme. Optimal pH, ionic strength, and temperature for enzyme activity were determined. Molecular weight
of CA was identified to be about 30 kDa by SDS-PAGE.
Optimal pH and temperature were 8.0 and 40 °C. The
highest activity was found at a concentration of 0.12 M
(NH 4)2SO 4 as ionic strength.
The Van cat (Felis catus) is a unique and endemic
species; therefore, the characterisations of carbonic anhydrase enzyme are crucial. This study will shed light to
future studies regarding the Van cat.

KEYWORDS:
Purification, characterisation, carbonic anhydrase, Felis catus.

1 INTRODUCTION
Carbonic anhydrase (CA) is known as a very important enzyme that regulates CO2 levels in living organisms. Although fourteen different CA isoenzymes are
described in higher vertebrates, their only known physiological function is to facilitate the inter-conversion of CO2
to HCO3 - and H+ [1]. Species can produce many different
carbonic anhydrase isozymes, some of which act in the
cytosol, and some are membrane-bound. Sixteen CA isozymes have been described so far in mammals. Erythrocyte
CAs, CA-I, and CA-II are the most well-known ones. CAI, CA-II, CA-III, CA-VII, and CA-XIII are cytosolic
whereas CA-IV, CA-IX, CA-XII, CA-XIV, and CA-XV
are membrane-bound.

* Corresponding author

CA-VI is secreted in saliva. CA-VA and CA-VB are mitochondrial types. There are also three acatalytic forms referred as CA-related proteins (CARPs): CARP-VIII, CARPX, and CARP-XI [2].
In fish, it exhibits a fundamental role in several
physiological processes, such as pH control, gas balance,
calcification, osmoregulation, ionoregulation, and clearance of the waste products from nitrogenous metabolism
[3]. Raisanen et al. [4] stated that CA III may act as an
oxy radical scavenger, and thus protect cells from oxidative stress. It is known that oxidative stress may provoke
lipid peroxidation, protein oxidation, and interfere with
cellular homoeostasis, which can lead to cell death and
pathological injuries [4, 5].
The Van cat is a distinctive landrace of domestic cat
found mainly in the region of Lake Van located in the eastern part of Turkey. It is large, all-white, and frequently
odd-eyed [6]. Van cat is intelligent, friendly, and faithful
to its owner [7]. As far as is known, no study investigating
erythrocyte CA in the Van cat (Felis catus) is available in
literature. Therefore, results of this study could not be
compared with those of previous studies.
The purpose of this study is to purify carbonic anhydrase enzymes from erythrocytes of a Van cat by affinity
chromatography, characterise this procedure, and compare an enzyme purified from the liver and brain to that of
other living species. Characterisation of CA is important
since its activity varies widely among both different animal species, and different organs.
2 MATERIALS AND METHODS
2.1 Materials

The chemicals used in this study are CNBr-activated
Sepharose 4B, L-tyrosine, Sephadex G-25, decamethonium bromide, standard bovine serum albumin, coomassie
brilliant blue G-250, coomassie brilliant blue R-250,
N,N,N',N'-tetramethylethylene diamine (TEMED), trichloro-
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acetic acid (TCA), sodium dodecyl sulphate (SDS), dialysis
bag, and NaOH (Sigma-Aldrich Ltd. Poole, Dorset, UK).
Sodium carbonate, sodium bicarbonate, trihydroxymethyl
aminomethane (Tris), NaCl, sodium citrate dehydrates, HCl,
acetic acid, β-mercaptoethanole, propanol, and methanol
(Merck AG, Darmstadt, Germany) were used. The blood
samples were obtained from Van cat (Felis catus) in VanTurkey.
2.2 Preparation of affinity gel

20 ml CNBr-activated Sepharose 4B and 20 ml water
were mixed. The mixture was titrated to pH 11, in an ice
bath under magnet-stirring, and maintained at that pH for
8-10 min. The reaction was stopped by filtering the gel on
a Buchner funnel and washed with cold 0.1 M NaHCO3
buffer (pH 10). Using saturated solution in the same buffer,
L-tyrosine was coupled to Sepharose 4B-activated with
CNBr. Stirring with a magnet for 90 min completed the
reaction. In order to remove residue of L-tyrosine from
the CNBr-activated Sepharose 4B gel, the mixture was
washed with plenty of water. Afterwards, CNBr-activated
Sepharose 4B gel was combined with sulphanylamide. The
affinity gel was suspended in buffer A (50 mM sodium
phosphate, pH 8), packed in a column (1.3 x 60 cm), and
equilibrated with the same buffer. The flow-rates for
washing and equilibration were adjusted to 20 ml/h using a
peristaltic pump.
2.3 Purification of carbonic anhydrase from cat erythrocytes

Blood samples were obtained from the Van cat (Felis
catus) using ACD anticoagulant tubes. After samples were
centrifuged at 2500 rpm for 20 min, the plasma and buffy
coat were removed. The packed red cells were washed with
NaCl (0.9 %) three times; the erythrocytes were hemolysed with cold water. The ghost and intact cells
were removed by centrifugation at 4 °C and 20 000
rpm for 30 min. The pH of hemolysate was adjusted to 8.5
with solid Tris. The hemolysate was applied to the affinity
column with structure of activated Sepharose 4B-L-tyrosinesulphanil-amide, and then equilibrated with 25 mM TrisHCI/0.1 M Na2S04 (pH 8.5). The affinity gel was washed
with the solution of 25 mM Tris-HCI/22 mM Na2S04 (pH
8.5). The cat carbonic anhydrase was eluated with the
solution of 0.1 M NaCH3COO/0.5 M NaCIO4 (pH 5.6)
[8]. While the purification was controlled with SDSpolyacryamide gel electrophoresis, the eluates were plotted by protein determination at 280 nm and CO2hydratase activity [9].
2.4 Determination of carbonic activity

Carbonic anhydrase activity was assessed using two
different methods. Firstly, hydration of CO2 was measured
by the method of Rickli [10] and Wilbur-Anderson with
bromothymol blue as an indicator. Secondly, esterase activity was measured with phenol acetate determination as a
substrate [11].
2.5 Total protein determination

Bradford’s method for total protein determination
was used to analyze total protein quantitatively. Lysed total
protein was measured spectrophotometrically at 595 nm
and compared with O.D. of bovine serum albumin standards [12].
2.6 Optimal pH determination

For optimal pH determination, the enzyme activity was
measured as esterase activity 8. For this purpose, enzyme
activity was measured between 2 and 14.
2.7 The effect of temperature on carbonic anhydrase activity

Optimal temperature of the enzyme activity was measured between 20 and 100 oC at optimal pH.
2.8 The effect of activity-ionic strength

For determining the optimal ionic strength, the enzyme
activity was measured between 0.1 and 0.5 M (NH4)2SO4.
2.9 SDS polyacrylamide gel electrophoresis (SDS-Page)

Laemmli’s procedure was carried out in 4 and 10%
acryl amide concentrations for running and stacking gel,
respectively, to control the enzyme purity. SDS was added
into the gel solution at 10 %. The gel was stabilized in the
solution containing 50% propanol + 10% TCA + 40%
distilled water for 30 min. The staining was performed for
almost 2 h in coomassie brilliant solution (0.1% coomassie
brillant blue R-250 + 50% methanol + 10% acetic acid).
Washing steps were performed using a wash buffer (50%
methanol + 10% acetic acid + 40% distilled water) until
the protein bands appeared [9].
3 RESULTS AND DISCUSSION
Carbonic anhydrase (CA) plays different roles in various tissues. Species can produce many different CA
isozymes, some of which act in the cytosol, and some are
membrane-bound. For instance, humans have three cytosolic isozymes (I, II and III), five membrane-bound isozymes (IV, VII, IX, XII and XIV), a mitochondrial isozyme (V), and a secreted salivary isozyme (VI), as well as
several re-lated proteins that lack catalytic activity. CA is a
key enzyme that regulates acid-base homeostasis under
both normal and pathological conditions [13]. CAs appear
to have a role in diverse physiological and biological
processes including respiration, ion transport, bone absorption, renal acidification, gluconeogenesis, and ureagenesis as well as the formation of aqueous humor, cerebrospinal fluid, saliva, and gastric acid [14, 15]. Three forms of
the zinc-containing enzyme carbonic anhydrase (EC 4.2.1.1)
have been isolated from the erythrocytes of the rat, and two
of these forms have been isolated from the dorsolateral
prostate of the rat [16].
Herein, CA was purified from Van cat (Felis catus).
erythrocytes. Purification steps included preparation of
hemolysate and CNBr-activated Sepharose 4B-L-tyrosinesulphanilamide by affinity chromatography. Sepharose 4B
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was chosen as a matrix because of the better flow properties
in comparison to other matrices.
Initially, free hydroxyl groups of the matrix were activated with CNBr [17]. Table 1 illustrates purification of
erythrocyte hemolysate characterized with a specific activity of 0.672 EU/mg proteins. The CA was purified from
erythrocyte hemolysate by using the affinity gel with
elution buffer (0.1 M NaCH3COO/0.5 M NaCIO4, pH 5.6). The

eluates were plotted by arraying out the protein determination at 280 nm and CA activity for erythrocyte hemolysate (Fig. 1). A specific activity for erythrocytes was calculated using hemolysate and purified enzyme solution.
During purification of hemolysate CA by affinity chromatography, affinity column (1.3 x 60 cm) was balanced
with a buffer at pH 8 (20-ml/h flow-rate), and then 5 ml
fractions were obtained.

TABLE 1 - Purification of hemolysate from the cat’s erythrocytes.
Enzyme activity
(EU/ml)
0.718
1.20

T Enzyme unit
(EU)
32.31
36

Specific activity
(EU/mg)
0.00183
0.672

Purification factor
-------367.21

CA activity

Absorbance (280 nm)

Hemolysate
Affinity column

T protein
(mg)
390.47
1.785

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 _«_Abs.
Fraction No
+_Akt.

% Activity

FIGURE 1 - The graph of CA activity for erythrocytes hemolysate.

% Activity

FIGURE 2 - The graph of optimal pH for erythrocytes.
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FIGURE 3 - The graph of plot temperature for CA enzyme activity at 40 °C.

FIGURE 4 - The graph of ionic strength of CA.

FIGURE 5 - The graph of purified CA appearance with SDS-polyacrylamide gel electrophoresis.

Isolation and measurement of CA isoenzymes in erythrocytes of dogs were also determined [18]. In another
study, isolation and properties of CAs from dog kidney and
erythrocytes were investigated, and when subjected to
zone electrophoresis at pH 9.0 or 6.0, the main dog CA
fraction moved as a single band with the same mobility as
human CA type B [19]. Optimal pH for erythrocytes and
hemolysate CA was determined to be 8 using 1 M TrisHCl, which is illustrated in Fig. 2. CA activity from bovine erythrocyte plasma membrane has an optimum pH of
7.5 [20]. The result is similar with that of bovine erythrocyte plasma membrane CAs.
The plot temperature for erythrocyte hemolysate CA
enzyme activity was 40 °C (Fig. 3). The other CA optimum
temperature of mammalians is 37 °C [21]. The result is
similar to that of human leucocyte plasma membrane CAs.
The highest enzyme activity was seen at the concentration
of 0.12 M (NH4)2SO4 as ionic strength (Fig. 4). Erythrocytes hemolysate CA was purified 367.21-fold. The purification of CA was controlled with SDS-polyacrylamide
gel electrophoresis, and its molecule weight was 30 kDa
(Fig. 5). This result is parallel to all known bovine bone CA
results [22]. In literature, the apparent molecular weight
was initially reported to be 68,000 [23], which is different
compared to Van cat erythrocyte plasma membrane CA
(Fig. 5), but the result is similar to bovine leucocyte plasma
membrane CAs [22].
5 CONCLUSION
As a conclusion, no study on enzyme characterisation
of erythrocytes has been conducted for the liver and brain
of a Van cat. Therefore, we cannot compare our results
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with results of previous studies. Nevertheless, our results
are in accordance with those of some other enzyme characterisation studies [8, 24] although different species, tissues
and settings were used. In addition, it is difficult to compare data from different laboratories regarding the enzyme
characterisation because of high variability in analyzing
enzyme in vitro and in vivo, in terms of inconsistent factors like treatment time, manner, purity and species tissue
differences etc. Results of optimal pH and influence of
temperature and ionic strength on enzyme activity obtained
in our study are in accordance with enzyme characterisations of other living species.
Since the Van cat (Felis catus) is a unique and endemic species, the characterisations of carbonic anhydrase
enzymes are important. This study will shed light to future studies regarding the Van cat.
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EFFECTS OF WATER-LEVEL FLUCTUATIONS AND
LAND USE TYPE ON HEAVY METAL ACCUMULATION
ALONG A DAM RESERVOIR, SOUTHWEST CHINA
Qinghe Zhao, Shiliang Liu*, Cong Wang, Li Deng and Shikui Dong
State Key Laboratory of Water Environment Simulation, School of Environment, Beijing Normal University, Beijing 100875, China

ABSTRACT
Land-use types in river water-level-fluctuation zone
(WLFZ) affect soil heavy metal movement and accumulation. Taking the Manwan Reservoir in the Lancang River
Basin as a case, we compared soil heavy metals concentrations of As, Cd, Cr, Cu, Ni, Pb, and Zn in the WLFZ
and the infralittoral reference zone (IRZ) to study the
effects of different land-use types on their accumulations.
Meanwhile, principal component analysis (PCA), enrichment factor (EF), and potential ecological risk index (RI)
were used for source identification, enrichment assessment, and ecological risk assessment of heavy metals,
respectively. Results show that heavy metals including As,
Cd, Pb, and Zn are higher in the WLFZ than the IRZ. As
in forestland and scrubland as well as Cd under all landuse types become the major concern contaminations in
the WLFZ, though no or low enrichment was found in the
IRZ. The major pollutants in the IRZ originate from agricultural activities, while the main contaminations in the
WLFZ are primarily from industrial and agricultural activities. RIs indicate that the majority of soil samples from the
IRZ of the Manwan Reservoir exhibits low ecological risk;
however, 54.6% of soil samples in the WLFZ under different land-use types fall in the moderate to high ecological
risk. Our results suggest that more efforts should be focused on reducing the discharge of industrial and agricultural inputs to control the heavy metal contamination of the
WLFZ in the Manwan Reservoir.

aquatic or terrestrial systems which called the water-levelfluctuation zone (WLFZ), especially on the upper area of
the Lancang River Basin in Yunnan Province of Southwest China. The WLFZ often subjects to the impacts of
water-level fluctuations (WLF), which play an important role
in water bodies’ littoral and aquatic processes and significantly related to the ecological processes and patterns of the
WLFZ [2, 3]. Meanwhile, the WLFZ is always regarded as
an effective sink for pollutants from both the aquatic and
terrestrial systems [4, 5], especially for the heavy metals,
which are of high ecological significance because of their
high toxicity, non-degradability and persistence in the
environment [6, 7]. During high water level period, heavy
metals in the WLFZ mainly come from the deposition of
flooding which carrying contaminants discharged from
human activities in the upstream area [8]; while during the
low water level period, heavy metals in the WLFZ generally
come from human activities and natural weathering [5]. In
this sense, heavy metals in the WLFZ have been influenced
by drastic WLF induced by dam operation. Therefore, a
geochemical survey of soil heavy metals under different
land-use types in the WLFZ of the Manwan Reservoir is
crucial to assess the accumulation effect of heavy metals;
in addition, little information is available on the contamination levels of heavy metals associated with WLF induced by the Manwan Dam operation.
2 MATERIALS AND METHODS
2.1 Site description

KEYWORDS: Heavy metal, enrichment factor, potential ecological risk, water-level-fluctuation zone, Lancang River

1 INTRODUCTION
It has been well documented that dam construction
can affect a variety of processes in both inner and outer
river areas [1]. However, few studies have presently been
done to investigate changes in the boundary zones between
* Corresponding author

The Lancang River Basin, especially its upper area in
Yunnan Province of Southwest China, has unique geographic features and plentiful hydraulic resources, which
enable it to have the potential for hydropower development
[9, 10]. Since 1980s, 14 mainstream dams were planned in
the upper Lancang River Basin, and since the first dam in
Manwan was put into use in 1993, ecological and socioeconomic issues induced by dam construction in the Lancang
River Basin have received increasing concerns.
The Manwan Reservoir lies in the middle reach of the
Lancang River in Yunnan Province, Southwest China
(Fig. 1), where is a gorge area with high mountains and
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steep valleys that most of the mountain peaks near the
reservoir are higher than 2200 m asl [11]. The Manwan
Reservoir was constructed in 1986 and put into use in
1993, with an area of 23.6 km2 and a backwater of 70 km
that reaches the site of the Xiaowan Dam upstream. Its
water surface is 337.1 m wide averagely, which is 2.8 times
larger than the natural channel before reservoir impoundment [1]. The total capacity of the reservoir reaches
1,060×106 m3 at the normal pool level of 994 m, while the
effective capacity reaches 257×106 m3, which is dependent upon seasonal discharge regulation [10-12]. The
Manwan Dam, which is the first multimillion kilowatt
hydropower station in Yunnan Province, has a total installed capacity of 150×104 kW with a crest length of 418
m and a height of 132 m [1, 11].

on the accumulation of heavy metals in soils affected by
WLF, we compared the concentrations, contamination level,
and ecological risk of the heavy metals in soils under
different land-use types.
A survey of heavy metals in soil from the mainstream
of the reservoir was conducted in June 2011 when the
WLFZ was exposed to the air after submergence. A total
of 22 sampling sites (pair-wise in the WLFZ and IRZ),
from downstream to upstream alongside the Manwan Reservoir, were selected. Of these, 12 pairs were collected from
forestland, 6 from scrubland, and 4 from farmland (Fig. 1).
In each site, the soil samples were collected from five random locations in the same elevation and mixed together
immediately to form a composite sample. At each location, soil samples were collected, respectively, from 0 to
5, 5 to 15, and 15 to 25 cm depths (mean value from these
3 depths were averaged as metal concentrations from 025 cm soil depths). All samples were sealed in plastic
bags and stored at 4 °C for analysis. Before determination
of soil heavy metals, all samples were air-dried at room
temperature, and then the air-dried soils were ground until
all particles passed a 100-mesh nylon sieve after the
coarse debris were removed.
For metal extraction, soil digestion was performed in
Teflon tubes with a mixture of concentrated HF-HClO4HNO3 (i.e., 15 ml HNO3, 5 ml HF and 5 ml HClO4), the
concentrations of heavy metals (As, Cd, Cr, Cu, Ni, Pb,
and Zn) in solutions were determined using the SEPAC
Method HJ-T 166-2004 (inductively coupled plasma atomic
absorption spectrometry, ICP-AES) [21]. Method accuracy
and quality control were verified by parallel analysis of
standard reference materials (GBW07401), and a good
agreement was observed (the analytical precision was
within ±5%).

FIGURE 1 - Location of the sampling sites in the water-levelfluctuation zone of the Manwan Reservoir, Yunnan Province.

Many studies have been conducted with concern about
the negative impacts of the Manwan Dam, which related to
changes in land-use [13, 14], landscape pattern [1], hydrological processes [1, 10], water quality [11, 15], sedimentation [16-18], water temperatures [19], etc. However, there
is little information available about the heavy metal concentrations and their related potential ecological risk related to WLF induced by dam operation.

2.3 Data analysis

In the present study, enrichment factor (EF) was used
to assess the enrichment level of heavy metals in soil
from the WLFZ and IRZ of Manwan Reservoir. The EF is
based on the normalization of the heavy metals data to a
conservative element (such as Al, Fe, and Mn). Fe is
commonly used for normalizing heavy metal contaminants due to its abundance and conservative nature on
earth, and it was also used for normalization purpose in
this study. EF is defined as follows:

2.2 Soil sampling and analysis

When evaluating the effect of WLF on soil heavy
metal accumulation, the soil status after submergence is
always compared to that before submergence [5]. However, in the present study, there is a lack of the soil heavy
metals condition before submergence. Thus, it was compared with that in the infralittoral reference zone (IRZ),
which is an adjacent zone above the WLFZ and not a subject of submergence. Meanwhile, previous studies demonstrated that there was a rather large difference in the accumulation of heavy metals in soil under different land-use
types [20]. Therefore, to identify the effects of land-use

EF =

(Cee / CFe) sample
(Cee / CFe)reference

(1)

where, (Cee/CFe)sample is the examined element to Fe
ratio in the sample of the WLFZ, and (Cee/CFe)reference is
the examined element to Fe ratio in the reference environment. Local background value of metals is always used
as the reference [22]. In this sense, the background concentrations in Yunnan Province were used as the reference in
this study (Table 1). The background concentration of Fe
is 52,200 mg/kg. According to Acevedo-Figueroa et al.
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[23], we considered that EF<1 as no enrichment, 1<EF<3 as
minor enrichment, 3<EF<5 as moderate enrichment,
5<EF<10 as moderately severe enrichment, and 10<EF<25
as severe enrichment.
According to previous studies, EF is always used to
assess contaminant of single metals [5, 7]. In this sense,
we further assessed the effect of multiple metal pollution
in soil from the WLFZ and IRZ of the Manwan Reservoir,
using the potential ecological risk index (RI) proposed by
Hakanson [24]. Calculation of RI considers the toxicity of
heavy metals and the response of the environment by
using a toxic-response factor for a given substance [7,
24]. RI is defined as follows:
n

RI = ∑ (Ti ×
i =1

Ci
)
Cr

(2)

where, Ti is the toxic response factor of an individual
metal; Ci is the concentration of the element in soils; Cr is
the local background value of heavy metals. According to
Hakanson [24], the order of the level of heavy metal toxicity is Cd> As>Pb = Ni = Cu> Cr> Zn. The toxicresponse factor (Ti) for Cd, As, Pb, Ni, Cu, Cr, and Zn is
30, 10, 5, 5, 5, 2, and 1, respectively. In this study, the
background concentrations of heavy metals in soil of
Yunnan Province were used as the local background values (Table 1). Based on the suggestion of Hakanson [24],
four categories of ecological risk of heavy metals were
defined, namely, low ecological risk (RI≤ 150), moderate
ecological risk (150<RI≤ 300), high ecological risk
(300<RI≤ 600), and significantly high (RI> 600).
Further, multivariable statistic approaches, including
correlation and principal component analyses (PCA), were
performed to determine the relationship between heavy
metals, and to identify the common sources of the heavy
metals, respectively. These two multivariate statistical
methods were conducted using SPSS 15 [25] and CANOCO

4.5 (Centre for Biometry, Wageningen, Netherlands) [26],
respectively. Meanwhile, concentration levels of heavy
metals and other parameters were also described using
statistical method (Table 1).
3 RESULTS AND DISCUSSION
3.1 Levels of heavy metals

The statistical characteristics of heavy metal concentrations in the WLFZ of Manwan Reservoir under different
land-use types are described in Table 1. The results indicated that the average concentrations of Cd, Cr, Ni, Pb,
and Zn under different land-use types followed the order
of farmland>forestland>scrubland, and the average concentrations of As followed the order of forestland>scrubland>farmland, while the average Ni levels followed the
order of scrubland>farmland> forestland. Among these
heavy metals, average concentrations of Cd were much
higher than the background concentrations in Yunnan Province (Table 1), and reached 7.18-, 4.31-, and 7.38-fold
those in forestland, scrubland, and farmland, respectively,
when compared with the corresponding background value.
These facts suggested that the accumulations of Cd were
relatively serious in the WLFZ of Manwan Reservoir,
followed by As, with ratios of average concentrations to
background value under different land-use types reaching
2.58, 2.37, and 1.97, respectively. On the contrary, average concentrations of Ni were obviously lower than the
corresponding background value in Yunnan Province
(Table 1). Average concentrations of Cu, Pb, and Zn were
a little higher than the corresponding background values,
with the exceptions of Cu in farmland as well as Pb and
Zn in scrubland that lower than the background values. Cr
concentrations under the three land-use types were very
close to the background values (Table 1).

TABLE 1 - Statistical characteristics of heavy metal concentrations in topsoil from the WLFZ and IRZ of the Manwan Reservoir (mg/kg).

Forestland

As
WLFZ
14.32
107.23
39.40
47.54
27.18

IRZ
0.22
0.67
0.35
0.39
0.12

WLFZ

Min
Max
Median
Mean
SD

IRZ
3.05
73.88
11.98
19.65
18.61

Cd
0.23
3.73
1.24
1.58
1.06

IRZ
35.02
164.90
65.09
77.51
36.96

Cr
WLFZ
51.38
88.76
63.17
64.56
9.66

IRZ
1.78
397.40
16.93
54.30
105.47

Scrubland

Min
Max
Median
Mean
SD

4.21
36.02
10.09
14.95
11.60

11.94
98.63
34.81
43.52
29.52

Farmland

Min
Max
Median
Mean
SD

5.77
77.09
45.86
43.65
28.57

18.55
70.18
28.19
36.28
20.29

Cu
WLFZ
15.18
131.90
39.52
48.63
28.37

Ni
IRZ
13.95
73.83
32.28
34.10
16.22

WLFZ
23.70
42.42
33.73
32.74
5.66

Pb
IRZ
5.13
27.44
10.63
12.41
6.25

WLFZ
18.17
95.86
42.68
46.23
23.38

Zn
IRZ
14.93
54.39
38.82
36.70
12.98

WLFZ
49.67
306.54
129.38
144.81
78.18

0.01
0.37
0.30
0.27
0.12

0.25
2.11
0.53
0.95
0.77

56.78
80.11
67.57
68.65
6.99

49.45
90.65
53.61
62.71
15.39

0.99
49.37
10.98
17.92
17.58

8.19
307.32
43.65
84.30
101.15

16.24
48.95
33.21
33.02
10.40

19.28
35.51
29.04
28.88
5.54

0.57
19.19
9.26
9.81
6.31

8.64
59.80
17.58
29.11
21.97

14.72
42.95
32.17
31.20
9.45

27.15
199.99
52.88
94.31
72.28

0.36
3.02
0.45
1.07
1.13

0.51
3.68
1.15
1.62
1.23

54.95
86.93
77.06
74.00
11.78

55.70
103.58
65.71
72.68
19.02

3.87
112.35
38.75
48.43
40.02

17.21
52.57
28.71
31.80
13.63

30.08
61.40
35.77
40.75
12.45

28.98
52.25
35.86
38.24
9.78

9.02
81.32
16.04
30.60
29.48

26.10
124.47
39.47
57.37
39.51

28.03
266.27
51.16
99.15
97.03

65.42
372.52
118.87
168.92
120.00

El. backgr.
18.40
0.22
65.20
46.30
42.50
40.60
89.70
c..Yunnan Pr..
El. backgr. c..Yunnan Pr.. = Elemental background concentration in Yunnan province; As = arsenic; Cd = cadium; Cr = chromium; Cu = copper; Ni = nickel; Pb = lead; Zn
=? zinc;a Chinese element background value for soils [27].
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TABLE 2 - Statistically significant differences of heavy metals between WLFZ and IRZ.
Variables
As
Forestland
**
Scrubland
n.s.
Farmland
n.s.
n.s. not significant; ** p < 0.01.

Cd
**
n.s.
n.s.

Cr
n.s.
n.s.
n.s.

Heavy metal concentrations in the IRZ indicated that
As, Cd, Cr, and Cu were higher than their corresponding
background values in Yunnan Province, with the exception of As and Cu in scrubland. However, Ni, Pb, and Zn
concentrations were lower than the background values,
except for Zn in farmland (Table 1). Compared to those in
the IRZ, As, Cd, Pb, and Zn in the WLFZ increased under
different land-use types, with the exception of As in farmland. Hereinto, these four metals in forestland showed
significant variability (P<0.01) between the WLFZ and
IRZ (Table 2), indicating great impacts of anthropogenic
activities on heavy metals in forestland [5, 8]. Nonetheless, Cr, Cu, and Ni decreased, except for Cu in scrubland, and no significant variability was observed between
the two zones (Table 2). When compared with the results
from Ye et al. [5], it showed that the metal concentrations
in the present study were higher than those from the
WLFZ of the Three Gorges Reservoir in Yangtze River of
China after submergence (Cd 0.49 ± 0.02, As 6.59 ± 0.34,
Pb 42.89 ± 2.06, Cu 35.70 ± 3.10, Cr 44.72 ± 1.51, Zn
88.08 ± 3.21 mg/kg), with the exception of average Cu in
farmland and Pb in scrubland.
3.2 Enrichment factor analysis

Enrichment factor (EF) has been widely used to evaluate anthropogenic disturbances to heavy metal contaminations of soils. In the present study, EF was conducted to
identify the present level of heavy metal enrichment in the
WLFZ of Manwan Reservoir under different land-use types.
As shown in Fig. 2a, the average EF values for the majority of heavy metals in the IRZ were less than 3, indicating
that there was no or low enrichment of heavy metals in
the IRZ; on the other hand, their contaminations were not a
major concern according to the recommendation of
Acevedo-Figueroa et al. [23]. However, EF values of As
and Cd in the farmland reached 3.03 and 6.97, respectively, suggesting they are the major contaminations. Moreover, moderate and moderate severe enrichments of As and
Cd were found at sample site 21 (Fig. 1), which is located
at the farmland area and near the new-built Jingyun
Bridge, indicating that the main enrichment of As and Cd
were correlated to anthropogenic activities [5, 28]. Construction of the new-built Jingyun Bridge and input of
phosphate fertilizer due to development of agriculture
might be the main source for the accumulation of As and
Cd.

Cu
n.s.
n.s.
n.s.

Ni
n.s.
n.s.
n.s.

Pb
**
n.s.
n.s.

Zn
**
n.s.
n.s.

resp.) became the major concern contaminations that with
their average EF values in the moderate to severe enrichment level of the assessment criteria [23]. However, the
increase in average EF values of As, Cd, Cu, Pb, and Zn
suggested that there were additional sources to the WLFZ
where subjected to the drastic WLF caused by dam operation [5, 29]. During the submergence period, heavy metals
transported by water might be released and deposited into
soil in WLFZ [30]. Cr is a low mobility element, while
the EF values obtained for Cr reached 1.42, 1.41, and 1.45
in forestland, scrubland, and farmland, respectively,
which fell in the class of low enrichment. Similar to Cr,
contamination with regard to Ni also fell in low enrichment (Fig. 2b) with its average EF values reaching 1.10,
1.02, and 1.17, respectively, under the three land-use
types, suggesting that Ni might be entire from crustal
materials or natural weathering [23]. Contamination with
regard to Cu, Pb, and Zn fell in the class of low enrichment. However, their EF values varied considerably with
land-use types. EF value for Cu was observed to be highest in scrubland, and this might be associated with clay
minerals of different land-use types [31]. For both, Pb and
Zn, the highest values were observed in farmlands, and
the additional sources for the two metals could be related
to industries and the use of manure and/or agrochemicals
including pesticides and fertilizers in agriculture [31].

In the WLFZ (Fig. 2b), compared to that in the IRZ,
average EF values for As, Cd, Cu, Pb, and Zn increased,
herein, only As in forestland (3.95) and scrubland (3.36)
and Cd (10.51, 6.72, and 10.37 under three land-use types,
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FIGURE 2 - Enrichment factor (EF) of heavy metals in the IRZ (a)
enrichment levels
and WLFZ (b) of the Manwan Reservoir, short dot lines indicate
TABLE 3 - Correlation analysis of heavy metals among all sampling sites in the IRZ and WLFZ of the Manwan Reservoir.

IRZ

As
Cd
Cr
Cu
Ni
Pb
Zn

As
1.000
0.441*
-0.029
0.734**
-0.180
0.475*
0.420

Cd

Cr

Cu

Ni

Pb

Zn

1.000
-0.154
0.059
-0.028
0.916**
0.949**

1.000
-0.156
0.708**
-0.069
-0.041

1.000
-0.265
0.032
0.032

1.000
-0.053
0.069

1.000
0.951**

1.000

1.000
-0.172
-0.138

1.000
0.986**

1.000

As
1.000
Cd
0.553**
1.000
Cr
-0.484*
-0.479*
1.000
**
WLFZ
Cu
0.682
-0.071
-0.218
1.000
Ni
-0.620**
-0.179
0.595**
-0.551**
Pb
0.509*
0.954**
-0.427*
-0.144
Zn
0.501*
0.979**
-0.472*
-0.127
*
Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level

3.3 Correlation and principal component analyses

Soil heavy metals were always controlled by numerous factors, such as soil formation and anthropogenic
activities. In this study, Pearson correlations were conducted on heavy metal concentrations in the WLFZ and
IRZ to assess possible co-contamination from similar
sources among each data set (Table 3). The result indicated that, in the IRZ, very significant correlations were
found among Cd, Zn, and Pb as well as between Cr and
Ni (r = 0.708) and As and Cu (r = 0.734) at 0.01 level.
Likewise, significant correlations were observed between
As and Cd (r = 0.441), and As and Pb (r = 0.475), at the
0.05 level. The significant correlations between soil heavy
metals suggested that these heavy metals had similar geochemical behaviours and originated from similar sources
[7, 32]. In the WLFZ, where subjected to WLF, significant
correlations were found between As and other metals,
whereas As showed negative correlation with Cr (r = -0.484)
and Ni (r = -0.620) at 0.05 and 0.01 levels, respectively.
Meanwhile, significant correlations between Cd and Cr,
and among Cd, Pb, and Zn, were found, respectively, at 0.05
and 0.01 level. Concentration of Cr exhibited positive
correlation with Ni (r = 0.595) at 0.01 level, while it was
negatively correlated with Pb (r = -0.427) and Zn (r = -0.472)
at 0.05 level. Additionally, very significant correlations
were found between Cu and Ni (negatively) as well as Pb
and Zn (positively). These results indicated that heavy
metals in soil of WLFZ became more complicated after
submergence, and the geochemical correlations of these
metals indicated that they were deposited from different
sources (natural and anthropogenic) [31]. Overall, of all the
metals in soil from the WLFZ, Cd, Cr, Pb, and Zn were
grouped together (from anthropogenic sources, including
industrial and agricultural activities), and then Cu and Ni
were grouped together (from natural sources, such as crustal materials and natural weathering), while As was separated from all other metals, since it was contributed both by
natural and anthropogenic sources.

In order to further discern relationships and grouping
among the heavy metals, PCA was performed, respectively,
for IRZ and WLFZ of the Manwan Reservoir (Fig. 3). The
results showed that heavy metal concentrations in the IRZ
could be represented with two main axes, which accounted

1130

© by PSP Volume 22 – No 4a. 2013

Fresenius Environmental Bulletin

intermediate loading of PC2 but were also highly represented in PC1, implying that As was contributed by both
natural and anthropogenic sources (Table 2).
3.4 Ecological risk assessment

FIGURE 3 - Principal component analysis for soil heavy metals in
the IRZ and WLFZ of Manwan Reservoir.

for 70.1 and 17.6% of the total variance, respectively
(Fig. 3a). The first principal component (PC1) correlated
with most heavy metal concentrations, including Cu, As,
Cd, Pb, and Zn. On the other hand, the second component
(PC2) correlated with Cr and Ni. In the WLFZ (Fig. 3b),
95.0% of the cumulative variance was explained by the
first two principle components. PC1 accounted for 64.4%
of the total variance, had the highest loadings of Cr, As,
Cd, Pb, and Zn, and can be considered as industrial and
agriculture source [5, 11]. Frequent industrial activities and
development of agriculture, such as the construction of
the Xiaowan Dam and exploitation of the Heihui River
(both located upstream of the Manwan Reservoir), could
result in the higher concentrations of As, Cd, Zn, and Pb
[7, 11]. PC2 accounted for about 30.6% of the total variance with the highest loadings of Cu and Ni, and intermediate loading of As (Fig. 3b), and could be considered as
crustal source due to the higher background concentrations
(Table 1) [27]. As concentrations, in this study, showed

Potential ecological risk index (RI) was used to assess
the contamination degree of heavy metals in the soil from
the IRZ and WLFZ of the Manwan Reservoir. The RI
values for 22 soil sample sites, respectively, from the two
zones were computed and shown in Fig. 4. The results
showed that, in the IRZ, RI values for most sampling sites
were lower than 150, with the exception of sample site 21
(RI value was 469.9), suggesting that majority of soil
samples from the IRZ of the Manwan Reservoir exhibited
low ecological risk of heavy metals [24]. However, sample site 21 exhibited high ecological risk of heavy metals
due to it was located at the farmland area and near the
new-built Jingyun Bridge (Fig. 1 and Table 1). In the
WLFZ, where subjected to WLF induced by dam operation, RI values for 27.3% of soil samples ranged from 150
to 300, indicating moderate ecological risk of heavy metals
[24]. Meanwhile, 27.3% of soil samples had RI values
ranged from 300 to 600 (exhibited high ecological risk of
heavy metals) [24]. RI values of residual sediment samples were lower than 150, which meant low ecological risk
of heavy metals. However, the highest RI value was observed at sample site 12, which is located downstream from
the confluence of three tributaries (Mangshuai, Sanjiacun
and Jingfang rivers) [11]; this result was likely caused by
agricultural development.
Under different land-use types, the potential ecological risk indexes for heavy metals are shown in Fig. 5. The
result indicated that RI values for the IRZ were relatively
low for forestland and scrubland, reaching 29.6 and 10.4
respectively, and indicating that soils under the two landuse types were not contaminated by the detected heavy
metals [24]; while moderate ecological risk was observed
for the farmland soil, this result likely was related to agricultural activities, including the use of liquid manure,
phosphate fertilizers, pesticides, and composted materials
[5, 28]. In the WLFZ (Fig. 5), RI values for the three landuse types were higher than that in IRZ, and fell in the moderate ecological risk level of the assessment criteria [24].
Overall, the WLFZ showed higher ecological risk than the
IRZ in the Manwan Reservoir. In view of these important
insights, the potential ecological risk analysis suggests
that it is necessary to continue to monitor and control the
heavy metals in the WLFZ of the Manwan Reservoir;
then, remediation efforts should focus on reducing the
discharge of industrial wastewater (such as that produced
by the Heihui River, which is a main tributary of Lancang
River known as the “industrial corridor”) and agricultural
discharge [7, 11].
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risk of heavy metals, the majority of soil samples from the
IRZ of the Manwan Reservoir exhibits low ecological risk,
while 54.6% of soil samples from the WLFZ under
different land-use types fall in the moderate to high
ecological risk of heavy metals. The results from this study
suggest that more efforts should be focused on reducing
the discharge of industrial and agricultural inputs to control the heavy metal contaminations of the WLFZ in
Manwan Reservoir.
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ABSTRACT
Groundwater samples from limestone aquifer in Renlou
coal mine, northern Anhui Province, China, have been
measured for major ion chemistry to evaluate their quality
and hydrochemical evolution. The results suggest that they
are characterized by medium to slightly alkaline (pH= 7.099.08) and high total dissolved solids (TDS= 360-2825 mg/L).
The cations and anions are dominated by Na (mean=
417 mg/L) and Cl (888 mg/L), respectively. In comparison with the drinking water standard of World Health
Organization (WHO), only Mg concentrations and pH
values meet the demand, suggesting that they cannot be
used for drinking directly. They can be classified into
thirteen hydro-chemical facies with four types of which
dominate: Na-Ca-Cl-SO4, Ca-Na-Cl, Na-Ca-Cl and NaCa-Mg-Cl-SO4. Over saturation of calcite and dolomite,
under saturation of gypsum suggest that the precipitation
of calcite and dolomite and dissolution of gypsum are
expected during groundwater evolution. The correlation
between major ions (e.g. Na-Cl, Ca-SO 4, (Ca+Mg)HCO 3) and chloro-alkaline indices imply that dissolution of carbonate and sulfate minerals, as well as Na-Ca
and/or Na-Mg ion exchange are responsible for the
groundwater chemistry in the aquifer.

KEYWORDS: hydrochemistry, groundwater, limestone aquifer,
water quality, water rock interaction, Renlou coal mine

1 INTRODUCTION
Nowadays, a sustainable socioeconomic development
of every community depends much on the sustainability
of available water resources. However, with economic
* Corresponding author

development, the inadequacy of available surface water
(e.g. pollution) [1, 2] is getting serious every day, and
therefore, most of the regions in the world use groundwater for drinking and irrigation: e.g. more than 50% of the
drinking water are collected from underground in America and, more than 400 cities use groundwater for water
supply in China [3].
However, previous studies revealed that about 80% of
the diseases and deaths in the developing countries are
related to water contamination [4]. The reason being: low
pH groundwater can cause gastrointestinal disorder [5],
whereas groundwater with high total dissolved solids
(TDS) is not suitable for both irrigation and drinking
purposes, either [6]. Hence, a large number of studies focused on groundwater quality monitoring and evaluation
for domestic and agricultural activities [7-11]. These studies emphasized that groundwater quality monitoring and
evaluation is a necessary task to protect valuable groundwater sources and management.
Groundwater is a main source for drinking and irrigation due to the low rainfall and the pollution of surface
water in northern Jiangsu and Anhui Province, China.
Therefore, more and more attention has been paid towards
the deeply buried groundwater: e.g. deep karst water has
long been used for water supply in Xuzhou City, northern
Jiangsu Province [12], whereas government in Suzhou City,
northern Anhui Province, tends to exploit the groundwater
from Ordovician limestone aquifer with up to 900m depth.
Although a series of studies [13-15] have been carried out
for the groundwater system in the area because of their
importance related to coal mining, the groundwater quality studies is limited at the moment.
In this paper, major ion concentrations of groundwater from the limestone aquifer in Renlou coal mine,
northern Anhui Province, China, have been measured.
The goals of the study include: (1) evaluating the quality
of the groundwater and (2) identifying the processes controlling the geochemical evolution of groundwater quality. The work will be useful for the understanding of
hydro-chemical system and management of groundwater
resources.
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2 MATERIALS AND METHODS
2.1. Study area

Renlou coal mine is located 30 km southwest to Suzhou
City, northern Anhui Province, China (Fig.1) with a length
of 9.8-14 km from south to north, and the width is 1.2-3.5
km from east to west. The climate of the area is warm and
belongs to semi-humid climate with an annual average
temperature of 14.3 °C. The average annual rainfall is 820
mm and most of them are concentrated between June and
August.
The Coal Mine is separated by Jiegou and Xuting
faults in the north and south, respectively. The basement
rock in the mine increases significantly in depth from north
(-200 m) to south (-280 m) and the basement is composed
of Archean and early- to middle-Proterozoic metamorphic
rock, with stable cover strata of sedimentation between the
late-Proterozoic and Permian. The thickness of the strata is
nearly 3000 m with scarce sedimentation between lateOrdovician and the Triassic. Previous study [13] revealed
that there are four main aquifers in the area, including the
Quaternary aquifer, the Coal bearing aquifer, the Taiyuan
Formation aquifer and the Ordovician limestone aquifer,
characteristics of each aquifer are as follows:
The Quaternary aquifer is characterized by orangedeep yellow mudstone, sandstone and conglomerate with
a depth between 220 and 280m, the Coal bearing aquifer
is characterized by mudstone, siltstone and sandstone with
a small amount of limestone with a depth between 280 and
400m, the Taiyuan formation and Ordovician limestone
aquifers are mainly composed of limestones with limited
amount of clastic rocks and is deeper than 400m.

FIGURE 1 - Location of the study area.
2.2. Methods

Twenty-eight groundwater samples from the Taiyuan
Formation limestone aquifer have been collected from the
alley in Renlou coal mine, northern Anhui Province, China,
between June and November, 2011. Water pH and total
dissolved solids (TDS) were measured in the field with a

portable pH and TDS meter. Water samples were filtered
through 0.45 µm pore-size membrane and collected into a
2.0L polyethylene bottles that had been cleaned in the
laboratory. Then the samples were sent to the laboratory
for analysis of major ions.
Analytical processes were taken place in the Engineering and Technology Research Center of Coal Exploration in Anhui Province following the methods bellow:
Na were analyzed by Atomic Absorption Spectrometry,
Ca and Mg were analyzed by EDTA Titration, SO4 and Cl
were analyzed by Ion Chromatography and alkaline (including HCO3 and CO3) was analyzed by Acid-base Titration.
The geochemical modeling program PHREEQC integrated in Aquachem software (version 3.7) was used to
calculate mineral saturation indices (SI) (including gypsum, calcite and dolomite, they constitute the major mineral phases in the aquifer). If the water is exactly saturated
with the dissolved mineral, SI equals to zero. Positive values of SI indicate over-saturation and the mineral tend to
precipitate, while negative values indicate under-saturation
and the mineral would tend to dissolve [16, 17].
3 RESULTS AND DISCUSSION
3.1 Chemical characteristics

pH values of the groundwater samples range from 7.09
to 9.08 with mean= 7.82, indicating that they are generally
neutral to slightly alkaline. In comparison with WHO [18],
all of the samples but one were in the permissible range
(6.5-8.5). TDS contents of the groundwater samples vary
from 360 to 2825 mg/L (Table 1) with a mean of 2195 mg/L.
These values are higher than the guideline value of WHO
[18] and indicates that these groundwater samples but one is
generally moderately saline or brackish, which has a TDS
concentration in the range of 1000-10000 mg/L [19].
Among the cations, only the mean concentration of Mg
(101 mg/L) does not exceed guideline value set by WHO
(150 mg/L). The sodium concentration in the groundwater
samples range from 129 to 681 mg/L (mean= 417 mg/L)
(Table 1). The recommended limit for sodium in natural
water is 200 mg/L [18], and only one sample has Na concentration lower than the limit. Calcium concentrations in
the groundwater samples range from 4.15 to 403 mg/L
with mean= 249 mg/L, and show that nine of the samples
have Ca concentrations lower than the guideline (200 mg/L
[18]). Moreover, all of the analyzed anions have mean concentrations higher than the allowable concentrations of
WHO [18] (Table 1).
Fig.2 shows that Na and Cl are the dominant cation
and anion, respectively. Among the cations, the concentrations of Na, Ca and Mg ions ranged from 5.61 to 29.6,
0.21 to 20.1, 0.63 to 23.9 with mean of 18.1, 12.4 and
8.29 meq/L, respectively. Their concentrations represent
on average 46.6%, 32.0% and 21.3% of all the cations,
respectively. Among the anions, the concentrations of Cl,
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FIGURE 2 - Pie diagrams of mean values of major ions (the unit is meq/L).

TABLE 1 - Analytical results of ions (mg/L), pH and TDS
pH
TDS
Na
Ca
Mg
Cl
SO4
HCO3
CO3

Min
7.09
360
129
4.15
7.61
55.4
37.3
40.7
0

Max
9.08
2825
681
403
291
1194
688
409
50.7

Mean
7.82
2195
417
249
101
888
404
264
5.20

SO4 and HCO3 ions lie in between 1.56 and 33.7, 0.78
and 14.3, 0.67 and 6.70 meq/L, their mean concentrations
are 25.0, 8.41 and 4.32 meq/L, respectively. The order of
their abundance is Cl > SO4 > HCO3, contributing on
average, 66.3%, 22.3%, and 11.4% to the total anions,
respectively.
3.2 Groundwater classification

The criteria used for delineating the hydro-chemical
processes and defining hydro-chemical facies in this study
are simple and straightforward. These criteria were derived by constructing Piper and Durov diagrams for major
dissolved constituents. The Piper and Durov diagrams in
Fig. 3 show that thirteen hydro-chemical facies have been
identified on the basis of major ion concentrations, and
four types of them dominate: Na-Ca-Cl-SO4 (seven), Ca-

WHO[18]
6.5-8.5
1000
200
200
150
250
250
240

Na-Cl (four), Na-Ca-Cl (three) and Na-Ca-Mg-Cl-SO4
(three).
It is also observed in the Piper and Durov diagrams
(Fig.3) that there are two major sources contributing to
the chemical compositions of the groundwater, the first
one is Cl enriched source and another is enriched SO4.
Otherwise, it probably reflects the recharge- discharge
conditions of the groundwater system, as hydro-chemical
types are generally different in different zones, and the
dominant anion species of water change systematically
from HCO3, SO4 to Cl as groundwater flows from the
recharge zone to the discharge zone [20].
3.3 Saturation indices

Dissolution and precipitation are actively taking place
within the groundwater system, and SI describes quantita-

FIGURE 3 - Piper and Durov diagrams.
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tively the deviation of water from equilibrium with respect to dissolved minerals. The calculations indicate that
nearly all of the samples are over-saturated with calcite
(SI mean= 0.77) and dolomite (SI mean= 1.53), and undersaturated with gypsum (SI mean= -1.03), suggesting that
these carbonate and sulphate mineral phases may have
influenced the chemical composition of the groundwater.
Additionally, as saturation state indicates the direction of
the process and precipitation of calcite, dolomite and dissolution of gypsum are therefore expected along the flow.
Previous studies suggest that over-saturation of calcite
is related to incongruent dolomite dissolution, which causes
the precipitation of calcite [21]. If the system is saturated in
calcite, the hydro-chemical evolution is affected by the
dissolution of gypsum, which will be the influencing factor
in the process of dolomite dissolution [22]. Because all of
the groundwater samples are over-saturated with respect to
dolomite, interaction between groundwater (saturated with
calcite and dolomite) and gypsum layer would lead to the
dissolution of gypsum [23].
3.4 Correlation between variables

Correlations between dissolved species can reveal the
origin of solutes and the process that generated the observed
water compositions. The degree of a linear association between any two of the water quality parameters [24], as
measured by the simple correlation coefficient, is presented
in Table 2. The results show high correlations (>0.374, n=
28 and P level= 0.05) between some pairs of parameters:
Na-Cl, Na-SO4, Ca-Cl, Mg-SO4 and TDS-Na-Ca-Cl-SO4.
Na-Cl relationship has often been used to identify the
mechanisms for acquiring salinity in semi-arid regions [25].
The high Na and Cl contents measured in the samples (Table 1 and Fig.2) may suggest the dissolution of chlorite
salt. Besides, high concentration of sodium may be attributed to base exchange and leaching of sodium salts,
such as halite during the movement of groundwater
through sediments.
Na/Cl molar ratio greater than 1 is typically interpreted as reflecting Na released from silicate weathering
reactions [26]. In this study, silicate dissolution can be a
possible source of Na in only three samples because they
have Na/Cl ratios higher than 1. Other twenty-five samples have Na/Cl ratios less than 1, indicating that Na released from silicate weathering is not important in the
studied aquifer. On the other hand, the process of ion exchange is the predominant process for reduction of Na in

these groundwater samples, which is further supported by
chloro-alkaline indices (Cl-Na) / Cl: most of the samples
have (Cl-Na) / Cl values higher than zero, indicating that
Na in water is exchanged with Mg and/or Ca in the aquifer
rocks and then leading to the decreasing of Na and increasing of Ca and/or Mg in the water [27].
The relationship between Ca and SO4 concentrations
is moderately significant (r= 0.36), indicating that calcium
and sulphate are not involved in the same geochemical
processes undergoes a precipitation of calcite and/or CaNa exchange between minerals and water [29]. Moreover,
five samples have Ca/SO4 ratios lower than one, which is
probably related to Ca depletion during ion exchange as
revealed by their chloro-alkaline indices.
The sources of Ca and Mg in groundwater can be determined from the (Ca+Mg)/HCO3 ratio. If Mg and Ca
only originate from the dissolution of carbonates in the
aquifer materials, this ratio would be about 0.5 [25]. As
all of the samples but one have the ratios higher than 0.5, it
could be the result of either Ca+Mg enrichment by ion
exchange or HCO3 depletion. However, high ratios cannot
be attributed to HCO3 depletion because under the existing
alkaline conditions (Table 1), HCO3 does not form carbonic
acid (H2CO3) [30]. In the present study, excess of Ca+Mg
over HCO3 reflects an extra source of Ca and Mg and is
balanced by extra Cl and SO4 (Table 1 and Fig.2).
The good correlation between SO4 and Mg (0.41) suggests that part of the SO4 and Mg may be derived from the
weathering of Mg sulphate minerals. However, there is no
significant correlation between Ca and HCO3, indicating
that concentrations of Ca and HCO3 in the groundwater
system have been affected by other processes (e.g. ion exchange, precipitation) rather than calcite dissolution only,
because the predominant mineral composition in the aquifer is calcite.
Strong correlations existing among the major ions Na,
Ca, Cl, and SO4, and TDS (r>0.374) clearly indicate the
main elements contributing to the groundwater salinity
and their tendency to follow a similar trend. The salinization of the groundwater is expected to result from the
ionic concentrations increasingly due to the effects of interactions between the groundwater and the geological formations.
Furthermore, to identify the processes of mineralization of groundwater, it is also interesting to make the
(Ca+ Mg) versus (HCO3+SO4) scatter diagram [31]. Four
samples plot near the 1:1 line are attributed to carbonate

TABLE 2 - Correlation matrix of the variables
	
 
Na
Ca
Mg
Cl
SO4
HCO3
CO3

TDS
0.74
0.66
0.29
0.86
0.77
0.20
-0.47

Na

Ca

Mg

Cl

SO4

HCO3

0.12
0.23
0.54
0.59
0.36
-0.47

-0.29
0.74
0.36
-0.18
-0.18

0.08
0.41
0.38
-0.28

0.37
-0.14
-0.40

0.36
-0.29

-0.41
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and sulphate mineral dissolution (Fig.4). However, those
that fall above the 1:1 line maybe resulted from the effects of the Na-Ca or Na-Mg exchange processes in the
system.
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THE EFFECTS OF MANGANESE AND
OTHER FACTORS ON THE FORMATION OF SPOTS
ON LEAVES OF BARLEY (Hordeum vulgare L.)
Tomasz Kosiada*
Poznań University of Life Sciences, Department of Phytopathology, Dąbrowskiego 159, 60–594 Poznań, Poland

ABSTRACT
A major problem in barley cultivation is the maintaining of adequate plant health. Pathogenic fungi are the most
frequent cause of disease in barley. Fungi symptoms are
seen as brown spots differing in size and shape on the barley
leaves. Similar symptoms, however, are often caused by
different factors of various origins. An excess of available
manganese in the soil may result in the formation of small
brown spots on barley leaves. This study attempted to
determine the effect of excess Mn in the hydroponic nutrient solution. An artificial infestation of barley plants with
Cochliobolius sativus was also carried out to observe the
formation of brown spots on barley leaves. Analyses were
carried out to observe the effects of Mn content in nutrient solution (0, 5, 20, 50, 200 mg·L-1), the form of Mn
(sulfate, chelate), the reaction of the nutrient solution, and
the absence or presence of calcium in the nutrient solution
(at a dose of 500 mg·L-1). The effect of the fungus C. sativus on the formation of brown spots was also analyzed.
The presence of Mn in the nutrient solution at a concentration of 5 mg·L-1 resulted in brown spots beginning to appear on barley leaves. An increase in Mn concentration in
the nutrient solution caused an increase in the occurrence of
brown spots.
KEYWORDS:
Barley, Cochliobolius sattivus, excess, manganese

1 INTRODUCTION
Barley is mainly cultivated for the brewing industry.
In 2010, worldwide production of barley was 123.7 tons,
which includes 10.3 million tons in Germany, 10.1 million tons in France, 8.5 million tons in the Ukraine, 8.4 in
Russia, and 3.5 million tons in Poland [1]. Barley is a crop
which is infested by various fungal species, causing reduction of grain yields and a deterioration of its quality. A
major pathogen causing disease is Cochliobolius sativus
* Corresponding author

(anamorph of Bipolaris sorokiniana). Bipolaris sorokiniana
causes foliar spot blotch, root rot, and black points on
grains. This pathogen was found in all barley growing
regions [2-4]. High temperatures (20–30 ºC) and rainfall
caused particularly high losses [5].
Abiotic factors also cause barley diseases. Symptoms
caused by biotic and abiotic factors are frequently very
similar, and barley responds similarly to the action of
both. Biotic factors, such as fungi (Cochliobolius sativus,
Pyrenophora teres, Ramularia collo-cyngi, and Blumeria
graminis) cause a hypersensitivity response. Examples of
abiotic factors include an excess of elements (manganese,
boron), or physiological leaf spots. Brown to dark-brown
spots of various sizes were formed on leaves [6, 7]. The
combined as well as the separate effects of manganese
and C. sativus on the formation of brown spots on barley
leaves were also analyzed in this study.
2 MATERIALS AND METHODS
2.1 Cultivation

Barley cv. Stratus was grown under controlled conditions in a vegetation chamber at 20 ºC and under a 12-h
day/artificial light period, in hydroponic cultures. The basic
nutrient solution contained 200 mg·L-1 N-NO3, 53 mg·L-1
P-PO4, 314 mg·L-1 K, 0 or 500 mg·L-1 Ca, 16 mg·L-1 Mg,
and 74 mg·L-1 S-SO4. This basic nutrient solution was
supplemented with Mn (as manganese sulfate or chelate).
The concentration of Mn in the medium amounted to 0, 5,
20, 50 and 200 mg·L-1. Additionally, one of the combinations consisted in a culture of barley at low nutrient solution reaction (pH 4.8 - 5.1). Lowered pH was obtained by
adding sulfuric acid to the nutrient solution, at the beginning and during vegetation. In the first two weeks of
growth, all plants were cultured on the basic nutrient solution. After that period, individual plants were placed in the
target nutrient media (with a specific amount of Mn).
2.2 Inoculation

After 4 weeks, at the 3-4 leaf phase (BBCH 1314), some plants were sprayed with a suspension of
B. sorokiniana spores at a concentration of 1·106 spores
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per ml of water. All plants were placed in a humid chamber (95 - 98% RH) for a period of 48 h.
2.3 Assessment

After 10 days, the percentage of leaf area covered by
brown spots on the oldest leaf was assessed. The chlorophyll content in leaves was determined by spectrophotometry. Leaf samples were cut into sections of 2-3 mm
and flooded with 5 ml DMSO (dimethyl sulfoxide). Samples were left in the dark for approx. 1 h, at room temperature. Next, the samples were incubated at 65 ºC (waterbath) for 30 min. After cooling, the contents of chlorophyll a and b were determined in the obtained extract by
spectrophotometry. Extract absorbance was measured for
chlorophyll a at 663 nm, and for chlorophyll b at 645 nm.
The amount of chlorophyll a, chlorophyll b, and the sum
of chlorophyll a+b were calculated using the following
formulas:
Chlorophyll a = (12.7·A663 – 2.7·A645)·V·(1000 W)-1
1

Chlorophyll b = (22.9·A645 – 4.7·A663)·V·(1000 W)Sum of a + b = (20.2·A645 + 8.02·A663)·V·(1000 W)-1
where,
A = absorbance at a given wavelength,
V = total extract volume (ml),
W = weight of sample (g).

Amounts of individual pigments were given in µg·g-1
fresh weight [8].
The nutrient solution was provided during the vegetation period. Calculations concerning nutrient uptake include the total nutrient solution volume. The contents of the
elements: Mn, K, and Mg were determined using an Avanta
Sigma atomic absorption (AAA) analyser. The content of
nitrate nitrogen was determined spectrophotometrically at
390 nm (as a result of a reaction with strychnine sulfate).
Phosphorus, in the form of phosphates, was determined in a
reaction with ammonium molybdate at 670 nm. Determinations were performed using a Zeiss 220 spectrophotometer.

Statistical analyses were conducted using the Statistica v. 8.0 software. One- and two-way analyses of variance (ANOVA) were performed at the significance level
α = 0.05. The Newman-Keuls test was applied to determine homogeneous groups [9]. The Principal Component
Analysis (PCA) was conducted in order to illustrate all combinations in the system of two components.
3 RESULTS
The experiment was run under strictly controlled
conditions. The results showed the formation of brown
spots on barley leaves, both as a result of infestation by
C. sativus, and excess of manganese in nutrient solution.
Additionally, plant response to the action of a biotic factor
(C. sativus) and an abiotic factor (excess Mn) was investigated depending on pH, and at a lack of calcium or its
presence in the nutrient solution.
Table 1 shows the results of the experiment using a
neutral pH nutrient solution (pH 6.9-7.2). Manganese was
applied in the experiment in the form of chelate and sulfate.
This experiment did not indicate that the form of manganese used (chelate, sulfate) had an effect on the surface of
barley leaves with brown spots. Calcium added to the nutrient solution reduced the number of brown spots. When
comparing combinations differing only in the lack of calcium or the addition of 500 mg·L-1 calcium, the addition of
calcium caused a reduction of leaf area with brown spots
(Tables 1, 2). Low pH in the nutrient solution enhanced the
occurrence of brown spots due to the action of manganese. An acid reaction of nutrient solution and 200 mg·L-1
Mn resulted in 37.8% of the leaf area covered with brown
spots compared to 13.8% for the same combination at a
neutral nutrient solution reaction. At a neutral pH of the
nutrient solution, inoculation with C. sativus slightly increased leaf infestation, while at an acid reaction of the nutrient solution, fungal inoculation which had a very high
content of Mn (200 mg·L-1), reduced the percentage of leaf
area with brown spots from 37.8 to 24.4% (Table 3).

TABLE 1 - The effect of manganese, calcium and the inoculation of barley leaves with Cochliobolus sativus on the occurrence of brown spots
when the nutrient solution was neutral (6.9- 7.2).
Mn concentration in
nutrient solution
(mg L-1)
0
5
20
50
200
0
5
20
50
200

Form of Mn
sulfate
sulfate
sulfate
sulfate
sulfate
chelate
chelate
chelate
chelate
chelate

% leaf area with brown spots
Inoculation with C. sativus
no inoculation with C. sativus
0 mg·L-1 Ca
500 mg·L-1 Ca
0 mg·L-1 Ca
500 mg·L-1 Ca
8.5 fghijk
7.6 fghijk
0.0 k
0.0 k
15.3 cdef
8.5 fghijk
3.8 hijk
0.3 k
23.4 b
19.4 bc
8.0 fghijk
3.3 ijk
31.3 a
11.5 defgh
13.6 cdef
5.4 ghijk
17.6 bcd
15.1 cdef
23.3 b
12.8 cdefg
8.8 fghij
6.9 ghijk
0.0 k
0.0 k
9.8 efghi
3.8 hijk
0.0 k
0.0 k
16.9 bcde
2.9 ijk
0.5 jk
0.9 jk
17.6 bcd
5.1 ghijk
3.5 hijk
2.1 ijk
16.9 bcde
10.1 defghi
5.1 ghijk
13.9 cdef
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16.6 A
9.1 B
5.8 C
3.9 D
TABLE 2 - The effect of manganese, calcium and the inoculation of barley leaves with Cochliobolus sativus on the occurrence of brown spots
when the pH of the nutrient solution was acidic (4.8- 5.1).
Mn concentration in
nutrient solution
(mg L-1)
0
5
20
50
200
0
5
20
50
200

Form of Mn
sulfate
sulfate
sulfate
sulfate
sulfate
chelate
chelate
chelate
chelate
chelate

% leaf area with brown spots
Inoculation with C. sativus
no inoculation with C. sativus
0 mg·L-1 Ca
500 mg·L-1 Ca
0 mg·L-1 Ca
500 mg·L-1 Ca
13.8 efghijkl
0
sulfate
13.8 efghijkl
12.5 fghijkl
5
sulfate
12.5 fghijkl
13.1 efghijkl
20
sulfate
13.1 efghijkl
24.4 cdefg
50
sulfate
24.4 cdefg
23.8 cdefg
200
sulfate
23.8 cdefg
9.4 hijkl
0
chelate
9.4 hijkl
13.8 efghijkl
5
chelate
13.8 efghijkl
23.8 cdefg
20
chelate
23.8 cdefg
32.5 bcd
50
chelate
32.5 bcd
35.0 abc
200
chelate
35.0 abc
20.2 A
20.2 A

TABLE 3 - The effect of manganese and the inoculation of barley leaves with Cochliobolus sativus on the occurrence of brown spots when the
pH of the nutrient solution was acidic (4.8 - 5.1), and when the pH of the nutrient solution was neutral (6.9- 7.2).
Mn concentration in
nutrient solution
(mg L-1)
0
5
20
50
200

% leaf area with brown spots
neutral pH of nutrient solution (6.9- 7.2)
acidic pH of nutrient solution (4.8- 5.1)
No inoculation with
Inoculation with
No inoculation with
Inoculation with
C. sativus
C. sativus
C. sativus
C. sativus
0.0 j
7.9 fgh
0.0 j
8.9 efg
1.0 ij
9.3 efg
5.2 ghij
10.5 defg
3.2 hij
17.6 c
16.3 cd
13.3 cdef
6.2 ghi
14.4 cde
23.9 b
22.5 b
13.8 cdef
14.9 cde
37.8 a
24.4 b
4.8 C
12.8 B
16.7 A
15.9 A

Brown spots started to appear on barley leaves when
only Mn was used, at a concentration of 5 mg·L-1 in the
nutrient solution. The use of Mn chelate, pH 6.9-7.2,
however, caused brown spots to appear when the concentration was 20 mg·L-1 (Tables 1, 2). The barley plants’
manganese uptake of the above concentrations in the
nutrient solution was from 0.15 mg·g-1 (neutral pH) up to
3.46 mg·g-1 (acidic reaction of nutrient solution) (Tables 6
and 7).
Levels of plant uptake were determined for magnesium, potassium, phosphorus, nitrogen and manganese from
the nutrient solution (Tables 6, 7). A statistically significant difference was recorded between the uptake of manganese by plants between the combination with the content of 200 mg·L-1 and the other combinations, and it was
irrespectively caused by nutrient solution pH level.
No statistically significant effect of a calcium addition to the nutrient solution or a plant inoculation with C.
sativus was observed in Mn uptake by plants. Manganese
content in the nutrient solution produced no significant
effect on the uptake of potassium, phosphorus or nitrogen
by the plants, regardless of the nutrient solution pH and
the uptake of Mn at an acid nutrient solution reaction. In
the case of magnesium, potassium, phosphorus and nitrogen uptake by plants at a neutral reaction of the nutrient
solution as well as the uptake of phosphorus and nitrogen
at an acidic reaction of the nutrient solution, significant

effects were only observed when calcium was added to
the nutrient solution as well as when plants were given a
fungal inoculation. Uptake levels were highest when there
was an addition of 500 mg·L-1 calcium and no inoculation
with C. sativus. In the case of barley culture using an
acidic nutrient solution, the addition of 5, 20 and 50 mg·L-1
of Mn to the nutrient solution was observed to cause a
significantly lower uptake of potassium, phosphorus,
nitrates and manganese than when there was an addition
of 200 mg·L-1 of manganese to the nutrient solution.
Chlorophyll content was determined, and the sum of
chlorophyll a and chlorophyll b at a neutral pH is given in
Table 4, and Table 5 - at an acidic reaction of the nutrient
solution. Statistically, the content of chlorophyll in most
combinations was similar, despite the chlorophyll content
falling within a wide range of values. Considerable differences could be observed in the contents of chlorophyll
between 1) the combinations with an addition of calcium
as well as high contents of manganese in the nutrient
solution, and 2) combinations without calcium addition
but also having high contents of manganese in the nutrient
solution. The addition of calcium to a low-pH nutrient
solution caused much less increase in the contents of
chlorophyll (Table 5) than when there was a neutral reaction of the nutrient solution (Table 4). Chlorophyll content in the combinations which had a lack of manganese,
and chlorophyll content in a combination which had an
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addition of 200 mg·L-1 manganese significantly differed
statistically in only one case. This was the case where there
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TABLE 4 - The effect of manganese, calcium and the inoculation of barley leaves with Cochliobolus sativus, on the chlorophyll content (µg·g-1)
when the pH of the nutrient solution was neutral (6.9- 7.2).
Mn concentration in
nutrient solution
(mg·L-1)
0
5
20
50
200
0
5
20
50
200

Chlorophyll content (µg·g-1)
Inoculation with C. sativus
No inoculation with C. sativus
0 mg·L-1 Ca
500 mg·L-1 Ca
0 mg·L-1 Ca
500 mg·L-1 Ca
0.87 cdef
1.60 abcdef
0.96 bcdef
1.34 abcdef
1.30 abcdef
1.91 ab
1.46 abcdef
1.53 abcdef
1.11 abcdef
1.66 abcdef
1.19 abcdef
1.90 ab
0.97 bcdef
1.85 abc
0.98 bcdef
1.35 abcdef
0.82 ef
1.40 abcdef
0.86 def
1.41 abcdef
1.51 abcdef
1.84 abcd
1.27 abcdef
1.42 abcdef
1.30 abcdef
1.87 ab
1.11 abcdef
1.71 abcde
1.39 abcdef
1.99 a
1.15 abcdef
1.59 abcdef
1.11 abcdef
1.82 abcd
0.71 f
1.73 abcde
0.77 ef
1.86 abc
0.70 f
1.54 abcdef

Form of Mn
sulfate
sulfate
sulfate
sulfate
sulfate
chelate
chelate
chelate
chelate
chelate

TABLE 5 - The effect of manganese, calcium and the inoculation of barley leaves with Cochliobolus sativus, on the chlorophyll content (µg·g-1)
when the pH of the nutrient solution was acidic (4.8- 5.1).
Mn concentration in
nutrient solution
(mg·L-1)
0
5
20
50
200
0
5
20
50
200

Chlorophyll content (µg·g-1)
Inoculation with C. sativus
No inoculation with C. sativus
0 mg·L-1 Ca
500 mg·L-1 Ca
0 mg·L-1 Ca
500 mg·L-1 Ca
0.73 bcde
0.82 bcde
1.33 ab
1.32 abc
0.9 bcde
0.61 bcde
1.18 abcde
0.84 bcde
0.68 bcde
0.54 cde
1.17 abcde
0.95 bcde
0.55 bcde
0.63 bcde
0.9 bcde
0.84 bcde
0.63 bcde
0.52 de
0.53 de
1.27 abcd
1.00 bcde
0.74 bcde
1.04 bcde
1.67 a
0.65 bcde
0.82 bcde
0.64 bcde
1.16 abcde
0.59 bcde
0.74 bcde
0.59 bcde
0.82 bcde
0.45 e
0.87 bcde
0.54 bcde
0.86 bcde
0.42 e
0.97 bcde
0.46 e
0.63 bcde
0.66 C
0.73 BC
0.83 B
1.04 A

Form of Mn
sulfate
sulfate
sulfate
sulfate
sulfate
chelate
chelate
chelate
chelate
chelate

TABLE 6 - Uptake of elements depending on the concentration of manganese and calcium, and the inoculation of barley leaves with Cochliobolus sativus when the pH of the nutrient solution was neutral (6.9- 7.2).
Mn concentration in
nutrient solution (mg·L-1)
0
5
20
50
200
Ca concentration in
nutrient solution (mg·L-1)
0
500
0
500

Mg
1.41
1.45
1.54
1.50
1.44

Uptake of elements in mg·g-1
K
P-PO4
39.31
8.19 b
40.60
8.51 b
42.86
9.73 ab
44.53
10.75 ab
51.33
13.74 a

N-NO3
24.78
24.89
27.46
29.95
31.15

Mn
0.00 c
0.73 c
3.46 bc
9.05 b
35.98 a

28.39b
25.81 b
39.07 a
17.31 c

9.91
9.43
12.94
7.10

C. sativus
+
+

1.65 b
1.30 b
2.21 a
0.71 c

45.64 b
40.07 b
61.37 a
27.82 c

8.57
9.51
11.83
10.84

TABLE 7 - Uptake of elements depending on the concentration of manganese and calcium, and the inoculation of barley leaves with Cochliobolus sativus when the pH of the nutrient solution was acidic (4.8- 5.1).
Mn concentration in
nutrient solution (mg·L-1)
0
5
20
50
200
Ca concentration in
nutrient solution (mg·L-1)
0
500
0
500

Mg
0.84
0.85
0.86
1.06
1.07

Uptake of elements (mg·g-1)
K
P-PO4
68.22 b
7.65 b
65.21 b
7.21 b
75.93 b
8.34 b
88.20 b
9.79 b
150.12 a
14.40 a

N-NO3
30.37 b
29.04 b
30.46 b
37.57 b
61.12 a

Mn
0.00 b
0.15 b
1.43 b
5.41 b
51.37 a

C. sativus
+
+

1.13 a
0.96 a
1.44 a
0.22 b
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0
500
0
500

+
+

1.13 a
0.96 a
1.44 a
0.22 b

0
500
0
500
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3,0
2,5
20_Cs_500

2,0
5_Cs_500

Component 2: 24,71%

1,5

50_Cs_500
0_Cs_500

200_Cs_500

1,0
0,5

20_-_500

20_Cs_0
200_-_500

0,0

5_-_500
5_Cs_0
50_-_500
0_Cs_0
5_-_0
20_-_0

50_Cs_0

-0,5

0_-_500

200_Cs_0
200_-_0

-1,0

0_-_0

50_-_0

-1,5
-2,0
-2,5

-5

-4

-3

-2

-1

0

1

2

3

4

5

Component 1: 58,64%
FIGURE 1 - Distribution of points representing growth of barley at different manganese contents, inoculation or absence of fungus C. sativus, and absence or presence of calcium in the system of two principal components.

was a lack of fungal inoculation and a lack of calcium in the
nutrient solution amounting to 1.33 µg·g-1 and 0.53 µg·g-1,
respectively. It should be stressed, that generally the presence of manganese at a concentration of 5 and 20 mg·L-1
resulted in the greatest chlorophyll content in plants. Figure 1 presents all combinations with differing amounts of
manganese added to the nutrient medium, fungal inoculation or its absence, calcium addition to the nutrient solution, or the lack of calcium in the nutrient solution. The
position of points was presented in the system of two principal components, which jointly explained 83.35% total
variation. In the distribution of points, there were groups of
points located close to one another. One of the groups is
located in the central, upper part of the graph with clusters
points is corresponding to 1) the combinations having
nutrient solutions with a calcium addition, and 2) infestation with C. sativus. The second distinguished group is
made up of 4 points and is located in the left bottom part of
the graph. These are points corresponding to combinations with no calcium addition to the nutrient solution,
and those with an addition of 50 and 200 mg·L-1 manganese to the nutrient solution. Farthest to the right, at the
bottom of the graph, are two points representing combinations with no manganese addition to the nutrient solution,

no fungal inoculation, and no calcium addition, as well as
those combinations with an addition of 500 mg·L-1 calcium to the nutrient solution.
4 DISCUSSION
Manganese is considered to be a micronutrient, i.e. required in small amounts to ensure appropriate plant development. Not all plants have identical manganese requirements. Cereal Mn concentration increases in the following
order: barley < triticale < bread wheat < durum wheat [9].
There was a greater percentage area of leaves with brown
spots in the combinations which had both an addition of
manganese to the nutrient solution, and an inoculation with
the fungus C. sativus. This greater percentage area of leaves
with brown spots was manifested, particularly in barley
culture, on a neutral nutrient solution. It may be that additive effects of two factors, i.e. the fungus and excess
manganese, caused the greater percentage area of leaves
with brown spots. This is definitely not a synergistic action
since the effect of the joint action of the two factors is
smaller than the sum of effects of each factor acting separately. An exception occurred with the addition of manga-
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nese in the chelate form when no calcium was present in
the nutrient solution. A lack of manganese but the inoculation with C. sativus caused the occurrence of brown spots
on 8.8% of the leaf area, while an addition of 200 mg·L-1
manganese with no calcium present and with no fungal
inoculation caused the formation of spots over an area of
5.1%. In turn, 200 mg·L-1 and inoculation with C. sativus
caused the occurrence of spots over an area of 16.9% (8.8
+ 5.1 < 16.9), which may indicate a synergistic action of
these factors under these conditions. The second possibility is that manganese in the nutrient solution contributes
to the development of certain fungi. This phenomenon was
indeed observed for fungi Alternaria sp., Epicoccum sp.
and Phoma sp. At the same time, the growth of other fungi
was reduced [10].
The conducted experiments did not provide definite
information concerning the reduced occurrence of brown
spots on barley leaves when calcium ions were added to the
nutrient solution. A hydroponic culture of rice was parasitized by the closely related fungus Bipolaris oryzae. The
action of manganese caused brown spots. These spots were
limited by the addition of silicon to the nutrient solution
[11]. In another study, the occurrence of brown spots on
barley leaves was observed when manganese concentrations were from 200 to 400 ppm, and when there was a
20% basic concentration of all other macronutrients
(Hoagland solution). Higher concentrations of macronutrients considerably reduced manganese uptake and the
incidence of necroses [12]. A lowering of nutrient solution pH, for the combination without C. sativus inoculation, caused a considerable increase in the occurrence of
brown spots. Combinations inoculated with the fungus also
caused an increase in the occurrence of brown spots as a
consequence of lowering the nutrient solution pH, but the
occurrence of brown spots was no longer as intensive
(Table 3). The presence of other ions potentially competing
for the bonding site (e.g. cations with identical valence) in
the nutrient solution does not always cause a reduction of
mutual uptake. In the present experiment, it may be assumed that a high proportion of calcium ions in the nutrient
solution would reduce uptake of manganese ions, and thus
the occurrence of brown spots on barley leaves. In most
cases, an addition of calcium to the nutrient solution resulted in a reduction of brown spot formation caused by
manganese. The addition of calcium to the nutrient solution
reduced manganese uptake only in combinations where
plants were inoculated with C. sativus, but the differences
were not statistically significant. Addition of another potentially antagonistic ion does not always limit the action of
other ions, e.g. the addition of calcium to the nutrient solution did not limit the toxic action of copper ions but enhanced their effect [13]. In contrast, an addition of calcium to the nutrient solution reduced the toxic action of
zinc [14].

determine the level of manganese needed to exhibit a toxic
action. Difficulties result e.g. from the complex dependencies between elements found in soil. It is also important to
remember, that the content of manganese determined on
the basis of a chemical analysis of the soil depends on the
applied extraction method [15-17]. The natural content of
manganese in soils varies and depends on the region of the
world and the type of soil. The total Mn concentration
range was typical of agricultural soils in central Spain (on
average, 153.7 mg·kg-1, ranging from 55.5 to 567.3 mg·kg-1).
The content extractable by Melich-3 was from 6.2 to
145.8 mg·kg-1 (on average, 30% of the total content) [18].
Additionally, when there is low pH, aluminum ions may
appear, which also cause stress in plants [19].
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As a result of the adverse action of manganese, in
most cases, brown spots were formed at a concentration
of 5 mg·L-1. In farming practice, it is more difficult to
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ABSTRACT
Aflatoxin B1 (AFB1), is a common human carcinogen
causing genotoxicity and oxidative stress in many model
systems. In this study, we aimed to investigate the possible protective effects of methanol extract of Cladonia
rangiformis (CME) against the oxidative stress and the
mutagenicity of AFB1 in vitro. Anti-genotoxic activity
was evaluated by sister chromatid exchanges (SCEs) and
micronucleus (MN) tests. The protective roles of CME
against AFB1-induced oxidative stress on human peripheral
lymphocytes culture was assessed by measuring following
oxidative stress markers: superoxide dismutase (SOD),
glutathione peroxidase (GPx), and malondialdehyde (MDA).
The results suggested that CME decreased the oxidative
effects of AFB1 significantly (p<0.05 or 0.001). It was also
found that CME suppressed the mutagenic effects of AFB1
at different concentrations in SCEs and MN tests. The data
obtained in this study clearly show that CME is a potential
anti-oxidative and anti-genotoxic agent against AFB1.
KEYWORDS: Cladonia rangiformis, genotoxicity, anti-oxidant
enzymes, aflatoxin B1

1 INTRODUCTION
Lichens are symbiotic organisms composed of fungi
and algae [1]. Species of lichens are distributed in most of
the environmental habitats of the world. Lichens have been
used extensively in traditional medicine in the world to treat
a variety of disorders, such as fever, epilepsy, tuberculosis,
gout, external wounds, jaundice, etc [2]. Cladonia rangiformis is a type of lichens which also includes fungi and
algae. It is distributed in hot–dry regions at an altitude of
1100 m [3].
Extracts and secondary metabolites isolated from
some types of lichens have been reported to show a wide
variety of biological activities, including antifungal, anti-

viral, antiprotozoal, antiproliferative, antibiotic, antitumor, allergenic, antipyretic, plant growth-inhibitory,
antiherbivore, antigenotoxic, and enzyme-inhibitory ones
too [4-12]. In addition, some researches have reported on
the anti-inflammatory effects of extracts from C. rangiformis, and the anti-inflammatory effects of the lichen extract have been linked the usnic acid, a polyphenolic compound [13, 14].
AFB1 is known to cause hepatotoxicity, teratogenicity, immunotoxicity, genotoxicity, and even death in animals and humans [15]. Although, the mechanism of cellular damage caused by AFB1 has not been fully elucidated
[16], AFB1 reactive oxygen species (ROS) and lipid peroxidation (LPO) have been considered to be main mechanisms in the toxicity of AFB1 [17]. When free radicals
attack DNA, cancer-causing mutations may occur. Therefore, antioxidant defense systems including antioxidant
enzymes are important in the prevention of many diseases
[18]. Antioxidants may also play an important role in the
prevention of genotoxic damage. Therefore, this study investigated the antagonistic effects of C. rangiformis extracts against AFB1-induced genotoxicity by using SCE
and MN tests aiming to improve the therapeutic gain of
the lichens. We have also measured anti-oxidative stress
capacity of this extract by measuring SOD and GPX activities as well as MDA level.
2 MATERIALS AND MEDHODS
2.1. Plant material

Lichen samples (Cladonia rangiformis) were collected from one station in July 2009, in Giresun province
(Turkey). This species was collected on soil. It was identified in the laboratory of lichenology at the Department of
Biology by Dr. Aslan using various flora books and different papers [3, 19-23]. The lichen sample was stored in
the herbarium of Kazım Karabekir Education Faculty,
Atatürk University, Erzurum.
2.2. Preparation of methanol extracts

* Corresponding author
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Air-dried and powdered lichens (10 g) were extracted
with 250 ml of methanol using a Soxhlet extractor (Isopad,
Heidelberg, Germany) for 72 h at a temperature not exceeding the boiling point of the solvent [24]. The extract
was filtered using Whatman filter paper (no. 1), and then
concentrated in vacuum at 40 °C using a rotary evaporator
(Büchi Labortechnik AG, Flawil, Switzerland) yielding a
waxy material. The extract was then lyophilized and kept
in the dark at + 4 °C until being tested.
2.3. Cytogenetic analysis

Peripheral blood lymphocytes were taken from four
(age: 28, 24, 25, 26) nonsmoking healthy individuals.
Lymphocyte cultures were set up by adding 0.5 ml of
heparinized whole blood to RPMI-1640 chromosome medium supplemented with 15% heat-inactivated fetal calf
serum, 100 IU/ml streptomycin, 100 IU/ml penicillin, and
1% L-glutamine. Lymphocytes were stimulated to divide
by 1% phytohemaglutinin. AFB1 (5 and 10 µM) and C.
rangiformis methanolic extract (CME) in concentrations
of 5 µg/ml (CME1) and 10 µg/ml (CME2) were added to
the cultures just before incubation. The experiments were
performed with 7 groups as follows:
Group 1: Control
Group 2: 5 µM AFB1
Group 3: 10 µM AFB1
Group 4: 5 µM AFB1 + CME1
Group 5: 5 µM AFB1 + CME2
Group 6: 10 µM AFB1 + CME1
Group 7: 10 µM AFB1 + CME2
For SCE demonstration, the cultures were incubated
at 37 °C for 72 h, and 5-bromo 2-deoxyuridine (8 µg/ml)
was added at the initiation of cultures. All cultures were
maintained in darkness. Next, 0.1 mg/ml of colcemide was
added 3 h before harvesting to arrest the cells at metaphase.
The cultures were centrifuged at 800g for 10 min. Cells
were harvested and treated for 30 min with hypotonic
solution (0.075 M KCl) and fixed in a 1:3 mixture of acetic
acid/methanol (vol/vol). Bromodeoxyuridine-incorporated
metaphase chromosomes were stained with fluorescence
plus Giemsa technique as described by [25]. In SCE study,
by selecting 20 satisfactory metaphases, the results of SCE
were recorded on the evaluation table. For each treatment
condition, well-spread second division metaphases containing 42–46 chromosomes in each cell were scored, and the
values obtained were calculated as SCEs per cell.
For MN analysis, cytochalasin B was added 44 h after
PHA stimulation to a ﬁnal concentration of 3 µg/ml.
Twenty-eight hours later (after 72 h of culture), the cells
were harvested by centrifugation (900×g, 10 min). The
supernatant was removed, the cells were mixed thoroughly,
and 5ml of cold hypotonic solution (0.05 M KCl) was
added. The cells were subsequently incubated at 37 oC for
20 min and centrifuged again (900×g, 10 min). The pellet
was mixed thoroughly and 5 ml fresh ﬁxative (1:3 acetic
acid:methanol) was added dropwise. This ﬁxation procedure
was repeated three times and the tube was centrifuged

again. The cell pellet was then resuspended in 1 ml of fresh
ﬁxative, dropped onto a clean microscope slide, incubated
at 37 oC or at room temperature overnight, and stained
with Giemsa dye. Coded slides were scored blind by two
independent individuals. Only binucleated cells were
scored for MN analysis. For each subject, at least 2000
binucleated cells were analyzed for the presence of MN.
For the MN scoring, the micronucleus criteria described
by Countryman and Heddle [26] were used: a diameter
less than 1/3 of the main nucleus, non-refractivity, not
touching, and with the same color as the nucleus or lighter.
2.4. Biochemical analysis

The cultured human blood cell homogenates were
prepared at a 1:10 (w/v) dilution in 10 mM potassium
phosphate buffer, pH 7.4. Samples were centrifuged at 4 °C
and 3000 rpm for 10 min, and the supernatants were
collected and immediately assayed for enzyme activities.
All samples were measured six-fold.
2.5. SOD assay

Cu, Zn-SOD activity in the cell culture supernatant
was detected by the method of Sun et al. [27]. 2.45 ml of
assay reagent (0.3 mM xanthine, 0.6 mM Na2EDTA, 0.15
mM nitroblue tetrazolium (NBT), 0.4 M Na2CO3, 1 g/L
bovine serum albumin) was combined with 100 µl of the
sample. Xanthine oxidase (50 µl, 167 U/L) was added to
initiate the reaction, and the reduction of NBT by superoxide anion radicals, which are produced by the xanthinexanthine oxidase system, was determined by measuring
the absorbance at 560 nm. Cu, Zn-SOD activity was expressed in units of SOD per mg protein, where 1 U is defined as that amount of enzyme causing half-maximal inhibition of NBT reduction.
2.6. GPx assay

GPx activity in the cell culture supernatant was
measured by the method of Paglia and Valentine [28].
Briefly, 50 µl of sample was combined with 100 µl of 8 mM
NADPH, 100 µl of 150 mM reduced GSH, 20 µl of glutathione reductase (30 units/ml), 20 µl of 0.12 M sodium
azide solution, and 2.65 ml of 50 mM potassium phosphate buffer (pH 7.0, 5 mM EDTA), and the tubes were
incubated for 30 min at 37 °C. The reaction was initiated
with the addition of 100 µl of 2mM H2O2 solution, mixed
rapidly by inversion, and the conversion of NADPH to
NADP was measured spectrophotometrically for 5 min at
340 nm. The enzyme activity was expressed as units
per g protein using an extinction coefficient for NADPH
at 340 nm of 6.22 × 10−6.
2.7. MDA assay

MDA levels in the cell culture supernatant were determined spectrophotometrically according to the method
described by Ohkawa [29]. A mixture of 8.1% sodium
dodecyl sulphate, 20% acetic acid, and 0.9% thiobarbituric
acid was added to 0.2 ml of sample, and distilled water was
added to the mixture to bring the total volume up to 4 ml.
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This mixture was incubated at 95 °C for 1 h. After incubation, the tubes were left to cool under cold water, and
then, 1 ml distilled water with 5 ml n-butanol/pyridine
(15:1, v/v) was added, followed by mixing up. The samples were centrifuged at 4000×g for 10 min. The supernatants were removed, and absorbances were measured with
respect to a blank at 532 nm. 1,1,3,3-Tetraethoxy-propane
was used as the standard. Lipid peroxide levels were expressed as µmol/L MDA. Protein concentrations in the cell
culture supernatant were determined by the Bradford method [30]. All photometrical measurements were performed
with an ELISA reader.

oxidative enzymes and MDA levels (Table 2) significantly protecting cells from oxidative stress.
TABLE 2 - SOD, GPx activities and the level of MDA in human
lymphocytes incubated with AFB1 and CME. CME1: 5 µg/ml,
CME2: 10 µg/ml.

2.8. Statistical analysis

The statistical analysis of MN frequencies was performed by use of the χ2-test. A p-value of ≤0.05 was
regarded to be indicative of statistical significance for all
tests used. For statistical analysis of biochemical parameters and analysis of SCE values, Mann–Whitney U-test
was used. A value of P less than 0.05 was accepted as
statistically significant. Results were expressed as means
± SD. For these procedures, SPSS 11.5 version for Windows (SPSS Inc, Chicago, Illinois, USA) was used.
3 RESULTS
The results showed that AFB1 cause an increase in
SCE and MN frequencies in peripheral lymphocytes in a
dose-dependent manner (Table 1). On the other hand,
SCE and MN frequency were reduced in samples treated
with 5 µg/ml and 10 µg/ml concentrations of CME, showing protective effect of CME in AFB1-induced genotoxicity (Table 1).
TABLE 1 - The frequencies of MN and SCEs in blood lymphocytes
after exposure to different doses of AFB1 and CME. CME1: 5 µg/ml,
CME2: 10 µg/ml.

The effect of CME on antioxidant capacity in human
cultured blood cells was determined by measuring GPx,
SOD activity, and MDA levels. AFB 1 caused reduced
activity of SOD, GPx and increased level of MDA in
primary lymphocytes in a dose-dependent manner. However, CME attenuated the effects of AFB 1 on the anti-

4 DISCUSSION
In this study, CME showed that anti-genotoxic effects
against AFB1-induced genotoxicity. The mutagenic effects
of AFB1 have been reported in animals and plants previously [31-33]. It was shown that AFB1 stimulated the release of free radicals, including reactive oxygen species
leading to chromosomal aberrations [33], AFB1-8,9-epoxide,
a secondary metabolite of AFB1, subsequently binds to
nucleophilic sites in DNA [32-38]. However, these toxic
effects of AFB 1 cells were shown to be reduced after
treatment with different concentrations of lichen extracts.
Lichen extracts have been found to be anti-mutagenic by
different groups [39-41]. The anti-genotoxic effects of the
lichen extract have been linked to lichestrerinic acid,
protolichesterinic acid, usnic acid, polysaccharide Ci3,
sphaerophorin, and pannarin present in extract of lichens.
Anti-genotoxic activities of these compounds may stem
from their antioxidant and free radical-scavenging capacities which attenuate the toxcicity of reactive oxygen species including superoxide anion radicals, hydroxyl radicals and nitrogen dioxide radicals [5, 42-46].
In the present study, SOD, GPx and MDA parameters
were measured to determine the antioxidant capacity of
CME properties after AFB1 exposure. Our results showed
that CME reduced AFBı causing oxidative stress by increasing the SOD and GPX activities and lowering MDA
levels. These anti-genotoxic effects of lichens might be
primarily attributed to its antioxidant action which was
shown previously [12]. It was reported that lichen extracts
have polyphenolic compounds, such as epigallocatecthin
gallate, quercetin, gallic acid, curcumin, eugenol, usnic
acid, polysaccharide Ci-3, lichestrerinic acid, and protolichesterinic acid which are antioxidative molecules [43,
47-49]. Among these compounds, especially curcumin,
quercetin and eugenol, have the strongest antioxidative
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activity with high free radical-scavenging capacity [46,
50, 51].
In this study, we have found that CME might be used
as a potential anti-oxidant against AFB1 which is one of
the major food contaminants worldwide.
5 CONCLUSION
AFB1 causes severe diseases, such as hepato-cellular
carcinoma by causing DNA mutations. Our results indicate that CME might reduce AFB1-induced genotoxicity
which might reduce the risk of AFB1-induced cancerogenesis
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ABSTRACT
Sludge liquor, produced in deep dehydration of conditioned sludge, is usually characterized by high pH, high
density salt and macromolecular organic compounds such
as extra-cellular polymeric substances (EPS); thereby,
sludge liquor is difficult to be treated. So far, no research
has been conducted to treat this kind of sludge liquor
efficiently. Furthermore, the study about sludge liquor
treatment will get more and more attention. In this study,
UV/Fenton process has been used to treat the sludge liquor. The influencing factors, such as the initial pH, the
initial concentration of hydrogen peroxide and ferrous
ions, were studied. Under optimum conditions, COD
removal efficiency of about 60 % was obtained after 50min treatment. Compared with photodegradation process
by UV irradiation, UV/H2O2 process and Fenton process,
UV/Fenton process seemed to be more efficient to treat
the sludge liquor with higher COD removal efficiency
within a shorter time.

KEYWORDS: Sludge liquor; Deep dehydration; UV/Fenton; COD
removal efficiency.

1 INTRODUCTION
Surplus sludge contains lots of poisonous and harmful matters, and it will cause more serious environmental
pollution if surplus sludge is not treated in time; thereby,
sludge treatment and disposal become an extensively concerned problem. Deep dehydration of surplus sludge is
very necessary to reduce the sludge volume before sludge
treatment and disposal. Generally, the surplus sludge has
a high moisture content of 96-99.3 %. For a municipal sewage treatment plant, the moisture content is about 99.2 %.
The organic sludge has strong hydrophilicity. After concentration, the sludge still has a high moisture content of
90-97 %. When it comes to activated sludge, the dewater* Corresponding author

ing performance is even worse. So different kinds of reagents, such as quicklime [1-4], Fenton reagent [5-8], coal
fly ash [1, 2, 9], coagulants and flocculants [10-16], surfactants [17-23] and other polymers [24] have been applied in
sludge conditioning to improve the dewatering performance. However, the sludge liquor, produced by deep
dehydration of conditioned sludge, is difficult to be treated, because it contains high concentrations of organic
pollutant and macromolecular organic compounds such as
extra-cellular polymeric substances (EPS), which are
difficult to be biodegraded. In addition, the pH of the
sludge liquor is usually as high as 13. In the most cases,
sludge liquors are recycled to the head of the wastewater
treatment works directly, and treated with municipal
wastewater. This recycled sludge liquor will lead to the
increase of COD concentration and SS concentration of
the influent, and result in a serious influence on
wastewater treatment processes. So far, no research has
been conducted to treat this kind of sludge liquor efficiently. Furthermore, the study about sludge liquor treatment will get more and more attention.
Nowadays, Fenton process attracted more and more
interest in the degradation of organic pollutants due to its
generation of hydroxyl radicals, a very powerful oxidizing
agent. In the presence of UV irradiation, hydrogen peroxide can be decomposed to hydroxyl radicals according to
Reaction (1). Additionally, ferrous ions can be regenerated
according to Reactions (2) and (3). So UV/Fenton process
is widely applied in the degradation of organic pollutants
[25-34] and wastewater treatment [35-37].
(1)
H 2O2 +hv → 2OH ⋅

(Fe-OH)2+ +hv → Fe2+ + OH ⋅

(2)

Fe(OOCR) 2+ +hv → Fe 2+ + CO 2 +R ⋅

(3)

There is no research about applying UV/Fenton process in the treatment of sludge liquor. This study focused
on the evaluation of the treatment of sludge liquor produced
in deep dehydration of conditioned sludge by UV/Fenton
process. The initial pH, hydrogen peroxide concentration
and ferrous ion concentrations were studied. In addition,
the treatment effect of UV/Fenton process was compared
with that of conventional Fenton process, as well as photo-
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degradation process by UV irradiation and UV/H2O2 process. The main pollutants, such as EPS, existing in sludge
liquor, are difficult to be biodegraded; without biological
toxicity, COD removal efficiency was used to evaluate the
treatment effects of different treatment processes.
2 MATERIALS AND METHODS
2.1. Materials

The sludge liquor was from a sewage treatment plant.
The main characteristics were pH, 13.6; chemical oxygen
demand (COD), 821 (±35) mg·L−1. The sludge liquor was
filtered and stored at 269 K before treatment.
Hydrogen peroxide (30 % purity), ferrous sulfate (99 %
purity), sulfuric acid (38-40 %) and sodium hydroxide
(> 96 % purity) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All compounds
were used as received. Distilled water was used in all experiments.

peroxide decomposition, eliminating the effect of hydrogen
peroxide in COD determination. Finally, the water samples
were analyzed after centrifugation to remove suspended
particles.
The chemical oxygen demand (COD) value of the water sample was determined by the traditional dichromate
method according to the standard methods issued by the
China National Environmental Protection Agency [38]. The
COD removal efficiency was calculated by Equation (4):
Removal efficiency (%) =

C0 - Ci
×100%
C0

(4)

where, C0 is the initial COD concentration and Ci is
the COD concentration at different treatment times.
3 RESULTS AND DISCUSSION
3.1. Influences of the initial pH, the initial concentration of
hydrogen peroxide and ferrous ions on COD removal efficiency

2.2. Degradation procedure and analytical methods

3.1.1. Influence of the initial pH

The experimental setup for the sludge liquor treatment with UV/Fenton process is illustrated in Fig. 1. The
degradation experiments were carried out in a beaker (diameter 100 mm, height 120 mm). A 15-W low pressure Hg
lamp with a major emission wavelength of 254 nm was
used for the UV irradiation. A water bath was used to keep
the reaction temperature constant, and, at the same time, a
motor stirrer was used to keep the solution well-mixed.

At first, the influence of initial pH on COD removal
efficiency by UV/Fenton process was investigated and
results are shown in Fig. 2A. It can be observed that when
pH was 2.0, COD removal efficiency was very low and
tended to be stable over 110-120 min. The low COD
removal efficiency at pH 2.0 may be due to the formation
of the peroxonium ions (H3O2+) by Reaction (5) [39],
which will inhibit the production of hydroxyl radicals
(Reaction (6)). The COD removal efficiency reached
stability and was enhanced to 67 % after 60-min treatment
at pH 3.0. However, when pH was 4.0 and 5.0, it needed
100 or 120 min to reach the stable COD removal efficiency of 67 %, respectively. This may owe to that there were
too much hydroxyls for ferrous ions that almost all irons
in the solution were in precipitated forms. After ferrous
sulfate was added, a lot of flocs yielded, and the solution
turned cloudy immediately. This will hinder the reaction
of ferrous ions and hydrogen peroxide to generate hydroxyl radicals (Reaction (6)). In addition, the reproduction of ferrous ions was also greatly inhibited according to
Reactions (2) and (3) because no more ferric ions could
be used, thus decreasing the production of hydroxyl radicals. According to the results, pH 3.0 was chosen as the
best value in this UV/Fenton system, andr a shorter time
was needed to reach the stable COD removal efficiency of
67 %.
(5)
H 2 O 2 +H + → H 3O 2 +

FIGURE 1 - Experimental setup for degradation of sludge liquor by
UV/Fenton process. (1) UV lamp; (2) quartz tube; (3) beaker; (4)
cooling device; (5) entrance of cooling water; (6) effluent of cooling
water; (7) magnetic stirrer.

In degradation experiments, pH of the sludge liquor
was adjusted to the required value by high-concentrated
sulfuric acid. A certain amount of ferrous sulfate was added
into the solution. After fully stirring, some volume of hydrogen peroxide (30% purity) was added. During the experiments, the water samples were taken at given time
intervals, and the pH of the samples was adjusted to about
13 immediately by high-concentrated sodium hydroxide
to stop Fenton reaction. Then, the samples were heated by
a water bath at 323 K for about 1 h to accelerate hydrogen

H 2 O 2 +Fe 2+ → OH ⋅ +Fe3+ +OH -

(6)

3.1.2. Influence of the initial concentration of hydrogen peroxide

The influence of initial hydrogen peroxide on COD
removal efficiency was also investigated. In this experiment,
the initial hydrogen peroxide concentrations changed from
26.4 to 80.3 mM, keeping the ratio of the initial ferrous
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FIGURE 2 - (A) Influence of initial pH on COD removal efficiency, (B) Influence of H2O2 concentration on COD removal efficiency, (C)
Relation between the stable COD removal efficiency and H2O2 efficiency at different initial H2O2 concentration, (D) Influence of ferrous ion
concentration on COD removal efficiency.

ion concentration to the hydrogen peroxide concentration
(NFe2+:NH2O2) at 1:10. The results are presented in Fig. 2B.
After 60-min treatment, the COD removal efficiency reached
a stable status with different initial hydrogen peroxide
concentrations. Hydroxyl radicals produced by the Fenton
reaction (Reaction (6)) was the main oxidant. However,
with increasung initial hydrogen peroxide concentration,
hydrogen peroxide could consume hydroxyl radicals to
generate HO2, which are much less reactive than hydroxyl
radicals (Reaction (7)) [40]. At the same time, ferric ions
could react with hydrogen peroxide according to Reaction
(8). Some hydroxyl radicals generated by Reaction (6) were
consumed by ferrous ions (Reaction (9)) simultaneously.

H2O2 +OH⋅ → HO2 ⋅ +H2O

(7)

H 2O 2 + Fe3+ → Fe 2+ + H + + HO 2 ⋅

(8)

OH ⋅ + Fe2+ → Fe3+ + OH −

(9)

The results of analysis could be also confirmed by the
relation between the stable COD removal efficiency and
hydrogen peroxide efficiency, which is shown in Fig. 2C.
In this process, the hydrogen peroxide efficiency (n) was
analyzed by Equation (10). It was obvious that the hydrogen peroxide efficiency decreased apparently when the
hydrogen peroxide concentration was above 31.7 mM,
while the COD removal efficiency was enhanced slowly.

n=

CODremoval
CH 2O2

(10)

In addition, ferric ion concentration increased with increasing hydrogen peroxide level, and the transparency of
the solution turned poorer, which reduced the penetration
efficiency of UV irradiation, thus decreasing the function
of UV irradiation in UV/Fenton process (Reactions (1),
(2) and (3)). So, the COD removal efficiency was not enhanced with increasing initial hydrogen peroxide concentration. So the initial hydrogen peroxide concentration of
31.7 mM was chosen in the following experiments.
3.1.3. Influence of the initial concentration of ferrous ions

The effect of initial ferrous ion concentration ranging
from 0 to 6.35 mM was studied and presented in Fig. 2D.
The main function of ferrous ions is to enhance Fenton
reaction rate, thus abbreviating reaction time. When no
ferrous ion is used, the COD removal efficiency reaches
stability of 52 % after 80-min treatment. As the ferrous
ion concentration increased from 0 to 0.79 mM, the COD
removal efficiency increased obviously, indicating that
ferrous ions played a very important role in this system.
However, the COD removal efficiency had little change
when the ferrous ion concentration was 1.59, 3.17, and
6.53 mM, respectively, and it needed almost 50 min to
reach stable COD removal efficiency conditions around
57 %. Although high ferrous ion concentration will accel-
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erate the production of hydroxyl radicals, the side reactions, such as the Reaction (7) and (9), were also strengthened, decreasing the effect of hydroxyl radicals in the degradation of organic pollutants. Besides, more ferrous ions
resulted in more orange precipitations, which can greatly
influence the transparency of the solution, reducing the
penetration efficiency of UV irradiation, thus decreasing
UV’s function in UV/Fenton process. In addition, too
much ferrous ions will bring secondary pollutions to the
environment in subsequent disposal. So, the initial ferrous
ion concentration of 1.59 mM was selected as the optimal
dosage, while 50 min was needed to reach the stable COD
removal efficiency.
At the same time, the degradation kinetics of sludge
liquor treatment was analyzed during the first 50 min with
the first-order reaction at pH 3.0, hydrogen peroxide concentration of 31.7 mM and ferrous ion concentration of
1.59 mM. The linear relationship between ln(C0/Ci) and
the reaction time is shown in Fig. 3.
1.0

indicate that different dosing modes of hydrogen peroxide
had little effect on COD removal efficiency.
3.3. The change of UV-VIS absorption spectral scan

In addition, UV-VIS absorption spectral scan was applied to compare the absorption spectrum of the sample
treated after 50 min, and that of the original sludge liquor
(Fig. 5). In the range of above 400 nm, the absorbance of
the original sludge liquor was almost 0 which was the same
as in the blank, fitting the transparent and colorless physical
property. There is intense absorbance in the range of ultraviolet spectrum, especially between 200-300 nm, which
may be the absorption of conjugate structures with two
double bonds or benzene ring. After treatment, the absorbance in the range of 200-300 nm decreased obviously,
suggesting that a large part of these groups was degraded
effectively by UV/Fenton process. In addition, the concentration of organic pollutants decreased obviously by
this process. The efficient treatment of UV/Fenton process could reduce obviously the subsequent processes to
degrade pollutants still present in sludge liquor.
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3.2 The dosing mode of hydrogen peroxide on COD removal
efficiency

Different dosing modes of hydrogen peroxide on COD
removal efficiency were investigated at pH 3.0, hydrogen
peroxide concentration of 31.7 mM and ferrous ion concentration of 1.59 mM after 50-min treatment. In this part,
hydrogen peroxide was added with one time, two times
and three times, respectively. The results shown in Fig. 4
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FIGURE 6 - Comparison of different treatment processes ((a)
UV/Fenton process with pH 3.0, hydrogen peroxide concentration of
31.7 mM, ferrous ion concentration of 1.59 mM and UV irradiation;
(b) UV/H2O2 process with pH 3.0, hydrogen peroxide concentration
of 31.7 mM and UV irradiation; (c) Fenton process with pH 3.0,
hydrogen peroxide concentration of 31.7 mM and ferrous ion concentration of 1.59 mM; (d) photodegradation process by UV irradiation with pH 3.0).
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3.3 Comparison of different processes
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The efficiency of the UV/Fenton process was compared with UV/H2O2 process, Fenton process, and photodegradation process by UV irradiation in the treatment of
the sludge liquor. From Fig. 6, it was observed that UV
irradiation alone had little effect in COD removal efficiency, which maintains 1-2 % after 80-min treatment. Although Fenton reagent was more efficient than UV, the
stable COD removal efficiency around 28 % was still low.
When UV/H2O2 system was applied, the COD removal
efficiency could reach a stability of 50 % after 80-min
treatment. UV/Fenton process turns out to be the most
effective method among the above-mentioned ones with
COD removal efficiency rates of about 60 % after 50-min
treatment.
It can be inferred that UV could significantly improve
the production of hydroxyl radicals though it could not
effectively remove organic pollutants in the sludge liquor.
The combination of UV and hydrogen peroxide (UV/H2O2)
was more efficient than the combination of ferrous ions and
hydrogen peroxide (conventional Fenton process). For the
conventional Fenton process, the lower COD removal
efficiency was due to that more ferrous ions existed in the
form of precipitation, and some side effects, such as the
Reaction (7), (8) and (9), occurring simultaneously. But in
the first 20 min, the COD removal efficiency increased obviously by the conventional Fenton process because there
were more hydroxyl radicals produced than in UV/H2O2
process. The COD removal efficiency for this kind of
sludge liquor treatment with different oxidation processes
decreased in the order: UV/Fenton > UV/H2O2 > Fenton >
UV. However, the opposite result was reported in the
treatment of landﬁll leachate [37]. Distinction was mainly
ascribed to the disparate color of these two wastewaters.
Sludge liquor used in this research was transparent without
color, while landfill leachate had intense dark color, which
largely inhibited the effect of UV.

This work was supported by the National Natural Science Foundation of China (Grant No. 20977037) and the
Fundamental Research Funds for the Central Universities
(Grant No. 2011TS062).

4 CONCLUSIONS
In this study, the degradation of sludge liquor by
UV/Fenton process was investigated. The results indicated
that sludge liquor could be treated efficiently by UV/Fenton
process. UV irradiation could accelerate the generation of
hydroxyl radicals, improving reaction rate efficiently, thereby reducing the reaction cycle in practice. Compared with
photodegradation process by UV irradiation, UV/H2O2 process and Fenton process, the highest COD removal efficiency could be obtained within a shorter time. Under optimum conditions of pH 3.0, hydrogen peroxide concentration of 31.7 mM and ferrous ion concentration of 1.59
mM, about 60 % of COD removal efficiency was obtained
after 50-min treatment.
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ABSTRACT
The present study quantified microcystins (MCs) in
various fish muscles collected from Meiliang Bay, Lake
Taihu in late May, 2011 during algal growth period, with
the health risks being also evaluated. Lake Taihu, the
third largest freshwater lake in eastern China, suffers now
from the presence of almost-year-round cyanobacterial
blooms. Meiliang Bay is the most eutrophic part of Lake
Taihu, and generally suffers from more intense blooms
than the open water of the lake. In this study, the accumulations of MCs (i.e. MC-RR, MC-YR and MC-LR) in muscle
tissues of seven fish species from Meiliang Bay in May
2011 were determined by a developed HPLC-DAD method.
The results showed that 6 of the 7 fish species contained
MC-RR in muscle tissues, while MC-LR was not detected
in all of the samples. Confirmation of MCs presence in most
fish muscle samples suggests that serious risks to animal
and public health are possible to occur. Based on the obtained results, risk assessments were carried out, taking into
account the WHO guidelines and the tolerable daily intake (TDI) for MCs. The estimated daily intake (EDI)
values of MCs were 57–113 times higher than the TDI
(0.04 µg/kg body weight/day). It is likely to be unsafe to
consume fish harvested in Lake Taihu due to the high
concentrations of accumulated MCs.

KEYWORDS: Microcystins, HPLC-DAD, fish muscles, Lake
Taihu, health risk.

1 INTRODUCTION
In the last few years, toxic cyanobacterial blooms
have occurred with increasing frequency and intensity
in many large freshwater lakes and reservoirs around the
world [1, 2]. Several species of cyanobacteria can produce
* Corresponding author

toxins (cyanotoxins), which are released after cell death.
Among these cyanotoxins, microcystins (MCs) are considered to be the most common and dangerous group [3].
MCs are generally recognized as hepatotoxins and tumor
promoters, which pose a threat to human health and have
been linked with an increased incidence of liver cancer [4,
5]. As a result, toxic cyanobacterial blooms and MCs have
drawn more attention, especially after the report of the
deaths of 50 patients exposed to MC-contaminated water
during a dialysis treatment [6]. Recognizing the risks caused
by MCs, the World Health Organization (WHO) has published protocols concerning their detection and recommendations for maximum permitted concentrations (1 µg/L) in
water destined for human consumption and recreational
use [7]. Furthermore, a tolerable daily intake (TDI) of
0.04 µg total MCs per kg body weight per day has been
proposed as a provisional guideline [3].
Lake Taihu, the third largest freshwater lake in China,
is the primary drinking water source for 30 million residents in the lake basin and Shanghai (the largest city in
China). Taihu Basin is one of the most densely populated
and urbanized areas in China, and provides 15% of the
GDP. It is reported that Lake Taihu has been suffering from
severe cyanobacterial blooms in the past decade [8-10].
The frequency and area of cyanobacterial blooms in Taihu
Lake increased annually, which enhanced the concentration
of MCs in water [8]. Lake Taihu has become the scene for
massive algal growth that is not only believed to have caused
serious damage to the systems, but also triggered serious
disruption to potable water supply [11]. Cyanotoxins could
be accumulated in animals through the food chain, causing
health problems, even to humans [12-16]. Exposure to MCs
represents a health risk to aquatic organisms, wild life, domestic animals, and humans upon drinking or ingesting
algae in the water [13, 15, 16]. Fish, one of the main inhabitants in aquatic systems, are frequently exposed to MCs
directly and passively. There have been many studies to
document MC bioaccumulation in fish associated with the
occurrence of cyanobacterial blooms [2, 12-15]. It has
been known that MCs can accumulate in muscles of different fish species, although the concentration of MCs in
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muscle is usually lower than in other tissues [2, 15-16].
Furthermore, fish muscle for human uptake is much higher
than other tissues (such as kidney, liver, brain, etc) owing
to its higher proportion in the whole body. Though in low
doses, overall MCs uptake through consumption of freshwater fish may in many cases exceed the TDI, and is
unsafe for human consumption [16, 17]. However, there
is limited information available about the accumulations
of MCs in various fish muscles from Lake Taihu, particularly in 2011.
The present study aimed to quantify MCs in fish
muscle used for daily life by people living on Meiliang
Bay, Lake Taihu in late May, 2011 during algal growth
period, with the health risks being also evaluated.
Meiliang Bay is located in the north part of the Lake Taihu. It provides the municipal water source for Wuxi City.
In late May, 2007, a drinking water crisis took place in
Wuxi, Jiangsu Province, China, following a massive
bloom of the toxin-producing cyanobacteria Microcystis.
spp. in Lake Taihu [11]. Although Chen et al. [13] reported the presence of MCs in the vertebrates (fish, turtle,
duck and water bird) from Lake Taihu during the summer
season, the studies on MC accumulation among multiple
species of fish were still very rare. In this study, a conventional method for extraction and purification of MCs in
muscle tissues of 7 species fish from Meiliang Bay was
applied. The results revealed that Meiliang Bay was heavily polluted by toxic cyanobacterial blooms and MCs. To
prevent the MCs potential hazard on public health in this
area, some necessary measures of monitoring and control
of growth of cyanobacteria are urgently needed.
2 MATERIALS AND METHODS
2.1 Chemicals and Reagents

Certified MC standards (LR, RR, YR) for HPLC
analysis were purchased from Enzo (Life Sciences Inc.,
USA) and stored in the dark at −20 °C. The purity of the
toxin was estimated at 98% by HPLC analysis. HPLCgrade methanol and methylene chloride were purchased
from J.T. Baker (USA). Trifluoroacetic acid (TFA) was
purchased from DIAMONSIL (Beijing, China). Distilled
deionized water was purchased from Wahaha (Wuhan,
Hubei). Solid-phase extraction (SPE) ENVI C18 cartridges
(500 mg, 6 ml) were from Supelco (Bellefonte, Pennsylvania, USA). Cyanobacterial material samples were collected from Meiliang Bay, Lake Taihu in late May, 2011.
2.2 Apparatus and HPLC conditions

Separation, identification and quantification of MCs
were performed with a coupled liquid chromatographydiode array detector system consisting of an Agilent 1200
liquid chromatograph (Agilent, USA) and a G1315C Agilent
Diode Array Detector (DAD). An Eclipse XDB-C18 column
(150 mm×4.6 mm, i.d. 5 µm) (Agilent) was used for LC
separation under isocratic conditions, with a mixture of
methanol/water (58/42, v/v) as mobile phase. The column

oven was kept at 40 °C, and the flow-rate was 1.0 ml/min.
The injection volume was 10 µl. Calibration curve was
built with the peak area of analyte standard as a function of
analyte concentration. MCs were identified based on both
retention time and characteristic UV spectra. Quantitative
analyses were carried out by external standard calibration.
The recovery was calculated by comparing the peak areas
of samples spiked prior to extraction to the standard solution. All extractions were performed in triplicate, and the
values given in tables were averages of triplicate runs.
2.3 Study area

Meiliang Bay (water surface area: 135 km2), as a part
of the Lake Taihu, accommodates municipal and industrial
wastewater from Wuxi City and, at the same time, also acts
as principal water source for the city. It is used heavily for
boating, swimming and fishing as well. Although cyanobacterial blooms are regular events in some lakes, their
intensity and extent vary substantially in different lake
areas [18]. However, in Taihu Lake, Meiliang Bay is the
most eutrophic part of the lake, and generally suffers from
more intense blooms than the open water of the lake.
Particularly in late May 2007, a drinking water crisis took
place in Wuxi city. Approximately two million people have
no drinking water for at least one week, and can only rely
on bottled water [19]. After the crisis, increasing safety
concerns from both the government and the public have
been focused on the further pollution by cyanobacterial
blooms, and the control of eutrophication in large freshwater reservoir.
2.4 Fish samples collection and preparation

Seven species of fish (Crucian carp, Alice mouth white
fish, Carassius auratus, Rhodeus sinensis Günther, goby,
Pseudorasbora parva and yellow eel) were collected from
Meiliang Bay in late May 2011, during the algal growth
period. The samples were stored immediately in a portable
refrigerator (around 0 °C), and then transported to the
laboratory. The muscle samples were then immediately
frozen at −40 °C, and freeze-dried. The lyophilized samples
were homogenized in a Homogenizer (WAEING, USA).
The lyophilized muscle samples (1.0 g) were spiked with
MCs at low, medium, and high levels (1.0, 2.0, and 5.0 µg),
respectively.
Aliquots of the fish muscle samples were extracted three
times with 20 ml of MeOH:H2O (85:15, v/v) for 5 min on an
ultrasonic crasher (30% aptitude, 100 W, 20 kHz) at 0 °C,
then placed in a thermostat-shaker and shaken for 20 min,
followed by centrifugation at 8000 rpm (3200×g) for 10 min
at 0 °C. Each supernatant was transferred to a pear-shaped
glass flask (250 ml), 20 ml hexane were added, and flasks
were shaken for 20 min in the thermostatic shaker, then
the organic phase was discarded and evaporated at 35 °C to
about 10 ml using a rotary evaporator. The concentrated
sample was passed through a Supelco Envi-C18 solid phase
extraction (SPE) cartridge (500 mg, 6 ml) that had been
conditioned with 10 ml methanol, 10 ml CH2Cl2 and 10 ml
water prior to use. The column was washed sequentially
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with 10 ml of 10% (v/v) methanol and 5 ml of 20% (v/v)
methanol, and dried under low pressure. The adsorbed
analytes were eluted with 6 ml of 90% (v/v) methanol in
0.1% TFA aqueous solution, and the collected eluate was
dried under a stream of nitrogen at ambient temperature.
The residue was re-constructed in 0.5 ml of mobile phase.
3 RESULTS AND DISCUSSION
3.1 Optimization of extraction conditions

Although many purification methods for MCs have
been described, we found that the method using 85%

methanol (v/v) in 0.1% TFA aqueous solution as extractant, followed by the removal of fat with n-hexane, solidphase C18 cartridge, and HPLC with UV detection was
suitable for our experiment. The efficiencies of different
amounts of methanol (70-100%, v/v) in 0.1% TFA aqueous solution for extraction of MCs in fish muscle samples
were compared. The results showed 85% methanol extraction obtained a much higher extraction yield (more
than 60%). In order to remove the lipids in fish muscles
and avoid plugging in the SPE column, liquid-liquid partitioning with 20 ml n-hexane was performed twice, and the
organic phase was discarded after shaking for 20 min
in the thermostatic shaker. By using a C18 cartridge, we

FIGURE 1 - Effect of different washing solutions on the purification efficiency of MCs from fish muscle.
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successfully concentrated MCs. Before the elution, cartridge washing with suitable solutions is required to remove
co-existing contaminants as much as possible but with no
loss of the retained analytes, whereas in the elution step,
all the retained analytes should be completely eluted with
as less volume of eluent as possible. Therefore, stripping
of the retained MCs from the cartridge was investigated
with a series of aqueous-methanol solutions of different
volume-ratios. The aqueous-methanol solution (10 ml)
containing less than 20% methanol could not strip any of
the three tested MCs, while the solution (10 ml) containing 30% or more methanol could partially elute the MCs
(Fig. 1). With the increase of methanol content, the eluted
amounts of impurities were also increased clearly shown
by the peak response intensities of impurities in the chromatograms. Based on the observations, 10 ml of 10%
(v/v) methanol and 5 ml of 20% (v/v) methanol were used
as washing solutions. In literature, pure methanol was generally chosen as the eluent. However, with pure methanol, we
found milky impurities in the eluates, implying that pure
methanol was too strong as eluent, thus co-eluted some
identified species. Ultimately, we choose 90% methanol in
water (0.1% TFA) as eluent, and the results showed high
recovery rates, and the chromatogram was relatively clean.
3.2 Optimization of HPLC conditions

Various analytical methods have been developed for
MC analysis [20-28]. Most of the methods published for
MC determinations are reversed phase liquid chromatography (RPLC) with various detectors, such as UV [20, 21],
diode array detection (DAD) [22-25], and mass spectrometry
(MS) [26-28]. Over the past few years, some routine sample
analyses by LC-UV assay have been replaced with more
sensitive and reliable LC-MS assay, especially in developed
countries. Cong et al. [29] compared the accuracy of the
HPLC-MS/MS method for determination of MC-RR and
MC-LR at high concentrations with HPLC-UV-detection
method. They found no significant difference between the
results observed with HPLC-UV and HPLC-MS/MS (p>

0.05) according to the t-test of statistics. Compared to the
more expensive MS, HPLC-DAD is more available and
affordable in developing countries. In this study, RPLCDAD was used to separate and quantify the MCs. The
target compounds in samples were identified by comparing
both the retention times and the UV spectra of the reference
standards. The composition of the mobile phase and column temperature were optimized to improve the separation
efficiency and the sensitivity of the DAD detection. The
results showed that the optimum conditions were methanolwater (0.01% TFA) (58/42, v/v) as mobile phase and the
column temperature was set at 40 °C (Fig. 2).
3.3 Method validation

To determine MCs in fish muscles, an external standard calibration curve was constructed with seven standard
solutions in the range of 0.1-10.0 mg/L for the three compounds. The results were expressed as the linear regression
equations, and the corresponding correlation coefficients
(R2) were as follows: Y = 23.395X-4.6667 (R2 = 0.9999
for MC-RR), Y = 23.988X-0.2161 (R2 = 1.0000 for MCYR) and Y = 24.695X+2.7049 (R2 = 0.9998 for MC-LR).
The limits of detection (LODs) at a signal-to-noise ratio
of 3 were determined to be 0.02, 0.02 and 0.06 mg/L for
MC-RR, MC-YR and MC-LR, respectively. The limits of
quantification (LOQs) of the proposed method at a signalto-noise ratio of 10 were 0.05, 0.07 and 0.1 mg/L for MCRR, MC-YR and MC-LR, respectively.
For validation of the assay, the results of precision and
accuracy for the analytes in fish muscles spiked at three
different concentrations (1.0, 2.0 and 5.0 µg/g) are shown
in Table 1. Fig. 3 shows typical chromatograms of MCs in
fish muscle samples. The recoveries of the three MCs were
between 60.6 and 90.5% for all spiked concentrations with
RSD values less than 12% (n = 3). The chromatograms in
Fig. 3 showed that the extraction procedure was sufficient
to eliminate interferences from the matrix.

FIGURE 2 - The RPLC chromatogram of standard MCs.
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TABLE 1 - Concentrations (µg/g) of MCs in various fish muscle samples and their spiked recoveries.
Samples
Blank fish muscle a (n=3)

Crucian carp
Alice mouth white fish
Carassius auratus
Rhodeus sinensis Günther
Goby
Pseudorasbora parva
Yellow eel

Background concentration
Spike recovery (%)
Background concentration
Background concentration
Background concentration
Background concentration
Background concentration
Background concentration
Background concentration

Analytes spiked (µg/g)
0
1.0
2.0
5.0
-

MC-RR
n.d.
75.0 b (10) c
89.2 (7.9)
90.5 (9.8)
0.723
n.d.
0.904
0.763
0.457
0.472
0.571

MC-YR
n.d.
72.9 (6.3)
88.3 (9.5)
89.3 (10)
0.100
n.d.
n.d.
n.d.
n.d.
n.d.
0.155

MC-LR
n.d.
60.6 (12)
62.3 (11)
65.0 (8.7)
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Total
0.823
0.904
0.763
0.457
0.472
0.726

a

Blank fish muscle 1.0 g, spiked to yield final concentration of 1.0, 2.0 and 5.0 µg/g for each analyte; b Average of three results of the spiked recoveries; c The RSDs (%) are given in parentheses.

FIGURE 3 - Typical chromatogram of the fish samples from Meiliang Bay, Lake Taihu: (A) fish muscle sample and (B) the same sample
spiked with 2 µg/g of MCs under optimum conditions. Unmarked peaks have not been identified

3.4 Accumulation of MCs in various fish species from
Meiliang Bay, Lake Taihu and risk assessment

Based on our knowledge, this paper is the first to
conduct determination of MC contaminations in multispecies of fish muscles from Meiliang Bai, Lake Taihu in
2011 with Microcystis blooms. Six of seven fish samples
contained MC-RR, and its concentration range was between 0.457 and 0.904 µg/g. The concentrations of MCYR were 0.100 µg/g and 0.155µg/g in the fish muscles for
carp and yellow eel, respectively. The highest MC content
in muscle of fish was in Carassius auratus (0.904 µg/g
DW), followed by carp (0.823 µg/g DW), whereas the
lowest was in Alice mouth white fish (below the LOD).
MC-LR in all tested fish samples was below the LOD. In
order to evaluate the potential risks of MCs exposure of
fish, the distribution of MCs in surface water in the natu-

ral occurring cyanobacterial blooms was determined. The
results showed that MC-RR and MC-YR in water were
0.96 and 0.6 µg/L respectively, in which MC-LR was not
detected, in accordance with the results from fish muscles.
As indicated in Table 1, MCs were still detectable in fish
muscle, even when the concentrations of dissolved toxins
in water were very low. This phenomenon suggests that the
accumulated toxins could persist for a long time in aquatic
organisms. The concentrations of accumulated toxins in the
present study were similar to those reported by Peng et al.
[17]. MCs possess hepatotoxicity and act as potent tumour
promoters [4, 5]. Therefore, the potential hazard associated
with these blooms and their metabolite-toxins to human
health as well as fishery and fish culture in Taihu Lake is
considerable.
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The main form of aquaculture in Lake Taihu is penfish-culture. Statistical data indicated that the production of
aquatic products in Lake Taihu amounted to 38,000 tons
and provided a total fishery income of 890 million Yuan in
2008 [17]. At present, there are more than 30 economically important fish and shellfish species in Lake Taihu,
implying that people in this region consume a lot of freshwater fish; thus, large quantities of cyanotoxins could also
be transferred by this way. MC-RR and MC-YR were recorded as dominant species along with the presence of the
MCs in Meiliang Bay, Lake Taihu [9]. Even though the
target organ for MCs had been thought to be the liver,
significant MCs were also found in the muscle tissues in
this study. Most fish species studied are considered to be
commercial species and important aquaculture products in
Taihu region. The risk of being exposed to toxins through
food consumption would be further increased if biomagnifications would take place, since the fish is a popular
food and may stand at the top of the food web.
For the purpose of assessing the potential health risks
of aquatic product consumption based on Chinese dietary
habits, we adopted the WHO provisional guideline value
of the TDI (0.04 µg/kg body weight per day) [3]. The
estimated daily intake (EDI) of MCs for an adult weighing 60 kg ingesting 300 g of edible organs of aquatic
animals is shown in Fig. 4. Compared with the TDI, six of
seven fish species in Meiliang Bay were not deemed to be
safe for consumption (Fig. 4) due to their concentrations
of MCs that were 57–113 times higher than the TDI,
which had an EDI range from 2.28 to 4.52 µg/kg/day. Our
results were in agreement with those in the previous report [17].

concentrations of MCs much higher than the recommended
limit for human consumption (0.04 µg/kg/day), demonstrating that considerable toxins were accumulated in local
species of fish in Meiliang Bay, Lake Taihu. Consistent
with the water sample, most of the fish muscles contained
MC-RR, while MC-LR was not detected in all of the
samples. The MC concentration was highest in Carassius
auratus and lowest in Alice mouth white fish. Confirmation of MCs presence in most fish muscle samples suggests that serious risks to animal and public health are
possible to occur. Freshwater fish are more popular food
sources in China than in most other countries; therefore,
more attention should be focused on the potential health
risks associated with the consumption of this food item.
In order to reduce or avoid the health risks, routine monitoring of toxins and toxic cyanobacterial blooms in both
water columns as well as in aquatic organisms should be
increased and maintained. More importantly, there exists
an urgent need to control eutrophication in Lake Taihu for
minimizing the growth of toxic cyanobacteria and for
reducing the exposure and risk of cyanobacterial toxins.
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COMPARISON BETWEEN A FLUIDIZED BED MEMBRANE
BIOREACTOR AND A CONVENTIONAL MEMBRANE BIOREACTOR FOR MUNICIPAL WASTEWATER TREATMENT
Jin-xia Ma, Xiao-li Yang*, Shi-he Wang and Yang Guo
School of Civil Engineering, Southeast University, Nanjing, 210096, China

ABSTRACT
A new-type membrane bioreactor was constructed with
the addition of granular activated carbon, which combined
the advantages of membrane separation with fluidized bed,
called fluidized bed membrane bioreactor (FBMBR).
Parallel test was carried out between FBMBR and a conventional membrane bioreactor (MBR) for municipal wastewater treatment. Results show that FBMBR is a reliable and
effective technology in terms of both membrane fouling
mitigation and pollutants removal improvement. As compared to MBR, FBMBR exhibited a better pollutants
removal with removal rates of 97.2% for COD, 96.3% for
NH4+-N and 67.1% for TN. Due to the addition of biological
fixation, both attached biofilm and suspended sludge were
dominant in FBMBR, which was essentially different from
MBR. The dehydrogenase activity in FBMBR was higher
than that in MBR with the mean of 17.8 and 12.8 µg-TF/
(mg-MLSS·h), respectively. The unique fluidizing characteristic and mixed liquor composition in FBMBR alleviated the process of membrane fouling effectively, and
the backwashing period was doubled compared to MBR.
KEYWORDS: Fluidized bed membrane bioreactor (FBMBR),
membrane bioreactor (MBR), wastewater treatment, pollutants
removal, membrane fouling.

In MBRs, the characteristics of mixed liquor and the
fluidization of particles have been considered as the important factors governing the filterability of mixed liquor
and the process of membrane fouling [4, 8]. Recently,
different chemicals, for example, organic flocculants [9, 10],
metal salts [11, 12], and powdered activated carbon [13]
have been tested for improving the filterability of mixed
liquor. The added chemicals mainly acted as coagulants,
flocculants or adsorbents; as expected, they would be exhausted or be saturated after a certain operation period, and
then, a continuous addition was required. This might lead
to the increase of operation cost and the deterioration of
microbial activity.
In this paper, a new kind of membrane bioreactor – a
fluidized bed membrane bioreactor (FBMBR) - was constructed with the addition of granular activated carbon,
which combined the advantages of membrane separation
with fluidized bed. The first objective of this study was to
investigate the effect of granular activated carbon addition
on mixed liquor characteristics and mixed liquor fluidization. The second objective was to evaluate the removal of
organics and nutrients. The third objective was to explore
the mechanism of membrane fouling mitigation. Therefore,
pollutants removal, microorganism multiplication, microbial activity, and membrane fouling rate were measured
and compared between FBMBR and MBR.

1 INTRODUCTION

2 MATERIALS AND METHODS

Membrane bioreactor (MBR) has attracted an increasing interest in the field of wastewater treatment due to its
reliability and better effluent quality [1]. However, membrane fouling continues to be a major challenge for the
widespread application of MBRs because of the requirement of frequent cleaning and replacing [2]. Therefore, a
lot of research has been conducted, or still being conducted, in order to mitigate membrane fouling, including
backwashing [3], relaxing [4], increasing aeration [5], adding
adsorbents/coagulants [6], modifying module or membrane
surface [7], or constructing new-type reactors.
* Corresponding author

2.1. Experimental setup

The experimental setup (shown in Fig. 1) was located
at Suojincun Wastewater Treatment Plant (WWTP) of
Nanjing City, East China. The setup consists of an anoxic
zone and an oxic zone with a total working volume of 350 L.
The membrane module was made of poly-propylene fiber
with an inner radius of 320-350 µm and a pore size of 0.10.2 µm. The experiment of conventional MBR was carried
out in the same setup but without activated carbon addition.
The carrier in FBMBR was granular activated carbon with
a diameter of 0.2-0.5 mm, and the volume of the added
activated carbon was 5% of the aerobic volume. Air was
supplied through the perforated pipe to provide oxygen
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demanded by the microorganisms, and to induce a crossflow action for effective scouring of the membrane surface, and fluidizing of the added activated carbon.
The effluent from the aerated grit chamber, the first
step of the treatment process for Suojincun WWTP, was
supplied into the anoxic zone by a pump. The mixed liquor of the anoxic zone flowed into the oxic zone by gravity.
The characteristics of the wastewater are listed in Table 1.
The pump supplying water to FBMBR was controlled by a
water level sensor to maintain a constant water level. The
membrane-filtered effluent was obtained by suction using
a pump connected to the membrane modules. The effluent
flow-rate and the trans-membrane pressure (TMP) were
monitored by a water flow-meter and a pressure gauge,
respectively.
Influent
Effluent
Anoxic
zone

Membrane
modules

tion/ 2 min relaxation), and the flow-rate of recycled mixed
liquor from oxic zone to anoxic zone was controlled at
200% of the influent flow-rate by the function of air lift.
The bioreactors were inoculated with the activated sludge
taken from the Suojincun WWTP, and there was no special sludge discharge in this study, except for sampling.
Because the aeration intensity is one of the significant
factors governing the membrane fouling rate in submerged
MBR processes [14, 15], the compressed air was supplied
with the ratio of air to water of 25:1.
2.3. Analytical methods

Chemical oxygen demand (COD), total nitrogen (TN),
ammonia (NH4+-N), total phosphorus (TP), pH, mixed
liquor suspended solids (MLSS), and mixed liquor volatile
suspended solids (MLVSS) were measured according to
Chinese NEPA standard methods [16]. Dissolved oxygen
(DO) concentration in the reactor was detected by an oxygen meter (Model JPB-607, Shanghai Precision Scientific
Instrument Inc., China). The dehydrogenase activity was
measured by the method of 2,3,5-triphenyl tetrazolium
chloride (TTC) [17].

Air bubble

Bioparticles

3 RESULTS AND DISCUSSION
Air Feeding Pipe

3.1. Comparison of overall performance

Aerobic
zone

3.1.1 COD removal
Sludge Discharge Pipe

FIGURE 1 - Schematic diagram of the experimental setup.
TABLE 1 - Characteristics of influent wastewater (all the values are
given as means ± standard deviation (n=31)).
Parameter
COD (mg/L)
NH4+-N (mg/L)
TN (mg/L)
TP (mg/L)
pH

Range
186.6-432.8
35.45-61.88
37.34-71.62
3.58-7.98
7.2-7.9

Mean ± S.D.
245.9
42.33
52.67
6.84
7.4

The comparison of MBR and FBMBR in organic matter removal, indicated by COD, is shown in Fig. 2. When
influent COD concentration averaged at 245.9 mg/L, the
total removal rates of COD in MBR and FBMBR were
95.8 and 97.2%, respectively. Biological degradation played
an important role in COD removal in both MBR and
FBMBR, with the removal rates of 87.6 and 93.0%, correspondingly. The higher COD removal in FBMBR might
be explained by the following three reasons. First, the
carriers of added activated carbon offered a huge surface
area for the growth of microorganisms, and sludge floc
structure as well as sludge settleability were simultaneously improved. Second, comparing with the suspended

2.2. Operating conditions

100
95
COD removal(%)

The experiment was divided into two stages. In the
first stage, the MBR was operated without activated carbon addition (defined as control MBR). In the second stage,
activated carbon was added into the MBR which has been
previously used for the first stage (defined as FBMBR).
After completing the first experimental stage, both the
membrane modules and biomass were removed from the
MBR. A chemical cleaning was then conducted on the tested
membrane. After that, a cleaned membrane module, fresh
sludge and activated carbon were introduced into the
FBMBR to start the second stage of the experiment. Both
control MBR and activated carbon-added FBMBR were
operated under the same operational conditions, except
for the absence or presence of activated carbon. The flux
was kept at a constant level of 10 L/(m2·h) (10 min filtra-

90
85
80

Biological removal in control MBR
Total removal in control MBR
Biological removal in FBMBR
Total removal in FBMBR

75
70
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0
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Time(d)

FIGURE 2 - Comparison of COD removal between FBMBR and
MBR.
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activated sludge, the attached biofilm in FBMBR was more
suitable for the growth of the attached protozoa, such as
Rotifera, Vorticella and Epistylis. The more abundant protozoa and metazoa are, the longer is the food chain, and
further, a better removal was achieved. Third, fluidization
operation made the friction among the three phases more
violent, and stimulated the renewal of attached biofilm,
and, therefore, oxygen transfer and microbial activity were
enhanced.

ondly, the contacts between water/air and the friction
between bio-particles were sufficient, which enhanced the
mass transfer and increased the biodegradation ability.
Besides, one can see that the contribution of membrane
blockage to NH4+-N removal was negligible, as expected,
and the low molecular weight of NH4+-N could not be
blocked effectively by membrane module.

Based on the total removal rates and biological removal rates of COD in FBMBR and MBR, it can be calculated easily that the contribution of membrane module
to COD removal was 4.2% for FBMBR but 8.2% for
MBR. Although the direct effect of the membrane module
to COD removal was small, owing to the effect of membrane separation, both FBMBR and MBR had a higher
concentration of activated sludge and lower F/M. Therefore, organic matter was biodegraded thoroughly, and a
higher COD removal was attained. It should be noted that
the membrane contribution in MBR was higher than that
in FBMBR. However, this would lead to an increase of
membrane pollution (detailed in section 3.4). The above
comparison indicated that the unique fluidizing and the
micro-environmental characteristics in FBMBR increase
the microbial ability and enhance the organics removal.

The comparison between FBMBR and MBR in TN
removal is shown in Fig. 4. The total removal rates were
averaged to be 67.1% and 62.5% in FBMBR and MBR,
respectively. It can be found that TN removal in FBMBR
was a little bit better than that of MBR at the stable period. This may be related to the particular structure of
biofilm in FBMBR. The biofilm attached on the carriers
in FBMBR delaminated into aerobic layer, anoxic layer
and anaerobic layer in order, which effectively increased
the anoxic volume in the reactor. The existence of different oxygen micro-environments offered the conditions for
simultaneous nitrification and denitrification. The oxygen
went into the inside of the floc through the surface of the
sludge floc and formed a certain concentration gradient.
In the surface of the activated sludge floc, the oxygen was
sufficient and nitrification took place there, while in the
inside of the activated sludge floc, an anoxic environment
was formed, and denitrification took place. In this way,
simultaneous nitrification and denitrification were realized. Hocaoglu et al. [18] confirmed this when they evaluated the effect of sludge age on simultaneous nitrification and denitrification in a MBR treating black water. It
is worth to note that the contribution of membrane blockage to TN removal was also quite small, which is consistent with the fact that nitrogen removal in bioreactors is
mainly influenced by biological effects.

+

3.1.2 NH4 -N removal

The comparison of NH4+-N removal is shown in Fig. 3.
It can be seen that both FBMBR and MBR achieved a
better NH 4+-N removal at the stable period. The total
NH4+-N removal rates in FBMBR and MBR averaged
96.3% and 95.0%, respectively. This may be attributed to
the longer sludge retention time (SRT), which made the
multiplication of sub-nitrifying bacteria and nitrifying
bacteria, and further, a better nitrification achieved in
FBMBR and MBR.

3.1.3 TN removal

76
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FIGURE 3 - Comparison of NH4+-N removal between FBMBR and
MBR.
+
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For FBMBR, the NH4 -N removal was slightly higher
than that in MBR. Two explanations might be proposed.
At first, the carriers of added activated carbon offered the
attached place for nitrifying bacteria multiplication. Sec-
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Time(d)
FIGURE 4 - Comparison of TN removal between FBMBR and
MBR.

3.2. Comparison of microorganism multiplication

Microorganism plays an important role in pollutants
removal. The quantity and activity of microorganism governed the whole biological process. Therefore, sludge concentration and dehydrogenase activity were used for char-
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acterizing them, in this study. The variations of sludge
concentration in FBMBR and MBR along with operation
time are shown in Fig. 5. It can be found that the multiplication trends of the total sludge concentrations in the two
systems were similar during the period of nearly 120 days.
Both of them grew rapidly in the first period, slowly in
the middle, became stable, and then had a little decline.
Due to the addition of activated carbon, both attached
biofilm and suspended sludge were dominant in FBMBR,
and the multiplication of sludge in FBMBR was different
from that in MBR in essence. What is more, at the last
steady period, the sludge concentration in FBMBR was a
little bit higher than that in MBR. This might be explained
by two reasons. Firstly, the added activated carbon as a
carrier supplied abundant place for microorganism multiplication. Secondly, the friction between carriers made the
aging biofilm fall off timely, and further accelerated the
renewal of biofilm.

8000
7000

The variation of microbial activity (characterized by
dehydrogenase activity) in FBMBR and MBR is shown in
Fig. 6. The variation trends of dehydrogenase activity with
time in the two systems were mostly similar, but the value
of dehydrogenase activity in FBMBR was higher than
that in MBR, with means of 17.8 and 12.8 µg-TF/(mgMLSS·h), respectively. The higher microbial activity in
FBMBR might be attributed to the nearly complete
mixed flow, which made mass transfer fully and stimulated the renewal of biofilm. That is to say, the cutting
function of air/water and the friction between bioparticles accelerated the fall-off and renewal of biofilm on
the surface of the carriers, which was beneficial for maintaining the higher microbial activity, and, therefore, improved the function of biodegradation. This was confirmed
by the better pollutants removal achieved in FBMBR.
28

Total sludge
Attached sludge
Suspended sludge
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3.3. Comparison of microbial activity
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This characteristic of sludge distribution in FBMBR could
not only improve pollutants removal but also alleviate
membrane fouling.

0

20

40

60

80

100

120

Time(d)
Sludge Concentration(mg/L)

24

FBMBR
MBR

20
16
12
8
4
0

8000

0

20

40

60

80

100

120

Time (d)

7000

FIGURE 6 - Comparison of dehydrogenase activity between
FBMBR and MBR.
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FIGURE 5 - Comparison of microorganism multiplication between
FBMBR and MBR.

For FBMBR, the multiplication rule of microorganism
was the synthetic embodiment of the attached biofilm and
suspended sludge. From Fig.5(a), it was found that the
attached microorganism increased rapidly in the first period,
and occupied more than 50% of the total microorganism
after about 40-days operation, while the suspended sludge
grew slower and maintained at a stable level of 3 to 4 g/L.

Also from Fig. 6, one can found that the dehydrogenase activity increased in the first 40 days; after that, it
decreased until reaching a comparative steady level at the
100th day in both FBMBR and MBR. This can be explained
as follows: in the initial period, microorganism grew rapidly
because of the membrane blockage; therefore, the microbial
activity increased. However, the longer sludge retention time
(SRT) would also made inertia matters and microorganism metabolizing products being accumulated in the reactor, which made the dehydrogenase activities in FBMBR
and MBR inevitably decrease in the later running period.
Also, the increase of sludge concentrations influenced the
nutrients in the system which could not meet the requirement of microorganism multiplication. The lack of nutrients and the accumulation of metabolizing products restricted the growth of the microorganism. This made
microorganisms in the systems in the situation of hunger,
self-dissolution or dormancy, and, therefore, microbial
metabolism ability decreased.
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3.4. Comparison of TMP variation

The membrane fouling rate under the constant flux,
expressed as dP/dt, was calculated as the gradient of the
TMP. The increase rate of TMP is an important indicator for
evaluating the development of membrane fouling in submerged MBRs. Fig. 7 shows the TMP variation in control
MBR and FBMBR. Both systems were operated below the
critical pressure of 50 kPa, and backwashing was conducted when exceeding this value.

deposit on the membrane surface, and membrane fouling
was mitigated. Therefore, it is suggested that suitable carriers, such as activated carbon, can be added to conventional
MBR for improving mixed liquor properties and lowering
the membrane fouling rate.
Also from Fig. 7, it can be found that TMP variation
exhibited a two-step process; that is to say, a slower increase of Step I and a quicker increase of Step II. A similar TMP variation process was also indicated by Cho et
al. [19] and Ognier et al. [20].

70
Ⅰ

60

Ⅱ

Ⅰ

Ⅱ

4 CONCLUSIONS

TMP (kPa)

50

The addition of granular activated carbon into MBR is
proven to be effective in improving fluidizing properties
and mixed liquor characteristics, which was conducive for
the mitigation of membrane fouling and enhancement of
pollutants removal.
The pollutants removal in FBMBR was slightly better
than that in MBR, with a higher removal of 1.4% for COD,
1.3% for NH4+-N, and 4.6% for TN, respectively. This was
consistent with the higher microbial activity in FBMBR,
with dehydrogenase activity of 17.8 µg-TF/(mg-MLSS·h).
Biological degradation played an important role in pollutants removal in both MBRs while the contribution of
membrane blockage was little, which conversely was beneficial for alleviating membrane fouling. The multiplication
trends of the total sludge concentrtions in both MBRs
were similar during the period of nearly 120 days. However, the sludge composition was totally different because
both attached biofilm and suspended sludge was dominant
in FBMBR, but only suspended sludge in MBR. The
improved mixed liquor properties and the nearly complete
mixed flow made FBMBR effective in mitigating membrane fouling.
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ABSTRACT
A comprehensive understanding of the dynamics and
potential mobility of phosphorus (P) in sediments requires
separation and identification of its different forms, but the
relevant information about organic P is insufficient. In this
study, a detailed fractionation of organic and inorganic P
was conducted on 22 different lake sediments, with an emphasis on understanding how organic P is distributed within
various solid phases of sediments. Significantly positive
correlations were observed between all of the inorganic and
organic forms of P extracted at the same steps. Similar
positive correlations were also found between the inorganic
and organic P forms and their co-extracted metals and
sediment organic matter. These relationships clearly
demonstrated that both organic and inorganic P were bound
in sediments by similar solid phases. Further analyses
showed that the major organic and inorganic P pools
could be basically divided into organic matter-bound
and metal-bound forms. The abundance of the former P
pool depended on the content of organic matter in different
sediments. The latter P pool included Fe and Al bound P as
well as Ca bound P. The distributions between them depended on the relative abundances of Fe and Al to Ca in
sediments. It was concluded that organic P forms in sediments had a distribution pattern similar to that of inorganic P, reflected by their similar binding phases and similar
speciation changes in different sediments.

KEYWORDS: Organic phosphorus, form, inorganic phosphorus,
fractionation, co-extracted metal, organic matter, sediment

1 INTRODUCTION
Phosphorus (P) is a major nutrient for aquatic biota. It
plays a vital role in determining the function and productivity of aquatic ecosystems and regulating their trophic
* Corresponding author

status. The release of P from sediments has been recognized
as a major source of P that causes water quality deterioration and eutrophication [1-3]. This internal loading of P, to
a large extent, depends on the forms bound by various
mineral and organic components in sediments. Accordingly, a detailed investigation of the dynamics and potential
mobility of P in sediments requires separation and identification of the different forms of P.
The types of P in sediments can be divided into inorganic and organic forms. Compared to inorganic P,
knowledge about the organic P in sediments is relatively
limited. Organic P is an important component of P in sediments, consisting of a range of naturally occurring compounds, such as orthophosphate monoesters, orthophosphate diesters (DNA and phospholipids), and phosphonates [4]. Identification of these compounds has been
performed in a large number of studies using phosphorus31 nuclear magnetic resonance spectroscopy (31P NMR)
[5-9], enzymatic hydrolysis [10], and other techniques [11,
12]. An assessment of the reactivity of organic P compounds in sediments has been further made primarily based
on these measurements, whereas their bindings onto sediment solid phases were generally neglected. Because
previous studies have already shown that the binding of
organic P compounds, such as myo-inositol hexakiphosphate, onto sediment solids can effectively prevent their
degradation [13, 14], neglecting this face would lead to
considerable errors in estimating the dynamics of organic
P in sediments. Therefore, it is vital to understand how
organic P is distributed within various solid phases of sediments.
Sequential extraction techniques are commonly used
to fractionate the chemical forms of P in sediments. A
sequential extraction procedure was first developed by
Chang and Jackson [15] for soils that employed a series of
reagents to selectively dissolve the various forms of P
according to their binding phases. Williams et al. [16] later
adapted this procedure to sediments. Further modifications to the methodology were performed by Hieltjes and
Lijklema [17] and Psenner et al. [18, 19]. Since then, a
range of fractionation procedures have been developed for
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sediment P [20-24]. These procedures have been widely
applied for estimating the release potential of P [25, 26],
and the diagenetic transformation of P in sediments [27].
However, many of these techniques focus on inorganic P,
while the organic P in sediments is often fractionated in
much less detail, and even treated as a residue and refractory fraction in the procedures [23, 24, 28]. Consequently,
the distribution pattern of organic P in sediments is still
poorly understood.
The main purpose of this study was to reveal how organic P is distributed into the solid phases of sediments. A
total of 22 different lake sediments were selected, and P
fractionation was performed on these samples using a detailed procedure. The distribution behaviors of organic P
forms were studied through various correlation analyses
together with inorganic P, co-extracted metals and organic
matter. The environmental concern of organic P was finally discussed.
2 MATERIALS AND METHODS

them were unavoidably oxidized to a different degree. In
order to maintain consistency in the pre-treatment of the
sediment samples, all the samples were air-dried and kept
at room temperature for analysis.
2.2 Fractionation procedure of organic and inorganic P

In order to fractionate sediment organic P in more detail, two existing fractionation procedures of Rydin [31]
and Ivanoff et al. [32] were combined to produce a detailed one for use in this study. The former procedure was
based on Psenner et al. [19], which has been widely applied for fractionating sediment P [33, 34]. The latter one
was developed for fractionation of organic P in soil samples and has been applied to sediment samples [35]. The
combined procedure consists of 6 steps (Fig. 1). The first
4 steps and the last step were the same to those in the
study of Rydin [31]. The 5th step followed the use of 0.5 M
NaOH in Ivanoff et al. [32], who extracted organic matterassociated P (including humic acid- and fuvic acidassociated P).
2.3 Sample analysis

2.1 Sediment materials

A total of 22 lakes in China were selected in this
study, with the characteristics of each lake listed in Table
1 [29, 30]. These lakes cover a wide area of China ranging from the south to the north, with the majority located
in the Eastern China Plain. Three to five sediment cores
were normally sampled in a site of each lake using gravity
samplers during 2001 and 2008. Surface sediment (~1
cm) of each core was sliced. All the surface sediments
from each site were pooled and homogenized to obtain a
representative sample. Due to long distance transportation
for the samples collected from remote regions, some of

The concentrations of total P (TP) and inorganic P
(reactive P, RP) in each extract were measured using the
molybdenum blue method, without and with acid persulfate digestion, respectively [36, 37]. The level of organic
P (non-reactive P, NRP) in each extract was determined
by subtracting RP from TP. Each batch of the extracts
was analyzed within 10 h following its preparation. The
concentrations of Fe, Al, and Ca in separate extracts were
simultaneously measured using an ICP-AES after acidification to pH 2.
Multiple analyses (n=8) of a sediment sample from
Lake Xuanwu using this fractionation technique showed

TABLE 1 - Characteristics of the lakes and location of the sampling sites.
Name
Location
Typical areaa
Typical deptha
Lake Zhu
East China Plain
80.8
5.7
Lake Poyang
East China Plain
146-2933
−
Lake Taibai
East China Plain
19.0
1.6
Lake Qili
East China Plain
16.2
2.2
Lake Nanbei
East China Plain
47.8
5.2
Lake Longgan
East China Plain
316.2
3.8
Lake Zheduoshan Qinghai-Tibetan Plateau
−
−
Lake Xuanwu
East China Plain
3.7
1.5
Lake Aha
Yungui Plateau
−
−
Lake Dongting
East China Plain
2432.5
6.4
Lake Gehu
East China Plain
146.5
1.2
Lake Qingken
Northeast China Plain
123.0
1.0
Lake Daihai
Mongolia-Xinjiang Plateau
133.46
7.41
Lake Luoma
East China Plain
260
3.3
Lake Gaoyou
East China Plain
674.7
1.44
Lake Basong
Qinghai-Tibetan Plateau
25.5
60
Lake Wumeisu Mongolia-Xinjiang Plateau
233
1.12
Lake Weishan
East China Plain
1097.6
1.5
Lake Fuxian
Yungui Plateau
211
89.6
Lake Shahu
Mongolia-Xinjiang Plateau
6.4
1.31
Lake Talahong
Qinghai-Tibetan Plateau
−
−
Lake Hequan
Mongolia-Xinjiang Plateau
−
−
a
Cited from Wang and Dou[ 29] ; b Cited from Yang et al. [ 30] ; “−” shows no data

1177

Trophic stateb
Hypereutrophic
Hypereutrophic
Eutrophic
Eutrophic
Mesotrophic
Eutrophic
−
Eutrophic
−
Eutrophic
Hypereutrophic
Eutrophic
Eutrophic
Hypereutrophic
Eutrophic
−
Mesotrophic
Eutrophic
Eutrophic
−
Hypereutrophic
−

Location of the sampling site
N32°04′34.02″, E116°36′15.09″
N28°52′11.01″, E116°30′49.48″
N29°03′23.48″, E112°10′34.57″
N32°53′30.03″, E118°12′06.20″
N30°32′32.52″, E120°51′37.42″
N29°53′56.83″, E116°10′00.51″
−
N32°03′56.78″, E118°48′11.76″
N26°32′16.25″, E106°38′32.10″
N28°48′33.76″, E112°31′50.52″
N31°38′41.71″, E119°48′32.89″
N46°21′49.22″, E125°29′44.74″
N40°35′14.53″, E112°43′22.87″
N34°03′44.79″, E118°14′17.83″
N32°53′28.04″, E119°17′02.54″
N30°00′52.43″, E93°58′44.35″
N41°00′05.69″, E108°55′22.06″
N34°35′38.21″, E117°17′28.44″
N24°35′27.52″, E102°54′57.09″
N38°49′02.00″, E106°20′56.66″
−
N38°17′59.22″, E106°16′36.03″
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Defined P
term

Bound form
of P

NH 4 Cl –RP
NH 4 Cl-NRP

Loosely sorbed P

BD-RP
BD-NRP

Reducible Fe
bound P

NaOH(0.1M)-RP
NaOH(0.1M)-NRP

Al bound P plus
nonreducible Fe
bound P

HCl-RP
HCl-NRP

Ca bound P

50 mL
Extractant

Step

I
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0.5 g sediment (DW)
1 M NH 4 Cl (pH 7.0)
2 h extraction

II

Residue
BD (pH 7.0)
1 h extraction
Residue
1 M NH 4 Cl (pH 7.0)
15 min rinse

III

Residue
0.1 M NaOH
16 h extraction
Residue
1 M NH 4 Cl (pH 7.0)
15 min rinse

IV

Residue
0.5 M HCl
1 h extraction

V

Residue
0.5 M NaOH
16 h extraction

NaOH(0.5M)-RP
NaOH(0.5M)-NRPFA
NaOH(0.5M)-NRPHA

Residue
1 M NH 4 Cl (pH 7.0)

Organic matter
associated P

15 min rinse

VI

Residue

Ashing at 550
o C for 2h

1 M HCl
16 h extraction

Res-TP

Refractory
organic P

FIGURE 1 - The scheme used for fractionation of P in sediments. The RP and NRP refer to inorganic and organic P, respectively.

that the analytical errors (based on relative standard deviation, RSD) were generally within 13% for TP and RP,
and 28% for NRP, during the various steps. The error for
humic acid-associated organic P (NaOH (0.5M)-NRPHA)
was relatively large (47%), which should be attributed to
the cumulative errors during the calculations. Similar
analytical errors have been reported in other fractionation
schemes [21, 24]

performed on the relationships between the concentrations
of P extracted in each step, with selected metals that were
co-extracted and organic matter. The statistical analyses
were performed using SPSS 11.5.
3 RESULTS
3.1 Properties of sediments

2.4 Statistics

The relationships between inorganic and organic forms
of P were investigated using the Pearson correlation coefficient (two-tailed). The same statistics analyses were also

The physic and chemical properties for most of the
sediment samples have been reported elsewhere [7] (Table 2). The sediment organic matter (expressed as loss on
ignition, LOI) ranged from 1.2 to 13.2%. Concentrations
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of TP and organic P (OP) varied from 0.44 to 1.75 g/kg,
and 0.11 to 0.45 g/kg, respectively, whereas concentrations of Fe, Al, and Ca ranged from 24.5 to 56.2 g/kg,
44.8 to 102.4 g/kg, and 2.8 to 80.4 g/kg, resp. A positive
correlation (p<0.01) was found between sediment Fe and
Al, whereas both sediment Fe and Al showed negative
correlations (p<0.05) with sediment Ca.

3.2 Concentrations of metals

The concentrations of selected metals (Fe, Al, Ca)
that were extracted are listed in Table 3. The results for
the metals in separate extracts which were too low or not
detected are not listed herein. At the 1st step, the concentrations of Ca were dominant in the 1 M NH4Cl extracts,
which recovered 12-74% of total Ca in sediments. At the
2nd step, the concentrations of Fe were dominant in the
BD extracts, which recovered 2-24% of total Fe in sedi-

TABLE 2 - Physical and chemical properties of the sediments.
TP

OP

Ca

Name

Fe

Al

LOI

(g/kg)

%

Lake Zhu*
0.81
0.26
2.8
56.2
102.4
11.8
Lake Poyang*
0.84
0.11
3.0
30.3
70.7
4.4
Lake Taibai
0.55
0.18
4.3
38.3
71.8
7.3
*
Lake Qili
1.14
0.36
5.6
52.7
92.0
8.1
Lake Nanbei*
1.47
0.32
12.3
36.1
58.3
7.6
Lake Longgan*
0.51
0.13
18.0
48.9
65.9
6.9
*
Lake Zheduoshan
0.73
0.29
18.6
37.5
59.5
5.9
Lake Xuanwu*
0.90
0.19
23.6
40.4
69.8
6.5
Lake Aha*
1.36
0.29
25.2
32.2
78.3
13.2
*
Lake Dongting
1.03
0.24
27.6
33.9
64.9
7.1
Lake Gehu*
0.66
0.19
25.7
25.7
58.2
6.0
Lake Qingken
0.52
0.20
31.2
25.9
67.0
6.8
Lake Daihai*
0.83
0.27
47.6
43.5
74.0
10.3
*
Lake Luoma
0.80
0.17
49.0
49.6
64.8
4.7
Lake Gaoyou*
0.80
0.18
42.8
27.3
72.2
6.6
Lake Basong*
0.44
0.12
50.0
29.6
59.7
1.2
*
Lake Wumeisu
0.82
0.19
66.4
37.6
67.6
9.9
Lake Weishan*
0.66
0.11
57.7
29.2
61.4
4.2
Lake Fuxian*
1.75
0.45
70.4
28.5
77.5
10.6
*
Lake Shahu
0.49
0.14
58.7
27.2
54.0
7.8
Lake Talahong
0.80
0.28
80.4
32.9
63.7
15.8
Lake Hequan*
0.80
0.30
60.0
24.5
44.8
11.1
*
The data for element composition and LOI were cited from Ding et al. [7]; “−“ shows no data

Average
particle
size (µm)
32.3
42.5
23.6
−
−
12.7
−
24.6
15.5
−
33.1
−
20.3
35.6
−
36.1
−
−
11.2
45.3
−
−

Particle size composition (%)
Clay

Silt

Sand

25.6
21.5
28.7
−
−
32.6
−
22.1
24.0
−
29.8
−
21.4
29.8
−
26.2
−
−
34.8
23.1
−
−

62.1
61.2
65.4
−
−
66.1
−
71.2
74.7
−
61.2
−
74.9
58.5
−
58.2
−
−
64.3
59.6
−
−

12.3
17.4
5.9
−
−
1.3
−
6.7
1.3
−
9.0
v
3.7
11.7
−
15.5
−
−
0.91
17.3
−
−

TABLE 3 - Concentrations (g/kg) of metals extracted using the fractionation procedure.
Samples
Lake Zhu
Lake Poyang
Lake Taibai
Lake Qili
Lake Nanbei
Lake Longgan
Lake Zheduoshan
Lake Xuanwu
Lake Aha
Lake Dongting
Lake Gehu
Lake Qingken
Lake Daihai
Lake Luoma
Lake Gaoyou
Lake Basong
Lake Wumeisu
Lake Weishan
Lake Fuxian
Lake Shahu
Lake Talahong
Lake Hequan

NH4Cl/
Ca
1.6
1.4
2.2
4.1
3.2
6.2
2.1
13.4
15.0
12.1
15.8
17.9
19.5
19.7
12.6
13.4
21.6
22.2
22.5
18.8
23.6
22.3

BD/
Fe
6.22
5.27
4.20
4.65
6.11
2.69
4.24
2.64
7.68
4.99
4.33
0.47
2.62
2.65
3.91
1.42
2.31
1.27
5.52
1.18
0.59
1.24

Ca
0.23
0.15
0.20
0.17
0.17
0.26
0.23
0.67
0.52
0.39
0.52
1.74
1.56
0.72
0.35
0.15
1.64
0.94
0.81
1.09
2.59
2.56

Fe
0.68
0.35
0.40
0.61
0.85
0.16
0.69
0.08
0.22
0.09
0.03
0.01
0.11
0.02
0.04
0.13
0.03
0.03
0.05
0.02
0.07
0.09

0.1M NaOH/
Al
Ca
4.25
0.01
2.42
0.03
2.51
0.02
3.87
0.01
4.55
0.01
1.64
0.03
1.95
0.01
1.60
0.04
3.55
0.05
1.79
0.04
1.83
0.03
0.44
0.09
1.13
0.14
1.54
0.04
1.78
0.02
0.65
0.01
0.36
0.08
1.62
0.05
1.62
0.03
0.21
0.14
0.70
0.13
0.44
0.15
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Fe
5.35
2.84
4.07
6.97
5.22
4.30
1.37
9.28
6.31
4.53
4.89
2.57
8.57
4.06
7.90
2.67
3.48
3.80
6.59
2.63
4.01
2.37

1M HCl/
Al
2.16
1.09
2.48
3.94
3.68
2.51
0.77
3.98
3.15
2.88
2.73
3.19
4.93
3.37
4.91
1.97
2.56
3.32
2.88
1.69
3.93
1.78

Ca
0.19
0.22
0.24
0.44
0.29
1.27
0.36
10.04
4.56
8.07
6.42
11.4
25.4
15.7
3.51
32.10
40.1
28.3
42.7
36.6
56.7
36.1

0.5M NaOH/
Fe
Al
0.02
5.48
0.03
3.07
0.06
2.10
0.03
3.95
0.03
3.87
0.08
1.84
0.03
0.39
0.09
2.03
0.04
5.14
0.03
2.93
0.07
3.14
0.03
0.75
0.08
1.24
0.07
1.98
0.08
2.14
0.01
0.18
0.08
0.34
0.08
1.15
0.13
3.46
0.09
0.21
0.13
1.02
0.13
0.20
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ments. The recovery rates of Ca were between 0.3 and
8%. At the 3rd step, the concentrations of Al were dominant in the 0.1 M NaOH extracts, and 0.4-8% of total Al
in sediments were recovered. The concentrations of Fe
and Ca were much lower than those extracted from the
former steps. These metals had recoveries of less than 2.4
and 0.9% of their total amounts in sediments, respectively. At the 4th step, Fe, Al and Ca had considerable recoveries, accounting for 4 to 29% of total Fe, 1 to 7% of total
Al, and 2 to 8% of total Ca in sediments. At the 5th step,
the concentration of Al was dominant (0.3-7% of total Al
in sediments). The concentration of Fe was much lower,
similar to those in the 0.1 M NaOH extracts. In general,
the major metal recovered from the BD extraction was Fe,
and that from the 0.1 M and 0.5 M NaOH extractions was
Al. From the NH4Cl extraction, the major metal was Ca.
All the three metals had good recovery rates from the 0.5
M HCl extraction experiments.
3.3 Concentrations of inorganic and organic P forms

The concentrations of the inorganic P forms are listed
in Table 4. A total of 5 forms of inorganic P were extracted, including NH4Cl-RP, BD-RP, NaOH (0.1M)-RP,
HCl-RP and NaOH (0.5M)-RP (see Fig. 1 for the terminology of each form). The concentrations for NH4Cl-RP
were the lowest, ranging from 1.3 to 32.3 mg/kg and contributing 0.2-6% of the total inorganic P in sediments. The
HCl-RP was the largest pool with the concentrations ranging
from 23.0 to 692.2 mg/kg, contributing 5-89% of the total
inorganic P in sediments. The BD-RP, NaOH (0.1M)-RP
and NaOH (0.5M)-RP had intermediate concentration
values. These forms varied from 27.1 to 207.2 mg/kg, 28.8
to 520.5 mg/kg, and 34.4 to 201.8 mg/kg, respectively,

which accounted for 2-29%, 4-68%, and 5-21% of the total
inorganic P in sediments.
A total of 7 forms of organic P were fractionated using
the extraction procedure, including NH4Cl-NRP, BD-NRP,
NaOH (0.1M)-NRP, HCl-NRP, NaOH (0.5M)-NRPFA,
NaOH (0.5M)-NRPHA, and Res-TP (Table 5; see Fig. 1 for
the terminology of each form). A few concentration values
of NH4Cl-NRP and BD-NRP were negative, reflecting the
uncertainty of the analytical method. The concentrations
of NH4Cl-NRP ranged from below the detection limit to
6.4 mg/kg, contributing to less than 4% of the total organic
P in sediments for most of the samples. The concentrations of BD-NRP varied from below the detection limit to
70.4 mg/kg, corresponding to less than 30% of the total
organic P in sediments. The concentrations of NaOH
(0.1M)-NRP and HCl-NRP varied from 19.8 to 75.3 mg/kg
and 5.1 to 78.2 mg/kg in sediments, respectively (9-52%
and 2-58% of the total organic P in sediments). The concentrations of NaOH (0.5M)-NRPFA and NaOH (0.5M)NRPHA were between 2.2-44.2 mg/kg and 3.4-62.8 mg/kg,
respectively, which were 1-19% and 1-34% of total organic P in sediments. Finally, the concentration of Res-TP
ranged from 11.3 to 113.1 mg/kg, accounting for 8-40%
of the total organic P in sediments.
3.4 Relationships between the inorganic and organic forms of P

The relationships between the inorganic and organic
forms of P are shown in Table 6. Significantly positive
correlations were observed between all of the inorganic and
organic forms of P extracted, at the same steps. These
correlations include NH4Cl-RP and NH4Cl-NRP (p < 0.01),
BD-RP and BD-NRP (p <0.01), NaOH(0.1M)-RP and

TABLE 4 - Concentrations (mg/kg) of inorganic P forms extracted using the fractionation procedure.
Samples
Lake Zhu
Lake Poyang
Lake Taibai
Lake Qili
Lake Nanbei
Lake Longgan
Lake Zheduoshan
Lake Xuanwu
Lake Aha
Lake Dongting
Lake Gehu
Lake Qingken
Lake Daihai
Lake Luoma
Lake Gaoyou
Lake Basong
Lake Wumeisu
Lake Weishan
Lake Fuxian
Lake Shahu
Lake Talahong
Lake Hequan
Minumun
Maximum
Average

NH4Cl-RP
1.3
2.2
1.7
2.9
5.4
2.6
2.1
23.8
6.2
4.9
10.9
15.9
18.9
20.4
4.6
1.9
11.8
9.8
11.8
6.8
18.2
32.3
1.4
32.3
9.8

BD-RP
114.3
102.9
72.8
167.9
207.2
44.6
54.7
128.1
127.9
59.6
110.2
69.8
47.6
88.0
134.5
17.8
46.0
36.9
95.9
27.1
78.7
64.7
27.1
207.2
86.2

NaOH(0.1M)-RP
297.1
197.5
167.9
312.4
520.5
46.0
349.0
111.1
463.6
171.5
174.0
33.5
51.6
82.8
102.1
28.8
34.2
70.9
169.3
30.5
58.3
59.1
28.8
520.5
160.5

1180

HCl-RP
23.0
26.0
58.7
102.1
77.5
84.9
51.2
349.4
39.7
249.2
71.2
214.5
344.0
207.1
153.0
692.2
533.0
255.1
469.9
369.6
301.8
357.7
23.0
692.2
228.7

NaOH(0.5M)-RP
71.6
39.2
38.9
131.9
81.3
40.3
56.9
68.4
162.6
98.6
56.7
77.2
119.1
45.8
72.0
35.3
44.5
62.2
201.8
34.4
116.7
38.1
34.4
201.8
77.0
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FIGURE 2 - Correlation analyses of Fe and Al-bound P and Ca-bound P with sediment Ca/(Fe+Al). The Fe and Al bound P includes BDextracted inorganic and organic P and 0.1 M NaOH-extracted inorganic and organic P, while the Ca-bound P refers to HCl-extracted inorganic and organic P. The RP and NRP refer to inorganic and organic P, respectively.
TABLE 5 - Concentrations (mg/kg) of organic P forms extracted using the fractionation procedure.
Samples
Lake Zhu
Lake Poyang
Lake Taibai
Lake Qili
Lake Nanbei
Lake Longgan
Lake Zheduoshan
Lake Xuanwu
Lake Aha
Lake Dongting
Lake Gehu
Lake Qingken
Lake Daihai
Lake Luoma
Lake Gaoyou
Lake Basong
Lake Wumeisu
Lake Weishan
Lake Fuxian
Lake Shahu
Lake Talahong
Lake Hequan
Minumun
Maximum
Average

NH4Cl-NRP

BD-NRP

3.5
2.9
1.6
1.5
-0.9
1.7
2.0
-2.5
6.4
5.2
4.0
2.4
0.9
-0.4
5.9
0.7
0.7
2.5
3.2
5.0
-3.5
0.3
-0.9
6.40
2.02

29.2
21.2
23.8
12.3
70.4
-2.9
3.9
42.7
57.5
5.4
22.3
17.3
11.6
18.8
29.7
3.6
-0.1
16.0
24.2
5.4
11.8
23.4
-2.9
70.4
21.5

NaOH(0.1M)NRP
75.3
44.5
45.5
63.3
53.3
51.8
41.9
64.6
47.1
38.1
25.9
21.4
26.6
36.5
35.2
22.8
23.6
21.6
44.6
19.8
26.3
35.0
19.8
75.3
38.45

HCl-NRP
5.1
12.8
25.6
12.3
9.7
48.7
29.2
19.2
16.1
19.8
28.6
13.6
16.6
51.2
44.0
78.2
53.5
69.4
56.3
64.6
72.9
34.0
5.1
78.2
35.52

NaOH(0.5M)NRPFA
25.4
12.1
11.0
15.1
23.5
11.5
18.0
2.2
34.0
6.3
15.6
10.8
34.8
9.2
15.9
8.6
17.5
10.6
36.9
6.8
44.2
18.6
2.2
44.2
17.67

NaOH(0.5M)NRPHA
3.6
13.8
8.5
17.9
4.5
9.2
7.2
16.7
27.7
4.9
10.5
26.1
62.8
17.1
4.3
8.7
25.8
7.6
3.4
13.8
61.9
18.7
3.4
62.8
17.03

Res-TP
73.1
34.9
35.6
82.2
77.3
40.1
23.2
26.9
108.3
53.7
34.4
23.5
32.3
25.1
36.4
11.3
22.8
24.2
113.1
11.9
71.8
30.5
11.3
113.1
45.12

TABLE 6 - Correlation coefficients between inorganic and organic forms of P extracted using the fractionation procedure.
NH4Cl-NRP
BD-NRP
NaOH(0.1M)-NRP
HCl-NRP
NaOH(0.5M)-NRP
Res-TP
NH4Cl-RP
-0.500**
–
–
–
–
–
BD-RP
–
0.782**
0.630**
-0.583**
–
0.592**
NaOH(0.1M)-RP
–
0.669**
0.596**
-0.594**
–
0.631**
HCl-RP
–
–
-0.499*
0.635**
–
–
NaOH(0.5M)-RP
–
–
–
–
0.494*
0.845**
One and two asterisks show the significance levels at “p < 0.05” and “p < 0.01”, respectively, while “–”shows the significance level at “p > 0.05”.
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TABLE 7 - Relationships of inorganic and organic P forms with sediment LOI and co-extracted metals.
P Form
NH4Cl-RP
BD-RP
NaOH(0.1M)-RP
HCl-RP
NaOH(0.5M)-RP

LOI
–
–
–
–
0.553**

NH4Cl/
Ca
0.698**
–
-0.589**
0.652**
–

BD/
Fe
Ca
-0.505* 0.779**
0.629**
–
0.839** -0.509*
-0.562** 0.427*
0.435*
–

Fe
-0.507*
0.513*
0.795**
-0.552**
–

0.1 M NaOH/
Al
Ca
-0.502*
0.667**
0.768**
-0.428*
0.877**
-0.515*
-0.689**
–
–
–

Fe
–
0.521*
–
–
0.540**

1 M HCl/
Al
Ca
–
0.522*
–
-0.447*
–
-0.539**
–
0.724**
0.446*
–

0.5M NaOH/
Fe
Al
0.655**
–
–
0.725**
*
-0.482 0.721**
–
-0.582**
–
0.503*

NH4Cl-NRP
–
–
0.445*
–
–
–
–
–
–
–
–
–
BD-NRP
–
–
0.553**
–
–
0.622**
–
0.426*
–
–
–
0.600**
0.1M NaOH-NRP
–
-0.670**
0.658** -0.511* 0.656** 0.774** -0.546** 0.430*
–
-0.628**
–
0.714**
HCl-NRP
–
0.578**
-0.583**
–
-0.548** -0.628**
–
–
–
0.747**
0.481* -0.586**
0.5M NaOH-NRPFA 0.791**
–
–
–
–
–
–
–
–
–
–
–
0.5M NaOH-NRPHA 0.548**
0.455*
–
0.683**
–
–
0.697**
–
–
0.454*
–
–
One and two asterisks show the significance levels at “p < 0.05” and “p < 0.01”, respectively, while “–”shows the significance level at “p > 0.05”.

NaOH(0.1M)-NRP (p <0.01), HCl-RP and HCl-NRP (p
<0.01), and NaOH(0.5M)-RP and NaOH(0.5M)-NRP (p
<0.05).
3.5 Relationships between the inorganic and organic forms
of P with the co-extracted metals and organic matter

The Pearson correlation coefficients for the relationships of inorganic and organic P forms with the sediment
co-extracted metals and LOI are listed in Table 7. Significant correlations were observed between NH4Cl-RP and
NH4Cl-extracted Ca, between BD-extracted organic and
inorganic P and BD-extracted Fe, between 0.1 M NaOHextracted organic and inorganic P and 0.1 M NaOHextracted Fe and Al, between HCl-extracted organic and
inorganic P and HCl-extracted Ca, between 0.5 M NaOHextracted organic/inorganic P and sediment LOI.
4 DISCUSSION
4.1 Validity of the fractionation procedure

Taking the general theoretical basis of the fractionation
methodology into consideration, the validity of the fractionation procedure was reflected by the correlations of
each organic and inorganic P form with sediment organic
matter (LOI) and the co-extracted metals (Table 7).
The significant correlations between NH4Cl-RP and
NH4Cl-extracted Ca likely indicated that the NH4Cl extracted inorganic P pool was associated with Ca compounds
in sediments. The dissolution of Ca with a 1 M NH4Cl (pH
7.0) solution has been reported [17, 21, 38]. A similar
phenomenon was observed herein, reflected by the high
recoveries of Ca (12-74%) from the NH4Cl extractions
(Table 3). This part of Ca should be in an exchangeable
form, and is easily replaced by NH4+ ions.
The significant correlations between BD-extracted
organic and inorganic P and BD-extracted Fe verified that
the BD extracted P pools were associated with reducible
Fe oxides in sediments. The reducible Fe minerals mainly
consist of ferrihydrite, goethite and hematite [39], which
have different binding capacities for phosphate [40-42]. It

has been recognized that the reducible Fe-bound P is a
major P form responsible for the release of P into the water
column [1, 43, 44]. Moreover, the presence of ferric minerals, such as strengite (FePO4·2H2O), has been confirmed
in lake sediments [45, 46].
The significant correlations between 0.1 M NaOHextracted organic and inorganic P and 0.1 M NaOHextracted Fe and Al reflected that the two P pools were likely
bound by Al and non-reducible Fe oxides in sediments. The
non-reducible Fe minerals mainly consist of vivianite
[Fe3(PO4)2·8H2O], which has been confirmed in freshwater sediments [47, 48]. The inorganic Al-P minerals, wavellite [Al3(OH)3(PO4)2·5H2O] and variscite (AlPO4·2H2O), are
the major P-containing minerals in sediments [49].
The significant correlations between HCl-extracted organic and inorganic P and HCl-extracted Ca demonstrated
that the HCl-extracted P pools were likely bound by Ca in
sediments. Apatite is a primary P-containing mineral in
marine and calcareous sediments [50, 51]. Other Ca-P
minerals include brushite [CaHPO4·2H 2O] and anapaite
[Ca3Fe(PO 4)3 2H 2O] [47]. The use of 0.5 M HCl can
dissolve some apatite and other Ca-P minerals [20]. A part of
the P is adsorbed onto CaCO3 in sediments [52], which
could also be liberated during this extraction.
The significant correlations (p <0.01) between 0.5 M
NaOH-extracted organic and inorganic P and sediment LOI
demonstrated that the extracted P pools were originally
associated with organic matter in sediments. This result
is evidently different from the binding phases extracted
by 0.1 M NaOH. Organic matter is a major carrier for P in
soils or sediments [24]; it can retain a range of P compounds through physical or chemical incorporation, direct
surface adsorption or indirect adsorption via cation bridges
[14].
4.2 Distribution behaviours of organic and inorganic P in
sediments

The same correlations for the organic and inorganic P
forms with co-extracted metals and organic matter
demonstrated that they were bound in sediments by similar solid phases (Table 7). This result was also verified by
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their positive correlations obtained from the same extraction steps (Table 6). In fact, previous studies have revealed
that the major solid phases for binding inorganic P in sediments showed a comparable ability in the binding of organic P fractions. For instance, both phosphate and organic
P fractions can be parts of the molecules constituting the
organic matter matrix, or they can be bound to organic
matter via metal cations, such as Fe3+ and Al3+ [53, 54].
The 31P NMR measurements have also verified the simultaneous presence of orthophosphate and organic P in humic
and fulvic acids [5]. Furthermore, the surfaces of Fe and Al
oxides and clays have a high affinity to adsorption for both
phosphate and various organic P compounds, whereas Ca
forms precipitate with phosphate and inositol hexakisphosphate, a major component of orthophosphate monoesters in natural environments [14, 55, 56]. These abiotic
processes may lay a foundation for partitioning organic
and inorganic P in sediments in a similar way.
The coherent distributions of the organic and inorganic
P in sediments were not only reflected by their similar
binding phases but also by their similar speciation changes
in different sediments. The major organic and inorganic P
pools observed could be basically divided into organic
matter-bound form and metal-bound form. The abundance
of the former P pool varied irregularly, depending solely on
the content of organic matter (LOI) in different sediments
(Table 7). The latter P pool included reducible Fe-bound P,
Al and non-reducible Fe-bound P and Ca-bound P. Further
investigations were performed on their speciation in different
sediment samples using the concentration ratio of sediment
Ca to the sum of sediment Fe and Al [Ca/(Fe+Al)] as an
indicator to reflect the calcareous extent of the sediments [7].
The results showed that both Fe and Al bound organic
and inorganic P had negative correlations with sediment Ca/(Fe+Al), while opposite correlations appeared
for Ca bound organic and inorganic P (Fig. 2). This result
demonstrates that there were different mechanisms responsible for binding P between Fe and Al oxides and Ca compounds, exhibited by the adsorption and precipitation processes, respectively, as mentioned earlier. However, their
controls in organic and inorganic P partition are similar,
depending on the relative abundances of Fe and Al to Ca
in different sediments.
There may be significant errors in the accurate determination of organic and inorganic P in extracts using the
molybdenum blue method because of several possible interferences, as recently reviewed by Condron and Newman
[57]. However, it seems unavoidable because no other alternative methods can be used at present time. For instance,
solution 31P NMR can accurately distinguish between organic and inorganic P and has been applied increasingly to
measure organic P in sediments [6-8]. However, the measured P is limited to a portion of P extracted [58]. In addition, a previous investigation using 31P NMR showed that
the overestimation was less than 20% of the total amount
of organic P detected by colorimetric method in alkaline
extracts of inorganic soils [59]. This discrepancy should

not change the total trend for organic and inorganic P
partition behaviours observed in this study.
4.3 Insight into environmental concern of organic P in sediments

The coherent distribution of organic P forms with those
of inorganic P poses an environmental concern about organic P similar to that of inorganic P. A primary concern is
that the Fe-bound organic P form could be released under
anoxic conditions, and may constitute an important P pool
responsible for the internal loading of P from the sediments. This hypothesis was supported by Huang and
Zhang’s study [60]. The authors simulated P exchanges
across the sediment-water interface in Florida Bay using
adenosine monophosphate (AMP) as a model organic P
compound. They revealed that the adsorption of organic P
by reactive Fe oxides governed the concentration of dissolved organic P in surface sediments and its sedimentwater exchange. The mechanism involved was the same as
that for controlling dissolved phosphate. In addition, Ruttenberg and Sulak [56] observed the same adsorption
pattern for both organic P compounds and orthophosphate
onto the reactive Fe oxides, but the organic P compounds
investigated (excluding inositol hexakisphosphate) generally had less efficient sorption than orthophosphate. The
authors suggested that the adsorption competition between
organic P compounds and orthophosphate in Fe-enriched
systems may lead to more bioavailability of organic P, which
may impact ecosystem community structure.
Besides the Fe-bound organic P, organic P bound to
Al(OH)3 and non-reducible Fe oxides [NaOH(0.1M)-NRP]
is another important potentially mobile form in sediments.
Goedkoop and Pettersson [61] revealed that this form of
organic P reflected P associated with bacterial cells. Rydin
[31] found that the release of NaOH (0.1M)-NRP accounted
for 25 and 68% of its total amount in sediments, under
oxic and anoxic incubation conditions, respectively.
5 CONCLUSION
A total of 5 inorganic P and 7 organic P forms were
fractionated in sediments. These phosphorous compounds
could be classified into loosely bound P, reducible Fe
bound P, Al and non-reducible Fe bound P, Ca bound P,
organic matter-associated P, and refractory organic P. The
validity of the fractionation procedure was reflected by
positive correlations between these P forms and coextracted metals and organic matter, implying that organic
and inorganic P were bound by similar solid phases in
sediments. This was further verified by the positive correlations between inorganic and organic P extracted at the
same extraction steps. The extracted P pools could be basically divided into organic matter-bound and metal-bound
forms. The abundance of the former P pool varied irregularly, depending solely on the content of organic matter
(LOI) in different sediments. The distribution of the latter
P pools were controlled by the adsorption processes onto
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Fe and Al oxides, and the precipitation process by Ca compounds, depending on the relative abundances of Fe and Al
to Ca in sediments. These results demonstrated a coherent
distribution of organic and inorganic P forms in the sediments, reflected by similar bound phases and speciation
changes in different sediments. This posed an environmental concern about the organic P in sediments regarding its potential mobility under anoxic conditions.
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ABSTRACT
This study aimed to compare in situ net nitrogen mineralization and nitrification amounts in different land use
types in northern Turkey (Karacakoy-Çatalca-Istanbul). The
soils in the study area are loamy textured with generally
slightly acidic (pHH2O between 4.29 -6.02) soil reaction.
The vegetation types studied were pasture in abandoned
agricultural lands, Cystus and Rubus sp. dominated shrubs
at shrub land, and mixture of Quercus petrea, Q. cerris,
Q. frainetto and Q. robur in the oak forest which was
clear-cut. Thirteen sample plots were used to measure net
mineralization and nitrification amounts during a month
consisting from 3 recently abandoned agricultural lands
(RAAL) (no application for 5 years), 3 old abandoned
agricultural lands (OAAL) (no application for 20 years),
3 shrub lands (SL) and 4 oak forest lands (OFL). Sampling took place on April 24th and May 22nd in 2009. The
29 d net nitrogen mineralization amounts showed no differences among RAAL, OAAL and SL (0.223, 2.398 and
3.951 mg NH4+-N kg-1 for RAAL, OAAL and SL respectively), while OFL site produced more amount of netnitrogen mineralization (10.976 mg NH4+-N kg-1) than the
others (Tukey, p<0.05). The nitrification amounts also
showed similar results with mineralization such as 0.604,
0.434, 0.499 and 2.602 mg NO3--N kg-1 for RAAL, OAAL,
SL and OFL respectively (Tukey, p<0.05). The initial ammonium-N and nitrate-N concentration in the soils showed
that for all land use types nitrate was mobile whereas ammonium was more stable mineral nitrogen form. In this
study, the initial ammonium and nitrate amounts had a minor effect on the mineralization and nitrification. Amounts
of organic carbon amounts were more important than total
carbon and mineral nitrogen concentrations in affecting
rates of N transformations. In conclusion, microclimatic
conditions and differences in organic carbon are likely
related to the differences in nitrogen transformation rates
we measured.
KEYWORDS: net nitrogen mineralization, net nitrification, land
use, oak, abandoned agricultural land.

* Corresponding author

1 INTRODUCTION
Nitrogen (N) is one of the key elements for plant growth
and ecosystem N fluxes are of great importance in terms of
plant nutrition. Trees generally respond to N availability
while excess N deposition also causes chronic stress in forest
ecosystems [1]. Thracian, Turkey is located in the upper
Mediterranean climatic zone where nitrogen transformations are crucially important to plant nutrition [2].
Nitrogen mineralization rates and nitrogen pools of soils
are often highly related with land use [3]. Numerous studies have shown that conversion of land use generally
affects soil nutrient budgets, especially for organic carbon, total nitrogen and rates of N transformations either
from agricultural land to forest [4, 5] or reverse [6] or
alteration of tree species [7]. N mineralization and nitrification rates have been shown to be influenced by climate [8],
plant community [9], origin of forest [9], microorganisms
[11, 12], soil properties [13] and acidity [14,15].
One third of Turkey’s forests are dominated by oak
species, especially in the northwestern part of the country
where oak forest ecosystems are the major forest type.
Thus, the influence of oak stands on soil N transformations
should be better studied. A few studies in oak forests in
Turkey have examined ecosystem and nitrogen contents
of soils or forest floor [16], and rates of N mineralization
[17]. Other studies have focused on N transformations in
forests [18, 19] and effects of trees on N cycling [20-22]
and questions on N dynamics affected by tree species and
whether changes in N dynamics increases or decreases
rates of N cycling and affects ecosystem N budgets.
We aimed to understand more about the nitrogen mineralization potential of oak forest ecosystems and to compare rates of N transformations in degraded shrub lands and
managed abandoned agricultural land ecosystems. Attention has also been given to the alteration of nutrient element budgets in abandoned agricultural lands [23]. The
phenomenon of abandonment has a great importance re-
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garding global ecosystems because of the spatial magnitude
of abandoned land. In Turkey, 128 956 ha potentially productive lands were abandoned because of socio-economical
conditions [24]. Since these abandoned agricultural lands
cover a wide area of land in Turkey, it should be useful to
have more knowledge regarding the N mineralization and
nitrification capabilities of this landscape.
Different land use provides different microclimatic
conditions under the same macro climate such as whether an
area is covered with a lower vegetation layer or multi layered vegetation, which might lead to different patterns in N
transformation rates. In addition, different land use types
could have differences in soil organic C, total N, soil
temperature and other soil properties, so it is important to
assess effects of land use and soil characteristics on N
mineralization and nitrification rates.

bate in the field for 29 d. After the installation of cylinders on 29th d approximately 50 g of soil from three cores
per point along 0 to 20 cm from inner part of cylinders
were taken with soil borer. In each sampling plot 24 soil
samples were collected and three soil samples bored from
cylinders were combined together resulting in 8 samples
for extraction and analysis [26].
Net N mineralization was calculated by subtracting
the initial quantity of soil inorganic-N from the postincubation quantity of soil inorganic-N. Similarly, net
nitrification is calculated as the change in NO3--N pool
size over the incubation period. The soil samples were
extracted with 50 ml of 2 M KCl and analyzed for NH4+N and NO3--N with Foss Fiastar 5000 Auto Analyzer
system. Separate soil samples were taken from each soil
(pre- and post- incubation) to determine the gravimetric
soil water content.
2.3 Soil Properties

2 MATERIAL AND METHODS
2.1 Study Area

The study site was established in Thracian in northern
Turkey which is under the authorization of Karacakoy
Forest Directorate. The study area is located at 41o23’40”
N and 28o21’04” E. The region has a semi-humid temperate climate [25]. The soils at the site generally showed
slightly to moderate acidic character (pH between 4.29 6.02), are sandy or sandy loamy textured, and the soils are
alfisols. Oak forest, abandoned agricultural lands and shrub
lands are in areas where each land use type is within a
single area of the particular land use. Thirteen sampling
points were used to quantify 29 d net mineralization and
net nitrification rates in 3 recently (RAAL - no application for 5 yr) abandoned agricultural lands, 3 old (OAAL
– no application for 20 yr) abandoned agricultural lands, 3
shrub lands (SL) and 4 oak forest lands (OFL). Karacakoy shrub lands are almost undisturbed ecosystem units
for more than 30 yr. The plant community in the shrub
land is dominated mainly by Cystus sp. and Rubus sp. The
abandoned and previously cultivated soils were tilled
using conventional tillage systems where bean and corn
plants are cultivated. The present day plant communities
are dominated by meadow grasses. The oak forest is composed of Quercus petrea Q. cerris, Q. frainetto and Q.
robur which are managed using a coppice management
system.
2.2 Soil samples

Soil samples were collected on 24th April (to) and 22nd
May (t1) 2009. Soils from three cores were composited in
the field for extraction and analysis giving eight composite samples per site. These soil samples provided the
initial (to) concentrations of NH4+-N and NO3--N for the
in-cubation. 48 polyethylene cylinders each of which has 5
cm inner radius were randomly installed into the soil
within each site. Then the tops of cylinders were covered
with thin plastic film for incubation and allowed to incu-

Air dried soil samples were ground and sieved (2 mm
mesh) for physical soil analysis, after any coarse woody
debris and roots were removed. Four soil samples were
collected for physical soil analysis per plot. Separate soil
sub-samples were oven dried at 105oC for 24 hours for
determining gravimetric water content. The soil particle
distribution was determined using the Bouyoucous hydrometer method and the soil texture was estimated with the
International Particle Size Distribution triangle. The pH,
organic carbon, and total nitrogen was analyzed in pre- and
post-incubation soils which was collected on 24th April (to)
and on 22nd May (t1) 2009, respectively. Soil pH was determined in a suspension of 1:2.5 of sample in distilled
water. Soil organic carbon (Corg) was determined using the
Walkley-Black method [27]. Total N (Nt) was measured by
the Kjeldahl method with a Buchi Auto Kjeldahl Unit K370 [28].
2.4 Environmental Data

During the study period the soil temperature data were
collected at 10 cm depth. The ambient air temperature data
logger was installed at 1 m above the soil surface. The soil
temperature was measured with a Testo 175 T3 data logger,
and the air temperature with an Extech 42270 temperature/
humidity data logger. The temperature data were collected
every 45 min. at 0.1oC sensitivity.
2.5 Statistical Analysis

The results were tested for normality and homogeneity of variances and analyzed for ANOVA followed by
Tukey HSD post-hoc comparison tests with SPSS 16v.
Comparisons were considered significant at p<0.05 and
p<0.0001.
3 RESULTS
3.1 Environmental Conditions
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The RAAL, OAAL and SL are almost open areas but
OFL has a mostly closed canopy closure. The vegetation

layer (tree or shrub or meadow) should affect the microclimate. The temperature amplitude in forestland had a

TABLE 1 - Initial and final pH (H2O), Nt (%) and Corg (%) concentrations of soils in different land use types.
Land use
pH
Type
N
Pre-inc.
Post-inc
RAAL*
12
4.98ab ±0.11¥
5.32a±0.12
ab
OAAL
12
4.99 ±0.08
5.44a±0.10
SL
12
5.25a±0.05
5.66a±0.06
OFL
16
4.71b±0.08
4.98b±0.06
*RAAL: Recently Abandoned Agricultural Land, OAAL: Old
error.

Nt%
Pre-inc.
Post-inc
0.088a±0.01 0.099a±0.01
a
0.094 ±0.01 0.111a±0.01
0.070a±0.01 0.105a±0.02
0.048a±0.00 0.064a±0.01
Abandoned Agricultural Land, SL: Shrub

Corg%
Pre-inc.
Post-inc
0.102a±0.01 0.151a±0.01
a
0.115 ±0.01 0.183ab±0.01
0.117a±0.01 0.154a±0.01
0.183b±0.01 0.215b±0.01
Land, OFL: Oak Forest Land. ¥: Standard

TABLE 2 - Concentrations of nitrate-N (mg NO3--N kg-1) and ammonium-N (mg NH4+-N kg-1) on the sampling dates.
Land Use Type
N
NO3--N t0
NO3--N t1
NH4+-N t0
NH4+-N t1
RAAL*
24
0.000a±0.0¥
0.604a±0.10
7.970ab±0.71
8.193a±1.22
a
a
a
OAAL
24
0.000 ±0.0
0.434 ±0.09
6.134 ±0.79
7.956a±0.77
SL
24
0.000a±0.0
0.499a±0.14
4.619a±0.80
8.570a±0.83
a
b
b
OFL
32
0.000 ±0.0
2.602 ±0.57
10.899 ±1.41
21.875b±1.21
*RAAL: Recently Abandoned Agricultural Land, OAAL: Old Abandoned Agricultural Land, SL: Shrub Land, OFL: Oak Forest Land. ¥: Standard error.

narrower range compared to that in the shrub land, which
might be due to forest canopy isolation effect. Both the
average soil and air temperature was lower in OFL than
SL. Soil moisture decreased sharply towards the end of
incubation period, and no significant differences in moisture content among these land use types were measured.
3.2 Soil pH

The soil reaction values of the sites showed a slight
increase at the end of 29 d incubation period (Table 1).
Among all land use types, the pH values decreased in the
following order: SL, OAAL, RAAL and OFL on both
sampling dates (Table 1). There was significant difference
in pH between 2 sampling dates (t-test; p<0.0001). The
soil pH at OFL was significantly lower than the soil pH at
the other sites (p<0.05).
3.3 Total Nitrogen and Organic Carbon Pools

The total nitrogen and organic carbon pools increased
slightly towards the end of the incubation. The final total
nitrogen concentrations increased in the order of OFL,
RAAL, SL and OAAL, but there were no significant differences among four sites (Table 1). The final organic carbon
concentrations increased in this order: RAAL<SL<OAAL<
OFL with OFL having significantly higher organic carbon
concentration than the other sites (Table 1). The initial total
nitrogen and organic carbon concentrations occurred in a
different order with the final with total nitrogen concentration at SL considerably different. Organic carbon concentrations were significantly different among RAAL, OAAL,
SL and OFL (Table 1, p<0.05). Besides the total nitrogen
concentrations being different between the initial and final
values (t-test; p<0.025), organic carbon concentrations were
also different (t-test; p<0.0001).

The initial (to) ammonium-N concentration in OFL
was significantly higher than other land use types and SL
showed the lowest concentrations (Table 2). The ammonium-N concentrations in OFL at t2 were significantly
higher than in the other land use types (Table 2; p<0.05).
The 29 d net nitrogen mineralization amount in OFL was
significantly higher (10.976 mg NH4+-N kg-1) than at the
other sites while RAAL, OAAL and SL differed only
slightly among each other (Table 3). On the other hand, at
RAAL, a negligible amount of net ammonium immobilization was measured (Table 3).
3.5 Net Nitrification

No nitrite + nitrate concentrations were detected in
the pre-incubation (to) samples at all sites (Table 2). Nitrate concentrations in OFL at t1 was the highest among
all land use types (Table 2; p<0.05). The 29d net nitrification amount at OFL was almost 4 times higher (2.602 mg
NO3--N kg-1) than at the other sites, while RAAL, OAAL
and SL differed only slightly among the other sites
(Table 3). At OAAL net nitrate immobilization was indicated (Table 3).
TABLE 3 - Net nitrification (mg NO3--N kg-1) and mineralization
(mg NH4+-N kg-1) amounts.
Land Use Type N
29 d nitrification
29 d mineralization
RAAL*
24
0.604a±0.10¥
0.223a±1.51
OAAL
24
0.434a±0.09
2.398a±1.06
SL
24
0.499a±0.14
3.951a±1.38
b
OFL
32
2.602 ±0.57
10.976b±1.42
*RAAL: Recently Abandoned Agricultural Land, OAAL: Old Abandoned Agricultural Land, SL: Shrub Land, OFL: Oak Forest Land. ¥:
Standard error.

3.4 Net Nitrogen Mineralization
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4 DISCUSSION

other land use types, the total nitrogen concentration is
higher.

Soil reaction was more acidic at OFL, which might be
attributed to release of more acidic material from decomposed oak leaf litter [29]. No relationship was indicated
between soil pH and mineralization or nitrification amounts
in the soils. But the temperature might have revealed a
more meaningful relationship between soil microbial activity and mineralization [30] because under forest canopy,
conditions are milder where the average monthly temperature is lower (14.2 and 15.7oC soil and air, respectively at
OFL) and the min-max (13.0-15.6oC) amplitude is narrower than at SL (14.8-23.2oC), representing more exposed
climatic conditions. The nitrification and/or mineralization
amounts did not sufficiently explain the effect of years
between the two abandoned agricultural lands. Valtinat et
al. [31] investigated net mineralization and nitrification
amounts at adjacent oak forest lands, one of which was
50-80 years old planted on formerly cultivated land and
did not find significant net mineralization and nitrification
differences due to land use types. These similar findings
might be related to the rapid change in soil biogeochemistry after being abandoned.
It was questioned whether the initial ammonium-N
content has stimulating effect on nitrogen mineralization
amount the results gained from this study showed that it
has only little effect. Because the major source of ammonium-N in internal N cycling is organic-N [18], it could be
expected that more ammonium-N mineralization should
occur at RAAL, OAAL and SL where higher total nitrogen
concentrations were measured (Table 1). The total nitrogen
concentration of abandoned agricultural lands were slightly
lower than the results reported by Vaněk et al. [32] who
found that the total nitrogen concentration changed between 0.12-0.16 % whereas our total nitrogen concentration changed between 0.088-0.111% (Table 1). Our findings are expected for arable soils. The results show that
the relationship with organic carbon is more important
than total nitrogen (Table 1). It could be inferred that
organic carbon needed for microbial activity has a more
intensive effect on net mineralization or net nitrification.
Additionally, net nitrification at OFL was only weakly
related to the initial nitrate concentration (Table 2). The
increase in total nitrogen con-centrations during the incubation period might signal an enlarged nitrogen pool by addition of microbial biomass nitrogen [18]. However poor
total nitrogen pools in the study sites resulted in limited net
mineralization activity. On the other hand the decomposing organic matter might have provided addition of organic carbon through microbial activity. Our results are in
agreement with results from [19]. Their data indicated that
decreasing C availability caused the consumption of lower
quality substrate. According to our results cultivation has a
negative effect on organic carbon content of soil probably
because of less organic matter addition to the upper soil.
Higher net nitrogen mineralization amounts at OFL could
be related to higher microorganism population whereas in

The abandoned agricultural lands have a history of
being highly fertilized and have also been heavily utilized. Studies of different land use types concluded that soil
disturbance also affects N mineralization and nitrification
dynamics [33]. Urioste et al. [34] stated that cultivation of
the native land altered the top soil properties, resulting in
a decrease in total nitrogen, organic carbon and phosphorus in semi arid soils in Argentina. In our study, different
land use had different net mineralization and net nitrification amounts (Table 3). Like in this study, Tripathi and
Singh [35] found rates of 7.07 to 44.84 µg g-1 mo-1, 5.46 to
19.65 µg g-1 mo-1 and 5.29 to 12.83 µg g-1 mo-1 net nitrification and 9.8 to 48.53 µg g-1 mo-1, 9.2 to 23.87 µg g-1 mo-1
and 6.56 to 18.62 µg g-1 mo-1 net N-mineralization rates
for forest land, grassland and cropland, respectively with
the differences between land use types similar to our results.
The nitrate concentrations found in our study are similar to
the results from Uri et al. [3], who also found considerable
differences among birch forest land and grass land as an
abandoned agricultural land. According to our results, at
all the sites the major inorganic nitrogen form was ammonium instead of nitrate since it is more mobile form of
nitrogen compared to ammonium-N. Nonetheless the moisture contents of the soils were significantly differences
among the sites, therefore maximum net rates of mineralization and nitrification might not be achieved.
5 CONCLUSION
The old abandoned lands are expected to regenerate
themselves compared to recently abandoned agricultural
lands by increased atmospheric addition of nitrogen. The
results of this study showed that both mineralization and
nitrification amounts are remarkably high at OFL and we
suggest that forest degradation causes severe interruption
of soil nitrogen transformations.
In conclusion, nitrogen mineralization and nitrification amounts at different land use types varied by land use
type (forest/shrub/abandoned agricultural land) and concentration of organic carbon. Abandoned agricultural
lands contain relatively higher amounts of total nitrogen,
while they still have lower mineralization and nitrification
levels than forest lands. Soils in oak forests in the upper
Mediterranean region are nitrifying ecosystems and seem
to have higher nitrogen mineralization potentials than
some neighboring forest ecosystems.
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