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Bioremediation of PAHs from Contaminated Soils by
Festuca aroundiacea in the Presence of Bacillus licheniformis
and Bacillus mojavensis
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contribution to remediation of soil PAHSs.

ABSTRACT: Bioremediation of PAHs from oil-contaminated soils was investigated. Ba-
cillus licheniformis and Bacillus mojavensis, were inoculated in rhizospheric soil with
Festuca aroundiacea in a greenhouse study. The concentration of PAHs in the rhizo-
sphere of soil inoculated with both bacteria were significantly (p < 0.05) reduced com-
pared to the non-inoculated soil. PAH concentrations in shoots were largely independent
of those in soil, roots, or rhizosphere soil. In the soil inoculated with both bacteria, the
concentration of PAHs in roots and shoots of the plant was less than for other treat-
ments. Results showed that the plant-promoted biodegradation was the predominant

INTRODUCTION

AHs are aromatic compounds with two or more
benzene rings. Usually, they are formed during the
thermal degradation of organic molecules and similar
compounds [1]. The common sources of these com-
pounds in the environment can be human activities,
forest and grassland fires, oil spills, volcanoes and
industries [2]. The PAHs compounds are known as
toxic, mutagenic and carcinogenic pollutants [3]. They
are not easily eliminated from the environment under
normal circumstances. If the molecular weight increas-
es, their resistance to degradation will increase. Due
to their widespread presence in the air, soil and sedi-
ments, they have attracted attention. These compounds
may be eliminated from the environment in one of the
following ways: evaporation, light oxidation, chemical
oxidation, superficial adsorption of soil particles and
leaching [4].
These methods are usually expensive, ineffec-
tive, costly and time consuming and transmission of

*Author to whom correspondence should be addressed.
E-mail: M_Hoodaji@khuisf.ac.ir; Tel: +98 9131172651

contamination from one phase to another. Among all
the studied methods used for the elimination of such
compounds from the environment, bioremediation and
phytoremediation are processes that requires the least
amount of energy and chemical substance. They are
degrading the dangerous pollutants to less dangerous
ones [5].

Maiti et al. (2013) isolated and identified one strain
of Bacillus from oil contaminated soil in India and
found that it could mineralize antheracene, fluoran-
thene, pyrene and benzo (a) pyrene [6].

Toledo (2006) isolated fifteen bacterial strains from
solid waste oil samples for their capacity to grow in the
presence of naphthalene, phenanthrene, fluoranthene,
or pyrene as the sole carbon sources. The isolates were
identified by 16S rDNA sequence, and results showed
that the strains belonged to the genera Bacillus, Bacil-
lus pumilus (eight strains), and Bacillus subtilis (two
strains) [7].

In fact, phytoremediation is a technology that acts
based on the natural activities occurring in the soil.
These activities include symbiotic relationships be-
tween plants, microorganisms and the environment.
Phytoremediation has advantages such as plant’s com-
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plex root system that occupies a large amount of the
soil and supports a large population of bacteria in the
rhizosphere. Its secretions can directly affect the activ-
ity of the bacterial population in the rhizosphere and
eliminate pollution. In fact, one of the best methods
for cleansing the oil-contaminated soils is phytoreme-
diation. For this purpose, plants should be used which
are more compatible and flexible in harsh conditions
caused by hydrocarbons [8].

Research has shown that plant roots have a great ef-
fect on PAH decomposition in such a way that a high
level of decomposition happens in the vicinity of the
plant roots [9].

Although abiotic factors such as pH, moisture,
oxygen and available nutrients can affect the decom-
position of PAHs, microbial processes notably have a
greater share in the decomposition of these compounds
[10]. Petroleum hydrocarbons absorb specific popula-
tions of decomposing bacteria and cause the expansion
of decomposing bacterial populations [1].

Banks et al. (2003) stated that a large range of grass-
es and legume herbs with their symbiotic bacteria have
shown increased removal of oil pollutants from the soil
[8].

Some studies have also shown that plant affect uptake
of lipophilic contaminants from soils, and results show
that the plant lipids are the major factor for the differenc-
es in plant lipophilic compounds uptake such as dieldrin,
heptachlor, aldrin and heptachlorepoxide [11].

However, there is still a lake of direct evidence to
evaluate the plant uptake, accumulation and subsequent
translocation of PAHs. Although, several studies have
revealed the uptake and accumulation of PAHs from
the atmosphere as a result of the deposition PAHs par-
ticle bound compounds on the leaf cuticle [11], uptake
and accumulation of PAHs by plant in oil-contaminat-
ed soils are still under study, and information is scant
on correlations between plant PAH concentrations and
PAHs translocation in plants.

In this study, Festuca arundinacea was inoculated
with two indigenous bacteria isolated from oil-contam-
inated soil. The species of bacteria for inoculation were
Bacillus licheniformis ATHE9 and Bacillus mojavensis
ATHE]I3 and their effect on the removal of hydrocar-
bons from the plant’s rhizosphere was studied.

MATERIALS AND METHODS
Sampling

Soil samples were collected from contaminated

soils around the tanks of the Isfahan Oil and Gas Refin-
ery that occasionally collected and were piled up to re-
duce the risk of ignition and occurrence of fire with pH
7 and 4.7% organic matter. The 10 following polycy-
clic aromatic hydrocarbons were studied: naphthalene
(NAP), acenaphthene (ANA), acenaphthylene (ANY),
phenanthrene (PHE), anthracene (ANT), benzo[a]
anthracene (BaA), chrysene (CHR), benzo[a]pyrene
(BaP), dibenzo[a,h]anthracene (DBahA), benzo[ghi]
perylene (BPY). Before transporting to the greenhouse,
to ensure the homogeneity of the treatments, soils were
sieved through 3 mm mesh and mixed.

Isolation and Identification of PAHs
Degrading Bacteria

The enrichment, isolation, morphological and
physiological characteristics, analysis of 16S rDNA
sequence and evaluation PAHs-degradation potential
of degrading bacteria in oil-contaminated soil samples
were conducted using Zhang et al. (2009) methods
[12]. Then two bacterial isolates with more optical
density and degradation ability of PAHs were selected
for further studies.

Seed Inoculation with Bacteria

From two selected bacteria (Bacillus licheniformis
and Bacillus mojavensis) an inoculum liquid with the
concentration of McFarland standard No. 3 was pre-
pared and seeds were placed in inoculum liquid plates
for 5 to 6 hours before they cultured. McFarland stan-
dards were used as a reference to adjust turbidity of
bacterial suspensions so the number of bacteria will be
within a given range for standardized microbial test-
ing. After that in the seedling stages, one mL of the
same inoculum liquid were inoculated to the plant after
3 weeks [13].

Experimental Procedure

An equal amount of contaminated soil was added to
each pot (7 kg) and twenty seeds of Festuca aroundi-
acea inoculated with bacteria were planted in the pots.
This study was designed as a completely randomized
block factorial with three replications. The plants were
grown under controlled conditions for 3 months. They
were exposed to light for 18 hours with a temperature
range of 2-30°C. The relative humidity was fixed at
70%. After 3 months the rhizosphere soil around the
roots was gently collected and transferred to the labo-
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ratory for PAHs extraction. The plant roots and shoots
were carefully rinsed with distilled water, blotted dry
with a tissue paper and frozen at —20°C prior to deter-
mination of the PAHs concentration [14].

PAHSs Analyses of Soil and Plant Samples

In order to investigate the PAH concentration, 5 g
of soil and plant samples were passed through a 2 mm
sieve and 5 g of active sodium sulfate was added. They
were then extracted by a mixture of 150 ml of acetone
and dichloromethane with a volume ratio of 1:1 using
a soxhlet apparatus. After its volume was reduced with
rotary evaporation and then dried with nitrogen gas,
they were kept in the freezer at —20°C until injection
time [14].

At the time of injection of the soil samples to
GC-FID (Agilent 7890 A), certain concentrations
of m-Terphenyl as internal standard were added to
all samples (Rodrigo et al. 2009). To measure PAHs
with a GC-FID device, a HP-5 column (30 m x 0.25
mm L[.D. 0.25 pum film thickness, Agilent) was used.
GC-FID device was programmed with inlet tempera-
ture of 260°C and N, carrier gas flow of 1.5 ml min™!.

The initial temperature of 70°C reached 290°C with
the gradient of 5°C. Subsequently, it reached 305°C
with the gradient of 1°C min~!. Detector temperature
was 270°C in this program.

Analysis of polycyclic aromatic hydrocarbons in
plant samples were carried out by an Agilent GC Mod-
el 6890 coupled to a quadrupole mass spectrometer
(5975 C). The Phenanteren d,, was added in specific
concentration as an internal standard to all samples.
The system was operated in electron impact mode (EI,
70 eV). A HP-5 MS column (30 m x 0.25 mm LD.
0.25 pm film thickness, Agilent) and a temperature
programming were used in order to get the proper GC
separation. The temperature started from 80°C with a 5
min hold time, it was then increased to 150°C at a rate
of 10°C min~'. It was then increased to 300°C at a rate
of 5°C min™!, keeping the final temperature for 5 min.
Injection was performed in the split less mode. Helium
gas was used as a carrier gas at a constant flow rate of
1.5 ml min™'.

The injector and transfer line temperatures were
250 and 280°C, respectively. lons were selected after
considering the total ion chromatogram of solution of
compounds. The ions were divided into four groups.
Peak detection and integration were carried out using
Chemstation software and AMDIS (automated mass
spectral deconvolution and identification system).

Statistical Analysis

Statistical analyses were performed using SAS
software and the comparison of means was done with
Duncan test at 5% level. The Festuca inoculated with
Bacillus licheniformis ATHE9 (F1), Festuca inoculated
with Bacillus mojavensis ATHE13 (F8), Festuca inoc-
ulated with both bacteria (F1,8) and Festuca without
inoculation (F0) as control treatment.

RESULTS AND DISCUSSION

The isolated bacterial strains of ATHEY and ATHE 13
were identified as Bacillus licheniformis and Bacillus
mojavensis according to its 16S rDNA sequence as
well as biochemical characteristics. They are gram-
positive short rods, motile and spore forming, aerobic,
oxidase positive, catalase positive, manitol positive,
citrate positive.

Bacillus licheniformis strain ATHEY and Bacillus
mojavensis strain ATHE13 could utilize naphthalene,
phenanthrene, anthracene, pyrene and other PAHs as
sole carbon sources. The degradation efficiencies were
examined by GC-Mass and the results showed that
these isolates could remove PAHs (the initial concen-
tration of 12.8 mg L!) in 6 days at 30°C and pH 7.3, ac-
cordingly these two isolates were selected to inoculate
the plant. The Accession No. of Bacillus licheniformis
ATHEY and Bacillus mojavensis ATHE3 in gene bank
are KC329470.1 and KC469987.1 respectively.

Concentrations of PAHs in Soil

Before transferring the soil in to the pots and apply-
ing treatments, the hydrocarbon concentrations of the
soil were measured. The chemical and physical proper-
ties of soil and concentrations of PAHs were showed
in Table 1.

The concentrations of these hydrocarbons in the soil
are much higher than the standard range of 50 to 1100
ug kg! [15]. Therefore, these results confirm the needs
for cleanup the soil from hydrocarbons. Furthermore,
leaving this soil in non-isolated conditions causes con-
tamination of groundwater and air pollution because
these compounds spread in water and air based on their
solubility coefficient and steam pressure.

After 3 months, the concentrations of 10 PAHs
in soil decreased significantly (p < 0.05). More than
77, 82, 68, 45, 11, 21, 0.6, 32, 4 and 12 percent of
naphthalene, acenaphthene, acenaphthylene, phen-
anthrene, anthracene, benzo[a]anthracene, chry-
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Table 1. Physical and Chemical Properties and
Concentration of Polycyclic Aromatic Hydrocarbons
in Contaminated Soil.

Characteristic Amount
pH 7.24 +£0.04
EC (dS.m™) 34+0.25
CEC (meq.100 g7") 71
OM (%) 4.6
Clay (%) 16.6
Sand (%) 75
Silt (%) 8.4
FC water content (%) 22.4
Naphthalene (mg.kg™") 16+6
Acenaphthene (mg.kg™") 18+4
Benzo[a]anthracene (mg.kg~") 22+8
Benzo[a]pyrene (mg.kg™") 5+1/3
Benzo[ghi]perylene (mg.kg™") 2/5+1
Acenaphthylene (mg.kg™") 32+9
Antrhracene (mg.kg~") 4/5+2
Phenanthrene (mg.kg™") 6+2
Chrysene (mg.kg™") 16+6
Dibenzo[a,h]anthracene (mg.kg™") 8+2

sene, benzo[a]pyrene, dibenzo[a,h]anthracene and
benzo[ghi]perylene, respectively, were removed from
the non- inoculated soil (FO in Figure 1) as the treat-
ment with lowest reduction during the experimental
period. The effectiveness of each treatment in reduc-
ing the hydrocarbon concentrations in rhizosphere are
shown in Figures 1 and 2.

£ Naphthalene

Concentration (mg/kg)

F1 F8

As seen in Figures 1 and 2, the concentration of hy-
drocarbons in the rhizosphere of the treated samples
greatly decreased in comparison with the initial con-
taminated soil (Table 1). In the rhizosphere, hydrocar-
bons with 2 or 3 benzene rings were more degraded
compared to heavier hydrocarbons with more rings.
Heavy hydrocarbons were less exposed to microorgan-
isms degradation because of their lower solubility in
aqueous phase and higher adsorption on soil surfaces
[16].

Figure 1 shows that the decomposition of 2 and
3-ring hydrocarbons in Festuca and Bacillus mojaven-
sis ATHE 13 (F8) treatment was much higher than other
samples.

Given these facts, it can be stated that the Bacillus
mojavensis ATHE 13 has high ability for improving the
conditions of plant roots and it causes higher decom-
position of hydrocarbons with less rings and eliminates
them from the rhizosphere. Furthermore, the difference
in behavior of the bacteria in degenerating various hy-
drocarbons (in terms of rings number) is because of the
unique differences of each bacterium. Each bacterium
based on its specific enzyme systems acts specifically
in the decomposition of some types of hydrocarbons
[17].

Figure 2 show that sample inoculated with both bac-
teria has lower concentration of hydrocarbons with 4,
5 and 6 rings. These results suggest that the presence
of both bacteria together is effective in the decompo-
sition of heavier hydrocarbons with higher number of

Acenaphthylene B Acenaphthene B Phenanthrene & Anthracene

F1.,8 FO

Figure 1. The concentration of polycyclic (2 and 3 rings) aromatic hydrocarbons in the treated rhizosphere. Fes-
tuca inoculated with Bacillus licheniformis ATHE9 (F1), Festuca inoculated with Bacillus mojavensis ATHE13
(F8), Festuca inoculated with both bacteria (F1,8) and Festuca without inoculation (F0).
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hrysene Bl Benzo[a]pyrene B Benzo[ghi]perylene B Dibenzo[a,h]anthracene

F1,8 FO

Figure 2. Comparison of the concentration of polycyclic (4, 5 and 6 rings) aromatic hydrocarbons in the treated rhizosphere.
Festuca inoculated with Bacillus licheniformis ATHE9 (F1), Festuca inoculated with Bacillus mojavensis ATHE13 (F8), Festuca
inoculated with both bacteria (F1,8) and Festuca without inoculation (FO0).

benzene rings. Haritash and Kaushik in 2009 reported
similar results [10].

Additionally, the results also showed that the con-
centrations of hydrocarbons in the treatment of Fes-
tuca without inoculation and inoculation with Bacillus
licheniformis ATHE9 were significantly higher than
other treatments (p < 0.05) so Bacillus mojavensis
ATHE13(F§8) and also both bacteria (F1,8) will make
the pollution condition more tolerable for the plants
and the rhizosphere of the plant is able to degrade more
PAHSs. Su and Zhu in 2007 also presented such results
[18]. According to the results obtained in this study, it
can be stated that the mechanism of phytoremediation,
which involves the plant and its dependent microbial
activities in the rhizosphere, is greatly capable of de-

composing and eliminating PAHs from soil environ-
ments.

Concentrations of PAHs in Plants

Concentrations of Dibenzo[a,h]anthracene and
Benzo[ghi]perylene in roots and shoots were not de-
tectable. But concentrations of other PAHs in roots
were higher than shoots (Table 2). Acenaphthylene,
Acenaphthene, Phenanthrene, Anthracene and
Benzo[a]anthracene concentrations in roots increased
proportionally with those in rhizosphere soils. With
increasing log K, values of the compounds the PAH
concentrations in roots decreased. Similar results for
other contaminants in plant roots were reported. Root

Table 2. Root and Shoot PAH Concentrations (mg kg™, dry weight).

NAP ANY ANA PHE ANT BaA CHR BaP

F1 0.2+0.02 0.1 £0.04 0.06 £0.01 0.10+0.01 0.09+0.004 0.03+0.004 0.04+0.003 0.03+0.002
P F8 0.16 £0.03 0.11+0.04 0.06+0.008 0.11+0.09 0.09+0.002 0.03+0.003 0.03+0.008 0.02+0.009
8* F1,8 0.14+0.07 0.08+0.007 0.04+0.01 0.08+0.02 0.06+0.005 0.02+0.007 0 0.05 + 0.002
FO 0.20+£0.05 0.12+0.08 0.09+0.008 0.12+0.08 0.12+0.02 0.18+0.08  0.06 +0.009 0.09 +0.006

Analysis of variance NS * * > > > > >
F1 0.19+0.02 0.11+0.03 0.06+0.005 0.11+£0.05 0.09+0.03 0.10+0.008 0.03+0.005 0.03+0.007

% F8 0.19+0.01 0.08+0.01 0.04+0.005 0.09+0.06 0.06+0.006 0.07+0.009 0 0
% F1,8 0.1+0.02 0.07+0.004 0.04+0.01 0.07+0.04 0.08+0.007 0.02+0.006 0.02+0.009 0.02+0.003
FO 0.20£0.07 0.11+0.03 0.15+0.08 0.10+0.03 0.05+0.002 0.15+0.005 0.10+0.001 0.06 +0.005

Analysis of variance NS NS > * * > * *

*#*P <0.01; *P <0.05; NS, not significant.
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accumulations of these PAHs increased with their con-
centrations in soil. By contrast, the lipids in roots were
usually the major reservoir for highly water insoluble
contaminants [19].

Results indicated that inoculation treatments had
more effect on removal of PAHs. In the treatment in-
oculated with both bacteria, accumulation of PAHs in
the shoots and roots was less than others. This shows
that bacteria have reduced the hydrocarbon concentra-
tions in the rhizosphere that is why plants uptake them
less (Figure 1 and 2).

However, the concentrations of the ten PAHs in Fes-
tuca shoots showed significant differences with various
treatments and were correlated with those in the roots.
Wild et al., (2005) indicated that phenanthrene and an-
thracene translocate slowly into plant roots, only up to
1500 um in length over a 56-day period [20]. Although
there is a lack of information on root uptake of PAHs,
this study showed accumulation of PAHs in roots. Sev-
eral studies suggested that the root uptake of lipophilic
organic compounds can be in correlation with root lip-
id contents [21].

Shoot uptake of PAHs also was enhanced along with
the increase of their concentrations in root. The concen-
trations of PAHs in shoots were statistically less than
in roots. Howsam et al., (2001) suggested that uptake
of lipophilic organic compounds from the atmosphere
by shoots is dependent on the plant lipid contents and
plant surface area [22].

CONCLUSION

Phytoremediation is one of the best ways to elimi-
nate PAHs from the soil. In the this study, Festuca was
inoculated with two types of Bacillus. The results of
the study indicate that phytoremediation can be effec-
tive in the removal of PAH contamination from soil.
Moreover, the results showed that inoculation of bac-
teria to plants could play an important role in the rate
of elimination of hydrocarbons. There were different
rates of PAHs uptake to roots or shoots from soil. PAHs
may be taken up by roots via passive processes to sub-
sequently accumulate into the root organic matter. The
accumulation of PAHs was well correlated with PAH
concentrations in rhizosphere soils. Because of the low
PAH mass transport rates in soil, it was difficult for
PAHs to translocate from rhizosphere soils to roots.
Therefore, for soils contaminated with PAHs, both the
plant uptake capacity and the PAH mass transport rate
must be taken into account to assess the phytoremedia-
tion efficiency. Results from the present study indicat-

ed that contributions of plant uptake and rhizosphere
effect to remove PAHs from soils are significant and
rhizosphere effect and plant uptake have important role
to remove PAHs from contaminated soils.
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ABSTRACT: Establishment of exotic species in the natural secondary forest and Pinus
kesiya forest regions is common in Lancang County, southwestern Yunnan province,
but their effects on soil properties and quality have not been fully studied. This research
analyzed the effects of Eucalyptus plantation on soil physical and chemical properties,
and evaluated the soil quality after Eucalyptus plantation replaced natural secondary
evergreen broad-leaved forest and Pinus kesiya plantation. It was found that soil poros-
ity, soil water content, soil pH, soil organic matter, exchangeable calcium, exchangeable
magnesium and microelement decreased, soil bulk density increased and soil aeration
permeability became very low after establishment of Eucalyptus. However, with forest
litter retained, the contents of soil N, P and K had been rising in the case of applying
fertilizer at the initial stage of Eucalyptus introduction. The soil quality indexes (SQI/) un-
der Eucalyptus plantation were lower than those under the natural secondary evergreen
broadleaved forest and Pinus kesiya plantation. The SQI of soils in Eucalyptus plantation
which replaced Pinus kesiya plantation lands (SQI = 0.208) was lower than that of soils
in Eucalyptus plantation which replaced natural secondary evergreen broad-leaved for-
estlands (SQI = 0.269). The study results showed that replacement of natural secondary
evergreen broad-leaved forest and Pinus kesiya plantation by Eucalyptus plantation has
changed soil properties and lowered soil quality. The secondary evergreen broad-leaved
forest vegetation that restored naturally is more favorable to maintaining and improving

soil quality.

INTRODUCTION

EUCALYPTUS is one of the most widely planted spe-
cies of trees in the world, outside its native habitat
in Australia and Southeast Asia [1-2]. Planting area of
Eucalyptus has been more than 2 x 10° ha in China
and now China is the third largest producer of Euca-
lyptus in the world with a 10% growth rate [3—4]. The
area of Eucalyptus plantation in Yunnan Province is
the fourth largest in China [5]. These Eucalyptus plan-
tation intersperse with the remnant natural secondary
forests to form a mosaic of plantation/natural second-
ary forest landscapes. The evergreen broad-leaved for-
est, dry land, shrub forest and Pinus kesiya forest had
been largely replaced by Eucalyptus plantation, which
amounted to more than 97% of the Eucalyptus intro-
duced areas. Obviously, the Eucalyptus introduction

*Author to whom correspondence should be addressed.
E-mail: zhaoxq748@sohu.com or xqzhao@ynu.edu.cn Tel:13888949695

has changed the land cover types in Yunnan [6], and
the land cover change could produce direct and pro-
found impact on soil quality [7-8].

To preventing soil degradation for maintaining the
sustainability of land use, it is critical to analyze soil
physical and chemical properties, evaluate soil quality
and assess changes in soil properties and quality due
to land use change [9]. Soil physicochemical property
is one of the most key factors to measure soil qual-
ity [10]. Soil quality, introduced by Warkentin and
Fletcher in 1977 [11], refers to the capacity of a spe-
cific kind of'soil to function, within natural or managed
ecosystem boundaries, to sustain plant and animal pro-
ductivity, to maintain or enhance water and air quality,
and to support human health and habitation [12—13].
As a complex functional entity, soil quality cannot be
measured directly, but it can be inferred by measur-
ing soil physical and chemical properties, which serve
as quality indicators [14—-15]. Soil properties that are
responsive to the change in the land use dynamics dur-
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ing a short-term period are considered as suitable soil
quality indicators [16]. Different soil properties have
different roles in maintaining soil quality [17]. It was
neither reliable nor accurate to evaluate and compare
the changes of soil quality through just using a single
soil property [18]. Therefore, most researchers ex-
pressed soil quality in terms of physical and chemical
properties, but few studies have combined those two
aspects to evaluate soil quality synthetically were is-
sued [19,63]. However, given that soils keep a unique
balance among their physical and chemical charac-
teristics, soil quality indices should incorporate both
soil physical and chemical properties [20] for better
representing soil quality [21-22]. Therefore, some
researchers proposed to synthesize those soil physi-
cal and chemical properties to describe the changes of
soil quality quantitatively [9,20-21,23-24]. In present,
the integrated evaluation methods of soil quality in-
clude mainly multiple variable indicator-based Kriging
method, soil quality dynamic method, soil quality com-
prehensive score method, relative soil quality evalua-
tion method, and others [18,25-27]. The key step in the
soil quality assessment is to select suitable soil quality
indicators [28]. Soil quality indicators refer to measur-
able soil attributes that influence the capacity of a soil
to support production [29] or other specified functions
[30]. These attributes could be soil physical, chemical
and/or biological properties [22,29,31]. The inclusion
of different properties makes it possible to better reflect
the complexity of the soil system [32].

As a biodiversity-rich area, Lancang County be-
came the largest Eucalyptus introduction region in
Yunnan Province since the early of the 21st century.
After Eucalyptus forest replaced the natural second-
ary evergreen broad-leaved forest and Pinus kesiya
forest, some studies on soil properties were mainly fo-
cused on the physicochemical properties [4, 33] and to
our knowledge no study on soil quality in this region
has been carried out. Zhao et al. showed that after the
Eucalyptus uraphylla spp. forest replaced the second-
ary evergreen broad-leaved forest and Pinus kesiya, the
soil water content, the total soil porosity and capillary
porosity decreased, and soil non-capillary porosity and
soil bulk density increased [34]. But Liu et al. stud-
ies suggested that the contents of soil nutrients in Eu-
calyptus plantation were higher than the background
values. With comparison to the secondary forestry, the
contents of total nitrogen and available phosphorus of
Eucalyptus plantation were much lower [4]. The objec-
tives of this study are to: (1) evaluate impact of land
cover change from natural secondary evergreen broad-

leaf forests and Pinus kesiya forests to Eucalyptus plan-
tation forests on soil physical and chemical properties,
and (2) evaluate the changes of soil quality in response
to the conversion of Eucalyptus plantation forests from
natural secondary evergreen broad-leaved forests land
and Pinus kesiya forests, and (3) identify advantages
and disadvantages associated with introduction of Eu-
calyptus plantations instruction.

MATERIALS AND METHODS
Site Description

The study areas, is in Pu’er city, Lancang county
(99°29'E-100°35'E, 22°01'N-23°16'N), southwest
Yunnan Province, southwest China (Figure 1). It has
a surface area of 8807 km? and elevation ranges from
580 m to 2516 m above sea level. The study area is in
a subtropical montane monsoon climate with abundant
rainfall and sunshine. Mean annual air temperature
is 19.1°C, and the maximum and minimum tempera-
tures are 37.2°C and —1.4°C, respectively. Mean an-
nual precipitation is 1643 mm, annual mean relative
humidity is 79%, and annual mean sunshine is 2098
h. The main soil types are latosolic red soils and red
soils. Although this region has a high biodiversity, the
monsoon evergreen broad-leaved forest is the domi-
nant vegetation. In consequence of the distinct vertical
climate variation, vegetation distribution also shows a
distinct vertical pattern, which includes tropical sea-
sonal rainforests, tropical monsoon evergreen broad-
leaved forests, warm coniferous forests (such as Pinus
kesiya), semi-humid evergreen broad-leaved forests,
and mid-montane humid evergreen broad-leaved for-
ests.

Sites and Soil Sampling

Soil samples were taken from the depth of 0-20 cm
in January 2010. According to the different types of
land cover before Fucalyptus introduction, five sur-
vey sample areas were chosen, which are 7-year-old
Eucalyptus forest in the first rotation. In order to avoid
the influences caused by environmental factors and
reduce the differences between sample areas, in the
nearby of established Eucalyptus forest survey samples
area, we chose two sites of 11-year-old natural second-
ary evergreen broad-leaved forests land and three sites
of 9-year-old Pinus kesiya forest land as reference.
These sites have consistent background conditions and
the same habitat conditions (altitude, aspect, slope and
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Figure 1. Location of the study site in the southwest Yunnan Province.

edaphic characteristics) with Eucalyptus plantation
forest sites. Three plots are deployed in each site with
an equilateral triangle shape and about 50 m apart be-
tween each two plots. Soil samples were taken in five
replicates from four corners and the center of a square
plot of 20 m % 20 m area on each plot with hand trowel
uniformly along same layer. 75 soil samples were col-
lected on Eucalyptus forest land, 30 soil samples were
collected on natural secondary evergreen broad-leaved
forest land, 45 soil samples were collected on Pinus
kesiya forest land. The collected soil samples from
each pit and each replicate were mixed to form a bulk
sample of about 1 kg, then were air-dried, mixed and
passed through a 2 mm sieve for chemical analysis.
Soil samples for bulk density and porosity determina-
tion were taken from the wall of the three pits using
100 cm? metal cylinder. Soil samples were taken from
the field and stored in aluminum boxes for soil wa-
ter content analysis.

Analytical Methods

Soil bulk density and porosity were measured using
the cutting ring method. The oven drying method was

used to determine soil water content [35]. Soil pH val-
ue was measured using the potentiometer method [36]
and soil organic carbon was determined by potassium
dichromate oxidation [37]. Total nitrogen in soils was
determined by Kjeldahl method [38], and hydrolysable
nitrogen was determined using the standard method of
forest soil hydrolytic nitrogen determination. Avail-
able phosphorus was determined by the double acid
leaching molybdenum antimony colorimetric method
[39]. Available K was determined by neutral leaching
ammonium acetate solution, flame photometer meth-
od [40]. Available Fe, Zn, Mn, Cu were determined
by Inductively Coupled Plasma Mass Spectrometry
(ICP - MYS).

To assess soil quality, we developed an integrated
soil quality assessment method based on a combina-
tion of soil physical and chemical properties measured
in the study area. Based on the assumption of differ-
ent nutrients having different roles in maintaining soil
quality, soil quality index (SQI) was developed and
calculated through selecting soil quality indicators
based on soil physical and chemical properties. Based
on the correlation matrix and factor analysis, indepen-
dent soil variables with higher component loadings or
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principal component eigenvalues greater than one were
selected and included in the next step of the SQI as-
sessment. The weighted average of these selected soil
variables was obtained from the output of principal
component analysis (PCA) and then the membership
value Q (Xi) of each selected soil variable was deter-
mined. Finally obtained soil quality scores (i) and
O (Xi) were integrated to yield SO/ as given in the fol-
lowing equation [24,41-42]:

SOI, =3 W x 0(X,) (1)
i=1

SleiSQ]j xPCCR (j=12,...m) (2)

J=1

where SO/, is soil quality index of principal component

J, Wi is the weighted vector ith soil quality factor and
Q(Xi) is principal component value of each soil quality
factor, SQI is the integrated soil quality index, PCCR
is principal component contribution rate, m is number
of principal component (PC). The values of Q(Xi) were
calculated by ascending or descending functions using
Equations (3) and (4), respectively [41].

Q(Xi):(Xij_Ximin)/(Ximax_Ximin) 3)

Q(Xi):(Ximax_Xij)/(Ximax_Ximin) (4)

where X; is the value of the soil physical and chemical
properties that were selected for the soil quality assess-
ment, X .. and X, . are the maximum and minimum
value of ith soil properties. If principal component fac-
tors are positive values, the factors were arranged in
ascending order to compute Q(Xi) in Equation (3). If
principal component factors are negative values, the

factors were arranged in descending order to compute
Q(Xi) using Equation (4).

Statistical Analyses

One-way analysis of variance (ANOVA-1) was per-
formed to assess the effect of land cover change on soil
properties and quality using the MSTATC statistical
software package. Partial correlation analysis was used
to evaluate the correlation among variables. The data
was statistically analyzed and the means were separat-
ed using the least significant difference at 0.05 or 0.01
probability levels using SPSS 14.0 software.

RESULTS AND DISCUSSION

Physical Properties of Soils Under the Natural
Secondary Forest (NF), Pinus kesiya Forest (PF)
and Eucalyptus Plantation Forest (EF)

Soil bulk density reflects the soil porosity status, air
and water permeability, and the resistive state of root
growth [43]. The larger soil bulk density is, the more
compact the soils are, and the lower the air and wa-
ter permeability are. Conversely, the smaller soil bulk
density is, the less compact the soils are, and the per-
meability would be higher. But if the bulk density is
too low, the soil could not support plant growth [44].

Soil bulk density (BD) in the Eucalyptus plantation
forest land which replaced natural secondary ever-
green broad-leaf lands (ENF), the Eucalyptus planta-
tion land which replaced Pinus kesiya lands (EPF) and
the PF land did not differ significantly except for the
NF land (P < 0.05). The BD of NF was 1.016 g/cm?,
less than those of PF and EF (Table 1), and the order of
BD value is EPF > PF > ENF > NF. After EF replaced
NF and PF, soil bulk density increased by 17.72% and
7.91% respectively in the first rotation of the cutting

Table 1. Comparison of Physical Properties Under Different Land Cover Types.

BD/g-cm? TPI% CPI% NCP/% SWC/%
Land Cover Types Mean Sig. Mean Sig. Mean Sig. Mean Sig. Mean Sig.
ENF2 1.034 0.37 59.85 0.734 43.93 0.374 17.04 0.74 22.71 0.854
NFP 1.016 0 62.75 0.032 454 0 16.23 0.08 24.62 0.496
EPFc 1.405 0.7 48.98 0932 40.9 0.696 7.08 0.87 21.61 0.554
PFd 1.302 0.67 50.87 0.993 43.6 0.666 6.26 0.27 23.08 0.391

Notes:

AEucalyptus plantation which replaced natural secondary evergreen broad-leaf forest.
Natural secondary evergreen broad-leaf forest.

°Eucalyptus plantation which replaced Pinus kesiya forest.

dPinus kesiya forest; BD: bulk density; TP: total porosity; CP: capillary porosity; NCP: non-capillary porosity; SWC: soil water content.
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Table 2. Comparison of Chemical Properties Under Different Land Cover Types.

pH SOM/g.kg™" TN/% HN/% AP/mg.kg™" AK/mg.kg™
Land Cover Types  Mean Sig. Mean Sig. Mean Sig. Mean Sig. Mean Sig. Mean Sig.
ENF 5.36 0.898 42.7 0.192 21.01 0.34 160.61  0.018 5.18 0.021 62.75 0.016
NF 5.38 0.058 45.9 0.262  20.04 0 148.18 0 3.71 0.005 48.61 0.001
EPF 5.22 0.877 18.39 0.155  10.11 0.339 82.02 0.83 2.64 0.049 101.9 0.216
PF 5.34 0.325 20.67 0.104 7.72 0.018 54.72 0.006 1.96 0.001 80.46 0.406

Note: pH: soil pH; SOM: soil organic matter; TN: total nitrogen; HN: hydrolysable nitrogen; AP: available phosphorus; AK: available K; For ENF, NF, EPF, PF abbreviations see

Table 1.

period, which is consistent with some previous stud-
ies [45—47]. Those studies all showed that introduction
of EF had changed the physical structure of soils and
increased soil compactness.

Soil porosity is an important indicator of soil struc-
ture. The larger soil porosity is, the less compact soil
structure is, which would be favorable for the rapid in-
filtration of rainfall and the reduction of surface runoff
scouring [48-50].

Total soil porosity (TP) and soil capillary poros-
ity (CP) of the EF and PF did not differ significantly
except for the NF (P < 0.05). soil non-capillary po-
rosity (NCP) did all not differ significantly (P > 0.05).
The order of soil TP and CP were the same, i.e., NF >
ENF > PF > EPF and the order of soil NCP was ENF
> NF > EPF > PF. After EF replaced NF and PF, soil
total porosity decreased by 4.62% and 3.72%, respec-
tively. Capillary porosity also decreased by 3.24% and
6.19%, respectively. However, non-capillary porosity
increased by 4.99% and 13.10% (Table 1). Table 1 also
showed that compared with EF, NF and PF possessed
less compact soils and with higher permeability, and
such soils with large storage capacity and high con-
ductivity of water are favorable for vegetation growth.
However, the EF is associated with high interception
capacity that can reduce surface runoff and thus de-
crease the potential of soil scouring and erosion. Guo
et al. also found that soil total porosity, capillary poros-
ity and non-capillary porosity decreased after Eucalyp-
tus plantation replaced natural secondary forest [46].

Soil water is a requirement and a participant as well
for many physical, chemical and biological processes,
while it acts as the main input channels of nutrients
for plants [51]. Soil water content (SWC) of the EF,
NF and PF did all not differ significantly (P > 0.05)
but the soil water contents under these three land cov-
ers were slightly different. Soil water content of NF
was the highest, PF came second, and EF’s was the
lowest, and the order of SWC was NF > PF > ENF >
EPF. After EF replaced NF and PF, soil water content

decreased by 7.76% and 6.37% respectively (Table 1),
which indicates that the soil water consumption in the
EF was the largest. The study results were in agree-
ment with some scholars' findings [53], but were op-
posite to other scholars' findings[46].

In conclusion, Eucalyptus plantation introduc-
tion changed soil physical properties, i.e., soil water
content, soil total porosity and capillary porosity de-
creased, while soil bulk density and soil non-capillary
porosity increased. After EF replaced NF and PF, soil
physical structure changed and the compactness and
permeability of soils were affected, e.g., the compact-
ness of soils increased, soil water retention capacity
decreased, and soil water content reduced.

Chemical Properties of Soils under the NF, PF,
and EF

The soil total nitrogen (TN) and hydrolysable nitro-
gen (HN) of the EF did not differ significantly except
for the NF and PF (P <0.05). The soil TN and HN con-
tents of ENF were the largest among ENG, NF, EPF
and PF, which were 21.01% and 160.61%, respectively
(Table 2). The soil TN and HN contents of PF were the
lowest, which were 7.72% and 54.72%, respectively.
Table 2 showed that soil TN and HN contents of EF
were larger than those of NF and PF. The orders of
soil TN and HN contents were the same, which were
ENF > NF > EPF > PF. After EF replaced NF and PF,
soil TN and HN contents increased by 4.84%, 30.96%,
and 8.39%, 49.89%, respectively.

Soil available phosphorus (AP) of the EF did not dif-
fer significantly except for the NF and PF (P < 0.05).
Just as it was for soil N content, the soil AP content
of EF which replaced NF was the largest, which was
5.18 mg/kg. Soil AP content of PF was the lowest,
which was 1.96 mg/kg (Table 2), and the order of soil
AP content was ENF > NF > EPF > PF. It showed that
soil AP content of EF was higher than that of NF and
PFE. After NF and PF are replaced by EF, the soil AP
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contents are increased by 39.62% and 34.69%, respec-
tively.

Soil available K of the PF and the EF which replaced
the PF did not differ significantly except for the NF and
EF which replaced NF (P < 0.05). The soil available K
content of the EPF was the highest, and its content was
101.9 mg/kg. Soil available K of the NF was the low-
est, and its content was 48.61 mg/kg (Table 2), and the
order of soil available K was EPF > PF > ENF > NF.
Table 2 showed that soil available K content of the EF
was higher than that of the NF and PF. After the NF and
PF are replaced by EF, the soil available K content is
increased by 29.09% and 26.65%, respectively.

Applying N, P, K fertilizers at the primary stage of
Eucalyptus introduction, the contents of soil N, P, K
increased after Eucalyptus plantation replaced natural
secondary evergreen broad-leaved forest and Pinus
kesiya forest during the first cutting period of Euca-
lyptus, and this was similar to some previous study re-
sults [53—54]. But some studies [47,55-56] found that
the contents of soil N, P, K decreased after Fucalyptus
plantation replaced other tree species, and the contents
of soil N, P, K became very low. The reason is that the
soil properties vary greatly in different regions. Simul-
taneously, during the process of Eucalyptus plantation
introduction, different management and fertilization
practices would have great influences on soil N, P, K
contents.

Soil pH, Organic Matter

Soil pH of the EF, NF and PF did all not differ sig-
nificantly (P > 0.05). Soil pH value of the NF was 5.38,
which was larger than the pH values of the PF and EF
(Table 2), and the order of pH values was NF > ENF
> PF > EPF. After the NF and PF are replaced by the
EF, soil pH is decreased by 0.37% and 2.25%, respec-
tively, which indicates that the introduction of EF can
increase acidity of the soils.

Soil organic matter (SOM) of the EF, PF and NF did

all not differ significantly (P > 0.05). The SOM of the
NF was 45.9 g/kg, which was larger than the value of
the PF and EF (Table 2), and the order of SOM values
was NF > ENF > PF > EPF. After the NF and PF are re-
placed by the EF, the SOM is decreased by 6.97% and
11.03%, respectively, which indicates that the SOM
consumption by the EF is higher than the other species.

Soil microelements directly impact the growth of
vegetation. Sometimes they are even more important
than major elements, because microelements in soils
reflect the level of soil supply for the plant with min-
eral nutrients, and therefore the concentration of soil
microelement is an important indicator of soil qual-
ity [57]. Soil microelements including soil available
Fe, Zn, Cu, Mn, B in the EF, PF and NF did not dif-
fer significantly (P > 0.05) (Table 3).The orders of soil
available Fe, Zn, Cu were the same, i.e., PF > EPF
> NF > ENF, but the order of soil available Mn was
NF>EFN>PF>EFP, andthe orderofsoilavailable Bwas
NF > PF > ENF > EPF. After the EF replaced the NF
and PF, soil available Fe, Zn, Cu, Mn and B decreased
by 7.06%, 11.14%, 9.39%, 25.58%, 19.62% and
3.42%, 10.07%, 20.74%, 7.34%, 37.56% respectively,
which indicates that the soil microelement consump-
tion by EF was bigger than other species.

After Eucalyptus plantation replaced natural sec-
ondary evergreen broad-leaved forest and Pinus kesiya
forest, the pH value, soil organic matter and microele-
ment all decreased. This result is consistent with the
majority of previous study results. For example, Gong
and Liao found that soil organic matter content under
Eucalyptus plantation was significantly lower than
those under the natural forests, and which would re-
sult in lower soil cation exchange capacity [47]. Huang
and Yu studied the different contents of soil organic
matter under 6 species of Eucalyptus trees and Pinus
yunnanensis in Fumin County of Yunnan Province,
and found that soil organic matters under Eucalyptus
trees were significantly lower than those under Pinus
yunnanensis [56]. By studying soil chemical properties

Table 3. Comparison of Microelement Under Different Land Cover Types.

Fe/g.kg™' Znlg.kg™! Cu/g.kg™" Mn/g.kg™! B/g.kg™’
Land Cover Types Mean Sig. Mean Sig. Mean Sig. Mean Sig. Mean Sig.
ENF 29.399 0.084 0.197 0.729 0.016 0.559 0.222 0.983 0.878 0.297
NF 31.634 0.822 0.222 0.777 0.018 0.671 0.299 0.894 1.092 0.308
EPF 40.577 0.147 0.257 0.284 0.019 0.809 0.201 0.706 0.572 0.773
PF 42.013 0.282 0.286 0.854 0.024 0.784 0.217 0.493 0.917 0.393

Note: Fe, Zn, Cu, Mn, B: available Fe, Zn, Cu, Mn, B; For ENF, NF, EPF, PF abbreviations seec Table 1.
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Table 4. The Correlations Between SQI and Each Evaluation Indicator.

sal BD TP CP NCP SWC pH SOM TN HN

1 -0.870** -0.650* 0.810** 0.785** 0.456 0.066 0.897** 0.814** 0.732**
sal AP AK Fe Zn Cu Mn B

1 0.597* -0.293 -0.807** -0.807** —0.849** 0.808** 0.119

Note: For abbreviations see Table 1, 2 and 3.

*Indicates significant differences at p < 0.05; **Indicates significant differences at p <0.01.

under Eucalyptus forest in Leizhou Peninsula, Zhong
et al. showed that soil microelements of available
Cu, Zn, Mn, B were very low. However, by studying
soil microelements of B, Cu, Zn, Fe, Mn in evergreen
broad-leaved forest, Pinus kesiya forest and 3-year-old
Eucalyptus plantation in the southwest of Yunnan [58],
Yuan, Zhao and Yang found that other soil microele-
ments contents in Eucalyptus forest were larger than
the contents of the evergreen broad-leaved forest and
the Pinus kesiya forest except for soil available Fe and
Zn. This may be related to the young age of Eucalyptus
plantation. With the increasing of age, the soil micro-
elements consumption in Eucalyptus plantation will
increase [59-60].

Soil Quality Integrated Index Under the NF, PF,
and EF

Selection of Evaluation Factors in the Integrated Soil
Quality Index

Significant correlation between soil properties is
the precondition of screening main evaluation indi-
cators of soil quality. According to the above 16 in-
dicators and Equations (1)—(5), SQI was calculated.
By analyzing the correlations between 16 evaluation
indicators and SQI (Table 4), at the 0.01 confidence
level, SQI had obvious positive correlations with soil
capillary porosity, non-capillary porosity, soil organic

matter, soil total nitrogen, hydrolyzed nitrogen and
available Mn, and it had obvious negative correla-
tions with soil bulk density, available Fe, available
Zn, available Cu. At the 0.05 confidence level, SQI
had obvious positive correlations with available phos-
phorus, and it had obvious negative correlations with
total porosity.

A regression analysis of soil bulk density and soil
porosity yielded the following expression:

BD =2.650—-1.337E - 9CP - 2.6507TP — 1.064NCP

where BD was the soil bulk density, CP was capillary
porosity, TP was total porosity, NCP was non capil-
lary porosity. At P = 0.000, R = 1.000, Ra = 1.000,
the results showed that soil bulk density had strong
correlations with soil total porosity, capillary porosity
and non-capillary porosity. Consequently, the soil bulk
density indicator could be used to replace soil porosity
indicator in evaluating SQI.

Thus, nine indicators including soil bulk density,
soil organic matter, soil total nitrogen, hydrolyzed ni-
trogen, available phosphorus, available Fe, available
Zn, available Mn and available Cu were selected as
evaluation indicators of soil quality.

Evaluation of the Integrated Soil Quality Index

Firstly, a factor analysis was performed among

Table 5. The Principal Component Eigenvalues and Contribution Rate of Soil Quality Factors.

Principal Components Eigenvalues

Contribution Rate, %

Accumulating Contribution Rate, %

3.919
2.279
0.784
0.707
0.527
0.317
0.2
0.177
0.09

© 00 NO OB WN =

43.547 43.547
35.326 78.873
6.712 85.585
5.855 91.440
4.855 96.295
2.018 98.313
1.219 99.532
0.466 99.998

0.002 100
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Table 6. The Load and Weight of Soil Quality Factors on Each Principal Component.

Soil Quality Factors PCL1 Weight Value 1 PCL2 Weight Value 2
BD -0.711 0.135 0.131 0.035
SOM 0.876 0.166 0.321 0.086
TN 0.893 0.169 0.244 0.065
HN 0.858 0.163 0.108 0.029
AP 0.817 0.155 0.057 0.015
Fe —-0.590 0.122 0.713 0.191
Zn -0.125 0.024 0.605 0.162
Cu —-0.225 0.043 0.798 0.214
Mn 0.173 0.033 0.757 0.203

Note: BD: Soil bulk density; SOM: Soil organic matter; TN: Total soil N; HN: Hydrolysable nitrogen; AP: Soil available phosphorus; Fe, Zn, Cu, Mn, Soil available: Fe, Zn, Cu,
Mn, PCL1 and PCL2: The first principal component load and the second principal component load.

the nine indicators of soil quality. The iterated PCA
showed that the first two PCs with eigenvalues great-
er than one explained 78.87% of the variability, and
could adequately represent the information contained
in the original variable (Table 5). Table 6 shows the
correlation degree between each principal component
(common factor) and original factor, where the plus
sign and minus sign respectively represent the positive
correlation and negative correlation. The greater the
absolute value is, the higher the correlation degree is.
The loadings of soil bulk density, available Fe, avail-
able Zn, available Cu were negative in the first prin-
cipal components, and the others were positive; All
factor loadings were positive in the second principal
components. Equations (3) and (4) were used to deter-
mine membership values Q(Xi7) of different soil quality
factors (Table7). The weight coefficients (i) of these
two principal components were calculated according
to their loadings. The weights of the indicators Wi and
the membership values O(X7) used to assess SQOIs can
reflect the relative soil quality of different land covers,
which are shown in Table 6 and Table7 for the selected

soil properties.

Equations (1) and (2) were used to calculate the in-
tegrated soil quality index (SQI) of different land cov-
ers (Figure 2). The higher SQI value is, the better soil
quality is, and vice versa. The SQI was 0.323 for the
NF, 0.228 for the PF, 0.269 for the ENF, and 0.208 for
the EPF, which indicates that the land cover/land use
plays an important role in affecting soil quality. Af-
ter the EF replaced the NF and PF, the integrated soil
quality index decreased by 20.07% and 9.64%, which
showed that Eucalyptus introduction degraded soil
quality. Especially after the NF was replaced by the
EF, the decline rate of the soil quality was higher, but
in the place where the EF replaced PF, the decline rate
was comparatively less.

With different ways of land use and management,
various land covers resulted in differences in soil nu-
trient enrichment and redistribution effect [61-63],
and which would have an impact on the soil physico-
chemical properties and soil quality [64-65]. Some
studies suggested that Fucalyptus plantation introduc-
tion could consume a large amount of soil fertility and

Table 7. The Membership Values of Soil Quality Factors Under Different Land Cover Types.

ENF NF EPF PF
Soil Quality Factors PCM1 PCM2 PCM1 PCM2 PCM1 PCM2 PCM1 PCM2
BD 0.532 0.468 0.658 0.342 0.329 0.671 0.477 0.523
SOM 0.349 0.349 0.411 0.411 0.208 0.208 0.205 0.205
N 0.336 0.336 0.540 0.540 0.181 0.181 0.208 0.208
HN 0.362 0.362 0.461 0.461 0.159 0.159 0.224 0.224
AP 0.233 0.233 0.351 0.351 0.214 0.214 0.353 0.353
Fe 0.539 0.461 0.520 0.480 0.434 0.566 0.480 0.520
Zn 0.652 0.348 0.666 0.334 0.739 0.261 0.712 0.288
Cu 0.509 0.491 0.538 0.462 0.474 0.526 0.771 0.229
Mn 0.308 0.692 0.488 0.512 0.225 0.775 0.306 0.694

Note: For abbreviations see above table.



Changes in Soil Properties and Quality for a Eucalyptus Introduction Area 115

.39 7
.30 A

.25
.20 A
.15 A
.10 A
.05
.00 - :
ENF NF EPF PF

Land cover types

Soil quality index
O O O O O O O O

Figure 1. Soil quality index (SQI) under different land cover types.
Note: For abbreviations see above table.

water, leading to the soil quality degradation [66—67].
Whereas, some researchers suggested that Eucalyptus
plantation could improve the environment, prevent
soil and water loss, and maintain soil quality under the
condition of non-intensive management [68]. Zhong et
al. evaluated comprehensively soil fertility of Masson
pine, Acacia mangium and eucalypt using the improved
Nemerow comprehensive index method and found that
eucalypt forest had less effect on soil nutrient [69].

In this study, the SQI of soils under the EF were
lower than those under the NF and PF, which may be
due to the fast-growing nature of the Eucalyptus spe-
cies that may intensively absorb soil nutrients. This
result is consistent with some previous research re-
sults [66]. After the EF replaced the NF, soil quality
decreased greatly. One possible reason is that the soils
in the NF had higher species richness and better micro
ecological environment (such as light, soil moisture,
surface temperature, biodiversity, microbial biomass
and activity, and etc.), which helped to maintain high
soil quality [22]. However, after the EF replaced the
PF, soil quality declined at a relatively slow rate. On
the one hand, this could be attributed to the short time
period of Eucalyptus introduction (i.e., seven years),
and the changes of soil original properties were rela-
tively small in such short time period; on the other
hand, the relevant management measures involved in
the Eucalyptus introduction were more effective, such
as spreading fertilizer and keeping the litters at the
early stage of the EF introduction. Nevertheless, even
for the EF, soil qualities were of obvious differentials
due to the distinctions of previous land use types. Soils
under the EF that replaced the PF (SQI = 0.208) had
lower values of SQI compared with those established
on the NF (SQI = 0.269). This result demonstrates the
extent to which soils under different land cover types
differ in quality.

CONCLUSIONS

Land cover types change from natural second green
broad-leaved forest and Pinus kesiya plantation to Eu-
calyptus plantation decreased soil porosity, soil water
content, soil pH, soil organic matter, exchangeable
calcium, exchangeable magnesium and microelement,
increased soil bulk density, and lowered soil aeration
permeability. Because fertilization and good manage-
ment measures, the contents of soil N, P, K increased at
the initial stage of Eucalyptus introduction. Soil quality
of the natural secondary evergreen broad-leaved forest
was the best, but after it was replaced by the Fuca-
lyptus plantation, the soil quality decreased greatly. By
comparison, where Pinus kesiya forest was replaced
by Eucalyptus plantation, soil quality declined slightly.
It suggests that the secondary evergreen broad-leaved
forest vegetation of natural recovery was more favor-
able to maintaining and improving soil quality, and
reasonable management measures play a very impor-
tant role for maintaining the soil quality in the Euca-
lyptus introducing areas.
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ABSTRACT: Selected metals (Cr, Ni, Cu, Pb, Zn, Cd and As) in surface sediments from
the Pearl River Estuary (PRE) and Daya Bay (DYB) were analyzed to observe their total
concentrations and chemical phase portioning. It was shown that the amounts of all
contents, except Pb, have decreased over the past decade. The mean concentrations in
PRE, excluding Pb, were significantly higher than those in DYB. Based on the PL/ and
mERM-Q, it was revealed that the highest potential ecological risk zones were in the
northwest of PRE and sub-basins of DYB. An overwhelming majority of sediments had
a 21% probability of toxicity in PRE and 9% probability of toxicity in DYB. The specia-
tion analyzed by the optimized BCR sequential extraction method showed that, in both
areas, Cr, As and Ni were present dominantly in the residual fraction and thus of low
bioavailability, while Cd and Pb were found to be abundant in the non-residual fraction
and thus of high potential availability, indicating significant anthropogenic sources. The
partitioning of Cu and Zn showed a significant difference between the two areas. The
source analysis shows that the pollutants resulted primarily from anthropogenic material,
and secondly from the input of natural weathering products in PRE, while being mainly
attributed to natural geological sources of metals, followed by industrial wastewater and

aquaculture activity in DYB.

INTRODUCTION

S the most important locations for human habita-

tion, coastal and estuarine zones are often polluted
by multifarious contaminants, including trace metals.
These have drawn particularly great attention due to
their toxicity, persistence and biological accumulation
once concentrations surpass certain thresholds in sedi-
ments, resulting in potential long-term implications
on human health and ecosystems (Duan et al., 2014;
Ozbas et al., 2007). The toxic effects and biogeochemi-
cal pathways of metals can be studied based on the mea-
surements of these forms. Most previous studies have
proven that, under the contamination of sediments, us-
ing only the total metal concentrations is insufficient as
a criterion to assess the environmental effects of con-

*Authors to whom correspondence should be addressed.
E-mail: adswjh@mail.sysu.edu.cn, Tel./fax:+86 20 84112526
E-mail: scsmeei@163.com, Tel./fax:+86 20 84284359

taminated sediments, which critically depends on the
specific chemical species and binding states (Yu et al.,
2010). Therefore, in addition to measuring their total
concentrations, determining the geochemical fraction-
ation of metals in sediments is equally important for
assessing their potential toxicity and threat to organ-
isms.

A large number of sequential extraction procedures
have been developed based on the Tessier protocols
(Tessier et al., 1979; Huang et al. 2013). The optimized
three-stage sequential extraction procedure, proposed
by the European Community Bureau of Reference
(BCR), and based on the process known as fraction-
ation in which a sequential series of selective extract
is used, is a useful approach to reveal the different af-
finity to various solid-phase fraction samples, includ-
ing freshwater sediments, salt water sediments, soil,
sewage sludge, and particulate matter. Furthermore,
the method has been widely applied and adopted by
a large number of researchers to study the speciation
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and possible associations between metals and sediment
components (Huang et al. 2013; Qiao et al., 2013).
Metal contamination and environmental degrada-
tion have gradually increased in recent years, due to
the rapid boom of the local economy and urban de-
velopment, thus the Pearl River Delta (PRD), located
along the south coast of China, has become one of
the most developed regions in the country (Yu et al.,
2010). The Pearl River Estuary (PRE) and Daya Bay
(DYB) are the most important economic development
districts and are among the areas most greatly affected
by human activities throughout the PRD, and even
all of China. Trace metals in the surface sediments of
both areas have ubiquitously accreted over the last two
decades, and have revealed a potential contamination
problem. To the best of our knowledge, previous stud-
ies regarding the surface sediments of both areas have
moved their focus from the analysis of total concen-
trations, to deposition, migration and accumulation
mechanism, further toxicity and evaluation. However,
investigations related to metal speciation and compre-
hensive multi-factor characteristics analyses have been
scarce. Therefore, the outline of the present study is
as follows: (1) to reveal the accumulation, spatial dis-
tribution and speciation of the selected metals; (2) to
assess the enrichment status and potential ecological

risk using several contamination indices; and (3) to
use correlation analysis (CA) and principal component
analysis (PCA) to define the potential sources of the
metals. Further aims are as follows: first, to determine
and compare the chemical speciation of the metals to
evaluate their relative mobility and bioavailability,
then to determine, where possible, the contributing ori-
gin of the selected metals, with the aid of multivariate
statistical analyses.

MATERIAL AND METHODS
Sampling and Sediment Pretreatment

32 and 22 surface sediment samples (0-5 cm) were
collected in triplicate, respectively from PRD and
DYB, in May 2011, using a stainless steel grab sampler
and a small vessel, then sealed in polyethylene bags
and stored at low temperature (—20°C). A map of the
sampling locations is shown in Figure 1. Upon analy-
sis, samples were defrosted and air-dried in an oven at
60°C to constant weight, then ground to a powder us-
ing an agate mortar and pestle, and sieved to collect the
< 63 um grain size fraction for homogenization, which
has a strong association with metals (Tam and Wong,
2000). Approximately 0.5 g of dried and homogenized
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sediment samples were weighed and placed into an
acid washed PTFE digestion, using the established
US EPA method 200.2 protocols (USEPA, 1994).

Total Concentrations and Phase Partitioning
of Metals

The concentrations of Cr, Ni, Cu, Pb, Zn, Cd and
As were all detected by means of inductively coupled
plasma-mass spectrometry (ICP-MAS). Quality con-
trol was assured through the analysis of a marine sedi-
ment reference material (Offshore Marine Sediment,
GBW 07314) and duplicate samples. The analysis re-
sults were deemed reliable when repeat sample analy-
sis error was below 5%, and the analytical precision
for replicate samples was within £10%. The optimized
BCR sequential extraction procedure reported by Ra-
uret et al. (1999) was used to partition the metals into
four geochemical parts as exchangeable (F1), reducible
(F2), oxidizable (F3) and residual (R) fractions. The
detailed procedures for the sequential extraction used
in this study have been described elsewhere (Huang
et al., 2013). The recovery rates for all of the metals
were 85—-115%.

Statistical Analysis

Pearson correlation and multivariate Principal Com-
ponent Analysis (PCA) were performed on IBM SPSS
19.0 for Windows. When p < 0.05 it was considered
that a significant difference was present. PCA was per-
formed on the standardized dataset to minimize the
effects of the differences in the measurement units or
variance and to render the data dimensionless, then to
analyze and identify the possible sources of metal con-
tamination in the studied area and evaluate the degree
of association among the variables.

RESULTS AND DISCUSSION
Metal in Total Concentrations

The large spatial distribution variation of metals
in the sediments of the PRE is presented in Figure 2,
which reveals a trend of gradually decreasing from
the northwest to the southeast. The results show that
the metal concentrations in the sediments from the
west side of PRE were higher than those from the east
side. This is in accord with previous reports (Ye et al.,
2012), which attributed the higher metal concentra-

tions in the west shallow water areas to the direct river
input from the north-western side, and the hydraulic
conditions which may facilitate sedimentation. Ac-
cording to Figure 2, the distribution features of metal
concentrations in DYB show a ring shape, and descend
from the shore to bay by varying degrees. Relatively
higher concentrations of the selected metals, except
Cr, occurred in the nearby sub-basins of DYB, where
frequent human activities were present, including high
value areas for Cu, Pb, Zn, Ni and Cd near Dapeng
Cove and Yaling Bay, and the maximum zone for As
appeared in Fanhe Bay. The reason for this distribution
pattern may be associated with emissions from the hu-
man activities in or near these sub-basins, which may
make significant contributions to the enrichment of
these metals and are relatively consistent with a year-
round clockwise circulation in DYB. In general, the
mean values of all of the selected metals, except Pb,
were clearly higher in the sediments of PRE than those
of DYB, especially for Cd, Cu and As. The mean val-
ues for Cd (0.66 mg kg!), Cu (43.07 mg kg ') and As
(14.09mgkg ') inthe sediments of PRE wererespective-
ly 18 times, four times and twice as high asthosein DYB,
which is consistent with the results of previous studies
(Yu et al., 2010). Only for Pb, the average content
(41.38 mg kg!) in PRE was slightly lower than in the
sediments of DYB (44.18 mg kg™!). Clearly, differ-
ent from the well preserved semi-closed DYB which
does not have land runoff input, the PRE receives
large quantities of terrestrial materials, especially from
the mainstream of the Pearl River, thus leading to the
relatively higher inputs of anthropogenic metals there
(Duan et al., 2014).

A comparison of data set revealed that the mean
concentration of the metals, except Pb, showed de-
crease year by year in the studied areas (Table 1). In
the surface sediments from the PRE, the mean values
of Cr, Ni, Pb and Zn respectively decreased by 2.6, 1.6,
1.4, and 1.4 times in the past decade, and the highest
value of Cr significantly dropped from 89 mg kg! to
as low as 33.86 mg kg!. In DYB, our most widespread
elements, including Cr (30.03 mg kg'), Ni (18.95
mg kg!), Cu (10.9 mg kg™"), Zn (59.34 mg kg') and
As (7.01 mg kg"), also have relatively lower concen-
trations than those found in former studies, e.g. Yu
et al. (2010) and Qiu et al. (1997), but only Pb (44.18
mg kg!) is noticeably higher than that of the past de-
cade (23.00 mg kg!). Among all of the coastal bays
chosen for comparison (Table 1), the average contents
of Cu, Pb, Cd in PRE and Pb in DYB were higher than
those of the Yangtze River Estuary and Bohai Bay
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(Zhang et al., 2009), but much lower than those of
Quanzhou Bay (Yu et al., 2008). For the other three
selected metals (Cr, Ni, As), the mean contents in this
studied areas were lower than those in all the other do-
mestic coastal bays listed in Table 1, while the average
value of Zn (104.65 mg kg!) in PRE, which was also
lower than the contents in Quanzhou Bay and Bohai
Bay, was 10% higher than that in the Yangtze River
Estuary. In addition, all selected metals in the studied
areas were significantly lower than those in other larg-
er industrialized urban bays throughout the world, e.g.
Masan Bay of South Korea (Hyun et al., 2007) and
Aliafia Bay of Turkey (Neser et al., 2012). However,
compared with the corresponding background values
in the South China Sea, the surface sediments collected
were dramatically contaminated by the selected met-
als, except Cr, in the PRE and Cu, Pb and Zn in DYB.

Metal Enrichment and Potential Risk

The pollution load index (PLI) was introduced to
evaluate the level of metal contamination. The PLI is
determined as the nth root of the n contamination fac-
tors (CF,) multiplied together and calculated using the
following equation:

PLI=(CFx CFyx CFyx ...... CF,)' (1)

The CF for each metal is the ratio of the measured
concentration in the sediment to the background value,
which is classified into four grades for monitoring the
pollution of one single metal over a certain period of
time.

The PLI was applied to determine the integrated
pollution status of the combined toxicant groups at the
sampling stations. The PL/ value > 1 indicates a pol-
luted condition, while PLI < 1 signifies no metal pol-
lution (Ozbas et al., 2007). The spatial map of PL/ in
Figure 2 shows that the contamination distribution pat-
tern was in accord with the concentration distribution
as a whole, and the contaminated risk was higher in
PRE than DYB. In PRE, except for station P29 which
had a PLI value of 0.75, the PLI results for all the oth-
er stations ranged from 1.07 to 3.81, and the highest
PLI value of 3.81 occurred at station P10, making this
the most contaminated site, followed in order by P21,
P27, P3, P26 and P24, the respective values of which
were 3.04, 2.85, 2.71, 2.58 and 2.62. In comparison
with PRE, the PLI values were clearly lower in DYB,
less than 1.0 for all stations except for D3 (1.48), D4
(1.30), D10 (1.07), D15 (1.05), D21 (1.05), suggesting

that contamination areas were present in the vicinity of
sub-basins.

Effects Range-Low (ERL) and Effects Range-Medi-
an (ERM) were the main parameters used to estimate
the adverse biological effects of metals in the marine
and estuary sediments and derived for the US National
Oceanic and Atmospheric Administration (NOAA),
with numerous types of modeling, laboratory and field
studies performed on marine and estuarine sediments
(Long et al., 1995). Metal concentrations in sedi-
ments can be classified into three levels, namely rarely
(< ERL), occasionally (ERL-ERM) and frequently
(= ERM) associated with adverse biological effects.
Our results (Table 1, Figure 2) show that ERM was
never exceeded in the study areas, and even in DYB
never exceeded ERL, which would likely not cause ad-
verse effects in the studied areas. The Ni, Cu and As
were between the ERL and ERM values in PRE, in-
dicating that adverse effects on benthic organisms are
occasionally observed. The results suggest that Ni, Cu
and As in the northwest of PRE could be given more
attention, due to the potential environmental risks they
may cause.

All of the indexes applied above took into account
the individual metals. Based on the fact that metals
always occur in sediments as complex mixtures, the
mean ERM quotient method was used to determine the
possible biological effects of the combined toxicant
groups, by computing the mean quotients for a large
range of contaminants (Carr et al., 1996). The mean
ERM quotient is calculated using the following for-
mula:

mean-ERM quotient = X(C,/ERM,)/n (2)

where C, is the measured concentration of the exam-
ined component (x) in the sediment, ERMx is the ERM
for metal x, and » is the number of metals. The mean-
ERM quotients of less than or equal to 0.1 (low priority
site) have a 9% probability of being toxic, quotients of
0.11-0.5 (medium-low priority site) have a 21% prob-
ability, quotients of 0.51-1.5 (high-medium priority
site) have a 49% probability, and quotients of greater
than 1.50 have a 76% probability (Long et al., 2000).
Based on the mERM-Q data, a contour map of multi-
metals ecological risk potential is presented (Figure 2).
In the surface sediments of the studied regions, all the
investigated stations had mERM-Q < 0.5 varying with-
in the range of 0.06-0.37. In general, all sites except
P29 in PRE were medium-low priority sites, indicating
that the combination of the seven studied metals have a
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21% probability of being toxic. In contrast, the major-
ity of the investigated stations in DYB had mERM-Q
< 0.1 (low priority site), and had a 9% probability of
being toxic. Both the PLI and mERM-Q revealed that
the highest potential ecological risk zone was found in
the northwest of PRE.

Metal Speciation and Correlation Analysis

It has been demonstrated that metal speciation and
solubility affect the mobility, bioavailability and tox-
icity of metals in sediments which largely depend
on the physiochemical form (Tessier et al., 1979; Yu
et al., 2010). Therefore, the optimized BCR sequential
extraction technique was applied to the sediments col-
lected from the research areas, and the percentages of
metals in the sediment samples from each extraction
step are presented in Figure 3. The selected metals take
on different speciation patterns, and some show signifi-
cant spatial variation.

The results in Figure 3 show that the chemical par-
titioning of the selected metals (Cr, Ni, Cu, Pb, Zn,
Cd, As) in the sediment were variable in both areas.
Cr, As and Ni of both areas were dominant in the re-
sidual fraction, which can be considered as the most
environmentally safe component, while Cd and Pb
were mostly abundant in the acid-soluble fraction and
reducible fraction, respectively, indicating that they are
either more or less available to aquatic biota and may
correlate with their concentrations in microorganisms.
The fractionation patterns of Cu and Zn showed sig-
nificant differences in both regions, which were mostly
presented in reducible form in PRE and acid-soluble
form in DYB.

It is widely known that the non-residual proportion
reflects the reactivity of metals to some extent, namely
the higher the proportion of heavy metal is, the stron-
ger the activation is, and the easier the remobilization
becomes. Based on the concentrations of fractions in
each step of extraction, the sequence in the proportion
of non-residual form is in decreasing order, as follows:

PRE: Cd>75%>Pb>Cu>Zn>Ni>50%>Cr>As>20%

DYB: Pb>Cd>75%>50%>Cu>Zn>Ni>Cr>As>25%

It has been well established that Cd is a typical
anthropogenic metal and mostly enters the aquatic
environment through the discharge of industrial and
domestic effluents which are more easily remobilized
than metals naturally present in the environment. The

results of the present study show that Cd in the non-re-
sidual proportion was greater than 75%, even as high as
85% in PRE, which indicates that Cd has strong activ-
ity in natural environments, and the pollution status of
Cd in the study areas is becoming more and more seri-
ous due to anthropogenic influence. From Figure 3, the
results in PRE show that Cd in the acid-soluble fraction
is the most dominant form, accounting for an average
of 75.99% of its mean total concentration, reaching a
maximum of 82.71%, and its percentages in the oxi-
dizable fractions were almost negligible. Previous re-
search has also shown that Cd was particularly prone
to remobilization from sediment towards the greater
bioavailability in the Mai Po mangroves, river mouths
of Hong Kong (Man et al.,, 2004), and southern area
of PRE, and presented a high risk to the environment
with a high percentage in the acid-soluble fraction. The
variation of Cd speciation was the most significant in
DYB, indicating its possible point source input feature,
as 78.65% of the mean total concentration of Cd was
found in the non-residual fraction, while only 4% of
total Cd was found in the fractions at DS. The region
contains major aquiculture areas and busy ports, thus
the use of phosphate fertilizer and corrosion resistant
painting from the boats frequently transporting cargo
in the bay and berthing in the dock may be among the
critical sources of the local Cd pollution.

It is potentially bioavailable that the prevailing
phase of Pb was in the non-residual fraction accounting
for 78.83% in DYB, and the dominant phase of Pb was
in the reducible fraction in PRE, which accounts for
46.04-70.12% of its total content, with an average of
60.24%. Moreover, the percentages of it in acid-soluble
and oxidizable fractions are almost equal, with respec-
tive averages of 6.29 and 6.56%. Lead is highly toxic
to the environment. The adsorption of Pb cations on
the hydrous (amorphic) oxides of Fe/Mn is considered
as a universal fixation mechanism, and the ability of
lead to form organic complexes is widely known (Qiao
et al., 2013). In the areas influenced by extensive hu-
man activities, a considerable proportion of Pb in the
environment is determined to be of anthropogenic
origin, as it is an important additive which has been
widely used in many types of products. The reducible
Pb predominating in non-residual fraction has been re-
ported by many researchers (Ip et al., 2007). The spe-
ciation of Pb shows no significant spatial variation in
the surface sediments of PRE, indicating a non-point
source input feature.

Cu speciation was found to be highly variable and
the non-residual fraction of Cu in PRE accounts for
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Figure 3. Distribution in different geochemical fractions of surface sediments from PRE (left) and DYB (right).
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in DYB. The rela-

S R(Residual)

The characteristics that both areas had in common
were that the major quantify of As, Cr and Ni were
found to be associated with the residual fraction, the
mean values of which were 77.31, 65.55 and 51.01% in
tive content of a metal in the residual fraction can be
used as a measure of the contribution of natural sourc-

OF3(Oxidizable)
reducing condition changed in the sediments, as this

Cu and Zn in the sediments of the PRE were more mo-
bile and freshly deposited and when the pH value and
may more easily result in secondary pollution.

PRE, and 72.24, 71.57 and 61.69%

%.

AF2(Reducible)
Figure 3 (continued). Distribution in different geochemical fractions of surface sediments from PRE (left) and DYB (right).

m F1(Acid soluble)
The proportion to non-residual fraction was almost
equal in DYB, the mean value of which is 49.54%. In
addition, the partitioning of Cu showed significant dif-
ferences in the research areas. The percentage of Cu in
the non-residual fractions was found to be clearly high-
er in the sediments in PRE than in DYB, which may
be due to the influx in industry sewage and domestic
wastewater in PRE. Similar variation patterns also oc-
curred in the Zn speciation in the DYB sediments of
the sampling regions. These observations indicate that

54-89% of'its total content, with an average of 69.31
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es, and a higher percentage in this fraction indicates a
lower level of pollution and the mineralogical origin of
the metal in sediments of the sampling regions. There-
fore, the high percentage of As, Cr and Ni in the residu-
al fraction indicated that they were relatively stabilized
and had a low potential bioavailability and toxicity.
The risk assessment integrating the geochemical
fractionation and total content of metals is vital for the
understanding of the pollution level of heavy metals for
the better management practices of coastal sediments
(Yu et al., 2008). The correlation matrix between the
geochemical phases and total content of metals in the
study areas are shown in Table 2. The results also show
that, except Pb (F1) and As (F3) in PRE and Cr (F2),
Pb (F1), Cd (R), As (F1) in DYB, the concentrations
of all metals in both areas were positively and highly
correlated with their metal speciation, indicating that
it was reliable to some extent to determine the level
of pollution by the total concentration of heavy metal.

Principal Component Analysis (PCA)

Previous studies regarding chemical fractionation
were usually carried out using univariate procedures;
however, multivariate methods such as Pearson cor-
relation and multivariate principal component analy-
sis (PCA) may provide further statistical interpretation
of the results. To explore the correlations among the
concerned variables, the Pearson correlation analysis
was performed and the results are shown in Table 2.
Significantly positive correlations were observed for
selected metals, except for Cd and As in DYB, indicat-
ing that these metals are associated with each other and
may have common natural or anthropogenic sources
(Tam, 2010). PCA was performed on the metal frac-
tionation data, and the scores in the rotated principal
component space are presented in Table 3. The results

obtained from PCA were confirmed by the correlation
analysis and were applied to the data sets (28 variables)
separately for the two typical study areas to identify
the sources of metals in the sediments, by employing
varimax rotation with Kaiser Criterion.

PCA in the PRE data set involves three PCs with
eigenvalues > 1, explaining approximately 77.9% of
the information contained in the total variables, which
is sufficient to provide information for the data struc-
ture. The first PC (PC1) accounts for 31.79% of the
total variance and presents high loading values on acid-
soluble fraction (Cr, Ni, Cu, Zn, Cd, As) and reducible
fraction (Cr, Ni, Cu, Zn, Cd, As). Therefore, based on
the weight of the contribution of each variable, it can
be found that both F1 and F2 (positive loading) were
extremely highly correlated with PC1, and the results
also suggest that PC1 has different geochemical behav-
iors and is mainly sourced from mixed anthropogenic
inputs, including industrial waste (such as metallurgy,
manufacturing, chemical industry) and sewage, which
is in accord with the above-mentioned geochemical
fractions analysis. The second PC (PC2), which ac-
counted for 30.34% of the total variance with high
positive loading on the residual forms (Cr, Ni, Cu, Zn,
Cd, As), infer that it mainly originates from mineral
weathering. PC3 explains 15.78% of the total variance
and presents good loading values for the oxidizability
of Ni, Cu, Zn, Pb and As; most of these ingredients
were combined with organic matter, thus it can be in-
ferred as a biological activity factor.

In DYB, two components were extracted which ex-
plain 71.10% of the total variance, and the eigenvalues
> 1. PC1 accounted for 48.58% of the total variance and
was characterized by high loadings of residual fraction
for almost all selected metals and reducible fraction
from Cr, Ni, Zn, Pb and As, revealing that they reflect-
ed the contribution of the natural geological sources of

Table 2. Correlation Matrix Between Total Concentration and Geochemical Phases
of Selected Metals in Studied Areas.

Variables Cr Ni Pb Zn Cd As
F1 0.866** 0.879** 0.963** 0.361 0.956** 0.998** 0.851**
F2 0.894** 0.896** 0.982** 0.937** 0.946** 0.979** 0.644**
PRE F3 0.946** 0.836** 0.779** 0.687** 0.756** 0.937** 0.197
R 0.813** 0.857** 0.710** 0.828** 0.780** 0.662** 0.967**
F1 0.334 0.815** 0.693** 0.345 0.418* 0.777** 0.131
F2 0.810** 0.927** 0.964** 0.657** 0.957** 0.686** 0.771*
DYB F3 0.678** 0.940** 0.910** 0.718** 0.710** 0.664** 0.566**
R 0.915** 0.975** 0.818** 0.775** 0.941** 0.184 0.933**

*Correlation is significant at the 0.05 level (2-tailed).
**Correlation is significant at P the 0.01 level (2-tailed).
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Table 3. Pearson Correlation cCoefficients Between
Heavy Metals in Studied Regions.

Table 4. Loadings in Fractions of Metals on
VARIMAX-rotated Ractors of Different Datasets.

PRE PRE DYB
Cr Ni Cu Pb Zn cd As Metals PC1 PC2 PC3 PC1 PC2
Cr 1 CrF1 093 0.09 0.14 -0.02 0.64
Ni 0941 1 NiF1 082 032 0.1 0.69 0.49
Cu 0.964** 0.869** 1 CuF1 094 0.09 0.19 0.03  0.90
Pb 0.775** 0.739** 0.702* 1 PbF1 -0.19 -0.10 0.08 0.06 0.90
Zn 0.953** 0.920** 0.944** 0.809** 1 ZnF1 086 026 0.20 0.08 0.82
Cd 0.721* 0.774** 0.674* 0.725* 0.832* 1 CdF1 051 047 0.08 0.36 0.72
As 0.785** 0.840** 0.661* 0.862** 0.764** 0.748** 1 AsF1 0.45 0.60 0.06 -0.43 0.31
DYB CrF2 096 018 009 057 043
NiF2 084 042 -0.02 0.85 033
Cr Ni Cu Pb Zn Cd  As CuF2 093 027 015 047 0.59
Cr 1 PbF2 0.49 0.62 0.15 0.34 0.61
Ni 0.940** 1 ZnF2 0.85 0.27 0.31 0.83 0.42
Cu 0.830** 0.726* 1 CdF2 057 047 0.2 -0.07 042
Pb 0.662* 0468 0.751** 1 AsF2 087 029 -0.23 0.62 0.21
Zn 0.935** 0.958** 0.840** 0.592* 1 CrF3 076 036 046 036 028
Cd 0382 0257 0.722* 0.559* 0.450 1 NiF3 044 055 0.68 087 0.7
As 0566* 0.544* 0528* 0.389 0.551* 0218 1 CuF3 049 046 0.70 0.30  0.61
*Coefficients at 0.05 significance level, p < 0.05. PbF3 0.31 0.28 0.81 -0.10 -0.15
**Coefficients at 0.01 significance level, p <0.01. ZnF3 0.23 0.56 0.67 0.47 0.14
CdF3 043 044 025 -0.35 0.19
AsF3 -0.14 0.10  0.91 0.12 0.3
metals (e.g. weathered bedrock and corrosion product) CrR 0.3 0.87 028 091 -0.01
into the coastal sediments. PC2 accounted for 22.52% NiR 025 0.89 0.32 0.98 0.04
of the total variance and was strongly associated with CuR 032 078 043 0.86 0.13
F1 (Cr, Cu, Zn, Cd, Pb), F2 (Cu, Pb) and F3 (Cu).The PbR 029 055 0.9 052 0.07
research results show that industrial wastewater often ZnR 032 083 044 0.97  0.04
contains large amounts of a variety of phase metal ele- CdR 013 073 0.6 0.6 0.01
ments. The DYB includes a large area of farming land, AsR 0.23 089 0.17 059 -0.25
Percentage of total 31.79 30.34 15.78 48.58 22.52

and the contribution toward the high proportion of Pb
in F1 and F2 may be mainly related to cage culture
activities (feeding fodder) and fishing boats. Therefore,
PC2 may be deemed as the industrial wastewater and
aquaculture activity factor.

CONCLUSION

The purpose of this study was to assess the pollution
status of some selected metals (Cr, Ni, Cu, Pb, Zn, Cd
and As)using a combination of multivariate statistical
analyses, sequential extraction data and the ecological
risk indexes in surface sediments collected from the
Pearl River Estuary and Daya Bay.

According to the results based on the PL/ and
mERM-Q, it was revealed that the priority metal pol-
lutants of concern were in the northwest of PRE and
sub-basins of DYB. The above observation was also
supported by effects-based SQGs. The mERM-Q dem-
onstrated that the combination of the seven selected

variance

Cumulative percentage 31.79 62.13 77.91 48.58 71.10
variance

metals in sediments of overwhelming majority of the
stations had a 21% probability of toxicity in PRE and
9% probability of toxicity in DYB. They were found
Cr, As and Ni mostly in the residual fraction with low
mobility and thus of low bioavailability to organisms,
while Cd and Pb in the non-residual fractions with high
bioavailability and contamination risk. The PCA were
conducted and show contamination source primar-
ily from anthropogenic material (including industrial
wastewater, sewage, etc.), and secondly from the in-
put of natural weathering products in PRE, while being
mainly attributed to natural geological sources of met-
als (e.g. weathered bedrock and corrosion products),
followed by industrial wastewater and aquaculture ac-
tivity in DYB.
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The study suggested that for better understand-
ing and preventing heavy metal pollution in an area,
continuous environmental monitoring and further geo-
chemical studies should be performed, and supporting
the development strategies of contamination control
and management.
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ABSTRACT: The tailings, which are small in particle size and exposed to natural envi-
ronment, especially the extremely tiny weathered secondary mineral kernel, can easily
react with air, water and living things. Up to now, the reactive tailings have caused a
series of environmental problems for water and soil. In this paper, physical and chemical
properties of the sulfide ore tailings were analysed. Leaching experiments in laboratory
were carried out and the results showed that acidic condition can accelerate the oxida-
tion and dissolution processes of the sulfide tailings, lead to more surounding releasion
and migration of heavy metals from the tailings reservoir.

INTRODUCTION

INING INDUSTRY is usually one of the most im-
Mportant industrial departments in developing
countries, for example in China. Mining industry can
rapidly promote local economic development. How-
ever, it often leads to various environmental pollution
problems at the same time. The most common and seri-
ous environmental problem is heavy metals pollution
from piled tailings [1].

The tailings produced from the process of ores ben-
eficiation are piled up at tailings reservoir near the
mines [2]. Generally, the tailings are small in size and
exposed to the natural environment. Therefore, they
are still highly reactive in surroundings, especially
extremely tiny secondary mineral particles generated
by weathering, which can easily react with air, wa-
ter, soil and organisms nearby [3—5]. By effects of air
oxidation, biological oxidation and rain leaching, acid
mining drainage (AMD) contained a large amount of
heavy metals will be generated [6—7]. The pollution
of AMD can migrate with runoff of surface water and
underground water. Then the water and soil near the
mines, even the entire ecosystem will be affected by
the AMD [8-9]. Weathered sulfide mineral can lead
to obvious increase of heavy metal ions concentration
and acidification in tailings leachate [10—12]. Some

*Author to whom correspondence should be addressed.
E-mail: zh5552@mail jxust.edu.cn, Tel: +86-797-8312559, Fax: +86-797-8312559

researchers have carried out field monitor for heavy
metal ions in several tailings reservoir and proved that
heavy metal ions could dissolve in water and migrate
with the water [13—15]. Besides this, some investiga-
tors have explored the emission rules of heavy metals
ions from the tailings by the experimental simulation
methods [16-17].

However, the dissolution and migration processes of
heavy metals in tailings reservoir are inherently com-
plex. It typically includes dissolution, reaction, dif-
fusion and absorption processes. Moreover, there are
many factors which can influence these processes. As
far as the open-air piled tailings concerned, the influ-
ential factors can be classified into two categories. One
is the natural characteristics of specific tailings, such as
mineral constituents, particle size, shape and packing
density; the other is environmental conditions outside,
such as temperature, pH value, thickness of the min-
eral layer and depth of the immersed water et al. [18].
The detailed mechanisms and systematic works about
heavy metal pollution in tailings is not enough so far.

The object of this study is the specific sulfide ore
tailings produced from copper mine dressing process.
The purpose of this study is to analyze the chemical
and physical characteristics of the sulfide ore tailings in
a tailing reservoir located in Jiangxi Province of China,
to illuminate the relationship of tailing characteristics
with the heavy metal leaching ability, to investigate the
influence of solution pH value on heavy metal leach-
ing.
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Table 1. Analysis of Major Elements in Tailings.

Element Cu Zn Pb S As Cd Sn Fe Sio, CaO MgO AlL,O,
Content (%)  0.08 0.62 0.37 15.78 0.5 0.02 0.11 2007 1262 1569  7.69 2.58
MATERIALS AND METHODS (500 g) in the same plexiglass columns (Inner Diam-
eter 20 mm, Length 1 m). Each column was leached
Samples daily with solution of 500 ml which was controlled at a

The tailings were sampled at two vertical directions
in the tailing reservoir region which are parallel and
perpendicular to the release direction of the tailings.
All the tailing samples were kept in polyethylene plas-
tic bags and prepared to be analysed in laboratory.

Analysis Method

Dry the tailing samples in oven at the temperature of
40°C, and grind them into 100 items. Grinded samples
were dealt according to the following procedures: take
0.1 g sample and put it into polytetrafluoroethylene
plastic crucible, add 5 ml HNO; (65%,W/W), 10 ml
HF (40%,W/W), and 12 ml HCIO, (70%,W/W), heat
it at a low temperature until the white smoke disperses.
After cooling, add 10 ml 1:1 HCI (V/V) and transfer it
into 50 ml flask after dissolution [19].

The contents of Cu, Pb, Zn and Cd were analysed
by ICP-AES (Baird, USA) [20]. Typical test condi-
tions include: Rf generator frequency 40.68 MHz, in-
put power 1100 W, cooling gas flow rate 10 L-min!,
carrier gas flow rate 0.3 L-min~!, plasma gas flow rate
0.4 L-min~!, integral time 5 s and integral numbers
three times.

RESULTS AND DISCUSSION
Chemical Characteristics of Tailings

The chemical characteristics analysis for major
elements in tailings are shown in Table 1. It can be
seen from the table that poisonous heavy metals of
Pb, As and Cd are present in the tailings. The other
heavy metals may also be present in the AMD and

their concentration may exceed the environmental
safety standard.

Release Process Simulation of Heavy Metals
Influence of pH on Heavy Metal Release

Pack the sulfide ore tailings of the same weight

constant pH and this procedure was lasted for 50 days
successively. Different columns were leached with so-
lutions with differnet pH values which are 2, 4, 6 and
7 respectively. The concentrations of Pb%*, Zn>*, Cu?*
and Cd*" in outflow leaching solution were tested ev-
ery day. The total amount of dissolved heavy metals in
all the 50 days was summed up by days for each kind
of leaching solution at different pH values. The results
are shown in Table 2.

Table 2 shows that increasing the acidity of leach-
ing solutions can significantly increase the dissolution
amount of heavy metals (Pb, Zn, Cu and Cd) in tailing
ores. For different leaching solutions at pH 2, 4, 6 and
7, the obvious difference of heavy metal dissolution
mass can be observed. Among them, the pH value of
the leaching solution influence the dissolution of Cu
the most remarkable. In another words, that variation
of total dissolution mass of Cu in different leaching so-
lutions is the greatest, followed by Pb, Zn and Cd. So
among the four heavy metals, their dissolution sensi-
tive degree versus the pH variation could be arrayed
as Cu > Pb > Zn > Cd. The reasons of the dissolution
mass variation for the four heavy metals may be com-
plex. It can be analysed to be inhomogeneous distri-
bution of different heavy metals in tailings, different
reaction kinetic constants or balance constants of com-
plexation for heavy metals, and different dissolution
ability in acid condition. However, the detailed reasons
still need more accurate studies.

The concentration evolutions of outflow leaching
solutions for Pb>*, Zn?>*,Cu?" and Cd** when leaching
solutions at different pH are used in all the 50 days are

Table 2. Total Amount of Heavy Metals Leached
from Tailings.

Standard Variation,
Element pH=2 pH=4 pH=6 pH=7 Deviation %

Pb 9.41 754 524 3.88 2.47 38.42
Zn 410.21 3425 2823 2326 75.68 24.55
Cu 1.82 1.05 082 046 0.55 56.31
Cd 0.45 036 035 0.32 0.068 19.66

Note: The unit is mg.
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Figure 1. Concentration of Pb under different pH conditions.

summarized and the results are shown as Figures 1-4.
From Figurel—4, it can be known that the pH value
of the leaching solution greatly influence the release of
Pb?*, Zn?*, Cu?" and Cd**. When the pH value is less
than 7, the ion concentration of tailings rises rapidly
with the decreasing of the pH value. When the solution
pH value is close to 7, the ion concentration of tailings
changes slightly with the change of pH value. In the 50
d leaching experiment, the concentrations of Pb?*, Cu?*
and Cd?" decrease with the leaching time. Although the
same leaching solution is used in 50 d for each test, the
total quantity of each heavy metal in tailings is reduced
with the dissolution of heavy metals. It also means the
concentration of reactant is decreasing, so the dissolu-
tion mass of heavy metals decreases with the time. It is
noted that the dissolution rule of Zn>* with the time is
some especial. When the leaching solution is at a weak
acid condition, the leaching time has almost no influ-
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Figure 2. Concentration of Cd under different pH conditions.
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ence upon the dissolution. However, when the leaching
solution is at strong acid condition, the concentration
of Zn?" rapidly increases after the leaching of 30 d. The
exact reason for this phenomenon can not be drawn out
through this study. Therefore, the acidification of tail-
ing is the critical reason for the release of heavy metal
ions. In China, especially in southern China, acid rain
is a very serious problem and it make the sulfide min-
erals to encounter a more acidification potential. These
two functions will speed up the dissolution of heavy
metal ions such as lead and zinc in tailings of sulfide
ore. Therefore, controlling the acidification process of
the tailings is an important way to reduce the environ-
mental harm of heavy metal [21].

Conductivity Variation of Leaching Solutions
Leaching solutions of every 5 d were taken to anal-
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Figure 4. Concentration of Cu under different pH conditions.
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yse the electrical conductivity (EC). The EC analysis
results are shown in Figure 5. It can be seen that when
pH value is less than 4, the conductivity of leaching
solutions increases significantly after leaching for 30 d.
When the leaching solution is weakly acidic or weakly
alkaline, the change of EC is little and the EC main-
tains between 0.5-1.5 ds'm™! during the experimental
stage of 50 d. The results show that the pH value of
leaching solution has direct relationship with the EC,
acid condition can enhance the dissolution of solid ma-
terial and lead to the increasing of salt

CONCLUSIONS

The sulfide ore is a typical mineral in China and
a large amount of sulfide ore tailings are piled up in
natural environment. The tailings exposed to the natu-
ral environment may lead to a series of environmental
pollution problems. Based on the analysis of physi-
cal and chemical properties of major minerals in sul-
fide ore tailings, it has been proved that the poison-
ous heavy metals (Pb, As and Cd) are present in the
tailings, which may lead to a great environmental risk.
Leaching experiments of the tailings show that the acid
condition can enhance the dissolution of heavy metals
from the tailings. Electrical conductivity test has also
proved that the stronger the acid condition, the more
heavy metals is dissolved in leachate. Besides that, the
electrical conductivity of leachate is increasing with
the time.
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Aqueous Cr(VI) Adsorption to Sludge using a
Marble Processing Wastewater Treatment Method
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ABSTRACT: Cr(VI) adsorption onto dried marble processig wastewater (non-treated
wastewater) solids (MPW) and dried physicochemical marble sludge from coagulation-
flocculation treatment (MPWT) of an andesite processing plant's wastewater was in-
vestigated. MPW sludge and MPWT sludge were incorpotared as inorganic adsorbents
in batch reactors containing aqueous Cr(VI) solutions varying between 1 and 25 mg/L.
MPWT sludge was obtained with alum coagulant. A dry particulate (powder) form of
sludge samples were used at a 5 g/100 mL dosage. Isotherm studies indicated that
Cr(VI) adsorption by these andesite- oriented adsorbents may be characterized using a
Freundlich model for MPW sludge and a Langmuir model for MPWT sludge.

INTRODUCTION

NDESITE, a type of marble, is a heat and frost resis-

tant volcanic rock commonly used in architecture,
building, and art since ancient times. Large-scale an-
desite production has generated a considerable amount
of waste materials. almost 70% of this gets wasted in
the mining, processing, and polishing stages. These
wastes have a serious impact on the environment since
they contain non-degradable, diverse-sized marble par-
ticles. Direct discharge of andesite processing waste-
waters into the environment will have considerable
adverse effects due to inert andesite colloids content.
The most common method for treatment is coagulation
and/or flocculation via common coagulants or floccu-
lants. However, the physicochemical treatment of an-
desite processing wastewater is more difficult than for
other types of marble. The treatment of a large volume
of andesite processing wastewater will generate large
quantities of physico-chemical sludges. Different co-
agulants and flocculants have been studied for andesite
processing wastewater and the physico-chemical slud-
ges from these have different characteristics [1]. Land
disposal of these physicochemical sludges has adverse
effects on the environment. There are also potential
problems due to large areas of land that are required.

*Author to whom correspondence should be addressed.
E-mail: merves@selcuk.edu.tr

Therefore, final disposal alternatives other than land
disposal need to be investigated.

Industrial wastewaters are frequently laden with
toxic heavy metals in which significant amounts are
deposited into natural aquatic and terrestrial ecosys-
tems [2]. Among these heavy metals, chromium (Cr) is
one of the pollutants in surface water and groundwater
resulting from numerous industrial activities such as
preservation of wood, textile dyeing, leather tanning,
electroplating, and metal finishing [3]. In general,
chromium exists in the trivalent Cr(IIl) and hexavalent
Cr(VI) states. Chromium (VI) is more toxic than the
Cr(I1I) form. Because of its high toxicity, Cr(VI) must
be removed from wastewater before being discharged
to an aquatic system. Common Cr (VI) anions, chro-
mate (CrO;") and dichromate (CrZO%_), are strong
oxidants, and chromate is a known carcinogen and a
suspected mutagen and teratogen in biological systems
[4]. Cr(VI) concentration in various industrial effluents
has been reported over a wide range from 35-555 mg/L
Cr(VI) [5].

Adsorption is a heavy metal removal method for
aqueous systems. As a common adsorbent, activated
carbon has been used in treatment but it is ineffective
on many metals. Sometimes its high cost restricts its
use. Cheaper and effective adsorbents and many non-
conventional low-cost adsorbents such as clay mate-
rials, zeolites, siliceous material, agricultural wastes,
and industrial waste products have also been suggested

[6].
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In this study, dried raw marble processing waste-
water (MPW) sludge and dried marble processing
wastewater treatment (MPWT) sludge originated from
coagulation-flocculation treatment of an andesite pro-
cessing plant wastewater as two different adsorbents.
Removal of Cr (VI) from aqueous solutions using
these two sludges was investigated.

MATERIAL AND METHOD
Materials

In andesite processing plants, raw andesite powder
containing wastewater was generated as a result of
wet cutting [1]. The andesite processing wastewater
properties and the chemical composition of the an-
desite particles are given in Table 1. The wastewater
total solids and suspended solids were equal and very
high in concentration. This implies that no dissolved
solids existed, all the solids were suspended, andesite
particles were colloidal in size, and they were not set-
tleable. MPW sludge was obtained by directly drying
the raw wastewater and marble powders were used as
adsorbent. The other adsorbent (MPWT sludge), physi-
cochemical sludge, was obtained by coagulation-floccu-
lation process with alum. Coagulation (150 rpm for 90
second), flocculation (30 rpm for 15 min), and sedimen-
tation (30 min) steps were carried out within a Jar Test
device [7]. The coagulation flocculation sludge samples
were dried at room temperature in the laboratory.

Stock Cr(VI) solution (100 mg/L) was prepared by
dissolving potassium dichromate (K,Cr,0,) in dis-
tilled water. The stock solution was then diluted to ob-
tain standard solutions (1, 5, 10, 15, 20, and 25 mg/L).
Reagents used for Cr(VI) analysis were HNO;, H,SO,,

Table 1. Properties of Andesite Processing

Wastewater.

Parameter Value
pH 8.4-9.5
Total solids, (g/L) 25-37
Ca (ppm) 5317.64
Mg (ppm) 199.34
Na (ppm) 288.03
Fe(ppm) 13.83
K (ppm) 0.0
Pb (ppm) 0.16
Cd (ppm) 0.25
Zn (ppm) 0.57
H,CO3(ppm) 39.0
Cr(ppm) 0.0

1,5 diphenylcarbazide, and K,Cr,0,-2H,0. All solu-
tions were prepared with deionized water.

Batch Adsorption Experiments

Reactors of 100 ml liquid volume and 5 g adsor-
bent were operated in the shaker (150 rpm) until equi-
librium and change of concentration against time was
observed. Preliminary trials indicated that 120 minutes
was sufficient to achieve equilibrium. Initial Cr (VI)
concentrations in the reactors were varied from 1 mg/L
to 25 mg/L, respectively, at 25°C and pH 7. Samples
were filtered and the Cr(VI) that remained in the filtrate
was analyzed.

Analysis

Cr(VI) were determined according to Standard
Methods [8]. This procedure measures only Cr(VI) by
reaction with 1,5 diphenylcarbazide in acid solution.
A red-violet complex is formed and absorbance mea-
sured spectrophotometrically at 540 nm was converted
to concentration using the following calibration equa-
tion y = 0.132x. Adsorption capacities were calculated
according to Equation (1).

V(C,-C,
V€€

m

(1

V' is solution volume (L), m is amount of adsorbent
(g), and C, and C, are initial and equilibrium Cr(VI)
concentrations (mg/L), respectively.

Various theoretical models could be applied to ex-
perimental data in order to find a model which ad-
equately describes equilibrium data. Langmuir and
Freundlich isotherms have been extensively used to
describe the equilibrium established between adsorbed
metal ions on the adsorbent (¢g,) and metal ions remain-
ing in solution (C,) at equilibrium and at constant tem-
perature [9]. The Langmuir model assumes a mono-
layer adsorption onto a surface and is represented by
Equation (2) [10], The Freundlich isotherm [Equation
(3)] assumes that the uptake of metal ions occurs on a
heterogeneous surface by a multilayer adsorption [11],

_ 9max 'b'Ce o)
= 1+b-C) @
g, =k-C'" 3)

where ¢, (mg/g) is maximum adsorption capacity
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Figure 1. Effect of contact time on Cr(VI) adsorption for MPW sludge.

and b (L/g) is the Langmuir adsorption rate constant.
The parameters k and n are Freundlich constants.

RESULTS AND DISCUSSION
Effect of Contact Time on Cr(VI) Adsorption

The effect of contact time on Cr(VI) concentra-
tion is presented in Figure 1 and Figure 2 for MPW
sludge and MPWT sludge, respectively. The adsorp-
tion of Cr(VI) was rapid in the first 10 min and then the
adsorption rate decreased for the MPW sludge. For a
25 mg/L initial Cr(VI) concentration the Cr(VI) re-
moval performance was better than for other concen-
trations at 30 min (see Figure 1).

The adsorption process was similarly rapid dur-
ing the first 10 min for MPWT sludge (especially for
15 mg/L Cr(VI) concentration) and then remained con-

stant with contact time (see Figure 2). Rapid initial ad-
sorption could be due to the fact that a large number
of active sites are available for adsorption of Cr(VI)
on the marble sludge. After rapid diffusion of Cr(VI)
molecules from the bulk solution to the exterior surface
of adsorbent particles the removal rate slowed down
gradually until equilibrium.

According to Figure 1 and Figure 2, ultimate, Cr(VI)
adsorption ratios of the MPW sludge and the MPWT
sludge were 93% and 92 %, respectively, for an ini-
tial Cr(VI) concentration of 1 mg/L. On the other hand,
these values were 29%and 35% for a 25 mg/L initial
Cr(VI) concentration (Figure 3). Because of the porous
morphology of marble sludge [12], as the adsorbed
Cr(V]) incresed marble sludge surface area decreased.
Also, adsorption efficiencies decreased for all doses.
Adsorption capacities of the MPWT sludge were high-
er than for the MPW sludge which was closely related

30
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Figure 2. Effect of contact time on Cr(VI) adsorption for MPWT sludge.
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to number of pores forming for both the surface and
interior of the MPW sludge.

Cr (VI) Adsorption Isotherms

Figure 4 presents the Langmuir and Freundhlich
isotherms of Cr(VI) adsorption on the MPW and the

MPWT. Langmuir and Freundlich constants are sum-
marized in Table 2. The Freundlich isotherm represent-
ed a better model for MPW sludge than the Freundlich
isotherm with a higher R2. The surface of the MPW
sludge is likely made up of small heterogeneous ad-
sorption patches which are dissimilar to each other in
respect to adsorption process. This supports the Freun-
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(a) Cr (VI) adsorption isotherms with results fitted to the Langmuir equation and (b) Freundhlich equation.
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Table 2. Langmuir and Freundlich Constants for
Cr(VI) Adsorption.

Langmuir Freundlich

qmax b
(mg/g) (1/mg) R? k 1in R?

MPW sludge 0.76 2244 0898 2540 1.272 0.918
MPWT sludge 1.68 1161  0.996 3.097 1.200 0.914

Adsorbent

dlich isotherm which represents physical multilayer
adsorption onto the heteregenous surface of the MPW
sludge.

On the other hand, by applying the Langmuir iso-
therm by plotting C,/q, against C, a straight line was
obtained with high determination coefficients (R? >
0.9) confirming that the Langmuir isotherm is appli-
cable for adsorption of Cr(VI) onto MPWT sludge.
From the slope and intercept adsorption equilibrium
constant, b =1.161 1/mg and the maximum adsorption
capacity ¢,,,, = 1.680 mg/g. Homogeneous surface of
treatment sludge resulted in monolayer chemisorption
onto MPWT sludge.

The adsorption maximum capacities were given in
Figure 5. According to this graphic, MPWT sludge
capacities were significantly higher than MPW sludge
capacities. Because that effect of used coagulant, flocs
were occurred homogenious adsorbent surface. The
Cr(VI) adsorption was strongly Cr(VI) concentration
dependent. The increase in the Cr(VI) concentration
enhances the interactions between Cr(VI) and physi-
cochemical sludge particles. Therefore, the amount ad-
sorbed decreased with higher initial Cr(VI) concentra-
tions for MPWT sludge.

CONCLUSION

In this study, adsorption processes are characterized
using a Freundlich model for MPW sludge and a Lang-

muir model for MPWT sludge with max adsorption
capacities of 0.760 mg/g and 1.680 mg/g, respectively.

Results indicated that MPWT sludge can be an ad-
sorbent for removal of Cr(VI) from aqueous solutions.
Attractive features of coagulation and flocculation
sludge are that it is environmentally friendly, effective,
and low cost. Moreover, when this sludge has further
utilization land requirements decrease. Therefore, this
application helps preserve land and sustainability con-
cepts. As further development occurs, temperature and
pH effects may be investigated to increase system per-
formance.
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