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As the hot issues of environment and geochemistry sciences,
environmental biogeochemistry investigating both elements
and pollutants in soil, water, air, and organism links their
behavior and effects in pedosphere, hydrosphere, atmosphere,
and biosphere systematically. Typically, biogeochemical cycles
of some biogenic elements, such as carbon and nitrogen, are
closely related to the global climate change through green-
house gases, while some trace elements, usually known as
toxic heavy metals in the environment, pose significant risks
to both ecosystem and humans. Besides the traditional
chemical pollutants, recently, the emerging contaminants,
such as persistent organic pollutants (POPs), nanoparticles,
microplastics, antibiotics, and antibiotic resistance genes
(ARG), have been attracting extensive concerns, due to
their potential environmental risks. (erefore, faced with
these challenges, investigations of the environmental bio-
geochemistry of elements and emerging contaminants are
of great significance for the environmental protection and
human health.

(is special issue aims to provide the environmental
research community with a forum to share various in-
novative ideas and to present up-to-date advancements in
these fields. (e selected seven research papers might not
fully cover the topics mentioned above, since six of them are
mainly related to heavy metals, and the other paper in-
troduces the risks threatened by acid rain with atmospheric
pollutants. However, they represent how current research
studies still focus on the long-term practical issue of envi-
ronmental biogeochemistry of this traditional nondegrad-
able pollutant, through illustrating the pollution sources,

distribution, behavior, fate, ecological effects and risks, and
management, control, and remediation of heavy metals in
soil and water environments.

Knowing pollution sources and risk implications is the
primary step in environmental biogeochemistry of pollut-
ants. Mining activities can cause significant soil and water
pollution through solid wastes and metal-rich effluents. (e
mobility, chemical speciation, and ecological risks of heavy
metals (Cu, Pb, and Zn) and the acid mine drainage (AMD)
production in tailings of a copper mine in northern China
were investigated by Chen et al. using column leaching
studies. Besides the high metal concentrations in both
tailings and leachates, the sequential extraction results and
risk assessment code (RAC) evaluation based on the per-
centage of mobile fractions also revealed that heavymetals in
tailings pose medium to high migration risks, which were
influenced by specific hydrogeological and climate condi-
tions. Rainfall is an important sink of scavenging atmo-
spheric pollutants (SO2, NOx, and particulate matters), and
it is also a significant pollutant source to soil and water
ecosystems, inducing negative environmental effects such as
soil acidification and eutrophication. Chemical composi-
tions of precipitation in the typical urban site of hinterland
were reported by Zhang et al. through analyzing the water-
soluble ions for two-year daily samples in the (ree Gorges
Reservoir, China. Results showed still serious air pollution
(SO4

2−, NO3
−, and NH4

+) by local anthropogenic activities
such as coal burning and traffic-related sources together with
agricultural activities, although the air quality has been
improved in the recent decade. Excessive sulfur emission
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was the main precipitation acidity (average pH 5.0) factor,
but the contribution of nitric acid was strengthening.

Key environmental biogeochemical processes include
the distribution, transport, and fate of contaminants in the
soil and aquatic systems, which are the main pollutant sinks
and pose directly negative biological effects. (e distribution
and sources of heavy metals in both the waters and sedi-
ments of the Voghji River Basin (Armenia) were extensively
investigated by Gabrielyan et al. to assess the environmental
pollution (Mn, Co, Cu, Zn, Mo, Cd, and Pb) dramatically
aggravated by drainage water and wastewater of mining
regions, which disturbed the local geochemical balance. (e
coastal zone is also frequently disturbed by human activities
such as land reclamation engineering which influences
aquatic environment significantly. (e spatial distributions
of heavy metals in surface sediments after the land recla-
mation in Bohai Bay, China, were studied by Zhu et al.
through grain size and speciation analysis and ecological risk
assessments, demonstrating the contamination of Cd and Cr
and the significant role of hydrodynamic condition change
on pollutant distribution. With regard to the biological effects
of heavy metals, the root responses and the corresponding
intracellular mechanisms (elongation, antioxidative enzyme
activities, and lipid peroxidation) of duckweed to Cd stress
were investigated by Xue et al. based on Cd speciation ac-
cumulated in roots, which could be a predictor of Cd toxicity
to aquatic plants.

Finally, control and remediation of soil and water pol-
lution is the problem-solving step. As typical ways of pollution
control, source elimination, environmental remediation, and
land safe use are feasible choices. For pollutant removal, Fe-
loaded corn straw biochar was successfully synthesized by
Fan et al. and used as adsorbent for enhanced arsenate removal
from aqueous solution, suggesting that it can be an efficient
green method for the remediation of As-contaminated water
or soil. (e As speciation analysis indicated three mechanisms
were involved in As (V) removal: sorption, strong inner-
sphere surface complexes, and partial occlusion into the
crystalline Fe oxides or carbonized phase. For safe use of heavy
metal-contaminated agricultural soil, intercropping of gra-
mineous pasture ryegrass and leguminous pasture alfalfa was
proposed by Cui et al. to increase the plant resistance to heavy
metals, which reduces plant oxidative damage and increases
antioxidant activity. As an alternative to phytostabilization, it
provides a strategy to raise biomass and reduce the Pb ac-
cumulation by forage plants in contaminated environments.

Compiling these papers, we hope to enrich readers the
most recent progresses on different aspects of environmental
biogeochemistry. Of course, it is worth pointing out that the
investigated objects should not be limited by technology;
besides heavy metals, the environmental biogeochemistry of
biogenic element cycles and emerging contaminants and
their interactions among various environmental systems are
also significant and are developing rapidly.
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Intercropping can increase the biomass of plants and reduce the accumulation of heavymetals in plants. However, themechanisms of
intercropping increasing plant biomass and resistance to heavy metals are still unclear. -erefore, the pot experiment had been
conducted to investigate the effect of intercropping treatment on the growth of gramineous pasture ryegrass (Lolium perenne L.) and
leguminous forage alfalfa (Medicago sativa L.) in metal-contaminated soil. Our results showed that intercropping alleviated in-
hibition of heavy metals to plant growth and increased nitrogen and chlorophyll contents in the shoots and roots. Moreover, the Pb
concentrations in the shoots and roots of ryegrass and alfalfa in the intercropping were significantly lower than those in the
monoculture. And, the contents of saccharase and alkaline phosphatase were significantly increased in the intercropping treatment.
Additionally, the intercropping treatment could reduce the oxidative damage and increase enzymatic antioxidant activities to
improve the resistance of plants in contaminated soil. -e intercropping treatment can increase the resistance of plants to heavy
metals through reduction of plant oxidative damage and increase of antioxidant activity. It could provide us with a strategy that
intercropping of ryegrass and alfalfa can increase biomass and reduce the absorption of Pb on forage plants.

1. Introduction

Heavy metals pollution has become a serious environmental
problem, posing significant risk to human health as well as to
ecosystems [1, 2]. -erefore, remediating heavy metal-
contaminated soil has received a worldwide concern. Phy-
toremediation has several advantages such as ease of operation
in the field, relatively low cost, and soil improvement without
secondary pollution; therefore, it has become one of the major
methods for the remediation of heavy metal-polluted soils
[3]. Techniques of phytoremediation include phytoextraction,
phytofiltration, phytostabilization, phytovolatilization, and
phytodegradation [4]. Phytostabilization is the use of certain
plants and strategies for stabilization of contaminants in
contaminated soils [5].

Intercropping is one of the traditional agricultural man-
agements, which has shown the improvement of land use

efficiency [6]. Intercropping had been used to remediate heavy
metal-polluted soils and was found to have many advantages
[7]. It has been reported that intercropping can not only in-
crease plant biomass but also change the accumulation of heavy
metals in plants [8]. Intercropping can also produce agricultural
products while cleaning the heavy metal-contaminated soil [9].
Intercropping has been proposed as an alternative to phytos-
tabilization for heavy metal-contaminated soil [10]. However,
the mechanisms of intercropping influencing heavy metal
accumulation and biomass in plants remain unclear.

Over 100 intercropping combinations currently have
been applied in China, 70% of the combined groups are
including leguminous crops [11]. It has been found that the
intercropping of gramineous and leguminous could enhance
plant nutrients availability and uptake which supply sub-
stances to promote plant growth [12, 13]. Leguminous and
gramineous intercropping systems are widely used, due to
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the ability of nitrogen fixation by leguminous crops. Under
leguminous and gramineous intercropping systems, the part
of N fixed by leguminous plant can be transferred through
various channels and then be used by the gramineous crops,
so as to improve N utilization efficiency [14, 15]. For ex-
ample, the intercropping system of gramineous wheat and
leguminous soybean can substantially increase wheat yield
and promote nutrient utilization [6].

Ryegrass (Lolium perenne L.) is widely reported as a kind
of pasture which is suitable for planting in heavy metal-
contaminated soil [16–19]. Previous studies have demon-
strated that ryegrass could potentially rehabilitate Cd- and
Pb-contaminated soils [20, 21]. Alfalfa (Medicago sativa L.) is
the important perennial forage and has a wide distribution in
the world [22]. Some studies showed that alfalfa has a po-
tential capability to restore heavy metal-contaminated soil
[23]. Ryegrass and alfalfa are two important forages in northern
China [22, 24]. Planting these two forages in the heavy metal-
contaminated soil would be harmful to the livestock industry.
Previous studies showed that intercropping can reduce heavy
metals uptake by plants [8]. However, it is still unclear about
the uptake characteristics of heavy metals by plant under the
intercropping patterns of ryegrass and alfalfa. Furthermore, the
mechanisms of intercropping influencing the resistance of
plants to heavy metals are also investigated in this study.

We hypothesized that the intercropping of ryegrass and
alfalfa could influence the plant growth and the heavy metals
resistance. -e absorption characteristics of plants were in-
dicated by means of determination of heavy metals content
and biomass. -e nutritional status of plants was measured by
chlorophyll and N contents. -e oxidative damage and en-
zymatic antioxidants activities were utilized to evaluate the
resistance of plant to heavy metals. -e objectives of this study
were to investigate (1) the effects of intercropping of ryegrass
and alfalfa on the uptake characteristics of heavy metals in
plants, and (2) the mechanisms of intercropping influencing
the resistance of plants to heavy metals. -e investigation may
provide a better understanding of the mechanism of de-
toxification of heavy metals by intercropping.

2. Materials and Methods

2.1. SamplePreparation. -e topsoil (0–20 cm) was collected
from the Pb-Zn mine located in Feng County, Shaanxi
Province, China (106°36′15″E, 33°52′35″N).-e soil samples
were stored in clean Ziploc plastic bags and transferred to
the laboratory immediately. -e basic physicochemical
properties of the soils were determined and are presented in
Table 1. Ryegrass and alfalfa seeds were sown in the pots after
sterilization with 30% sodium hypochlorite solution for
2min, washed three times with tap water, and rinsed with
deionized water (DIW).

2.2. Pot Experiment. After the soil was air-dried, it was
passed through a 2mm sieve. -e air-dried soils (8 kg per
pot) were placed in plastic pots (height: 25 cm; diameter:
25 cm). -e moisture was maintained at ∼60% of the
maximum water-holding capacity to balance one week. And

then the moisture was maintained at ∼80% of the maximum
water-holding capacity. No fertilizers were added throughout
the experiment. In the control treatment, there was no plant
in the pot. In the monoculture treatment, alfalfa and ryegrass
were grown separately. In the intercropping treatment, the
equidistance between alfalfa and ryegrass was separated. -e
experiment design is shown in Figure 1, which four different
treatments were carried out as follows: (1) control: unplanted
soil; (2) MA: monoculture of alfalfa; (3) MR: monoculture of
ryegrass; and (4) IAR: intercropping of alfalfa and ryegrass.

Before the seed germination, 100 seeds of the same size
were guaranteed in each pot. After 10 days, the seedlings
were planted to ensure that 60 germination seeds were
planted in each basin, and 30 of each plant were in the
intercropping treatment.-e pot experiment was performed
in a greenhouse under natural light at 22∼28°C.

2.3. Sampling and Analysis. Soil moisture was determined
gravimetrically in fresh soils at 105°C to constant weight. Soil
pH of air-dried samples (sieved to 1mm) was determined
using the glass electrode (Startorius PB10) with a soil to water
(non-CO2 deionized water) ratio of 1 : 2.5. Soil organic matter
(SOM) was analyzed using the standard procedure of di-
chromate [25]. Total nitrogen (TN)wasmeasured by titration.
Inorganic N of NH4

+ and NO3
− was extracted by 2M KCl,

and the extractant was subsequently analyzed using a Seal
autoanalyzer. Available phosphorus (AP) was measured using
the 0.5mol/L NaHCO3 extraction-ammonium molybdate-
antimony potassium tartrate and ascorbic acid spectropho-
tometric method. Soil heavy metals contents were determined
by using three acid digestion (HNO3, HCl, and HClO4), and
the digested samples were analyzed by ICP-AES technique
(inductively coupled plasmaoptical emission spectrometer,
PerkinElmer-Optima 7300 DV, USA).

-e plants were harvested after 75 days, and the fresh
shoots and roots were harvested separately. -e fresh shoots
were used to measure chlorophyll content using the acetone
method immediately. -e fresh shoots and roots from each
treatment were immediately stored at −80°C for measuring
the oxidative damage system and enzyme activity later. -e
content of malondialdehyde (MDA) was used to evaluate the
lipid peroxidation [26]. Briefly, grounded shoot and root
samples were extracted by 10% trichloroacetic acid (2mL).

Table 1: Soil physical-chemical properties and heavy metals
concentration.

Physical-chemical properties
pH (soil : water, 1 : 2.5) 8.08
SOM (g·kg−1) 25.8
TN (g·kg−1) 1.59
TP (g·kg−1) 0.31
-e total concentration of heavy metals (mg·kg−1)
Pb 652
Cd 4.95
Zn 160
Cu 30.1
Note. SOM: soil organic matter; TN: total N; TP: total P.
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After centrifugation at 8000g for 10min, the MDA in the
supernatant was measured using an MDA reagent kit
(Suzhou Comin Biotechnology Co., Ltd. Suzhou, China)
based on the absorbance at 532 and 600 nm. -e activity of
total peroxidase (POD, EC 1.11.1.7), catalase (CAT, EC
1.11.1.6), and ascorbate peroxidase (APX, EC 1.11.1.11) in
the shoot and root were correspondingly assessed using the
enzyme-specific commercial reagent kit (Suzhou Comin
Biotechnology Co., Ltd. Suzhou, China). -ese activity in-
dicators were determined by the absorbance of the super-
natant after reactions at different wavelengths (i.e., 470, 240,
and 290 nm for POD, CAT and APX, resp.) (Epoch, US),
following the manufacturer’s instructions. -e enzyme ac-
tivities of POD, CAT, and APX were calculated from the
initial rate of the reaction using the extinction coefficient of
tetraguaiacol, H2O2, and ascorbate, respectively.

-e shoots and roots were thoroughly washed with
distilled water before heavy metals analysis. Fresh samples
were dried at 105°C for 30mins, and then dried to constant
weight at 75°C. -e oven-dried plant samples were digested
using HNO3/HClO4 (4 :1, v/v) to analyze the concentrations
of metals. -e nitrogen (N) concentration in plant tissues
were determined after concentrated H2SO4 and H2O2 di-
gestion by the high resolution automatic chemical analyzer.

After plants were harvested, the soil (through a 2mm
sieve) was immediately stored in the 4°C to measure enzyme
activity. Catalase (EC 1.11.1.6) used H2O2 as the substrate
and was quantified with a spectrophotometer (UV3200,
Shimadu Corporation, Japan) at 240 nm. Saccharase (EC
3.2.1.26) enzyme activity was analyzed according to the
method described by Guan [27]. Alkaline phosphatase as-
says, following the methods of Eivazi and Tabatabai [28, 29],
were quantified on the release of p-nitrophenol at 400 nm.
Urease was measured following the method of Guan [27],
using urea as the substrate and was quantified at 578 nm.

2.4. Data Analysis. All statistical analysis was carried out in
SPSS 21.0 (SPSS Inc, Chicago, USA). -e differences of
parameters among different treatments (heavy metal con-
centrations, soil properties, enzyme activities, etc.) were
analyzed using one-way ANOVA with LSD test at a 0.05
significance level. Pearson correlation analysis was per-
formed to measure the relationships between enzyme ac-
tivities and heavy metals, soil properties. All bar graphs were
drawn using Origin Pro 9.0 (Origin Lab, Hampton, USA).

3. Results

3.1. Plant Biomass, Chlorophyll, and N Content. Table 2
shows the biomass of plants roots and shoots. For ryegrass,
no significant differences were found on the biomass of the
shoots between those grown in different planting patterns; the
biomass of roots grown in the intercropping treatment was
significantly higher than those grown in the monoculture
treatment. For alfalfa, compared with the monoculture
treatment, the intercropping treatment significantly increased
the biomass of shoots and roots.

Nitrogen concentrations in the shoots of ryegrass were
substantially improved by the intercropping treatment
(Figure 2(a)). -e intercropping treatment was significantly
increased the nitrogen concentrations in both shoots and
roots of alfalfa (Figures 2(a) and 2(b)). In the monoculture
treatment of ryegrass, the chlorophyll concentration was
1.7mg/g, whereas in the intercropping treatment, the
chlorophyll concentration was significantly increased to
2.5mg/g (Figure 3).-e chlorophyll concentrations in alfalfa
were 3.2 and 2.6mg/g in the monoculture and intercropping
treatments, respectively. -e chlorophyll concentrations in
the intercropping treatment of alfalfa were apparently higher
than those in the intercropping treatment.

3.2. Concentrations and Total Uptakes of Metals in Plants.
-e concentrations and total uptakes of metals in ryegrass
and alfalfa were presented in Table 3. -e Pb concentration
and total uptake in ryegrass shoots were significantly de-
creased by 60% and 56%, respectively, in the intercropping
treatment, compared to those in the monoculture treatment.
And the Pb concentration and total uptake in roots were
significantly decreased by 50% and 32%, respectively. -e
total uptake of Zn both in shoots and roots of alfalfa was
significantly decreased in the intercropping treatment.
Compared with the monoculture treatment, there were no
significant differences with the concentrations of Cd and Zn
in the shoots and roots of ryegrass in the intercropping
treatment. -e intercropping treatment resulted in a sig-
nificant decrease in the concentrations of Pb in the shoots
and roots of alfalfa by 23% and 60%, respectively. -e
concentrations of Cd were significantly decreased in the
shoots of alfalfa by 22% in the intercropping treatment.
Intercropping treatment significantly increased the Zn total
uptake of alfalfa tissues, and no remarkable variations were
observed in the Zn content of the alfalfa.

Table 2: -e biomass of ryegrass and alfalfa with different treatments.

Treatments
Ryegrass Alfalfa

Shoot Root Shoot Root
(g·plant−1) (g·plant−1) (g·plant−1) (g·plant−1)

Monoculture 0.52±
0.09a

0.14±
0.01b

0.34±
0.05b

0.24±
0.02b

Intercropping 0.57±
0.07a

0.18±
0.03a

0.47±
0.04a

0.37±
0.05a

Note. Values are the means± standard error (n � 4). Means followed by the
same letter are not significantly different at p< 0.05.

(a) (b) (c)

Figure 1: Pot experiment design drawing. (a) Monoculture of
ryegrass; (b) Monoculture of alfalfa; (c) Intercropping of alfalfa and
ryegrass. represents ryegrass; represents alfalfa.
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3.3. Soil Enzymatic Activities and Physicochemical Properties.
-e changes of soil enzymes (urease activity, saccharase
activity, alkaline phosphatase activity, catalase activity, and
polyphenol oxidase activity) are shown in Table 4. -e
impacts of the planting pattern on soil enzymes were in-
consistent and enzyme-specific. Compared with the alfalfa
monoculture treatment, the intercropping treatment sig-
nificantly increased the urease activity but less than the
ryegrass monoculture treatment. -e saccharase activity in
the intercropping treatment was significantly higher than
other treatments. -e alkaline phosphatase activity showed
a similar pattern to the saccharase activity change. After
planting the plant, the catalase activity of the soil was in-
creased but showed no remarkable variations among the
planning pattern. Compared with the ryegrass monoculture
treatment, the polyphenol oxidase activity was significantly
increased in the intercropping treatment but showed no
differences with other treatments.

-e soil physicochemical properties are presented in
Table 5. -e soil pH with planted treatment was significantly
higher than those with unplanted treatment. -e contents of
SOM showed no significant changes among different
planning patterns. Compared with the unplanted soil, the
TN and AK in soil were significantly decreased by the
planting pattern of all treatments. -ere were no significant
differences with the concentrations of TN in the soil among
different planting patterns. Among all the treatments, the
intercropping treatments had the highest soil NH4

+-N and
NO3
−-N.-e AP had no change among different treatments.

3.4. Correlation Analysis. -e correlations among soil
physicochemical properties and soil enzyme activities are
presented in Table 6.-e soil urease, saccharase, and catalase
were significantly positive correlated with soil pH and were
significantly negative correlated with soil TN. Saccharase
was significantly positive correlated with soil NH4

+-N and

NO3
−-N. Alkaline phosphatase was significantly positive

correlated with soil NO3
−-N.-ere was a significant positive

correlation between alkaline phosphatase and NO3
−-N. -e

soil saccharase was significantly positive correlated with soil
phosphatase and catalase.

Table 7 shows the correlations among heavy metal
concentrations, oxidative damages and enzymatic activities
in plants. -e Pb concentrations of plants were strongly
positive correlated with MDA, H2O2, and O2

·− contents in
plants but were significantly negative correlated with the
APX activities. -e Cd concentrations of plants were sig-
nificantly positive correlated with MDA contents in plants.
-e Zn concentrations of plants were significantly positive
correlated with H2O2 contents in plants but were strongly
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Figure 2:-e nitrogen content in shoots (a) and roots (b) of ryegrass and alfalfa under monoculture and intercropping treatments. Bars are
the standard error (n � 3). Means followed by the same letter are not significantly different at (p< 0.05).
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negative correlated with the POD activities. -e CAT ac-
tivities were significantly negative correlated with the MDA
and O2

·− contents in plants. -e APX activities were sig-
nificantly negative correlated with the MDA, H2O2, and O2

·−

contents in plants.

3.5. Oxidative Damage and Quantification of Enzymatic
Antioxidants of Plant. To investigate the oxidative damage
induced by heavy metals, lipid peroxidation was estimated
by measuring MDA content (Figures 4(a) and 4(b)).
Compared with the ryegrass monoculture treatment, the
MDA content in the shoots was significantly decreased by
28%. For alfalfa, the intercropping treatment significantly
decreased the MDA content of shoots and roots by 28% and
30%, respectively. -e O2

·− content of ryegrass and alfalfa
tissues is shown in Figures 4(c) and 4(d). -e contents of
O2

·− in the roots of alfalfa had no significant differences
among different planning patterns. In the shoots of the

alfalfa, the O2
·− contents of the intercropping treatment were

significantly lower than those in the monoculture treatment
by 32%. For alfalfa, the intercropping treatment significantly
decreased the H2O2 content of shoots and roots by 15% and
24%, respectively (Figures 4(e) and 4(f)).

Compared with the ryegrass monoculture treatment, the
POD activity of roots was significantly increased by the
intercropping treatment (Figure 5(b)). -e roots POD ac-
tivity of alfalfa in the monoculture and intercropping
treatments showed no significant differences; however, POD
activity in the shoots of alfalfa was substantially improved by
the intercropping treatment (Figures 5(a) and 5(b)).
Compared with the ryegrass monoculture treatment for the
roots part, the CATactivity was significantly increased by the
intercropping treatment (Figure 5(d)). For the shoots of
alfalfa, the CAT activity was significantly increased by the
intercropping treatment (Figure 5(c)). -e APX activity in
ryegrass shoots and roots in the monoculture and inter-
cropping treatments showed no significant differences

Table 3: Concentration and total uptake of metals in ryegrass and alfalfa tissues.

Plant Metal Treatment
Concentration (mg·kg−1) Total uptake (μg·plant−1)
Shoot Root Shoot Root

Ryegrass

Pb Monoculture 75.2± 9.8a 394± 5.2a 39.0± 5.1a 52.3± 0.7a
Intercropping 30.3± 0.5b 198± 7.6b 17.2± 0.3b 35.5± 1.4b

Cd Monoculture 1.14± 0.1a 46.9± 0.3a 0.59± 0.07b 6.39± 0.1a
Intercropping 1.29± 0.1a 36.5± 8.9a 0.73± 0.06a 6.57± 1.6a

Zn Monoculture 87.2± 10.9a 168± 7.5a 45.4± 5.7b 45.4± 5.7b
Intercropping 94.3± 4.6a 193± 24.0a 53.6± 2.6a 53.6± 2.6a

Alfalfa

Pb Monoculture 69.7± 2.2a 66.7± 1.0a 23.5± 0.8a 15.8± 0.2a
Intercropping 53.8± 2.4b 26.6± 6.1b 25.4± 1.1a 9.91± 2.3a

Cd Monoculture 2.71± 0.4a 3.84± 1.3a 0.91± 0.30a 1.16± 0.01a
Intercropping 2.11± 0.1b 2.55± 1.3a 0.95± 0.04a 0.55± 0.14b

Zn Monoculture 62.3± 8.9a 33.6± 5.4a 21.0± 3.0b 7.95± 1.3b
Intercropping 57.9± 6.2a 30.0± 2.0a 27.4± 3.0a 11.2± 0.7a

Note. Values are the means± standard error (n � 4. Means followed by the same letter are not significantly different at p< 0.05.

Table 4: Soil enzyme activities after plant harvest under the different treatments.

Treatment
Urease Saccharase Alkaline phosphatase Catalase Polyphenol oxidase

(NH3
+-N mL−1g−124 h−1) (C6H12O6 mg−1g-124 h−1) (μg PNP g−1h−1) 1.1mol L−1 KMnO4

mL−1g−1 20min−1)
(Purpurogallin
mg−1g−1 2 h−1)

Control 2.61± 0.1ab 7.28± 1.1d 1.45± 0.06bc 1.56± 0.1b 3.40± 0.1a
MR 2.79± 0.07a 15.3± 0.2b 1.50± 0.1b 2.11± 0.2a 3.04± 0.2b
MA 2.60± 0.1b 11.2± 2.4c 1.29± 0.1c 1.98± 0.1a 3.47± 0.2a
IRA 2.70± 0.01a 20.5± 0.1a 1.70± 0.09a 2.18± 0.1a 3.37± 0.3a

Note. Values are the means ± standard error (n � 4). Means followed by the same letter in the same column are not significantly different at p< 0.05.
MR: monoculture ryegrass; MA: monoculture alfalfa; IRA: intercropping of ryegrass and alfalfa.

Table 5: -e soil physical-chemical properties under different treatments.

Treatment pH SOM TN NO3
−-N NH4

+-N Available P Available K
(g·kg−1) (g·kg−1) (mg·kg−1) (mg·kg−1) (mg·kg−1) (mg·kg−1)

Control 8.2± 0.01b 24.6± 0.8b 1.49± 0.01a 12.0± 1.60a 2.66± 0.24b 0.61± 0.15a 29.5± 0.1a
MR 8.7± 0.10a 25.8± 1.8ab 1.09± 0.10b 11.7± 2.23ab 2.65± 0.16bc 0.58± 0.05a 22.9± 0.6b
MA 8.6± 0.10a 26.4± 0.7a 1.14± 0.01b 9.0± 2.15b 2.94± 0.07ab 0.36± 0.10b 22.4± 0.2b
IRA 8.5± 0.07a 27.1± 0.9a 1.16± 0.01b 13.5± 2.06a 3.20± 0.34a 0.49± 0.09ab 23.8± 0.8b

Note. Values are the means ± standard error (n � 4). Means followed by the same letter in the same column are not significantly different at p< 0.05.
MR: monoculture ryegrass; MA: monoculture alfalfa; IRA: intercropping of ryegrass and alfalfa.
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(Figures 5(e) and 5(f)). For the shoots of alfalfa, the APX
activity was significantly increased by the intercropping
treatment.

4. Discussion

4.1. Effect of the Intercropping Treatment on Heavy Metal
Uptake inPlants. It has been reported that the intercropping
could enhance the availability and uptake of plant nutrients
and produce substances promoting plant growth [12, 13].
Our result indicated that the intercropping can increase the
biomass of both ryegrass and alfalfa. -is means that the
intercropping can increase the yield of both ryegrass and
alfalfa in the process of phytostabilization. Intercropping can
increase the biomass of two pastures on the one hand due to
the physiological characteristics of alfalfa. Alfalfa is an
important leguminous forage, which can effectively fix and
absorb nitrogen in the soil and air, respectively [14]. When it
was intercropped with gramineous crops, the part of the
fixed and absorbed nitrogen can transfer through various
channels and was used by the gramineous crops, so as to
improve the utilization efficiency of nitrogen [14, 15]. On the
other hand, intercropping of the leguminous and gramin-
eous crop can separate the usage space and time from the
aboveground and underground, making it efficient to use of

light, heat, water, and other resources in nature, which could
significantly improve the yield [6]. Chen et al. [30] reported
that the intercropping of wheat and faba bean can signifi-
cantly improve wheat yield, promote nutrient utilization,
and effectively control disease. Furthermore, the N and
chlorophyll concentration of plant was significantly in-
creased under the intercropping treatment compared with
themonoculture treatments.-e results also verify the above
two hypotheses. -is means that intercropping could pro-
mote the growth of two pastures by increasing levels of plant
nitrogen and chlorophyll.

Intercropping of different plants can regulate the ac-
cumulation of heavy metals in plants [31, 32]. In the present
study, our result showed that intercropping can significantly
decrease Pb concentration in ryegrass and alfalfa tissues
(Table 3). It means that the intercropping patterns of rye-
grass and alfalfa can significantly reduce the Pb uptake from
soil to achieve the purpose of phytostabilization. It can
provide us with a strategy that intercropping of ryegrass and
alfalfa can be used on the Pb-contaminated soil. It has been
reported that ryegrass has a strong ability to absorb cad-
mium; thus, intercropping could not reduce the accumu-
lation of cadmium in plants [33]. Similar studies showed that
the Pb concentrations in maize grain and cabbage were
significantly lower when they were intercropped with

Table 6: Pearson correlation matrix among soil physicochemical properties and soil enzyme activities.

pH SOM TN AP AK NO3
−-N NH4

+-N Urease Saccharase Alkaline
phosphatase Catalase Polyphenel

oxidase
pH 1
SOM 0.426 1
TN −0.957∗∗ −0.481 1
AP −0.387 −0.221 0.399 1
AK −0.745∗∗ −0.629∗∗ 0.757∗∗ 0.239 1
NO3
−-N −0.231 0.106 0.160 0.402 0.105 1

NH4
+-N 0.238 0.425 −0.338 −0.485 −0.098 0.161 1

Urease 0.580∗ 0.386 −0.635∗∗ 0.009 −0.370 0.320 0.020 1
Saccharase 0.616∗ 0.505∗ −0.662∗∗ −0.209 −0.437 0.525∗ 0.607∗ 0.594∗ 1
Alkaline
phosphatase 0.021 0.278 −0.057 0.362 0.001 0.664∗∗ 0.255 0.293 0.581∗ 1

Catalase 0.789∗∗ 0.413 −0.787∗∗ −0.162 −0.621∗ 0.073 0.401 0.383 0.719∗∗ 0.229 1
Polyphenel
oxidase −0.315 0.121 0.246 −0.210 0.194 −0.087 0.218 −0.213 −0.154 −0.192 −0.288 1

Note. SOM: soil organic matter; TN: total N; AP: available P; AK: available K; ∗correlation is significant at p< 0.05 (two-tailed); ∗∗correlation is significant at
p< 0.01 (two-tailed).

Table 7: Pearson correlation matrix among heavy metal concentrations, oxidative damages, and enzymatic activities in plants.

Pb Cd Zn MDA O2
·− H2O2 POD CAT APX

Pb 1
Cd 0.281 1
Zn 0.501∗ −0.197 1
MDA 0.588∗ 0.768∗∗ −0.082 1
O2

·− 0.694∗∗ 0.166 0.209 0.637∗∗ 1
H2O2 0.894∗∗ 0.104 0.520∗ 0.472 0.753∗∗ 1
POD −0.271 0.500∗ −0.843∗∗ 0.336 0.183 −0.326 1
CAT −0.263 −0.218 −0.175 −0.539∗ −0.535∗ −0.321 0.070 1
APX −0.552∗ −0.491 0.042 −0.836∗∗ −0.775∗∗ −0.671∗ −0.136 0.591∗ 1
Note. ∗Correlation is significant at p< 0.05 (two-tailed); ∗∗correlation is significant at p< 0.01 (two-tailed).

6 Journal of Chemistry



Monoculture Intercropping

b

a

B
A

Shoot

0

40

80

120

160
M

D
A

 co
nt

en
t (

nm
ol

·g
–1

 F
W

)

Ryerass
Alfalfa

(a)

Monoculture Intercropping

M
D

A
 co

nt
en

t (
nm

ol
·g

–1
 F

W
)

0

40

80

120

160

b

a

B
A

Root

Ryegrass
Alfalfa

(b)

O
2·–

 co
nt

en
t (
μm

ol
·g

–1
 F

W
)

Monoculture Intercropping
0.0

0.4

0.8

1.2

1.6

b

a

AA

Shoot

Ryerass
Alfalfa

(c)

O
2·–

 co
nt

en
t (
μm

ol
·g

–1
 F

W
)

0.0

0.5

1.0

1.5

2.0

a

a

B

A

Monoculture Intercropping
Root

Ryegrass
Alfalfa

(d)

H
2O

2 
co

nt
en

t (
μm

ol
·g

–1
 F

W
)

Monoculture Intercropping
0

40

80

120

b
a

A

B

Shoot

Ryerass
Alfalfa

(e)

H
2O

2 
co

nt
en

t (
μm

ol
·g

–1
 F

W
)

Monoculture Intercropping
0

30

60

90

120

b

a

B

A

Root

Ryegrass
Alfalfa

(f)

Figure 4: -e MDA, O2
·− and H2O2 content in shoots and roots of ryegrass and alfalfa under the monoculture and intercropping

treatments. MDA content in shoots (a), MDA content in roots (b), O2
·− content in shoots (c), O2

·− content in roots (d), H2O2 content in
shoots (e), andH2O2 content in roots (f). Bars are the standard error (n � 3). Means followed by the same letter are not significantly different
at p< 0.05 of ryegrass and alfalfa with different treatments.
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Figure 5: -e antioxidant enzyme system contents in shoots and roots of ryegrass and alfalfa under the monoculture and intercropping
treatments. POD activity in shoots (a), POD activity in roots (b), CATactivity in shoots (c), CATactivity in roots (d), APX activity in shoots
(e), and APX activity in roots (f). Bars are standard error (n � 3). Means followed by the same letter are not significantly different at p< 0.05
of ryegrass and alfalfa with different treatments.
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Japanese clover than when the respective crops were grown
in monoculture [9, 34]. In this study, the ability of heavy
metal uptake of ryegrass roots was much higher than that of
alfalfa. Ryegrass can absorb heavy metals around the roots so
as to provide a relatively safe environment for roots. Rye-
grass and alfalfa intercropping may form roots interlaced
each other to provide a safe living environment for alfalfa to
reduce the concentrations of heavy metals in alfalfa. Wang
et al. [9] found that the intercropping of Pteris vittata L. and
faba bean can not only reduce the As content in the soil
around the roots of Pteris vittata. L but also reduce the As
content in the soil around the roots of faba bean. -e
intercropping could reduce the heavy metals in the bean.
Correspondingly, the nitrogen fixation at the root of alfalfa
can provide nutrients to ryegrass to enhance the resistance of
ryegrass to heavy metals. It has been reported that nitrogen
was an important detoxification factor for cadmium stress in
plants [35]. Phytostabilization could eliminate the avail-
ability of toxic metals in soil through complexing with
metals by certain plants root exudates [4]. Intercropping
may increase the amount of root secretions by promoting
the growth and development of plant roots. Zhan et al. [7]
found that the intercropping of Sonchus asper L. and Vicia
faba L. could decrease the effectiveness of heavy metals in
soil by changing the low molecular weight organic acids
secreted by the root system. Intercropping may increase the
amount of root secretions by promoting the growth and
development of plant roots. Previous studies working on
intercropping treatment reported that it could reduce heavy
metals contents in the plants [8]. -e effects of the planting
pattern on metal accumulation in plants may also depend on
types of the metal and interactions between two coexisting
plant species. In this study, intercropping not only reduced
the Pb accumulation in plants but also increased plants
biomass.

4.2. Effect of the Intercropping Treatment on the Resistance of
Plants to HeavyMetals. Although the physical and chemical
properties of the soil has no significant changes under
different treatments, the intercropping treatment has the
highest values of soil SOM, TN, NH4

+-N, NO3
−-N, and AP.

-is means that intercropping may promote the growth and
development of plant roots by improving the physical and
chemical properties of soil. Moreover, soil enzyme activity
plays an important role and is usually recommended as
standard biological indicators of soil health [36, 37]. Soil
enzyme activity is critically important for soil quality and
can provide indications of changes in metabolic capacity and
nutrient cycling due to management practices [38, 39]. In
turn, soil mineral nutritional factors may support the growth
and metabolic activity of plants. In this study, soil saccharase
and alkaline phosphatase enzyme activities were affected by
the intercropping treatment. Urease, catalase, and poly-
phenol oxidase had no significant change among different
planted patterns.-is means that intercropping can improve
soil nutrient metabolism by improving soil saccharase and
alkaline phosphatase enzyme activities. -e increase in al-
kaline phosphatase may be due to intercropping which

increases the P cycle in the soil [40]. Li et al. [41] founded
that chickpea can improve the alkaline phosphatase in both
hydroponic and soil cultures, leading to an interspecific
facilitation in utilization of organic P in maize/chickpea
intercropping.

In this study, Pearson correlation clarified that the
dominant urease, saccharase, and catalase were significantly
positive correlated with soil pH but were significantly
negative correlated with soil TN (Table 6). Saccharase was
significantly positive correlated with soil NH+

4-N and
NO−3-N. It means that pH and TN were the main factors
affecting the activity of soil enzyme. Alkaline phosphatase
was significantly positive correlated with soil NO3

−-N. It has
been reported that the content of phosphatase and soil P in
intercropping treatment is positively correlated [41]. Our
result showed that soil urease was significantly negative
correlated with soil TN.

-e superfluous accumulation of ROS (reactive oxygen
species) caused oxidative stress in plants, especially for
sensitive cellular membranes. MDA is the ultimate de-
composition product of membrane lipid peroxidation,
which is the expression of the degree of peroxidation of plant
cell membrane, and its content can reflect the degree of
damage of the plant [42]. -e higher the content of MDA
indicated that the higher the degree of peroxidation of the
plant cell membrane, the more serious damage to the cell
membrane. MDA can be typically used as the indicator of
lipid peroxidation in plants, which has been certified by
previous studies [43]. O2

·− is the free radical which is first
formed in the oxygen metabolism of the organism, and it is
the precursor of all the oxygen radicals. H2O2 is an im-
portant component of ROS. Excessive heavy metals can
cause oxidative stress in the plant body and increase the
H2O2 level and lipid peroxidation in plants [43, 44]. Simi-
larly in Arabidopsis, oxidative stress after exposure to Cd is
due to H2O2 accumulation [45]. A decrease of MDA content
indicates that the oxidation degree of plant cell membrane is
decreased, and the destruction of cell membrane is de-
creased. A decrease of O2

·− content can reduce cell structure
damage and prevent plant physiological disorders. -e
decreased H2O2 of ROS content can alleviate oxidative
damage. In present study, compared with the alfalfa
monoculture treatment, intercropping significantly de-
creased MDA, H2O2, and O2

·− contents in plant shoots and
roots, except for the O2

·− content of alfalfa roots (Figure 4).
-e Pb concentrations of plants were significantly correlated
with MDA, H2O2, and O2

·− contents in plants (Table 7),
which indicated that intercropping treatment can decrease
the harmful substance and alleviate oxidative damage under
heavy metal stress. -e results indicated that intercropping
treatment can mitigate the toxic effects of heavy metals by
decreasing the harmful substance and alleviating oxidative
damage. At the cellular level, excessive heavy metals can
cause the physiological imbalance between oxygen-free
radicals and plant antioxidant enzymes in plants [43, 44].
-e enzymatic antioxidant system, including CAT, APX,
and POD, is capable of scavenging excess ROS and prevent
plants from lipid peroxidation. For instance, plants can
protect cells from the damage of excessive ROS caused by
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environmental stress through a strong antioxidant enzyme
activity [46, 47].

In plant cells, the POD, CAT, and APX play vital roles in
regulating the H2O2 level for signaling during metabolic
changes, but the POD and APX are proposed to be pre-
dominantly responsible for modulating the H2O2 level,
especially under the heavy metals stress environments [45].
In present study, compared with themonoculture treatment,
intercropping significantly increased POD and CAT activ-
ities in the shoots of alfalfa (Figure 5). -e APX activity in
alfalfa shoots and roots was significantly increased by the
intercropping treatment. And the CAT and APX activities
were significantly negative correlated with the MDA and O2

·−

contents in plants; thismeans the intercropping treatment can
decrease the harmful substance and alleviate oxidative
damage under heavy metal stress by increasing the antioxi-
dant enzyme system. Under the heavy metals stress, plants
usually clear reactive oxygen radicals by strengthening pro-
tection on enzyme activity to maintain stability and integrity
of cell membrane. Many results indicated that the increase of
enzymatic antioxidant enzymes in plants would lead to de-
crease in the concentration of Pb in plants [48]. Overall, the
response of alfalfa to heavy metals with decreasing the oxi-
dative damage and increasing the antioxidant enzyme system
could alleviate heavy metals toxicity in plants.

5. Conclusions

-e present study demonstrated that intercropping of
ryegrass and alfalfa treatment can promote plant growth and
increase plant biomass in the heavymetal-contaminated soil.
-e plants grown in the intercropping treatment had
a significantly low Pb concentration in plant shoots and
roots than those in the monoculture treatments, which could
be contributed to the reduction of oxidative damage and
increase of enzymatic antioxidant activities in plants under
intercropping. Hence, the intercropping of these two forage
species could be a potentially safe phytoremediation pattern
to reduce heavy-metal risks and increase yield in a large scale
under heavy metal-contaminated soils. Further research is
required to completely understand the mechanism of the
interaction between the roots of two plants in intercropping
conditions.
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Land reclamation can significantly influence spatial distribution of heavymetals in inshore sediments. In this study, the distribution
and contamination of heavy metals (Cd, Cr, Cu, Ni, Pb, and Zn) in inshore sediments of Bohai Bay were investigated after the land
reclamation of Caofeidian.The results showed that the concentrations of Cd, Cr, Cu,Ni, Pb, and Zn in the sediments were 0.20–0.65,
27.16–115.70, 11.14–39.00, 17.37–65.90, 15.08–24.06, and 41.64–139.56mg/kg, respectively.These metal concentrations were generally
higher in the area of Caofeidian than in other Chinese bays and estuaries. Spatially, the concentrations of Cd, Cr, Cu, Ni, and Zn
were markedly lower in the sediments close to Caofeidian compared with other regions, whereas the concentrations of Pb showed
an opposite case. Hydrodynamic conditions after the land reclamation were the major factor influencing the distribution of heavy
metals in the sediments. Grain sizes dominated the distribution of Cu and Zn, and organic matters and Fe/Mn oxides/hydroxides
also determined the distribution of the heavy metals. Multiple contamination indices showed that the inshore sediments were
moderately to highly contaminated by Cd and slightly contaminated by other heavy metals. Similarly, Cd showed a high potential
ecorisk in the sediments, and other metals were in the low level. Chromium contributed to higher exposure toxicity than other
metals by the toxicity unit and toxic risk index. The results of this study indicate that after the land reclamation of Caofeidian the
contamination and ecorisk of heavy metals in the sediments markedly decreased in the stronger hydrodynamic areas.

1. Introduction

Heavy metal contamination is a major issue in marine envi-
ronment due to the toxicity, persistence, nonbiodegradabil-
ity, and bioaccumulation [1–3]. After entering food chain,
they can cause potential threat to human beings and other
organisms [4]. In aquatic systems, sediments are the main
sink of various contaminants discharged from industrial and
agricultural processes [5–7], and they are regarded as an
effective archive recording heavy metal contamination [2,
8, 9]. To date, a large number of studies have reported the
accumulation of heavy metals in the sediments of aquatic

ecosystems [3, 10–13]. The main reason is that once the con-
ditions of sedimentary environment change, heavymetals are
apt to release into water from the sediments [14–16]. There-
fore, it is necessary to understand the characteristics of heavy
metals in aquatic sediments and assess their contamination
states.

The coastal zone is one of the most frequent areas dis-
turbed by human activities through plant and port con-
struction, land reclamation, and tourism [1, 17–19]. Human
activities, on the one hand, will increase the loadings of
heavy metals in the aquatic system through direct industrial
discharge, city sewage, domestic runoff, and so forth [20–22];
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on the other hand, they can change pristine sedimentary envi-
ronment which may contribute to the release of heavy metals
from sediments. Among these human activities, land recla-
mation engineering is significant to influence aquatic envi-
ronment [23–25]. It not only alters the hydrodynamic condi-
tions surrounding the land but also may increase inputs of
heavy metals through sewage discharge and shipping after
the engineering. The distribution of heavy metals and their
controlling factors in sediments of coastal zone still need to
be explored under the land reclamation.

The toxicity of heavy metals is the priority in aquatic eco-
systems [26–28]. In order to control the contamination of
marine sediments and protect marine biological resources,
China, USA, Canada, and other countries have established
the standard ofmarine sediment quality for heavymetals [29,
30]. Meanwhile, various methods have been applied to assess
the contamination and ecorisk of heavy metals in sediments,
including enrichment factor [31, 32], index of geoaccumu-
lation [33, 34], toxic units and toxic risk index [35], and
potential ecorisk index [22, 36]. However, each method has
its limitation or specialization, and thus it is necessary to use
multiple methods in order to accurately obtain the contami-
nation and ecorisk states of heavymetals in sediments [11, 15].

Bohai Bay is located in the western Bohai Sea. Due to the
weak exchange capacity of the water in Bohai Bay, the con-
taminants from surrounding industrial cities are not easy to
spread. Recently, the Bohai Bay has been regarded as a main
region of contaminant accumulation, especially in the sed-
iments [37–39]. These studies investigated the distribution
of heavy metals and assessed their contamination, and the
results showed that human activates increased the accumu-
lation of heavy metals in the sediments of Bohai Bay [25, 40].
However, most of the studies were conducted in the areas
of Tianjin Port [41, 42], whereas there are very few reports
about the distribution and contamination states of heavy
metals in the sediments of northern Bohai Bay.This limits our
understanding of heavy metal distribution in the entire area
of Bohai Bay. More importantly, the large-scale reclamation
project has been finished in Caofeidian for few years. This
engineering certainly influences the environment conditions
of inshore and adjacent marine area. Whether the land
reclamation causes significant difference of the distribution
and contamination of heavy metals in the sediments around
Caofeidian deserves to be explored.

In this study, the surface sediments in the coastal areas
of Caofeidian were collected to analyze the concentrations of
heavy metals (Cd, Cr, Cu, Ni, Pb, and Zn). The main objec-
tives are (1) to investigate distribution characteristics of these
heavy metals in the sediments, (2) to explore the possible
controlling factors for their spatial distributions, and (3) to
assess the contamination and potential ecological risk of the
heavy metals. This is the first time to reveal the distribution
of heavy metal contamination in the surface sediments of
Caofeidian after the land reclamation project.

2. Materials and Methods

2.1. Study Area. Caofeidian is located in the northern
Bohai Bay (38∘5852–38∘5442N, 118∘3336–118∘3003E,

Figure 1). It is surrounded byHebei province and Tianjin City
on the north and west, respectively. Hai River, Luan River,
Yongding River, and other small rivers discharge water into
the inshore and adjacent areas of Caofeidian. Laolonggou,
located in the eastern Caofeidian, is the ancient Luanhe River
with previous tidal channel [43]. The study area has com-
plex geomorphic types with a large number of sandbanks
distributed in this area. The average water depth around the
Caofeidian is approximately 30m (Figure 1), and the deepest
site (B20) reaches approximately 36m due to the strong
hydrodynamic conditions. Due to the presence of sandbanks
and deep water depth, a large-scale reclamation project has
been implemented in Caofeidian in 2003, and the project is
basically finished in 2011. Now it becomes one of the busiest
ports in the Bohai Sea with a cargo throughput of >5 billion
tons in 2014 [28].

2.2. Sample Collection. The sampling was carried out in
August 2014. Twenty-two sampling sites in the inshore and
adjacent areas of Caofeidian were selected to collect the sur-
face sediments (Figure 1). At each site, the sediment samples
were collected using a gravity sampler, and then the surface
sediments (0–5 cm) were sliced by a plastic spatula in the
field. The samples were put in polyethylene bags and stored
at −20∘C for further analysis. In laboratory, the sediment
samples were freeze-dried. The samples for the grain size
analysis passed through 2mm sieves, and those for the
analysis of total organic carbon (TOC) and elements passed
through 100-mesh Nylon screen.

2.3. Chemical Analysis. The grain sizes of the surface sedi-
mentsweremeasured by aMastersizer-2000 laser particle size
analyzer (Malvern, UK) after removal of organicmatters with
30% H

2
O
2
with the dispersion of sodium hexametaphos-

phate. Three classes of grain sizes were divided into clay
(<4 𝜇m), silt (4–63𝜇m), and sand (>63 𝜇m). The concentra-
tions of TOC in the sediments were measured by subtracting
the inorganic carbon from the total carbon, which was deter-
mined by a Shimadzu TOC-VCPH/SSM-5000A and Elemen-
tar vario MACRO cube CHNS analyzer, respectively.

The concentrations of metals in the sediments were mea-
sured according to the method of Gao and Chen [23]. Briefly,
approximately 0.1 g samples were digested in Teflon Vessel
with the mixed concentrated acids of HF-HNO

3
-HClO

4

(5 : 2 : 1) and then heated (140–150∘C) to dryness. The residue
was digested with HNO

3
again. At the end, the extraction

was diluted to 50mL volume. The concentrations of Fe and
Mn were measured by an inductively coupled plasma atomic
emission spectrometer (ICP-AES), and those of Cd, Cr, Cu,
Ni, Pb, and Zn were detected by an inductively coupled
plasma mass spectroscopy (ICP-MS). Quality assurance and
control were evaluated using duplicates, blanks, and standard
referencematerials (GBW07401) from the National Research
Center for Standards in China. According to the measure-
ment of the repeated samples and reference materials, the
relative standard deviation was below 3% for ICP-AES and
below 5% for ICP-MS, respectively. The recovery of the
reference materials was 95.3%–107.3%.
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Figure 1: The location of the study area and the sampling sites in the Bohai Bay.

2.4. Calculation of Contamination and Ecorisk Indices

2.4.1. Enrichment Factors (EFs). The EFs of heavy metals in
the sediments are calculated as follows [11]:

EF = (Me/Fe)sample(Me/Fe)background , (1)

where (Me/Fe)sample is the concentration ratio of ametal to Fe
in a sample and (Me/Fe)background is the corresponding ratio
in the background.

2.4.2. Geoaccumulation Index. The geoaccumulation index
(𝐼geo) is another indicator used to assess the contamination
of heavy metals in sediments [33]:

𝐼geo = log2 ( 𝐶𝑛𝑘 × 𝐵
𝑛

) , (2)

where 𝐶
𝑛
is the concentration of a metal measured in a sam-

ple, 𝐵
𝑛
is the geochemical background of the metal, and 𝑘 is

a background matrix correction factor (1.5) due to lithogenic
effects [31]. The contamination classes of 𝐼geo are classified as𝐼geo ≤ 0, uncontaminated; 0 < 𝐼geo ≤ 1, uncontaminated to
moderately contaminated; 1 < 𝐼geo ≤ 2, moderately contam-
inated; 2 < 𝐼geo ≤ 3, moderately to heavily contaminated; 3 <𝐼geo ≤ 4, heavily contaminated; 4 < 𝐼geo ≤ 5, heavily to ex-
tremely contaminated; 𝐼geo > 5, extremely contaminated [33].

2.4.3. Potential Ecorisk Index (𝐸𝑖
𝑟
). The potential ecorisk in-

dex is commonly used to assess the ecorisk of heavy metals
in sediments [36]:

𝐸𝑖
𝑟
= 𝑇𝑖
𝑟
∗ 𝐶𝑖𝑜𝐶𝑖
𝑛

,
RI = 𝑛∑
𝑖=1

𝐸𝑖
𝑟
, (3)

where 𝐸𝑖
𝑟
is the potential ecorisk index, 𝑇𝑖

𝑟
is the toxic re-

sponse coefficient of a given metal, 𝐶𝑖
𝑜
is the concentration of

ametalmeasured in a sample, and𝐶𝑖
𝑛
is its geochemical back-

ground. The toxic response coefficient of Cd, Cr, Cu, Ni, Pb,
andZn is 30, 2, 5, 2, 5, and 1, respectively.Thepotential ecorisk
level of heavymetals in sediments is classified as𝐸𝑖

𝑟
≤ 40, low;

40< 𝐸𝑖
𝑟
≤ 80,moderate; 80 < 𝐸𝑖

𝑟
≤ 160, high; 160 < 𝐸𝑖

𝑟
≤ 320,

very high; 𝐸𝑖
𝑟
> 320, extremely high.The risk classes of RI are

classified as <150, low risk; 150–300, moderate risk; 300–600,
considerable risk; ≥600, disastrous risk [39].
2.4.4. The Toxic Units (TUs) and Toxic Risk Index (TRI). The
TU defined by Pedersen et al. [48] is the ratio of a metal
concentration to the probable effects level (PEL).∑TUs is the
sum of the ratio of six heavy metals to PEL.These indices can
assess heavy metal toxicity relative to the standard. ∑TUs <
4 represents nontoxicity and ∑TUs > 6 represents acute tox-
icity:
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Table 1: The concentrations of heavy metals and physiochemical properties in the sediments.

Unit Max Min Average
Cd mg/kg 0.65 0.20 0.34
Cr mg/kg 115.70 27.16 85.59
Cu mg/kg 39.00 11.14 28.82
Ni mg/kg 65.90 17.37 41.35
Pb mg/kg 24.06 15.08 21.02
Zn mg/kg 139.56 41.64 88.64
Fe mg/g 50.02 20.72 37.09
Mn mg/kg 868.15 302.49 571.33
Clay % 17.91 7.67 13.05
Slit % 80.52 37.71 63.42
Sand % 54.62 3.29 23.53
TOC % 0.95 0.26 0.72

∑TUs = 𝑛∑
𝑖=1

𝐶𝑖
𝑠𝐶𝑖PEL . (4)

The TRI is used to assess the integrated toxic risk based
on the threshold effect level (TEL) and PEL of heavy metals
[26]:

TRI = √ (𝐶𝑖𝑠/𝐶𝑖TEL)2 + (𝐶𝑖𝑠/𝐶𝑖PEL)22 , (5)

where 𝐶𝑖
𝑠
is the concentration of a metal measured in the

sample, and𝐶𝑖TEL and𝐶𝑖PEL are the TEL and PEL of the metal,
respectively. The TRI can be classified as no toxic risk (TRI <
5), low toxic risk (5 ≤ TRI < 10), moderate toxic risk (10 ≤ TRI< 15), considerable toxic risk (15 ≤ TRI < 20), and very high
toxic risk (TRI ≥ 20).
2.5. Statistical Analysis. Pearson correlation analysis was
applied to establish the relationships between heavy metals
and sediment physiochemical properties by the software
package SPSS 16.0 forWindows.The spatial distribution char-
acteristics of heavy metals and physiochemical properties in
the sediments were performed by the software ArcGIS 10.2
with the method of inverse distance weighted (IDW).

3. Results and Discussion

3.1. Sediment Physiochemical Properties. The composition of
grain sizes showed the order of silt (37.71–80.41%, average:
63.42%) > sand (3.29–54.62%, 23.53%) > clay (7.39–17.91%,
13.05%) (Table 1). Spatially, clay and silt presented a similar
distribution pattern (Figure 2). The lower contents of silt and
clay were observed in the Laolonggou, compared with other
regions, whereas the higher contents occurred in the western
Caofeidian and the central Bohai Bay.The spatial distribution
of sand generally showed the opposite case to that of clay and
silt.

The concentrations of TOC varied between 0.26% and
0.95%with the average of 0.72% (Table 1).The concentrations
of TOC were relatively lower in the eastern Caofeidian

than in other areas, and the highest was observed in the
central Bohai Bay (Figure 2). The concentrations of Fe and
Mn varied between 50.02 and 20.72 (average: 37.09, g/kg)
and between 302.49 and 868.15 (average: 571.33, mg/kg),
respectively (Table 1). The concentrations of Fe and Mn were
lower in the eastern and western Caofeidian than in the
central Bohai Bay (Figure 2).

3.2. The Concentrations of Heavy Metals in the Sediments.
The concentrations of heavy metals in the sediments are
presented in Table 1. Specifically, the concentrations (mg/kg)
varied between 0.20 and 0.65 (average: 0.36) for Cd, between
27.16 and 115.70 (78.64) for Cr, between 11.14 and 39.00 (29.07)
for Cu, between 17.37 and 65.90 (41.35) for Ni, between 15.08
and 24.06 (21.11) for Pb, and between 41.64 and 139.56 (89.60)
for Zn. The concentrations of all the heavy metals in the
sediments exceeded their background standards in the upper
continental crust (Table 2). Compared with some bays and
estuaries in China, the Cd concentrations in the inshore sedi-
ments of Caofeidian were higher except for the Liaodong Bay
(Table 2). For other heavy metals, their concentrations in our
study area were generally higher than those in other estuaries.

The distribution of heavy metals in the sediments dis-
played significantly different spatial patterns (Figure 3). The
concentrations of Cd in the sediments were generally lower
in the surrounding areas of Caofeidian relative to the south-
eastern and southwestern area.The similar distribution of Cr,
Cu, Ni, and Zn was observed spatially, and their lower con-
centrations occurred in the eastern and western Caofeidian
compared with other areas.The distribution of Pb in the sedi-
ments showed that its concentrations were markedly higher
in the inshore areas of Caofeidian and the central Bohai Bay
compared with the western study area.

3.3. Factors Controlling the Distribution of Heavy Metals.
Hydrodynamic conditions are a main factor influencing the
distribution of heavymetals in the sediments.The concentra-
tions of heavy metals except for Pb were higher in the central
Baohai Bay compared with those in the western and eastern
Caofeidian (Figure 3). The oceanic current in the northern
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Figure 2: The spatial distribution of grain sizes, TOC, Fe, and Mn in the sediments.

Bohai Bay has been observed flowing from east to west
[49]. The land reclamation of Caofeidian blocks the oceanic
current which should have passed through the Caofeidian
area before the reclamation project. The channel of the
oceanic current becomes narrow in the northern Bohai Bay,
resulting in much erosion in the Laolonggou area (Figure 1),
and then the current enters the cape of Caofeidian [24, 49].
The variation of the hydrodynamic conditions around the
Caofeidian cape led to the fine particles washed out and hard
to deposit in the eastern area and the cape of Caofeidian [43].
This was a major reason for the low distribution of heavy
metals in the eastern area and the cape of Caofeidian. With
the flow of the oceanic current forward, the hydrodynamic
conditions became weakened which favored the sediment

deposition and then the heavy metal accumulation in the
western Caofeidian.

The results of Pearson correlation analysis showed that Cu
and Zn correlated significantly with clay and silt (𝑝 < 0.05,
Table 3). The concentrations of heavy metals in sediments
increase with decreasing particle because the fine-grained
sediments tend to adsorb much more heavy metals due to
their high specific surface area [50, 51]. The fine particles
were markedly observed in the western Caofeidian and the
central Bohai Bay compared with the Laolongou and the
cape of Caofeidian (Figure 2). Lu et al. (2009) also reported
that the grain sizes of the sediments in the study area
decreased from the eastern to western Caofeidian [24]. The
tidal current induced the runoff and sorting of the sediments
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Figure 3: The spatial distribution of heavy metals in the sediments.

[52, 53]. As a result, the concentrations of Cu and Zn in the
sediment showed the higher values in the western Caofeidian
and the central Bohai Bay than in the Laolonggou and the
cape of Caofeidian. However, other heavy metals did not
show significant relationships with the fine particles, which
indicated that other factors determined their distribution in
the sediments.

Organic matters and Fe/Mn oxides/hydroxides were con-
sidered as the controlling factors in the spatial distribution of
heavy metals in the sediments. Organic matters can regulate
the geochemical behavior of heavy metals via adsorption,
desorption, and complexation [54]. In our study, Cd, Cr, Cu,

Ni, and Zn in the sediments showed a significant positive
correlation with TOC (𝑝 < 0.05, Table 3), which indicated
that the adsorption and/or complexation of the organic
matters might control the distribution of these metals in the
sediments. However, there was a clear spatial difference of the
distribution between TOC and heavy metals in the western
Caofeidian. This indicated that organic matters were not the
major controlling factor in the distribution of the heavy
metals in this area. The Fe/Mn oxides/hydroxides coated
on clay minerals or in individual minerals are important
carriers of heavymetals. In this study, the heavymetals in the
sediments correlated significantly with Fe and Mn (𝑝 < 0.01,
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Table 3), and spatially the distribution of heavy metals was
in agreement with that of Fe and Mn. This indicated that
the Fe/Mn oxides/hydroxides played an important role in the
distribution of heavymetals, especially in the western Caofei-
dian.

As shown in Figure 3, the distribution of Pb in the sedi-
ments was different from that of other heavy metals. Besides
the factors of hydrodynamic conditions and Fe/Mn oxides/
hydroxides, the accumulation of Pb in the sediments could
be attributed to its sources. In the coastal area of Caofeidian,
the ancient Luanhe River alluvium contains a high geological
background of Pb [55]. Thus, the erosion of land materials
may be a reason for the different distribution of Pb fromother
metals in the sediments. Moreover, the Luanhe River is the
main input river to the Caofeidian areas, and the concentra-
tion of Pb in the sediments of Luanhe River was higher than
that in other rivers surrounding Bohai Bay (Table 2). This is
why the concentration of Pb was markedly higher in the sed-
iments of eastern Caofeidian (Figure 3). In addition, a large
number of steel and chemical plants and the Caofeidian Port
were established after the land reclamation of Caofeidian.The
industrial emissions from electroplating materials and paint
coatings for corrosion protection as well as shipping con-
taminants further induced the complex distribution of Pb in
the sediments [56].

3.4. Contamination and Risk Assessment of
Heavy Metals in the Sediments

3.4.1. Contamination Assessment of Heavy Metals. Sediment
quality guidelines (SQGs) have been widely applied to assess
the metal contamination levels in sediments.The contamina-
tion states of heavy metals in the study area were determined
by comparing themetal levels in the sediments of the Chinese
Marine Sediment Quality (GB 18668-2002) [30] and the
TEL/PEL SQGs [53, 54] (Table 2).The results showed that the
concentrations of Cd, Pb, and Zn in the sediments were blew
Class 1 accounted for 100% of the total sampling sites. There
were 54.5% and 31.8% sampling sites with the concentrations
of Cr and Cu varying Class 1 and Class 2. According to the
TEL andPEL, the adverse biological effect cannot occurwhen
the concentrations of heavy metals are below the TEL, but it
may emerge if the values reach the PEL [28, 57]. Our results
showed that the concentrations of Cd, Cr, Cu, Ni, Pb, and
Zn in the sediments below the TEL accounted for 100%,
18.2%, 4.6%, 0%, 100%, and 9.1% of the total sampling sites,
respectively. There were 81.8%, 95.5% 40.9%, and 90.9% of
the sampling sites with the concentrations of Cr, Cu, Ni, and
Zn varying between the TEL and PEL, suggesting occasional
toxic to the ecosystem by these metals. In addition, 59.1% of
the sampling sites showed the Ni concentrations exceeding
the TEL (Table 4).

The EF > 1.5 commonly indicates a marked enrichment
of heavy metals in the sediments [1, 28]. As shown in Table 4,
the EF of Cd were higher than 2.5 with the average of 3.44
suggesting a clear contamination in the sediments, whereas
the sediments were not contaminated by Cu with its EF of
0.75–1.46.The EF values of Cr andNi were higher than 1.5 but
lower than 3.0, which generally showed a low contamination

level.The EF values of Pb and Zn indicated that the sediments
were slightly contaminated by Pb and Zn. Similar to the
results of EF (Table 4), the 𝐼geo values also showed that the
Cd in the sediments of most of the study areas was in the
moderate to heavy contamination level, Cr and Ni generally
showed the uncontaminated to moderately contaminated
level, and Cu, Pb, and Zn were in the uncontaminated level.
Spatially, the distribution of heavy metal contamination in
the sediments was in agreement with the distribution of their
concentrations (Figure 3).

3.4.2. Risk Assessment of Heavy Metals. According to the
Hakanson potential ecorisk index (Table 4), the poten-
tial ecorisk of Cd in the sediments was in a high level
(65.45–212.75, average: 118.80). Other heavy metals in the
sediments showed a very low ecorisk level (less than 10),
suggesting their lowpotential ecorisk tomarine biome.More-
over, the RI varied between 77.93 and 236.83 with the average
of 137.29, and Cd accounted for 86.5% of the RI, suggesting
Cd as the main metal for the sediment safety due to its
high toxicity. Based on the RI, 36.4% of the sampling sites
presented the moderate ecorisk level.

The index of ∑TUs is used to assess the toxic effect of
heavy metals in sediments, since it enables the comparison
of the potential toxicity among various sediments based on
chemical models [58]. In our study, ∑TUs of heavy metals
in the sediments were below 4.0 indicating no toxicity to the
marine organisms. Spatially,∑TUs of the heavy metals in the
sediments were higher in the central Bohai Bay than in the
Caofeidian areas (Figure 4). The TU of an individual metal
decreased in the order of Ni (0.97) > Cr (0.49) > Zn (0.33)> Cu (0.27) > Pb (0.19) > Cd (0.09), and the average con-
tribution of each metal to the ∑TUs was 41.4% for Ni, 21.1%
for Cr, 14.2% for Zn, 11.5% for Cu, 8.1% for Pb, and 3.7% for
Cd. Although the EF and 𝐼geo of Cd in the sediments were the
highest among the heavymetals, its contribution to the∑TUs
was the least. This suggested that the high contamination of
Cd must not induce toxicity to the marine biome, and the
volumes or contents of Cd have to be considered, especially
its bioavailable forms.

The TRI considering the TEL and PEL was applied to
assess the toxic risk of heavy metals in the sediments to
marine organisms (Figure 4).The results showed that the TRI
of heavymetals in the sediments varied between 3.08 and 8.25
with the average of 5.6, and 31.8%of the sites in theCaofeidian
area were in the nontoxic level and 68.2% of the sites in the
central Bohai Bay were in the low toxic level. The average
contribution of eachmetal to the TRI was 34.7% for Ni, 19.8%
for Cr, 19.7% for Cu, 9.9% for Zn, 9.1% for Pb, and 6.7% for
Cd, which revealed Ni as the main metal contributing to the
sediment toxicity.

3.5. Implication of the Land Reclamation of Caofeidian for the
Heavy Metal Contamination. Land reclamation for agricul-
ture or harbor can cause a series of environmental issues. For
example, Bai et al. found that the concentrations of heavy
metals in the sediments of Pearl River Estuary increased
with the reclamation time [59]. Rahman and Ishiga reported
that marine sediments became significantly contaminated by
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Figure 4: The spatial distribution of the TUs and TRI of heavy metals in the sediments.

heavy metals in the coastal region near the urban areas and
harbors of Japan [60]. The study of Xiao et al. revealed the
wetland reclamation elevated the accumulation of heavymet-
als in the soils of Cixi [61]. Zhang et al. found that the reclama-
tion processes in coastal areas resulted in serious contamina-
tion of heavy metals to the aquatic ecosystem of Pearl River
Estuary [62]. All the studies above showed the land reclama-
tion had negative effects on the aquatic ecosystems. However,
according to the spatial distribution of the concentrations,
contamination, and ecorisk indices of heavy metals in the
sediments of our study area (Figures 3 and 4), the reclamation
project of Caofeidian did not induce the markedly high
contamination and ecorisk of heavy metals in the sediments.
In contrast, the low contamination level of heavy metals in
the sediments of Laolonggou and the cape of Caofeidian was
clearly observed. This was mainly related to the way of the
project and its effect on the hydrodynamic conditions [24].
Whether the accumulation of heavy metals in the sediments
increases after the land reclamation project of Caofeidian still
needs to be explored in future.

4. Conclusions

The concentrations of heavy metals were generally higher in
the sediments of Caofeidian area than of other Chinese bays
and estuaries. The markedly lower concentrations of Cd, Cr,
Cu, Ni, and Zn in the sediments existed surrounding the land
of Caofeidian compared with other regions, whereas those of
Pb was markedly higher in the inshore areas of Caofeidian
and the central Bohai Bay. Hydrodynamic conditions were
the major factors affecting the distribution of heavy metals.
The composition of grain sizes determined the distribution of
Cu and Zn in the sediments, and organic matters and Fe/Mn
oxides/hydroxides also controlled the distribution of heavy
metals. The inshore sediments were moderately contami-
nated by Cd, whereas they were uncontaminated or uncon-
taminated to moderately contaminated by other metals. Sim-
ilarly, Cd showed a high potential risk in the sediments, and
othermetals were in the low risk level. Chromiumwas amain
metal that contributed to the exposure toxicity.
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Fe-loaded adsorbents have received increasing attention for the removal of arsenic in contaminated water or soil. In this study, Fe-
loaded biochar was prepared from iron-impregnated corn straw under a pyrolysis temperature of 600∘C.The ratio of crystalline Fe
oxides includingmagnetite and natrojarosite to amorphous iron oxyhydroxide in the composite was approximately 2 : 3. Consisting
of 24.17%Fe and 27.76%O, the composite exhibited a high adsorption capacity of 14.77mg g−1 despite low surface areas (4.81m2 g−1).
The pH range of 2.0–8.0 was optimal for arsenate removal and the adsorption process followed the Langmuir isotherms closely. In
addition, pseudo-second-order kinetics best fit theAs removal data. Fe oxide constituted amajorAs-adsorbing sink. Based on theX-
ray diffraction spectra, saturation indices, and selective chemical extraction, the data suggested threemainmechanisms for arsenate
removal: sorption of arsenate, strong inner-sphere surface complexes with amorphous iron oxyhydroxide, and partial occlusion of
arsenate into the crystalline Fe oxides or carbonized phase. The results indicated that the application of biochar prepared from
iron-impregnated corn straw can be an efficient method for the remediation of arsenic contaminated water or soil.

1. Introduction

With the rapid development of urban space and intensifica-
tion of agricultural and industrial activities, chemical pollu-
tion has become a serious environmental issue, particularly in
China [1, 2]. Arsenic, as a potential carcinogen, is associated
with a variety of human diseases, such as cardiovascular
diseases, liver fibrosis, kidney disorders, blood toxicity, and
chronic lung disease [3]. Arsenic’s potential to pose a hazard
to human health has prompted the establishment of more
stringent environmental regulations and hence the develop-
ment of innovative and cost-effective technologies for the
treatment of arsenic in the environment. [4–7]. Recently,
the thermochemical conversion of agricultural waste has
received increasing attention in the last decades due to its
potential application in pollutant removal [8]. Samsuri et
al. [9] reported that the maximum adsorption capacity for
biochars prepared from empty fruit bunch and rice husk is
5.5 and 7.1mg/g for As (V), respectively. Agrafioti et al. [10]

reported that the removal efficiency of As (V) was about 25%
in rice husk-derived biochars, lower than 65% in soils. Similar
results were also observed in biochars prepared from pine
needle and straws [11]. A search for improved and inexpensive
materials is still underway [12]. Yao et al. [13] reported that
Fe-loaded activated carbon had the removal rate of more
than 95% for As (V). Using iron-impregnated sawdust, Liu
et al. [4] successfully synthesized Fe3O4-loaded biochar for
both arsenate removal and magnetic separation. Fe-loaded
biochars from empty fruit bunch and rice husk achieved
the maximum adsorption capacity of 45.2 and 16.0mg/g
for As (V), almost 2∼8 times of that in the companion
biochar without iron loaded [9]. The results indicated that
the effectiveness of arsenic removal was closely related to
the amount of iron loaded, characteristics of the media
supporting the iron oxide, and synthetic conditions [4, 14].
The characteristics of biochars derived from agricultural
residues vary greatly depending on the type of feedstock used,
pyrolysis temperature, pyrolysis atmosphere, and activation
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treatment [15]. We leveraged this variability to find and
optimize a suitable and cheap material with the desired
properties for supporting iron oxide.

In this study, biochar derived from iron-impregnated
corn straw was prepared and utilized as a potential green
adsorbent for arsenate removal. The produced composite
was characterized by Fourier transform infrared (FTIR), X-
ray diffraction (XRD), BET-N2 surface area, and elemental
analyses combined with chemical extractions. We report
equilibrium and kinetic experiments of As(V) absorption
and illustrate the mechanisms of As(V) removal through
the interpretation of the adsorption data, determination of
arsenic speciation using the sequential chemical extraction
method, and calculation of the saturation indices for the
different arsenic precipitation phases.

2. Materials and Methods

2.1. Materials. The maize straws used in this study were
obtained from Tongxiang in Zhejiang province. As(V)
standard stock solution (1000mg L−1) was prepared from
Na2HAsO4⋅7H2O and preserved in a brown reagent bottle.

2.2. Preparation of Biochars. The corn straws were dried at
80∘C in an oven and ground to pass through 20-mesh sieve. It
was mixed with 1.0mol L−1 FeCl3 and 50% H2SO4 according
to a straw to FeCl3 to H2SO4 ratio of 1 : 10 : 5 (g :mL :mL)
and then ultrasonicated for 2 h and aged at 60∘C for 12 h
[4]. After suction separation, the recovered residue was dried
at 80∘C in an oven for 24 h, packed into a capped-ceramic
container, and sealed to exclude as much air as possible. The
carbonization was conducted in a temperature-controlled
muffle furnace at 600∘C for 2 h. Thereafter the furnace was
turned off and the retort chamberwas allowed to cool to room
temperature. The iron-loaded biochar (CS-Fe) was ground
to a fine powder and passed through a 0.2mm sieve. As a
control, companion biochar without iron loaded was also
prepared and designated as CS.

2.3. Characterization of the Biochars. The total C, H, and
N contents in the biochar samples were analyzed with an
element analyzer (EA 1112, Italy). The yields of the biochars
were measured by the ratio of the biochar’s weight before and
after pyrolysis. Ash content was determined after heating at
550∘C for 3 h in amuffle furnace.The inorganic element com-
position of the biochars was examined after digestion with a
mixture of HNO3-HCl-HClO4 acids. It was then analyzed for
the total K, Ca, Fe, Mn, Cu, Zn, Pb, P, and As contents by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES) (iCAP6300DUO, Thermo, America). The pH of
the biochar was determined using the composite electrode
method at the ratio of 1 : 10 water [16]. The point of zero
charge (pHpzc) was determined usingmethods outlined in the
literature [17].

The FTIR spectra were carried out bymixing biocharwith
KBr in a ratio of 1 : 150 and scanning in thewavenumber range
of 400–4000 cm−1 at a resolution of 4 cm−1(IR PRESTlGE-
21, Shimadzu, Japan) [18]. The surface oxygenic functional

groups were determined according to the Boehm titration
method [19]. XRD patterns of the biochars were determined
on a power X-ray diffraction system using Cu K𝛼 (𝜆 = 1.54 Å)
radiation at 40 kV and 40mA (X-pert Powder, PANalytical
B.V., Netherlands). The samples were scanned from 10∘ to 80∘
with a scan speed of 2∘ per minute. Surface area and pore size
were measured using a BET-N2 SA analyzer (Tristar ll3020,
MIC, America).

2.4. Adsorption Studies. The batch adsorption experiments
were performed bymixing 20mL of a 0.01MNaNO3 solution
containing 0–150mg L−1 As(V) with the desired weight of
biochar samples in 100-mL conical flasks. The flasks were
then shaken at 200 rpm in a constant temperaturemechanical
shaker (30∘C) for a preset time. The solutions were cen-
trifuged at 3000 rpm for 10min and filtrated through 0.45 𝜇m
filters. The concentrations of As were analyzed by ICP-AES.
The effects of the biochars dose (0–10 g L−1), initial solution
pH (2.0–12.0), and contact time (0–24 h) were studied.
Triplicates were performed for each sorption experiment.

The isotherm data were analyzed by Langmuir and
Freundlich equations expressed as follows:

Langmuir: 1
𝑞𝑒
=
1

𝑘𝑞𝑚𝐶𝑒
+
1

𝑞𝑚
,

Freundlich: 𝑞𝑒 = 𝑘𝑓 ⋅ 𝐶𝑒
1/𝑛,

(1)

where 𝑞𝑒 (mg g−1) is the amount of solute adsorbed per
unit weight at equilibrium; 𝐶𝑒 (mgL−1) is the equilibrium
concentration ofAs (V) in solution; 𝑞𝑚 (mg/g) and 𝑘 (Lmg−1)
are the maximum capacities of adsorption for a mono-
layer coverage and the affinity coefficient, respectively [20];
𝑘𝑓 (mg/g⋅(L/mg)1/𝑛 ) and 1/𝑛 are the Freundlich capacity
coefficient and intensity constant, respectively.

In order to evaluate the kinetic process, the Lagergren-
first-order and pseudo-second-order fits of the experimental
data were compared

Lagergren-first-order: log (𝑞𝑒 − 𝑞𝑡)

= log (𝑞𝑒) −
𝑘1𝑡

2.303
,

pseudo-second-order: 𝑡
𝑞𝑡
=
1

𝑘2𝑞𝑒
2
+
𝑡

𝑞𝑒
,

(2)

where 𝑞𝑡 and 𝑞𝑒 (mg g−1) are the amounts of arsenic adsorbed
at time 𝑡 and equilibrium time, respectively; 𝑘1 and 𝑘2 are the
pseudo-first-order rate constant (1/h) and pseudo-second-
order rate constant (gmg−1 h−1), respectively.

2.5. Arsenic Speciation in the Adsorbent. Samples for speci-
ation analysis were prepared by reacting 1 g of CS-Fe with
200mL of a 0.01M NaNO3 solution containing 40mg L−1
As(V). The concentrations of K, Na, Ca, Mg, Fe, Mn, P,
and S in the solution were determined by ICP-AES. Nitrate-
nitrogen (NO3-N) and chloride (Cl−) were determined by
ultraviolet spectrophotometry and a silver nitrate titration,
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Table 1: Characteristics of the biochars.

Unit CS CS-Fe
Element analysis
C % 64.14 38.08
H % 1.92 1.44
O % 11.44 27.76
N % 2.09 1.01
H/C(a) 0.36 0.45
O/C 0.13 0.55
Ash % 20.41 31.72
Mineral
K % 5.88 3.42
Ca % 0.72 0.22
Fe % 0.08 24.17
Mn % 0.01 0.01
P % 0.36 0.04
Trace metals
Cu mgkg−1 21.20 49.58
Zn mgkg−1 96.18 27.01
Pb mgkg−1 9.18 14.3
As mgkg−1 -(b) -
Functional group
Acid sites mequivg−1 0.28 2.08
Basic sites mequivg−1 1.33 0.027
BET analysis
Specific surface area m2g−1 0.74 4.81
Pore volume cm3g−1 0.0011 0.012
Others
pH 10.89 2.55
pHpzc 2.75 6.93
Yield % 33.24 25.01
Notes. (a)H/C: atomic ratio of hydrogen to carbon; (b)-: not detectable.

respectively. The results including pH and anion and cation
concentrations were used in the speciation model Visual
MINTEQ for calculating the saturation indices (SI) for the
different precipitation phases.

A sequential chemical extraction method was used for
the determination of arsenic speciation in the adsorbent
as proposed by Cances et al. [21]. The four arsenic forms
including the sulfate exchangeable, specially adsorbed, bound
to amorphous iron oxyhydroxide and residual fractions were
studied (Table S1).

3. Results and Discussion

3.1. Characterization of Biochars. Selected properties of the
CS and CS-Fe are listed in Table 1. The content of O in
the CS-Fe (27.76%) was higher than that in the CS (11.44%),
suggesting that the CS-Fe had a large proportion of oxygen-
containing functional groups. It was also confirmed by the
Boehm titration that the total functional groups in the CS-
Fe were higher than that in the CS (Table 1). The lower
carbon content and much higher ash content for CS-Fe when

compared with the CS were consistent with the introduction
of iron oxide in the former. The higher H/C ratio of the
CS-Fe over CS indicated that more original organic matter
was preserved in the iron-loaded biochar and showed lower
overall aromaticity. The higher O/C ratios of the CS-Fe
indicated higher polarity when compared to CS [22].

The total P, K, and Ca proportions in CS were 0.36%,
5.88%, and 0.72%, respectively, much higher than those in
CS-Fe (0.04%, 3.42%, and 0.22%, resp.).This was likely due to
the chemical treatment by H2SO4 which caused the leaching
of P, K, and Ca in the CS-Fe. The content of Fe in the CS-
Fe was 24.17%, 302 times that of Fe in the CS, indicating
that CS-Fe was successfully loaded with iron. The BET
surface area and pore volume of the CS were 0.74m2 g−1 and
0.0011 cm3 g−1, respectively. Fe-impregnated biochar showed
increase of both surface area (4.81m2 g−1) and pore volume
(0.012 cm3 g−1), suggesting that activation by sulfuric acid
pretreatment was probably beneficial for the development of
pore structure, which also increased the specific surface area.
A much higher pHpzc value of 6.93 for the CS-Fe versus 2.75
in the CS was observed; therefore, it was expected that the
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Figure 1:The FTIR spectra (a) and the XRD spectra (b) of CS and CS-Fe.The typical peaks of XRD spectra were labeled as follows: S, sylvite;
M, magnetite; N, natrojarosite.

CS-Fe would be more conducive to the adsorption of anionic
arsenate.

FTIR spectra were obtained for both the CS and CS-
Fe samples (Figure 1(a)). The stretching vibration for C≡C
corresponds to the peaks at 2362 and 2434 cm−1 [18]. The
peak at 1589 cm−1 is the aromatic ring “breathing” vibrations
[18] and the peaks at 837 and 912 cm−1 are assigned to the
1,3,5-trisubstituted aromatic ring (𝛿CH out-off-plane) [23].
The new peak that appears at approximately 580 cm−1 in
the CS-Fe spectrum is characteristic of the Fe-O stretching
vibration [24]. The broader absorption band at 3414 cm−1
and sharp peaks at 1211 and 1097 cm−1 are assigned to the
stretching of -OH, epoxy C-O, and C-O-C, respectively,
which differed greatly in theCS andCS-Fe.Thiswas likely due
to the preservation of the original structure in the pyrolysis
process in the presence of iron oxide.

The XRD patterns of CS and CS-Fe are compared in
Figure 1(b). The presence of sylvine in the CS pattern was
confirmedby peaks at 28.4∘, 40.5∘, 50.2∘, 58.7∘, 66.5∘, and 73.7∘
(2𝜃).The peaks at 28.4∘, 40.5∘, 66.5∘, and 73.7∘ disappeared in
the CS-Fe pattern due to the pretreatment with sulfuric acid.
The strong peaks of magnetite (Fe3O4) at 30.4

∘, 35.7∘, 43.6∘,
57.3∘, and 62.9∘ (2𝜃) and natrojarosite (NaFe3(SO4)2(OH)6)
at 15.8∘, 17.5∘, 29.1∘, 40.2∘, 45.8∘, and 49.7∘ (2𝜃) were clearly
observed in the CS-Fe patterns in both the presence and
absence of As loading, suggesting that iron oxides with good
crystalline structure were formed and loaded on the biochar.

3.2. Adsorption of As(V)

3.2.1. Adsorbent Dosage and Solution pH. The influence of
additive dosage of CS-Fe (0 to 10 g L−1) on As adsorption
was studied (Figure S1). The removal efficiency of As (V) by
CS-Fe increased rapidly from 2.2% to 96% as the adsorbent

dose was increased from 0.4 to 5 g L−1. Further increase in
the adsorbent dosage had no significant effect on the removal
of As (V). Therefore, the dosage of 5 g L−1 was selected as the
optimum adsorbent dosage for the adsorption experiments.

The solution pH plays a key role in the removal of arsenic,
as it influences the surface charge of the adsorbent and the
forms of arsenic in solution [25]. Effects of pH on As (V)
adsorption by CS and CS-Fe were investigated in the pH
range from 2.0 to 12.0, with the initial As (V) concentration
of 40mg L−1. It can be seen in Figure 2 that the removal
efficiency of As (V) by CS and CS-Fe varied greatly in the
pH range studied which clearly indicated the influence of
solution pH on the adsorption process. In the case of CS,
pH 4 was more suitable for As (V) removal from solution,
while CS-Fe was effective with a larger pH range of 2.0–8.0.
These results are similar to that of Zhu et al. [14] for As(V)
adsorption on Fe3O4-loaded honeycomb briquette cinders,
but slightly different from that of Liu et al. [4] who reported
that the maximum As(V) removal efficiency was achieved at
pH 8.0 by Fe3O4-loaded sawdust biochar. The main factors
influencing the adsorption process are As (V) species and
the surface charge of the adsorbents. Due to the increase in
the pHpzc value, the surface of CS-Fe was positively charged
at pH < pHpzc 6.93 for the CS-Fe and conducive to the
adsorption of H2AsO4

− (Figure S2). In an alkaline medium,
however, the surface of CS-Fe is negatively charged and
most As (V) species exist as HAsO4

2− and AsO4
3− (Figure

S2). The adsorption of As (V) thus decreased as a result of
enhanced electrostatic repulsion [4]. Similarly, the higher As
(V) removal efficiency that occurred at pH 4 for the control
biochar (CS) can also be illustrated by the As (V) species
and pHpzc. As showed in Table 1, the surface of CS was
negatively charged at pH > pHpzc 2.75 and not conducive
to the adsorption of H2AsO4

− (Figure S2) at the higher pH,
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Table 2: Regression parameters of isotherms of As (V).

Sample Langmuir Freundlich
𝑞𝑚 (mg g−1) 𝑘 (Lmg−1) 𝑅2 𝑘𝑓 ((Lmg−1)1/𝑛 ⋅mgg−1) 1/𝑛 𝑅2

CS-Fe 14.77 2.97 0.9968 7.95 0.31 0.8358
CS 2.86 0.01 0.9492 6.16 1.18 0.9041
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Figure 2: Effect of solution pH on the adsorption of As(V) for
CS and CS-Fe (adsorbent dose 5 g L−1; temperature 30∘C; As(V)
concentration 40mg L−1).

while at pH 2, the surface was positively charged but As (V)
species exist as H3AsO4.

3.2.2. Adsorption Isotherms. Adsorption isotherms of As by
CS-Fe and CS were compared (Figure 3). Adsorption poten-
tials of CS-Fe were much higher than that of CS, indicating a
positive role of iron oxides for enhanced adsorption ofAs (V).
The regression parameters of isotherms are listed in Table 2.
It is clear that both the CS-Fe and CS followed the Langmuir-
type isotherm with correlation coefficients 𝑅2 in the range
from 0.9492 to 0.9968.The Langmuirmodel assumes that the
adsorption of themolecule occurs on a homogeneous surface
as a monolayer, while the Freundlich model is an empirical
equation based on a heterogeneous surface [4]. The data fit
best to the Langmuir-type, implying that the adsorption of As
occurs on a homogeneous surface by monolayer adsorption
[14]. Conversely, using Fe3O4-loaded biochar prepared from
sawdust, Liu et al. [4] reported that the adsorption process
followed the Freundlich isotherm model at pH 8.

CS-Fe exhibited excellent immobilization capacities for
As (V). The maximum adsorption capacity estimated by
the Langmuir model was 14.77mg g−1, almost fivefold larger
than that of CS (2.86mg g−1). The affinity coefficient of
adsorption, 𝑘, varied greatly with a value of 2.97 Lmg−1 for
the CS-Fe, about 300 times that of the CS. A comparison
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Figure 3: Adsorption isotherms of As(V) on CS-Fe and CS (adsor-
bent dose 5 g L−1; pH 3.0; temperature 30∘C).

between CS-Fe and other Fe-loaded adsorbents showed that
the maximum adsorption capacity of As(V) by CS-Fe was
moderately greater than iron-containing granular activated
carbon (6.57–10.5mg g−1) [12], iron-containing mesoporous
carbon (5.2mg g−1), and Fe3O4-loaded honeycomb briquette
cinders (2.42mg g−1) [14], but much lower than Fe3O4-
loaded sawdust biochar, which had the adsorption capacity of
204.2mg g−1 [4]. Factors such as iron oxide species, amount
of iron loaded, and dispersion and surface accessibility of iron
within the carbon likely affected the As(V) removal [26]. Due
to the high content of oxygen in CS-Fe (27.76%), the biochar
swells in water and permits sorption inside the solid as well
as on its pore surfaces, leading to high sorption capacities at
low surface areas [18].

3.2.3. Kinetic Study. Theadsorption ofAs (V) ontoCS-Fewas
quite rapid. At the initial concentration of 25 and 40mg L−1,
94–97% of As was removed within the first 15min (Figure 4).

Table 3 shows the Lagergren-first-order and pseudo-
second-order rate constants for As (V) on CS-Fe. With cor-
relation coefficient 𝑅2 > 0.999, the adsorption kinetics for As
(V) onto CS-Fe are best described by pseudo-second-order
model. The higher the initial As concentration, the lower
the pseudo-second-order rate constant. Since the pseudo-
second-order model usually assumes that chemisorption of
an adsorbate on an adsorbent is the rate-limiting step [27], it
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Table 3: Parameters of kinetic models for As(V) onto CS-Fe.

Kinetic models Parameters 25mg L−1 40mg L−1

Lagergren-first-order
𝑞𝑒 (mg g−1) 5.67 7.87
𝑘1 (h
−1) 3.29 3.34
𝑅2 0.9993 0.9953

Pseudo-second-order
𝑞𝑒 (mg g−1) 5.68 7.93
𝑘2 (gmg−1 h−1) 9.12 5.13
𝑅2 0.9999 0.9999

Table 4: Calculation of saturation indices (SI) for precipitation phases using the equilibrium concentrations in solution at the initial As (V)
of 40mg L−1 in the CS-Fe.

Phase Reaction log Ksp SI(a)

FeAsO4⋅2H2O FeAsO4⋅2H2O = Fe3+ + AsO4
3− + 2H2O −20.2 −3.525

AlAsO4⋅2H2O AlAsO4⋅2H2O = Al3+ + AsO4
3− + 2H2O −15.8 −9.275

Ca3(AsO4)2⋅4H2O Ca3(AsO4)2⋅4H2O = 3Ca2+ + 2AsO4
3− + 4H2O −18.9 −33.105

Ca5(AsO4)3OH Ca5(AsO4)3OH = 5Ca2+ + 3AsO4
3− + OH− −40.12 −51.179

Ca4(OH)(AsO4)2⋅4H2O Ca4(OH)(AsO4)2⋅4H2O = 4Ca2+ + 2AsO4
3− + OH− + 4H2O −27.49 −51.098

Notes. (a)Calculations performed using the Visual MINTEQ speciation model.
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Figure 4: Adsorption kinetics of As(V) by CS-Fe (adsorbent dose
5 g L−1; temperature 30∘C).

is inferred that As (V) was likely adsorbed on the surface of
CS-Fe via chemical interaction.

3.3. Possible Mechanism for Arsenate Removal

3.3.1. As Precipitation. Table 4 presents the saturation
indices (SI) of As precipitates using equilibrium concen-
trations in solution at the initial As (V) concentration
of 40mg L−1 in the CS-Fe. The solution is undersatu-
rated with FeAsO4⋅2H2O, AlAsO4⋅2H2O, Ca3(AsO4)2⋅4H2O,
Ca5(AsO4)3⋅OH, and Ca4(OH)(AsO4)2⋅4H2O, which sug-
gests that the formation of precipitates in the CS-Fe is ther-
modynamically unfavorable. Using vibrational spectroscopy,

Goldberg and Johnston [28] observed that the IR and Raman
spectra of As (V) adsorbed to Fe oxide samples are distinct
from that of Fe arsenate salts, indicating that As (V) is bound
as a surface complex and not as a precipitated solid phase.
In this study, the XRD spectra for CS-Fe before and after As
addition are shown in Figure 1(b). No new crystalline peak
emerged in the As-loaded CS-Fe, suggesting the absence of
crystalline arsenic precipitates.

3.3.2. Surface Adsorption Mechanism. Selective chemical
extractions were performed on the As-loaded CS-Fe. The
sulfate solution is involved in the extraction of exchange-
able arsenic, the phosphate solution is typically used to
remove specifically adsorbed arsenic, and the oxalate solu-
tions involved in the extraction of arsenic associated with
amorphous iron oxides. As shown in Figure 5, most of the Fe
was released in the oxalate solution, accounting for about 60%
of the Fe in the CS-Fe, which suggested that amorphous iron
oxyhydroxide was the dominant species in the iron oxide-
loaded biochar. Crystalline Fe oxides including magnetite
and natrojarosite likely composed less than 40% of the CS-Fe
biochar. The majority of As in the CS-Fe was also associated
with amorphous iron oxyhydroxide, accounting for 52.26%
of the total, suggesting the strong inner-sphere complexes
that arsenate forms with iron oxide surfaces were a major
mechanism for As adsorption by CS-Fe. The specifically
adsorbed form was 28.23% of total arsenic, indicating that
the specific anion exchangemechanismwas also important in
this system, and the presence of other anions such as PO4

3−

may inhibit the removal of As. In a study on the effect of
interfering ion on theAs (V) removal, Zhu et al. [14] observed
that PO4

3− with a concentration range of 0.1–10mM resulted
in a reduction of arsenic removal efficiency by 66.8–86.2%.
Residual As comprised 18.38% of total arsenate, which likely
represents the arsenate incorporated into the structures of
crystalline Fe oxides [29] or the carbonized phase. These
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results demonstrated that crystalline Fe oxides or carbonized
phase is more efficient than amorphous iron oxyhydroxide
in retaining arsenate in such irreversibly occluded forms.
Only small amounts of As were present in the exchange-
able fraction (1.13%), indicating that anion exchange from
outer-sphere complexes was negligible. The regeneration of
adsorbent is important in treating contaminated water for
reducing the overall cost.The high proportion of As (70.64%)
in the CS-Fe is associated with amorphous iron oxyhydroxide
and in the residual, suggesting that CS-Fe does not have the
advantage of regeneration ability. On the contrary, the less in
the exchangeable and specifically adsorbed form, the better
for the stabilization of As contaminated soil.

In summary, there are three mechanisms for arsenate
sorption to the CS-Fe. First, a fraction of the arsenate is
specifically adsorbed to the surface of both amorphous and
crystalline Fe oxides. Second, substantial amounts of arsenate
are strongly bound to amorphous iron oxyhydroxide via
inner-sphere surface complexes. Third, partial occlusion of
arsenate occurs on the crystalline Fe oxides or carbonized
phase.

4. Conclusion

In the present study, iron-loaded biochar was successfully
synthesized for arsenate removal. The maximum adsorption
capacity estimated by the Langmuir model was 14.77mg g−1,

which was comparable to and even moderately higher
than many other iron-containing materials. The optimum
pH range for arsenate removal was found to be between
2.0 and 8.0. Fe oxides including magnetite, natrojarosite,
and amorphous iron oxyhydroxide constituted major As-
adsorbing sinks. Further investigation into As speciation
in the solid phase suggested that three mechanisms were
involved in arsenate removal: sorption, strong inner-sphere
surface complexes, and partial occlusion into the crystalline
Fe oxides or carbonized phase. The biochar prepared from
iron-impregnated corn straw may show better effects of
remediation toward arsenic contaminated water or soil.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This project was financially supported by the National Natu-
ral Science Foundation of China (no. 41371320, no. 41371447,
and no. 21677123).

Supplementary Materials

Table S1: sequential chemical extraction method for As-
load biochar [21]. Figure S1: effect of CS-Fe dose on
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Major water-soluble ions were analyzed for two-year precipitation samples in Wanzhou, a typical urban site of the hinterland of
ChineseThree Gorges Reservoir. The pH values of the precipitation were in the range of 4.0 to 8.3, and the volume-weighted mean
(VWM) valuewas 5.0.The concentration order of anions and cationswas as follows: SO4

2− > NO3− > Cl− > F− andNH4+ > Ca2+ >
Na+ > K+ > Mg2+, respectively. Good correlations were found between SO4

2− and NH4
+, SO4

2− and Ca2+, NO3
− and NH4

+, and
NO3
− and Ca2+, implying their co-occurrence in the precipitation, most likely as (NH4)2SO4, (NH4)HSO4, NH4NO3, CaSO4, and

Ca(NO3)2. The sum of all measured ions was 416.4𝜇eq L−1, indicating serious air pollution in Wanzhou. NH4
+ and Ca2+ were the

most important ions neutralizing the acidic compounds in the precipitation; their major sources included agricultural activity and
crustal dust. Local anthropogenic activities, for example, coal burning and traffic related sources, contributed most of SO4

2− and
NO3
−. The equivalent concentration ratio of SO4

2−/NO3− was 4.5, indicating that excessive emission of sulfur was the main reason
leading to the precipitation acidity inWanzhou. However, this ratio was lower than the ratio (5.9) in 2000s inWanzhou, indicating
that the contribution of nitric acid to the acidity of precipitation was strengthening.

1. Introduction

Precipitation is an important means of scavenging airborne
pollutants, including in-cloud scavenging (rainout) and
below-cloud scavenging (washout) [1]. With the accelerated
urbanization and industrialization, excessive pollutants have
emitted into the atmosphere in China, for example, nitrogen
oxides (NO𝑥), sulfur dioxide (SO2), and particulate matter
(PM).These pollutants can dissolve in precipitation and then
return to surface through wet deposition. Precipitation that
contains a large amount of pollutants would cause a series
of negative ecological effects on the surface ecosystem, for

example, soil acidification, eutrophication, and biodiversity
reduction.

It has been observed that precipitation was contaminated
worldwide because of the excessive emission of atmospheric
pollutants. These pollutants can change the chemical char-
acteristics of precipitation during the scavenging process
depending on the solubility [2]. Chemical compositions
of precipitation were influenced by the type of pollutant,
meteorology, and topographic structure. Therefore, different
regions have very different chemical composition in precip-
itation. Generally, Na+ and Cl− are abundant along coastal
areas [3]; Ca2+ and Mg2+ are abundant in inland areas [4];
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Figure 1: The sampling site in Wanzhou.

SO4
2− and NO3

− are abundant in industrial or urban areas
[5, 6].

Because large amount of coal combustion increased the
SO2 concentration in the atmosphere over the past 30 years,
China has become the largest acid rain region in the word
[7]. Extensive acid rain was observed in the southern and
southwest China in the 1990s, and it has extended to the
eastern and central areas [5]. Northern China had a higher
concentration of acidic ions in the precipitation than that
in the south, but the pH of precipitation was almost higher
than the threshold value of acid rain (pH = 5.6) in Northern
China, because there were enough alkaline substances (e.g.,
alkaline particles and NH3) which can neutralize the acidic
components. It was estimated that the pH of precipitation
would decrease by a factor of 1.85 pH units in the absence of
alkaline neutralization in Northern China [8]. Acid precipi-
tation would cause huge damage to environment, including
acidification of soil and water, death of animals and plants,
and weathering of buildings and artifacts [9]. The sum
of economic loss resulting from acid deposition in China
reached RMB 176.42 billion yuan in 2000 according to the
evaluation from Chinese Research Institute of Environment
[10].

Chongqing has been one of the most serious acid rain
polluted regions in China since the late 1970s. Simian Moun-
tain and Jinyun Mountain in Chongqing were believed to be
relatively clean in the sense of air pollution, but the average
pH values of precipitation in the two areas were 4.3 and
4.8 in 1991-1992, respectively [11]. As the stringent national
air pollution regulations were established to decrease the
emission of SO2, the SO4

2− concentration in precipitation in
Chongqing has been decreasing since 2007 [12]. However, the
alleviation of the acid rain pollution was not so evident, likely
due to the increase of NOx emission [13].

Wanzhou is located in the northeastern Chongqing and
is the biggest city in the hinterland of the Three Gorges

Reservoir Area (TGRA), being 327 kilometers away from
downtown Chongqing and 283 kilometers away from Three
Gorges Dam. In the light of the important and sensitive loca-
tion in the Three Gorges Reservoir, two-year precipitation
samples were collected in urban Wanzhou and the major
ions were analyzed. The aim of this paper is to gain better
understanding of precipitation chemistry in the hinterland of
TGRA and to identify its major sources.

2. Experiments

2.1. Descriptions of Sampling Site. Wanzhou lies at the east
of Sichuan Basin with a population about one million.
The urban area of the city is basically built along the
two mountainous banks of Yangtze River. Wanzhou has a
subtropical monsoon wet climate with four distinct seasons.
The average annual temperature is 18.6∘C. In Wanzhou,
there is a mild climate with an annual average precipitation
amount of ∼1200mm, among which ∼70% are concentrated
in the period between May and September. Because of the
topographic condition,Wanzhou is the regionwith the lowest
wind speed in China, and the average wind speed is 0.81m s−1
between 2014 and 2015 (automaticweather station’s data at the
sampling point).

Sampling of atmospheric precipitation was performed
on the rooftop of a teaching building with nine floors in
ChongqingThreeGorgesUniversity (Figure 1).This sampling
site is surrounded by residential areas, and three kilometers
away from the downtown Wanzhou and about 600m away
from Yangtze River. To the west of the sampling site, there
is a hill with dense vegetation and a few cultivated lands.
To the east, there is a major street road (about 100m away).
Next to the sampling site, a weather station (Lufft WS500-
UMB, Germany) and atmospheric particle monitor (Thermo
TEOM1405, USA) were equipped to obtain meteorological
data and particle data, respectively, including wind speed and
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direction, temperature, air pressure, relative humidity, total
solar radiation, and mass concentrations of PM2.5 and PM10.

2.2. Sample Collection and Analyses. The samples of precip-
itation were collected with a dry-wet deposition autosam-
pler (APS-3A, Changsha Xianglan Scientific Instrument Co.,
Ltd.). There is a movable lid which can be stimulated by a
wetness sensor to open the funnel of 300 mm in diameter for
collection of precipitation during precipitation. Precipitation
samples were collected on each rainy/snowy day between
9:00 a.m. and 9:00 a.m. the next day. After the samples were
taken to the laboratory, 10mL of each sample was taken to
determine pH value (pHS-3C, Shanghai Leici Instrument
Factory, China) and electrical conductivity (EC) value (sen-
sION5, Hach, USA). Before each measurement, standard
buffer and standard NaCl solution were used to calibrate the
pH meter and conductivity meter. The remaining solution of
samples was filtered with 0.45 𝜇m pore diameter membrane
filter and then kept in 4∘C for subsequent testing.

The anion components, including F−, Cl−, NO3
−, and

SO4
2−, were analyzed by using ion chromatography (ICS-

900, Dionex Company, USA), with an IonPac AS19-HC
column, 25mMNaOH eluent, and ASRS300 suppresser. The
detection limits for these anions are 0.03mg L−1, 0.03mg L−1,
0.1mg L−1, and 0.1mg L−1, respectively. K+, Na+, Ca2+, and
Mg2+ were analyzed by flame atomic absorption spectropho-
tometer. To eliminate spectral interference, cesium nitrate
and lanthanum nitrate as deionizing agents were added to
the potassium and sodium calibration solutions and the
calcium and magnesium calibration solutions, respectively.
The detection limits for K+, Na+, Ca2+, and Mg2+ were
0.013mg L−1, 0.008mg L−1, 0.02mg L−1, and 0.0025mg L−1,
respectively. NH4

+ were analyzed by Spectrophotometry
Method of Sodium Hypochlorite-Salicylic Acid in accor-
dance with the national standard method of China (GB
13580.11-92). In this method, NH4

+ reacted with hypochlorite
and salicylic acid to produce stable blue compound, whose
absorbance was determined at the wavelength of 698 nm
by using UV-visible spectrophotometer (T6, Purkinje Gen-
eral Instrument Co. Ltd., China). The lowest concentration
detected by this method for NH4

+ was 0.01mg L−1. The
recoveries for all ions detected here were in the range of
80%–120% and the relative standard deviation was less than
5% for reproducibility test. A total of 207 valid samples were
analyzed. After statistical analyses described in Section 2.4,
the monthly data included meteorological factors, PM2.5,
PM10, precipitation amount, pH, anions, and cations, which
are presented in the supplementary material (available here).

2.3. Quality Control and Assurance. In the process of ion
analysis, Standard ReferenceMaterials, produced byNational
Research Center for Certified Reference Materials, China,
were routinely analyzed to guarantee the data quality. Six
samples were removed because their data were outside the
range of (𝑚 − 3𝛿, 𝑚 + 3𝛿), which was often used to exclude
outliers [22], and where 𝑚 denotes averaged value; 𝛿 means
standard deviation. The Pearson correlation between anions
and cations was 0.97 (𝑝 < 0.01), suggesting credible data

quality. And the data were also considered acceptable because
the ratio of total cations (H+, Na+, K+, Ca2+,Mg2+, andNH4

+)
and total anions (F−, Cl−, NO3

−, and SO4
2−) is 1.05, which is

within the range of 1 ± 0.25 [23].
2.4. Statistical Analysis. The volume-weighted mean (VWM)
pH value was calculated by

pH = − log [H+] = − log[∑𝑛𝑗=1 10−pH𝑗 ⋅ 𝑄𝑗∑𝑛𝑗=1 𝑄𝑗 ] , (1)

where pH is the VWM pH value in a month/season/year,
pH𝑗 is the pH value of 𝑗th precipitation, and 𝑄𝑗 (mm) is
the amount of 𝑗th precipitation. The ionic concentration of
precipitation was calculated by

𝐶𝑖 = ∑
𝑛
𝑗=1 𝐶𝑖𝑗 ⋅ 𝑄𝑗∑𝑛𝑗=1 𝑄𝑗 , (2)

where 𝐶𝑖 (𝜇eq L−1) is the VWM concentration of 𝑖th ion in a
month/season/year and 𝐶𝑖𝑗 (𝜇eq L−1) is the concentration of𝑖th ion in 𝑗th rainfall.

The non-sea salt (nss) values of any particular ion were
calculated from the measured concentrations of the ions
of interest using sodium ion as the reference element. This
process was implemented under the assumption that all
sodium is derived frommarine sources [23].The equation for
the non-sea salt contribution can be written as

[nns-𝑋]𝑖 = [𝑋𝑖] − [Na+]𝑖 × [ [𝑋][Na+]]sea salt , (3)

where [nns-𝑋]𝑖 (𝜇eq L−1) is the concentration of nss concen-
tration of species 𝑋 in sample 𝑖, [𝑋𝑖] is the total measured
concentration of chemical species 𝑋 in sample 𝑖, [Na+]𝑖
(𝜇eq L−1) is the concentration of Na+ in sample 𝑖, and{[𝑋]/[Na+]}sea salt is the ratio of these species as measured in
seawater [23].

2.5. Back Trajectories and PSCF Analysis. Cluster analysis of
backward air-mass trajectories and potential source contribu-
tion function (PSCF) analysis were performed using TrajStat
software on the sample date during this study period [24].
The meteorological data used for the analysis were from
the Global Data Assimilation System (GDAS) of National
Centers for Environmental Prediction (NCEP). The 72-hour
backward trajectories of the air parcels arriving at 00:00 UTC
at 1200m elevation above the ground level were clustered.The
PSCF values corrected by aweight factor were then calculated
using the mean concentration for three anthropogenic ions
(SO4
2−, NH4

+, and NO3
−) [25]. The results were displayed

as maps with each grid cell equal to 0.5∘ latitude by 0.5∘
longitude in size.

3. Results and Discussion

3.1. Precipitation Amount, EC, and pH Distribution. The
annual precipitation amounts were 1189.2mm and 1081.1mm
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Figure 2: (a) Monthly precipitation amount, VWM pH, and (b) pH frequency distribution of the precipitation in Wanzhou.

in 2014 and 2015, respectively. As shown in Figure 2(a),
monthly mean precipitation amount varied markedly with
a peak in the summer and about 70% of the precipitation
occurred during the period from May to September. These
results were consistent with the long-term average precipita-
tion levels and seasonal variations in Wanzhou [26].

TheECvalues of single precipitation varied in the range of
3.4 𝜇S cm−1 to 234.0 𝜇S cm−1 with an average of 35.9𝜇S cm−1,
which was larger by a factor of 2.5 than that (14.6 𝜇S cm−1)
measured at the global atmospheric background site in Mt.
Waliguan Mountain [27]. However, this value was com-
parable to those measured in many other cities, such as
42.2 𝜇S cm−1 in Shenzhen [28] and 66.5 𝜇S cm−1 in Beijing
[6], indicating that anthropogenic impacts on the atmo-
spheric environment in Wanzhou could not be neglected.

The pH values of a single precipitation sample ranged
from 4.0 to 8.3 with a VWM value of 5.0, lower than the
pH of typical natural rainwater (5.6). As for the frequency
of acid precipitation (Figure 2(b)), there were 46.9% of
precipitation with the pH lower than 5.6. Additionally, 26.1%
of precipitations had pH lower than 5.0, and 11.6% were
strongly acidic with pH lower than 4.5. It is worth noting that
the arithmetic mean pH value of precipitation was 5.7 during
the two-year study period, which was a little higher than the
average (5.5) observed during the period of 2001–2009 [15].
This is an indication of the mitigation trend in acidification
of precipitation in Wanzhou.

3.2. Chemical Composition of the Precipitation. Figure 3
presented the statistical results of ion concentrations and
percentage share of each ion. The most abundant ions
were SO4

2−, Ca2+, NH4
+, and NO3

−. The average concen-
tration of NH4

+ together with Ca2+ reached 151.6 𝜇eq L−1
and accounted for 68.4% of the total cations. The average
concentration of SO4

2− plus NO3
− was 246.51 𝜇eq L−1 which

occupied 91.3% of all anions. Among the precipitation com-
ponents, SO4

2− was themost abundant single ion, accounting
for 36.3% of the total ions, followed in decreasing order by,
NO3
−, Cl−, and F−. For the cations, NH4

+ and Ca2+ were
followed in decreasing concentration by Na+, K+, H+, and
Mg2+. The total VMW concentration of the measured ions
was 416.4 𝜇eq L−1 in Wanzhou, indicating the serious air
pollution in the hinterland of TGRA.

The sumof SO4
2−, NO3

−, andNH4
+, whichwere themain

anthropogenic ions in precipitation, accounted for 71.4% of
the total ionic equivalents, while H+ accounted for 3.6%,
demonstrating that anthropogenic sources predominated in
the contributions to precipitation ions. Ca2+ and Mg2+,
regarded as two kinds of main crustal-related ions, occupied
together 32.5% of total ionic equivalents, indicating that
crustal-derived elements had key contribution to the neu-
tralization of the acid precipitation. Nss-SO4

2− and nss–Ca2+
accounted for 96.1% and 98.5% of the total sulfate and total
calcium, respectively. Thus, the impact of sea salt on the wet
deposition in Wanzhou was negligible.

The equivalent ratio of ([Ca2+] + [NH4+])/([SO42−] +[NO3−]) was further used to evaluate the degree of influ-
ence by the anthropogenic activities. The ratio of ([Ca2+]
+ [NH4

+])/([SO4
2−] + [NO3

−]) in the precipitation in this
study reached 0.79, which conformed with the ratio (0.80)
in the period between 2001 and 2009 in Wanzhou [15]. It
is noted that this ratio was lower than that measured in
Lin’an (0.97), Longfengshan (1.27), and Shangdianzi (0.96),
three regional background atmospheric stations of World
Meteorological Organization (WMO) in Yangtze River Delta,
Northeast China, and North China, respectively [29]. This
comparison reflected that there was more influence from
anthropogenic activities on the precipitation in Wanzhou.

As compared in Table 1, the concentration levels of
the ions associated with human activities (SO4

2−, NO3
−,
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Table 1: VWM concentrations of major inorganic ions in the precipitation in Wanzhou and some selected areas (unit: 𝜇eq L−1).
Areas Periods pH F− Cl− NO3

− SO4
2− NH4

+ Ca2+ Na+ K+ Mg2+ SO4
2−/NO3− References

Wazhou 2014-2015 5.0 3.2 15.1 35.1 156.9 89.6 62.1 24.4 20.1 9.9 4.5 This study
Zigui 2009 4.9 NDb 11.8 63.2 177.2 90.6 142.6 11.7 7.5 18.3 2.8 [14]
Wanzhou 2001–2009 5.5a 8.4 25.3 43.7 258.3 126.6 114.4 27.0 12.7 29.2 5.9 [15]
Okinawa, Japan 2003–2005 4.9 NDb 351 7.0 53.9 9.5 25.2 308 9.4 63.9 7.7 [16]
New Jersey, USA 2006-2007 4.6 1.1 10.7 14.3 19.0 24.4 3.0 10.9 1.3 1.6 1.3 [17]
Delhi, India 2011–2013 6.4 10.7 42.9 50.5 91.6 23.7 198.6 26.8 5.3 69.2 1.8 [4]
Beijing 2001–2005 6.0 15.4 34.9 106.0 314.0 236.0 209.0 22.5 13.8 48.4 3.0 [6]
Guiyang 2008-2009 4.2 14.5 20.7 7.3 265.6 112.8 182.9 13.9 9.6 10.5 36.4 [5]
Guangzhou 2005-2006 4.5 12.0 21.0 51.8 202 66.2 131.0 18.0 9.0 9.0 3.9 [18]
Lijiang 1989–2006 6.1 NDb 11.6 3.6 32.6 11.4 50.2 2.5 NDb 7.7 9.1 [19]
Shenzhen 1986–2006 5.0 4.5 37.9 22.1 74.3 35.2 77.7 40.3 7.2 9.7 3.4 [20]
Chengdu 2008 5.1 6.2 8.9 156.2 212.8 150.5 196.6 1.4 6.6 16.2 1.4 [21]
aArithmetic mean value; bnot determined.
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Figure 3: (a) Statistics of ions’ concentration and (b) percentages of ions’ VWM concentration (𝜇eq L−1) in the precipitation in Wanzhou.
The box plots indicate the minimum, 10th and 25th percentiles, median, 75th and 90th percentiles, maximum, and average (square) of each
ion.

and NH4
+) in Wanzhou were lower than those in Beijing,

Guiyang, Guangzhou, but significantly higher than those
reported in Japan, India, and North America. In the case
of the soil derived calcium, Wanzhou had much lower
values than Beijing, Guiyang, Guangzhou, and Chengdu. In
comparison with Zigui, which is located in the head region
of TGRA, the concentrations of SO4

2− and NH4
+ were very

similar in the two areas, whereas NO3
− presented much low

concentration in Wanzhou. It is noted that K+ concentration
was much higher in this study compared to other areas and
the historical value, likely due to enhanced biomass burning
in the immediate vicinity of the site.

Compared to the period from 2001 to 2009, all the ions
except K+ in this study exhibited decreasing trends. This was
likely attributed to the implementation of industrial restruc-
turing and emission reduction policies by local government.
A typical example was that the emission amount of sulfur

dioxide had been decreased from 26,400 t in 2008 to 17,388 t
in 2015 [30], about one-third reduction within seven years.

3.3. Temporal Variations of pH and Major Ionic Concen-
tration. Figure 4 showed the seasonal variations of the EC,
pH, and precipitation amount in Wanzhou. In winter, the
pH was 4.9 and the precipitation amount was 12.8mm;
both were the lowest, while the EC was the highest with
the value of 55.9 𝜇S cm−1. By contrast, the lowest EC and
highest precipitation amount occurred in summer and were
18.5 𝜇S cm−1 and 161.1mm, respectively. This indicated that
the dilution effect played an important role in determining
analyte concentrations in the precipitation. The seasonal
variation of pH was significant in the following order with
a decrease trend: spring > summer > autumn > winter.
The enhanced fugitive dust, which contained many alkaline
substances because of the windy weather, and local farming
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Figure 4: Seasonal variations of the two-year average EC, pH, and
precipitation amount in Wanzhou.

might be responsible for the highest precipitation pH in
spring.

Figure 5 showed the monthly and seasonal variations
in VWM concentration of ions in the precipitation in
Wanzhou; both monthly and seasonal concentrations of each
ion were subject to large variability. Both higher loadings
of crustal-related and anthropogenic ions usually appeared
during the dry months from November to April, while lower
loadings appeared in rainy months. This variation of ionic
concentration might be related to the seasonal distribution
of air-mass origins, precipitation intensity, and emissions of
pollutants. In the dry months, enhanced coal combustion
caused the anthropogenic emissions of gaseous pollutants
and particles. Taking SO4

2− as an example, the seasonal
variation was completely consistent with the variation of its
gaseous precursor, SO2 [31]. Additionally, atmospheric parti-
cles might play an important role in contribution of ions in

precipitation, since the sum of monthly ionic concentrations
was well correlated (𝑟 = 0.59, 𝑝 < 0.01) with the PM10
concentration in Wanzhou. Furthermore, the plentiful rains
during rainy periods enhanced dilution effect of precipitation
on ionic mass, as indicted by the negative correlations with
precipitation volume (correlation coefficient 𝑟 = −0.15 to−0.37).
3.4. Acid Neutralization and the Form of Acidity. Theneutral-
ization between the acidic components and basic components
determines the pH value of the precipitation. Balasubrama-
nian et al. presented an equation for calculation of fractional
acidity (FA = [H+]/([SO42−] + [NO3−]) in precipitation [32].
On the other hand, neutralization factor (NF) was widely
used to evaluate the acid neutralization efficiency by alkaline
ions in precipitation: NF𝑋𝑖 = [𝑋𝑖]/([SO42−] + [NO3−]),
where 𝑋𝑖 is the chemical component of interest and all of
the ion concentrations are expressed in 𝜇eq L−1 [8, 33]. In
Wanzhou, the 𝐹𝐴 value was 7.3%, which means 92.7% of
the acidity had been neutralized. The NF values for NH4

+,
Ca2+, Na+, K+, and Mg2+ during the 2-year period were 0.46,
0.32, 0.13, 0.11, and 0.05, respectively, revealing that NH4

+ and
Ca2+ were the major basic ions for the neutralization of the
acidity. Nevertheless, the neutralization effect of NH4

+ and
Ca2+ in precipitation in Wanzhou was much lower than that
in Northern China, where the NF values accounted for 0.71
and 0.72, respectively [8].

In this paper, the equivalent ratio of [SO42−]/[NO3−]
was utilized to assess relative contributions of SO4

2− and
NO3
− in the acidity of precipitation. As shown in Table 1,

the SO4
2−/NO3− ratio (4.5) in this study was much higher

than those in all other Chinese cities except Guiyang, which
is the capital city of Guizhou province suffering serious acid
rain since late 1970s. This suggested that the precipitation
acidity in Wanzhou was dominantly from excessive emission
of sulfur. On the other hand, the ratio was lower than that
determined during 2001–2009 in Wanzhou [15], indicating
the relatively reinforced contribution of nitric acid to precip-
itation acidity.

3.5. Air-Mass Back Trajectories and PSCF Analysis.
Figure 6(a) showed the five air-mass clustering trajectories
arriving at the sampling site and Table 2 showed the VWM
concentrations of NH4

+, SO4
2−, and NO3

− of each cluster.
It can be seen that all air masses converged to southern
Wanzhou and finally entered Wanzhou. Cluster 1 and
cluster 2, two short-distance transport trajectories, were
the most important air-mass trajectories, which accounted
for 39.8% and 35.7% of all the trajectories, respectively.
The concentrations of NH4

+, SO4
2−, and NO3

− in cluster
1 and cluster 2 were lower than that in cluster 3, cluster 4,
and cluster 5. The trajectories in cluster 3, moving from
the Yunnan Province to Wanzhou via Guizhou province,
represented for 11.2% of air masses, and the precipitation in
this cluster contained moderate concentrations of NH4

+,
SO4
2−, and NO3

−.
Precipitation in cluster 4 and cluster 5 occurred mainly

in winter and spring, respectively. The trajectories accounted
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Table 2: VWM concentrations of NH4
+, SO4

2−, and NO3
− in precipitation for the six trajectory clusters during 2014-2015 in Wanzhou (unit:𝜇eq L−1).

Cluster NH4
+ SO4

2− NO3
−

(1) 39.8% 85.29 134.19 24.65
(2) 35.7% 83.37 118.81 25.98
(3) 11.2% 92.97 145.66 29.19
(4) 9.2% 97.62 206.74 56.51
(5) 4.1% 90.34 184.53 40.63
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Figure 5: (a) Monthly variations and (b) seasonal variations in the VWM concentration of ions in the precipitation in Wanzhou.

for only 9.2% and 4.1% of the total trajectories, respectively,
while the cluster-mean concentrations of NH4

+, SO4
2−, and

NO3
− were the highest in the five clusters. This could have

been due to the low precipitation amount and to the traversal
of the clusters through high-emission areas. For example,
cluster 4 and cluster 5 passed over Chongqing city and
Xi’an city, respectively, both of which suffered severe air
pollution [34, 35]. The potential source contribution areas of
SO4
2−, NH4

+, and NO3
− were shown in Figures 6(b)–6(d).

SO4
2−, NH4

+, and NO3
− possessed similar potential areas

of source contribution. These areas were predominately
concentrated on the southeast of Wanzhou, the junction
region of Chongqing, Hubei province, and Hunan province.
In addition, the areas in the northeast of Wanzhou had some
contributions as well. Therefore, it can be concluded that the
anthropogenic ions in the precipitation in Wanzhou were
mostly from local sources and surrounding areas. In winter
and spring, however, there was a small amount of pollutants
input into Wanzhou through long distance.

3.6. Factor Analysis of Ions in Precipitation. Varimax-rotated
factor analysis was utilized for the investigation of the major

sources of chemical species in the precipitation (Table 3).
Three factors were identified with the cumulative variance
more than 85%. And the communalities of all the ions are
no less than 0.60, indicating that these extracted factors are
reasonable. There was a strong correlation between Mg2+,
Ca2+, and Na+ with factor 1 accounting for 34% of the total
variance, pointing to the common occurrence of these ions
from crustal origin. Additionally, factor 1 had a moderate
relation with SO4

2−, NO3
−, and F−, implying that this

factor was also likely associated with certain anthropogenic
sources, such as industrial emissions, fossil fuel combustion,
and fugitive dust. Factor 2 accounted for 31% of the total
variance with high loadings for SO4

2−, NO3
−, NH4

+, and
F−, suggestive of the secondary pollution formed from their
precursors in the atmosphere. The correlation coefficients
were significant in statistics (𝑝 < 0.01) between the following
ions: SO4

2− and NH4
+ (0.68), SO4

2− and Ca2+ (0.59), NO3
−

andNH4
+ (0.53), and NO3

− and Ca2+ (0.70).Therefore, these
ions in the precipitation mainly existed as the compounds of
CaSO4, (NH4)2SO4, (NH4)HSO4, NH4NO3, and Ca(NO3)2.
Therefore, SO4

2− and NO3
− were always in neutralized forms

[36]. In addition, factor 3 was indicated by high loading
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Figure 6: Cluster analysis (a) and potential source areas for SO4
2− (b), NH4

+, (c) and NO3
− (d) in Wanzhou.

for Cl− and K+, implying the sources of biomass burning
[37].

4. Conclusions

The chemical compositions of daily precipitation in Wanz-
hou, a typical urban area located in the hinterland of the
TGRA, were investigated during the period of January 2014
to December 2015. The main findings can be summarized as
follows:

(1)The pH of two-year precipitation samples inWanzhou
ranged from4.0 to 8.3 with a volume-weightedmean (VWM)
value of 5.0. About 46.9% of the precipitation samples had a
pH lower than 5.6 and 26.1% samples had a pH lower than
5.0, and 11.6% of precipitation was strong in acidity with the

pH below 4.5. EC ranged from 3.4 to 234.0 𝜇S cm−1, with the
VWM value of 35.9 𝜇S cm−1.

(2) SO4
2− was the most abundant ion with the VWM

concentration of 156.9𝜇eq L−1, accounting for 74.6% of total
anions, followed in decreasing order by NO3

−, Cl−, and F−.
The precipitation acidity was predominantly neutralized by
NH+ and Ca2+, whose sum contributed 68.4% to the total
cations. There were good relations between the following
pairs of ions: SO4

2− and NH4
+, SO4

2− and Ca2+, NO3
− and

NH4
+, and NO3

− and Ca2+, indicating their coexistence in
precipitation, mostly as (NH4)2SO4, (NH4)HSO4, CaSO4,
NH4NO3, and Ca(NO3)2.

(3) Long-distance inputs of air pollutants were less in
Wanzhou. NH4

+ and Ca2+ were mainly originated from local
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Table 3: Varimax-rotated principal factor analysis of ions in the precipitation of Wanzhou.

Variable Factor 1 Factor 2 Factor 3 Communality
Cl− 0.08 0.15 0.89 0.83
K+ 0.15 −0.01 0.92 0.87
Mg2+ 0.95 0.15 0.29 0.94
Na+ 0.54 0.44 0.37 0.72
NH4
+ −0.01 0.91 0.07 0.84

SO4
2− 0.45 0.81 0.06 0.86

NO3
− 0.59 0.65 0.16 0.80

Ca2+ 0.92 0.26 0.13 0.93
F− 0.47 0.72 0.07 0.74
Variance (%) 33.6 31.3 20.5
Cumulative (%) 33.6 64.9 85.4

agricultural activities and crust fraction, respectively. Cl− and
K+ were mainly derived from the biomass burning near the
sampling site. SO4

2− and NO3
− were primarily associated

with local anthropogenic activities, such as coal burning and
traffic emissions.

(4) The levels of ionic concentrations in precipitation
in Wanzhou were similar to that in the head region of the
TGRA. However, most ion concentrations were lower than
that in 2000s, revealing the improvement of the air pollution
in Wanzhou.
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The objective of this research is to assess the distribution of heavy metals in the waters and sediments of the Voghji River and its
tributaries impacted by mining activity and to reveal the real source of each of the heavy metals in the environment for assessing
the pollution level of heavy metals. Voghji River with two main tributaries (Geghi and Norashenik) drain two mining regions. To
identify distribution andpollution sources of heavymetals, thewater and sediment sampleswere collected fromeight sampling sites.
The results of statistical analysis based on data sets of the period 2014–2016 showed that, after the influence of drainage water and
wastewater of mining regions, heavymetal contents in the Voghji River basin dramatically increased.Thewaters of the Voghji River
were highly polluted by Mn, Co, Cu, Zn, Mo, Cd, and Pb. The relation of metals content was highly changed due to anthropogenic
impact disturbing the geochemical balance of the Voghji River. The water quality based on only heavy metal contents in the source
of the Voghji River belongs to “good” chemical status, and in the sources of Geghi and Norashenik Rivers it is “moderate.” The
water quality of Voghji and Norashenik Rivers is sharply worsening after the influence of mining activity, becoming “bad” chemical
status. The research revealed the pollution sources of each metal.

1. Introduction

Impact of mining on aquatic ecosystems became an issue of
increasing concern. Mining by its nature consumes, diverts,
and seriously pollutes water resources [1–3]. Mining and
milling operations, together with grinding, concentrating
ores, and disposal of tailings, provide obvious sources of
contamination in the surface environment, along with dis-
charge or overflow of wastewater, runoff from rainfall or
snowmelt, drainage from the toe of waste piles, and discharge
of impacted groundwater to streams and springs. Water
pollution problems caused by mining include acid mine
drainage,metal contamination, and increased sediment levels
in streams [4, 5]. The generation of acidic drainage and
the release of water containing high concentrations of dis-
solved metals from mine wastes constitute an environmental
problem of international scale [6–8]. Chemical leaching of
metals occurs when precipitation from rainfall or snowmelt
infiltrates through ore or waste materials and dissolves or
desorbs metals from the solid material. As a consequence,

streams transport high contents of toxic trace elements such
as As, Cd, Pb, Zn, Cu, Sb, and Se [9].

Heavy metals are an important class of pollutants which
can produce considerable harm to the environment when
they are above certain concentrations [10–12].These elements
can be leached into the surface water or groundwater, taken
up by plants, and can bond semipermanently with soil
components such as clay or organic matter, which later affect
human health [13]. After heavy metals enter into a water
body, they can harm aquatic organisms, and, through the
processes of chemical adsorption and physical precipitation,
heavy metals can accumulate in the sediments of the water
environment [14]. Heavy metal contents of the surface sedi-
ments are generally significantly higher compared with those
in the water body, so it is very important to explore the heavy
metal contents in the surface sediments [15, 16].

Heavy metals are defined as metallic elements that have a
relatively high density compared to water. With the assump-
tion that heaviness and toxicity are interrelated, heavy metals
also includemetalloids, such as arsenic, that are able to induce
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Table 1: Summary of sampling sites (water and sediment) of the Voghji River basin.

Site River Location description
1 Voghji Upstream of the Kajaran city before confluence with ZCMC
2 Voghji Downstream of the Kajaran city, after confluence with ZCMC
3 Voghji Upstream of the Kapan city, after runoff Geghi River
4 Voghji Downstream of the Kapan city, after runoff wastewaters of KPM, Kavart, and Geghanush
5 Norashenik Before confluence wastewater of tailings dam of Artshvanik
6 Norashenik Mouth
7 Geghi Source
8 Geghi Mouth

toxicity at a low level of exposure and nonmetal selenium
[17].

The mining industry is developed in the Republic of
Armenia (RA). Due to the lack of adequate management and
planning, as well as poor operating experience and waste
management, this branch of industry is one of the main
sources of water pollution and of the environment, in general,
with heavy metals (Pb, Cu, Ni, Cd, Mo, As, etc.). Previous
studies in the Voghji River basin [18–21] have all found
elevated concentrations of heavy metals and trace elements
such as As, Cu, Mo, Sb, Cu, Co, Ni, and Zn in the surface
waters and sediments. The pollution problems were reported
in soils located near kindergarten and schools of the Kapan
and Kajaran cities [22, 23].

However, inadequate information is available on the
concentrations and distribution of heavy metals and trace
elements in the Voghji River basin. The aim of this study
was therefore to investigate the distribution of heavy metals
(Ti, Fe, Mn, V, Cr, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sb,
Pb) in the waters and sediments of the Voghji River and its
tributaries impacted by mining activity; to reveal the source
of each of heavy metals in the environment and correlation
between parameters, to assess the pollution level of heavy
metals; and to estimate the temporal variability influence in
concentrations of heavy metals.

2. Materials and Methods

2.1. Study Area. Voghji River is a left tributary of Aras
River located in the southeast of Armenia. The sources of
Voghji River are mountain springs and small lakes of the
Kaputjugh Mountain at an elevation of 3650m above sea
level located in the west-southern part of Armenia. The total
length of the River is 82 km (in Armenia 52 km) and the
catchment basin area is 2337 km2 (in Armenia 1240.47 km2).
The largest tributaries are Geghi and Norashenik. On its way,
the stream is fed by groundwater, rain, and melting snow and
has perennial flow throughout the year. Mean annual water
discharges of the Voghji, Norashenik, and Geghi Rivers are
estimated to be 334.3, 69.7, and 135.3 millionm3 or 10.6, 2.21,
and 4.29m3/s, respectively [24].

TheVoghji River passes through the twomining districts.
One of them is Zangezur copper-molybdenum combine
(ZCMC) which is located in the upstream of the Voghji

River in the territory of the Kajaran city, in the southeast of
Armenia. ZCMC is the largest in the region open pit mine
which extracts copper and molybdenum-rich ore, afterwards
producing two separate concentrates of copper andmolybde-
num. ZCMC produces 21Mt of ore (and the similar amount
of waste) annually. Besides the basic elements, a number of
valuable associated elements exist in the ore, such as Pb, Zn,
Cd, As, Co, and Ni.The slurry tailings, 33% of which is water,
are transported from the plant of ZCMC to the tailings dam
of Artsvanik by pipeline. The tailings dam of Artsvanik is
located in the gorge of the same river. After precipitation of
slurry tailings, the surface water of tailings dam flows into
the Norashenik River. Besides, drainage waters (surface and
ground) from open pit mine also flow into the Voghji River
in the territory of Kajaran city.

The second mining district (Kapan Polymetal) is located
in the downstream of the Voghji River, 1.5 km east of the
town of Kapan in the southeast of Armenia. Kapan Polymetal
(KPM) is fully mechanized undergroundmine with a current
capacity of approximately 400 ktpa, a conventional 750 ktpa
flotation concentrator, and various infrastructure facilities.
The mine produces gold-copper-silver and zinc concentrate.
Tailings of KPM are discharged into the tailings dam of
Geghanush located in the gorge of the same river. After
precipitation of slurry tailings in the tailings dam, the tailing
liquid flows into the Geghanush River and then Voghji River.
Near the city of Kapan, the abandoned mine of Kavart (not
belonging to KPM) is located which is considered a possible
source ofmetal’s pollution.Thewaters of Kavart rich in heavy
metals mix with surface and groundwaters in different ways.

2.2. Sample Collection and Analysis. Water and sediment
samples were collected at 8 sampling sites of the Voghji
River basin in the period 2014–2016 (see Figure 1, Table 1).
The sampling sites were selected with the aim of covering
the whole stream from its source to its confluence with two
mining areas. The sampling sites were categorized in two
groups: sampling sites 1, 5, and 7 are located in the source
of rivers, which have the minimal anthropogenic influence
representing the background state of the river basin; sampling
sites 2, 4, and 6 bear the influence of mining activity and
untreated wastewater of the cities.

Water samples were collected on a monthly basis. The
frequency of sampling in the sources of Voghji (WS-1), Geghi
(WS-7), and Artsvanik (WS-5) Rivers was less compared to
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Figure 1: Map of the study area and location of sampling points: (mining area 1) ZCMC; (mining area 2) KPM; (WS) water sampling sites;
(SS) sediment sampling sites; red arrows indicate pollution sources.

the other sites. Sediment samples were collected during the
summer period in June and August.

Collection and handling of water and sediment samples
were conducted in accordance with standard methodology
(ISO 5667-3, -6, and -12). Water samples were collected
in polypropylene plastic bottles. The water samples were
acidified at the time of collection with nitric acid. Double-
distilled nitric acid was used for water sample conservation.
The samples were stored at 4∘C and transported to the
laboratory.

Sediment samples were collected using the appropriate
sampler. Samples were transported to the laboratory, air-
dried in the laboratory at room temperature until stable
weights were recorded, and subsequently sieved through
2mm mesh. Then dried sediments samples were placed
into the digestion vessel with 12mL of HNO

3
/HF (3 : 1 v/v)

solution and digested in a microwave digestion system
(Speedwave MWS-3, Berghof, GmbH).

An inductively coupled plasma-mass spectrometer (ICP-
MS, PerkinElmer ELAN 9000, USA) was used to determine
the concentrations of Ti, Fe, Mn, V, Cr, Co, Ni, Cu, Zn, As, Se,
Mo, Cd, Sb, and Pb in the sediment and water samples.

The standard curves were obtained using separate solu-
tions containing known concentrations of each heavy metal
(PerkinElmer, Pure Grade Atomic Spectroscopy Calibration
Standard, USA) diluted with deionized water. For the calibra-
tion procedure, single element and multielement calibration
standard solutions were used. For the preparation of stan-
dard solutions, deionized water (18.2MOhm/cm) purified by
Thermo Scientific Barnstead Easypure II and argon gas with
the purity of 99.998% were used.

The background interferences from the plasma gases,
air entrainment, and solvent were corrected by subtraction
of reagent blank signals. The isobaric spectral interferences

originating from the polyatomic ion species involving the
sample matrix elements eliminated by selecting a suitable
isotope were corrected or reduced by applying interference
correction equations. To adjust the matrix effect and improve
accuracy the internal standard 115In was used.

2.3. Data Analysis. The data was analyzed using descriptive
statistics: maximum, minimum, mean, standard deviation,
variation coefficient, kurtosis, and skewness are reported.
Box-and-whisker plot was used for visualisation kurtosis and
skewness. Box-and-whisker provides a powerful tool for the
analysis of pattern, which helps to evaluate the sources of
changes as well as to assign the parameters that are associated
with these sources. The Pearson correlation analysis was
used to determine whether there was a linear association
between the trace elements. Based on the value of correlation
coefficient “𝑟,” the correlation between two parameters can
be termed as positive or negative. Analyses were conducted
using SPSS 19.0 (IBM, NYC, USA).

Assessment of pollution level of heavy metals in the
Voghji River was done based on national water quality
standards [25]. According to these standards, water quality is
classified into 5 classes: “excellent” (I class), “good” (II class),
“moderate” (III class), “poor” (IV class), and “bad” (V class).
The classification system of water quality is based on back-
ground concentrations of heavy metals for each water basin
management area, and the first class of system corresponds
to the background concentration. The classification scheme
is given in Table 2.

Since there are no established national sediment quality
guidelines in Armenia, the results of heavy metals in sedi-
ments have been compared with the Canadian Interim Sed-
iment Quality Guidelines (ISQG) proposed by the Canadian
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Table 2: Water quality assessment objectives of heavy metals for
Voghji River basin.

Heavy metal Quality class
I II III IV V

Zn, 𝜇g/L 3 100 200 500 >500
Cu, 𝜇g/L 4 24 50 100 >100
Cr, 𝜇g/L 0.5 10.5 100 250 >250
As, 𝜇g/L 0.3 20.3 50 100 >100
Cd, 𝜇g/L 0.1 1.1 2.1 4.1 >4.1
Pb, 𝜇g/L 0.1 10.1 25 50 >50
Ni, 𝜇g/L 0.6 10.6 50 100 >100
Mo, 𝜇g/L 15 30 60 120 >120
Mn, 𝜇g/L 4 8 16 32 >32
V, 𝜇g/L 0.4 10 20 100 >100
Co, 𝜇g/L 0.09 0.18 0.36 0.72 >0.72
Fe, mg/L 0.03 0.06 0.5 1.0 >1.0
Sb, 𝜇g/L 0.5 1 2 4 >4
Ti, 𝜇g/L 1.5 10 20 100 >100
Se, 𝜇g/L 1.1 20 40 80 >80

Sediment Quality Guidelines for the Protection of Aquatic
Life [26].

3. Results and Discussion

3.1. HeavyMetals inWaters of Voghji River and Its Tributaries.
The data in Table 3 show a summary of the descriptive
statistics of the heavy metals in waters of the Voghji River
and its tributaries. The high CV implies that measured
concentrations for all metals varied between stations (𝑝 <
0.05; ANOVA).

The spatial distribution of some heavy metals in the
waters of Voghji, Norashenik, and Geghi Rivers was analyzed
as box-and-whisker plots (See Figure 2).

They display batches of data with five values being used
to describe the data set. The length of the box represents the
interquartile range, which contains 50% of the values, and the
heavy horizontal line inside the box indicates themedian.The
“whiskers” are lines that extend from the box to the highest
and lowest values.

Spatial distribution pattern proved to be a powerful
tool in identifying the contamination hotspots and possible
sources of heavy metals. The comparison of heavy metal
contents observed in the sources of rivers and other sites
allows distinguishing geological and anthropogenic origins of
pollutants.

The highest Cu concentration in the waters of Voghji
River and its tributaries (median value 71.3𝜇g/l) (see
Figure 2) was observed at WS-4, approximately 30–60 times
higher compared to the background sites WS-1, WS-5, and
WS-7 (seemap, Figure 1).TheCu concentration is an order of
magnitude higher compared toWS-3, too.This phenomenon
states that the waters of Voghji River are polluted by Cu
in the territory of Kapan city and the pollution source of
Cu is the wastewater of KPM. There is also a potential

of diffuse pollution with Cu from the abandoned mine of
Kavart. Another source of Cu pollution of Voghji River,
although not as large as the wastewater of KPM, is ZCMC
with its Artsvanik tailings dam which is evident from the
increase in the concentration of Cu after Kajaran city and in
the mouth of Norashenik compared to the source of Voghji
(WS-1) and Norashenik (WS-5) rivers. The Cu concentration
variation around the median value also is higher due to the
uncontrolled point and nonpoint contamination.

The spatial distribution patterns for Co and Fe are similar
to Cu with observed highest concentration values in the WS-
4 (see Figure 2 and Table 3).

The median values of Zn and Mn were significantly
higher (𝑝 < 0.001) in WS-6 and WS-4 (see Figure 2). They
were about two orders of magnitude higher than the highest
concentrations of Zn and Mn measured in the other sites
which are connected to the inflow of wastewater both from
the Artsvanik tailings dam and KPM. The concentrations
of Zn and Mn in WS-6 (mouth of Norashenik) after the
influence of wastewater of Artsvanik tailings dam increase
99 and 55 times, respectively. The range of variation in the
median value also is higher.

In the case of Sb, Mo, Se, As, and Cd the median
values were significantly higher in WS-6, 4.78, 340.1, 4.0,
4.0, and 1.93 𝜇g/l (𝑛 = 29), respectively (see Figure 2 and
Table 3). The concentration increase between WS-6 andWS-
5 is about 2-3 orders of magnitude. It is connected to the
inflow of wastewater from Artsvanik tailings dam. In spite of
observed higher concentrations of Sb and Mo in the mouth
of Norashenik (WS-6), the impact on Voghji River is not so
big because of differences of water quantity of Norashenik
and Voghji Rivers (See Section 2.1). This pattern indicates
that wastewater of KPM is not polluted by Sb and Mo. The
increase in concentrations of Sb, Cd, andMo is observed also
at the WS-2 due to the point and nonpoint contamination of
ZCMC.The concentration of Cd increases atWS-4 due to the
impact of wastewater of KPM.

The spatial distribution pattern of Pb has similarity with
Cd (See Table 3). The variation of mean concentration Pb
within sampling sites is more than 80% indicating that the
difference between the concentration of background and
influenced sites is large. As observed from the data (Table 3)
Pb content in the Voghji River increased due to the impact of
wastewater of ZCMC and KPM.

The variability of mean concentrations of Cr, Ni, and Ti
between sampling sites is 37%, 49%, and 41%, respectively. A
little increase in the content of Cr and Ti was observed only
at the WS-2 (0.97 and 5.05𝜇g/l) (Figure 2). Ni concentration
slightly increases at WS-2 and WS-6.

The spatial distribution pattern of V differs from other
metals. Under the influence of ZCMC, a small increase in
the concentration of V was observed in WS-2 which is much
lower than the concentration observed in WS-5. The content
of several heavy metals, such as Ti, Cr, Co, Ni, Sb, and Pb, is
higher at WS-5 comparing to the other two background sites
(WS-1 and WS-7).

Overall, in the Norashenik River, the concentrations of
Mn, Mo, Zn, Cd, and Sb were dramatically increased under
the influence of wastewater of the Artsvanik tailings dam. In



Journal of Chemistry 5

Table 3: Arithmeticmean (AM) concentrations, standard deviation (SD), and variation coefficient (VC%) of heavymetals in waters of Voghji
River and its tributaries during the period 2014–2016 (units are 𝜇g/L, except Fe and Mn for which units are mg/L;𝑁 represents the number
of data).

WS BS Fe Mn Ti V Cr Co Ni Cu Zn As Mo Cd Sb Pb Se

1
(𝑁 = 24)

AM 0.038 0.004 1.82 0.243 0.395 0.082 0.927 3.07 3.21 0.938 5.83 0.045 0.044 0.039 0.765
SD 0.03 0.002 0.66 0.12 0.24 0.057 0.36 1.51 1.88 0.56 2.85 0.02 0.03 0.03 0.798
VC 69 54 36 51 60 70 38 49 59 60 49 48 71 87 104

2
(𝑁 = 29)

AM 0.183 0.023 5.54 1.06 1.030 0.316 1.67 10.9 4.75 1.79 111.6 0.372 0.39 0.397 7.69
SD 0.14 0.02 3.12 0.76 0.57 0.24 0.67 5.66 4.77 0.95 94.2 0.34 0.36 0.47 7.94
VC 74 102 56 72 55 76 40 52 101 53 84 92 92 119 103

3
(𝑁 = 29)

AM 0.074 0.004 2.79 1.17 0.559 0.157 1.07 5.62 1.59 1.94 46.3 0.153 0.33 0.463 1.38
SD 0.05 0.00 2.05 0.42 0.29 0.12 0.46 2.14 1.25 0.77 17.5 0.07 0.19 0.56 1.09
VC 68 62 74 36 51 73 43 38 78 40 38 46 59 121 79.0

4
(𝑁 = 29)

AM 0.376 0.181 3.95 1.36 0.677 2.57 2.92 82.5 105.5 1.51 64.2 1.18 0.778 0.329 1.81
SD 0.189 0.137 2.38 0.875 0.436 1.95 2.00 51.3 84.6 0.818 65.1 0.779 0.851 0.238 1.36
VC 50 76 60 64 64 76 68 62 80 54 101 66 109 72 75.3

5
(𝑁 = 15)

AM 0.110 0.003 4.14 4.61 0.716 0.227 1.28 1.28 0.94 0.688 1.19 0.009 0.116 0.099 0.728
SD 0.078 0.00 1.98 1.62 0.50 0.10 0.56 0.44 0.67 0.19 0.48 0.01 0.07 0.10 1.14
VC 71 56 48 35 69 44 44 34 72 27 40 59 61 100 157

6
(𝑁 = 29)

AM 0.236 0.178 6.18 6.90 0.790 0.720 2.150 11.5 82.1 4.59 400.5 1.891 5.87 0.522 4.25
SD 0.21 0.14 4.68 5.80 0.70 0.51 1.22 7.79 50.4 2.29 217.5 0.78 3.43 0.47 2.57
VC 88 77 76 84 57 70 57 68 61 50 54 41 58 90 60.6

7
(𝑛 = 15)

AM 0.075 0.005 2.12 0.647 0.297 0.126 0.805 1.51 1.39 0.616 7.15 0.036 0.084 0.048 1.57
SD 0.06 0.01 1.21 0.32 0.25 0.06 0.37 0.47 1.05 0.46 2.95 0.02 0.05 0.04 2.08
VC 85 99 57 49 86 44 46 31 75 75 41 42 58 93 132

8
(𝑁 = 29)

AM 0.077 0.011 2.76 0.840 0.503 0.150 1.025 3.23 2.35 1.14 15.3 0.057 0.166 0.114 1.71
SD 0.07 0.01 2.40 0.35 0.46 0.07 0.53 1.75 1.79 0.61 12.2 0.04 0.12 0.15 2.09
VC 86 59 87 42 92 47 52 54 76 53 79 63 69 129 122

theGeghi Rivera little increase in concentration values ofMn,
As, Sb, and Pb was observed.

The variation coefficient (VC) was used to investigate
the variability of concentrations during the sampling period
(2014–2016). The most seasonally variable metals are Pb, Fe,
and Se (see Table 2). VC values for Pb were higher than 80%
(86–136%) at all sampling sites with the exception of WS-
4. At the background sites with the exception of WS-7, VC
values are less than 80% (except Se and Pb), indicating less
variability of heavy metals at background sites. At WS-7 the
variable metals (CV > 80%) are Fe, Mn, Cr, and Pb. The
highest values during the year were observed from March
to May and partly from October to November. Heavy metal
content increases in the spring due to the snowmelt and
precipitation in the catchment. Runoff waters from mining
area and mine drainage are considered nonpoint pollution
source of heavy metals.

To distinguish the pollution sources, heavy metals were
also analyzed through Pearson’s correlation. The correlation
analysis was done for the observed 15 heavy metals based
on the data for the period 2014–2016 (See Table 4). Only
the strong and positive (𝑟 > 0.7) correlation among metals
were taken into account. Among the metals, the only not-
correlated metal is Ni.

At site 2, the number of correlated parameters and values
of correlation coefficient increase. A strong correlation was
found among 9metals (Ti, V, Co, Cu, As,Mo, Cd, Pb, and Fe).
After the mining and processing molybdenum and copper,
the composition of river water has changed. The correlated
metals are associated with the composition of local minerals:
molybdenum, chalcopyrite, magnetite, and pyrite.

At site 3, the strong correlation was observed for 5 pairs.
At site 4, the correlation coefficients were decreased from0.95
to 0.70 among 13 pairs. The high correlation indicates that
these elements shared the same artificial sources.

In the source of Norashenik River (WS-5) the strong
correlation was observed only among 3 metals (Fe, Mn,
and Ti). These metals are the main components of several
common minerals and rocks. At site 6, the number of
correlated parameters and values of correlation coefficient
increase. The correlation was found among 8 pairs, and the
correlation coefficients were changed from 0.76 to 0.7.

At site 7, the correlation coefficients were decreased from
0.87 to 0.70 among 12 pairs. Although WS-7 is considered as
background site from the correlated pairs, it is evident that
anthropogenic impact exists. The most correlated pairs were
observed at the WS-8. At site 8, the correlation coefficients
were decreased from 0.93 to 0.70. It indicates that these metal
pairs likely originated from the same sources.
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Figure 2: Spatial distribution of concentrations values of some heavy metals in the waters of Voghji River and its tributaries. Median, 25th
and 75th percentiles are shown in the box; whiskers indicate the maximums and minimums.

3.2. Spatial Distribution of Heavy Metals in Sediments. The
results of the analysis of heavy metals in Voghji, Geghi,
and Norashenik Rivers sediments (see Table 5) showed an
increase in heavymetal concentrations in the sediments at the
downstream of Kajaran (SS-2), with the exception of Ti, Mn,
and Fe, compared to SS-1 (source of Voghji River) associated

with the drainage of mining territory of ZCMC. The highest
concentrations of Cu, Zn, Mo, and Pb were observed at SS-2
and SS-3. At the SS-1, the average content of metals follows
the order Fe > Ti > Mn > Cu > Zn > V > Mo > Pb > Ni >
Cr > As > Co > Cd > Sb. At the SS-2, the average content of
metals follows the order Fe > Ti > Cu >Mn >Mo > Zn >V >
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Table 4: Correlation between metals in water of the Voghji River and its tributaries (𝑟 > 0.7).

WS Pearson’s coefficients of correlations between metals
1 Cu-V (0.70)

2 Cd-Se (0.88), Mo-Cd (0.84), Mo-Se (0.81), Pb-Ti (0.79), Mo-As (0.78), Fe-Mn (0.78), V-Ti (0.75) Se-As (0.74),
V-As (0.72), Cd-As (0.70), V-Co (0.70), Pb-Fe (0.70)

3 Mo-As (0.88), Mo-Cd (0.76), Ti-Fe (0.74), Cu-Fe (0.72), Cd-As (0.70)

4 Mo-As (0.95), Cu-Zn (0.89), Sb-As (0.88), Mo-V (0.86), Mo-Sb (0.86), As-V (0.85), Cu-Co (0.82), Co-Zn (0.81),
Cd-Zn (0.79), Co-Mn (0.77), Cd-Sb (0.73), Cd-Co (0.72), Sb-V (0.71)

5 Mn-Fe (0.74), Mn-Ti (0.71)
6 As-V (0.76), Pb-Co (0.73), Zn-Cu (0.73), Cu-V (0.70), Cu-Co (0.70), Fe-Cr (0.70), Fe-Ti (0.70), Ti-Cr (0.70)

7 Fe-Ti (0.87), Fe-Co (0.85), Fe-V (0.84), Sb-Co (0.82), V-Ti (0.80), Pb-Ti (0.77), Co-V (0.75), Fe-Pb (0.72), Fe-Sb
(0.72), Fe-Cu (0.72), Co-Ti (0.71), Mo-Cr (0.70)

8
Cd-Mo (0.93), As-Mo (0.86), Fe-Pb (0.85), Cu-V (0.84), Fe-Ti (0.83), Cd-As (0.79), Cu-Ti (0.79), Pb-Ti (0.75),
Cu-Co (0.75), Cu-Cr (0.73), Fe-Cu (0.72), Cr-Mn (0.72), Ti-V (0.71), Cr-V (0.70), Co-V (0.70), Co-Ti (0.70),

Fe-V (0.70), Mn-Ti (0.70), Pb-Ti (0.70)

Table 5: Heavy metals in sediments (mean value in mg/kg) in the Voghji River basin in 2014–2016.

SS Fe Ti V Cr Mn Co Ni Cu Zn As Mo Cd Sb Pb
1 8962 840 25.4 8.89 450 5.34 11.3 119 41.4 6.93 24.0 0.32 0.23 11.5
2 4674 2037 45.9 9.42 239 8.12 14.8 620 99.6 9.41 109 0.44 1.54 30.1
3 20018 4203 121 11.1 245 13.8 17.0 494 54.4 29.7 80.0 0.33 2.96 40.5
4 4471 1499 35.3 1.95 75.4 4.36 3.22 137 67.2 11.8 25.4 0.97 1.62 18.4
5 2053 2094 39.3 11.8 172 6.73 18.8 15.4 26.9 2.50 0.27 0.09 0.12 3.52
6 13674 3176 84.6 7.16 176 7.76 5.78 126 92.3 13.1 33.1 0.84 1.46 13.8
8 6537 1382 36.5 7.17 200 5.51 8.14 192 36.8 8.21 12.3 0.14 0.79 15.5
ISQG - - - 37.3 - - - 35.7 123 5.9 - 0.6 - 35.0

Pb >Ni > Cr > As > Co > Sb > Cd. In spite of the increase in
metal contents at the SS-2, the order of average concentration
values of metals remains almost the same.

At the SS-3, Fe, Ti, V, As, and Sb were accumulated in the
sediment leading to the highest concentration of these metals
in the whole river basin.

The sediments of Norashenik River are polluted with
heavy metals because of inflowing wastewater of the
Artsvanik tailings dam.This can be seen from the comparison
of heavy metal content in sediments of SS-5 (source of
Norashenik River) and SS-6 (mouth of Norashenik River).
The only difference was observed at the SS-3 where themetals
content is inexplicably high.The spatial distribution ofmetals
in sediments, in general, is similar to the distribution of
water. As the results demonstrated, the concentration values
of Mo, Sb, Cd, Cu, and Fe in the sediments at the mouth
of Norashenik River (SS-6) increased sharply. The slight
increase in concentrations was observed in the case of Ti, V,
Co, Zn, As, and Pb. In the case of Cr and Ni, conversely, the
concentrations decreased.

The specific distribution pattern of Mn showed that the
concentration in sediments is higher only at SS-1 and lower
at SS-4. In the other sites, the concentration range of Mn was
not changed indicating that Mn distribution in sediments is
not directly related to the mining activities.

The concentrations of Cu and As in sediments exceeded
ISQG in all sites besides SS-5. The concentrations of Cd

exceeded ISQG in sediments of SS-4 and SS-6. It is note-
worthy that cadmium concentration exceeded corresponding
ISQG only in the sediments of SS-3.

3.3. Relationship of Heavy Metals Content in Water and
Sediment. Waters and sediments surrounding the mining
area bear the brunt of industrial discharges and destruct
environmental natural balance. To identify changes in the
natural chemical composition of heavy metals in water and
sediments as a result of mining operations, the ratio of heavy
metals in water and sediment and correlation between the
ratio of heavy metals in water and sediment were estimated.

In the upper part of the Voghji River (WS-1), the median
Cu/Zn ratio in the water samples of background sites varied
between 0.8 and 1.6.Then, after ZCMC the ratio of Cu/Znwas
3.5, and after the city of Kapan the ratio was again 1 despite
the sharp growth of Cu and Zn. In the sediment samples of
upper part of the Voghji River, the ratio of Cu/Zn was 3. After
ZCMC, the ratio increased to the same extent and was 6–9.

The ratio of Mo/Zn in the water of sampling sites 1 and
5 was 1.5 and 1.9, respectively. Then, after the influence of
ZCMC (below Kajaran city) the ratio of Mo/Zn was 21.5. Due
to the inefficient processing, the large amount of Mo remains
in the processed rocks and enters into the waters.

The ratio of Ti/V, Ti/Cr, V/Cr, and Ti/Ni changed slightly
after the influence of ZCMC in waters of both Voghji and
Norashenik Rivers.
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Table 6:Water quality of theVoghji River basin based on only heavy
metals.

Sampling
sites

Main indicator
metals

Water quality
parameter class

Overall water
quality class

1 - - Good

2 Fe, Mn, Co Moderate Poor
Mo Poor

3 Mo Moderate Moderate

4
Mo, Fe Moderate

BadCu Poor
Mn, Co Bad

5 Fe, Co Moderate Moderate

6
Fe, Cd Moderate

BadCo Poor
Mn, Mo, Sb Bad

7 Fe Moderate Moderate
8 Mn Moderate Moderate

The ratio of Fe/Al in the water of sampling sites 1, 5, and
7 was 2.5, 2.9, and 2.7, respectively. After the influence of
mining, the natural composition was changed in the range
1.2–1.9.

TheMo/Ti ratio increased to 6.8 in the upper part (site 1)
which increased to 13 after the city of Kajaran, and a sharp
growth was observed after the city of Kapan, about 28 in
water of river. The Pb/Cd ratio increased from 1.3 to 1.7 after
the city of Kajaran, and then a slow decrease was observed
before the city of Kapan, reaching the minimum values
after ZCMC, which is an evidence that enterprise wastes
contain large amounts of toxicmetals. Due to diffusion, heavy
metal abundant waste and tailings penetrate into the river,
becoming pollution sources. In the process of mining, the
spatial distribution of metals concentrations is disturbed.

3.4. Assessment of Heavy Metal Pollution in the Voghji River
Basin. The assessment of the contents of heavy metals was
done based on mean concentrations value for the period of
2014–2016 (see Table 3). The mean values of heavy metals
are compared to the national water quality standards (see
Section 2.3) and derived quality class. The results of the
assessment are presented in Table 6. According to the results
(Table 6), in the upper reaches of the Voghji River (WS-1),
the water quality corresponds to the “good” quality. Then,
in the river receiving drainage wastewater from ZCMC, the
water quality was worsened gradually to “poor” class at
downstream of Kajaran. The “poor” water quality in the
section downstream of Kajaran (site 2) was associated with
the high concentration of Mo.Then, after mixing with Geghi
River, the water quality of Voghji River was getting better and
water quality was classified as “moderate” (WS-3) connected
with elevated concentration of Mo. After the influence of
KPMandmixing of theNorashenik River, thewater quality of
theVoghji Riverworsened to the “bad” quality due to elevated
Mn and Co levels. The water quality of the Geghi tributary
was classified as “moderate” due to iron. The water quality of

the Norashenik tributary was classified as “bad” connected to
Mn, Mo, and Sb.

4. Conclusions

Our results indicated a high degree of mining-derived pol-
lution in the Voghji River. Both ZCMC and KPM mining
districts with their ore processing center leachate, operated
tailings dams, the abandoned mine, and other enterprises
located in the Voghji River basin are the major sources of
heavy metals pollution. The water quality is worsening after
the influence of mining waters from the “good” to the “bad”
state.

The research revealed the pollution sources of each
metal. ZCMC with its wastewater and diffuse water pollutes
the Voghji River mostly with Mo and Sb. The content of
other metals increases slightly (less than 10 times) after the
influence of ZCMC. The wastewater of Artsvanik tailings
dam polluted the Norashenik River and then Voghji River
mostly with Mn, Zn, Se, Mo, Cd, As, and Sb. KPM and
the abounded mining area Kavart were mainly responsible
for the elevated concentrations of Cu, Zn, and Co in the
Voghji River (below Kapan city). Both ZCMC and KPM
were responsible for the increase in concentrations of Fe,
Mn, Zn, Pb, and Cd in Voghji River (below Kapan city). The
concentrations of Ti, V, Cr, Ni, and As in the Voghji River
changed slightly. The high concentration of V in the waters
of the source of Norashenik River was mostly due to natural
sources indicating the peculiarities of geohydrochemistry of
Norashenik River.

The spatial distribution ofmetals in sediments, in general,
is similar to the distribution of water.The only difference was
observed at the SS-3 where the metals content is inexplicably
high. The concentration values of Mo, Sb, Cd, Cu, and Fe in
the sediments at the mouth of Norashenik River increased
sharply. The slight increase in concentrations was observed
in the case of Ti, V, Co, Zn, As, and Pb. In the case of Cr and
Ni, conversely, the concentrations decreased.
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[13] A. Gómez-Alvarez, D. Meza-Figueroa, A. I. Villalba-Atondo, J.
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The response of duckweed (Lemna minor L.) roots to Cd and its chemical forms was investigated. The relative root growth rate
and concentrations of Cd and its different chemical forms in the root, that is, ethanol-extractable (FE-Cd), HCl-extractable (FHCl-
Cd), and residual fractions (Fr-Cd), were quantified. Weibull model was used to unravel the regression between the relative root
elongation (RRL) with chemical forms of Cd. Parameters assessed catalase (CAT), peroxidases (POD), and superoxide dismutase
(SOD), as well as malondialdehyde (MDA) and total antioxidant capacity (A-TOC). Our results show that both the relative root
growth rate and relative frond number were affected byCd concentrations.The chemical forms of Cdwere influenced byCd content
in the medium. Relative root elongation (RRL) showed a significant correlation with chemical forms of Cd. Additionally, POD and
SOD increased at lower Cd concentrations followed by a decrease at higher Cd concentrations (at more than 5 𝜇MCd). Moreover,
MDA and A-TOC increased and CAT decreased with increasing Cd exposure. Furthermore, CAT showed a significant correlation
with FHCl-Cd. Taken together, it can be concluded that the chemical forms of Cd are statistically significant predictors of Cd toxicity
to duckweed and to the other similar aquatic plants.

1. Introduction

Cadmium (Cd) is a major contributor to heavy metal pol-
lution. It is found in both natural and waste waters and is
produced by agriculture through pesticides and fertilizers use
and wastewater irrigation and by industry through smelting,
metalworking, and pigmentation [1, 2]. The metal has a rela-
tively high solubility and mobility in water and then is easily
absorbed for aquatic plants [3]. It destroys photosynthetic
apparatus and carbohydrate metabolisms of plants [3–5] and
can be transferred in the food chain to threat human health
[6]. Some evidences also indicated that the presence of Cd
affected cell wall construction and vesicular trafficking [7].
Plants have developed several detoxification mechanisms to
alleviateCd toxicity, including the existence of different forms
of metals and sequestration into the cell wall [8, 9].

The chemical form of Cd determines the characteristics
of Cd migration, potential phytotoxicity, and accumulation

in plants and then influences the detoxification and tolerance
to Cd of plants [10–13]. Yin et al. [12] found that the different
capacity to binding Cd different forms (such as FHCl-Cd and
Fr-Cd) played an important role in the genotype difference
in Cd accumulation of spinach. Mwamba et al. [14] demon-
strated that metals which are both in the form of insoluble
phosphate and firmly adsorbed in the cell walls and vacuoles
are not free to migrate and have low toxicity, whereas Xu et
al. [15] reported that high Cdmobility is often in the forms of
the water soluble Cd, inorganic Cd, and Cd complexes with
organic acids. Wang et al. [9], in a comparison of watercress
genotypes with low- and high Cd-accumulation, found that
low-Cd genotypes may convert Cd into pectate/protein-
bound forms and insoluble phosphate precipitates to a greater
degree than high Cd types, and that this could be the primary
method by which Cd toxicity and mobility are reduced in
watercress.
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Cd has previously been shown to induce reactive oxygen
species (ROS) and cause oxidative stress (OS), which damages
cell structure and function [16, 17]. Plants have evolved
effective scavenging mechanisms to survive the Cd stress
[6]. The key components of the ROS-scavenging system are
mainly antioxidative enzymes, such as peroxidases (POD),
superoxide dismutase (SOD), and catalase (CAT) and also
other metabolites, including reduced glutathione, malondi-
aldehyde (MDA), and ascorbic acid [18]. Several studies have
found that enzyme activity can be modified by Cd stress
before symptoms of toxicity become visible [19]. Consid-
ering this, it is inferred that enzymatic activity may signal
this biological process and be an indicator of metal toxic-
ity.

Duckweed (Lemna minor L.) is a small floating aquatic
plant consisting of submerged greenish roots and floating
plant bodies (referred to as fronds). In terms of its reproduc-
tion, this primarily takes place in a vegetative way through
the creation of colonies [20]. To be specific, this involves the
formation of daughter fronds at the proximal ends of mother
fronds in two meristematic regions (ibid). It is well known
that duckweed accumulates heavy metals [21], including Cd
[2, 22]. Its physiological response to heavy metal stress [23]
has been extensively studied in recent years, and researchers
have started to examine its defence mechanisms against
heavymetal toxicity [24].However, relatively few studies have
examined the correlation between the heavy metal toxicity
(which results from the chemical forms) and antioxidant
enzymatic activity in duckweed. This knowledge gap greatly
restricts our capability to understand the potential mech-
anisms of defence against heavy metal toxicity of aquatic
plants.

In the present study, an experimental design was devel-
oped to achieve the following objectives: firstly, to investigate
root growth and the antioxidative enzymatic activity (specif-
ically with respect to CAT, SOD, POD, and MDA) of duck-
weed roots exposed to different Cd concentration; secondly,
to detect the change of different chemical forms of Cd; and
thirdly, to quantify the relationship between the antioxidant
system and different chemical forms of Cd, which directly
reflect different toxicity of different chemical forms. The
achievement of these objectives was planned to illuminate the
role of chemical forms in detoxification of aquatic plants to
heavy metal.

2. Materials and Methods

2.1. Plant Materials and Culture. Sample duckweed seedlings
were collected from Yileen Garden in Nanjing, China. The
samples were placed in a Hoagland culture solution contain-
ing 600𝜇M Ca(NO3)2, 300 𝜇M MgSO4, 300 𝜇M K2HPO4,
13.8 𝜇M H3BO3, 217 𝜇M MnSO4, 0.3 𝜇M Na2MoO4, 0.5 𝜇M
CuSO4, 16.5 𝜇M Fe(III)-EDTA, and 0.3 𝜇M ZnSO4 under
natural light conditions in a greenhouse. The pH of the
medium was taken to 5.5 with 0.1M NaOH and HCl. The
mediumwas replaced every other day. Inoculation of a single
2-3 frond colonywas used to initiate experimental cultures for
growth measurement and of 10–12 colonies for other analy-
ses.

2.2. Toxicity Experiments. Duckweed plants of similar fronds
numbers were selected to place in medium containing Cd
(0.1, 0.5, 1, 5, 10, or 20 𝜇M CdCl2). A free Cd treatment (only
containing Hoagland medium) was used for control. Each
treatmentwas performed in triplicate.The treatmentmedium
was replaced every other day, and the fresh plant sampleswere
collected after 4 days of treatment. Growth over 4 days was
monitored by counting the number of fronds, which were
recorded as relative frond numbers after Ensley et al. [25].

To calculate relative root elongation (RRL), the formula
RRL (%) = 100(RLT − RLS)/(RLC − RLS) was applied, where
RLT is the mean root length (RL), where toxicants (i.e., Cd2+)
are present, RLC is RL in a toxicant-free control, and RLS is
RL when the seedling was transferred into the test media.
The growth thus quantified can be plotted against toxicant
intensity (𝑇) measures such as the overall Cd concentration
and its different chemical forms. The results often plot as
negatively sigmoidal curves, which have been characterised
with a Weibull equation [26, 27]. If 𝑇 limits growth, RRL =
100/exp[(𝑎𝑇)𝑏], where 𝑏 is a shape coefficient and the
strength coefficient 𝑎 increases with the degree of metal
toxicity.

2.3. Extraction of Chemical Forms of Cd. The chemical forms
of Cd were determined using a modified version of the
following method described by Wu et al. [28]. Cd in its
different chemical forms was sequentially extracted as shown
below:

(i) 80% (v/v) ethanol, extracting soluble Cd, including
chloride, nitrate, and aminophenol cadmium (FE-
Cd),

(ii) 0.6M HCl, extracting insoluble CdHPO4 and
Cd3(PO4)2, other Cd-phosphate complexes and Cd
integrated with pectates and protein, and so on
(FHCl-Cd),

(iii) Cd in residues (Fr-Cd).

Fresh duckweed root samples were rinsed in tap water
and deionized water and then dried with paper tissue. Roots
were cut into 1-2mm2 pieces, which were used separately in
the sequential extraction for various forms of Cd. A plant
sample of 4 gwas placed in a 50ml centrifugal tubewith 25ml
extractant (80% ethanol). The tube was kept in a 30∘C water
bath for 18 hrs. After the tube was centrifuged for 10min at
10000 rpm, the supernatant was collected. Another 20ml of
the same extractant was added to the extract for 2 h, and
the supernatant was collected and mixed with the previous
supernatant collection. The entire extraction solution was
collected, evaporated to a constant weight, and then digested
using HNO3–HClO4 (3 : 1, v/v). After one extraction solution
had been collected, the next was added to the plant materials
still in the beaker using identical procedures. To determine
theCd content in residues,HNO3–HClO4 (3 : 1, v/v) was used
to digest the plant material after the sequential extraction.
Atomic absorption spectrophotometry (TAS-986, Beijing,
China) was used to determine the concentrations of the
different chemical forms of Cd.
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2.4. Determination of Antioxidative Enzyme Activities. 5.0ml
of extraction buffer solution (0.05M NaH2PO4 + Na2HPO4,
pH 7.4) was used to homogenize 0.5 g samples of fresh root
material. The resulting homogenate was spun in a centrifuge
at 10000𝑔 for 10min. The procedures were all performed at
4∘C. The supernatant was utilized for the enzyme activity
assays. The increase in 470 nm absorbency as a result of
guaiacol oxidation was used to measure POD [29, 30]. To
measure the guaiacol-dependent activity of peroxidase, a
reactionmixture containing 50mmol/l phosphate buffer (pH
7.0), 10mmol/l H2O2, 50mMguaiacol, and enzymewas used.
Assay of SOD was based on its inhibition of photochemical
reduction in nitro blue tetrazolium [31].The reactionmixture
was made up of 50mM phosphate buffer (pH 7.4), 75mM
nitro blue tetrazolium, 13mM methionine, 100 nM EDTA,
0–200𝜇L of enzyme extract, and 2mM riboflavin, with the
riboflavin being the last to be added. The absorbance of this
mixture was read at 560 nm to measure SOD. One unit of
SOD activity (U) was defined as the amount of enzyme that
caused 50% inhibition of the initial reaction rate in the
absence of enzyme. The total activity of SOD was given as
U/mg protein. The method of Aebi [32] was used to measure
CAT. This method uses decreasing absorbency at 240 nm as
an indicator of H2O2 hydrolysis. One unit of enzyme activity
(U) was equated for the reduction of 0.1 units atA240 in 1min,
and the activity of CAT was expressed in terms of U/mg
protein.

2.5. Lipid Peroxidation. The formation of MDA was used as
an indirect method to estimate lipid peroxidation in vitro, as
this is a by-product of the peroxidation of lipids and reacts
with thiobarbituric acid [33]. This was performed through
homogenization of 100mg of fresh plant material in 1ml
of 15% (w/v) trichloroacetic acid, 0.25M HCl, 0.37% (w/v)
2-thiobarbituric acid, and 0.01% (w/v) butylated hydroxy-
toluene in a ceramic mortar, followed by incubation of the
samples for 30min at 90∘C, chilling with ice, and, finally,
centrifuging for 10min at 10000 rpm at 4∘C. The 535 nm and
600 nm absorbances of the resulting chromophore were then
measured. As a nonspecific turbidity correction, the latter
absorbance was subtracted from the former. An extinction
coefficient of 156mM−1 cm−1 was then used to calculate the
concentration of MDA.

2.6. Determination of Total Antioxidant Potential. Both enzy-
matic and nonenzymatic reactions (e.g., SOD, GSH, GSH-
PX, CAT, VC, and VE) are included in the T-AOC of the
protective system. Commercial assay kits from the Nanjing
JianCheng Institute, China, were used to measure T-AOC
[34] in accordance with the manufacturer’s instructions. To
summarise, the analysis was a colorimetric assay based on
the reduction of Fe3+ to Fe2+ by the antioxidant and the
formation of complexes through the reaction of the Fe2+
with the phenanthroline. An absorbance measurement was
made at 520 nm, and one unit of antioxidant capacity (U) was
characterised as an increase of 0.01 units at A520 in 1min/mg
protein. T-AOC was expressed in terms of U/mg pro-
tein.
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Figure 1: Relative root growth rate (%) as a function of the solution’s
Cd concentration (𝜇M).
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Figure 2: Growth of duckweed during cultivation in medium
containing various concentrations of Cd (𝜇M).

2.7. Statistical Analysis. EXCEL 2007 was used for determin-
ing the correlation between chemical forms of Cd and toxic
response in the data. A one-way ANOVA with a least sig-
nificant difference (LSD) test was used to identify significant
differences, using a confidence level of 95% (𝑃 < 0.05). Spss
was used for the ANOVA analysis.

3. Results

3.1. Effect of Cd onDuckweedRoot Elongation and FrondNum-
bers. Figure 1 shows that the relative root growth rate was
significantly related to Cd concentration. The relative root
growth rate showed a continuous decrease with an increase
of exposed Cd concentrations from 0.1𝜇M to 20𝜇M. Critical
values corresponding to a 50% reduction of the relative root
growth rate were about 10 𝜇M.

It is important to recognize the fact that the relative
frond number was also affected by the Cd concentration.
Figure 2 indicates that the relative frond number, expressing
the growth of Cd-exposed duckweed plants, significantly
decreased (𝑃 < 0.05). As the solution’s Cd concentration rose,
the frond numbers dropped progressively. The relative frond
number was 60.7% lower than that of the control in the
solution with a 10-𝜇M Cd concentration. The relative frond
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Figure 3: Chemical forms of Cd in duckweed roots (a) and percentage (b) after a 4-day period of exposure to Cd stress.

number dropped to 38.2% when plants were cultivated using
a 20𝜇MCd concentration medium.

3.2. Chemical Forms of Cadmium in Duckweed Root. The
results of chemical forms of Cd and their relative distribution
in duckweed were shown in Figure 3. It was found that
Cd concentrations bound to different chemical forms in
duckweed root increased with an increase of Cd exposure
concentrations. For example, when the solution’s Cd con-
centration was 0.1𝜇M, the FE-Cd and FHCl-Cd contents
were 1.22 and 2.51mg/kg root, respectively, and these levels
increased significantly for duckweed cultivated in 20𝜇M Cd
solution, reaching 42.13 and 172.9mg/kg root, respectively.
When the solution’s Cd concentrations were in the range of
0.1–10 𝜇M, FHCl-Cd was the major chemical form, followed
by FE-Cd, and finally Fr-Cd. After exposure to the 20𝜇MCd
concentration solution, the least prevalent form was FE-Cd.
The relative distribution varied in a concentration-dependent
manner with Cd treatment. When the Cd concentration of
the solution was 0.5 𝜇M, the relative distribution of both FE
and Fr showed a peak, whereas FHCl-Cd was relatively low.
However, when Cd concentration in the solution increased
from 0.1 𝜇M to 20𝜇M, the relative distribution of FE-Cd and
Fr-Cd decreased, while the relative distribution of FHCl-Cd
increased. For instance, the percentage decrease for FE-Cd
was from 26.5% to 16.7% (except 30.3% at 0.5 𝜇M), whereas
the percentage increase for FHCl-Cdwas from 54.4% to 64.5%
(except 45.3% at 0.5 𝜇M) (Figure 3(b)).

Figure 4 illustrated the regression results between RRL
and FE-Cd, FHCl-Cd, and Fr-Cd. The data indicated that the
relationships conformed to the Weibull model, in which the
values of R2 were above 0.96.

3.3. Effect of Cd on Antioxidant Enzyme Activity. The re-
sponses of the antioxidant enzymes to Cd stress were shown
in Figure 5. The relative specific activities of SOD and POD
increased at lower Cd concentrations until they reached a
peak, before decreasing at higher concentrations. Both SOD
and POD peaked at 5 𝜇M. The most pronounced 2.67-fold
increase of relative specific enzyme activity was measured
for SOD, and this occurred when the plants were exposed

to the solution with 5𝜇M Cd concentration. The peak value
of POD was 162.0 ± 30.7% (compared to control, 𝑃 < 0.01)
at the concentration of 5𝜇M. At higher Cd concentrations,
enzymatic activity decreased significantly and was below
the control level reaching 85.2 ± 8.1% of the control value,
where the concentration of 20𝜇MCdwas used. However, the
activity of SODwas always above the control level across both
low and high Cd concentrations, and it reached 150.8±18.6%
of the control value (𝑃 < 0.01) at 20𝜇M. At all applied Cd
concentrations, T-AOC relative specific activity was greater
than in the control samples, showing a gradual, significant
increase to 171.6 ± 22.2% of the control value at 0.5 𝜇M Cd
(𝑃 < 0.01). After a 4-day period of exposure to various Cd
concentrations, this increased significantly to 410.8 ± 66.7%
of the control value at 20𝜇M Cd. In contrast, the relative
specific activity of CAT was lower than that of the control
samples at all Cd concentrations, with a gradual decrease
at lower Cd concentrations (≤0.5 𝜇M) and with a sharply
significant decrease at higher Cd concentrations (>0.5 𝜇M).
When the plant was exposed to 20𝜇MCd, CAT activity only
amounted to 18.9 ± 3.7% of the control value (𝑃 < 0.01). In
addition, a correlation between the chemical form of Cd and
Cdwas observed (Figure 6). It indicated that the relationships
were consistent with the logarithmic curve, in which the
values of R2 were above 0.86. FHCl-Cd exhibited the strongest
correlation of the three chemical forms.

3.4. Lipid Peroxidation. The MDA content of the root
showed an increase when the medium Cd concentration was
increased from 0.1𝜇M to 10 𝜇M and then dropped slightly
at the Cd concentration of 20𝜇M (Figure 7). That is, the
MDA content had a plateau (18.87U/mg) at 10𝜇M Cd. The
levels of MDA at and above 1 𝜇M Cd significantly exceeded
those in the control. For example, the MDA concentration in
duckweed roots exposed to 5𝜇M Cd was 15.8 ± 1.13U/mg,
whereas it was 6.17 ± 0.93U/mg in the control.

4. Discussion

4.1. Toxicity of Cd on Duckweed. Superfluous heavy metals
may inhibit plant root growth and shoot growth [4, 35]. The
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Figure 4: Regression between RRL (%) and the chemical forms of Cd.
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present study found that both root elongation and frond
numbers decreased with an increase in the growth medium’s
Cd concentration. Li et al. [36] found root elongation to be
among the most sensitive of the growth parameters to Cd
concentration, with an elevated Cd concentration injuring
the root [37]. These observations are consistent with the
present results (Figure 1). The current results suggested that
the elongation of roots was significantly correlated with root
Cd concentration, following theWeibull equation. Smith and
Kwan [38] demonstrated high Cd toxicity in duckweed and
found a Cd level of 1.7 𝜇M as EC50 (concentration for 50% of
maximal effect) for the reduction in frond number after a 10-
day treatment. In the present results, the frond numbers were
significantly decreased at the 10 𝜇M Cd concentration after

4 days of treatment. Additionally, the results of the current
study indicated the appearance of a hormesis phenomenon at
lower Cd concentrations, which accords with results reported
in the literature [39, 40].

4.2. Chemical Forms. Different chemical forms correspond
to variable transport efficiencies, mobilities, and thus modes
of accumulation and distribution [41, 42]. For example, high
metal mobility is often associated with ethanol forms (FE),
whereas metals in the form of insoluble phosphates (or
those which are firmly adsorbed on the cell wall) cannot
migrate freely and effectively [14]. Wu et al. [13] found
higher concentrations of protein and pectates when bound
by Cd in barley’s Cd-resistant genotype compared with that
in the Cd-sensitive genotype, implicating the chemical form
of Cd as a factor in plant Cd tolerance. The current study
recorded higher concentrations of FHCl-Cd than FE-Cd when
Cd concentration in the solution ranged from 0.1 to 20𝜇M
(Figure 3). The implication of this is that FHCl-Cd made
contributions to Cd detoxification and, moreover, this was
Cd’s major chemical form in duckweed. In addition, with
increasing Cd, the relative contributions of FE-Cd and Fr-Cd
to total Cd content decreased, except for a peak at 0.5 𝜇M. As
the Cd concentration in the solution increased further (up to
10 𝜇M), the FE-Cd form was less prevalent than the form of
Fr-Cd.Moreover, it became the least prevalent chemical form
of Cd in duckweed.

These results suggest that duckweed’s tolerance to highCd
levels can be attributed to an increase in the relative contri-
bution of forms that are Cd-inactive, along with a decrease
in the relative contribution of Cd-active forms. Moreover,
FHCl-Cd was depressed relative to the control, suggesting the
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action of a protection mechanism. This may also account
for the higher root elongation and frond numbers at lower
Cd concentrations in the solution. In view of this, we may
conclude that it is reasonable to consider the chemical forms
in which heavy metals occur to be a useful parameter for the
study of metal toxicity in plants.

Ikka et al. [43] found that chemical forms can be used to
assess heavy metal toxicity. The results of the present study
indicated (Figure 4) a significant correlation between relative
root elongation and the FE-Cd and FHCl-Cd chemical forms
of Cd, which not only suggested an association between the
chemical forms and Cd toxicity but also suggested that the
Cd-sensitive fraction could be a metric for predicting Cd
toxicity. A previous study found that the chemical form of
FHCl-Cd is more effective for explaining potential toxicity
than is the acute toxicity [44]. Assessing the relationship
between the chemical forms of heavymetals and their toxicity
is therefore crucial. This study provides important evidence
that Cd toxicity in duckweed root can be predicted by FHCl-
Cd.

4.3. Toxicity of Cd on Antioxidative Enzymatic Activity. Metal
phytotoxicity is considered to induce OS [45, 46]. Scandalios
[47] found that metals disturbed the normal balance between
ROS and antioxidants in all aerobic cells, and a recently con-
ducted study reported that increased antioxidant enzymatic
activity has the capability of reducing OS for plants [45].
Under heavy metals conditions, SOD, POD, CAT, and T-
AOC play an important protective role against ROS-induced
damage [48, 49]. In the present study, the four analysed
enzymes responded differently to Cd toxicity (Figure 5).
Both SOD and POD were significantly induced at 5 𝜇M Cd,
whereas CAT was inhibited at all tested Cd concentrations.
In addition, T-AOC was induced with a gradual, significant
increase after 4-day exposure to various Cd concentrations.
These results are indicative of the plasticity and specificity
of duckweed’s antioxidative system, which is helping in
reducing OS. Similar results were obtained after exposing
Phragmites australis [50] and Arabidopsis thaliana [51] to
Cd, with the exception that, for P. australis, CAT activity
increased. In addition, the inhibition of CATwas significantly
and negatively correlated to the chemical form of FHCl-Cd
(Figure 6). This indicates that the lower CAT activities may,
to some degree, result from the increased fraction of FHCl-Cd.

4.4. Toxicity of Cd on Lipid Peroxidation. The relationship
between the toxicity of Cd andOSwas also revealed by severe
lipid peroxidation, as expressed with reference to MDA [52].
MDA is an indicator of OS and consequent tissue damage
[53]. In the present study, MDA increased during Cd expo-
sure in contrast with the reduction in growth of duckweed
(Figure 7), which provided support for the potentially disrup-
tive action of peroxidation lipid with respect to Cd. Zhao et
al. [23] investigated thatMDA content significantly increased
when duckweed sp. was exposed to high concentrations of
mixed metal contaminants. Singh et al. [54] found similar
results when examining an aquatic plant,Bacopamonnieri. In
the present study, MDA decreased slightly when exposed to
highCd (𝜇M). In the case of Spirodela polyrhiza, higherMDA

levels were observed with medium exposure concentrations
but reduced MDA levels were found at the highest mixed
metal exposure concentrations [23], which totally agreed
with our results. The researchers stated that these could
act either directly or indirectly via toxic derivatives. Zhang
et al. [55] found that MDA in leaves of Kandelia candel was
a concentration-dependent free radical generation. In the
leaves of K. candel, the collaboration of antioxidative enzyme
activities (POD, SOD, and CAT) resulted in the MDA
varieties, which are in agreement with the present results.

5. Conclusions

The response of duckweed roots to Cd stress is accompanied
by changes in intracellular biological processes, including
antioxidant enzymatic activity and the production of different
chemical forms of Cd. Taken together, our results attest to the
viability of using chemical forms as a means of investigating
Cd toxicity in duckweed. This study has confirmed that FE-
Cd is the soluble form of Cd and has high toxicity and that
both FHCl-Cd and Fr-Cd are insoluble and have low toxicity.
Among the three chemical forms, the potentially toxic Cd
fraction (FHCl-Cd) showed the highest level of accumulation.
The relative Cd distribution showedmore of the Cd-sensitive
fraction (FE-Cd) than the inert fraction (Fr-Cd), but less FE-
Cd than Fr-Cd with increasing Cd concentration. Addition-
ally, relative root elongation was most strongly correlated
with chemical forms of Cd. The decrease in CAT activity
with increasing Cd concentration and in the activities of
POD and SOD at high Cd concentrations indicates that Cd
concentration influences the antioxidant enzyme system. As
a result of a high sensitivity to Cd, CAT could be a biological
indicator of Cd toxicity in duckweed roots. In conclusion,
the current study has provided important evidence that
illuminates the mechanism of Cd toxicity in duckweed.
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investigation of toxicity and bioaccumulation of Cd-based
quantum dots and Cd salt in freshwater plant Lemna minor L.,”
Ecotoxicology and Environmental Safety, vol. 147, pp. 334–341,
2018.

[4] J. Gao, L. Sun, X. Yang, and J.-X. Liu, “Transcriptomic Analysis
of Cadmium Stress Response in the Heavy Metal Hyperaccu-
mulator Sedum alfredii Hance,” PLoS ONE, vol. 8, no. 6, Article
ID e64643, 2013.

[5] J. Xin, B. Huang, Z. Yang, J. Yuan, and Y. Zhang, “Comparison
of cadmium subcellular distribution in different organs of two
water spinach (Ipomoea aquatica Forsk.) cultivars,” Plant and
Soil, vol. 372, no. 1-2, pp. 431–444, 2013.

[6] Y. Li, H.-D. Pang, L.-Y. He, Q. Wang, and X.-F. Sheng, “Cd
immobilization and reduced tissue Cd accumulation of rice
(Oryza sativa wuyun-23) in the presence of heavy metal-
resistant bacteria,” Ecotoxicology and Environmental Safety, vol.
138, pp. 56–63, 2017.

[7] L. Wan and H. Zhang, “Cadmium toxicity: effects on cytoskele-
ton, vesicular trafficking and cell wall construction,” Plant
Signaling and Behavior, vol. 7, no. 3, pp. 345–348, 2012.

[8] N. Luo, X. Li, A. Y. Chen et al., “Does arbuscular mycorrhizal
fungus affect cadmium uptake and chemical forms in rice at
different growth stages?” Science of the Total Environment, vol.
599-600, pp. 1564–1572, 2017.

[9] J. Wang, L. Su, J. Yang et al., “Comparisons of cadmium sub-
cellular distribution and chemical forms between low-Cd and
high-Cd accumulation genotypes of watercress (Nasturtium
officinale L. R. Br.),” Plant and Soil, vol. 396, no. 1-2, pp. 325–
337, 2015.

[10] H.-Y. Lai, “Subcellular distribution and chemical forms of cad-
mium in Impatiens walleriana in relation to its phytoextraction
potential,” Chemosphere, vol. 138, pp. 370–376, 2015.

[11] J. L.W. Lwalaba, G. Zvobgo,M.Mwamba, I. M. Ahmed, R. P.M.
Mukobo, and G. Zhang, “Subcellular distribution and chemical
forms of Co2+ in three barley genotypes under different Co2+
levels,” Acta Physiologiae Plantarum, vol. 39, no. 4, article no.
102, 2017.

[12] A. Yin, Z. Yang, S. Ebbs, J. Yuan, J.Wang, and J. Yang, “Effects of
phosphorus on chemical forms of Cd in plants of four spinach
(Spinacia oleracea L.) cultivars differing in Cd accumulation,”
Environmental Science and Pollution Research, vol. 23, no. 6, pp.
5753–5762, 2016.

[13] F.-B. Wu, J. Dong, Q. Q. Qiong, and G.-P. Zhang, “Subcellular
distribution and chemical form of Cd and Cd-Zn interaction
in different barley genotypes,” Chemosphere, vol. 60, no. 10, pp.
1437–1446, 2005.

[14] T. M. Mwamba, L. Li, R. A. Gill et al., “Differential subcellular
distribution and chemical forms of cadmium and copper in
Brassica napus,” Ecotoxicology and Environmental Safety, vol.
134, pp. 239–249, 2016.

[15] X. Xu, S. Zhang, J. Xian et al., “Subcellular distribution, chemical
forms and thiol synthesis involved in cadmium tolerance and
detoxification in,” International Journal of Phytoremediation,
2017.
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[49] C. M. André, Y. Larondelleb, and D. Evers, “Dietary antioxi-
dants and oxidative stress from a human and plant perspective:
A review,” Current Nutrition and Food Science, vol. 6, no. 1, pp.
2–12, 2010.

[50] M. A. Iannelli, F. Pietrini, L. Fiore, L. Petrilli, and A. Massacci,
“Antioxidant response to cadmium in Phragmites australis
plants,” Plant Physiology and Biochemistry, vol. 40, no. 11, pp.
977–982, 2002.

[51] W. Maksymiec and Z. Krupa, “The effects of short-term expo-
sition to Cd, excess Cu ions and jasmonate on oxidative stress
appearing in Arabidopsis thaliana,” Environmental and Experi-
mental Botany, vol. 57, no. 1-2, pp. 187–194, 2006.

[52] U.-H. Cho and N.-H. Seo, “Oxidative stress in Arabidopsis
thaliana exposed to cadmium is due to hydrogen peroxide
accumulation,” Journal of Plant Sciences, vol. 168, no. 1, pp. 113–
120, 2005.

[53] V. Arbona, V. Flors, J. Jacas, P. Garćıa-Agust́ın, and A. Gómez-
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Tailings collected from the tailing reservoir at Huogeqi Copper Mine, located in Inner Mongolia, China, were used in a leachate
study to evaluate the acid potential, neutralization potential, and possibility for producing acid mine drainage (AMD) from the
site. The speciation of Cu, Pb, and Zn contained in the tailings was also determined during the leachate study to further access
the potential migration abilities of these metals. The results showed that the tailings did not produce significant AMD as the pH
of the leachate ranged from 7 to 9 and decreased with time. The Cu, Pb, and Zn concentrations were high, ranging from 439.1 to
4527mg/kg in the tailings and from 0.162 to 7.964mg/L in the leachate, respectively. Concentrations of metals in the leachate and
tailings were positively correlated. Over 60% of the Cu in the tailing samples existed in an oxidizable form. Most of the Pb also
existed in its oxidized form, as did the silicate and Zn. Metals usually have higher mobility in their exchangeable and oxidizable
forms and as such represent a higher potential risk to the environment. Results of risk assessment code also revealed that metals in
tailings exerted medium to high risks to the environment.

1. Introduction

Mining activities are known to significantly alter the geo-
chemical background of the environment. Environmental
pollution caused by mining activities includes large amounts
of particulate and dust, solid wastes, soil pollution,metal-rich
effluents, and acid mine drainage (AMD). AMD is drainage
with a pHof 2.0 to 4.5 frommines andminewastes [1].Metal-
rich effluents and AMD, just like metals in dust and solid
wastes, have become a serious environmental problem all
over the world [2, 3]. With introduction of AMD, metals are
more easily dissolved to migrate into the surrounding water

and soil [4, 5]. Due to their toxicity and persistence, metals
can exert serious risks to ecosystems and human health [6].

Tailings are the primary solid waste associated with
mining activities. Oxidation of tailings can produce large
amounts of acids leading to the mobilization and potential
release of metals [7] and posing potential health risks [8].
Ore-mining activities over the last century have resulted in an
enormous amount of tailings around the world. Almost all of
these tailings are piled up in the open pit or in the tailing
ponds. Exposure of sulfide minerals in the tailings to atmo-
spheric oxygen and moisture can result in the formation of
AMD and the release of high concentrations of metals [9–12].
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Figure 1: pH variations of tailing leachate.

The release of metals and their environmental fate and
transport are a topic of great concern [13–16].The relationship
between metals in tailings and the surrounding environment
and properties of tailings/soil/water have also been widely
explored [17, 18]. The chemical speciation of metals is also
a good indicator for assessing their potential mobility, avail-
ability, and toxicity [19, 20].

Mining activities at the Huogeqi Copper Mine, located
in Inner Mongolia, China, have been conducted since 1986,
resulting in a large quantity of mining wastes including tail-
ings and waste rock. Although most of the CuO, FeS, ZnS,
and PbS in the tailings and waste rock are not recycled, the
environmental effects have not been well studied. Therefore,
the focus of this study is the speciation and potential for
migration of Cu, Pb, and Zn in the tailings with the aim of
quantitatively describing the distribution and potential for
metal migration.

2. Materials and Methods

2.1. Sampling and Sample Preparation. Fresh tailing samples
were collected from 3 different sites of the tailing reservoir on
March 25, 2015. Sampling sites 1 and 3 were located on the

back of the east side and the front edge of the west side of
the tailing reservoir while sampling site 2 was located in the
middle of the reservoir. Approximately 5 kg of surface tailings
was collected at each sampling site using a spade.The tailings
were collected in polyethylene containers and transported to
the laboratory.The samples were then air dried, crushed, and
passed through a 100 micron nylon sieve. The sieved samples
were then transferred to polyethylene bottles and stored at
room temperature for further use.

2.2. Chemical Analysis. Chemical analysis was carried out
at the Analytical Centre of Qinghai University. The con-
centrations of main elements, including S, were measured
by X-ray fluorescence (XRF) spectroscopy (ZSXPrimus II,
Rigaku, Japan). The concentrations of Cu, Pb, and Zn were
measured by Atomic Absorption Spectrometer (TAS-990,
Persee, China) after digestion by H

2
SO

4
-HNO

3
-HF-HClO

4
.

Only guarantee reagents (GR) were used in the study and all
test methods followed the National Standardization of China
(GB/T14506-1993). The acid potential (AP) values of the tail-
ing samples were obtained according to the countingmethod
(AP = S% × 31.25) [21] and the neutralization potential (NP)
was determined by the improved neutralization potential
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Figure 2: Variation of Cu concentrations in leachate of different tailings.

acid-alkali counting method [22]. In summary, the weight
of every tailing sample was 1 g. The concentrations of HCl
and NaOH were 12.3 and 0.70mol/L, respectively. The ratio
of volume of HCl and NaOH of blank experiment was 0.057.
Thus, NP = {[volume of HCl (mL) × the concentration of
HCl (mol/L) − volume of NaOH (mL) × the concentration of
NaOH (mol/L)] × 49 × 0.057}/2. NAPP was used to represent
AP-NP; and APR was used to represent NP/AP.

2.3. Leaching Study. The leaching study was performed in
laboratory to investigate the migration of heavy metals from
the tailings. Each column was loaded with 50 g tailings and
saturated with deionized water. Then 4ml of deionized water
with different pH values (4, 5, 6, 7, and 8) was added to the top
of the columns each week for 5 weeks.Thus, the total quantity
of water added in a column during the experiment was 16mL,
corresponding to a local average annual precipitation.

After each addition of water, the percolation rate was
monitored and the leachate was collected. Each leachate
sample was analyzed in terms of pH (PHSJ-3F, Leici, China)
and trace metal element concentrations (Atomic Absorption
Spectrometer).

2.4. Sequential Extraction Procedure. The classical sequen-
tial extraction technique [23] was employed to study the
speciation of heavy metals in the tailings. This method was
widely proved to be effective in the studies on speciation of
metals in soils, sediments, and tailings [24–26]. The specia-
tion (exchangeable, carbonate, deoxidize, oxidizable, and sili-
cate) of Cu, Pb, and Zn was obtained by Tessier et al. The
experiments were performed in duplicate.

2.5. Risk Assessment of HeavyMetals. Based on themethod of
sequential extraction procedure, risk assessment code (RAC)
was proposed as (exchangeable fraction + carbonate fraction)
percent concentration [27]. The metals in the samples can be
classified by RAC as no risk (less than 1%), low risk (1–10%),
medium risk (11–30%), high risk (31–50%), and very high risk
(more than 50%) [28].

3. Results and Discussion

3.1. Possibility of Producing AMD of Tailings. All samples
based on the classification of NAPP and APR had negative
NAPP values (Table 1). They were all larger than −20. APR
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Figure 3: Variation of Pb concentrations in leachate of different tailings.

Table 1: Physicochemical properties and producing-AMD features of tailings.

Sample Cu (mg/kg) Pb (mg/kg) Zn (mg/kg) S (%) AP NP APR NAPP
S1 2141 439.1 3939 3.89% 1.22 12.57 10.30 −11.35
S2 3561 528.5 4527 6.21% 1.94 8.07 4.16 −6.13
S3 2945 487.2 4103 5.54% 1.73 9.24 5.34 −7.51
Note. AMD refers to acid mine drainage; AP and NP mean acid potential and neutralization potential, respectively; NAPP represents AP-NP; APR refers to
NP/AP.

values were all larger than 3. According to NAPP and APR
criteria [29], all tailings did not generate significant AMD.

3.2. pH of Leachate. The pH of the various leachates is shown
in Figure 1. All leachate samples collected were alkaline with
pH ranging from 7 to 9, which might be caused by the higher
NP of the tailings. The H+ in the acidic inlet water were neu-
tralized by tailings so that the pH of the leachate increased.
Although all collected tailing samples did not produce
significant AMD, the pH of mine drainage was shown to

gradually decrease over time. Therefore, the potential for the
production of AMDmay still exist.

3.3. Migration Regularity of Cu, Pb, and Zn. The concentra-
tions of Cu, Pb, and Zn in leachate were measured under
different leaching conditions (Figures 2–4). As shown, the
concentrations of eachmetal decreased with time.Themetals
also showed a direct correlation with the concentration of the
hydronium ion. In other words, a lower pH resulted in higher
metal concentrations. Table 1 summarizes the concentrations



Journal of Chemistry 5

Week 1 Week 2 Week 3 Week 4 Week 5

C
on

ce
nt

ra
tio

ns
 o

f Z
n

Week 1 Week 2 Week 3 Week 4 Week 5

C
on

ce
nt

ra
tio

ns
 o

f Z
n

Week 1 Week 2 Week 3 Week 4 Week 5

C
on

ce
nt

ra
tio

ns
 o

f Z
n

0

1

2

3

4

5

6

7

8
in

 S
1 

le
ac

ha
te

 (m
g/

L)

0

1

2

3

4

5

6

7

8

in
 S

2 
le

ac
ha

te
 (m

g/
L)

0

1

2

3

4

5

6

7

8

in
 S

3 
le

ac
ha

te
 (m

g/
L)

Inlet water pH = 4
Inlet water pH = 6
Inlet water pH = 8

Inlet water pH = 5
Inlet water pH = 7

Inlet water pH = 4
Inlet water pH = 6
Inlet water pH = 8

Inlet water pH = 5
Inlet water pH = 7

Inlet water pH = 4
Inlet water pH = 6
Inlet water pH = 8

Inlet water pH = 5
Inlet water pH = 7

Figure 4: Variation of Zn concentrations in leachate of different tailings.

of heavy metals in the tailings which followed the order of
Zn>Cu>Pb.Therewas also a strong correlation between the
concentration of metals in the leachate and tailings, which is
similar to the findings of other researchers [30, 31].

The variation of the Pb concentration in the leachate was
relatively small while concentrations of Cu varied sharply,
especially under acidic leaching conditions. Different tailings
exhibited different leaching features, indicating that that
tailing properties had a significant effect impact on the metal
distribution of the leachate. The concentrations of the three
metals in the leachate were higher than the limits of Surface
Water Quality Standards (GB 3838-2002, level IV). It showed
that the metals in tailings could migrate and pollute the
environment.

3.4. Speciation of Cu, Pb, and Zn. The speciation of metals
in tailings is shown in Figure 5. Copper existed mainly in
oxidizable form (over 60%). Silicate was the second form for
Cu in the tailings while deoxidized and exchangeable forms
existed little. Contents of carbonate-form Cu and oxidizable
form Cu in S2 and S3 were higher than those in S1. Cu in
silicate form was very stable so as not to do harm to the

environment under normal conditions. The oxidizable form
Cu could slightly decline under specific environmental con-
ditions such as acid rains to potentially cause a drastic
increase in the dissolved contaminants to subsequently pose
pollution threats to the environment [32]. Deoxidized form
and oxidizable form heavy metals would easily transform
to the exchangeable form. Therefore, heavy metals in these
forms would be released from the tailings and migrate into
the water and soil to pollute the environment [33]. Therefore
Cu in tailings potentially posed risks to the surroundings.

Pbwasmainly in the silicate, oxidizable and exchangeable
forms, while small portion was observed in the deoxidize-
form and carbonate-form.Deoxidized formPbwas produced
on the surface of Fe-oxyhydroxides and Mn-oxyhydroxides
or lied in the structures of Fe-oxyhydroxides andMn-oxyhy-
droxides by isomorphous replacement of Fe andMn elements
[34]. The oxidizable and exchangeable forms of Pb covered
more than 56% in three samples, indicating that the migra-
tion ability of Pb was stronger to potentially do harm to the
environment.

Zn was mainly in the exchangeable and oxidizable forms
while forms of deoxidize, silicate, and carbonate were in small
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Figure 5: Speciation of heavy metals in different tailings.

portion. The oxidizable and exchangeable forms covered
more than 90% in three samples, suggesting that the migra-
tion ability of Pb was the strongest in three heavy metals.

3.5. Potential Risk Assessment. Results of RACwere displayed
in Figure 6.TheRAC values of Cu in S1 showed low risk while
Cu in S2 and S3 showed medium risk to the environment. Pd
in S1 and S3 exerted medium risk whereas Pd in S2 exerted
high risk. RAC values of Zn in all samples were higher than
50%, indicating high risk. The risk levels of heavy metals in
tailings by RAC assessment followed the order of Zn > Pb >

Cu.

4. Conclusions

Though the neutralization capability of target tailings was
high, there was still a potential possibility of producing
AMD so as to pose potential risks to the environment. Metal
concentrations in the leachate and tailings were positively
correlated. The concentrations of metals in leachate followed

the order of Zn > Cu > Pb. Moreover, the concentrations
of metals in leachate decreased with longer leaching time
and increased pH. Therefore, the metals in tailings could
potentially migrate and pollute the environment, especially
under the condition of rainfall. Cu in tailings was mainly in
oxidizable and silicate forms. Pb was mainly in the silicate,
oxidizable and exchangeable forms while Zn was mainly in
the exchangeable and oxidizable forms.They were potentially
hazardous to the environment. The evaluation results of risk
assessment code approach exhibited that thesemetals exerted
medium to high risks to the environment, following the order
of Zn > Pb > Cu. The influence of specific hydrological geo-
logical and climate conditions is important in evaluating the
damage degree to the environment caused by metals in tail-
ings. It will be the focus of future research.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.



Journal of Chemistry 7

S1 S2 S3

Zn
Pb
Cu

0

10

20

30

40

50

60

70

80

90

100

Ri
sk

 as
se

ss
m

en
t c

od
e (

%
)

Figure 6: Risk assessment code of heavy metals in different tailings.

Acknowledgments

The authors are grateful for financial support from the
Natural Science foundation of Qinghai Province, China (no.
2016-ZJ-952Q), Applied Basic Research Program of Qinghai
Science and Technology Department (no. 2016-ZJ-755), One
Hundred-Talent Plan of Chinese Academy of Sciences (nos.
Y610061033 and Y629041021), and Thousand Talents Plan of
Qinghai Province (Y740171071).

References

[1] H. Herrmann and H. Bucksch, Dictionary Geotechnical Engi-
neering/Wörterbuch GeoTechnik, Springer, Berlin, Germany,
2014.
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