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Soil and plant samples were collected from Tongliao, China, during the maize growth cycle betweenMay and October 2010. Heavy
metals, such as Cr, Pb, Ni, and Zn, were analyzed. The concentrations of Cr, Pb, Ni, and Zn in the wastewater-irrigated area were
higher than those in the topsoil from the groundwater-irrigated area.The concentrations ofmetals in themaize increased as follows:
Pb < Ni < Zn < Cr. In addition, Cr, Pb, and Ni mainly accumulated in the maize roots, and Zn mainly accumulated in the maize
fruit. The results of translocation factors (TF) and bioconcentration factors (BCF) of maize for heavy metals revealed that maize is
an excluder plant and a potential accumulator plant and can serve as an ideal slope remediation plant. In addition, the increasing
heavy metal contents in soils that have been polluted by wastewater irrigation must result in the accumulation of Cr, Pb, Ni, and
Zn in maize. Thus, the pollution level can be decreased by harvesting and disposing of and recovering the plant material.

1. Introduction

Industrial and municipal wastewaters are increasingly being
used as valuable resources for urban and periurban agricul-
ture irrigation because of their availability, which partially
solves the problem of effluent disposal [1, 2]. The concen-
trations of heavy metals in sewage effluents are usually low,
but long-term use of these wastewaters on agricultural lands
often results in the buildup of elevated levels of metals in
soils [3]. Because most plant roots are located in the soil,
they can play important roles in metal removal via filtration,
adsorption, and cation exchange, as well as through plant-
induced chemical changes in the rhizosphere [4, 5]. Cabbage,
Amaranthus, spinach, radish, lady’s finger, and forage grasses
grown in sewage sludge amended soils had higher Cd,
Cr, Co, Cu, Pb, Ni, and Zn concentrations compared to
those grown in unamended soils [6]. Trace heavy metals
are essential nutrients that become harmful and toxic when
their concentrations exceed recommended standards [7].
Therefore, long-term irrigation using industrial/municipal

wastewater results in the buildup of heavy metals in soils,
which can restrict soil function, result in toxicity to plants,
and contaminate the food chain by affecting food quality and
safety [8].

Heavy metals often coexist in soil and plant systems.
The distributions of heavy metals in the soil and their
availability to plants are regulated by several factors, includ-
ing soil characteristics, plant species, fertilization and irri-
gation characteristics, and the interrelationships between
these factors. The composition and conditions of the soil
are important factors that affect Cr mobility [9, 10]. In
addition, the environmental conditions in the rhizosphere
may provide information regarding the potential impacts of
plant roots on Cr mobility [11]. Plant factors include physical
processes (such as root intrusion); water and ion fluxes and
their relationships with membrane transport kinetics, ion
interactions, and the metabolic fate of the absorbed ions; and
the ability of plants to adapt metabolically to changing metal
stresses in the environment [12]. Some studies have shown the
spatial distribution of heavy metals in wastewater irrigation
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areas [13, 14]. In addition, several studies have emphasized
the risks of heavy metal accumulation in topsoils irrigated
with wastewater [15–19]. Furthermore, several studies have
demonstrated that wastewater-irrigated plants may absorb
and accumulate heavy metals at concentrations that are
greater than the maximum permissible limits, which can
result in serious public health problems [20–22]. Although
Shah et al. [7] studied the accumulation of heavy metals in
different plants, few studies have been published regarding
the accumulation of heavy metal in different plant organs. In
addition, some heavy metals are not toxic to plants and serve
as essential nutrients, such as Zn and Cu [23].These nutrients
are often deficient in calcareous soils and must be supplied
[24].Therefore, it is important to assess heavymetal pollutant
concentrations in crops to ensure safe food production and
prevent environmental and public health risks.

Maize (Zea mays L.) is an edible flowering plant in the
Gramineae family and is a warm-season crop that is easily
grown during the spring and summer. Additionally, maize
serves as the main food source for humans and animals
around the world. Inner Mongolia is a large agriculture
province that serves as an important maize production area
for China. The wastewater irrigation area considered in
this study mainly includes Tongliao City and Hohhot City.
Wastewater irrigation has occurred in Tongliao since the
1970s for more than 30 years over an area of 750 hm3.
Numerous studies have reported the accumulation of dif-
ferent heavy metals in plant tissues [25, 26]. However,
limited information is available regarding the heavy metal
concentrations and long-term effects of wastewater irrigation
inmaize production systems. In this study, fertilizer and long-
termwastewater application were conducted withmaize fruit
production in an arid area in Tongliao, China. The overall
objectives of this study were to (1) investigate the temporal
changes of heavy metals during the maize growth cycle, (2)
investigate the heavy metal accumulation in maize organs
and determine the accumulation and excluder abilities of
maize for four metals, and (3) determine the changes in the
heavymetal concentrations in wastewater- and groundwater-
irrigated area.

2. Materials and Methods

2.1. Description of the Study Area. The study area is located
in Tongliao, which is in the northeastern region of China
(43∘38󸀠11󸀠󸀠–45∘50󸀠13󸀠󸀠N; 119∘13󸀠28󸀠󸀠–122∘31󸀠52󸀠󸀠E). This area
is located in the semiarid grassland area in the North
Temperate Zone and has a continental monsoon climate with
a mean annual temperature of 5∘C. In addition, this area
is arid with an annual water deficit of 350mm because the
potential evaporation exceeds precipitation. The dry season
is from November to April, and the wet season is from June
to September. The dominant vegetation species is maize,
and the wastewater treatment plant in Tongliao City treats
approximately 70,000m3/d of sewage. Most of the treated
effluent flows into the Xiliao River, and some of the effluent
is used for irrigating suburban farms. Farmers generally used
a primary sedimentation pond to treat effluent without any
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Figure 1: Location of the study site. Site 1 shows the maize growth
area that was used to study the temporal changes of the heavy metal
concentrations in soils and maize organs. Site 2 is the control area
of wastewater and/or groundwater irrigation and was used to study
the impacts of wastewater irrigation on the soil.

biological treatment from 1985 to 2007. After 2007, farmers
began to use a secondary sedimentation pond after the
effluent was subjected to anaerobic-anoxic-oxic processes at
wastewater treatment plants. No detailed data are available
regarding the use of wastewater for irrigation from 1985 to
2007.However, themain quality parameter levels of TSW (the
treated sewage) and groundwater were just below the USW
(the untreated sewage). All parameters were within the limits
of the GB20922-2007 requirements and corresponded with
agricultural water quality standards. The COD, BOD

5
, TN,

and TP concentrations in the irrigation wastewater from 1985
were greater in the groundwater.Thus, long-term wastewater
irrigation can enhance these concentrations in the soil.

2.2. Sampling of Soil and Maize. The field soil samples were
collected in Tongliao, China, during the maize growth cycles
from May to October 2010 (Figure 1). Two sites were consid-
ered in the study area. Site 1 is a demonstration area of maize
growth with two fertilizer applications and four wastewater
irrigations. Site 2 is the control area for wastewater and/or
groundwater irrigation and was used to study the impacts of
wastewater irrigation on the soil. At site 1, 18 soils (collected
in the topsoil at depths of 0–20 cm) and maize (including
root, stem, leaves, and fruit) samples were collected. The
maize samples were collected in triplicate from the field when
the maize was mature. The samples were placed in clean
plastic bags before being transported to the laboratory for
analysis. At site 2, 42 soil samples were collected around
the irrigation drain and in the farming area at depths of 0–
20 cm. Of these samples, 20 were collected in the wastewater-
irrigated area and 20 were collected in the groundwater-
irrigated area. The other 2 sampling sites were collected at
nine different depths from the top of the soil, 0–20 cm, 20–
40 cm, 40–60 cm, 60–80 cm, 80–100 cm, 100–110 cm, 110–
130 cm, 130–150 cm, and 150–170 cm. These samples were
collected from the wastewater-irrigated and groundwater-
irrigated areas, respectively. The soil samples were placed in
sealed polyethylene plastic bag. After extraction, the soil and
plant samples were preserved in ice-packed coolers before
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transferring them to the laboratory and storing at 4∘C in a
cold room until analysis.

2.3. Sample Treatment and Analysis. Before treatment, the
soil samples were passed through a 100-mesh sieve. Soil
samples were digested in aqua regia at 160∘C, as previ-
ously described [27]. The maize samples were cleaned with
deionized water and the leaves, roots, stems, and fruit were
separated. After oven-drying the samples at 70∘C until a
constant weight was achieved, the samples were ground to
powder. All samples were passed through a 40-mesh nylon
plastic sieve after drying. Next, the subsamples were digested
in 5mL of concentrated Analar HNO

3
at 160∘C [20]. The

Cr and Pb concentrations were determined using ICP-OES
(Perkin-ElmerOPTIMA-2000,USA), and theNi andZn con-
centrations were measured using ICP-MS (Agilent 7500a).
The glassware used for measuring the metal concentrations
was soaked in 20% HNO

3
overnight. Blank samples were

included with every 12 samples to check for contamination.
One reference soil from the Chinese National Standard Soil
Bank (GBW07402 (GSS-2)) was used with each of the 12
samples to validate the accuracy of the metal analysis. All of
the analyses were carried out in triplicate, and the standard
deviations were within ±5% of the mean.

2.4. Data Processing and Statistical Analysis. In this study,
the translocation factor (TF) and the bioconcentration factor
(BCF) were calculated using the ratio of the heavy metal
concentrations in the roots and shoots [TF = 𝐶shoot/𝐶root]
and the ratio of the heavy metal concentrations in the soils
and shoots [BCF = 𝐶shoot/𝐶soil], respectively [28–30]. To
determine the heavy metal concentrations in the shoots, the
values found for the leaves and stems were multiplied by
the total biomass of each organ and were added to obtain
the total mass of the heavy metals in the aerial organs.
Next, this result was divided by the total mass of the aerial
organs (stems plus leaves) [26]. The heavy metal data were
subjected to a one-way analysis of variance (ANOVA) using
the Statistical Package for Social Science (IBM SPSS Statistics
19) and the means were separated by using Duncan’s multiple
range test (DMRT) as described by Steel and Torrie [31] (at
𝑃 < 0.05). In addition, Pearson’s correlation coefficient was
used to determine the relationships between the heavy metal
concentrations in the soils and plants at 𝑃 < 0.05.

3. Results and Discussion

3.1. Temporal Characteristics of the Soil Metal Concentrations
during the Maize Growth Cycle. Figure 2 shows the temporal
changes in the heavy metal concentrations during the maize
growth cycle (fromMay to October) at site 1. In addition, the
changes in the metal concentrations showed a strong tempo-
ral character. The highest mean concentration of Cr in the
soil was 12.05mg/kg, which occurred in September, and the
lowest mean concentration was 11.12mg/kg, which occurred
in June. Soil Cr plays important roles in the metabolism of
cholesterol, fat, and glucose. Banks et al. indicated that the
plant uptake of Cr accounted for less than 1% of the Cr

that was removed from the soil [10]. Therefore, the Cr
concentration in the soil mainly showed an accumulation
effect due to the fertilizer and wastewater inputs. The highest
mean Pb concentration in the soil was 12.39mg/kg, which
occurred in September, and the lowest mean concentration
was 10.89mg/kg, which occurred in May. Although the Pb
contents in plants depend on different environmental factors
[26, 32], the Pb contents of plants grown in uncontaminated
soils are usually between 0.1 and 10mg/kg, with an average
of 2mg/kg [33]. These results indicated that the soil was
contaminated with Pb due to agricultural activities. The
highestmeanNi concentration in the soil was 6.74mg/kg and
occurred during September, and the lowest concentration
was 5.9mg/kg and occurred during May. In small quantities,
Ni is necessary for regulating lipid contents in tissues and
for forming red blood cells. Various factors influence this
result. First, the overall uptake of Ni by plants depends on the
Ni2+ concentration, plantmetabolism, soil or solution acidity,
presence of other metals, and organic matter composition
[34]. In addition, Ni may compete with other essential metal
ions during absorption by roots [35]. The changes in the Cr,
Pb, and Ni concentrations in the soil increased from May
to September and decreased in October. In this area, the
soils were fertilized regularly and irrigated with wastewater
to promote maize growth from May to September. However,
concerns exist regarding the accumulation of heavymetals in
soils after wastewater irrigation and fertilization, which could
result in their transfer to maize roots and maize fruit. The
concentrations of heavy metals that result from fertilization
and wastewater are higher than the intake of maize, which
results in the buildup of heavy metal residues in the soil.
Fendorf et al. determined that waste Cr and Pb are considered
to have low bioaccessibility soon after they enter the soil [36].

The highest mean Zn concentration in the soil was
12.13mg/kg, which occurred in October, and the lowest
mean concentration was 8.47mg/kg, which is in June. The
Zn concentration in the soil was low and hardly changed.
Outridge and Noller indicated that Zn is an essential element
for all plants and that themean concentration of Zn in normal
plants (aboveground tissues) is 66mg/kg [37]. However, Zn
deficiencies are common in calcareous soils.TheChernozems
and Kastanozems soil groups have a high pH and CaCO

3

content, which indicates that they are Mn and Zn deficient
[38]. The calcareous soils were covered by topsoil and were
mainly composed of CaCO

3
. In addition, Jiménez et al.

indicated that the Zn and Cu concentrations in the plants
were closely related to the soil CaCO

3
contents and electrical

conductivity [39].

3.2. Accumulation and Correlation of Heavy Metal Concen-
trations in Maize Organs. The concentrations of Cr, Pb, Ni,
and Zn in maize roots, stems, leaves, and fruits are presented
in Figure 3. Each heavy metal exhibited a different trend in
the different maize organs. The highest concentrations of Cr,
Pb, and Ni were observed in the maize roots, with mean
concentrations of 105.21, 5.12, and 6.56mg/kg, respectively.
The lowest values of the four maize bodies for Cr, Pb, and
Zn occurred in the fruit, with mean values of 0.23, 0.49,
and 0.18mg/kg, respectively.These results indicated that large



4 Journal of Chemistry

9

10

11

12

13

14

15

Time
May June July August September October

C
on

ce
nt

ra
tio

n 
(m

g/
kg

)

(a)

9

10

11

12

13

14

15

Time
May June July August September October

C
on

ce
nt

ra
tio

n 
(m

g/
kg

)

(b)

C
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Time

5.0

5.5

6.0

6.5

7.0

7.5

May June July August September October

(c)

Time
May June July August September October

0

5

10

15

20

25

C
on

ce
nt

ra
tio

n 
(m

g/
kg

)

(d)

Figure 2: Temporal variations of the soil heavy metal concentrations at site 1. (a) Changes in the Cr concentration; (b) changes in the Pb
concentration; (c) changes in the Ni concentration; and (d) changes in the Zn concentration.

amounts of Cr, Pb, andNiweremaintained in themaize roots,
despite the relatively low concentrations of these metals in
the soil, especially Cr. In addition, Cr was absorbed well by
themaize roots. However, contrasting results have shown that
the Pb concentrations were lower in the roots than in the
shoots of hot pepper and celery plants [40]. This difference
potentially resulted from a change in the transfer direction of
Pb. For example, when the direction is from down to up, Pb
is prone to accumulate in themaize roots. However, when the
direction is fromup to down, Pb is prone to accumulate in the
shoots. The changes of the Zn concentrations were different
for the other three metals. The highest Zn concentrations
occurred in the maize fruit, with a mean value of 6.92mg/kg.
The lowest Zn concentrations occurred in the maize stem,
with a mean value of 2.11mg/kg.

Generally, the metal concentrations in maize increased as
follows: Pb < Ni < Zn < Cr. The mean Cr, Pb, Ni, and Zn
concentrations in themaize organs decreased in the following
orders: root > leaves > stem > fruit, root > leaves > stem >
fruit, root > stem > leaves > fruit, and fruit > root > leaves
> stem, respectively. The same results were shown in several
recent studies. For example, Thapliyal et al. considered that

the Cr concentration decreased in the following order roots >
leaves > fruit in green chili under untreated wastewater
irrigation [41]. In addition, the different plant parts were
reported to accumulate different amounts of heavy metals,
with the greatest contents occurring in roots and leaves and
the smallest contents occurring in flower buds and fruit [42].

Rascio and Navari-Izzo reported that two types of higher
plants can tolerate high heavymetal concentrations in the soil
[43], accumulator plants and excluder plants. To determine if
a plant is ametal accumulator or an excluder, the BCF and TF
must be considered [44, 45]. Excluder plants can inhibitmetal
entrance into the plant or restrict root-to-shoot translocation
(featuring TF < 1). Accumulator plants can actively take up
heavymetals from the soil and translocate them from the root
to the shoots, resulting in accumulation in their aboveground
organs, featuring BCF ≥ 0.2 and TF > 1 [44, 45]. Table 1
presents the TF and BCF for maize at site 1. The TF values
of the maize for Cr, Pb, Ni, and Zn were 0.12, 0.43, 0.23, and
0.64, respectively. The BCF values of the maize for Cr, Pb,
Ni, and Zn were 1.03, 0.19, 0.25, and 0.26, respectively. Plant
uptake is largely influenced by the bioavailability of metals,
which is determined by both external (soil-associated) and
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Figure 3: Heavy metal concentrations in the roots, stems, leaves, and fruit of maize. (a) Cr; (b) Pb; (c) Ni; (d) Zn.

Table 1: The accumulation of heavy metals (mg/kg) in maize roots, stems, leaves, and fruits, the maize TF and BCF values, and the ANOVA
results for the heavy metals concentrations at site 1.

Cr Pb Ni Zn
Root 105.21 ± 21.79a 5.12 ± 0.75a 6.56 ± 1.27a 4.51 ± 0.56a

Stem 9.29 ± 2.26bc 1.25 ± 0.26b 1.61 ± 1.00b 2.11 ± 0.75b

Leaves 15.63 ± 4.72b 3.57 ± 0.49c 1.40 ± 0.49b 3.98 ± 1.12a

Fruit 0.23 ± 0.11c 0.49 ± 0.07c 0.18 ± 0.06c 6.92 ± 0.97c

TF 0.12 0.43 0.23 0.64
BCF 1.03 0.19 0.25 0.26
Note: means followed by different letters within the same column are significantly different from each other at P < 0.05 according to DMRT.

internal (plant-associated) factors. However, the TF (internal
factor) of maize for heavy metals increased in the following
order: Cr < Ni < Pb < Zn. In addition, the BCF (external
factor) increased in the following order: Pb < Ni < Zn <
Cr. These increases are consistent with the results shown in
Figure 3. The BCF and TF values of the maize for Pb, Ni, and
Zn were all less than 1, which indicated lower Pb, Ni, and
Zn concentrations in their root and aerial organs. Maize was
an excluder plant for Pb, Ni, and Zn because it hindered the
entrance of metal.The BCF values of maize for Cr, Ni, and Zn
were ≥0.2. Thus, maize is a potential accumulator plant and
can serve as an ideal slope remediation plant.

3.3. Comparison of Heavy Metal Concentrations in the Soil
Wastewater-Irrigated and Groundwater-Irrigated Areas. The
heavy metal concentrations in different irrigation areas
are presented in Table 2. The metal concentrations in
the wastewater-irrigated area were greater than in the
groundwater-irrigated area, and the range and standard devi-
ation were considerably greater in the wastewater-irrigated
area, especially Zn. The Cr, Pb, Ni, and Zn concentrations
in the wastewater-irrigated area were 23.17–39.54, 3.49–
21.48, 5.64–18.60, and 25.48–297.50mg/kg, respectively. The
Cr, Pb, Ni, and Zn concentrations in the groundwater-
irrigated area were 22.93–37.75, 3.97–21.14, 8.34–18.00, and
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Figure 4: The vertical profiles of heavy metals in soils from wastewater-irrigated and groundwater-irrigated areas. (a) Cr; (b) Pb; (c) Ni;
(d) Zn.

Table 2: Metal concentrations (mg/kg) in the soil samples collected
fromwastewater-irrigated and groundwater-irrigated areas (𝑛 = 20).

Wastewater-irrigated area Groundwater-irrigated area
Cr 29.86 ± 4.46a 28.77 ± 3.67a

Pb 7.39 ± 4.21b 7.15 ± 4.84b

Ni 13.30 ± 3.76ab 12.84 ± 3.34b

Zn 86.00 ± 66.90c 62.54 ± 26.74c

Note: means followed by different letters within a column are significantly
different from each other at P < 0.05 according to DMRT.

23.78–111.45mg/kg, respectively. However, the averageCr, Pb,
Ni, and Zn concentrations in the wastewater- and groundwa-
ter-irrigated areas were lower than the upper threshold of the
National Standard for Soil Environment Quality (90mg/kg
for Cr, 35mg/kg for Pb, 40mg/kg for Ni, and 100mg/kg
for Zn). These results correspond with the findings of Avci

and Deveci, who observed that the mean Cr, Ni, Pb, and
Zn concentrations were somewhat greater in the wastewater-
irrigated soil samples than in the control samples [46]. Tiwari
et al. reported greater metal concentrations (Fe >Mn > Zn >
Cd > Cu > Pb > Cr) in a soil that was irrigated with effluent
than in a soil that was irrigated with tube well water [47].

In this study, the Cr, Pb, and Ni concentrations in the
wastewater-irrigated area were greater than those in the
groundwater-irrigated area at 0–130 cm, and the concentra-
tions in the wastewater-irrigated area were lower at 130–
170 cm (Figure 4). This phenomenon depends on the irri-
gation conditions, soil properties, water cycles, biological
processes, and so forth. The Zn concentrations at all soil
depths in the wastewater-irrigated areas were greater than
those in the groundwater-irrigated areas, except at a depth
of 130–150 cm. It is known that Zn ions bind strongly to
soil particles, cause metal pollution when dissolved in water,
and inadvertently negate the activities ofmicroorganisms and
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macroorganisms in the soil [48]. Maize roots are distributed
in the topsoil, increase the heavymetal content in the soil, and
must lead to the accumulation of Cr, Pb, Ni, and Zn in maize
based on the result of the demonstration area ofmaize growth
(site 1). However, because maize is a potential accumulator
plant, it is possible to decrease pollution levels by harvesting,
disposing of, and recovering the plant.

4. Conclusions

Heavy metal concentrations in soils depend on the man-
agement of fertilization and wastewater irrigation. Thus,
the Cr, Pb, and Ni concentrations were greater in the soils
from May to September and decreased in October. The Zn
concentration in the soil was closely related to the soil CaCO

3

concentration and the electrical conductivity. In addition,
the soil Zn concentrations changed differently compared
to the soil Cr, Pb, and Ni concentrations. While Cr, Pb,
and Ni mainly accumulated in the maize roots, Zn mainly
accumulated in the maize fruit. Because TF < 1 and BCF ≥
0.2,maizewas considered as both an excluder plant for Pb,Ni,
and Zn and a potential accumulator plant. In addition, maize
is an ideal slope remediation plant. The metal concentrations
in the wastewater-irrigated area were greater than in the
groundwater-irrigated area. Greater heavy metal contents
in the soil result in the accumulation of Cr, Pb, Ni, and
Zn in the maize organs. However, because maize was a
potential accumulator plant, we decreased the pollution level
by harvesting, disposing of, and recovering the plantmaterial.
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