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Abstract: The sludge products of urban sewage treatment plants in Beijing are increasing year by
year, and there is a large amount of stagnation, which requires scientific and reasonable disposal
strategies. Currently, the woodland in the mountainous area of Beijing is considered the main means
for sludge disposal; however, because the heavy metals in the sludge may cause potential pollution
to the soil and groundwater, it is unclear how much sludge can be applied per unit area. To ensure
the sustainable disposal of sludge, it is necessary to measure the risk of heavy metals on soil and
groundwater under different sludge application rates to determine the most scientific disposal plan.
In this study, the undisturbed soil columns obtained from the field were used to clarify the migration
behaviors and accumulation of eight hazardous heavy metals under simulated rainfall conditions,
and three sets of tests (the application rates of sludge products were 30 t·ha−1·a−1, 60 t·ha−1·a−1 and
120 t·ha−1·a−1 respectively) were set based on the supply–demand relationship between Beijing’s
annual sludge output and the woodland area available for sludge disposal. The results showed that
there were significant differences in the migration rules of heavy metals under different application
rates, which were mainly reflected in the differences in accumulation in each layer of the soil. In terms
of the leaching efficiency of heavy metals, except for Cadmium, the leaching rates of other heavy
metals did not exceed 0.1%, indicating that most heavy metals accumulated in the soil. During
the application process of sludge products, Arsenic and Cadmium posed a greater potential risk to
groundwater than other heavy metals, to which should be paid sufficient attention. Based on the
accumulation of heavy metals in soil, Arsenic was the main factor limiting the amount and frequency
of sludge product application. The application rate of 60 t·ha−1·a−1 was preferred compared with
the other two tests because it presented minimal risk to groundwater and soil in the short term, while
the total amount of sludge disposal can be maximized.

Keywords: sludge products; heavy metals; undisturbed soil column; risk assessment; soil; groundwater

1. Introduction

In recent years, as economic development has accelerated and public and govern-
mental consciousness of environmental protection has grown, a large number of sewage
treatment facilities were built and renovated in Beijing, and the capacity to treat sewage has
rapidly expanded [1]. The number of urban sewage treatment plants in Beijing increased
from 41 in 2011 to 108 in 2021. By the end of 2021, the annual treatment capacity of the Bei-
jing sewage treatment plant had reached 1.94 × 108 m3, generating about 1.65 × 106 tons of
dry sludge; the total sludge production increased significantly and had an average annual
growth of 25.9% [2]. As for proper disposal in China, the most common disposal methods
for sludge were sanitary landfills, followed by land application, incineration, and building
materials [3]. In Beijing, due to the scarcity of land and the anxiety of government depart-
ments about the air quality of the capital, the land application was planned as the primary
route for sludge product disposal [4]. Stabilized sewage sludge could be used as a fertilizer
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in the soil because of nitrogen, phosphorus, and other micronutrition material to improve
the properties of the soil [5]. However, the selection of land application objects had been
greatly limited. Specifically, the application of sludge to agricultural land was prohibited
in China [6], because this approach can result in the accumulation of metals, potentially
entering the food chain and threatening human health [7], which made woodland far from
the food chain the only acceptable option for sludge product disposal. Unfortunately,
despite the widespread distribution of woodland in Beijing, relevant local standards had
not yet been issued to regulate the quantity and frequency of sludge application due to
the lack of appropriate scientific research, resulting in a large number of sludge products
temporarily deposited in sewage treatment plants.

According to statistics obtained from “the second phase of Forestry Project in Sandification-
Combating Program for Areas in the Vicinity of Beijing”, nearly 55,000 hectares per year of
woodland with low soil fertility in Beijing was available for sludge disposal. In other words, not
considering the distance of transport and location of woodland, an application rate of 30 t/ha·a−1

would meet the annual sludge disposal requirements in Beijing. One of the most important
factors restricting the large-scale woodland application of sludge products was the heavy metals
in them which would present a risk of pollution to soil and groundwater [8], and so far, there
was no relevant sludge application standard for woodland. To evaluate the environmental risks
of heavy metals following the land application of sludge products, the leaching behavior of
heavy metals under different sludge application rates should be investigated.

At present, the soil column leaching experiment is the most convenient and reliable
method to study the leaching characteristics of heavy metals after the land application of
sludge [9,10]. For example, Feizi and Jalali [11] showed that the addition of sewage sludge
decreased Cd and Cu leaching but did not affect Ni and Zn leaching and the presence of
nanoparticles and zeolite reduced the leaching of heavy metals; Ma et al. [12] showed that
the mobility of various heavy metals in loess followed the order of Pb > Zn > Ni > Cu in
0–40 cm, while Cd migrated more easily than the other metals in 50–55 cm; Fang et al. [13]
revealed that the organic matter, including both particulate organic matter and dissolved
organic matter, were critical factors influencing heavy metal leaching from both sewage
sludge compost and the soil. However, in most studies, on the one hand, the application
rate of sludge did not fully consider the relationship between supply and demand, while the
water consumption and leaching times of the test failed to consider the local natural rainfall
condition, so the design of sludge and water volume lacked specific physical meaning. On
the other hand, soil columns of the leaching test were made from repacked soil, which
is usually considered a homogeneous medium [14]. These repacked soil samples were
air-dried, ground, sieved and then filled into the columns, which would largely destroy
the original soil structure, while undisturbed soil had a stable structure that resisted the
destructive force of infiltrated water flow. In addition, good bedding structures and fine
pore structures are not available in disturbed soil [15,16]. Therefore, previous studies have
proved difficult to reflect on the migration and leaching behavior of heavy metals in the
actual land application of sludge products as well as their risks to soil and groundwater.

To evaluate the risk of heavy metal pollution to soil and groundwater after woodland
application of sludge products, we used the undisturbed soil column instead of the previous
self-designed soil columns for the leaching test. The undisturbed soil columns were directly
obtained from the woodland soil in the mountainous area of Beijing, maintaining the
soil structure to the greatest extent. According to the annual output of sludge products
and the area of woodland available for consumption, we set up three sets of application
rates equivalent to the current yearly output, double, and quadruple the yearly output.
By collecting the natural rainfall data of the sampling location, water consumption and
leaching times were designed. Through the undisturbed soil column leaching test, we
studied the migration and leaching behavior of eight heavy metals under different sludge
application rates, and then evaluated their risks to soil and groundwater by comparing
them with relevant standards. Finally, we tried to propose the most appropriate amount of
sludge application based on our research results. The purpose of this study was to solve the
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urgent situation that the sewage treatment plant in Beijing cannot effectively dispose of the
sludge due to the unclear sludge application standards for woodland in recent years. Based
on the supply and demand relationship between the annual output of sludge products and
the area of woodland available for consumption, we assumed three sludge application rates,
and evaluated the soil pollution risks and groundwater pollution risks that may be caused
by different sludge application rates so as to determine the feasibility and sustainability of
the woodland for sludge disposal in Beijing.

2. Materials and Methods
2.1. Test Materials

The sludge products used in this experiment, sampled from the dehydrated sludge
after anaerobic digestion in the Gaobeidian Wastewater Treatment Plant of Beijing, are
finished products that can be directly applied to the soil without composting treatment,
and the background values of the materials were showed in Table 1. The contents of heavy
metals in these sludge products can meet the standard of sludge land application [17].

Table 1. The background values of test materials (mg/kg).

Materials Cu Cr Ni Zn Pb Cd As Hg pH

Sludge products 96.3 45.3 18.3 512 36.3 0.59 19.8 1.34 7.43
soil layer (0–10 cm) 17.4 57.16 26.82 51.61 16.41 0.11 15.01 0.07 8.30

soil layer (10–20 cm) 17.6 54.44 26.63 50.62 17.08 0.09 16.68 0.05 8.70
soil layer (20–30 cm) 16.6 47.01 23.80 47.68 16.47 0.10 7.02 0.07 8.50
soil layer (30–40 cm) 19.1 53.62 26.78 59.49 19.60 0.13 14.03 0.06 8.30
soil layer (40–50 cm) 19.2 53.01 26.68 57.95 19.47 0.12 14.53 0.06 8.30

The soil samples used in this experiment, sampled from the woodland of Zhang-
shanying Town in Yanqing District, were the typical agrotype of the cinnamon soil widely
distributed in Beijing’s mountainous area.

2.2. Undisturbed Soil Columns Preparation

A PVC pipe with a diameter of 15 cm and a height of 60 cm was used as an undisturbed
soil column-collecting device. Before sampling, Vaseline was applied to the inner wall of
the PVC pipe to eliminate the side wall effect during the later leaching process. We nailed
the PVC pipe into the soil to a depth of 50 cm, ensuring that the soil column contained the
leaching layer, illuvial layer, and parent material layer of the soil. After that, we excavated
the soil profile and carefully removed the PVC pipe from the soil. Then, we cut off the
excess soil outside the bottom of the pipe and sealed it with a self-made perforated bottom
cover. A double-layer nylon filter was arranged in the bottom cover to avoid the outflow of
soil particles from the soil column.

The excavation depth (50 cm) of the soil column in this study was consistent with
the relevant research [18]. Although it was much smaller than the buried depth of the
groundwater (about 8.8 m), recharge mechanisms for shallow groundwater, especially in
low-lying areas, are derived from the infiltration of surface water [19]. With the occurrence
of the leaching process, the heavy metal pollutants would gradually accumulate in the
seepage interlayer through rock-soil interfaces and weathered rock fissures in slopes,
forming a “time bomb” whose migration was a huge risk to groundwater.

2.3. The Leaching Experiment
2.3.1. The Experimental Device

The simulation experiment used the Markov bottle principle to supply liquid. The liq-
uid was fed from the upper end of the soil column to maintain a certain thickness of the
liquid layer on the top surface of the column so that the leaching solution was infiltrated
only by gravity. The leachate was collected in a 1000 mL jar, and the mouth of the bottle
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was connected with a funnel to prevent the evaporation of water. The experimental device
is shown in Figure 1.

Sustainability 2022, 14, x FOR PEER REVIEW 4 of 15 
 

2.3. The Leaching Experiment 

2.3.1. The Experimental Device 

The simulation experiment used the Markov bottle principle to supply liquid. The 

liquid was fed from the upper end of the soil column to maintain a certain thickness of the 

liquid layer on the top surface of the column so that the leaching solution was infiltrated 

only by gravity. The leachate was collected in a 1000 mL jar, and the mouth of the bottle 

was connected with a funnel to prevent the evaporation of water. The experimental device 

is shown in Figure 1. 

 

Figure 1. Equipment of soil column experiment. 

2.3.2. The Experimental Design 

Four test groups were prepared: three for adding different sludge amounts (T1-50 g, 

T2-100 g, T3-200 g; 50 g was equivalent to 30 t/ha·a−1) and one for the control (CK-no 

sludge). Three replicates were set for each test group. When designing the application 

rates, we fully considered the annual sludge production in Beijing as well as the area avail-

able for sludge disposal in Beijing’s mountainous areas. CK was set to eliminate the inter-

ference of the original heavy metal contents in the soil during data analysis. The method 

of sludge application was based on the technical specifications for the land application of 

sewage sludge in China, and the sludge was mixed with surface soil via plowing. 

The simulated leaching water volume and leaching times were calculated based on 

the rainfall data of the past 5 years in the Yanqing District of Beijing. Data showed that 

regional precipitation was mainly concentrated from May to September, during which the 

rainfall was about 475 mm. So, we used a total of 8.4 L of leaching water to simulate the 

rainfall of 475 mm. Considering the continuity of rainfall, there were 5 designed leaching 

times, with 1.68 L each time. Distilled water was used as the simulated rain in the leaching 

experiment. Table 2 presents a list of the different treatment sets in the leaching tests. 

  

Figure 1. Equipment of soil column experiment.

2.3.2. The Experimental Design

Four test groups were prepared: three for adding different sludge amounts (T1-50 g,
T2-100 g, T3-200 g; 50 g was equivalent to 30 t/ha·a−1) and one for the control (CK-no
sludge). Three replicates were set for each test group. When designing the application rates,
we fully considered the annual sludge production in Beijing as well as the area available
for sludge disposal in Beijing’s mountainous areas. CK was set to eliminate the interference
of the original heavy metal contents in the soil during data analysis. The method of sludge
application was based on the technical specifications for the land application of sewage
sludge in China, and the sludge was mixed with surface soil via plowing.

The simulated leaching water volume and leaching times were calculated based on
the rainfall data of the past 5 years in the Yanqing District of Beijing. Data showed that
regional precipitation was mainly concentrated from May to September, during which the
rainfall was about 475 mm. So, we used a total of 8.4 L of leaching water to simulate the
rainfall of 475 mm. Considering the continuity of rainfall, there were 5 designed leaching
times, with 1.68 L each time. Distilled water was used as the simulated rain in the leaching
experiment. Table 2 presents a list of the different treatment sets in the leaching tests.

Table 2. Description of treatment sets for leaching tests.

Description Treatment Code Leaching Water Volume (L)

Soil column without sludge CK 1.68 × 5 = 8.4
Soil column + 50 g sludge T1 1.68 × 5 = 8.4

Soil column + 100 g sludge T2 1.68 × 5 = 8.4
Soil column + 200 g sludge T3 1.68 × 5 = 8.4
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2.4. Methods
2.4.1. Sample Analysis

Heavy metals in the leachate were analyzed by a third-party testing institution that
has obtained China’s Metrology Accreditation. The concentrations of Cu, Cr, Ni, Zn, Pb,
Cd, and As were analyzed using ICP-MS [20], and the concentration of Hg was detected
using ICP-AES [21]. The detection limits for all the elements were 5 µg/L, except for Hg
and Cd, which were 0.5 µg/L and 0.1 µg/L. For soil columns, after the leaching test was
finished, the PVC pipes were cut from the side, and the samples were layered every 10 cm.
We mixed the soil samples taken from each layer and prepared the test soil sample after
air-drying and grinding. A small portion (50–100 g) of each layer was sent to the same
agency as above for solid analysis.

2.4.2. Statistical Methods

Microsoft Excel, SPSS 20.0, and STATISTICA 10.0 were used for data processing.
Regression analysis of the relationship between heavy metal concentration in the leachate,
sludge application amount, and leaching water amount was conducted by STATISTICA 10.0,
and the response surface methodology was employed by STATISTICA 10.0 to understand
the coupling effect of sludge application and leaching water on the net concentration of
heavy metals in the leachate.

3. Results and Discussion
3.1. Changes in Heavy Metal Concentration in Leachate and Its Risk to Groundwater
3.1.1. Analysis of Heavy Metal Concentration in Leachate

The concentration of heavy metals in leachate is an important indicator for assessing
the risk of groundwater contamination; once the leachate passes through the parent ma-
terial layer and enters the seepage interlayer, it can enter the groundwater through rock
fissures. Therefore, we investigated the concentration of heavy metals in leachate under
four treatment groups during five leaching processes. At the same time, the three sludge
addition groups were corrected by the CK group to obtain a net concentration of heavy
metals in leachate after each test.

Figure 2 shows the change in the net concentration of six heavy metals in leachate
(without Ni and Hg because they were not detected in the leachate) with the number
of leaching times. The relationship between the concentrations of the six elements in
the leachate was Zn > Cu > As > Cd, Pb > Cr. In general, the concentration of heavy
metals in leachate behaved a downward trend as the number of leaching increased, but it
could also be found there were conspicuous fluctuations in the leaching process such as
Pb concentration in the leachate obtained from T2 and Cd concentration in the leachate
obtained from T3. For Pb, under the T2 group, its fluctuation appeared after the second
leaching, and the reason for this fluctuation was that the Pb concentration of the second
leaching was extremely high, while the Pb concentration of the third leaching was extremely
low. For Cd, under the T3 group, its fluctuation appeared after the second leaching and
the fourth leaching, and the reason for this fluctuation was that the Cd concentration of
the second leaching was extremely low, while the Cd concentration of the fourth leaching
was extremely high. The above fluctuation may be caused by the competitive sorption–
desorption behavior under the coexistence of Pb and Cd [22]. Relevant studies have shown
that the release of Pb in the soil increased first and then decreased, and the release of Cd
was closely related to the alternating cycle of soil moisture [23].
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Figure 2. Concentration changes of six heavy metal elements in leaching water.

The main factors affecting the net concentration of heavy metals in leachate were the
amount of sludge added and the accumulated leaching water. To further understand the
coupling effect of sludge application and leaching water on the net concentration of heavy
metals in the leachate, we used a three-dimensional curve presented in Figure 3 to simulate
the binary nonlinear relationship between these three variables. The curve was generated
by Statistica 10.0, and the fitting equation of the net concentration of each heavy metal in
leachate is shown in Table 3. We found that the net concentration of the six heavy metals
in leachate as a function of the two independent variables could be expressed by using
Equation (1).

C =
(

aS2 + bS + c
)

lnW + dS2 + eS + f (1)

where C is the net concentration of each heavy metal in leachate, µg/L; S is the amount of
sludge addition, kg/m2; and W is the cumulative leaching water, L.
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Table 3. Fitting equation of net concentration of heavy metals in leachate.

Heavy Metals Equation Model R2

Cu C = (0.023S2 − 0.44S + 0.75)lnW − 0.012S2 + 0.82S − 1.29 0.99
Cr C = (0.0006S2 − 0.03S − 0.01)lnW − 0.004S2 + 0.13S − 0.03 0.95
Zn C = (−0.07S2 + 0.42S − 1.26)lnW + 0.03S2 + 1.31S − 1.18 0.98
Pb C = (−0.0003S2 − 0.04S − 1.85)lnW − 0.02S2 + 0.48S − 0.31 0.96
Cd C = (0.01S2 − 0.24S − 0.30)lnW − 0.02S2 + 0.46S + 0.002 0.94
As C = (− 0.02S2 + 0.21S − 0.84)lnW + 0.04S2 − 0.31S + 2.24 0.99

According to the curve feature in Figure 3, the relationship between the net concentra-
tion of heavy metals in leachate and the two independent variables could be classified into
four types. The first type included Cu and As. By observing changes in line 1 to line 3, we
would find that, regardless of the cumulative leaching water, the net concentration of these
two elements continued to rise as the amount of sludge addition increased, which indicated
the leaching of these two elements had not reached saturation. The second type included
Cr and Pb. The difference from the first type was that as the amount of sludge addition
increased, the net concentration of these two elements gradually stabilized. The third type
was Zn. In the case of low cumulative leaching water, the net concentration was linear with
the amount of sludge addition. As the amount of accumulated leaching water increased, the
net concentration gradually became stable. The last type was Cd. Under the condition of
low cumulative leaching water, the net concentration gradually stabilized with the increase
in sludge addition. When the cumulative leaching water reached a certain level, the net
concentration increased with the increase in sludge addition.

3.1.2. Risk Assessment of Groundwater by Heavy Metals in Sludge

To evaluate the risk of contamination of groundwater by sludge application, it is neces-
sary to compare the concentration of heavy metals in the leachate with the standard limits
of groundwater quality. To this end, we referred to the latest standards of groundwater
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pollution indicators and limits in China [24]. According to the standard, groundwater
quality has been divided into five grades. The first three grades are applicable to drinking
water, while the fourth and fifth grades are less suitable because the pollutant content
is relatively high. Considering the importance of forest land in Beijing for water conser-
vation and purification, we only included the first three grades in the evaluation of our
study. The specific standards are shown in Table 4, and the maximum concentration of
each heavy metal in leachate under different treatment groups is presented in Table 5. By
comparing Tables 4 and 5, we could find that in leachate, the concentrations of Cu, Cr, Ni,
Zn, and Pb could meet the class I standard of groundwater quality in China, while the
concentrations of Cd, Hg, and As could only meet class III standards. Furthermore, it could
be found that under the application rates of T1 and T2, the risk of sludge to groundwater
was relatively low, and Cd and As were the main heavy metals that limit the application
of sludge.

Table 4. National standard limit for groundwater heavy metal concentration (mg/L).

Heavy Metals Class I Class II Class III

Cu ≤0.01 ≤0.05 ≤1.00
Cr ≤0.005 ≤0.01 ≤0.05
Zn ≤0.05 ≤0.5 ≤1.00
Pb ≤0.005 ≤0.005 ≤0.01
Cd ≤0.0001 ≤0.001 ≤0.005
As ≤0.001 ≤0.001 ≤0.01
Ni ≤0.002 ≤0.002 ≤0.02
Hg ≤0.0001 ≤0.0001 ≤0.001

Table 5. Maximum concentration of heavy metal under different treatment groups (mg/L).

Heavy Metals T1 T2 T3

Cu 0.00238 0.00410 0.00756
Cr 0.00088 0.00112 0.00143
Zn 0.00856 0.01257 0.02248
Pb 0.00261 0.00333 0.00404
Cd 0.00322 0.00376 0.00443
As 0.00383 0.00431 0.00568
Ni <0.001 <0.001 <0.001
Hg <0.0005 <0.0005 <0.0005

3.2. Accumulation of Heavy Metals in Different Soil Layers and Its Risk to Soil Environment
3.2.1. Analysis of Accumulation Behavior of Heavy Metals from Sludge in Different
Soil Layers

We investigated the content of heavy metals in different soil layers under the four
treatment groups, and the three sludge addition groups were corrected by the CK group
to obtain the net content of heavy metals accumulated in different soil layers. The curves
presented in Figure 4 show the net content of eight heavy metals as a function of soil depth,
and the area enclosed by the curve and the coordinate axis represents the cumulative content
of the layer. In addition, Figure 5 shows more intuitively the proportion of heavy metal
accumulation in each soil layer to total soil accumulation. Combined with Figures 4 and 5, the
accumulation behavior of these heavy metals can be divided into four categories: enrichment
in topsoil (0–20 cm), enrichment in the middle layer (20–40 cm), enrichment in the bottom
layer (40–50 cm) and uniform distribution of each layer.
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However, the accumulation behavior of the three sludge addition groups was quite
different. If we considered that the leaching degree of the T1 group was deeper than T2
and T3 due to the same amount of leaching water, we could classify the accumulation
behavior of eight heavy metals based on the T1 group, and then analyzed the change of
accumulation behavior when the amount of sludge applied increased.

Accordingly, we would see that Pb, Ni, Cu, and Hg belonged to the first category, the
proportions of which that accumulated in topsoil were 86.5%, 69.8%, 62.6%, and 82.7%,
respectively. Comparing the cumulative characteristics of these four elements in different
treatment groups, it could be found that the proportions of Pb, Ni, and Cu, accumulated
in a deeper layer of the soil in the T3 group, were significantly larger than that of T2 and
T1 when T1 and T2 were highly similar. One possible explanation for this phenomenon
was that when the amount of sludge applied reached a certain level, the adsorption of
Pb, Ni, and Cu in the topsoil layer was nearly saturated, and excessive parts continued to
migrate to a deeper layer of the soil with leaching solution. Related research has shown
that the adsorption mechanism of Pb, Ni, and Cu was mainly not ion exchange, but
specific adsorption or precipitation, usually combined with Fe Mn oxides and organic
matter [25,26]. Specifically, in lower added concentrations, most Pb, Ni, and Cu were
adsorbed to high energy sites such as soil humus and clay fractions, while in higher
added concentrations, the excessive Pb, Ni, and Cu were extracted in the more mobile
solvent [27–30]. In contrast, the accumulation behavior of Hg in T1, T2, and T3 was similar.
As the depth of the soil deepened, the accumulation of Hg decreased. Previous studies
have shown that Hg exhibited a great affinity for organic matter in soils, especially at higher
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concentrations [31,32]. Therefore, in the T3 group, the adsorption sites for Hg in topsoil
were not yet saturated.
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Figure 5. Distribution ratios of net content of heavy metals in soils of various layers after sludge application.

Cr, As, and Zn belonged to the second category, the proportions accumulated in
the middle layer were 67.7%, 48.0%, and 65.7%, respectively. For Cr, as the amount of
sludge applied increased, more Cr accumulated into a deeper layer. Meanwhile, the three
treatment groups all showed a valley value of 10–20cm. Studies have shown that Cr was
usually present in the form of Cr (VI) and Cr (III) in the soil. However, Cr (VI) has extremely
high fluidity compared to Cr (III), especially in alkaline environments. The low hydroxyl
solubility of Cr (III) coupled with its strong retention on soil surfaces limits its mobility in
soil and water, while the electrostatic repulsion between Cr (VI) and negatively charged
soil colloids increases the mobility of Cr (VI), as all Cr (VI) is anionic [33,34]. In addition,
the presence of soil organic matter can promote the reduction of Cr (VI) to Cr (III), thereby
reducing the mobility of Cr [35,36]. Therefore, the accumulation behavior of Cr in soil
depended on its ratio between the valence states of Cr (VI) and Cr (III), and the influence of
soil surface organic matter could explain the phenomenon of the valley value. Similarly to
Cr, Arsenic also has two contrasting chemical forms in soils; one is As (V) which has poor
mobility, and the other is As (III), which can rapidly move, but the redox reaction of arsenic
is more sensitive [37,38]. This may explain the significant difference in the accumulation
of Arsenic in the soil between three different treatment groups. For Zn, in the topsoil,
the content of Zn in T3 was significantly larger than in T2 and T1, while T1 and T2 were
similar. Additionally, the accumulation behavior of Zn in a deeper layer of the soil was
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similar in the T2 and T3 groups, and the cumulative amount is significantly higher than
T1. Studies have shown that the concentration of Zn in soil solutions was controlled by
the adsorption–desorption reaction on the surface of soil colloids [39,40]. Soils with high
organic matter, high CEC, and high pH exhibited strong adsorption for Zn, but with no
exception for Cd, Cu, Ni, and Pb [41]. However, competitive adsorption behaviors between
different heavy metals would produce great influence [42,43]. When Cu was present, Zn
was weakly bound to soil surfaces and was released in high amounts during desorption [44].
These would explain the difference in accumulation behavior of Zn in topsoil between T1,
T2, and T3.

For Cd, its accumulation behavior belonged to the last category. Studies have shown
that the transport and accumulation of Cd in soils were closely related to soil texture and
pH [45,46]. In alkaline soil, the solubility of Cd was small because of precipitation of solid
phases [47], much more precipitation of solid phases occurred in the top soil layers, and
the precipitation coefficient decreased with increasing depth [48]. Therefore, there was no
significant difference in the content of Cd in the bottom layer of the soil under the three
treatment groups.

3.2.2. Risk Assessment of Soil Environment by Heavy Metals in Sludge

Considering the background value of heavy metal content in the soil, and the net
increase in each soil layer after sludge application, we list the current and net added value
of heavy metals in the riskiest soil layers under each treatment group. The results are
shown in Table 6. To evaluate the risk of contamination of the soil environment after sludge
application, we referred to the latest standards of soil pollution indicators and limits in
China [49].

Table 6. Background and net added value of heavy metals in the most hazardous soil layers and soil
heavy metal control standards (mg/kg).

Heavy Metals T1 T2 T3 Limits

Cu 19.20 (+2.38) 20.66 (+3.83) 25.67 (+6.89) <100
Cr 52.68 (+2.34) 55.92 (+5.58) 58.79 (+9.08) <250
Zn 50.91 (+6.27) 55.06 (+10.42) 65.76 (+15.77) <300
Pb 19.54 (+3.63) 19.99 (+4.08) 20.80 (+4.89) <170
Cd 0.123 (+0.039) 0.208 (+0.110) 0.242 (+0.144) <0.6
As 15.98 (+2.66) 16.17 (+2.85) 21.95 (+10.43) <25
Ni 27.34 (+2.82) 27.76 (+3.25) 30.45 (+5.93) <190
Hg 0.056 (+0.025) 0.109 (+0.078) 0.130 (+0.099) <3.4

By comparison, we could find that the existing heavy metal accumulation was far from
reaching the soil pollution limit. However, a large amount of sludge is produced every
year, and the annual application will inevitably lead to more accumulation of heavy metals
in the soil. When we accumulated the net increase of different heavy metals in the highest
risk soil layer year by year and used the standard limit as a reference, we could calculate
the land application period for sludge disposal. Calculations proved that, for all the metals,
Arsenic had the most restrictions on the period of application. Under the application rate of
T1 and T2, the Arsenic content limit allows the current sludge application rate to be applied
only for 5 and 4 years. The application rate of T3 was above the limits. By comparing these
three groups, the application of 60 t/ha·a−1 in T2 would not put any risk to groundwater
and soil in the short term, while the total sludge disposal could be maximized.

3.3. Leaching Efficiency of Heavy Metals in Sludge

To understand the leaching efficiency of each heavy metals from sludge to ground-
water, we investigated the contents of heavy metal in surface residues, soil columns, and
leachate under each test group, and the three sludge addition groups were corrected by
the CK group to obtain the ratio of heavy metals from sludge in each media. According
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to the proportion of each heavy metal in different media, it could be classified into three
categories, which are shown in Figures 5 and 6. From Figure 5, by calculating the average
value of the three groups, it was found that the proportions allocated to the 0–20 cm soil
layer were Hg (78.7%) > Pb (72.2%) > Ni (60.3%) > Cd (57.4%) > Cu (52.0%) > As (36.5%)
> Cr (35.7%) > Zn (32.0%), the proportions allocated to the 20–40 cm soil layer were Cr
(53.2%) > Zn (48.9%) > As (42.7%) > Cd (35.5%) > Cu (31.5%) > Ni (25.4%) > Pb (19.1%) >
Hg (17.6%), and the proportions allocated to the 40-50cm soil layer were As (20.8%) > Zn
(19.1%) > Cu (16.5%) > Ni (14.3%) > Cr (11.1%) > Cd (7.1%) > Pb (8.7%) > Hg (3.7%). Among
the eight elements, Hg, Pb, Ni, Cd, and Cu were mainly concentrated in the 0–20 cm soil
layer, while Cr, Zn, and As were mainly concentrated in the 20–40 cm soil layer.
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From Figure 6, Cd had the highest leaching efficiency and Hg showed the lowest.
Except for Hg and Cd, the other six elements had great similarities in the distribution of
each media. The distribution ratio of Cu, Cr, Ni, Zn, Pb, and As in the surface residues was
between 8% to 13%, and the proportion increased slightly as sludge amounts increased,
while their distribution ratio in the leachate did not exceed 0.1%. The distribution ratio of
Cd in the leachate reached 4–6%, which was significantly higher than that of other elements,
probably because of its strong migration characteristics in the solid phase. It was commonly
known that the migration characteristics had a strong correlation with the chemical form
of heavy metals, and the extractable form could have better mobility than the residual
form [50]. Referring to Meng’s investigation of heavy metals in the sludge of the Beijing
sewage treatment plant, the extractable form of Cd was between 81.3% to 85.7%, which
was significantly higher than the other seven heavy metals [51]. Therefore, the existence of
a large number of extractable Cd significantly increases its leaching ratio.

Contrary to Cd, Hg was not detected in leachate, while the distribution ratio in surface
residues was significantly higher than the other seven elements. Studies have shown that
the majority of the added Hg tended to be bound by soil organic matter on the surface and
precipitation input had a slight influence on its mobility [52–54]. This may explain the large
distribution ratio of Hg in surface residues and the reason for its obvious growth with the
increased adding of sludge.

Comparing the difference between the undisturbed soil column test in our study and
the self-made homogeneous soil column test in the previous study, we could find that the
leaching efficiency was completely different. In our test, the leaching efficiency of heavy
metals in sludge was extremely low, although some heavy metals were enriched at the
bottom of the soil column, performing a sharp contrast with the result that over half of
the Zn was leaching out of the soil in the previous study [55]. One possible explanation
was that, in an undisturbed soil column, as the water migrated to the subsoil, a layer of
cement was formed at the bottom of the soil column due to the leaching effect, and the
permeability coefficient became extremely low, whereas the self-made homogeneous soil
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failed to form this cement layer due to the destruction of the soil structure [56]. In addition,
the porosity of the compact illuvial layer was significantly lower than the surface layer,
which would greatly reduce the infiltration of leaching water and cause most of the heavy
metals to stay in the deep soil layer [57]. The self-made homogeneous soil ignored the
existence of this phenomenon, causing the concentration of heavy metals in the leachate to
be much higher than in the field, which exaggerated the impact of sludge heavy metals on
groundwater. Therefore, it could be seen that the leaching test using an undisturbed soil
column was more effective in reflecting the leaching efficiency of heavy metals from sludge
to groundwater.

4. Conclusions

After the sludge application in woodland soil, Cd had the highest leaching efficiency
while Hg showed the lowest. The distribution ratio of Cu, Cr, Ni, Zn, Pb, and As in the sur-
face residues was between 8% to 13%, the proportion increased slightly as sludge amounts
increased, and the distribution ratio of these five elements in the leachate did not exceed
0.1%. The enrichment characteristics of each metal in soil were expressed as Pb, Ni, Cu, and
Hg were enriched in topsoil (0–20 cm), and Cr, As, and Zn was enriched in the middle layer
(20–40 cm), and Cd showed a uniform distribution in each layer. The main factor affecting
the net concentration of heavy metals in leachate was the amount of sludge addition and
accumulated leaching water, and there was a nonlinear binary relationship between these
three variables. After sludge application, the accumulation behavior of different heavy
metals in soil was different; as the application rate increased, the accumulation behavior
would change, probably related to changes in the adsorption–desorption behavior and
chemical form. During the application process of sludge products, more attention should
be given to As and Cd due to their higher potential risk to groundwater than other heavy
metals. Accumulation of Arsenic in the soil was the main factor limiting the amount
and frequency of sludge product application. The sludge application of 60 t/ha·a−1 was
preferred compared with the other two application rates because it performed minimal
risk to groundwater and soil in the short term, while the total sludge disposal could be
maximized.
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