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Abstract: The leaching behaviors of four heavy metals (Zn, Pb, Cu and Cr) from unbounded municipal
solid waste incineration-bottom ash aggregate (MSWI-BAA) and permeable asphalt (PA) mixture
containing MSWI-BAA were investigated in the laboratory. The horizontal vibration extraction
procedure (HVEP) test and a simulated leaching experiment were conducted on MSWI-BAA with three
particle sizes, but only the simulated leaching experiment was carried out on a type of PA specimen
(PAC-13) with and without these MSWI-BAAs. Leaching data were analyzed to investigate the
leaching characteristics, identify the factors affecting leaching and assess the impact on the surrounding
environment. Results indicated that the leaching process was comprehensively influenced by contact
time, leaching metal species and MSWI-BAA particle size, regardless of MSWI-BAA alone or used in
PAC-13 mixture. The leaching concentrations of Cr, Zn and Pb from MSWI-BAA in HVEP testing was
strongly related to MSWI-BAA particle size. The use of MSWI-BAA in PAC-13 mixture did not change
the basic tendency of heavy metal leaching, but it led to an increase of Cr and Zn in leachate overall.
The leachate from the MSWI-BAA and PAC-13 mixture with MSWI-BAA was shown to be safe for
irrigation and would have very little negative impact on surrounding surface and underground
water quality.
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1. Introduction

Incineration with energy recovery is recommended as a preferred option for dealing with municipal
solid waste (MSW) to effectively reduce the original waste volume and mass by approximately 90%
and 70%, respectively, and generate electricity and heat [1–3]. However, a considerable amount of
residual material is still generated after the incineration process: typically MSW incineration fly ash
(MSWI-FA) and MSW incineration bottom ash (MSWI-BA) [4,5]. MSWI-BA accounts for nearly 80%
of the total residual by mass and is complex, consisting of combustion residue and non-combustible
constituents of the waste feed [6–8]. In Europe and Asia, MSWI-BA is often classified as non-hazardous
waste [9]. For this reason, MSWI-BA is commonly discarded in landfills.

In 2017, 84.63 million tons of MSW were treated by incineration in China, accounting for nearly
39% of the total mass [10], which produced approximately 20.31 million tons of MSWI-BA. It is reported
that the amount of MSWI-BA generated is expected to exceed 28 million tons by 2020 according to the
National Thirteenth Five-Year Plan of China [11,12]. If all these MSWI-BAs are to be disposed of in
landfill sites; around 12.73 million m3 of landfill space (calculated by the density of 2.20 g/cm3 [13,14])
will be needed. Therefore, MSWI-BA treatment has been a tremendous challenge to most Chinese
cities with high population densities and limited land resources.

Traditionally, landfilling is regarded as the most convenient and inexpensive approach for disposal
of MSWI-BA. However, it results in significant environmental problems. Studies indicate that MSWI-BA
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contains various heavy metals such as zinc (Zn), lead (Pb), copper (Cu) and chromium (Cr), which are
present in high concentrations [3,15,16]. The leaching of these metals from MSWI-BA when exposed
to rainwater can seriously contaminate the surrounding sensitive recipients, including soil, surface
and sub-surface water bodies [5,17,18]. Environmental safety, thus, has become a great concern for
MSWI-BA management.

The recycling of MSWI-BA as road construction material, especially considering the reduction
of natural aggregate usage, is recommended as an important management option and has gained
worldwide attention. Numerous studies were conducted on the physicochemical and engineering
properties of MSWI-BA. It is concluded that MSWI-BAA made by fresh MSWI-BA after being pretreated,
has a good particle size distribution and similar properties to natural aggregate and is suitable to be
used in asphalt mixtures and cement concrete [4,5,9,13,14,19,20]. Some studies have consequently
used MSWI-BAA to partially replace natural aggregate in asphalt mixtures. It is reported that the
substitution of MSWI-BAA with coarse and fine natural aggregates in traditional, dense hot-mix asphalt
(HMA) can meet the technical requirements, but the characteristics of being lightweight, and having a
smaller specific weight, compared to natural aggregate, must be seriously considered [14,21,22]. It is,
therefore, suggested that MSWI-BAA is more suitable for use in low-traffic-volume roads [23].

Rapid urbanization coupled with climate change is placing increasing pressures on urban
stormwater management [24]. The increase in impervious surfaces with asphalted roads and rooftops
significantly increases stormwater volumes and peak flowrate, while also decreasing stormwater quality
and impeding groundwater recharge [25–27]. Permeable asphalt (PA) pavement is a popular and
practical, low-impact development (LID) technology that serves as an ideal alternative to conventional
low-traffic-volume pavement because it can help to address the issues stated above by providing in situ
restoration of the urban hydrological cycle and reducing the need for traditional stormwater facilities [28].
PA pavement consists of various layers with porous materials, which not only allow stormwater
to infiltrate into the ground, unlike conventional asphalt pavement, but can also simultaneously
remove pollutants (e.g., total suspended solids (TSS) and heavy metals) from stormwater runoff on site,
thus raising their value as a LID option in current urban development [25,29–31]. As the PA mixture
(the surface material of the PA pavement) requires relatively low strength compared to conventional
dense asphalt mixtures, researchers have explored the feasibility of recycling MSWI-BA aggregate
(MSWI-BAA) in PA mix designs. The results are encouraging, indicating that PA mixtures containing
MSWI-BAA have better performance than those without, and the replacement ratio can be up to
80% [23].

On the other hand, the potential environmental impacts associated with the use of MSWI-BAA in
asphalt mixtures are of great concern [21,32–34]. Results indicate that the leaching concentrations of
heavy metals (e.g., Pb, Zn, Cu, Cr and Cd) from HMAs containing MSWI-BAA are significantly reduced
compared to unbounded MSWI-BAA. It has been concluded that there is very little environmental risk
for substituting MSWI-BAA for natural aggregate in dense asphalt mixtures. Previous investigations
have provided valuable information for the leaching characteristics of heavy metals from dense asphalt
mixtures containing MSWI-BAA; however, there are few studies focusing on PA mixtures containing
MSWI-BAA. High voids in PA mixtures provide benefits for stormwater management in urban areas,
but it can also lead to an increase in contact between the PA material and the infiltrated stormwater
during wet weather.

To encourage the utilization of MSWI-BAA in PA mixtures, investigating the leaching behavior of
unbounded MSWI-BAA and within PA mixtures to identify environmental consequences is warranted.
The objectives of this study are to investigate and compare the heavy metal leaching of unbounded
MSWI-BAA and PA mixtures containing both the coarse and fine MSWI-BAAs at optimal replacement
ratios. In this study, heavy metals present in MSWI-BAAs with three particle sizes (0.075–2.36 mm,
2.36–4.75 mm and 4.75–9.5 mm) were identified based on X-ray Fluorescence (XRF) tests. The leaching
behaviors of heavy metals in MSWI-BAA with three particle sizes were investigated with HVEP tests
and simulation experiments. The leaching behaviors of PA mixtures containing these MSWI-BAAs
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were examined by simulation experiments. The difference in leaching behavior between unbounded
MSWI-BAA and PA with MSWI-BAA were compared and analyzed. The leaching data were also
compared to limit values in Chinese standards for surface water, subsurface water and irrigation water,
to assess the environmental risk for the utilization of MSWI-BAA in PA mixtures.

2. Materials and Methods

2.1. Materials

2.1.1. MSWI-BAA

The MSWI-BAA used in this study was made by the MSWI-BA collected from a waste-to-energy
facility located in Nanjing City, China. After the incineration process, fresh MSWI-BA was
water-quenched immediately and air-dried for 7 days, and then delivered to the lab. The received
MSWI-BA was naturally weathered in the lab for another 90 days for potential hydration and
stabilization prior to pretreatment. The processes used for MSWI-BA pretreatment included impurity
removal, magnetic separation, crushing and sieving. Three MSWI-BAA sizes were prepared:
0.075–2.36 mm, 2.36–4.75 mm and 4.75–9.5 mm. It should be noted that both sampling and preparation
were carried out in accordance with Chinese standards of HJ/T 20-1998, HJ/T 298-2007 and JTG
E42-2005 [35–37].

To identify the main species and contents of heavy metals in MSWI-BAAs of different sizes, XRF
was utilized. Three groups of MSWI-BAA samples were oven dried at 105 ◦C until a constant mass
was obtained, and then the samples were milled into powder (<0.075 mm). After that, these powder
samples were separately packed in sealable polypropylene bags prior to further testing. The weight
percentages of all the elements above detection limit are shown in Table 1. It can be noted that Zn,
Cu, Cr and Pb are present in relatively high levels in these three MSWI-BAA samples, accounting for
approximately 0.7–2.2% of the total mass. Thus, these four metals were selected as the tracer metals for
the leaching tests in this study.

Table 1. XRF analysis results of MSWI-BAA samples.

Element
MSWI-BAA (% by Weight)

0.075–2.36 mm 2.36–4.75 mm 4.75–9.5 mm

Ca 51.55 44.56 43.97
Si 12.85 17.27 19.60
Al 6.94 8.65 8.82
Cl 4.78 4.88 5.67
Fe 5.92 5.65 4.77
S 4.49 3.49 3.61

Mg 2.26 2.44 2.61
P 2.66 3.90 2.23
Ti 1.98 1.65 1.63
K 2.16 2.46 2.53

Na 1.59 2.14 3.22
Zn 1.32 1.92 0.48
Cu 0.22 0.12 0.10
Cr 0.17 0.13 0.10
Pb 0.19 0.03 0.03
Sr 0.12 0.08 0.04
Ba 0.60 0.41 0.44

Total 99.80 99.78 99.85
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2.1.2. PAC-13 Mixture Containing MSWI-BAA

A type of PA mixture with a maximum aggregate size of 13.2 mm, PAC-13 mixture, was designed
in accordance with the Technical Specification for Permeable Asphalt Pavement (CJJ/T 190-2012) [38].
To focus on the realistic leaching behavior of PAC-13 containing MSWI-BAA on site, PAC-13 mixtures
used in this study were designed with the same aggregate graduation and air void content (20%),
as shown in Figure 1. Three sizes of MSWI-BAA (0.075–2.36 mm, 2.36–4.75 mm and 4.75–9.5 mm) were
separately used as partial replacements of the same aggregate size in the PAC-13 mixture with optimal
replacement ratios of 30%, 20% and 30% (by aggregate weight). Thus, four types of PAC-13 specimens,
including three PAC-13 specimens containing MSWI-BA and one specimen without (control), were used
in this study. The optimal replacement ratio of MSWI-BAA for each mixture was determined to satisfy
the technical requirements for PAC-13 mixtures.
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Figure 1. Aggregate gradation of PAC-13 mixture.

All the PAC-13 specimens were compacted by a Marshall hammer with 50 blows per side at 170 ◦C,
according to Method T0702 [39]. Each specimen was prepared in a 101.6 mm diameter mold with
height 63.5 ± 1.3 mm. The optimum asphalt contents of 5.4%, 5.1%, 5.7% and 4.9% were separately used
for three PAC-13 specimens containing MSWI-BAA with particle sizes of 0.075–2.36 mm, 2.36–4.75 mm
and 4.75–9.5 mm, and one specimen without MSWI-BAA. It should be noted that all the materials
utilized for preparing these specimens satisfied the technical requirements of CJJ/T 190-2012 [38].

2.2. Methods

2.2.1. Leaching Test of MSWI-BAA

To assess the environmental risk resulting from the possible release of heavy metals (Zn, Pb, Cu
and Cr) from MSWI-BAA in unbounded form, the standard test and a simulated leaching experiment
were conducted in the lab.

The HVEP test (as shown in Figure 2) was conducted in accordance with the Chinese standard (HJ
557-2009) [40] to evaluate the potential maximum leaching toxicity of heavy metals from unbounded
MSWI-BAA when exposed to stormwater. For preparing the liquid waste sample, 100 g of MSWI-BAA
sample was set with 1 L distilled water in a flask after passing through a 3 mm sieve. The mixture
sample was vibrated with frequency of 110 times/min and amplitude of 40 mm for 8 h, and then rested
at room temperature (20 ◦C) for 16 h. The liquid extracted was then separated from the solid phase by
filtration through a 0.45 µm glass fiber filter and then stored in the refrigerator at 4 ◦C before digestion.
A total of three MSWI-BAA samples and one blank were tested.
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Figure 2. HVEP test in this study: (a) Liquid waste samples; (b) the horizontal-vibration machine.

The simulated leaching experiment was designed to assess the realistic leaching of heavy metals
from unbounded MSWI-BAA exposed to stormwater over a long period of time. The simulated
experiment was continued for 28 days. Although the pH level is suggested as one of the main factors
influencing MSWI-BA’s leaching behavior [17], distilled water with an initial pH value of 6.8 was
used here to simulate the stormwater. The liquid/solid (L/S) ratio of 10:1 was chosen based on results
from [41] and the HVEP test method. For each experimental sample, 100 g of MSWI-BAA was mixed
with 1 L of synthetic stormwater in a capped flask. Timing commenced immediately after application
of the synthetic stormwater. At each sampling event, 10 mL of leachate was collected from a flask using
a pipette, dispensed into a polypropylene sample bottle, and then 3 mL of nitric acid was added to the
sample to keep it stable. Samples were stored in the refrigerator at 4 ◦C until further analyses. It should
be noted that the first leachate sample was collected immediately after the application of synthetic
stormwater to the MSWI-BAA sample. Herein, a total of three MSWI-BAA samples with different sizes
were used and 14 sampling events were conducted during the experiment for each sample.

2.2.2. Simulated Leaching Experiment of PAC-13 Mixture Containing MSWI-BAA

The experimental procedure for the PAC-13 mixtures containing MSWI-BAA was the same as that
for the unbounded MSWI-BAA. Four PA specimens were used, as shown in Figure 3: (1) PAC-13 with
30% MSWI-BAA of 0.075–2.36 mm; (2) PAC-13 with 20% MSWI-BAA of 2.36–4.75 mm; (3) PAC-13 with
30% MSWI-BAA of 4.75–9.5 mm; and (4) PAC-13 without MSWI-BAA. For each PA specimen, a total of
14 sampling events were conducted during the experiment.
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2.2.3. Sample Determination and Data Analysis

After the leaching tests, all of the leachate samples were first digested by a microwave digestion
procedure. The total concentrations of Zn, Cu, Cr and Pb in leachates were then determined by
inductively coupled plasma-mass spectrometry (ICP-MS).

For data analysis, Microsoft Excel® and SPSS® were used to conduct a variety of tests on the data
to identify the difference of leaching characteristics and determine the factors affecting heavy metal
leaching. The two-factor analysis of variance (ANOVA) was conducted on the data from the HVEP
test while the one-factor ANOVA was conducted on the data from simulated experiments. Linear
regression was also used to determine if linear relationships were likely.

3. Results

3.1. HVEP Results

Table 2 presents the leaching concentrations of heavy metals Zn, Cu, Cr and Pb from unbounded
MSWI-BAA samples with three particle sizes obtained through the HVEP test. For all MSWI-BAA
samples, the leaching concentration of Cr was the highest, followed by Cu, Zn and Pb. The leaching
concentration of Cr from MSWI-BAA with particle size of 4.75–9.5 mm was the highest, while Pb
leaching from MSWI-BAA of the same particle size was the lowest. For each heavy metal, the leaching
concentration seemed to be related to MSWI-BAA particle size. Moreover, an MSWI-BAA with a larger
particle size was likely to release more Cr and Zn, and an MSWI-BAA with smaller particles was likely
to release more Pb. These results suggest that the heavy metal leaching from unbounded MSWI-BAA
in the HVEP test is a result of the combined effect of both the leaching metal species and MSWI-BAA
particle size.

Table 2. Leaching concentrations of heavy metals from MSWI-BAA by the HVEP test.

Heavy Metal 1
Leaching Concentration (µg/L) Limit Value (µg/L)

0.075–2.36
mm

2.36–4.75
mm

4.75–9.5
mm

GB/T 14848
(Class III)

GB 3838
(Class II) GB 5084

Cr 45.64 50.73 106.08 50 (VI) 2 50 (VI) 2 100 (VI) 2

Cu 28.93 20.49 26.88 1000 1000 1000
Zn 4.77 7.04 6.79 1000 1000 2000
Pb 5.35 0.32 0.24 10 10 100

1. Heavy metal concentration in leachate sample is the total concentration; 2. these limit values are intended for Cr(VI).

3.2. Simulated Leaching Experiment Results

3.2.1. Leaching Process of MSWI-BAA

Figures 4 and 5 present the results of the simulated leaching experiment using unbounded
MSWI-BAA with three different particles. As demonstrated in Figure 4, overall, the leaching
concentrations of heavy metals changed over contact time with varying tendencies. Cr and Cu
leaching values showed a fluctuating, increasing trend with contact time, while the others, surprisingly,
did not. During the first 10 days, Zn and Pb showed a fluctuating, decreasing trend, and then remained
at a relatively low level. In addition, Cr concentration in leachate increased faster than Cu throughout
the experiment, and it remained the highest level in the second half of the period. This result indicates
that the leaching trend of heavy metal from unbounded MSWI-BAA is mainly dependent on the type
of leaching metal rather than the MSWI-BAA particle size.
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Regarding the leaching level of each heavy metal (as shown in Figure 4), the leaching concentration
of Pb and Cu from MSWI-BAA with the smallest particle size (0.075–2.36 mm) generally remained
at the highest level, followed by the particle size of 2.36–4.75 mm and 4.75–9.5 mm. But Cr showed
a different pattern. Cr concentration in leachate from MSWI-BAA with 2.36–4.75 mm remained at
the lowest level in the first 10 days, but remained at the highest level during the following 17 days.
Moreover, in the experimental period, the highest leaching concentration (90.06 µg/L) was found for
Cr from MSWI-BAA with a particle size of 4.75–9.5 mm at the last sampling event, while the lowest
leaching concentration (0.17 µg/L) was found for Pb from MSWI-BAA of the same particle size at the
last sampling event, which is consistent with the observation in the HVEP test. These results suggest
that the overall level of each heavy metal in leachate seems to be affected by MSWI-BAA particle size,
with the MSWI-BAAs with smaller particles leading to higher levels of leaching of Zn, Pb and Cu.

As shown in Figure 5, for each MSWI-BAA sample, the changes in Zn, Pb, Cr and Cu concentration
in leachate over contact time are similar, but the levels are different. In general, the highest level
measured in this experiment was Cr, followed by Cu, Zn and Pb. For the MSWI-BAA of 4.75–9.5 mm,
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a remarkable increase in leaching concentration was observed for Cr, Cu and Zn at the last sampling
event, which means their solid and liquid phase equilibriums may not be attained even after 28 days
in the leaching period. The results from the simulated leaching experiment validate the suggestion
that the leaching of heavy metals from MSWI-BAA is a very slow process, which is comprehensively
influenced by contact time, the type of heavy metal leaching and MSWI-BAA particle size, under
experimental conditions. With the increasing contact time, the leaching trend is mainly dependent on
the type of leaching metal, while the leaching level is greatly affected by the MSWI-BAA particle size.

3.2.2. Leaching Process of PAC-13 with MSWI-BAA

Figure 6 presents the leaching data of each heavy metal varying with contact time, while Figure 7
shows the leaching data of each PA specimen varying with contact time. Figure 6 shows that the
leaching concentrations of Zn, Pb, Cu and Cr change in a similar manner with contact time regardless
of whether MSWI-BAA is present. Leaching concentrations of Zn, Pb and Cu were stable within a
narrow range between 19.14 and 29.15 µg/L. By contrast, the leaching concentration of Cr increased
with contact time, and increased faster in the last 7 days. With the exception of some sampling points,
Cr and Zn from the control specimen resulted in lower leaching concentrations compared with those
specimens containing MSWI-BAA. This might mean that the use of MSWI-BAA in PAC-13 mixtures
may lead to increased leaching of Cr and Zn, but these results did not seem to suggest that the use of
MSWI-BAA to partially replace a natural aggregate in PAC-13 mixtures can change the basic leaching
trend of heavy metals during the experimental period.
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For the three PAC-13 specimens containing MSWI-BAA, the leaching trend of each heavy metal
was similar, regardless of the MSWI-BAA particle size. In general, the leaching of Cu was the most
stable throughout the experiment and the concentration fluctuated in a narrow range between 24.09
and 26.39 µg/L. The leaching concentrations of Pb and Zn showed a fluctuation in a relatively wider
range. However, the leaching concentration of Cr showed an increasing trend with contact time.
These observations indicate that different types of heavy metals produce different leaching trends and
leaching levels because some heavy metals are affected by particle size.

Figure 7 shows that for all PAC-13 specimens, the leaching trends of Zn, Cu, Cr and Pb are similar.
For the control specimen, Zn, Pb and Cu showed a relatively stable leaching process; however, Cr
showed an increase during the last 7 days. Regarding the mean leaching level, Cu was the highest
(25.77 µg/L), followed by Cr (23.67 µg/L), Pb (22.52 µg/L) and Zn (21.35 µg/L). For PAC-13 containing
MSWI-BAA, the order of mean leaching concentrations of these four heavy metals varied with particle
size used, but the mean leaching level of Cr was the highest in all cases. These results suggest that the
type of heavy metal is an important factor affecting the leaching trends and levels with or without
MSWI-BAA. In addition, the particle size of MSWI-BAA used in the PAC mixture seems to have an
effect on the leaching level of only some heavy metals.

4. Discussion

4.1. Leaching of Heavy Metals from MSWI-BAA by HVEP Test

Results showed that Pb and Zn leaching values were much lower than those of Cu and Cr
in the HVEP test, which indicates that Cr and Cu are easier to extract compared to Pb and Zn.
However, Seniunaite et al. [3] reported relatively higher leaching concentrations for Zn and Pb from
MSWI-BA by the standard method of EN 12457-2. Thus, although the experimental conditions
(e.g., temperature, L/S ratio, leaching time and leachant) were the same in both standard tests, opposite
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results were found. This was possibly due to the different heavy metal contents and chemical
compositions of the two MSWI-BA samples used.

The HVEP data also showed that the leaching concentration of each heavy metal varied with
various MSWI-BAA particle sizes (as shown in Table 2). Two-factor ANOVA was conducted on
the leaching data, and the results show a significant difference in leaching concentration among the
four heavy metals (p = 0.011) and no significant difference in leaching concentration among three
MSWI-BAA samples (p = 0.43). This result provides evidence for the suggestion that the type of heavy
metal is the main factor affecting the heavy metal leaching from MSWI-BAA.

Linear regressions were attempted using the leaching data for each heavy metal. The correlation
coefficients between MSWI-BAA particle size and leaching concentrations of Cr, Zn, Pb and Cu are
0.81, 0.66, −0.76 and 0.054, respectively. This means that the leaching of Cr, Zn and Pb are strongly
related to MSWI-BAA particle size. For Cr and Zn, the smaller the MSWI-BAA particle size, the higher
the leaching concentration will be, while the opposite is true for Pb.

4.2. Leaching of Heavy Metals from MSWI-BAA by Simulated Experiment

As different leaching behaviors were found for heavy metals from unbounded MSWI-BAAs in the
simulated leaching experiment, the one-factor ANOVA was conducted on the leaching data. Significant
differences in leaching concentration were found among MSWI-BAA samples (p < 0.01, for the three
groups). Combining the results from the HVEP test, it was demonstrated that the leaching trend and
leaching level of heavy metals from unbounded MSWI-BAA was affected by the leaching metal species,
especially in the long term. This is consistent with Saikia et al. [42] who also pointed out the nature of
the host phase is important for heavy metal leachability.

Regarding the leaching process, Zn, Cu and Pb leaching values remained relatively stable in the
second half of the experiment; however, Cr kept increasing with contact time, which is really a slow
process. Although contact time affects the leaching of heavy metals, the time for attaining the solid
and liquid phase equilibrium is related to the metal species leaching. Specifically, the leaching data of
Cr showed that equilibrium may not be attained even with 28 days of leaching, given the increasing
trend. Haykiri-Acma et al. [43] also reported a similar finding—that the increase in leaching time led
to enhanced Cr leaching, but the natural rain water they used had an initial pH value of around 5.5,
which is lower than the one used in this study.

The leaching process of these heavy metals is probably due to the dissolution of chemical
constituents in MSWI-BA and the microstructure of MSWI-BA in addition to the type of heavy metal.
It is reported [42–45] that MSWI-BA has various secondary minerals, such as calcium silicate hydrate
gel and ettringite, and can form various surface complexes of hydrous oxides and silicates when it
contacts water. These secondary minerals and surface complexes can be easily dissolved in water
and incorporate metallic ions through chemical and physical processes, including ion exchange,
physical adsorption and chemical adsorption. These physical and chemical processes can be promoted
by MSWI-BA particles due to their porous microstructure and irregular shape with rough surface
texture [44,45]. However, the heavy metals adsorbed on an MSWI-BA surface can release again when
conditions change (e.g., pH value, temperature or contact time). Therefore, the leaching of heavy metals
from MSWI-BAA is a slow and complicated process, showing a fluctuation in leaching concentration
throughout the experiment. Unfortunately, the influence of the porous microstructure of MSWI-BA on
the leaching could not be fully explained here, due to the lack of scanning electron microscopy (SEM)
analysis on the MSWI-BAA samples before and after the leaching tests.

Not surprisingly, an obvious difference was found in leaching levels between the HVEP test and
simulated leaching experiments for each heavy metal, as shown in Figure 8. For all MSWI-BAA samples,
most of the Zn concentrations in the simulated experiment were higher than those in the HVEP test,
which is opposite to what was shown for Cr and Cu. However, most of the Pb concentrations in the
simulated leaching experiment were between the highest and lowest leaching levels in the HVEP test.
Although both tests were conducted under the same experimental conditions (e.g., temperature, L/S
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ratio, leachant and initial pH), the objectives were different. The HVEP test was actually an accelerated
process to evaluate the maximum toxicity of MSWI-BAA, and the simulated leaching experiment was
used for investigating the leaching under realistic conditions. It is said that different types of leaching
tests give different results but reflect different aspects of leaching behavior [42]. Thus, both standard
and simulated methods are important and necessary for better understanding of leaching behavior of
heavy metals from MSWI-BAA.
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4.3. Leaching of Heavy Metals from PAC-13 containing MSWI-BAA

The interesting part of the experiment conducted on the PAC-13 specimens is that the leaching
concentrations changed with contact time in some cases, for specimens containing MSWI-BAA.
The outcomes were similar to those data from the control specimen (as shown in Figures 6 and 7).
This might suggest that the leaching of each heavy metal might be governed by the same process,
regardless of whether PAC-13 contains MSWI-BAA or not. Huang et al. [32] reported a similar result
but the specimen they used was a conventional, dense asphalt mixture with different percentages of
MSWI-BAA (0, 25, 50, 75 and 100%).

For three PAC-13 specimens containing MSWI-BAA, the leaching concentrations of heavy
metals were affected by their species because significant differences were identified in leaching
concentrations among three PAC-13 specimens with MSWI-BAAs of 0.075–2.36 mm (p = 0.00033),
2.36–4.75 mm (p = 0.011) and 4.75–9.5 mm (p = 0.022) in the one-factor ANOVA analysis. Significant
differences were also found in leaching concentrations among Zn (p = 0.0013), Cu (p = 0.00016) and Pb
(p = 0.010) in terms of their leaching behaviors, indicating that MSWI-BAA particle size plays a role in
heavy metal leaching when used as substitute material for a natural aggregate in PA mixtures. Tasneem
et al. [34] explained that when MSWI-BAA is combined with a natural aggregate in PA mixtures,
the leaching of heavy metals is not only affected by the type of leaching metal and MSWI-BAA particle
size, but also affected by the combined effect of the PA mixture and MSWI-BAA.
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To further analyze the influence of an asphalt binder on heavy metal leaching, leaching data from
both the unbounded MSWI-BAA and PAC-13 mixture containing MSWI-BAA were used to create
Figure 9. The leaching values of metals from PAC-13 specimens containing MSWI-BAA showed different
patterns from the unbounded MSWI-BAA. Specifically, the leaching concentrations of Zn and Pb from
PAC-13 with MSWI-BAA were generally higher than those from unbounded MSWI-BAA, and the
leaching process was more stable throughout the experiment. However, the leaching concentrations of
Cr from PAC-13 with MSWI-BAA were generally lower than those from unbounded MSWI-BAA, and it
showed a more slowly increasing process. Moreover, unlike Zn, Pb and Cr, the leaching of Cu from
PAC-13 with MSWI-BAA was stable over time. A similar leaching pattern for Cu and Zn was reported
by Tasneem et al. [34] using HMA, but with different contents of MSWI-BAA and for unbounded
MSWI-BAA. Huang et al. [32] also reported a similar finding for Cr and Cu, but the leaching time
was 10 days, which is shorter. One of the potential reasons for these results is asphalt encapsulation.
The asphalt binder in a mixture forms an immobilizing film on the rough surface of MSWI-BAA
particles as a surface cover, which can effectively isolate an MSWI-BAA’s contact with water, thereby
decreasing element mobility [21,42]. The compaction for preparing specimens is also considered an
important factor affecting metal leaching [32]. In addition, the leaching might be chemically varied
due to pyrolysis and the varied polarity of asphalt [34], which needs further study.Water 2018, 10, x FOR PEER REVIEW  12 of 16 
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Figure 9. Leaching concentrations of heavy metals from unbounded MSWI-BAAs and PAC-13
specimens containing MSWI-BAAs: (a) Zn; (b) Pb; (c) Cr and (d) Cu.

4.4. Environmental Risk Evaluation

To assess the direct environmental impact of using MSWI-BAA in a PA mixture on surrounding
water and to explore the feasibility of recycling effluent discharging from PA with MSWI-BAA for
irrigation purposes, all leaching data were compared to the regulatory limit values in the Chinese
standards for surface water (GB 3838-2002) [46], subsurface water (GB/T 14848-2017) [47] and irrigation
water (GB 5084-2005) [48].

Table 2 shows the comparison of leaching concentrations from the HVEP test to limit values in
the standards. As shown in this table, all the leaching concentrations of Cr, Cu, Zn and Pb match
the limit values recommended for Class III subsurface water, Class II surface water and irrigation
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water, which means that these leachates can be water sources for drinking, industrial and agricultural
purposes, without considering other requirements. In this sense, these four heavy metals in MSWI-BAA
do not pose a short-term risk of toxicity to surrounding waters when MSWI-BAA is directly exposed
to stormwater for several hours.

Similarly, the leaching concentrations of Cu, Zn and Pb in the simulated experiment were far
below the corresponding limit values listed in Table 2. However, Cr concentrations exceeded the
limit of 50 µg/L for Class III subsurface water and Class II surface water after 17 days of leaching,
which means that these leachates are not suitable for drinking and industrial purposes, but safe for
irrigation. Specially, the highest Cr concentration measured at the last sampling event was almost
1.8 times the limit value, and it would be worse over time due to its increasing tendency. These results
indicate that, although the leaching of Zn, Pb and Cu from MSWI-BAA over a long period of time has
little direct effect on surrounding water quality, the leaching of Cr should be of great concern.

For PAC-13 containing MSWI-BAA, all Zn and Cu concentrations were below the limit values
listed in Table 2. All Pb concentrations exceeded the limit of 10 µg/L for Class III subsurface water
and Class II surface water, but were below the limit for irrigation water. Cr concentrations were
below the limit values for Class III, Class II and irrigation water, except for the last sampling point.
These results indicate that these leachates cannot be the water source for drinking and industrial
purposes, but they are safe for irrigation. However, similarly to unbounded MSWI-BAA, the leaching
of Cr from PAC-13 containing MSWI-BAA should of great concern. In addition, the leaching of Pb
should be given substantial attention due to the extremely high Pb concentration in leachate from
PAC-13 with MSWI-BAA.

5. Conclusions

This study investigated and compared leaching behaviors for four heavy metals (Zn, Pb, Cu and
Cr) from unbounded MSWI-BAA and PAC-13 mixtures containing MSWI-BAA. The HVEP test and
simulated leaching experiments were conducted on MSWI-BAAs of three particle sizes (0.075–2.36 mm,
2.36–4.75 mm and 4.75–9.5 mm), but only the simulated leaching experiment was conducted on PAC-13
mixtures with and without MSWI-BAA. Leaching data were also compared to the regulatory limit
values to evaluate the toxicity of leachate.

The HVEP data from unbounded MSWI-BAA showed that the type of leaching heavy metal directly
affected the leaching. MSWI-BAA particle size was proven to have very good linear relationships with
the leaching concentrations of Cr, Zn and Pb, which indicates that the leaching levels of Cr, Zn and Pb
are strongly correlated to MSWI-BAA particle size.

Regarding the simulated leaching experiment for unbounded MSWI-BAA, the leaching
concentrations of four heavy metals showed different trends over contact time. Increase in leaching
time led to regular increases in Cr and Cu and regular decreases in Pb and Zn, indicating that contact
time is another factor affecting heavy metal leaching.

For the PAC-13 mixture with MSWI-BAA, in general, the leaching concentration of Cu remained
stable over time, Pb and Zn concentrations showed a small fluctuation and Cr showed a continuously
increasing trend throughout the experiment. Similar tendencies in leaching concentrations over the
contact time were also observed for the control mixture. This indicates that the presence of MSWI-BAA
in a PAC-13 mixture does not necessarily change the basic tendency of heavy metal leaching over time,
but it is able to lead to an increase in Cr and Zn in leachate overall.

The Cr and Cu concentrations in leachate from PAC-13 containing MSWI-BAA showed an overall
decrease compared with unbounded MSWI-BAA, which suggests that the encapsulation of MSWI-BAA
particles by asphalt binder is effective for reducing Cr and Cu concentrations in leachates.

All leaching data indicate that the leaching process of heavy metals was comprehensively
influenced by contact time, the metal species leaching and MSWI-BAA particle size whether MSWI-BAA
is used alone or mixed with a natural aggregate in PAC-13 mixtures. According to the results
of environmental risk assessment, both unbounded MSWI-BAA and PAC-13 mixtures containing
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MSWI-BAA have very little negative impact on surrounding surface and subsurface water quality,
and the leachate is safe for irrigation. But the leaching of Cr and Pb should be monitored and mitigated.
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