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Abstract
This study evaluated chemical fractions, potential leachability, and bio-accessibility of heavy metals (Cr, Cu, Cd, Ni, Pb, and Zn) in road
dusts from the steel-industrial city (Anshan), Northeastern China. Chemical fractions of heavy metals were determined using Tessier
sequential extraction method. The environmental risk assessment was evaluated using short-term extraction tests: TCLP, PBET, and
CaCl2. Sequential extraction analysis reveals that Cr and Ni primarily existed in residual form. The non-residual fraction of heavy metals
decreased in the order of Zn (average 57.78%)> Cu (39.16%)> Pb (30.73%)≈ Cd (30.67%)> Ni (19.06 %)> Cr (8.7%%). The results showed
that Cd, Cu, Zn and Pb, which were extremely concentrated in potentially mobile fractions, had highly potential environmental risks. The
mobility of Cd and Zn was usually higher than those of Cr, Cu, Pb and Ni, which means that Cd and Zn have higher hazardous to
ecosystem. The order of bioavailability identi�ed by PBET method was generally Zn>Cd>Pb>Ni>Cu>Cr. There was a signi�cantly
relationship between PBET, TCLP-test and bioavailable parts (F1+F2+F3+F4, SUM4) of sequential extraction, respectively. Multiple linear
regression analysis indicated that toxicity and bioavailability of heavy metals were not only depended on RDs properties, but also lied on
the total heavy metals. 

1. Introduction
Road dusts (RDs) is an important heavy metal carrier immigrating on the urban surface mainly through atmospheric sedimentation and
human emissions. RDs particles were regarded as an indicator on effecting air quality and human health, such as providing air particle
materials (e.g. PM2.5 and PM10), absorbing organic pollutant, accumulating heavy metals and so on. Numerous researches have been
done to study the heavy metals in RDs particles (Barrett et al. 2010; Duong and Lee 2009; Ewen et al. 2009; Fujiwara et al. 2011;
Gunawardana et al. 2012; Kumar et al. 2014; Lee et al. 2015; Norouzi et al. 2016; Świetlik et al. 2015; Xiao et al., 2020). Lee et al. (2013)
reported the study of heavy metals (As, Cd, Cu, Pb, Sb and Zn) in RDs and demonstrated that anthropogenic inputs contributed much
more than originating from earth’s crust. RDs particles were much �ne solid phase and almost ubiquitous, which can be easily �oated and
transported by wind, possibility entrancing the human body by ingestion, dermal contact, or breathing. Thus, these heavy metals in RDs
particles were the potential hazards to environment safety and human health.

Recently, numerous investigators studied the total heavy metals in RDs particles and evaluated the environment risks (Faiz et al. 2009;
Okorie et al. 2012; Pereira et al. 2007; Shi et al. 2008; Wei et al. 2015; Xiao et al., 2020). However, the total concentration of heavy metals
cannot be fully evaluated the potential risk in RDs particles. Obviously, the bioavailability, toxicity and available of heavy metals not only
depended on their total concentration, but also related to the chemical stability (Zong et al., 2016). It is well known that the total content
of heavy metals can provide limited information on their mobility and bioavailability (Poggio et al. 2009; Rao et al. 2008). Otherwise, the
potential hazard of heavy metals to environment safety and human health is primarily dependent on their availability and bio-
accessibility (Duong et al. 2009; Gleyzes et al. 2002; De Miguel et al. 2007; Madrid et al. 2008; Menzies et al. 2007). Therefore,
identi�cation of the main binding sites for heavy metals in RDs particles, as well as their partitioning over the different solid phases
present is imperative for assessing environmental quality and human health.

Thus, more and more researchers have done the leachability and bioaccessibility in RDs particles. Chemical fractions of heavy metals in
RDs particles and sediments were mostly determined by sequential extraction procedure: Tessier method (Preciado and Li 2006) and the
BCR method (Ewen et al. 2009). Meanwhile, various simulation tests were carried out to study the availability, mobility and
bioaccessibility of heavy metals in solid phase, such as EDTA (Groenenberg et al. 2010), TCLP (Madrid et al. 2007), PBET (Poggio et al.
2009), 0.43M HNO3 (Tipping et al. 2003), and 0.01M CaCl2 (Peijnenburg et al. 2007). Meanwhile, several methods have also been applied
to assess the oral bioaccessibility of heavy metals, especially for Pb and As (Li et al. 2015a; Li et al. 2015b). Houba et al. (2000) and
Meers et al. (2007) reported that CaCl2 extractable fraction was a good indicator and predictor for plant uptake. The TCLP procedure is
commonly used by regulatory agencies for assessment of leaching risks of heavy metal elements in soil and sludge (US Environment
Protection Agency (USEPA), 1993). Physiologically based extraction test (PBET) was applied to evaluate the heavy metals bio-
accessibility, which was a simple and fast screening test, especially for Pb (Lu et al. 2009; Mercier et al. 2002). In particular, the heavy
metals chemical species obtained by CaCl2, TCLP and PBET are widely applied to simulate availability, mobility and bioaccessibility,
respectively. Meanwhile, the chemical fractions of heavy metals though sequential extractions are also suitable for assessing the mobility
and availability.

Rapid economic growth, heavy tra�c, urbanization, and increasing population have caused modern cities to suffer from many serious air
problems, especially the air pollution with heavy metals. However, few studies were done to investigate the detail characterization and the
basic properties on heavy metal mobility and bioaccessibility. The determination of the different ways of binding gives more information
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on trace metal mobility, as well as on their availability or toxicity, in comparison with the total element content. In the present study, the
chemical speciation of heavy metals (Cr, Cd, Cu, Ni, Pb and Zn) in road dust samples was studied by using three different leaching tests.
The chemical speciation was also done to investigate the potential mobility and bioavailability. Thus, the objectives of this research were
to 1) access the distribution and environmental risks of heavy metals using sequential chemical extraction; 2) to correlate metals mobility
by using different short-term batch extraction procedures; 3) to evaluate the effect of road dust properties on the leachability of metals;
and 4) to explore the mechanisms of heavy metals dissolution in RDs.

2. Materials And Methods
2.1. Road dust samples

Eighty-nine road dust samples were collected from different areas of Anshan city, Liaoning Province, China. The road dust samples were
collected by gently sweeping using clean plastic dustpans and brushes. Extraneous matter such as small pieces of brick, paving stone,
leaves and other debris were removed. Then, the samples were dried in an oven at 40°C for 3 days, sieved to less than 250μm size, and
stored in polypropylene bottles. The detail information on study area can be found in our previous research (Xiao et al. 2015). 

The basic properties of RDs samples were determined by standard procedures (Zhang and Gong 2012). pH and Ec was measured in
water (solid/water ratio of 1:2.5). Alkali-hydrolyzable nitrogen (NH4

+) was determined by the NaOH hydrolyzable method. Carbonate was
measured by adding HCl to RDs, and the volume of CO2 was measured with a gas apparatus. Total carbon (TC), total phosphorus (TP)
and total sulfur (TS) were quanti�ed with an elemental analyzer (Vario Micro, Elementar Inc., Germany). The Fe content was measured by
inductively coupled plasma–atomic emission spectroscopy (iCAP6300DUO, Thermo Electron Corporation) and shown in the form of
Fe2O3. Particle size distribution (PSD) of RDs samples was determined by a combination of wet sieving and pipette methods (Zong et al.,
2016b). The RDs samples were partitioned into three size fractions: >50 um, 2-50 um and <2 um, respectively. Standard reference material
(GBW07401) was periodically used for quality assurance of the RDs heavy metal measurement.

2.2. XRD

X-ray diffraction (XRD) was used to identify the crystalline phase in RDs particles. X-ray diffraction analysis was performed on non-
oriented powder RDs samples using Cu K radiation (45 kV, 300mA) on a Rigaku X-ray diffractometer. The diffraction pattern was recorded
from 10° to 80° 2θ at a speed of 0.2° 2θ/min.

2.3. Selective sequential extraction procedure

The sequential chemical extraction process was performed according to the method proposed by Tessier et al. (1979), which de�ned �ve
types of chemically extractable heavy metals: (1) water-soluble/exchangeable (F1); (2) carbonate-bound (F2); (3) Fe- Mn oxide-bound
(F3); (4) organically bound (F4); and (5) residual (F5). A brief step was interpreted in table S1. The detail procedure can be seen in our
previous study (Zong et al. 2016a).

2.4. CaCl2, TCLP, and PBET extractions

CaCl2 extractable methods were obtained according to Houba et al. (1986). 2g road dust sample was weighted into polypropylene bottles
and added with 20ml CaCl2 (0.01 M) leaching solution, followed a 2h shaking at room temperature. The extracts were �ltered with the
0.45μm �lter paper.

Toxicity characteristic leaching procedure (TCLP) extraction was performed on soil samples (U.S. EPA 1992). The TCLP leaching solution
was consisted of 0.1 M glacial acetic acid and 0.0643 M NaOH and had a �nal pH of 4.93. 1g road dust sample was weighted into
polypropylene bottles and added with 20ml of TCLP leachate. The bottles were shaken for 18h at room temperature. The extracts were
�ltered with the 0.45μm �lter paper.

Physiologically based extraction test (PBET) extractable content was obtained according to Ruby et al. (1996). PBET extraction was
conducted by weighing 1.0 g dust into polypropylene bottles, adding 100 ml PBET (1L PBET solution contained 1.25 g pepsin, 0.5 g
citrate, 0.5 g malate, 0.42 ml lactic acid, and 0.5 ml acetic acid, pH = 2.5) solution, following 1 h shaking (100rpm) at water bath (37°C).
The mixture was centrifuged, and the supernatant was �ltered through with the 0.45μm �lter paper.

Metal concentrations were determined by ICP-AES (ICP–AES, ICAP6300DUO, Thermo Electron Corporation). Standard reference material
(GBW07401) was periodically used for quality assurance of the RDs heavy metal measurement.
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The leachability of heavy metals in RDs samples was calculated by the following equation.

The leachability of metals in RDs (%) = [(Cmetal, mg/L)(V, L)/(Qmetal, mg/g)(m, g)]×100%, where C is the metal concentration in the
extractable solution and Qelement is the metal content in the RDs.

2.5. Data analysis

Descriptive statistics (mean and standard deviation) of RDs properties were performed applying Microsoft Excel for Windows 10.
Statistical analyses were conducted using SPSS 16.0 for Windows (SPSS Inc.) and plotted by Origin Version 8 (OriginLab
Corporation).The Spearman correlation coe�cient, r, was used to measure the relationship between two quantitative variables. All results
were expressed as averages of three replicates with standard deviation.

3. Results And Discussion
3.1. Basic properties of RDs

The basic properties of RDs samples were shown in table 1. The pH value of RDs ranged from 7.29 to 10.19, with the average value of
8.44. The road dust contained high total carbon (TC), ranged from 16.91 to 216.61 g·kg-1 on the average of 47.19 g·kg-1. The total
phosphorus (TP) content varies from 0.06 to 0.55 g·kg-1 with mean value of 0.27 g·kg-1. The total sulfur (TS) content varies from 0.33 to
2.06 g·kg-1 with an average value of 0.71 g·kg-1. The average concentration of NH4

+ is 0.16 g·kg-1 in all RDs samples. Particle size

distribution of RDs showed that dust samples had high amount content of >50µm ranging from 184.6 to 684.7 g·kg-1, whereas the
amount of 50-2µm and <2µm composition ranged from 57.52 to 377.48 and from 34.43 to 282.21 g·kg-1, respectively. The average
particles diameter contents of RDs samples were 59.28% for >50µm, 25.44% for 50-2µm, and 15.28% for <2µm, respectively. High Fe
oxides (in the form of Fe2O3) content was observed for the dust samples, ranged from 6.26 to 70.68% with an average of 16.74%. The
content of CaCO3 ranged from 1.99 to 19.36% with mean value of 10.62%. Otherwise, extremely high content of heavy metals were also
observed in RDs samples (Xiao et al., 2020). These basic properties of RDs in high pH, TC, and Fe oxides content might affect the
chemical fraction and bioavailability of heavy metals. 

The XRD patterns of selected representative RDs samples are displayed in Fig.1. X-ray diffraction pattern con�rmed that quartz, calcite,
albite, kaolinite, chlorite, muscovite, hematite, and magnetite are the seven main kinds of minerals in RDs particles. A small amount of
cronstedtite and sanidine could also be found in the RDs particles. Upon semi-quantitatively analyzing the intensity of each mineral in
XRD patterns, it con�rmed that hematite and magnetite are generally the dominant iron species in RDs particles. The high Fe oxides in
RDs could aggravate the heavy metal environment risk due to their lattice structure and adsorb heavy metals on their surface. In our
previous study, iron particles, regarding as the carries of heavy metal, can be used as an indirect indicator to evaluate the heavy metals
contamination and identi�cation of pollution source (Zong et al. 2017).

3.2 Chemical fractions of heavy metals

The chemical fraction of heavy metals in RDs samples is showed in Fig.2. The �ve chemical forms (exchangeable, carbonate bound,
oxidizable bound, organically bound, and residual fraction) are expressed as the relative percentages.

Cadmium: The residual fraction of Cd accounted for 47.19-92.26%, and exchangeable form was 0.56-9.47%. The domain chemical forms
for Cd is the residual (69.33%), followed by the carbonate bound (10.88%) and oxidizable bound (8.61%), and average 6.94 and 4.25% Cd
is associated with organically and exchangeable fractions, respectively. Obviously, relative low exchangeable Cd in RDs particles was
observed.

Copper: The residual fraction of Cu accounted for 47.16- 80.87%, and the exchangeable form was 0.19- 1.54%. The dominating chemical
form for Cu was the residual fraction (60.84%), the organically bound (37.34%) was of secondary important, followed by the carbonate
bound (2.58%), and a very small proportion of Cu was found to be exchangeable (0.88%) and oxidizable bound (0.26%). The organically
forms of Cu contained the highest percentages compared with other heavy metals. The result implied that Cu was mainly bound to
organic matter, which agreed with the results of other reports (Peng et al. 2009; Świetlik et al. 2015). Thus, the chemical fractions of Cu
are unstable and easily changed under strong oxidizing or strong reducing conditions.

Lead: The greatest amount of Pb is associated with the residual fraction, averaging 69.27%. The oxidizable bound, averaging 14.01%,
was the second most important fraction, followed by the carbonate fraction (10.08%) and the reducible fraction (6.51%). The



Page 5/16

exchangeable fraction was found to be the least contributor for Pb, accounting for 0.03%. It suggested that Pb was primarily occluded in
Fe-Mn oxides forms, besides the residual fraction. This result is in line with the previous results that the high a�nity of Pb for Fe oxides
makes it possible for them to act as long-term sinks for Pb (Banat et al. 2005).

Zinc: The residual fraction of Zn accounted for 24.25-54.93%, and the exchangeable form was 0.02-0.93%. The dominating chemical
form for Zn was the residual fraction (42.22%), and the carbonate (28.20%) was of the secondary important. A proportion of Zn was
found to be oxidizable (19.37%) and reducible (9.98%), and the exchangeable fraction made up the smallest proportion (0.22%). High
carbonate fraction was observed in Fig.2. It indicated that Zn was strongly associated with carbonate in RDs particles. Lee et al (2015)
reported that Pb in carbonate phase (ZnCO3) was observed through scanning electron microscope (SEM) equipped with energy dispersive
X-ray spectroscopy (EDS). The sum unstable fractions of carbonate, oxidizable and reducible accounted for a high amount (57.55%). The
result was in accordance with Świetlik et al. (2015), who proposed an assumption that a direction of changes in Zn distribution pattern
was determined under sequence environment conditions changes.

Nickel: Ni was generally found in its residual form, accounting for average 80.94%. The exchangeable fraction, the concentration
associated with the carbonate, with the Fe-Mn oxides and organic matter represent 0.17, 4.05, 6.27, and 8.57% of the total content,
respectively.

Chromium: The Cr in RDs samples particles was associated predominantly with the forms of residual forms (91.43%), whereas the
exchangeable, carbonate and organic-bound fractions were almost negligible (<5%). In this study, Ni and Cr were generally found in their
residual fraction, with an average value of 80.94% and 91.43%, respectively. In summary, the percentages of Fe-Mn oxide fraction of Cd,
Pb, and Zn were higher than the other three metals. The proportion of residual Cr and Ni were higher than the other metals. Cu had higher
organic-bound forms.

The relatively bioavailability of metals decreased in the order: exchangeable>bound to carbonate>bound to Fe-Mn oxide>bound to
organic>residual fractions, and the top four fractions represented high mobility and potential bioavailability. In particular, the
exchangeable fraction was considered readily mobile and bioavailable in the environment. Fraction of exchangeable is the easiest
adsorbed by organisms of all the �ve fractions. Bound to carbonate can dissolved easily by water and adsorbed by organisms. Bound to
Fe-Mn oxide can be released to solution when Eh or pH has changed. Otherwise bound to organic matter is not easily adsorbed by
organisms, and residual fraction is invalidation to organisms. Except the resident fraction, the other four fractions of heavy metals can be
leached, which were be regarded as the potential risk forms. In summary, the sum of top four fractions accounted for 30.67% for Cd, 8.7%
for Cr, 39.16% for Cu, 19.06 for Ni, 30.73% for Pb and 57.78% for Zn, respectively. The result implied the high mobility and potential
bioavailability in the following order: Cr<Ni<Cd<Pb<Cu<Zn. Thus, the chemical speciation except residual fraction with relatively stable
heavy metals can be used an index of heavy metals active state. Clearly, the sum four fractions (F1+F2+F3+F4) of Cd, Cu, Pb and Zn
almost accounted more than 30% of total heavy metals, meaning that these four elements have high available concentrations, especially
for the Zn element. This result shows that highly mobile metals and readily extractable fractions pose a high potential risk to the
environment. The result was agreed with our previous study that heavy metals in RDs were moderate to high polluted and huge potential
ecological risk (Xiao et al., 2020). That’s may be the reason why high availability and mobility of the trace metal Cd, Cu, Pb and Zn named
the “urban heavy metal” (De Miguel et al. 1997). The elements Cr and Ni are predominantly in resident fraction, indicating that the Cr and
Ni have low potential toxic. In summary, the metals Cd, Cu, Pb and Zn were primarily associated with non-residual fraction and thus were
classi�ed as potentially mobile elements. The Ni and Cr were classi�ed as immobile elements because they were strongly bound to the
residual fraction.

3.3 Risk assessment of heavy metals in RDs

The result of TCLP, EDTA, and 0.1M CaCl2 extractable content heavy metals in RDs samples was displayed in Fig.3. The mean

concentration of PBET-extractable Cd, Cr, Cu, Ni, Pb and Zn are 0.14, 0.90, 1.10, 1.14, 2.65, and 100.65 mg·kg-1, respectively. PBET
extraction is widely applied to assess the bioaccessibility of the heavy metals in dust and sediment. The results of TCLP-extractable
contents Cd, Cr, Cu, Ni, Pb and Zn are 0.06, 0.17, 0.29, 0.87, 0.66, and 48.12 mg·kg-1, respectively. The TCLP mothed is often used to
evaluate the potential environment risk. The concentration of CaCl2-extractable Cd, Cr, Cu, Ni, Pb and Zn are generally low, with an average

value of 0.01, 0.02, 0.18, 0.05, 0.06, and 0.39 mg·kg-1, respectively. Obviously, the three different extraction got diverse concentrations of
heavy metals in RDs particles. Due to the alkalinity of the RDs particles (average pH>8.66), CaCl2-extractable content heavy metals were
low and almost negligible. The results also revealed that the CaCl2 gave the lowest extraction concentrations whereas the PBET
procedure provided the highest extraction concentration. The extractability of heavy metals by the three methods tended to increase in the
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following order: CaCl2<TCLP<PBET. It demonstrated that the concentrations of heavy metals leached by PBET were much higher than
TCLP and CaCl2. The result indicated that PBET contained a much strong ability to extract heavy metals. Similar result for PBET-
extraction bioavailability was also reported by Luo et al. (2012), who found that the mobility of Cu and Zn in PBET-extraction explained
93.4 and 88.2% of variations in the amount of Cu and Zn.

In addition, the concentrations of CaCl2-, TCLP-, and PBET extractable heavy metals are calculated as leachability ratio to evaluate heavy
metals mobility, leachability, and bioaccessibility (Fig. 4). The extraction percentage by PBET, TCLP and CaCl2 represents human
bioaccessibility, toxicity and mobility proportion of heavy metals in RDs particles. The mean PBET extractability is 13.76%, 0.63%, 2.35%,
4.00%, 4.22% and 30.91% for Cd, Cr, Cu, Ni, Pb and Zn, respectively. The Cr exhibits the lowest leachability among the investigated metals,
which agreed with the fact that Cr is dominant in the residual fraction. Otherwise, Cd and Zn have higher PBET leachability values,
indicating higher potential risks to the environment and human health. In summary, the average leachability of heavy metals follows the
order Zn>Cd>Pb>Ni>Cu>Cr. The mean TCLP extractability is 5.72%, 0.12%, 0.57%, 3.00%, 1.04%, and 15.05% for Cd, Cr, Cu, Ni, Pb and Zn,
respectively. The highest leachability was observed in Zn, followed by Cd. The leachability of Cr, Cu and Pb was almost less than 1%,
indicating that these three metals are hard removed from RDs particles. It also means relative low hazardous for environment. The
average CaCl2 extractability is 0.64% for Cd, 0.01% for Cr, 0.35% for Cu, 0.19% for Ni, 0.11% for Pb and 0.11% for Zn, respectively.

There are great differences in the bioavailability of the different metals. The metal Zn and Cd have higher bioavailability, while relative
lower values are recorded for Cr and Ni. Similarly, the bioavailability estimated by PBET extraction is much higher than the leachability
estimated by TCLP and CaCl2 extraction in each corresponding heavy metal element. RDs particles are small and ubiquity, which can
easily be uptake by food ingestion, dermal contact, or breathing. Therefore, the high leachability of heavy metals in RDs particles
indicated high potential hazardous to the human health and environment safe. Overall, the bioavailability of Cr and Ni is low, indicating
that Cr and Ni have low potential hazard, which is in accordance to the chemical results that Cr and Ni are main in residual fraction.
However, the urban metals of Cd, Cu, Pb and Zn containing high bioavailability in RDs particles should be taken into account their huge
potential toxicity and mobility.

3.4 Relationship between availability and chemical fractions

As mentioned above, the available, mobility and toxicity of heavy metals bound in RDs are largely depended on their chemical speciation.
Better to understand the chemical fraction contributions to bioaccessible heavy metals, a relationship between availability and different
chemical fractions, including sum of the �rst two fractions (F1+F2, SUM2), the �rst three fractions (F1+F2+F3, SUM3) and the �rst four
fractions (F1+F2+F3+F4, SUM4), was carried out in table 2. The residual fraction (F5) was not included due to its least bioavailability.
Except Cu, there is a signi�cantly positive relationship between SUM2, SUM3, and SUM4 and the concentration of TCLP- and PBET-
extractable metals. However, there was almost no signi�cant relationship between SUM2, SUM3, and SUM4 and the concentration of
CaCl2-extractable metals. In addition, there is a signi�cant relationship between CaCl2-extraction and SUM3 and SUM4 for Zn,

respectively. For Pb, the correlation coe�cient was extremely high between PBET-extractable and chemical fractions, with R2 0.888 for
SUM2, 0.929 for SUM3 and 0.932 for SUM4, respectively. It suggested bioaccessibility Pb mainly came from SUM4. Similar founding was
also observed in TCLP-extractable Pb. For Zn, the highest correlation coe�cient was observed between PBET-extractable and SUM4, while
the satisfactory correlation of R2 (0.614) was found between TCLP-extractable solution and SUM2, followed by SUM3 with R2 0.517. The
results suggested that TCLP-extractable Zn mainly originated from Zn in exchangeable and carbonate bound, while PBET-extractable Zn
came from Zn in SUM4. Comparison with the chemical fractions and single extractable method, the PBET has much more ability to
dissolve heavy metals in RDs particles.

In general, the relationship between chemical speciation and extractable tests can re�ect the potential ecological risk of heavy metals in
RDs, which can be better to re�ect the bioavailability of heavy metals in RDs particles. The similar result was found by Li et al. (2015a),
who found that the variation in Pb bioaccessibility should be explained by Pb in SUM2 and SUM3, respectively. Results imply that
mobility or bioavailability of heavy metals is highly correlated to their chemical fractions in RDs particles. In a word, chemical fractions of
heavy metals in RDs particles controlled their dissolution and toxicity.

3.5 Environment signi�cance

Bioavailability and leachability of heavy metals could be controlled by many RDs properties, such as the total contents, pH, Ec, PSD,
organic carbon, mineral phases, and so on. Table 2 shows the results of stepwise multiple linear regression analysis equation. The
in�uence factors on heavy metal bioavailability can be clearly observed in these equations. The result implied that the heavy metals Cd,
Cr, Cu, Ni, Pb, and Zn extracted by PBET were signi�cantly affected by the total concentration of corresponding metals. Each regression
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equation was composed of total concentration and other RDs factors. Obviously, the extractable heavy metals in RDs samples were main
determined by the total heavy metals contents, which was in according the other studies (Li and Zhang 2013, Rodrigues et al. 2013),
showing high correlation between total contents and extractable ones. The total content of heavy metals in RDs was as a source pool
that could be the one of main factors controlling the leachability of heavy metals. In addition, there was one point should be pointed out
that the Pb regression equations by CaCl2 could not be built. It might be the high average pH value (average 8.44) of RDs particles,
limiting element Pb dissolving from the solid phase surface. Exchangeable Pb element is also hard to remove from the RDs samples at
the high pH situation. According to the result of stepwise multiple linear regression analysis, the main factors in limiting heavy metals
dissolving from RDs were the parameters of pH, organic carbon, carbonate, and the corresponding metal element. Compared with the
regression equations of three extractable methods, PBET method was the best choice in high correlation coe�cient to predict the
relationship between the heavy metals concentrations and extractable concentration. The similar results were found by Li et al. (2013)
and Rodrigues et al. (2013), who both found the extraction of PBET could well predict the Cu, Zn and Pb bioaccessibility. The association
of Cu, Pb, and Zn in sediment particles has already been observed and these elements have been identi�ed as typical “urban” metals by
some authors (De Miguel et al. 1997).

It suggested that RDs properties, besides the total heavy metals, did in�uence heavy metals bioavailability (Li and Zhang 2013; Mendoza
et al. 2017; Świetlik et al. 2015). In general, the high content of H+ could dissolve the heavy metals from RDs to environment
surroundings, causing high potential risks. It suggested that these heavy metals in RDs might release easily by acid rain leaching. The
results implied that heavy metals in RDs had higher potential risks in acid rain area than that in non-acid rain area. Otherwise, the
extremely high content of total carbon in RDs could complex or adsorb the heavy metals, which could affect the dissolution and
movement of heavy metals in RDs as well (He and Zhang, 2009; Zong et al., 2016b). What’s more, heavy metals could be immobilized
stably in some mineral particles, such as carbonate, sul�de and phosphide, posing the low bioavailability. This part of heavy metals in
RDs contain relative low toxicity and bioavailability, almost referenced residual fraction. Meanwhile, particle size distribution could
affected heavy metals’ distribution and bioavailability (Zong et al., 2016b). The heavy metals were enriched most seriously in the �nest
particles, containing the highest potential risk, which were the main source of potentially toxic metals (Zong et al., 2016b). It was due to
the basic properties of �nest particles with high total carbon content, negative charge and high BET.

Generally, the mobility and bioavailability of heavy metals in RDs decreased approximately with the order of extraction sequence due to
the strength of binding ability decreasing (Tessier et al. 1979). Thus, exchangeable (F1) and carbonate-bound fraction (F2) are regarded
as potentially mobile or bioavailable fractions, while the reducible (F3) and oxidization fractions (F4) are recognized as the low mobile
fractions (Lee et al. 2005). The heavy meals in residual fraction (F5) represented the least mobile fraction. The mobility of heavy metals
in RDs based on the sequence extraction tended to decrease in the following order: Zn>Cd>Pb>Ni>Cu>Cr. Obviously, Zn, Cd and Pb
contain higher mobility and can be more harmful to the environment. In addition, the proportion F2+F3 of Zn and Pb in RDs is relative
high, with the average value of 57.58% and 28.19%, respectively. It indicates that Zn and Pb can be released easily when oxidation
conditions are changed into slightly reducing conditions. This is in agreement with our previous founding for urban top soil (Zong et al.
2016a). In case of Cu, the chemical fraction predominated in F4 fraction. It suggested that Cu can leach into the surrounding environment
in strong oxidization or reduction conditions.

In order to evaluate the heavy metal mobility, the mobility index K was de�ned, which was calculated on the basis of the ratio of
exchangeable, carbonate-bound fraction to the sum �ve fractions (Świetlik et al. 2015; Zong et al. 2016a). The results indicated that the K
value for Zn is the highest, with the average value of 28.44%. Zn is identi�ed as being the most mobile of the elements in RDs, followed
by Cd (15.13%), Pb (10.21%), Ni (4.22%), Cu (3.46%) and Cr (1.09%). Therefore, it can conclude that Zn is the most mobile metal in RDs
while Cr is the least mobile metal with a low risk for urban environment ecosystem. Based on the K value, the metal Zn, Cd, and Pb can be
classi�ed as highly mobile elements group, and Ni and Cr are classi�ed as immobile elements one. Obviously, the chemical fractions of
highly mobile elements group were high in F1 and F2, while the proportion of F5 in the immobile element group is overwhelming (more
than 80%). In particular, the Cu is classi�ed as less mobile element group because of its predominantly chemical fraction in the organic-
bound. It should be pointed out that the highly mobile heavy metals had greater environment ecosystem and human health risks.
Meanwhile, the less mobile element Cu also has potentially risk depending on the strong oxidizing or strong reducing environment
conditions. The immobile elements have relative low environment risk due to these elements �xed within their crystal structure.

4. Conclusions
The sequential chemical extraction revealed that the relative percentage of Cd and Zn tended to increase in the order: F5>F2>F3>F4>F1.
The percentage of Cu displayed in the following order: F5>F4>F2>F1>F3. Extremely high percentage was observed in organic-bound. The
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average percentage distribution for Pb tended to increase in the order: F5>F3>F2>F4>F1. Cr and Ni contained high percentage in residual
fraction, and were classi�ed as immobile elements. The metals Cd, Cu, Pb and Zn were primarily associated with non-residual fraction
and classi�ed as potentially mobile elements. The percentage of metals bound with non-residual fractions accounted for over 57.78% for
Zn, 39.16% for Cu, 30.67% for Cd, 30.73% for Pb, 19.06 for Ni, and8.7% for Cr, respectively. PBET contained a much strong ability to
extract heavy metals, followed by TCLP and CaCl2. The leachability of heavy metals decreased in the order: Zn>Cd>Pb≈Ni>Cu>Cr. There
was a signi�cantly relationship between PBET, TCLP-test and bioavailable parts (F1, F2, F3 and F4), respectively. Thus, PBET and TCLP
are available methods to re�ect and evaluate the potential ecological risk of heavy metals in RDs. The results of multiple linear regression
analysis indicated that PBET was a good method to predict the relationship between extractable heavy metals and RDs characterization
properties, especially the heavy metals total concentration.
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Table 1 Descriptive of basic properties in RDs samples
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 TC

(g·kg-1)

TP

(g·kg-1)

TS

(g·kg-1)

NH4
+

(g·kg-1)

pH Ec

μs·cm-1

CaCO3

%

Fe2O3

%

>50μm

g·kg-1

50-2μm

g·kg-1

<2μm

g·kg-1

Minimum 16.91 0.06 0.33 0.02 7.29 1.16 1.99 6.26 351.62 57.52 34.43

Maximum 216.61 0.55 2.06 0.84 10.19 1357 19.36 70.68 864.1 377.48 282.21

Range 199.7 0.49 1.73 0.82 2.9 1355.84 17.37 64.42 512.48 319.96 247.78

Median 39.05 0.27 0.66 0.13 8.43 3.80E+02 9.88 14.01 5.98E+02 2.47E+02 1.63E+02

Mean 47.19 0.27 0.71 0.16 8.44 4.35E+02 10.62 16.74 5.97E+02 2.47E+02 1.56E+02

SD 33.5 0.093 0.281 0.106 0.653 2.98E+02 3.035 10.5 1.16E+02 6.08E+01 6.85E+01

Skewness 2.734 0.475 2.458 3.7 0.411 0.975 0.463 2.611 0.018 -0.047 0.166

Kurtosis 8.9 0.147 8.788 20.036 -0.089 0.689 0.763 8.894 -0.581 0.35 -0.775

TC: total carbon, TP: total phosphate, TS: total sulfur.

Table 2 Correlation between chemical fractions and concentrations of heavy metals extraction tests in Road dust

Metals Methods SUM2 SUM3 SUM4

Cd TCLP 0.706** 0.713** 0.711**

PBET 0.719** 0.792** 0.752**

Cu TCLP -0.037 -0.037 0.041

PBET 0.038 0.032 -0.028

Ni TCLP 0.643** 0.715** 0.612**

PBET 0.609** 0.594** 0.454*

Pb TCLP 0.658** 0.820** 0.844**

PBET 0.888** 0.929** 0.932**

Zn TCLP 0.614** 0.557* 0.548*

PBET 0.666** 0.720** 0.761**

**. Correlation is signi�cant at the 0.01 level.

*. Correlation is signi�cant at the 0.05 level.

Table 3 Stepwise multiple linear regression analysis
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Methods Metals Regression model R2

CaCl2 Cd Y=0.331Cd+0.531TP-4.335Fe2O3+ 0.830 0.638

Cr Y=-0.665Fe2O3-0.367CaCO3-0.928NH4
++ 2.430 0.657

Cu Y=0.504Cu+0.3NH4
+-0.480TS-1.475 0.698

Ni Y=0.662Ni-0.240Fe2O3-2.622pH+0.288 0.605

Pb N  

Zn Y=1.449Zn-0.793PM-10.385pH+ 26.834 0.685

TCLP Cd Y=0.807Cd+0.598TC-0.423PM2-1.344 0.626

Cr Y=0.981Cr -2.726 0.739

Cu Y=0.859Cu-0.262TS+0.133 NH4
+-1.286  0.740

Ni Y=0.820Ni-0.707CaCO3+0.278TP-0.408  0.636

Pb Y=1.474Pb-1.068CaCO3-0.612TS-1.907 0.768

Zn Y=1.2661Zn-2.906pH+0.382NH4
+-0.433TC+2.164  0.731

PBET Cd Y=0.782Cd-1.842pH-0.153PM+ 21.099 0.702

Cr Y=0.609Cr+0.495TS-0.784pH-0.563    0.709

Cu Y=0.692Cu+0.387TC-0.504TS-0.280CaCO3-1.515  0.695

Ni Y=0.860Ni+0.133NH4
+-0.902pH-0.280  0.688

Pb Y=0.988Pb-0.255CaCO3+0.720pH-1.772  0.876

Zn Y=0.944Zn-1.321pH-0.250CaCO3+1.079  0.865

N means no regression equation was built.

 

Figures
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Figure 1

X-ray diffraction patterns of representative road dust from Anshan city. Ch. chlorite; He. hematite; Ca. calcite; M. magnetite; K. kaolinite;
Mu. muscovite; Q. quartz; Al. albite. Cr. cronstedtite; Sa. sanidine.
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Figure 2

Chemical fractions of heavy metals (Cd, Cr, Cu, Ni, Pb and Zn) in road dust. F1 water-soluble/exchangeable, F2 carbonate-bound, F3 Fe-
Mn oxides-bound, F4 organic-bound, and F5 residual. Each box plot includes the median value, mean, lower and upper hinges, 5th and
95th percentages, and outliers.
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Figure 3

Concentration of heavy metals (Cd, Cr, Cu, Ni, Pb and Zn) extracted by CaCl2, TCLP and PBET in road dust. The value of concentration is
taken by the logarithm.
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Figure 4

Leachability of heavy metals with respect to its total concentration in RDs. The value of leachability is taken by the logarithm.
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