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Abstract
The concentrations, potential risk, and distributions of heavy metals in urban road runoff from different traffic density were
determined and compared in Beijing, China. It showed that the concentrations of heavy metals in road runoff were strongly
influenced by traffic density, resulting in total concentrations of Cu, Zn, Fe, Mn, and Pb in the runoff from highway higher than
those from the road nearby campus. The potential ecological risk of heavy metals in the runoff from highway was higher than
those from the road nearby campus. The distributions of heavy metals were not influenced by the traffic density. Cu, Zn, Cr, Cd,
Pb, and Mn in road runoff transported predominantly in particulate-bound form and the dissolved form mainly distributed in
colloidal fraction (1 kDa to 0.45μm). Traffic density did not change the speciation of heavy metals in the road runoff, in which Cr
and Znmainly expressed in organic colloidal fraction while Fe,Mn, Cd, Pb, and Cu expressed in inorganic colloidal fraction. The
traffic activities would contribute to the strong correlations between Fe, Zn, Mn, Cr, and Pb because of the similar sources.
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Introduction

Pollutants in urban street and highway runoff, such as heavy
metals, nutrients, trace organics, and sediments, have been

deemed as nonpoint pollution sources of urban aquatic envi-
ronment. Among the pollutants, heavy metals have been of
great concerns due to their potential harmfulness for the aquat-
ic organisms, human and ecosystem (Chai et al. 2014;Wijesiri
et al. 2016; Gill et al. 2017). Generally, heavy metals in urban
road runoff are mainly generated from traffic activities, e.g.,
tires, automobile exhaust, road asphalt, fuel combustion, and
parking dust (Revitt et al. 2014; LeFevre et al. 2015; Lintern
et al. 2016). Besides, the behaviors (such as turning, gear shift,
holding, and idling), types of vehicles and petrol used vary
notably in the roads with different traffic density, which may
influence the content and speciation of heavy metals in urban
road runoff. Therefore, the concentrations and formations of
heavy metals in urban road runoff related to the density of
motor vehicle traffic are necessary to clarify for risk assess-
ment and environmental behavior prediction, further for urban
stormwater management.

It has been shown that the traditional fractionations of
heavy metals in urban runoff are mostly divided into
Bdissolved^ fraction (< 0.45 μm) and Bparticulate^ fraction
(> 0.45 μm) (Hargreaves et al. 2017; Yasutaka et al. 2017).
However, the Bdissolved^ fraction does not represent the truly
dissolved metal ions, which composed of free metals, com-
plex ions, metals bound to a variety of ligands, forming mol-
ecules of various dimensions and chemical characteristics
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(Guéguen and Dominik 2003). Consequently, the Bcolloid^
fraction is defined as the third phase, whose size ranged from
1 nm to 0.45 μm with an intermediate size or molecular
weights. Colloids have received special attention because of
their small size and large specific surface area, and thus, their
strong adsorption capacity of other substances, as well as high
diffusibility and mobility, which enhance heavy metals’ bio-
availability and potential toxicity. It has been reported that the
rapid migration and enrichment of colloidal heavy metals in-
crease the pollution risk of groundwater due to colloids’ pen-
etration in porous soil and fractured rocks (Aosai et al. 2014;
Majumder et al. 2014). Therefore, understanding and evalua-
tion of the heavy metals in different size fractions in the road
runoff from different traffic density, especially colloidal frac-
tion, are of fundamental importance for risk assessment and
environmental behavior prediction of heavymetals, further for
their control in various green infrastructures for stormwater
management and the protection of the received water body.

The concentrations, variability, and distribution of heavy
metals (e.g., particulate-bound and colloid-associated) in ur-
ban road runoff with different density of motor vehicle traffic
were determined and compared in this study. Also, the eco-
logical risk assessment was made and the speciation of
colloid-associated fraction was detected.

Materials and methods

Sampling

Two sites were selected for road runoff sampling. Site A is
located at Chegongzhuang Street in Xicheng Region in
Beijing, which is an arterial street with heavy traffic at down-
town commercial district where the big cars (such as trucks,
towed vehicles, etc.) are limited and only small cars are per-
mitted. Comparatively, site B is located at the road nearby the
campus of Beijing University of Civil Engineering and
Architecture in Daxing Region with lighter traffic and diverse
types of cars at the suburb in Beijing. The location of the
sampling site A (39° 55′ 52.72″ N, 116° 20′ 10.44″ E) and
site B (39° 44′ 58.90″ N, 116° 16′ 59.09″ E) are shown in
Fig. 1. General characteristics of two sites are listed in
Table 1. Urban road runoff was sampled with brown glass
bottles at the curb (gutter) inlet on March 31, 2015, May 2
and 14, 2016, April 21, July 11, and August 5, 2018. The
temporal precipitation of these six rainfall events are shown
in Fig. 2, whose data are received from the closest meteoro-
logical station, which location was shown in Fig. 1 (20 km to
site A and 40 km to site B). Before sampling, the bottles were
thoroughly washed with acid solution (0.01 MHCl), followed
by tap and deionized water sequentially. The samples were
immediately transported to the laboratory and filtered through

0.45-μm cellulose filters and stored in the dark at 4 °C for
ultrafiltration with decreasing pore size cutoff.

Colloid separation

To concentrate the solution with an operational colloidal par-
ticle size of 1 nm–0.45 μm, the separation of the colloidal
fraction of the solution obtained from filtration through <
0.45 μm was performed by cascade ultra-filtration on mem-
branes (regenerated cellulose) using a stirred cell (Amicon
Stirred Cell Model 8200, Millipore, USA). Colloids of water
samples were isolated of 30 kDa (3 nm), 10 kDa (2.5 nm), and
1 kDa (1 nm) nominal molecular cutoffs in concentration op-
eration modes. Nitrogen gas at different pressures (0.4–
2.7 kgf/cm2) was applied to the ultra-filtration cells directly.
Constant stirring above the membrane surface was used to
avoid the accumulation of solute molecules and minimize lo-
calized concentration effects at the membrane surface
(Singhal et al. 2006). The schematic of the separation proce-
dures employed is shown in Fig. 3.

The ultra-filtration membranes were pre-treated before
using. Firstly, the membranes were soaked more than three
times in a beaker filled with ultra-pure water for 3 days.
Then, the membrane was installed into the ultra-filtration cell
and rinsed twice with 0.01 M NaOH and 0.01 M HCl alter-
nately, with the stirrer agitating more than 10 min each time
(Du et al. 2014).

The organic carbon and heavy metal mass balance and
r e c o v e r y r a t e w e r e c h e c k e d a s f o l l ow s : (%
recovery) = (CpVp + CrVr)/C0V0, where V0, Vp, and Vr are
the volume of feed, permeate, and retentate samples, respec-
tively, and C0, Cp, and Cr are the organic carbon (or heavy
metals) concentrations of feed, permeate, and retentate sam-
ples, respectively (Wei et al. 2008). The organic carbon and
heavy metal mass balance of ultra-filtration system in this
study was 100 ± 5%.

Chemical analysis

Acid digestion of raw runoff samples was conducted with
aqua regia prior to the measurement of Cu, Zn, Cr, Cd, Pb,
and Mn. After acid digestion, the solutions were cooled and
diluted to 100 mL with ultrapure water for Cu, Zn, Cr, Cd, Pb,
and Mn determination to calculate total concentration in run-
off. Cu, Zn, Cr, Cd, Pb, and Mn in different fractions were
determined immediately after ultra-filtration. Concentrations
of heavy metals in different fractions, the dissolved samples
(< 0.45 μm) and the digested samples were determined by
ICP–MS (NexION 300, PerkinElmer, Germany). Particulate-
bound heavy metals were determined as the difference be-
tween the total and the dissolved concentrations in the runoff.
Colloidal organic carbon (COC) was determined with a TOC
analyzer (Jena multi N/C 3100, Germany).
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To ensure the accuracy of the analyses, calibrations were
performed after every tenth samples, and between these cali-
brations two internal standards were analyzed. The internal
standards substances were Ge and Sc, both with the concen-
trations of 20 μg/L. Internal standards within ± 10% of a long-
time average were accepted; otherwise, all ten samples run
since the foregoing calibration sequence was reanalyzed.

Risk assessment

The quantitative approach developed by Hakanson (1980)
was usually used to evaluate the potential ecological risk of
multiple heavy metal pollution, whose potential ecological
risk index (RI) is defined as follows.

RI ¼ ∑
n

i¼1
Eri ¼ ∑

n

i¼1
Tri � Ci

C0

� �

where Eri is the risk factor, Tri is the toxic-response factor for a
given substance (e.g., Cu = Pb = 5, Zn = 1, Cd = 30, Cr = 2)
(Yang et al. 2009), Ci represents metal content, and C0 is the
regional background value of heavy metals. The heavy metal
content of class II standard of Surface Water Environmental
Quality Standard (GB 3838-2002) in China (e.g., Cu = Zn =

1.0 mg/L, Cd = 0.005 mg/L, Cr = 0.05 mg/L, Pb = 0.01 mg/L)
was chosen as the regional background value.

Results and discussion

Risk assessment of heavy metals in runoff

Metal content in runoff

The concentrations of the total, particulate-bound (>
0.45 μm), and dissolved heavy metals (< 0.45 μm) investigat-
ed in six runoff events at two sites are presented in Table 2. It
was shown that the total heavy metal concentrations of Cu,
Zn, Cr, Cd, Pb, and Mn in the six rainfall runoff events at site
A were higher than those at site B, suggesting that the

Fig. 1 Locations of the sample
sites and meteorological station

Fig. 2 Precipitation of three rainfall events

Table 1 Characteristics of sampling sites

Characteristics Site A Site B

Catchment area (ha) 0.02 0.02

Pavement material Asphalt Asphalt

Runoff coefficient 0.9 0.9

Approx. percent impervious (%) 100 100

Number of lane (s) 2 1

Average daily traffic (cars/day) ~ 10,000 ~ 100

Surrounding land use Commercial Residential
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concentrations of heavy metals in road runoff were strongly
influenced by traffic density. The concentrations of heavy
metals in the road runoff are higher when traffic density is
higher. The data also showed that the heavy metals in the
runoff, from either highway or road nearby campus, predom-
inantly expressed in particulate-bound form with the percent-
age of particulate-bound to the total heavy metals ranged from
63 to 99%. Obviously, the distributions of heavy metals had
no evident difference at sites with different traffic density in
the same runoff event, due to the particulate form associating
with the suspended solids on the road surface (Lau et al. 2009;
Gunawardana et al. 2015).

Additionally, the event mean concentrations (EMCs) of
heavy metals observed in highway runoff in six runoff events
at site A followed the order of Zn > Cu > Mn > Cr > Pb > Cd,
which was similar to the results reported by Sim-Lin Lau (Lau
et al. 2009). Although the concentrations order varied in dif-
ferent rainfall runoff events, the concentrations of Cu, Zn, Mn,
and Cr were high enough to be paid attention in the six rainfall
runoff events at both two sites. The dominant heavy metals of
Zn and Cu in the road runoff could be caused by tire wear of
vehicles for Zn (De Silva et al. 2016) and brake systems for Cu
(Yu et al. 2016). The high concentration of Mn was probably
due to the relatively low standard of Mn content (2 mg/L) in
gasoline from national standard of Gasoline for Motor
Vehicles (GB 17930-2013) in China (Standardization
Administration of China 2013), which was consistent with
the study of road dust in Beijing, China (Men et al. 2018).
Cr may come from the braking lining wear in vehicles (Lee
et al. 2011).

The concentrations of heavy metals in road runoff were
compared with the Environmental Quality Standards for
Surface Water in China (GB 3838-2002) (Sta te
Environmental Protection Administration 2002). The statistic
data suggested that the total concentration of Cd in the road
runoff exceeded the class V standard value (10 μg/L) slightly

at both sites A and B onMarch 31, 2015, May 14, 2016, April
21, and August 5, 2018, seriously at site A on July 11, 2018,
while the concentrations of Cr were 4–9 times the class V
standard value (100 μg/L) in all rainfall runoff events at two
sites, indicating the serious pollution of Cr at two sites. In
addition, the concentrations of Pb in six runoff events were
higher than the class V standard value only at site A. Although
the concentrations of Cd and Pb were comparatively low, their
potential toxicities may be high because of their low standard
values. It was obvious that the long-term direct discharge of
road runoff into surface water would trigger the heavy metal
pollution and harmfulness for aquatic organisms. Therefore,
the road runoff, especially from the high-density traffic road,
should be treated for heavymetal removal prior to discharge to
the waterbody.

Risk assessment of heavy metals

The following grade was used to assess the potential ecolog-
ical risk of multiple heavy metal pollution indicated by the Er
and RI values (Hsu et al. 2016; Feng et al. 2017):

Er < 40;RI < 150 : lowecological risk

40≤Er < 80; 150≤RI < 300 : moderate ecological risk

80≤Er < 160; 300≤RI < 600 : considerable ecological risk

Er≥160;RI≥600 : high ecological risk

The Er for different heavy metals and RI of runoff samples
at sites A (highway) and B (road nearby campus) in six rainfall
events are calculated and listed in Table 3.

As shown in Table 3, the Er values of all heavy metals
(except Cd on May 2, 2016 and August 5, 2018, Cr on
May 2, 2016 and July 11, 2018) in road runoff during six
rainfall events at site A were higher than that at site B, sug-
gesting higher potential ecological risk of heavy metals with
higher traffic density. Universally, the Er values of Cd and Pb
were higher than that of Cu, Zn, and Cr in the six runoff events
at two sites. The Er values of Cu, Zn, and Cr in the runoff were
generally lower than 40 at sites A and B, indicating that the
potential ecological risks of these metals are low. The Er
values of Cd were 252.39 on March 31, 2015, and 265.14
on July 11 at site A, 150.93 and 95.34 on May 14, 2016,
108.84 and 112.14 on August 5, 2018, at sites A and B, re-
spectively, indicating a considerable and even high potential
ecological effect for Cd in road runoff. Similarly, the Er values
of Pb were higher than 80 at site A on March 31, 2015, and
May 2, 2016, demonstrating a considerable potential ecolog-
ical risk. Although the concentrations of Cd and Pb were low-
er than that of Cu, Zn, and Cr, the potential ecological risks of
Cd and Pb were considerable and high in the road runoff,
demonstrating that more attention need to be drawn to their
source control and discharge reduction.

The feed (<0.45μm)

UF 30kDa membranes

UF 10kDa membranes

UF 1kDa membranes

Permeate (<1kDa)

Retentate 1

(30kDa~0.45μm)

Retentate 2

(10kDa~30kDa)

Retentate 3

(1kDa~10kDa)

Fig. 3 Separation procedure of molecular weight distribution
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The RI value was applied to assess the comprehensive eco-
logical risk of multiple heavy metals at two sites. It was shown
that the RI values in six runoff events at site A were higher
than that at site B, indicating that the potential ecological risk
is highly influenced by the traffic density. The RI values of
runoff samples collected from site B were all lower than 300,
which suggested a low or moderate risk in the road runoff
nearby campus with lighter traffics. Whereas, the RI values
of runoff samples collected from site A ranged from 300 to
600 on March 31, 2015, May 14, 2016, and July 11, 2018,

indicating a considerable ecological risk of heavy metals in
the highway runoff with heavy traffics.

Concentrations of metals during a runoff event

The variations of concentrations of heavy metals in runoff
during the rainfall duration on May 2, 2016, at two sites are
shown in Fig. 4. It was shown that the concentrations of all
heavy metals in the runoff were higher at site A than those at
site B during the entire rainfall duration except Cd and Cr in

Table 2 Concentrations of the
total (D + P), particulate-bound
(P), and dissolved (D) metals in
runoff

Sampling date Site A Site B

D + P (μg/L) P (μg/L) D (μg/L) D + P (μg/L) P (μg/L) D (μg/L)

March 31, 2015 Cu 913.44 692.81 220.63 203.25 137.44 65.81

Zn 1605.06 1285.06 320 57.63 42.69 14.94

Mn 1299.88 885.31 414.56 131.06 109.63 21.44

Cd 42.07 41.75 0.31 10.87 10.02 0.85

Pb 165.1 164.58 0.52 49.14 48.38 0.76

Cr 321.28 319.29 1.99 16.83 14.46 2.37

May 2, 2016 Cu 833.62 728.07 105.55 129.98 101.8 28.18

Zn 1770.01 1743.66 26.35 987.11 962.19 24.92

Mn 621.53 580.13 41.4 351.76 325.62 26.13

Cd 6.06 5.64 0.41 7.67 7.36 0.31

Pb 114.04 113.83 0.21 60.06 59.73 0.33

Cr 802.23 801.44 0.79 991.33 990.13 1.2

May 14, 2016 Cu 930.52 827.43 103.09 137.27 126.07 11.2

Zn 2329.33 2310.77 18.56 976.76 964.66 12.1

Mn 840.02 788.64 51.38 289.63 287.3 2.32

Cd 25.16 25.11 0.05 15.89 15.85 0.04

Pb 145.73 145.69 0.04 42.35 42.33 0.02

Cr 798.63 797.85 0.78 422.19 421.63 0.56

April 21, 2018 Cu 942.97 867.53 75.44 211.74 133.40 78.34

Zn 1821.42 1766.78 54.64 996.56 946.73 49.83

Mn 798.51 766.57 31.94 192.44 182.82 9.62

Cd 11.66 11.54 0.12 10.28 10.07 0.21

Pb 129.29 126.70 2.59 75.69 74.18 1.51

Cr 658.98 652.39 6.59 474.66 465.17 9.49

July 11, 2018 Cu 868.17 763.99 104.18 180.78 117.51 63.27

Zn 1790.29 1736.58 53.71 816.48 791.99 24.49

Mn 736.87 729.50 7.37 186.18 175.01 11.17

Cd 44.19 43.75 0.44 7.59 7.51 0.08

Pb 137.19 135.82 1.37 32.34 32.02 0.32

Cr 344.55 323.88 20.67 538.81 533.42 5.39

August 5, 2018 Cu 864.22 613.60 250.62 220.22 140.94 79.28

Zn 1601.47 1521.40 80.07 894.91 868.06 26.85

Mn 778.56 724.06 54.50 287.24 270.01 17.23

Cd 18.14 17.78 0.36 18.69 18.50 0.19

Pb 109.43 107.24 2.19 57.03 55.89 1.14

Cr 446.84 420.03 26.81 428.82 424.53 4.29
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the first hour. At site A, the concentrations of all metals
descended with the rainfall duration increasing, and apparent
concentration peak could be observed around 30 min from the
beginning, indicating the distinct first flush phenomenon
(Kayhanian et al. 2012). However, the concentrations of all
heavy metals had no evident first flush but fluctuations at site
B during the entire rainfall duration, which could be caused by
the relatively low concentrations of metals. Therefore, the
concentrations of heavy metals were significantly influenced
by the traffic density. The concentrations of heavymetals were
higher, and an evident first flush effect was detected in the
runoff during the rainfall duration at site Awith higher traffic
density. Conversely, the concentrations of heavy metals were
low, and first flush effect was not obvious when traffic density
was relatively low at site B, which is consistent with the result
of TSS detection studied by Barrett (Barrett et al. 1998).

Partitioning of metals in runoff

The EMC distributions of different size fractions of Cu, Zn,
Fe, Mn, Cd, Pb, and Cr in the six runoff events at two sites are
shown in Fig. 5. Although the contents of heavy metals in
different molecular weights varied with fluctuation, all of the
heavy metals were found in different molecular weights in the
six runoff events at sites A and B. Additionally, all of the
heavy metals mainly distributed in colloidal fraction (1 kDa–
0.45 μm) at sites A and B, suggesting that the molecular
weight distributions of heavy metals were not influenced by
the traffic density. It was shown that the colloidal fraction of
heavy metals in the six runoff accounted for 68 to 99% at site
A and 72 to 99% at site B, respectively. While, the content of
truly dissolved fraction (< 1 kDa) only accounted for 1 to 32%
at site A and 1 to 28% at site B, respectively. The temporal
distributions in different molecular weights of the heavy

metals in the runoff during the rainfall duration on May 2,
2016, were also investigated, and the results showed that all
of the metals were mostly distributed in colloid fraction, with
74 to 99% at site A and 63 to 100% at site B (Fig. S1),
respectively, further proving that the dissolved heavy metals
mainly existed in colloidal form and the traffic density could
not influence on the distribution of heavy metals. Therefore,
the proportion of colloidal form to the total dissolved form of
heavy metals would not be influenced by traffic density.
Traffic density could just influence on the concentrations of
heavy metals in road runoff. It also suggested that the dis-
solved heavy metals in road runoff could adhere to colloid
substances (organic or inorganic), accumulate in colloid frac-
tion and migrate as colloidal form. The colloidal heavy metals
should be removed in the runoff control facilities such as
bioretentions, grass swales, and wetlands.

Moreover, Cu, Fe, Pb, and Cr were almost totally distrib-
uted in colloidal fraction in the six runoff events, which ranged
from 85 to 99% at site A and 86 to 99% at site B, respectively.
And the higher percentages of Cu, Fe, Pb, and Cr in colloidal
size classes 1–30 kDa (from 45 to 71%) were also detected at
two sites, further implying no influence by traffic density on
the distribution of Cu, Fe, Pb, and Cr in the road runoff.
Compared to Cu, Fe, Pb, and Cr, the distribution of Zn, Mn,
and Cd in colloidal fraction were relatively low in six runoff
events, but still ranged from 68 to 94% at site A, and 71 to
90% at site B, respectively. Based on the risk assessment of
heavy metals in road runoff in Table 3, the potential toxicities
of Cd and Pb were the highest among the heavy metals. In
addition, the high content of colloidal fraction in the runoff
may result in high diffusibility and mobility of Cd and Pb.
Therefore, Cd and Pb in road runoff should be removed firstly
to avoid their migration to aquatic environment.

Correlations between colloidal heavy metals and COC

To assess the speciation of colloidal metals and possible con-
tamination from the similar sources, correlation analysis was
conducted between heavy metals and COC (1 kDa to
0.45 μm) in runoff samples at two sites, as shown in
Table 4. It was found that intensively significant correlations
between colloidal Cr and COC at sites A (r = 0.936, p < 0.05)
and B (r = 0.873, p < 0.05), as well as colloidal Zn and COC at
site A (r = 0.893, p < 0.05) and site B (r = 0.798), respectively,
which implied these colloidal metals in the road runoff were
strongly bound to colloidal organic matters due to the func-
tional groups with high affinity (Ren et al. 2010). While the
weak correlations between Fe, Mn, Cd, Pb, Cu, and COC
suggested that these metals mostly associated with inorganic
colloidal substances. Traffic density did not change the speci-
ation of heavy metals in the road runoff, in which Cr and Zn
mainly expressed in organic colloidal fraction while Fe, Mn,
Cd, Pb, and Cu expressed in inorganic colloidal fraction. It

Table 3 The potential ecological risk assessment of the heavy metals in
road runoff at sites A and B

Site Date ErCu ErZn ErCd ErPb ErCr RI

A March 31, 2015 4.57 1.61 252.39 82.55 12.85 353.96

May 2, 2016 5.21 2.40 42.80 81.59 37.07 240.15

May 14, 2016 4.65 2.33 150.93 72.87 31.95 326.69

April 21, 2018 4.71 1.82 69.96 64.65 26.36 233.50

July 11, 2018 4.34 1.79 265.14 68.60 13.78 378.65

August 5, 2018 4.32 1.60 108.84 54.72 17.87 235.35

B March 31, 2015 1.02 0.06 65.24 24.57 0.67 91.56

May 2, 2016 0.64 0.90 78.08 24.02 42.56 205.51

May 14, 2016 0.69 0.98 95.34 21.18 16.89 180.47

April 21, 2018 1.06 1.00 61.68 37.85 18.99 190.57

July 11, 2018 0.90 0.82 45.54 16.17 21.55 110.98

August 5, 2018 1.10 0.89 112.14 28.52 17.15 223.80

Note: Italic font = high risk for Er, considerable risk for RI
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also suggested that most of Cu and Zn may migrate with
organic matters synchronously in the runoff.

The significant correlations among colloidal Zn, Fe,
Mn, Cr, and Pb (r > 0.80) were found in the road runoff
at site A, as well as the strong correlations among colloi-
dal Zn, Fe, Mn, Cr, and Pb (r > 0.50) in the road runoff at

site B. The traffic activities would contribute to the strong
correlations between Fe, Zn, Mn, Cr, and Pb because of
the similar sources from tires, automobile exhaust, fuel
combustion, etc. Moreover, the correlation coefficient
was higher when traffic density was larger. No correlation
was found between Cd and other metals in the runoff at

Fig. 4 Concentrations of heavy
metals in the runoff during the
rainfall duration on May 2, 2016,
at sites A and B
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Fig. 5 Molecular weight distributions of heavymetals onMarch 31, 2015
(a), May 2, 2016 (c), May 14, 2016 (e), April 21, 2018 (g), July 11, 2018
(i), and August 5, 2018 (k) at site A; onMarch 31, 2015 (b), May 2, 2016

(d), May 14, 2016 (f), April 21, 2018 (h), July 11, 2018 (j), and August 5,
2018 (l) at site B

Table 4 Correlation coefficients of colloidal heavy metals and COC among all sampling sites

COC Colloidal Cu Colloidal Zn Colloidal Fe Colloidal Mn Colloidal Cd Colloidal Pb Colloidal Cr

Site A
COC 1
Colloidal Cu 0.017 1
Colloidal Zn 0.893* − 0.312 1
Colloidal Fe 0.657 − 0.538 0.717 1
Colloidal Mn 0.392 − 0.462 − 0.277 0.854 1
Colloidal Cd − 0.207 − 0.048 − 0.277 − 0.164 0.133 1
Colloidal Pb 0.653 − 0.634 0.898* 0.901** 0.801* − 0.138 1
Colloidal Cr 0.936** − 0.137 0.925** 0.815* 0.826* − 0.203 0.811* 1
Site B
COC 1
Colloidal Cu 0.657 1
Colloidal Zn 0.798 0.705 1
Colloidal Fe 0.249 0.365 0.746 1
Colloidal Mn 0.737 0.604 0.917** 0.824* 1
Colloidal Cd 0.155 − 0.165 0.375 0.463 0.683 1
Colloidal Pb 0.126 0.274 0.751 0.938** 0.836* 0.595 1
Colloidal Cr 0.873* 0.805* 0.932** 0.675 0.852* 0.341 0.626 1

r = correlation coefficient

*p < 0.05; **p < 0.1
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two sites, suggesting that Cd may be not from the same
sources of other metals.

Conclusions

The concentrations of Cu, Zn, Cr, Cd, Pb, and Mn in the six
rainfall runoff events from highway were all higher than those
from the road nearby campus, suggesting that the concentra-
tions of heavy metals in road runoff are strongly influenced by
traffic density. In view of multiple heavy metal contamination,
the potential ecological risk of the heavy metals in the runoff
from highway was higher than the road nearby campus, indi-
cating a considerable ecological risk in the runoff from high-
way. Although the concentrations of Zn, Cu, Mn, and Cr were
higher in the road runoff, the potential ecological risk of Cd
and Pb exhibited considerable or high ecological risk. Cu, Zn,
Cr, Cd, Pb, and Mn in road runoff transported predominantly
in particulate-bound form (63 to 99%) and the dissolved form
mainly distributed in colloidal fraction (68 to 99%), implying
that the distribution of heavy metals was not influenced by the
traffic density. Based on the higher potential toxicity and the
high diffusibility and mobility of colloidal fraction, Cd and Pb
in road runoff should be removed firstly to avoid their migra-
tions to aquatic environment. Additionally, first flush effect
was detected during the rainfall duration in the road runoff
with higher traffic density, while without lighter traffic densi-
ty. Traffic density did not change the speciation of heavy
metals in the road runoff, in which Cr and Zn mainly
expressed in organic colloidal fraction while Fe, Mn, Cd,
Pb, and Cu expressed in inorganic colloidal fraction. The traf-
fic activities would contribute to the strong correlations be-
tween Fe, Zn, Mn, Cr, and Pb because of the similar sources
from tires, automobile exhaust, fuel combustion, etc. And the
correlation coefficient was higher when traffic density was
higher.
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