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a b s t r a c t

Groundwater contamination by heavy metals from infiltration facilities receiving road runoff is of potential
concern. In this study, sorption tests were conducted to evaluate the influence of the water quality of road
runoff, especially dissolved organic matter (DOM), on the sorption of heavy metal species by soakaway
sediment. Sequential batch tests were conducted to assess metal sorption by the soakaway sediment
receiving road runoff from residential and heavily trafficked areas. Ni was adsorbed by the sediment,
eywords:
roundwater pollution
eavy metal speciation

nfiltration facility
tormwater practice
treet runoff

indicating that soakaway sediments function to prevent groundwater contamination by Ni. In contrast, Zn
was released from the soakaway sediment in sorption tests using heavily trafficked road dust leachates.
Ni, Cu, Zn, and dissolved organic carbon concentrations were higher in soakaway sediment leachates
obtained by sorption tests using heavily trafficked road dust leachates than those using residential road
dust leachates, suggesting traffic activities contaminate these pollutants. A large portion of Zn, released
from the soakaway sediment, existed as stable complexes. DOM in road runoff possibly enhances the
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release of Zn from the sedi

. Introduction

Urban road runoff is contaminated by non-point pollutants
uch as heavy metals derived from traffic activities and has been
egarded as an important pathway to water environments [1–6].
ffective strategies are needed to prevent water environment pol-
ution through urban road runoff. Among possible management
ystems, infiltration of road runoff is a promising option to control
he pollutants.

Infiltration facilities receiving urban road runoff were originally
esigned to reduce runoff peak flow and replenish groundwater
7,8]; however, they are also expected to trap non-point pollutants
uch as heavy metals and thus to reduce their discharges to water
nvironments [9,10]. For example, Mikkelsen et al. revealed that the
ontent of non-point-pollutants such as heavy metals were specifi-
ally higher in surface of soils in the infiltration systems, suggesting

hat soils in infiltration facilities acted as sorbent of pollutants in
oad runoff [9]. Several researchers also supported this accumula-
ion of non-point pollutants onto solids within or below infiltration
acilities [11–14]. Some researchers, however, have pointed out that

∗ Corresponding author. Tel.: +81 3 5841 6263; fax: +81 3 5841 8529.
E-mail address: michio@env.t.u-tokyo.ac.jp (M. Murakami).
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s within infiltration facilities and might cause groundwater contamination.
© 2008 Elsevier B.V. All rights reserved.

roundwater contamination by heavy metals from infiltration facil-
ties is also of potential concern [15–17]. This potential concern is

major barrier to the use of infiltration facilities for road runoff.
t is required to assess the sorption (adsorption and desorption) of
eavy metals by sediments within infiltration facilities receiving
rban road runoff.

Toxicities and bioavailabilities depend on heavy metal species,
.g. free ion and labile complexes are more toxic and bioavailable to
queous organisms and plants [18–21]. The information on specia-
ion of heavy metals is useful because removals of heavy metals in
unoff by plant uptake are sometimes expected [22]. Besides, trans-
ort of heavy metals is also related to their speciation. In particular,
omplexation with dissolved organic matter (DOM) often governs
he solubility and mobility of heavy metals [23–26]. For example,

alsh and O’Halloran found that stable organic acid complexes
f Cr(III) are likely to be relatively persistent in the estuary [24].
rganic complexes of heavy metals were often found to be dom-

nant in groundwater and landfill leachates [23,27–29]. Therefore,
he sorption of heavy metal species in infiltration facilities might

e affected by the water quality characteristics of road runoff (e.g.
OM). We previously evaluated the speciation of heavy metals
nd their behavior in infiltration facilities, highlighting that Cu
ominantly existed as organic complexes and that Zn was released
rom sediment in the soakaway [30]. However, there were limited

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:michio@env.t.u-tokyo.ac.jp
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iscussions on relationship between the sorption behavior of heavy
etal species and the water quality of road runoff. To demonstrate

he role of the water quality characteristics of road runoff, espe-
ially DOM, for the transport of heavy metal species in infiltration
acilities, it is now required to investigate the relationship by using
everal types of road runoff samples with different characteristics.

The objective of this study is to understand the sorption behavior
f heavy metal species by sediments in infiltration facilities receiv-
ng urban road runoff. We investigated the influence of the water
uality of road runoff, especially DOM, on the sorption of heavy
etal species by the soakaway sediment. In this study, sequential

atch tests, which mimicked the sorption process, were conducted
y adding several types of artificial road runoff water (road dust
eachates) to the soakaway sediment to obtain artificial perco-
ating water from the soakaway sediment (soakaway sediment
eachates).

. Materials and methods

.1. Samples

Soakaway sediment was collected with a polyvinyl chloride
ube (corer) from bottom to top from a residential area with an
nfiltration-type sewage system in Tokyo that was constructed in
he 1980s [7]. The major components of a sediment in the same
oakaway collected on a different day, determined by electron
robe microanalyzer, were reported in [14], showing that the sed-

ment was comprised of particles whose major components were
O, Al, Si], [O, Si] or [O, Mg, Si]. More than 90 g of road dust was also
ollected using a vacuum cleaner (Hitachi CV-100S6) from each
oad gutter surface in the residential areas and heavily trafficked
reas (traffic volumes: 19,848–36,666 vehicles/day [31]) in Tokyo.
fter the road dust sampling was finished, the vacuum cleaner was
leaned by another vacuum cleaner to minimize any risk of cross-
ontamination. The road dust and sediment were air-dried at room
emperature and homogenized after being sieved through 2 mm

esh to remove larger particles and stones. Table 1 shows the sam-
ling conditions, the heavy metal contents and the ignition loss.
he antecedent rainfall and dry weather period data were obtained
rom a meteorological database [32]. Ni, Cu and Zn were targeted
ecause they were derived from traffic activities [33]. We previ-
usly used the samples of the soakaway sediment and the heavily
rafficked road dust #1 for the sorption tests [30,34]. The heavy

etal contents and the ignition loss were reported by Murakami et
l. [30,33] and Fujita et al. [34]. To assess the pollution status of the
oakaway sediment used in this study, Fig. 1 compares the heavy
etal contents and ignition loss in soakaway sediments between

his study and our previous study [33], which revealed their spatial
istributions in surface sediments (≤10 cm depth) in 16 soakaways

n the same residential area (N35◦44′34–37′ ′ E139◦35′42–53′ ′). The
oakaway sediment used in this study contained a relatively high
evel of heavy metal contents and organic matter, probably due
o significant adsorption, which resulted from infiltration of urban
unoff through the soakaway during long-term use.

.2. Sequential batch tests

To mimic the sorption behavior in the soakaway, the sequential
atch tests were conducted following the previous study [30]. Fig. 2
hows a procedure of the sequential batch tests. These tests allow

he setup of a reproducible, reliable and constraint-free experi-

ental scheme. First, road dust leachates were prepared to mimic
oad runoff from residential and heavily trafficked areas. Deion-
zed water (DW) and the road dust (residential road dust #1–4 and
eavily trafficked road dust #1–4) were mixed at an L/S ratio of Ta

b
le

1
Sa

m
p

li
n

g
co

n
d

i

Sa
m

p
li

n
g

co
n

d
i

Sa
m

p
li

n
g

d
at

e

C
oo

rd
in

at
es

(W
D

S-
84

)

Tr
af

fi
c

vo
lu

m
A

n
te

ce
d

en
t

ra
A

n
te

ce
d

en
t

d

H
ea

vy
m

et
al

co
N

i(
m

g/
kg

)
C

u
(m

g/
kg

)
Zn

(m
g/

kg
)

Ig
n

it
io

n
lo

ss
(

a
Th

e
ro

ad
d

u
b

Th
es

e
d

at
a

a
c

Th
es

e
da

ta
a

d
H

ea
vy

m
et

a



M. Murakami et al. / Journal of Hazardous Materials 164 (2009) 707–712 709

Fig. 1. Comparison of heavy metal contents and ignition loss between this study
and previous study (n = 16) [33]: (a) heavy metals and (b) ignition loss.

Fig. 2. Conceptual diagram of sequential batch tests (DW: deionized water).

F
l
f
a

1
r
a
o
t
t
o
s
s
t
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a
a

Fig. 4. Comparison of heavy metal concentrations, DOC concentrations, and pH between
pH. Data of HRD1, SED + HRD1 and SED + DW are given in [30,34].
ig. 3. Comparison of chemical parameters in dissolved phases between road dust
eachates and actual road runoff water: (a) heavy metals, (b) DOC, and (c) pH. The
ollowing values for actual road runoff are obtained from the literature: heavy metals
nd DOC, n (total number of events) = 62 [6]; pH, n = 6 [1].

0 L/kg dry material and shaken for 16 h at a speed of 200 rpm at
oom temperature in the dark. Deionized water were utilized as
solvent because there were no large differences in pH, dissolved
rganic carbon (DOC), heavy metal, major cation and anion concen-
rations between deionized water and 1 mM HNO3 as the solvent
o create road dust leachates [30]. The road dust leachates were
btained by centrifugation (1600 × g, 20 min) and filtration of the
upernatant with a PTFE membrane filter (Advantec, H050A, pore

ize: 0.5 �m): i.e. residential road dust leachates, RRD1∼4; heavily
rafficked road dust leachates, HRD1∼4. Then, to simulate the sorp-
ion phenomenon in soakaways, sorption tests were conducted by
dding the road dust leachate or DW to the soakaway sediment
nd shaking as described above. The soakaway sediment leachates

road dust and soakaway sediment leachates: (a) Ni, (b) Cu, (c) Zn, (d) DOC, and (e)
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SED + RRD1∼4, SED + HRD1∼4, and SED + DW) were obtained after
entrifugation and filtration.

.3. Chemical analyses

DOC, pH and heavy metals (Ni, Cu and Zn) were measured
n all of the leachates. DOC was determined by a TOC analyzer
Shimadzu TOC-V CSH). The pH was measured with electrodes.
ne split of filtered sample was microwave-digested (170 ◦C,
0 min) with concentrated nitric acid (a sample: concentrated nitric
cid = 9:1 (v/v)) for quantification of the total dissolved heavy met-
ls in the leachates. Free ion and labile complexes of heavy metals
ere determined with the chelating resin disk cartridge (Empore,

minodiacetate functionalized poly[styrenedivinylbenzene]), as
escribed in Murakami et al. [30]. In brief, 5 mL of 3.0 M nitric acid,
0 mL of DW and 5 mL of 100 mM ammonium acetate (pH 5.5) were
equentially passed through the cartridge. Then, one split of fil-
ered sample was passed through the cartridge, and 5 mL of DW
as passed through the cartridge as a rinse. The trapped heavy
etals were eluted with total 3 mL of 3.0 M nitric acid. Internal

tandards (Sc and Y) were added to all the samples. All the samples
ere acidified at pH < 1 with nitric acid. The free ion and labile com-
lexes, and total dissolved fractions of heavy metals in the leachates
ere then measured by inductively coupled plasma-mass spec-

rometry (ICP-MS; Yokogawa HP 4500). The internal standards with
he corresponding analytes assigned for quantification were as fol-
ows: 45Sc for 60Ni; 89Y for 63Cu and 64Zn. The stable complexes

ere determined from the difference between the total dissolved
nd free ion and labile complex fractions of heavy metals. The pH,
OC, and heavy metal concentrations in HRD1, SED + HRD1 and
ED + DW were reported by Murakami et al. [30], and Fujita et al.
34].

.4. Statistical analysis

A two-way analysis of variance (ANOVA) of mixed design was
sed to test the difference of heavy metal and DOC concentra-
ions: i.e. between-groups design, traffic activities (RRD vs HRD and
ED + RRD vs SED + HRD); repeated-measures design, sorption (RRD
s SED + RRD and HRD vs SED + HRD). Logarithmic data of heavy
etal and DOC concentrations were applied to the test. SPSS 14.0J
as used for statistical analyses.

. Results and discussion

.1. Comparison of chemical parameters between road dust
eachates and actual road runoff water

Road dust leachates in this study were prepared by mixing
eionized water with road dust for 16 h, which might be different
rom actual conditions of road runoff. This needs to demonstrate
hether the prepared road dust leachates are similar to actual road

unoff. We previously confirmed that the heavy metal, DOC con-
entrations and pH in road dust leachates were within the range of
hose in dissolved phase of actual road runoff water in literatures,
uggesting that the road dust leachates could be regarded as valid
nd representative to mimic road runoff water [30,35]. Again, we
emonstrated the validity of road dust leachates prepared in this
tudy. Fig. 3 compares chemical parameters (heavy metals, DOC and

H) of road dust leachates with those in dissolved phase of actual
oad runoff water reported in the literatures [1,6]. The values of
hemical parameters in the road dust leachates were within the
anges reported in the literatures for the actual road runoff water,
xcept Zn in two road dust leachate samples. Therefore, the road

c

c
T

ig. 5. Speciation of heavy metals determined from chelating resin fractions: (a) Ni,
b) Cu, and (c) Zn. Data of HRD1, SED + HRD1 and SED + DW are given in [30,34].

ust leachates, newly prepared in this study, could be regarded as
alid.

.2. Sorption of heavy metals in road runoff with different
haracteristics by soakaway sediment
Fig. 4(a–d) compares total dissolved heavy metal and DOC con-
entrations between road dust and soakaway sediment leachates.
he pH is also given in Fig. 4(e) as the supporting information
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Fig. 6. Correlation between DOC and heavy metal speci

n the sorption behavior. Ni concentrations in soakaway sediment
eachates (2.7–9.2 �g/L) were significantly lower than those in road
ust leachates (2.9–34 �g/L) (F(1,6) = 7.22, P (probability) < 0.05),

ndicating that the soakaway sediment adsorbed Ni in road runoff.
his result is worthy of special mention that the soakaway sediment
ith 2-decade operations was useful to prevent groundwater con-

amination by Ni, because Ni is the one of potential groundwater
ollutants due to the slight removals by loamy soils [35]. In contrast,
here were insignificant differences in Cu and DOC concentra-
ions between road dust and soakaway sediment leachates (Cu:
oad dust leachates, 12–310 �g/L, soakaway sediment leachates,
9–49 �g/L; DOC: road dust leachates, 11–120 mg/L, soakaway
ediment leachates, 17–81 mg/L) (Cu: F(1,6) = 0.53, P > 0.20; DOC:
(1,6) = 0.10, P > 0.20), suggesting the soakaway sediment was not
seful to remove these pollutants in road runoff. This figure also
ompares the chemical parameters in leachates prepared from
esidential and heavily trafficked road dust. Ni, Cu, and DOC con-
entrations were significantly higher in heavily trafficked samples
HRD and SED + HRD) (Ni, 7.6–34 �g/L; Cu, 12–310 �g/L; DOC,
7–120 mg/L) than in residential samples (RRD and SED + RRD) (Ni,
.7–7.9 �g/L; Cu, 12–46 �g/L; DOC, 11–28 mg/L) (Ni: F(1,6) = 21.77,
< 0.05; Cu: F(1,6) = 6.22, P < 0.05; DOC: F(1,6) = 37.45, P < 0.05), sug-
esting that heavy traffic activities contaminated these pollutants.

On the other hand, Zn showed a significant interaction
etween traffic activities and sorption (F(1,6) = 4.42, P = 0.08), as
hown in Fig. 4(c). Unlike Ni, Cu and DOC, Zn concentrations
ncreased significantly after mixing the heavily trafficked road
ust leachates and the soakaway sediment (HRD, 24–250 �g/L;
ED + HRD, 180–260 �g/L) (F(1,6) = 10.41, P < 0.05). This was consis-
ent with the previous finding that in soakaway sediments, Zn was

ore highly mobile than Ni and Cu [36]. Besides, Zn concentra-
ions were significantly higher in SED + HRD (180–260 �g/L) than in

ED + RRD (92–150 �g/L) (F(1,6) = 13.18, P < 0.05), while Zn concen-
rations in HRD (24–250 �g/L) were comparable to or lower than
hose in RRD (80–250 �g/L) (F(1,6) = 1.06, P > 0.20). These results
ndicated that heavily trafficked road runoff enhanced the release
f Zn from the soakaway sediment and might cause groundwater

a
t
A
o
c

oakaway sediment leachates: (a) Ni, (b) Cu, and (c) Zn.

ontamination, even though Zn concentrations in heavily trafficked
oad runoff were comparable to or lower than those in residen-
ial road runoff. This highlighted possible influence of the water
uality of road runoff on sorption behavior of Zn within infiltration
acilities.

.3. Relation between sorption behavior of heavy metal species
nd DOM

Fig. 5 shows speciation of heavy metals determined from
helating resin fractions. Ni and Cu dominantly existed as stable
omplexes in both road dust and soakaway sediment leachates. In
ontrast, Zn predominantly existed as free ion and labile complexes
n leachates except SED + HRD. Concentrations of labile complexes
re similar with those of inorganic complexes, whereas stable com-
lexes are most likely organic complexes [35,37]. Hence, it indicated
hat complexation with DOM played more important roles in spe-
iation of Cu and Ni than Zn. This was consistent with the previous
ndings that complexation with DOM was more significant for Cu
han for Zn, although consistent tendencies were not found for
i [28,38]. However, in SED + HRD leachates (except SED + HRD1),

table complexes of Zn were also present. Stable complexes of Zn
ere not present in SED + HRD1, probably because HRD1 had lower

rganic matter contents (Table 1) and DOC concentration (Fig. 4(d))
han other HRD samples. The relatively low traffic volume of HRD1
Table 1) might be attributed to this difference. The abundance of
table complexes of Zn in SED + HRD leachates (except SED + HRD1)
uggested that the release of Zn from soakaway sediments may
e related to complexation with DOM. This was supported by a
trong correlation between DOC and stable Zn concentrations in
oakaway sediment leachates (r2 = 0.72) but a weak correlation
etween DOC and free ion and labile Zn concentrations (r2 = 0.37),

s shown in Fig. 6. DOM in road runoff possibly acts to facilitate
he release of Zn from the sediments within infiltration facilities.
lso, there were stronger relationships between DOC and stable Ni
r Cu concentrations than between DOC and their free and labile
oncentrations. This indicated that DOM functioned to retain Ni



7 zardo

a
i
o
[
m
s

3

Z
c
l
i
h
c
m
fi
c
w
f

4

u
D
s

•

•

•

A

‘
r

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

12 M. Murakami et al. / Journal of Ha

nd Cu in percolating water from the soakaway sediment. This
s consistent with the past findings that solubility and mobility
f heavy metals are often controlled by complexation with DOM
23–26]. DOM in road runoff possibly suppress adsorption of heavy

etals and sometimes enhances the release of them from the
oakaway sediment and might cause groundwater contamination.

.4. Recommendations

Overall, the concentrations of all the heavy metals (Ni, Cu and
n) were higher in SED + HRD than SED + RRD, even though the con-
entrations in heavily trafficked road runoff were comparable to or
ower than those in residential road runoff like the case of Zn. DOM
n road dust leachates probably acted to release stable complexes of
eavy metals from the soakaway sediment. This is of particular con-
ern because stable heavy metals resist removals by natural organic
edia (e.g. plant [22], and hardwood mulch [39]) and possibly arti-

cial adsorber media [26,40]. Therefore, these results indicated that
ontrolling sources of not only heavy metals but organic matter
ould help to prevent groundwater contamination by heavy metals

rom infiltration facilities.

. Conclusions

In this study, sequential batch tests were conducted to eval-
ate the influence of the water quality of road runoff, especially
OM, on the sorption behavior of heavy metal species by soakaway

ediment. We draw the following conclusions:

The soakaway sediment adsorbed Ni in road runoff, whereas Zn
was desorbed from the soakaway sediment in sorption tests using
heavily trafficked road dust leachates. Ni, Cu, Zn, and DOC concen-
trations were higher in soakaway sediment leachates obtained by
sorption tests using heavily trafficked road dust leachates than
those using residential road dust leachates.
Ni and Cu dominantly existed as stable complexes. Stable com-
plexes of Zn were also present after mixing the heavily trafficked
road dust leachates and the soakway sediment.
Heavily trafficked road dust leachates facilitated to release stable
complexes of Zn from the soakaway sediment. DOM in road runoff
possibly enhances the release of Zn from soakaway sediments.
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