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a b s t r a c t
Nineteen storm events were monitored between July 2010 and September 2013 to determine the 
relative fractions of dissolved and particulate-bound heavy metal mass in runoff entering and 
exiting a tree box filter that was developed and constructed for the treatment of suspended solids 
and heavy metal constituents (Fe, Zn, Pb, Cr, Cu, Cd, Ni) in a parking lot runoff. Findings revealed 
that the system was capable of reducing the particulate-bound fraction of Ni, Cu, Zn and Cd;  
and the dissolved fraction of all the heavy metals. Majority of storm events favored the reduction 
of the predominately particulate-bound heavy metals such as Fe, Zn and Pb. TSS concentration was 
found to influence the generation and more likely the reduction of heavy metals in the tree box fil-
ter. The metal elements in the outflow were evidently dissolved with higher TSS concentration and 
particulate- bound with lower TSS concentration in the inflow. The fractionation of metals was found 
to be independent of the treated runoff rather by the incoming runoff particularly the concentration 
of particulate matters in it. The adsorption capacity of metals was ranked from greatest to least as 
follows: Fe > Zn ≈ Cd > Pb > Cu > Cr > Ni.
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1. Introduction

Urban stormwater runoff is recognized as a major source 
of heavy metals that pose a risk to the health of riverine 
and estuarine ecosystems in the catchment and should be 
targeted for remediation [1,2]. The heavy metal concentra-
tions and loads in stormwater runoff depend on topography, 
vegetal covering, streets and highways sweeping, specific 
materials and components employed within the drainage 
area, as well as hydrometeorological effects such as rain-
fall intensity and extent [3]. The major sources of heavy 
metals arise from exhaust emissions, wear of vehicles tires 
and brakes, and degradation of asphalt road surfaces, use 
of de-icing compounds, atmospheric deposition, roof runoff, 

industrial activities, and resuspension of particulates from 
roads and exposed soils [1,4,5]. The fate of heavy metals 
transported by stormwater is controlled by salinity changes, 
physical mixing and dilution, flushing of the estuary, and 
chemical processes such as sorption, complexation, cation 
exchange and redox reactions [6].

The behavior of many metals in runoff depends on the 
metal-binding properties as well as the characteristics of 
both particulate and dissolved materials [7]. The degree of 
binding is a function of pH, average pavement residence 
time and the nature and quantity of solids present [5]. 
Particulate-bound heavy metals are typically associated 
with suspended particulates of stormwater and depen-
dent upon flow capable of mobilizing particles from 
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the road surface and drainage system. Dissolved heavy 
metals occur as free metal ions and have the potential for 
acute and long-term toxicity for aquatic life and a greater 
potential of affecting groundwater [8]. Particulate-bound 
heavy metals are likely to be deposited where stormwa-
ter channels discharge, whereas dissolved heavy metals 
may be trapped in interstitial water during sedimentation 
or remain in suspension and available for transport [9]. 
Thus, higher concentration of dissolved heavy metals may 
be present at the discharge point of stormwater channels 
(e.g., stormwater treatment systems, etc.). The fraction-
ation of heavy metals between dissolved and particulate 
phases influenced by flow regime, pH, redox conditions, 
temperature, concentrations of particulates, etc. [4] has a 
major effect on the occurrence, transport, fate and biologi-
cal effects of heavy metals in aquatic systems [10].

Although there are significant metal-dependent and 
study-dependent variability, a large fraction of the heavy 
metal load in roadway runoff are often associated with 
the suspended solids, that is, adsorbed to particles [11,12]. 
Given that a strong affinity between heavy metals and 
suspended solids exist [13], stormwater management prac-
tices are adopted to improve the runoff quality commonly 
targeting the removal of particulates from runoff by means 
of sedimentation [2,14–18]. Hence, toxicity and contaminant 
reductions by stormwater management practices are limited 
by the degree to which pollutants/toxicity associate with 
particles, and the efficiency to remove particles [2,19]. 
Knowledge of the partitioning kinetics and relative fractions 
of dissolved and particulate-bound mass delivered for treat-
ment is of fundamental importance for on-site treatments 
where residence times on the urban surface or in the urban 
drainage system in the presence of entrained particulate 
matter are less than several hours [20]. This research was 
conducted to analyze the fractionation of heavy metals in 
the inflow and outflow of a tree box filter and determine 
its implications in the reduction of heavy metals from 
storm water runoff in an impervious parking lot.

2. Materials and methods

2.1. Site location and design description of the tree-box filter

A tree box filter was developed to capture storm water 
runoff from a 312 m2 impervious parking lot located at 
Kongju National University campus grounds in Cheonan 
City, northeast of South Chungcheong Province, Korea 
(36°51′1.11″N, 127°9′0.23″E). On average, the site received 
approximately 1,350 mm of rainfall annually wherein 42% 
of that amount was captured as runoff by the tree box filter. 
The mean annual total suspended solids (TSS) on the site were 
between 29,400 and 38,700 kg/year. Heavy metal loadings of 
chromium (Cr), nickel (Ni), copper (Cu), cadmium (Cd) and 
lead (Pb) were typically less than 600 kg/year except for lead 
(Pb) (700–1,400 kg/year) and iron (Fe) (830–1,100 kg/year) 
indicative of sources from parking lot runoff.

Fig. 1 shows the location and schematic of the detailed 
components of the tree box filter. The underground system 
situated at the middle edge and lower end of the asphalt-
paved parking was made of a pre-casted concrete 1.5 m long, 
1 m wide at the top and 1.3 m deep. The tree box filter consists 
of (1) a sedimentation chamber that provides pretreatment of 
runoff; (2) filter media zone comprising of layers of wood-
chip, sand, and gravel for filtration/adsorption of pollutants 
that also provides temporary storage of runoff; (3) perforated 
drain pipes that infiltrates runoff to the surrounding soil for 
groundwater recharge, and (4) an outflow pipe to discharge 
the treated runoff in the sewer or for potential reuse. The 
surface area of the tree box filter is only 0.7% of the total 
catchment area that it drains. Together with the aggregates, 
that is, wood chip (10–20 mm), sand (2–5 mm) and gravel 
(20–30 mm) in the filter media bed which provide approxi-
mately 30% void space; the total effective storage capacity is 
1.76 m3, equivalent to 60% of the total volume of the tree box 
filter. Periodic inspection and maintenance were conducted 
typically after the summer season and mid-winter season 
that include sweeping of litters and large debris, replacement 
of geotextile fabric, removal of accumulated sediments at the 

 

Fig. 1. Schematic diagram of the tree box filter.
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pretreatment tank and cleaning of the facility area since the 
initial operation of the tree box filter in July 2010.

2.2. Data collection and analyses

Runoff samples were collected at the inflow and outflow 
units of the tree box filter during a total of 19 storm events 
monitored from July 2010 to September 2013. Ideally, six 
samples were collected by manual grab sampling at the 
initial hour, and more samples hourly thereafter until the 
cessation of runoff [18,21–23]. In low intensity and shorter 
storm events, the scheme was modified by adjusting the 
number of samples making it certain that the ‘first flush’ 
runoff was entirely collected [24]. Selected hydrologic 
and hydraulic data including event rainfall depth, rain-
fall and runoff duration, rainfall intensity, runoff volume, 
flow rate, etc. were obtained from the site during each 
storm event. TSS was analyzed by filtration of sample in 
a standard 1.2 µm glass fiber filters (Whatman GF/C) with 
the residue retained dried in an oven (SJ-201DL, Sejong 
Scientific Co., Korea) between 103°C and 105°C or until the 
weight is constant. Runoff samples for heavy metal anal-
ysis were solubilized with nitric and hydrochloric acids 
(total heavy metal constituents) or filtered in a 0.45 µm 
pore membrane filter (dissolved heavy metal constituents), 
prior to multi- element determination method by induc-
tively coupled plasma-mass spectroscopy (ICPS-7510, 
Shimadzu Co., Japan). All analytical analyses performed 
were based on the standard methods for the examination 
of water and wastewater [25]. TSS and heavy metal (total 
and dissolved) concentrations of Cu, Pb, Fe, Ni, Zn, Cr and 
Cd were measured analytically at the laboratory following 
the standard methods for the examination of water and 
wastewater [25].

The inflow and outflow TSS and heavy metal loads were 
calculated by the summation of loadings during each storm 
event using the volume for that period (Eq. (1)).

M C t Q t dt C t Q tt TT
  = ( )× ( ) ≈ ( )× ( )=∑∫ 00

∆  (1)

M M MT P D= +  (2)

where M (mg) is the mass of a pollutant transported; Q(t) 
(m3) is the volume of runoff at time t; C(t) (mg/L) is the con-
centration at time t. The limits of integration t = 0 and t = T 
refer to the time associated with the initiation and cessation 
of runoff, respectively. Particulate-bound (MP) heavy metal 
load was determined as the difference between the total (MT) 
and dissolved (MD) heavy metal load (Eq. (2)).

The fractionation of heavy metals into dissolved and 
particulate-bound was characterized by D/P mass fraction 
ratios or dissolved to particulate metal element mass ratios 
(Eq. (3)), and equilibrium distribution coefficient, KD (Eq. (4)) 
for dilute solutions which expresses the ratio of metal ele-
ment mass normalized to the dry mass of solids (particulates) 
to the metal element concentration in solution for a given 
volume of runoff [4].
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where MD (mg) is the dissolved metal element mass per unit 
volume of sample and MP (mg) is the particulate-bound 
metal mass per unit volume of sample.
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where KD (L/kg) is the distribution coefficient between 
particulate-bound metal element mass and dissolved metal 
element concentration; CS (mg/kg) is the particulate-bound 
metal element mass and CD (mg/L) is the dissolved metal 
element concentration.

3. Results and discussion

3.1. Storm event characteristics and heavy metal loading

The total sampled rainfall from the 19 monitored storm 
events has a mean of only 6.6 mm and median of 3.5 mm 
signifying that most of the sampled events have low rainfall 
occurrence. The mean and median duration of rainfall and 
runoff were 3.1 and 2.8 h, and 1.9 and 1.2 h; respectively. 
The average runoff to rainfall duration ratio was 0.61 and 
in addition, it was taking more than an hour for the runoff 
to enter and exit the system even with the small storage 
capacity. The average flow rate was greater at the outflow 
than at the inflow as well as the peak flows but the coeffi-
cient of variation (CV) was 50%–60% greater at the inflow 
than at the outflow.

Fig. 2 shows the average mass loading of heavy metals 
fractionated into particulate and dissolved form in the 
inflow and outflow. Most metal elements including Cr, Pb, 
Cd and Ni existed in dissolved form in the inflow and 
outflow. Only Fe though not considered as a priority pollut-
ant was predominately particulate-bound both in the inflow 
and outflow while Zn appeared to be particulate-bound in 
the inflow and dissolved in the outflow. Studies showed 
that metals such as Cu, Cr and Ni in runoff have higher 
solubility levels while Pb and Zn were primarily particu-
late-bound but there were also instances that such metals 
were proportionately partitioned between dissolved and 
particulate phases [4,19,26].

In outflow, the dissolved fraction was reduced for all 
the metal elements. The mass loading of particulate heavy 
metals was reduced by 30% to 73% for Ni, Cu, Zn and 
Cd; however, only the dissolved forms were reduced by 
11% to 23% for these heavy metals. Export of particulate 
Cr, Pb and Fe were observed from the facility; however 
the dissolved forms were reduced between 11% and 37%. 
Typically, the removal of particulate heavy metal could 
be achieved through the attainment of a long residence 
time while removal of metals in dissolved phase necessi-
tate employment of materials with large cation exchange 
capacity [2,27].

3.2. Mass fraction ratio (D/P)

The average D/P ratios of Cr, Fe, Ni, Cu, Zn, Cd and Pb 
in inflow were 2.21, 0.12, 2.18, 3.79, 1.22, 10.14 and 1.49; and 
in outflow were 1.80, 0.37, 2.19, 6.32, 4.74, 37.5 and 2.25. The 
proportion of storm events with D/P < 1 and D/P > 1 in the 
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inflow and outflow of the tree box filter was investigated to 
determine the applicability of the tree box filter in reducing  
the particulate-bound and dissolved fraction of heavy 
metal element in runoff (Fig. 3). A D/P ratio greater than 
1.0 indicates that the metal element is mainly in dissolved 
form indicating that enhancement of the sorption capacity 
of a stormwater treatment system would provide the great-
est mass immobilization, while if less than 1.0 it is largely 
particulate-bound indicating filtration and sedimentation 
can be effective removal mechanisms [4]. Results revealed 
that Fe, Zn and Pb have D/P < 1 in almost 60%–90% of storm 
events in the inflow showing greater potential for reduc-
tion by the tree box filter that incorporate mainly filtration 
mechanism. On the other hand, about 64%–80% of storm 
events showed that Cr, Ni, Cu and Cd have higher dissolved 
fraction in the inflow. Apparently, majority of the storm 
events (70%–80%) produced higher fraction of dissolved 
metal element in the outflow which signifies that the system 
was more likely capable of reducing the particulate-bound 
fraction of metal elements based on the hydraulic condition 
on the site.

Analyses were carried out to investigate the possible 
reasons for the fractionation of heavy metals in the partic-
ulate and dissolved forms in the inflow and outflow of the 
tree box filter and it was found out that TSS concentration 
affects the mass fraction of metal elements. Fig. 4 shows the 
corresponding average TSS concentration for each heavy 
metal that resulted to particulate-bound (D/P < 1) and 
dissolved (D/P > 1) metal fractions in the inflow and out-
flow. Comparing the D/P at the inflow, it was found out that 
a higher TSS concentration (more than 120–175 ± 145 mg/L, 
except Cd) likely yield greater particulate-bound heavy 
metal. Nonetheless, predominately particulate-bound met-
als in nature such as Fe, Pb and Zn would have D/P > 1 at 
lower TSS concentration (~50 ± 43 mg/L). In general, the D/P 
ratio in the inflow did not differ significantly based on TSS 
concentration. But apparently, the inflow TSS concentration 
showed considerable influence on the metal D/P ratio in the 
outflow. As can be seen, the metal elements in the outflow 
were evidently dissolved with higher TSS concentration 
and particulate-bound with lower TSS concentration in the 
inflow implying that highly polluted runoff could also carry 

 

Fig. 2. Average mass loading of metal elements in inflow and outflow fractionated into particulate-bound (PME) and dissolved 
(DME) forms.

 
Fig. 3. Proportion of storm events with D/P < 1 (predominately particulate-bound) and D/P > 1 (predominately dissolved) at the inflow 
and outflow.
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more heavy metals limiting the capacity of the tree box filter 
to reduce the metal fractions. Considering the outflow TSS 
concentration, no significant influence was observed with 
the D/P ratio of the metals in the outflow possibly due to the 
very low TSS levels (<15 mg/L). Based on the findings, the 
fractionation of metals was found to be independent of the 
treated runoff rather by the incoming runoff particularly 
the concentration of particulate matters in it.

3.3. Equilibrium distribution coefficient (KD)

The average KD for Cr, Fe, Ni, Cu, Zn, Cd and Pb in 
inflow was 1.2E + 04, 2.0E + 05, 1.2E + 04, 6.6E + 03, 2.0E + 04, 
2.5E + 03 and 1.8E + 04; while 1.7E + 04, 1.1E + 05, 1.4E + 04, 
5.7E + 03, 2.0E + 04, 7.9E + 02 and 2.2E + 04 in outflow (Fig. 5). 
In principle, higher KD values indicate that the metal has 

been retained by the solid, that is, TSS through sorption 
reactions. On the contrary, lower KD values signify that most 
metal remains in solution where it is available for transport. 
Among the heavy metals, the highest KD values for both 
inflow and outflow were observed for Fe while low for met-
als such as Cd, Cu, Cr and Ni. KD values were increased in 
the outflow by 19%–38% for Ni, Pb and Cr; while reduced for 
14%, 44% and 68% for Cu, Fe and Cd, respectively. KD values 
for Zn remain unchanged in the inflow and outflow. It can 
be seen that the trend in KD was greatly influenced by the 
particulate-bound metal element mass (mg/kg of dry solids) 
or PME/TSS and highly comparable in the inflow than in the 
outflow. The main distinction observed was the reduction of 
particulate-bound metal element mass in outflow (all metals, 
inflow PME/TSS > outflow PME/TSS) and was highly evident 
in Fe > Zn ≈ Cd > Pb > Cu > Cr > Ni comparable with the 

Fig. 4. Average (mean ± standard deviation and median) inflow and outflow TSS EMC for each heavy metal that correspond to 
various D/P criteria.

 

Fig. 5. Comparison of the distribution coefficient (KD) and particulate-bound metal element mass (PME/TSS) in the inflow and out-
flow.
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results in the study of Rochford [26] wherein the partition 
of metals to the particulate phase was ranked in the order of 
Pb > Zn > Cu > As > Cr > Cd > Ni.

4. Conclusions and recommendations

Knowledge on the relative fractions of dissolved and 
particulate-bound heavy metal mass in runoff is important 
prior to designing a treatment system for stormwater man-
agement. Nevertheless, upon designing, the actual efficiency 
of stormwater treatment systems was not recognized and 
the systems often failed to function appropriately based 
on the desired requisites due to a number of factors such 
as hydraulic and hydrologic factors, environment and site 
condition, construction-related problems, etc. This research 
was conducted to investigate the actual applicability of a 
developed tree box filter employed to reduce particulate 
and toxic contaminants in runoff by physical and biological 
processes and determine the implications on the design of 
the system for its improvement.

Findings revealed that the system was highly capable of 
reducing the particulate-bound fraction of Ni, Cu, Zn and 
Cd; and the dissolved fraction of all the heavy metals. It was 
also found out that majority of the storm events produced 
higher dissolved fraction of Cr, Ni, Cu and Cd; but favored 
the reduction of the predominately particulate-bound Fe, Zn 
and Pb.

TSS concentration was found to influence the generation 
of particulate-bound heavy metals and more likely influence 
the reduction of heavy metals in the tree box filter. The 
metal elements in the outflow were evidently dissolved 
with higher TSS concentration and particulate-bound with 
lower TSS concentration in the inflow. On the other hand, 
no significant influence was observed considering the out-
flow TSS concentration implying that the fractionation of 
metals was found to be independent of the treated runoff 
rather by the incoming runoff particularly the concentra-
tion of particulate matters in it. The adsorption capacity 
of metals was ranked from greatest to least as follows: 
Fe > Zn ≈ Cd > Pb > Cu > Cr > Ni.
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Symbols

CD — Particulate-bound metal element mass
CS — Dissolved metal element concentration
C(t) — Concentration at time t
CV — Coefficient of variation
D/P —  Mass fraction ratios or dissolved to particulate 

metal element mass ratios
KD — Equilibrium distribution coefficient
M — Mass of a pollutant transported
MD — Dissolved heavy metal load
MP — Particulate-bound heavy metal load
MT — Total heavy metal load

TSS — Total suspended solids
Q(t) — Volume of runoff at time t
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