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Bioﬁltration systems are landscape depressions or shallow basins used to slow and treat on-site stormwater
runoﬀ and are considered as one of the important components of a sustainable drainage system. Bioﬁlters
generally consist of two components: a ﬁltration media which is sand-dominant and a top vegetated soil layer.
The eﬃciency of a bioﬁltration system is normally assessed by two key parameters namely hydraulic conductivity and percentage removal of pollutants. In tropical areas like Malaysia where rainfall intensity is normally high, hydraulic conductivity of the bioﬁltration systems needs to be high enough to prevent ponding and
possible ﬂooding of the system. To date, several studies have been done on development and maintenance of
such systems; however, few have studied such systems under tropical climates with heavy and intense rainfall
which needs high hydraulic conductivity. The present study aims to identify proper soil ﬁlter media that not only
can remove heavy metal ions eﬃciently but also has reasonably high hydraulic conductivity. For this, a soil
column experimental set up was developed and the eﬀectiveness of adding diﬀerent ﬁne grained materials such
as ﬂy ash, halloysite nanotubes (Hals) from two diﬀerent origins (Imerys from NZ and HalloPure from I-Minerals,
Idaho), and zeolite in sand-based soil media was assessed. To assure the validity of the results for each proposed
ﬁlter media three replicates were prepared. The performance in removing heavy metal ions Fe(III), Mn(II), Cu
(II), Zn(II), Ni(II), and Pb(II) was then evaluated for each soil composition using Inductively Coupled Plasma –
Optical Emission Spectroscopy (ICP-OES) test. Synthesized stormwater was used to provide consistency of
pollutant concentration in experiments. The watering dosage was calculated based on hydrological data of a
Malaysian catchment. Inﬁltration rate of each soil composition was also measured for further comparison.
Results showed that increasing the percentage of ﬁne materials can improve the heavy metal ions removal;
however, the drawback would be signiﬁcant decrease in inﬁltration rate. In general, Hals were found to fulﬁll
the requirements for both high percentage removal and high inﬁltration rate compared to zeolite and ﬂy ash.
Moreover, the eﬀect of aspect ratio, surface area, particle size and chemical composition of each ﬁne material on
its eﬃciency in heavy metal ions removal and inﬁltration rate were compared.

1. Introduction
Stormwater has been a major concern in urbanized areas as it
contributes in ground/surface water pollution and it also causes
ponding and ﬂooding. Stormwater contamination is mainly due to sediments, heavy metals, nutrients, oil and grease, and pathogens. The
source of heavy metals are automobiles ﬂuid leaks, tires, paints and
atmospheric deposition (Davis et al., 2003) while excess nutrients such
as nitrogen and phosphorus come from fertilizers, wastes, vegetation
remainder, and concentrated sewage from septic tanks or sewer overﬂow (Hunt et al., 2006). To date, several solutions have been proposed
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and practiced to manage both quality and quantity of stormwater from
which wetlands, green roofs, and bioﬁltration systems are quite wellestablished (Blecken et al., 2009).
Bioﬁltration systems are landscaped depressions or shallow basins
that can slow down and treat stormwater on-site. Bioﬁltration system is
considered as a low-energy treatment technology with the potential to
provide both water quality and quantity control (Hatt et al., 2009).
Bioﬁltration systems consist of a layered soil media with diﬀerent range
of particle sizes which accommodates vegetation on its top surface. In
general, soil contributes in removing sediments and heavy metal ions
while plants contribute in removing nutrients. To date, several studies
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have been conducted both in lab and ﬁeld scales to assess the functionality and performance of such system for diﬀerent soil media, plant
species, and climates (Davis et al., 2003; Hsieh and Davis, 2005; Dietz
and Clausen, 2005; Hatt et al., 2008). It has been found that bioﬁltration systems are able to successfully remove several types of pollutants
and bring their concentration down to the acceptable levels for release
to nature. In tropical regions, however, very limited studies have been
reported in literature. The high intensity and frequency of rainfall in
tropical climate in one hand and high urbanization rate in many of
tropical countries on the other hand, may change the design criteria for
bioﬁltration systems. In general, the soil media in a tropical bioﬁlter
needs a higher inﬁltration rate to cope with higher rainfall intensity.
However, this higher inﬁltration rate should not compromise the pollutant removal eﬃciency.
To date, several soil compositions have been studied to achieve
appropriate soil media for bioﬁltration system. Fly ash is one of the
promising adsorbents due to its low-cost and excellent removal capabilities for certain metals ions. Fly ash is the byproduct produced from
burning pulverized bituminous, hard coals in power station furnaces
(Sear, 2001). The furnace typically operates at temperature higher than
1400 °C to generate steam for electricity production. The fusion of
mineral impurities and exhaust gas during the combustion process can
result in the production of ﬂy ash. Fly ash commonly consists of
38–52% silicon dioxide (SiO2), 20–40% aluminum oxide (Al2O3),
6–16% iron oxide (Fe2O3), and 1.8–10% of calcium oxide (CaO). Due to
its particle size, ﬂy ash is usually utilized in concrete and cement
mixture, although > 40% of its production results in disposal to landﬁll
(Sear, 2001). Fly ash is considered as ﬁne aggregate material in soil
classiﬁcation and it has been used in several water ﬁltration applications. Babel and Kurniawan (2003) studied the adsorption capacity of
ﬂy ash for Cu2 + and Cr6 + ions. Authors reported the adsorption capacity of 1.39 mg Cu2 +/g at pH 8.0 and 2.92 mg of Cr6 +/g at pH 2.0.
Yeheyis et al. (2008) studied the environmental applications of both
fresh and landﬁlled coal ﬂy ash. The results showed that both the fresh
and landﬁlled ﬂy ash can absorb the heavy metal ions well. The study
also concluded that both types of ﬂy ash are environmentally safe and
can be used for diﬀerent applications. In another research, Gupta et al.
(2009) studied possible materials that can be used as low-cost adsorbents for treating diﬀerent water pollutants. The authors used ﬂy ash
for absorption of Cu(II) and it was conformed to the Langmuir absorption. The study stated that ﬂy ash is highly available despite
mentioning the cost of using it. Hegazi (2013) studied the eﬀect of ﬂy
ash dose on removal percentage of metals. The author showed that by
increasing the ﬂy ash concentration from 20 to 60 g/L, the percentage
removal increased from 46% to 87%, 22% to 76%, 37% to 99%, and
95% to 96% for Fe(III), Pb(II), Cu(II), and Ni(II) ions, respectively. The
author also highlighted the possibility of metal leachate as ﬂy ash
contains metals. However, it was not a concern in that study due to the
fact that the concentration of the heavy metals ions were < 1% of total
content thus leaching was unlikely to occur. Haynes (2014) investigated
the use of several industrial waste products in the removal of stormwater pollutants including heavy metals. The study showed that ﬂy ash
has a strong capacity to absorb heavy metal ions; however, it has a very
low hydraulic conductivity due to its small particle size. Clogging can
thus occur as the consequence of using ﬂy ash alone. To overcome this
issue, the study recommended that ﬂy ash can be either added to coarse
sand or it could be pelletized. In another study, Grace et al. (2016)
studied the potential use of waste products from a variety of sectors in
water treatment process. It was found that ﬂy ash can uptake heavy
metal ions from water but it has the disadvantage of being able to leach
metals as well. However, this disadvantage can be mitigated through
the introduction of certain precautionary measures such as leaching
behaviour test, forced extraction, immobilisation of elements, and destruction of persistent pollutants.
The other ﬁne material used in bioﬁltration is zeolite and it has been
found that natural zeolite cannot remove heavy metal ions well

compared with synthesized zeolite due to the high level of impurities in
it (Pitcher et al., 2004). Zeolite is a microporous aluminosilicate mineral usually found in volcanic rocks. Zeolite contains a wide variety of
cations such as Na(I), K(I), Ca(II), and Mg(II). Zeolite naturally contains
some metals such as Ti, Sn, and Zn. Cortés-Martínez et al. (2009) studied the removal of cadmium (Cd) by Zeolitic rocks and the results
showed that the zeolitic rocks can remove the heavy metal ions eﬀectively. Wu and Zhou (2009) studied the removal of heavy metal ions
from stormwater using a commercial porous iron sorbent and its mixture with zeolite and crystal gravel. It was found that absorption process of heavy metal ions can be inﬂuenced by the pH of the sample,
surface complexion of the sorbent and electrostatic attraction. The
sorbents also showed high aﬃnity for certain heavy metal ions but were
less eﬀective at removing others. It was thus concluded that there is a
potential for the use of P4 (mixture of Ferrosorp Plus and zeolite) as a
sorbent in stormwater treatment. Reddy et al. (2014b) investigated the
potential of several ﬁlter materials to absorb heavy metal ions from
urban stormwater, one of which was zeolite. The results of the experiment showed that zeolite can absorb between 90 and 100% of
heavy metal ions. Most of the heavy metal ions were removed through
absorption by the negatively charged surface of the ﬁlter material.
Haynes (2014) also studied the use of zeolites in removing pollutants
from stormwater, especially heavy metal ions. It was found that both
natural and synthesized zeolites were eﬀective at absorbing heavy
metal ions from an aqueous solution. The author also recommended
that zeolite can also be used in constructed wetlands and in add-on
ﬁlters at the wetland outﬂow. Since synthesized zeolite requires considerable time and energy, authors suggested that the product's cost for
practical application could be a concern.
Reddy et al. (2014a) studied the performance of biochar as an absorbent in stormwater treatment by bioﬁltration systems. It was found
that biochar performance in heavy metals ions removal is not satisfactory due to its chemical properties and behavior. In this study, the
removal percentages of 18, 19, 65, 75, 17, and 24% were achieved for
Cd(II), Cr(VI), Cu(II), Pb(II), Ni(II), and Zn(II), respectively. Lim et al.
(2015) compared few materials including coconut coir, compost,
commercial mix, sludge, and potting soil (loamy sand) for heavy metals
ions (Cu(II), Zn(II), Cd(II), Pb(II)) removal. Two diﬀerent stormwater
concentration dosing were used to observe the behavior of the materials
in higher pollutants loading. It was found that the removal percentages
in higher pollutants concentration are generally better than the one for
low concentrations. Overall, all materials could remove > 90% of the
heavy metals ions in high-concentration loading except for coconut coir
which only removed 74% of Cu(II) and 82% of Pb(II). Authors concluded that potting soil and commercial mix are the best choice for
bioﬁltration media in both low and high pollutants loading. However,
sludge and compost were only recommended for high-concentration
loading.
Using nano-materials such as carbon nanotubes and nanoclays (e.g.
layered silicates such as montmorrilonite or MMT and Kaolin) for water
puriﬁcation have been reported by some researchers (Patel et al., 2006;
Yuan and Wu, 2007). Hal is a member of the kaolin group of clay minerals and typically found in microtubular crystals (Pasbakhsh et al.,
2016). Halloysite is an abundant and novel nano-material which can be
used in water ﬁltration application (Zhao et al., 2013; Makaremi et al.,
2015) due to its unique hollow tubular morphology, its unique chemical structure (SiO2 at the surface while Al2O3 is in the lumen and
edges) and high surface area (20–70 m2/g). Hal has already attracted
the attention for decontamination of industrial eﬄuents (Pasbakhsh
and Churchman, 2015). Yuan et al. (2015) highlighted the considerable
potentials of Hal as a new adsorbent for diﬀerent applications. Authors
elaborated the unique properties of Hal such as their high speciﬁc
surface area compared with Kaolin group. It was concluded that despite
the tubular shape of Hal that promotes adsorption capacity, their interlayer is hardly accessible for ions and molecules. Therefore, it is
recommended that the modiﬁcations could be needed to improve the
2
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standard, grain size analysis for particles with diameter > 0.075 mm
can be done by standard sieve analysis ASTM C136M (ASTM standard,
1998b) while for particle < 0.075 mm standard Hydrometer Test,
ASTM D422-63 (ASTM Standard, 1998a) is recommended. In sieve
analysis, a sample of the soil will be sieved through multiple sieves with
diﬀerent opening size. Samples need to be oven dried to avoid particles
sticking together due to moisture. In hydrometer test, the portion of soil
samples that is smaller 0.075 mm in diameter will be mixed in a solution of a dispersing agent in demineralized water. After preparation, the
mix will be transferred to a standard sedimentation cylinder and the
hydrometer will be carefully inserted into the cylinder. Readings on the
hydrometer are related to the buoyancy force which is depending on
the speciﬁc gravity of the mix. By a standard procedure and the prescribed equations, the readings will be used to ﬁnd the distribution of
particles with diﬀerent diameter size. In this study, both sieve and
hydrometer tests were carried out to ﬁnd the grain size distribution for
ﬂy ash, zeolite, MB, and UHP.

Hal's properties such as adsorption capacity (Yuan, 2016). The removal
eﬃciency of Hal is higher than most of the conventional adsorbents.
Moreover, after absorption, Hal can be regenerated by calcination and
reused.
As it can be inferred from the above literature review, Hal has not
been used as an absorbent in bioﬁltration yet. This study aims to propose Hal as a novel component in soil media composition of a tropical
bioﬁltration system to potentially achieve two important requirements
of such system: (1) high inﬁltration rate and (2) high heavy metal ions
removal capacity. The performance of the proposed soil composition
has been compared with a sand-based ﬁlter media with no ﬁne material. Moreover, for comparison purposes, the performance of the proposed media containing Hal is also compared against columns containing proportions of ﬂy ash and zeolite. Finally, a ranking mechanism
is introduced to evaluate the performance of each composition in terms
of water inﬁltration rate and heavy metal ions removal. It is worth
mentioning that this experimental study is based on non-vegetated soil
columns ﬁlled with sand-based ﬁlter media and is focused on heavy
metals ions removal only.

2.3. Experimental setup

2. Materials and methods

The experimental setup of this study consists of PVC soil columns
with 160 mm diameter and 1000 mm height which are ﬁlled by a
layered sand-based ﬁlter media as shown in Fig. 1. Each column contains of three layers from bottom to top including drainage, transition,

2.1. Materials
In this research the potential use of three diﬀerent types of ﬁne
materials (ﬂy ash, zeolite, halloysite) with clay characteristics (high
surface area, ion-exchanger, heavy metal ions absorbent, low hydraulic
conductivity, etc.) for water treatment application has been studied.
In this study, ﬂy ash (denoted with FA) with surface area of 0.6 m2/
g has been supplied from local supplier while zeolite (denoted with Z) is
provided from natural source in Indonesia with surface area of 17 m2/g.
Two diﬀerent types of halloysite nanotubes (Hal) are used in this study:
Matauri Bay (denoted with MB) provided by Imery NZ and
UltraHallopure (denoted by UHP) provided by I-Minerals Inc. with the
surface areas of 22 m2/g and 47 m2/g, respectively.
2.2. Characterization of ﬁne materials
2.2.1. X-ray diﬀraction
X-Ray Diﬀraction (XRD) analysis was conducted to look at in-depth
information about crystalline compounds of each material. The patterns
were obtained from X-ray diﬀractometer (Bruker, D8 Discover). The
CuKa radiation source was operated at 40 kV and 40 mA. The wavelength of the X-ray beam was 0.15418 nm, and Bragg's equation was
used to calculate the samples layer spacing. The angle for scanning was
ranged from 5° to 70°.
2.2.2. Field emission scanning electron microscopy
Field Emission Scanning Electron Microscopy (FE-SEM) analysis is
eﬀectively used in microanalysis of solid materials. About 10 mg of
samples were dispersed in 10 mL ethanol before placing on a copper
grid coated with carbon. Hitachi SU 8010 FE-SEM was then utilized to
scan the image of the materials.
2.2.3. X-ray ﬂuorescence
X-Ray Fluorescence (XRF) is a process where the electrons in the
sample are displaced from their atomic orbital positions, resulting in
the release of energy burst that express the characteristic of a speciﬁc
element. XRF can typically analyze elements from sodium to uranium
with concentration detection limit from part per million up to high
percent. XRF test was done in this study to look at the elements present
in the samples.
2.2.4. Grain size analysis
Grain size analysis is common in geotechnical engineering to ﬁnd
the distribution of diﬀerent particle size in a soil sample. In ASTM

Fig. 1. Schematic layout of the PVC soil-columns used in this study.
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and ﬁlter media. The drainage layer is made up of coarse aggregates
whose role is draining the ﬁltered water to the outlet. Transition layer is
made using washed sand with speciﬁc grain size to stop ﬁlter particles
from being washed out to the drain. Filter media which sits on top is a
sand-based media which contains a small percentage of ﬁne materials.
Before ﬁlling the columns, the inner walls of all columns are ﬁrst
scratched by sand paper to prevent unwanted preferential ﬂow pathways for inﬂow water. A single hole is then drilled at the bottom side of
each column to act as the outlet which is then equipped with proper
piping and valve. After the installation of the outlets, all joints are
sealed with water proof glue and sealant to prevent any leakage.

Table 2
Concentration of heavy metals ions in synthesized stormwater.

The particle size of each layer in the soil column needs to fulﬁll the
particle size distribution criteria to function properly. Payne et al.
(2015) proposed two criteria to design the ﬁlter, transition, and drainage layer of a bioﬁltration system. These criteria are deﬁned to avoid
particles of a layer with ﬁner grains being washed into a layer with
coarser grains (i.e. ﬁlter media to transition layer and transition to the
drain layer). The two criteria are given in Eqs. (1) and (2):
(1)

D15 (Drainage) ≤ D85 (Transition)

(2)

2.7. Sampling and testing
The soil columns are tested to assess their performance in removing
heavy metal ions from the synthesized stormwater. The total inﬁltrated
water is collected in a bucket before taking samples for testing. Perkin
Elmer Optima 8000 Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) machine is used to determine the concentration of heavy metals with 0.001 ppm detection limit. Finally, the obtained concentrations (from eﬄuent) are compared with the pollutant
concentration in synthesized stormwater (inﬂuent) to ﬁnd the percentage removal. The other parameter to measure is inﬁltration rate. For
this, a constant head method was adopted and the inﬁltration rate value
was calculated by using the following formula:

In experimental laboratory scale studies on soil columns, synthesized stormwater are preferred compared to real stormwater. One of the
main reasons is the fact that maintaining the chemical and physical
characteristics of stormwater such as pollutants concentration is not an
easy task because of ﬁrst ﬂush phenomenon (FAWB, 2009). Therefore,
in this study, synthetic stormwater was made by adding speciﬁc metals'
salt to dechlorinated water to achieve the desired concentration of
pollutants (based on available literature). Duncan (1999) and Taylor
et al. (2005) reported the average heavy metals concentrations after
reviewing a few hundred catchments located all around the world. In
tropical region, however, very limited data on stormwater heavy metals
concentration is available in literature. One of the catchment study in
tropical areas was conducted by Yusop et al. (2005) in Johor Baru,

I=

4.75
3.35
2.36
1.18
0.60
0.30
0.15
< 0.15

45
15
20
15
5
–
–
–

–
–
2
17
39
21
21
–

–
–
–
4
32
32
25
7

(3)

3. Results and discussion
3.1. Characterization of ﬁne materials
3.1.1. XRD test results
XRD patterns of Hal, FA and ZE are illustrated in Fig. 2.The main
reﬂections of Hal appeared at the diﬀraction angles (2θ) of 11.5°
(d = 7.58 Å), 20° (d = 4.4 Å) and 24.6° (d = 3.6 Å) which correspond
to the crystallographic orientations of 001, 020 and 002, respectively
(Yuan et al., 2016; De Silva et al., 2015). The reﬂection at 2θ = 11.5°
has a basal spacing of 7.58 Å which is ascribed to the dehydrated form
of Hal. Apart from the main reﬂections of Hal, traces of quartz correspond to the 2θ at 26° and 60° present in the diﬀraction patterns, which
indicates the level of purity of Hal. The X-ray diﬀraction pattern of
zeolite − 2θ between 10 and 35°- shows the presence of clinoptilolite
and quartz, but the predominant crystalline phase is clinoptilolite. The
XRD characteristic of the ﬂy ash is dominated by the presence of Quartz

Percentage distribution (%)
Filter

V
A×t

where I is the inﬁltration rate, V is the volume collected, A is the crosssectional area of the soil column, and t is the collection time.

Table 1
Soil composition for column study experiments.

Transition

0.86
0.15
0.23
0.03
0.14
0.25

To determine the stormwater dosage for watering the columns
based on tropical condition, the method by Urban Stormwater
Management Manual for Malaysia (Manual Saliran Mesra Alam
Malaysia, MSMA) was adopted. As recommended by MSMA (2012), a
typical frequent rainfall event with 3-months Annual Recurrence Interval (ARI) is considered to calculate the stormwater dosage for a
hypothesized bioﬁltration system. The obtained volume is then translated to the lab scale soil column using area ratio which results in a
dosage of 6 L per column per event. In this study, three rainfall events
are considered which is equivalent to three rounds of dosing, sampling,
and testing for all columns types.

2.5. Synthesized stormwater

Drainage

Fe(III)
Cu(II)
Mn(II)
Ni(II)
Pb(II)
Zn(II)

2.6. Stormwater volume dosage

where D15 and D85 are the 15th and 85th percentile particle size, respectively. Following these criteria and the available sand in the local
market, the soil composition of each layer is found as shown in Table 1.
In this study, four diﬀerent ﬁne materials are mixed with ﬁlter media
including FA, Z, MB, and UHP. For comparison purposes, two diﬀerent
proportions of 2% and 5% of each additive are adopted. Moreover, a set
of control columns with no ﬁne material (denoted as C) are also provided. Therefore, total of 9 diﬀerent soil compositions are considered.
To ensure the reliability of the experimental results, three replicates are
made for of each ﬁlter media composition which makes the total
number of columns equal to 27 (9 × 3).

Particle size (mm)

Concentration (ppm)

Malaysia, where the stormwater sample was rich of iron and copper. In
the present study, the highest reported concentration values for the six
common heavy metals in above-mentioned studies are considered and
are summarized in Table 2.

2.4. Filter media

D15 (Transition) ≤ D85 (Filter)

Heavy metals ions
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MB

and a trace of Mulite. Quartz is considered as the main mineral present
indicated by the sharp peak near 2θ = 26.5° due to quartz (101).

UHP
FA
Z
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3.1.2. Morphological analysis
Fig. 3a–d shows the morphologies of the used materials for the ﬁltration. As it can be seen in Fig. 3a, the FA particles are naturally
grouped together and made bulky shape particles with size of 50 μm to
few hundreds μm. The surfaces of the bulky shape particles are full of
much smaller size particles (1 to 4 μm). For Z (See Fig. 3b), the particles
are spherical with diameter ranging from 10 to 200 μm. The surface of
these spherical particles is covered with smaller particles of size 1 to
2 μm. As it can be seen in Fig. 3c and d MB halloysite is ranged from
50 nm–2 μm long, 20–100 nm outer diameter and 5–30 nm inner diameter; however, UHP particles are longer (up to 4 μm sometimes) and
thinner. The aspect ratio and surface area of UHP is much higher than
MB halloysite and that can be one of the main reasons for the better
adsorption record for UHP halloysite. As reported by Pasbakhsh et al.
(2013), the volume percentage of lumen structure of Hals may be as
high as 35% although the eﬀect of lumen on the ﬁltration data was not
observed in this work but this can be a topic of a future study. Fig. 3c

90

Fig. 2. X-ray diﬀraction (XRD) results for the four minerals used in this study: Fly ash,
Zeolite, Halloysite MB, and Halloysite UHP.

Fig. 3. Scanning electron microscopy (SEM) images of four minerals used in this study: (a) Fly ash, (b) Zeolite, (c) Halloysite MB, (d) Halloysite UHP.
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consisted of SiO2 (58.59%) and Al2O3 (23.41%). The other two important compounds in FA are Fe2O3 (5.67%) and CaO (4.74%). Similar
to FA, Z also mainly consists of SiO2 (75.19%) and Al2O3 (14.49%). The
next two important chemicals in Z are K2O (3.26%) and CaO (2.22%).
The two main compounds for MB and UHP are also SiO2 and Al2O3. For
MB, the percentage of SiO2 is 60.14% while it is 55.55% for UHP.
However, the percentage of Al2O3 in both MB and UHP is much higher
than the ones in FA and Z (38.79% for MB and 41.45% for UHP). XRF
analysis showed that the percentage of other minerals in MB and UHP
are very small (below 0.5%) except Fe2O3 in UHP which is 1.63%.

Table 3
X-ray ﬂuorescence (XRF) test results for the four minerals of this study: Fly ash, Zeolite,
Halloysite MB, and Halloysite UHP.

Na2O
MgO
Al2O3
SiO2
P2O5
SO3
Cl
K2O
CaO
Sc2O3
TiO2
Cr2O3
MnO
Fe2O3
NiO
CuO
ZnO
Ga2O3
Rb2O
SrO
Y2O3
ZrO2
Nb2O5
BaO
Nd2O3
PbO
ThO2

FA (%)

Z (%)

MB (%)

UHP (%)

0.875
1.486
23.412
58.587
1.128
0.612
–
1.587
4.740
0.013
1.119
0.021
0.056
5.670
0.025
0.015
0.023
0.007
0.015
0.270
0.009
0.104
0.005
0.182
0.026
0.013
–

1.396
0.905
14.760
75.189
0.024
–
0.010
3.260
2.224
–
0.177
–
0.037
1.907
–
–
0.007
–
0.012
0.042
0.004
0.013
–
0.033
–
–
–

0.063
–
38.786
60.136
0.277
0.080
0.043
0.019
0.012
–
0.114
–
–
0.384
–
–
–
0.042
–
–
0.004
0.023
0.007
–
–
–
0.010

0.060
0.179
41.447
55.554
0.032
0.102
0.037
0.400
0.070
–
0.384
–
0.017
1.630
–
–
0.005
0.045
0.004
0.003
0.003
0.003
–
0.027
–
–
–

3.1.4. Grain size analysis
The results of sieve and hydrometer tests for the four ﬁne materials
of this study are shown in Fig. 4. The horizontal axis shows the particle
diameter in mm while the vertical axis shows the percentage passing or
the percentage of particles (in weight) that have diameter equal or
smaller to a speciﬁc size. A curve which is located more towards the
right side of the ﬁgure has bigger particle size compared to the one
located in the left side of the ﬁgure. Looking at the sieve analysis results
on particles bigger than 0.075 mm, MB has the highest particle size
followed by UHP, Z, and FA. Based on sieve analysis, 25.2%, 41.7%,
53.1%, and 9.81% of the particles are smaller than 0.075 mm in MB,
UHP, FA, and Z, respectively. This portion is the one that needs hydrometer tests. Looking at that portion of particles, MB is ﬁner than FA
and Z. It is worth mentioning that the hydrometer test failed for UHP
since the particles were so small that didn't settle down during the
experiment. Hydrometer results conﬁrms that MB and UHP have very
ﬁne particles smaller than 0.075 mm that can contribute in heavy metal
ions absorption while they have also a good portion of big particles that
can contribute in higher inﬁltration rate. This capability will be advantageous for the two Hal of this study compared to FA and Z.

and d show the various morphological shapes of halloysite nanotubes.
The most common Hal morphology for MB is hollow tube while short
tubular, pseudo-spherical, platy and semi-rolled Hals have also been
observed in MB micrographs. As for UHP the most dominant morphology was the thin and long tubes and very less impurity has been
observed in their micrographs.

3.2. Inﬁltration rate results
The results of inﬁltration rate for the columns with 2% and 5% ﬁne
material additives are presented in Fig. 5. As can be seen, by increasing
the percentage of ﬁne material from 2% to 5% the inﬁltration rate
dropped in all column types of this study. This is due to the higher
presence of ﬁne materials that ﬁlls up the pores in the ﬁlter media thus
slowing down the inﬁltration process. In general, columns with MB

3.1.3. XRF test results
The results of X-ray ﬂuorescence (XRF) test for the four minerals
used in this study are presented in Table 3. As can be seen, FA is mainly
100.00

Fly Ash

90.00

Zeolite

Percentage Passning (%)

80.00
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UHP

70.00

60.00

50.00

40.00
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Fig. 4. Particle size distribution for FA, Z, MB, and UHP resulted based on sieve and hydrometer tests.
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2%

5%

percentages were above 95%. It was concluded that increasing the
proportion of ﬁne materials from 2% to 5% doesn't have any signiﬁcant
impact on removing Pb(II) and Cu(II). It was found that control columns alone can remove Pb(II) and Cu(II) with > 95% eﬃciency; thus,
the contribution of ﬁne materials in improving the Pb(II) and Cu(II)
removal is minimal. For Ni(II) removal, UHP and FA columns performed slightly better than columns with MB and Z. It was found that
the increase in ﬁne material proportion from 2% to 5% slightly deteriorates the performance of Ni(II) removal for columns containing MB
and Z. For Zn(II) removal, all columns showed removal percentages
equal or bigger than 95% except for MB where the performance was at
89% removal rate. It was also concluded that the increase in ﬁne material proportion has not any considerable inﬂuence on Zn(II) removal.
Fig. 7 compares the average percentage removal of Fe(III) in columns with diﬀerent types and percentages of ﬁne materials. As can be
seen, all columns except the one with 5% of UHP performed better than
control columns in removing Fe(III). The performance comparison between control columns and columns with additives was signiﬁcant
(> 20% adsorption diﬀerence except for 5% UHP). This is due to the
fact that Fe presents as Fe(III) while other metals present as M(II). The
two main functional groups in the additives which is SiO2 and Al2O3
play a huge role in the adsorption process. Mohan and Gandhimathi
(2009) studied the adsorption mechanism of metals to both functional
groups and found that the surface of SiO2 has a high aﬃnity towards
metal ions. Additionally, Si has a very strong aﬃnity for electrons due
to its central ion Si(IV). Weak basic is formed when O2 are bound to the
Si(IV), thus silica surface would act as a weak acid. On the other hand,
surface silanol (SiOH) was formed when O2 react with water. Since -ve
charges silica was observed at neutral pH, thus the contents of the
additives are at the negative charges (silica, alumina, iron). The adsorption mechanism of Fe(III) could be presented in Eqs. (4) to (7).

Control
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Infiltration Rate (mm/hr)
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Fig. 5. Average inﬁltration rate values for columns with diﬀerent types and percentages
of ﬁne material.

content showed the highest inﬁltration rate, followed by UHP, Z, and
FA. Columns with 2% MB yielded the highest inﬁltration rate value at
364 mm/h while columns with 5% ﬂy ash showed slowest inﬁltration
rate of 98 mm/h. This ﬁnding is matching with the results of grain size
analysis (Section 3.1.4) where MB was comparatively the coarsest out
of four materials used in this study followed by UHP, Z, and FA.
Therefore, it was concluded that material with larger particles gives
higher inﬁltration rate and using 2% of additive material produces relatively higher inﬁltration rate compared to 5%.
3.3. Heavy metal ions removal by soil media
Although natural stormwater contains other pollutants such as nutrients, sediments, oil and grease, and pathogens, this study focuses
only on the heavy metals pollutants by preparing synthesized stormwater. However, it is believed that the proposed soil media would
contribute to the removal process of other pollutants. This is especially
true for MB and UHP where the inner surface of the lumen and the
edges of Hal carries a +ve charge which attracts anions. Additionally,
oil absorption capacity of Hal is generally high (especially UHP) with
value of higher than 90 g oil/100 g UHP. Besides that, the mixture of
pollutants may potentially aﬀect the removal process due to competitive adsorption. Rangsivek and Jekel (2008) studied the competitive
adsorption between natural organic matter (NOM) and heavy metals
such as Cu(II) and Zn(II). Authors concluded that competitive adsorption occurred at slightly acidic pH of 5.5. However, in real application
of bioﬁltration system, competitive adsorption is not a concern due to
the few reasons such as neutral pH, low content of oil and grease in
natural stormwater (Duncan, 1999), and the present of vegetation
(which is the primary role of nutrients uptake) (Read et al., 2008).
There is a potential issue of clogging in the system due to the presence
of suspended solid particles in water which eventually may aﬀect the
inﬁltration rate. However, studies showed that root propagation of
plants could minimize the impact (Siriwardene et al., 2007; Le
Coustumer et al., 2012). Therefore, this focused study is unlikely to
have signiﬁcant discrepancy in the result due to the competitive adsorption.
The heavy metal ions removal performance for diﬀerent soil column
type was measured in terms of percentage removal of each individual
metal ions. The average value of percentage removal was calculated for
the three replicates of each type. This procedure was repeated in the 3
rounds of experiment and the average of these 3 was calculated for
comparison. For columns with diﬀerent types and portions of ﬁne
materials, the average percentage removal of Ni(II), Zn(II), Pb(II), and
Cu(II) are compared in Fig. 6(a–d), respectively.
All column types could remove Pb(II) and Cu(II) as the removal

≡SiOH + OH− → ≡ SiO− + H2 O

(4)

≡AlOH + OH− → ≡ AlO− + H2 O

(5)

3(≡SiO−) + Fe3 + → (≡SiO)3 Fe

(6)

3(≡AlO−)

(7)

+

Fe3 +

→ (≡AlO)3 Fe

Among the four diﬀerent types of columns in this study, the ones
with MB and FA were able to remove Fe(III) quite well and increase in
proportion from 2% to 5% improved the performance signiﬁcantly.
Although FA has the highest content of Fe2O3 (5.67%, see Table 3), no
leaching of Fe ions was observed due to the neutral pH condition (≈7).
This ﬁnding is similar with a study conducted by Seidel and Zimmels
(1998) where Fe leaching in FA only occurred when pH < 1.5.
Izquierdo and Querol (2012) reported similar ﬁnding where < 10 mg
Fe/kg FA was leachable when pH ≈ 7. However, column with Z performed worse than MB and FA for both 2% and 5% proportions. Among
the four diﬀerent types of columns, UHP showed quite diﬀerent trend as
an increase in proportion from 2% to 5% had a reverse impact on Fe(III)
removal. For columns with 2% UHP, the removal percentage was 99%
while it dropped signiﬁcantly to 37% for columns with 5% UHP. Further investigation showed that Fe2O3 presents in UHP in three diﬀerent
forms including (1) the crystal lattice of kaolin and halloysite substituting for Al, (2) in trace of mica, and (3) as free ferric hydroxide
(Limonite). Since limonite is very ﬁne, it appears as colloidal particles
which eventually may be washed out from the system. Obviously, this is
more readily available in columns with 5% UHP which is practically
detected as Fe(III) leaching from the columns. In addition, pH has a big
role in solubility of Fe ions. In 2% UHP, Fe is present as Fe(III) which is
likely to be captured whereas with 5% UHP, the pH is more acidic thus
Fe might exist as soluble Fe(II). Therefore, percolation rate will be
slower with 5% UHP. However, it seems I-Minerals have signiﬁcantly
reduced Fe2O3 content of UHP (by 50%) since this work commenced;
hence, the problem at 5% UHP may no longer apply.
Among all studied heavy metals in this study, Mn(II) was the most
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Fig. 6. Average percentage removal of (a) Ni, (b) Zn, (c) Pb, and (d) Cu ions in columns with diﬀerent types and percentages of ﬁne materials.
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critical one. Fig. 8 summarizes the average percentage removal of Mn
(II) in columns with diﬀerent types and portions of ﬁne materials. Except columns with FA all other columns including control columns either leached Mn(II) or showed very low removal eﬃciency. Further
investigation was made to identify the reason and it was found that the
sand used in this study naturally contains high concentration of Mn(II)
up to 4.973 ppm during ﬂushing process. After 3 rounds of ﬂushing, the
concentration of Mn(II) was dropped to 0.427 ppm, which were used in
this study. Since the concentration of Mn(II) in the soil is higher than
the incoming stormwater, therefore leaching of Mn(II) occurred.
However, columns with FA were able to remove Mn(II) due to the
slower inﬁltration rate that promotes better adsorption of heavy metal
ions including Mn(II). Results also showed that increasing the proportion of ﬁne material from 2% to 5% improves the Mn(II) removal in
columns Z and FA while it slightly worsened the performance for MB
and UHP. Churchman et al. (2016) showed that some Hal including
UHP have traces of wickmanite (Mn2 + Sn4 + (OH)6). Comparing the
performance of columns with 5% UHP and 5% MB with the ones with
2% UHP and 2% MB indicate some Mn(II) leaching which may be due
to the presence of wickmanite.
Table 4 shows the ﬁnal concentration of heavy metals ions obtained
corresponding to the percentage removal. Based on water quality standard
of Malaysia (EQR, 2006), there are 3 diﬀerent classes of water quality
related to stormwater including class IIB for recreational body contact,
class IV for irrigation, and class V for further treatment. The result obtained in this study showed that all heavy metals concentrations are
brought down to class IIB standard except for Mn. MB, UHP, and Z yielded
Mn(II) concentration that is categorized in class V where further treatment
would be required. Further investigation on Mn(II) leaching showed that
the sand material used is rich with Mn(II). However, Mn(II) content will be
reduced by frequent ﬂushing of the system with water. Therefore, it is
recommended to ﬂush the system with water several rounds before actual
usage of it for stormwater treatment. Moreover, inﬁltrated water from
columns with 2% FA is classiﬁed as class IV standard that can be used for
irrigation purpose while columns with 5% FA was able to treat the
stormwater to class IIB standard.
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Fig. 7. Average percentage removal of Fe(III) in columns with diﬀerent types and percentages of ﬁne materials.
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Fig. 8. Average percentage removal of Mn(II) in columns with diﬀerent types and percentages of ﬁne materials.
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Table 4
Average concentration of heavy metals ions in eﬄuent for diﬀerent types of ﬁlter composition.

Table 5
Ranking score for inﬁltration rate (IR), pollutant removal (PR), and overall performance (R) for diﬀerent soil compositions of this study.

IR
PR
R

MB (2%)

MB (5%)

UHP (2%)

UHP (5%)

Z (2%)

Z (5%)

FA (2%)

FA (5%)

C

0.899
0.496
0.697

0.544
0.463
0.504

0.659
0.795
0.727

0.213
0.353
0.283

0.375
0.475
0.425

0.091
0.541
0.316

0.318
0.696
0.507

0
0.785
0.392

1
0.376
0.688

Note: The top three compositions based on R score are highlighted by bold and italic fonts.

by heavy metals and ﬁlter media clogging. Saturation of heavy metals
happens when the pollutants load is exceeding the adsorption capacity of
the soil media. Li and Davis (2008) showed that heavy metal ions and TSS
removal mainly happens at the upper layer of the ﬁlter media. Davis et al.
(2003) also found that the topsoil of the soil media would be aﬀected by
the metals ion saturation before it spreads deeper to the system. This saturation at the topsoil promotes clogging due to the particle-bound metals
that gets removed by mechanical ﬁltration. Moreover, Davis et al. (2003)
estimated the bioﬁltration lifetime based on the amount of metals that can
be removed in the system. It was found that in the ﬁeld scale bioﬁltration
system, the Zn accumulation per year could give design life of 19 years for
92 cm deep media, while the design life for Cu and Pb are longer > 10
times. Blecken et al. (2009) proposed that scraping of the top layer of
bioﬁltration system could remove the accumulated metals from the
system. Payne et al. (2015) also suggested replacing the topsoil before the
system reaches the saturation level. Authors proposed that a close monitoring of stormwater quality at the outlet and hydraulic performance of
the system could help to identify an appropriate maintenance cycles for
the system. Considering the above-mentioned studies and the fact that a
tropical bioﬁltration system is exposed to a higher volume and frequency
of stormwater when compared with normal bioﬁlters, it is recommended
to have a more frequent maintenance works for tropical bioﬁlters to
maintain high eﬃciency of the system. It is obvious that the estimation of
required maintenance cycles is depending on the typical pollutants concentration of the study region, total number of rainy days per year, as well
as the adopted composition and depth for the ﬁlter media.

3.4. Material ranking for selection
As discussed earlier (see Introduction), the ﬁlter media for tropical
bioﬁltration application needs to perform well both in pollutant removal and inﬁltrating water. Therefore, to compare the general performance of 8 diﬀerent soil compositions (and control columns) of this
study, a ranking method is proposed in which a ranking score has been
calculated for each composition based on the two criteria: (1) inﬁltration rate, and (2) pollutant removal. In this approach, the inﬁltration
rate and ﬁnal eﬄuent concentration for the six heavy metals of this
study are individually normalized into the domain of [0, 1] based on
their own minimum and maximum measured values. For inﬁltration
rate, the calculated score is named IR where IR = 0 stands for the
lowest inﬁltration rate and IR = 1 for the highest one. Similarly, pollutant removal score (PR) is calculated for each heavy metal by Eq. (8)
(8)

PRx = (1–NEC x )

where PRx is the pollutant removal score for metal x; NECx is the normalized eﬄuent concentration of metal x (x can be Zn(II), Pb(II), Ni(II),
Fe(III), Mn(II), and Cu(II)). NECx = 0 stands for minimum concentration of metal x in eﬄuent while NECx = 1 stands for the maximum
concentration. Therefore, the best pollutant removal will be scored as
PR = 1 while the worst will be scored as PR = 0. After calculating the
IR and PR scores, a weighted average score is calculated by Eq. (9).
1

Ri =

IRi + 6 (PRZn + PRPb + PRNi + PRFe + PRMn + PRCu )i
2

(9)
4. Conclusion

where Ri is the ranking score of soil composition i; IRi is the inﬁltration
rate score for soil composition i; and (PRx)i is the pollutant removal
score of metal x in soil composition i. The results of the ranking scores
for 9 soil compositions (including the control columns with no additives) are presented in Table 5. As can be seen, the highest score is
achieved by UHP-2% followed by MB-2% and control columns (C).

The conclusions of this study are as following:
(i) Usage of ﬁne materials FA, Z, MB, and UHP in sand-based ﬁlter
media of bioﬁltration system improved the heavy metal ions removal when compared to control columns with no ﬁne materials.
(ii) Among the 6 heavy metals of this study, Fe(III) was not removed
well in columns with 5% UHP. This was attributed to the leaching
of limonite mineral from the system and/or eﬀect of pH where in
2% UHP, Fe is present as Fe(III) (more easily captured) while the
lower pH in 5% UHP makes Fe exist as soluble Fe(II) (slower

3.5. Long term eﬃciency
Maintenance and lifespan of bioﬁltration system has been widely
studied in the past years due to the potential issues such as soil saturation
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percolation rate).
(iii) All columns showed some problem in removing Mn(II) which was
attributed to the high concentration of Mn(II) in sand. However, it
was also found that several rounds of ﬂushing of the system would
gradually improve the situation.
(iv) Since having high inﬁltration rate was a requirement for a tropical
bioﬁlter and usage of 5% ﬁne material reduced inﬁltration
rate > 2%, using 2% ﬁne material is generally preferred over 5%.
(v) Based on a proposed ranking mechanism that consider both heavy
metal ions removal and inﬁltration rate, ﬁlter with 2% UHP was
found to be the best composition followed by 2% MB and control
columns with no ﬁne materials. This shows the good potential of
using Hal in bioﬁltration systems speciﬁcally in tropical regions.
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