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Permeable pavement systems (PPS) are a widely-used treatment measure in sustainable stormwater
management and groundwater recharge. However, PPS are not very efﬁcient in removing heavy metals
from stormwater. A pilot scale study using zeolite or basalt as bed material in PPS removed 41e72%, 67
e74%, 38e43%, 61e72%, 63e73% of Cd, Cu, Ni, Pb, and Zn, respectively, from synthetic stormwater (pH
6.5; Cd, Cu, Ni, Pb, and Zn concentrations of 0.04, 0.6, 0.06, 1.0, and 2.0 mg L1, respectively) over a period
of 80 h. The total volume of stormwater that passed through the PPS was equivalent to runoff in 10 years
of rainfall in Sydney, Australia. The concentrations of metals in the PPS efﬂuent failed fresh and marine
water quality trigger values recommended in the Australian and New Zealand guidelines. An addition of
a post-treatment of a horizontal ﬁlter column containing a titanate nano-ﬁbrous (TNF) material with a
weight < 1% of zeolite weight and mixed in with granular activated carbon (GAC) at a GAC:TNF weight
ratio of 25:1 removed 77% of Ni and 99e100% of all the other metals. The efﬂuent easily met the required
standards of marine waters and just met those concerning fresh waters. Batch adsorption data from
solutions of metals mixtures ﬁtted the Langmuir model with adsorption capacities in the following order,
TNF [ zeolite > basalt; Pb > Cu > Cd, Ni, Zn.
© 2016 Elsevier Ltd. All rights reserved.

Handling Editor: Shane Snyder
Keywords:
Adsorption
Permeable pavement systems
Heavy metals
Zeolite
Titanate nano-ﬁbrous adsorbent

1. Introduction
Frequent droughts, growing populations, urbanisation and
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concerns about climate change have forced many communities to
ﬁnd alternative ways to conserve, harvest and treat sources of
water including stormwater and effectively manage them. Unlike
impervious pavements, permeable pavement systems (PPS) incorporate a reservoir in the voids of their porous materials and offer
the possibility of a decentralised source control measure that can
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reduce pollutant loads in stormwater (Dierkes et al., 2002; Brattebo
and Booth, 2003). It can be a useful treatment measure in sustainable stormwater management. Runoff from urban streets and
parking areas can inﬁltrate through PPS to recharge groundwater,
recycle water use and reduce hydraulic stress in receiving water
bodies. To date, utilising PPS has been somewhat limited because of
concerns about pollutants migrating into groundwater due to the
ineffective treatment by PPS (Scholz and Grabowiecki, 2007). Urban
stormwater carries many pollutants broadly classiﬁed as heavy
metals, hydrocarbons and nutrients that can endanger soil and
environment (Scholz and Grabowiecki, 2007). Of these, heavy
metals are a growing danger because of their acute toxicity and
long-term accumulation and persistence.
PPS have not always been efﬁcient in completely trapping dissolved heavy metals in surface runoff over an extended period of
time. Many studies have provided a ‘snapshot’ performance of
heavy metals removal by PPS while focusing more on their hydraulic aspects (Dietz, 2007; Ahiablame et al., 2012; Imran et al.,
2013). For example, Beecham et al. (2012) tested the water quality of efﬂuents from PPS made up of 20-mm gravel sub-base that
was 280 mm high, at four different locations in Adelaide, South
Australia. They found that 7e99% Cu, 60e86% Pb and 12e48% Cd
were removed from stormwater. They also found that in laboratory
experiments conducted using a similar arrangement of PPS using
ﬁeld stormwater with higher metals concentrations, the removal
efﬁciency was 2.9%, 9.4%, 38.9%, and 18.2% for Cu, Pb, Zn, and Ni,
respectively. Pagotto et al. (2000) investigated the performance of a
porous asphalt PPS on a French highway and discovered that 20%
Cu, 59% Zn, 62% Cd and 74% Pb were removed from stormwater.
Dierkes et al. (2002) tested the performance of four different subbase materials, speciﬁcally, limestone, basalt, sandstone, and
gravel in laboratory experiments and found that these materials
removed 89e98% Pb, 74e98% Cd, 89e96% Cu, and 72e97% Zn,
respectively, from synthetic stormwater. However, these studies
used low rainfall intensities and importantly deep sub-base layer
(390 mm) which are not common in typical PPS installations. Myers
et al. (2011) also conducted laboratory studies on PPS with very
deep (380 mm) base materials, namely quartzite and dolomite.
They concluded that 99% Zn, 99% Pb, 94e97% Cu were removed
from synthetic stormwater after 144 h of retention in the base
course. However, during the initial stages (1 h residence time)
smaller percentages of metals (i.e. 61e62% Zn, 34e35% Pb, and
29e37% Cu) were removed.
The amount of heavy metals removed from stormwater depends
on the type and volume of bedding materials in PPS, the inﬂuent
metal concentrations and the inﬁltration rate. PPS containing a
large volume of conventional adsorbents/bedding materials are
neither efﬁcient nor practical due to their cost and difﬁculties in
providing space for them in actual ﬁeld situations. Recently, several
adsorbents with very high heavy metals adsorption capacities such
as carbon nanotubes (Rao et al., 2007; Hua et al., 2012; Wang et al.,
2013), ion exchange resins (Demirbas et al., 2005; Pehlivan and
Altun, 2007), and titanium nano-materials (Lv et al., 2004;
Sounthararajah et al., 2015) have been developed and tested in
batch and column studies. Adsorbents with high adsorption capacity opens the possibility of PPS with shallower depths, and
smaller space requirements that can completely remove heavy
metals. To our knowledge, application of high adsorption PPS for
stormwater treatment has not yet been investigated.
The objective of this study was to evaluate the long-term
effectiveness of two pilot scale PPS to remove ﬁve heavy metals;
one using coarse natural Australian zeolite as bedding material and
the other using basalt. A second experiment incorporated into the
zeolite based PPS a post-treatment of a ﬁlter column containing a
sodium titanate nano-ﬁbrous (TNF) material mixed in with

granular activated carbon (GAC). The method of preparation of this
material was described by Sounthararajah et al. (2015).
Sounthararajah et al. (2015), in batch and ﬁxed-bed column studies,
reported very high adsorption capacities for Pb, Cu. Cd, Ni and Zn.
Consequently, this material was selected for use in the PPS. The
novelty of this paper was the incorporation of this nano-adsorbent
that has a very high adsorption capacity for heavy metals into a
zeolite based PPS to treat stormwater and reduce heavy metals
concentration to levels that meet water quality standards.
2. Materials and methods
2.1. Materials
Basalt and natural zeolite were used as bedding material in the
PPS. Basalt was selected because it has a demonstrated ability to
remove heavy metals (Dierkes et al., 2002) and is used commercially in PPS (HydroCon, 2015). Dierkes et al. (2002) tested four
different sub-base materials, i.e. limestone, basalt, sandstone, and
gravel and found that basalt removed the largest amounts of Pb, Cd,
Cu and Zn from synthetic solutions. Basalt used in the study was
supplied by HydroCon Australasia Pty Ltd. Zeolite used in the study
is a locally available low cost material which exhibits good
adsorption capacity towards heavy metals (Wang and Peng, 2010;
Nguyen et al., 2015). The zeolite was sourced from a natural deposit at Werris Creek, New South Wales and supplied by Zeolite
Australia Pty Ltd., Australia. Analar grade nitrate salts of heavy
metals (Pb, Cu, Cd, Ni, and Zn) were employed in this study to
prepare the heavy metals solution. These salts were obtained from
Sigma-Aldrich (USA).
2.2. Batch experiments
Laboratory batch experiments were conducted to understand
the heavy metals removal efﬁciencies of the basalt bed, zeolite bed
and TNF ﬁlter. Batch experiment data was used to obtain batch
adsorption isotherm of these materials. In these experiments, Milli
Q water was spiked with a mixture of heavy metals (Pb, Cu, Cd, Ni,
and Zn) at a concentration of 10 mg/L each, and shaken with
different doses of zeolite, basalt or TNF in 100 ml solutions. The
suspensions were agitated at 120 rpm for 24 h at room temperature
(24 ± 1  C) and at pH 6.5. The background ionic strength was kept at
103 M NaNO3. The suspensions were ﬁltered using ﬁlter disks with
1.2 mm openings and heavy metal concentrations in the ﬁltrate
were analysed using a Microwave Plasma-Atomic Emission Spectrometer (Agilent 4100 MP-AES). The amount of heavy metal
adsorption at equilibrium, qe (mg g1), was calculated using
Equation (1):

qe ¼

ðC0  Ce ÞV
M

(1)

where, C0 ¼ initial concentration of heavy metal (mg L1);
Ce ¼ equilibrium concentration of heavy metal (mg L1);
V ¼ volume of solution (L); and M ¼ mass of adsorbent (g).
2.3. Pilot-scale experiments
Two PPS were assembled side by side in perspex containers,
with dimensions of 0.4 m length  0.195 m width x 0.5 m height
(Fig. 1). Each perpex container was packed with 2.7 kg of 7 mm size
crushed stones as base course to a height of 200 mm. Above this
layer, in one PPS a basalt bedding layer of 4.5 kg (2e3 mm nominal
size) was placed to a height of 30 mm and in the other PPS a zeolite
bedding layer of 2.4 kg (2e3 mm nominal size) was placed to the
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Fig. 1. Permeable pavement bedding and sub-base arrangement used in the laboratory experiment (not to scale). Sampling points are marked 1, 2, and 3.

same height. It was intended to have the same volume in each layer
so that both PPS were identical in dimensions. The reason for the
larger weight of basalt than zeolite is that the former had more void
space due to particle geometry and higher particle density
(2.6 g cm3 compared to 2.1 g cm3 for zeolite). Geofabrics were
omitted in the PPS unlike some previous studies (Pezzaniti et al.,
2009; Beecham et al., 2012) because of recent concerns of potential slip planes that occur where geofabrics were laid below the
bedding materials (Mullaney and Lucke, 2014). Pervious HydroSTON 80 pavers (210 mm  140 mm  80 mm (height) nominal
size) were placed over the bedding layers. These pavers are being
used in car parks, parking bays, driveways, laneways, residential
and low trafﬁcked roads (HydroCon, 2015). All the materials were
washed with clean water to remove any attached dusts and silts
before being used in the experiments. Outlets were placed at the
bottom of the PPS to collect water samples.
The outlet from the zeolite based PPS was connected to a horizontal ﬁlter column (50 mm internal diameter) ﬁlled with TNF
mixed in with GAC to enhance removal of heavy metals. The use of
TNF as sole ﬁlter media to remove heavy metals from stormwater is
not practical because of its poor hydraulic conductivity. Therefore, a
mixture of TNF (75e150 mm) and GAC (0.3e0.6 mm), a material
commonly used in ﬁxed-bed ﬁlter columns to remove pollutants, at
a weight ratio of 25:1 (GAC: TNF) was used (Sounthararajah et al.,
2015). The horizontal ﬁlter column had 480 g GAC þ20 g TNF
packed into a 500 mm long polyvinyl chloride (PVC) column with
inlet and outlet openings at either end. Before commencing the
experiments, tap water was passed through the column in a horizontal ﬂow mode at a velocity of 6.4 m h1 for 4.7 min to expel
trapped air and any impurities in the column. A peristaltic pump
was connected to the column's outlet to drain water at a ﬂow rate of
6.4 m h1, which proved adequate in removing the ﬁltered water
from the system without emptying the voids in the PPS bed layers.
The empty bed contact time (EBCT) at this ﬁltration velocity was
10 min. Samples of ﬁltered water were collected at frequent intervals (hourly).
To ensure a consistent water quality throughout the experiments, tap water was spiked with different concentrations of heavy
metals (Pb, Cu, Cd, Ni, and Zn). The pH was adjusted to 6.5. The
concentrations of Pb, Cu, Cd, Ni, and Zn were 1.0, 0.6, 0.04, 0.06, and

2.0 mg L1, respectively, and were approximately twice the
maximum concentrations reported for Australian stormwater
(Wong et al., 2000). Concentrations of heavy metals higher than
those normally observed in stormwater served to simulate the high
concentrations of metals normally observed in the ﬁrst ﬂush of
stormwater after long dry periods (Aryal and Lee, 2009) and in
industrial spills in stormwater. pH 6.5 was chosen for this study
because the pH of stormwater in the ﬁeld is generally between 6
and 7.
A uniform distribution of rainfall was simulated using square
shower roses connected to a constant head tank suspended 1.5 m
above the PPS (Fig. 1). The total volume of water that passed
through the PPS in an accelerated time scale during one experiment
was equivalent to the runoff from rainfall that occurs during a 10year period in Sydney, Australia. In the experiments, the rainfall
simulation over the PPS incorporated intermittent dry periods. The
average annual rainfall in Sydney is approximately 1300 mm year1
(Whetton, 2011). The tests were carried out with continuous rain at
an intensity of 163 mm h1 for 8 h each day
(163 mm h1  8 h ¼ 1300 mm) for 10 d. This is equivalent to
13,000 mm (1300 mm  10 years) of total rainfall that on average
occurs over 10 years in Sydney. The rate of stormwater inﬂow to
each PPS at the rainfall intensity used in the study was
212 ml min1 (0.195 m  0.4 m surface area  0.163 m h1 rain
intensity  106 cm3 m3/60 min h1).
Samples were collected every 2 h when rain was applied for the
entire 10 d period from three outlets, i.e. the zeolite PPS outlet,
basalt PPS outlet and horizontal ﬁlter column outlet (sampling
points 1, 2, 3 in Fig. 1). Samples were acidiﬁed before ﬁltration and
the ﬁltrates were analysed for heavy metals.
3. Results and discussion
3.1. Materials' characteristics
The characteristics of TNF (Sounthararajah et al., 2015) and
zeolite (Nguyen et al., 2015) were reported previously. The zero
point of charge (ZPC, the pH at which the net surface charge is zero)
as determined by zeta potential measurements was pH 3.2 for TNF
and pH 2.2 for zeolite. These low ZPC values suggest that at the pH
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Fig. 2. Adsorption isotherms of mixed metals at pH 6.5 and an ionic strength of 103 M NaNO3 for basalt, zeolite and TNF (Note that the scale of y-axis of TNF is very different from
those of others).

Table 1
Langmuir and Freundlich models parameters (Sounthararajah et al., 2015) for heavy metals adsorption on basalt, zeolite and TNF from mixed metal solutions (pH 6.5, ionic
strength 103 M NaNO3) and coefﬁcients of determination for the models ﬁts to the data (R2).
Material

Basalt

Zeolite

TNF

Metals

Ni
Cd
Zn
Cu
Pb
Ni
Cd
Zn
Cu
Pb
Ni
Cd
Zn
Cu
Pb

Langmuir

Freundlich

qmax (mg g1)

R2

KL (L mg1)

KF (mg g1 (L mg1)1/n)

n

R2

0.35
0.33
0.45
0.88
1.37
0.80
0.81
0.88
1.32
3.55
7.5
29.0
7.0
39.0
333.5

0.8991
0.9121
0.9555
0.9698
0.9821
0.9975
0.9969
0.9960
0.9957
0.9280
0.8991
0.9838
0.7717
0.9916
0.9529

0.4
0.3
0.3
0.7
0.6
2.4
2.5
2.0
1.7
0.9
0.5
4.4
0.5
15.1
2.7

2.56
2.18
2.19
2.50
2.59
1.74
1.68
1.71
2.20
5.88
25.1
30.3
25.7
36.7
195.6

9.8
11.4
12.6
5.3
3.3
1.8
1.9
1.9
1.3
0.6
2.6
26.9
2.7
13.7
2.3

0.9387
0.7775
0.7858
0.9145
0.9514
0.9873
0.9833
0.9856
0.9819
0.9598
0.6759
0.2378
0.5113
0.7963
0.9498

of most stormwaters (which is 6e7) the net surface charge on these
materials is negative and therefore favourable for adsorption of
positively charged metals. The values reported for surface areas of
TNF and zeolite were 58.6 m2 g1 and 15.8 m2 g1, respectively.
Based on these surface area values, TNF is expected to adsorb larger
amounts of metals than zeolite. The zeta potential values of TNF and
zeolite were 35 mV and 17 mV, respectively at pH 6.5. This also
shows that at pH 6.5, TNF potentially has a higher afﬁnity for
adsorbing heavy metals than zeolite.

3.2. Batch adsorption of metals
The batch adsorption data (Fig. 2) were analysed using the
Langmuir and Freundlich adsorption models described by
Sounthararajah et al. (2015). The Langmuir adsorption model ﬁtted
well to the data for all the metals on all three adsorbents (Table 1,
R2 ¼ 0.77110.9975). This suggests that the adsorption sites on
these adsorbents were homogeneous with monolayer adsorption
coverage. The Freundlich model ﬁtted satisfactorily to the data only
for
zeolite
and
basalt
bedding
materials
(Table
1,
R2 ¼ 0.77750.9873). However, the model ﬁt to the data was
generally better with the Langmuir model than with the Freundlich
model, especially for the basalt bedding material. The Ni, Cd, and Zn
adsorption data for TNF had a poor ﬁt to the Freundlich model.
The Langmuir adsorption maxima calculated from the slopes of
the linear plots of Ce/Qe vs Ce (Sounthararajah et al., 2015) for the

mix of metals followed the order of Pb > Cu > Zn, Cd, Ni for basalt
and zeolite whereas for TNF the order was Pb > Cu > Cd > Zn, Ni
(Table 1, Fig. 2). The adsorption capacities of the three adsorbents
followed the order of TNF [ zeolite > basalt. This indicates that
TNF is the best among the three adsorbents. Zeolite is slightly better
than basalt.
The reason for Pb and Cu having higher adsorption capacities
than the other metals for all three adsorbents can be explained by:
ﬁrstly, the ﬁrst hydrolysis constant (pK1) of the metals (MOHþ
formation where M represents metal); and secondly, the solubility
product (pKs) of the metal hydroxides. Of all the metals, Pb has the
lowest pK1 followed by Cu. Also, Pb(OH)2 has the highest pKs followed by Cu(OH)2 (Barnum, 1983; Walker et al., 2012) (Table 2). The
lower the pK1, the greater the proportion of MOHþ which has
stronger adsorption afﬁnity than M2þ among the various metal
species in solution. High pKs favours precipitation of metals,
especially on the surface of adsorbents which can occur at a pH

Table 2
Solubility product constants of hydroxide precipitates (pKs) (Rao, 2011; Walker et al.,
2012) and ﬁrst hydrolysis constants (pK1) (Baes and Mesmer, 1976; Barnum, 1983) of
heavy metals.
Metal

Cd

Ni

Zn

Cu

Pb

pKS
pK1

14.4
10.08

15.2
9.86

16.5
8.96

19.3
7.96

19.9
7.71
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Fig. 3. Breakthrough plots of Ni, Cd, Zn, Cu, and Pb in basalt, zeolite and zeolite followed by GAC þ TNF. Inﬂuent concentrations (Co) of Ni, Cd, Zn, Cu, and Pb were 0.06, 0.04, 2, 0.6
and 1 mg L1, respectively; C represents efﬂuent concentrations (mg L1).

lower than the pH of precipitation in solutions (Loganathan et al.,
2012). Nguyen et al. (2015) also found that the order of adsorption capacity of heavy metals onto natural Australian zeolite in
single metal and mixed metals systems at pH 6.5 was highest for Pb
followed by Cu while the capacities for Cd and Zn were the lowest.
In contrast to zeolite and basalt where there was only a small
difference in the adsorption capacities of Cd and Zn, TNF had much
higher adsorption capacity for Cd compared to Zn. This may be due
to the difference in the characteristics of the adsorption sites in TNF

compared to those in zeolite and basalt. In addition to pKs and pK1,
Misono softness and electronegativity of metals can contribute to
the adsorption capacity of metals (McBride, 1989; Shaheen et al.,
2012). These parameters are indications of the tendency of a
metal to form covalent bonds with the adsorbents. Cd has higher
Misano softness and higher electronegativity than Zn (McBride,
1989; Shaheen et al., 2012) and this would have caused its larger
adsorption capacity in TNF.
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Table 3
Cumulative adsorption of heavy metals (qtotal).
PPS media

Units

Ni

Cd

Zn

Cu

Pb

Measured inﬂuent concentration
Total added
Basalt bed, qtotal
Zeolite bed, qtotal
Zeolite bed followed by GAC þ TNF, qtotal
Basalt beda
Zeolite beda
Zeolite bed followed by GAC þ TNFa

mg L1
mg
mg
mg
mg
(%)
(%)
(%)

0.06
57.5
21.6
24.6
42.6
37.6
42.7
76.6

0.04
37.7
15.4
27.3
36.7
40.8
72.3
99.8

2.15
2147
1343
1564
2125
62.5
72.8
99.1

0.69
690
461
512
671
66.8
74.3
99.8

1.01
1007
617
721
880
61.3
71.6
99.8

a

Percentage of cumulative metal adsorption ¼ (cumulative metal added e cumulative metal in efﬂuent)/cumulative metal added.

Table 4
Average efﬂuent metals concentrationsa (mg L1) and their trigger valuesb (mg L1).

Basalt Beda
Zeolite Beda
Zeolite bed followed by GAC þ TNFa
ANZECC and ARMCANZ, 2000 freshwaterb
ANZECC and ARMCANZ, 2000 marineb
a
b

Ni

Cd

Zn

Cu

Pb

0.035
0.032
0.014
0.013
0.200

0.021
0.009
0.000
0.0004
0.0140

0.812
0.592
0.019
0.015
0.023

0.215
0.163
0.002
0.0018
0.0030

0.366
0.263
0.003
0.0056
0.0066

Average concentration of metals during 80 h of operation.
ANZECC and ARMCANZ, 2000 trigger values for 90% protection of species.

3.3. PPS removal of metals
Fig. 3 shows the breakthrough curves over 80 h for all metals
studied. The results indicated that the cumulative removal of heavy
metals by zeolite (43e74%) is slightly higher than that of basalt
(38e67%) (Table 3) despite the weight of zeolite used (2.4 kg) being
lower than basalt (4.5 kg). Had the same weight been used, the
amounts of heavy metals removed by the basalt PPS would have
been even much lower. This is expected as the Langmuir adsorption
capacity of zeolite is higher (Table 1). However, these degrees of
removal were insufﬁcient because the concentrations of metals in
the efﬂuent were high enough to adversely impact aquatic organisms/plants/humans using that water (ANZECC and ARMCANZ,
2000) (Table 4). The addition of a post-treatment of a horizontal
ﬁlter column ﬁlled with TNF þ GAC removed more of the metals
(77% Ni and 99% of other metals) (Table 3). The amount of additional metals removed by TNF þ GAC, equivalent to 20% of the
weight of zeolite or 11% of the weight of basalt, is remarkable. This
is mainly due to the very high adsorption capacity of TNF (Langmuir
adsorption capacities of 7.5, 7.0, 29, 39, and 333.5 mg g1 for Ni, Zn,
Cd, Cu, and Pb, respectively (Table 1) compared to zeolite and basalt
in the range of 0.33e3.55 mg g1). TNF had an adsorption capacity
that was 8e100 times higher than zeolite and 15e250 times higher
than basalt. Batch adsorption results on TNF showed that the
adsorption capacity of Cd was much higher than that of Zn
(Table 1). It has been reported that GAC also has higher adsorption
capacity for Cd than Zn (Minceva et al. (2008). However, in the PPS
experiment with a mixture of metals, TNF þ GAC had much higher
adsorption capacity for Zn than Cd. This is due to the much greater
inﬂuent concentration of Zn (2.0 mg L1) than Cd (0.04 mg L1).
Nevertheless, both the metals were almost completely removed by
TNF þ GAC (Table 3).
GAC in the horizontal column would have also contributed to
the adsorption of the metals because of the very high GAC:TNF
weight ratio of 25:1 in the column. However, the amounts of metals
adsorbed by GAC must be lower than those by TNF because of the
much lower adsorption capacity of GAC. In a previous study,
Sounthararajah et al. (2015) compared the heavy metals removal
from a solution (pH 5.0) containing a mixture of Ni, Zn, Cd, Cu, and
Pb, each at a concentration of 1 mg L1, by a GAC only column and

by a GAC þ TNF (25:1 wt ratio) column. They found that the percentages of Ni, Zn, Cu, Cd, and Pb removed in the GAC þ TNF column
were 9.5, 29.5, 8.0, 79.5, and 96.0, respectively compared to 1.0, 6.5,
46.0, 1.5, and 86.0 in GAC only column. These results show that for
metals other than Pb, TNF removal of metals were higher, despite
its very low proportion in the ﬁlter column (4%). The reason for the
high percentage of Pb removal by GAC is probably due to the high
pKs of the Pb hydroxide precipitate (Table 2). At the pH of 6.5 used
in the experiment, Pb would have precipitated on the GAC surface
(Loganathan et al., 2012). Bohli et al. (2015) also showed that the
percentage of Pb removal by activated carbon at a dosage of
1.2 g L1 from a 1 mM solution of Pb at pH 5.5 was 100% but the
removals of Ni and Cu under similar conditions were 78% and 62%,
respectively. Similar results were obtained in a batch adsorption
study using TNF where the adsorption of Pb at pH 6.5 was 100% but
that of Cu, Zn, Ni, and Cd were between 25 and 75% (Sounthararajah
et al., 2015).
The breakthrough of metals for the basalt based PPS occurred
faster for all metals and especially for Cd compared to the zeolite
based PPS (Fig. 3). This is because basalt has a lower metals
adsorption capacity than zeolite (Table 1). The basalt based PPS had
a complete breakthrough for only Cd as it reached adsorption
saturation. This is because of basalt's low Cd adsorption capacity
and because the inﬂuent concentration of Cd was the lowest among
all the metals. When a TNF þ GAC ﬁlter was added as a posttreatment to the zeolite based PPS, no breakthrough was
observed for any of the metals except Ni. This is mainly due to the
superior adsorption capacity of TNF.
ANZECC and ARMCANZ trigger values for freshwater and marine
water estuaries were used to indicate whether the heavy metal
concentration in the efﬂuent of the PPS were safe to discharge to
natural water bodies (ANZECC and ARMCANZ, 2000). The results of
the study reveal that PPS with zeolite and with basalt bedding
layers were not able to reduce heavy metal concentrations to below
trigger values for fresh water or marine water (Table 4). The zeolite
based PPS followed by post-treatment of GAC þ TNF ﬁlter reduced
the heavy metal concentrations to levels below the trigger values of
marine waters and just below those of fresh water. The combined
zeolite PPS and GAC þ TNF ﬁlter system had the poorest removal
efﬁciencies for Ni and Zn among the metals, yet because their
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guideline trigger values are relatively high, the efﬂuent met both
marine and fresh water quality guidelines. Therefore, these metals
do not require further treatment.
4. Conclusions
The study showed that the zeolite or basalt based PPS did not
remove sufﬁcient amounts of Cd, Cu, Ni, Pb, and Zn from synthetic
stormwater (pH 6.5) that passed through the PPS over a period of
80 h. In this time, the total volume of synthetic stormwater that
passed through the PPS was equivalent to runoff from rainfall that
normally occurs for a period of 10 years in Sydney, Australia. The
concentrations of metals in the efﬂuent did not meet water quality
standards of fresh and marine waters. When a post-treatment of a
horizontal ﬁlter column containing TNF (<1% of zeolite weight)
mixed in with GAC (20% of zeolite weight) was added to the zeolite
based PPS, 77% Ni and 99e100% of all the other metals were
removed. The combined treatment satisfactorily met the required
metals standards of marine waters and just met those concerning
fresh waters. These results were explained by the efﬁciency of the
metals' adsorption onto the two PPS bedding layers and onto the
TNF. The difference in concentration of the metals in the inﬂuent
water also contributed to the metals' adsorption efﬁciencies. The
Langmuir adsorption capacities for the metals followed the order:
TNF [ zeolite > basalt; Pb > Cu > Cd, Ni, Zn.
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