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Abstract To investigate the effect of permeable pave-
ment surface materials (PPSMs) on the influences of
pollutant removal in urban storm runoff, six commonly
used PPSMs (porous asphalt, porous concrete, cement
brick, ceramic brick, sand base brick, and shale brick)
were selected and the research was carried out by batch
and column experiments. Results indicated that in batch
experiments, except for the shale brick, most of the
PPSM will release different pollutants continuously
with the contact time increasing. Compared with other
materials, porous asphalt and ceramic brick could in-
crease the concentration of pollutants in the runoff
greatly. With the contact time increased to 48 h, the
concentration of NOs-N and TN increased to 13.0 and
23.1 mg/L for ceramic brick and 13.3 and 32.3 mg/L for
porous asphalt, respectively. This is mainly due to the
artificial activity that accelerates the wear of the PPSM.
Furthermore, results showed that PPSM could eliminate
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pollutants and influenced the removal efficiency greatly
in column experiments. Most PPSMs have a noticeable
purification effect on different pollutants, among them
the purification effect of porous asphalt is the best. The
concentrations of COD, NH3-N, and TN are 139.6,
1.32, and 7.79 mg/L in the effluent, respectively. These
results may be attributed to the relatively stable environ-
ment in column experiments which is more suitable for
the removal of pollutants. This study could offer new
insight into the transformation of pollutants in damaged
PPSM and provide useful guidelines for the better de-
sign of permeable pavement system.

Keywords Permeable pavement system - Runoff -
Pollutants - Surface materials - Human activity

1 Introduction

In recent years, fresh water availability has become one
of the main issues humankind is facing (Vialle et al.
2012). With rapid urbanization, industrialization, and
population growth, available cleaning water resources
are declining in urban area. Road runoff is also known to
be a potential source of non-point source pollution in
which the pollutants come from the compounds in road
and debris deposited on road surfaces. Results showed
that road runoff contained large amount of pollutants,
such as nutrient pollution (total phosphorus and nitrate
nitrogen), oil, grease, heavy metals, and organic matters
(Angrill et al. 2016; Brown and Borst 2015; Chow and
Yusop 2017; Drake et al. 2014; Gobel et al. 2007). Wei
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et al. and Li et al. investigated the distributions of
contaminants in early runoff samples. Results showed
that the concentrations of total nitrogen (TN) and total
phosphorus (TP) were higher in traffic road and parking
lots (Lietal. 2014; Wei et al. 2010). Gan et al. illustrated
that nutrient constituents are the dominant pollutants in
runoff in urban and rural runoff of Guangzhou (Gan
et al. 2008). Hou and Zhang contrasted the urban runoff
quality of asphalt road in Beijing and showed that the
main pollutants for the rain-harvesting surfaces were
organics, nutrients, and suspended particles (Hou and
Zhang 2014). Many scholars have put forward that
urban road runoff pollution is an important cause of
environmental degradation in urban area (Fletcher
etal. 2008; Van 2007). Furthermore, surface water qual-
ity is negatively impacted by the pollutant loads in storm
water runoff and threatens the supply of clean water.

As a kind of typical rainwater facilities, the perme-
able pavement system (PPS) shows widespread effec-
tiveness in reducing runoff quantity, delaying peak flow
and reducing peak runoff rates due to their high surface
infiltration rates (Iroumé et al. 2010; Steenbergen and
Willems 2012). PPS can provide storage, treatment, and
recharge of urban drainage in many countries. Further-
more, PPS could function as a multi-purpose infrastruc-
ture with the potential for clarification of urban drain-
age. Results showed that PPS could reduce the concen-
trations of storm water pollutants and improve the runoff
water quality (Li et al. 2017). Jiang et al. showed that
permeable asphalt could not only remove heavy metals
bus also could reduce biochemical oxygen demand,
chemical oxygen demand, ammonia, and total phospho-
rus in the runoff (Jiang et al. 2015). The ceramic perme-
able brick could remove effectively the total suspended
solid (TSS) and TP with 79.8 and 74.2% in the runoff,
while has little effect on the removal of chemical oxygen
demand (COD), ammonia (NH3-N), and TN (Niu et al.
2016).

As the integral part of PPS, the permeable pavement
surface material (PPSM) is the top layer that contacts
directly and firstly with the runoff. The characteristics of
the PPSM will affect the runoff quality greatly in PPS.
Furthermore, due to the porous structure and long-time
operation, the PPSM was easily damaged by many
factors. Recent researchers showed that road surface
abrasion is one of the important causes of road runoff
pollutants (Gnecco et al. 2005; Krein and Schorer 2000;
Li et al. 2014). Hence, the damage PPS or PPSM will
influence the removal of pollutants greatly in the runoff.
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However, until now, fewer reports focus on the removal
of pollutant by PPSM, not to say the transformation of
pollutants in the damaged PPSM. With the increasing
types of PPSM, more attentions should be focused on
this region for better investigation of long-time running
efficiency and better design of PPS.

In this study, six typical PPSMs (ceramic brick, sand
base brick, shale brick, cement brick, porous asphalt,
and porous concrete) were selected and used for inves-
tigation of pollutant transformation in the damaged
PPSM. Initial and final parameters such as pH, COD,
NHj;-N, nitrate nitrogen (NO5-N), TN, and TP in batch
and column experiments were measured. This research
could offer new insight into the transformation of pol-
lutants in damaged PPSM and provide useful guidelines
for better design of PPS.

2 Materials and Methods
2.1 Materials

According to the results showed in literatures and re-
search in our study, six different commonly used PPSMs
were selected in this study which include porous asphallt,
porous concrete, cement brick, ceramic brick, sand base
brick, and shale brick. According to the technical spec-
ification for permeable asphalt pavement (China 2012b)
and technical specification for pervious cement concrete
pavement (China 2009), the porous asphalt and porous
concrete were made at the laboratory of the School of
Civil and Transportation Engineering, Beijing Univer-
sity of Civil Engineering and Architecture. The cement
brick and shale brick were bought from Ai Dao Ai He
(Beijing) Technology Co., Ltd. Ceramic brick and sand
base brick were supplied by Beijing million Bangpu
Ruike building materials limited company. All four
types of brick materials comply with the standards of
water permeable brick (China 2005) and technical spec-
ification for pavement of water permeable brick (China
2012a). Other chemicals such as KI, Hgl,,
KNaC4H4O6~4H20, KzSzOg, H32M07N6028, ascorbic
acid, H,SO,4, and NaOH were all purchased from
Sinopharm Chemical Reagent Co., Ltd.

2.2 Experimental Methods

Before the batch and column experiments, all six
PPSMs were broken into small particles by hammer
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and sieved into particle size of 2—-5 mm to simulate the
damaged PPSM. The particles were then washed by
pure water for 3—5 times and soaked into pure water
for 3 days in order to remove the potential pollutants
which adhere on the surface of particles. Then the par-
ticles were dried at 105 °C for 2 h and stored in poly-
ethylene plastic bag before experiment. Typical pollut-
ants in runoff were chosen as the target in this study,
including COD, NH;3-N, NOs;-N, TN, and TP. The con-
centration of different pollution in raw water was pre-
pared based on the traditional surface runoff from other
researchers (Hou et al. 2012) (shown in Table 1).

2.2.1 Batch Experiment

In batch experiments, to investigate the effect of dam-
aged PPSM on the runoff quality, six PPSM particles
were separately added into the raw water with the dos-
age of 10 g L™". The mixed solution was shaken con-
tinuously with a speed of 150 rpm at 25 °C. The samples
were taken at different time intervals, filtered through a
0.45-pum membrane filter and the concentrations of pol-
lutants in the solutions were analyzed. Before the test,
the sample pH values were adjusted at the range of 1.0—
2.0 and stored at 4 °C.

2.2.2 Column Experiment

Six columns with a diameter of 4 cm and a total height
of 20 cm were used; each column has a protective layer
with a height of 1 cm at the top, followed with the
packing layer with a height of 18 cm, which was filled
with six kinds of shattered PPSM, and another 1 cm of
protective layer at the bottom of the column. The pro-
tective layer is filled with glass bead and two pieces of
gauze. To avoid the side wall effect and making the
operation more stable, the upstream method was used,

Table 1 Raw water quality

the inlet tube is under the column, and outlet tube is on
the top of column. Before the column experiment began,
the columns were washed with tap water for about 3 days
(the flow rate is 29.86 mL/min). During the experiment,
the influent flow rate is 29.86 mL/min, which is to
simulate the seepage velocity of the actual permeable
pavement. The experimental conditions refer to the op-
eration of the actual PPS.

2.3 Test Methods

According to the Chinese National Standard Methods
(SEPA of China 2002), COD was determined by fast
digestion-spectrophotometric method (HJ/T 399-2007);
concentrations of NH3-N, NO3-N, TN, and TP were
determined by spectrophotometric method; pH value
was determined by glass electrode method.

The main experimental equipment were as follows:
UV spectrophotometer (UV-3200D, MAPADA, China),
high-pressure steam sterilization pot (SQ810C, Yamato,
China), pH detector (ORION STAR A211, Thermo
Scientific, USA), peristaltic pump (BT100-1L, China),
and magnetic stirrer (Chijiu84-1, China). All the water
used in the experiment was ultra-pure water made by
ultra-pure water machine (SIM-30UV, Service-fly,
China).

3 Results and Discussion
3.1 The Changes of pH Value

The value of pH is an important parameter that repre-
sents the quality of the water environment, and abnor-
mal changes of pH values will cause significant envi-
ronmental problems. As shown in Fig. 1, with the con-
tact time increased, the pH values in the samples showed

Items Traditional runoff (mg/L) Raw water (mg/L) Reagent

pH 7.4

COD 308.26+115.8 419.0 Glucose
NH;-N 2.96+2.24 49 NH,Cl
NO;-N 3.59+£2.58 6.1 KNO;

N 7.73+4.54 11.0 KNO3, NH4Cl
TP 1.03+0.49 1.52 KH,PO4
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Fig. 1 The changes of pH values in six PPSMs with different

contact time

the great differences. The six PPSMs can be roughly
divided into two categories, compared with pH values of
raw water (7.40), and the pH values could be increased
or nearly unchanged. For cement brick, sand base brick,
and porous concrete, with the contact time increased, the
pH values increased greatly first and followed by a
relatively slow and stabilized at about 10.77, 9.05, and
10.44, respectively. These results may be attributed to
the large number of CaO in the three PPSMs (Table S1).
As the PPSMs were broken, with the contact time in-
creasing, some of CaO in the sample could be dissolved
into the aqueous solution and increased the solutions’
pH values. The reason for the upward trend in the pH
value is mainly due to the fact that the three PPSMs
contain a large amount of CaO, which react with the
water. The process can be illustrated as follows:

CaO + H,0—Ca(OH), (1)

The new generated Ca(OH), is a hydroxide, when
contacted with water, that causes the pH of the water to
rise. For porous asphalt, shale brick, and ceramic brick,
the pH values increased firstly and nearly unchanged
with the contact time increased. According to the re-
quirements of the standard in surface water environment
quality, the pH values of damaged porous asphalt, shale
brick, and ceramic brick are still in the range of 6~9 and
may not affect the runoff quality (China 2002). Howev-
er, the pH values of damaged cement brick, sand base
brick, and porous concrete are higher than the standard
range, indicating the potential risk for the urban rainwa-
ter environment.
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3.2 The Changes of COD Value

The concentration of COD is an important index which
measures the level of organic matter in water environ-
ment. As shown in Fig. 2, the different PPSMs influence
the concentration of COD greatly. Six PPSMs can be
roughly divided into two categories. Compared with the
initial concentration of raw water (419.0 mg/L), the
concentration of COD in the final sample could be
increased or decreased greatly. Except for shale brick,
the concentration of COD in other five PPSMs increased
with the contact time increased. The final COD concen-
tration of each material is maintained at 633.1, 627.0,
560.1, 593.5, and 609.4 mg/L for ceramic brick, sand
base brick, cement brick, porous asphalt, and porous
concrete, respectively. These results may be attributed
to the release of organic matter coated in PPSM. Only
the shale brick can decrease the concentration of COD
greatly which may be caused by the amount of iron
oxides in the PPSM and little release of organic matter
(Table S1). The decreases of COD can be attributed to
the adsorption of shale brick. The surface of shale brick
has a certain number of adsorption sites for COD re-
moval. With the contact time increasing, the useful
adsorption sites are gradually saturated, which leads to
purification trend that has gradually stabilized. In addi-
tion to the pore sites, Fe,O5 is also one of the important
conditions for purifying COD pollutants. Related re-
search shows that Fe,O; can effectively adsorb COD
pollutants (Koupai et al. 2016), thus purifying the pur-
pose. The shale bricks contain a large amount of iron
oxide in their constituent elements (Table S1) and thus
have a high COD removal efficiency. This result is
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Fig. 2 The changes of COD concentrations in six PPSMs with
different contact time
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consistent with other reports that the content of iron
species will directly affect the purification of COD
pollutants in aqueous solution (Koupai et al. 2016).

3.3 The Changes of NH;-N Value

In water environment, NH3-N is a kind of nutrient
which can consume oxygen and induce the eutro-
phication in aqueous solution. As shown in Fig. 3,
with the contact time increased, the NH;-N concen-
tration of all PPSM increased. Compared with the
initial concentration of raw water (4.90 mg/L), the
samples of six PPSMs can be roughly divided into
two categories. For sand base brick, shale brick,
cement brick, and porous concrete, the NH5-N con-
centration increased with the contact time increased
and maintained at about 9 h, which the final con-
centrations were 5.71, 6.07, 6.34, and 6.95 mg/L,
respectively. Due to the damaged structure of PPSM,
the pollutants in the PPSM would be released to the
aqueous solution and will increase the concentration
of NH;-N. For porous asphalt and ceramic brick, the
NH;-N concentration increased with the contact
time increased and was not stable until 48 h with
the final concentrations of 6.44 and 6.18 mg/L,
respectively. These results may be attributed to the
higher concentration of organic compounds in po-
rous asphalt and ceramic brick. After the destruction
of structure, the organic compounds may dissolve
into the water and degrease into an inorganic am-
monium continuously.

8.0
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Fig. 3 The changes of NH3-N concentration in six PPSMs with
different contact time

3.4 The Changes of NO;-N Value

NOs-N is another material which plays an important
role in the nitrogen transformation and retention
process in aqueous solutions. As shown in Fig. 4,
with the contact time increasing, six PPSMs show
different effects on the concentration of NO3-N in
the runoff. Compared with the initial concentration
(6.1 mg/L), the influences can be roughly divided
into three categories. For ceramic brick and porous
asphalt, the concentration of NO53-N increased great-
ly and finally obtained at about 13.0 and 13.3 mg/L
when the contact time is 24 h. This result may be
caused by the organic nitrogen dissolved in the
water and gradually converted to stable nitrates,
which is consistent with the effect of NH5-N. For
shale brick, sand base brick, and cement brick, the
concentration of NO3-N decreased with the contact
time increased and the final concentrations are about
2.9, 4.2, and 5.1 mg/L, which may be caused by
amounts of adsorption sites in these materials. Shale
brick showed the best removal efficiency with the
NO;-N concentration of 2.9 mg/L when experimen-
tal duration was 48 h. The mechanism of NO;-N
removal was mainly caused by interception and re-
dox adsorption. In this study, due to the high con-
centration of iron in shale brick, the higher removal
efficiency of NO5-N was observed which is consis-
tent with the previous research (Zhang et al. 2010).
The process can be mainly written as follows:

5Fe 4+ 2NO;~ + 6H,0—5Fe’" + N, + 120H  (2)

17.5
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—

e

1 1
30 40 50
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Fig. 4 The changes of NO5-N concentration in six PPSMs with
different contact time
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Due to a large amount of iron (Table S1), shale brick
has a good purification effect on NO;-N. The other two
types of PPSM including sand base brick and cement
brick have a less effect on the removal of NO5-N. This is
probably due to the rough surfaces and more pore vol-
ume, which gives a slightly more efficient removal of
NOs-N than other types of PPSM. For porous concrete,
the concentration of NO;-N is nearly unchanged with
the contact time increased.

3.5 The Changes of TN Value

As one of the most important indicators to measure
water quality, Fig. 5 shows the influences of differ-
ent PPSMs on the concentration of TN in runoff.
Compared with the initial concentration in raw water
(11.0 mg/L), the TN concentrations finally increased
to 32.3, 23.1, 17.6, 17.4, and 15.9 mg/L for porous
asphalt, ceramic brick, porous concrete, shale brick,
and cement brick, respectively. This study simulated
runoff preparation of raw water, and TN is com-
posed of two parts of NH53-N and NO;-N. So the
removal mechanism of TN can be summarized to-
gether with NH3-N and NO;-N. Due to the PPSM
characteristics, each material released NH3-N as the
experiment progressed. The removal mechanism of
NO;5-N by PPSM has been described above. The
results were consistent with the conclusion in Figs.
3 and 4. For sand base brick, the TN concentration
is nearly unchanged with the contact time increased
(maintained at about 11.1 mg/L).

40

—#— Ceramic brick —®— Sand base brick —4&— Shale brick
—v— Cement brick —#— Porous asphalt

Porous concrete
35

TN,mg/L

10 20 30 40 50

Experimental duration (h)

Fig. 5 The changes of TN concentration in six PPSMs with
different contact time
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3.6 The Changes of TP Value

Phosphorus is a key element in the growth of algae, and
the excess phosphorus in the aqueous solutions will
cause serious problems. Figure 6 shows the effect of
different PPSMs on the concentration of TP in runoff.
Compared with the initial concentration (1.52 mg/L),
nearly all PPSM could decrease the concentration of TN
in runoff, especially for porous concrete and cement
brick (nearly 100% removal efficiency). The TP is nor-
mally removed by the adsorption and filtration of sur-
face materials (Jiang et al. 2015). The lower efficiency
of porous asphalt is probably due to the surface that is
coated with a layer of modified asphalt, which may
block the adsorption site for TP. Ceramic brick that
showed better effect on TP than porous asphalt may be
attributed to more useful adsorption site. The removal
mechanism of TP in sand base brick is mainly due to the
adsorption effect of sand (Alzeyadi et al. n.d.). The
purification mechanism of shale brick is mainly due to
the Fe,O5 on the samples (Li et al. 2013). For porous
concrete and cement brick, except the useful adsorption
sites caused by Fe,Os, the increase of pH values will
also form precipitation of phosphate in aqueous solu-
tions and deduce significant purification effect on TP
removal.

3.7 Column Experimental Results

The column experiment results are shown in Fig. 7. For
TN, the porous asphalt, shale brick, and ceramic brick
have better purification effect, the removal efficiency is

2.0

—#— Ceramic brick —@— Sand base brick —A— Shale brick
1.8 I~ —y— Cement brick —#— Porous asphalt Porous concrete

Experimental duration (h)

Fig. 6 The changes of TP concentration in six PPSMs with
different contact time
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Fig. 7 The changes of pollution concentration with column experiment results in six PPSMs

about 30%, and the final concentrations are 8.0 and
8.1 mg/L (raw water 11.0). These results could be at-
tributed to the high removal efficiency of NH;3-N with
the final effluent concentrations of 1.3, 1.5, and 1.7 mg/
L, respectively. Sand base brick and porous concrete
have the lowest treatment ability, and the concentrations
of NH;-N in effluent are 3.9 and 3.2 mg/L. However, all
the six PPSMs had little effect on the removal of NO5-N
in the runoff.

For COD, ceramic brick, shale brick, porous con-
crete, and porous asphalt can eliminate the COD effec-
tively, which is followed by the order of porous asphalt,
porous concrete, shale brick, and ceramic brick, with the
final concentration of 139.6, 253.6, 313.7, and
355.6 mg/L (raw water 419.0 mg/L), respectively. How-
ever, cement bricks and sand base bricks still release
COD pollutants, and their effluent COD concentrations
are 456.9 and 474.6 mg/L. This is similar to the results
of batch experiments.

For TP, six kinds of surface materials can remove a
certain amount of TP in column experiment. The best
effect for the removal of TP is cement brick. Compared
with the raw water (1.52 mg/L), the concentration of TP
in effluent of cement brick is about 0.28 mg/L. Ceramic

brick has the worst treatment effect on TP, with the
effluent close to 1.00 mg/L. The TP is normally re-
moved by the adsorption and filtration of the surface
materials, as well as the precipitation reactions of phos-
phate and calcium ions in surface materials.

For pH, six PPSMs have little influence on the pH
value of the effluent—about 7.72, 7.70, 7.89, 7.72, 7.17,
and 7.07 for ceramic brick, sand base brick, shale brick,
cement brick, porous asphalt, and porous concrete, re-
spectively—and have met the requirements of the stan-
dard in surface water environment quality (China 2002).

With the development of urbanization, PPS is widely
used in urban construction as an effective urban hydro-
logical management and water quality control facility. In
this research, the effects of different types of PPSM on
pollutants in runoff under batch experiments and col-
umn experiments are studied. In batch experiment, shale
bricks are the only PPSM that can effectively purify
different types of contaminants in runoff (other PPSMs
showed the release of pollutants). Therefore, for the
effective control of road surface runoff water quality,
shale bricks should be more used as a surface layer
material. In the column experiment, most PPSMs can
effectively purify runoff water quality, and for different
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types of pollutants, purification effect is different. So as
to effectively improve the infiltration of rainwater, it is
possible to select the appropriate surface layer material
for the pollution characteristics of runoff in different
areas. For example, cement brick and sand base brick
could be used as the surface materials of PPS for the
regions where the concentration of TP in runoff is higher
and could not be used in the area where the concentra-
tion of COD is high due to the release of COD.

4 Conclusions and Prospect

Due to close contact with runoff, various factors such as
the destruction of human activities have caused the
surface material to have a huge impact on runoff water
quality. Laboratory studies were conducted for the in-
fluence of six kinds of materials on nutrient concentra-
tion in runoff under the influence of human activities.
Based on the results from the study, the following con-
clusions can be made:

(1) In batch experiment, the effects of different mate-
rials on the concentration of each pollutant in run-
off are different. Generally, most PPSMs have the
effect of releasing pollutants into runoff rainwater,
and the shale brick has a relative good treatment
effect on nearly all runoff pollutants compared with
other materials.

(2) In column experiment, the effects of different
materials on different pollutants in runoff and
rainwater are not consistent. According to the
characteristics of runoff in different areas, rea-
sonable selection of surface layer material can
effectively improve runoff and infiltration rain-
water quality.
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