
Introduction

In recent years, permeable pavements have become 
one of the most frequently used low-impact development 
(LID) techniques [1, 2]. This infiltration-based 
technology consists of structural layers with relatively 
high porosity to allow rainwater to pass through its 
surface and underlying layers, including a permeable 
pavement surface, aggregate subbases, and sometimes 

including geotextiles and underdrains, eventually 
infiltrating into the natural soil or discharging into a 
drainage system [3, 4].

In addition to a good hydrological effect in reducing 
runoff, delaying peak flow, increasing infiltration rate 
and recharging the groundwater [5, 8], a permeable 
brick paving system (PPS) also exhibits good 
decontamination potential in improving water quality 
[9-15]. Many scholars have researched the management 
performance of PPSs. Fassman et al. found that the 
runoff reduction rate and flood peak reduction rate 
of a PPS were 72% and 89%, respectively, in power 
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clay conditions [5], while Collins et al. found that the 
runoff reduction rate and flood peak reduction rate 
of a PPS were 38-66% and 60-77%, respectively, in 
clay conditions [6]. More studies on runoff rainwater 
quality for permeable pavement have shown that PPSs 
are highly effective in the mitigation of pollutants in 
rainwater runoff, not only for removing suspended 
solids but also for decreasing total phosphorus and 
heavy metals [9-15]. For example, research has shown 
that suspended solids, total phosphorus and lead can be 
decreased by up to 64%, 74.2% and 79%, respectively 
[11].

However, few studies have focused on the surface 
layer of a PPS, namely the surface permeable brick. 
In fact, the effect of the permeable brick on water 
purification is very significant. As the surface layer 
of the PPS, the permeable brick is the first layer that 
contacts directly with the runoff. The characteristics of 
the brick noticeably affect the runoff quality [16, 17].  
Li et al. found that shale brick had a substantial  
removal effect on nearly all kinds of pollutants in 
runoff, but for five other surface bricks it was merely 
several pollutants [16]. Furthermore, the composition 
of the material in the brick itself also directly affects 
the quality of the rainwater. Some permeable bricks 
containing cement are alkaline in nature, and they 
release hydroxide ions and carbonate ions when in 
contact with rainwater, which increases the pH of the 
effluent [3, 17]. Research has shown that the pH values 
rapidly increased at first, followed by a gradual decrease 
and an eventual stabilization at approximately 10.77 
compared with a pH of 7.40 of raw water for cement 
brick [17].

The removal mechanism of pollutants in runoff 
by surface-permeable bricks mainly includes physical 
interception and adsorption [2, 13-15]. Studies have 
shown that surface-permeable bricks have different 
removal efficiencies for different pollutants. For 
example, ceramic permeable brick could effectively 
remove 79.8% of suspended solids (SS) and 74.2% of 
TP in runoff, while it had little effect on the COD, 
NH4+-N and TN, with removal rates of 24.1%, 3.25% 
and 3.25%, respectively [18]. The removal efficiencies 
vary widely, and it is clear that the removal mechanism 
is also very different; more attention should be 
focused on the removal mechanism and influence. In 

the removal effect of permeable brick on actual road 
rainwater, DOC is a very active organic component 
that can be used as the transport carrier or ligand of 
many organic and inorganic pollutants, affecting the 
toxicity of other pollutants in the environment [19, 20]. 
Therefore, the actual filtering effect of DOC needs to be 
further investigated.

In this study, ceramic brick, concrete brick and 
steel slag brick were chosen for experimental research 
to fully investigate the removal mechanism of different 
pollutants by common permeable bricks. The adsorption 
experiment of particle materials obtained by crushing 
brick and the filtration experiment of complete brick 
were carried out, and then actual road rainwater was 
filtered to investigate the effectiveness of removing 
organic carbon. The concentrations of SS, COD, 
NH4

+-N, NO3
--N, TN, TP and heavy metals (Cu, Zn and 

Pb) were measured, and the main removal mechanism 
of pollutants was further discussed. The objectives and 
novelties of this research were to explore the pollutant 
removal mechanism of permeable bricks through 
adsorption and filtration experiments, which could offer 
a new perspective for research on the decontamination 
of permeable bricks.

Materials and Methods

Permeable Brick and Particle Materials

The three permeable bricks measuring 20 × 20 × 
5.5 cm were purchased from the Nanjing local building 
materials market. All three bricks can be divided 
into two layers, and the upper layer has a thickness 
of approximately 1.0 cm with a relatively smaller 
particle diameter, and the lower layer is approximately  
4.5 cm thick. The main properties of the three permeable 
bricks all meet the requirements of the Chinese national 
standard, permeable paving bricks and permeable 
paving flags (GB/T 25993-2010). The specific physical 
and chemical properties of the three bricks are shown in 
Tables 1 and 2.

The particle materials were obtained by crushing the 
brick using a crusher, and the materials were sieved to 
achieve the same diameter of 2.0-5.0 mm. The granular 
materials were soaked for 3 days and washed repeatedly 

Table 1. The main physical properties of three permeable bricks.

Index GB/T25993-2010 Ceramic brick Cement brick Slag brick

Splitting tensile strength (MPa)
Average value≥4.5 5.3 4.8 4.8

Minimum value≥3.4 4.7 4.1 3.8

Permeability coefficient (cm/s) ≥2.0×10-2 3.1×10-2 3.6×10-2 2.6×10-2

Frost resistance (%) Strength loss rate≤20% 4% 4.7% 2.1%

BPN (British Pendulum Number) ≥65 89 76 85

Porosity (%) ≥15 24.82% 26.72% 24.29%
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with distilled water 3 times to remove impurities such 
as organic matter attached to the surface of the particles. 
Then the samples were dried in an oven at 105ºC for 24 
h and stored in grinding jars until use.

Static Adsorption Experiment

Samples composed of 10 g of the granular materials 
with different particle sizes were weighed and 
transferred into a series of 250 mL triangular conical 

flasks, 150 mL stock solution was added, and the 
samples were placed in a temperature-regulated orbital 
platform shaker at 150 r/min. Samples were taken at 
1, 2, 3, 4, 5, 7, 12, 24, 36 and 60 h to determine the 
influence of reaction time on adsorption equilibrium. 
Then, 50 mL samples were filtered through 0.45 μm 
hydrophilic membranes prior to analysis, and the filtrate 
was stored in polyvinyl chloride (PVC) bottles and kept 
at 4ºC in the refrigerator.

Fig. 1. Three permeable bricks and particle materials.

Composition SiO2 Al2O3 CaO K2O Fe2O3 MgO Na2O FeO S Else

Ceramic brick 69.32 17.50 2.58 2.23 1.42 1.32 3.98 0 0 1.65

Steel slag brick 11.34 2.28 38.65 0 14.84 4.22 0 22.94 0.56 5.17

Cement brick 24.89 7.59 50.65 0.76 4.53 8.98 0.52 0 0 2.08

Table 2. Chemical composition of three permeable bricks.

Fig. 2. Schematic of the test device.
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Dynamic Filtration Experiment

The prepared rainwater was lifted by a water pump 
and evenly distributed by a rotating water distributor. 
The pump speed was dynamically adjusted to simulate 

a 20-year return period, 120-min rainfall in Nanjing. 
The rainwater was sampled after passing through 
the ceramic permeable brick and the paving system. 
Samples were taken every 10 min for a total of 2 h, 
while the outlet pipe of the pavement had a stable 

Fig. 3. The adsorption removal of pollutants at different times in three types of bricks.
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outflow. The water sample was collected using a  
500-mL polyethylene sampling bottle, and all samples 
were measured within 48 hours. The test device for the 
permeable brick paving system is shown in Fig. 2.

Rainfall Concentrations 

Simulated rainfall was carried out according to the 
situation in Nanjing. The concentrations of various 
pollutants in the artificially prepared rainwater were 
370 mg/L SS, 1.71 mg/L TP, 11.4 mg/L TN, 250 mg/L 
COD, 7.41 mg/L NH4

+-N, 0.4 mg/L Cu, 0.6 mg/L Zn, 
and 0.5 mg/L Pb.

To make the simulated rainwater consistent with 
actual road rain, the dust next to the roadside was 
collected, and the turbidity of 800 g of dust in 20 L 
of water was basically the same as that of actual road 
rainwater. Then, the simulated water was filtered with 
three kinds of permeable bricks. The values of TOC 
and DOC before and after filtration were investigated.

Test Methods

According to the Chinese National Standard 
Methods (SEPA of China 2002), SS was determined 
by the gravimetric method (GB 11901-89), COD was 
determined by the fast digestion-spectrophotometric 
method (HJ/T 399-2007), the concentrations of NH3-N, 
TN, and TP were determined by the spectrophotometric 
method, and the concentrations of Zn, Cu and Pb were 
determined by atomic absorption spectrophotometry 
(TAS-990, China). All the water used in the experiment 
was ultra-pure water from an ultra-pure water  
machine (Biosafer-20TAB, China). TOC and DOC 
were measured by a total organic carbon analyzer 
(TOC-VCPN, Japan), and DOC was pretreated with a 
0.45 µm fiber filter membrane. According to the linear 
transverse winding test of the standard test method for 
microscopic determination of parameters of the air-void 
system in hardened concrete (ASTM C457), the chord 
size distribution was measured by using an air void 
analyzer (Rapid air 457, Germany).

Results and Discussion

Results of the Static Adsorption Experiment

The adsorption removal of pollutants at different 
times in the three permeable bricks is shown in Fig. 3, 
in which the concentrations of NH4

+-N, TN and COD 
increased except for the COD of the steel slag permeable 
brick, while TP, heavy metals (Zn, Cu and Pb) and 
COD for the steel slag brick decreased with increasing 
adsorption time, which meant NH4

+-N, TN and COD 
were dissolved out from the particulate materials during 
the adsorption process. These three kinds of elements 
were contained in the brick, and these pollutants in the 

bricks would dissolve into the aqueous solution after 
breaking and soaking, which may be the reason for the 
increase in the concentration.

The cement permeable brick has good effectiveness 
in removing total phosphorus and heavy metals. Grzmil 
et al. believed that Portland cement could effectively 
adsorb phosphate in water [21] to form [Ca5(PO4)3F] 
or Ca5(PO4)3(OH)1-x Fx [22]. This may be the reason 
why the cement brick had the best TP removal rate.  
The cement permeable bricks had three removal 
mechanisms for heavy metals. First, the hydration 
product itself had many pores and a specific surface  
area to adsorb metal ions. Second, Ca, Mg and Al 
contained in the cement hydration product undergo 

a displacement reaction with the metal cation. Third, 
a large amount of OH- contained in cement-based 
materials undergoes a metathesis reaction with heavy 
metal ions [23-25].

Both the ceramic and cement permeable bricks 
had organic dissolution phenomena and the steel slag 
permeable brick did not. Steel slag permeable bricks 
contain much iron, and iron with a large specific surface 
area can adsorb dissolved organic matter, which is 
responsible for the high removal rate of COD [26, 27].

The pH of the cement and steel slag permeable bricks 
increased because both of them were nonsintered bricks 
that contained a certain amount of cement. During the 
brick forming process, the hydration reaction of the 
cement produced alkaline substances such as calcium 
hydroxide, and the contact between the rainwater and 
alkaline substances or washing out of the alkaline 
materials led to an increase in the pH after filtration [3, 
16, 17]. Contrary to the non-sintered permeable bricks, 
the pH increase in the ceramic permeable brick was 
not obvious because the high temperature in sintering 
allowed the raw material to be fully melted without the 
generation of alkaline materials.

The experimental results showed that the damaged 
permeable bricks had released some pollutants and 
might pollute the urban water environment.

Results of the Dynamic Filtration Experiment

The filtration removal of pollutants at different 
times in the three permeable bricks is shown in Fig. 4. 
As shown in Fig. 4, the permeable bricks had good 
removal effects on SS, TP and heavy metals, and the 
removal performance of the permeable bricks for 
dissolved pollutants such as COD, NH4

+-N and TN was 
inferior to that for SS, TP and heavy metals.

The ceramic permeable brick had the best filtering 
effect on SS of the three bricks, and research has found 
that the physical interception of the surface layer inside 
the permeable brick played a major role in the removal 
of SS [2, 18], which were mainly filtered by the voids 
and pores inside the permeable bricks, and the chord 
size distribution that can be used to characterize the 
size of the voids and pores was further researched 
[28]. The chord size was used to represent the size of 
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the pores, and the chord length frequency was used to 
represent the number of pores.

The chord size distribution of the upper layer of the 
three permeable bricks is shown in Fig. 5. As shown in 
Fig. 5, the upper layer of the ceramic permeable brick 

did not contain large particles of 1.5-3.0 mm, and the 
pore ratio of 0.5-1.5 mm was smaller than that of the 
cement and slag bricks, which meant that the ceramic 
brick had more small pores. This may be the reason 
why ceramic permeable bricks have a better SS removal 

Fig. 4. Filtration removal of pollutants at different times in three types of bricks.
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effect [29]. In fact, the dense structure of the upper layer 
lying on the bottom layer favored the physical retention 
of SS for all of the permeable bricks; obviously, the 
uniform and dense pore distribution of the ceramic 
permeable brick was more instrumental in the retention 
of particulates.

The filtration removal of TP at different times in 
the three permeable bricks is shown in Fig. 4b). As 
shown in Fig. 4b), the ceramic permeable brick had 
the best filtration effect in the filtration experiment, 
while the cement brick had the worst efficiency, which 
showed that adsorption was of little significance to the 
removal of TP compared to filtration. Eck et al. found 
that TP was easily adsorbed on suspended particles and 
removed with the SS by the filtration of the permeable 
brick [30], which was consistent with the conclusions of 
this research. This is also the reason why the trends in 
Fig. 4a) and Fig. 4b) were consistent in this study.

The filtration removal of heavy metals at different 
times in the three permeable bricks is shown in  
Fig. (f, g, h). The heavy metals were usually removed 
along with the filtering of the SS by the permeable 
bricks [2, 14, 15, 18, 31, 32]; therefore, the removal 
rates of Zn, Cu and Pb were also relatively high. Due to  
the different binding abilities between the heavy metals 
and particles in the runoff, the removal rates of Zn, Cu 
and Pb by several packing systems were inconsistent 
[33].

The filtration effect of ammonia nitrogen was poor 
from the actual filtration effect, and there may be 
two reasons for this poor efficiency. The first is the 
dissolution and emission of ammonia nitrogen from the 
brick materials, and the more important reason is the 
poor adsorption capacity of the particles themselves to 
ammonia nitrogen. The removal of NH4

+-N was mainly 
due to adsorption and ion exchange of the ammonia 
nitrogen by the permeable brick [2, 15, 18], and the 
dissolved ammonia ions were difficult for the permeable 
bricks to filter and retain [18].

The filtration removal of TN at different times 
in the three permeable bricks is shown in Fig. 4d). 
Similar to ammonia nitrogen, the permeable brick 
materials also had TN dissolution and emission in the 
adsorption process, and the filtration effect of TN was 
not very ideal. In our research, TN was composed of 
NH4

+-N and NO3
--N, and the trend of change in the TN 

concentration was similar to that of NH4
+-N because the 

anion NO3
--N was also not easily adsorbed or filtered by 

the three types of bricks [34].
The filtration removal of COD at different times 

in the three permeable bricks is shown in Fig. 4e). As 
shown in Fig. 4e), the steel slag permeable brick had 
the best filtration effect in the filtration experiment, 
while the ceramic brick had the worst efficiency, which 
showed that the dissolution of COD had a negative effect 
on the filtration removal. In the adsorption experiment, 
the order of COD adsorption efficiency was steel slag 
brick>cement brick>ceramic permeable brick, and 
the trend of filtration was consistent with the order of 
adsorption. Static adsorption experiments showed that 
there was COD released from the ceramic and cement 
permeable bricks, which may be the main reason for 
the poor removal rate of the ceramic and cement bricks 
among the three bricks. Overall, the COD removal rate 
of the three permeable bricks was low, and the removal 
rate was 20-32%.

All three permeable bricks to some extent removed 
NH4

+-N, TN and COD, which indicated that the bricks 
had good stability in actual use with no serious pollutant 
released.

Removal of Organic Carbon in Actual Road 
Rainwater by Permeable Bricks

To fully investigate the removal effect of permeable 
brick on actual road rainwater, the TOC and DOC of 
road rainwater were measured in the dynamic filtration 
experiment. The actual removal of organic carbon in 
road rainwater by the three bricks is shown in Fig. 6.

As shown in Fig. 6, in the actual road rainwater, 
most of the organic carbon was insoluble [35, 36],  

Fig. 5. Chord size distribution of the upper layer of three types 
of bricks.

Fig. 6. Actual removal of organic carbon in road rainwater by 
three types of bricks.
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and the soluble organic carbon accounted for 
approximately 10% of the total content. The ceramic 
permeable brick had a larger TOC removal efficiency, 
indicating that the compact and dense pore distribution 
structure was conducive to the removal of insoluble 
organic carbon by physical interception, especially for 
organic carbon with particles larger than 0.45 µm, which 
was the difference between TOC and DOC. Contrary 
to the removal efficiency of TOC, non-sintered brick 
such as the steel slag brick and cement brick had higher 
DOC removal efficiency, which meant higher removal 
efficiency for organic carbon with particles smaller 
than 0.45 µm, which may be due to the flocculation of 
cement hydration products.

Conclusions

In this study, ceramic permeable brick, cement 
permeable brick, and steel slag permeable brick were 
selected to study decontamination performance. An 
adsorption experiment with particle materials obtained 
by crushing the bricks and a filtration experiment with 
complete bricks were carried out to explore the removal 
mechanism of pollutants. Based on the results from this 
study, the following conclusions could be drawn.

(1) The concentrations of NH4
+-N, TN and COD 

increased for most particulate materials during the 
adsorption process. These three components were 
contained in the brick, and these pollutants in the bricks 
dissolved into the aqueous solution after breaking and 
soaking, which may be the reason for their increase in 
concentration. Nonsintered bricks such as the cement 
brick and steel slag brick containing a certain amount 
of cement increased the pH after adsorption.

(2) The physical interception of the surface layer 
played a critical role in the SS filtration process, and the 
uniform and dense pore distribution was instrumental 
in the retention of particulates. TP was easily adsorbed 
on the suspended particles, while heavy metals were 
usually removed along with the filtering of the SS, 
explaining why the permeable bricks had a relatively 
high removal rate of these pollutants in the filtration 
process.

(3) The filtration removal performance of permeable 
bricks for dissolved pollutants such as COD, NH4

+-N 
and TN was inferior to that for SS, TP and heavy 
metals. This mainly resulted from two reasons: the 
difficulty in intercepting the soluble substances and the 
release of these substances from the brick materials.

(4) The compact and dense pore distribution of the 
ceramic brick was conducive to the removal of organic 
carbon with particles larger than 0.45 µm by physical 
interception, and the non-sintered bricks had higher 
DOC removal efficiency because of the flocculation 
of cement hydration products, which meant higher 
removal efficiency for organic carbon with particles 
smaller than 0.45 µm.
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