
Vol:.(1234567890)

Journal of Material Cycles and Waste Management (2022) 24:1444–1459
https://doi.org/10.1007/s10163-022-01394-w

1 3

ORIGINAL ARTICLE

Removal of runoff pollutants by construction waste bricks‑based 
bioretention facilities

Xiaoran Zhang1 · Yiran Tian1,2 · Shimin Guo1,3 · Junfeng Liu4  · Yinrui Wang1,2 · Ziyang Zhang2 · Haiyan Li1,2

Received: 3 May 2021 / Accepted: 21 March 2022 / Published online: 7 April 2022 
© Springer Japan KK, part of Springer Nature 2022

Abstract
Construction waste bricks (CWB) were simply pre-treated as fillers applied in different filler layers of bioretention facility. 
The removal effect of runoff pollutants in CWB-modified facilities was investigated and compared with traditional facility 
with gravel and sand. Leaching test shows that both CWB-modified and traditional bioretention facilities leach TN, and 
CWB-based facilities leach Cr. CWB-based facility shows good removal effect toward TP,  NH4

+-N and COD, with the 
removal ratio of 0.90, 0.80 and 0.70, respectively. CWB-based facility also shows good removal effects toward Cu, Zn, Cd, 
Pb and Mn, with the removal ratio of 0.55–0.82, 0.65–0.92, nearly 1.00, above 0.90 and nearly 0.98, respectively. Generally, 
the removal effect of both CWB and traditional facilities on runoff pollutants is basically stable and the removal ratio is rela-
tively high after running for 40 days. Economic calculation shows that CWB-based facilities could reduce the cost of fillers 
by 67.2–88.4%, which further confirmed the replacement of traditional fillers by CWB. This study could not only enhance 
the removal ability of runoff pollutants by bioretention facilities, but also provide a new way for the utilization of CWB.
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Introduction

With the rapid urbanization, the increase of impermeable 
areas puts pressure on urban drainage systems. Rainwater 
runoff merges into the water body, which increases the con-
centrations of pollutants, such as chemical oxygen demand 
(COD), total phosphorus (TP) and ammonium nitrogen 
 (NH4

+–N). The concentration of runoff pollutants some-
times exceeds the China National Standard for Environ-
mental quality standards for surface water (GB3838-2002), 
indicating that the influx of runoff rainwater has aggravated 
the pollution of water bodies [1]. The bioretention facility is 
one of the main technical measures of the "sponge city". It 
is mainly composed of soil, sand, gravel and crushed stone. 
The pollutants in the runoff are mainly reduced through the 

interception and adsorption of the filler. The removal of pol-
lutants, such as total nitrogen (TN), COD,  NH4

+-N and TP, 
is mainly due to the role of adsorption filtration. Studies have 
shown that bioretention facility has high removal efficiency 
on heavy metals and nutrient pollutants [2, 3]. However, 
there are also some studies found that bioretention facility 
is not effective in removing TN and TP, and the effluent 
concentrations are unstable [4].

Construction waste bricks (CWB) not only occupy land 
resources, but also bring pollution risk to the city's ecologi-
cal environment. According to statistics, China produces 
about 1.5 billion tons of construction waste every year in 
urban construction [5]. However, CWB have rich porous 
structure, large pore size, high porosity, rough surface 
and large specific surface area. They are also rich in iron, 
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aluminum elements and volcanic ash components, as shown 
in the following research. These characteristics make it abil-
ity to adsorb chemical substances. Many studies have used 
CWB as water treatment adsorbents to remove phosphates, 
heavy metals and other pollutants [6–8]. Wang et al. used 
CWB to remove Pb in rainwater. The results show that the 
average removal ratio of Pb from CWB can reach 0.99. The 
smaller the particle size of CWB, the greater the removal 
ratio of Pb [9].

In this study, CWB was used as the advanced filling mate-
rials in bioretention facilities. The removal effect of CWB 
on typical runoff pollutants (COD, TP, TN,  NH4

+-N and 
various heavy metals including Cu, Cr, Zn, Mn, Cd and Pb) 
by simulated facilities was studied. The variation rule of 
pollutant removal effect under long-term operation were 
investigated. This study could not only enhance the removal 
ability to runoff pollutants of bioretention facilities, but also 
provide a new way for the utilization of CWB.

Materials and methods

Materials

CWB were acquired from Beijing Construction Engineer-
ing Resources Recycling Investment Co., Ltd. CWB were 
broken into powder for characterization. CWB were also 
broken to small particles by sieving to achieve the particle 
size 2–5 mm and 5–10 mm before used. Then the particles 
were subjected to calcination in an oven at 105 °C for 24 h. 
River sand (particle size 0.5–1 mm) and gravel (particle size 
5–10 mm) were also used as fillers for the bioretention facili-
ties. Rural soil was collected from Daxing District Park of 
Beijing as packed soil.

Experimental set‑up

The traditional bioretention facility experimental column 
named “TC” was designed according to the guideline of 
complex bioretention facility structure in the “Sponge City 
Construction Technology Guide” of China. The height of the 
column is 1 m and the inner diameter is 10 cm, as shown in 
Fig. 1a. The drain pipe extends into the experimental column 

Fig. 1  Schematic diagrams of four bioretention facilities set-up. A 
water outlet is arranged at the bottom of the facilities, and the outlet 
is raised 150 mm to facilitate sampling. From top to bottom, TC (tra-
ditional column) was filled with soil, sand and gravel. G-CWB was 

filled with soil, sand and CWB (with size of 5–10 mm). S-CWB was 
filled with soil, CWB (with size of 2–5  mm) and gravel. SG-CWB 
was filled with soil, CWB (with size of 2–5 mm) and CWB (with size 
of 5–10 mm)
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and is wrapped with geotextile to prevent the filler from 
flowing out with water. The bioretention facility is com-
posed of surface layer, bedding layer and basement layer 
from top to bottom. The surface layer of the column was 
planting soil with the height of 300 mm. The bedding layer 
was filled with sand (particle size 2–5 mm) with the height 
of 100 mm. The basement layer was filled with gravel (par-
ticle size 5–10 mm) with the height of 250 mm. Each layer 
is partitioned by geotextile to prevent the filler from sinking 
with water. The type of vegetation used on the surface of 
bioretention columns was Chinese Iris. This study mainly 
explores the possibility of using CWB as retention layers 
in bioretention facilities, so the role of vegetation is not dis-
cussed. For the three CWB-modified columns, the basement 
layer, bedding layer and both of the two layers were replaced 
by CWB with the corresponding particle size, respectively. 
They were named of G-CWB, S-CWB and SG-CWB respec-
tively (as shown in Fig. 1b, c and d).

Test methods

CWB in powder form was used for characterization. To 
investigate the chemical and physical properties of CWB, 
its elemental composition and surface morphology were ana-
lyzed. The elemental composition was analyzed by X-ray 
fluorescence (XRF) techniques. The particle size of the 
CWB used for characterization was less than 200 mesh. The 
powder is fully dried and pressed at 35 t pressure for 45 s, 
followed by XRF test which made by Panaco in the Nether-
lands. The surface morphology was analyzed by scanning 
electron microscopy (SEM) with the condition of 3.0 kV, 
10.4 mm × 5.00 k, SE(TUL) and the scale is 10.0 μm. The 
model of the instrument is su8020, made in Japan.

To analyze the background value of six heavy metals in 
the four materials (CWB, soil, gravel and sand), each mate-
rial was digested with acid mixture of hydrogen nitrate per-
chloric acid hydrofluoric acid compound (5: 4: 5, V/V/V) 
by the constant temperature electric heating plate. Six heavy 
metals were then determined by an inductively coupled 
plasma mass spectrometry (ICP-MS).

The pollutants selected in this experiment were four 
typical runoff pollutants (COD,  NH4

+-N, TN and TP) and 
six heavy metals (Cu, Zn, Mn, Cr, Pb and Cd). The pollut-
ants concentration of simulated runoff rainwater was pre-
pared according to the actual runoff (Table 1). The water 
intake method was artificial water intake, and a water 
layer of 50–70 cm above the soil layer in the columns 
was maintained. Three stages were set in the experiments. 
The whole experiment was carried out at room tempera-
ture 25 °C, and the pH of influent water was adjusted to 
6–7 according to the actual runoff. The first stage was the 
leaching test to investigate the leaching concentration of 

pollutants. The second stage was to evaluate the removal 
efficiency of the pollutants in runoff by the four experi-
mental columns with the increase of rainfall duration. The 
drying period of the first two stages was set at 1 week. The 
third stage was to study the removal efficiency of pollut-
ants after the long-term operation. To better simulate the 
influence of the four facilities on pollutant removal under 
working conditions, the influent water was the same as 
the second stage, and the drying period between each run 
was 4 days. All effluent pollutant concentrations in these 
three stages were compared with China National Stand-
ard for Environmental quality standards for surface water 
(GB3838-2002), as shown in Table 2 (nothing that Mn 
concentration is not required in the standard). The influ-
ent water volume was determined according to the design 
rainfall (33.6 mm) corresponding to the 10% service area 
ratio and the 85% runoff control rate in Beijing.

In this experiment, the effluent concentrations of typical 
nutrient pollutants and heavy metals were detected. Six 
heavy metals (Cu, Zn, Mn, Cd, Cr and Pb) were detected 
by ICP-MS. Four nutrient pollutants (COD,  NH4

+-N, TN 
and TP) were all measured by spectrophotometric method.

Table 1  Raw water distribution water quality

Pollutants Concentration (mg/L) Reagent

Cu2+ 0.10 CuSO4·5H2O
Cr6+ 0.04 K2Cr2O7

Zn2+ 0.44 ZnSO4·7H2O
Mn2+ 0.53 MnSO4

Cd2+ 0.04 CdCl2·2.5H2O
Pb2+ 0.05 Pb(NO3)2

COD 484.83 Glucose
TN 21.45 NaNO3,  NH4Cl
NH4

+-N 13.74 NH4Cl
TP 1.57 KH2PO4

Table 2  China National Standard for Environmental quality standards 
for surface water (GB3838-2002)

Pollutants Class I Class II Class III Class IV Class V

COD 15 15 20 30 40
NH4

+-N 0.15 0.5 1.0 1.5 2.0
TN 0.2 0.5 1.0 1.5 2.0
TP 0.02 0.1 0.2 0.3 0.4
Cu2+ 0.01 1.0 1.0 1.0 1.0
Zn2+ 0.05 1.0 1.0 2.0 2.0
Cd2+ 0.001 0.005 0.005 0.005 0.01
Cr6+ 0.01 0.05 0.05 0.05 0.1
Pb2+ 0.01 0.01 0.05 0.05 0.1
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Statistical analysis

The statistical significance was analyzed by t test method. 
Three bioretention facilities filled with CWB were compared 
with traditional facility to investigate the significant differ-
ences in data. P value less than 0.05 indicates significant 
difference, while P values greater than 0.05 indicate no sig-
nificant difference. Statistical significance in experimental 
data was determined using Origin2021.

Results and discussion

Characterization of construction waste brick

The elemental composition of CWB is shown in Table 3. 
The results showed that the most abundant elements in CWB 
are Si, Al, Fe and Ca, account for 52.51%, 14.68%, 10.66% 
and 8.90%, respectively. The surface morphology of CWB 
is displayed in Fig. 2. As can be seen from Fig. 2, the surface 

of CWB was rough, which may provide much more adsorp-
tion sites, thereby increasing the adsorption capacity toward 
pollutants. Table 4 shows the concentration of six heavy 
metals from CWB, soil, sand and gravel. It could be seen 
that the background value of metals in the four materials is 
different from each other. Yuan et al. reported the concentra-
tion of heavy metals in soils in China by reviewing of 713 
articles, and the average concentrations of Cu, Zn, Cr, Cd, 
Pb in China soil are 25.81, 85.86, 67.37, 30.74 mg/kg [10]. 
The concentration of Cu, Zn, Cr, Cd and Pb in soil used 
in our study is slightly lower than the average concentra-
tion reported by Yuan et al. While for sand and gravel, the 
concentration of Cu, Cr, Zn is much lower than the average 
value of soil. For CWB, the concentration of Cr is larger 
than other materials.

Leaching of pollutants by four bioretention facilities

The leaching process of pollutants was studied at the 
beginning of the experiment. Figure 3 shows the leach-
ing concentration of typical pollutants  (NH4

+-N, COD, 
TP and TN) with duration from 0–9 h. It can be found 
from the figure, the effluent concentration of  NH4

+-N, 
COD and TN within 9 h exceeded Class V (2.0 mg/L for 
 NH4

+-N, 10.0 mg/L for COD and 2.0 mg/L for TN) of GB 
3838–2002. For  NH4

+-N (Fig. 3a), the leaching amount 
of SG-CWB was less than the other three facilities. The 
leaching concentration of facilities decreased with dura-
tion expect SG-CWB. After 5.5 h, the leaching concentra-
tion of  NH4

+-N from the four facilities was all stabilized 
within 4.0 mg/L. The leaching concentrations of COD and 
TN (Fig. 3b and d) in the four facilities had basically the 
same changing trends, all decreased with duration. After 
9 h, the COD and TN concentrations leached from the 
facility dropped below 100 mg/L and 30 mg/L respec-
tively, and both may continue to decrease. For TP (Fig. 3 
c), the leaching concentration was all below 0.05 mg/L 
within 9 h, which could meet the Class II (0.1 mg/L) of 
GB3838-2002. P values deduced by t test to compare 

Table 3  Chemical composition of construction waste brick

Compositions Si Al Fe Ca K Mg Na Ti P Zn Cr Cu Mn Pb Others

Content (wt%) 52.51 14.68 10.66 8.90 5.81 2.80 2.40 1.30 0.20 0.04 0.03 0.03 0.02 0.02 0.40

Fig. 2  The surface morphology of construction waste brick measured 
by scanning electron microscopy (SEM)

Table 4  Concentration of heavy 
metals in four materials by 
digestion (mg/kg)

Cu Zn Cr Mn Cd Pb

CWB 21.30 42.00 70.10 405 0.04 21.10
soil 20.20 78.80 63.20 325 0.04 14.20
sand 10.10 12.50 9.10 230 0.01 10.00
gravel 9.30 15.20 8.00 115 0.01 9.10
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the differences between three CWB-based facilities and 
traditional facility are shown in Table 5. As can be seen 
from the table, compared with traditional facility, SG-
CWB showed significant difference of removal effects on 
 NH4

+-N, COD and TN (P < 0.05). This indicated that the 
more traditional fillers were replaced by CWB, the less the 
leaching amount of those three pollutants.

Relevant research shows that the soil contains a lot of 
nitrogen and phosphorus nutrients [11]. To verify this state-
ment, the physical and chemical properties of the soils 
(garden soil) used in this study were analyzed. The results 
showed that the content of organic matter was 1.38%, the 
content of available phosphorus was 186 mg/kg, and the 
content of alkali-hydrolyzable nitrogen was 123 mg/kg. 
Therefore, it contains high nutrient content, which is con-
sistent with relevant studies. Therefore, a large amount of 
nitrogen  (NH4

+-N and TN) is leached from the facilities. 
The reason for the low phosphorus concentration in the efflu-
ent may be that after phosphorus leached from the soil, it 

is adsorbed and removed by the filler in the bedding and 
basement layer. Because soil [12], CWB [13–16] and gravel 
[13] all have good adsorption ability toward phosphorus. 
Subsequent experiments will also provide the basis for this 
conclusion. The leaching amount of  NH4

+-N from SG-CWB 
is less than the other three facilities. The main reason may 
be that CWB can adsorb and remove part of the  NH4

+-N 
leached from the soil. CWB occupies a large proportion in 
the filler of SG-CWB, causing the large removal amount and 
low leaching concentration of  NH4

+-N. The leaching con-
centration of COD and TN in the facilities filled with CWB 
is not significantly different from the traditional facilities, 
which may be due to the not obvious removal effect of CWB 
toward COD and TN.

Figure 4 shows the leaching process of heavy metals in 
the four facilities. It can be seen that the three facilities filled 
with CWB did not leach large amount of heavy metals expect 
for Cr. For the five heavy metals other than Cr, there was no 
obvious difference in the leaching concentration and change 
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trend of the four facilities. The leaching concentration of the 
five heavy metals continued to fluctuate within 9 h, but they 
were always low. For Cu and Zn (Fig. 4 a and b), their leach-
ing concentrations were always below 57 μg/L and 80 μg/L 
respectively, and both met the Class II (1000 μg/L for both 
Cu and Zn) of GB3838-2002. For Mn (Fig. 4c), the leaching 
concentration stabled after 4 h was always below 7 μg/L. 
For Cd and Pb (Fig. 4d and f), their leaching concentra-
tions were always below 0.3 μg/L and 6 μg/L respectively, 
and both met the Class I (1 μg/L for Cd and 10 μg/L for 
Pb) of GB3838-2002. The leaching of Cr is much more in 
facilities with CWB than facility TC (Fig. 4e). The leaching 
concentration from TC was always below 10 μg/L, meeting 
the Class I (10 μg/L) of GB3838-2002. The leaching concen-
tration from S-CWB decreased with duration, and stabled 
in 6 h, with a value below 25 μg/L. For facility G-CWB, 
it was always below 50 μg/L. The leaching concentration 
from S-CWB and G-CWB could meet the Class II (50 μg/L) 
of GB3838-2002. For SG-CWB, the leaching concentration 
was high and unstable (up to 130 μg/L), which exceeded the 
Class V (100 μg/L) of GB3838-2002. It can be seen from 
the results that the more filling amount of CWB is, the more 
Cr is leached. Generally, the Cr content in gravel and sand is 
low. To further reveal the background value of heavy met-
als, CWB, sand, gravel and soil were completely digested to 
determine the background content of heavy metals (Table 4). 
And the results showed that the content of Cr in these fill-
ers was very low. Therefore, it can be concluded that CWB 
might contain more Cr than gravel and sand. According to 
Table 4, the content of Cr is slightly higher than soil and 
much larger than sand and gravel. Therefore, the leaching 
amount of Cr by CWB-based facilities is slightly higher than 
traditional facility without CWB. Under the action of current 
scouring, CWB is dissolved into the rainwater and washed 
out with the water. From this aspect, we should concern of 
the release of Cr from CWB especially in the initial stage. 
XRF results show that the content of Cr in CWB is slightly 
higher than that of other metals in this experiment (Table 3), 
which is consistent with the results of this leaching experi-
ment, so it may be the reason for the leaching of Cr by CWB.

As can be seen from Table 5, compared with traditional 
facility, SG-CWB showed significant difference of removal 
effects on Cu, Zn, Cr and Pb (P < 0.05). On the whole, the 
difference of heavy metal leaching between different facili-
ties is consistent with the rule of typical pollutants. This also 
indicated that the more traditional fillers replaced by CWB, 
the less the leaching amount of pollutants.

Removal effect of runoff pollutants by bioretention 
facilities

To study the removal efficiency of the bioretention facilities 
with different fillers, the change rule of the effluent pollutant Ta
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concentration and pollutant removal effect in different facili-
ties with rainfall duration was investigated. Figure 5 shows 
the removal effect of typical pollutants  (NH4

+-N, COD, 
TP and TN) in the four facilities under the same rainfall 
conditions.

During the removal process of  NH4
+-N (Fig. 5a), the 

removal effect was different in each facility at the begin-
ning. For TC and S-CWB, the effluent concentration was 
higher than the influent concentration in the initial stage, 
indicating that these two facilities will leach  NH4

+-N at 

Fig. 4  Leaching process of heavy metals from four types of bioretention facilities. a Cu, b Zn, c Cr, d Mn, e Cd and f Pb
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this stage. For G-CWB and SG-CWB, the effluent concen-
tration was always low. They all stabilized below 3.0 mg/L 
after 5 h of the four facilities, with the removal ratio above 
0.80. However, the effluent concentration after stabiliza-
tion still exceeded the GB3838-2002 (2.0 mg/L). The 
 NH4

+-N removal efficiency from G-CWB was significantly 
different from traditional facility with increasing of rain-
fall duration (P < 0.05, Table 5), which indicated the better 
 NH4

+-N removal efficiency from G-CWB. Although the 
facilities with CWB layer in the system did not show the 
best removal effect toward  NH4

+-N, they still maintained 
a high removal ratio of 0.81–0.99.

During the removal process of COD (Fig. 5 b), the 
facility G-CWB showed good removal effect at the begin-
ning, and the removal ratio ranged from 0.50 to 0.75. The 
removal effect in the other three facilities was relatively 
low and similar. When the system runs for 2.5–4.5 h, the 
four facilities show better COD removal effects, and the 

removal ratio is basically stabled at more than 0.80. After 
4.5 h, the removal ratio of G-CWB continued to be high, 
with the effluent concentration below 20 mg/L, meeting 
the Class III (20 mg/L) of GB3838-2002. The removal 
ratio of the other three facilities was reduced to 0.70 to 
0.80, with the effluent concentration from 90 mg/L to 
160 mg/L, exceeding GB3838-2002 (40 mg/L). The COD 
removal effect from G-CWB was significantly different 
from that of traditional facility with duration (P < 0.05, 
Table 5), which indicated the better COD removal effect 
from G-CWB. This trend was similar with the removal of 
 NH4

+-N by G-CWB.
The four facilities all showed good removal effect toward 

TP (Fig. 5 c). The average removal ratio of TP from facility 
TC, S-CWB, G-CWB and SG-CWB was 0.94, 0.93, 0.95 
and 0.93, respectively. There was no obvious difference 
between the four facilities (P > 0.05, Table 5). The effluent 
concentrations of TP in the four facilities were all below 

Fig. 5  Removal effect of typical pollutants with duration in various facilities. The line represents the influent concentration of pollutants. a 
 NH4

+–N, b COD, c TP and d TN
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0.2 mg/L, which met the Class III (0.2 mg/L) of GB3838-
2002. The removal of TP is mainly due to the rich of  Ca2+ 
in CWB and gravel. In this study, according to the actual 
runoff, the influent pH was adjusted to 6–7. During the 
experiment, the pH of the effluent water increased to about 9 
because the silicate aluminate in CWB and gravel generated 
 OH− when it met water. In alkaline environment,  Ca2+ easily 
combines with phosphate to form  Ca3(PO4)2 as precipitation. 
Phosphate remains in the filler in the form of precipitation, 
which improves the removal ratio of TP in the effluent [2].

During the removal process of TN (Fig. 5d), the efflu-
ent concentration of the four facilities was higher than the 
influent concentration at the beginning, indicating that a 
large amount of TN had been leached. The reason may be 
that no stable microbial community was formed, resulting 
in TN still in a high concentration release stage. The effluent 
concentration of the four facilities decreased with duration. 
In the later stage of the experiment, the effluent concen-
tration of the four facilities gradually stabilized from 15 to 
20 mg/L, and there was no significant difference between 
the four facilities after stabilization. The effluent concentra-
tion exceeded GB3838-2002 (2.0 mg/L). The removal ratio 
after stabilization was only about 0.10. Generally, SG-CWB 
showed better efficiency on TN removal (P < 0.05, Table 5). 
Therefore, the effluent of the four facilities still needs further 
treatment to improve water quality. For example, setting up 
an anaerobic zone to promote the process of denitrification.

In general, bioretention facilities filled with CWB have no 
significant improvement in the removal efficiency of typical 
pollutants compared with traditional facility. However, the 
removal ratio of  NH4

+-N, COD and TP can be stabilized 
above 0.80, 0.70 and 0.90, respectively. The bioretention 
facility shows good removal effect of these three pollutants. 
However, for TN, the leaching of pollutants at the early stage 
of rainfall needs to be considered, and the final removal ratio 
is only about 0.20. Therefore, the removal effect of TN by 
bioretention facilities needs to be improved. Using CWB as 
biological retention filler can effectively reduce the project 
cost on the premise of ensuring the effluent quality of typi-
cal pollutants.

The removal effects of the four facilities on different 
heavy metals are quite different. Facility showed good 
removal effect on Cd and Pb (above 99% for Cd and 
71%–95% for Pb), and general removal effect on Cu and 
Zn (48%–82% for Cu and 71%–94% for Zn). However, the 
facilities had not any of the removal effect on Cr and Mn, 
and a large amount of them will be leached. Figure 6 showed 
the removal effect of six heavy metals with duration in vari-
ous facilities.

For the removal of Cu and Zn (Fig. 6a and b), there 
was no obvious difference between the four facilities. The 
removal ratio of both of them was always fluctuating, ranged 
from 0.55 to 0.82 for Cu and 0.65–0.92 for Zn. The effluent 

concentrations were below 50 μg/L for Cu and 160 μg/L 
for Zn, meeting the Class II (1000 μg/L for both of them) 
of GB3838-2002. Generally, S-CWB showed better Cu 
removal effect, and G-CWB showed better Zn removal effect 
(P < 0.05, Table 5). The removal of the two metals in facili-
ties mainly because the effluent is alkaline, which causes the 
metal to be precipitated. Compared with the removal of Cu, 
Zn showed a larger removal ratio due to the higher influent 
concentration.

For the removal of Cd and Pb (Fig. 6e and f), the four 
facilities all showed relatively excellent removal effects. 
Especially for the removal of Cd, the removal ratio is close 
to 1.00, with the effluent concentration below 0.5 μg/L. 
The remove rates for Pb were about 0.90, with the effluent 
concentration below 10 μg/L. The effluent concentration of 
both of them met the Class I (1 μg/L for Cd and 10 μg/L 
for Pb) of GB3838-2002. Generally, G-CWB showed better 
Cd removal effect, and SG-CWB showed better Pb removal 
effect (P < 0.05, Table 5).

For the removal of Cr (Fig. 6c), the facilities with CWB 
show high risk for Cr release. The effluent concentration of 
G-CWB and SG-CWB can reach 0.25 mg/L at the begin-
ning. The release amount in the facilities with CWB gradu-
ally decreases with time, and stabled after 5 h. After stabi-
lization, facility S-CWB was still in the release state, and 
the removal effect of G-CWB and SG-CWB was not obvi-
ous. Due to the low Cr content in runoff, even if the facility 
leaches, the effluent concentration is still below 50 μg/L, 
meeting the Class II (50 μg/L) of GB3838-2002. The facility 
of TC showed certain removal effect on Cr with an aver-
age removal ratio of 0.81 and effluent concentration below 
10 μg/L, meeting the Class I (10 μg/L) of GB3838-2002. 
The effluent Cr concentration of the three CWB filled facili-
ties was significantly different from that of the traditional 
facility (P < 0.05, Table 5).

For the removal of Mn (Fig. 6d), the effects of the four 
facilities were different. The facility TC and G-CWB 
released a large amount of Mn. The effluent Mn concentra-
tion ranged from 300 to 1200 μg/L of TC, and 800 μg/L to 
1200 μg/L of G-CWB. In Table 5, the P value of G-CWB 
was less than 0.05, that is, there was a significant differ-
ence compared with traditional facilities, but there was still 
Mn leaching in this facility. The facility S-CWB and SG-
CWB showed a significant removal effect for Mn (P < 0.05, 
Table 5), with the removal ratio of 0.98 and 0.98, respec-
tively. The stabilized effluent concentration of the two facili-
ties was below 15 μg/L. The main reason for this phenom-
enon may be that sand contains a large amount of Mn, which 
is easily washed away by water. Thus, the facilities with sand 
layer (TC and G-CWB) released Mn, and facilities without 
sand layer (S-CWB and SG-CWB) could remove Mn. There-
fore, replacing sand with CWB will show a better environ-
mental effect on Mn. In response to this phenomenon, the 
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Fig. 6  Removal effect of heavy metals with duration in various facilities. The line represents the influent concentration of pollutants. a Cu, b Zn, 
c Cr, d Mn, e Cd and f Pb
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physical and chemical properties of sand were studied in this 
research. It was found that the content of total manganese 
(Mn) in sand could reach 0.072 g/kg. The higher content 
of Mn in sand can provide theoretical basis for the above 
inference.

In general, for bioretention facilities filled with CWB, the 
removal ratio of Cu, Zn and Pb can be stable at 0.70, 0.80 
and 0.90, respectively. The removal ratio of Cd and Mn can 
reach nearly 1. But facilities filled with sand will leach Mn, 
and facilities filled with CWB will leach Cr. The reasons 
why CWB can leach Cr have been analyzed in the previous. 
Therefore, the effluent water from facilities filled with CWB 
needs to be further treated for Cr to ensure effluent safety. 
The processing method can be to add filler layer which has 
removal effect on Cr.

The effect of bioretention facilities on pollutant 
removal under long‑term operation

To investigate the effect of the four facilities on the removal 
of runoff pollutants under long-term operation, facilities 
were tested for long-term operation and operated every 
4 days. Figure 7 showed the removal effect of typical pollut-
ants in various facilities under long-term operation. As can 
be seen from Fig. 7a, the late removal ratio of  NH4

+-N from 
TC was more than 0.80. The facility with CWB shows bet-
ter removal effect, with the late removal ratio of more than 
0.90. But the difference was not significant compared with 
traditional facilities. S-CWB and SG-CWB showed better 
removal ratio of  NH4

+-N, so fine brick plays an important 
role in the removal process of  NH4

+-N. For the removal of 
COD (Fig. 7 b), the four facilities all showed good removal 
effect toward COD. The removal ratio of COD from the four 
facilities was all above 0.60. After the seventh water inflow 
experiment, the removal ratio tended to be stable, all above 
0.80. There was no significant difference in removal effect 
among different facilities. For the removal of TP (Fig. 7c), 
it can be found in the figure that the four facilities showed 
better removal effect on TP, with the removal ratio rang-
ing from 0.90 to 0.99. The removal ratio of the facility 
SG-CWB is the highest and most stable, and the removal 
ratio is always above 0.98. TP removal from SG-CWB 
was significantly different from that of traditional facility 
(P < 0.05, Table 5). The removal of TN (Fig. 7d) from the 
four facilities can be divided into two stages. The first stage 
is the process of the initial operation (the first three inflow 
experiments), the removal ratio increased rapidly, from 0.08 
to 0.98. In the second stage (the last seven inflow experi-
ments), the removal ratio rose slowly in fluctuations, then 
stabilized above 0.80 after the eighth inflow experiment. The 
increase of the removal ratio may be due to the continuous 
growth of microorganisms. As the microorganisms grow, 

the nitrification and denitrification of nitrogen by the micro-
organisms increase, thereby reducing the amount of TN in 
the effluent.

Figure 8 shows the removal effect of the four facilities on 
the removal of six heavy metals (Cu, Zn, Cr, Mn, Cd and Pb) 
in long-term operation. There was no obvious difference in 
the removal of Cu, Zn, Cd and Pb between the four facili-
ties, and the effect is relatively stable. They showed good 
removal effect on Cd and Pb, and general removal effect on 
Cu and Zn. Compared with TC, facilities with CWB showed 
unstable removal effect on Cd, but the removal effect on 
Mn has been significantly improved. This result is basically 
consistent with the result of the second experimental stage.

For the removal of Cu (Fig. 8a), the removal ratio ranged 
from 0.46 to 0.90. There was no significant difference in 
removal effect among different facilities (P > 0.05, Table 5), 
but the removal ratio in SG-CWB is slightly more unstable 
than the other three facilities. The removal of Cu is mainly 
due to precipitation. The pH of the effluent is above 7.5, Cu 
will combine with  OH− to form a precipitate and be trapped 
by the filler. For the removal of Zn (Fig. 8b), the removal 
ratio ranged from 0.74 to 0.97. There was no significant dif-
ference in removal effect among different facilities (P > 0.05, 
Table 5). The removal of Zn is similar to that of Cu and 
mainly depends on precipitation. The influent concentration 
of Zn is larger, which leads to a higher removal ratio. In 
the later stage of the experiment, the removal ratio of the 
facilities filled with fine bricks decreased, indicating that 
the removal effect of fine bricks on Zn was worse than that 
of sand. For the removal of Cd (Fig. 8e), the removal ratio 
ranged from 0.98 to 0.99 of all of the four facilities, which is 
relatively high and stable. There was also no significant dif-
ference in removal effect among different facilities (P > 0.05, 
Table 5). For the removal of Pb (Fig. 8f), the removal ratio 
ranged from 0.80 to 0.96 of all of the four facilities. The 
removal ratio of the eighth simulation experiment of facil-
ity TC and the ninth simulation experiment of facility SG-
CWB suddenly decreased, which may be caused by the Pb 
trapped in the filler being washed out during the water influ-
ent process. The removal effect from S-CWB and G-CWB 
was significantly different from that of traditional facility 
(P < 0.05, Table 5).

For the removal of Cr (Fig. 8c), different facilities showed 
different Cr removal effects, and the difference was sig-
nificant (P < 0.05, Table 5). The removal effect of CWB-
based facilities is worse than TC, and facility G-CWB will 
leach Cr, resulting in a negative removal ratio. The average 
removal ratio for the four facilities are 0.68 for TC, 0.40 for 
S-CWB, 0.19 for G-CWB and 0.41 for SG-CWB. Therefore, 
it is not conducive to fill CWB into bioretention facilities for 
the removal of Cr in runoff.

For the removal of Mn (Fig.  8d), the removal effect 
in facilities filled with CWB is significantly improved 
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compared to facility TC (P < 0.05, Table 5). TC leached a 
large amount of Mn, resulting in a negative removal ratio 
and unstable removal effect. The removal effect of facil-
ity G-CWB is better than that of TC, but it is unstable and 
sometimes leaching occurs. The facilities S-CWB and SG-
CWB showed better removal effect on Mn, with removal 
ratio ranging from 0.87 to 0.99. This showed that fine bricks 
have a better removal effect on Mn. The removal effect of the 
four facilities on runoff pollutants under long-term operation 
is basically stable and the removal ratio is relatively high, 
indicating that it is feasible to use CWB as fillers in the 
bioretention facility.

In general, bioretention facilities filled with CWB have 
a relatively stable removal effect on pollutants under long-
term operation. The removal of TN also tends to be stable 
after running twice. For Cr, no leaching occurs after two runs. 
This indicates that Cr in CWB has leaching risk in the early 
stage of facility construction, but no leaching after repeated 

operation. Therefore, it can be inferred that if the CWB is 
pre-treated, such as rinsing, the risk of contamination can be 
greatly reduced.

Environmental implications

At present, CWB in the process of treatment will cause dust 
pollution, in the process of stacking will produce secondary 
pollution. This makes them difficult to recycle. Their use is 
limited to road materials and cement products. CWB have rich 
pore structure, low price, rich surface mineral elements and 
adjustable particle size. Applying them to the field of envi-
ronmental pollution control, it can solve many problems in 
the application of natural aggregates, such as sand and gravel, 
which are difficult to solve (For example, few adsorption sites, 
poor synergistic pollution control efficiency of a variety of 
pollutants, high price, and strong geographical restrictions on 
supply, etc.). Although CWB have potential applications in the 
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field of water treatment, most of the studies are only laboratory 
batch experiments. This study gives full play to the character-
istics of CWB and develops key technologies for the prepara-
tion and application of environmental pollution remediation 

materials based on CWB, and provides scientific measures 
for technical support for benign resource utilization of CWB. 
Aiming at the prominent environmental problems in the rapid 
development of urbanization, the application technology of 

Fig. 8  Removal effect of heavy metal in various facilities under long-term operation. a Cu, b Zn, c Cr, d Mn, e Cd and f Pb
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CWB-based bioretention facilities is systematically researched 
and developed.

As solid wastes, using CWB as the basement filler of facili-
ties will reduce costs. In terms of transportation costs, CWB 
are usually produced in cities, while traditional gravel fillers 
are usually produced in mountainous areas. Therefore, in the 
construction of urban infrastructure, the transportation cost of 
CWB is much lower than gravel and sand. For the filler itself, 
the price of CWB (about 4.5 dollars/ton) is much lower than 
gravel (about 48.8 dollars/ton) and sand (about 13.7 dollars/
ton). Therefore, if the gravel and sand in the traditional biore-
tention facility are both replaced with CWB, the cost of fillers 
will be reduced by about 67.2%–88.4%. Although, CWB-
based facilities in most cases show similar removal efficiency 
toward pollutants compared with traditional bioretention facil-
ity. On the basis of ensuring the effluent quality of the facility 
and economic reasons, CWB can be used as a kind of cheap 
bioretention facility filler to replace the traditional filler. On the 
other hand, it is worth noting that the leaching phenomenon 
should be concerned before CWB application. Therefore, the 
measures should be further investigated to reduce the leach-
ing risk.

Conclusion

In this study, CWB were used as fillers in bioretention 
facility to investigate the removal effect of runoff pollut-
ants with different combinations of soil, sand and gravel. 
The results show that it is feasible to use CWB as fillers 
in bioretention facilities. The conclusions could be drawn 
as follows:

(i) Both CWB-based and traditional bioretention facilities 
will leach a large amount of COD and TN, and the 
leaching amount decreased with duration, but they will 
not leach TP. CWB-based facilities leach less  NH4

+-N 
compared with traditional facility. The leaching amount 
of heavy metals is limited except for Cr from CWB-
based facilities.

(ii) Both CWB-based and traditional bioretention facilities 
show good removal effect on TP,  NH4

+-N and COD, 
the removal ratio can reach 0.90, 0.80 and 0.70 respec-
tively. TN will be leached from the facilities at the 
beginning of rainfall, and the removal ratio after stabi-
lization in the later stage is only about 0.10. Therefore, 
the removal effect of TN needs to be improved.

(iii) Both CWB-based and traditional bioretention facilities 
show good removal effects on Cu, Zn, Cd and Pb, with 
the removal ratio from 0.55–0.82, 0.65–0.92, nearly 
1.00 and above 0.90, respectively. CWB-based facili-
ties will leach a large amount of Cr in the initial stage, 
while the removal ratio of Cr by traditional facility can 

reach 0.80. The removal ratio of Mn by facilities with-
out sand can reach about 0.98, while facilities with sand 
will leach a large amount of Mn.

(iv) The removal effect of both CWB-based and traditional 
bioretention facilities on runoff pollutants under long-
term operation is basically stable and the removal ratio 
is relatively high. The removal ratio can reach 0.98 for 
Cd, 0.95 for TP, 0.90 for  NH4

+-N, COD and TN, 0.80 
for Zn and Pb, and 0.60 for Cu. Compared with tradi-
tional facility, CWB-based facilities are more condu-
cive to the removal of Mn, but not conducive to the 
removal of Cr.

(v) CWB-based bioretention facilities can not only reduce 
the cost of fillers by 67.2%–88.4%, but also save a lot 
of transportation costs.
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