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Abstract: Both sand and fly ash were found to be promising for phosphorus removal in 

bioretention systems. However, nutrient removal in bioretention systems with sand, soil and fly 

ash was still uncertain due to a lack of data about the influence of layer structure and submerged 

zone. In this study, a mixture with sand, soil and fly ash (1:1:1) was selected as the base in 

bioretention systems with different packed layer structures and heights of submerged zone. The 

comparison of multi-layered structure with mixed structure implied that the used bioretention 

system with multi-layered structure was superior to that with mixed structure for nitrogen and 

phosphorus removal. The investigation of the influence of submerged zones on nutrient removal 

indicated that the submerged zone could significantly improve nitrate removal efficiency with 

67.52%-86.32%, while sharply reduce the removal of ammonia nitrogen (from 95.15% to 51.81%) 

and TP (from 88.66% to 44.50%). Overall evaluation of the effect of packed layer structures and 

submerged zones suggested that the bioretention system with multi-layered structure at the height 

of submerged zone at 20-40cm was the most satisfactory, due to its microbial environment. 
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1. Introduction 

Recently, non-point source pollution has already become the importance factor causing urban 

water pollution, due to its strong randomness, complicated contributing factor, dispersibility etc. 

Urban stormwater runoff was the main component of urban non-point source pollution. There 

were amounts of pollutants in urban stormwater runoff generated by human activities and natural 
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processes, including suspended solids, grease, organic carbon, bacteria etc (Davis et al., 2005). 

Bioretention was one of the best management practices (BMPs), which has been proved to be 

effective in controlling rainfall runoff and reducing peak flow (Davis et al., 2009). 

There have been many literatures about nutrient removal in stormwater runoff by the 

bioretention systems. Davis et al. (2001) found that the removal of total Kjeldahl nitrogen (TKN), 

ammonia nitrogen (NH3-N) and total phosphorus (TP) could all get to 55-80%, while the removal 

of TN in bioretention systems was unstable with the concentration of effluents higher even than 

that of inflows. Similarly, Hunt et al. (2008) reported that the removals of total nitrogen (TN), 

TKN, NH3-N and TP in bioretention systems were 33%, 44%, 73%, and 31%, respectively, but 

NO3
- was hardly removed, which was in line with the results found by Hsieh et al. (2005). The 

release of nitrate (NO3
-) was one of the main reasons for low nitrogen removal (Wang et al., 2017). 

Thus, how to effectively remove NO3
- could be the key for the improvement of nitrogen removal 

in bioretention systems. 

The transformation of NO3
- can be mainly divided into two forms: First is bioassimilation, 

including absorption by plants, bacteria, fungus or other microorganisms (Read et al., 2008; Payne 

et al., 2014), and the second is denitrification, which could change inorganic nitrogen into gaseous 

form (N2 or N2O) (Vymazal et al., 2007; Wan et al., 2017). Thereinto, denitrification process 

requires usually anaerobic environment and carbon source. Installing the submerged zone has 

been proved to be an effective method for the advancement of denitrification process. Palmer et al. 

(2013) found that compared with that in non-submerged zone, the removal of NO3
- increased from 

33% to 71% in bioretention systems with submerged zone, while the removal of TP decreased 

from 80% to 67%. The simultaneous removal for both nitrogen and phosphorus should be more 

satisfactory when the emergence of submerged zone in bioretention systems. On the other hand, 

the previous literature reported that fly-ash-amended sand was obviously effective for phosphorus 

removal in bioretention systems (Zhang et al., 2008), which provided a potential method to make 

sure the phosphorus removal in bioretention systems with submerged zone. However, nitrogen 

removal in bioretention systems with sand and fly ash was unsatisfactory. Meanwhile, the data on 

the influence of stromal layer structure in the mentioned materials based bioretention systems was 

also deficient, due to the low permeability of fly ash. 
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Therefore, there was still a need to conduct detailed investigation on the removal for both 

nitrogen and phosphorus in bioretention systems with sand and fly ash under different structures 

and heights of submerged zone. In this study, a mixture with sand, soil and fly ash (1:1:1) was 

selected as the base in bioretention systems with different structures and heights of submerged 

zone in this study. The nutrient removal under multi-layered structure was compared with that 

mixed structure. The influence of submerged zones on nutrient removal was investigated. Finally, 

overall evaluation of the effect of packed layer structures and submerged zones on nutrient 

removal was also made. 

 

2 Materials and methods 

2.1 Preparation of bioretention columns 

Eight pilot-scale bioretention columns were designed and placed in an open field at Nanjing 

University of Information science & technology, China, with number of 1-1, 1-2, 1-3, 1-4, 2-1, 2-2, 

2-3, 2-4). Each bioretention column was made using the DN200 PVC pipe with 6mm thickness 

and 100cm height. There was a 10cm drain layer made by stones and pebbles at the bottom of 

columns. Columns (1-1, 1-2, 1-3, 1-4) were filled using a mixture with sand, soil and fly ash 

(1:1:1), and respectively installed with the height of the submerged zone 0cm, 20cm, 40cm and 

60cm. However, columns (2-1, 2-2, 2-3, 2-4) were filled under layered structure with 20cm sand, 

20cm soil and 20cm fly ash (Fig.1). There were six layers, each of which was 10cm in height. 

They were also respectively installed with the height of the submerged zone 0cm, 20cm, 40cm and 

60cm. 

(Figure 1) 

2.2 Pilot-scale bioretention experiments 

The conditions of simulated rainfall runoff were also designed, including number of operations, 

interval time inflow and concentrations of pollutants in influent. A peristaltic pump (bt100-1l, 

China) was used to simulate rainfall events. Simulated rainfall types referred to Nanjing summer 

short-term heavy rainfall (Zuo et al., 2012), and the inflow concentration was set according to the 

quality of urban road runoff in Nanjing, China (Zuo et al., 2011). 

Pilot-scale bioretention experiments were divided into two parts. The first part was to analyze 
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the permeability and nutrient removing in bioretention systems without submerged zone, for the 

comparison between multi-layered structure and mixed structure, where the experiment was 

operated for 42 days with 7 days interval time of each experiment. The second part was to 

investigate the influence of different heights of submerged zone on nutrient removal, where the 

experiment was operated for 84 days with 7 days interval time of each experiment. Both nitrogen 

and phosphorus were determined by ion chromatography (ICS-1600, ICS-3000, and/or LC20, 

DIONEX). 

2.3 Analysis method 

The formula for calculating pollutant concentration removal efficiency was as follows (1): 
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Where RC is the removal of pollutants (%); Ci is the pollutant concentration of inflow (mg/L); Co 

is the pollutant concentration of outflow (mg/L). 

The permeability of the used material was measured by using the Darcy formula (2): 
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Where, hΔ is height difference (cm); L is the seepage length (cm); A is the cross-sectional 

perpendicular to the flow direction; t is time (s); V is seepage water volume (mL). 

3. Results and discussion 

3.1 Comparison of multi-layered structure with mixed structure 

According to the Fig. 2, it could be found that when the operation was stable, the average 

removal of NH3-N and NO3
- in the used bioretention systems with mixed structure were 62.75% 

and 50%, respectively. But, the average removal of ammonia and NO3
- in the used bioretention 

systems with multi-layered structure was 72.25% and 56.33%, respectively. There were stable 

phosphorous removal efficiencies with 94% for the two mentioned structures. Compared with the 

found by Hunt et al. (2008), the removal of ammonia was similar, while the removal of 

phosphorous was significantly better with the increase of 63% in this study, which could be due to 

that the excellent removal ability of fly ash on phosphorus (Dhanke et al., 2018). 

On the other hand, the infiltration rate of the used bioretention systems with mixed structure 
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was 13.32 mm/h, while that of the used bioretention systems with multi-layered structure was 38.8 

mm/h. The infiltration rate of stromwater bioretention systems should be at least 12.5mm/h, based 

on the design requirements of USEPA (Coustumer et al., 2009). Although the used bioretention 

systems met the mentioned requirement on the infiltration rate, the permeability coefficient in the 

bioretention systems might drop significantly after running for a while, and there was a risk of 

clogging. Thus, the application of multi-layered structure could help to increase the service life of 

bioretention systems, suggesting the used bioretention system with multi-layered structure was 

superior to that with mixed structure for nitrogen and phosphorus removal. 

(Figure 2) 

3.2 Effects of the submerged zone 

3.2.1 The effect of submerged zone on ammonia nitrogen removal 

The NH3-N removal by the used bioretention systems with submerged zone reached stable after 

42 days of the operation (Fig.3). When the height of submerged zone was 20cm, the NH3-N 

average removal was the best with 92.07% (the mixed structure) and 95.15% (the multi-layered 

structure). When the height of submerged zone increased to 40cm, the removal of NH3-N 

decreased slightly. The average removal efficiency of NH3-N was 87.05% in bioretention systems 

with the mixed structure, and 88.26% in bioretention systems with the multi-layered structure. The 

average removal efficiencies of NH3-N under the mentioned heights of submerged zone were 

obviously higher than that in bioretention systems with sands and carbon source at 20-30cm height 

of submerged zone (Wang et al., 2018). However, the removal of NH3-N decreased obviously, 

when the height of submerged zone increased to 60cm, where the average removal efficiencies of 

NH3-N were 51.81% (the mixed structure) and 56.81% (the multi-layered structure), respectively. 

It showed that removal efficiencies of NH3-N in the used bioretention systems with 20cm and 

40cm heights of submerged zone were both obviously improved compared with that of 

non-submerged zone, which was in line with the one reported by Wang et al. (2018). In addition, 

setting submerged zone did not affect the fact that the NH3-N removal by the used bioretention 

systems with the multi-layered structure was slightly better than that of the mixed structure. 

(Figure 3) 

3.2.2 The effect of submerged zone on nitrate removal 
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In this study, the effect of submerged zone on the removal of NO3
- in the used bioretention 

systems was also investigated. The time to reach stable of NO3
- removal in the used bioretention 

systems with submerged zone was the same as that of NH3-N removal (Fig. 4). There were the 

highest NO3
- removal efficiencies with 86.32% (the mixed structure) and 84.86% (the 

multi-layered structure) for the two mentioned structures when the height of submerged zone at 

60cm. While, the height of submerged zone at 40cm, the removal of NO3
- showed a slight 

decrease with 79.44% (the mixed structure) and 77.47% (the multi-layered structure). Similarly, 

the removal of NO3
- continued to decrease obviously with 72.27% (the mixed structure) and 

67.52% (the multi-layered structure) when the height of submerged zone at 20cm, which was 

lower than the one (88%) in bioretention systems with sands and carbon source under the same 

height of submerged zone obtained by Wang et al. (2018), but slightly higher than that (65%) in 

bioretention systems with Ottawa sand and biochar (7:3) under submerged zone (Afrooz and 

Alexandria, 2017). It indicated that the used bioretention systems were satisfactory in NO3
- 

removal after installing the submerged zone. Meanwhile, it implied that the submerged zone in the 

used bioretention systems had more obvious influence on NO3
- removal under mixed structure 

than that of multi-layered structure. 

(Figure 4) 

3.2.3 The effect of submerged zone on TP removal 

Compared with that of nitrogen removal, the time to reach stable of TP removal in the used 

bioretention systems with submerged zone was late with one week (Fig. 5). The TP removal by 

the used bioretention systems decreased with the increase of the height of submerged zone, which 

was similar to that of NH3-N, but contrary to the one of NO3
-. Thereinto, when the height of 

submerged zone at 20cm, the average removal efficiencies of TP were 82.43% (the mixed 

structure) and 88.66% (the multi-layered structure), respectively. This was similar with the one 

(85.2-93.5%) in the bioretention system with sand and fly ash under 15 cm height of submerged 

zone (Li et al., 2018). There were 80.58% (the mixed structure) and 81.23% (the multi-layered 

structure) for the average removal efficiencies of TP when the height of submerged zone at 20cm. 

When the height of submerged zone got to 60cm, the average removal efficiencies of TP were 

46.59% (the mixed structure) and 44.50% (the multi-layered structure), respectively. The 
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mentioned results indicated that submerged zone had the negative influences on the removal of TP 

in the used bioretention systems, compared with the case of the used bioretention systems without 

submerged zone, which was in line with the found obtained by Palmer et al. (2013). 

(Figure 5) 

3.3 Overall evaluation of the effect of packed layer structures and submerged zones 

In this study, the NH3-N removal efficiencies were respectively 72.25% (the multi-layered 

structure) and 62.75% (the mixed structure) for the used bioretention systems without submerged 

zone. However, the removal efficiencies of the used bioretention systems with submerged zone 

could reach 56.81%-95.15% (the multi-layered structure) and 51.81%-92.07% (the mixed 

structure), respectively. The removal of NH3-N in bioretention systems mainly depended on the 

material adsorption and microbial metabolism (Feng et al., 2019), which resulted in the oxidation 

of NH3-N into NO3
- by nitrosating bacteria and nitrifying bacteria in the bioretention systems 

under aerobic condition (Chen et al., 2013). At the initial, the removal of NH3-N could depend on 

the physical adsorption by sand and fly ash (Nowak and Wisniowska, 2016; Du et al., 2018). And 

then, the microbiologic population in the used bioretention systems got to certain extent, where 

microbial metabolism began to dominate the removal of NH3-N. More and more carbon was 

found in the used bioretention systems with the increase of the height of submerged zone, as well 

as nitrogen and phosphorus, which provided conditions for the growth of microorganisms and thus 

enhanced the microbial metabolism to remove NH3-N. However, the content of dissolved oxygen 

decreased after the increasing height of submerged zone, which could inhibit the oxidation of 

NH3-N by nitrosating bacteria and nitrifying bacteria. The mentioned contradictory cases proved 

the fact that the best NH3-N removal appeared when the height of submerged zone at 20-40cm. 

Similarly, the formation of anaerobic environments due to the setting of the submerged zone 

resulted in the suitable conditions for the growth of denitrifying microorganisms, which was 

proportional to the height of submerged zone (Andrus et al., 2014). The increasing denitrifying 

bacteria could more effectively transform NO3
- into N2 and N2O through denitrification (Yan et al., 

2019), which was proved by the result that the removal efficiency of NO3
- increased with the 

increase of the height of submerged zone in this study. For phosphorus removal, the installation of 

submerged zone has a certain effect on phosphorus removal in the used bioretention systems, 
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which may be caused by the biological absorption. The anaerobic environment increased with the 

increase of submerged zone in the used bioretention systems, which was not conducive to the 

uptake of phosphorus by microorganisms. For example, polyphosphate accumulating organisms 

(PAOs), which was one of the most important microorganisms for TP removal, could be 

negatively impacted by the anaerobic environment (Qiu et al., 2019). On the other hand, as the 

increase of the height of submerged zone, the phosphorus absorbed by the used materials may be 

released under appropriate water quality conditions, which may be another reason. In general, the 

mentioned hypotheses about the role of microbial metabolism in the used bioretention systems 

needed further to be proved through finding out diversity and metabolism of microorganisms in 

bioretention systems with sand, soil and fly ash, which could accurately reveal effects of structure 

and submerged zone on nutrient removal, and then draw up the feasible methods to improve the 

nutrient removal. 

 

4. Conclusions 

Bioretention system with sand, soil and fly ash was found to be significantly influenced by the 

packed layer structure and submerged zone for the nutrient removal. The used bioretention system 

with multi-layered structure was superior to that with mixed structure for nitrogen and phosphorus 

removal. Meanwhile, the submerged zone could significantly improve NO3
- removal efficiency 

with 67.52%-86.32%, but sharply reduce the removal of NH3-N (from 95.15% to 51.81%) and TP 

(from 88.66% to 44.50%). The multi-layered structured bioretention system with the height of 

submerged zone at 20-40cm led to the most satisfactory results with the removal efficiencies of 

NH3-N, NO3
- and TP accounted respectively for 88.26%, 77.47% and 81.23%, due to its microbial 

environment. Both diversity and metabolism of microorganisms in bioretention systems with sand, 

soil and fly ash should be further considered to draw up the feasible methods to improve the 

nutrient removal. 
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Figure Captions 

Fig. 1 Pilot-scale bioretention columns 

Fig. 2 Nutrient removal by the used bioretention systems without submerged zone: (a) mixed 

structure and (b) multi-layered structure 

Fig. 3 NH3-N removal by the used bioretention systems with submerged zone: (a) mixed structure 

and (b) multi-layered structure 

Fig. 4 NO3
- removal by the used bioretention systems with submerged zone: (a) mixed structure 

and (b) multi-layered structure 

Fig. 5 TP removal by the used bioretention systems with submerged zone: (a) mixed structure and 

(b) multi-layered structure 
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