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h i g h l i g h t s
� Iron-coated biochar (ICB) increased the adsorption of the media to phosphorus.
� ICB supplied the carbon source for the denitrification reaction.
� Single-layered experimental columns were more conducive to the removal of nitrate.
� Denitrifying enzyme activity of media is higher at the media boundary.
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a b s t r a c t

Nitrogen (N) and phosphorus (P) removal in conventional bioretention systems is highly variable.
Therefore, five novel experimental columns with different media configurations and constituents, and
incorporating a saturated zone were developed and assessed to optimize the removal of N, P and other
nutrients. Three types of media composed of the conventional mixed sand and soil media (T1), biochar-
amended media (T2), and iron-coated biochar (ICB)-amended media (T3) were evaluated. Two of the
experimental columns were designed with double-layer configurations, while the other three were of a
single-layer structure. Removal efficiencies of nutrients in the experimental columns were evaluated and
compared using simulated runoff. Also, the effect of media depth on the retention of P and denitrifying
enzyme activity (DEA) in the bioretention columns were evaluated. The experimental column only filled
with T3 showed the best performance for COD, ammonia (NH4

þ-N) and total phosphorus (TP) removal
(94.6%, 98.3% and 93.70%, respectively), whereas columns filled with T2 performed poorly for TP removal
(57.36%). For the removal of nitrate (NO3

�-N) and total nitrogen (TN), the columns using a single-layer and
only filled with either T3 or T2 exhibited the best performance (93% and 97% TN removal, respectively).
Overall, this study demonstrates that our proposed single-layered bioretention cell only filled with T3
and incorporating a saturated zone effectively improves the runoff quality, and can provide a new bio-
retention cell configuration for efficient stormwater treatment.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Rapid urbanization brings a range of physical and biochemical
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changes to the urban environment, resulting in considerable in-
creases in stormwater runoff volumes and the degradation of
receiving water bodies (Macedo et al., 2019). As a low impact
development practice, bioretention systems can simultaneously
mitigate the impact of urban stormwater runoff on the hydrology,
quality, and ecology of water bodies, which has been widely
adopted across the world (Hunt et al., 2012). Although bioretention
systems show a high capacity for the removal of some heavy
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metals, suspended solids, oils, and pathogenic bacteria, etc. (Sun
and Davis, 2007; Bratieres et al., 2008; Trowsdale and Simcock,
2011; Kim et al., 2012), its performance in the removal of nutri-
ents such as nitrogen (N) and phosphorus (P) is unsatisfactory and
varies greatly (Davis et al., 2001, 2009, 2006; Hunt et al., 2006; Hatt
et al., 2009; Li and Davis, 2009).

N is closely associated with water quality problems and is an
important nutrient that can lead to the eutrophication of a natural
water body (Zinger et al., 2013). Stormwater can be an important N
source in urban environments and, thus, requires effective treat-
ment (Li and Davis, 2014). N removal by bioretention cells is highly
variable and overall ineffective, mainly due to the release of nitrate-
nitrogen (NO3

�-N) from the microbial transformation of dissolved
organic nitrogen (DON) and ammonium (NH4

þ-N) within bio-
retention filter media that results in high NO3

�-N effluent concen-
trations (Li and Davis, 2014; Tian et al., 2019). Nonetheless, studies
also show that under suitable conditions, the NO3

�-N retained in the
bioretention cell can be transformed to gaseous nitrogen in
anaerobic zones through denitrification (Nielsen and Revsbech,
1998). To this end, researchers endeavor to increase the adsorp-
tion of NH4

þ-N by making various improvement to the media ma-
terials and creating anaerobic conditions by setting a saturated
zone to enhance the NO3

�-N removal (Zinger et al., 2013; Tian et al.,
2016). However, the effects of the saturated zone on the N removal
performance demonstrates a high variability and is influenced by
media properties and the presence of electron donor (Hsieh et al.,
2007; Lopez-Ponnada et al., 2017). Consequently, no significant
improvement to the total nitrogen (TN) removal due to the pres-
ence of a saturated zone for nitrate denitrification has been re-
ported (Li and Davis, 2014). Moreover, some researchers (Hsieh
et al., 2007; Cho et al., 2009; Wan et al., 2017) have suggested the
layering of the media materials to improve NO3

�-N removal. Recent
studies demonstrate that wood chips could maintain anaerobic
conditions suitable for denitrification to proceed in the upper layer
(Wan et al., 2017). Consequently, it is believed that adding biochar
only in the upper layer may further enhance these conditions, but
no investigation has been reported yet.

Stormwater runoff is also a major source of P in urban envi-
ronments and requires effective treatment (Liu and Davis, 2014).
Total phosphorus (TP) transported by stormwater runoff consists of
particulate phosphorus (PP) and dissolved phosphorus (DP) (Davis
et al., 2001). Bioretention is highly effective at removing PP but is
less successful at addressing DP, because DP removal in bio-
retention systems mainly depends on chemical P sorption (Davis
et al., 2001). Richardson and Vepraskas (2015) pointed out that
the removal of P in bioretention systems relies primarily on the
absorption of iron oxides into themediamaterials, and the ability of
the media to adsorb P is significantly affected by its iron content. It
is suggested that materials rich in iron and aluminum compounds,
such as water treatment residuals, may effectively mitigate P
leaching from bioretention systems (Liu and Davis, 2014). There-
fore, the removal of P may also be improved by incorporating such
materials into the media used in bioretention cells. However, this
traditional method of amending the media only focuses on
enhancing the removal of P, with no consideration for enhancing
the removal of N.

In order to simultaneously improve the efficiency and consis-
tency of both N and P removal in bioretention cells, biochar or iron-
coated biochar (ICB)-amended single/double-layer systems were
designed and tested in this study. Biochar is an organic material
with high carbon content, prepared by high-temperature pyrolysis
of organic matter under a complete or partially anaerobic envi-
ronment, which improves its stability (Sun et al., 2018). Aiming at
the removal of P, ICB obtained through the modification of biochar
by the method of surface activation, was used to amend the media
of bioretention systems (Li et al., 2014). This is a new amending
technology for bioretention systems, which has been rarely used.
Therefore, this article develops a novel ICB-amended media for use
in bioretention systems, for the first time. A few studies using
laboratory experiments demonstrate the simultaneous removal of
N and P by ICB, yet the mechanisms are not elucidated. Further-
more, the use of biochar as a filter material in field-scale bio-
retention systems has not been investigated.

The incorporation of ICB in the filter media of a bioretention cell
is expected to enhance both N and P removal from stormwater
runoff in four primary ways. Firstly, biochar amendment may
significantly increase soil water retention (Mohanty et al., 2018),
which can promote redox conditions conducive for denitrification
to proceed. Secondly, biochar amendment could enhance denitri-
fication by acting as an electron donor for denitrifying bacteria
(Tian et al., 2019). Thirdly, the high specific surface area of biochar
also provides a suitable environment for the growth of attached
microorganisms, resulting in significant improvement in the ac-
tivity of microorganisms (Xu et al., 2014, 2016). Furthermore, it is
important for P removal that ICB have a high content of iron, which
allows bioretention cell to remove P without external input of iron.

This paper firstly proposes a method for improving the media in
bioretention cells by using biochar or ICB and setting saturated
zone synchronously. The effects of biochar and ICB on themedia are
evaluated by comparing the removal of nutrients such as N, P, and
the effect of different depths of themedia on the retention of TP and
denitrifying enzyme activity (DEA) in different experimental col-
umns. Findings from the column experiments are used to optimize
the performance of bioretention systems for nutrients removal
from stormwater runoff.
2. Materials and methods

2.1. Experimental setup

The experimental columns (Fig. 1) comprise five HDPE cylin-
drical tanks, each with a diameter of 300mm and a height of
1250mm. Each column consisted of four layers from top to bottom:
submerged layer (255mm), mulch layer (100mm), filter media
layer (700mm) and gravel drainage layer (150mm). The mulch
layer uses gravel with a size of 10e20mm, and the gravel drainage
layer uses gravel with a size of 30e40mm. The key roles of the
mulch layer were to suppress weeds, protect the media surface
from water erosion and clogging, and they can be aesthetically
attractive and are potentially less likely to clog. The structure and
constituents of the filter media layer for each experimental column
is different. The media of the control group T1 was a uniform
mixture of 88% C33 concrete sand (SAND) and 12% soil (SOIL) by
mass (NCDWQ, 2007). The amended media of experimental group
T2 is composed of a uniform mixture of 96% T1 and 4% rice husk
biochar (RHB). The amended media of experimental group T3
comprised a uniform mixture of 96% T1 and 4% ICB. Two experi-
mental columns of double-layer configurations were built by add-
ing biochar in the upper layer of the media to investigate the role of
biochar for denitrification. The height of the lower part of the filter
media layer is 300mm, and the upper part is 400mm. Sampling
points were set at different heights along the length of the exper-
imental columns. Upturned water outlets are provided from the
bottom of the column for collecting water samples at different
submerged heights. The outer walls of the experimental columns
were wrapped with a thermal insulation film to reduce the influ-
ence of ambient temperature. Furthermore, no plants were planted
in the experimental columns to prevent plant interference.



Fig. 1. Number and structure of experimental columns.
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2.2. Biochar preparation and modification

RHB is prepared by the thermal cracking method. The pyrolysis
heating rate is 15 �C/min, and the highest pyrolysis temperature is
500 �C. The RHB samples were activated with distilled water and
1mol L�1 hydrochloric acid (HCl) solution (Li et al., 2014). The RHB
samples (100 g) were soaked in 1 L hydrochloric acid solution for
1 h. The samples were then washed with deionized water until the
pH of the washed water was 7.0. Afterward, the samples were dried
at 75 �C for 12 h. The above biochar was then mixed with FeCl3(-
FeCl3$H2O) solution according to the Iron/carbonmass ratio of 0.70.
The pH of the mixed solutions was adjusted to 7.0 with 3mol L�1

KOH. The mixed solutions were left to stand for 1 h and then,
washed with distilled water several times and dried at 75 �C. This
iron-coated biochar was marked as ICB.
2.3. Characterization of physicochemical properties of media

The pH of the biochar was measured by mixing in a carbon to
water ratio (w/v) of 1:20, shaking for 1 h and then leaving the so-
lution to stand for 5min. The pH of soil and sand were determined
by putting 25 g of soil or sand into a beaker and adding 25mL of
deionized water. The mixed liquids were stirred for 15min. The ash
content of the media was determined by weighing about 1 g (ac-
curate to 0.1mg) of the sample to be tested into a crucible. The open
end of the crucible was then placed in aMuffle furnace at 800 �C for
4 h, subsequently cooled to room temperature and taken out for
weighing. The ash content was calculated as follows:

A¼m2 �m1

m
� 100% (1)

where A is ash content (%); m is the mass of biochar before burning
(g); m1 is the mass of empty crucible (g); m2 is the mass of ash and
crucible (g).

The test for cation exchange capacity (CEC) used the ammonium
acetate method (Tan, 2005a). The exchangeable acidity was deter-
mined by potassium chloride extraction-titration (MOEE, 2013).
The specific surface area was measured by N2 adsorption and
analyzed with a Brunauer, Emmett, and Teller (BET) isotherm (*_V-
Sorb 2800P). The morphology and structure of the samples were
analyzed by scanning electronmicroscopy (SEM) (*_JSM-6510LV) to
observe the surface morphology of biochar before and after
modification. Fourier transform infrared (FTIR) analysis (Nicolet
6700) of the biochar was performed to identify the surface func-
tional groups. The biochars were analyzed by infrared spectroscopy
between 400 and 4000 cm�1, with 50 scans being taken at 2 cm�1

resolution. The z-potential of the colloidal biochar was determined
using a solid surface ZETA potentiometer.

2.4. Equilibrium adsorption by biochar

In practice, after biochar is added to a bioretention system, it is
rinsed or leached over time by infiltrating stormwater, which re-
sults in weathering and leaching of soluble components. The
sorption of ammonia-nitrogen onto leached biochar was examined
in batch sorption experiments using RHB and ICB leached with DI
water from the leaching experiments. Sorption experiments were
performed in duplicate at 20± 2 �C (Jing, 2016). A 0.1mol/L
ammonium (NH4Cl) stock solution was diluted with DI water to
achieve initial NH4

þ-N concentrations of 0, 0.5, 1, 2, 5, 7, 10mg/L.
Experiments were carried out in 50mL glass vials containing 0.1 g
of DI-leached biochar and 50mL of NH4

þ-N solutions with different
concentrations in DI (initial pH¼ ~7.0). Additional vials with NH4

þ-N
solutions but no biochar was used as controls. Vials were shaken at
150 rpm for 24 h on a platform shaker, and samples filtered with
0.45 mm syringe filters before measurement. NH4

þ-N concentrations
in all filtered solutions were measured. The amount of NH4

þ-N
adsorbed onto the biochars was calculated according to themethod
proposed by Li et al. (2014). Isotherm data were fit to the Langmuir
models (Tian et al., 2016). The parameters were deduced from
experimental data using non-linear regression. A dimensionless
constant separation factor RL was defined (Tian et al., 2016). The RL
value indicates whether the sorption is favorable (0＜RL＜1), un-
favorable (RL＞1), irreversible (RL¼ 0), or linear (RL¼ 1).

2.5. Runoff simulation experiment

The effect the saturated zone on the performance of the bio-
retention basin for rainwater runoff treatment was evaluated by
setting the outlet height of the experimental columns at 300mm.
Synthetic runoff was applied to each column at 3.47mm/h for 6 h
using a calibrated Masterflex pump (Halma, London, England). This
flow rate was based on a 2.08-cm total rainfall event with a 6-h
duration, corresponding to a median annual precipitation event for
Xi'an (MOHURD, 2014). With the bioretention area sized at 5% of
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the drainage area, a rational method synthetical runoff coefficient,
c, of 0.8 is assumed to arrive at the design bioretention runoff
loading. The runoff coefficient, obtained by a weighted average of
plots of different land types, is derived from the specific basin
(Xi'an, China), which consist of green lands, squares, residences,
and roads. The water distribution uses simulated rainfall to elimi-
nate interference from other conditions. Concentrations of pollut-
ants for use in laboratory stormwater runoff studies were based on
runoff sampling data obtained in Xi'an (Jiang et al., 2017). Pollutants
concentrations were formulated using glucose at a COD concen-
tration of 300mg/L, potassium nitrate at NO3

�-N concentration of
8mg/L, ammonium chloride at NH4

þ-N concentration of 8mg/L, and
monopotassium phosphate at PO4

�-P concentration of 2mg/L. The
test was repeated at intervals of 18 h for 11 consecutive times.
Effluent water samples were collected and tested for NO3

�-N, NH4
þ-

N, TN, TP, COD and other indicators.

2.6. P retention and denitrification potential of media

Core soil samples were taken along the depth of the column
after 11 synthetic runoff applications to investigate P retention and
DEA in the bioretention cells. A total of fifteen samples were
collected at the depths of 250, 550, and 700mm from bottom to
top. 1 g of each soil sample was placed in a crucible, dried at 105 �C
for 24 h tomeasure thewater content. The remaining samples were
tested by air drying (Tan, 2005b). Denitrification potential of the
media was determined by measuring the DEA (Sun et al., 2018).
Moreover, the P interception efficiency at different heights in the
media was calculated with the following equation：

B ¼ ðme �m0Þ
m

(2)

where B is the P interception efficiency (mg/g);m0 andme (mg) are
the TP contents of the media at the beginning and end of the
experiment, respectively; m is the mass of the media (g). TP con-
tents of the media were determined by the alkali fusion-mo-sb anti
spectrophotometric method (MOEE, 2014).

3. Results and discussion

3.1. Physicochemical characteristics of media

Table 1 shows the chemical and physical characteristics of the
pure media. As expected, the pH of the ICB is the lowest, while
those of the RHB and SAND are relatively similar. The pH of the SOIL
is neutral. The acidic pH of the ICB may be attributed to the use of
hydrochloric acid in the modification process. In addition, ash
contents of both ICB or RHB were significantly lower than those of
SOIL and SAND. Nonetheless, the ash content of ICB is lower than
that of RHB, indicating that ICB has more organic components and
can be used in bioretention systems to augment the carbon source
for denitrification processes. At the same time, the CEC of the ICB is
higher than that of the RHB, which may be due to the loading of
Table 1
Physicochemical properties of ICB, RHB, SOIL, SAND.

Property ICB RHB

pH a 2.905± 0.075 8.27
Ash a/% 38.52± 0.57 42.2
CEC a/(mmol/kg) 81.251± 0.3 67.7
z-potential a/mV �5±0.05 �3±
Specific surface a/(m2/g) 170± 3 150

d Didn’t measure.
a Average± standard deviation.
ferric ions on the ICB. At the pH of 7, the z-potential of all media is
negative, and the z-potential of the ICB is lower than that of the
RHB. ICB and RHB had, by far, the highest surface areas of all the
media. The surface area of the RHB was about 13% less than that of
the ICB. The sand was calcareous and had a fairly high surface area
for sand, whichmay be due to the presence of silt and clay particles.
Overall, the CEC, z-potential and specific surface area of the ICB are
better than those of RHB, indicating that ICB could have better
adsorption performance for NH4

þ-N removal, whereby ammonia-
nitrogen can be adsorbed by the media during the rainy season
and then removed through nitrification in the dry season (Cho
et al., 2009).

3.2. Surface characteristics of RHB and ICB

The surface structures of the RHB and ICB shown in Fig. 2
demonstrates the presence of some particulate matter on the sur-
face of ICB, which may be attached ferric ions. In addition, the
surface of ICB is more plumped than RHB, which explains the bigger
surface area measured for the ICB than RHB.

The FTIR spectra (wavenumbers 4000-500 cm�1) shown in Fig. 3
indicate distinct absorption peaks at the same place for both RHB
and ICB mainly at 3723, 3437, 1637, 1562, 1426, 1069, 873 and 778.
The occurrence of similar characteristic absorption peaks for the
two materials indicates that the surfaces of both biochar materials
contain roughly the same surface functional groups. The broad
peaks at 3500-3200 cm�1 indicate the stretching and vibration of
hydroxy(-OH). Nonetheless, the absorption peak of ICB is wider,
indicating more abundant hydroxyl functional groups on the ICB.
Conversely, the peaks at 1000-1500 cm�1 indicate the stretching
vibration of a single bond containing no hydrogen. Overall, ICB
demonstrates a wider absorption peak and a higher strength.

3.3. Adsorption of NH4
þ-N by RHB and ICB

Figure S1 illustrates the adsorption isotherms for NH4
þ-N by RHB

and ICB. In Fig. S1, qe is the amount adsorbed (mg/g), and Ce is the
equilibrium solution concentrations (mg/L). The results of the
Langmuir model fitting (Table S1) showed that both RHB and ICB
had good adsorption capacities for NH4

þ-N. The maximum adsorp-
tion capacity of ICB for NH4

þ-N is higher than that of RHB, which is
consistent with its specific surface area and CEC. The parameter RL
for both RHB and ICB ranged between 0 and 1, indicating that the
adsorption of NH4

þ-N by either RHB or ICB will proceed with ease.

3.4. Removal of COD in different experimental columns

The removal of COD in the various experimental columns shown
in Fig. 4(a) indicates an average removal rate of less than 80% in the
5# experimental column, which is lower than that of the other
experimental columns. The 1# experimental column showed better
performance than the 2# experimental column for COD removal.
Similarly, the 3# experimental column showed better performance
SOIL SAND

5± 0.455 7.345± 0.065 8.230± 0.160
± 80.69 89.20± 0.03 96.72± 0.7
43± 0.5 7.000± 0.1 1.5000± .4
0.03 �1.37± 0.03 �16± 0.02
± 5 e 11.8± 0.6



Fig. 2. SEM images of RHB (1) and ICB (2).

Fig. 3. FTIR spectra of RHB and ICB.
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than the 4# experimental column for COD removal. The average
COD removal rates for 1# and 3# experimental columns were over
than 90%, whereas those for the 2# and 4# experimental columns
ranged between 80 and 90%. This finding shows that each biochar
type improves the media to create an environment suitable for
microbial growth, and ICB is particularly suitable for microbial
growth and beneficial for the removal of organic matter. Reports
from previous studies (Chen et al., 2013) demonstrate that the
amounts of bacteria 16 sDNA in the media is positively correlated
with organic matter, which also provides theoretical support for
the biochar-amended bioretention cells. In addition, the removal
performance of the 1# and 3# experimental columns were similar,
whereas those of the 2# and 4# experimental columns were similar.
These findings also indicate that the removal of COD in the exper-
imental column mainly occurred in the upper layers of the media.

3.5. Removal of N in different experimental columns

The removal of NH4
þ-N in the various experimental columns is

shown in Fig. 4(b). By comparison, the removal of NH4
þ-Nwas worst

in the 5# experimental column, with removal rates ranging be-
tween 85 and 90%. The 3# experimental column showed the best
overall performance, with a relatively stable average NH4

þ-N
removal efficiency of over 95%, and an upper limit of up to 98%. In
addition, the 1# experimental column also showed a stable NH4

þ-N
removal, but the average removal rate was less than that of the 3#

experimental column. Nevertheless, the removal efficiencies of the
2# and 4# experimental columns exhibited a downward trend after
the 9th day of the experimental operation and finally fell below the
level of the 1# experimental column on the 11th day. This finding
indicates that the adsorption capacity of the ICB-amended media
for NH4

þ-N is higher than that of the RHB-amended media. More-
over, the stability of the effluent quality in the RHB-amendedmedia
was poorer. Overall, the NH4

þ-N removal performance in the 3#

experimental column is similar to that of the 1# experimental
column, whereas that of the 4# experimental column is similar to
that of the 2# experimental column. These results demonstrate that
the removal of NH4

þ-N in the experimental columns mainly occurs
in the upper part of the media. It may be that the NH4

þ-N adsorbed
by the media is finally converted to NO3

�-N through nitrification,
which has been shown in some previous studies (Cho et al., 2009).

The removal of NO3
�-N in the various experimental columns

shown in Fig. 4(c) demonstrates superior NO3
�-N removal effects in

both 3# and 4# experimental columns. The 4# experimental col-
umn, where the NO3

�-N removal rate exceeded 90%, was the most
stable and efficient. The 3# experimental columnwas second to the
4# experimental column for NO3

�-N removal, with an average
removal efficiency of over 80%. The removal efficiencies of the 1#

and 2# experimental columns for NO3
�-N exceeded 55% at the

beginning of the experiment. However, as the experiment pro-
ceeded, the removal efficiency gradually declined to about 20%,
which is considerably lower than that achieved in the 5# experi-
mental column. The results of the 1# and 2# experimental columns
may be attributed to the trapping of nitrate in the water in the
upper part of the media, and the fact that the NH4

þ-N adsorbed onto
the media is not readily converted into NO3

�-N by nitrification.
Consequently, the removal of NO3

�-N remains relatively high, but as
the experiment proceeds, the NO3

�-N in the upper parts of the
media enters the lower part, and the NH4

þ-N adsorbed on themedia
is further converted to nitrate. However, because there is not
enough carbon available in the lower parts of the 1# and 2#

experimental columns, denitrification reaction is weak, resulting in
NO3

�-N leaching. Contrary to this, the addition of biochar in the
lower parts of the 3# and 4# experimental columns provides suf-
ficient carbon sources for denitrification reactions and, also, pro-
vides a suitable living environment for microbial attachment and
growth (Sun et al., 2018). For the removal of NO3

�-N, soil microbes
play an important role compared to soil adsorption and chemical
precipitation (Xu et al., 2014). With the growth of microorganisms,
denitrification in the soil is significantly enhanced. Consequently,



Fig. 4. Removal effect of COD and N through bioretention. (a) COD, (b)NH4
þ-N, (c)NO3

�-N and (d)TN.

J. Xiong et al. / Chemosphere 237 (2019) 1244246
the removal of NO3
�-N is attributed to the assimilation and

dissimilation of microorganisms using NO3
�-N. This result was also

validated in Fig. 5(a), which shows that the DEA at the bottom of the
media in the 3# and 4# experimental columns were significantly
higher than that those in the 1# and 2# experimental columns. This
finding is consistent with that illustrated in Fig. 4(c) and is also
Fig. 5. Denitrifying enzyme activity(a) and wate
consistent with the results of other researchers (Zhang et al., 2011).
However, at the media boundary layer (height 550mm), the result
is just the opposite. This disparity may be due to the difference in
constituents of the upper and lower layers of the media. The upper
layer media of both 1# and 2# experimental columns contain bio-
char, whereas the lower layer media has none. This structure causes
r content(b) of media for different heights.
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the permeability coefficient of the upper layer of the experimental
column to be larger than that of the lower layer. Nonetheless, part
of the biochar in the upper layer can enter into the upper part of the
lower layer of the media, resulting in a mixed layered interfacial
filler. This unique structure may create an environment that pro-
motes the denitrification process. There are also studies suggesting
that the number of denitrifying bacteria increases within the
transition from aerobic to anaerobic conditions (Ma et al., 2017).
The presence of biochar at the boundary also provides a more
diversified cell-soil boundary for microbial species abundance and
protein expression (Hanzel et al., 2013). These factors explain the
higher DEA in the boundary layer. At the same time, Fig. 5(b) in-
dicates that the water content at the bottom of the media in the 3#

and 4# experimental columns were notably higher than those in
the other experimental columns. The reason for this result is that
biochar amendment significantly increased soil water retention,
which is attributed to the large pore volume of biochar (Tian et al.,
2019). As such, biochar amendment in the saturated zone would
promote redox conditions conducive to denitrification. So, this
finding is consistent with that illustrated in Fig. 4(c).

The TN removal efficiency of the various experimental columns
shown in Fig. 4(d) indicates significantly higher performance of the
4# experimental column than those of the 3# and 5# experimental
columns, which stabilizes at an average of 95%. Similarly, the TN
removal performance of 3# and 4# experimental columns are
significantly higher than those of 1# and 2# experimental columns.

Overall, the experimental columns perform roughly the same
for the removal of nitrate. It has also been demonstrated that the
limiting factor to the removal of N in the experimental columns is
the removal of nitrate. In general, the use of amended media in the
experimental column offer better opportunities for improved N
removal.
3.6. Removal of phosphorus in different experimental columns

The columns showed significant differences in the removal of TP.
As shown in Fig. 6(a), the removal rates of the 2# and 4# experi-
mental columns are lower, whereas those of the 1#, 3#, and 5#

experimental columns is better. This finding is consistent with the
experimental results reported by Li et al. (2014), which proves that
the ICB-amended media significantly reduces the leaching of
available phosphorus. The poor TP removal efficiencies of the 2#

and 4# experimental columns may be due to the phosphorus
Fig. 6. Removal effect of TP through bioretention(a) and removal of TP b
leaching from the biochar itself, or it may be due to the setting of
the saturated zone. On the one hand, the anaerobic conditions
generated by the setting of the saturated zone may induce leaching
of dissolved phosphorus and, subsequently, the increase of TP,
which may be caused by iron-reducing bacteria (Baldwin and
Mitchell, 2000). On the other hand, the low-oxygen conditions
induced by the setting of the saturated zone are likely to cause a
mobilization and export of previously particle-bound P from the
filtermaterial (Correll, 1999). This release of soil-bound phosphorus
from the filter material under anaerobic conditions has been
studied (Clausen and Dietz, 2006). The 1# and 3# experimental
columns comprise of ICB, which causes the P and filler to form
stronger bonds (Bohn et al., 2001).

Fig. 6(b) shows TP concentrations in media samples from
different depths of each experimental column at the end of the
simulated runoff experiment. It can be seen that the amount of
phosphorus intercepted in each experimental column decreases
with depth. In the middle and upper zones, the 1# and 3# experi-
mental columns showed higher interception rates of phosphorus
than that of the other experimental columns. The interception rate
of phosphorus in the 2# and 4# experimental columns in the upper
zone is higher than that of the 5# experimental column but less
than the 5# experimental column in the middle and lower zones.
These results further illustrate the findings observed in Fig. 6(a).
Also, the results show that a certain minimum packing depth is
required for the efficient removal of phosphorus. Similar findings
have also been reported in other studies (Davis et al., 2006).
4. Conclusions

The effects of incorporating rice husk biochar (RHB) or iron-
coated biochar (ICB) into the media of bioretention systems were
tested using column trials. The results demonstrate that for the
removal of COD, NH4

þ-N, and TP, the performance of ICB-amended
columns was the best. The findings also indicate that the removal
of NH4

þ-N in the experimental columns mainly occurs in the upper
part of the media. Media amended with either RHB or ICB showed
average NH4

þ-N removal rates higher by 9%e17% than that of the
conventional media. For the removal of NO3

�-N and TN, the columns
with only a single layer and amended with either RHB or ICB
exhibited the best performance. This finding proved that adding
biochar into the saturated zone can facilitate denitrification to
enhance NO3

�-N removal significantly. Also, incorporating ICB into
y different experimental columns on different heights of media(b).
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the upper layers of bioretention cells media can effectively enhance
the TP removal performance. Nonetheless, the TP removal dimin-
ished with the addition of RHB into the media.

Overall, the results of this study demonstrate that the addition
of either RHB or ICB into the media of bioretention cells is recom-
mended if N discharges pose a potential threat to the receiving
environment. However, if P concentrations are of principal concern,
adding RHB would be counterproductive.
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