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ABSTRACT

Improper runoff management not only endangers human health but also threatens the
ecosystem. Runoff often contains large amounts of organic and inorganic contaminants
that create adverse impacts on the environment and cause a significant impediment to
urban stormwater reuse. A bioretention system is a modern device that has been widely
used; it is engineered to eliminate suspended solids and some other water-bound
contaminants. Biochar, a carbon-rich byproduct produced from biomass pyrolysis, has
proven to be effective in removing certain pollutants. This paper reviews the relevant
applications of biochar filter media in bioretention systems and examines biochar’s ability
to remove E. coli, heavy metals, and nutrients. It also compares the performance of
biochar produced under different operating conditions and provides further refinement of
bioretention design parameters. Remarkably, biochar was reported as a promising
adsorbent that is suitable to be amended to the bioretention system. Its high specific
surface area, microporous carbonaceous structure, and negatively charged oxygen
functional groups on the surface have created a strong affinity for mixed contaminant
removal. More studies need to be conducted to encourage continuous quality
improvement of the bioretention system.
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INTRODUCTION

The area of impervious urban land has grown in response to rapid urbanization. With the
city's unrestricted growth, impervious areas supersede the original landscape and hinder
groundwater infiltration (Mohanty et al., 2014), necessitating the need to control runoff
volumes and compromised water quality provoked by these areas (Li and Davis, 2016).
This situation has resulted in more serious livestock and stormwater runoff, both of which
have negative environmental and ecological effects (e.g., eutrophication and harmful
algae blooms), as well as contaminating surface and groundwater (Ergas et al., 2021;
Trowsdale and Simcock, 2011). Apart from that, the increasing surface runoff volume
can degrade water quality by direct activation of corresponding pollutants (Mai and
Huang, 2021). Urban stormwater runoff contains various amounts of heavy metals (Ma
et al., 2016), excess organics and nutrients (i.e., nitrogenous and phosphorus matter)
(Alam and Anwar, 2020), and bacteria (Lau et al., 2017). These pollutants can be
hazardous to human health. Improper water runoff management may endanger receiving
water environments, posing a significant obstacle to urban stormwater reuse (Ma et al.,
2016).

To mitigate the detrimental effects of stormwater runoff, bioretention systems have been
widely used as the best management practices (BMPs) (Davis et al., 2009) to resolve the
hydrology, quality, and ecology of water bodies in urban as well as suburban areas (Hunt
et al., 2012; LeFevre et al., 2015). It also acts as a common key component of the low
impact development (LID) stormwater management philosophy, which is important in
restoring predevelopment hydrology, reducing the rainfall runoff volume and controlling
urban runoff pollution (Davis et al., 2009; Mai and Huang, 2021; Rahman et al., 2020).
Bioretention systems are used to remove contaminants from polluted stormwater by
filtering it through biologically active plants and soils (Trowsdale and Simcock, 2011),
with people generally implementing them as a bioretention swale or bioretention basin.
A retention system is frequently used for flood control, releasing it at a rate that prevents
flooding or erosion while also settling suspended sediments and other solids. In contrast
with the retention system, the bioretention system is made up of a soil bed planted with
noninvasive (ideally native) vegetation that is located on top of a drain buried below the
sand layer (Blick et al., 2004). Figure 1 shows the schematic diagram of a bioretention
system (Davis et al., 2009). It may be under drained conditions, or runoff may seep into
the subsoil. With bioretention, surface runoff is treated through sedimentation,
adsorption, and filtration by vegetation, as well as infiltration within the soil bed. The
system is composed of several layers of filter media (sand/soil/organic mixture), different
types of vegetation, a storage pool with a depth of 15 to 30 cm, an overflow weir, and an
optional underdrain (Jia Liu et al., 2014). Bioretention cells are generally small and treat
catchment areas of less than 2 hectares (Hunt et al., 2008), with the system simulating the
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natural hydrologic cycle that retains runoff to reduce flow rates and volumes (Dietz,
2007). Figure 2 illustrates the laboratory bioretention columns (Subramaniam et al.,
2014).
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Figure 2: Schematic diagram of bioretention columns (Subramaniam et al., 2014)

However, despite its high pollutants (heavy metal, suspended solids, etc.) removal (S.
Wang et al., 2017), the performance of bioretention systems in organic and nutrient
removal is undesirable and highly variable (H. Li and Davis, 2009; Tian et al., 2019; H.
Wang et al., 2021; Xiong et al., 2019; Zhong et al., 2019). The use of modified media as
a critical factor in bioretention design can effectively improve runoff reduction,
contaminant removal performance, and nutrient purification efficiency (Jia Liu et al.,
2014; H. Wang et al., 2021). Biochar has recently gained popularity as a cost-effective
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and environmentally friendly filter medium for the treatment of numerous contaminants
(Meng et al., 2021; Tian et al., 2019; Zhong et al., 2019). Biochar is a carbon-rich
byproduct of the thermochemical decomposition of biomass (pyrolysis), which occurs
when plant-based biomass is heated in a closed container with limited oxygen (Reddy et
al., 2014). It has a wide range of applications, including soil amendment (Ding et al.,
2016), nutrient and contaminant adsorption (Ahmad et al., 2014), greenhouse gas
reduction, and energy generation (Cha et al., 2016). The negatively charged oxygen
functional groups on the surface of biochar contribute to its high cation exchange capacity
(Liang et al.,, 2006). Meanwhile, the porous carbonaceous structure and array of
functional groups produced by the pyrolysis process also create an affinity for heavy
metal removal (Ahmad et al., 2014; Akhil et al., 2021; Lehmann and Joseph, 2009). A
noncarbonized fraction of biochar may interact with soil contaminants (Ahmad et al.,
2014). The amount of O-containing carboxyl, hydroxyl, and phenolic surface functional
groups in biochar, in particular, could efficiently bind with soil contaminants (Uchimiya
et al., 2011). The multifunctional properties of biochar indicate that it has the potential to
be a highly effective environmental sorbent for air, soil and water contaminants (Ahmad
etal., 2014; Chaetal., 2016; Zhong et al., 2019). The detailed biochar qualities are highly
influenced by pyrolysis temperature, residence time, structure and feedstock type. All of
these factors have a significant impact on pollutant sorption effectiveness (Ahmad et al.,
2014; Gray et al., 2014; Igbal et al., 2015).

This paper seeks to review the current state of knowledge regarding biochar-amended
bioretention systems and to incentivize broder use of this technology in enhancing runoff
issues. We also compare the operating conditions and contaminant removal capacities of
various biochar amendments, providing insights into biochar amendments in bioretention
systems as well as further refinement of bioretention design parameters.

BIOCHAR-AMENDED BIORETENTION SYSTEM PERFORMANCE

Escherichia coli removal

Bacterial contamination of water is indeed one of the primary reasons why surface waters
in the United States are impaired (Meals and Braun, 2006). Although many bacteria exist
naturally, are widely distributed in the environment, and even play an important role in a
variety of fundamental ecological processes, some of them might cause disease.
Escherichia coli (also referred to as E. coli) is a type of bacteria found in intestines and
feces. When there is a sufficient amount of E. coli present, pathogens are more likely to
be present as well (Wolfson and Harrigan, 2010). Since runoff may wash over the feces
of people and animals, it may contain a variety of pathogenic bacteria in varying
concentrations, posing potential threats to public health and human health (Dorevitch et
al., 2012). Concerning this issue, an analysis of the International Stormwater BMP
database revealed that bioretention and sand filtration systems are the most viable BMPs
for removing fecal indicator bacteria (FIB) from stormwater (Clary et al., 2014).
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Nevertheless, broad variability in FIB removal has been reported and continues to be
inadequate. Because the effect of conventional biofiltration media on the performance of
FIB removal has been shown to be limited, bioretention systems (or biofilters) may be
augmented with alternative engineered geomedia to improve the removal of microbial
contamination (Kranner et al., 2019; Pitt and Clark, 2010). To date, many studies have
presented the pros and cons of integrating biochar with bioretention systems for the
removal of E. coli. Studies of E. coli removal by various biochars are summarized in
Table 1.

General applications of biochar used in E. coli removal

Liu et al. (2020) proposed that the filter's specific surface area and porosity are perhaps
the most significant factors influencing the removal effect. With its high specific surface
area and microporous structure, biochar is expected to have excellent potential as an
adsorbent or filter (Reddy et al., 2014). Bioretention systems amended with certain
biochars have demonstrated improved microorganism removal from stormwater. A study
that amended sand with 5 wt% biochar found that it retained up to 3 orders of magnitude
more E. coli and minimized the mobilization of sequestered bacteria from a biofilter,
thereby optimizing its overall removal rate (Mohanty et al., 2014). Similar findings were
obtained in a recent study, where biochar-amended columns again proved to give better
treatment performance in E. coli removal (Rahman et al., 2020). Moreover, in a 5-month
laboratory study, Afrooz and Boehm (2017) discovered that biochar improved the
removal of E. coli and enterococci in biofilters from natural stormwater. Additionally, as
described by Kranner et al. (2019), biochar-amended sand biofilters remain desirable in
simulated field settings after the 61-week conditioning phase. Biochar-amended sand
filters outperformed sand biofilters in terms of E. coli removal. The result was particularly
noticeable during the first 31 weeks of the conditioning phase and during the final
challenge test (Kranner et al., 2019).

Effect of biochar modification

In addition, Lau et al. (2017) demonstrated how chemically modified biochar may
promote the removal of bacteria in stormwater. Wood biochar is used and is then H,SOs-
, H3PO4-, KOH-, and amino-modified. All biochars performed as promising filter media
in the bioretention system, achieving excellent bacterial removal capacity and reducing
the extent of remobilization under intermittent flow. H;PO4- and H,SO4-modified biochar
showed an increased specific surface area and total pore volume compared to the original
biochar, hence favoring E. coli adsorption. Generally, H,SO4 modification increased E.
coli retention and significantly reduced subsequent remobilization, while other H3POy4
and KOH modifications had minimal influence. Meanwhile, the physicochemical
properties of amino-modified biochar have changed significantly, resulting in a lower
removal efficiency than that of the original biochar (Lau et al., 2017).
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Effect of biochar feedstock and process production temperature

It is important to note that the efficacy will vary depending on the biochar feedstock and
pyrolysis temperature. According to Sasidharan et al. (2016), biochar made from
feedstocks such as macadamia shells, rice husks, wheat chaff, phragmites reeds, and oil
mallee is not effective in E. coli and bacteriophage removal. Through a series of column
experiments, Reddy, Xie and Dastgheibi (2014) investigated the ability of biochar as a
filter media in removing mixed contaminants, including E. coli. The biochar selected was
produced by waste wood pellets in a 520°C gasification process. In their study, biochar
was not efficient in removing E. coli from stormwater since a low removal rate of 27%
on average was observed. With respect to this issue, Lu and Chen (2018) demonstrated
that wood dust-derived biochars pyrolyzed at different temperatures have distinctive
efficiencies. In their findings, biochar pyrolyzed at the highest temperature (700°C) has
been reported to provide greater E. coli removal efficiency due to its high specific surface
area and pore volume (L. Lu and Chen, 2018). Abit et al. (2012) discovered similar results
in regard to the effects of biochar pyrolysis temperature. Poultry litter and pine chip
feedstocks were pyrolyzed at two temperatures (350 and 700°C). E. coli transport was
significantly reduced in both biochars that were pyrolyzed at higher temperatures, with
the pine chip biochars showing the maximum reductions. Low-temperature poultry litter
biochar, on the other hand, increases transport, while low-temperature pine chip biochar
decreases transport (Abit et al., 2012). When compared to other nonbiochar composite
filters, the biochar-amended column (75% sand, 20% biochar, and 5% wood chips)
demonstrated the best E. coli removal effect in bioretention systems (Jianwei Liu et al.,
2020). The findings show that increasing the depth of the filter can improve the efficiency
of E. coli removal. However, excessive depth of the submerged zone results in lower
removal efficiency. Liu et al. (2020) concluded that drying reduced the effect on E. coli
removal, but it could be restored by the rewetting process.

Table 1: Summary of biochar application studies collected for E. coli removal

r]?:(?;;:itiigilizlr: Biochar type Effectiveness Reference

Biochar Commercial biochar Effectively removed E. coli Mohanty
amendment in (Sonoma Compost from an infiltrating solution et al.
glass Company, CA), two in column experiments (2014)
chromatography steam-activated biochars
columns produced in laboratory via

pyrolysis of wood chips at

350°C and 700°C
Biochar-amended =~ Wood biochar (original, Original biochar: 96.6% E. Lau et al.
filter media H2SO4-, H3POs-, KOH-, coli removal H2SO4- (2017)

and amino-modified) modified biochar: 98.7% E.

coli removal H3PO4-

modified biochar: 96.0% E.
coli removal KOH-modified
biochar: 96.4% E. coli
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removal Amino-modified
biochar: 92.1% E. coli
removal
Biochar-amended  Biochar Supreme Higher surface area of Rahman,
sand media (pyrolyzed at 900-1000°C)  Biochar Supreme shows Nachabe
and Biochar Now better E. coli removal than and Ergas
(pyrolyzed at 550°C) Biochar Now (2020)
Biochar-amended =~ Waste wood pellets Biochar-augmented media Reddy,
filter media (gasification process at was not efficient in removing Xie and
520°C) E. coli from stormwater Dastgheibi
(27% mean removal (2014)
efficiency)
Biochar-amended =~ Commercial biochar Saturated biochar: 0.78 + Kranner et
biofilters (Sonoma Ecology Center,  0.17 logio removal values al. (2019)
Eldridge, CA). Biochar Unsaturated biochar: 0.45 +
feedstock consisted of .14 logio removal values
60% Monterey Pine, 20%  diminished over the
Eucalyptus, 10% Bay conditioning phase
Laurel, and 10% mixed
hardwood and softwood
Biochar-amended - Biochar-amended column Liu et al.
column (75% had the best E. coli removal (2020)
sand, 20% effect
biochar, and 5%
wood chips)
Biochar- 60% Monterey Pine, 20%  Biochar-augmented biofilters Afrooz
augmented Eucalyptus, 10% Bay effectively remove E. coli and
stormwater Laurel,10% mixed and enterococci from natural Boehm
biofilters hardwood and softwood stormwater over nearly 5 (2017)
months
Biochar-amended  Feedstocks of Macadamia ~ Had no major effect on the Sasidharan
sand columns in Shell (MS), Oil Mallee removal of E. coli et al.
column (OM), Phragmites Reed (2016)
experiment (PR), Rice Husk (RH) and
Wheat Chaff (WC).
Biochar-amended =~ Wood dust (pyrolyzed at Biochar pyrolyzed at 700°C Lu and
biofilters 300, 500, and 700°C) showed best E. coli removal Chen
efficiency (87.1%) compared (2018)
to other biochars
Application of Poultry litter and pine Effectively removed E. coli Abit et al.
biochar in batch chips from an infiltrating solution (2012)
sorption in column experiments
Biochar- and - Improved removal of E.coli, (Mitchell
fungi amended fecal coliform, total et al.
sand columns in suspended solids and 2023)

column
experiment

dissolved organic carbon
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Heavy metal removal

Urban runoff is heavily polluted with toxic chemical pollutants such as heavy metals.
These contaminants can pose a serious threat to human health, making them an
impediment to the reuse of urban stormwater due to their toxicity levels (Ma et al., 2016;
Wong et al., 2007), with zinc as the major concern, as it was found in extremely high
concentrations. The Paul Matthews bioretention system that was installed in a field setting
was assessed, and heavy metal capture, especially zinc, was not efficient since the
dissolved Zn exiting the system still surpassed ecosystem health guidelines (Trowsdale
and Simcock, 2011). The application of biochars in conjunction with advanced
spectroscopic techniques has garnered tremendous attention in recent years given their
huge potential in heavy metal removal and for elucidating the adsorption ability and
binding mechanisms in aqueous solutions (Ippolito et al., 2012).

Biochar was shown to improve water retention, specific surface area, and cation exchange
capacity. Its unique surface chemistry properties include enriched oxygen-containing
groups and highly polarized graphitized carbon surfaces, all of which aid in the adsorption
of persistent pollutants and the immobilization of toxic heavy metal ions (Cao et al., 2009;
Z. Chen et al., 2015; L. Lu and Chen, 2018; Park et al., 2011; Thies and Rillig, 2009).
Table 2 summarizes the biochar application studies collected for metal-contaminated
water in the bioretention system.

Table 2: Summary of biochar application studies collected for metal-contaminated
water in the bioretention system

Heavy metal Production

. Biochar feedstock Reference
contaminant temperature
Cd, Cu, Ni, Pb, Zn, Waste wood pellets (gasification 520°C (Reddy et al.,
Cr process) 2014)
Pb Dairy manure (pyrolysis process) 200 and (Cao et al.,
350°C 2009)
Pb Sludge (pyrolysis process) 550°C (H. Luetal,
2012)
Cu Straw of peanut, soybean, and canola 400°C (Tong et al.,
(pyrolysis process) 2011)
Cd, Cu, Ni, Zn Broiler litter, alfalfa stems, 500°C (Lima et al.,
switchgrass, corn cobs, corn stover, 2010)
guayule bagasse, guayule shrubs, and
soybean straw (pyrolysis process)
Cd, Cu, Zn Dairy manure (pyrolysis process) 200 and Xuetal.,
350°C 2012)
Cd, Cu, Pb Peat moss (pyrolysis process) 400, 600, (Lee etal.,
800, and 2015)
1000°C
(heating time
30, 60, and

90 min time)
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Cd, Cu, Ni, Pb, Zn, Pine wood (pyrolysis process) 600°C (Boehm et al.,
As, Cr Pine wood (gasification process) >1100°C 2020)
Pine wood (gasification process) >1000°C
Wood dust (pyrolysis process) 700°C
Cd, Cu, Zn Pine wood (pyrolysis process) 600°C (Hasan et al.,
2020)
Cu, Pb, Zn, As(V), Oak tree (pyrolysis process) 285°C (Q. Liu et al.,
POs* 2019)
Cd, Cu, Pb, Zn, As  Pine wood (pyrolysis process) 600°C (Hasan et al.,
2021)
Pb(1I), As(V), Bamboo (pyrolysis process) - (Zhou et al.,
Cr(VI) 2014)
Zn Enteromorpha prolifera (pyrolysis 400°C (Su et al., 2022)
process)

General applications of biochar used in heavy metal adsorption

Biochar produced from waste wood pellets by a gasification process at 520°C was used
as a filter media in a series of column experiments, and it was discovered that certain
heavy metal concentrations, such as Cd, Cr, Cu, Pb, Ni, and Zn, from urban stormwater
runoff were significantly lowered Reddy, Xie and Dastgheibi (2014). It is proposed that
the chemical behavior of heavy metals and the role of organic matter in the filter can
directly influence the behavior and removal efficiency (Walker and Hurl, 2002). Lu et al.
(2012) applied sludge-derived biochar to a batch sorption experiment with acidic solution.
The total amount of Pb?" sorbed through surface complexation with free carboxyl groups
developed with increasing pH, suggesting that sludge-derived biochar is favorable for
Pb?" removal from specific acidic solutions with capacities ranging from 16.1-30.8 mg g°
' (H. Lu et al., 2012). Tong et al. (2011) demonstrated Cu(Il) adsorption by biochars
through surface complex formation with —-COOH and phenolic hydroxyl groups on the
biochar surfaces. The findings showed that peanut straw char had the highest adsorption
capacity for Cu(Il) of all the biochars tested, followed by soybean and canola straw-
derived biochars. In general, crop straw biochares have a relatively higher Cu(Il)
adsorption capacity and could be employed as an adsorbent for removing Cu(Il) from
wastewater (Tong et al., 2011). In addition, Lima, Boateng and Klasson (2010) compared
eight different biochars that have undeveloped structures of fast-pyrolysis biochar,
namely, feedstock of broiler litter, alfalfa stems, switchgrass, corn cobs, corn stover,
guayule bagasse, guayule shrubs, and soybean straw. The metal ion adsorption capacity
was found to be feedstock dependent and varied according to activation, as the process
encouraged access to highly reactive adsorption sites related to the feedstock’s inorganic
material. Overall, broiler litter and alfalfa stem-derived biochars have been shown to
provide better yield and metal ion adsorption (Lima et al., 2010).
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Biochar derived from dairy manure waste

Dairy manure waste has been used as a feedstock for biochar for heavy metal removal
because it is rich in C, POs*, and CO;%, which can serve as additional sorption sites
(Uchimiya et al., 2010; Xu et al., 2012). The dairy manure-derived biochar produced at
350°C was more successful at adsorbing Cu, Zn and Cd than the biochar manufactured at
200°C. This study suggests that precipitation of PO4> and CO3?* has a significant impact
on retention capacity (Xu et al., 2012). The results showed that the biochar produced at
350°C demonstrated maximum Cu, Zn, and Cd sorption capacities of 54.4,32.8, and 51.4
mg g’!, respectively (Xu et al., 2012). However, another study that used dairy manure-
derived biochar produced at 200°C showed higher sorption than biochar produced at
350°C, and it was found to be 6 times more effective than commercial activated carbon
as a Pb sorbent (Cao et al., 2009). In this case, higher Pb removal by the biochar could be
based on the precipitation of Pb-phosphate, and despite having the highest P content, the
biochar produced at higher temperature (350°C) had the lowest soluble P content (Cao et
al., 2009). The elevated temperature association of stable P-Ca-Mg could be one reason
for the low soluble P (Cao et al., 2009). On the whole, dairy manure-derived biochar can
be used as an effective heavy metal sorbent (Cao et al., 2009; Xu et al., 2012).

Effect of biochar production temperature and pH of solution

The biochar sorption capacity for heavy metals will differ from its physicochemical
properties (Lee et al., 2015; Tong et al., 2011). Boehm et al. (2020) demonstrated that the
removal longevity for various heavy metals varies depending on the process and
temperature at which the biochar is produced. Based on the findings, biochar generally
improves abiotic removal mechanisms (e.g., complexation, cation exchange, electrostatic
interactions, precipitation, and chemical reduction) for Cu, Ni, and Zn, but not for the
other metals, when compared to controls (column experiments with no biochar) (Boehm
et al., 2020). Peat moss has also been used for heavy metal removal. Previous research on
the heavy metal sorption capacity of peat moss and peat moss-derived biochar revealed
that biochar improved metal adsorption by evolving the porous structure and increasing
the pH (Hasan et al., 2020). In fact, Hasan et al. (2020) proposed that the pH of the
solution was changed due to the speciation of metal ions, which had an impact on the
complexation behavior of metals with functional groups on the surface. Nevertheless, for
the removal of Pb and Cu, the biochar created by pyrolysis of peat moss at 800°C for 90
minutes was the most effective, as it has well-developed porous structures (Lee et al.,
2015). The authors (Lee et al., 2015) also highlighted that micropores in peat moss-
derived biochar prepared at 1000°C were observable, yet the majority of pore structures
were destroyed and contracted.

Effect of biochar modification

The impact of surface modification is assessed by impregnating Al,(SO4); solution on
oak tree-derived biochar to investigate arsenate adsorption (Liu et al., 2019). Al-
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impregnated biochar demonstrated improved As(V) removal over pristine biochar in
consecutive adsorption cycles. Liu et al. (2019) revealed that Al impregnation encourages
the binding activities of As(V) toward the adsorbent and that the As(V) adsorption
capability highly relies on the amount of aluminum hydroxide on the biochar. In addition,
aluminum-impregnated biochar has shown great promise in removing Pb, Zn, Cu, and
PO43 from polluted urban runoff (Liu et al., 2019). Additionally, other studies have
provided insights into the advantages of nanoscale zerovalent iron (nZVI) modification
of biochar (Hasan et al., 2020, 2021; Zhou et al., 2014). It was indicated that nZVI-
modified biochar outperformed unmodified biochar in terms of metal removal
performance (Hasan et al., 2020). The development of C=0O or C=C on the synthesized
nZVI-modified biochar indicated that the functional groups on the biochar (C-O and -
COOH) transformed to C-O-Fe, resulting in metal ion adsorption sites via the reduction
reaction. Simultaneously, since metals (Cu?*, Cd**, and Zn?*) have a higher standard
reduction potential than iron, Fe® and nZVI-modified biochar formation improved metal
reduction (Hasan et al., 2020). Furthermore, a recent study showed that nZVI-modified
biochar layered in sand as a filter medium delivered excellent As removal (up to 99%),
which was attributed to high attachment to nZVI via surface complexation (Hasan et al.,
2021). Both biochar layered in sand and a mixture of sand and biochar columns indicated
convincing Cd and Zn uptake capacity, confirming that the negatively charged oxygen
functional groups on the surface of biochar have great cation exchange potentials, which
causes an affinity for the removal of heavy metals (Hasan et al., 2020, 2021). In addition,
zerovalent iron (ZVI)-modified biochar derived from bamboo has been reported to be
useful in sorbing Pb(Il), Cr(VI), and As(V) heavy metals from aqueous solutions (Zhou
et al., 2014). The authors (Zhou et al., 2014) indicated that Pb and Cr uptake was strongly
influenced by reduction and surface adsorption mechanisms, while As(V) removal was
most likely restricted to electrostatic attraction with the iron particles on the zerovalent
iron (ZVI)-modified biochar surfaces. In addition, Li et al. (2020) proposed the
significance of magnetic biochar in removing Cd(II), Pb(Il), Zn(II), and Cu(II), and it was
found that adsorption by magnetic biochar is more effective than that by common biochar.
Further research on different biochar modifications should be carried out to improve the
adsorption and removal mechanisms in bioretention systems.

Nutrient removal

Excessive nutrient loading has become a major threat to aquatic ecosystems and
stormwater reuse. Nutrient pollutant removal, including nitrogen (N) and phosphorus (P),
in the bioretention system has been recorded; however, the results obtained vary widely
(Davis et al., 2009; Hsieh et al., 2007; Lucas and Greenway, 2008). It has been reported
that biochar may be a useful amendment to bioretention systems to remove nutrient
contaminants (Afrooz and Boehm, 2017; Reddy et al., 2014; Xiong et al., 2019; Yao et
al., 2011). Nutrient adsorptions on various biochars in the aqueous phase are shown in
Table 3.
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Removal of nitrogen, phosphate, and ammonium

The addition of river sediment-derived biochar to bioretention media can affect the
nutrient control of the system (Sang et al., 2019). In a bioretention column experiment
performed by Sang et al. (2019), the nutrient removal efficiencies of river sediment-
derived biochar and activated carbon were compared, and the results indicated that total
nitrogen (TN) removal increased when biochar was used as an additive; however, the
average mass removal efficiency of total phosphorus (TP) was better when activated
carbon was added (Sang et al., 2019). In addition to these findings, Fellet et al. (2011)
found that as the biochar content in the substrates increased, so did the pH, nutrient
retention in terms of cation exchange capacity, and water-holding capacity.

Other studies also demonstrated biochar as a promising filter medium that improves the
nutrient removal capacity of bioretention (Afrooz and Boehm, 2017) and can efficiently
reduce the concentrations of nitrate and phosphate (Reddy et al., 2014). A prior study by
Yao et al. (2011) assessed the phosphate removal performance of both undigested and
anaerobically digested sugar beet tailings slowly pyrolyzed at 600°C, and the digested
sugar beet tailing biochar demonstrated the highest phosphate removal rate
(approximately 73%) in a laboratory adsorption experiment. The biochar-amended
bioretention indicated greater removal rates for phosphate, ammonia, and total suspended
solids (TSS) when compared to activated carbon, and the research revealed that this is
mostly subject to the larger pore sizes of the biochar material than the microporous
granular activated carbon (Huggins et al., 2016). Additionally, a recent field-scale
experimental study reported that biochar that was evenly mixed with lateritic red soils
had the best runoff pollutant removal capacity, including chemical oxygen demand
(COD), TN, TP, NOs-N, and NH3-N (Mai and Huang, 2021). However, these findings
are in accordance with the study demonstrated by (Igbal et al., 2015), in which biochar
modifications did not substantially reduce dissolved organic carbon (DOC), nitrate, and
phosphate leaching when compared to the treatment that involved compost only.

Some studies have suggested that the application of ZVI has been shown to improve
nitrogen removal (Liu et al., 2018) and phosphate removal in stormwater (Lechner, 2016).
When ZVI and biochar were amended into bioretention cells, nitrate removal was
increased, and water retention was improved (Tian et al., 2019). Alam and Anwar (2020)
tested the ability of Eucalyptus wandoo biochar and alum sludge and their mixture in
batches to absorb some nutrients from synthetic stormwater. The authors found that
biochar alone could remove 100% of NO>-N and NH3-N, while alum sludge, on the other
hand, was particularly successful in removing PO4-P (100%) (Alam and Anwar, 2020).
On top of these findings, Alam and Anwar (2020) found the optimum ratio of a mix
medium consisting of 8 g biochar and 2 g alum sludge that can effectively remove NH3-
N, NOz-N and PO4-P maximum up to 98.2%, 99.4% and 99.8%, respectively. Similarly,
NH4—N was sorbed by both unwashed cacao shell and corn cob biochars, but there was
no sorption of PO4—P to either washed or rinsed biochars. Furthermore, no considerable
NOs-N release or sorption from or to either of the biochars was observed (Hale et al.,
2013).

134



Performance of biochar in bioretention system for removal of mixed contaminant:
A review

Effect of biochar modification

The removal efficiency of phosphate by magnetic biochars was investigated, and
magnetic orange peel-derived biochar pyrolyzed at 250°C was reported to have
significantly greater adsorption performance than nonmagnetic biochars (Chen et al.,
2011). Nonetheless, a study also shows that amending iron-coated biochar as media can
remove 94.6% of COD, 98.3% of ammonia, and 93.7% of TP (Xiong et al., 2019).
Another study reported by Zhong et al. (2019) contributes a clearer understanding of the
mechanisms influencing the phosphate adsorption of biochar. According to the findings,
the adsorption capacity of coconut shell-derived biochar is intimately associated with pH,
humic acid, and temperature, whereas the adsorption efficiency of iron-modified biochar
is mainly influenced by ligand exchange and surface complexation with hydroxyl groups,

electrostatic attraction, chemical precipitation, and inner-sphere complexation (Zhong et
al., 2019).

Table 3: Summary of biochar application studies collected for nutrient adsorption
in the aqueous phase

Nutrient Biochar feedstock Production Reference
temperature
TN, TP, NOs-N, Waste wood 950°C Mai and Huang
NHs-N (pyrolysis process) (2021)
NH3-N, NOs-N, Eucalyptus wandoo 400°C Alam and Anwar
NO2-N, POs-P (pyrolysis process) (2020)
TN, TP, NH4*-N  Rice husk (pyrolysis process) 500°C Xiong et al. (2019)
NOs5 Southern yellow pine wood 550°C Tian et al. (2019)
(pyrolysis process)
PO4* Coconut shell - Zhong et al. (2019)
NOs PO4* Waste wood pellets 520°C Reddy, Xie and
(gasification process) Dastgheibi (2014)
NOs PO4* Forest slash, Douglas fir 650°C Igbal, Garcia-Perez
(gasification process) and Flury (2015)
NO™-N, NH+N, 60% of Monterey Pine, 20% 180-395°C Afrooz and Boehm
P of Eucalyptus, 10% of Bay (2017)

Laurel, 10% of mixed
hardwood and softwood

(pyrolysis process)

PO4* Raw sugar beet tailings and 600°C Yao et al. (2011)
anaerobically digested sugar
beet tailings

(pyrolysis process)
TN, TP River sediment 400°C Sang et al. (2019)

(pyrolysis process)
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PO4, NH4 Lodgepole pine wood 1000°C Huggins et al.
(pyrolysis process) (2016)
PO4,P, NH;—N, Cacao shell 350°C Hale et al. (2013)
NO;-N (pyrolysis process) 400°C
Corn cob (pyrolysis process)
PO4* Orange peel (pyrolysis 250, 400, and Chen, Chen and Lv
process) 700°C (2011)

These findings provide more information on biochar as a low-cost, environmentally
friendly material for bioretention systems. Meanwhile, more research should be
conducted to assess the commercial viability and long-term stability of biochar as a
sorbent.

CONCLUSION

Overall, biochar was reported as a promising adsorbent that is suitable for amendment in
bioretention systems. Its high specific surface area, microporous carbonaceous structure,
and negatively charged oxygen functional groups on the surface have created a strong
affinity for mixed contaminant removal. However, one species of biochar may not be able
to successfully remove all types of contaminants, with feedstock type, production
temperature, and process parameters all having a significant impact on the physical and
chemical properties of biochar. Therefore, more studies need to be conducted to
encourage continuous quality improvement of the bioretention system.
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