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Abstract
Nitrogen and phosphorous compounds are significant pollutants in urban stormwater runoff. In this study, three lab-scale 
bioretention cells, namely a control reactor CM, and reactors M1 and M2 containing Scrap Iron Filings (SIF) with granulated 
brick (M1) and pumice pellets (M2), respectively, were used to evaluate the simultaneous removal of nitrate, nitrite, ammonia, 
total nitrogen, phosphorous, and COD using simulated runoff. Under unsaturated conditions, M1 with the ZVI-brick combina-
tion removed 91.37% TP, while M2 with the ZVI-pumice combination removed 89.76% TP. Under saturated conditions, M2 
removed 72.02% TN, and M1 removed 66.1% TN. It was found that the presence of saturation zones benefitted TN removal 
which can be attributed to the creation of anoxic conditions within saturation zones, which favoured denitrification, as well 
as the prolongation of influent retention and reaction time, while it hindered TP removal. TP removal percentages for CM, 
M1, and M2 declined from 86.77%, 91.37%, and 89.76% in unsaturated conditions to 63.99%, 83.67%, and 71.74% in satu-
rated conditions due to the propensity of soil-bound P to leach in anoxic environments. The media amendments were further 
characterized using Scanning Electron Microscopy (SEM) and X Ray Diffraction analysis (XRD), as well as adsorption and 
leaching tests. Significantly, the highest pollutant leaching was observed in the assessed conditions for CM, underscoring 
the usefulness of including media like ZVI, brick powder, and pumice pellets. This incorporation not only heightened the 
effectiveness of pollutant removal but also fortified their retention in potential future stormwater events. In consideration 
of this, M1 emerged as the preferred design option, as its non-leaching characteristics were verified through flushing with 
distilled water after post-stormwater influent loading cycles when compared to traditional designs.
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1  Introduction

Fast paced urbanization coupled with climate change has 
caused alarming increments in the number of cities affected 
by urban floods and their intensity, severity and frequency 
are expected to increase in the 21st century [17, 34, 36]. 
Phosphorous is an essential element for all life forms and 
nitrogen is the main mineral controlling primary production 

in aquatic ecosystems, but high levels of these nutrients 
result in eutrophication in freshwater bodies likes rivers, 
lakes, estuaries, and streams [9].

Bioretention cells are also called raingardens or biofilters 
and are in-situ stormwater treating LID structures. Conven-
tionally, they are comprised of a top mulch layer, followed 
by a soil layer, and a gravel layer and may or may not be 
vegetated. Some studies have incorporated the use of satu-
ration zones (also called as internal water storage zones) 
towards the base of the bioretention cells for enhancing the 
nitrogen removal rates as the anoxic zone thus created sup-
ports denitrifying microorganisms and helps buffer plant 
stress [10, 25]. Hsieh et al. [16] found that phosphorous 
retention in unvegetated bioretention cells using conven-
tional media like 85% sand, could be exhausted in 5 years 
when subjected to typical stormwater runoff loadings. 
Lucas et al. [21] reported that even in the case of vegeta-
tion being used, bioretention cells using loamy soils as their 
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sole media will be exhausted when a 10-year equivalent 
of phosphorous load from stormwater runoff is applied. 
Hence it becomes essential to study the effects of different 
media amendments for enhanced nutrient removal and their 
retention for longer time periods. Commonly used bioreten-
tion media amendments for phosphorous removal include 
coir peat, coal combustion waste products (fly ash, coal 
ash, bottom ash), metallurgical processing waste products 
(blast furnace slag, red mud, steel chips, steel slag), animal 
shells, iron coated sand, rocks and minerals (biotite, zeolite, 
limestone, olivine), local soils (iron rich soil, krasnozem 
soil, skye sand), expanded soils (expanded clay, shale or 
slate), aluminium products, iron products (iron oxide, iron 
hydroxide, iron modified biochar, steel wool, porous iron 
composite powder, iron filings), sawdust, water treatment 
residuals (aluminium based, calcium based or iron based), 
biochar, and activated carbon [23]. Commonly used media 
amendments in BRCs for nitrogen removal include shred-
ded newspaper, fly ash, vermiculite, perlite, mulch, leaf 
compost, slate fines, wood chips, biochar, sawdust and 
wheat straw [18, 29].

This study uses pumice, scrap iron filings and brick gran-
ules as media additives. Pumice is a naturally occurring vol-
canic, highly porous rock which is suitable for adsorption 
since it can be powdered easily to provide increased surface 
area [28]. An intermittent nitrification-denitrification study 
for a recirculating aquaculture system was conducted using 
pumice stones of 3 mm diameter as biofilter substrate by 
Pungrasmi et al. [33]. When a carbon source was added in 
the form of methanol (COD:N ratio of 5:1) post the nitrifica-
tion period, 169.1 ± 8.8 g-N m−3 packing volume per day of 
nitrate was removed by the pumice stone.

This study also uses Scrap Iron Filings (SIF), a form of 
zero valent iron which is a waste by-product of lathing as 
one of its media amendments. ZVI and ZVI based materials 
have been extensively studied for nitrate removal. Iron rich 
soil was found to enhance adsorption of NH4

+ and PO4
3− in 

bioretention cells by providing microbially assimilative P for 
the growth of nitrifiers, denitrifiers and phosphate accumu-
lating organisms (PAOs), and removed up to 99% of P, 97% 
of NH4

+ and 63% of TN when combined with plant detri-
tus and eutrophic lake sediment [48]. Rossetti [37] found 
that biochar supported nano ZVI reduced 86% of applied P, 
whereas ZVI, biochar and ZVI/biochar removed only 6%, 
− 23% and 17% respectively. Chiu et al. [7] studied simul-
taneous NO3

− and PO4
3− removal in bioretention cells but 

used separate media and experimental setups for the remov-
als, namely, batch experiments using biochar for nitrate 
removal and column experiments using ZVI for phosphate 
removal. They found that nearly 100% of P was removed in 
up flow columns packed with 5% ZVI and 95% sand. Tian 
et al. [41] also studied nitrate removal in BRCs consisting of 
wood biochar (18% v/v) in the vadose zone and ZVI (10% 

v/v) in the saturation zone. The biochar/ZVI BRC removed 
30.6% to 96.7% of influent nitrate, whereas the control BRC 
devoid of these amendments removed -6.1% to 89.6% of 
influent nitrate over the 18-month testing period. A BRC 
amended with ZVI and activated carbon (AC) was able to 
achieve higher removals of TN (83.44%) and TP (97%) than 
a conventional BRC and one amended only with AC, when 
the influent contained antibiotics like sulfamethoxazole 
(SMX) and tetracycline (TC) [47].

Broken bricks have been used for nitrogen and phospho-
rous removal in wetlands [11, 24, 43] due to their adsorption 
capacity, support for plant growth and microbial enrichment. 
Broken clay bricks are easily found waste products resulting 
from construction activities, are inexpensive and are com-
posed of oxides and hydroxides of Al, Fe, Ca, Mn and Si 
[39]. Mateus et al. [24] obtained TP, TN and COD remov-
als of 69%, 55% and 66% respectively, in unplanted lab scale 
constructed wetlands when clay brick fragments were used as 
filling material. Dires et al. [11] used broken bricks in 8 sub-
surface flow constructed wetlands to treat hospital wastewater 
and obtained TKN removals of 73% and 74.7%, NH3 remov-
als of 71.3% and 70.7%, NO3

- removals of 79.6% and 70.9% 
and phosphate removals of 77.1% and 73.6% in dry and rainy 
seasons respectively, thereby proving that broken bricks sup-
plied the necessary sites for the adsorption of NH4, NO3

− and 
PO4

3−. Selvaraju et al. [39] conducted lab scale experiments 
using bricks and sand to treat water containing detergent and 
other inorganic salts and found that the maximum adsorption 
capacity of bricks was higher than sand because of its higher 
specific surface area and wettability. At the time of this study, 
no literature citing the use of granulated bricks in bioretention 
cells was found.

The aim of this study was to quantify the efficiency of scrap 
iron filings (SIF) a form of zero valent iron, brick granules 
(BP) and pumice pellets (PP) in simultaneously removing 
Total Phosphorous (TP) and Total Nitrogen (TN) from urban 
runoff in bioretention cells. Urban runoff typically consists 
of low organic carbon and high dissolved oxygen [40], which 
poses challenges in denitrification, hence saturation zones are 
employed in this study to create an anaerobic zone in the bot-
tom sublayers of the bioretention cells [10, 15, 30, 49]. It is 
to be noted that additional carbon sources aren’t added to not 
contribute to carbon pollution or internal phosphorous remo-
bilisation [4, 49], since phosphorous adsorbed to sediments 
tend to be leached under anoxic conditions [9]. Several studies 
have probed into the role of plants in removal of nitrogen and 
phosphorous from bioretention systems, and though this path-
way accounts only for a fraction of the total nutrient uptake 
its contribution cannot be overlooked [2, 30, 31, 35, 38, 45]. 
However, this study eliminated the use of vegetation to avoid 
external interferences in gauging the pollutant removal by the 
media additives.
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2 � Materials and Methods

2.1 � Experimental Setup

The bioretention cells were constructed using HDPE pipes 
of 150 mm diameter and 750 mm height using appropriate 
plumbing fixtures for drainage as shown in Fig. 1.

Each reactor comprised of a mulch layer made of coco-
nut shells on the top to prevent soil erosion and alleviate 
weed growth. The bottom 150 mm was allocated to a well 
graded gravel layer to facilitate cloggage free drainage of 
effluent through the outlet pipes. Right above the gravel 
layer, C33 sand was filled for a depth of 200 mm in all 
the reactors with differing media amendments. This layer 
was topped with a 200 mm deep locally sourced soil layer 
and 10% by dry volume of coir peat for increased water 
retention and hydraulic conductivity in addition to other 
media amendments. The top 300 mm was used as ponding 
zone. The control reactor CM comprised of gravel, C33 
sand and a soil-coir mixture (6:1 by volume). In reactors 
M1 and M2, the C33 sand layer was amended with brick 
granules (17:2 by volume) and pumice pellets (7:1 by vol-
ume) respectively. These ratios were chosen to keep the 
weight of the sand (3.8 kg) and its amendments constant 
(0.6 kg of brick granules and 0.6 kg of pumice pellets) 
for a fair comparison of nutrient removal properties. The 
soil-coir mixture was further amended with Scrap Iron Fil-
ings (SIF) in reactors M1 and M2 (soil: coir: SIF ratio by 
volume 9:2:1). The bioretention cells were un-vegetated to 
avoid interference from plant uptake. Prior to packaging 
in the columns, all the media used were washed several 
times until clear water was discharged. Additionally, the 
bioretention cells were flushed with water 24 times prior 
to experimentation to remove any inherent pollutants from 
the media since soil saturated with pollutant compounds 
tends to leach in bioretention cells.

2.2 � Adsorption and Leaching Tests for Media

Batch sorption tests were carried out as per the method-
ology mentioned by Chiang et al. [6]. For the adsorption 
tests, unused samples of scrap iron filing, brick granules 
and pumice pellets are used. Conical flasks of 250 ml 
volume were fed with 100 ml of influent containing 20 
mg/L of TN and 1 mg/L of TP. The following 7 combi-
nations were added into the conical flasks, namely: 20 
g of soil, 20 g soil+5 g pumice pellets, 20 g soil+10 g 
pumice pellets, 20 g soil+5 g brick granules, 20 g soil+10 
g brick granules, 20 g soil+5 g SIF, and 20 g soil+10 
g SIF. Post shaking in a rotary shaker at 100 rpm, the 
supernatants were collected and analysed for TN and TP 
concentrations.

Leaching tests were carried out as per the standard 
procedure mentioned in DIN 38414-S4 Norm [27]. SIF, 
brick granules and pumice pellet samples extracted from 
the bioretention cells post experimentation are used. 10g 
of each of the above samples is added to separate sealed 
conical flasks of 250 ml capacity containing 100 ml of 
dilute salt solution (0.01M CaCl2) and rotated in a rotary 
shaker at 160 rpm for 24 hours post which the supernatants 
are tested for TN and TP concentrations.

2.3 � Runoff Simulation Experiments

Keeping in mind human and ecological well-being, it 
becomes necessary to treat stormwater to adhering standards 
before releasing it into water bodies or using it to improve 
water resilience [3]. Simultaneous removal of nitrogen and 
phosphorous compounds in stormwater treatment facilities 
is necessary to protect the health of receiving waters and 
prevent eutrophication [15] therefor, a synthetic runoff was 
used as influent throughout the study to eliminate the influ-
ence of fluctuations by pollutant concentrations. The influent 
concentration is constant, and the pollutant concentrations 
were kept within the average pollutant concentration range 
of urban rainwater runoff in New Delhi, India [32]. Pollutant 
concentrations were prepared using CH3COONa for a COD 
concentration of 150 mg/L, NaNO3 for a NO3–N concentra-
tion of 6 mg/L, NH4Cl for a NH4

+–N concentration of 3.5 
mg/L (accounting to a Total Nitrogen concentration of 9.5 
mg/L) and KH2PO4 for a TP concentration of 1 mg/L. The 
experiment was conducted in 2 phases to simulate varying 
precipitation conditions. The bioretention cells were loaded 
twice a week for a period of 4 weeks to simulate a wet period 
during phase 1. To simulate a dry period the bioretention 
cells were loaded once a week during a period of 2 weeks 
during phase 2. A similar loading pattern was followed for 
the next 6 weeks but a saturation zone was introduced in all 
the BRCs to simulate phase 3 and phase 4. Effluent samples 
were procured and analysed for COD, NO3

−–N, NH3–N, 
NO2–N, TN, TP and COD. On completion of the experi-
mentation cycles, fresh and used media amendments were 
subjected to Field Emission Scanning Electron Microscopy 
(FESEM; Carl Zeiss Ultra Plus), Energy Dispersive Spec-
troscopy (EDS) and X-ray Diffraction analysis (XRD) to 
obtain the elemental compositions.

3 � Results and Discussion

3.1 � Adsorptive Potential of Media

Adsorption tests were conducted for the media additives 
and Fig. 2 depicts the concentration of the pollutants 
absorbed by the raw samples in different combinations. 
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Fig. 1   Experimental setup of 
bioretention cells CM, M1 and 
M2

Unsaturated conditions Saturated conditions
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Results showed that SIF, brick granules and pumice pel-
lets had good adsorption capacities. In the case of TN, the 
maximum adsorptive capacity of pumice was higher than 
that of brick under 5 g and 10 g dosages which is consist-
ent with its specific surface area and porosity. However, 
SIF had the highest adsorption of TN and exceeded the 
adsorption rates of other combinations of brick and pum-
ice (both 5 g and 10 g dosages) even when only 5 g of 
SIF was added, which is consistent with its high cation 
exchange complex (CEC).

It is to be noted that a major improvement of adsorp-
tion quantities wasn’t achieved when the SIF dosage was 
increased from 5 to 10 g in case of TN removal. In fact, 
higher TP was adsorbed when 5 g of pumice was used 
when compared to the 10 g dosage. With brick and SIF, 
increased dosage led to increased adsorption. This is 
acceptable since adsorption is a surface phenomenon and 
increased dosage resulted in increased availability of sites 
of adsorption and facilitated greater adsorption in most 
cases. TP removal was highest in SIF followed by brick 
granules which was then followed by pumice. In aque-
ous solutions, Fe0 tended to form Fe2+, Fe3+ and other 
iron hydroxides which are reported to be most effective 
in P sorption because of their high surface charge and 
high specific surface area per unit mass [13]. The primary 
phosphorous removal mechanism in bricks is its adsorp-
tion and precipitation within the sites of the brick parti-
cles [43]. Some researchers have stated that phosphate 
adsorption on pumice is a reversible reaction [28] and 
the agitation in the shaker could have caused the release 
of the adsorbed phosphate molecules which explained its 
lower TP adsorption.

3.2 � Leaching Characteristics of Media

The media additives were subjected to leaching tests and 
Fig. 3 shows the leaching characteristics of these media 
extracted from the bioretention cells post experimentation.

TN was the primary contaminant with concentrations 
ranging from 0.93 mg/L in brick to 1.93 mg/L in pumice. 
TP concentrations ranged between 0.1 mg/L in brick to 
0.54 mg/L in SIF. The concentrations of TP and TN were 
in agreement with the respective quantities added in the 
influent. Overall brick leached the least amount of the con-
taminants (TN and TP) while pumice leached the most TN. 
Previous studies have also observed that brick acted as a 
conducive media for nitrogen removal [11] and were capa-
ble of removing over 80% of applied phosphorous [43]. SIF 
leached the most TP in this study because the primary phos-
phorous removal pathway in iron was through the formation 
of Fe3(PO4)2 precipitates which may have been released dur-
ing the rigorous agitation of this leaching test.

3.3 � Removal of COD in the Bioretention Cells 
with and Without Saturation Zones

The bioretention cells were subjected to 4 loading phases 
and the removal of COD in them is shown in Fig. 4. M1 
and M2 removed more COD than CM under all condi-
tions. In the unsaturated conditions, CM removed an aver-
age of 48.19% COD, while M1 and M2 removed 64.96% 
and 72.79%, respectively. The average removal rates were 
higher during the dry phases of weekly loadings with 
CM, M1 and M2 achieving average COD removals of 
54.9%, 70.38% and 76.8%, respectively. These removal 

Fig. 2   Adsorption potential of 
the media amendments (unused)
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rates during weekly loading increased further in the pres-
ence of saturation zones, and COD removals of 75.5%, 
81.77% and 90.4% were achieved by CM, M1 and M2, 
respectively. Likewise, the average removal of COD was 
higher during saturated conditions with CM, M1 and M2 
exhibiting 68.5%, 76.82% and 87.7% removal efficiencies. 
COD is primarily removed through filtration and adsorp-
tion, hence reactors M1 and M2 removed only comparably 
higher COD than the control. COD removal was improved 
in the presence of saturation zones because it may have 
indirectly supported enhanced denitrification by acting as 
an electron donor and metabolic source for heterogeno-
trophic denitrifiers.

3.4 � Removal of Nitrate, Ammonia and TN 
in the Bioretention Cells with and Without 
Saturation Zones

Nitrogen removal happens through a combination of 
ammonification, nitrification and denitrification, where the 
ideal end product is nitrogen gas and it can also be biologi-
cally assimilated by vegetation and microorganisms [42]. 
The removal of N compounds in this study is shown in 
Fig. 5. The removal of NH3–N is shown in Figs. 5e and f. 
Throughout this study the control removed higher NH3–N 
than M1 and M2 because the SIF in the upper layers of the 

Fig. 3   Leaching characteristics 
of the media amendments post 
experimentation
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latter two BRCs generated NH3–N during their breakdown 
of NO3

−–N.
In unsaturated conditions, CM removed an average of 

44.96% NH3–N, whereas M1 and M2 generated NH3–N giv-
ing rise to −29.78% and −20.34% efficiencies. It is clear that 
the SIF in the upper layers was the contributing factor as the 
NH3–N generated in M1 and M2 were comparable, and studies 
have shown that NH3–N is mainly removed in the upper lay-
ers of BRCs where NH3–N is converted to NO3

−–N through 
nitrification [8]. This also explains why NH3–N removal 
efficiencies were higher during weekly loading conditions 
when compared to biweekly loading under both saturated and 
unsaturated conditions. NH3–N was removed in the upper 
layers of the BRCs and weekly loadings allowed for higher 
dissolved oxygen levels in these strata, facilitating enhanced 
removal when compared to biweekly loadings. In the presence 
of saturation zones, NH3–N removal efficiencies increased for 
all 3 BRCs. CM removed an average of 76.26% NH3–N while 
M1 and M2 removed 59.47% and 52.12%, respectively. A 
couple of possible explanations for this increased efficiency 
are explained herewith. Firstly, it is speculated that anaerobic 
ammonia oxidizing (annamox) bacteria may have been present 
in the saturation zones. In this reaction, ammonium (NH4

+) 
combines with nitrite (NO2

−) to produce nitrogen gas (N2) 
and water (H2O). These bacteria use ammonium as an electron 
donor and nitrite as an electron acceptor to generate energy for 
their metabolic processes. However, the presence of annamox 
bacteria wasn’t verified in these BRCs as it was beyond the 
scope of this study. Secondly, the presence of saturation zones 
increased the retention and reaction times allowing for further 
breakdown of the NH3–N compounds into N2 in reactions 
involving zero valent iron and its derivatives from the SIF in 
the upper layers through processes such as adsorption, chemi-
cal reduction and surface complexation. ZVI has a high affinity 
for ammonia molecules, and it can adsorb or physically bind 
with ammonia on its surface. In the presence of ZVI, ammonia 
can undergo reductive processes, leading to the formation of 
ammonium

(NH4
+) or even nitrogen gas (N2), depending on the reac-

tion conditions. This reduction occurs as ZVI provides elec-
trons for the conversion of ammonia into less toxic forms as 
shown in the Eqs. (1) and (2)

Reduction of ammonia using ferric and ferrous ions could 
have ocurred as shown in equation (3)

(1)2NH3 + 8Fe0 → 2NH4
+ + 8Fe2+

(2)2NH4
+ + 2Fe0 → N2 + 2H2O + 2Fe2+

(3)2NH3 + 6Fe3+ + 8H2O → N2 + 6Fe2+ + 10OH

ZVI can also form surface complexes with ammonia 
(NH3 + Fe0 → NH3–Fe), where ammonia molecules bind 
to the iron surface through chemical interactions. These 
surface complexes can subsequently undergo reactions and 
transformations, resulting in the conversion of ammonia to 
other nitrogen species. Thirdly, reactions between ammonia 
and the pumice and brick present in the lower layers may be 
enhanced due to increased reaction times in the presence of 
saturation zones further promoting adsorption, ion exchange 
and chemical reactions as represented in Eq. (4), (5) and (6), 
respectively [33, 39].

In Eq. (4), g represents the gaseous form of ammonia, ad 
represents the adsorbed form of ammonia onto the brick/
pumice surface, and (s) represents the solid state of the 
bricks/pumice. The equation indicates the physical adsorp-
tion of gaseous ammonia onto the surface of the bricks /
pumice.

In Eq. (5), (aq) represents the aqueous phase, (s) repre-
sents the solid state of the bricks /pumice, NH4

+ represents 
the ammonium ion, and X+ represents another ion released 
by the bricks /pumice through ion exchange. The equation 
demonstrates the ion exchange process in which the bricks 
/pumice adsorb the ammonium ions from the water and 
release other ions in exchange.

In Eq. (6), (aq) represents the aqueous phase, (s) repre-
sents the solid state of the bricks, NH3(aq) represents dis-
solved ammonia in water, NH4X(aq) represents an ammo-
nium compound formed through a chemical reaction with 
the bricks, and X represents the counterion associated with 
the ammonium compound. The equation represents the 
chemical reaction between ammonia and the brick's con-
stituents (e.g., lime or cement), resulting in the formation 
of an ammonium compound. Another plausible explanation 
is that the anoxic zone created by the saturation zone in the 
latter parts of the study contained denitrifiers which also aid 
the complete denitrification of NH3–N particles.

The removal of NO3
−–N in the BRCs is shown in Figs 

5c and d. It can be observed that M1 and M2 removed more 
NO3

−–N than the control throughout the study. NO3
− is 

removed in aqueous solutions through reduction to nitrite 
which reacts with Fe2+ ions in the upper layers to form 
ammonia or nitrogen gas [20, 26]. Lin et al. [19] also found 
that scrap iron fillers added to a “well” shaped base layer 

(4)
NH3(g) + Bricks /pumice(s) → NH3(ad) + Bricks /pumice(s)

(5)
NH4

+(aq) + Bricks /pumice(s) → X + (aq) + Bricks /pumice(s)

(6)NH3(aq) + Bricks(s) → NH4X(aq) + Bricks(s)
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of permeable brick pavements (also a LID) could enhance 
nitrate reduction. The removal rates improved for all 3 BRCs 
in the presence of saturation zones which was also observed 
in other studies [41]. The highest removal in this study was 
observed in M2 which removed 67.98% NO3

−–N in unsatu-
rated conditions and 92.94% NO3

––N in saturated condi-
tions. M1 followed closely by eliminating 63.95% NO3

−–N 
in unsaturated conditions and 78.73% NO3

−–N in saturated 
conditions. The presence of oxides and hydroxides of Al in 
addition to other metals in brick was found to be beneficial 
in providing increased adsorption of nitrate [39]. These val-
ues were higher than the removal values of the control CM 
which removed 46.04% and 60.16% NO3

−–N under saturated 
and unsaturated conditions, respectively. NO3

−–N removal 
was slightly higher during weekly loading but this may be 
due to the fact the weekly loading were simulated in the end 
of the unsaturated and saturated phases when the system 
was most stable. SIF was strategically placed in the upper 
layers of BRCs M1 and M2 so that the NO3

−–N trapped 
in this region which gets denitrified to form NH3

−–N may 
enter the lower parts of the BRC containing either brick or 
pumice in M1 and M2 to undergo further reactions. This was 
essentially beneficial in the saturated zone simulations where 
this NH3

−–N underwent further denitrification in this anoxic 
zone and resulted in lowered NO3

−–N rates. The presence of 
brick and pumice in M1 and M2 respectively, also provided 
suitable growth and attachment conditions for microbes 
which were beneficial to the denitrification process. Studies 
have shown that microbial denitrification by soil communi-
ties play a more important role in NO3

−–N reduction than 
adsorption and chemical precipitation [46]. Having different 
media zones within bioretention cells was beneficial because 
of the creation of a boundary layer between the upper ZVI 
and lower brick or pumice layers in the case of this bi-lay-
ered BRC. These boundary zones acted as transition lay-
ers between aerobic and anaerobic environments during the 
saturated experiments which increased the population of 
denitrifying bacteria [22]. The NO3

−–N removal in M2 was 
further amplified in saturated conditions because of the pro-
motion of redox conditions by pumice which was beneficial 
to denitrification.

The TN removal in the bioretention columns can be 
observed in Figs. 5a and b. In unsaturated conditions, the 
control outperformed M1 and M2 whereas in the presence of 
saturation zones M1 and M2 performed better. The average 
TN removal rates in CM, M1 and M2 during unsaturated 

conditions were 41.21%, 26.22% and 29.5%, respectively. In 
the presence of saturation zones, 58.35%, 66.1% and 72.02% 
TN removal was obtained in CM, M1 and M2, respectively, 
making the SIF-pumice combination retrofitted with satura-
tion zones the best BRC as per this study. Saturation zones 
are recommended to create anaerobic environments to sup-
port heterogenotrophic denitrification in bioretention cells 
[15]. Pungrasmi et al. [33] showed that the denitrification 
rates in pumice was enhanced by the presence of COD and 
gas exchange limiting conditions (which was provided by the 
saturation zone). TN removal was greater in the presence of 
a saturation zone because the anoxic condition in the lower 
layer promoted denitrification as stated in the discussions of 
NO3

−–N and NH3–N removal. NH3–N generation was the 
limiting factor to the TN removal in this study and its gen-
eration in M1 and M2 during the unsaturated phase, and its 
lower removal when compared to CM in the saturated phase 
contributed to this trendline. Overall, these reactors achieved 
higher NO3

−–N removal than TN removal.

3.5 � Removal of Total Phosphorous 
in the Bioretention Cells with and Without 
Saturation Zones

Phosphorous compounds which are present as particulate 
matter are generally removed through physical filtration and 
straining, whereas the dissolved phosphorous compounds 
are removed through sorption, precipitation and biological 
assimilation [15]. Figs 6a and b depict TP removal in the 
3 BRCs of this study. Contrary to the TN removal trends, 
TP removal was negatively affected by the presence of a 
saturation zone. Saturation zones are known to have a nega-
tive impact on phosphorous removal because soil or media 
bound phosphorous tends to leach in anaerobic settings [10]. 
During unsaturated conditions, CM, M1 and M2 removed 
an average of 86.77%, 91.37% and 89.76% of TP, whereas 
the removal rates dropped to 63.99%, 83.67% and 71.74% 
in the presence of saturation zone. Such high TP removals 
were obtained by both pumice and brick containing systems 
because their composition of clay minerals, aluminium, iron 
and calcium was favourable for the precipitation of aque-
ous phosphorous [1]. However, the ZVI-brick combination 
in reactor M1 was the highest TP remover (91.37%) and it 
can be observed that the removal graphs tend to be more 
stable when compared to those of CM and M1. This aligns 
with the results obtained by Wang et al. [43] who achieved 
a stable 90% phosphorous removal in a vertical subsurface 
flow constructed wetland (VSSF) packed with broken bricks. 
M1 containing brick granules removed the highest TP in 
this study because it increased water retention and reaction 
times owing to its “wettability” [39]. The chemical com-
position of bricks has been attributed to its success in the 
precipitation of phosphorous [43]. Selvaraju et al. [39] also 

Fig. 5   Removal of nitrogen compounds in the bioretention cells with 
and without saturation zones (unshaded areas represent biweekly 
loading and shaded areas represent weekly influent loading): a TN 
concentration; b TN removal efficiency; c NO3

−–N concentration; 
d NO3

−–N removal efficiency; e NH3–N concentration; f NH3–N 
removal efficiency

◂
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reported that a mixture of sand and brick is an ideal mixture 
for pollution uptake owing to the permeability offered by 
the sand and adsorption brought about by the brick whose 
acid sites exhibit greater affinity for phosphate over sand. 
Phosphate gets adsorbed to the surface of iron oxides such 
as rust which accounts for its main removal pathway in its 
interactions with SIF [44]. Iron filings are reported to be 
suitable for stormwater treatments as they do not cause foul-
ing [14]. Since the co-existence of nitrate did not have nega-
tively impact phosphate adsorption on iron, it is suitable for 
simultaneous TN and TP removal systems [12].

3.6 � Surface Chemistry of Media from SEM and XRD 
Tests

The surface chemistry of the media amendments prior and 
after use was visualized and their compositions were inves-
tigated. Figure 7 shows SEM images, energy spectrums and 
elemental compositions of the media discussed in this study. 
Figs. 7a and b show photomicrographs of fresh and used 
brick granules respectively. It can be observed that the fresh 
brick was more undulated showing that it had sites available 
for adsorption of contaminants, whereas the used brick sam-
ple appeared clogged and compacted by the adsorbents from 
the study. The energy spectrum of the raw and used brick 
granules can be seen in Figs. 7c and d and their elemental 
compositions can be seen in Figs. 7e and f, respectively. The 
composition underwent a minor shift, with lesser quantities 
of Si, O, Fe, Al, Ca and Mg in the used sample when com-
pared to the unused sample, as the primary pollutant removal 
mechanism of brick granules was surface adsorption. This 

composition is in agreement with that reported by Selvaraju 
et al. [39].

A similar pattern was observed in pumice pellet sam-
ples where the unused pumice (Fig. 7g) was visibly highly 
porous in comparison to the used sample (Fig. 7h) whose 
surface appeared cemented with adsorbed particles. How-
ever, there wasn’t a major shift in the EDS curves or ele-
mental compositions between the 2 samples (Figs. 7i–l). 
The major elements of pumice are Si, O, Al, Na and K 
which was also confirmed by other studies [5]. In the 
case of SIF, the SEM image of the raw sample (Fig. 7m) 
appeared to be relatively smooth and uniform whereas the 
used sample (Fig. 7n) was corrugated with undulations 
filled with adsorbed and precipitated particles. There was 
a marked difference between the EDS curves in the unused 
(Fig. 7o) and used samples (Fig. 7p). The peak of Fe in the 
fresh samples was lowered in the used samples and was 
accompanied by the peaking of oxygen. This denoted that 
while unused SIF was made of zero valent iron, post usage 
samples had oxidised to form iron oxides [26]. This also 
agreed with the elemental compositions of fresh and used 
ZVI as seen in Figs. 7q and 7r, respectively. While unused 
ZVI was made up of 61.88% Fe and 7.45% O by weight, 
the used samples had a lowered weight of Fe (41.57%) 
and an increased weight of O (38.62%) in addition to the 
appearance of previously absent elements like Mg, Si and 
Ca. The surface morphology of SIF changed because of 
adsorption and its elemental composition was altered due 
to precipitate formation when in contact with water during 
the operation of the BRCs.
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3.7 � Leaching or Flushing Test for the Bioretention 
Cells Post Experimental Loading

Post the nutrient loading cycles of the study, the BRCs were 
flushed with distilled water, the effluents were collected 

and analysed for the pollutants listed in Table  1. This 
exercise was done to assess the possible leaching of previ-
ously captured pollutants in the BRCs. It can be observed 
that CM and M1 did not leach any COD whereas M2 
leached 112 mg/L of COD. All 3 BRCs leached TP and 

Fig. 7   SEM–EDS analysis of 
unused and used media: a SEM 
imagery of unused brick; b 
SEM imagery of used brick; 
c energy spectrum of unused 
brick; d energy spectrum 
of used brick; e elemental 
composition of unused brick; 
f elemental composition of 
used brick; g SEM imagery of 
unused pumice; h SEM imagery 
of used pumice; i energy 
spectrum of unused pumice; j 
energy spectrum of used pum-
ice; k elemental composition 
of unused pumice; l elemental 
composition of used pumice; m 
SEM imagery of unused SIF; 
n SEM imagery of used SIF; 
o energy spectrum of unused 
SIF; p energy spectrum of used 
SIF; q elemental composition of 
unused SIF; r elemental compo-
sition of used SIF

Element Weight
%

Atomic 
%

C K 10.33 16.43
O K 49.03 58.53

Mg K 2.19 1.72
Al K 7.4 5.24
Si K 20.07 13.65
Ca K 5.06 2.41
Fe K 5.9 2.02

Element Weight
%

Atomic 
%

C K 16.8 25.68
O K 51.32 58.87

Mg K 1.51 1.14
Si K 15.32 10.01
Ca K 3.29 1.51
Fe K 3.6 1.18
Nb L 8.16 1.61
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the leaching was negligible in CM (0.009 mg/L), low in 
M1 (0.073 mg/L) and higher in M2 (0.293 mg/L). This is 
in agreement with the results obtained by Onar et al. [28] 
which showed that 80% of total dissolved phosphate was 
removed through adsorption on pumice and that certain 
conditions, such as the use of dilute NaOH solution, could 
regenerate the used pumice. CM leached 3.999 mg/L of 
TN and M1 leached 0.62 mg/L of TN with NO3

−–N being 

the major contributing factor. Overall, the leaching char-
acteristics of reactors CM and M2 were observable, while 
M1 exhibited almost no leaching. CM leached the high-
est quantity of pollutants under the following study condi-
tions which proved that the addition of media such as ZVI, 
brick granules and pumice pellets were beneficial in not just 
enhancing pollutant removals, but also in their retention 
during future stormwater events.

Element Weight
%

Atomic 
%

C K 9.73 15.83
O K 50.3 61.43
Na K 2.45 2.08
Al K 4.61 3.34
Si K 19.92 13.86
K K 2.53 1.26
Nb L 10.46 2.2

Element Weight
%

Atomic 
%

C K 11.99 19.8
O K 46.41 57.54
Na K 2.18 1.88
Al K 4.37 3.21
Si K 19.05 13.45
K K 2.38 1.21
Nb L 13.61 2.91

Element Weight
%

Atomic 
%

C K 15.39 39.45
O K 7.45 14.34
F K 5.48 8.87

Fe K 61.88 34.1
Nb L 9.8 3.25

Element Weight
%

Atomic 
%

C K 12.41 23.22
O K 38.62 54.23

Mg K 0.23 0.21
Si K 6.66 5.32
Ca K 0.51 0.28
Fe K 41.57 16.72

Fig. 7   (continued)
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4 � Conclusions

The effects of adding scrap iron filings (zero valent iron), 
brick granules (BP), and pumice pellets (PP) in the simulta-
neous removal of total phosphorous (TP) and total nitrogen 
(TN) from urban runoff in bioretention cells were studied 
under the presence and absence of saturated zones. TP 
removal was found to be higher in unsaturated conditions, 
with M1 and M2 achieving 91.37% and 89.76% efficien-
cies, respectively. Conversely, TN removal was drastically 
improved in the presence of saturation zones, with aver-
age removal efficiencies of 58.35%, 66.10%, and 72.02% 
achieved by the bioretention cells CM, M1, and M2, respec-
tively. The presence of Scrap Iron Filings (SIF) in the upper 
layers of M1 and M2 caused limitations in the form of 
NH3–N generation, which were mitigated by employing a 
saturation zone. The presence of saturation zones slightly 
improved COD removal and may have positively supported 
heterotrophic denitrification due to the high C/N ratio of the 
influent. Overall, the SIF-brick combination in M1 margin-
ally performed better for TP removal, while the SIF-pumice 
combination in M2 performed better for TN removal. The 
roles of these media amendments were evident from SEM 
images and XRD results. In conclusion, the addition of ZVI, 
BP, and PP proved to have beneficial effects in the simulta-
neous removal of nitrogen and phosphorous compounds and 
could be viable amendments to the conventional media used 
in bioretention cells. The ZVI-brick granules combination 
was considered a better fit due to its non-leaching character-
istics when flushed with distilled water post-study.
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