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Abstract 

 

The current research focused on the performance of lightweight soilless media, 

suitable for use in suspended raingardens, that support satisfactory growth of the 

plant’s root and shoot systems while also reducing the concentration of typical 

stormwater pollutants such as suspended solids, nutrients, heavy metals, and 

emerging contaminants. To achieve the objective, the present study was conducted in 

two stages. The first stage involved a laboratory-scale unplanted column study to 

investigate nutrient leaching occurrence in several soilless lightweight media mixes. 

The second stage pilot-scale phytoremediation study in a suitable lightweight media 

mix was carried out to investigate the effectiveness of treating semi-natural stormwater 

using biocolumns. The 20-week greenhouse experiment incorporated twenty-four 

columns; half of which were unplanted controls, and half planted with the compact, 

fine-leaved Australian grass, Lomandra ‘Evergreen Baby’™ (dwarf lomandra). The 

pollutant-removal efficiency of columns with a saturated zone (SZ) or non-saturated 

zone (NSZ) was tested for five different lightweight media bases: perlite, vermiculite, 

activated carbon, zeolite, and coconut coir. All columns were added with compost as 

a source of organic matter. Every column had a media depth of 300 mm, while SZ 

columns had a bottom depth of 150 mm as saturated.  

 

Nutrient leaching test on individual media revealed compost is the main source of 

leaching for NO3
-, PO4

3-, and heavy metals (Zn, Cu, and Pb). Other than compost, 

activated carbon and coco coir also leached PO4
3-. In the unplanted column study, 

layered media was statistically significant better (p < 0.05) than mixed media 

configuration in reducing nutrient and heavy metal leaching. Though layered media 

performed better than mixed media, due to limitations to maintaining such media in 

real-world conditions, two best-selected media mixes (MM1 and MM2) from the mixed 

media configuration were chosen for the stormwater dosing study. The composition of 

MM1 was 50% (v/v) coco coir, 10% compost, 20% zeolite and 20% activated carbon. 

MM2 also has the same percentage of coco coir and compost as MM1 but 10% each 

for zeolite, activated carbon, perlite, and vermiculite. Both media mixes, MM1 and 

MM2, were equally efficient and achieved satisfactory removal in total suspended 

solids (TSS) (75 – 85%), excellent removal in nutrients (> 96%) and Pb (97%) but 
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average removal in Zn (40 - 50%) and low removal in Cu (< 20%) at the end of the 

experiments. However, a high degree of PO4
3- leaching was observed in MM1 and 

MM2 media mixes due to the residual amounts present in some of the soilless media 

components as mentioned above. Phosphate leaching decreased over time.  

 

In the phytoremediation study, effluent performance analysis revealed that saturated 

zone (SZ) columns performed better in  the removal of TSS, NH3-N, NO2-N, NO3-N, 

TN, Zn, Cu, and Pb than non-saturated zone (NSZ) columns. Both NSZ and SZ 

columns experienced leaching of total nitrogen (TN), total phosphorus (TP), and PO4-

P, with the leaching of PO4-P and TP being prevalent in SZ columns than NSZ columns. 

The presence of plants did not significantly improve the removal efficiency of TSS, 

NH3-N, TN, Zn, Cu and Pb but improved removal of NO3-N was observed.  

 

Loss of N via effluent from unplanted columns was higher than planted columns. Mass 

balance analysis showed that increment of N mass distribution in the plant was mainly 

due to root growth. Total N mass in the media for SZ columns was lower than NSZ 

columns due to denitrification in the saturated zone. The distribution of P mass was 

found to be higher in the media than in plant and effluent. Plants reduced the P 

leaching into effluent by uptaking P for root development than actively transferring it 

to the shoot. The presence of a saturated zone, while is beneficial for N removal, 

caused higher P loss from the media into the effluent. Retention of Zn, Cu and 

especially Pb for all columns mostly occurred in the media. Plant assists in Zn, Cu, 

and Pb uptake via root with planted SZ columns performed better than NSZ columns. 

Hence, Zn and Cu loss in the effluent from SZ columns were reduced. Preference in 

heavy metal uptake via root by dwarf lomandra follows the order: Zn > Cu > Pb. 

Accumulation of Zn, Cu and Pb in plants’ shoot did not differ with study duration. 

Retention efficiency for heavy metals in the media improved with the saturated zone.  

 

Removal of ibuprofen and bisphenol A (BPA) in all columns were excellent with most 

effluent samples showing ibuprofen below detection limit and bisphenol A below 0.4 

ppm. Media was speculated to be the primary retention. Further removal of ibuprofen 

could occur in the saturated zone which provides sufficient hydraulic retention time for 

its biodegradation. 
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Overall, the inclusion of planted biocolumns, modified with saturated zone and 

optimised lightweight media mix has the potential to significantly increase pollutant 

removal in terms of TSS, nitrogenous compounds, heavy metals, and emerging 

contaminants for effective stormwater runoff treatment. 
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Chapter 1. Introduction 
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1.1. Thesis framework 

 

This thesis consists of eight chapters. The outline of the chapters are as follows: 

Chapter 1 comprises thesis framework, introduction of the topic, research background, 

current research knowledge gaps and research objectives. Detailed research 

background of specific topic of the study is presented as subsection in each Chapter 

4, 5, 6 and 7. 

Chapter 2 is a literature review which summarises past studies and findings of 

bioretention systems. This includes tables of reviews for the effect of various types of 

media, media depth, plants and design that was considered and finally applied in the 

current study. 

Chapter 3 compiles methodology used in the Chapter 4, 5, 6 and 7. 

Chapter 4 focusses on the reduction of nutrient and heavy metal leaching from 

stormwater using optimised soilless media mix. Findings from this chapter is published 

as Manuscript 1. 

Chapter 5 presents the result and discussion of effluent characteristics (pH, TSS,    

NO2
-, NO3

-, NH4
+, TN, PO4

3-, TP, TOC, Zn, Cu, Pb, ibuprofen, and bisphenol A) during 

phytoremediation study. 

Chapter 6 discusses phytoremediation of nutrients (nitrogen and phosphorus) using 

biocolumns planted with Lomandra ‘Evergreen Baby’TM in greenhouse conditions. 

Mass balance analysis of nutrients based on influent, effluent, plant, and media is also 

discussed. Results from this section will be published as Manuscript 2. 

Chapter 7 discusses phytoremediation of heavy metals (Zn, Cu, and Pb) using the 

experimental setup described in Chapter 3. Mass balance analysis of heavy metals 

similar to nutrients in Chapter 6 is also included. Results from this section will be 

published as Manuscript 3. 

Chapter 8 concludes the thesis by discussing the main findings of the study and 

recommendations for future studies. 
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1.2. Research design 
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1.3. Highly urbanised areas and stormwater management challenges  

 

Many big cities and towns around the world are facing three critical changes in 

managing water resources, including waterways such as rivers and streams, estuarine 

and coastal areas and ultimately people’s quality of life (CRCWSC, 2020). Those 

changes are: 

 

1. A rapidly growing population with changing lifestyles and values 

2. A changing and increasingly variable climate 

3. A challenging economic environment 

 

Population growth increases pressure on maintaining safe drinking water supply, 

wastewater treatment and its disposal. The natural landscape is alarmingly altered 

when cities and towns are conventionally constructed, with increased impermeable 

surfaces causing a higher fraction of precipitation being unable to infiltrate into the soil 

and thus becoming runoff. This runoff mobilises and conveys pollutants along its 

pathway to nearby waterways. Existing conventional stormwater management 

concentrates stormwater in pipes and drains and transports it and its contaminants to 

a nearby freshwater or marine ecosystem.  Meanwhile, an increase in volume and 

peak flows of the stormwater runoff on land due to rapid urbanisation also significantly 

changes (Baek et al., 2015; Sidek, Muha, Md Noor, & Basri, 2013). Other than 

urbanisation, climate change and ecological concerns are also driving the need for 

new stormwater management strategies (Eckart, McPhee, & Bolisetti, 2017; 

Muhammad Shafique & Kim, 2017; NIWA, 2016). The effects of urbanisation are 

exaggerated by climate change and thus the development of innovative stormwater 

management techniques is necessary to mitigate these impacts (Eckart et al., 2017).  

 

For example, as urbanisation is taking place at a faster rate, China’s city drainage 

systems are unable to cope with high-intensity downpours of a fast-warming climate. 

As a result, in 2013, 234 Chinese cities were flooded thus exposing large population 

to environmental risks and the loss of assets worth billions of dollars (Workman, 2017). 

Highly impervious city surfaces and drained wetlands meant unfiltered urban 
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stormwater runoff ended up in already polluted rivers, carrying wastes, contaminants, 

and microbes. 

 

Urban stormwater and infrastructure have a profound effect on the ecology of 

waterways. Urban streams are an integral part of the existing stormwater drainage 

network and have been traditionally piped and channelised to maximise urban land 

development and mitigate flood (Kelly, 2010). Urban stormwater runoff from paved 

surfaces such as roads, parking lots and to lesser extent, building rooftops picks up a 

variety of pollutants on its way to receiving waters such as sediments, copper (Cu), 

cadmium (Cd), zinc (Zn), organic pollutants (polycyclic aromatic hydrocarbons, PAH), 

pesticides, microbes and nutrients while also causing an elevated temperature in the 

runoff (Dietz, 2007) during transportation (David, Leatherbarrow, Yee, & McKee, 2015). 

As warm stormwater runoff enters receiving waters, it can be harmful to coldwater 

stream environments (Young, Afoa, Meijer, Wagenhoff, & Utech, 2013). Meanwhile, 

phosphorus (P) is of particular interest in urban runoff where elevated levels of P along 

with nitrogen (N), will promote eutrophication and the associated detrimental 

environmental impacts (Li, J. & Davis, 2016).  

 

1.4. Low Impact Designs (LIDs) as a solution to stormwater 

management 

 

Low Impact Designs or Low Impact Developments (LIDs), are engineering design 

practices that manage stormwater runoff on-site to be similar to natural processes to 

protect water quality, base flows and associated aquatic environment (David et al., 

2015; Géhéniau, Fuamba, Mahaut, Gendron, & Dugué, 2015; Maniquiz-Redillas & Kim, 

2016). This ‘green infrastructure’ and associated practices which are also known as 

Water-Sensitive Urban Design (WSUD in Australia), Low-Impact Development (LID in 

North America) or Sustainable Urban Drainage Systems (SUDS in Europe), employs 

infiltration-by-design to help recharge urban aquifers, mitigate floods and add 

liveability, aesthetic value, and biodiversity to the city landscape (Workman, 2017). 

LIDs are used in many developed countries as means to collect, filter, and remove 

heavy metals and other nonpoint source constituents in stormwater runoff (David et 

al., 2015; Maniquiz-Redillas & Kim, 2016). Though LIDs practices provide pollutant 
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removal capabilities, the relative capabilities between practices vary for different 

pollutants (Maniquiz-Redillas & Kim, 2016). 

 

For example, the LIDs approach is adopted by China as the concept of ‘sponge city’. 

The sponge city allows stormwater to be absorbed by the soil, purifies it, recharges 

the groundwater, and thus regenerates and expands the city’s freshwater ecosystems. 

Since that announcement of the initiative in 2013, the cadre of sponge cities has 

doubled to 30 in China, including parts of megacities such as Beijing, Shanghai, and 

Xinjiang. These cities can reclassify what a sponge city is, based on the most effective 

and affordable response (Figure 1) to threats from urban floods, groundwater depletion 

and polluted runoff (Workman, 2017). 

 

 

Figure 1. Cost of different sponge city components in China (Workman, 2017) 

 

The cost of various green technologies, studied in China for the sponge city initiative, 

and as highlighted in Figure 1, differs significantly from the costs in other countries. 

This variation is in agreement with findings from (Ira & Simcock, 2019) that wide range 

in total acquisition cost estimates (excluding land costs) for raingarden and wetlands 

are partially affected by the different types of construction techniques (type of soil, 

ground conditions and materials used), which vary based on local laws and regulations.  

The estimated cost in New Zealand for raingarden according to report by Ira & Simcock 
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(2019) is estimated as 300 – 800 NZD/m2, for wetlands as 200 – 550 NZD/m2, and for 

green roofs as 200 – 260 NZD/m2.  

 

1.5. Raingardens and suspended raingardens 

 

Raingardens, also known as bioretention cells (Strong & Hudak, 2015), biofiltration 

systems or infiltrating swales are among LIDs practices that have been employed to 

reduce stormwater runoff and improve water quality, with plants providing an 

aesthetically pleasing environment. The raingardens are designed to treat stormwater 

close to source from small catchments (Chahal, Shi, & Flury, 2016). They are 

depressed, vegetated areas into which stormwater runoff from small sub-catchments 

such as residential areas or parking lots is directed (Géhéniau et al., 2015).  

Raingardens generally consist of a porous media with high infiltration rate, supporting 

a vegetative layer, sometimes with surface mulch (Hsieh & Davis, 2005). Pollutants 

removal from stormwater is usually through physical filtration, sorption, and biological 

uptake and degradation (Bratieres et al., 2008; Hatt, Fletcher, & Deletic, 2009a; 

Khareedi & Padhye, 2017; Roy-Poirier, Champagne, & Filion, 2010). 

 

Suspended raingardens are an ideal and innovative LIDs suitable for urban 

environments where space is limited at ground level. The term ‘suspended 

raingardens’ consists of two phrases that are combined – ‘suspended’ and 

‘raingardens’. ‘Raingardens’ are bioretention system while the word ‘suspended’ 

denotes the ‘hanging’ position or arrangement of this raingarden within a building 

structure above the ground. 

 

Although raingardens, suspended raingardens and bioretentions are categorized 

under LIDs with a similar objective of treating pollutants from stormwater in a natural 

way, there are differences in the size and design complexity of the treatment unit itself. 

Bioretention systems are typically built in a much larger scale on land with higher 

design standard, engineered to meet goals related to saturated hydraulic conductivity, 

pollutant removal and healthy plant growth (Roy-Poirier et al., 2010). Raingardens are 

usually constructed on a much smaller scale on land, beside impervious surfaces such 

as driveways, sidewalks, or roads with less complexity in design and modelling as 
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compared to bioretention system. Therefore, they can compete with other potential 

land usages for space.  On the other hand, suspended raingardens investigated in this 

project, is designed to be localised and light enough to be suspended in the air or 

retrofitted to existing bridges, flyovers, balconies or walls, providing in-situ treatment 

ability like raingardens without competing for ground space (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Illustration of suspended raingardens (Salmin, Khareedi, & Padhye, 2016) 

 

1.6. Limitations and constraints of the existing LIDs  

 

Several studies have reported leaching of nutrients from some bioretention systems 

resulting in low total nitrogen (TN) and total phosphorus (TP) removal (Chahal et al., 

2016; Fassman-Beck, Elizabeth, Simcock, & Wang, 2013; Hatt et al., 2009a; Hsieh & 

Davis, 2005). Raingarden systems initially experience nutrient-leaching from the 

compost used in the media (Chahal et al., 2016; Fassman-Beck, Elizabeth et al., 2013; 

Mullane et al., 2015). Leaching of P has been noted as a common problem in green 

roofs, bioretention, and grass swales (Dietz, 2007). Biofilter soil media with added 

organic matter results in reduced P treatment effectiveness (Bratieres et al., 2008).  

 

Other than nutrient leaching, limitation of existing LIDs related to space and retrofitting 

current structures due to weight remains a problem. In developed areas, there is a 

little space is available for the retrofitting of LIDs practices for the stormwater 

management (Muhammad Shafique & Kim, 2017). The biggest challenge is to find the 
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suitable places for LIDs practices in the existing complex infrastructure.  Therefore, 

the selection of an appropriate place to retrofitting LIDs practices needs more concern. 

 

However, the common practice of using sand as part of filter media in a raingarden 

system is difficult to apply in a suspended raingarden. Sand is heavy and contributes 

more load to the overall raingarden structures. Thus, it is important for lightweight 

material to be used as media in a suspended raingarden considering its lightweight 

properties that reduce the load on supporting structures. Use of lightweight substrate 

significantly improve the operational capacity of the growing medium and thus reduce 

the transport and materials handling costs (López-Rodríguez, Pérez-Esteban, Ruiz-

Fernández, & Masaguer, 2016). 

 

A review of the literature revealed only a few studies on lightweight media in 

bioretention system. Studies of other planted/vegetated filtration systems such as 

green walls (Prodanovic, Hatt, McCarthy, Zhang, & Deletic, 2017; Prodanovic, Zhang, 

Hatt, McCarthy, & Deletic, 2018) and green roofs (Kuoppamäki & Lehvävirta, 2016) 

have demonstrated that lightweight media could support plant growth while facilitating 

primary removal of sediments, nutrients and heavy metals. A green roof is a building 

rooftop partially or completely covered with vegetation over high quality waterproof 

membranes. Benefits of green roof implementation in urban environment include roofs 

life extension, energy costs reduction and conserving valuable land which would 

otherwise require stormwater runoff controls (Eckart et al., 2017; Shafique & Kim, 

2015). Green roofs clean runoff by filtering pollutants deposited on roofs between rain 

events and reduce loads of heavy metals and N to urban runoff (Kuoppamäki & 

Lehvävirta, 2016). Meanwhile, green walls (vegetated walls) are fabricated from plants 

grown in media filled planter boxes, suspended on a side of buildings. Green walls 

provide thermal insulation and energy savings for the buildings, increased liveability, 

and noise mitigation. However, these benefits could be outweighed by high 

construction and maintenance costs (Prodanovic et al., 2017). Both green roofs and 

green walls are different from bioretention system due to the use of roof area for the 

former and larger size of vegetation for the latter. Studies using sand and gravel 

planted filter have shown promising results in reducing contaminants in stormwater 

(Bratieres et al., 2008; Hsieh & Davis, 2005; Wang, Shumin et al., 2017; Zinger, 

Blecken, Fletcher, Viklander, & Deletić, 2013). Fassman-Beck et al. (2013) 
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recommended sand-based, low organic matter bioretention mixes that are effective in 

providing heavy metals’ removal capability while enabling plant establishment and 

growth.  

 

Studies of planted biofilters have demonstrated that media plays a critical role as it 

provides the physical support for plants and facilitates the primary removal processes 

for pollutants. Suspended raingardens are different from sand and gravel biofilters in 

terms of media used. As mentioned earlier in the Figure 2, due to their suspending 

position in the air under bridges or flyovers, suspended raingardens require lightweight 

media to reduce the load on their supporting structures (Salmin et al., 2016). Similar 

to suspended raingardens, green walls and vegetated green roof systems are usually 

constructed using lightweight media due to their limitation in weight (Prodanovic et al., 

2017). Lightweight materials such as perlite, vermiculite, coco coir, rockwool and foam 

are commercially used for green wall construction. Coco coir has been trialled on 

pollutant removal from stormwater (Lim, Lim, Hu, Ziegler, & Ong, 2015) and greywater 

(Pradhan, Al-Ghamdi, & Mackey, 2019). Perlite with coco coir were also trialled in 

removing pollutant from greywater (Prodanovic et al., 2017; Prodanovic et al., 2018) 

with perlite was investigated in heavy metal removal from stormwater (Russo et al., 

2019). Stormwater biofilters amended with granular activated carbon (GAC) was 

evaluated to remove herbicides, pesticides, and flame retardants (Ulrich, Loehnert, & 

Higgins, 2017). However, stormwater treatment has not been previously studied for 

extreme lightweight media proposed for suspended raingardens, and how pollutants 

from stormwater would affect the media has not been researched. 

 

1.7. Objectives of the study 

 

The overarching objective of the project is to assess the pollutant removal efficiency 

of a lightweight media, planted with a readily available plant species suitable to treat 

stormwater in a suspended raingarden. The specific objectives are: 

 

1. To assess the biofiltration efficacy of optimised lightweight media for the 

removal of leached nutrients (PO4
3-, NO3

-, NO2
-, and NH4

+), suspended solids 

and heavy metals (Zn, Cu, and Pb), 
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2. To investigate readily available plant species (Lomandra ‘Evergreen Baby’TM) 

for phytoremediation of nutrients, suspended solids and heavy metals under 

local climatic conditions using semi-natural stormwater mix and optimised 

lightweight media studied in Objective 1, and 

3. To evaluate the effectiveness of the suspended raingarden system, with the 

optimised media (Objective 1) and locally available plant (Objective 2) in 

mitigating removal of emerging contaminants (EC).  
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2.1. Low Impact Designs (LIDs) and raingarden  

 

The current chapter provides some insights into stormwater treatment using one of the 

Low Impact Designs (LIDs) known as raingarden. Plenty of studies conducted in the 

past were related to bioretention systems, biofilters or raingardens. This chapter 

reviews the concept of bioretention system, biofilter, or raingarden, and how this 

successful concept can then be translated into suspended raingarden, the topic of this 

research.  

 

LIDs refer to practices that simulate natural processes in treating urban stormwater. 

LIDs such as bioretention, pervious pavements, grass swales and green roofs are 

recommended as an alternative to traditional stormwater design and are gaining more 

popularity in research nowadays. Bioretention systems, in particular, have been 

effective in retaining large volumes of runoff and consistently reducing pollutants on-

site especially metals (Dietz, 2007). The definition of bioretention according to 

Auckland Council (Cunningham et al., 2017) is a process in which contaminants and 

sedimentation are removed from stormwater runoff in a filter media with perennial 

vegetation. In response to the non-point source pollution associated with storm flows, 

stormwater control measures (SCMs), also known as best management practices 

(BMPs), are implemented to restore the hydrology of an area to predeveloped 

conditions (Jenkins, Wadzuk, & Welker, 2010). BMPs are methods that have been 

determined to be the most effective and practical means of preventing or reducing 

non-point source pollution to help achieve water quality goals.  However, selection of 

BMPs for stormwater should match appropriate technologies for their ability to meet 

the respective water quality standards. There is no single management practice 

identified as the ‘best’ BMP in producing the lowest effluent contamination 

concentration; bioretention and grass swales provide better water quality protection 

from sediment and Zn while retention pond barely meet minimum removal while Cu is 

problematic for all BMPs with respect to water quality criteria (Fassman-Beck, 

Elizabeth, 2012). Leaching of P from bioretention, green roofs and grass swales linked 

to high P levels in soil media and fertilization of planted areas is also one of the main 

issues identified in research (Dietz, 2007). Nonetheless, permeable pavement could 
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prevent up to 2/3 of the contaminant concentrations from typical urban source areas 

(Fassman-Beck, Elizabeth, 2012). 

 

LIDs such as raingarden rely on vegetation and mixtures of soil, sand and compost to 

filter stormwater runoff (David et al., 2015; Li, J. & Davis, 2016; Mullane et al., 2015). 

The main functions of raingarden include decreasing the stormwater runoff volume, 

enhancing infiltration rate, retaining and removing nutrients, heavy metals, pathogens, 

and other chemical pollutants, and occasionally allowing water harvesting for reuse 

(Mehring & Levin, 2015). A resilient raingarden consistently attenuate pollutants, 

volume, and peak flows from small rain events (Simcock, Blackbourn, Fassman-Beck, 

Ansen, & Wang, 2014). Figure 3 below shows a typical commercial urban area 

raingarden constructed in New Zealand while Figure 4 indicates a typical designed 

raingarden (biofilter) used in Australia. The concept of suspended raingardens is 

illustrated earlier in Figure 2. 

 

 

Figure 3. Typical commercial urban area raingarden (photo taken at Wynyard Quarter, 
Auckland, 22nd August 2017) 

 

Raingarden 
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Figure 4. Cross sectional view of a typically designed raingarden, showing saturated 
zone (SZ) (Facility for Advancing Water Biofiltration, (FAWB), 2008) 

 

Whether it is a raingarden, bioretention system, or green roof, all these systems use 

phytoremediation, a sustainable remediation technique aimed at cleaning up or 

managing contaminated water and soil in order to minimize negative impacts on 

human health and environmental functions. Certain existing technologies, such as 

chemical treatment processes, on the other hand, not only produce CO2 emissions or 

hazardous by-products at the end but also involve high energy consumption and 

clean-up costs (Bleicher, 2016). In contrast, phytoremediation involves the use of 

plants and their associated microbes for environmental clean-up (Pilon-Smits, 2005; 

Wang, Yujue, Yin, Kelly, & Gin, 2019). It is gaining popularity as a cost-effective and 

complementary technology for engineering-based remediation methods.  Plant, which 

is one of the important components of raingarden or suspended raingarden, can be 

used for pollutant stabilization, extraction, degradation or volatilization (Pilon-Smits, 

2005). This technology utilizes naturally occurring processes by plants 

(phytoextraction, phytodegradation and/or phytovolatilization) and their microbial 

rhizosphere (phytostimulation) to degrade and isolate organic and inorganic pollutants 

(Figure 5).  

 

Saturated Zone 

Transition Layer 

Inflow Stormwater 

Unsaturated 
Zone 

Overflow 

Underdrain 
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Figure 5. Possible fates of pollutants during phytoremediation: the pollutant 
(represented by red circles) can be stabilized or degraded in the rhizosphere, 
sequestered or degraded inside the plant tissue, or volatilized (Pilon-Smits, 2005). 
  

2.2. Lightweight soilless media for raingarden system  

 

Bioretention media remove pollutants from stormwater through various mechanisms; 

filtration, sedimentation, adsorption, and precipitation, with different media 

compositions, demonstrating different pollutant removal efficiencies depending on 

their capture mechanisms (Hsieh & Davis, 2005). Planting media used in the 

bioretention system greatly influence its performance and maintenance requirements 

(Simcock et al., 2014). There is also a need for the media to provide stability, nutrients, 

and water sources to the plants in between raining events. 

 

In order to treat stormwater using bioretention systems successfully, finding the right 

composition of various media is essential (Fassman-Beck, Elizabeth et al., 2013; Liu, 

R. & Fassman-Beck, 2016). Filter media used in bioretention is a critical component 

to ensure effective bioretention performance (Fassman-Beck, Elizabeth et al., 2013). 

Raingarden soil mix applied in the Auckland region is usually sandy loam (Auckland 

Council, n.d.) with 35 – 60% sand and a maximum of 25% clay content (Fassman-

Beck, Elizabeth et al., 2013). Cationic exchange capacity (CEC) for sand is low (< 10 

cmol/kg) but is high for clay. High CEC values indicates the media has a good capacity 

to retain cationic nutrients, such as ammonium (NH4
+) (Carlile, Prasad, & Raviv, 2019). 

However, the common practice of using sand as part of filter media in a raingarden 

system is difficult to apply in a suspended raingarden. Sand is heavy and contributes 
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more load to the overall raingarden structures. Thus, it is important for lightweight 

material to be used as media in a suspended raingarden, considering the need to 

reduce the load on supporting structures. The use of lightweight media also improves 

the operational capacity of the growing medium and thus reduce the transport and 

materials handling costs (López-Rodríguez et al., 2016). 

 

Soilless plant culture is a method of growing plants without the use of soil through a 

porous rooting medium known as a ‘substrate’. Soilless systems generally have higher 

water and nutrient use efficiencies (Barrett, Alexander, Robinson, & Bragg, 2016). 

Lightweight media such as coco coir used in the vertical gardens showed low density, 

and in combination with composted pine bark had porosity higher than 85%. It meant 

that a good water retention and aeration observed in the study were attributed to them 

(López-Rodríguez et al., 2016). A review of the literature revealed very few studies on 

the application of lightweight soilless media in bioretention system. Studies of other 

planted filtration systems; green walls (Prodanovic et al., 2017; Prodanovic et al., 2018) 

and green roofs (Kuoppamäki & Lehvävirta, 2016) have demonstrated that lightweight 

media can support plant growth while facilitating removal of sediments, nutrients, and 

heavy metals.  

 

Inexpensive mixed media of sawdust, coconut coir, sphagnum moss, perlite, and 

vermiculite with the addition of a small percentage of activated carbon, zeolite, and 

biochar were previously investigated to enhance the adsorption of heavy metals 

(Salmin et al., 2016). All the three resulting media were lightweight, and the results 

showed that all the media were able to reduce more than 90% of total suspended 

solids (TSS). The dissolved Zn was most effectively removed, and the dissolved Cu 

was least effectively removed. In another suitability study of using 10% perlite and 

varying proportions of sphagnum moss, coco coir and Douglas fir bark as soilless 

substrates for container production of highbush blueberry, total plant dry weight was 

twice as much in the media with ≥ 60% peat or coco coir than in media with ≥ 60% 

bark at 128 days after transplanting (Kingston, Scagel, Bryla, & Strik, 2017). Six 

different media, especially for targeting specific pollutant removal and support plant 

growth were investigated for stormwater reuse (Hatt, Deletic, & Fletcher, 2007). The 

soil-based filters were made up of sand, sandy loam, or sandy loam with other 

additives; hydrocell, vermiculite + perlite, compost + light mulch, and compost + light 
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mulch + charcoal. Hydrocell is a biodegradable and environmentally safe soil improver 

with remarkable water holding properties. Because hydrocell is inert, it will not change 

the chemical balance of the media mixes. Findings showed all filters able to achieve 

minimum 80% of TSS removal and more than 90% of lead (Pb), Cu and Zn removal.  

 

The following Table 1 shows a compilation of the studies in recent five years of LIDs 

research, involving lightweight soilless media. Comparison of water sources used, 

stormwater concentration and dosing, changes in physical/chemical properties of the 

substrate, and experimental design setup are also highlighted.  
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Table 1. Compilation of recent researches (year 2015 – 2020) involving lightweight soilless media in LIDs development 
 

Research title Reference Soilless media Water sources Key findings 
Comparison of filter media 
materials for heavy metal 
removal from urban 
stormwater runoff using 
biofiltration systems 

(Lim et al., 2015) Compost, coco coir, 
sludge, commercial 
mix 

• Stormwater dosed every 
two days for continuous five 
runs. 

• Target low stormwater 
concentrations for Zn, Cu & 
Pb were 436.4, 44.8, 51.3 
µg/L with high 
concentrations of 1127, 
241, 90.3 µg/L respectively. 
 

• ID PVC columns – 103 mm, media depth – 
300 mm & 600 mm, Dosing volume - 5L (400 
ml/min). 

• pH of unused coco coir and compost were 
4.76 and 6.79 respectively. 

• Zn, Cu & Pb concentrations in coco coir and 
compost were 10.9, 115.0, 0.21 mg/kg and 
89.7, 24.7, 17.8 mg/kg respectively. 

• Heavy metals accumulated at the upper 5 
cm of the filter media. 

Behaviour and evolution of 
sustainable organic 
substrates in a vertical garden 

(López-
Rodríguez et al., 
2016) 

Composted pine 
bark, coconut fibre, 
composted plant 
residues, expanded 
polystyrene 

• Water source was not 
specified 

• Modular panel of 60 x 30 x 10 cm (W x H x 
D) was divided into eight quadrants (15 x 15 
cm). 

• pH of the unused composted pine bark was 
6.0, coconut fibre was 6.6 and composted 
plant residues was 7.2. 

• pH was higher in substrates with composted 
plant residues and lower in the substrates 
with pine bark and coconut fibre. 

Mitigating nutrient leaching 
from green roofs with 
biochar.   

(Kuoppamäki & 
Lehvävirta, 
2016) 

Organic matter, 
biochar, crushed 
brick mixture 

• Precipitation • 25 green roof platforms with 1 m x 2 m. 

• pH of biochar was 8.4 and crushed brick was 
7.8 

• Leached of Zn from crushed brick mixture 
into rainwater was 16 µg/L. 

Biochar amendment in the 
green roof substrate affects 
runoff quality and quantity. 

(Kuoppamäki, 
Hagner, 
Lehvävirta, & 
Setälä, 2016) 

Biochar • Precipitation • 26 green roof modules with 0.4 m x 0.5 m  

• pH of two biochars were 7.6 and 9.2. 

Performance of biofilter with a 
saturated zone for urban 
stormwater runoff pollution 
control: Influence of 
vegetation type and 
saturation time.   

(Wu et al., 2017) Topsoil, silica sand, 
zeolite, ceramsite, 
gravel 

• Natural stormwater 

• pH was 7.28 – 7.66, TSS 
was 230 – 398 mg/L, PO4

3- 
was 0.09 – 0.27 mg/L, NO3-
N was 2.03 – 5.17 mg/L & 

• Transparent Perspex columns (h x r = 130 
cm x 25 cm). 

• pH of zeolite was 8.02. 

• Optimised saturated zone and media depth 
(at least 0.75 m) provided favourable 
condition for N removal. 
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NH4-N was 0.38 – 1.27 
mg/L. 

• Majority of particle retention occurred in the 
first layer. 

Green walls for greywater 
reuse: Understanding the role 
of media on pollutant 
removal.   

 

(Prodanovic et 
al., 2017) 

Coco coir, rockwool, 
fyto-foam, perlite, 
vermiculite, 
growstone 

• Synthetic greywater 

• TSS was 100 mg/L, TN was 
5.5 mg/L-N & TP was 3.0 
mg/L-P. 

• PVC columns with ID 100 mm & height of 
300 mm. 

• Bulk density (g/cm3) and infiltration rate 
(mm/h) for coco coir, vermiculite and perlite 
were 0.126, 0.103, 0.06, and 750, 32,200, 
29,000 respectively. 

A layered bioretention system 
for inhibiting nitrate and 
organic matters leaching.  

(Wan, Li, & Shi, 
2017) 

Wood chips, sand, 
gravel, vermiculite 

• Synthetic stormwater 

• NO3
- was 5.8 mg/L, TN was 

8 – 9 mg/L, NH3 was 0.5 
mg/L. 

• Plexiglass columns with ID 15 cm & height 
130 cm 

• Two-layered system with wood chips only in 
upper layer.  

Optimisation of lightweight 
green wall media for 
greywater treatment and 
reuse.   

(Prodanovic et 
al., 2018) 

Perlite, coco coir • Synthetic greywater 

• TN was 0 – 23.3 mg/L-N, TP 
was 0.11 – 45.5 mg/L-P. 

• PVC columns with ID 100 mm & height 300 
mm 

• Bulk density for perlite and coco coir were 
0.060 and 0.126 g/cm3 respectively. 

• Particle density for perlite and coco coir were 
0.614 and 1.390 g/cm3 respectively. 

• Porosity for perlite and coco coir were 90.2 
and 90.9% respectively. 

Greywater treatment by 
ornamental plants and media 
for an integrated 
green wall system 

(Pradhan et al., 
2019) 

Coco coir, spent 
coffee grounds 

• Synthetic greywater 
• pH was 7.10, TSS was 259 

mg/L, PO4-P was 5.26 mg/L, 
TN was 14.40 mg/L, NH4

+ 
was 3.40 mg/L, NO2

- was 
0.50 mg/L, NO3

- was 0.54 
mg/L. 

• Two different designs – media only, and 
media with plants 

• Media only – simple straight cylinders of ID 
9 cm & height 15 cm. 

• Media with plants was divided into two 
designs: (1) ID 11 cm and height 27 cm with 
45o tee 11 cm x 18 cm, and (2) ID 8.2 cm and 
height 27 cm with 45o tee 8.2 cm x 18 cm. 

• Bulk density for perlite and coco coir were 
0.06 and 0.10 g/cm3 respectively. 

• Porosity for perlite and coco coir were 89 and 
79% respectively.  

• Media selection was a more dominant factor 
than plant selection for treatment 
performance. 
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Phytoremediation of three 
herbaceous plants to remove 
metals from urban runoff 

(Liu, H., Wang, 
Gao, Liang, & 
Gao, 2019; 
Shrestha, 
Bellitürk, & 
Görres, 2019) 

Black soil • Artificial test water 

• Cu was 0.45 – 0.91 mg/L, 
Pb was 0.39 – 0.68 mg/L. 

• Self-designed riparian buffer system made 
of PVC (1.5 x 0.24 x 0.23 m). 

• Media pH was 6.26, TN was 0.46 g/kg, TP 
was 0.31 g/kg 

Phytoremediation of heavy 
metal-contaminated soil by 
switchgrass: A comparative 
study utilizing different 
composts and coir fibre on 
pollution remediation, plant 
productivity, and nutrient 
leaching 

 

(Shrestha et al., 
2019) 

Soil, thermophilic 
compost, 
vermicompost, coir 

• Different soil mixes were 
spiked with 32 mg of 
different heavy metals 
based on soil dry weight. 

• 40 pot-scale  

• pH for thermophilic compost, vermicompost 
and coir were 8.09, 7.1 & 5.6. 

• CN ratio, NH4
+ and NO3

- for thermophilic 
compost, vermicompost and coir were 
13.61, 10.3, 84; 1.78, 60.3, 0.73 ppm; 1505, 
2230, 0.02 ppm. 

• Zn, Cu & Pb for thermophilic compost, 
vermicompost and coir respectively were 
147, 50.9, 32; 660, 841, 9.2; 12, 12.7, 1.2 
ppm. 

Influence of different 
ornamental shrubs on the 
removal of heavy metals in a 
stormwater bioretention 
system.   

(Russo et al., 
2019) 

Perlite, mulch  • Synthetic stormwater 

• Pb was 1.97 – 2.02 mg/L.  

• 70 plastic pots with truncated pyramid shape 
have dimension of 418 x 310 mm, 347 x 245 
mm base & 575 mm height. 

Nutrient leaching behaviour 
of green roofs: Laboratory 
and field investigations.   

 

(Akther, He, 
Chu, & van Duin, 
2020) 

ZinCoblend Semi-
Intensive 

• Deionized water • Three laboratory cells, with a surface area of 
0.57 m x 0.41 m and growing media layer of 
150 mm in depth. 

• Bulk density for growing media, GM1, GM2 
& GM3 were 970.9, 1132.8 & 781.1 kg/m3 
respectively 

• Porosity for GM1, GM2 & GM3 were 62.25, 
53.67 & 65.48% respectively 
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2.2.1. Compost 

 

Compost is a term describing organic matter that has undergone long, thermophilic, 

and aerobic decomposition (composting) (Raviv, 2017). Compost is used as soil 

amendment to help in restoring disturbed soils, control erosion, promote moisture 

retention and revegetation, and as a nutrient source for vegetation. Applications of 

compost as part of growth medium in biofilters, swales, green roofs, and raingardens 

has been challenging as it needs a fine balance of nutrient release from compost 

without degrading the stormwater quality. Properties and quality of compost are 

usually affected by the original source of compost feedstock and the composting 

process (Lenhart, 2008).  

 

Manures usually have the highest N concentrations, while woody materials have very 

low N concentrations (Lenhart, 2008). Increasing compost age would increase N 

content and bulk density of the compost while decrease carbon content and volatile 

solids content (Al-Bataina, Young, & Ranieri, 2016). A mature compost has a darker 

colour, with visible short and dark fibres, and emits the earthy odours. End product of 

mature compost is made of humic substances such as fulvic acids, humic acids, and 

humins, which exhibit higher cation exchange capacity for heavy metals removal. 

Mature compost made from deciduous leaves makes a suitable compost for soil 

amendment applications for water quality (Lenhart, 2008). Although the leaf compost 

has the highest TP, it leaches the lowest TP as nutrients are tied up into the mature 

compost material and are not easily released. 

 

Allowing the aging of green waste compost by additional 4 or 9 weeks beyond the 

typical curing process has shown the reduced N release from the studied compost 

while TP release consistently declined as well with the aging time (Al-Bataina et al., 

2016). NH4
+ was the dominant species of N released during simulated storms although 

small increases in nitrate (NO3
-) concentrations were also observed with the increase 

in compost age which could be due to nitrification. Source of P leaching from compost 

in bioretention media mixes can be mitigated using secondary layers of media, 

applying additional additives such as Water Treatment Residuals (WTRs) to the media 

mix, or simply reducing or eliminating the use of compost in bioretention media 

altogether (Dell & Brim, 2017).  
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Suggested range for organic matter is between 3-10% w/w to avoid potential nutrient 

leaching from filter media (Burge, Leinster, Breen, & Thomson, 2007). Fine organic 

matter helps in improving water holding capacity and is especially important for plant 

survival during dry periods. Organic matter also enhances the adsorption capacity of 

filter media for heavy metals uptake. In another study, the addition of compost to a 

final mix of 90% sand: 10% compost (v/v) was found to be important to increase CEC 

considering the near-absence of clay and silt component. CEC provides cation storage 

for positively charged nutrients, such as NH4
+, and metals within the media (Fassman-

Beck, E., Wang, & Simcock, 2012). The similar media also demonstrated capability in 

removing Cu and Zn in synthetic stormwater runoff below 5 µg/L and 10 µg/L 

respectively.  

 

Compaction testing indicates water content is important for filter media with organic 

matter (≥ 20%). This is because different water contents will produce significantly 

different densities of media under the same compaction. A higher density reflects less 

large pore volume and a lower hydraulic conductivity (Fassman-Beck, Elizabeth et al., 

2013). For example, compacted densities for media with a higher proportion of 

compost increased by 26% under the same compaction as water content increased. 

This elevated density reduced infiltration rates by a factor of four (Simcock et al., 2014). 

The saturated permeability value (Ks) of aggregates either remain unchanged or 

decreased with a compost amendment ≤ 20% v/v, while 20% v/v topsoil amendment 

containing high organic material to a sand bioretention medium has been shown to 

effectively reduce Ks value (Liu, R. & Fassman-Beck, 2017). 

 

Interestingly, it was found out that 0.8 tonne tannin extract which was added into a 

hectare of compost reduced emission of cumulative gaseous C emissions by 40% and 

of N by 36%, while for soil, the reduced emission of nitrous oxide (N2O) was by 17% 

and volatilization of NH3 by 51% (Jordan et al., 2015). 

 

2.2.2. Coco coir 

 

Coco coir, derived from the outer husks and shells of coconuts, is divided into three 

main components; coco pith (main component), coco fibre and coco chips. According 

to CANNA (2020), coco coir was firstly reported used as a growing medium for various 
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plants in the late 1940s. It was not until the early 1990s that coco coir made a 

breakthrough when it was introduced into Dutch horticulture (CANNA, 2020). Coco 

coir is not easily compacted and retains plenty of air pockets leaving room for the root 

system to grow. Coco coir has a naturally high lignin content that encourages 

beneficial microorganisms grow around the roots and acts as protection against plant 

pathogens (CANNA, 2020). Coco coir and compost contain humic substances, 

cellulose, lignin, and carboxyl groups that have a high tendency to bind metals 

especially in the pH range of 6 - 8 via surface complexation and ion exchange 

processes (Lim et al., 2015). 

 

Figure 6 shows a schematic diagram of the difference in CEC between unbuffered and 

buffered coco coir. Buffered coco coir reduces the binding of divalent cations to coco 

substrate, hence allowing more access to the rhizosphere (CANNA, 2020). Unbuffered 

coco coir tends to be high in sodium (Na+) and potassium (K+). Na+ can be easily 

leached from coco coir during watering or irrigation. 

 
Figure 6. Schematic overview of CEC in coco substrate. Left: unbuffered coco 
substrate – divalent ions such as Ca2+ and Mg2+ bind to coco substrate, Right: buffered 
coco substrate – less binding of divalent cations to the coco substrate and instead 
towards the rhizosphere (CANNA, 2020). 
 
 
Amended coco coir with the addition of other soilless media will affect the resultant 

properties of the mix mechanically and chemically. For example, adding perlite, 
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vermiculite or clay pebbles into coco coir primarily affect drainage and aeration of the 

total medium (CANNA, 2020). Coco coir alone showed best performance in reducing 

suspended solids, nitrogenous compounds and phosphate in the greywater while 

testing of different media components (Pradhan et al., 2019). Soilless media mix 

amended with coco coir has also shown to improve the physical properties of media 

mix by decreasing estimated bulk density but increasing the total porosity (%) and 

water-filled pore percentage. A 50% coco dust portion gave the highest water use 

efficiency where the reduction of accumulated evapotranspiration (ET) and crops 

evapotranspiration (ETc) was achieved. It was also found that a higher coir dust 

portion at 75% reduced nutrient leachate in the runoff solution; NO3
- leaching was 

lowest at early growth stage (pinching and vegetative growth) while orthophosphate 

(PO4
3-) leaching was lowest at flowering and senescence stages (Hongpakdee & 

Ruamrungsri, 2015).  

 

The pH of the graded coco pith is moderately acidic in nature in the first wash and 

reaches near alkaline after the final seventh sequential wash. If pH < 4, micronutrients 

become more mobile and are absorbed in excess by plants. If pH > 9, micronutrients 

are less mobile and absorption by plants is reduced, causing nutrient deficiencies 

(Paramanandham, Ross, Vaidehi, & Abbiramy, 2013). Uptake of P is highly dependent 

on pH, not only just for the availability of P in the rhizosphere, but also the ability of 

plants to absorb P (Kingston et al., 2017). The pH dependence of P uptake in higher 

plants are highest between pH 5.0 and 6.0 where dihydrogenphosphate ion (H2PO4
-) 

dominates, which suggests the readily uptake of P is in monovalent form (Schachtman, 

Reid, & Ayling, 1998). Also, higher pH can increase the likelihood of nitrification and 

N losses (Kingston et al., 2017).  

 

One disadvantage of coco coir is nitrogen draw-down when N is retained in the 

substrate during decomposition of organic matter and thus is unavailable for crops 

(CANNA, 2020). For example, in one study, coconut husk released P and TN during 

the retting process. Husk retting is a process of decomposing the husk’s pulp through 

natural and chemical process to separate the coir fibres. After ten days of retting, 

nutrient components released from coconut husk increased gradually. About 87% of 

its P (0.2639 mg P/g) and 10% of its TN (0.0114 mg N/g) was released from the 

coconut husk (Torillo Jr. & Mihara, 2012), without being available for plants. 
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2.2.3. Zeolite 

 

Zeolite, a naturally occurring mineral, has high CEC values and bulk density. It is 

widely used in mixed substrates for vegetation, which includes organic (peat and 

compost) and inorganic materials (sand and perlite). Its high-water holding capacity 

enables efficient stormwater management (Bar-Tal, Saha, Raviv, & Tuller, 2019). One 

study showed that higher growth of crisp-head lettuce obtained with zeolite compared 

to perlite was attributed to an increase in the uptake of NH4
+ and potassium (K) since 

zeolites have a high CEC (Gül, Eroğul, & Ongun, 2005). This ability enables zeolite to 

act as a reservoir, thus holding elements in its structure for slow release to the 

rhizosphere.  

 

Zeolite also decreases nitrification, and the decrease resulted from the retention of 

NH4
+ by zeolite in places where nitrifying bacteria could not oxidize NH4

+ (Ramesh & 

Reddy, 2011). Meanwhile, fine zeolite with a mean particle size of 13 micron was used 

as an adsorbent for the removal of NH4
+ from aqueous solution and later acted as 

seed material for the precipitation of calcium phosphate through secondary nucleation 

and crystal growth, leading to an increase in particle size (Karapinar, 2009). PO4
3- 

removal from sewage using zeolite as a support medium was also investigated in 

subsurface flow treatment wetlands (Andrés, Araya, Vera, Pozo, & Vidal, 2018). The 

removal mechanism of heavy metals by zeolite is by ion exchange with the preference 

of heavy metal adsorption is in the order of Pb > Cu > Zn (Pitcher, Slade, & Ward, 

2004). 

 

Zeolite increases pH due to hydroxonium ion exchange, thus reducing the proton 

concentration in the solution. Disadvantages are due to leaching of cations such as 

sodium during ion exchange process or potential precipitation of heavy metals on the 

zeolite surface at higher pH solution (Pitcher et al., 2004). Effects of natural zeolites 

on bioavailability and leachability of heavy metals in the composting process of 

biodegradable wastes was studied (Singh, Kalamdhad, & Lee, 2016). Highest 

reduction in the bioavailability and leachability of Zn, Cu, and Pb was observed in the 

5 and 10% zeolite treatments during the composting process of water hyacinth. The 

optimum percentage of zeolite addition in the composting mass fasten degradation of 
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organic biomass, resulted in the decrement of bioavailability and leachability of the 

heavy metals during the composting process. 

 

2.2.4. Activated carbon 

 

Activated carbon is a processed organic material that is able to adsorb a wide variety 

of compounds from toxic metals to organic pollutants (Mohtadi, James, & Davis, 2017). 

The activated carbon can be derived from coconut shell via steam activation (Cullum, 

2018). Physical activation on carbon material such as passing hot steam at high 

temperature of 700 – 800 oC causes the opening and development of the porosity on 

the carbon surface due to partial oxidation of the carbonized material by steam (Li, W. 

et al., 2013). The effectiveness of activated carbon compared to biochar is well 

established given its larger effective surface and higher carbon content for adsorption 

(Jordan et al., 2015). 

 

Higher pH of biochar and presumably activated carbon are the result of the more 

extensive removal of volatile matter in the original feedstock. A higher percentage of 

carbon and ashes content left after pyrolysis partially results in higher pH, which is 

also due to the increased presence of basic cations (Tack & Egene, 2019). 

 

Activated carbon and biochar are well-known media used to remove heavy metals and 

certain nutrients such as NH4
+ ions from water, owing to their CEC. The use of GAC 

as biofilter medium has several advantages as it possesses an extremely large surface 

area to provide available sites for adsorption. In contrast, anthracite can be found at a 

much lower cost than GAC but does not have the adsorption qualities of GAC. Use of 

GAC and anthracite as a single filter media in biofilter columns in treating stormwater 

has proven that the removal of turbidity and DOC by GAC were much better at 75% 

and almost 100% respectively compared to anthracite (20%) (Mohammed, 

Vigneswaran, & Kandasamy, 2011). GAC is also able to remove a large range of 

organic compounds in stormwater (Ulrich et al., 2017) and showed higher removal for 

heavy metals (Fe, Ni, Pb and Zn) (Mohammed et al., 2011). In another study, biochar 

was compared to GAC for the treatment and nutrient recovery of real wastewater in 

both batch and column studies (Huggins, Haeger, Biffinger, & Ren, 2016). The findings 

showed that GAC has higher adsorption capacity than biochar in the dissolved 
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chemical oxygen demand (COD), PO4
3-, and NH4

+. Good performance of GAC is 

attributed to its microporous structure while it is macroporous for biochar. Adsorption 

of several DON onto adsorbents such as coal activated carbon, coconut shell and 

charcoal were studied (Mohtadi et al., 2017). Coal activated carbon with a higher 

specific surface area (798 m2/g) than coconut-shell AC (547 m2/g) was the best 

performer in reducing concentration of the DON as coconut-shell activated carbon 

released P during the adsorption test.  

 

2.2.5. Perlite and vermiculite 

 

Perlite and vermiculite are naturally mined but processed minerals. Perlite is a glassy 

volcanic rock with silica-rich composition (Bar-Tal et al., 2019) while vermiculite is a 

hydrated magnesium aluminium silicate (Prodanovic et al., 2017). 

 

Perlite has a neutral pH of 7 - 7.5 with no buffering capacity and contains no mineral 

nutrients. When the pH is low (5.0 – 5.5), there is a risk of toxic aluminium (Al) release 

into the solution (Bar-Tal et al., 2019). Expanded perlite is an attractive option to be 

used as a filter media in standardized filters designed to remove suspended solids 

from stormwater due to convenient physical characteristics and neutral chemical 

composition (Gironás, Adriasola, & Fernandez, 2008). Thickness of expanded perlite 

layers does not affect filtration rate substantially but greatly affects the removal 

efficiency. Therefore, the thickness of a filter is a relevant factor in suspended solids 

removal. Combined mixed of perlite and coco coir have been successfully tested for 

removal of metals and suspended solids (Prodanovic et al., 2017). Perlite also 

demonstrates good adsorption capability with heavy metals. The adsorption behaviour 

of Cd (II) and Ni (II) on expanded perlite was investigated in batch experiments (Torab-

Mostaedi, Ghassabzadeh, Ghannadi-Maragheh, Ahmadi, & Taheri, 2010). The 

optimum pH for adsorption of both metal ions was at 6.0 with the adsorption rate for 

both metals was rapid. The maximum removal efficiency of Cd (II) was 89%, and 93% 

for Ni (II) when exposed to 10 g/L and 8 g/L expanded perlite respectively. Perlite is 

not only restricted to filter media but is also used as growing media. Effects of perlite 

and zeolite on growth and nutrient status of lettuce plants were investigated (Gül et al., 

2005). Although the use of zeolite led to the increased plant growth, higher N and K 

contents in plant tissues, and reduced K leaching, addition of perlite in turn resulted in 
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higher calcium (Ca) and magnesium (Mg) contents in plant tissues. This finding proved 

that combined use of perlite and zeolite as growing media is not only beneficial for the 

plant growth but also reduces the leaching of micro and macronutrients from the media 

mix. 

 

Meanwhile, vermiculite has a low EC with a permanent negative charge and pH of 7 - 

7.5. It also can adsorb phosphate ions due to its high surface area and some positive 

charge sites located at the edges of the clay tactoids (Bar-Tal et al., 2019). Similar to 

perlite, there is a risk of toxic Al leaching into solution when pH is low (5.0 – 5.5). 

Vermiculite also experienced significant compaction under hydraulic loading 

(Prodanovic et al., 2017). Despite this, the effectiveness of porous inert substrates 

such as vermiculite and expanded perlite as adsorption substrate for stormwater 

retention was investigated (Wang, Xiaoou, Tian, Zhao, & Peng, 2017). The mixture of 

activated charcoal, pumice, expanded perlite and vermiculite was more suitable as 

adsorption substrate than the mixture of lava and zeolite in enhancing water retention 

capacity as well as extending the service life of extensive green roofs. Both vermiculite 

and expanded perlite are common media for green roofs because they are relatively 

light weight, have good permeability and water holding capacity. In another study, 

addition of vermiculite (10%) in the media mix comprised of sandy loam and compost 

was very effective in retaining Zn (> 90%) and Cu (39%) (Wagner & Poor, 2017). 

Presence of vermiculite produced a short-term retention efficiency for both Zn and Cu. 

It was also found that high concentrations of Zn and Cu were retained in the topmost 

layers of the bioretention system. 

 

2.3. Vegetation in the raingarden system 

 

Another key component of a raingarden is the right selection of plants. Previous 

studies involving planted biofilter showed successful reduction of contaminants in 

stormwater (Bratieres et al., 2008; Hsieh & Davis, 2005; Zinger et al., 2013). While 

filter media provides a short-term retention efficiency for contaminant such as heavy 

metals, vegetation in turn contributes long-term retention capability (Wagner & Poor, 

2017). Established root systems could provide a more adequate environment for 

microbial life in promoting additional uptake and retention of contaminants than the 
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physical filtration process alone (Wagner & Poor, 2017). In fact, rhizosphere processes 

that favour phytoremediation may be optimized by the right choice of plant species; 

plants with large and dense root systems for phytostimulation (Pilon-Smits, 2005). 

Vegetation has been shown to play an important role in maintaining hydraulic capacity 

because of root growth and senescence countered compaction and clogging (Hatt et 

al., 2009a). Appropriate choice of vegetation can limit clogging, thus indirectly 

increasing annual load treated by limiting the volume of water bypassing the system 

(Le Coustumer, Fletcher, Deletic, Barraud, & Poelsma, 2012). Main benefits of plants 

presence in bioretention systems includes increased permeability and hydraulic 

conductivity as well as N removal (Le Coustumer et al., 2012).  

 

Plants with higher growth rates and biomass retained a higher amount of nutrients in 

roots, stems, and leaves (Gautam & Greenway, 2014). Different species of plants vary 

in their capacity to treat stormwater effectively using biofilter (Read, Wevill, Fletcher, 

& Deletic, 2008). In the study by Read et al. (2008), the presence of plants on average 

significantly lowered TN, TDN, NOx, DON, TDP and FRP except NH4
+ and TP in the 

effluent as compared to soil-only control. Lower N from the planted tubes may be partly 

explained by plant or microbial uptake or adsorption of N in the rhizosphere. An aerobic 

environment provides the conditions for the nitrogen cycle to operate, leading to higher 

levels of NOx through increased nitrification and decreased rates of denitrification.  

 

Proper selection of plant species such as Melaleuca and Carex with thick roots has a 

significant effect in maintaining the permeability of the media over time (Le Coustumer 

et al., 2012) and critical to performance for N removal (Bratieres et al., 2008). Choosing 

the right species makes a difference in hydraulic performance and N removal, with 

root traits being identified as important predictors of performance. Planted species 

were not usually universally effective at removing pollutants (Read et al., 2008). For 

example, a study by Read et al. (2008) found that Juncus spp. were relatively effective 

in uptaking N and P, but not Pb. Hence, mixtures of species may be most suitable for 

biofilters to maximise the spectrum of pollutant removal. The planting layer in 

raingardens is usually less than 30 cm which enables plants to effectively absorb 

pollutants (Liu, J. et al., 2016). Therefore, the root system of plants must be very dense 

with large biomass to absorb pollutants but not too long to thrust through the planting 

layer. Generally, perennials have a more developed root system as this provided 
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nutrition and physical support to longer-term plant aerial parts than annual and biennial 

plants that become dormant or fully senesce each growing year (Liu, J. et al., 2016). 

 

Differences in plant size and root structure of the plant species (thus area of absorptive 

surface) may contribute to differences among species in pollutant removal. Root mass 

explained about 20 - 37% of the variation in effluent concentration (Read et al., 2008). 

While there was no significant evidence of negative effects of stormwater application 

on plant growth, however certain plant traits especially root traits indicated strong 

negative correlation with N and P concentrations in the effluent stormwater (Read, 

Fletcher, Wevil, & Deletic, 2010). The removal was in fact influenced by the length of 

the longest root, rooting depth, total root length and root mass. Root depth relative to 

filter media depth is particularly important as unplanted soil filters usually leached N 

from the media (Read et al., 2010). This explanation is strengthened by findings from 

Bratieres et al. (2008) that shorter filter media depth (300 mm) biofilter performed 

better than 700 mm depth of filter media in the early stage of their laboratory trials but 

was reversed within 1-year period. This was due to the depth of root penetration over 

time. In the 700 mm of filter media column, root growth had not extended through the 

full length of the column and thus left a proportion of the soil free to leach N without an 

effective uptake mechanism. In contrast, by the end of the study period, when root 

formation covered the entire depth of the columns, the deeper filters provided a greater 

surface area for plant/or microbial uptake of N.  

 

The following literature review of a few selected studies provides insights on how 

vegetation in general and plant species specifically affect the pollutants removal 

(nutrients and heavy metals) performance of the bioretention/raingarden systems.  

 

Vegetation and inclusion of saturated zone (SZ) positively influenced the NO3
- and TN 

removals compared to non-planted and non-saturated configurations (Glaister, 

Fletcher, Cook, & Hatt, 2014). A similar positive effect of vegetation was also reported 

where planted columns removed greater amounts of NO2
-, NO3

-, TN, PO4
3-, and TP 

than non-planted columns (Barron, Hatt, Jung, Chen, & Deletic, 2020; Bratieres et al., 

2008).  
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In a study by Glaister et al. (2014), inclusion of vegetation supports biological removal 

pathways for NO2
- and NO3

- captured from the incoming stormwater and produced 

between events through nitrification. Improved NO3
- removal in SZ columns could be 

possible due to the existence of anaerobic microsites within the SZ where denitrifying 

bacteria are active, and extended detention time imposed between dosing events 

which provides further opportunity for biological uptake to occur.  

 

Bratieres et al. (2008) reported that a certain plant species such as Carex performed 

the best removal of nitrogenous and P compounds in the stormwater biofilter. Their 

findings also include that the sedge’s dense root with fine roots (root hairs) supply 

more surface area per volume for plant uptake of the nutrients. Plant species selection 

was critical for the removal of TN, TDN, NO2
-, NO3

-, NH3, PO4
3- and TP (Barron et al., 

2020). The findings showed that good performance of biofilters was due to a certain 

planted species. Large total plant mass, fast growth rate and above ground biomass 

are highly predictive of a plant’s capacity to remove N. Carex x generalis is a fast-

growing species with thick roots and Carex appressa is fast growing with fine roots. In 

contrast, Phragmites australis and Phormium tenax performed worst in nutrient 

removal efficiency which exhibited little above-ground growth. Large variability in 

removal performance for P is attributed to the ability of plants to act as sinks, mining 

of P from the media, and the differences in nutrient demand, uptake, and root 

mechanisms between plant species.  

 

According to Strong & Hudak (2015), a large pool of P stored in the raingarden limits 

its capability to reduce inflow concentrations. Raingardens can regenerate capacity 

for P removal over time if the soil media contains iron, aluminium or precipitate it as 

calcium phosphate. Soil amendments enhance P removal capability, stronger than 

plants uptake.  

 

In a study by Glaister et al. (2014), vegetation significantly improved PO4
3- removal, 

given that it is chemically and biologically driven. Meanwhile, TP removal is primarily 

related to removal of TSS and was improved with vegetation. Vegetation provides a 

removal pathway for PO4
3- through plant uptake and supports biological activity in the 

root zone with P removal through microbial assimilation. Inclusion of SZ significantly 

influenced P removal by reducing the infiltration rate, effectively creating a buffer to 
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high-velocity flow, hence minimising mobilisation of particulate phosphorus into the 

effluent. Simultaneously, higher detention time in the SZ allows P to undergo further 

biological uptake and chemical complexation.  

 

For N and P removals, planted bioretention systems performed significantly better than 

unplanted systems (Rycewicz-Borecki, McLean, & Dupont, 2017). In the study by 

Rycewicz-Borecki et al. (2017), species selection such as Phragmites australis, Carex 

praegracilis, and Carex microptera can optimise nutrient retention and recovery from 

stormwater. There were no significant differences among species in below ground (BG) 

biomass but in contrast, a significant higher distribution of mass in the above ground 

(AG) tissue for Phragmites australis, Carex praegracilis, and Carex microptera was 

noted. All studied species showed support for BG root growth prior to AG biomass 

production during their first year of growth.  

 

According to a study by Rycewicz-Borecki et al. (2016), majority of the total metals for 

planted systems were captured in the soil-sand mixture (64.9 – 97.0%), Meanwhile, 

the unplanted control treatments captured significantly higher percentage of metals 

(96.1 – 99.9%) in the soil-sand mixture. The general trend of percentage retention in 

the bioretention systems was Pb > Cu > Zn, which is supported by the weaker 

association of Zn to soil than Cu and Pb. Compacted soil conditions of unplanted 

controls retained significantly more Cu, Pb and Zn than Carex praegracilis, and Carex 

microptera treatments. Without roots presence in the unplanted columns, water 

surface evaporation increased, resulting in drier soil and soil compaction. Differences 

in above (AG) and below ground (BG) plant tissue concentrations differed among 

species, resulting in significant differences in mass accumulation. It was also found 

that the Phragmites australis, Carex praegracilis, Carex microptera and Typha latifolia 

typically yielded higher concentrations and mass accumulation of Cu, Pb and Zn in the 

AG tissue than Scirpus validus, and Scirpus acutus. More metal mass was stored in 

the BG than AG tissue except Typha latifolia.  

 

Contrary, some studies indicated the presence of plants do not significantly contribute 

to the removal of pollutants in the bioretention systems (Read et al., 2008; Russo et 

al., 2019; Rycewicz-Borecki, McLean, & Dupont, 2016). A study by Read et al. (2008) 

found that there was no significant difference observed in metal concentration between 
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the effluent from soil-only control and plants indicating removal by rapid sedimentation, 

adsorption, and precipitation in the first few centimetres of the soil media. For Cu, there 

was relatively little difference in effluent concentration between any plant species and 

the control. So, much of the immobilization of metals may be independent of the plant.  

 

Potential of three ornamental shrub species (Lonicera pileate Oliver, Cotoneaster 

horizontalis Decne., and Hypericum hidcoteense ‘Hidcote’) in removing heavy metals 

in a stormwater bioretention system was investigated (Russo et al., 2019). In that study, 

removal of heavy metals by the system was very efficient but there was not a 

significant effect of the plant on the system’s retention efficiency. Different shrub 

species did not affect the reduction and there was no significant difference in metal 

concentration between the effluent from soil-only controls and shrubs or mix of species. 

Heavy metals are mainly retained by physical processes (sedimentation and chelation) 

within the PERLIROUNDTM substrate used in their study. PERLIROUND is a 

trademark system consisting of AGRILIT 2 and AgriTERRAM TV (Perlite Italiana) 

which is used for the greening of roundabouts and traffic islands. Outflow 

concentrations changed over time and the removal efficiency was lower in the second 

irrigation for the majority of planted pots and not for the unplanted pots which may be 

due to soil compaction. Lower removal rate could be attributed to the leaching of Pb 

and Cu from the bioretention media as the concentration of heavy metals in the bottom 

layer increases. It is also hypothesized that plant growth was not influenced by heavy-

metal treatments for the majority of species. It is likely that the heavy metal 

concentrations were below the tolerance limits of these species or insufficient length 

of exposure time. 

 

2.4. Pollutants removal using raingarden system 

 

Suspended raingardens will need to be constructed in a variety of forms to ensure 

their suitability for a range of site conditions and aesthetic design requirements (Salmin 

et al., 2016). However, most researches are mainly conducted on bioretention system 

and biofilter but hardly on the suspended raingarden. Hence, the review is mostly 

focussed on bioretention systems. For a successful stormwater treatment using LIDs, 

other than suitable vegetation and plants, choosing the right composition of various 
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media, and design of bioretention system are essential factors (Blecken, Zinger, 

Deletić, Fletcher, & Viklander, 2009a; Bratieres et al., 2008; Fassman-Beck, Elizabeth 

et al., 2013; Hatt et al., 2009a; Liu, R. & Fassman-Beck, 2016; Read et al., 2010; Yang, 

Dick, McCoy, Phelan, & Grewal, 2013; Zinger et al., 2013). 

    

Performance study of biofilter column with several layers of different sand media with 

vegetation has shown a reliable removal of up to 70% N, 85% for P and consistently 

over 95% for suspended solids (Bratieres et al., 2008). Although the P removal was 

consistently very high, biofilter soil media with added organic matter reduced the P 

treatment effectiveness (Bratieres et al., 2008). Retention of P is high, provided the 

organic content of the filter media is low (Hatt, Fletcher, & Deletic, 2009b). Interestingly, 

a study conducted by Simcock et al. (2014) revealed that when a media used 

contained high level of P, removal of P occurred. However, when it was exposed to 

low P concentrations, the media instead leached P. It was postulated that high P 

concentrations displaced other anions from the media anion sites thus making the 

sites available for phosphorus ion adsorption. However, this displacement did not 

occur with a low concentration of P. All the media used in the study contained at least 

10% v/v of organic matter as compost (Simcock et al., 2014). Investigation into the 

potential of P leaching from commercial mixed media obtained in the Auckland region 

was conducted in a previous study (Fassman-Beck, E. et al., 2012). All media 

exhibited P leaching within five years of media aging where effluent P concentrations 

were often 2 - 3 orders of magnitude higher when compared to influent concentrations. 

PO4
3- removal using bioinfiltration raingarden was found to be the greatest within the 

first few centimetres of the infiltration bed (Komlos & Traver, 2012). The bioinfiltration 

raingarden consists of soil mixture containing 1:1 ratio of excavated soil (silt) with 

imported poorly graded sand, was planted with grasses, herbs, and woody plants. The 

average PO4
3- of 0.21 - 0.25 mg/L in the ponded water decreased to 0.03 mg/L in the 

pore water at the bottom of the bioinfiltration bed. The distribution of PO4
3- was uniform 

throughout the top layer and decreased with depth between 0 - 10 cm.  

 

Whilst suspended solids and heavy metals were consistently removed (more than 90%) 

irrespective of design configuration tested in the study, Hatt et al. (2009a) found that 

nutrient retention was variable. N was more difficult to remove due to its high solubility 

and was strongly influenced by the variable wetting and drying regime that is inherent 
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in biofilter operation (Hatt et al., 2009b). N removal varies because of extended dry 

periods that are detrimental to the effectiveness of N retention. Incorporation of 

saturated zone (permanent wet zone) demonstrated potential for buffering against 

desiccation (Wu et al., 2017). Bioretention media with a less permeable bottom soil 

layer could form an anoxic/anaerobic zone for promoting nitrification/denitrification 

processes (Hsieh, Davis, & Needelman, 2007b). This is partly achieved by configuring 

a less permeable media layer below a more permeable layer. This configuration allows 

denitrification to occur in the upper aerobic zone with the possibility of some 

denitrification in the less permeable layer. Supplemental organic matter present in the 

upper layer of media should supply adequate carbon necessary for the denitrification 

process. During the time between rainfall events when water flows are reduced, slower 

microbial processes can be dominant and control the local biogeochemistry. 

 

Metal removal of > 95% was observed using planted biofilter, with the highest metal 

accumulation occurred in the top layer of the filter media (Blecken et al., 2009a). 

Similar findings were also in agreement with another study (Rycewicz-Borecki et al., 

2016) that more than 92% of metal mass applied to the stormwater bioretention 

systems was retained within 27 cm of the soil depth. Based on an analysis of metal 

mass in the study, the suggested movement pathways of metals during the dosing 

process could be (i) adsorbed to the surface soil, (ii) was taken up into the plant tissue 

via root, and/or (iii) escaped as an exfiltrate. In another study by Leroy et al. (2017), 

planted columns retained Pb and Zn in the topsoil despite the metals were in mobile 

form. The metal retention was due to the presence of high CEC clay content in the soil 

(20%). Furthermore, metals were not quantitatively found in the deeper soil layer (15 

– 30 cm), with further tests proved that the remaining metals leached from the planted 

columns. Influence of above-ground (leaves) and below ground (root) plant parts on 

metal uptake was highlighted (Schück & Greger, 2020). The study showed that the 

increment in metal uptake related to large leaf biomass such as Carex could be due 

to high transpiration (higher water uptake increases the metal uptake) and/or larger 

leaf biomass promotes root growth attributable to higher photosynthetic yield. 

Meanwhile, plants with large fibrous root systems significantly removed more metals 

than plants with coarser roots. Larger root systems have greater surface areas, giving 

high exposure for metal absorption and adsorption.   
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Improvement of trace organic contaminants (TOrCs) removal using biochar and GAC 

in planted stormwater filters was evaluated (Ulrich et al., 2017). Treatment efficiency 

of herbicides, organophosphate flame retardants, and pesticides using biochar and 

GAC amended biocolumns was compared to unamended controls (sand filters and 

planted columns). GAC amendment improved the TOrCs removal by > 70%, better 

than 50% removal for unamended columns though less effective than biochar (99%). 

Biochar performed better than GAC due to biochar’s lower density (higher volume 

composition) and smaller particle sizes. In another study of remediating pesticides and 

nutrients in agricultural runoff, biofilters that were constructed from silt loam and sand 

were planted with emergent aquatic plants (Moore & Locke, 2020). Three pesticides; 

propanil, clomazone, and cyfluthrin were best mitigated (> 70% after 6 hours of 

treatment) by Polygonum amphibium, with all three plant species trialled in the study, 

retained more propanil than controls. Success of Polygonum amphibium in pesticides 

and nutrients mitigation is tied to its role as a primary producer, sequestering and 

releasing nutrients, as well as acting as a substrate for macro- and microfauna. It is 

theorized that biofilms present on stems of aquatic plants serve as important microbial 

habitat and hence play a significant role in pesticide and other contaminant mitigation. 

 

Green wall, another LIDs approach in treating greywater has been studied (Prodanovic 

et al., 2017). Two different sets of potentially suitable media were tested; hydraulically 

slow media (coco coir, rock wool and fyto-foam) and fast media (perlite, vermiculite, 

growstone, expanded clay and river sand). Slow media obviously showed more 

consistent and better removal in TSS, TN and TP (90%, 50% and 30% respectively) 

while fast media exhibited averagely 80%, 30% and 15% for similar pollutants. 

Although slow media showed better removal, it is prone to clogging. Perlite (fast media) 

and coco coir (slow media) were the best-performed media. Biological process is the 

dominant mechanism for the removal of N in coco coir and P in all media while physio-

chemical process dominated the pollutant removal process in perlite. 

  

A study on the retrofitted saturated zone applied in biofilter and addition of cellulosed-

based carbon source was conducted by (Blecken et al., 2009a) where the introduction 

of a retrofitted saturated zone was shown to promote effective nitrification due to 

anaerobic conditions (Zinger et al., 2013). Best metal removal was observed at 450 

and 600 mm deep saturated zone within the 900 mm sand media. Removal of Cu 
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increased significantly due to complexation of Cu with organic matter when added with 

carbon source. Introducing a submerged zone improved the performance for Cu and 

Pb significantly after extended dry periods (Blecken et al., 2009a). The effectiveness 

of saturated zone in treating volume of stormwater stored between inflow events was 

confirmed (Payne et al., 2014). Together with low nutrient media and vegetation, all 

plant species (grasses, sedges, shrubs, and lawn grass) used in the study were 

effective in TN removal under conditions of frequent dosing. However, when tested 

under extended drying, variation between species increased and thus highlighted the 

importance of saturated zone in maintaining biofilter function. The saturated zone 

somehow acts as a buffer to reduce performance differences between plant species. 

In another biofilter study, prior to the retrofitted saturated zone, only biofilter planted 

with Carex showed good N removal (Zinger et al., 2013). However, after the retrofitting 

of the saturated zone (450 mm deep from the bottom of the biofilter), NOx removal 

was significantly increased. Nonetheless, TP removal was less efficient due to the 

presence of organic matter in the filter media within that zone, and metal removal was 

not much significantly improved. 

 

A new concept of biphasic-design raingarden which involves water movement from a 

saturated to an unsaturated zone in sequence with the purpose of increasing runoff 

retention time and improving bioremediation was explored (Yang et al., 2013). It was 

reported that the removal of NO3
- and phosphate were at 91% and 99%, respectively, 

in addition to minimum removal of 90% for all herbicides used in the study.  Increased 

retention time of runoff pollutants and water saturated conditions in the raingarden are 

important for effective nutrient removal.  

 

2.5. Previous biocolumns studies involving removal of pollutants for 

raingarden systems 

 

The idea of suspended raingarden in stormwater treatment has not been investigated 

and is considered a novel approach. Questions on the functional media depth and 

vegetation in this biocolumns study need to be considered. Moreover, the lack of 

explicit analysis of the fate of compounds of interest in the plant, soilless media and 

water phases in the raingarden system has proven to be challenging. Therefore, the 
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following tables of review are presented to summarise these findings, which then lead 

to the practical application of soilless media-based biocolumns in treating stormwater.  

Table 2 compiles various media depth and column/box size from the previously 

selected eight studies (year 2005 – 2017; arranged in ascending order). Two studies 

were interrelated (Read et al., 2010; Read et al., 2008). Most studies applied media 

depth of about 100 cm (Hsieh & Davis, 2005; Hsieh, Davis, & Needelman, 2007a) or 

less (Bratieres et al., 2008; Davis, Shokouhian, Sharma, & Minami, 2006; Fowdar et 

al., 2017; Glaister, Fletcher, Cook, & Hatt, 2017; Read et al., 2010; Read et al., 2008). 

Minimum media depth was between 30 – 35 cm (Read et al., 2008). As suspended 

raingarden would be mostly constructed under bridge therefore, minimum media depth 

needed for effective phytoremediation is preferred.  

 

Most studies used column (seven studies) as the basis for bioretention media study 

as opposed to box (one study - Davis et al., 2006). Column size varied from the 

smallest internal diameter of 100 mm (Fowdar et al., 2017) to the largest of 375 mm 

(Bratieres et al., 2008). The most commonly used column was with an internal 

diameter of 150 mm (Glaister et al., 2017; Read et al., 2010; Read et al., 2008). 
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Table 2. Table of review for media depth and vegetation in biocolumns study 
 
 

No. References Column setup Media configuration & depth Vegetation Important findings from the study 
1 Hsieh & 

Davis (2005) 
Column study – ID 
191 mm & H 1100 
mm. 

Studied effect of different media layer 
configurations (sand, soil, mulch). 
  
Media depth – 51 – 109 cm. 
 
 
 

No vegetation. • TP removal ranged widely, related to chemical 
properties of the media & flow behaviour of 
runoff through media.  

• NO3
- & NH4

+ removal was moderate – poor & 
not affected by media properties.  

• Higher OM gave higher TP removal.  

• Layered medium with permeable sand/soil 
mixture layer was the best performer. 

2 Davis et al. 
(2006) 

Two different 
setups. 
 
Box study 1 (107 x 
76 x 61 cm, 
freeboard 15 cm) & 
 
Box study 2 (305 x 
152 x 93 cm, 
freeboard 15 cm). 

76% sandy loam soil + 2.5 cm top 
mulch. 
 
Media depth – 61 cm (Box 1), 93 cm 
(Box 2).  
 
 
 

Creeping juniper 
(branches of 13-
18 cm long). 

• Two different dosing – standard and high 
intensity storm 

• TP – no difference in TP removal between 
standard & high-intensity storm. Less removal 
at the upper part media & > 70% at the bottom 
part. 

• TKN – Higher removal at the bottom media 
than upper media. No difference of TKN 
removal between Box 1 and 2. TKN suffered at 
higher flowrate. 

• 60 - 80 cm media depth yielded 70 - 85% TP 
while good 55 - 65% TKN removal observed at 
the top mulch layer. 

3 Hsieh et al. 
(2007) 

Column study – ID 
191 mm & H 1100 
mm. 

Studied P removal over 3-4 months on 2 
different configurations – media of low 
hydraulic conductivity (HC) overlaying 
high HC & another column of high HC 
media overlaying low HC.  
 
Media depth – Media 1 were mulch, 
middle porous soil II layer & bottom 
sand II layer – 5+15+75 cm, a total of 95 
cm. Media 2 were 30 cm mixed (mulch, 
soil III & sand I), middle Sand II (55 cm) 

No vegetation. • Placing higher HC media overlaying one with 
low HC – higher infiltration rate.  

• Lower HC media at the bottom increased 
contact time between dissolved P and media.  

• Particulate P was removed at the mulch layer 
with the presence of large pore size – depth 
filtration process. 



41 
 

& bottom soil III (10 cm) – 30+55+10 
cm, total of 95 cm. 

4 Bratieres et 
al. (2008) 

Biocolumns study 
with diameter - ID 
375 mm. 
 

Sandy loam (SL) & Sandy loam 
vermiculite perlite (SLVP) (VP-10% 
each) were better in removing N & TP 
than SL+compost & SL+mulch.  
 
Media depth – 300, 500, 700 mm. 
 
 

Carex – dense 
& fine roots  
 
Melaleuca – 
presence of 
arbuscular 
mycorrhizal 
fungi very 
closely to the 
root  

• Certain vegetation enhanced nutrient removal.  

• Root plants expansion & plant uptake played 
main role than media depth.  

• Media depth did not affect TP/phosphate 
removal.  

• Particulate P removal by top section of filter 
media while phosphate removal depends on 
media depth & plant uptake. 

• Addition of organic matter resulted in 
phosphate leaching.  

5 Read et al. 
(2008) 

PVC pipes of 150 
mm ID & 500 mm 
length. 

Biocolumns study – 10 weeks 
adaptation in glasshouse with open 
doors.  
 
Media depth – 10 cm gravel layer for 
drainage, 5-10 cm top clearance for 
ponding. So, media depth was 30 – 35 
cm. Outlet at the base for effluent 
collection.  
 
 
 

20 plants 
species native 
to south-eastern 
Australia for 
planting in 
intermittent wet 
and dry regime 
– monocots 
(herbaceous 
only) & dicots.  

• Vegetated soil has lower N & P effluent 
concentrations than non-vegetated soils.  

• Good performers were Carex, Ficinia & 
Juncus, for dicots were Melaleuca, Goodenia 
& Kunzea. 

• Reduction of N & P did not necessarily match 
reduction of metal concentration. 

• Variation in pollutant removal was due to 
differences among species in root architecture 
& physiology. 

• Reduction of metals (Al, Cu, Pb & Zn) was 
effective in most pipes, with or without 
vegetation. 

6 Read et al. 
(2009) 

Biocolumns study – 
same as in Read et 
al. (2008).  
 

Same as in Read et al. (2008). 
 

Same as in 
Read et al. 
(2008). 
 
 

• Root traits were strongly correlated negatively 
with N & P concentrations of the effluent.  

• Strong contributors to N & P removal are 
length of the longest root, rooting depth, total 
root length & root mass. 

• Plant or soil systems (without vegetation) 
were effective in heavy metals removal. 

7 Fowdar et al. 
(2017) 

PVC pipe of ID 100 
mm. 

Biocolumns study – Used mass balance 
method & radiotracer for partitioning of 
P in plant for greywater treatment.  
 
Media depth – 20 cm fine sand (< 0.5 
mm), 14 cm of fine sand mixed with 5% 

Carex  • TP was mainly removed by biofiltration 
systems via sedimentation & straining.  

• About 60% of P was recovered at the top 
media (0 - 6 cm).  
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v/v woodchips & 6 cm coarse sand.  
Total depth = 40 cm. 
 

• Planted columns maintained > 95% P removal 
over 4 months study. Plant storage is 
dominant P sink (64%).  

• Fate of dissolved P is immediate by 
adsorption on media & followed by plant 
assimilation. 

8 Glaister et al. 
(2017) 

PVC of 600 mm H 
& 150 mm ID with 
200 mm acrylic 
collar attached at 
top to create 
ponding. 

Biocolumns study in a greenhouse – 
Three biofilter configurations –Skye 
sand + saturated zone (SZ), Skye sand 
only & loamy sand +SZ.  
 
Media depth – four layers of media – 
loam/Skye sand (300 mm), coarse sand 
(200 mm), pea gravel drainage (70 m) & 
gravel drainage (30 mm). Total depth is 
600 mm. SZ – 300 mm from the base. 
 
 

Carex • Skye sand has strong capacity to immobilize 
P.  

• Plant correlated strongly with nutrient removal 
& greater with saturated zone in biofilter.  

• Plants grown in Skye sand and saturated 
zone biofilter had higher specific root length, 
surface area & volume than plants grown in 
loamy sand.  

• SZ caused higher total & above-ground 
biomass, prolonged detention increased 
nutrient acquisition. 
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Meanwhile, Table 3 highlights a compilation of different eight studies (year 2008 – 

2017; arranged in ascending order) for the calculation of pollutants mass balance and 

climatic conditions applied during the biocolumns study. Two studies were interrelated 

(Rycewicz-Borecki et al., 2016; Rycewicz-Borecki et al., 2017) and five studies were 

previously mentioned in Table 2 (Bratieres et al., 2008; Fowdar et al., 2017; Glaister 

et al., 2017; Read et al., 2010; Read et al., 2008).  

 

Most studies were conducted at least in a semi-controlled environment; six in 

glasshouse/greenhouse (Bratieres et al., 2008; Glaister et al., 2017; Read et al., 2010; 

Read et al., 2008; Rycewicz-Borecki et al., 2016; Rycewicz-Borecki et al., 2017) and 

one in a laboratory (Fowdar et al., 2017). One study was done at the top floor of a 

building (Aloisio, Tuininga, & Lewis, 2016), while another study was originally 

conducted in a greenhouse before moved to open-air shade house (Glaister et al., 

2017). Greenhouse/glasshouse is a most preferred site for biocolumns study as it 

provides protection from rain while allowing natural sunlight into the greenhouse 

(supplemented with grow light if needed) (Bratieres et al., 2008). In addition, 

temperature is mostly controlled to avoid large fluctuation and also to maintain 

consistency throughout studies.  

 

In order to study mass balance of pollutants removal by different part of the 

bioretention system – plants uptake, adsorption by media or escaped as exfiltrate, an 

appropriate approach based on equipment availability and method suitability to extract 

pollutants from the plants and media are of importance. Based on the review in Table 

3, methods used by (Rycewicz-Borecki et al., 2016; Rycewicz-Borecki et al., 2017) are 

the most suitable for this phytoremediation study. 
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Table 3. Table of review for pollutants mass balance and climatic conditions in biocolumns study 

 

No. References Pollutants mass balance approach Climatic conditions 
Important findings 

from the study  
1 Bratieres et al. 

(2008) 
• Initial tracer study using NaCl to check sampling regime capture 

appropriate proportion of old and new water.  

• Performance study – 5 vegetations & 1 control, 3 media types, 3 
media depths, 3 filter areas, 2 inflow concentrations. 

 
 

• Specially constructed 
greenhouse – clear 
impermeable roof, 
allowing full natural 
sunlight except 
rainfall.  

First comprehensive study 
involves multiple factors. 
Performance study based 
on effluent quality.  

2 Read et al. 
(2008) 

• Pollutant removal (N, P, Al, Cr, Cu, Pb, Ni, Fe & Zn) was measured by 
effluent quality.  

• Plant stress study using fluorescence quantification - fluorimetry.  

• Measurement of biomass by harvesting plants, dividing into parts – 
roots, stems, leaves & reproductive parts before drying to constant 
mass at 40 oC. Purpose is to calculate effluent concentration per unit 
root mass for each pollutant. 

 

• Glasshouse with open 
doors (clear plastic 
roof with 45% 
transmission of PAR & 
white shade cloth 
walls of 50% PAR 
transmission).  

• Watering by overhead 
spray. 

Meaningful comparison of 
plant species pollutant 
removal capacity based 
on effluent concentration 
per unit root mass. 

3 Read et al. 
(2009) 

• Continuation from Read et al. (2008).  

• Additional and more detailed on the plants traits analysis.  

• Measurement of biomass allocation & growth rate was conducted.  

• Calculate Specific Leaf Area (SLA) – leaf area per unit leaf dry mass & 
Leaf Area Ratio (LAR) – leaf area per unit plant dry mass. 

• RGR (Relative growth rate) & ULR (Unit leaf rate or net assimilation 
rate) were used to calculate index of assimilation efficiency for each 
plant species.  

 

• Same as in Reference 
No. 2. 

More useful to test 
pollutant removal 
efficiency based on 
different plant species. 
Emphasis on root traits 
analysis. 

4 Aloisio et al. 
(2016) 
 

• Used statistics (R environment – Version 3.1.0) to calculate for 
homogeneity of variance. Used different tests to investigate effect of 
growing medium and plant species on edible biomass, presence of 
plant species on reduced volume, TDP and TDN, and improved 
effluent quality with increased plant biomass. 

• Microcosms were 
installed on elevated 
platform on the top 
floor (5th Level - 15 m 
above ground level) of 
the parking garage 
building.  

• Watered daily by 
hand. 

Used statistical analysis 
to determine whether 
significant effect is 
present between factors 
(growing medium & plant 
species) and responses 
(edible biomass, reduced 
volume, TDP & TDN).  
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5 Rycewicz-
Borecki, et al. 
(2016).  

• Metal distribution in the system was calculated using mass (M), a 
mass-balance approach: 

 
Min water = Mout water (exfiltrate) + MAG + MBG + M soil. 

 

• Checked for percentage recoveries of applied mass for heavy metals.  

• Used statistical analysis ANOVA which were performed using the R 
statistical program (R Development Core Team, 2013). 

• Used 1000 Watt high-
pressure sodium 
bulbs to illuminate 
greenhouse using 
photoperiod of 12 
h/day. 

Achievable for metals.  
 
 

6 Fowdar et al. 
(2017).  

• P load reduction by planted and unplanted systems was calculated 
as % of the influent load and plotted over time, meant to assess 
performance of the system & observe evolution in system P retention 
capacity. P mass budget: 

 
Pin = Peff + Pplantroot + Pplantshoot + Pmedia + Punaccounted 

 

• P for media was determined by summing P measured at different 
media depths and P estimated after interpolation between two 
sampling points along the depth profile.  

• Planted under grow 
lights in the hydraulic 
laboratory.  

Another option of mass 
balance method but 
facility for radiotracer 
study need to be 
considered. Use mass 
balance method and 
radiotracer, 32P (as 
Phosphoric acid) to 
investigate portioning of P 
in plants and within media 
depth. 

7 Glaister et al. 
(2017).  

• Conducted plant morphology (longest root, shoot length, bulk root 
length & root diameter).  

• Separated shoot (includes leaves and stems) and root. Plant parts 
were scanned at 800 dpi & analyzed using WinRHIZO software 
(2009).  

• After scanning, samples were oven-dried at 60 oC to constant weight 
for determination of total plant mass, above-ground biomass, and root 
mass.  

• Used statistical analysis for plant morphological data. 

• Pots for adaptation 
were housed in a 
greenhouse, 
maintained at 25 oC 
before transferred to 
open-air shade house. 

More on plant 
morphology. Biomass 
determination is to 
confirm interaction 
between plant growth with 
filter media and presence 
of saturated zone (SZ). 

8 Rycewicz-
Borecki et al. 
(2017).  

• Same study as reported in Rycewicz-Borecki et al. (2016).  

• Total input constituent mass, Min water = (Ctap + CEMC)*Volume for all 
dosing events. 

• Checked for total mass balance percentage recovery to ensure 
confidence in the study results. 

% recovery =               M in water + M soil start 
                         ( Mout water + MAG + MBG + Msoil end) 

• Nutrient mass balance: 
 

Min water + Msoil start = Mout water (exfiltrate) + MAG + MBG + Msoil end. 

• Same as in Reference 
No. 5. 

Can be considered for TP 
and TN study although 
digestion and detection 
methods could be 
different. Possible of N 
loss due to greater 
denitrification in the 
system.  
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The suspended raingarden is a new concept to LIDs. Plenty of the past studies on 

raingarden/bioretention systems focussed on treatment efficiency enhancement via 

improvised media, specific plant species, and biocolumns design. However, there is 

no information available such as the media depth, column design, and growing 

conditions for the research of suspended raingarden to begin. Therefore, based on the 

reviews tabulated in Tables 2 and 3, most studies were conducted in a 

greenhouse/glasshouse environment where the growing conditions such as 

temperature, humidity, and lighting can be easily controlled. The vegetation that is 

used in the current study is Lomandra ‘Evergreen Baby’TM (dwarf lomandra). As the 

name denotes, the mature dwarf lomandra is 45 cm wide by 45 cm in height. In 

addition, lomandra has fibrous roots and can survive in extreme – dry and wet 

conditions. Therefore, this plant species was selected for a suspended raingarden 

study due to these strengths. Simultaneously, the most commonly used column size 

in other previous studies was 150 mm internal diameter, which adequately supports a 

density of one plant per column. Finally, equipment availability and method suitability 

in determining pollutants’ mass balance was the main reason why methods used in 

Rycewicz-Borecki et al. (2016) and Rycewicz-Borecki et al. (2017) studies are chosen 

for this study. 
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Past studies on the bioretention systems mostly focussed on presenting treatment for 

a single category of the pollutant; nutrients, i.e. nitrogenous compounds and P 

(Bratieres et al., 2008; Davis et al., 2006; Hatt et al., 2009a; Henderson, Greenway, & 

Phillips, 2007; Hsieh et al., 2007b; Li, J. & Davis, 2016) or heavy metals (Al-Ameri et 

al., 2018; Fassman-Beck, Elizabeth, 2012; Hatt, Steinel, Deletic, & Fletcher, 2011; 

Trowsdale, Sam A. & Simcock, 2011) or emerging contaminants (David et al., 2015; 

Wang, Yujue et al., 2019; Zhang et al., 2015). There is a lack of literature regarding 

study involving multi-category of pollutants in a single bioretention treatment system. 

 

The current study is designed to investigate the potential of lightweight soilless media 

planted with fine-leaved Australian grass, Lomandra ‘Evergreen Baby’™ (dwarf 

lomandra) in treating semi-natural stormwater consisting of multi-category of 

pollutants: nutrients, heavy metals, and emerging contaminants. 

 

An explanation of the methodology used in the current study is outlined below: 

 

Section 3.1 – Media and Column Performance Study – Methodology for studying 

nutrient and heavy metal removal/leaching from the optimised soilless media in the 

laboratory-scale unplanted columns. 

 

Section 3.2 – Phytoremediation Study – Methodology for a 20-weeks 

phytoremediation study conducted in greenhouse using planted columns.  

 

3.1. Media and Column Performance Study 

 

The current study was divided into two main parts; (1) media performance study and 

(2) column performance study. In the latter part of the study, two stages of a column 

performance study on six different potential lightweight media were conducted. The 

first stage was to identify the optimum media mix in reducing nutrient leaching from 

the media during ultrapure water dosing. This column study was tested on pre-

calculated different media mixes in two different configurations: homogenised media 

mix (all selected media were homogenously mixed) and layered media mix (tested 

media were arranged vertically based on decreasing porosity). The second stage 
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involved a semi-natural stormwater dosing on the best two selected media mixes 

obtained earlier in the first stage of the column study. Their performance was 

compared with the individual media (as controls). 

 

3.1.1. Media properties 

 

Five different lightweight media in addition to compost were selected based on their 

lightweightness, water and nutrient retention capability, ability to support plant growth, 

promote the biodiversity of microorganisms within the plant’s rhizosphere, produce 

satisfactory bioinfiltration rate and local availability (Prodanovic et al., 2017). The five-

selected lightweight media were: coco coir (CC), perlite, vermiculite, activated carbon 

(AC), and zeolite (Zeo-FA or Z) (Figure 7). The summary of their characteristics is 

tabulated in Table 4. Compost was included in this study but was restricted to 10% to 

avoid severe nutrient leaching from media mix (Burge et al., 2007). Elemental analysis 

of the compost revealed the CN ratio in the range of 14:1 – 18:1 (Appendix A).  

 
The lightweight media were characterised for saturated hydraulic conductivity, bulk 

density, and porosity according to Test Methods A, B and C, respectively, from ASTM 

F1815-11. Particle density was determined using NZS 4402:1986 (Test 2.7.2).  

 

 

Figure 7. Media selected for this study 
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Table 4. Physical and chemical properties of the lightweight media used 

 
Notes:

 
a  Mean wet bulk density for compost

 5 (Ausperl, 2016b)
 

 b
  Standard deviation of all measurements in the parentheses

 6 (Blue Pacific Minerals, 2017)
 

 1 (Cullum, 2018)
 

7* (Carlile et al., 2019)
 

 2 (CANNA, 2020)
 

8* (Bar-Tal et al., 2019)
 

 3 (Living Earth Ltd, 2021)
 

9* (Silber, 2019)
 

 4  (Ausperl, 2016a)
 

* Other sources
 

  

 

Media 
Granular 
activated 
carbon 

Coco coir Compost Compost Perlite Vermiculite Zeolite 

Source 

Activated 
Carbon 

Technologi
es Ltd 

CANNA 
University of 

Auckland 
Living 
Earth 

Ausperl Ausperl 
Blue 

Pacific 
Minerals 

Grade 

Steam 
pyrolyzed 
coconut 

shell 

Professional 
plus 

Organic Organic 
P500 

Coarse 
P500 Three 

Medium 
Granular 
Filta-Aid 

Properties 
4 x 8 mesh 
Granulated 

AC 

Fibrous and 
finely ground 

1-2 years open-
composting, 

leaves and small 
cut branches, 

sieved size 1.18 
– 4.75 mm 

Recycled 
organic 
green 
waste 

Expanded 
perlite 

- 
 

Normal 
application 

in water 
treatment, 

sieved 
size 1.2 – 
4.0 mm 

Size (mm) 
2.38 – 4.76 

1 
0.2 – 2.0 

(75-90%) 2 
- 

≤ 15 mm 
(100% 

passes) 3 

> 4.75 mm 
(25 – 

40%), > 
3.35 mm 

(80 – 90%) 
4 

> 2.0 mm 
(40 – 

85%). > 
1.40 mm (5 

– 30%) 5 

- 

Mean dry 
bulk density 

[g/cm3] b 

0.4875 
(0.0017) 

0.0905 
(0.0014) 

0.6074a 

(0.0010) 
0.4741a 
(0.0112) 

0.0902 
(0.0036) 

0.1410 
(0.0013) 

0.5797 
(0.0028) 

Mean 
particle 
density 

[g/cm3] b 

1.83 (0.04) 0.82 (0.00) 2.63 (0.36) - 0.30 (0.03) 0.60 (0.06) 2.31 (0.06) 

Porosity 
[%] 

73 89 77 - 70 77 75 

Mean 
hydraulic 

conductivity 
[mm/h] b 

10150 
(150) 

10920 (350) 4630 (170) - 
34360 
(690) 

25230 (690) 3990 (120) 

pH range 8-11 1 5.7 – 6.5 2 - 6.0 – 8.5 3 - - 8.65 6 

Bulk density 
(g/cm3) 

0.4 – 0.5 1 
0.040 – 

0.090 (dry 
basis) 7 

- 
0.55 - 

0.65 (wet 
basis) 3 

0.060 – 
0.080 4 

0.065 – 
0.115 5 

0.65 6 

Hydraulic 
conductivity 

- - - - - 
70 – 90 

meq/100g 5 
- 

CEC - 
High 2, 35 - 

95 cmol/kg 7* 
- 

160 – 180 
cmol/kg 9* 

25 -35 
cmol/kg 9* 

15 – 21 
cmol/kg 8* 

200 – 400 
cmol/kg 9* 

N content - - - 
1.5% (dry 
weight) 3 

- - - 

P content - - - 
0.3% (dry 
weight) 3 

- - - 

Heavy 
metals 

- - - - Trace 4 - - 
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3.1.2. Nutrient and heavy metal leaching from individual media 

 

Determination for the background nutrients and heavy metals concentration from each 

media was conducted before future experiments in the study. All beakers used in the 

study were thoroughly cleaned with a phosphate-free detergent and 0.1N HCI before 

being oven-dried at 100 oC for an hour. A calculated volume of 425 ml ultrapure water 

(pH of 6.83 ± 0.3, resistivity 18.2 MΩ x cm) was used to leach 50 g of each media in 

500 ml beaker for 1 hour. The immersion of 50 g for 60 minutes followed procedure 

used for analysing heavy metal leaching from the Acticarb GC1200 (Frazer, 2020). 

The calculated volume of 425 ml was based on the highest rainfall intensity per hour 

recorded in Auckland MOTAT station between May 2016 and April 2017 (NIWA, 2016). 

The rainfall intensity recorded was 27.6 mm per hour (March 10, 2017) which 

translates into 425 ml per hour based on a circular surface area of the future column 

at 154 cm2 (ID of 14 cm). All media were thoroughly mixed in a clockwise direction 

using a glass rod for 1 minute after the addition of ultrapure water. After an hour of 

immersion, approximately 30 ml of sample was collected from the mid-level of the 

beaker using a mechanical pipette. The sample was then tested for leached nutrients 

(NH4
+, NO2

-, NO3
-, and PO4

3-) and heavy metals (Zn, Cu, and Pb). 

 

3.1.3. Column performance study 

 

3.1.3.1. Experimental column design 

 

Ten PVC columns with a diameter of 54 mm were used (Figure 8). The height of each 

column was 400 mm. Effective depth for the column was set at 330 mm, corresponding 

to the 80% of the total volume. Minimum depth of 300 mm had been suggested and 

used for planted column for stormwater treatment (Bratieres et al., 2008; Lim et al., 

2015; Read et al., 2008). The remaining volume (70 mm depth) acts as a freeboard 

for extended water detention. All lightweight media used in the study were sieved to 

the particle size of 1.18 – 4.75 mm except zeolite, which was supplied in 1.2 – 4.0 mm. 

Compaction was done softly in layers (50 mm intervals) with 30 gentle tappings for 

every layer compaction. This was to ensure the brittle-nature media was packed well 

without losing its physical structure (Prodanovic et al., 2017). A 2.5 mm square plastic 

mesh was installed at the bottom of every column prior to media filling and compaction. 
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This was to prevent media from washed out and clogged the effluent valve. Stainless 

steel mesh of 2.5 mm square grid was installed on the surface of the compacted media 

to reduce the scouring effect and prevent floating of media particles during dosing 

operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. Three-dimensional column design 

 

3.1.3.2. Media configuration 

 

Two different media configurations; mixed media and layered media, as shown in 

Table 5, were initially tested using ultrapure water in the first stage. Mixed media and 

layered media are the common configurations used in media filtration test. Mixed 

media is able to achieve a balanced outcome, especially in TSS reduction in 

bioretention systems (Skorobogatov, He, Chu, Valeo, & van Duin, 2020). Layered 

media with layers of high and low permeability provides a conditions favourable for 

nitrification and denitrification (Hsieh et al., 2007b; Roy-Poirier et al., 2010). Activated 

carbon and coco coir which were sieved earlier, were soaked in ultrapure water for 24 

hours, followed by drying at 103 oC in the oven for another 24 hours (Brand NÜVE 

FN120) before use (Pradhan et al., 2019). This was done to remove excessive 

nutrients leached from the media before the experiment. For mixed media 

Influent 

Controllable 
effluent valve 

Water detention zone 

Stainless steel mesh, 
2.5 mm square grid 

Media 

Closed bottom with 
plastic mesh, 2.5 
mm square grid 

Column stage 

Column height 

400 mm 

Column diameter  
54 mm 
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configuration, each media, according to its proportion in volume before converted to 

mass (in g), was mixed well in moderate strength and clockwise direction in a 2.5-L 

white bucket for 1 min. The media mix was then filled layer by layer into the respective 

column. Meanwhile, in layered media configuration, media with the lowest porosity 

was filled first (bottommost layer) and followed by media with increasing porosity 

(Figure 9).  

 
Table 5. Media mix composition by volume (%) 

  

Media 
configuration 

Column 
label 

Media 

 
Compost Coco Coir Zeolite 

Activated 
Carbon 

Perlite Vermiculite 

% in 
Volume 

Mixed media 

C1-M 25 25 0 0 25 25 

C2-M 25 25 25 25 0 0 

C3-M 10 50 0 0 20 20 

C4-M 10 50 20 20 0 0 

C5-M 10 50 10 10 10 10 

Layered 
media 

C1-L 25 25 0 0 25 25 

C2-L 25 25 25 25 0 0 

C3-L 10 50 0 0 20 20 

C4-L 10 50 20 20 0 0 

C5-L 10 50 10 10 10 10 

 

 
 

Figure 9. Media configuration in the mixed media and layered media system 

 

The only exception is where the compost and coco coir were well mixed before filled 

as a top layer into every column. A similar bioretention study in comparing filter media 

materials for heavy metal removal from urban stormwater was conducted by Lim et al. 

(2015) previously. In the second stage of stormwater dosing, the best two selected 

C1-L/C3-L C2-L/C4-L C5-L 
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media mixes, C4-L and C5-L based on the least leaching from the ultrapure water 

dosing were selected. Triplicates for each set of the mix media were compared with 

five individual media as control; coco coir, activated carbon, zeolite, perlite, and 

vermiculite. 

 

3.1.3.3. Stormwater characteristics and preparation 

 

Semi-natural stormwater was prepared based on previous studies (Bratieres et al., 

2008; Duncan, 1999; Kennedy & Sutherland, 2008).  The use of semi-natural 

stormwater minimised variations in influent concentration while maintaining realistic 

composition. Some of the target concentrations were doubled to achieve higher 

concentrations for the ease of analysis (Bratieres et al., 2008), as shown in Table 6.  

 

Table 6. Prepared (doubled) pollutant concentrations based on studies in Melbourne 
(Bratieres et al., 2008) & Auckland (Kennedy & Sutherland, 2008) 

Parameters 

Bratieres et al. (2008) Kennedy & Sutherland (2008) 

Suggested 
concentration 

(mg/L) 

Prepared 
concentration 

(mg/L) 

Suggested 
concentration 

(mg/L) 

Prepared 
concentration 

(mg/L) 

TSS 150 130-150 - - 

PO4
3- (based on 
0.45 TP) 

0.35 (TP) 0.32 
- - 

NOx 0.75 
1.50 (0.75 for 

NO3
-
 ; 0.75 for NO2

- 
- - 

NH4
+ 0.27 0.54 - - 

Zn - - 0.200 0.400 

Cu - - 0.018 0.036 

Pb - - 0.038 0.076 

 

Local soils were collected from the roadside at the parking area, Auckland Domain 

(Auckland, New Zealand), using a clean glass 1L borosilicate bottle. The soils were 

spread and dried in the oven at 100 oC for 24 hours to remove trapped moisture. The 

dried soils were well-mixed before sieved through a 600 µm sieve (Hsieh & Davis, 

2005). Approximately 50 g of the soils were later thoroughly mixed in 500 ml ultrapure 

water in a borosilicate glass bottle (1 L). Stirring was provided with a magnetic stirrer 

at 450 rpm for 24 hours to produce a theoretical 100 g/L TSS. The stock solution was 

left undisturbed in the fridge (4 oC) for 24 hours. The resultant suspension was then 

sampled out and kept in 500 ml borosilicate glass bottle at 4 oC before use. The semi-

natural stormwater was prepared fresh prior to dosing by diluting the suspension to 
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120-150 mg/L TSS using ultrapure water. The addition of salt solution into the 

prepared stormwater was done if the target concentrations of certain pollutants were 

found low. 

 

3.1.3.4. Dosing regime 

 

The experimental setup consisted of four main components; stormwater tank, 

distribution tank, columns, and effluent pots (Figure 10). The stormwater tank was 

filled with semi-natural stormwater and constantly mixed with a mechanical stirrer 

during the dosing phase.   

 

Figure 10. Experimental column setup 

 

Stormwater flowed from the stormwater tank into the distribution tank through 4 mm 

silicone tubing. The distribution tank (4.16 L) was a modified square plastic box of 

dimension 15 cm x 15 cm x 18.5 cm height, designed to distribute prepared stormwater 

via 3 mm silicone tubing to each column. The stormwater level was maintained at 5.5 

cm depth (constant head) using a cistern flow valve (3/8”) to regulate a flow at 3.15 

ml/min. This flow corresponded with the highest rainfall intensity of 49.4 mm (recorded 

Distribution tank 

Stormwater 
tank 

Columns 

Effluent pot 
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on the May 12, 2017 in Auckland MOTAT station). To calculate the dosing flow, a 

Rational equation was applied (Bratieres et al., 2008; Wan et al., 2017). The 

calculation is based on the cross-sectional area of the column, rainfall intensity, the 

assumed value of bioretention cell sized at 2% of the drainage area (Fassman-Beck, 

Elizabeth et al., 2013) and rational method runoff coefficient of 0.8 (Davis, Shokouhian, 

Sharma, & Minami, 2001; Wan et al., 2017). Flushing with ultrapure water was done 

once daily, three days continuously for each column (189 ml/hr). This was done to 

allow maturing of packed columns by compacting the media under hydraulic loading 

and flushing out residual fine media. Dosing cycle of 6 - 7 runs for each media 

configuration was done for four weeks. Dosing frequency was operated at 3 – 5 days 

interval. This is based on the probability of annual rainfall in Auckland at 32% and 20% 

during the winter months (June – August) and summer months (December – February), 

respectively (Chappell, 2013). The experiment was conducted between July and 

December 2018. Graphical representation of the stormwater dosing regime is shown 

below. The blue arrow represents ultrapure water dosing, while stormwater dosing is 

indicated in black arrow.  

 

Dosing                         

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

 

Flow in the tubing to each column was further maintained at 3.15 ml/min by an 

additional valve. At the end of one-hour dosing, the columns were allowed an extra 

hour for effluent collection. 

 

3.1.4. Sampling and sample analysis 

 

Total effluent was collected from each column during the dosing period in a glass 

beaker (effluent pot). All samples were analysed for pH, TSS, NO2
-, NO3

-, NH4
+, PO4

3-, 

Zn, Cu and Pb. Determination for pH and TSS were done immediately, while nutrients 

were analysed within 5 hours after effluent collection. Approximately 15 ml of sample 

from each column was preserved at -20 oC for heavy metal analysis pending 

completion of each stage. Sample pH was measured using pH meter (HACH HQ40d). 

TSS was analysed according to the Standard Methods – Method 2540D (APHA, 
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AWWA & WPCF, 2012). Ion chromatography (Thermo Scientific Dionex ICS-2100) 

was used to analyse NO2
-, NO3

- and PO4
3- while detection of NH4

+ was done with 

spectroscopy technique, Method 4500F - Phenate Method (APHA, AWWA & WPCF, 

2012) using UV-Vis spectrophotometer (Shimadzu UV-2700). For heavy metals 

analysis (Zn, Cu and Pb), preserved samples were initially digested according to 

standard methods - Method 3030K (APHA, AWWA & WPCF, 2012) using High-

Performance Microwave Digestion System (Milestone, Ethos One) prior to detection 

using ICP-MS (Agilent 7700). Detection limit for NO2
-, NO3

-, NH4
+, and PO4

3- is 0.01 

mg/L while it is 0.0001 mg/L for Zn, Cu, and Pb. 

 

3.1.5. Data analysis 

 

All statistical analyses were performed using IBM SPSS Version 26. Data obtained 

from the experiment did not satisfy normal distribution and contained outliers. 

Therefore, differences among median effluent pH, TSS, NO2
-, NO3

-, NH4
+, PO4

3-, Zn, 

Cu and Pb were analysed with non-parametric Kruskal-Wallis H test (KWH) and Post-

Hoc Tests of Games-Howell. For all analyses, significance was accepted up to p < 

0.05. A measure of dispersion for the samples was shown in a boxplot. 

 

3.2.   Phytoremediation study 

 

Phytoremediation study was conducted in a greenhouse at Landcare Research, 

Tamaki, Auckland (New Zealand). Ambient conditions (light intensity and indoor 

temperature) in the greenhouse were semi-controlled. Light intensity was measured 

between 659 lux before sunrise and 54,800 lux at maximum within 15th July – 9th 

December 2019. The indoor temperature varied from 3.5 to 25.5 oC. Relative humidity 

was recorded from 61 to 99%. The temperature in all laboratories, where analysis on 

the plant, media, and effluent were conducted, was consistently controlled at 20 – 22 

oC. Phytoremediation study was conducted for 26 weeks: 6 weeks of adaptation (18th 

June – 26th July 2020) and followed by 20 weeks of phytoremediation (29th July – 9th 

December 2020). Table 7 shows the details and locations of the analysis conducted 

in this study.  
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Table 7.  Analytical methods and locations of analysis done in the study 

Type of 

sample 

Type of 

analysis/parameters 
Analytical method Location of analysis 

Effluent 

pH, TSS, TOC/TN, 
NH3, IC & EC 

Refer Section 3.1.4 
Environmental 

Engineering Laboratory 
(Lab 405.1124B) 

Heavy metals Refer Section 3.1.4 

Environmental 
Engineering Laboratory 

(Lab 405.1124B) & 
Environmental 

Chemistry Laboratory 
(Lab 302.730A, B, C, D) 

TP/TN 

Simultaneous 
Persulfate Digestion & 
Flow Injection Analysis 
(FIA) – Ascorbic acid 
(QuikChem Method 
10-115-10-1-B) & 
Nitrate reduction 

column (QuikChem 
Method 10-107-04-1-

B) 

Environmental 
Chemistry Laboratory 

(Lab 302.730A, B, C, D) 

Plant -

AG 

(shoot) 

and BG 

(root) 

TP & Heavy metals 

Digestion Method 
SK12-AG-02 

(Milestone, Ethos One) 
& ICP-MS (Agilent 

7700) 

Sedimentology 
Laboratory (Lab 

302.420), Environmental 
Engineering Laboratory 

(Lab 405.1124B) & 
Environmental 

Chemistry Laboratory 
(Lab 302.730A, B, C, D) 

TN 

Method 10mg 
Mangrove Soil 120s, 
Elemental Analysis 

(Vario El Cube) 

Media 
TP/TN 

Simultaneous 
Persulfate Digestion & 
Flow Injection Analysis 
(FIA) – Ascorbic acid 
(QuikChem Method 
10-115-10-1-B) & 
Nitrate reduction 

column (QuikChem 
Method 10-107-04-1-

B) 

Environmental 
Engineering Laboratory 

(Lab 405.1124B) & 
Environmental 

Chemistry Laboratory 
(Lab 302.730A, B, C, D) 

Heavy metals ICP-MS (Agilent 7700) 
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3.2.1. Experimental set-up 

 

A total of thirty columns were tested in a greenhouse, with a clear, impermeable roof, 

allowing natural sunlight but preventing rainfall on the columns. Heater or air 

conditioner with venting roof were set to reduce the indoor extreme climatic conditions. 

The columns were constructed from 160 mm outer diameter (ID 150 mm) PVC pipes, 

with a height of 300 mm. For the saturated zone (SZ) column, saturated zone covered 

the bottom depth of 150 mm. The top section of the column (approximately 5 cm) after 

media compaction was reserved for plant growth and water ponding. The inner wall of 

the columns was sandblasted to minimise the preferential flow effects.  

 

Two categories of columns were tested: saturated zone (SZ) and non-saturated zone 

(NSZ) columns (Figure 11). A total of thirty columns were fabricated (Figure 12). The 

first six columns (three unplanted NSZ columns or controls and three unplanted SZ 

columns) were labelled as Week 0. A 20-week greenhouse study used twenty-four 

columns; half of which were unplanted controls, and half planted with the compact, 

fine-leaved Australian grass, Lomandra ‘Evergreen Baby’™ (dwarf lomandra). This 

plant was selected due to its extensive roots, relatively smaller size (45 cm wide and 

tall) and ability to survive in dry and wet conditions. Twelve columns (three replicates 

from each category) were labelled as Week 10, and the remaining twelve columns 

were labelled as Week 20. 

 

 
 

 

Figure 11. PVC biocolumns: NSZ column (left) and SZ column (right)  

300 mm  

160 mm 

300  
mm 

150 
mm  

160 mm 
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         Week 0 

 

        Week 10 

 

        Week 20 

 

 

Figure 12. Column configuration applied in the phytoremediation study 

 
A total of forty-eight 20/30 cm grade plant (1 year old grown from clump division) were 

purchased from Greenleaf Nurseries, Hastings (New Zealand). All the grass plants in 

their original potting were maintained in a temperature-controlled laboratory (18 – 20 

oC), exposed to natural sunlight during the day and artificial light during the night for 

four weeks. Watering with deionised water (280 ml) for each pot was done daily in the 

morning. At the end of 4 weeks, twelve best grass plants based on healthy green 

foliage were then transported to the greenhouse. The plants were cleaned; bark and 

potting mix were carefully removed from the roots under flowing tap water before 

rinsed with deionised water. The roots and leaves were then slowly dried with a paper 

towel before replanting in a new media mix. Meanwhile, three plants each for Week 0 

NSZ and SZ columns were also cleaned and processed as Week 0 plant samples. 

 

Media mix labelled as C5-M in Table 5 was used as biocolumns media for all columns. 

It was selected because C5-M demonstrated the least leaching of TSS, nutrients, and 

heavy metals. All the media (Table 5) was sieved and prepared according to Section 

3.1.1. in the laboratory. There were two exceptions, the green compost was replaced 

 

 

  

NSZ    NSZ      NSZ           SZ       SZ        SZ 
 1           2          3                1          2          3 

CNSZ  CNSZ  CNSZ         CSZ     CSZ    CSZ 
   4          5          6                4          5          6 

PNSZ   PNSZ    PNSZ               PSZ        PSZ       PSZ 
  4            5            6                      4            5            6 

CNSZ  CNSZ  CNSZ         CSZ     CSZ    CSZ 
   1          2          3                1          2          3 

PNSZ   PNSZ    PNSZ               PSZ        PSZ       PSZ 
  1            2            3                      1            2            3 

CNSZ - Unplanted Non-saturated zone column/control      PNSZ - Planted Non-saturated zone column 
CSZ    - Unplanted Saturated zone column/control  PSZ    - Planted Saturated zone column 
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by the Living Earth organic compost and activated carbon, and coco coir was not 

washed and dried before use. These changes were necessary to simulate the actual 

application of the media mix. Determination for the media mix’s physical properties 

was carried out at Landcare Research Palmerston North (Appendix B). Media 

preparation for all columns was done in Landcare Research. The right proportion of 

each media (according to Table 5) was weighed before added into a pail for final 

mixing. The resulting media mix was then gently added into each column (1/3 full). 

One cleaned grass plant per column was gently repotted into the partially filled column 

before the remaining 2/3 media mix were added. Soft compaction was done with a 

hand 30 times, and these steps were repeated for all columns. The same procedure 

was also applied for the unplanted columns, with the exception no plants were planted. 

A 2.5 mm square plastic mesh was installed at the bottom of every column prior to 

media filling and compaction to prevent media from washed out. 

 

One-month adaptation period was allowed for the plants in the new media mix column 

inside the greenhouse. The first-day watering was started with 2,000 ml of deionised 

water followed by 1,000 ml for the second-day watering, 500 ml for third- and fourth-

day watering, and thereafter 280 ml every alternate day. This was to ensure the plants 

were sufficiently hydrated and to allow media stabilisation and nutrient leaching. The 

arrangement of all columns in the greenhouse is shown in Figure 13. Measurement of 

climatic conditions in the greenhouse was done three times a week during the 

stormwater dosing and effluent sampling. The indoor measurement with occasionally 

outdoor measurement which includes temperature (laboratory thermometer), relative 

humidity (sling psychrometer, Brand Elcometer Bacharach) and light intensity 

(Illuminance meter, Brand Fisher Traceable 3252) were recorded and are shown in 

Appendix C. These measurements are important in monitoring and to ensure a 

suitable living environment for the plants in the greenhouse during the study. Relative 

humidity affects transpiration and thus plant’s ability to perform its core biological 

functions, photosynthesis, and growth. Greenhouse temperature factors directly into 

relative humidity levels because the temperature of the air impacts plant’s ability to 

hold moisture while light intensity drives photosynthesis. 
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Figure 13. Column arrangement in the greenhouse; CNSZ (six columns on the front 
left), CSZ (six columns on the back left), PNSZ (six columns on the front right), PSZ 
(six columns on the back right) 
 

3.2.2. Experimental procedure 

 

The thrice-weekly dosing regimen of 280 ml/hr/day per column was based on typical 

New Zealand climatic patterns; in this case, for Mangere, Auckland, with an average 

rainfall of 1,482 mm (NIWA, 2019). Detailed calculation of the dosing regime was 

based on a biocolumn sized to 2% of its catchment area (Fassman-Beck, Elizabeth et 

al., 2013). It can be found in Appendices D, E, and F. Preparation of semi-natural 

stormwater in the first ten weeks during phytoremediation study followed procedure 

detailed in Section 3.1.3.3. From Week 1 – 10, the stormwater was prepared with 

suspended solids, nutrients, and heavy metals. For the remaining ten weeks of the 

study (Week 11 – 20), two emerging contaminants (ECs) of interest – ibuprofen and 

bisphenol A were added into the existing prepared stormwater. These compounds 

were selected due to the recent findings of high concentrations in water supply and 

drinking water system globally (Wang, Y. et al., 2019) and in New Zealand’s 

CNSZ 

PNSZ 

CSZ 

PSZ 
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wastewater treatment system (Kumar, R., Sarmah, & Padhye, 2019; Wang, Yujue et 

al., 2019). 

 

For the next five days of stormwater dosing, a mass of 5.1 mg equivalent to 1 mg/L for 

both compounds were weighed and dissolved in 5.1 ml of methanol before mixed into 

the mixing stormwater. For the remaining weeks, methanol as a carrier was excluded 

as it was found to contribute to TOC in the effluent. Previously weighed ibuprofen and 

bisphenol A were added separately into the stormwater. Mixing was done manually in 

a clockwise direction for 5 minutes. To achieve consistent input concentrations in each 

column, the target volume was delivered in two pulses (140 ml per pulse) via 

perforated polyethylene (PE) cup. For every new pulse dosing, the cup was moved by 

60o in a clockwise direction (Figure 14) to ensure uniform stormwater distribution 

throughout the media.  

 

 

Figure 14. Dosing of semi-natural stormwater via perforated PE cup 

 

Collection of the effluent in PE container was allowed for an hour after the end of the 

2nd pulse dosing. Influent and collected effluent samples were individually composited 

by the end of each week at 4 oC before the analysis.  
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3.2.3. Sample analysis 

 

There are three different parts of analysis in this study; effluent, columns media and 

plant (AG and BG). Each part of the analysis involves a different approach which is 

explained later in the section.  

 

3.2.3.1. Effluent testing 

 

Upon arrival at the laboratory, the individual composited effluent, and influent samples 

at the end of the week were separated into three portions before further analysis: 

general characterisation test (pH, TSS, NO2
-, NO3

-, NH3, PO4
3-, SO4

2-, TOC, ibuprofen, 

and bisphenol A), nutrient mass balance (TP, TN), and heavy metal (Zn, Cu and Pb) 

analysis. General characterisation test was conducted weekly, and nutrient mass 

balance and heavy metal analysis was conducted fortnightly. 

 

General characterisation of the composited samples was carried out within 24 hours 

after the effluent collection. Approximately 15 ml of sample from each column was 

preserved at -20 oC for nutrient mass balance and heavy metal until further analysis 

(Table 7). Except for pH and TSS measurement, the collected samples were filtered 

using 0.22 µm cellulose acetate syringe filter prior to analysis. Sample pH was 

measured using pH meter (HACH HQ40d) while TSS was analysed according to 

Standard Methods – Method 2540D (APHA, AWWA & WPCF, 2012). Ion 

chromatography (Thermo Scientific Dionex ICS-2100) with IonPac-AS18 column and 

guard column were used to analyse NO2
-, NO3

-, PO4
3- and SO4

2- while detection of 

NH4
+ was done with spectroscopy technique, Method 4500F - Phenate Method (APHA, 

AWWA & WPCF, 2012) using UV-Vis spectrophotometer (Shimadzu UV-2700).  

 

Ibuprofen and bisphenol A were analysed with LCMS-MS (Shimadzu LCMS-8040) in 

negative mode using Ascentis® RP-Amide 10 cm x 2.1 mm, 3 µm column (Supelco). 

Method development for this analysis was obtained from (Kumar, R. et al., 2019) and 

was further modified to optimise their detection. Sample analysis was conducted under 

activation of switching valve mode. Chromatographic separations were carried out 

using the flowing mobile phase: solvent (A) 5 mM ammonium acetate in Milli-Q water 

and solvent (B) methanol at a flow rate of 0.2 ml/min. The sample volume injected was 
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2 µL, and the required analysis took 30 min per sample. The mobile phase gradient 

(as percentage of B) was as follows: 10% for 0 – 5.5 min, 10 – 20% for 5.5 – 6 min, 

20% for 6 – 10 min, 20 – 70% for 10 – 15 min, 70% for 15 – 20 min, 70 – 95% for 20 

– 25 min, before reduction from 95 to 10% for 25 – 27 min. Further details of the LCMS-

MS parameters for ibuprofen and bisphenol A are found in Appendix G. 

 

For TP and TN analysis, the frozen samples were thawed before digestion using 

autoclave (Tuttnauer 2840EL) and further analysed using Flow Injection Analyser 

(Lachat Instruments, QuikChem 8500 Series 2) in Environmental Chemistry 

Laboratory, School of Environment, UoA (Table 7). 

 

For heavy metals analysis (Zn, Cu and Pb), preserved samples were initially digested 

according to standard methods - Method 3030K (APHA, AWWA & WPCF, 2012) using 

High-Performance Microwave Digestion System (Milestone, Ethos One) prior to 

detection using ICP-MS (Agilent 7700).  

 

3.2.3.2. Media testing 

 

Media for all columns was sampled in Week 0 (before the start of the phytoremediation 

study), Week 10 (mid of the study) and Week 20 (end of the study). For Week 0, non-

saturated zone (NSZ) column, regardless of control/unplanted (CNSZ) or planted 

(PNSZ), was assumed to be of the same origin. This step was similarly applied to the 

saturated zone (SZ) column for control (CSZ) and planted (PSZ).  

 

For Week 0 columns, a great precaution was placed during extracting media from the 

column. Sufficient grab media (about 10 g or 0.9% of the total media wet mass) was 

sampled peripherally using a spatula at a depth of 5, 10, 20 and 30 cm from each 

column’s media surface. This was done to obtain a depth profile of the media – 

associated TN, TP, and heavy metals concentrations (Komlos & Traver, 2012). 

 

Cleaning of spatula was done each time after sampling with 0.1N HCl followed by a 

lot of rinsing with deionised water before dried with Kimtech wipes. The media was 

weighed in an aluminium foil dish (wet mass) before drying in the oven at 103 oC for > 

12 hours (Rycewicz-Borecki et al., 2016). The dry mass of the media was weighed 
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again after cooling. The dried media was then preserved in 15 ml centrifuge 

polypropylene (PP) tubes at -20 oC for further test. The remaining unsampled media 

was weighed (wet mass) and later dried in an aluminium tray at 103 oC for > 24 hours 

before weighed again (dry mass) after cooling in a desiccator.  

 

The same procedure was applied to Week 10 and Week 20 columns irrespective of 

the non-saturated zone (NSZ) or saturated zone (SZ) columns. However, for planted 

columns (PNSZ and PSZ), greater care was applied when taking the media sample 

from the planted column’s root system. The remaining media was carefully removed 

from the plant root and collected in an aluminium tray before drying. The dry mass 

weight was recorded. At the completion of the study, the saturated zone in the SZ 

column was drained and the entire water volume collected and measured before 

harvesting the plants and sampling the media from the columns. The collected water 

samples were preserved at -20 oC for further analysis. 

 

The preserved media was analysed for nutrients (TP and TN) and heavy metals (Zn, 

Cu and Pb). Different extraction methods for TP, TN, and heavy metals had been used 

in the literature (Davis et al., 2001; Handreck, 1996; Komlos & Traver, 2012; Rycewicz-

Borecki et al., 2017). However, in this study, the substrate was soilless media, and 

some methods are not suitable as excessive digestion of the media may cause an 

additional release of the compounds of interest from the media’s internal structure.  

Therefore, a modest approach was trialled and used – using deionised water to extract 

nutrients from the media, while heavy metal extraction was done using 0.1N HCl. Pre-

extraction test on real mixed media spiked with 100 ppm of mixed heavy metals (Zn, 

Cu and Pb) was conducted earlier using various HCl concentrations of 0.01N, 0.02N, 

0.05N, 0.1N and 0.2N. The highest efficiency of the extraction of the metals was found 

to be 0.1N; thus, this concentration was selected. Schematic diagram of the extraction 

process is shown in Figure 15. The extraction procedure involving extractant volume 

and media mass was modified based on a previous study (Wang, Xuejiang et al., 

2015). The extraction process was separated into three batches to maximise 

extraction efficiency. The media mass (2 g or 80% of the dried media mass) and the 

total extractant volume used (20 ml) shown in Figure 15 was for the extraction 

efficiency test. For the preserved media, the mass used was reduced to 1 g, and hence 

the corresponding extractant volume was also adjusted to 10 ml in total. The method 
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for the extracted concentration of TP, TN, Zn, Cu and Pb is shown in Table 7. The 

extraction efficiency of the proposed method can be found in Appendices H and I. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Schematic diagram of the extraction process (nutrients and heavy metals) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Spiking process 

1000 ppm stock solution, V = 2 ml 

Nutrient 

Media (2 g) Control (2 g) 

2 ml H2O 

Heavy metal 

Media (2 g) Control (2 g) 

2 ml H2O 

Vortex 5 mins, 3000 rpm 
Dry in the fume hood (24 hr) 

Extraction process 

Nutrient – deionised water 

Media (2 g) Control (2 g) 

Heavy metal – 0.1N HCl 

Media (2 g) Control (2 g) 

Total extractant 

Extracting volume – 10 ml 
Vortex 1 min, 3000 rpm 

Centrifuge 4000 rpm, 10 mins 
Extract (using dropper) 

Extracting volume – 5 ml 
Vortex 1 min, 3000 rpm 

Centrifuge 4000 rpm, 10 mins 
Extract (using dropper) 

Extracting volume – 5 ml 
Vortex 1 min, 3000 rpm 

Centrifuge 4000 rpm, 10 mins 
Extract (using dropper) 
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3.2.3.3. Plant analysis 

 

Plant analysis was only conducted for Week 0, Week 10, and Week 20 columns (PNSZ 

and PSZ). The whole plant was harvested from each column simultaneously with 

media sampling (Rycewicz-Borecki et al., 2016). Each plant, especially the root, was 

thoroughly cleaned under flowing tap water before rinsed with deionised water (Lange, 

Viklander, & Blecken, 2020; Schück & Greger, 2020). The harvested plant was divided 

into two different parts; aboveground (AG) and belowground (BG). The AG samples 

consisted of various combinations of mainly leaves, stems, flowers, and seeds. BG 

samples were mostly of root origin.  

 

All plant tissue (AG and BG) was weighed separately before (wet mass) and after (dry 

mass) oven-dried at 60 oC for > 72 hours (Rycewicz-Borecki et al., 2016; Rycewicz-

Borecki et al., 2017). The plant tissue was clipped at 2.5 cm length (Glaister et al., 

2017) before frozen at -20 oC. Prior to milling at the Sedimentology Laboratory, School 

of Environment, UoA (Table 7), frozen shoot (AG) and root (BG) samples were re-

dried at 60 oC for 24 hours. The milling process was completed with Foss Tecator 

Cyclotec 1093 milling machine equipped with a screen size of < 1 mm. Milled plant 

tissue was then dried at 60 oC for 24 hours before stored in a 50 ml pyrogen-free 

polypropylene (PP) centrifuge tube. The plant tissue was kept at -20 oC for future 

analysis and re-dried at 60 oC for 24 hours before future use. 

 

P and heavy metals content of the plant tissue were digested according to Digestion 

Method SK12-AG-02 (Milestone, Ethos One) (Table 7). This procedure involved 

digestion of 0.3 g plant tissue added into 8 ml of 65% concentrated nitric acid and 2 

ml of 30% hydrogen peroxide. The similar digestion technique was used for analysing 

TP in soil samples (Rycewicz-Borecki et al., 2017). The digestate was diluted before 

analysed using ICP-MS (Agilent 7700) in the Environmental Chemistry Laboratory, 

School of Environment, UoA. The plant tissue’s TN was quantified using combustion 

elemental analysis (Method 10mg Mangrove Soil 120s, Vario El Cube) in the 

Environmental Chemistry Laboratory (Rycewicz-Borecki et al., 2017).  
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3.2.4. Data analysis 

 

3.2.4.1. Statistical analysis 

 

Similar to Section 3.1, all statistical analyses were performed using IBM SPSS Version 

26. Analysis of variance was used to test for significant differences across treatments. 

Comparisons were made between saturated and non-saturated designs for unplanted 

controls (CNSZ and CSZ) and planted columns (PNSZ and PSZ). 

 

Data was first tested using the Test of Homogeneity of Variance (Levene’s Test) for 

the presence of significant difference. A significant difference result for parameter 

indicates the dependent variables do not have the same variance across different 

groups – the homogeneity assumption needed for ANOVA is not satisfied. Therefore, 

ANOVA analysis was discontinued; instead, analysis using Brown-Forsythe/Welch 

approach was applied. Further significant difference result prompted continuation of 

analysis using Post Hoc Multiple Comparisons Tests (Games-Howell). Non-significant 

difference from the Levene’s Test was further analysed with ANOVA and Post Hoc 

Multiple Comparisons Tests (Scheffe, Bonferroni or Tukey). For all analyses, 

significance was accepted up to p < 0.05. Details of the statistical analysis used is 

explained in Results and Discussion. 

 

3.2.4.2. Mass balance analysis 

 

To ensure accountability of nutrient and heavy metal mass between the start and end 

of the study, total percentage recovery (Eq. 1) was calculated and modified according 

to the approach by (Rycewicz-Borecki et al., 2016; Rycewicz-Borecki et al., 2017) 

below. 

 

% recovery = 
𝑀𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 + 𝑀𝑚𝑒𝑑𝑖𝑎 𝑠𝑡𝑎𝑟𝑡

𝑀𝑜𝑢𝑡 𝑤𝑎𝑡𝑒𝑟  + 𝑀𝐴𝐺 + 𝑀𝐵𝐺 + 𝑀𝑚𝑒𝑑𝑖𝑎 𝑒𝑛𝑑 + 𝑀𝑆𝑍 𝑒𝑓𝑓.
∗ 100 (Eq. 1) 

 

Total input pollutant mass (mg), Min water was calculated as in Eq. 2. 

Min water = ∑ (𝐶𝑖𝑉𝑖)
𝑎
𝑖=1    (Eq. 2) 

where Ci  is the concentration of the pollutant of interest in the prepared stormwater 

(mg/L), Vi  is the input volume (L) applied for a given event, i, and a is the number of 
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dosing events based on rainfall intensity and frequency calculations (Appendix D) 

throughout the 20-week experiment. Mout water is the total mass of pollutant in the 

collected effluent (mg), calculated as: 

Mout water = ∑ (𝐶𝑗𝑉𝑗)
𝑏

𝑗=1
  (Eq. 3) 

where Cj is the measured composite pollutant concentrations (mg/L) of the effluent 

samples, Vj is the effluent volume (L) measured at each sampling event, j, and b is the 

number of effluent collection events (20 for NSZ columns, 19 for SZ columns). Total 

composited effluent volume at the end of each week during the 20-week study is 

shown in Appendix J. Total pollutant mass (mg) in the media mix at the start (Mmedia 

start) and end of the study (Mmedia end) were calculated as: 

Mmedia start = mmedia (Cinitial)  (Eq. 4) 

Mmedia end = mmedia (5/30 (C5cm) + 5/30 (C10cm) + 10/30 (C20cm) + 10/30 (C30cm)) (Eq. 5) 

where mmedia is the total dry mass of media mix (kg) in each biocolumn, and, Cinitial, 

C5cm, C10cm, C20cm and C30cm are the pollutant concentrations (mg/kg) in the initial 

media mix, 5 cm, 10 cm, 20 cm and 30 cm depth respectively. Total pollutant mass 

(mg) accumulated in the AG and BG plant tissue (MAG and MBG), and in saturated zone 

(SZ) effluent for Week 10 and Week 20 (MSZ eff.) was calculated as: 

MAG = CAG(mAG)  (Eq. 6), and    MBG = CBG(mBG) (Eq. 7) 

MSZ eff. = CSZ eff. (VSZ eff.)  (Eq. 8) 

where CAG and CBG are pollutant concentrations (mg/kg) in the AG and BG plant tissue 

respectively, mAG and mBG are the corresponding total AG and BG dry weights (kg), 

and CSZ eff.  and VSZ eff. represent pollutant concentration (mg/L) and volume of SZ 

effluent (L) respectively. 

Meanwhile, pollutant distribution within the biocolumns system was calculated using: 

Min water  +  Mmedia start = Mout water + MAG + MBG + Mmedia end + MSZ eff. (Eq. 9) 
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Chapter 4. Reduction of nutrient and heavy metal leaching 

from stormwater using optimised soilless media mix  
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4.1. Background nutrient and heavy metal leaching from the individual media 

 

Background nutrient leaching from each media is shown in Figure 16. The top three 

NO3
- leached media were compost, zeolite (Zeo-FA) and activated carbon (AC), while 

for PO4
3-, both activated carbon and compost were among the highest followed by 

coco coir (CC). The highest NO3
- leaching was observed for compost (353 mg/kg) 

among all studied media. In addition, compost also leached considerable amount of 

PO4
3- (64.14 mg/kg), second to activated carbon (80.68 mg/kg), and NH4

+ (2.066 

mg/kg). This was consistent with previous studies (Bratieres et al., 2008; Burge et al., 

2007; Fassman-Beck, Elizabeth et al., 2013) that organic matter typically increases 

the leaching amount of NO3
- and especially PO4

3-. Compost based on fallen deciduous 

leaf contains lower soluble N and P and leached the least PO4
3- compared to manure 

(Lenhart, 2008). The leached PO4
3- obtained in the current study was comparable to 

Lenhart’s study (52.4 mg/kg), although his other findings reported lower leached NO3
-

/NO2
- concentration at 81 mg/kg. Presence of compost and increasing the compost 

volume fraction on bioretention media resulted in the significant release of P (Paus, 

Morgan, Gulliver, & Hozalski, 2014). Moreover, Kuoppamäki & Lehvävirta (2016) 

reported that retention of P and N compounds in the green roof study was not stable 

until the system maturity of at least a year. 

  

Zeolite leached a considerable amount of NO3
- (9.62 mg/kg). The readily purchased 

zeolite was not washed or treated in any way. Thus, the source of NO3
- could be from 

the processing line or during storage. Findings from (Trowsdale, S., Taylor, & Simcock, 

2007) bioretention filter media study also revealed leaching of N from zeolite. Zeolite 

is known to have high CEC and affinity towards heavy metals due to its isomorphous 

replacement of Si4+ by Al3+, resulting in a net negative charge that can be 

compensated by metal cations within the framework (Pitcher et al., 2004; Ziyath et al., 

2011). The highest leaching of PO4
3- was observed in activated carbon (80.68 mg/kg).  

This is in contrast with findings from other study (Iqbal, Garcia-Perez, & Flury, 2015), 

which showed more PO4
3- leached from compost than biochar. The type of feedstock 

used has a major influence on the physical and chemical properties of the biochar 

(Tack & Egene, 2019). The activated carbon used in the study is coconut-steam 

activated which does not involve chemical agents such as phosphoric acid. Therefore, 

there is a strong possibility that contamination with phosphorus-based compounds 



74 
 

occurred at the source. It was found in a previous study (Torillo Jr. & Mihara, 2012) 

that coconut husk released P and TN rapidly during the first ten days of the retting 

process. The amount of N and P released during the period accounted for about 10% 

of 0.11 mg N/g and 87% of 0.30 mg P/g, respectively. In the current study, a similar 

observation was also seen with coco coir as the PO4
3- leaching (23.41 mg/kg) was 

higher than other nutrients. There was a minimal leaching of NO3
- and NH4

+ from 

perlite and vermiculite. In general, all media exhibited low leaching of NO2
- and NH4

+. 

 

Heavy metal leaching from the individual media is indicated in Figure 17. Compost 

was the primary producer for the three heavy metals leaching. The high content of 

metals, especially Zn in the compost, was attributed to its source. Compost used in 

the study was collected from the composting site at the University of Auckland. From 

personal communication (Jones, 2017), it was found that the compost was aged 

between 1 – 2 years and was left in an open area for the composting process. The 

compost was made up of mostly fallen leaves with small twigs and branches collected 

from road and pedestrian walk at the lower end of Symonds Street. Therefore, those 

leaves were in contact with stormwater that carried the mobile metals before being 

sent to the composting site. Other than compost, both zeolite and coco coir leached 

Zn more than other media. There is a high possibility that Zn in both media, albeit in a 

low amount was already present at the source. However, the presence of Zn or its 

concentration was not listed in the media MSDS (Material Safety Data Sheet). 

Naturally occurring zeolites are rarely pure and are contaminated to varying degrees 

by other metals, minerals, and quartz (Ramesh & Reddy, 2011). Pb was the least 

leached metal, followed by Cu. Activated carbon, perlite and vermiculite in general 

leached less fewer metals compared to other media.  

 
The leaching of nutrients and heavy metals from the respective media mix used in the 

later stage is estimated in Table 7 based on individual media results. This is to estimate 

how the maximum of these nutrients and heavy metals may leach out from each 

column. The values shown are the leached compounds after a one-time, hour-long 

suspension in ultrapure water. This concentration will gradually decrease as more 

flushing is applied.  
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Figure 16. Nutrient leaching from the individual media. Mean values are listed above 
the bars and error bars indicate ± standard error (n = 3). 
 

 

 

 
Figure 17. Heavy metal leaching from the individual media. Mean values are listed 
above the bars and error bars indicate ± standard error (n = 3). 
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Table 8. Potential mass (in mg) leached of nutrients and heavy metals per kg of media 
mix  

Media 

mix 

NO2
- NO3

- NH4
+ PO4

3- Zn Cu Pb 

C1 0.012 39.660 0.300 7.602 0.109 0.021 0.009 

C2 0 41.050 0.535 14.998 0.125 0.027 0.009 

C3 0.010 15.870 0.170 3.677 0.047 0.010 0.004 

C4 0 16.990 0.358 9.587 0.060 0.015 0.004 

C5 0.005 16.430 0.264 6.632 0.053 0.013 0.004 

 

It seems that the leaching of NO2
-, Cu, and Pb was minimal. In contrast, the leaching 

of NO3
- poses a serious problem in all media mixes containing compost. The addition 

of zeolite increased the NO3
- leaching in a small amount. As compost and zeolite 

present at equal percentage volume in columns C1 and C2, both columns leached a 

substantial amount of NO3
-. The presence of activated carbon and compost may 

produce a high level of PO4
3-. This is evidenced in column C2 when there is a high 

proportion of both media. A consistent high amount of PO4
3- was due to compost in all 

columns. There was a continuous presence of NH4
+ in all columns as all media 

leached a small amount of NH4
+. Zn was present at twice the amount in columns C1 

and C2 compared to other columns due to the larger composition of compost and coco 

coir. A similar pattern was also observed for Cu and Pb as compost was the most 

significant contributor of heavy metals in metal leaching. A slight increase of Zn in C2, 

however, was contributed to zeolite.  

 

4.2. Column performance study – mixed media and layered media configuration 

 

The investigation into two different soilless media configurations was designed to 

address two research questions: first, whether layered media configuration is better 

than mixed media in reducing nutrient and heavy metal leaching?, and second, is there 

any significant difference of leaching between the two media configurations? Many 

studies on bioretention systems favoured layered media as the performance is more 

predictive (Davis et al., 2006; Hatt et al., 2009b; Wan et al., 2017). A layered 

bioretention cell is suggested to promote the removal of nitrogenous compounds from 

stormwater (Mohtadi et al., 2017; Wan et al., 2017). A study by Mohtadi et al. (2017) 
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revealed N removal via plant uptake occurred in the top two layers. Further DON 

removal and promotion of ammonification occurred in the second layer of sand and 

activated carbon before NH4
+ removal in the third layer (ammonium absorbent bed). 

The bottom layer of sand aided with organic carbon source is an anoxic zone, used to 

promote denitrification. 

 

The degree of nutrient and heavy metal leaching using ultrapure water for two different 

media configurations, mixed media and layered media, is compared in Figure 18. 

There was a statistically significant difference (p < 0.05) between mixed media and 

layered media configuration for all parameters except Cu (p = 0.442) using the 

Independent Samples Kruskal-Wallis Test. The number of outliers represented by ‘o’ 

and/or ‘★’ in each boxplot (except PO4
3-) were due to high values derived from different 

columns. These values were located above the third quartile range for most 

parameters except pH and Cu. Specific column(s) to which these abnormalities 

contributed to each parameter is later shown in Figure 19. 

 

In general, the column with layered media performed better than mixed media in terms 

of lower leaching of contaminants. Layered media configuration produced lower 

median TSS, NH4
+, PO4

3-, Zn, Cu, and Pb than mixed media. Moreover, the 

interquartile range in most parameters for layered media was smaller than the mixed 

media. For Cu, although layered media had a lower median than mixed media, the 

difference was not significant. Cu removal was found to be lower than Zn, Cd, and Pb, 

based on coconut materials as filter media (Lim et al., 2015). This was attributed to 

the smaller ionic radius of Cu, which resulted in a weaker affinity for its ions on active 

adsorption sites. The pH was found to be more alkaline in the layered media than the 

mixed media configuration. This was caused by the last layer of activated carbon in 

the column. Activated carbon used in the study tends to produce water suspension of 

pH 8 – 11 (Cullum, 2018). A similar related product, such as biochar media, is also 

known to increase the pH of the treated effluent (Iqbal et al., 2015). Biochar with higher 

pH is the result of the more extensive removal of volatile matter in the original 

feedstock. A higher percentage of carbon and ashes content left after pyrolysis 

partially resulted in higher pH and also due to increased presence of basic cations 

(Tack & Egene, 2019). 
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Figure 18. Boxplots of nutrient leaching for pH, TSS, nutrients and heavy metals 
indicate variability across each media configuration (n=30). Outlier is represented by 
‘o’ and extreme outlier is denoted by ‘★’. 
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Figure 19. Boxplots of nutrient leaching for pH, TSS, nutrients and heavy metals 
indicate variability across different column configurations (n=6). Outlier is represented 
by ‘o’ and extreme outlier is denoted by ‘★’. 
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Variation in pH, TSS, and degree of nutrient and heavy metal leaching using ultrapure 

water across different column configurations is presented in Figure 19. Full description 

of significant difference results using Post Hoc Test (Games-Howell) can be found in 

the Supplementary Information Sheet. Column C3-M has lower pH at 6.5, attributed 

mainly to the presence of a higher portion of coco coir. Coco coir has natural pH of 5.7 

– 6.5 (CANNA, 2020; Lim et al., 2015) and the moderately acidic in the first wash for 

a graded coco pith may achieve alkaline pH after final wash (Paramanandham et al., 

2013). Meanwhile, columns C2-L and C4-L have higher pHs between 8.0 and 8.5 while 

pH for C5-L was slightly lower at 7.5 - 8.0.  

 
This was due to the presence of activated carbon at the bottommost layer, which tends 

to produce higher pH (Cullum, 2018; Iqbal et al., 2015; Tack & Egene, 2019). Column 

C5-L has lower pH than C2-L and C4-L because the percentage volume for activated 

carbon in C5-L was halved. Most layered media columns have a wider interquartile 

range than mixed media, suggesting shifting of alkaline towards neutral pH due to 

intermittent leaching from activated carbon after several dosing. In contrast, most 

mixed media columns (C1-M to C5-M) produced higher median TSS. The Interquartile 

range for mixed media was larger than layered media, which means a longer TSS 

leaching duration was needed to stabilise. Layered media consistently produced low 

TSS due to media stratification that enables capturing of suspended solids. Among 

the mixed media columns, C3-M and C5-M produced lower TSS. A higher proportion 

of coco coir with the presence of perlite and vermiculite assisted in solids entrapment  

(Pradhan et al., 2019; Prodanovic et al., 2017). 

 

Leaching from the mixed media contained very low NO2
- (Figure 18). A similar effect 

was also seen with NO3
- except in column C1-M. The higher percentage volume of 

compost in the C1-M caused higher median NO3
-. A wider interquartile boxplot for C1-

M compared to other columns within the mixed media configuration indicated that the 

leaching occurred slowly over time. For layered media, the presence of vermiculite 

and its higher proportion volume of vermiculite in C1-L leached the most NO2
-. This 

was followed by C3-L and C5-L as the vermiculite percentage was less. Moreover, 

leached N from the compost also plays a prominent role in the conversion to NO2
-. 

NOx is highly soluble, and its removal heavily relies either on plant uptake or 

denitrification. Organic-N that is retained by the biofilter will ultimately be converted to 
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NOx through mineralisation, ammonification and nitrification, unless denitrified, and it 

will be subsequently leached (Davis et al., 2006; Hatt et al., 2009a). Conversion of 

more stable NO3
- to NO2

- in anoxic environments by microorganisms present in soils, 

compost in this study, could occur (Kuypers, Marchant, & Kartal, 2018). There is 

another possibility that aerobic NO3
- reduction may occur in soils when provided with 

both NO3
- and a carbon source, with the greatest NO2

- accumulation shown by this 

mechanism in the wetland sites (Roco, Bergaust, Shapleigh, & Yavitt, 2016). In this 

study, column C2-L experienced a period of intermittent drying and wetting. This may 

have created oxic and anoxic conditions in the media (Pradhan et al., 2019), allowing 

conversion of NO3
- mainly from the compost to NO2

-. NO3
- leaching was the highest in 

columns C1-L and C2-L. This was caused by leaching primarily from the compost and 

zeolite. In Column C1-L, a wider interquartile of NO3
- showed there was excessive 

leaching initially before gradually reduced with more water dosing. Meanwhile, in the 

C2-L column, it was expected that there would be a higher NO3
- leaching (based on 

Figure 16 and Table 8). However, this was not the case as the leaching was 

continuously limited to a low level via adsorption by activated carbon (Mohtadi et al., 

2017) and coco coir (Pradhan et al., 2019). Very low NO3
- leaching was observed for 

columns C3-L to C5-L due to lower composition of compost and assisted NO3
- 

inhibition by activated carbon (C4-L and C5-L) (Clough, Condron, Kammann, & Müller, 

2013) and coco coir (Pradhan et al., 2019). NH4
+ was generally found higher in mixed 

media columns than in layered media columns. Wider interquartile boxplots for mixed 

media columns indicated that there was high leaching of NH4
+ initially before gradually 

decreased. High median NH4
+ concentration suggested consistent background NH4

+ 

leaching. Constant lower NH4
+ leaching from the layered media columns was due to 

NH4
+ trapping by layers of activated carbon and zeolite (Clough et al., 2013; Ramesh 

& Reddy, 2011). PO4
3- leaching from the mixed media columns generally was higher 

than layered media. Most leaching from PO4
3- was observed for C2-M due to a higher 

proportion of activated carbon, compost, and coco coir (Figure 16). A narrow 

interquartile boxplot supported consistent high leaching of PO4
3-. However, this was in 

contrast to the C2-L column, which showed a lower median PO4
3- concentration. Wider 

interquartile boxplot suggested initial higher leaching of PO4
3- before progressive 

decrement over time. The reduced concentration was not caused by any PO4
3- 

inhibition by the media but instead was due to reduced leaching from the activated 

carbon (the bottommost layer in the column). The last two columns of the layered 
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media, C4-L and C5-L, consistently leached a lower concentration of PO4
3- as 

compared to C4-M and C5-M for mixed media. Leaching of PO4
3- can be reduced by 

adsorption with zeolite as evidenced in sewage treatment using wetland (Andrés et al., 

2018) and in batch adsorption of aqueous solution (Karapinar, 2009). 

 

Mixed media columns generally leached higher Zn compared to layered media, which 

was due to continuous leaching predominantly from the compost and other media 

(zeolite and coco coir). Column C1-M leached the least Zn within the mixed media 

configuration. It is speculated that the leached Zn was captured by a higher proportion 

(in terms of volume) of the net negatively-charged vermiculite (Bar-Tal et al., 2019) 

and coco coir (Lim et al., 2015; Prodanovic et al., 2017). Coco coir and compost 

contain humic substances, cellulose, lignin, and carboxyl groups that have a high 

tendency to bind metals via surface complexation and ion exchange processes (Lim 

et al., 2015). However, a higher background concentration of Zn in the compost 

promoted leaching when was dosed with ultrapure water. Columns with layered media 

continuously leached a small amount of Zn throughout the dosing period (0.05 – 0.1 

mg/L) due to contribution from all the media (Figure 18). However, the leached amount 

was reduced gradually at each successive graded layer of media. Layered media 

configuration is known to provide the best treatment efficiency for bioretention (Hsieh 

& Davis, 2005). Cu leaching from the mixed media columns irrespective of various 

media compositions was consistently low at 0.1 mg/L. A similar observation was also 

noted for some columns with layered media configuration: C2-L, C4-L and C5-L. 

However, for C1-L and C3-L columns, higher leaching of Cu by at least twice the 

background concentration was observed.  

 

This was due to more Cu leaching from the compost in C1-L (higher percentage 

volume) than in C3-L, and the presence of perlite and vermiculite did not decrease the 

leaching of Cu. The amount of Cu leached, especially from the compost, in column 

C1-L was too excessive. Perlite is known to improve flow drainage due to its coarse 

particles (Gironás et al., 2008), while vermiculite, although carrying a permanent 

negative charge (Bar-Tal et al., 2019), may not be sufficient to capture leached Cu. 

Moreover, Cu has a smaller ionic radius, and this resulted in a weaker binding on the 

active adsorption sites of vermiculite (Lim et al., 2015). There was consistently high 

leaching of Pb (0.01 mg/L) in the mixed media columns compared to layered media. 
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Compost was the primary source of Pb leaching. Through personal communication 

(Jones, 2017), it was found that high metals leaching from the compost was attributed 

to the contamination between the fallen deciduous leaves and twigs collected from 

road kerbs and urban runoff. A study by (Trowsdale, S. et al., 2007) indicated that a 

relatively high background concentration of Zn and Cu were measured in the compost, 

therefore, those metals may have complexed with organic matter dissolved in the 

leachate. Pb leached the most initially before showing decreased concentrations as 

more water dosing was conducted. This was evidenced by a wider interquartile boxplot. 

It was expected that the leaching concentration of Pb and other heavy metals such as 

Zn and Cu tested in this study would gradually reduce as water dosing increases as 

evidenced from a study by (Trowsdale, S. et al., 2007) study. However, the leaching 

of Pb was much reduced in the layered media columns. This was due to entrapment 

and ion-exchange of Pb in the multiple layers of vermiculite, zeolite, or perlite present 

at the bottom of the columns. Findings from (Hsieh & Davis, 2005) study proven that 

a significant fraction of Pb can be removed (> 98%) via efficient filtration of TSS by the 

bioretention media. 

 

In summary, the layered media configuration performed better than mixed media in 

most parameters (TSS, NO3
-, NH4

+, PO4
3-, Zn, and Pb) in terms of lower median 

concentration. Despite that, there were two exceptions; pH was much higher in layered 

media, and there was no significant difference in leaching of Cu between the two 

media configurations. Though layered media performed better than mixed media, it is 

less practical to apply in reality. Different media configurations are expected to result 

in different infiltration rates and pollutant removal efficiencies (Hsieh & Davis, 2005). 

Although the previous study revealed uniform coarse-textured sand yielded high runoff 

infiltration rate and pollutant mass removal which was in contrast with our result 

(layered media was better), mixed media configuration (uniform profile) is more cost-

effective alternative from the perspectives of construction and maintenance (Hsieh & 

Davis, 2005). Moreover, constructing a suspended raingarden with vegetation with a 

shallow media depth of 300 mm is not a sensible option. The actual raingarden or 

bioretention system employs a thick depth (≈ 1 m) with bottom sand, and gravel layers 

cover 300 mm and 400 – 700 mm of filter media for root growth (Facility for Advancing 

Water Biofiltration, (FAWB), 2008). Considering this design approach in a layered 
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media configuration suspended raingarden context, the allowable media depth for 

vegetation growth would be less than 300 mm, which is not practical. Layered media 

tends to produce an effluent with higher pH due to the bottom layer of activated carbon. 

Therefore, for the next phase of testing, two best- performing media mixes from the 

mixed media configurations were chosen. In layered media configuration, columns C4-

L and C5-L produced the lowest median concentration for most parameters (NO2
-, 

NO3
-, NH4

+, PO4
3-, Cu, and Pb). In comparison, columns C4-M and C5-M were not that 

effective and were not significantly different (p > 0.05) from other columns in most 

parameters within the same configuration (Table 9). Meanwhile, column C3-M though 

produced lower TSS and PO4
3- compared to other columns in the same media 

configuration, unfortunately it leached heavy metals especially Zn and Pb. Therefore, 

it was more logical and justifiable to compare columns C-4 and C-5 between two 

different media configurations, as shown in Table 9.  

 

Table 9. Table of significant difference for studied parameters between C4 and C5 
columns in mixed media (M) and layered media (L) configuration. 
 

 C4-M C5-M 

pH TSS NO2
- NO3

- NH4
+ PO4

3- Zn Cu Pb pH TSS NO2
- NO3

- NH4
+ PO4

3- Zn Cu Pb 

C1-M x / / x x x x x x /* / x x x x /* x x 

C2-M x x x x x / x x x /* x x x x x x x x 

C3-M /* x x x x x x x x /* x x x x x x x x 

C4-M          /* x x x x x x x x 

C5-M /* x x x x x x x x          

C4-L /* x x x / /* /* x / /* x x x / /* /* / /* 

C5-L /* x x x / / / x / /* x x x / /* /* x /* 

 C4-L  

C5-L x x x x x x x x x 

 
Note: / * Very high significant difference (p < 0.01) 

/  Significant difference (p < 0.05) 
X No significant difference (p > 0.05) 

 

 
There was no significant difference (p > 0.05) between C4-L and C5-L in all 

parameters, suggesting both columns were equal in performance. Except for pH, 

column C4-M also showed no significant difference in performance with C5-M. 

However, both columns C4-M and C5-M didn’t have a significant difference in leaching 
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for TSS, NO2
-, NO3

-, and Cu with C4-L and C5-L, respectively. A very high significant 

difference (p < 0.01) was observed in pH, PO4
3-, and Zn for (C4-M – C4-L) and (C5-M 

– C5-L) comparison. Pb leaching was found to have a significant difference (p < 0.05) 

for (C4-M – C4-L) and a high significant difference for (C5-M – C5-L) comparison. 

Considering all these significant and non-significant differences, C4-M and C5-M 

media mixes could be justified for the next part of the study – stormwater dosing. 

 

4.3. Column performance study using stormwater dosing 

 

Variation of pH and TSS concentration during stormwater dosing for media mixes MM1 

and MM2 are shown in Figure 20, nutrients (NO2
-, NO3

-, NH4
+, and PO4

3-) in Figure 21, 

and heavy metals (Zn, Cu, and Pb) in Figure 22. The line graphs illustrate stormwater 

influent in comparison to median effluent across different media mix/media and the 

accompanied boxplots display variation in the selected media mixes of MM1 and MM2. 

The MM1 and MM2 media mixes were also known as C4-M and C5-M, respectively, 

in the previous sections. Table 10 represents the removal rates and concentrations of 

median suspended solids and heavy metals during stormwater dosing while the 

nutrients were displayed in Table 11.  

 

4.3.1. pH and Total suspended solids (TSS) 

 

Activated carbon consistently showed high pH (near 9). This result is in consistent with 

earlier findings from Section 4.2, where activated carbon or biochar tends to increase 

the pH of the supernatant it is in contact with (Cullum, 2018; Iqbal et al., 2015). Media 

such as perlite did not significantly change the pH due to its inert nature and neutrality 

(Bar-Tal et al., 2019). Vermiculite is a neutral clay with low CEC, thus does not change 

pH easily (Bar-Tal et al., 2019). In contrast, media such as coco coir significantly 

altered the pH, initially making it acidic (Lim et al., 2015) and finally alkaline. This result 

is consistent with a previous study (Paramanandham et al., 2013) that also reported 

changes of pH from acidic in the first wash to alkaline in the final wash for graded coco 

pith. Meanwhile, application of zeolite increased the pH of the motorway stormwater  

(Pitcher et al., 2004) and was used in the past in Japan to increase the pH of acidic 

volcanic soils (Sangeetha & Baskar, 2016). Media mixes MM1 and MM2 started pH 

slightly above neutral at 7.5 due to the presence of activated carbon and remained 
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stable at that range throughout the dosing period.  MM1, which has twice the amount 

of activated carbon, compared to MM2, produced higher pH. 

 
Regardless of fluctuation in TSS for stormwater (60 – 110 mg/L), all media showed 

TSS reduction, except perlite (at the initial dosing). Perlite, vermiculite and coco coir 

showed better removal efficiency of suspended solids (> 89%) than other controls or 

media mix as they are known as an effective solids retainer (Gironás et al., 2008; 

Prodanovic et al., 2017). Activated carbon and zeolite also recorded lower TSS 

removal (77% and 69%, respectively) due to fine particles of their own, which 

contributed to the increase in suspended solids. Both systems (MM1 and MM2) 

showed stability as more dosing was applied, indicated by a narrow interquartile 

boxplot, implying media settlement has taken place. Media mixes MM1 and MM2 

achieved slightly lower TSS removal efficiency at 77% and 85%, respectively. MM2, 

however, showed steep reduction than MM1 as it has additional perlite and vermiculite 

that help in retaining suspended solids. A median TSS of 18 mg/L for MM1 was caused 

by finer particles of all media (activated carbon, zeolite, coco coir and compost) 

escaping the system. In contrast, for MM2, it was mainly caused by coco coir and 

compost (median TSS of 10 mg/L).  
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Figure 20. pH and TSS concentration during stormwater dosing event. Line graphs (left) illustrate stormwater influent in comparison 
to median effluent across different media mix/media (P – perlite; V – vermiculite; Ac – activated carbon; Z – zeolite; CC – coco coir; 
STM – stormwater). Boxplots (right) illustrate variations in the selected media mixes of MM1 and MM2 (n=3).   

(a)  

 

 

(b)  
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4.3.2. Nutrients – nitrite, nitrate, ammonium, and orthophosphate 

 

Perlite and zeolite did not retain much of the NO2
-, represented by median removal 

efficiency at 68% and 50%, respectively. Perlite is known to have a neutral chemical 

composition (Gironás et al., 2008) and thus does not exhibit good adsorption capability 

of negatively charged NO2
-. Zeolite has a net negative charge and, therefore, prefer 

metallic ions (Pitcher et al., 2004), K and NH4
+ (Ramesh & Reddy, 2011). In contrast, 

NO2
- removal was excellent with activated carbon and coco coir (both 97%), followed 

by vermiculite (88%). In general, MM1 and MM2 showed a reduction in NO2
-, NO3

-, 

and NH4
+ concentration towards the end of the experiment. Media mixes of MM1 and 

MM2 showed excellent removal of NO2
- (99% and 97% respectively). Both systems 

showed stability as time progressed, indicated by a smaller interquartile range boxplot. 

However, a high PO4
3- leaching was observed in MM1 and MM2 media mixes although 

showing a continuous reduction in concentrations as time progressed. Nitrogenous 

compounds were reported to be effectively removed from greywater using coco coir 

(Pradhan et al., 2019) and from stormwater via adsorption mechanism in activated 

carbon (Mohtadi et al., 2017). Hence, it was not surprising that both MM1 and MM2 

which contain a higher proportion of coco coir and activated carbon (shown in the 

Table 5) performed well in retaining nitrogenous compounds such as NO2
- and NO3

-.  

 

The NO3
- concentration in the stormwater was prepared at least four times higher than 

the intended stormwater concentration. The reason was two-fold; the chemical used 

in spiking stormwater was only made up from NO3
- salts to avoid ‘double displacement 

reaction’ causing potential salt precipitation, and to determine the impact of extreme 

NO3
- concentration on the unplanted filter media system, closely resembling leaching 

from agricultural runoff. Higher NO3
- concentration than dosed stormwater on 26th 

November for MM2 was most likely due to initial NO3
- leaching from the media mix. 

Concurrently, a high standard deviation for NO3
- in MM1 and MM2 during early 

stormwater dosing was contributed by variation in three replicates for the media mixes. 

Similar to NO2
-, NO3

- removal by perlite and zeolite was unsatisfactory (median 

removal efficiency of 28% and 17%, respectively). Vermiculite was not effective in 

retaining NO3
- after the third dosing (58% removal efficiency) as the NO3

- 

concentration in the collected effluent increased considerably, suggesting NO3
- 

breakthrough. Vermiculite, being negatively charged soilless media does not easily 
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attract highly soluble NO3
- (Bar-Tal et al., 2019), and less weathered clay mineral such 

as vermiculite has lower NO3
- retention than very weathered clay mineral, e.g. kaolinite 

(USDA Natural Resources Conservation Service, 2014). It is assumed some NO3
- may 

adsorb to few positively charged sites while others were retained on the high surface 

area within the interlayer spacing of the exfoliated vermiculite. Media mixes of MM1 

and MM2, activated carbon and coco coir have excellent capability in retaining NO3
- 

from the stormwater (> 90%). MM1 achieved slightly better removal (100%) due to the 

presence of activated carbon and coco coir which enables adsorption of NO3
- than 

MM2 (96%), which contained a smaller proportion of activated carbon. The median 

NO3
- concentration of 0.01 mg/L suggested rapid adsorption of NO3

- by activated 

carbon and coco coir present in the media upon stormwater dosing. 

 

All media achieved excellent removal of NH4
+ (> 96%) with coco coir performed slightly 

lower at 93%. Median NH4
+ concentration was recorded at 0.03 mg/L to below 

detection for all media tested. In well-drained soil, NH4
+ is converted into NO3

- by 

aerobic bacteria called nitrifiers (USDA Natural Resources Conservation Service, 

2014). NH4
+ present in wastewater is also easily removed using high CEC media via 

adsorption (Lance, 1972). However, adsorbed NH4
+ is not necessarily stable because 

it can be oxidised biologically to NO3
- when oxygen becomes available between 

irrigations. Only the NH4
+ adsorbed in a zone that remains anaerobic is stable (Lance, 

1972). Therefore, it is hypothesised that there was leaching of stable NH4
+ from each 

column (presumably the anoxic zone of the lowermost part of the column) when dosing 

was conducted. Despite that, vermiculite performed extremely well (median 

concentration of below detection limit). Vermiculite can fix NH4
+ even in moist soils, 

thus firmly trapping the NH4
+ within its intermicellar layers (Lance, 1972). 
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(b)  
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Figure 21. Nutrients concentration during stormwater dosing event. Line graphs (left) illustrate stormwater influent in comparison to 
median effluent across different media mix/media (P – perlite; V – vermiculite; Ac – activated carbon; Z – zeolite; CC – coco coir; 
STM – stormwater). Boxplots (right) illustrate variations in the selected media mixes of MM1 and MM2 (n=3).

(c)  

 

 

(d)   
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Table 10. Median TSS and heavy metals removal rates (%) and concentrations (mg/L) during stormwater dosing with standard error 
in parentheses (n = 7)  
 

Contaminant TSS Zn Cu Pb 

Influent (mg/L) 88 (7) 0.29 (0.09) 0.030 (0.011) 0.096 (0.035) 

Effluent % mg/L % mg/L % mg/L % mg/L 

MM1 77 (10) 18 (7) 49 (6) 0.15 (0.01) 20 (26) 0.029 (0.002) 97 (1) 0.003 (0.000) 

MM2 85 (6) 10 (4) 43 (9) 0.16 (0.01) - 14 (36) 0.036 (0.004) 97 (1) 0.004 (0.000) 

Control-P 92 (4) 5 (4) 76 (5) 0.08 (0.02) 77 (5) 0.008 (0.001) 97 (2) 0.003 (0.001) 

Control-V 90 (1) 6 (1) 86 (1) 0.04 (0.01) 83 (6) 0.005 (0.001) 98 (1) 0.002 (0.001) 

Control-Ac 77 (16) 15 (11) 89 (4) 0.04 (0.01) 84 (7) 0.004 (0.001) 99 (0) 0.001 (0.000) 

Control-Z 69 (7) 24 (5) 81 (4) 0.06 (0.01) 80 (6) 0.006 (0.001) 90 (3) 0.009 (0.002) 

Control-CC 89 (3) 10 (2) 83 (3) 0.05 (0.00) 78 (9) 0.010 (0.001) 97 (1) 0.004 (0.001) 

 
 
Table 11. Median nutrient removal rates (%) and concentrations (mg/L) during stormwater dosing with standard error in parentheses 
(n = 7) 
 

Contaminant NO2
- NO3

- NH4
+ PO4

3- 

Influent (mg/L) 0.54 (0.01) 3.16 (0.07) 0.41 (0.02) 1.46 (0.01) 

Effluent % mg/L % mg/L % mg/L % mg/L 

MM1 99 (1) 0.01 (0.01) 100 (7) 0.01 (0.23) 97 (2) 0.01 (0.01) -1406 (169) 22.29 (2.37) 

MM2 97 (1) 0.02 (0.01) 96 (19) 0.12 (0.63) 96 (1) 0.02 (0.01) -1112 (196) 17.94 (2.74) 

Control-P 68 (6) 0.18 (0.03) 28 (13) 2.23 (0.41) 98 (1) 0.01 (0.01) 5 (16) 1.39 (0.23) 

Control-V 88 (5) 0.06 (0.02) 58 (16) 1.30 (0.54) 99 (1) 0 (0) 100 (20) 0.00 (0.29) 

Control-Ac 97 (1) 0.02 (0.00) 95 (1) 0.17 (0.02) 99 (1) 0.01 (0.00) -3791 
(2025) 

57.59 
(28.73) 

Control-Z 50 (5) 0.27 (0.03) 17 (9) 2.45 (0.28) 100 (2) 0.00 (0.01) 100 (17) 0.00 (0.25) 

Control-CC 97 (1) 0.02 (0.01) 93 (2) 0.20 (0.06) 93 (1) 0.03 (0.01) -85 (52) 2.74 (0.74) 
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Both media mixes of MM1 and MM2 initially leached between 0.05 – 0.1 mg/L NH4
+ in 

the first two doses. It was speculated this trace amount was caused by leaching from 

the lower part of the column while NH4
+ in the dosed stormwater was successfully 

retained in the upper layer of the media. As the filter media system matures (due to 

compaction and media settlement), this produced longer retention and delayed flow, 

thus enabled better adsorption of NH4
+ by the media. This is in agreement with a prior 

Prodanovic et al. (2017) study as COD was being reduced at the top layer of the 

columns, but this was countered by leaching of COD from the bottom due to the higher 

carbon content of coir. The higher retention time of coir influenced significantly greater 

removal rates, 70% for TN. 

 

In Figure 21, due to a very high PO4
3- concentration released from activated carbon 

(Ac) and low PO4
3- in stormwater and from other media, other graph lines such as 

stormwater, vermiculite and perlite are shadowed by coco coir and zeolite. Moreover, 

MM2 (full line in red) has similar PO4
3- leaching as MM1 (full line in light blue) 

throughout the study, hence the MM1 line is covered by the MM2. The highest leaching 

of PO4
3- was observed from the activated carbon (median concentration of 57.59 mg/L) 

followed by much less concentration in coco coir (2.74 mg/L). The actual reason for 

this considerable leaching was not known, but it is postulated to be linked to 

contamination with phosphorus-based compounds that occurred at the source prior to 

the processing of activated carbon. Minor leaching of PO4
3- from the coco coir was 

supported by findings from (Torillo Jr. & Mihara, 2012) study, which proved the 

possibility of coconut husk releasing P during the early stage of the retting process. 

However, the leaching from activated carbon, coco coir and media mixes reduced over 

time. Vermiculite and zeolite achieved excellent removal of PO4
3- (100%). Though both 

vermiculite and zeolite possess a net negative charge, removal of negatively charged 

PO4
3- is still possible. PO4

3- ions could be adsorbed to vermiculite due to its high 

surface area and some positive charge sites located at the edges of the vermiculite 

clay tactoids (Bar-Tal et al., 2019). Zeolite, a mineral of porous structure with high CEC, 

molecular sieving, catalysis, and sorption properties is essential for PO4
3- precipitation 

and adsorption (Andrés et al., 2018). According to a study by Andrés et al. (2018), 

although negative zeolite’s surface interacts with the positive charge ions such as 

heavy metals and NH4
+, there is no competition with PO4

3- for adsorption sites. This is 

because smaller ions such as NH4
+ initially occupies the smallest spaces into the 
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porous zeolite, and then, the larger spaces are filled with PO4
3-.  Meanwhile, perlite, 

as expected, did not exhibit good adsorption of PO4
3- (5%). Media mixes MM1 and 

MM2 leached a large amount of PO4
3- (10-15 times higher compared to stormwater). 

The media mixes contain a large proportion of coco coir, compost and activated 

carbon which were found to be PO4
3- sources in the earlier findings (Section 4.1). By 

the end of the experiment, MM1 produced slightly higher PO4
3- than MM2 due to a 

higher proportion of activated carbon in the media mix. Application of compost in 

bioretention media mixes can become a significant source of P leaching and should 

be mitigated using secondary layers of media such as WTR, substituted with other 

organic materials (shredded mulch) or simply eliminating the use of compost 

altogether (Dell & Brim, 2017). 

 

4.3.3. Heavy metals – zinc, copper, and lead 

 

Generally, all media tested showed capability in reducing heavy metal leaching from 

the stormwater. An unusual spike in the concentration of Zn, Cu and Pb was observed 

during the second dosing. This was attributed to the reduction in the dilution factor of 

stormwater stock solution to achieve higher suspended solids of 130-150 mg/L 

compared to the first dosing. This unexpected increment also served as a testing 

ground to evaluate the system resilience in handling excessive heavy metals intake. 

It seems that individual media were slightly better than MM1 and MM2 in reducing Zn 

and Cu. For Cu, control media performed 3 – 5 times in magnitude better than media 

mix. It was not because the media mixes MM1 and MM2 were ineffective, but there 

was concurrently Zn and Cu leaching from the media mixes. Based on Figure 17, the 

contribution of Zn and Cu was the highest from compost followed by zeolite and coco 

coir. These media – MM1, MM2, zeolite and coco coir registered lower median Zn 

removal at 49%, 43%, 81% and 83% respectively.  
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Figure 22. Heavy metals concentration during stormwater dosing event. Line graphs (left) illustrate stormwater influent in comparison 
to median effluent across different media mix/media (P – perlite; V – vermiculite; Ac – activated carbon; Z – zeolite; CC – coco coir; 
STM – stormwater). Boxplots (right) illustrate variations in the selected media mixes of MM1 and MM2 (n=3).   

 

(c) 
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Activated carbon (89%) and vermiculite (86%) as controls were better in reducing Zn 

leaching via the adsorption process. Simultaneously, Cu removal at 84% and 83% 

were recorded for activated carbon and vermiculite, respectively. Net negatively 

charged vermiculite (Bar-Tal et al., 2019), with an effective medium depth of 330 mm 

applied in the current study, was sufficient in capturing Zn and Cu. Although Cu may 

have smaller ionic radius (Lim et al., 2015) and hence a weaker binding compared to 

other metals, it was speculated that majority of the metals uptake could have taken 

place on the surface (Hatt et al., 2007) and most likely within the top 5 cm of filter 

media (Lim et al., 2015). Surprisingly, perlite was able to reduce Zn and Cu 

satisfactorily (76% and 77%, respectively) although it is neutral, has no buffering 

capacity and contains no mineral nutrients (Bar-Tal et al., 2019). One particular study 

using perlite as a sorbent in removing metals ion from laboratory wastewater (Munaf, 

Suhaili, Anwar, Indrawati, & Zein, 2009) revealed an average 80% removal success 

rate at adjusted pH 6 for Cr, Cu, Zn, and Cd. The final concentration of metals in the 

treated wastewater was between 3.7 – 4.5 mg/L, reduced from the initial concentration 

of 10 mg/L, which was much higher than in our study. The removal mechanism was 

found to be via adsorption; the surface of hydroxyl groups on perlite, namely hydrous 

metal oxides contribute to its adsorption capacity. As perlite consists primarily of silica 

content (at least 70%), Si atoms maintain their tetrahedral coordination with oxygen 

and can complete this formation by attachment to monovalent hydroxyl groups, 

forming silanol groups. Therefore, it was assumed that the ion-exchange process 

depends on silanol groups. Besides, the increase in particle size for perlite decreased 

the percentage of metal uptake. Our result demonstrated that the ability of perlite in 

retaining Zn and Cu was above expectation though the particle size is between 1 - 5 

mm as compared to 150 µm in (Munaf et al., 2009) study. The deficit in particle size 

was compensated by the higher thickness of perlite layer in our study, in agreement 

with findings from (Gironás et al., 2008) study that differing thickness strongly affects 

in proportional the removal efficiency of pollutants. 

 

Cu removal by media mixes MM1 and MM2 were lower than Zn (20% and -14% 

respectively, refer Table 10). Similar to Zn, Cu was satisfactorily reduced by zeolite 

(80%) and coco coir (78%). Compost is known to leach nutrients and heavy metals 

(Al-Anbari, Wootton, Durmanic, Deletic, & Fletcher, 2008; Trowsdale, S. et al., 2007). 

These leachates could be attributed to the high quantities of entrained nutrients (Al-
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Anbari et al., 2008). Compost, as revealed in previous studies (Lenhart, 2008; Lim et 

al., 2015; Trowsdale, S. et al., 2007) has a high tendency in leaching nutrients and 

heavy metals.  However, if the quality of the compost could be controlled at its source, 

e.g. selection of green or leaf compost rather than animal manure, this type of compost 

has the ability to remove soluble heavy metals uptake through cation exchange 

processes (Lenhart, 2008; Trowsdale, S. et al., 2007). Hence, the inclusion of compost 

as bioretention filter media may not be suitable if the heavy metals and nutrients 

content unlikely to be minimised. 

 

Media mixes MM1 and MM2 significantly removed less Cu than other media. The less 

removal of Cu was mainly attributed to the presence of compost, as explained 

previously in the earlier paragraph. Within these media mixes, MM1 which consists of 

higher proportion of activated carbon and zeolite (Table 5) removed more Zn and Cu 

than MM2. Zeolite has a strong capability in capturing Zn and Cu from urban runoff 

(Trowsdale, S. et al., 2007). Granular activated carbon was found to have the 

strongest adsorptive capacity for heavy metals (69 - 100%; inclusive of Zn, Cu and Pb) 

among all the materials tested (Al-Anbari et al., 2008). According to a study by Al-

Anbari et al. (2018), the combination of granular activated carbon and zeolite in equal 

mass was the best-investigated media in the adsorption of heavy metals (85% removal) 

from stormwater. Meanwhile, media such as biochar or related product, activated 

carbon, due to its distinctive physical and chemical properties, give it the ability to 

interact with metals and potentially immobilise them via precipitation or increased 

sorption. In another study, the key determinants of its metal immobilisation capacity 

relate strongly to their highly porous structure, active functional groups, and generally 

high pH and CEC (Tack & Egene, 2019). Chemically, biochar possesses oxygen-

containing surface functional groups such as carbonyl, hydroxyl, carboxyl, quinones 

and phenolic groups. The formation of these negatively charged functional groups and 

adsorption sites on the internal and external surfaces of biochar could influence its 

CEC, thus enhancing the capacity of biochar to form stable complexes with metal ions.  

All types of media showed an excellent reduction of Pb leaching (> 90%). The main 

reason for this consistently high removal of Pb was due to the removal of suspended 

solids. Findings from (Hsieh & Davis, 2005) study proven that a significant fraction of 

Pb can be removed (> 98%) via efficient filtration of TSS by the bioretention media.  
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Chapter 5. Effluent characterisation during 

phytoremediation study 
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This chapter discusses the characterisations for the collected effluent during the 20-

week phytoremediation study. The results are presented in the following order – pH, 

TSS, NH3-N, NO2-N, NO3-N, TN, PO4-P, TP, Zn, Cu, Pb, ibuprofen, and bisphenol A. 

Results for SO4
2- and TOC were also included later to aid discussion.  

 

Presentation of the results for the parameters was done in graphs of concentration vs 

time or/and percentage removal vs time. The concentration vs time graph is attached 

with the results. In contrast, percentage removal vs time graph for selected parameters 

can be found in Appendix K. Error bars were not provided with line graphs to avoid 

confusion. Instead, variation in parameters for different column configurations is 

represented by the boxplot in each figure.  

 

Statistical data analysis using the Test of Homogeneity of Variance (Levene’s Test) 

conducted on the characterisation data revealed a significant difference (p < 0.05) for 

all mean parameters except bisphenol A. Levene’s test could not be performed on 

bisphenol A as no computation could be done if there are fewer than two non-empty 

groups. Further analysis using both Forsythe and Welch approaches gave a significant 

difference (p < 0.05) for all parameters. Analysis using Post Hoc Multiple Comparisons 

Tests (Games-Howell) was later conducted to determine the significant difference in 

treatment performance between the type of column configurations for every parameter. 

 

Overall, columns fitted with the saturated zone (SZ) performed better than non-

saturated zone (NSZ) columns in reducing TSS, NH3-N, NO2-N, NO3-N, TN, TOC, Zn, 

Cu, and Pb. In contrast, leaching of PO4-P and TP was more prevalent in SZ columns 

than NSZ columns. The plants and media reduced the P leaching in SZ columns 

towards the end of the study. However, plant presence did not significantly improve 

the removal efficiency of TSS, NH3-N, Zn, Cu, Pb, and TN except NO3-N where the 

reduction rate of NO3
- was observed to be faster with plants than without plants. 

 

Introduction of saturated zone (SZ) fitted to conventional biocolumns (NSZ column in 

this case) has been studied and found to be very effective in NOx reduction (Blecken 

et al., 2009a; Hsieh et al., 2007b; Payne et al., 2014; Wu et al., 2017; Zinger et al., 

2013). Saturated zone was created in the deeper, specifically designed filter media 

layers by elevating the outflow pipe (Dietz & Clausen, 2006; Kim, Seagren, & Davis, 
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2003). Davis et al. (2006) inferred that the presence of organic matter or mulch in soil 

media adsorbed the organic-N. This bioretention layers support significant microbial 

populations, which should be readily able to degrade captured organic-N. Aerobic 

metabolism of organic-N thus results in the production of NH4
+ (ammonification) and, 

eventually, NO3
- (nitrification). Meanwhile, NH4

+ present in stormwater together with 

organic-N are effectively converted to NOx by aerobic nitrification processes or 

adsorbed to soil organic matter. NOx, which is very mobile and poorly adsorbed by 

filter media (Zinger et al., 2013), can be readily washed out during the storm event 

(Davis et al., 2006), leading to NO3
- leaching. With saturated zone, anoxic conditions 

created within the biofilter material and aided with a carbon source supply will facilitate 

denitrification and effective N removal (Kim et al., 2003; Yang, McCoy, Grewal, & Dick, 

2010).  

 

In contrast to N, no significant ecological transport pathway exists in which P can be 

converted to gaseous form. Hence, bioretention fate analysis with P is similar to heavy 

metals, where accumulated P in the bioretention system only can be removed via 

vegetative uptake and harvesting, or provisions must be made for long term 

sequestration in the soil media (Davis et al., 2006).  

 

Figures 22, 23, 25 and 26 show the variation of parameters with time and 

corresponding boxplots. Mean significant difference in treatment performance for 

every parameter observed in a different type of column configuration is indicated in 

the boxplots (under x-axis). The same lower-case letter is not significantly different 

among column configurations (p > 0.05), based on Games-Howell. Post hoc tests were 

not performed for ibuprofen and bisphenol A because at least one group had fewer 

than two cases. 

 

The current study prefers to compare the effluent concentration for each parameter 

with the guideline values for recreational purposes than freshwater guidelines under 

the Australian and New Zealand Environment and Conservation Council (ANZECC) 

(2000). This preference was due to our emphasis on the standard compliance by the 

effluent on the receiving water linked to body contact activities. Table 12 shows 

discharge water (effluent) quality compliance based on trigger concentrations for 
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toxicants at 95% levels of protection (freshwater) and guideline values for the 

recreational purpose relevant to the current study.  

 

Table 12. Discharge water (effluent) quality compliance based on trigger 
concentrations for toxicants at 95% level of protection (freshwater), and guideline 
values for recreational purpose (Australian and New Zealand Environment and 
Conservation Council, 2000).  

Chemical Trigger concentrations at 95% level 
of protection (freshwater), mg/L 

Guideline values for recreational 
purposes, mg/L 

NH3-N 0.740 0.01 

NO2-N Not applicable 1 

NO3-N 0.158 10  

TN Not applicable Not applicable 

PO4-P Not applicable Not applicable 

TP Not applicable Not applicable 

Zn 0.008 5 

Cu 0.0014 1 

Pb 0.0034 0.05 

Ibuprofen Not applicable Not applicable 

Bisphenol A Not applicable Not applicable 

 

This guideline (recreational purpose) is used as a comparison with the discussed 

parameters for the remainder of this chapter. Except for NH3-N, other water quality 

parameters under freshwater guidelines impose stricter compliance (lower 

concentration threshold). Surprisingly, there were no given values for important 

parameters such as PO4
3- and emerging contaminants – ibuprofen and bisphenol A 

under both guidelines.  

 

Variation of pH, TSS and SO4
2- with time is shown in Figure 23. Boxplot for SO4

2- is 

not provided as SO4
2- is a supporting information. All samples were within a normal 

pH range of 7 and 8. In general, pH for non-saturated zone (NSZ) columns, regardless 

of planted or unplanted (control), were higher than the presence of saturated zone (SZ) 

columns. This, however, was the same for planted SZ column until Week 17, where 

pH increment was noted after that, higher than other columns.  

 



 

103 
 

(a)  

 

 

(b)  

 

 

          a                                     b                                    a                                     b 

           a                                     b                                     a                                       b 



 

104 
 

 

Figure 23. Variation of (a) pH, (b) TSS, and (c) SO4
2- over time for different column type (NSZ – non saturated zone; SZ – saturated 

zone) with boxplot 

 

 

 

 

 

 

 

 

 

(c)  

 

 
        a                                      b                                   a                                      b 



 

105 
 

Though there was a significant difference in pH between SZ and NSZ columns, the 

effluent from those columns was within a normal pH range of 5 – 8. A similar pH 

increase in SZ columns was also reported (Blecken et al., 2009a). Their study 

highlighted that metal retention is greater at high pH; thus, increasing pH in SZ 

columns explain why the positive effect of SZ on Zn, Cu, and Pb removal was observed. 

At the initial stage of this study, the pH of the SZ columns, regardless of with or without 

plants, was lower than NSZ columns due to sulfidogenesis process. However, the pH 

of all the SZ columns later increased significantly after Week 13. It is presumed that 

the increasing pH occurred due to gradually reduced rate of sulfidogenesis process 

(reduced H2S concentration). Deep in the saturated zone, lack of oxygen caused 

facultative aerobic and anaerobic microorganisms to use other electron acceptors 

(Malcolm Pirnie Inc., 1999). The oxygen concentration measured in one of the 

reference SZ columns, as shown in Figure 23, indicated 0.86 mg/L, a state of partly 

anoxic condition (Blecken et al., 2009a) during Week 10 of the study. Under oxygen 

stress conditions, the following electron acceptors are preferentially utilised by 

microbes in the order shown: NO3
- > Fe (III) > SO4

2- > CO2 (Malcolm Pirnie Inc., 1999). 

Therefore, when NO3
- has been exhausted, SO4

2- was the next species in line for 

microbial processes, resulting in reduced SO4
2- concentration (Figure 23c) and the 

production of H2S. A SO4
2- graph is added in this result section to aid the discussion 

of nitrogenous removal later. 

 

  

Figure 24. Dissolved oxygen reading in the saturated zone of planted SZ biocolumn 
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Meanwhile, removal of TSS by all columns was noted and was especially higher in SZ 

columns. The NSZ columns showed media stabilisation within the first seven weeks 

as indicated by increasing TSS in the effluent before was followed by more consistent 

of 80% TSS reduction after Week 12 till the end of the study. TSS removal of 70% was 

noted for SZ columns in the early weeks of the study and gradually improved to 90% 

(< 10 mg/L TSS) by Week 15. The presence of SZ in the columns plays a central role 

in suspended solids minimisation; it reduces the effluent TSS without waiting for media 

stabilisation in the early stage. A study by Wu et al. (2017) also found out that removal 

of TN, TP, and turbidity increased with a longer saturation time for SZ columns. Based 

on boxplots in Figure 23, there was no significant difference in pH and TSS 

concentration within NSZ or SZ columns. The presence of plants did not affect the pH 

and TSS removal efficiency. However, different column configurations, i.e. NSZ and 

SZ columns, showed a significant difference for pH and TSS. Decrement of SO4
2- 

occurred in both NSZ and SZ columns but in two different ways. In NSZ columns, 

SO4
2- leached from the media mix until it reached equilibrium in Week 5. Following 

that, SO4
2- concentration for both planted and unplanted NSZ columns fluctuated in 

tandem with the dosed stormwater; planted NSZ has a higher SO4
2- concentration than 

the stormwater, with a lower concentration for unplanted (control) NSZ. On the other 

hand, SZ columns showed a continuous decrement in SO4
2- concentration and 

reached below 1 ppm between Week 11 and Week 20. As mentioned earlier during 

the explanation on pH, low SO4
2- was due to its use as the next electron acceptor 

species after depletion of the NO3
- ion.  

 

Figure 25 presents the variation of NH3-N, NO2-N, NO3-N, and TN with time. Total 

nitrogen (TN) is a sum of organic nitrogen (Organic-N) and inorganic nitrogen. 

Organic-N is calculated from the subtraction of ammoniacal-N from Total Kjeldahl 

Nitrogen (TKN) and can be classified as biodegradable and non-biodegradable (Manoj 

& Vasudevan, 2012). Effluents collected from the columns were mostly comprised of 

at least 80% organic-N (not measured), especially at the initial stage of the study, 

followed by NO3-N, and finally very low concentrations of NO2-N and NH3-N. Though 

concentrations of all the nitrogenous compounds reduced with time, the high presence 

of organic-N was of concern.  According to ANZECC 2000, only NH3-N among all 

nitrogenous compounds tested did not meet the guideline value of 0.01 mg/L.  
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Figure 25. Variation of (a) NH3-N, (b) NO2-N, (c) NO3-N and (d) TN over time for different column type (NSZ – non saturated zone; 
SZ – saturated zone) with boxplot 

(c)  
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From the boxplots in Figure 25, the presence of a saturated zone was significantly 

effective in reducing NH3-N, NO2-N, NO3-N, and TN. Similar to pH and TSS, plants did 

not play a significant role in nitrogenous compounds removals within NSZ or SZ 

columns compared to the media mix or presence of saturated zone (SZ).  

 

Though NH3-N leaching was found in all columns in the first two weeks of the study, a 

gradual decrement was observed until the end of the study. SZ columns showed better 

removal of NH3-N than NSZ columns, reaching 0.2 ppm by Week 3 and maintained at 

that concentration for the rest of the study. Removal of NO2-N and NO3-N in SZ 

columns regardless of planted or unplanted was very effective. Near to 100% removal 

was achieved by Week 3 or 4 for both compounds. Contrarily, NSZ columns showed 

NO2-N fluctuation (0 – 0.06 ppm) from Week 1 to Week 12, while only planted NSZ 

columns produced increasing NO2-N concentration after Week 12. Similarly, both 

planted and unplanted NSZ columns took seven weeks to achieve lower than 2 ppm 

of NO3-N. A steep reduction of TN was noted for all columns until Week 6. Thereafter, 

TN concentration remained below 20 mg/L. A lower initial concentration of TN for SZ 

columns than NSZ columns suggested SZ plays a dominant role in TN reduction at 

the early stage of the study (no significant difference was observed between Control 

SZ and Plant SZ columns but significantly different from Control NSZ columns).  

 

A high rate of NH4
+ removal could occur within the top 30 cm layer of the soil-based 

filter media (Hatt et al., 2007). In all columns, NH4
+ that percolated through filter media 

was held and would be readily transformed to NO3
- by microbial nitrification processes 

during the non-loading time increment (Hsieh et al., 2007b). This mobilised NO3
- and 

unadsorbed NO3
- from dosed stormwater under subsequent runoff events moved 

unabated through the rest of the column, resulting in leached NO3
- in the effluent 

prevalent in NSZ columns. However, in SZ columns, the retained soluble NO3
- under 

anaerobic conditions was denitrified, resulting in a much lower NO3
- concentration in 

the effluent than NSZ columns (Hatt et al., 2007; Hsieh et al., 2007b; Payne et al., 

2014). The higher TN concentration compared to NO3-N in the early weeks of the 

study indicated that the effluent collected comprised more of particulate organic 

nitrogen (PON). The result was also supported by higher suspended solids in the 

earlier study.  
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The TN analysis involved an unfiltered sample while NO3-N analysis using ion 

chromatography required sample pre-treatment (0.22 µm filtration). Though NO2-N 

and NO3-N concentrations were very low for SZ columns, however, the average TN 

concentration of 10 mg NO3-N/L towards the end of the study pointed to the leaching 

of PON from the system. This observation would not be seen in other studies (Blecken 

et al., 2009a; Payne et al., 2014; Zinger et al., 2013) as particulate matter (TSS, PON 

and particulate phosphorus) were effectively removed in the sand-based biofilter 

system. The prepared stormwater was made of sediments with < 650 µm particle size. 

However, analysis on the particulate size of effluent was not conducted. It is postulated 

that the TSS originated from the smaller-sized fractions of the media that escaped the 

system. A past study (Wu et al., 2017) had shown that the particulate size of effluent 

from the depth of 45 cm was 30 µm based on dosed stormwater with particle size 

ranged from 50 – 500 µm. Their results suggested the majority of particulate pollutants 

accumulated in the top 45 cm of the biofilter (105 cm), and smaller-sized fractions 

could migrate down before precipitated. Contrary to this study, the whole SZ column 

(planted or unplanted) was filled with soilless media, and hence the lower half of the 

media was inundated as SZ. This setup, unfortunately, promotes the continuous 

solubility of nutrients and heavy metals from the media into the aqueous solution. 

Furthermore, another study (Hatt, Fletcher, & Deletic, 2008) highlighted that media 

pollutant profiles which revealed significant accumulation of nutrients and heavy 

metals in the top 20% of the filter profile, suggesting that elevated discharges of 

nutrients were due to leaching of native materials, rather than the failure to capture 

incoming pollutants. In other past studies, the SZ has been created in an inert material, 

e.g. gravel or sand, to avoid leaching from the saturated substrate (Zinger et al., 2013), 

but that was not practised in the current study. 

 

A spike of 0.7 ppm NH3-N in stormwater for Week 11 coincided with the start of 

ibuprofen and bisphenol A dosing (both were dissolved in methanol to prepare their 

stocks). At the same time, a dip of NO2-N in the stormwater was also noted. The 

sudden dip of NO2
- in the stormwater could be attributed to the natural oxidation of the 

added methanol by NO2
- ion species (Pirnie, 1999), thus reducing the NO2

- 

concentration in the stormwater. With the first addition of methanol, reduction of NO2
- 

to NH3 via the ammonification process could occur, resulting in high NH4
+ 

concentration in the stormwater. 
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Figure 26. Variation of (a) PO4-P, (b) TP and (c) TOC over time for different column type (NSZ – non saturated zone; SZ – saturated 
zone) with boxplot 
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Figure 26 shows the variation of PO4-P, TP, and TOC with time. All columns showed 

P leaching, especially it was higher in SZ columns, with all concentrations higher than 

the dosed stormwater. However, as expected, the leaching rate reduced with time and 

a similar effect was also seen in another study (Davis et al., 2006; Fassman-Beck, E. 

et al., 2012), with at least 50% reduction was achieved by the end of the study. SZ 

columns tend to leach more P than NSZ columns, supported by a significant difference 

in treatment performance (both PO4-P and TP) between them. A similar result was 

obtained in past studies, which shows SZ’s presence negatively affect the removal of 

PO4
3- (Dietz & Clausen, 2006; Zinger et al., 2013). Possible explanations are anoxic 

conditions in the SZ may have induced the leaching of dissolved phosphorus and TP, 

or mobilisation and export of previously particle-bound P from the media (Zinger et al., 

2013).  

 

Furthermore, in this study, some of the soilless media (compost, activated carbon and 

coco coir) surprisingly leached P, as shown previously in Figure 16. To ensure 

effective removal of P, a filter medium with a low P content should be selected (Hatt 

et al., 2009a). Few coco coir sources could produce concentrations of P up to 30 mg/L 

(Carlile et al., 2019). Despite the fact that soilless media such as mulch or, in this case, 

compost and coco coir which can retain P through complexation processes, these 

organic matter complexes may remain in dissolved forms and thus easily leach out 

(Hsieh & Davis, 2005). Continuous saturation of the media mix in SZ columns 

intensifies the P leaching. Compare to previous studies where removal of P 

consistently occurred entirely in the top 30 cm of sand filter (Glaister et al., 2017; Hatt 

et al., 2007), sorption of P by suspended sediment during runoff transport (Hsieh & 

Davis, 2005), and thus removal of TSS also affects particulate phosphorus removal 

(Kumar et al., 2019), this phenomenon may not have occurred in the current study. 

The whole columns were filled with soilless media, with a high probability of P leaching 

rather than the media’s sorption of P. 

 

A significant dip for PO4-P occurred in Week 13 for all columns. This effect, which 

occurred after methanol addition in Week 11, was most likely due to PO4
3- oxygen 

stripping. For NSZ columns, the planted column produced effluent of less P (PO4-P 

and TP) than the control, although it was not significantly different. Accumulation of P 

trapped in the media can be reduced through vegetative uptake or sequestered in the 
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media (Davis et al., 2006). The presence of plants reduced leaching of TDP and FRP 

as compared to soil-only control (Read et al., 2008). In contrast, this was not the case 

with the SZ columns as higher P leaching occurred in the planted than control columns 

at the early of the study, though again was not significantly different. Later, as the 

study progressed, less P was leached in the planted SZ columns (after Week 14 for 

PO4-P and Week 10 for TP). We postulated that root growth within the media mix 

increased pores and hence allowed more leaching of P into the saturated zone. As 

study progressed, stabilisation between root network and media occurred, with 

reduced P leaching from the upper media improved the effluent quality. 

 

TOC concentration in the stormwater was always low except in Week 11 and 12, when 

there was a spiking of TOC due to the introduction of methanol as a carrier for 

ibuprofen and bisphenol A. All columns exhibited an elevated concentration of TOC, 

although SZ columns produced lower concentration than NSZ columns. The aftereffect 

of elevated dosing was observed for NSZ columns (Weeks 11 - 12), although they 

were absent in SZ columns. Figure 27 below shows the physical appearance of the 

collected effluent at Week 20 from all columns. The darker brown colouration of the 

samples also represented a higher TOC value. There was no significant difference in 

TOC concentration between plant and control for NSZ and SZ columns, respectively. 

The presence of plants seems to assist in TOC reduction though not as good as 

contribution by saturated zone (no significant difference observed between planted 

NSZ and SZ columns). 

 

 
Control NSZ (left) and SZ (right) 

 
Plant NSZ (left) and SZ (right) 

 

Figure 27. Week 20 effluent physical appearance 

 

The spike of methanol, tested the columns resiliency in treating sudden increase of 

organic pollutants, it was also aimed to detect collateral impacts on other pollutants’ 
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removal. Contribution of carbon source in the form of lignin and cellulose by the major 

component of media mix - coco coir (Carlile et al., 2019; Lim et al., 2015) and also 

compost enables the continuation of the denitrification process. Compost in the water 

solutions may have contributed to dissolved organic carbon content facilitating 

denitrification (Hurley, Shrestha, & Cording, 2017). SZ columns consistently produced 

lower TOC (lighter brownish effluent) than NSZ columns. Continuous leaching of lignin 

and cellulose, a brownish substance from coco coir and compost in a saturated zone 

column, impacted the breakdown rate of the compounds, thus the persistent brownish 

colouration of the effluent.  

 

Figure 28 indicates a variation of Zn, Cu, and Pb with time in effluent samples collected 

from the columns system. Effluents from all columns for Zn, Cu and Pb met the 

guideline concentrations by ANZECC 2000 at 5 mg/L, 1 mg/L and 0.05 mg/L, 

respectively.  

 

Except for a higher Zn concentration for NSZ columns in Week 16, Zn's consistent 

removal was achieved using the biocolumns system. All columns showed Zn reduction 

by a minimum of 80%. Meanwhile, SZ columns performed slightly better at 90% 

removal efficiency by the end of the study. Removal of Cu for all columns was better 

in the second half of the study. For NSZ columns, excessive Cu leaching, higher in 

concentration than dosed stormwater, occurred in the first ten weeks. The Cu 

concentration then decreased and remained lower than stormwater until the end of the 

study, indicating its removal.  

 

On the other hand, SZ columns consistently produced effluent with Cu concentrations 

below dosed stormwater during the 20-week study. For the first ten weeks, the Cu 

removal efficiency was around 40 – 50% and gradually increased to 80 – 90% in the 

next ten weeks of the study. There was no significant difference observed in Zn and 

Cu removal efficiency for a similar column configuration; CNSZ-PNSZ and CSZ-PSZ. 

Therefore, the presence of plants did not seem to improve the performance of the 

columns in heavy metal removal. Meanwhile, the presence of a saturated zone (SZ), 

regardless of control or planted columns, positively affected Zn and Cu removal.  
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Figure 28. Variation of (a) Zn, (b) Cu and (c) Pb over time for different column type (NSZ – non saturated zone; SZ – saturated zone) 
with boxplot 
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Compared to Cu, the removal efficiency of Pb for all columns was excellent. NSZ 

columns achieved about 70 – 80% removal while it was better for SZ columns, 

attaining at minimum 90% removal. Series of significant differences was observed for 

all pair-column comparisons except for the combination of control and plant SZ 

columns. Hence, a saturated zone with or without a plant played a significant role in 

Pb removal.  

 

Removal of heavy metals (Zn, Cu and Pb) via SZ columns in the current study was 

better than NSZ columns. Few studies in the past (Blecken, Zinger, Deletić, Fletcher, 

& Viklander, 2009b; Dietz & Clausen, 2006) had proven SZ fitted to biocolumns, or 

biofilter could perform an effective removal of heavy metals. Anoxic conditions in the 

saturated zone increase metal sorption of sediments compared to oxic conditions, and 

soils tend to have slightly lower metal concentrations in the soil solution (Blecken et 

al., 2009a). The rapid metal decrease was observed at the top of the biofilter, 

about >82% within the top section (150 mm) of the filter media (Blecken et al., 2009a). 

Similar performances of complete metal removal within the top 50 cm of the filter media 

(Hatt et al., 2007) and Zn, Cu and Pb concentrations rapidly decreased in the top 10 

cm of the sandy loam filter (Hatt et al., 2008) were also noted. This finding is important 

to show that a shallower filter bed could readily be used without sacrificing metal-

removal performance. However, it is necessary to allow sufficient depth for the planted 

soil media above a saturated zone. A reduction of Pb was not much affected by the 

media or plant, but in fact, was greatly reduced when TSS was eliminated by the 

soilless media (between 25-90% in the current study). Another study (Hsieh & Davis, 

2005) discovered that 55 – 82% of total input Pb was adsorbed onto TSS in the runoff.  

The removal efficiency of Pb was > 98% for an influent runoff with TSS, but only 66% 

without TSS, suggesting a fraction of Pb can be removed via efficient filtration of TSS 

while the remaining Pb was adsorbed onto the sand media. The presence of coco coir 

in the soilless media was a better adsorbent for Pb than for Cu due to Pb having a 

higher initial sorption rate and higher capacity (Quek, Al-Duri, Wase, & Forster, 1998). 

It is hypothesized that other than adsorption of heavy metals onto soilless media 

(previously explained in Section 4.3), another removal mechanism such as trapping of 

sediment-bound heavy metals; Cu and Zn - organic matter, and Pb – sediment in the 

sump area of the saturated zone was also possible as highlighted with P (Dietz & 

Clausen, 2006). 
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Figure 29. Variation of (a) ibuprofen with boxplot and (b) bisphenol A over time for different column type (NSZ – non saturated zone; 
SZ – saturated zone) 

(a)  

 

 

(b)  
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Variation of ibuprofen and bisphenol A over the 20-week study is shown in Figure 29 

above. Removal of ibuprofen and bisphenol A by NSZ and SZ columns was excellent, 

to the extent of undetectable concentration past mid-study, especially in SZ columns 

and for bisphenol A. In general, bisphenol A removal efficiency was better than 

ibuprofen.  

 

Removal of ibuprofen in SZ columns (undetectable in most cases) was much higher 

than in NSZ columns (from undetectable to 0.4 ppm). This was most probably due to 

SZ’s presence that provides sufficient hydraulic retention time for its biodegradation. 

Ibuprofen which has a negatively charged surface and weak adsorption due to 

electrostatic repulsion, has poor sorption but high biodegradability (Zhang et al., 2015). 

Their study indicated that microbial degradation most probably is the main mechanism 

for ibuprofen removal. Ibuprofen was reported not detected in the soil or in any plant 

parts, which pointed to biodegradation as the main elimination pathway. All types of 

columns showed a complete reduction of bisphenol A, as the analysed results came 

back as undetectable/non-detectable. A previous study (Wang, Y. et al., 2019) also 

reported a good removal of bisphenol A (30-50 %) by reedbed in constructed wetland 

though bisphenol A is known as a recalcitrant compound. Their study highlighted that 

ibuprofen has bioconcentration factors (BCF) higher in the root than shoot (150-250: 

not detected) while BCF for bisphenol A in the root (80-200) is about similar to in the 

shoot (80-300). BCF higher than 1000 is considered a high bioaccumulator. Therefore, 

ibuprofen and bisphenol A are moderately bioaccumulative, suggesting uptake of 

these compounds most likely by passive diffusion.  

 

Ibuprofen has zero Translocation factor (TF) in some plant samples, being not 

detected in the shoot, while bisphenol A has a TF value of 1.42 (high average) (Wang, 

Y. et al., 2019). Moderate Kow value for bisphenol A (log Kow of 3.32) and ibuprofen 

(log Kow of 3.97) (Kumar et al., 2019) affects TF (Wang, Y. et al., 2019). According to 

study conducted by Wang, Y et al. (2019), rhizofiltration could be likely the dominant 

source of remediation. Highly lipophilic compounds such as ibuprofen and bisphenol 

A tend to reside in cell membrane and the lipid sections of the root, whereas 

hydrophilic compounds will have trouble passing the ‘Casparian strip’ to enter the 

xylem. This resulted in low removal efficiency for bisphenol A by the reedbeds. 

Therefore, it is speculated in our study that there was a high probability retainment of 
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bisphenol A was in the media. Our result was also in agreement with a study 

conducted by Pradhan et al. (2019) that their biofilter system of partly coco coir 

effectively removed both hydrophobic and hydrophilic compounds, with improvement 

in all pollutants performance was observed with time. 

 

Summary 

 

Based on a brief summary of the effluent characterisation, performance of the 

biocolumns system is better shown for Week 10 (mid-week) and Week 20 (final week) 

of the study as shown in Appendix L. Negative removal, which was represented by a 

negative percentage, denotes leaching of the targeted compound from the media while 

a positive removal indicates a reduction in the concentration of the compound of 

interest from the biocolumns system. Overall, columns fitted with the saturated zone 

(SZ) performed better removal of TSS, ammoniacal-N (NH3-N), nitrite-N (NO2-N), 

nitrate-N (NO3-N), Zn, Cu and Pb than non-saturated zone (NSZ) columns. Both NSZ 

and SZ columns effectively removed ibuprofen and Bisphenol A; however, leaching of 

TN, TP and PO4-P could not be avoided. While there was an increment of pH for SZ 

columns, it was relatively a constant pH for NSZ columns at the end of the study. 

 

TSS removal percentage was quite well maintained at 80 – 90% for SZ columns 

compared to 60 – 70% for NSZ columns. The presence of plants slightly decreased 

the removal efficiency of TSS regardless of NSZ or SZ columns. Both TP and PO4-P 

concentrations were higher in the SZ columns' effluent than NSZ columns. In addition, 

TP and PO4-P concentrations were lower with planted columns compared to control. 

All columns experienced leaching of TP, PO4-P and TN. A reduction of TN was 

observed in all columns between Week 10 and Week 20 of the study. Except for 

control NSZ columns, the other columns produced relatively similar TN concentrations. 

NH3-N concentration in the effluent from SZ columns was lower than NSZ columns. 

Decrement of NH3-N occurred in all columns from Week 10 to Week 20. There was a 

continuous presence of NH3-N in all columns. NO2-N was totally eliminated (100% 

removal) in the SZ columns, while a low concentration was found in effluent from NSZ 

columns throughout the 20-week study. NO3-N removal was completely achieved in 

SZ columns compared to NSZ columns. However, plant NSZ column surprisingly 

leached higher NO3-N than control NSZ column by Week 20.  
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Zn removal by NSZ columns was consistently good at 80% though SZ columns 

produced lower Zn concentration at 90% efficiency. Cu removal efficiency for all 

columns improved from Week 10 to Week 20. A Cu leaching from NSZ columns and 

low removal by SZ columns in Week 10 before improved by two times of magnitude in 

Week 20. Pb removal efficiency was equally excellent (> 90%) for all columns except 

plant NSZ columns (70%) by the end of the study.  

 

The presence of plants in SZ columns in some cases did not significantly affect the 

removal efficiency of the following parameters: TSS, TN, NH3-N, Zn, Cu and Pb. It 

seems that media played the primary role while plants played the secondary role in 

pollutants reduction. A similar observation was also noted in their study during 

greywater treatment using ornamental plants and media (Pradhan et al., 2019). The 

use of high surface area coco coir as part of the media provided optimal removal 

performance primarily associated with microbial degradation. Nevertheless, plants 

contributed to the enhancement of nitrification and P removal.  Results obtained from 

another study (Wu et al., 2017) shown that while filter columns planted with Iris 

pseudacorus and Zoysia matrella performed more effectively than Zoysia matrella 

alone in the removal of TP, NH4-N, NO3-N and turbidity, there was no significant 

difference between the two plants, probably due to primary mechanisms of pollutant 

removal in biofilter media (sedimentation and filtration). The life of biofilter system can 

be significantly extended by planting with selected species, consequently delaying 

saturation and breakthrough of the filter media (Wu et al., 2017). Furthermore, having 

plants are beneficial to a bioretention system in the long run as plants for sustained 

long term growth and short to medium-term nutrients (Fassman-Beck, E. et al., 2012). 

 

As mentioned earlier, removal of TSS was well documented and thus adsorbed metals 

would be effectively trapped in the filter (Blecken et al., 2009b). The highest metal (Zn, 

Cu and Pb) accumulation occurred in the top layer of the filter media, provided that the 

biofilters received regular stormwater input (Blecken et al., 2009b). NH3-N was 

generally held within the filter media’s topsoil (Hatt et al., 2007) prior to conversion to 

NO3
- by microbial nitrification processes (Hsieh et al., 2007b). The soluble NO3

- in SZ 

columns under anaerobic or anoxic conditions in the saturated zone was eventually 

denitrified (Hatt et al., 2007; Hsieh et al., 2007b; Payne et al., 2014). While there was 

a partial organic carbon removal in vegetated and non-vegetated bioretention columns 



 

123 
 

(between 28 and 66% of total influent loading), vegetation had little influence on the 

organic carbon removal with higher removal rates were observed in systems with loam 

as the soil media compared to sand and gravel (Henderson et al., 2007).  

 

In addition, the high hydraulic conductivity of the media mix (mean of 1462 mm/hr, 

Appendix B) caused fast-flowing infiltrate through the media without sufficient contact 

time provided for the retention of nutrients and heavy metals. Bioretention filter media 

should have low enough hydraulic conductivity (minimum of 2 hours) (Fassman-Beck, 

E. et al., 2012) and adequate retention time (Wu et al., 2017) for effective pollutant 

removal mechanisms. According to Fassman-Beck et al. (2012), sand biofilter with 

over 2,000 mm/hr was excessively permeable and unable to meet the target 

conductivity range without > 40% compost addition. In contrast, good commercial 

raingarden products (finer sand + 10% v/v compost) that meet target hydraulic 

conductivity exhibited 180 – 240 mm/hr. Good removal of 80 - 90% of heavy metals 

by sand and sand-topsoil mix raingardens was achieved with a hydraulic conductivity 

of 800 mm/hr (sand) and 300 mm/hr (sand-topsoil) (Good, O'Sullivan, Wicke, & 

Cochrane, 2012).  
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Chapter 6. Phytoremediation of nutrients  
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The mass analysis study to estimate nutrients - N and P (this Chapter 6) and heavy 

metals – Zn, Cu, and Pb (Chapter 7) in each biocolumns system (influent, effluent, 

plant tissues and soilless media) was conducted based on the following approaches 

and assumptions.  

 

1. The extraction efficiency of nutrients from the media was based on extraction 

using deionised water. The extraction procedure can be found in Figure 15, while 

the extraction efficiency of NO3
- and PO4

3- is presented in Appendix H. 

2. For the first six weeks of the study, only three of a total of six columns for each 

configuration have their effluent collected. Therefore, the other columns’ effluent 

was calculated based on the summation of the weekly average volume for each 

column configuration, and the average of the weekly residual standard deviation 

(RSD) multiplied with the average volume for each column configuration of the 

respective week. The volume of the collected and calculated effluent for all 

columns in the 20-week study is shown in Appendix J. 

3. Analysis for TP, TN, Zn, Cu and Pb was only conducted fortnightly. Therefore, 

the unfilled data (concentration) for the odd-number week, e.g. Week 3, 5, 7, 

9,….,19 was extrapolated based on the average concentration of the two-filled 

weeks in between, e.g. Week 2 – Week 4, Week 4 – Week 6, and thereafter. A 

similar approach was also applied for the missing TN and TP samples due to 

leakage. 

4. Two stormwater samples for TP and TN analysis were not available as the 

samples were lost during storage. Therefore, the two missing values were 

replaced with an average of stormwater concentrations throughout the 20-week 

study. 

5. The biocolumns, plants and media, throughout the study (Week 0, 10 and 20) 

were assumed to be homogenous. 

 

Results and discussion of nutrient mass balance analysis are done in the following 

order: plant, media, and overall column system. Nutrient and heavy metal distribution 

in plants (AG and BG) for various column configuration in Week 0, 10 and 20 are 

presented in Appendix M. Total percentage recovery for N and P was calculated 



 

126 
 

according to Equation (1) in Section 3.2.4.2., and the result is shown in Appendix N. 

N recoveries at the end of the 20-week study for Control NSZ, Control SZ, Plant NSZ, 

and Plant SZ were 70.2, 81.2, 83.5 and 83.4 %, respectively, while for P, 

corresponding recoveries were  104.0, 132.3, 87.9 and 113.8%. Values higher than 

100% means lower extracted nutrients concentration, most likely from the media. N 

recovery especially was much lower than P. This was expected as some loss of N 

occurred via denitrification, and it was unaccounted within the biocolumns media 

(Rycewicz-Borecki et al., 2017). Percentage recovery for SZ columns was higher than 

NSZ columns (away from 100%), especially for P, indicating the difficulty of recovery 

in the saturated zone condition. With plants’ presence, the percentage was closer to 

100%, proving that the extraction of nutrients from the media was the main factor, 

reducing the percentage recovery, rather than from the plant. 

 

6.1. Mass distribution of nutrients in plant tissue  

 

The mass distribution of TN and TP in the plant tissue is shown in Figure 30. Mass 

distribution of TN and TP in terms of nutrient mass per planted surface of the column 

in the plant tissue and media were calculated in mg/m2 following method applied in 

another study (Rycewicz-Borecki et al., 2017). This approach is used to explore 

differences in the extent of nutrient uptake and media sequestration based on 

stormwater application in the agriculture context. Estimation of nutrients was 

conducted in triplicates on a small proportion mass sampled from the larger 

homogenised plant tissue and media (Section 3.2.3.3.). 

 

A significant difference of TN and TP mass distribution in the plant tissue was analysed 

using General Linear Model (GLM) Univariate, three-way ANOVA (Analysis of 

Variance). Other than TP and TN, another three Dependent Variables (DV); Zn, Cu 

and Pb, were also included and are discussed in Chapter 7. Three Independent 

Variables (IV) or factors were tested; column configuration (NSZ and SZ), study 

duration (Week 0, 10 and 20), and plant part (AG and BG). There were no outliers 

detected in the data as assessed by inspection of a boxplot. Correlation between TN, 

TP, and heavy metals (Zn, Cu and Pb) of the plant’s AG and BG using scatterplot 

matrix revealed a weak - moderate (R2: 0.234 – 0.592; 0.185 – 0.798) but positive 

relationships, respectively. These interactions indicate there was no adverse effect of 
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one element’s uptake on another during the plant growth. Test of Normality using 

Shapiro-Wilk was conducted on TN and TP of the plant’s AG and BG, which showed 

generally there was no violation on the normal distribution (p > 0.05). Levene’s test 

was conducted for each parameter to determine the homogeneity of variance. Though 

only TP based on Levene’s test indicated a significant difference (P = 0.003) in the 

data, three-way ANOVA is a robust statistical model that can accept the difference. 

Nevertheless, to produce an equivalent comparison between TN, TP and heavy 

metals in the later discussion, data transformation using a logarithmic function (log10) 

was conducted on the TN and TP. Log10 transformation was selected based on the 

strong, positively skewed existing data. Re-evaluation of the transformed TN and TP 

for plant’s AG and BG data using Shapiro-Wilk revealed no significant difference. 

Meanwhile, only Levene’s test for mean log10 TN showed a significant difference (p = 

0.037). It is possible that a data may satisfy normal distribution, but after 

transformation it may not (Laerd Statistics, 2017). Nevertheless, for the rest of the 

analysis, mean log10 values for each discussed parameter were used. 

 

To determine the presence of any significant difference in the AG and BG mass 

between planted NSZ and SZ columns, a One-way ANOVA analysis was conducted. 

Test of Normality (Shapiro-Wilk) for each part of the plant, AG and BG was conducted 

separately, and the result revealed no significant difference (p > 0.05). Levene’s test 

indicated that all tested mean data were homogenous (p > 0.05). Finally, ANOVA 

concluded no significant difference in plants’ AG and BG mean mass between planted 

NSZ and SZ columns for all weeks except in Week 10 for root mass (p = 0.028). 

Therefore, it can be confidently stated that the mass of the plants’ AG and BG at Week 

0 for the two different column configurations was equal, similar to sample data for 

Week 20 (end of the study). 

 



 

128 
 

 

Figure 30. Mass distribution of TN and TP in plant’s AG and BG for NSZ and SZ 
columns during the 20-week study. Mean ± SE, n = 3. Different lower-case letters 
indicate a significant difference in column configurations and study duration, P < 0.05 
based on the 3-Way ANOVA test. 
 

Based on ANOVA, there was no statistically significant three-way interaction between 

column configuration, week, and plant part for TN and TP. Furthermore, the week–

plant part interaction was statistically different from the other two interactions: week-

column configuration and column configuration-plant part. Therefore, further pairwise 

comparisons using Bonferroni was applied to the TN and TP. The Univariate test, 

which was conducted to determine the simple main effect of the plant part (AG and 

BG) on the TN and TP mass distribution, revealed that TN and TP mass distribution 

in the root based on the week factor were statistically significant but not for the shoot. 

The pairwise comparison further showed that TN in the root for Week 0 was statistically 

significant from Week 10 and Week 20, but TN mass in Week 10 was insignificant 

from Week 20, suggesting rapid N uptake in the early part of the study.  

 

In contrast, TP in the root for Week 0 and Week 10 was not significant but statistically 

significant from Week 20, indicating a rapid P uptake later occurred after Week 10 of 

the study. As no other studies have been published on the species used in our study, 

comparison of results was made with other grass family species such as Phragmites 

sp. or Carex sp. (Rycewicz-Borecki et al., 2017) and Pennisetum sp. (Gautam & 

Greenway, 2014; Rycewicz-Borecki et al., 2017).   
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At the end of the 20-week study, the AG and BG tissue TN concentrations (Appendix 

M) for planted NSZ were 7.40 ± 0.12 and 4.27 ± 0.29 mg/g, respectively, while for 

planted SZ columns were 6.43 ± 0.03 and 4.93 ± 0.15 mg/g, respectively. Our values 

(AG and BG) were lower than TN concentrations obtained for Phragmites sp. and 

Carex sp. but comparable to Pennisetum sp.  

 

Though TP concentrations in AG plant tissue for both planted NSZ and SZ columns 

were lower than Phragmites sp., Carex sp. and Pennisetum sp. but Lomandra showed 

superior TP concentrations in BG tissue (2.72 ± 0.12 mg/g for planted NSZ; 3.44 ± 

0.22 mg/g for planted SZ) compared to 0.93 – 1.40 mg/g in Rycewicz-Borecki et al. 

(2017) and 0.40 – 0.70 mg/g in Gautam & Greenway (2014) studies. Different species 

are capable of nutrient uptake to varying levels, with TP concentrations in the AG and 

BG tissue differing significantly among the species studied (Rycewicz-Borecki et al., 

2017).  The mass ratio of AG to BG less than one in Week 20 for both column 

configurations compared to Week 0 (Appendix N) showed that BG root growth of the 

plants was prioritised over shoot during their later growth. This finding agrees with a 

study by Rycewicz-Borecki et al. (2017), which indicated that their studied species 

supported BG growth prior to AG biomass production during the plants’ first year. 

 

6.2. Mass distribution of nutrients at different media depths 

 

Mass distribution of TN and TP at different media depths is shown in Figures 31 and 

32, respectively. Similar to the analysis of TN and TP mass distribution in plant tissue, 

General Linear Model (GLM) Univariate, three-way ANOVA was also used to analyse 

the significant difference of TN and TP mass distribution in the biocolumns media. 

Heavy metals (Zn, Cu and Pb) are also included in the analysis, with their results and 

discussion included in Chapter 7. Three Independent Variables (IV) were tested; 

column configuration (NSZ and SZ), study duration (Week 0, 10 and 20) and media 

depth (5, 10, 20 and 30 cm). Data was logarithmic transformed (similar to Section 6.1) 

before being analysed further. Running Test of Normality and Levene’s test produced 

significant differences (p < 0.05) for TN, TP, Zn, Cu and Pb. By eliminating Week 0 

data from the samples, a rerun of the analyses yielded some positive results. Hence, 

the result and discussion presented, relevant to mass distribution of nutrient and heavy 
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metal (Chapter 7) in the media, henceforth, only involves data comparison between 

Week 10 and Week 20. 

 

 

Figure 31. Mass distribution of TN in the increasing media depth for various column 
configurations during the 20-week study. Mean ± SE, n = 3. Different lower-case letters 
indicate a significant difference in column configurations and study duration, P < 0.05 
based on the test. 
 

Initial assessment using inspection of a boxplot revealed several outliers detected in 

the data; one outlier for TN and nine outliers for TP. Concurrently, a Test of Normality 

using Shapiro-Wilk was conducted on the extracted TN and TP of the biocolumns 

media. While mass distribution data for TN satisfied the Test of Normality for the 

standardised residual, TP showed otherwise even after numerous data 

transformations. Since a fraction of the abnormal sets (outlier) compared to the total 

sets is small, therefore further analysis of the result using Levene’s Test was continued. 

Logarithmic (base 10) function conducted on the raw data produced non-significant 

different in mean for TN (p = 0.053) but a significant different in mean for TP (p = 

0.000).  

 

However, if Levene’s test based on median TN and TP was used, no significant 

difference in the homogeneity of variance was observed (p = 0.975 for TN; p = 0.531 
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for TP). Therefore, the application of the existing three-way ANOVA model was 

continued to determine the presence of significant differences of the IVs on 

transformed TN and TP mass distributions. Further analysis using ANOVA revealed 

no existence of three-way interactions between factors (IVs) for TN and TP with only 

two-way interactions exist for TN (columns-week) and TP (columns-depth).  

 

Mass distribution of TN in Week 10 and 20 was significantly different for SZ columns 

but not for NSZ columns. Although Week 0 data for NSZ columns (CNSZ or PNSZ) 

and SZ columns (CSZ or PSZ) were not statistically analysed, high initial TN mass for 

all depth especially from 20 cm and 30 cm media depth were reduced by Week 10. 

The greater reduction was seen for NSZ columns than SZ columns. While NSZ 

columns experienced regular conventional wetting and drying process resulted in 

slower TN reduction rate, SZ columns were exposed to a month adaptation where TN 

reduction massively occurred in the saturated zone (20 cm and 30 cm media depth). 

CNSZ and PNSZ columns were without saturated zone, and as expected, the TN 

mass distribution in the media in those columns were consistent between Week 10 

and Week 20.  

 

However, a slightly lower TN mass was recorded for PNSZ than CNSZ columns 

throughout the whole media depth spectrum due to plant presence. Plant enhances N 

uptake (Read et al., 2010; Wu et al., 2017) hence the lower TN mass detected for 

media in PNSZ columns. For CSZ and PSZ columns, although not significant between 

each other, the media had lower TN mass distribution than NSZ columns. Plant in the 

SZ columns did not effectively reduce the TN mass but the TN reduction was mostly 

influenced by the saturated zone. All columns exhibited a similar pattern regardless of 

study duration, where TN mass in the top media (5 cm and 10 cm) was lower than the 

bottom media (20 cm and 30 cm). Due to that similarity, no significant difference of TN 

mass in media depth was statistically observed. Higher TN at the bottom media was 

due to accumulated TN during the repeating wetting (dosing) process. Permanent wet 

upper media conditions in SZ columns due to water capillary action probably reduce 

the TN mass by 25% between respective NSZ and SZ columns. Payne et al. (2014) 

also found out that TN concentrations on average were reduced between 79 – 93% in 

biocolumns with saturated designs compared to 34% for soil-only columns under wet 

period conditions.  
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Figure 32. Mass distribution of TP in the increasing media depth for various column 
configurations during the 20-week study. Mean ± SE, n = 3. Different lower-case letters 
indicate a significant difference in column configurations and study duration, P < 0.05 
based on the test. 
 

For every column configuration, mass distribution of TP in the media for Weeks 10 

and 20 was significantly similar, suggesting no apparent TP changes in the media 

profile as the column system matured with time. However, TP mass distribution 

differed statistically from one column to another in the upper layer (5 - 10 cm) and 

bottom layer (20 - 30 cm). The most significant effect of TP on the media could be 

observed in SZ columns (CSZ and PSZ), while both CNSZ and PNSZ columns 

showed a similar pattern. TP mass distribution in PSZ column was statistically 

homogenous (p > 0.05) throughout the whole media depth. TP mass distribution was 

initially very high, especially at the lower media depth (20 cm and 30 cm) for Week 0 

NSZ and SZ columns. As P is not easily convertible to other forms like N, therefore P 

was only accumulated at the bottom of the columns.  

 

No significant difference was observed for TP mass distribution in between weeks for 

all columns (similar distribution pattern for each column configuration). Therefore, TP 

mass distribution was only affected by column-depth interaction. Without a saturated 

zone, CNSZ and PNSZ columns showed a high accumulation of TP toward the bottom 

       [a/b/d] c c   [a/b/d] c c                          b  b  a  a       b  b  a  a                           d  d  c  c      d  d  c  c                           a  a  a  a       a  a  a  a 
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of the columns. Similar to N, repeated wetting and drying (dosing) processes caused 

TP movement downwards and either be trapped at the bottommost media layers or 

escaped in the effluent. Another study (Davis et al., 2006) reported that the TP 

removals from the lower duration and intensity studies increased with depth, from 77 

to 87% at the bottom of the boxes. Surprisingly, when comparing TP mass distribution 

in CNSZ and PNSZ columns, the presence of plants at the upper media (5 cm and 10 

cm depth) in PNSZ columns tend to hold higher TP mass. It is postulated that roots 

development in the media reduces the stormwater percolation thus enabling P 

retention by the media. However, the dosed form of P in the current study is almost 

made up of the most stable yet soluble PO4
3-.  

 

With plant presence, the P is mineralised in the planted columns during the intervening 

dry period which was taken up by plants and microbes (Henderson et al., 2007). Thus, 

less P was leached during the wetting (or dosing) period, resulting in high TP mass 

retained in the PNSZ columns. Higher TP mass captured in the media also 

corresponded well with low leached P into effluent from the PNSZ columns, as shown 

in Figure 26b. Low TP mass distribution found in all media depths from the CSZ and 

PSZ columns was due to the continuous P leaching into effluent in the saturated zone. 

Lower TP mass retained in the media for CSZ and PSZ columns also corresponded 

with higher TP concentration in the effluent (Figure 26b). Comparing CSZ and PSZ 

columns, plants in the PSZ columns, similar to PNSZ, were also able to hold P; hence, 

they showed higher TP mass, yet consistent concentration, throughout the media than 

CSZ column. 

 

6.3. Nutrient distribution for overall biocolumns system 

 

Percentage distribution of N (as NO3-N) and P (as PO4-P) in the effluent, soilless 

media and plant are shown in Figures 33 and 34, respectively, with a brief summary 

in Table 13. Comparison of the percentage distribution was made for different types 

of column configurations; Control NSZ, Control SZ, Plant NSZ and Plant SZ in Week 

0, 10 and 20. Columns Control NSZ and Plant NSZ for Week 0 are represented by 

Week 0 NSZ, while Week 0 SZ represents Week 0 columns for both Control SZ and 

Plant SZ. The further details of the mass balance for N and P during the 20-week study 

(Week 0, 10 and 20) can be found in Appendix O. Physical appearance of selected 
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plants (AG and BG) harvested with media from Week 0, 10 and 20 biocolumns is 

shown in Appendix P. Only cleaned shoot and root of the plant for Week 20 PNSZ and 

PSZ columns are shown. 

 

Root formation in PNSZ column, as expected, was extended into the whole media. 

The roots developed extensively throughout the media. The cleaned plant, especially 

the root, shown in Appendix P (g) indicated more growth of fibrous whitish-fine roots 

in addition to the existing light-brown thick roots.  In contrast, the root in PSZ column 

did not grow much into the lower half of the biocolumns (the saturated zone). The 

amount of newly grown whitish roots was observed to be less in PSZ columns 

(Appendix P (h)) compared to PNSZ columns due to the root growth limitation in anoxic 

conditions. 

 

 

Figure 33. N distribution (based on mean mass in percentage) for overall biocolumns 
system during the 20-week study. Mean ± SE, n = 3.  
 

In general, there was an increment in the N mass distribution (mg/m2) in the plant from 

Week 0 to Week 20 (Appendix O) despite shown otherwise in Figure 33 or Table 13 

(as percentage distribution). However, the total percentage of N distribution in the 

media decreased from Week 0 to 20, and this effect was especially noted for SZ than 

NSZ columns.  The loss of N via effluent from unplanted columns was higher than 

planted columns in Week 20. This was due to the presence of plants that allowed N 

uptake into the root system, thus reduced N concentration in the effluent. The 

presence of vegetation is critical in ensuring high levels of particulate treatment, 
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enhancing N removal by plant uptake, and developing localised favourable conditions 

for microorganism growth (Read et al., 2010; Wu et al., 2017). The formation of 

macrospores among soil layers also enhances nitrification (Wu et al., 2017).  

 

The percentage of N in the root system (BG) increased from Week 10 to Week 20, 

indicating root development, although shoot (AG) exhibited the opposite pattern. It was 

stated earlier in Section 6.1 that the mass distribution of TN in the AG was not 

significantly different between weeks during the 20-week study. In contrast, TN in the 

BG for Week 10 and Week 20 was not significantly different between them, but both 

were different from Week 0. SZ columns showed a lower percentage of N than NSZ 

columns regardless of control or planted column due to unaccounted N loss from the 

denitrification process in the saturated zone. Lower N percentage in the media from 

SZ columns in Week 0 compared to NSZ columns was due to leached N from the 

lower depth of the media (20 and 30 cm) during the one-month adaptation period. The 

actual difference of the N mass distribution due to denitrification between NSZ and SZ 

columns is clearly shown in Appendix O. Total N mass (in mg/m2) in the SZ columns 

were consistently lower than in NSZ columns. From Week 10 to Week 20, more loss 

of N occurred in control NSZ and SZ columns via effluent due to reduced capacity for 

adsorption in the media and concurrent N leaching from the media.  

 

 

Figure 34. P distribution (based on mean mass in percentage) for overall biocolumns 
system during the 20-week study. Mean ± SE, n = 3. 
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There was a presence of background P mass distribution in the plant and the media. 

Due to the adaptation period and saturated zone in the Week 0 SZ columns, higher P 

mass was distributed at the lower depth of 20 and 30 cm of the media. The distribution 

of P mass was found to be higher in the media than plant and effluent in NSZ columns 

throughout the study. However, the percentage distribution of P in the media reduced 

over time. This effect was more apparent in Week 20 Control SZ column which showed 

higher P mass collected in the effluent rather than retained in the media. Two factors 

most likely contributed to this decrement; reduced leaching rate of P from the media 

mix with time (as discussed earlier in Section 4.1) and decrement in availability site for 

P adsorption. The performances of biofilters were dynamic, as a function of media 

depth and retention time (Wu et al., 2017).  

 

In comparison with planted NSZ and control NSZ (unplanted) columns, available P 

was taken into the plants in the planted columns (at least 22% in Week 10 and 20) 

resulted in a lower loss of P in the effluent. It is worth noting that consistent good 

removal of P by a plant could be influenced by thick fibrous roots with thinner root 

morphology such as Carex (Read et al., 2010), although it is hard to tell whether dwarf 

lomandra exhibits those characteristics based on the currently available information. 

Moreover, plants with dense and long roots might also improve the TP removal 

efficiency, and plants reduced clogging through the creation of macrospores in soil 

filter media (Read et al., 2010). Excellent removal of particulate matters occurred by 

straining on the media surface, while the media captured smaller particles through 

sedimentation, interception, and diffusion-transport mechanism (Wu et al., 2017). In 

Wu et al. (2017) study, they discovered that physical removal of incoming particulate 

phosphorus likely transpired in the soil-based filters. The trapped particulate 

phosphorus could be mineralised to dissolved phosphorus in rhizosphere and taken 

by vegetation. Given adequate contact time, dissolved phosphorus could find reactive 

sites in microspores, thus strongly adsorbing at individual surface sites. In contrast, 

dissolved phosphorus was fed into the biocolumns system in the current study, with 

possible low contact time or high hydraulic conductivity (mean of 1462 mm/hr, 

Appendix B), which could reduce the P adsorption on the media. 

 

More P was lost in the effluent from the control columns in Week 20 compared to Week 

10, implying reduced capacity of the media for subsequent P retention. Higher P mass 
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distribution in the SZ columns than NSZ columns for effluent (2 – 3 times of magnitude 

in percentage distribution) is explainable as the continuous submerged of the lower 

media mix in anoxic condition (Zinger et al., 2013) caused continuous leaching of P 

into the saturated zone. P absorption into plants mostly occurred in the root, and it was 

utilised for root development than actively transferred into the shoot, supported by 

statistical analysis earlier in Section 6.1. Although the percentage P mass distribution 

in the AG decreased slightly from Week 10 to Week 20 for planted columns, however, 

the actual mass distribution in mg/m2, as listed in Appendix O, increased. Instead, 

more P was stored in the root, which showed marginal increment from Week 10 to 

Week 20. 
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Table 13. Start, mid and final TN (a) and TP (b) percentage mass distribution 

(a) TN  
Week 0 Week 10 Week 20 

NSZ SZ CNSZ CSZ PNSZ PSZ CNSZ CSZ PNSZ PSZ 

Liquid 
Influent - - - - - - - - - - 
Effluent - - 70.5 56.2 29.0 23.9 71.0 67.8 32.8 29.4 

SZ effluent - - - 0.8 - 0.5 - 0.3 - 0.4 

Plant 
AG 33.1 40.8 - - 26.6 26.6 - - 24.5 23.6 
BG 19.2 23.0 - - 24.3 23.1 - - 23.8 29.7 

Total plant 52.3 63.9 - - 50.9 49.7 - - 48.3 53.3 

Media depth (cm) 

5 5.1 7.4 4.8 6.7 2.7 3.5 5.1 5.3 3.0 2.7 
10 6.8 6.7 4.8 6.7 4.1 3.9 5.0 5.3 3.3 2.6 
20 17.4 11.0 9.8 13.8 6.5 9.0 9.3 10.8 6.3 6.0 
30 18.4 11.0 10.0 15.8 6.8 9.5 9.6 10.5 6.3 6.5 

 Total media 47.7 36.1 29.5 43.0 20.1 25.9 29.0 31.9 18.9 16.8 

Total  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

            

(b) TP 
Week 0 Week 10 Week 20 

NSZ SZ CNSZ CSZ PNSZ PSZ CNSZ CSZ PNSZ PSZ 

Liquid Influent - - - - - - - - - - 
 Effluent - - 21.0 40.0 12.4 26.2 29.5 56.4 13.1 33.0 
 SZ effluent - - - 0.4 - 0.4 - 0.2 - 0.1 

Plant AG 4.4 4.8 - - 5.1 5.7 - - 4.4 5.0 
 BG 12.0 10.6 - - 16.1 17.7 - - 18.9 25.9 
 Total plant 16.4 15.4 - - 21.2 23.4 - - 23.3 31.0 

Media depth (cm) 5 13.6 12.4 9.9 15.1 11.6 9.4 9.5 73 10.9 9.1 
 10 12.4 13.6 11.1 8.6 11.7 12.1 9.3 9.5 11.1 9.0 
 20 26.2 30.3 28.7 17.5 22.8 11.6 23.7 11.9 20.4 8.8 
 30 31.4 28.3 29.2 18.3 20.2 17.0 28.0 14.6 21.2 8.9 
 Total media 83.6 84.6 79.0 59.6 66.4 50.1 70.5 43.4 63.6 35.9 

Total  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
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Chapter 7. Phytoremediation of heavy metals  
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This chapter discusses the mass balance analysis on heavy metals – Zn, Cu, and Pb 

in biocolumns system. The assumptions and approaches used to estimate the mass 

balance is stated earlier in Chapter 6.     

 

Results and discussion of heavy metals mass balance analysis are done in the 

following order: plant, media, and overall column system. 

 

Percentage recovery for heavy metals generally was higher than for nutrients. Values 

calculated usually exceeded 100%, suggesting lower extracted heavy metals 

concentration most likely from the media. This observation was different than 

observations recorded by another similar study (Rycewicz-Borecki et al., 2016) due to 

the different extraction methods. The approach applied in the current study was the 

extraction of heavy metals using a low HCl (0.1N) solution. This modest approach was 

used because of its practicality and possible reaction between the soilless media and 

extracting reagents used in other studies (Leroy et al., 2017; Rycewicz-Borecki et al., 

2016; Shrestha et al., 2019).   

 

Zn was the best performer among all heavy metals tested, with a percentage recovery 

closer to 100%. Since the mass distribution of the Zn in the media covered the highest 

proportion, this concludes extraction of Zn was more effective than Cu and Pb using 

a low acid solution. Pb was the most difficult extracted metal, and a similar effect was 

also seen earlier during the pre-extraction efficiency test (Appendix I). Meanwhile, Cu’s 

extraction efficiency was moderate, situated in between Zn and Pb. Similar to nutrient 

mass balance (Chapter 6), SZ columns for the control have lower heavy metal 

percentage recovery than NSZ columns, but this was totally in contrast to planted 

columns. It seems saturated zone condition reduced the efficiency of metal recovery, 

possibly due to stronger adsorption of metals to the media surface under anoxic 

conditions (Blecken et al., 2009b; Dietz & Clausen, 2006). The presence of plants did 

not change the recovery of heavy metals, and its impact on heavy metal removal is 

further discussed in later sections. 
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7.1. Mass distribution of heavy metals in plant tissue 

 

Heavy metals’ mass distribution in the plant tissue is shown in Figure 35. Similar to 

TN and TP (in Chapter 6), the significant difference of Zn, Cu and Pb mass distribution 

in the plant tissue was analysed using General Linear Model (GLM) Univariate, three-

way ANOVA (Analysis of Variance) on column configuration (NSZ and SZ), study 

duration (Week 0, 10 and 20) and plant part (AG and BG). There were no outliers 

detected in the data as assessed by inspection of a boxplot. Test of Normality using 

Shapiro-Wilk conducted on Zn, Cu and Pb of the plant’s AG and BG showed there 

was mostly no violation on the normal distribution (P > 0.05). Levene’s test gave a 

significant difference in the homogeneity of variance (P < 0.05) in the data except for 

Zn. Therefore, all the data (Zn, Cu and Pb) was logarithmic (log10) transformed. As a 

result, re-evaluation of the transformed data based on Shapiro-Wilk and Levene’s tests 

produced no significant difference except in Pb (Levene’s test, p = 0.044).  

 

 

Figure 35. Mass distribution of Zn, Cu and Pb in plant’s AG and BG for NSZ and SZ 
columns during the 20-week study. Mean ± SE, n = 3. Different lower-case letters 
indicate a significant difference in column configurations and study duration, P < 0.05 
based on the test. 
 

Based on ANOVA, there was no statistically significant three-way interaction between 

column configuration, week and plant part for Zn, Cu, and Pb. There was a statistically 

significant week*plant part interaction only for Pb, but none of the two-way interactions 

was significant for Zn and Cu. Hence, further pairwise comparisons using Bonferroni 

   a     a     a      a    a    a        b     c    c     b     c    c        d     d   d     d     d    d        e     e     e    e     e     e         f     f      f     f      f     f         g     h    i     g    h     i  
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was only applied to the Pb. The analysis showed that there was a very strong 

significant difference in Pb mass distribution in the plant’s root but not in the shoot. In 

terms of weeks, Pb accumulation in the root compared to shoot was statistically 

different for all weeks. Mass distribution of Zn and Cu in AG and BG were found to be 

significantly different. Although both Zn and Cu were similarly distributed in the AG for 

all weeks, but it was not the case for Zn in BG.  Figure 36 shows total mass intake of 

Zn, Cu, and Pb in the AG and BG plants which have been extracted from Figure 35 

while the relationship between mass intake of Zn and Cu in plant’s AG and BG for both 

planted NSZ and SZ columns is shown in Figure 37.  

 

 

Figure 36. Total mass uptake of Zn, Cu, and Pb in plant’s AG and BG for NSZ and SZ 
columns during the 20-week study. 
 

There was a significant intake of Zn into BG for both NSZ and SZ columns between 

Week 0 and other weeks (Figures 36 - 37). A similar pattern was also noted for the 

intake of Cu and Pb into BG of the plants, although accumulation of Cu in the BG 

showed an insignificant difference between weeks. These observations suggested 

accumulation of Cu in the AG was homogenous and independent from the BG. No 

significant difference of Cu mass was observed between columns for Week 10 and 20 

in the BG despite the bars in Figure 35 showed otherwise, possibly due to a large 

standard error in the data set. Planted NSZ column demonstrated a higher intake of 

heavy metals, especially Zn and Cu, than SZ column in both AG and BG (Figure 37). 
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This phenomenon was most likely caused by a limited root growth into the SZ zone 

(Appendix P), thus resulting in less absorption of heavy metals via the root system. A 

lower root mass harvested from the SZ columns compared to NSZ columns, which 

was clearly shown in Appendix M, well supported this explanation.  

 

Translocation of Cu and Pb from the BG to AG in dwarf lomandra was extremely low 

and almost not existent. While a low level of Cu has a positive effect, it exerts negative 

impact when present in excess (Kumar, V. et al., 2021). After intake of Cu by plants, 

it is sequestered as a metal chelating complex in the vacuoles to reduce Cu toxicity 

(Kumar, V. et al., 2021). The removal efficiency of Cu and Pb firstly depends on the 

plant capability for their uptake before translocation to the plants’ shoot (Gul, Manzoor, 

Kallerhoff, & Arshad, 2020; Kumar, V. et al., 2021). Secondly, uptake of Pb from the 

soil media depends on the Pb bioavailability since chelating agents such as 

ethylenediaminetetraacetic acid (EDTA) and citric acid are needed to increase Pb 

phytoremediation (Gul et al., 2020). Furthermore, metal complexation with organic 

matter, which happens during infiltration through soils/media, decreases metal mobility 

(Leroy et al., 2017). In the current study, it could be attributed to several factors, such 

as Lomandra’s capability and metal complexation with the media mix (high in coco coir 

with added compost) contributing to the low intake of Cu and Pb by the plant’s root.  

 

 

Figure 37. Relationship between Cu and Zn mass distribution in the plant’s AG and 
BG throughout the 20-week study. 
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7.2. Mass distribution of heavy metals at different media depths 

 

Mass distribution of heavy metals at different media depths of the biocolumns are 

shown in Figures 38 – 40. The significant difference of Zn, Cu and Pb mass distribution 

in the biocolumns media was analysed using General Linear Model (GLM) Univariate, 

three-way ANOVA (Analysis of Variance) on the column configuration (NSZ and SZ), 

study duration (Week 0, 10 and 20) and media depth (5, 10, 20 and 30 cm). Data was 

logarithmic transformed (similar to Section 6.2) before being analysed further. Similar 

to TN and TP in Section 6.2, by eliminating Week 0 data and comparing Week 10 and 

20 only, and after various data transformation was run, log10 function was determined 

to be the best option. Assessment using boxplot revealed several outliers detected in 

the data. Test of Normality using Shapiro-Wilk revealed no significant difference for 

Cu and Pb except Zn in the mass distribution of the heavy metals in the media. Since 

a fraction of the abnormal sets (outlier) compared to the total sets is small, therefore, 

further analysis of the result using Levene’s Test was continued. Log10 function 

conducted on the raw data produced a significant difference in mean for Zn, Cu, and 

Pb. However, if Levene’s test based on the median was used, no significant difference 

in the homogeneity of variance was observed. Therefore, the existing three-way 

ANOVA model was continuously applied to determine the presence of significant 

differences in the IVs on the heavy metals mass distribution.  

 

Further analysis using ANOVA revealed no existence of three-way interactions 

between factors (IVs) (p > 0.05) for the mass distribution of the heavy metals. Two-

way interactions exist for all heavy metals in the study. Among all factors, media depth 

played the most significant role in heavy metals distribution. Only Pb mass distribution 

was not affected by the difference in column configuration with Zn was also not 

significantly impacted by study duration. 
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Figure 38. Mass distribution of Zn in the increasing media depth for various column 
configurations during the 20-week study. Mean ± SE, n = 3. Different lower-case letters 
indicate a significant difference in column configurations and study duration, P < 0.05 
based on the test. 
 

After a month of adaptation, accumulation of Zn, Cu and Pb occurred toward the 

bottom layers of the media in Week 0 NSZ and SZ columns. A lower Zn mass was 

found in Week 0 NSZ columns than SZ columns. One of the factors is intermittent 

wetting and drying, which impacts the heavy metal removal by creating small fissures 

appearing in the media, thus causing preferential flow paths (Blecken et al., 2009b). A 

combination of multiple factors – leaching of already accumulated metals from former 

events, mobilisation of fine sediments, and preferential flow paths (fast outflow rate) 

resulted in a higher leaching rate of metals in the NSZ columns, hence lower Zn mass 

in the media.  

 

Based on a week-depth interaction, a significant difference in Zn mass distribution was 

observed between media depth for every week. Zn mass distribution did not change 

much between weeks for all columns except CNSZ columns. More Zn was 

accumulated at the lower media depth (20 cm and 30 cm) than at the upper media 

depth for all columns. By the end of the 20-week study, Zn was highly distributed at 5 

cm than 10 cm depth suggesting effective Zn capture at the top media (Al-Ameri et al., 

2018; Blecken et al., 2009a; Hatt et al., 2008; Muthanna, Viklander, & Thorolfsson, 

                       a a/d b/c b      e  f  e  e                            e e/f b/c b     e/g d g g                          a a/d b/c b     c  d  c  c                          a a/d b/c b     c  d  c  c 
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2008). In general, more Zn was extracted from upper media in the control columns 

(CNSZ and CSZ) than planted columns. Without plants, Zn can only be adsorbed by 

the media or escaped as effluent, whereas Zn retained in the upper media for PNSZ 

and PSZ columns via the third pathway can be translocated via roots and 

subsequently to the shoots of the plant (Figure 35). Lower Zn concentration in the 

effluent (Figure 28a) and Zn mass in the media for PSZ columns proved that Zn was 

actively absorbed by the plants’ roots  (Figure 35) than other heavy metals in the 

current study, in agreement with findings from another study (Leroy et al., 2017). A 

saturated zone creates a favourable condition for Zn retention by the media with plant 

presence aids in removing Zn from the media system. The inclusion of saturated zone 

allows prolonged detention that promotes increased nutrient acquisition (Glaister et al., 

2017; Payne et al., 2014), and in the current study, a similar effect could occur on 

heavy metals such as Zn. 

 

 

Figure 39. Mass distribution of Cu in the increasing media depth for various column 
configurations during the 20-week study. Mean ± SE, n = 3. Different lower-case letters 
indicate a significant difference in column configurations and study duration, P < 0.05 
based on the test. 
 

Extracted Cu mass from the NSZ columns generally was lower than the SZ columns. 

One reason was due to the higher rate of Cu leaching from columns media into effluent, 

as indicated in Figure 28b. Similar to Zn, plant helps in reducing the mass of retained 

                      a/c a/d f i       c  e  b   i                           c  c   g  g      c  c  g   g                         d  d   i   i       e  e  b   i                            d  d  f   f       e  e  f  g 
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Cu in the media via plants uptake (Figure 35). Cu was the second most absorbed 

metal by the plants’ root after Zn. However, the translocation of Cu from the root to the 

shoot was less effective than Zn due to selective intake by the plant species. Zn is a 

micronutrient essential for plant growth, while other less essential metals for plant 

growth such as Co, Ni, Fe, Mn, Cu, and Mo also can be phytoextracted but at a slower 

rate (Shrestha et al., 2019). Therefore, it is not surprising that Cu was present in the 

shoots in a lower amount compared to Zn. At the end of the study, Cu was successfully 

retained in the media in all columns, with higher mass accumulated at the bottom 

media due to downward percolation during the wetting process. Possible explanations 

for higher Cu retention in the media could be due to Cu complexation with organic 

matter or lignin from coco coir (Blecken et al., 2009b; Lim et al., 2015), and anoxic 

conditions in SZ columns that immobilize metals thus restrict their movement (Blecken 

et al., 2009b).  Due to this reason, a saturated zone helps in trapping Cu, as clearly 

shown for CSZ and PSZ in Figure 39. The lowest Cu mass was found in media for the 

PNSZ columns due to two simultaneous possibilities: (a) removal of Cu by plants 

throughout the media, and (b) loss of Cu into effluent due to higher leaching rate from 

the media. 

 

 

Figure 40. Mass distribution of Pb in the increasing media depth for various column 
configurations during the 20-week study. Mean ± SE, n = 3. Different lower-case letters 
indicate a significant difference in column configurations and study duration, P < 0.05 
based on the test. 

                        a  a  b  b      a  a  b  b                            c  a  b  b       c  a  b  b                           d   a  b  e      d  a  b  e                            a  a  b  f        a  a  b  f 
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Similar to Zn and Cu, Pb was mostly accumulated at the bottom media of all columns 

due to downward stormwater percolation. Surprisingly, CNSZ and CSZ columns 

exhibited higher extracted Pb mass than other columns from the 5 cm depth of the 

media. It is postulated that progressive compressed media with time without plants’ 

root interference may lead to Pb accumulation within the media surface. Pb is known 

to be strongly attached to sediments (Hsieh & Davis, 2005), and sediments that were 

trapped on the surface leads to higher extracted Pb mass in the control columns. 

Meanwhile, Pb leached from the 5 cm media depth and below was continuously 

accumulated at the bottom media during the wetting process, thus resulting in lower 

mass extracted at 10 cm depth, but higher mass was measured at 20cm and 30 cm 

depth. A slight reduction of Pb mass in planted columns may still occur, although there 

was no significant difference in Pb mass between PNSZ and PSZ columns with the 

control columns. Earlier results presented in Figure 35 which show a very low uptake 

of Pb by plants’ root and shoot, confirmed that Pb removal by the plant is not a 

preferable option. This result is also in agreement with another study (Liu, H. et al., 

2019) that certain plant species such as M. sativa is less tolerant to Pb and less likely 

to translocate Pb from roots to shoots. This statement may also apply to dwarf 

lomandra. 

 

7.3. Heavy metals distribution for overall biocolumns system 

 

Percentage distribution of heavy metals in the effluent, soilless media and plant are 

shown in the Figures 41 - 43, respectively. Meanwhile, the details of the mass balance 

for Zn, Cu, and Pb during the 20-week study is shown in Appendix Q. 

 

Media plays a dominant role in retaining Zn for all columns. There was a presence of 

background Zn in the AG and BG of the plants from NSZ (1.0; 1.5%) and SZ (1.0; 

1.9%) columns, respectively, for Week 0.  For control columns without plant presence, 

loss of Zn via effluent increased from 2.4 to 3.9% and 1.2 to 3.2% for NSZ and SZ 

columns, respectively. With plant, about 3% of the Zn was accumulated in the plants 

for Week 10 while the percentage mass increased to 4% for Week 20. Higher Zn mass 

accumulated in the root of the plants than transported to the shoot. SZ columns 

performed slightly better (higher accumulation) than NSZ columns. With higher Zn 
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mass accumulated in the plants for SZ columns, this also means lower Zn mass ended 

up in the effluent. 

 

 

Figure 41. Zn distribution (based on mean mass in percentage) for overall biocolumns 
system during the 20-week study. Mean ± SE, n = 3. 
 

 

Figure 42. Cu distribution (based on mean mass in percentage) for overall biocolumns 
system during the 20-week study. Mean ± SE, n = 3. 
 

There was a background Cu mass in Week 0’s AG and BG of the plants from NSZ 

(7.3; 31.4%) and SZ columns (8.1; 34.1%), respectively. Similar to Zn, retention of Cu 

was mainly done by the media in all columns. Without plants, Cu retention mostly took 

place in the media, and some of it escaped in effluent. As weeks progressed, more Cu 

loss occurred from the media, ended up in effluent, especially in the NSZ columns 
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(35.7 to 48.3%) compared to SZ columns (17.8 to 23.7%). With the plant’s presence, 

the mass of Cu in the effluent reduced due to an alternative pathway of Cu up-taking 

via root before translocation to the shoot. Absorption of Cu by roots in the planted NSZ 

columns slightly decreased from 42.5% in Week 10 to 37.5% in Week 20, most 

probably because of media saturation with Cu or reduced capacity of the media in 

retaining Cu. In contrast, Cu accumulated in the root for planted SZ columns increased 

from 23.7% in Week 10 to 30.8% in Week 20. Accumulation of Cu in the root positively 

elevated Cu mass in the shoot for planted SZ columns, while there was no change of 

Cu mass in the shoot for planted NSZ columns. 

 

 

Figure 43.  Pb distribution (based on mean mass in percentage) for overall biocolumns 
system during the 20-week study. Mean ± SE, n = 3. 
 

Plants in both columns (NSZ and SZ) at Week 0 have a very low Pb mass. Contrarily, 

the media at Week 0 has moderate background Pb mass (1.4307 mg for NSZ and 

1.0993 mg for SZ). Here, the source of Pb was most probably contributed by the 

compost, zeolite, and coco coir present in the media mix (Figure 17, Section 4.1).  

Lower Pb mass in the SZ columns compared to NSZ columns at the initial study was 

due to increased Pb leaching in the saturated zone during the adaptation period.  NSZ 

columns in general conceded more Pb leaching into effluent (control - 5.4%; planted 

– 4.3%) than SZ columns (control – 2.4%; planted – 1.6%) in Week 10, and increased 

markedly in Week 20 (control NSZ – 8.8%; planted NSZ – 9.0%; control SZ – 3.8%; 

planted SZ – 2.6%). SZ columns performed better than NSZ columns in retaining Pb 

mass and were more effective with the presence of the plant. Lower Pb mass in the 
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effluent for planted columns was partly due to the intake of Pb by the plants. However, 

increment in Pb that was absorbed by the roots did not translocate to the shoot easily 

as the Pb mass for shoot shown in Appendix Q was constant at 0.2 mg throughout the 

study.  

 

Metal removal in the bioretention system can be via mechanical filtration of sediment-

bound metals (Blecken et al., 2009b; Hatt et al., 2008) or removal of dissolved metal 

by a range of biogeochemical sorption processes in the filter such as cation-exchange, 

specific adsorption, precipitation and organic complexation (Blecken et al., 2009b; 

Zinger et al., 2013). Metal uptake into plant tissue is known to differ among species 

and between soil and metal type (Rycewicz-Borecki et al., 2016). Accumulation of 

metals in plants is also impacted by total plant biomass, and the ability of plant roots 

to absorb and transport metals into plant tissues, being the dominant uptake pathway 

of metals for most plants is via root system, with subsequent transport from the roots 

to the shoots (Liu, H. et al., 2019).  

 

Translocation of metals from roots to rhizomes and aerial part of the plant is a slower 

process than metal adsorption on root systems after long exposure. Thus, rhizomes 

generally have lower tissue concentrations of metals than the roots, so larger root 

systems are preferred to rhizomes for metal removal (Schück & Greger, 2019). In 

some cases, plants are able to generate resistance mechanisms that limit metal 

absorption and transport from roots to shoots, such as Pb in Medicago sativa, while 

some species (Poa pratensis and Lolium perenne) have the ability to assimilate 

maximum Pb transportation ability to shoots (Liu, H. et al., 2019). Pb and Zn were 

significantly more concentrated in the roots than in the aerial parts in all the planted 

mesocosms (Leroy et al., 2017).  

 

Metal accumulation (or standing stock) can be used to compare the accumulation of 

metals in plants using both plant metal concentrations and plant biomass value. 

Comparing only metal concentrations in plants can lead to incorrect interpretation of 

results. In their study (Leroy et al., 2017), Pb accumulation in the plants’ shoot was 

0.19 – 15.9 mg/m2 in the control mesocosms and was higher in the spiked mesocosms 

(0.95 – 147.7 mg/m2). Accumulation of Pb in the root was in the 0.53 – 142.4 mg/m2 

for control mesocosms and 8.2 – 533.0 mg/m2 in the spiked mesocosms. For the 
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current study, the Pb accumulation were 0.20, 1.39, 0.20 and 1.30 mg/m2 (Appendix 

N) in Week 20’s AG and BG for planted NSZ and planted SZ columns, respectively. 

These values were much lower than Leroy’s as their study covered 22 months with 

sufficient time for the shoot and root development, while the current study only covered 

five months. Moreover, the potential performance was not limited to plant size but also 

due to different plant species as root mass and total root length showed higher 

variation among plant species (Read et al., 2010).  

 

Similar to Leroy’s study, Zn was accumulated in a higher quantity than Pb (15.85, 

34.30, 14.43, 26.77 mg/m2) in Week 20’s AG and BG for planted NSZ and planted SZ 

columns, respectively, though the obtained values in the current study were again 

lower than theirs. Besides, the accumulation of Cu in Week 20’s AG and BG for planted 

NSZ and planted SZ columns were 3.45, 28.69, 3.40 and 19.81 mg/m2, respectively, 

placed in between Zn and Pb. Metals accumulation in the AG and BG of plants in 

planted NSZ columns was slightly higher than SZ columns. The possible cause for this 

variation, such as a difference in the shoot or root mass, was tested using one-way 

ANOVA (discussed earlier in Section 6.3) and eventually eliminated. Overall 

insignificant difference outcome for the metal accumulation from Week 0, 10 to Week 

20 showed that different column configurations (NSZ and SZ) did not statistically affect 

the plants’ AG and BG mass. 

 

Heavy metals concentrations were generally higher at the surface compared to the 

subsurface of a bioretention system, indicating that metals are primarily trapped in the 

0-2 cm of filter media and do not tend to migrate to 13 – 15 cm into the media profile 

(Al-Ameri et al., 2018).  This is consistent with the findings of previous studies (Hatt et 

al., 2008; Muthanna et al., 2008), which observed that metals be likely concentrated 

in the top 5 – 10 cm followed by a rapid decrease in concentration with increasing 

depth. The current study also highlighted most metals (Zn, Cu, and Pb) were primarily 

retained at the top of the biocolumns, which is in agreement with other study (Blecken 

et al., 2009a). At the end of the study, the accumulation of heavy metals at the bottom 

of biocolumns was caused by downward stormwater percolation and effectively 

trapped by the media. 
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Chapter 8. Conclusions and Recommendations 
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This final chapter is divided into general and specific conclusions and 

recommendations for future work. Results and discussions presented in the earlier 

chapters are divided into several main sections. Thus, a general conclusion to 

summarise all the main findings is highlighted next. 

 

The first part of the study is related to nutrient leaching from the individual media used 

in the study. Next, the investigation into the best media mix configuration comprised 

of a few soilless media. Nutrient leaching test on individual media revealed compost 

is the main source of leaching for NO3
-, PO4

3-, and heavy metals (Zn, Cu, and Pb). 

Other than compost, activated carbon and coco coir also leached PO4
3-. The original 

source of PO4
3- released from activated carbon and coco coir remains unknown. The 

tested media mix (v/v) consisted of coco coir (50%), compost (10%), activated carbon 

(10%), zeolite (10%), perlite (10%), and vermiculite (10%). 

 

The next part of the study showed that layered media was statistically significant better 

(p < 0.05) than mixed media configuration in reducing nutrient and heavy metal 

leaching. Media layering allows filtration of suspended solids, adsorption, and ion-

exchange of nutrients and heavy metals leached from within the media, thus 

minimising the degree of leaching. Though layered media performed better than mixed 

media, it is impractical to apply and maintain in the field. In layered media configuration, 

columns C4-L and C5-L produced the lowest median concentration in most 

parameters (NO2
-, NO3

-, NH4
+, PO4

3-, Cu, and Pb). Statistical analysis revealed no 

significant difference for comparison between (C4-L – C5-L) columns in all parameters, 

with a similar result for (C4-M – C5-M) columns except pH. In comparison between 

(C4-M – C4-L) and (C5-M – C5-L) columns, there was no significant difference 

observed for TSS, NO2
-, NO3

-, and Cu, but a significant difference was detected in pH, 

PO4
3-, Zn, and Pb. Therefore, considering all these significant and non-significant 

differences, two best-selected media mixes from the mixed media configurations, C4-

M and C5-M, were chosen for the stormwater dosing study.  

 

Media mix MM1 and MM2 (previously C4-M and C5-M, respectively) achieved stability 

in performance at the end of the stormwater dosing period. Both media mix MM1 and 

MM2 were equally efficient, achieved satisfactory removal of TSS (77%; 85%), 

nutrients (NO2
- – 99%; 100%, NO3

- – both 97%, and NH4
+ – both 96%) and Pb (both 
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97%) but moderate removal of Zn (49%; 43%) and weaker removal of Cu (20%; -14%). 

However, a high degree of orthophosphate leaching was observed in MM1 and MM2 

media mix despite the fact that continuous reduction in PO4
3- concentration was 

observed.  

 

The second part of the study highlights the performance of the phytoremediation 

process using two different types of biocolumns planted with one Australian native 

grass species, Lomandra ‘Evergreen Baby’TM (dwarf lomandra), in a greenhouse 

condition. Water quality tests were conducted on the effluent, which were then 

followed by a determination for the nutrient and heavy metal mass distribution in plants 

and biocolumns media. Finally, the mass balance analysis was done based on these 

inputs. Effluent performance analysis revealed that saturated zone (SZ) columns 

performed better removal of TSS, ammoniacal-N (NH3-N), nitrite-N (NO2-N), nitrate-N 

(NO3-N), TN, Zn, Cu and Pb than non-saturated zone (NSZ) columns. However, both 

NSZ and SZ columns experienced leaching of TN, TP, and orthophosphate-P (PO4-

P), with the leaching of PO4-P and TP was more prevalent in SZ columns than NSZ 

columns. While there was an increment of pH for SZ columns, it was relatively a 

constant pH for NSZ columns at the end of the study. The presence of plants within 

the 20-week study did not significantly improve the removal efficiency of TSS, NH3-N, 

TN, Zn, Cu, and Pb except NO3-N.   

 

During the 20-week study, there was no significant difference in plants’ AG and BG 

mean mass between planted NSZ and SZ columns. TN and TP mass distribution in 

the shoot for NSZ and SZ columns were similar throughout the 20 weeks. However, 

for both columns, TN and TP mass in the root varied significantly, where TN showed 

rapid uptake as opposed to slow uptake for TP. Plant in the SZ columns did not 

effectively reduce the TN mass in the media compared to the saturated zone. In 

contrast, plants in the SZ columns were able to hold more TP in the media than CSZ 

columns. TN and TP mass in the top media (5 – 10 cm) was lower than bottom media 

for all columns except that TP was homogenous in the media for PSZ columns. The 

presence of a saturated zone, while is beneficial for N removal, caused higher P loss 

from the media into the effluent. 
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Zn, Cu and Pb mass found in the root was significantly higher than in the shoot for 

both NSZ and SZ columns. Accumulation of all heavy metals in the shoot for all 

columns was similar throughout the 20 weeks. While Zn and Pb mass increased in the 

root for both columns but it was constant for Cu. Preference in heavy metal uptake via 

root by dwarf lomandra follows the order: Zn > Cu > Pb. Zn was primarily retained at 

the top 5 cm of the media for all columns. Migration of heavy metals downwards to the 

bottom media during the wetting process caused accumulation of Zn, Cu and Pb at 20 

cm and 30 cm depth. Plants helped in absorbing Zn and Cu via root uptake, but they 

showed a lower preference for Pb. The saturated zone within the bottom media 

creates a favourable condition for Zn, Cu, and Pb retention.  

 

The final part of the study revealed the effectiveness of a simple biocolumns study 

representing a raingarden system in mitigating the removal of emerging contaminants 

(EC). Both NSZ and SZ columns effectively removed ibuprofen and bisphenol A. 

Ibuprofen was undetected in most effluent samples collected from the SZ columns, 

while NSZ column was less successful with detection ranging from undetectable to 0.4 

ppm. The saturated zone provides sufficient hydraulic retention time for ibuprofen 

degradation using microorganism. All types of columns showed a complete reduction 

of bisphenol A, with almost all analysed results coming back as undetectable. It is 

speculated that bisphenol A removal was most likely by retainment in the media 

followed by rhizofiltration. 

 

The specific conclusions derived from the earlier general conclusions are presented 

as follows: 

 

1.  Soilless media as a potential bioretention filter media for suspended raingarden is 

effective in minimising nutrients and heavy metals leaching. With the exception of 

orthophosphate, which showed net positive leaching, other pollutants such as 

suspended solids, NO2
-, NO3

-, NH4
+, and Pb were exceptionally removed. The use 

of compost, which was made up of collected leaves locally leached pollutants such 

as NO3
-, PO4

3-, Zn, and Cu. Omission of compost may be beneficial in terms of 

reducing significant leaching from the system as coco coir which formed a bulk 

volume of the media mix, can support vegetation.  
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2. Loss of N via effluent from unplanted columns was higher than planted columns. 

Mass balance analysis showed that increment of N mass distribution in the plant 

was mainly due to root growth. Total N mass in the media for SZ columns was 

clearly lower than NSZ columns, and thus total N in the SZ columns was lower 

than NSZ columns due to the saturated zone. The distribution of P mass was found 

to be higher in the media than plant and effluent, which reduced with time. The 

plant reduced the P leaching into effluent by uptaking into their plant growth with 

P utilisation for root development than actively transferring to the shoot.  

 

3. Media plays a main role in retaining Zn, Cu and especially Pb for all columns. Plant 

assists in Zn, Cu and Pb uptake via root with planted SZ columns performed better 

than NSZ columns. As a result, Zn and Cu loss in the effluent from SZ columns 

were reduced. However, uptake of Pb by the plants was less preferred. 

Accumulation of Zn, Cu and Pb in plants’ shoot was constant during the 20-week 

study. Retention efficiency for heavy metals in the bottom media improved with 

the presence of a saturated zone. 

 

4. Removal of ibuprofen and bisphenol A in all columns were excellent, with most 

effluent samples undetected for ibuprofen and not exceeding 0.4 ppm for 

bisphenol A. Media was speculated to be the primary retention component. The 

saturated zone provides sufficient hydraulic retention time for ibuprofen 

biodegradation. 

 

The cost of the best media mix used in the current study is shown in Appendix P. The 

estimated cost is calculated based on results produced from the laboratory-scale 

academic investigation.  

  

In the current study, the 20-week duration is not sufficient to predict the life span of the 

mixed media before replacement. The life span of the suspended raingarden system 

and the plants can be prolonged (3 – 6 months) if adequately maintained. However, 

with the mixed media acts as primary retention for contaminants from the stormwater, 

especially heavy metals, the mature vegetation, which acts as a secondary removal 

agent, would have a longer exposure time for the pollutant’s uptake. Lomandra 

‘Evergreen Baby’TM is a perennial plant that is able to withstand dry and wet weather. 
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As long as the fundamental needs for plant survival are met, the plant can grow roots, 

and its pollutant removal efficiency would improve with time. The build-up of metals 

such as Zn or Cu in the plant’s roots or leaves could be continuously controlled by 

harvesting the shoot as animal feed supplements than specially disposed of. 

 

Recommendations for future work 

 

The current approach of using soilless media for suspended rain garden systems has 

not been studied previously. The strength of applying soilless media in this system is 

based on the media’s lightweight properties. Reliance on the media alone does not 

necessarily guarantee the system's success. Therefore, combining biocolumns 

modified with saturated zone, lightweight media, and vegetation in a suspended 

raingarden system could be a promising approach, as demonstrated through our study. 

The encouraging results of a highly popular bioretention system, similar to traditional 

raingarden, warrant future investigation of pilot-scale experiments prior to a large field-

scale study. The following recommendations are thus presented. 

 

1. Optimisation of media mix could be done using the Design of Experiment (DoE) 

software. With multiple types of different soilless media and percentage 

distribution (w/w or v/v) in the column, various responses (testing parameters) 

could be studied more effectively. Although the number of test runs could reach 

tens or hundreds based on the generated possible combinations, the large 

combinations could be greatly reduced with the factorial design approach. 

2. The plant species that was used in the current study is Australian grass 

Lomandra Evergreen BabyTM. It was chosen because of its dwarf size, good 

tolerance to local climate, and its hardiness. If sufficient time permits, insight into 

other New Zealand native plant species could be investigated. In the past, we 

had considered Bird’s nest fern, Kiekie, and Parataniwha, but it was later found 

out that they are slow-growing plants with less fibrous roots.  

3. The biocolumns were fully filled with the proposed best media mix obtained in 

Section 4.3. Therefore, the saturated zone was made up of a completely 

stormwater-submerged media mix. This approach instead promotes PO4
3- and 
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TP leaching. Future improvement on the existing design may look into the 

replacement of different media in the saturated zone. The biocolumns could be 

divided into two or more layers with the media mix in the upper layer, while the 

saturated zone could be filled with zeolite (e.g., Algal-P) or scoria to retain P and 

other pollutants. 

4. With findings obtained from the recommendations 1- 3 previously, further real-

world application testing should be conducted at a field scale in a selected urban 

area. 

5. A study into the removal of emerging contaminants or microplastics using a 

suspended raingarden system could be conducted. The current study only 

involved monitoring ibuprofen and bisphenol A in the effluent collected from the 

biocolumns. Mass balance analysis of different emerging contaminants or 

microplastics in the effluent, media and plant would be an interesting study. 
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Appendix A - Elemental analysis 

Instrument: Elementar Analyser- Vario El Cube       
Method:   10mg 120 s  
                 20mg 120 s        

           
Weight [mg] 

(Q) 
Name Method 

Water content 
(%), M 

N [%] C [%] 
QC 

values 
QN 

values 
CN 
ratio 

10.638 UoA compost 1, Batch 1 (A1) 10mg   120S 0 1.95 26.21 27882 2074   

10.025 UoA compost 2, Batch 1 (A2) 10mg   120S 0 1.78 26.71 26777 1784 14 

10.109 UoA compost 1, Batch 2 (A3) 10mg   120S 0 1.85 26.92 27213 1870   

10.553 UoA compost 2, Batch 2 (A4) 10mg   120S 0 2.05 30.24 31912 2163   

10.068 UoA compost 3, Batch 2 (A5) 10mg   120S 0 1.89 27.60 27788 1903 15 

10.167 UoA compost 1, Batch 3 (A6) 10mg   120S 0 1.85 32.41 32951 1881   

10.153 UoA compost 2, Batch 3 (A7) 10mg   120S 0 1.88 34.79 35322 1909   

10.758 UoA compost 3, Batch 3 (A8) 10mg   120S 0 1.91 35.80 38514 2055 18 

20.021 Living Earth compost 1 (LE1) 20mg   120S 0 2.08 22.22 44487 4164   

20.020 Living Earth compost 2 (LE2) 20mg   120S 0 1.92 20.98 42002 3844   

20.264 Living Earth compost 3 (LE3) 20mg   120S 0 1.95 21.30 43162 3951 11 

         

R =  

Q1[C1(100-M1)] + Q2[C2(100-M2)] + Qn[Cn(100-Mn)] 

Q1[N1(100-M1)] + Q2[N2(100-M2)] + Qn[Nn(100-Mn)] 
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Appendix B – Physical properties of the media mix (MM2 or C5-M) 
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Appendix C – Indoor greenhouse climatic conditions measurement 

Date Time Air T. (oC) Average Time R.H. (%) Average Time 

Indoor 
Light 

Intensity 
(flux) 

Average 
Time 

(Outdoor) 

Outdoor 
Light 

Intensity 
(flux) 

Remarks 

18/06/2019 1.51 pm 21.5 21.3 2.18 pm 65 64 2.18 pm 2710 2733 N/A N/A N/A 
  2.06 pm 22.5   2.28 pm 63     3000         
  2.25 pm 20.0           2490         

19/06/2019 3.53 pm 21.0 21.0 3.57 pm 52 52 3.54 pm 1732 1767 N/A N/A heater on 
                1861         
                1708         

20/06/2019 9.41 am 21.5 21.5 9.48 am 68 68 9.44 am 5460 5453 N/A N/A heater on 
                5770         
                5130         

  
12.27 
pm 

20.5 20.5 
12.35 
pm 

62 62 
12.30 
pm 

8080 9840 N/A N/A heater on 

                11320         
                10120         

21/06/2019 8.31 am 17.5 17.5 8.36 am 92 92 8.32 am 1073 1068 N/A N/A heater off 
                1131         
                1000         

24/06/2019 
11.51 
am 

20.0 20.0 
11.58 
am 

92 92 
11.55 
am 

11980 13983 N/A N/A heater on 

                14800         
                15170         

26/06/019 1.10 pm 21.0 21.0 1.18 pm 66 66 1.13 pm 12490 14753 N/A N/A heater off 
                16300         
                15470         

28/06/2019 
12.58 
pm 

20.5 20.5 1.20 pm 59 59 1.13 pm 13000 14633 1.10 pm 54000 heater off 

                15250         
                15650         

1/07/2019 7.31 am 16.0 16.0 7.38 am 51 51 7.33 am 155 158 N/A N/A heater on 
                173         
                145         

  8.19 am 15.0 15.0 8.25 am 51 51 8.21 am 1820 1987 N/A N/A N/A 
                2120         
                2020         

3/07/2019 7.33 am 18.0 18.0 7.37 am 64 64 7.34 am 171 168 7.58 am 2300 heater on 
                177         
                155         

  7.55 am 18.5 18.5 7.59 am 74 74 7.56 am 847 840 N/A N/A N/A 
                878         

                796       
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5/07/2019 7.31 am 13.0 13.0 7.36 am 84 84 7.40 am 490 558 7.44 am 2800 

Lamp (1) is on- Sodium vapor                 608       

                576       

  8.08 am 14.0 14.0 8.06 am 86 86 8.03 am 1469 1561 N/A N/A N/A 
                1610         
                1604         

8/07/2019 7.25 am 13.5 13.5 7.30 am 69 69 7.58 am 487 496 N/A N/A heater on 
                528         
                474         

10/07/2019 1.15 pm 20.5 20.5 1.18 pm 70 70 1.35 pm 11810 15137 1.34 pm 60000 heater off 
                17000         
                16600         

12/07/2019 7.34 am 14.5 14.5 7.38 am 80 80 7.51 am 371 386 N/A N/A heater on 
                417       

cloudy and rainy day 
                371       

15/07/2019 1.38 pm 20.0 20.0 1.41 pm 62 62 1.43 pm 11780 13120 N/A N/A heater off 
                13700       

install i-buttons for a week 
                13880       

17/07/2019 7.39 am 13.5 13.5 7.42 am 79 79 8.01 am 956 982 N/A N/A heater on 
                1049       

Just rained in the early morning 
                942       

19/07/2019 1.23 pm 17.5 17.5 1.26 pm 81 81 1.28 pm 4310 4523 N/A N/A 
heater on & off intermittently. Raining whole 

day 
                4860       

                4400       

22/07/2019 1.21 pm 22.0 22.0 1.23 pm 61 61 1.27 pm 15110 17403 N/A N/A 
heater is on in the morning and off after 

20oC. Sunny day.  
                18200       

                18900       

24/07/2019 7.58 am 11.5 11.5 8.00 am 73 73 8.57 am 3620 4157 N/A N/A N/A 
                4460         
                4390         

26/07/2019 7.35 am 14.5 14.5 7.39 am 76 76 8.00 am 1456 1499 8.03 am 4270 N/A 
  Outside     Outside       1580         
  7.43 am 12.5 12.5 7.43 am 89 89   1462         

29/07/2019 
10.04 
am 

19.5 19.5 
10.15 
am 

73 73 
10.21 
am 

10430 12613 10.22 am 46900 N/A 

  Outside     Outside       13720         

  
10.16 
am 

16.5 16.5 
10.19 
am 

68 68   13690         

30/07/2019 7.53 am 16.0 16.0 8.00 am 76 76 7.55 am 1066 1186 8.05 am 3660 

Raining. Sodium lamp is on - off at 9.17 am.   Outside     Outside       1277       

  8.08 am 11.5 11.5 8.07 am 88 88   1214       

31/07/2019 9.37 am 17.0 17.0 9.40 am 68 68 9.42 am 7860 9587 9.45 am 44000 N/A 
  Outside     Outside       10250         
  9.50 am 12.0 12.0 9.49 am 73 73   10650         

2/08/2019 7.40 am 14.0 14.0 7.45 am 70 70 7.52 am 703 740 7.53 am 2130 
heater is on. Sodium lamp is off. Cloudy, 

raining & polar blast 
  Outside     Outside       793       

  7.49 am 11.5 11.5 7.49 am 75 75   725       
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5/08/2019 8.31 am 13.0 13.0 8.35 am 69 69 8.36 am 659 696 8.47 am 3280 N/A 
  Outside     Outside       744         
  8.46 am 9.0 9.0 8.52 am 79 79   684         

7/08/2019 7.40 am 13.5 13.5 7.45 am 70 70 9.40 am 8060 10013 9.42 am 39100 sodium lamp is on. Heater is on 
  Outside     Outside       10800         
  7.56 am 7.5 7.5 7.55 am 85 85   11180         

9/08/2019 8.06 am 17.0 17.0 8.09 am 73 73 8.41 am 2070 2193 8.42 am 6650 raining, no sodium lamp is on. Planned - 14 
hr on, 10 hr off (8 am - 10 pm on). Heater is 

on 
  Outside     Outside       2330       

  8.15 am 14.5 14.5 8.15 am 90 90   2180       

12/08/2019 7.39 am 16.0 16.0 7.42 am 80 80 7.45 am 2860 3030 7.47 am 8830 heater is on, sodium lamp is on. (Chris will 
switch off the lamp  until it fixed). Rain is on 

and off. 
  Outside     Outside       3250       

  7.51 am 14.0 14.0 7.51 am 89 89   2980       

14/08/2019 8.58 am 17.0 17.0 9.02 am 69 69 9.08 am 6690 7900 9.09 am 31000 

heater is on, no sodium lamp. Clear day.   Outside     Outside       8420       

  9.05 am 14.0 14.0 9.05 am 74 74   8590       

16/08/2019 7.27 am 14.5 14.5 7.30 am 75 75 
10.08 
am 

11950 13983 10.09 am 49600 heater is on, no sodium lamp 

  Outside     Outside       15150       early morning light rain 
  7.34 am 10.0 10.0 7.34 am 86 86   14850         

19/08/2019 7.42 am 9.5 9.5 7.45 am 70 70 8.50 am 6160 7383 8.52 am 29500 

heater is on, clear day & cold in the morning   Outside     Outside       7920       

  7.49 am 3.5 3.5 7.49 am 90 90   8070       

21/08/2019 7.53 am 15.5 15.5 7.56 am 79 79 9.52 am 9290 10373 9.53 am 35500 
heater is on, cloudy day & raining in the 

early morning 
  Outside     Outside       10880       

  8.00 am 12.0 12.0 8.00 am 94 94   10950       

23/08/2019 7.51 am 16.0 16.0 7.55 am 72 72 9.18 am 2470 2533 9.17 am 7770 
heater is on, cloudy and raining 

occasionally. 
  Outside     Outside       2710       

  7.58 am 12.5 12.5 7.58 am 94 94   2420       

26/08/2019 7.31 am 17.0 17.0 7.35 am 72 72 8.39 am 8970 10220 8.42 am 32000 
heater is on, intermittent rain in the morning 

& windy. 
  Outside     Outside       11110       

  7.39 am 14.5 14.5 7.39 am 84 84   10580       

28/08/2019 7.45 am 15.0 15.0 7.48 am 70 70 8.56 am 7750 8647 8.58 am 42400 

heater is on, clear and sunny day.   Outside     Outside       9050       

  7.52 am 10.5 10.5 7.52 am 80 80   9140       

30/08/2019 7.33 am 13.5 13.5 7.37 am 65 65 8.18 am 5600 6440 8.20 am 13700 

heater is on, nice clear morning, dry air.   Outside     Outside       7000       

  7.40 am 9.5 9.5 7.40 am 79 79   6720       

2/09/2019 7.41 am 14.5 14.5 7.45 am 63 63 8.19 am 3930 4117 8.20 am 11770 heater is on, clear morning, dry air. 
  Outside     Outside       4420       

Low humidity and dry air during weekend? 
  7.48 am 10.5 10.5 7.48 am 80 80   4000       

4/09/2019 7.25 am 19.0 19.0 7.28 am 77 77 8.22 am 9160 10150 8.23 am 38200 heater is on for a bit, quite warm. 
  Outside     Outside       10890       harvest flower for all columns (14 of 18 

columns). Dried for 48 hours at 60 degrees 
C. 

  7.31am 17.0 17.0 7.31 am 95 95   10400       

6/09/2019 7.39 am 16.0 16.0 7.43 am 76 76 8.15 am 8420 9073 8.16 am 20600 
early morning rain, wet and heater is on. 
Intermittent rain and cloudy. Plants look 

  Outside     Outside       9800       

  7.47am 12.0 12.0 7.47 am 88 88   9000       
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drier than normal - lower humidity or flower 
been harvested? 

9/09/2019 7.24am 16.5 16.5 7.27 am 76 76 8.25 am 4450 4683 8.27 am 15250 
heater is on, cloudy day and rained in 

previous night 
  Outside     Outside       5020       

  7.30am 13.0 13.0 7.30 am 89 89   4580       

11/09/2019 7.39am 15.5 15.5 7.42 am 71 71 8.49 am 8800 9650 8.50 am 27000 heater is on, sunny weather. 
  Outside     Outside       10750         
  7.46am 10.0 10.0 7.46 am 80 80   9400         

13/09/2019 7.25am 17.0 17.0 7.29 am 64 64 8.30 am 8310 9243 8.31am 37700 heater is on, clear day in the morning 
  Outside     Outside       10020         
  7.33am 12.5 12.5 7.33 am 77 77   9400         

16/09/2019 7.36am 16.5 16.5 7.39 am 69 69 8.27 am 11700 12750 8.28am 30800 heater is on, clear morning. Effluent 
collected from planted columns less than 

usual 
  Outside     Outside       13800       

  7.43am 12.0 12.0 7.43 am 89 89   12750       

18/09/2019 7.45am 17.0 17.0 7.47 am 64 64 8.23 am 5700 5857 8.24am 17890 heater is on, clear and cloudy morning, 
  Outside     Outside       6180       effluent collected is less than usual 
  7.50am 12.0 12.0 7.50 am 75 75   5690         

20/09/2019 7.49am 15.5 15.5 7.53 am 75 75 8.22 am 8780 9577 8.23am 35000 heater is on, louvre moved upwards since 
Wednesday. Less effect of dry warm air on 

plants. Clear & sunny morning but turn 
cloudy. 

  Outside     Outside       10350       

  7.56am 10.5 10.5 7.56 am 85 85   9600       

23/09/2019 7.23am 17.5 17.5 7.27 am 64 64 8.21 am 5390 5697 8.22am 16480 heater is on, cloudy morning. Open the roof 
door for heat to escape. Temperature went 

high during weekends. 
  Outside     Outside       6170       

  7.30am 13.5 13.5 7.30 am 70 70   5530       

25/09/2019 7.24 am 14.5 14.5 7.27 am 70 70 8.16 am 15500 16167 8.15 am 56000 reading is just taken before rain. Early 
morning rain & cloudy. Rain on/off 

intermittently. Gaps  on the open roof vent is 
reduced to half due to rain is coming in. 

  Outside     Outside       17000       

  7.31am 11.5 11.5 7.31 am 70 70   16000       

27/09/2019 7.21 am 16.0 16.0 7.24 am 75 75 8.24 am 4250 4460 8.23 am 14610 cloudy morning, slight rain, heater is on. 
  Outside     Outside       4820         
  7.27am 12.0 12.0 7.27 am 83 83   4310         

30/09/2019 7.31 am 17.5 17.5 7.35 am 80 80 8.26 am 2390 2470 8.28 am 9570 
heater is on, cloudy day & early morning 

light rain. 
  Outside     Outside       2630       

  7.38am 14.5 14.5 7.38 am 89 89   2390       

2/09/2019 7.25 am 14.0 14.0 7.29 am 69 69 8.39 am 7500 7667 8.40 am 21900 heater is on, clear morning and cold. 
  Outside     Outside       8310         
  7.32am 9.5 9.5 7.32 am 70 70   7190         

4/09/2019 7.14 am 13.5 13.5 7.18 am 83 83 8.43 am 10220 10537 8.45 am 41000 heater is on, overnight rain, clear-sky & 
cold. SZ columns retain wetness compare to 

non-SZ columns 
  Outside     Outside       11450       

  7.22am 8.5 8.5 7.22 am 85 85   9940       

7/10/2019 7.28 am 17.5 17.5 7.31 am 72 72 8.35 am 2130 2227 8.36 am 6830 heater is on, cloudy sky and drizzle. 
  Outside     Outside       2320         
  7.34am 14.0 14.0 7.34 am 79 79   2230         

9/10/2019 7.35 am 15.5 15.5 7.40 am 84 84 8.40 am 8670 8850 8.42 am 33200 heater is on, clear and sunny day. Chris 
may adjust the heater to air-conditioning 

when temp. reaches 25oC. 
  

  Outside     Outside       9600       

  7.43am 12.5 12.5 7.43 am 94 94   8280       
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11/10/2019 7.27 am 17.0 17.0 7.30 am 95 95 8.43 am 1496 1581 8.44 am 3210 
early morning rain, normal air flow until 

above 25oC using air conditioning. 
  Outside     Outside       1651       

  7.35am 16.0 16.0 7.35 am 99 99   1596       

14/10/2019 7.27 am 15.5 15.5 7.30 am 79 79 8.32 am 2740 2873 8.35 am 8760 cold and windy morning, cloudy 
  Outside     Outside       3030         
  7.33am 14.5 14.5 7.33 am 79 79   2850         

16/10/2019 7.24 am 14.0 14.0 7.27 am 95 95 8.37 am 4170 4410 8.38 am 12840 

normal air conditioning, clear and cloudy sky   Outside     Outside       4710       

  7.31am 14.0 14.0 7.31 am 90 90   4350       

18/10/2019 7.39 am 15.0 15.0 7.42 am 89 89 8.40 am 11140 10910 8.41 am 34300 normal air conditioning is on, clear & cloudy 
day. Humidity is high for few days - all 

columns produced effluent in the 1st dosing. 
  Outside     Outside       11300       

  7.45am 13.5 13.5 7.45 am 89 89   10290       

21/10/2019 7.39 am 14.0 14.0 7.42 am 89 89 8.48 am 13790 13367 8.49 am 45100 normal air-conditioning is on - air circulation. 
Clear & sunny sky in the early morning turns 

towards half cloudy later 
  Outside     Outside       14190       

  7.50am 13.5 13.5 7.50 am 84 84   12120       

23/10/2019 7.25 am 12.0 12.0 7.29 am 81 81 8.42 am 7330 7307 8.44 am 31200 
normal air conditioning is on, cold morning 

with occasional rain & strong wind. 
  Outside     Outside       7710       

  7.32am 11.0 11.0 7.32 am 69 69   6880       

25/10/2019 7.29 am 14.0 14.0 7.32 am 69 69 8.42 am 17500 18100 8.43 am 37500 cloudy and windy day. 
  Outside     Outside       19400       air-conditioning is on. 
  7.36am 13.0 13.0 7.36 am 66 66   17400         

28/10/2019 7.57 am 18.5 18.5 8.01 am 80 80 8.36 am 9000 8690 8.37 am 31900 air-conditioning is on 
  Outside     Outside       8930       Clear & sunny day, slightly cloudy. 
  8.04 am 16.0 16.0 8.04 am 85 85   8140         

30/10/2019 7.25 am 12.5 12.5 7.29 am 83 83 8.38 am 15610 15860 8.40 am 45700 
sunny but partially cloudy sky. Cold morning 

with dry air. Air-conditioning is on. 
  Outside     Outside       16170       

  7.32am 12.5 12.5 7.32 am 61 61   15800       

1/11/2019 7.26 am 15.0 15.0 7.29 am 65 65 8.44 am 3380 3597 8.45 am 10560 air-conditioning is on, cloudy day. 
  Outside     Outside       3790         
  7.32am 14.0 14.0 7.32 am 69 69   3620         

4/11/2019 7.26 am 16.5 16.5 7.29 am 85 85 8.30 am 13420 12973 8.31 am 40400 air-conditioning is on 
  Outside     Outside       13590       clear sky and warmer temperature 
  7.32am 16.5 16.5 7.32 am 85 85   11910         

6/11/2019 7.38 am 17.5 17.5 7.41 am 85 85 8.36 am 10770 10333 8.37 am 26600 air-conditioning is on, cloudy day and 
humid. Adjusted the open roof vent - double 

the gap at 9.12 am. 
  Outside     Outside       10650       

  7.43am 16.5 16.5 7.43 am 82 82   9580       

8/11/2019 7.28 am 19.0 19.0 7.31 am 90 90 8.43 am 4450 4743 8.45 am 13340 air-conditioning is on, warmer day but humid 
and cloudy. Adjusted the open roof vent to 
smaller gap at 10.00 am today (weekend 

windy & raining) 

  Outside     Outside       5080       

  7.42am 18.5 18.5 7.42 am 90 90   4700       

11/11/2019 7.26 am 16.0 16.0 7.28 am 85 85 8.34 am 20700 19100 8.35 am 55800 air-conditioning is still on. Clear sky in the 
early morning with plenty of sunlight then 

turns cloudy. 
  Outside     Outside       19120       

  7.35am 15.0 15.0 7.35 am 79 79   17480       

13/11/2019 7.25 am 13.5 13.5 7.28 am 78 78 8.32 am 17200 15467 8.33 am 58500 Air conditioning is on. Cold morning with 
plenty of sunlight in the early morning. C3SZ 
experience growth of moss/algae with insect 

(confirmed by Robyn) 

  Outside     Outside       15700       

  7.31am 13.5 13.5 7.31 am 62 62   13500       
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15/11/2019 7.26 am 15.5 15.5 7.29 am 71 71 8.30 am 21700 17733 8.32 am 54300 Air-conditioning is on, clear sky 
  Outside     Outside       16900         
  7.32am 15.0 15.0 7.32 am 61 61   14600         

18/11/2019 7.39 am 20.5 20.5 7.42 am 88 88 8.38 am 3110 3307 8.39 am 10440 Air-conditioning is on, early morning shower 
with occasionally rain and cloudy 

afterwards. High humidity and temperature. 
  Outside     Outside       3470       

  7.45am 18.0 18.0 7.45 am 95 95   3340       

20/11/2019 7.38 am 16.5 16.5 7.41 am 85 85 8.28 am 19200 17343 8.30 am 57900 air-conditioning is on, clear and cloudy 
morning occasionally. Open wider the open 

vent roof at 9.00 am 
  Outside     Outside       17630       

  7.44am 14.5 14.5 7.44 am 79 79   15200       

22/11/2019 7.27 am 15.5 15.5 7.32 am 85 85 8.30 am 21800 17967 8.31 am 58100 
Air-conditioning is on, clear sky. C1SZ and 

C2SZ has moss and algae growth 
  Outside     Outside       17400       

  7.35am 16.0 16.0 7.35 am 75 75   14700       

25/11/2019 7.43 am 19.0 19.0 7.47 am 77 77 8.24 am 14030 12667 8.25 am 42900 
air conditioning is on, warm temperrature, 

cloudy and sunny day 
  Outside     Outside       12670       
  7.42am 18.0 18.0 7.50 am 78 78   11300       

27/11/2019 7.28 am 19.0 19.0 7.32 am 86 86 8.28 am 22100 18427 8.30 am 45100 air-conditioning is still on, sunny day. 
  Outside     Outside       16800         
  7.42am 18.5 18.5 7.35 am 76 76   16380         

29/11/2019 7.38 am 21.0 21.0 7.41 am 82 82 8.35 am 24500 20100 8.36 am 53300 Air conditioning is on, sunny day.  
  Outside     Outside       18200         
  7.44am 20.0 20.0 7.44 am 81 81   17600         

2/12/2019 7.09 am 20.5 20.5 7.11 am 90 90 8.25 am 25900 20567 8.27 am 53200 
Air-conditioning is on. Warm and humid 

morning, raining before in the early morning 
  Outside     Outside       18800       

  7.15am 19.0 19.0 7.15 am 90 90   17000       

4/12/2019 7.26 am 19.5 19.5 7.28 am 89 89 8.26 am 24200 19200 8.27 am 53100 
Air-conditioning is on, high humidity and 

sunny morning. 
  Outside     Outside       16510       
  7.31am 19.0 19.0 7.31 am 86 86   16890       

6/12/2019 7.24 am 21.0 21.0 7.26 am 86 86 8.22 am 14400 13100 8.23 am 42000 Air-conditioning is on, humid and cloudy 
morning. Effluent in all columns look darker 

in color today (NSZ/SZ). 
  Outside     Outside       12700       

  7.29am 18.5 18.5 7.29 am 86 86   12200       

9/12/2019 8.32 am 25.5 25.5 8.35 am 62 62 8.40 am 28000 33867 8.41 am 58900 
Air-conditioning is still on, warm morning 

and cloudy occasionally. 
  Outside     Outside       18800       

  8.37 am 21.0 21.0 8.37 am 65 65   54800       

 

Legend: 

    Morning measurement 

   Afternoon measurement 

  Evening measurement 
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Appendix D. Calculation of stormwater dosing regime in phytoremediation study 

 

Average annual rainfall recorded in Auckland (Mangere), 2018, I – 1482 mm or 

4.06 mm/d (2018 Annual Climate Summary, (NIWA, 2019), page 25) 

 

Circular surface area for biocolumn, A – 177 cm2 (based on ID – 150 mm) 

 

Using Q=CiA method (Rational Equation Method), with c = 0.80 and ratio of catchment 

area to bioretention area – 2%  (Fassman-Beck, Elizabeth et al., 2013), then the 

calculated Q100% is 2870 ml/day or 120 ml/h. 

 

Dosing period for each biocolumn was 1 hour using PE cup. Dosing frequency per 

week – 2.5 to 3 times. Based on record from the CliFlo database, NIWA (2019), there 

was a probability of 0.35 raining in 2017 (Appendix E) while it was 0.40 raining in 2018 

(Appendix F) (rain day is based on ≥ 1 mm rainfall occurrence per day). Therefore, 

these probabilities refer to a frequency of 10 – 11 days of raining in a month (28 days). 

 

Hence, to conduct a reasonable and practical simulation of rainfall event in the study, 

a total of daily rainfall per column for a week duration will be calculated as 280 ml/h (7 

days/3 days x 120 ml/h) per dosing with a dosing frequency of 3 times a week. 
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Appendix E. CliFlo rainfall data for Mangere, Auckland (2017) 

 

Date(NZST)

Amount

(mm)

Deficit 

(mm)

Runoff 

(mm) Date(NZST)

Amount 

(mm)

Deficit 

(mm)

Runoff 

(mm) Date(NZST)

Amount 

(mm)

Deficit 

(mm)

Runoff 

(mm)

01/01/2017 08 0 134.9 0 01/09/2017 09 0 1.3 0 07/04/2017 09 1 0.9 0

02/01/2017 08 0 135.9 0 04/09/2017 09 0 2.2 0 18/04/2017 09 1 3 0

06/01/2017 08 0 135.2 0 05/09/2017 09 0 4.5 0 01/07/2017 09 1 2.9 0

07/01/2017 08 0 136.2 0 14/09/2017 09 0 3.3 0 23/09/2017 09 1 1.3 0

08/01/2017 08 0 137.1 0 15/09/2017 09 0 5.5 0 28/09/2017 08 1 4.3 0

09/01/2017 08 0 137.9 0 20/09/2017 09 0 2.2 0 17/04/2017 09 1.2 2.2 0

10/01/2017 08 0 138.7 0 24/09/2017 08 0 3.6 0 17/06/2017 09 1.2 0.9 0

11/01/2017 08 0 139.5 0 25/09/2017 08 0 5.8 0 26/06/2017 09 1.2 0 0.4

12/01/2017 08 0 140.2 0 26/09/2017 08 0 8.1 0 26/07/2017 09 1.2 0 0.5

13/01/2017 08 0 140.8 0 29/09/2017 08 0 6.6 0 13/09/2017 09 1.2 1 0

15/01/2017 08 0 141.8 0 04/10/2017 08 0 5.1 0 12/10/2017 08 1.2 6.4 0

16/01/2017 08 0 142.3 0 05/10/2017 08 0 8 0 23/06/2017 09 1.4 0 0.6

17/01/2017 08 0 142.8 0 06/10/2017 08 0 11 0 25/06/2017 09 1.4 0 0.6

18/01/2017 08 0 143.3 0 13/10/2017 08 0 9.4 0 07/10/2017 08 1.4 12.5 0

19/01/2017 08 0 143.8 0 15/10/2017 08 0 13.1 0 09/12/2017 08 1.4 125.7 0

24/01/2017 08 0 122.6 0 16/10/2017 08 0 16 0 15/04/2017 09 1.6 0.3 0

25/01/2017 08 0 124.4 0 17/10/2017 08 0 18.9 0 29/04/2017 09 1.6 21.5 0

27/01/2017 08 0 124.9 0 19/10/2017 08 0 24.4 0 05/06/2017 09 1.6 0 0.1

28/01/2017 08 0 126.5 0 20/10/2017 08 0 27.4 0 26/12/2017 08 1.6 133.7 0

29/01/2017 08 0 128.1 0 21/10/2017 08 0 30.3 0 04/01/2017 08 1.8 133.4 0

30/01/2017 08 0 129.5 0 22/10/2017 08 0 33.2 0 23/01/2017 08 1.8 120.7 0

31/01/2017 08 0 130.9 0 29/10/2017 08 0 33.4 0 15/07/2017 09 1.8 0 1.1

01/02/2017 08 0 132.1 0 31/10/2017 08 0 39.1 0 03/11/2017 08 1.8 48.7 0

02/02/2017 08 0 133.1 0 01/11/2017 08 0 42.1 0 24/06/2017 09 2 0 1.2

04/02/2017 08 0 134.5 0 02/11/2017 08 0 46.3 0 13/07/2017 09 2 0 1.3

05/02/2017 08 0 135.3 0 06/11/2017 08 0 55.5 0 01/10/2017 08 2 8.6 0

06/02/2017 08 0 136.1 0 07/11/2017 08 0 59.8 0 04/04/2017 09 2.2 5.9 0

07/02/2017 08 0 136.9 0 10/11/2017 08 0 66.8 0 17/09/2017 09 2.2 0 0

08/02/2017 08 0 137.6 0 11/11/2017 08 0 71 0 14/10/2017 08 2.2 10.1 0

11/02/2017 08 0 139.1 0 12/11/2017 08 0 75.2 0 19/12/2017 08 2.2 134.3 0

12/02/2017 08 0 139.7 0 13/11/2017 08 0 79.5 0 18/02/2017 08 2.4 91.2 0

21/02/2017 08 0 99.5 0 14/11/2017 08 0 83.4 0 03/01/2017 08 2.6 134.2 0

22/02/2017 08 0 102.3 0 16/11/2017 08 0 84.1 0 21/09/2017 09 2.6 1.9 0

23/02/2017 08 0 104.8 0 17/11/2017 08 0 87.8 0 15/02/2017 08 2.8 138 0

24/02/2017 08 0 107.3 0 18/11/2017 08 0 91.3 0 14/04/2017 09 2.8 0 0.9

25/02/2017 08 0 109.6 0 21/11/2017 08 0 94.9 0 02/06/2017 09 2.8 2 0

26/02/2017 08 0 111.8 0 22/11/2017 08 0 98 0 10/07/2017 09 2.8 0 2.1

27/02/2017 08 0 113.9 0 23/11/2017 08 0 100.9 0 24/07/2017 09 2.8 0 2.1

28/02/2017 08 0 115.8 0 24/11/2017 08 0 103.7 0 26/01/2017 08 3 123.1 0

01/03/2017 08 0 117.7 0 25/11/2017 08 0 106.3 0 08/06/2017 09 3 0 2.2

02/03/2017 08 0 118.9 0 26/11/2017 08 0 108.8 0 12/09/2017 09 3 0 0.8

03/03/2017 08 0 120.1 0 27/11/2017 08 0 111.1 0 14/12/2017 08 3 130.5 0

05/03/2017 08 0 122 0 28/11/2017 08 0 113.3 0 03/04/2017 09 3.2 6.3 0

06/03/2017 08 0 123 0 29/11/2017 08 0 115.3 0 12/04/2017 09 3.2 5.9 0

07/03/2017 08 0 124.1 0 02/12/2017 08 0 110.6 0 09/09/2017 09 3.4 0 1.2

14/03/2017 08 0 2.9 0 03/12/2017 08 0 113.5 0 07/06/2017 09 3.6 0 2.5

15/03/2017 08 0 5.8 0 04/12/2017 08 0 116.2 0 08/07/2017 09 3.6 0 2.9

16/03/2017 08 0 8.6 0 05/12/2017 08 0 118.8 0 12/07/2017 09 3.6 0 2.9

17/03/2017 08 0 11.5 0 06/12/2017 08 0 121.1 0 14/06/2017 09 3.8 0 0.6

18/03/2017 08 0 14.4 0 07/12/2017 08 0 123.2 0 04/07/2017 09 3.8 0 3.1

19/03/2017 08 0 17.3 0 08/12/2017 08 0 125.2 0 11/07/2017 09 3.8 0 3.1

20/03/2017 08 0 20.1 0 10/12/2017 08 0 127.5 0 23/10/2017 08 3.8 32.4 0

21/03/2017 08 0 23 0 11/12/2017 08 0 129.1 0 24/10/2017 08 3.8 31.5 0

22/03/2017 08 0 25.9 0 12/12/2017 08 0 130.7 0 28/03/2017 08 4 1.4 0

23/03/2017 08 0 28.8 0 13/12/2017 08 0 132.1 0 07/09/2017 09 4 0 1.8

24/03/2017 08 0 31.7 0 15/12/2017 08 0 131.9 0 22/09/2017 09 4 0.1 0

25/03/2017 08 0 34.5 0 16/12/2017 08 0 133.3 0 09/03/2017 08 4.2 97.6 0

26/03/2017 08 0 37.4 0 18/12/2017 08 0 135.5 0 11/09/2017 09 4.2 0 2

31/03/2017 08 0 2.9 0 21/12/2017 08 0 128.4 0 20/01/2017 08 4.4 139.8 0

01/04/2017 08 0 5.8 0 22/12/2017 08 0 130 0 08/09/2017 09 4.4 0 2.2

02/04/2017 09 0 7.6 0 23/12/2017 08 0 131.5 0 25/07/2017 09 4.8 0 4.1

09/04/2017 09 0 3.8 0 24/12/2017 08 0 132.9 0 11/08/2017 09 4.8 0 3.5

11/04/2017 09 0 7.3 0 25/12/2017 08 0 134.2 0 29/08/2017 09 5 0 3.4

19/04/2017 09 0 4.9 0 27/12/2017 08 0 135 0 01/05/2017 09 5.2 0 3.3

21/04/2017 09 0 8.2 0 28/12/2017 08 0 136.1 0 03/08/2017 09 5.2 0 3.9

22/04/2017 09 0 10.1 0 29/12/2017 08 0 137.1 0 08/11/2017 08 5.4 58.6 0

23/04/2017 09 0 11.9 0 30/12/2017 08 0 138.1 0 05/11/2017 08 5.6 51.3 0

24/04/2017 09 0 13.8 0 31/12/2017 08 0 139 0 19/11/2017 08 5.8 88.8 0

25/04/2017 09 0 15.6 0 14/01/2017 08 0.2 141.2 0 30/11/2017 08 5.8 111.5 0

26/04/2017 09 0 17.5 0 09/02/2017 08 0.2 138.1 0 04/05/2017 09 6.2 0 2.8

27/04/2017 09 0 19.3 0 10/02/2017 08 0.2 138.5 0 07/08/2017 09 6.2 0 1

28/04/2017 09 0 21.2 0 14/02/2017 08 0.2 140.2 0 01/12/2017 08 6.2 107.4 0

02/05/2017 09 0 1.1 0 10/03/2017 08 0.2 99.4 0 25/05/2017 09 6.4 0 1.9

03/05/2017 09 0 2.3 0 10/04/2017 09 0.2 5.4 0 23/07/2017 09 6.4 0 5.7

05/05/2017 09 0 1.1 0 29/05/2017 09 0.2 1.5 0 13/05/2017 09 6.6 0 5.5

06/05/2017 09 0 2.3 0 09/06/2017 09 0.2 0.6 0 09/10/2017 08 6.6 0 1.4

07/05/2017 09 0 3.4 0 16/06/2017 09 0.2 1.3 0 16/02/2017 08 6.8 131.8 0

08/05/2017 09 0 4.5 0 05/07/2017 09 0.2 0.5 0 15/11/2017 08 7 80.2 0

09/05/2017 09 0 5.6 0 20/07/2017 09 0.2 3.4 0 11/05/2017 09 7.2 0.7 0

10/05/2017 09 0 6.8 0 08/08/2017 09 0.2 1.1 0 22/06/2017 09 7.2 0 2.8

14/05/2017 09 0 1.1 0 27/08/2017 09 0.2 8 0 27/09/2017 08 7.2 3.1 0

15/05/2017 09 0 2.3 0 26/10/2017 08 0.2 36.8 0 12/03/2017 08 7.6 3.6 0

16/05/2017 09 0 3.4 0 30/10/2017 08 0.2 36.2 0 09/08/2017 09 7.6 0 5.2

22/05/2017 09 0 1.1 0 04/11/2017 08 0.2 52.7 0 14/08/2017 09 7.6 0 4.3

23/05/2017 09 0 2.3 0 09/11/2017 08 0.2 62.6 0 18/05/2017 09 7.8 0 6.7

24/05/2017 09 0 3.4 0 17/12/2017 08 0.2 134.3 0 21/05/2017 09 7.8 0 5.4

26/05/2017 09 0 1.1 0 05/01/2017 08 0.4 134.1 0 16/09/2017 09 8.2 0 0.5

30/05/2017 09 0 2.6 0 03/02/2017 08 0.4 133.6 0 27/05/2017 09 8.4 0 6.1

01/06/2017 09 0 4 0 13/02/2017 08 0.4 139.9 0 30/03/2017 08 8.6 0 5.7

04/06/2017 09 0 0.8 0 19/02/2017 08 0.4 94 0 20/12/2017 08 8.8 126.7 0

10/06/2017 09 0 1.3 0 20/02/2017 08 0.4 96.6 0 28/08/2017 09 9 0.3 0

12/06/2017 09 0 2.3 0 04/03/2017 08 0.4 120.8 0 10/09/2017 09 9 0 6.8

15/06/2017 09 0 0.8 0 20/04/2017 09 0.4 6.3 0 14/07/2017 09 9.2 0 8.5

18/06/2017 09 0 1.7 0 19/05/2017 09 0.4 0.7 0 20/08/2017 09 9.2 0 4.1

20/06/2017 09 0 2.8 0 06/06/2017 09 0.4 0.4 0 10/08/2017 09 9.4 0 8.1

21/06/2017 09 0 3.6 0 19/06/2017 09 0.4 2.1 0 15/08/2017 09 9.4 0 8.1

27/06/2017 09 0 0.8 0 29/07/2017 09 0.4 0.3 0 06/09/2017 09 9.4 0 2.7

28/06/2017 09 0 1.5 0 16/08/2017 09 0.4 0.9 0 19/09/2017 09 9.4 0 7.2

29/06/2017 09 0 2.3 0 19/08/2017 09 0.4 3.8 0 30/08/2017 09 9.8 0 8.5

30/06/2017 09 0 3.1 0 30/09/2017 08 0.4 8.4 0 06/04/2017 09 10.2 0 8.3

16/07/2017 09 0 0.7 0 10/10/2017 08 0.4 2.5 0 02/08/2017 09 10.6 0 6.9

17/07/2017 09 0 1.4 0 18/10/2017 08 0.4 21.5 0 09/07/2017 09 11 0 10.3

18/07/2017 09 0 2.1 0 25/10/2017 08 0.4 34.1 0 28/10/2017 08 11.4 30.5 0

19/07/2017 09 0 2.9 0 21/01/2017 08 0.6 139.8 0 02/09/2017 09 11.6 0 8.1

27/07/2017 09 0 0.7 0 16/04/2017 09 0.6 1.5 0 03/09/2017 09 11.6 0 9.4

30/07/2017 09 0 1 0 20/05/2017 09 0.6 1.3 0 08/10/2017 08 13.2 2.3 0

31/07/2017 09 0 1.7 0 28/05/2017 09 0.6 0.5 0 28/07/2017 09 13.8 0 12.4

01/08/2017 09 0 2.5 0 11/06/2017 09 0.6 1.5 0 18/09/2017 09 16.2 0 13.9

04/08/2017 09 0 1.3 0 13/06/2017 09 0.6 2.5 0 02/10/2017 08 16.2 0 4.6

05/08/2017 09 0 2.6 0 12/08/2017 09 0.6 0.7 0 03/07/2017 09 17.4 0 16.7

06/08/2017 09 0 3.9 0 18/08/2017 09 0.6 2.9 0 22/01/2017 08 20 120.5 0

13/08/2017 09 0 2 0 20/11/2017 08 0.6 91.6 0 07/07/2017 09 21.8 0 21.1

17/08/2017 09 0 2.2 0 08/04/2017 09 0.8 1.9 0 22/07/2017 09 21.8 0 21.1

22/08/2017 09 0 1.8 0 31/05/2017 09 0.8 2.9 0 06/07/2017 09 22.2 0 21

23/08/2017 09 0 3.1 0 21/08/2017 09 0.8 0.5 0 29/03/2017 08 22.8 0 18.6

24/08/2017 09 0 4.4 0 03/10/2017 08 0.8 2.1 0 31/08/2017 09 22.8 0 21.5

25/08/2017 09 0 5.7 0 11/10/2017 08 0.8 4.7 0 02/07/2017 09 23.6 0 20

26/08/2017 09 0 6.9 0 27/10/2017 08 0.8 39 0 30/04/2017 09 24.4 0 1.1

08/03/2017 08 25.2 99.9 0

03/06/2017 09 26.2 0 23.4

21/07/2017 09 27.6 0 23.5

17/05/2017 09 28.4 0 23.9

13/03/2017 08 37.8 0 31.3

Count (no raining, < 1 mm) = 236 27/03/2017 08 37.8 2.5 0

Count (all days in 2017) = 365 17/02/2017 08 42.4 90.4 0

Ratio of raining per year = 0.35342 12/05/2017 09 49.4 0 47.6

13/04/2017 09 73 0 65.2

05/04/2017 09 82.4 0 74.6

11/03/2017 08 93 8.3 0
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Appendix F. CliFlo rainfall data for Mangere, Auckland (2018) 

Date(NZST)

Amount

(mm)

Deficit 

(mm)

Runoff 

(mm) Date(NZST)

Amount 

(mm)

Deficit 

(mm)

Runoff 

(mm) Date(NZST)

Amount 

(mm)

Deficit 

(mm)

Runoff 

(mm)

01/01/2018 08 0 139.8 0 10/09/2018 09 0 6.6 0 27/09/2018 09 1.6 20 0

03/01/2018 08 0 135.3 0 12/09/2018 09 0 10.4 0 20/07/2018 09 2 0 0.1

07/01/2018 08 0 87.5 0 13/09/2018 09 0 12.6 0 02/10/2018 08 2 29.5 0

08/01/2018 08 0 91.6 0 14/09/2018 09 0 14.8 0 22/02/2018 08 2.2 16.2 0

09/01/2018 08 0 95.5 0 15/09/2018 09 0 17 0 22/06/2018 09 2.2 0 1.5

10/01/2018 08 0 99.1 0 16/09/2018 09 0 19.2 0 29/06/2018 09 2.2 0 1.1

11/01/2018 08 0 102.5 0 20/09/2018 09 0 19.6 0 24/07/2018 09 2.2 0 1.5

12/01/2018 08 0 105.6 0 21/09/2018 09 0 21.8 0 26/10/2018 08 2.2 77.5 0

13/01/2018 08 0 108.5 0 23/09/2018 09 0 25.6 0 27/11/2018 08 2.2 60.1 0

14/01/2018 08 0 111.3 0 24/09/2018 09 0 27.8 0 01/12/2018 08 2.2 73 0

16/01/2018 08 0 115.8 0 28/09/2018 09 0 22.2 0 02/12/2018 08 2.2 75.2 0

17/01/2018 08 0 118.1 0 30/09/2018 08 0 26.4 0 22/04/2018 09 2.4 31.4 0

21/01/2018 08 0 97.6 0 01/10/2018 08 0 28.6 0 27/05/2018 09 2.4 0 1.3

25/01/2018 08 0 89.5 0 04/10/2018 08 0 34 0 17/06/2018 09 2.6 0 1.9

26/01/2018 08 0 93.5 0 05/10/2018 08 0 37 0 24/06/2018 09 2.6 0 1.5

27/01/2018 08 0 97.2 0 06/10/2018 08 0 39.9 0 07/12/2018 08 2.6 62.3 0

29/01/2018 08 0 102.8 0 07/10/2018 08 0 42.9 0 16/04/2018 09 2.8 27.4 0

30/01/2018 08 0 105.9 0 08/10/2018 08 0 45.8 0 18/04/2018 09 2.8 26.2 0

31/01/2018 08 0 108.8 0 09/10/2018 08 0 48.7 0 10/11/2018 08 2.8 80.1 0

07/02/2018 08 0 43.7 0 10/10/2018 08 0 51.7 0 14/03/2018 08 3 55.8 0

16/02/2018 08 0 3.5 0 11/10/2018 08 0 54.6 0 17/04/2018 09 3 26.7 0

17/02/2018 08 0 7 0 14/10/2018 08 0 44.6 0 16/06/2018 09 3 0 1.6

18/02/2018 08 0 10.4 0 15/10/2018 08 0 47.6 0 01/09/2018 09 3 0 0.6

19/02/2018 08 0 13.9 0 16/10/2018 08 0 50.5 0 06/12/2018 08 3.2 60.5 0

24/02/2018 08 0 22.3 0 17/10/2018 08 0 53.5 0 11/07/2018 09 3.4 0 2.7

25/02/2018 08 0 25.8 0 18/10/2018 08 0 56.4 0 14/05/2018 09 3.6 9.9 0

26/02/2018 08 0 29.3 0 20/10/2018 08 0 62.1 0 13/06/2018 09 3.6 0 2.9

27/02/2018 08 0 32.7 0 21/10/2018 08 0 65 0 03/09/2018 09 3.6 0 1.4

28/02/2018 08 0 36.2 0 22/10/2018 08 0 68 0 15/12/2018 08 3.6 91.3 0

04/03/2018 08 0 47.9 0 23/10/2018 08 0 70.9 0 17/12/2018 08 3.6 94.4 0

05/03/2018 08 0 51.2 0 24/10/2018 08 0 73.9 0 13/04/2018 09 3.8 61.9 0

06/03/2018 08 0 54.5 0 25/10/2018 08 0 76.8 0 28/07/2018 09 3.8 0 2.4

07/03/2018 08 0 57.9 0 27/10/2018 08 0 80.3 0 12/05/2018 09 4 31.6 0

10/03/2018 08 0 58.7 0 03/11/2018 08 0 61.8 0 19/06/2018 09 4 0 2.7

11/03/2018 08 0 62 0 05/11/2018 08 0 64.4 0 21/08/2018 09 4 0 0.5

12/03/2018 08 0 65.3 0 06/11/2018 08 0 68.2 0 30/08/2018 09 4 0 2.8

15/03/2018 08 0 59.1 0 07/11/2018 08 0 72 0 08/03/2018 08 4.2 57 0

16/03/2018 08 0 62.4 0 08/11/2018 08 0 75.7 0 03/12/2018 08 4.2 75.4 0

17/03/2018 08 0 65.8 0 11/11/2018 08 0 83.6 0 23/01/2018 08 4.4 89.2 0

18/03/2018 08 0 69.1 0 13/11/2018 08 0 82.2 0 17/05/2018 09 4.4 8.9 0

19/03/2018 08 0 72.4 0 14/11/2018 08 0 85.6 0 28/05/2018 09 4.4 0 3.3

26/03/2018 08 0 57.7 0 15/11/2018 08 0 88.8 0 21/02/2018 08 4.8 14.9 0

27/03/2018 08 0 61 0 16/11/2018 08 0 91.9 0 04/09/2018 09 4.8 0 2.6

28/03/2018 08 0 64.3 0 17/11/2018 08 0 94.9 0 01/11/2018 08 4.8 55.2 0

29/03/2018 08 0 67.7 0 18/11/2018 08 0 97.6 0 09/03/2018 08 5 55.3 0

02/04/2018 09 0 78.3 0 28/11/2018 08 0 63.8 0 12/04/2018 09 5 63.4 0

03/04/2018 09 0 80.5 0 29/11/2018 08 0 67.6 0 09/07/2018 09 5 0 0.9

04/04/2018 09 0 82.7 0 30/11/2018 08 0 71.4 0 03/08/2018 09 5 0 0.8

06/04/2018 09 0 85.2 0 08/12/2018 08 0 66.7 0 26/09/2018 09 5 19.4 0

07/04/2018 09 0 87.2 0 09/12/2018 08 0 71.1 0 04/11/2018 08 5 60.6 0

09/04/2018 09 0 90.8 0 10/12/2018 08 0 75.5 0 22/05/2018 09 5.2 0 4.1

20/04/2018 09 0 29.8 0 11/12/2018 08 0 79.9 0 19/11/2018 08 5.4 94.9 0

23/04/2018 09 0 33.7 0 12/12/2018 08 0 84 0 15/08/2018 09 5.6 0 4.4

24/04/2018 09 0 36 0 13/12/2018 08 0 87.8 0 18/08/2018 09 5.6 0 4.4

26/04/2018 09 0 40.4 0 14/12/2018 08 0 91.5 0 22/07/2018 09 5.8 0 4.4

27/04/2018 09 0 42.7 0 16/12/2018 08 0 94.7 0 21/12/2018 08 6 86.8 0

30/04/2018 09 0 23.2 0 18/12/2018 08 0 97.6 0 02/01/2018 08 6.2 134.2 0

02/05/2018 09 0 25.5 0 19/12/2018 08 0 100.7 0 26/06/2018 09 6.2 0 5.5

03/05/2018 09 0 26.6 0 27/12/2018 08 0 18.7 0 02/07/2018 09 6.2 0 4.2

04/05/2018 09 0 27.8 0 28/12/2018 08 0 23.1 0 22/08/2018 09 6.2 0 5

05/05/2018 09 0 28.9 0 29/12/2018 08 0 27.5 0 02/09/2018 09 6.2 0 4

08/05/2018 09 0 31 0 30/12/2018 08 0 31.9 0 31/10/2018 08 6.4 57.1 0

09/05/2018 09 0 32.1 0 31/12/2018 08 0 36.3 0 10/04/2018 09 6.6 86 0

10/05/2018 09 0 33.3 0 20/01/2018 08 0.2 93.8 0 10/07/2018 09 6.8 0 6.1

11/05/2018 09 0 34.4 0 01/03/2018 08 0.2 39.5 0 07/09/2018 09 6.8 0 1.2

15/05/2018 09 0 11 0 08/04/2018 09 0.2 88.9 0 09/08/2018 09 7.4 0 1.4

16/05/2018 09 0 12.2 0 25/04/2018 09 0.2 38.1 0 23/08/2018 09 7.4 0 6.2

19/05/2018 09 0 10.6 0 20/06/2018 09 0.2 0.5 0 06/02/2018 08 7.6 40.2 0

29/05/2018 09 0 1.1 0 23/06/2018 09 0.2 0.5 0 25/09/2018 09 7.8 22.2 0

30/05/2018 09 0 2.3 0 28/06/2018 09 0.2 0.5 0 26/12/2018 08 7.8 14.3 0

31/05/2018 09 0 3.4 0 12/07/2018 09 0.2 0.5 0 24/01/2018 08 8 85.2 0

01/06/2018 09 0 4.6 0 17/07/2018 09 0.2 0.5 0 19/09/2018 09 8 17.4 0

02/06/2018 09 0 5.3 0 19/07/2018 09 0.2 1.2 0 10/02/2018 08 8.2 34.1 0

08/06/2018 09 0 0.7 0 02/08/2018 09 0.2 3 0 21/05/2018 09 8.2 0 7.1

09/06/2018 09 0 1.3 0 04/08/2018 09 0.2 1 0 07/06/2018 09 8.2 0 7.3

10/06/2018 09 0 2 0 07/08/2018 09 0.2 3.7 0 12/11/2018 08 8.4 78.6 0

11/06/2018 09 0 2.7 0 10/08/2018 09 0.2 1 0 15/02/2018 08 8.6 0 5.1

15/06/2018 09 0 0.7 0 17/09/2018 09 0.2 21.2 0 17/08/2018 09 8.6 0 6.3

18/06/2018 09 0 0.7 0 18/09/2018 09 0.2 23.2 0 21/11/2018 08 8.8 90.2 0

30/06/2018 09 0 0.7 0 29/09/2018 09 0.2 24.2 0 25/11/2018 08 8.8 71.3 0

01/07/2018 09 0 1.3 0 19/10/2018 08 0.2 59.2 0 14/08/2018 09 9.4 0 3.8

04/07/2018 09 0 0.7 0 09/11/2018 08 0.2 79.3 0 05/12/2018 08 9.4 59.3 0

05/07/2018 09 0 1.4 0 23/11/2018 08 0.2 86.6 0 24/05/2018 09 9.8 0 8.7

06/07/2018 09 0 2 0 04/01/2018 08 0.4 135.9 0 22/11/2018 08 9.8 83.4 0

07/07/2018 09 0 2.7 0 15/01/2018 08 0.4 113.4 0 25/03/2018 0810.4 54.4 0

08/07/2018 09 0 3.4 0 01/02/2018 08 0.4 111.2 0 15/04/2018 0910.4 27.9 0

13/07/2018 09 0 1.2 0 03/02/2018 08 0.4 84 0 26/05/2018 0910.6 0 9.5

14/07/2018 09 0 1.8 0 03/03/2018 08 0.4 44.6 0 03/06/2018 0910.8 0 4.9

21/07/2018 09 0 0.7 0 23/03/2018 08 0.4 82.4 0 18/01/2018 0811.2 109 0

25/07/2018 09 0 0.7 0 01/04/2018 09 0.4 76.1 0 09/02/2018 0811.2 38.8 0

27/07/2018 09 0 0.7 0 07/05/2018 09 0.4 29.8 0 22/01/2018 0811.4 89.6 0

30/07/2018 09 0 0.7 0 06/06/2018 09 0.4 0.3 0 14/02/2018 08 12 0 8.5

31/07/2018 09 0 1.4 0 18/07/2018 09 0.4 0.8 0 28/10/2018 0812.8 70.3 0

01/08/2018 09 0 2.1 0 22/12/2018 08 0.4 90.1 0 27/06/2018 09 13 0 12.3

05/08/2018 09 0 2.1 0 08/02/2018 08 0.6 46.5 0 13/03/2018 0813.2 55.4 0

08/08/2018 09 0 4.8 0 30/03/2018 08 0.6 70.4 0 21/06/2018 0913.2 0 12.1

11/08/2018 09 0 2.1 0 31/03/2018 08 0.6 73.1 0 24/11/2018 0813.4 76.4 0

12/08/2018 09 0 3.3 0 21/04/2018 09 0.6 31.5 0 06/01/2018 0814.2 83.1 0

13/08/2018 09 0 4.5 0 18/05/2018 09 0.6 9.5 0 20/12/2018 0814.4 89.2 0

16/08/2018 09 0 1.2 0 14/06/2018 09 0.6 0.1 0 30/10/2018 08 15 60.5 0

19/08/2018 09 0 1.2 0 06/08/2018 09 0.6 2.7 0 13/02/2018 0815.2 0 11.7

20/08/2018 09 0 2.3 0 11/09/2018 09 0.6 8.2 0 04/12/2018 0815.4 64.3 0

26/08/2018 09 0 1.5 0 22/09/2018 09 0.6 23.4 0 25/05/2018 0916.2 0 15.1

27/08/2018 09 0 2.7 0 29/10/2018 08 0.6 72.6 0 26/11/2018 0816.6 58.5 0

28/08/2018 09 0 3.9 0 23/12/2018 08 0.6 93 0 12/10/2018 0817.4 40.2 0

31/08/2018 09 0 1.2 0 23/02/2018 08 0.8 18.8 0 11/02/2018 0817.6 20 0

05/09/2018 09 0 2.2 0 21/03/2018 08 0.8 77.3 0 20/05/2018 0918.4 0 6.6

08/09/2018 09 0 2.2 0 22/03/2018 08 0.8 79.7 0 13/05/2018 0920.4 12.3 0

09/09/2018 09 0 4.4 0 25/08/2018 09 0.8 0.4 0 16/07/2018 09 21 0 20.3

20/03/2018 08 1 74.8 0 19/01/2018 0821.6 90.1 0

19/04/2018 09 1 27.5 0 23/05/2018 0921.6 0 20.5

28/04/2018 09 1 44 0 11/04/2018 0921.8 66.1 0

06/05/2018 09 1 29.1 0 05/02/2018 08 23 44.3 0

06/09/2018 09 1 3.4 0 29/08/2018 09 23 0 18

Count (not raining, < 1 mm) = 218 02/11/2018 08 1 58 0 04/02/2018 0823.2 63.8 0

Count (all days in 2018) = 365 28/01/2018 08 1.2 99.5 0 24/03/2018 08 24 61.4 0

Ratio of raining per year = 0.40274 20/02/2018 08 1.2 16.2 0 29/04/2018 0925.4 20.9 0

02/03/2018 08 1.2 41.6 0 25/06/2018 0925.6 0 24.9

01/05/2018 09 1.2 24.3 0 05/06/2018 0927.4 0 26.7

03/07/2018 09 1.4 0 0.7 14/04/2018 0928.2 36 0

23/07/2018 09 1.4 0 0.7 12/06/2018 0928.4 0 25.1

26/07/2018 09 1.4 0 0 04/06/2018 0930.2 0 29.5

03/10/2018 08 1.4 31.1 0 24/12/2018 08 31 65.3 0

13/10/2018 08 1.4 41.7 0 02/02/2018 0831.8 81.2 0

20/11/2018 08 1.4 96.3 0 12/02/2018 0833.8 0 10.4

05/04/2018 09 1.6 83.1 0 15/07/2018 0940.6 0 38.1

29/07/2018 09 1.6 0 0.9 05/01/2018 0843.2 93.6 0

24/08/2018 09 1.6 0 0.4 25/12/2018 08 52 17.7 0
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Appendix G. LCMS-MS parameters for ibuprofen and bisphenol A 

 

PPCPs Molecular 
weight 

Precursor 
ion 

Product ion Collision 
Energy 

Retention 
time 
(min) 

ESI 
polarity 

LOD 

(µg/L) 

LOQ 

(µg/L) 
Quantifier 

ion 
Qualifier 

ion 
Quantifier, 
Qualifier 

Ibuprofen 206.29 205.40 161.20 ---- 9 18.650 - ve 39 102 

Bisphenol A 228.29 227.40 212.10 133.10 18, 27 20.500 - ve 163 348 
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Appendix H. Extraction efficiency of nutrients (nitrate and orthophosphate) from the 
soilless media using deionised water 
 

 
 

Note: 
 
SS – stock solution 
CTRL – control 
N – sample for nutrient testing 
 
Extraction efficiency – NO3

- (53%) & PO4
3- (14%). Extraction of nutrients using 

ultrapure water. Theoretical spiked concentration – 100 ppm for all compounds.  
 
 

Salt Nitrate concentration 

 
 

 

 

 

 

 

Item

Measured 

concentration 

Nitrate (ppm)

Measured 

concentration 

Orthophosphate 

(ppm)

Dilution 

factor

Actual 

concentration 

Nitrate (ppm)

Actual 

concentration 

Orthophosphate 

(ppm)

Extraction 

efficiency N 

(%)

Extraction 

efficiency P 

(%)

1 SS1 51.5949  7.3174  10  515.95  73.17 - -

2 SS2 52.3387  7.5378  10  523.39  75.38 - -

Average 519.67  74.28  

SD 5.26  1.56  

3 CTRL1 N 2.6665  1.9281  20  53.33  38.56 - -

4 CTRL2 N 2.6326  1.9325  20  52.65  38.65 - -

Average 52.99  38.61  

SD 0.48  0.06  
5 N1 13.5854  2.2334  20  218.72  6.06 42.09  8.16  

6 N2 13.5329  2.2253  20  217.67  5.90 41.89  7.94  

7 N3 17.1235  2.4800  20  289.48  10.99 55.70  14.80  

8 N4 18.3853  2.5882  20  314.71  13.16 60.56  17.71  

9 N5 19.7135  2.7872  20  341.28  17.14 65.67  23.07  

Average 276.37  10.65  53.18  14.34  

SD 56.18  4.80  10.81  6.46  

KH2PO4 100 ppm

KNO3 100 ppm 100.00 ppm

Zn(NO3)2.6H2O 100 ppm 2(62)/65.38 189.66 ppm

Cu(NO3)2.2.5H20 100 ppm 2(62)/63.546 195.13 ppm

Pb(NO3)2 100 ppm 2(62)/207.2 59.85 ppm

Sum 544.64 ppm
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Appendix I. Extraction efficiency of heavy metals (Zn, Cu and Pb) from the soilless 
media using 0.1N HCl 
 

 
 
Note: 
 
SS – stock solution 
CTRL – control 
HM – sample for heavy metal testing 
 
Extraction efficiency – Zn (59%), Cu (35%) and Pb (24%). Extraction of heavy metals 
using 0.1N HCI. Theoretical spiked concentration – 100 ppm for all compounds. No 
improvement in extraction efficiency for heavy metals between digested and non-
digested samples. 
 

Salt Nitrate concentration 

 
 

Zn Cu Pb Zn Cu Pb

1 SS1.NO DIGESTION 145.27 105.04 94.40 - 145.27 105.04 94.40 - - -

2 CTRL1 HM.F 2.53 0.90 3.37 - 2.53 0.90 3.37

3 CTRL2 HM.F 2.23 0.42 0.16 - 2.23 0.42 0.16

Average 2.38 0.66 1.77

SD 0.21 0.34 2.27

4 HM1.F 78.64 26.92 18.53 - 76.26 26.26 16.77 52.50 25.00 17.76

5 HM2.F 80.72 31.48 20.82 - 78.34 30.82 19.06 53.93 29.34 20.19

6 HM3.F 98.48 42.36 26.55 - 96.10 41.70 24.79 66.15 39.70 26.26

7 HM4.F 96.60 41.52 25.53 - 94.22 40.86 23.77 64.86 38.90 25.17

8 HM5.F 101.26 45.66 26.83 - 98.88 45.00 25.07 68.07 42.84 26.55

Average 88.76 36.93 21.89 61.10 35.16 23.19

SD 10.62 7.98 3.75 7.31 7.59 3.97

9 SS1.DIGESTED 132.08 94.29 85.74 1.11 146.76 104.77 95.27 - - -

10 SS2.DIGESTED 132.70 96.68 85.02 1.11 147.44 107.42 94.47 - - -

Average 147.10 106.09 94.87

SD 0.49 1.88 0.57

11 CTRL1 HM.DIGESTED 2.76 0.75 0.55 1.11 3.07 0.83 0.61

12 CTRL2 HM.DIGESTED 1.94 0.59 -0.06 u 1.11 2.16 0.66 #VALUE!

Average 2.61 0.74 0.61

SD 0.64 0.13 #VALUE!

13 HM1.DIGESTED 68.57 24.45 16.98 1.11 73.58 26.42 18.26 50.02 24.90 19.24

14 HM2.DIGESTED 71.85 29.26 19.44 1.11 77.22 31.77 20.99 52.50 29.94 22.12

15 HM3.DIGESTED 86.95 38.25 23.89 1.11 94.00 41.76 25.93 63.90 39.36 27.34

16 HM4.DIGESTED 84.23 38.47 22.84 1.11 90.98 42.00 24.77 61.85 39.59 26.11

17 HM5.DIGESTED 90.76 40.90 24.97 1.11 98.23 44.70 27.13 66.78 42.13 28.60

Average 86.80 37.33 23.42 59.01 35.18 24.68

SD 10.80 7.84 3.69 7.34 7.39 3.89

Sample 

volume 

correctio

n factor

Actual concentration (ppm)Measured concentration (ppm)
Extraction 

Efficiency 

Pb (%)

- - -

- - -

Extraction 

Efficiency 

Zn (%)

Extraction 

Efficiency 

Cu (%)

KH2PO4 100 ppm

KNO3 100 ppm 100.00 ppm

Zn(NO3)2.6H2O 100 ppm 2(62)/65.38 189.66 ppm

Cu(NO3)2.2.5H20 100 ppm 2(62)/63.546 195.13 ppm

Pb(NO3)2 100 ppm 2(62)/207.2 59.85 ppm

Sum 544.64 ppm
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Appendix J. Total composited volume of the effluent at the end of each week during the 20-week study 
 

 

 

Note: 

 

Numbers in bold refer to calculated values based on assumptions and approaches stated in the first page of Chapter 6. 
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Appendix K. Mean percentage removal for parameters during phytoremediation study 
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Appendix K. Mean percentage removal for parameters during phytoremediation study 
           (continued) 
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Appendix L. Performance of a biocolumns system for Week 10 and Week 20 of the study 



 

194 
 

Appendix M. Nutrient and heavy metal distribution in plant (AG and BG) for various column configuration in Week 0, 10 and 20 

 

 
Note:  SE (Standard Error) 

 NSZ (Non-Saturated Zone) 

 SZ (Saturated Zone) 
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Appendix N. Nutrient and heavy metal percentage recovery and mass distribution in biocolumns system with AG/BG ratio 
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Appendix O. Mass balance analysis of nutrient in biocolumns system (Week 0, 10 and 20) 
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Appendix P. Physical appearance of plants (shoots and roots) harvested                      
with media mix from the Week 0, 10 and 20 biocolumns  

 

(a) Week 0 NSZ column 

 

(b) Week 0 SZ column 

 

(c) Week 10 PNSZ column 

 

(d) Week 10 PSZ column 

 

(e) Week 20 PNSZ column 

 

(f) Week 20 PSZ column 

 
(g) Week 20 PNSZ (cleaned) 

 
(h) Week 20 PSZ (cleaned) 
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Appendix Q. Mass balance analysis of heavy metal in biocolumns system (Week 0, 10 and 20) 
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Appendix R. Cost (GST excluded) for best media mix (as June 2021) 

 

Media Percentage 
volume (%) 

Volume 
used (L) 

per 
column 

Mass 
used (kg) 

per 
column 

Unit price Retail 
price 

(NZD/L) 

Retail 
price 

(NZD/kg) 

Expected 
cost 

(NZD/L) 

Expected 
cost 

(NZD/kg) 

Activated carbon 10 0.53 0.265 NZD250 per 20 kg 6.25 12.50 

1.20 5.56 

Coco coir 50 2.65 0.265 NZD37 per 50 L 0.74 7.40 

Compost 10 0.53 0.251 NZD13.99 per 40 L 0.35 0.74 

Perlite 10 0.53 0.039 NZD49.56 per 100 L 0.50 6.74 

Vermiculite 10 0.53 0.065 NZD49.56 per 100 L 0.50 4.04 

Zeolite 10 0.53 0.260 NZD21.60 per 30 L 0.72 1.47 

Total 100 5.30 1.145 - - - 
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Glossary 

 

Bioremediation  The use of either naturally occurring or deliberately 
introduced microorganisms to consume and degrade 
environmental pollutants present in a polluted site 

Bioretention  Regenerative upland-based water quality and quantity 
control practice that uses the physical, chemical, and 
biological properties of plants, microbes, and soils to remove 
pollutants from stormwater runoff 

CliFlo 

 

Coco coir 

 The web system that provides access to New Zealand’s 
National Climate Database 

Fibrous material from the outer husk of a coconut which is 
used as growing medium for hydroponic plants and can be 
mixed with soil for improved aeration of potted plants 

Compost  A mixture that consists largely of decayed organic matter and 
is used for fertilizing and conditioning land 

Light weight  Weighing less than average 

Lomandra 
‘Evergreen 
Baby’TM 

 A tough, dense, super compact, rich green foliage, and fine-
leaved form of lomandra (45 cm high x 45 cm wide). 
Performs well in full sun and dull shade, hot or cold 
conditions, suited to most soil types, and tolerates periods of 
drought and wet feet 

Phytoremediation  Treatment of pollutants or waste in a contaminated soil using 
various types of plants and associated soil microbes to 
reduce, remove, degrade, transfer or stabilise contaminants 
in the environment 

Raingarden  A shallow depression to capture, temporarily pond, and 
absorbs runoff from impervious surface 

Rhizosphere  The region of soil in the vicinity of plant roots in which the 
chemistry and microbiology is influenced by their growth, 
respiration, and nutrient exchange 

Saturated zone  Permanent wet zone in anoxic conditions that is created in 
the deeper, specifically designed filter media layers by 
elevating the outflow pipe 

Sequestration  A retention of substance chemically 

Soil  The layer(s) of generally loose mineral and/or organic 
material that are affected by physical, chemical, and/or 
biological processes at or near the planetary surface and 
usually hold liquids, gases, and biota and support plants 

 


