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Rapid urbanization and infrastructure development have contributed to an increase in the 

construction and demolition waste (CDW) and stormwater precipitation. Resultantly, this 

has raised the demand for research in sustainable ways to treat stormwater. Repurposing 

CDW as porous media for filtration is a novel solution to the problem. 

This study examines two different CDW fractions used to develop a porous media to filter 

synthetic stormwater for three water quality parameters including turbidity, total suspended 

solids (TSS), and total dissolved solids (TDS). The CDW fractions were ∞-5 mm and 2.5-

1.25 mm in size, used as single layer (CDW fine) as well as multi-layered (CDW mixed) for 

deep bed filtration experiments carried out inside a column of the diameter of 9.5 cm and 70 

cm height. A digital test sieve shaker and cross-beater mill were used to prepare required 

material samples, and preparation steps included sieving and crushing respectively. 

Synthetic stormwater solution of 500mg/L concentration was prepared using two types of 

clay. For turbidity analysis, a turbidity meter was used while gravimetric method was 

employed to measure TSS and TDS concentrations Flow properties under constant pressure 

were analysed using three filtration models including the Kozeny-Carman equation, the 

Ergun equation, and the Darcy-Weisbach equation. The TSS was characterised and its 

influence on hydraulic behaviour, treatment efficiency, and clogging tendency was studied. 

As for porosity, it was calculated using the relationship between bed pores and tap water 

filling that void. 

All models under-predicted the pressure drop (Δp), with the Kozeny-Carman equation 

producing the values closest to that of the experimental Δp. The Ergun equation followed 

that, and the Darcy-Weisbach equation predicted the lowest value. These values were 3.21-

24 cmH2O, 2.69-20.3 cmH2O, and 1.28-9.60 cmH2O respectively.  



 

 

At least two CDW beds did not experience breakthrough and treated greater volumes of 

stormwater with over 97% removal of TSS and 87-98% of removal of turbidity. TDS rose 

by almost 10-200 % across all CDW bed configurations. Removal efficiencies suggested 

that bed configuration, TSS type, waterhead, and porosity could potentially affect the 

performance of the bed materials. 
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SYMBOLS AND ABBREVIATIONS  

Roman characters 

A cross-sectional area of the column m² 

A mass of filter or foil with dried residue (gravimetric analysis) mg 

B mass of clean filter or empty foil (gravimetric analysis) mg 

C                          Concentration 

d particle (grain) diameter m 

dH hydraulic diameter of the packed bed m 

𝐷𝑠𝑑                     sauter diameter                                                            m 

f Darcy friction factor – 

g gravitational acceleration m/s² 

k permeability of the medium m² 

K″ Kozeny constant – 

L bed length (depth) m 

l bed thickness m 

m mass of solid medium kg 

p pressure Pa, bar 

Q volumetric flow rate m³/s, ml/s 

S specific surface area of the particles m⁻¹ 

T temperature °C, K 

u superficial (fluid) velocity m/s 

Ub bulk volume of the bed m³, cm³ 

Us volume of solids m³, cm³ 

Uv volume of interconnected pores (voids) m³, cm³ 

V filtered sample volume ml 

Greek characters 

Δp pressure drop across the bed Pa, cmH₂O 

ε porosity (void fraction of the bed) – 

μ dynamic viscosity of the fluid Pa·s 



 

 

ρ fluid density kg/m³ 

ρb bulk density of the packed bed kg/m³ 

ρp particle (true) density kg/m³ 

ψ particle shape factor (sphericity) – 

λ thermal conductivity W/m·K 

∈                          pipe roughness                                                              m  

Dimensionless quantities 

Re Reynolds number 

ReH pore Reynolds number based on hydraulic diameter 

Cu uniformity coefficient 

Cc coefficient of curvature 

Subscripts 

b bulk 

H hydraulic 

p particle 

s solid 

v void 

o                           influent 

Abbreviations 

BEM Backscattered Electron Microscopy 

CDW Construction and Demolition Waste 

EDS Energy-Dispersive X-Ray Spectroscopy 

FLSC Crushed Concrete and Brick CDW Feedstock Used in this study 

NTU Nephelometric Turbidity Unit 

PSD Particle Size Distribution 

SEM Scanning Electron Microscopy 

TDS Total Dissolved Solids 

TSS Total Suspended Solids 

EU                       European Union 



 

 

TN                       Total Nitrogen 

TP                        Total Phosphorous  

COD                    Chemical Oxygen Demand 

PAH                     Polycyclic Aromatic Hydrocarbons 

PCB                     Polychlorinated Biphenyls 

PPCPs                  Pharmaceuticals and Personal Care Products 
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1  Introduction  

Stormwater is usually discharged into nearby rivers and lakes without treatment, killing fish 

and other aquatic life and contaminating groundwater used by people (Loganathan et al., 

2025). Previously, stormwater management primarily focused on flood prevention. Today, 

due to more severe environmental concerns and regulations, emphasis is put on the 

elimination of pollutants using special filters (Loganathan et al., 2025). Recycling materials 

left over during the construction and deconstruction of structures, such as crushed concrete 

and bricks, is one potential solution to clean water and minimize material waste in landfills 

(Munir et al., 2026) 

Humans generate stormwater, and during rain or snowmelt in cities, dirty water is collected 

as rainwater flows over roads and sidewalks, picking up physical, chemical, and biological 

contaminants. Then, it is released into natural water bodies such as lakes, ponds, and seas. 

(Loganathan et al., 2025). Typically, urban runoff carries pollutants including suspended 

solids, dissolved species (e.g organic compounds, ionic salts, metals, nutrients), and 

particulate associated (e.g organic, bacteria) contaminants (Aryal et al., 2010).  

This urban runoff changes the amount and quality of water. When the areas covered with 

pavement are larger, water flows faster, and there is less water on the ground, since less 

seeps into the soil. Rainwater collects pollutants like metals from roads, soil particles from 

construction sites, nutrients, and microscopic plastic particles from the atmosphere. These 

pollutants accumulate gradually on surfaces during dry periods, and when it eventually rains, 

they are flushed in a rush of strong torrents (Aryal et al., 2010), eventually contaminating 

the water. The presence of suspended solids in water increases its turbidity and 

sedimentation, while nutrients can cause eutrophication and algal blooms (Loganathan et al., 

2025). 

Several practices are in place to filter stormwater, for example, wetlands, vegetated channels, 

sand filters, and bioretention for potable use while commercial entities capture urban runoff 

for non-drinking purposes (Shamma & Zhu, 2001). However, owing to their primary use to 

manage high water volumes, researchers find these practices less effective, especially for 

reducing concentrations of contaminants such as total suspended solids (TSS), total 

dissolved solids (TDS), metals, organic compounds, and nutrients, thus arising needs to 
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investigate new and greener ways of filtering stormwater. Using CDW is one potential 

solution to achieve this goal. 

CDW residues are among the largest solid waste streams worldwide, constituting around 30-

40% of the total municipal solid waste across the world (Tafesse at al., 2022). The CDW 

generated by the European Union (EU) is estimated at 40% of the total CDW generated in 

the world. While countries like United States, and Japan generate approximately 67% and 

20% of the total solid waste respectively (Cristobal-Garcia et al., 2024).  The CDW is known 

for causing negative environmental impacts including water contamination, greenhouse gas 

emissions, soil degradation, and air pollution (Caro et al., 2024). 

Previously, such materials were disposed of in landfills, but their disposal in landfills can 

potentially contaminate the soil, and surface and groundwater, thus arising the need for their 

reuse as filter media for water filtration. The research indicates that specific fractions, 

particularly crushed concrete and masonry, possess distinct physical and chemical 

characteristics that make them highly suitable for stormwater filtration applications (Munir 

et al.,2026). The repurposing of CDW as filtration media directly contributes to circular 

economy goals by diverting substantial quantities of waste from landfills and reducing the 

construction sector's environmental footprint.  

CDW consists mainly of materials such as concrete and masonry among others (Ranaweera 

et al., 2023). The management of the usable portion of the CDW such as gypsum, concrete, 

tiles, and bricks, not only includes landfilling but also incineration, backfilling, and 

recycling. As for recycling and reuse, it carries a huge potential in the EU as Cristobal-Garcia 

and others (2024) estimated that almost 83% of the CDW is available for reuse. However, a 

handful of countries currently comply with the EU directive for utilization of CDW in the 

circular economy, and Finland eyeing 70% of its reuse (Svedmyr et al., 2024).  

1.1  Research Objectives  

This study is related to StopWa project led by LUT University. The project set out to develop 

porous filter media from construction and demolition waste that can treat stormwater. This 

thesis examines the feasibility of concrete and bricks based CDW for developing the media 

in the laboratory setting, and it does so by testing two different fractions of the CDW. 
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Following the development and characterisation of the media in the laboratory, they could 

be tested in the field by combining them with existing filtration systems. 

The study aims to achieve the following objectives 

• Evaluate how variations in flow rate under constant pressure will affect treatment efficiency 

of different particle sizes of TSS 

• Determine the treated volume before breakthrough and monitor hydraulic behaviour over 

time to assess system performance 

• Analyse filter media based on particle size distribution (PSD), porosity, packing 

characteristics, and material specific properties 

• Assess how media properties influence removal efficiency, hydraulic behaviour, and 

clogging tendency 

Moreover, this study aims to analyse the breakthrough/removal efficiency trends, and it does 

not include developing empirical or machine learning models.  
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2  Construction and demolition waste 

Rapid urbanization is casing an increase in the quantity of construction and demolition 

waste. Owing to its physical and chemical properties, researchers see it as a potential solution 

to treat urban runoff. This chapter describes the material. 

2.1  Generation  

The generation of CDW is not only a result of human activities but natural disasters also 

contribute to it. When infrastructure such as buildings and roads is constructed or 

demolished, it generates waste material such as concrete, brick, and wood, known as CDW 

as defined by the US Environmental Protection Agency (Kabirifar et al., 2020). However, 

an extensive definition includes more than construction and demolition. Shen et al. (2004) 

expand it to include mixed building material, and they add debris from roadwork, renovation, 

site clearance, and excavation. As for natural disasters, earthquakes, floods, and tsunamis 

can also generate the waste (Menegaki & Damigos, 2018). 

Table 1. Reported CDW generation across different regions 

Region / country Reported CDW generation Share & Source 

World (projection) 12.7-27 billion tonnes by 2050 (Xu et al., 2019) 

EU (2014) ~333 million t (excl. soils) 
46 % of total EU waste  

(Xu et al., 2019) 
 

United States 

(2014) 
534 million tonnes 

Mostly demolition   

(Menegaki & Damigos, 2018) 

 

 

China (2014) 1.13 billion tonnes 
Beijing ~40 million tonnes 

(Menegaki & Damigos, 2018) 
 

Japan ~20 % of total solid waste (Xu et al.,2019)  

Brazil (2015) 45 million tonnes (Menegaki & Damigos, 2018)  

Vietnam 6.9 million tonnes per year (Pallewatta et al., 2023)  

Quantities differ sharply between regions because of variations in type and scale of 

construction, economic conditions and the local regulations (Abudureheman et al., 2021). 

These factors contribute to uneven recovery. The headline numbers are nonetheless striking. 
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Global CDW generation is forecast to roughly double, from about 13 billion tonnes to 27 

billion tonnes by the mid of the twenty-first century (Xu et al., 2019). The EU produced 

around 333 million tonnes of CDW excluding soils in 2014, which amounted to 46 % of 

total waste generated that year. CDW makes up about 20 % of total solid waste in Japan and 

30-40 % of municipal waste in China. (Xu et al., 2019). The United States generated 534 

million tonnes in 2014, most of it originated from demolition rather than new construction, 

while China alone produced 1.13 billion tonnes in 2014 (Menegaki & Damigos, 2018). Table 

1 collects these figures. 

2.2  Composition 

Waste from new construction is generally easier to recover than waste from demolition, 

because it is less mixed and less contaminated (Iacoboaea at al., 2019). Composition also 

depends on the site. Road building yields large volumes of excavated material, while 

demolishing buildings produces a great deal of waste concrete. Gálvez-Martos et al. (2018) 

estimate that constructing a new building with concrete structures produces 18-33 kg of 

waste concrete per square metre of built area. As for deconstructing, a residential building 

can generate up to fifty times more concrete waste per demolished square metre (up to 840 

kg) than that of construction, or up to 300 kg per square metre for timber-based structures 

(Gálvez-Martos et al., 2018). 

Table 2. CDW material type in four European countries (adapted from Damgaard et al., 

2022) 

Material 
Italy  Norway  Poland 

(C/E Eur.) 

Netherlands 

(W. Eur.) (S. Eur.) (N. Eur.) 

Mineral waste (concrete, 

brick, ceramics, inert) 
86.3 % 42.8 % 74.8 % 63.8 % 

Metals 11.3 % 6.0 % 12.9 % 12.9 % 

Wood 0.4 % 14.5 % 0.6 % 5.1 % 

Plastic 0.1 % 0.6 % 3.9 % 0.8 % 

Gypsum - 4.4 % - 0.3 % 

Hazardous (excl. soil) 1.8 % 12.3 % 2.6 % 2.4 % 

Mixed / generic - 17.5 % 5.2 % 14.2 % 
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Across studies, the mineral fractions dominate. Boateng et al. (2023) report a representative 

composition in which concrete accounts for nearly 70 % by mass, asphalt for about 15 %, 

wood for around 7 %, metal for 3 %, drywall for under 3 %, and brick and clay tile for about 

2 %. European figures from Caro et al. (2024) emphasise a different problem: mixed waste 

makes up the largest single share at 59.2 %, with concrete at 24 %, brick at 5 %, metals at 

4.3 %, and smaller fractions of wood, ceramics, glass, gypsum, and plastic. The two pictures 

are not contradictory. They reflect how well, or how poorly, the waste was separated at 

source. If the separation is good, there will be more clean concrete, however, poor separation 

will result in mixed fractions that are eventually harder to recycle (Caro et al., 2024). Table 

2 presents CDW composition in four European countries. 

2.2.1  Concrete 

Among the various CDW materials, crushed concrete is the most widely generated and is 

composed of cement, water, aggregates (sand and gravel) and stone (Egemose et al., 2012). 

The presence of these materials makes it calcium, aluminium, and iron oxides abundant 

(Pallewatta et al., 2023). It is generated in vast quantities by renovation, road works, and the 

demolition of structures, including buildings damaged by disasters (Egemose et al., 2012). 

Recycled aggregate produced from waste concrete is supported by cement mortar that 

contributes both mechanical strength and porosity to it (Nedeljković et al., 2021). However, 

their high-water absorption and irregular shapes limit their repurposing in new construction 

(Pallewatta et al., 2023). For a filter medium, different factors are included. For instance. 

irregular shape and surface roughness of recycled waste particles used to make a filter bed 

can help catch particles. While the alkaline nature of the waste concrete can support the 

adsorption of certain pollutants (Wang et al., 2014) 

2.2.2  Brick 

Bricks make the second most important part of the CDW, and it broadly comes under the 

masonry waste. As for generation, when civil infrastructure is built, renovated, or 

deconstructed, it leaves masonry waste (Grace et al., 2016), which makes almost 30% of 

CDW generated in the EU (Pallewatta et al., 2023). Apart from bricks, it includes tiles, 
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ceramics, and roof material, although its composition varies because regions used different 

types of brick (Grace et al., 2016). Chemically, silicate minerals, aluminium hydroxides and 

oxides, and silicon mainly make parts of the masonry waste (Pallewatta et al., 2023). The 

presence of calcium carbonate and silicon dioxide alongside aluminium oxide gives the 

waste a notable ability to absorb contaminants and capacity for infiltration (Tao et al., 2020). 

Brick waste is usually landfilled, but some is recycled into roof material, mortar, and 

concrete bricks (Pallewatta et al., 2023).  

2.2.3  Other fractions 

CDW also contains lighter fractions other than concrete and bricks. These mainly include 

wood, plastics, glass, and mineral wool. Wood waste makes about 2-5 % of global CDW 

(Pallewatta et al., 2023) and consists of clean offcuts, treated and damaged timber, sawdust, 

and chips (Grace et al., 2016). Plastic waste consists of polyvinyl chloride (PVC) pipes, 

sheet, and foam insulation. As for glass waste, windows, panels, and skylights constitute this 

type. Another considerable waste is mineral wool, which includes rock wool, glass wool, 

and slag wool and an estimated 2.54 million tonnes is generated annually (Yap et al., 2021). 

These fractions are generally separated before any mineral material is crushed for reuse, both 

for quality and safety. However, low density particles such as wood, plastics, and mineral 

wools cannot be used to make stable porous media. 

2.3  Management of CDW 

A substantial quantity of CDW still goes to landfill untreated. Globally, roughly 35 % ends 

up in landfills, however, the accurate share varies by country. The construction industry 

contributes an estimated 40 %, 29 % and 44 % of landfill waste in Brazil, the United States, 

and the United Kingdom respectively, while Canada and Australia landfill about 30% of 

their CDW (Kabirifar et al., 2020). Because CDW is often dumped in unlined landfills, 

leachate poses a risk to ground and surface water, adding pollutants such as pesticides, heavy 

metals, and organic and inorganic substances into surrounding water and soil. Moreover, 

odour problems at CDW landfill sites are caused by the hydrogen oxide emitted by inert and 

organic fractions (Pallewatta et al., 2023). 
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Different regions show the following performance on recycling. Within the EU, the countries 

including Germany, France, Estonia and the Netherlands repurpose roughly 80-90 % of their 

CDW, while Spain, Hungary, Greece, and Portugal still are below 15 % (EEA, 2020). Japan 

and South Korea reuse about 97 % of CDW, and in 2014, Hong Kong used around 90 % of 

its CDW for land recovery (Menegaki & Damigos, 2018).  

Table 3. Recycled products made from recovered CDW fractions (adapted from 

Chandrappa & Das, 2024; Alsheyab, 2022) 

Recovered CDW Possible recycled products 

Concrete 
Fillers, recycled aggregates, asphalt and concrete blends, and cement 

substitutes  

Brick Filling material, mortar, concrete bricks, roof elements 

Asphalt Asphalt blends, recycled asphalt 

Drywall Portland cement, new drywall 

Wood Recycled wood products, panel materials, insulation boards, fuel 

Glass Repurposed window parts, glass fibre, tile, fillers, paving blocks 

Metals Repurposed metals, billets 

As for Finland, it recovered about 726,000 tonnes of CDW as material in 2023, which makes 

around 54 % of total CDW generated. However, as generation rose at the same time in 2022-

23, it resulted in flat recovery rate. (Finnish Environment Institute, 2025). Some fractions 

are incinerated, but burning treated wood or painted material can release toxins such as 

chromium, arsenic among others, thus arising the need for careful disposal of ash (Chen et 

al., 2022). Moreover, recovered materials can be used to make different products as tabulated 

in Table 3.  

However, following are a few studies highlighting the contemporary potential use of CDW 

to treat wastewater or stormwater. 

2.4  Existing use of CDW for water treatment 

The general assertion that CDW cleans water is compelling only when supported by 

evidence, so this section discusses four studies and briefly describes their results. 
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2.4.1  CDW as adsorbent 

One of the advantages of the CDW media is that they can retain the contaminates that they 

absorb, therefore supporting their safe disposal in the landfills (Pallewatta et al., 2023). They 

examined a concrete waste-based adsorbent containing calcium to remove pollutants and the 

mechanism of removal is well understood for phosphorus. When water is treated with 

crushed concrete, it dissolves calcium carbonate and calcium hydroxide, leading to the 

adsorption of phosphorous on the concrete surface (Pallewatta e la., 2023). 

Several quality indicators point in concrete's favour. Adsorbents derived from CDW tend to 

have low moisture, ash, and volatile organic matter, and high fixed carbon content (Sasaki 

et al., 2011). For example, a brick kiln chimney waste-based adsorbent was reported with 

higher total carbon percentage, and lower volatile organic content, ash, and moisture 

(Hussain et al., 2015). Moreover, Tao et al. (2020) reported that concrete and burn-free 

bricks demonstrated phosphorus adsorption efficiencies of 75% and 80% respectively, and 

as for three red brick fractions, they removed between 50-73 % of phosphorous. 

Furthermore, Pallewatta et al. (2023) reported that crushed brick adsorbents have also been 

under study to remove wastewater containing dye, fluoride, copper, chromium, and nickel, 

and heavy metals such as mercury and arsenic. Table 4 lays out the CDW use as adsorbent. 

Table 4. Contaminant removal mechanisms of concrete and brick CDW filter bed 

(synthesised from Pallewatta et al., 2023; Tao et al., 2020) 

Removal mechanism Primary targets Role of CDW chemistry 

Straining (depth 

filtration) 

Coarse and fine suspended 

solids 

Physical; depends on pore 

geometry, not chemistry 

Sedimentation Dense, large particles 
Physical; gravity settling within 

the bed 

Coagulation / 

flocculation 

Fine suspended solids, 

colloids 

High alkalinity promotes particle 

aggregation 

Adsorption Metals, dyes, organics 
High surface area and surface 

charge of concrete and brick 

Precipitation Phosphorus, some metals 
Calcium dissolution raises pH 

and forms precipitates 

Ion exchange / 

complexation 
Metal cations, nutrients 

Silicate and calcium surfaces 

exchange and bind ions 
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These findings have been corroborated and expanded upon with recent work. It was 

demonstrated by several experiments that CDW (with and without the addition of chemical 

and thermal pre-activation) removed methylene blue dye from the solution (Santos et al., 

2024). 

However, TSS removal and dissolved pollutant removal are physics dependent and a CDW 

bed provides both. Physical capture, including straining and sedimentation, removes the 

suspended solids irrespective of chemistry. Dissolved species are removed through 

adsorption, precipitation, ion exchange and surface complexation, which are all strongly 

related to the alkaline, calcium and silicate-rich surfaces of concrete and brick. Between the 

two are coagulation and flocculation, because the high alkalinity of CDW can facilitate the 

aggregation of fine suspended particles into bigger and more removable flocs (USEPA). 

2.4.2  CDW for heavy metals removal 

Through field visits and collation of quantitative data, Ranaweera et al. (2023) examined the 

CDW that are applicable to different metals and how the media matched the pollutant. CDW 

possesses certain properties like - large surface area, porous structure, minerals etc., which 

renders it useful for removal of heavy metal ions from the contaminated water and 

wastewater (Ranaweera et al., 2023). They investigated many CDW materials including 

crushed concrete and brick for this use, and found it to be a function of the operating 

conditions such as waste material type, contact time, solution pH, metal species, and any 

surface modification applied to the material. 

2.4.3  CDW as wetland substrate 

The best approximation to a layered concrete and brick structure is provided by the work of 

Li et al. (2021). They performed tests on recycled brick aggregate, recycled concrete 

aggregate, and a concrete-brick mixture, compared to natural limestone, lava rock, and 

zeolite in wetted columns in vertical flow wetlands. The overall performance of recycled 

aggregates was better as compared to natural aggregates. Recycled concrete substrates 

resulted in the maximum phosphorus removal followed by the concrete-brick mixture and 

recycled brick, while the maximum COD removal occurred in the concrete-brick mixture 
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followed by recycled concrete and recycled brick. The situation for ammonia nitrogen was 

more complicated: Zeolite led with ion exchange, followed closely by recycled concrete, the 

concrete-brick mixture with the lowest. In the first 3 weeks, stability was observed in the 

recycled concrete system. The enrichment of concrete in phosphorus was attributed to its 

calcium content which is high and causes precipitation (Li et al., 2021). 

2.4.4  CDW as porous medium 

With the research by Bolourieh et al. (2024), the emphasis was changed from chemistry to 

hydraulics of deep-bed filtration. They conducted column experiments in CDW particles as 

porous filter media, with glass beads of known sphericity. And they studied the influence of 

particle size, porosity, sphericity and bed length on hydraulic gradient on flow velocity. 

Their main conclusion is that classical models are not best suited with heterogeneous CDW. 

The Ergun equation predicted the highest pressure drop followed by Kozeny-Carman’s, and 

a partial least squares regression was found unable to show the strong non-linearities. To 

address this, the authors applied a gray-box approach, using an artificial neural network to 

correct the Ergun model, resulting in the most accurate and the lowest error among the 

models. 
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3  Stormwater  

This chapter describes stormwater, its characteristics, and management systems. After that, 

it highlights the drawbacks of sand-based filter media and eventually describes 

contemporary filter media used for stormwater treatment. 

3.1  Characteristics 

Stormwater is rain and snowmelt that runs off the land and eventually ends up in the rivers, 

lakes and ocean. The water is natural, but human actions have altered its nature and 

behaviour, leading to serious environmental issues (Westholm, 2023). The volume of urban 

runoff from brief, intense storm events will likely increase, and management of these events 

is important in alleviating issues of water contamination, soil erosion and flooding. The 

amount of rainfall can vary based on not only the duration and intensity of rain, topography, 

land use and soil, but also the penetrable surfaces like roofs, car parks and roads. All of this 

is worsened by climate change, which leads to more frequent and severe runoff (Westholm, 

2023). 

Urban runoff pollution comes through two pathways—point source and non-point source. 

The former is discharge from a single identifiable outlet (pipe or ditch) and the latter is 

discharge as rainwater from a broad expanse of land (Connecticut DEP, 2004). The second 

is the more difficult to control and most destructive course. It has impacted almost three 

fourths of the urban area. In addition, urban runoff is recognized as the leading source of 

coastal water quality degradation in areas close to the coast and a significant contributor of 

water quality degradation in lakes and rivers. (Wancata, 2012). Time is also crucial. 

Contaminants are heaviest at the beginning of the storm, roughly in the first half an hour to 

an hour of a storm that is also known as the first flush, and has the greatest impact (Wancata, 

2012). This is part of the reason why a filter designed for average conditions can be saturated 

early on during an event. 

Cold climates make it challenging. A heavy snowfall, deep frost lines, short growing seasons 

and low temperatures all hinder treatment. Pipes and inlets that freeze during the winter rainy 

season can lead to flooding, and snow that accumulates on the site for storage contains 
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pollutants for months instead of hours or days during rain event. Jotte et al. (2017) report 

that roadside snowpacks have concentrations of heavy metals about ten times higher than 

snowpacks that fall on grass surfaces. A filter medium intended for use in Northern Europe 

must consequently be able to withstand the pulse of pollutants that is concentrated and 

delayed by the melting of the snow time of year. 

The levels of pollution are changing and sometimes intense. Chemicals, nutrients, chemicals, 

heavy metals, grease, oil, and microbes are all pollutants that are found in stormwater. 

Particles are also important carriers: heavy metal loads are bound to particles at 63-81 % and 

at the same time the removal of particles also removes much of the metals. TSS 

concentrations vary from approximately 43 mg/L in roof stormwater, and 150-163 mg/L for 

main roadways and car parks. (Houlker et al., 2022). Nitrogen and phosphorous are added 

by atmospheric deposition as well as other sources such as lawn fertilisers, detergents, 

biogenic sources, animal wastes and agriculture. Eutrophication and algal blooms are caused 

by the presence of nutrients. (Okaikue-Woodi et al., 2020). 

Heavy metals are primarily from traffic including tyre and brake pad wear, exhaust, oil leaks, 

and corrosion of metal structures; and zinc, copper, lead, cadmium, chromium, and nickel 

are the common metals found and remain in the environment and pose a threat to aquatic life 

(Okaikue-Woodi et al., 2020). It is easy to underestimate the scale of the traffic contribution: 

the estimated contribution per kilometre of driven vehicle brakes alone is 75 μg of copper, 3 

μg of lead and 89 μg of zinc (Aryal et al., 2010). Organic contaminants encompass 

combustion by-products (polyaromatic hydrocarbons), coal tar sealants, PCBs from old 

building materials and sealants, and pharmaceutical and personal care products (PCPS). In 

Denmark, the Day Water project reduced an initial list of approximately 600 stormwater 

compounds to 24 priority pollutants including basic parameters, metals, PAHs, herbicides 

and miscellaneous organics (Eriksson et al., 2007). Pollutant groups and their sources are 

summarised in Table 5. 

3.1.1  Total suspended solids 

TSS is one the most prevalent stormwater pollutants and measuring its concentration is the 

standard way of expressing sediment concentration in stormwater runoff (Karlsson, 2009). 

The term is rather broad. Sediment pollutant levels can be reported as TSS or as turbidity. 
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Moreover, the measured value depends on the method used to remove a particular 

sedimentation fraction. (Aryal et al., 2010). 

They are mainly released by two sources including urban and traffic. These include vehicle 

movement, metallic dust from engine and brakes, construction activity, road sanding, and 

atmospheric deposition among others (Shammaa & Zhu, 2001). The fraction below 63 μm 

needs careful dealing, because it is present in higher concentration in urban runoff and 

conventional sedimentation cannot remove it as efficiently as it does for coarse particles. 

Table 5. Major stormwater pollutant groups and their sources (adapted from Barbosa et al., 

2012; Okaikue-Woodi et al., 2020) 

Pollutant group Main sources 

Suspended solids (TSS) 
Pavement wear, construction and repair, atmospheric deposition, 

human waste 

Heavy metals (Zn, Cu, Pb, 

Cd, Cr, Ni) 

Traffic signs, vehicle part and tyre wear, metal road structure, fuel 

and oil leakage, industry 

Biodegradable organic 

matter 
Plant debris, organic additions, animal waste 

Nutrients (N, P) 
Fertilisers, atmospheric deposition, agriculture, grass clippings, 

detergents 

Organics (PAHs, PCBs, 

PPCPs) 

Combustion, coal tar sealants, old building materials, consumer 

products 

TSS not only carries solids but also pollutants attached to them. These include phosphorus, 

pesticides, non-polar organics, and heavy metals (Clary et al., 2008). The relationship is also 

size-dependent: the smaller the particle, the greater its surface area per unit mass, and the 

more organics and metals it can adsorb (Clary et al., 2008). Beyond carrying other pollutants, 

TSS affects water quality directly, as it raises turbidity and reduces light penetration, which 

resultantly hinders aquatic plant growth and lowers species diversity (Shammaa & Zhu, 

2001). Moreover, the excess of sediment smothers fish spawning beds and destroys the 

habitats of bottom-living organisms (Karlosson, 2009).  
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3.1.2  Total dissolved solids 

Total dissolved solids are the colloidal and dissolved fraction of total solids, the material 

generally finer than 0.45-2 μm that passes straight through a membrane filter (Clary et al., 

2008). It made up of a small amount of dissolved organic matter together with inorganic 

salts, chiefly sodium, magnesium, potassium, calcium, chlorides, bicarbonates, and 

sulphates (Clary et al., 2008). Its sources differ from those of TSS. Soils abundant in calcium 

and magnesium release dissolved solids when stormwater moves through them, and 

snowmelt or runoff exposed to synthetic de-icing materials and road salting can carry high 

TDS loads (Clary et al., 2008). Timing also differs. TDS tends to reach a higher 

concentration than SS during the first flush of a storm. Moreover, it does so regardless of 

rainfall intensity, which means the earlier moments of the rain contribute high quantity of 

dissolve salt that cannot be captured by a solids focused filter paper. (Clary et al., 2008). 

Dissolved solids affect chemically rather than physically. Salts such as sodium and chloride 

raise toxicity to aquatic organisms and can reduce fishery resources (Corsi et al., 2010). 

Moreover, when mineral concentrations increase, they alter soil structure in ways that 

interfere with the soil’s microbial respiration (Wong et al., 2008). Physical filtration, which 

captures TSS by straining and settling, does not remove TDS, because dissolved ions are 

small enough to be intercepted by a granular bed. Removing them requires adsorption, 

precipitation, or ion exchange on the surfaces of the medium rather than mechanical capture.  

3.2  Management Systems 

Before surveying the systems, it is worth stating why the conventional ones are under strain. 

Traditional stormwater infrastructure, underground pipes and drainage networks that collect 

surface runoff and discharge it to water bodies, dates in concept to Roman, Greek, and early 

metropolitan civilisations and was built to move water away quickly rather than to clean it 

(Barbosa et al., 2012). Older cities in Europe and the United States still rely on combined 

sewer systems that discharge untreated wastewater during overflows. Also, even separate 

sewer systems often release untreated stormwater carrying pathogens, metals, and organic 

pollutants. (Barbosa et al., 2012). The recurring disadvantages are inefficiency, insufficient 

capacity, and the high cost of upgrading (Barbosa et al., 2012).  
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These inefficiencies have highlighted the need for novel solutions. Several countries have 

already employed new and cost-effective ways of managing stormwater. These include 

green roofs, wetlands, and vegetation in street canyons. These countries include the United 

Kingdom, Australia, the United States, France, and parts of Europe. (Ramísio et al., 2022). 

A recycled CDW also does the same offering a treatment medium that improves water 

quality rather than merely conveying water away. Some cities have already adapted. 

Stockholm uses ditches and vegetated biofilters in a central park to absorb frequent intense 

rain. Moreover, several large Chinese cities act as sponge cities built around green 

infrastructure, and Berlin collects rooftop runoff from nineteen buildings for irrigation and 

car washing. (Westholm, 2023). 

Broadly, management splits into structural and non-structural approaches. Structural 

measures are engineered systems such as ponds, constructed wetlands, infiltration beds, 

permeable pavements, green roofs, and biofilters that capture, detain, and treat runoff. Non-

structural measures focus on planning, zoning, and pollution prevention to reduce how much 

runoff and pollutant load is generated in the first place. (Westholm, 2023). A recurring 

limitation of structural systems is their land demand, which makes them hard to fit into 

dense, already built cities (Westholm, 2023). 

Removal performance varies widely between system types. These systems have been 

documented to remove 50-80 % of the TSS, which underlines that suspended solids are 

removed mainly by physical processes that many configurations can deliver. The differences 

open up more for nutrients than for solids.  

3.2.1  Bioretention 

Bioretention cells, also called rain gardens or biofilters, are low-lying vegetated areas 

employed to treat stormwater. They do so by capturing the runoff through the upper green 

layer, percolating it in the middle engineered soil and sand layer, and then draining it to 

lower underdrain or infiltration. Figure 1 represents a bioretention cell. 

As the stormwater is released into the soil, it reduces the volume of the stormwater, while 

allowing the pollutants to settle at the middle layer. As for the removal of contaminants, they 

are captured by straining, plant and microbial intake, sedimentation or sorption. They are 
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arguably the best studied of all the systems, and the field evidence for suspended solids is as 

follows.  

 

Figure 1. A bioretention cell (adapted from Sabut, Bhat Mohapatra, 2026) 

The research conducted by Shrestha et al. (2018) in Vermont across eight roadside cells 

monitored over 121 storms. They concluded that those cells captured 94 % of TSS, ranging 

from 89-99 %, regardless of treatment, storm size, or season. Moreover, another study points 

towards the efficiency of near an end of the life design of rain garden. It still removed 

particulates and particle-bound metals at load reductions of 82 % and 83 % respectively 

(Croft et al., 2024). In practice it means that bioretention behaves more like a sponge than a 

filter, since much of its load reduction comes from simply retaining water volume rather than 

from chemically treating it (Hoban & Gambirazio, 2021). 

3.2.2  Wetlands 

Constructed wetlands imitate natural marshes, using shallow water, emergent plants, and 

microbial communities to remove pollutants by sedimentation, filtration, sorption, plant 

uptake, and biodegradation. Figure 2 shows a constructed stormwater treatment wetland. 

A synthesis of 335 field-scale wetlands found that hybrid designs, which combine two or 

more wetland types, performed best, removing loads of organic matter, nitrogen, and 

phosphorus at median values (Wu et al., 2023). Performance is highly sensitive to 

temperature, hydraulic residence time, and pollutant loading. This is the reason why cold-

climate sites underperform their warm-climate counterparts. (Wu et al., 2023). Metal 

removal can be excellent: a pilot hybrid wetland treating stormwater removed 70-98 % of 
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cadmium, chromium, iron, lead, copper, and zinc, with most of the retention occurring in the 

substrate and sediment rather than in the plants themselves (Ventura et al., 2021).  

 

Figure 2. A constructed stormwater treatment wetland (adapted from Sabut, Bhat 

Mohapatra, 2026) 

The decisive caution concerns maintenance. When an Australian wetland had its vegetation 

and sediment stripped during servicing, it switched from retaining sediment to exporting it 

at -2,000 % efficiency, effectively undoing years of accumulated treatment in a single 

operation (Wright e al., 2022). Unlike a sand filter, whose media can be swapped out, a 

wetland's treatment capacity is bound up in its living structure, so unreliable that structure 

carries a far higher penalty. 

3.2.3  Ponds 

There are two types of detention ponds; wet ponds or retention ponds and dry ponds or 

detention ponds. Wet ponds allow the suspended solids to settle by holding a permanent pool 

of water (Comings et al., 2000), while dry ponds mainly reduce peak flow by allowing the 

water to drain between storms (Shamma et al., 2002). The contrast shows in the numbers. A 

wet detention pond in Florida fitted with a baffle dike removed 83 % of TSS, 59 % of total 

phosphorus, and 31 % of total nitrogen over a year (Eckert et al., 2018). Dry basins are 

weaker, since a dry basin that happened to develop wetland characteristics still removed only 
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about 21 % of total nitrogen by concentration, and most dry basins are recognised as poor 

nitrogen removers compared with wetlands (Humphrey et al., 2022). The drawback common 

to both is resuspension. During large storms, deposited sediment can be scoured and re-

exported, turning a pond into a net source of solids and phosphorus. Also, ponds have 

repeatedly been observed exporting phosphorus across a season even while retaining 

nitrogen. (Robotham et al., 2021; Cheung, 2017). Sediment must also be dredged 

periodically, with one analysis putting the appropriate removal frequency at roughly 16-17 

years (Richard, 2010). Ponds, in short, buy solids removal with land and residence time, and 

lose it when flows exceed their capacity. 

3.2.4  Swales 

Grassed swales are vegetated channels that convey runoff slowly while letting solids settle 

and filtering them through grass and soil. They do so through infiltration, sedimentation due 

to the low velocity induced by the vegetation, and filtration by the grass blades (Stagge et 

al., 2012). A swale is shown in Figure 3. 

 

Figure 3. A vegetated swale running alongside a road (adapted from Sabut, Bhat & 

Mohapatra, 2026) 

Their performance for solids is good but strongly seasonal. A study conducted by Yuan et 

al, (2019) reported that a simulated swale removed around 90% of TSS in summer but its 

efficiency dropped to 34% in winter, highlighting a comparable seasonal shift for COD and 
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nitrogen. If heavy metals are to be removed using swales, they are captured in lower soil 

layer rather than the upper green layer. They have been reported to have reduced 38-41% of 

copper, cadmium, lead, and zinc (Yuan et al., 2019). However, their design also influences 

contaminant removal, but it is not universal. Well-maintained grass swales with check dams 

suit solids and metals, wet swales suit nitrogen, and bioswales with engineered media suit 

phosphorus and bacteria (Ekka et al., 2020).  

3.2.5  Green Roofs 

Green roofs cover a building with a vegetated layer over a lightweight growing substrate, 

retaining rainfall and slowing runoff. For volume and solids, they can perform well, with 

one modelled and monitored roof reducing runoff by 26.7 % and TSS by 89.8 %, alongside 

high modelled nutrient removal (Kuok et al., 2023). The dominant and well-replicated 

problem, however, is nutrient leaching. Green roof substrates are a source rather than a sink 

for nitrogen and phosphorus. Figure 4 illustrates a typical layered green roof. 

 

Figure 4. Typical layered construction of a green roof (adapted from Sabut, Bhat & 

Mohapatra, 2026) 

Field studies repeatedly find TSS, TN, and TP concentrations in roof runoff significantly 

higher than from a conventional roof, with the substrate identified as the primary source 

through wash-off (Liu et al., 2019). The leaching is worst when the substrate is freshly laid 

and richest in nutrients, and it declines over time as the readily mobilised fraction is flushed 

out (Akther et al., 2021). Amendments help adding biochar to the substrate has been shown 

to cut phosphorus, organic carbon, and organic nitrogen export while improving plant cover, 

though biochar can itself be a minor nitrate source (Goldschmidt & Buffam, 2023). A further 
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side effect is acidification, with substrate driving runoff pH as low as 5.9 in one study, the 

opposite of the alkalinity a concrete-based medium would impart (Kuok et al., 2023). Green 

roofs therefore manage water quantity better than water quality and need careful substrate 

design to avoid becoming a pollution source.  

3.2.6  Infiltration 

Infiltration trenches and basins are excavations filled with stone, or open depressions, that 

collect runoff and allow it to percolate into the surrounding soil, which filters out pollutants 

through adsorption and microbial degradation. They are very effective at reducing volumes, 

although not universal, as the water is captured rather than treated and discharged (Erickson 

et al., 2013). Consequently, it eliminates pollutant load just by eliminating the water carrying 

the load. (Erickson et al., 2013). An infiltration trench reduced TSS, COD, nitrogen and 

phosphorus to a meaningful extent in a treatment train near Montreal in a cold climate. 

Additionally, the infiltration associated with the train was better than the single infiltration, 

while a dry pond after the train led to decrease of the overall removal. (Brodeur-Doucet et 

al., 2021).  

 

Figure 5. An infiltration trench (adapted from Sabut, Bhat & Mohapatra, 2026) 

However, like sand filters, they are limited by clogging. As the permeable surface becomes 

less permeable, it gets choked by the accumulated sediment. If they are not supported by 
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adequate pre-treatment (up-stream sediment removal), they can fail early. (Brodeur-Doucet 

et al., 2021).  

3.3  Sand filter limits 

Sand is commonly used stormwater filter medium because it is cheap, widely available, and 

physically effective. Moreover, its ability to strain solids during infiltration and high 

hydraulic conductivity increase its life, and it has been reported to remove 86-94% of 

stormwater solids near roadways in industrial cities (Okaikue-Woodi et al., 2020).  

However, clogging is its primary drawback. As discussed in infiltration section, they clog 

with sediment because solids accumulate at the bottom of the bed, resulting in early 

performance decline. However, their geometry influences the decline as beds with more 

lateral infiltration decline slowly. (Conley et al., 2020). Biological clogging compounds the 

physical kind. 

Table 6. Quantified pollutant removal efficiencies of common stormwater management 

systems 

System TSS Total N Total P Metals Source 

Bioretention 

cell 
89-99 % 

74 % 

(NH4); 29-

90 % (NOx) 

treatment 

dependent 

82-83 % 

(particulate) 

(Shrestha at al., 2018);  

(Lopez-Ponnada et al., 2020); 

(Croft et al., 2024) 

Constructed 

wetland 
50-80 % 

63 % 

(median) 

72 % 

(median) 
70-98 % 

(Wu et al., 2023);  

(Ventura et al., 2021) 

Wet pond 83 % 31 % 59 % Moderate (Eckert et al., 2018) 

Dry / 

detention 

basin 

14-69 % ~21 % 
low; can 

export 
Low 

(Proteau et al., 2022); 

(Humphrey et al., 2022) 

Grassed 

swale 
34-95 % 32-58 % 13-90 % 38-41 % 

(Yuan et al., 2019);  

(Zhang et al.,2021) 

Green roof ~90 % 
often net 

source 

often net 

source 
n/a 

(Kuok et al., 2023);  

(Liu et al., 2019) 

Media / 

sand filter 
78-90 % 42-45 % 59-76 % 

40-51 % (Cu, 

Zn) 
(Drapper et al., 2018) 

Sand filters treating raw wastewater can experience around 85 % decline in their infiltration 

capacity due to biomass build-up in the uppermost layer, eventually clogging the filter in 
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roughly ten months of operation (Mohamed et al., 2023). This is because biofilm present in 

the upper layers can support contaminant removal, but it slowly reduces the flow Chen et 

al., 2021). 

Clogging reduces the efficiency of sand filters and incurs huge maintenance costs. The 

replacement of top media layer of stormwater sand filters cost around US$ 18,500 per event 

in Texas area, and it includes removal, replacement, and off-site disposal of spent sand (Ellis 

et al., 2025).  

Table 7. Reported pollutant removal efficiencies of media filters 

Reference Media TSS TN TP 
Heavy 

metals 

(Adugna & Larsen, 

2017) 
Gravel grain 80 % - - 90 % 

Schueler & Holland, 

2000) 
Sand filter 86 % 38 % 59 % 88 % 

(Jotte et al., 2017) Sand 87 % 32 % 59 % - 

(Yu at al.,2013) 
Synthetic fibre / 

woodchip 
67 % 41 % 50 % - 

López, 2018) Media filter 15-95 % - - - 

However, it does not always guarantee good performance as it is done on a disrupted biofilm 

layer. The removal efficiency of suspended solids barely changed after maintenance and the 

removal of metals declined. (Ellis et al., 2025). Recent research has even turned to in-situ 

ultrasonic treatment to mitigate sand filter clogging, highlighting the persistence of the 

problem (Liu et al., 2025). 

3.4  Existing filter media for stormwater purification 

Several alternative filter media have been tested to treat stormwater in an attempt to find 

effective and low-cost variant (Westholm, 2023). These include natural and engineered 

media. Broadly, they can be classified into organic, inorganic, and composite groups, each 

suited to certain contaminants. Organic media are deemed better at removing organic 

contaminants while inorganic media such as zeolites and iron-based materials are considered 

efficient in removing solids, pathogens, nutrients, metals, and hydrocarbons (Okaikue-

Woodi et al., 2020). Following the brief description of these media. 
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3.4.1  Biochar  

Biochar removes nutrients, heavy metals, and microbial pollutants from contaminated water 

through ion exchange, sorption, precipitation, and electrostatic interaction. These 

mechanisms remove particular contaminants. For example, adsorption governs the removal 

of trace amounts of heavy metals, while ion exchange removes phosphorous supported by 

electrostatic interaction (Inyang et al., 2016). It owes its removal capacity to high carbon 

content, high surface area, abundant functional groups, and strong ion exchange ability. As 

for physical property, its high surface area enables it to remove heavy metals from 

contaminated water. (Biswal et al., 2022). However, its properties that govern the removal 

of contaminants are affected by the feed type and operating conditions it is produced in 

(Mohanty et al., 2018). 

3.4.2  Activated carbon 

When biochar is activated with oxygen or acid, it becomes activated carbon, and it incurs 

high processing cost (Okaikue-Woodi et al., 2020). As for its removal capacity, factors such 

as the biomass feed and production conditions decide what contaminants the final product 

would remove. It generally costs 20 times more than biochar because of high energy demand 

and low yield for production (Thompson et al., 2016). 

3.4.3  Compost  

Compost removes metals by complexation but can leach nutrients during heavy storms, so 

it is usually combined with biochar or activated carbon. The ability to remove metals is 

imparted to it through organic matter present in it. (Ulrich et al., 2017) Moreover, the 

addition of biochar to compost biofilters enhances their pollutant removal efficiency (Tian 

et al., 2014).  
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3.4.4  Woodchips and zeolites  

Woodchips remove nitrates and several metals from contaminated water, and they do so by 

denitrifying the growth of microorganisms. Specifically, they serve as a carbon source, 

eventually facilitating the removal of nitrate (Ashoori et al., 2019). Moreover, their 

denitrifying capacity can be enhanced using biochar as it increases denitrifying 

microorganisms (Bock et al., 2016). Zeolites, crystalline hydrated aluminosilicates, offer 

large surface area and strong ion exchange for nutrients, metals, and pathogens (Okaikue-

Woodi et al., 2020). 

Table 8. Comparison of common stormwater filter media (synthesised from Westholm, 

2023; Okaikue-Woodi et al., 2020; Tao et al., 2020) 

Medium Main strengths Main limitations 

Sand 
Cheap, available, strong physical TSS 

removal 

Clogs, costly media replacement, 

little adsorption, virgin resource 

Biochar / activated 

carbon 

High surface area, strong sorption of metals 

and organics 

Processing cost, variable quality, 

biofouling 

Compost Removes metals, retains moisture Leaches nutrients in heavy storms 

Woodchips 
Carbon source for denitrification, high 

nitrate removal 

Lower sorption affinity, degrades 

over time 

Zeolite 
Strong ion exchange, nutrient and metal 

removal 
Can swell, cost 

CDW (concrete and 

brick) 

Waste derived, alkaline and silicate 

chemistry, adsorption plus physical capture 

Alkaline leaching, irregular 

particles, needs pretreatment 

 

Table 8 presents the comparisons between all existing filter media for stormwater treatment. 

3.4.5  Demolition bricks 

Demolition bricks include red, and concrete brick. All varieties contain silicon dioxide; 

however, concrete bricks also contain metal oxides and calcium carbonate, which add 

adsorption sites (Li et al., 2026; Kooli et al., 2019). Apart from adsorption capacity, the 

hydraulic conductivity of bricks makes them suitable for stormwater adsorption. Also, 

interestingly, their adsorption capacity increases with higher pollutant concentrations and 

longer contact times. (Tao et al., 2020). It has a chemical advantage over sand, which 
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removes solids but its inert nature limits its ability to remove heavy metals. Hence, CDW is 

more chemically active than sand, made using waste, and cheaper and more abundant than 

engineered media like activated carbon. 

3.5  Removal of total suspended solids 

The mechanism by which the TSS is removed from stormwater depends on its particle size. 

They are divided into four categories including dissolved solids, fine solids, coarse solids, 

and gross solids based on their sizes. Particles under 2 μm are known as dissolves solids, 2-

75 μm are called fine solids, 75 μm- 5 mm make coarse solids, and greater than 5 mm account 

for gross solids. (Winston et al., 2023). Finer particles are retained for long time before they 

settle, coarse particles drop out readily, and gross solids can be screened off. 

Three physical mechanisms govern the removal: filtration, plain sedimentation, and the 

chemically aided settling that follows coagulation and flocculation (Charters et al., 2016). 

Filtration, also known as depth straining, counts most for a deep CDW bed. When a particle 

reaches at a constriction after passing through media pores, it sits in the medium as it lacks 

inertia to move (Sparks & Chase, 2016). Moreover, the holding capacity of the medium 

depends on its particle size and the incoming TSS size. If sediments from stormwater 

accumulate and deposit on the filter media, it leads to clogging (Bouwer, 2002). In practice 

this can hold particles as small as 10-15 % of the void diameter, though capture grows less 

reliable toward the fine end (WEF/ASCE, 2012). However, when removal is no longer 

governed by straining, sedimentation facilitates it. And it occurs when large and dense 

particles fall onto the bed under the influence of gravity. (Winston et al., 2023). 

Apart from the physical capture, CDW is also chemically active. Its high alkaline nature and 

specific media characteristics facilitate coagulation and flocculation of fine particles, which 

help small particles floc, thus eventually promoting their removal by filtration or settling.  

(Tao et al., 2020).  
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4  Theoretical background: filtration equations and particle capture 

This chapter sets out the theoretical basis for interpreting the column results. It first describes 

the introduces the three pressure-drop models used later to compare the experimental 

hydraulics against theory and then describes mechanisms by which suspended particles are 

arrested within a granular bed. The parameters that recur throughout the analysis, namely 

porosity and the resulting flow resistance, are defined here so that their roles can be traced 

through the experimental discussion. 

4.1  Filtration equations 

Following are the three widely employed filtration models that predict pressure loss against 

multiple variables. These include The Kozeny-Carman Equation, Ergun’s Equation, and 

Darcy-Weisbach Equation. 

4.1.1  The Kozeny-Carman’s filtration model 

The starting point for the pressure-drop models is Darcy’s law, which relates the volumetric 

flow rate through a porous medium to the pressure gradient across it (Svarovsky, 2000) as 

expressed in equation 1: 

 𝑄 =  −𝑘𝐴
Δ𝑝

𝜇𝑙
 (1) 

where Q is the volumetric flow rate (m3/s), k the permeability of the medium (m2), A the 

cross-sectional area (m2), Δp the pressure drop (Pa), 𝜇 the dynamic viscosity (Pa.s) and 𝑙 the 

bed thickness (m) (Richardson, 2002). The porosity, denoted 𝜀, is the dimensionless fraction 

of the bed volume not occupied by solids. 

Building on Darcy’s law, Kozeny represented the void space of a packed bed as a bundle of 

capillaries of characteristic size and shape, which yields the following relation between 

superficial velocity and pressure gradient (equation 2): 

 𝑢 =  
1

𝐾″
·

−Δ𝑝

𝜇𝑙
·

𝜀3

𝑆2(1−𝜀)2
 (2) 
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Here 𝐾′′ is the Kozeny constant, conventionally taken as 5, and S is the specific surface area 

of the particles (m-1); the constant itself depends on permeability and therefore on porosity, 

particle size and other properties of the medium. (Richardson, 2002; Tien & Ramarao, 2013). 

For spherical particles the specific surface area is S = 6/d, and substituting this together with 

𝐾′′ = 5 gives the familiar form (equation 3): 

 
Δ𝑝

𝑙
 =  

−180𝜇(1−𝜀)2𝑢

𝑑2𝜀3
 (3) 

For irregular grains the specific surface becomes S = 6/(ψd), where ψ is the particle shape 

factor, or sphericity, equal to 1.0 for spheres, 0.82 for rounded sand, 0.75 for average sand 

and 0.73 for coal and angular sand (Davis, 2010). The equation then takes the non-spherical 

form (equation 4): 

 
Δ𝑝

𝑙
 =  

−180𝜇(1−𝜀)2𝑢

𝜓2𝑑2𝜀3  (4) 

The Kozeny-Carman relation is only approximate and tends to lose validity for particles that 

depart markedly from a spherical shape, for broad particle-size distributions and for 

consolidated materials (Carman, 1956). Because it was derived for a solid medium threaded 

by pipe-like conduits rather than for a granular packing. Moreover, it stays invalid for 

complex porous materials and porous media having porosity of ≥ 0.95 (Carman, 1956; 

Dullien, 1979).  

As for superficial velocity, it is calculated using equation 5 

                                                                     𝑢 =  
𝑄

𝐴
                                                               (5) 

Where Q is flowrate in ml/s and A is the cross-sectional area of the column calculated using 

equation 6 

                                                                              𝐴 =
𝜋𝐷2

4
                                                            (6) 

Here, D denotes the diameter of the bed, which is ideally the diameter of the column. 
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4.1.2  Inclusion of porosity 

Porosity itself is defined as the ratio of void volume to bulk volume (equation 7) of the 

medium: 

 𝜀 =  
𝑈𝑏−𝑈𝑠

𝑈𝑏
 (7) 

where Ub is the bulk volume and 𝑈𝑠 is the volume of solids. The cumulative range of porosity 

is 0 to 1 and typically ranges from 0.40-0.47 for sand (Davis, 2010). When only void spaces 

are considered, with or without the inclusion of pores interconnectivity, the porosity 

becomes true porosity. It takes the following form as shown in equation 8. 

𝜀 =  
𝑈𝑣−𝑈𝑠

𝑈𝑏
 (8) 

For flow purposes only, the interconnected voids are relevant, so the effective porosity 

governing flow may be lower than the total porosity that includes isolated pores. Here it 

becomes a function of volume of interconnected pores (𝑈𝑣)e), which is given as under in 

equation 9. 

𝜀𝑒 =  
(𝑈𝑣)e

𝑈𝑏
 (9) 

Porosity is affected by different parameters including PSD, packing density, particle shape, 

and cementing. The effect of PSD can be observed with the fact that porosity may increase 

if larger particles are used. However, Bear (2013) mentioned that factors including 

cementing, compacting, and consolidating can also alter porosity. As for packing density, 

porosity is affected by how particles are packed. Taking example of uniformly packed soil, 

porosity can be 0.26-0.48, while non-uniform packing can result in 0.3-0.35. Moreover, 

Nimmo (2004) highlighted that despite a particle having a porosity of around 0.35, the extra 

void inside the bed can elevate the porosity to 0.5 or even more.  

There are different methods of measuring porosity. The straightforward method is by putting 

values of all variables in the equation for porosity. However, using true density and bulk 

density can also render porosity measurement. For this method, the equation is given as 

equation 10 below. 

                    𝜀 =  
𝜌𝑝−𝜌𝑏

𝜌𝑝
                                                    (10) 
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As the word suggests, true density includes solid particles only while bulk density 

incorporates pore space as well.  

Moreover, it can also be calculated on spot using the following equation (11). 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑒𝑑
                                                     (11) 

Here, the volume of void (m3) is the volume of water (m3) used to fill the bed until its height. 

While the volume of bed is a function of bed length and column diameter.  

4.1.3  Ergun’s filtration model 

Whereas the Kozeny-Carman equation describes only the viscous resistance that dominates 

at low velocity, Ergun’s equation adds a second term to account for inertial losses that 

become significant as the flow rate rises. It therefore comprises a linear viscous contribution 

and a quadratic inertial contribution, and is generally expected to remain valid over a wider 

velocity range than Kozeny-Carman. Following is Ergun equation (equation 12) for pressure 

drop. 

                                   
𝛥𝑝

𝑙
 =  

150 (1 − 𝜀)2 𝜇𝑢

𝜀3𝑑2  +  
1.75 (1 − 𝜀) 𝜌 𝑢2

𝜀3𝑑
          (12) 

Δp (Pa) denotes the pressure drop developed over a bed of depth 𝑙 (m), d (m) is the particle 

diameter, μ (Pa·s) and ρ (kg/m³) are the dynamic viscosity and density of the fluid, ε is the 

bed porosity, and 𝑢 (m/s) is the fluid superficial velocity. It is important to mention here that 

it was developed for a bed of spherical grains. 

The two constants, 150 in the viscous term and 1.75 in the inertial term, are not based on 

theory (Erdim et al., 2015). Mostly using gases as working fluid, Ergun fixed them by fitting 

the correlation to flow values on beds of small, closely sized, smooth and very nearly 

spherical grains (Allen et al., 2013). Subsequent compilations have shown that neither 

constant is truly universal as suggested by the re-analysis of the correlation, which rendered 

the practical upper limit of particle Reynolds number at about 1000 (Erdim et al., 2015).  

Since the correlation was calibrated on near-spherical grains, applying it unchanged to 

angular material is known to introduce error, and a lot of work has been done to rectify that. 

Keeping the equation same, the most common fix introduces the sphericity ψ, a 
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dimensionless measure of how nearly a grain approaches a sphere. It shows the effective 

grain surface that the flow must encounter. Incorporating ψ gives the shape-corrected form 

as in equation 13. 

                        
𝛥𝑝

𝑙
 =  

150 (1 − 𝜀)2 𝜇𝑢

𝜀3𝜓2𝑑2  + 
1.75 (1 − 𝜀) 𝜌 𝑢2

𝜀3𝜓 𝑑
                              (13) 

Two limitations nevertheless remain when the equation is taken to a crushed waste. The first 

is that surface roughness, which the standard constants do not represent, raises the resistance 

independently of shape (Papkov et al., 2025). Controlled experiments on rough spheres, 

cylinders, cubes and crushed rock all record pressure drops well above the smooth-sphere 

prediction, and for irregular rock the discrepancy can reach a factor of several (Allen et al., 

2013). The second is that a broad, multi-size grading sets up uneven, channelled flow that 

no single pair of constants captures cleanly. Even the systematic shape corrections have a 

residual error: across beds of sphericity from about 0.55 to 1.0, a calibrated Ergun-type 

correlation typically holds the deviation to roughly 20%, falling to a few percent only once 

material-specific constants and a particle Reynolds number are introduced (Çarpinlioğlu & 

Özahi, 2008). For an angular, broadly graded material such as CDW, the equation should 

therefore be regarded as an informed estimate rather than an exact predictor, and the most 

dependable values ultimately come from fitting the correlation to the material itself (Allen 

et al., 2013). 

4.1.4  Darcy-Weisbach’s filtration model 

The Darcy-Weisbach equation, drawn from pipe-flow theory, expresses the pressure loss 

due to friction along a length of conduit for an incompressible fluid (Chanson, 2004) in 

equation 14. 

 Δ𝑝 =  𝑓
𝑙

𝑑

𝜌𝑢𝑖
2

2
 (14) 

Here 𝑓 is the Darcy friction factor,  𝜌 the fluid density (kg/m3), 𝑢i the interstitial velocity 

(m/s), 𝑙 the bed depth (m) and 𝑑 the hydraulic diameter of the medium (m).  

The interstitial velocity or actual fluid velocity is higher than superficial velocity because 

fluid flows through pores of the bed experiencing friction, so it becomes as in equation 15 
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                                                                                    𝑢i =
𝑢

𝜀
                                                       (15) 

For a packed bed the hydraulic diameter is the volume open to flow divided by the wetted 

surface, which unlike a uniform duct varies from point to point through the packing (Cheng, 

2011) as depicted in equation 16. 

 𝑑𝐻  =  
𝑑

3

𝜀

(1−𝜀)
 (16) 

The friction factor depends on the Reynolds number and the surface roughness and is 

evaluated differently for laminar and turbulent regimes. For laminar flow, it is given in 

equation 17. 

 𝑓 =  
64

Re
 (17) 

and for turbulent flow it is obtained from the implicit relation, it becomes as represented by 

equation 18. 

 𝑓 =  −2log (
∈/𝑑

3.7
 + 

2.51

Re√𝑓
) (18) 

where ∈ is the roughness (m). For a packed bed in laminar flow the Reynolds number is 

defined using the hydraulic diameter as the characteristic length. Equation 19 illustrates this 

relationship 

 Re𝐻  =  
𝜓𝜌𝑢𝑑𝐻

𝜇
 (19) 

Together these three models, viscous (Kozeny-Carman), viscous-plus-inertial (Ergun) and 

friction-based (Darcy-Weisbach), provide complementary means of relating the pressure 

drop across the bed to the superficial velocity, porosity, sphericity and hydraulic diameter. 

Their predictions are compared against the experimental hydraulics in the following chapter, 

and the comparison reveals which parameters most strongly control the flow resistance of 

the CDW. 
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5  Material Selection and Preparation 

Two materials, CDW and sand, were chosen to make beds of fixed length of 30 cm to 

perform column experiments. For CDW, one type, crushed concrete and brick waste, of two 

different fractions was selected. These fractions were of ∞-5 mm (named as CDW coarse) 

and 2.5-1.25 mm (named as CDW fine) sizes. Moreover, they were used individually as well 

as layered, which essentially means that the ∞-5 mm CDW was layered on top of the 2.5-

1.25 mm CDW. For the layered bed (named as CDW mixed in the study), 15 cm of CDW 

coarse was layered on top of the 15 cm CDW fine layer, and they were separated by a gauze 

mesh, which acted as a support interface. The CDW material was obtained from a supplier 

in Lahti, Finland, and supplier’s initial pretreatment steps included crushing and sieving, and 

magnetic separation of metals. The other material was 1-2 mm dried industrial sand obtained 

from a supplier in Kent, the United Kingdom. 

For the preparation of synthetic stormwater, two types of clays were selected. 

5.1  Material preparation  

Following sections describe the preparation of materials used to conduct column 

experiments.  

5.1.1  Estimation of particle size distribution (PSD) 

Raw CDW sample underwent sieving, and the HAVER EML 450 Digital Plus Test Sieve 

Shaker was used for this purpose. The sample was sorted into five different fractions 

according to particle size >5 mm; 5-2.5 mm; 2.5-1.25 mm; 1.25-0.8 mm. 0.8-0.3 mm and 

collector. Thes fractions retained on each sieve are shown in Figure 7. However, particles of 

∞-5 mm and 2.5-1.25 mm (Figures 7a1 and 7a3) were retained to use for the experiments. 

For sand, the sample was sorted into six different fractions including x>1.25 mm, 1.25mm-

0.8mm, 0.8-0.5 mm, 0.5-0.3 mm, 0.3-0.1 mm, 0.1-0.05 mm, and a pan. 
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To begin with sieving analysis, all empty screens were weighed and compiled in a 

descending fashion with the highest size at the top. It was run for two minutes to ensure that 

the material passed through sieves properly.  

 

Figure 6. HAVER 450 Digital Plus Test Sieve Shaker 

After that, three sieving sessions of 10 minute each were conducted, and all screens were 

weighed with the material retained on them. Subtracting the mass of empty sieve from the 

post-procedure sieve gave the mass of material retained. Figure 7 represents the shaker used 

for sieving. 

5.1.2  Crushing  

When additional finer CDW was required, particles larger than 5mm were crushed using the 

Retsch Crossbeater Mill SK 300. For this purpose, the material was intermittently introduced 

to the crusher from the top. It was ensured that there was enough material inside the crusher 

to support the incoming material to get optimal crushing result.  
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(a)                                                                       (a1) 

 

                     
(a2)                                                                     (a3) 

 

                       
(a4)                                                                    (a5) 

Figure 7. CDW raw and fractions (a: raw, a1:>5 mm, a2:5-2.5 mm, a3:2.5-1.25 mm, 

a4:1.25-0.8 mm, a5:0.8-0.3 mm) 
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5.1.3  TSS selection 

As for TSS, two different sizes of powdered TSS were used. One of them was kaolin clay, 

which was identified as Clay Agrilcrem supplied by a supplier in Italy, and had a median 

Sauter diameter of 6.29 μm, while the other was celite containing Kieselguhr (contains free 

crystalline silicic acid) and supplied by a German supplier, and it had a particle size of 0.02-

0.1mm. 

                       

(b)                                                     (b1) 

Figure 8. TSS used for experiments (b: clay agrilcrem, b1: celite) 

Caly agrilcrem and celite are represented in Figures 8 (b) and 8 (b1).  

5.1.4  Synthetic stormwater preparation 

Synthetic stormwater of concentration 500 mg/L was prepared by mixing weighted quantity 

of TSS in tap water at 20-22 oC with continuous stirring in a mixer tank as well as in the 

backup tank. The mixer tank had a capacity of 70 litres while for the backup tank, it was 100 

litres. 
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5.2  Column setup  

Ten experiments were conducted with a fixed material bed length of 30cm each using two 

sets of all materials including sand, CDW fine and CDW mixed. Each set was performed 

with two different TSS particle sizes and two different waterheads. However, when sand was 

tested with celite at a waterhead of 10 cm, it left a cake, and hence its second part was 

discarded because it drifted away from the scope of deep bed filtration. Their configurations 

are given in the Table 9. 

Table 9.  Configurations of experiments 

The filter column has a height of 70cm and a diameter of 9.5cm. It is equipped with four 

overflow valves on the outer wall, placed 10cm apart each with the first one at 40cm. These 

valves regulate the level of stormwater over the material bed by adjusting its height. It is 

achieved by opening the valve at desired water head. The filtrate was collected at the bottom 

valve, and it was opened enough to limit the experiments at laminar flow rate. Stormwater 

is introduced at the top of the column and flown evenly downwards while keeping the desired 

water head constant, followed by the collection of the filtrate at the bottom. Two iterations 

Experiment 

number 

Filter Media Media 

Particle 

Size 

TSS  

Concentration 

TSS Particle 

median sauter 

diameter 

Bed 

Length 

Water Head 

 
 

(mm) (mg/L) (mm) (cm) (cm) 

1 CDW 

Mixed 

1.25 500 6.29 30 10 

2 Sand 1-2 500 6.29 30 10 

3 Sand 1-2 500 6.29 30 30 

4 CDW fine 2.5-1.25 500 - 30 30 

5 CDW fine 2.5-1.25 500 6.29 30 10 

6 CDW mixed ∞-5+ 

2.5-1.25 

500 6.29 30 30 

7 CDW mixed ∞-5+ 

2.5-1.25 

500 - 30 30 

8 CDW mixed ∞-5+ 

2.5-1.25 

500 - 30 10 

9 CDW fine 1.25 500 6.29 30 30 

10 CDW fine 1.25 500 - 30 10 
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were performed for taking the filtrate and second was collected in the jar as sample to 

estimate the parameters and perform tests. These parameters included pH, temperature, flow 

rate, and hydraulic pressure. After that, turbidity and TSS concentration in the samples were 

measured.  

The experiment began by filling the column with the desired material sample to 30 cm bed 

length. It was kept 30 cm to obtain measurable filtrate. Tap water at 20-22oC and maximum 

flow was passed through it for 20-30 minutes with the filtrate valve open, and it was done 

until the bed was stabilized. After that, tank was filled with water and allowed to settle for 

at least an hour. After that, synthetic stormwater solution of 500mg/L concentration was 

added to the main tank and backup tank while continuously stirring. Then stormwater was 

pumped to the column using a pump until the desired water head, and overflow valve was 

opened and pump capacity was adjusted to stabilize the head. The maximum water head was 

limited to 30cm to facilitate appropriate hydrostatic pressure.  

The maximum height of the bed with maximum waterhead indicated a maximum hydrostatic 

pressure of 57 mbar. It is important to mention here that observations for individual 

experiments contain average values of two iterations of outlet flow rate taken from the 

bottom of the column. It was achieved by dividing the cumulative of two outlet flow rates 

by the cumulative time. For calculations of outlet flow rates, the mas of obtained filtrate was 

divided by the time it took to flow. It is given in the equation 20. 

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (
𝑚𝑙

𝑠
) =  

𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑒 𝑀𝑎𝑠𝑠

𝑡𝑖𝑚𝑒
 (20) 

The flow-rate decline is calculated as the percentage drop between the first steady reading 

(0 minutes) and the final reading (360 minutes). Equation 21 is used to calculate it. 

𝑑𝑒𝑐𝑙𝑖𝑛𝑒 (%)  =  
𝑄0 − 𝑄360

𝑄0
× 100                                            (21) 
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Figure 9. Schematic diagram of deep-bed filtration column experiment setup 

Figure 9 represents the schematic diagram of the column. 

5.3  Analyses  

Following experimental analyses were conducted to assess the behaviour and characteristics 

of the filtrate produced during the experiments. 

5.3.1  pH measurement  

pH was measured using pH meter. Before measuring, the instrument was calibrated using 

standard 3M KCl solution. The measurement of pH started with rinsing the glass electrode 

with distilled water. Then it was placed into the sample and waited until the reading was 

stabilized. The final reading displayed on the meter was recorded.  
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5.3.2  Turbidity analysis  

For turbidity analysis, HACH 2100AN IS Turbiditimeter was used. The meter was switched 

on, and the lid was kept closed until the device was ready to use. Before using it for analysing 

samples, standard samples were measured and their turbidities were compared with earlier 

measurements to ensure that the device was working properly. For measurements, the tube 

was filled up to the mark, while making sure that its surface was clean. The tube was placed 

in the meter in a way that the mark of the tube was facing the notch of the tube hole. Then 

the lid was closed and waited until the value stabilized. It is important to mention that the 

meter displayed fluctuating values, therefore, the highest value after which the reading 

started decreasing consistently was noted and expressed in NTU units. Moreover, the same 

tube was used for all samples to get best repeatability and comparability. However, it was 

rinsed with clean water between every measurement.  

The turbidity analyses were plotted with turbidity on the y-axis and throughput ratio (a 

dimensionless number and known as pore volume) on the x-axis, which is calculated by the 

following equation 22. 

                                             𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑜𝑟𝑒 𝑉𝑜𝑙𝑢𝑚𝑒𝑠 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑒𝑑 𝑝𝑜𝑟𝑒𝑠
                    (22) 

For volume of effluent, m3, equation 23 is used 

                                                                       𝑉𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 = 𝑄 × 𝑡                                                 (23) 

Here, Q is flowrate, ml/s, and t is time, seconds. However, with flow rates at unequal time 

intervals, it is used in the following form as shown in equation 24. 

                                                                       ∑ Δti
𝑛−1
0

𝑄𝑖+𝑄𝑖+1

2
                                                                  (24) 

Here Q is in ml/s and Δt in seconds. 

Volume of bed pores, m3 is calculated by the following equation 25. 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑒𝑑 𝑝𝑜𝑟𝑒𝑠 =  𝜀. 𝐴. 𝐿                                           (25) 

Where ε is the measured porosity, A is the cross-sectional area (m2) of the column and L is 

the bed length (m).  
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In other words, it indicates the treatment capacity or breakthrough behaviour of the bed and 

it is strongly dependent on bed porosity and flow rate. Breakthrough, based on the selected 

water quality parameter, can be assessed by the following equation 26. 

                                                                   
𝐶

𝐶𝑜
                                                                     (26) 

Where C is the effluent concentration and Co represents influent concentration and their units 

depend on the chosen parameter.  

5.3.3  TSS measurement  

For the measurement of TSS, vacuum filtration assembly was employed as shown in the 

Figure 10. It consisted of a Büchner/fritted glass filter funnel mounted on filter support and 

clamped to the Kitasato flask. The Kitasato flask had a side hose connection to the vacuum 

line, which created suction to pull water through the filter leaving suspended solids on the 

filter surface.  

Before using the instrument, filter papers and aluminium foils weighed to a stable mass, were 

pre-dried in the oven at 105oC for an hour and cooled in desiccator for 30 minutes. After 

that, they were weighed again and new masses were recorded. This procedure was repeated 

twice to ensure precision and accuracy in the measurements. These filter papers were used 

to filter the TSS from water samples.  

It was followed by gravimetric quantification of the TSS, whereby a fixed volume of the 

sample was filtered and the mass of solids retained on the filter was determined after drying. 

The volume was kept constant for all samples of an experiment to ensure the consistency 

and accuracy of measurement. For most of the experiments, it was 500 ml. 

Five samples were selected from an experiment configuration including feed, 0 minute, 120 

minutes, 240 minutes, and 360 minutes. The sample was adequately shaken to homogenise 

it, and it was subsequently drawn through the pre-weighed filter under vacuum. The residue 

left after filtration was dried again in the oven at 105oC for 24 hours until a constant mass 

was attained. After drying, it was cooled in a desiccator for 30 minutes and then weighed. 

Moreover, sample was weighed twice before the final mass was recorded and used for 

calculation. 
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Figure 10. TSS measurement assembly 

The suspended solids concentration was calculated from the difference between the final and 

initial filter masses against the filtered sample volume, as expressed below in equation 27. 

𝑇𝑆𝑆 (
𝑚𝑔

𝐿
) =

[ (𝐴− 𝐵)𝑥 1000 ]

𝑉
 (27) 

Here, A denotes the mass of the filter together with the dried residue in mg, B the mass of 

the clean filter in mg, and V the volume of the filtered sample in ml. Both the feed suspension 

and the filtrate collected at each sampling interval were analysed identically, so that removal 

could be tracked across the duration of each run.  

Following the TSS measurements, TSS removal efficiency for each experiment was 

calculated to assess the performance of the bed in removing these contaminants. The removal 

efficiency was measured against the concentration of the TSS in feed and the end of the run. 

It is given in the equation 28.  

                         𝑇𝑆𝑆 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 % =
(𝐴−𝐵)

𝐴
𝑥100                                        (28) 

Here, A represents the concentration of the TSS in the feed, mg/L, and B represents the 

concentration of the TSS in the sample at 360 minutes, (end of the run), mg/L. 

5.3.4  TDS measurement 

For the measurement of the TDS, the water sample left after filtration was used. For this 

purpose, 50 ml of post-filtration water was collected in a pre-weighed aluminium foil and 

dried in the oven for 24 hours. After drying, its weight was measured until a constant reading 
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was displayed by the scale. After drying, it was cooled in a desiccator for 30 minutes and 

then weighed. Moreover, sample was weighed twice before the final mass was recorded and 

used for calculation. Equation 29 denotes the relationship. 

𝑇𝐷𝑆 (
𝑚𝑔

𝐿
) =

[ (𝐴− 𝐵)𝑥 1000 ]

𝑉
 (29) 

Here, A denotes the mass of the aluminium foil after drying in mg, B is the mass of 

aluminium foil before drying in mg, and V is the volume of post TSS-filtration water sample 

in ml. 

For TDS removal efficiency, same procedure was adopted as for the TSS removal efficiency. 

It is given in the equation 30.  

𝑇𝐷𝑆 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 % =
(𝐴−𝐵)

𝐴
𝑥100 (30) 

Here, A represents the concentration of the TSS in the feed, mg/L, and B represents the 

concentration of the TSS in the sample at 360 minutes (end of the run), mg/L. 

5.4  Breakthrough determination 

To understand the performance of the filter media over time, it is important to determine 

their breakthrough points. This is the point where the bed starts losing its capacity to treat 

contaminated water. It could be determined using water quality parameter. However, it was 

measured using turbidity and TSS as indicators, although the TSS was measured using only 

five intervals. 

The determination started with choosing the baseline, which corresponded to the lowest 

sustained C/C₀ point of the run using a 3-point moving average to suppress the single-reading 

uncertainty. The first interval where the stable C/C₀ started rising noticeably, or from where 

the turbidity value started rising without coming back to stable clean ratio (with absolute 

margin of ≥ 0.05 and relative margin of ≥ 25%) was chosen as the breakthrough point. 

However, the beds which exhibited higher removals without any sustained rise in turbidity 

were recorded as not having reached the breakthrough. After all, the bed which treated the 

highest volume before breakthrough exhibited the best performance. 
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6  Results and Discussions 

This section provides analyses of filter media characteristics including morphology and PSD 

of particles, elemental composition of clay TSS, and individual as well comparative 

experimental analyses based on flow decline under constant pressure, turbidity, and TSS and 

TDS concentrations of feed and end of the run experiment. 

6.1  Morphology analysis and PSD 

The clay was characterised by laser diffraction on a Mastersizer 3000 in aqueous dispersion, 

and its morphology was examined by scanning electron microscopy in backscattered-

electron mode (BEM). The following Figure 11 shows volume-based distribution. The 

principal descriptors are summarised in Table 10. 

Table 10. Volume density and cumulative undersize distribution of the clay TSS 

 

Descriptor Value Descriptor Value 

Dv(10) 2.72 µm D[3,2] (Sauter) 6.29 µm 

Dv(50) 13.4 µm D[4,3] 18.3 µm 

Dv(90) 39.3 µm Mode 19.5 µm 

Span 2.72 Uniformity 0.891 

Specific surface area 954.2 m²/kg Fraction > 10 µm 60.4 % 

The distribution is moderately uniform but broad as can be seen from the large difference 

between Dv(10) and Dv(90), which are at 2.72 µm and 39.3 µm respectively. Also, this 

difference highlights the heterogeneity of the clay as it consisted of particles of different 

sizes.  

The span is calculated as given in the equation 31 (Copelli et el., 2018). 

𝑆𝑝𝑎𝑛 =
𝐷𝑣(90)−𝐷𝑣(10)

𝐷𝑣(50)
                                                              (31) 

Putting the values and it comes out as 2.73, reflecting the polydispersity, rather than a narrow 

distribution. As the span value increases, the PSD spread grows (Li et al., 2022). Moreover, 
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as mode (19.5 µm) is greater than the median diameter (13.4 µm), it reflects that distribution 

is tilted towards coarse particles. However, it is greater than median sauter diameter (6.29 

µm), which indicates that abundant fine particles dominate the surface. It is also confirmed 

by the uniformity of 0.891, which suggests a moderately homogenous particle size 

distribution with noticeable dominant particle size range. As for the very large surface area 

of 954 m²/kg, it shows how much material can attach per unit mass, and how readily clay 

stays suspended.  

 

Figure 11. Volume density and cumulative undersize distribution of the clay TSS 

The diffraction result is also consistent with the images produced by the electron 

microscopy. At low magnification (Figure 12), the image shows angular, blocky, and plate 

like grains packed densely across a fine matrix. At intermediate magnification (Figure 13), 

they are angular, blocky particles, in the interstices and on the surfaces of large grains. While 

at highest magnification (Figure 15), they are clearly flakes and micro-aggregates, 

contributing to the high surface area they occupy. 
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Figure 12. BEM of the clay TSS at ×100, scale bar 500 µm 

 

Figure 13. BEM of clay TSS at ×1000, scale bar 50 µm 

 

Figure 14. BEM of clay TSS at ×2500, scale bar 20 µm 
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At the highest magnification (Figure 14) a single aggregate is seen to be coated in fine clay 

flakes and micro-aggregates, which is the textural origin of the high specific surface area. It 

is a confirmation that the diffraction obtained median diameter corresponds to loosely bound 

aggregates and not to completely dispersed primary particles. 

6.2  Elemental composition of clay TSS 

Energy-dispersive X-ray spectroscopy (EDS) was used to determine the elemental 

composition at seven points across two representative areas. The mean weight 

concentrations are shown in Figure 15, and the full point-by-point results are summarised in 

Table 11. 

Table 11. Mean EDS composition of the clay TSS (Bolourieh et al., 2024) 

Element O Al Si K Fe Ba P Mg Ti 

Mean wt 

% 
40.7 23.9 26.7 5.2 2.2 0.7 0.3 0.1 0.1 

Atom % ≈56 ≈19 ≈21 ≈3 ≈0.6 ≈0.1 - - - 

 

 

Figure 15. Mean EDS elemental composition of the clay TSS (weight%) 

As aluminium and silicon have the highest shares in the composition combining to make 

50%, it reflects that it is clearly an aluminosilicate clay. If the weight percentage of oxygen 

is also considered, all three elements combined make around 90% of the total mass. The 
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presence of these elements may suggest that elemental oxides, and oxygen in metal oxides 

and minerals could have attached to these elements. As for the weight ratio of silicon to 

aluminium, it is almost 1:1, which reflects that it is finely distributed and that it is a kaolin 

assemblage. Other minerals are present in low quantities with potassium at 5.2 % and iron 

at 2.2 %, while the rest are in trace quantities gathered due to possible weathering.  

6.3  PSD of CDW and sand 

Following are the PSD results and analyses of sand and CDW used for experiments. 

6.3.1  PSD of CDW 

CDW was sieved on a 5000, 2500, 1250, 800, 500 and 100 µm screen series with a pan, each 

fraction weighed in triplicate. The results of the weighings are listed below in Table 12.  

Table 12. Sieve analysis of CDW 

Aperture (µm) Mean retained (g) Retained (%) 
Cumulative passing  

F(x) (%) 

5000 808.1 21.27 78.73 

2500 568.4 14.96 63.77 

1250 1130.4 29.75 34.02 

800 109.2 2.87 31.15 

500 68.9 1.81 29.34 

100 734.1 19.32 10.02 

Pan (<100) 380.6 10.02 0.00 

Total 3799.6 100.00 - 

The CDW is a broadly graded material. This means mass is distributed throughout the entire 

screen series, instead of focused on one or two screens, and the cumulative passing curve 

decreases uniformly from 78.7 % at 5000 µm to 10 % at 100 µm. The heaviest fractions are 

on 1250 µm screen with 29.8 % share and on 5000 µm screen with 21.27 %. The former 

fraction was used in the study as “CDW fine”, while the latter was used as a top layer on the 

“CDW fine” layer to make a “CDW mixed” bed. Furthermore, the presence of a high 

proportion of coarse fraction (>5 mm) and a large fine tail (<100 µm) is characteristic of 
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crushed waste with multiple components, where brittle fracture during crushing formed 

particles over a wide range of sizes. 

6.3.2  PSD of sand 

Sand of size 1-2 mm was sieved on a 2500, 1250, 800, 500, 300, 100, 50 µm screen series 

with a pan. Most of the mass is retained on two screens of aperture sizes 1250 µm and 800 

µm, with 45.83 % and 48.83 % respectively.  

Table 13. Sieve analysis of sand 

Aperture (µm) Mean retained (g) Retained (%) 
Cumulative passing 

 F(x) (%) 

2500 0 0 100 

1250 1372 45.83 54.16 

800 1461.9 48.83 5.33 

500 93 0.031 2.22 

300 50.4 0.017 0.54 

100 15.3 0.005 0.03 

50 1 0 0 

Pan (<50) 0.4 0 0 

It is in line with the original size of the sand. As for the curve, it goes straight to the top 

because the upper limit was chosen to be 2500 µm, due to the unavailability of screen size 

of 2000 µm. The PSD span of sand also reflects that it is moderately graded. The results are 

given in Table 13.   

6.3.3  Grading characteristics and comparison 

The characteristic percentile diameters, the derived uniformity and curvature coefficients are 

compared in Table 14. 

The two media are at opposite ends of the grading spectrum. The uniformity coefficient of 

the CDW is approximately 23, which is much higher than the conventional four that is used 

to distinguish well-graded from uniform materials. In combination with the curvature 

coefficient of 1.54 (in the range 1-3), it is an indicator of a smooth and continuous 
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distribution. Moreover, it shows a wide-spread and well-graded material. The sand, on the 

other hand, has a very low uniformity coefficient of 1.64, with virtually every particle in the 

material being in only two size classes, making it uniformly graded. This difference directly 

affects the bed properties. 

 

Figure 16. Cumulative grading curves of the CDW and sand 

A well-graded material such as the CDW packs more densely, because the finer particles 

occupy the voids between the coarser ones. However, as both fractions for “CDW mixed” 

were separated by a mesh, it lowered the bed porosity and raised the flow resistance. On the 

other hand, this is not the case with sand, as more uniform packing allows more open pore 

structure leading to high porosity. 

However, as CDW has the finest screen of 100 µm, the actual uniformity coefficient could 

be higher. This is because 100 µm is a boundary value rather than a definite bracket. For 

sand, the availability of screen of 2000 µm could have produced a more ideal PSD curve.  
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Table 14. Characteristic diameters and grading coefficients of the CDW and sand 

Parameter CDW Sand 

D10 (µm) ≈ 100 ≈ 835 

D30 (µm) ≈ 594 ≈ 1002 

D50 (µm) ≈ 1814 ≈ 1203 

D60 (µm) ≈ 2290 ≈ 1365 

D90 (µm) - ≈ 2149 

Uniformity coefficient 

Cu = D60/D10 
22.9 1.64 

Curvature coefficient 

Cc = D30²/(D10·D60) 
1.54 0.88 

Span - 1.09 

Grading classification broadly graded uniformly graded 

 

The PSD curves obtained for both materials are shown in the Figure 16. 

6.4  Individual experimental observations and analyses 

Following are the configurations, and observations made during each experiment. It is worth 

noting that two iterations for flow rate and temperature were recorded for each sample to 

ensure the accuracy of measurement. They were averaged to produce the values presented 

in the tables. Other than that, figures before and after each experiment, and residues left are 

also attached to document the observed changes. The pictorial documentation is especially 

helpful to highlight consistencies or anomalies during the experiments. Before making 

comparisons, individual experiment analyses are performed to understand the run-to-run 

variability of all configurations. It is important to mention here that benchmark data for 

comparing configurations using coarse TSS is not available. This is because the experiment 

performed with sand using coarse TSS left a layer of cake on top and hence was discarded. 

As for the porosity calculation, it was calculated on spot using tap water. 
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Experiment 1 

 

Table 15. Experiment 1 observations 

TSS 

Type 

TSS 

Conc 

(mg/L) 

Bed  

Type 

Bed  

Porosity 

Water 

Head 

(cm) 

Bed  

Length  

(cm) 

Water  

Temperature 

 (oC) 

Pressure 

(mbar) 

Clay 

Agrilcrem 

500 CDW 

mixed 

0.2725 10 30 20.1 54 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet 

Flowrate 

(Avg) 

Turbidity TSS TDS 

(min)  (oC) (ml/s) (NTU) (mg/L) (mg/L) 

Feed 8 20 
 

300 0.4410 0.0202 

0 9.83 20.05 11.0402 139 0.1604 0.0263 

10 9.89 20 10.9610 145 - - 

20 9.79 19.45 10.9290 138 - - 

40 9.73 20 10.8912 153 - - 

60 9.69 20 10.8200 158 - - 

90 9.63 19.85 10.7973 180 - - 

120 9.60 20 10.7668 194 0.2488 0.0184 

180 9.59 20 10.7521 194 - - 

240 9.52 19.7 10.7084 253 0.3775 0.0188 

300 9.47 19.7 10.7070 245 - - 

360 9.39 19.6 10.6843 234 0.3312 0.0202 

The first experiment was performed with CDW mixed bed with 10 cm water head using fine 

TSS (clay agrilcrem). The pressure stood 54 mbar through the experiment, however, the flow 

declined 3.2 % from 11.0402 ml/s 10.6843 ml/s. As the flow rate was highest of all 

configurations, the treated volume was 116 litres of stormwater over the six-hour run.  

As for turbidity, it declined form 300 NTU at feed to 234 NTU at the end of the run, marking 

a 22 % decline. However, the best removal was observed within first 20 minutes, standing 

at 54 %. TSS removal also peaked in the same time frame with 63 % removal, while the end 

of the run removal stood at merely 25 %. TDS, on the other hand, remained unchanged.  
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(c)                                                   (c1) 

           
(c2)                                             (c3) 

Figure 17. Experiment 1 observations (c: before experiment 1, c1: after experiment 1, 

c2&c3: residue after experiment 1) 

It could be attributed to following reasons. As the top layer of the bed was coarse CDW, its 

higher porosity let relatively smaller TSS particle pass through before eventually reaching 

the finer layer. Figure 17 (c1) shows that at the end of the experiment, some sedimentation 

of solids can be seen on the top. it is important to mention that this thin layer started forming 

at 20 minutes and stood the same throughout, indicating that the TSS particles passed 

through the bed without clogging or leaving a cake. Gentle water head of 10 cm also plays 

the role in sedimentation as it does not impart large enough velocity to push the TSS through 

the bed. This is not only consistent with the best turbidity removal in first 20 minutes but 
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also with the TSS removal for the whole experiment. The pH rose from 8 at feed to 9.39 at 

360 minutes. 

Experiment 2 

Table 16. Experiment 2 observations 

TSS 

Type 

TSS  

Conc 

(mg/L) 

Bed 

Type 

Bed  

Porosity 

 

Water 

Head 

(cm) 

Bed  

Length  

(cm) 

Water  

Temperature  

(oC) 

Pressure 

(mbar) 

Clay 

Agrilcrem 

500 Sand 0.4 10 30 20 54 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet 

Flowrate 

(Avg) 

Turbidity TSS TDS 

(min)  (oC) (ml/s) (NTU) (mg/L) (mg/L) 

Feed 7.93 20 
 

309 0.4573 0.0091 

0 7.84 20.1 6.2556 81,8 0.0985 0.0105 

10 7.89 19.75 6.2314 104 - - 

20 7.90 19.5 6.1905 104 - - 

40 7.95 19.15 6.1699 108 - - 

60 7.93 19 6.1487 115 - - 

90 7.88 18.6 6.1417 107 - - 

120 7.92 18.4 6.0740 124 0.1481 0.0136 

180 7.90 18 6.0769 124 - - 

240 7.94 18.1 6.0664 137 0.1756 0.0095 

300 7.86 18.55 6.0349 151 - - 

360 7.80 18 6.0347 161 0.2179 0.0103 

Experiment 2 treats clay agrilcrem on a 10 cm head at a constant pressure of 54 mbar. It 

experienced a moderate flow decline of 3.5 %, starting at 6.2256 ml/s and concluding at 

6.0347 ml/s. The treated volume was 132 litres of stormwater. 

The turbidity declined from 309 NTU to 161 NTU at the end of the run, marking a 48 % 

decline, however, the best removal stood at around 74 % and it was observed at 0 minute 

filtrate. Moreover, after 0 minutes until 90 minutes, it did not rise noticeably. TSS removal 
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was also the best at 0 minute interval with 78 % and it declined to 52 % at the end of the run. 

TDS, on the other hand, increased by 13 % over the whole run. 

            

       (d)                                             (d1) 

 

(d2) 

Figure 18: Experiment 2 observations (d: before experiment 2, d1: after experiment 2, d2: 

residue left after experiment 2) 

Although it was operated with a single layer of sand, it exhibited the same turbidity removal 

pattern as of the CDW mixed in experiment 1. However, removal efficiencies varied 

considerably. 

As for the thin white layer on the top (shown in Figure 18 d1) after the experiment, it is 

reflective of sedimentation rather than clogging, as the waterhead is gentle. The pH did not 

experience a considerable variation over the run. 
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Experiment 3 

Table 17. Experiment 3 observations 

TSS 

Type 

TSS  

Conc 

(mg/L) 

Bed  

Type 

Bed  

Porosity 

Water 

Head 

(cm) 

Bed  

Length  

(cm) 

Water  

Temperature  

(oC) 

Pressure 

(mbar) 

Clay 

Agrilcrem 

500 Sand 0.4 30 30 20.1 54 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet Flow 

rate (Avg) 

Turbidity TSS TDS 

(min)  (oC) (ml/s) (NTU) (mg/L) (mg/L) 

Feed 8.17 20 
 

258 0.4642 0.0111 

0 7.98 20.05 5.6267 63.1 0.0863 0.0103 

10 7.94 20 5.0057 72.7 - - 

20 - - - - - - 

40 7.89 20 4.6677 72.5 - - 

60 7.96 20 4.6589 87.8 - - 

90 7.97 19.85 4.5160 91.4 - - 

120 7.90 20 4.4540 72.6 0.0738 0.0110 

180 7.93 20 4.4477 76 - - 

240 7.96 19.7 4.4303 80.4 0.0849 0.0108 

300 7.96 19.7 4.4079 91.4 - - 

360 7.95 19.6 4.3713 84.3 0.0888 0.0110 

 

This is a sand counterpart to experiment 2 with a different waterhead; 30 cm. However, 

raising the waterhead changed the hydraulics more than the water quality. The flow rate 

declined by around 22 %, from 5.63 to 4.37 ml/s, with the treated volume at 98 litres of 

stormwater. 

As for turbidity removal, it stood at 67 % for the whole run, and the best removal was 75 %, 

marking relatively lesser change than the one at 10 cm head. The TSS removal was 80 % for 

the entire run and 81 % as the best efficiency, and both best values were observed at 0 minute 

interval. TDS, on the other hand, did not experience any chnage. 
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(e)                                              (e1) 

 

(e2) 

Figure 19. Experiment 3 observations (e: before experiment 3, e1: after experiment 3, e2: 

residue left after experiment 3) 

The sharp decline in flow rate is indicative of surface clogging, and it is reinforced by the 

high waterhead, which pushes stormwater at higher velocity and constricts the pores with 

the passage of time. It is also reflected in TSS removal values, as the bed captured more 

solids. The pH stood almost constant throughout the run, starting at 8.17 and concluding at 

7.95. 
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Experiment 4 

Table 18. Experiment 4 observations 

TSS 

Type 

TSS  

Conc 

(mg/L) 

Bed  

Type 

Bed  

Porosity 

Water 

Head 

(cm) 

Bed  

Length  

(cm) 

Water  

Temperature  

(oC) 

Pressure 

(mbar) 

Celite 500 CDW 

fine 

0.3386 30 30 20.3 55 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet 

Flowrate 

(Avg) 

Turbidity TSS TDS 

(min)  (oC) (ml/s) (NTU) (mg/L) (mg/L) 

Feed 8 19.05 
 

518 0.2797 0.0042 

0 9.80 19 5.3481 63.4 0.0570 0.0141 

10 10.04 19 5.3206 55.1 - - 

20 10.10 19 5.3133 64.9 - - 

40 10.15 18.85 4.6660 60.5 - - 

60 10.07 18.55 4.5922 64.9 - - 

90 9.98 18.45 4.6339 69.8 - - 

120 9.97 18.15 4.5599 77.9 0.0627 0.0096 

180 9.93 18 4.5447 83.6 - - 

240 9.89 18 4.3825 97.9 0.1106 0.0095 

300 9.89 17.6 4.0766 84.9 - - 

360 9.82 19.05 4.0358 104 0.0917 0.0126 

Experiment 4 tested CDW fine using coarse TSS with 30 cm waterhead, at a constant 

pressure of 54 mbar. The flow decline was 24.5 %, and it treated a volume of 97 litres of 

stormwater.  

This configuration resulted in the end of the run turbidity removal of 80 % with best figure 

reaching 89 % at 10 minutes interval. As for TSS removal, it was 67% after 360 minutes and 

the highest of 79 % at 0-minute interval. TDS rose sharply, almost tripling over six hours. 
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(f)                                         (f1) 

Figure 20. Experiment 4 observations (f: before experiment 4, f1: after experiment 3, f2: 

residue left after experiment 4) 

The possible reason for sharp flow rate decline is a combination of high waterhead and 

coarser TSS size. Since, TSS particles are coarse enough to constrict the pores of the 

medium, resulting in pores clogging, thus reducing the flow. This is also in line with the high 

removal efficiencies of TSS and turbidity because solids were trapped inside the bed rather 

than travelling down through it. The pH, however, rose from 8 in feed to 9.82 at six hours. 
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Experiment 5 

Table 19. Experiment 5 observations 

TSS 

Type 

TSS  

Conc 

(mg/L) 

Bed  

Type 

Bed 

Porosity 

Water 

head 

(cm) 

Bed  

Length  

(cm) 

Water  

Temperature  

(oC) 

Pressure 

(mbar) 

Clay 

Agrilcrem 

500 CDW 

fine 

0.3461 10 30 20.2 36.5 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet Flow 

rate (Avg) 

Turbidity TSS TDS 

(min)  (oC) (ml/s) (NTU) (mg/L) (mg/L) 

Feed 8.39 19.5 
 

267 0.4587 0.0076 

0 10.56 19.7 4.6513 64.5 0.0721 0.0146 

10 10.56 19.4 4.6531 54.8 - - 

20 10.53 19.4 4.6368 61.2 - - 

40 10.49 19.3 4.6182 63.8 - - 

60 10.42 19.15 4.7049 64.8 - - 

90 10.38 19 4.6045 68 - - 

120 10.37 19 4.5957 75.5 0.0649 0.0150 

180 10.26 18.9 4.5717 64.7 - - 

240 10.20 18.95 4.5286 73.1 0.0761 0.0124 

300 10.10 18.7 4.5112 120 - - 

360 10.07 19.5 4.5138 113 0.0730 0.0129 

Fine CDW treating fine clay at low head behaved similarly to sand under comparable 

conditions, which provides a useful point of comparison. The pressure held constant at 36.5 

mbar, and the bed treated 99 litres of stormwater. 

Against a feed of 267 NTU, the filtrate fell to 64.5 NTU at the start and reached a minimum 

of 54.8 NTU at 10 minutes (about 79 % removal), before deteriorating to 113 NTU at 360 

minutes (about 58 % removal). However, the noticeable rise was observed at the 300-minute 

interval reflecting that the bed released some of the TSS particles at the run into the filtrate. 

In other words, it shows there was no clogging, which is also reflective in the flow rate 
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decline of only 3 %. The TSS removal at the end of the run and at best removal interval was 

almost same: 84%. 

           

(g)                                                (g1) 

 

(g2) 

Figure 21. Experiment 5 observations (g: before experiment 5, g1: after experiment 5, g2: 

residue left after experiment 5) 

As for the water head, it was 10 cm, and TSS particles are finer, showing that they were not 

coarse enough to considerably constrict the pores of the medium. TDS concentration, 

however, rose by around 70 % and so did the pH, from 8.39 to 10.07. 
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Experiment 6 

Table 20. Experiment 6 observations 

TSS 

Type 

TSS  

Conc 

(mg/L) 

Bed  

Type 

Bed  

Porosity 

Water 

Head 

(cm) 

Bed  

Length  

(cm) 

Water  

Temperature  

(oC) 

Pressure 

(mbar) 

Clay 

Agrilcrem 

500 CDW 

mixed 

0.2733 30 30 20.1 56 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet Flow 

rate (Avg) 

Turbidity TSS TDS 

(min)  (oC) (ml/s) (NTU) (mg/L) (mg/L) 

Feed 8.25 19.95 
 

221 0.4496 0.0096 

0 10.20 19.95 4.0417 67.6 0.0883 0.0124 

10 10.21 20 4.0039 64.6 - - 

20 10.26 20 3.9714 65.9 - - 

40 10.22 20 3.9685 67.7 - - 

60 10.20 20 3.9151 67.5 - - 

90 10.16 20 3.9181 73.2 - - 

120 10.09 20 3.9120 70.1 0.0719 0.0123 

180 10 19.9 3.8772 75.6 - - 

240 9.95 20 3.8813 72.5 0.0715 0.0121 

300 9.93 19.95 3.8886 80.2 - - 

360 9.85 19.95 3.8917 76.4 0.0737 0.0117 

Experiment 6 took the layered CDW mixed bed to clay at the higher 30 cm head. The flow 

decline was 3.7 % at a constant pressure of 56 mbar, and the bed treated 84 litres of 

stormwater. The turbidity removal stood almost constant at 71 % at 10-minute interval and 

65 % over six hours. As for TSS removal, it also did not show noticeable variation, with 80 

% over the run and 84 % at 240 minutes. 

Bed structure and TSS size explain the performance. The upper coarse layer of CDW is more 

porous and lets contaminant particles pass through, until they reach the fine layer, resulting 

in no accumulation and no considerable clogging. However, a white precipitate was noticed 
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on top of the bed at the end of the run, indicating the solids being captured by the coarse 

layer. It is indicated in Figure 22 (h1). 

            

(h)                                            (h1) 

 

(h2) 

Figure 22. Experiment 6 observations (h: before experiment 6, h1: after experiment 6, h2: 

residue left after experiment 6) 

As for pH, it rose from 8.23 at feed to 9.19 at 360 minutes, and TDS concentration increased 

by 21 % over the run. 
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Experiment 7 

Table 21. Experiment 7 observations 

 
TSS 

Type 

TSS  

Conc 

(mg/L) 

Bed 

Type 

Bed  

Porosity 

Water 

Head 

(cm) 

Bed  

Length  

(cm) 

Water  

Temperature 

(oC) 

Celite 500 CDW 

mixed 

0.2714 30 30 19.7 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet Flow 

rate (Avg) 

Turbidity Pressure TSS TDS 

(min)  (oC) (ml/s) (NTU) (mbar) (mg/L) (mg/L) 

Feed 8.22 19 
 

93.9 55.5 0.4103 0.0510 

0 9.71 19 8.6697 12.3 55.5 0.0650 0.0691 

10 9.68 19 8.6195 10.8 54.5 - - 

20 9.73 19 8.6153 14.4 53.5 - - 

40 9.65 19 8.6419 16.9 55.5 - - 

60 9.57 19 8.6306 17.2 55.5 - - 

90 9.50 19 8.5762 32.4 55.5 - - 

120 9.43 19 8.5974 18.1 55.5 0.0607 0.0780 

180 9.30 18.7 8.5193 39.9 55.5 - - 

240 9.43 19.05 8.4595 36.6 55 0.0978 0.0390 

300 9.19 19 8.4775 37.4 55 - - 

360 9.19 19 8.4314 43.8 55 0.1067 0.0562 

Experiment 7 treated the coarse TSS suspension over the layered CDW mixed bed with a 30 

cm head at an almost constant pressure of 55.5 mbar. The flowrate declined only 2.7%, from 

8.6697 ml/s to 8.4314 ml/s, and the bed treated about 184 litres of stormwater. It removed 

an overall 53 % of the turbidity with the best removal observed at 10 minutes with 88 %. As 

for TSS, its peak removal was 85 % at 120 minutes, while the overall removal efficiency 

was 74 %. It exhibited no clogging despite the coarser size of the TSS, and it is also 

consistent with higher turbidity and TSS removal efficiencies. pH rose from 8.25 to 9.48, 

and TDS did not exhibit any considerable change. However, a peculiar observation was 

white residue on the filter papers after TSS analysis. 
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(i)                                               (i1) 

 

(i3) 

Figure 23. Experiment 2 observations (i: before experiment 7,i1: at 60mins of experiment 

7,i2: residue left after experiment 7 

However, a particular observation was the layer of deposition at the surface of the bed 

starting at 40mins as shown in Figure 23 i(1). Although, it did not lead to formation of cake 

and stood constant throughout. Cake filtration develops only when the arriving particles are 

large relative to the surface pore openings, so that they bridge the openings and accumulate 

as a distinct layer. Here, the upper layer consisted of coarser CDW particles, which is self-

explanatory. When the particles are smaller than the pore constrictions, they instead 

penetrate the packing and are captured internally by interception and straining along the bed 

depth (Herzig et al., 1970). 
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Experiment 8 

Table 22. Experiment 8 observations 

TSS 

Type 

TSS  

Conc 

(mg/L) 

Bed  

Type 

Bed  

Porosity 

 

Water 

head 

(cm) 

Bed  

Length  

(cm) 

Water  

Temperature  

(oC) 

Pressure 

(mbar) 

Celite 500 CDW 

mixed 

0.2730 10 30 20.7 37.5 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet Flow 

rate (Avg) 

Turbidity TSS TDS 

(min)  (oC) (ml/s) (NTU) (mg/L) (mg/L) 

Feed 8.25 19 
 

46.4 0.3868 0.0098 

0 9.75 19 2.7018 6.37 0.0266 0.0165 

10 9.85 19.3 2.6308 6.08 - - 

20 - - - - - - 

40 9.88 19.4 2.6222 3.47 - - 

60 9.93 19.1 2.6149 3.22 - - 

90 9.92 19 2.6109 3.26 - - 

120 9.57 19.4 2.6192 3.56 0.0132 0.0120 

180 9.50 19 2.6254 3.7 - - 

240 9.71 19 2.6618 3.6 0.0086 0.0110 

300 9.74 19 2.6668 6.4 - - 

360 9.48 18.8 2.6575 6.2 0.0073 0.0116 

Experiment 8 was performed with 10 cm waterhead made with coarse TSS on a CDW mixed 

bed, with a constant pressure of 37.5 mbar. The flow decline was only 1.6 %, and hence the 

treated stormwater volume was 58 litres.  

As for water quality parameters, turbidity decreased from 46.4 NTU to 6.2 NTU over the 

run, marking an 87 % removal. However, the best turbidity removal efficiency was noted at 

60 minutes with 93 %. The TSS removal efficiency was 98 %, surpassing the 97 % mark. 

The observation suggests that the bed experienced no measurable clogging despite the feed 

of coarser TSS particles. It is also partly explained by the low waterhead, which favours 

stable capturing and less accumulation. 



81 

 

 

         

(j)                                             (j1) 

 

(j2) 

Figure 24. Experiment 8 observations (j: before experiment 8, j1: after experiment 8, j2: 

residue left after experiment 8 

Moreover, at 60 minutes, a layer of sedimentation was observed on top of the coarse bed 

(shown in Figure 24 j1), and by the end of the experiment, it had travelled down onto the 

fine bed, causing no considerable blockade inside the pores. pH rose from 7.6 at the feed to 

9.53 at 360 minutes, and TDS rose by 18 %. 
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Experiment 9 

Table 23. Experiment 9 observations 

 
TSS 

Type 

TSS  

Conc 

(mg/L) 

Bed  

Type 

Bed  

Porosity 

Water 

head 

(cm) 

Bed  

Length 

 (cm) 

Water  

Temperature  

(oC) 

Pressure 

(mbar) 

Clay 

Agrilcrem 

500 CDW 

Fine 

0.3474 30 30 20.3 56 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet 

Flowrate 

(Avg) 

Turbidity TSS TDS 

(min)  (oC) (ml/s) (NTU) (mg/L) (mg/L) 

Feed 7.6 19.4  247 0.4681 0.0101 

0 9.73 18.45 3.7076 58.3 0.0621 0.0144 

10 9.88 18.55 3.7020 57.5 - - 

20 9.89 18.55 3.4956 69.9 - - 

40 9.92 18.45 3.4837 59.2 - - 

60 9.87 18.4 3.4882 64 - - 

90 9.87 18.4 3.4974 61.1 - - 

120 9.83 18.4 3.5179 76 0.0643 0.0140 

180 9.70 18.2 3.4703 70.4 - - 

240 9.55 18.65 3.4721 57.2 0.0266 0.0139 

300 9.53 18.7 3.4626 65.8 - - 

360 9.63 18.55 3.4685 64.4 0.0486 0.0129 

Experiment 9 paired the single fine CDW fraction with clay at 30 cm head at a constant 

pressure of 56 mbar. The flow decline was 6.4 % and the bed treated about 75 litres of 

stormwater. 

Removal was durable, easing only from a best near 77 % to 74 % as the effluent held between 

57 and 64 NTU. However, the TSS removal was high at about 90 % over the course of the 

run with the best removal reaching 94 % at four-hour interval. It is fairly close to the 97 % 

benchmark. 
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(k)                                           (k1) 

 

(k2) 

Figure 25. Experiment 9 observations (k: before experiment 9, k1: after experiment 9, k2: 

residue left after experiment 9) 

As seen from Figure 25 (k1), there was no sedimentation on top of the bed at the end of the 

experiment, indicating that the clay slipped through the pores of the medium, and caused no 

noticeable clogging. The pH rose from a near-neutral 7.6 to a peak near 9.9 before settling 

at 9.63. TDS concentration rose by about 28 % over the six-hour period. 
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Experiment 10 

Table 24. Experiment 10 observations 

TSS 

Type 

TSS  

Conc 

(mg/L) 

Bed  

Type 

Bed  

Porosity 

Water 

head 

(cm) 

Bed  

Length  

(cm) 

Water  

Temperature  

(oC) 

Pressure 

(mbar) 

Celite 500 CDW 

fine 

0.409 10 30 20 37 

 

Time 

Interval 

pH Temperature 

(Avg) 

Outlet Flow 

rate (Avg) 

Turbidity TSS TDS 

(min)  (oC) (ml/s) (NTU) (mg/L) (mg/L) 

Feed 8.15 20 
 

104 0.4367 0.0091 

0 11.27 19.6 3.3777 1.87 0.0031 0.0250 

10 11.27 19.75 3.3469 0,99 - - 

20 11.27 19.15 3.3230 2.18 - - 

40 11.24 18.85 3.3106 2.06 - - 

60 11.19 19.05 3.3084 0.96 - - 

90 11.14 19 3.3063 0.82 - - 

120 11.07 19.1 3.2983 1.59 0.0014 0.0187 

180 10.93 19.1 3.2965 2.48 - - 

240 10.87 18.75 3.2895 1.48 0.0177 0.0151 

300 10.82 18.65 3.2702 1.73 - - 

360 10.66 18.65 3.2535 1.61 0.0024 0.0133 

Experiment 10 treated celite over fine CDW at a waterhead of 10 cm, operated at constant 

pressure of 37 mbar. The flow declined by 3.7 % and the treated volume was about 71 litres 

of stormwater. 

Water quality indicators show that the bed removed around 98% of the turbidity over 60 

minutes, and the best removal was observed at 90-minute interval; 99%, conveniently 

crossing the 97 % benchmark. On the other hand, TSS removal efficiency was 99.4 % over 

the six-hour period and 99.7% at 120 minutes, also above the 97 % benchmark. Also, the 

residue left on the filter paper after TSS analysis was white instead of brown. A separate 

section discusses this phenomenon in the following paragraphs. 
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(L)                                       (L1) 

 

(L2) 

Figure 26. Experiment 10 observations (L: before experiment 10, L1: after experiment 10, 

L2: residue left after experiment 10) 

However, as it treated coarse TSS over freshly crushed CDW fine layer, it left a 1-1.5 cm 

thick layer of cake on the top (Figure 26 L1), marking the deviation from deep-bed filtration. 

The smaller head also played a part in accumulation of particles, and smaller TSS particles 

filled its pores. Moreover, the low waterhead also played a part, because a lower velocity 

makes it easier for a stable surface layer to settle and hold rather than being driven into the 

bed. The very high pH, above 11, reflects intense early leaching from the fresh fine fraction 

and would need conditioning in practice (Sanger et al., 2019). 

This is important because cake filtration is opposite to deep-bed filtration and in some ways, 

it is counterproductive. In deep-bed filtration, the entire depth of the medium is used and 
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particles are trapped on the surface of the grains throughout the bed. It is responsible for the 

large holding capacity and slow increase in head loss of a deep bed. That's not the case with 

a surface cake. After a cake is formed, the separation shifts from the interior of the bed to 

the top of the bed, and the lower bed is not used much and most of the resistance is focused 

in the thin surface layer (Altmann et al., 2016). The good news is that a cake can be an 

effective filter, which accounts for the almost complete removal in Experiment 10, but the 

bad news is that it increases head loss rapidly and reduces the run between cleanings, the 

opposite of what a deep bed is valued for.  

6.5  Calculated and experimental pressure drops 

Pressure drops calculated using three filtration models are compared against the 

experimental pressure drop, which ranged from 38-57 cmH2O. The pressure drop 

calculations can be found in appendix 3, 4, and 5 for Kozeny-Carman, Ergun, and Darcy-

Weisbach respectively.  

It is important to mention here that the porosity of CDW mixed bed was calculated as a 

whole bed, and not in parts. For sphericity, it was assumed as 0.35 for fine CDW and 0.30 

for coarse CDW. However, a single sphericity was not used for pressure drop calculations. 

Instead, pressure drops were calculated for both layers separately using respective 

sphericities and then added to get the final Δp value. This is because sphericity is an intrinsic 

property of media particles as opposed to porosity, which is an external property. Also, 

original experimental pressure drops were reported in mbar, so they were converted to 

cmH2O to maintain consistency with the calculated values. Furthermore, as Δp usually has 

inverse relationship to the sphericity of media particles, hence the possible contributing 

factors to Δp analysis could be waterhead, TSS particle size, porosity of the bed, and 

superficial velocity. As for graphs, dual axis was used for clearer representation. However, 

since pressure was held constant with flow and density varying slightly, error bars were 

placed on calculated points. And most of them were not visible because there was essentially 

no run-to-run variability. All these are plotted in Figures 27 through 29.  
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6.5.1  Pressure drop by the Kozeny-Carman’s filtration model  

With the measured porosities, the Kozeny-Carman model returns calculated Δp between 

3.21 and 24 cmH2O across all configurations. Figures 27 and 28 represent the comparison 

of experimental against Kozeny-Carman calculated Δp, and it is evident that the calculated 

Δp is significantly lower than that of experimental for all configurations.  

Irrespective of the bed configuration, waterhead, and TSS size, an increase in porosity results 

in decrease in the calculated Δp. This is also true for the effect of porosity on superficial 

velocity. 

However, if the effect of porosity is held constant, the suspension of clay agrilcrem on CDW 

fine bed produced slightly higher pressure drop at a lower waterhead and vice versa. For clay 

agrilcrem on CDW mixed bed, it behaves similarly, however, the difference between 

calculated Δp is a bit higher than that of CDW fine because of wider velocity gap. 

On the other hand, when celite clay is suspended on CDW fine, it results in significantly 

lower calculated Δp at lower waterhead and vice versa. This is also true for celite suspension 

on CDW mixed bed. 

 

Figure 27. Experimental vs Kozeny-Carman calculated Δp for cdw fine bed 

A possible explanation for this behaviour is that the TSS type and waterhead set the 

superficial velocity. For clay runs, the lower head produces a higher superficial velocity, 

resulting in the capture of fine clay inside the CDW bed, sealing the pores and culminating 

in higher pressured drop. For CDW coarse layer on top of the CDW fine layer, clay particles 

are small relative to coarse layer pores, they migrate into the upper layer of the bed and 
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obstruct the pore network. Therefore, the bed does not respond to higher head with 

proportionally higher flow, resulting in lower Δp. 

 

Figure 28. Experimental vs Kozeny-Carman calculated Δp for cdw mixed bed 

However, as celite particles are large relative to pores of the media, their suspension at lower 

head allows them to strain the bed surface and not get captured inside the CDW mixed bed 

as much as inside the CDW fine bed, resulting in lower Δp.  

The other reason could pertain to the sphericity of particles. CDW fine particles have higher 

sphericity and pack to higher porosity than CDW mixed. Hence, high porosity and high 

sphericity result in higher resistance. 

6.5.2  Pressure drop by the Ergun’s filtration model 

The Δp calculations using Ergun’s equation produce noticeably lower Δp than that of 

experimental across all configurations. With the measured porosities, it returns calculated 

Δp ranging from 2.69 to 20.30 cmH2O across all configurations. Figures 29 and 30 illustrates 

the comparison of experimental Δp against Ergun calculated Δp. 

As for the effect of porosity on calculated Δp, an increase in porosity results in decrease in 

the calculated Δp, irrespective of the bed configuration, waterhead, and TSS type.  

Moreover, if porosity’s impact is kept unchanged, the suspension of clay agrilcrem on CDW 

fine bed produced slightly higher pressure drop at a lower waterhead. For clay agrilcrem on 

CDW mixed bed, it also shows the same behaviour. 
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Figure 29. Experimental vs modified Ergun calculated Δp for cdw fine bed 

 

Figure 30. Experimental vs modified Ergun calculated Δp for cdw mixed bed 

Furthermore, when celite clay is suspended on CDW fine, it results in lower calculated Δp 

at lower waterhead. This is also true for celite suspension on CDW mixed bed. A plausible 

explanation for this behaviour can be found section 6.5.1.  

6.5.3  Pressure drop by the Darcy-Weisbach’s filtration model  

When darcy-Weisbach equation is applied to calculate the Δp, it also produces lower Δp 

value than that of experimental even all other contributing parameters are considered. 

However, it results in lowest calculated Δp values of all models, ranging from 1.28-9.60 

cmH2O against the experimental 38-57 cmH2O. These are plotted in Figures 30 and 31. 
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Figure 31. Experimental vs Darcy-Weisbach calculated Δp for cdw fine bed 

The relationship between porosity and calculated Δp is also the same for Darcy-Weisbach 

model calculations, as for the former two. A decline in calculated Δp is observed when bed 

porosity increases and vice versa.   

Keeping the porosity’s impact constant, if clay agrilcrem is treated on CDW fine bed, the 

calculated Δp values deviate farther away from the experimental Δp at higher waterhead and 

vice versa. Moreover, if clay agrilcrem is treated on CDW mixed bed, it shows same 

tendency similar to CDW fine. 

 

Figure 32. Experimental vs Darcy-Weisbach calculated Δp for cdw mixed bed 

As for celite based TSS feed to CDW fine bed, high waterhead results in high calculated Δp 

and vice versa. If the same TSS is fed to CDW mixed bed, the behaviour again stays true. 

The calculated Δp and superficial velocity values for all intervals of all experiments can be 

found in (Appendix 1). 
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Table 25. Calculated versus experimental pressure drops in cmH2O 

Table 25 summarizes the differences between calculated and experimental pressure for all 

models. 

6.6  Possible reasons for models underpredicting calculated Δp 

All three models underpredict the calculated Δp which may be explained by the following 

reasons. 

The first factor could be the wall effect. It occurs when the column is not appreciably larger 

in diameter than the grains it houses. The column was 9.5 cm in diameter with particles a 

few millimetres in size, which suggests that the ratio of column diameter to particle diameter 

was not high, and that the packing near to the wall was less dense than the bulk packing. It 

could result in paths of preferential flow that are not accounted for in the idealised 

correlations. Cheng (2011) demonstrated how these wall effects can cause the Ergun 

equation to underpredict Δp for column-to-particle diameter ratios of less than 

approximately 40, and that the effect is most significant in the creeping-flow regime.  

In this regime, porosity is dominated by wall friction, eventually resulting in high pressure 

drop (Chen, 2011). This is exactly the regime of the present experiments, in which the 

particle Reynolds number was below 1 in all the runs. Moreover, Eisfeld & Schnitzlein 

(2001) analysed over two thousand experimental data points and suggested that the wall 

influence should be due to the competing effects of additional wall friction and increased 

void fraction near the wall, and that it should be Reynolds-number dependent. It suggests 

that the wall effect could increase in longer beds, in which the ratio of diameter to length is 

lower. 

The second factor pertains to particle shape. Both the Ergun and Kozeny-Carman equation 

constants were based on near-spherical particles; therefore, they are not accurate in 

describing the crushed CDW particles which are angular in shape. As shown in the previous 

Equations Calculated pressure drops Experimental pressure drop 

Kozeny-Carman 3.21-24  

38-57 Ergun 2.69-20.3 

Darcy-Weisbach 1.28-9.60 
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discussion of single-phase flow through packed bed reactors, the original Ergun equation 

yields accurate predictions of the pressure drop only for spheres and under-predicts the 

pressure drop for non-spherical particles as illustrated by Eisfeld & Schnitzlein (2001) and 

Cheng (2011).  

The sphericity factor was assumed to account for this, in part; however, a single shape factor 

is unable to represent the full effect of angularity and the associated increase in surface area 

and tortuosity, hence, a consequent under-prediction remains. 

6.7  Turbidity removal  

A consistent pattern of most runs with turbidity removal is that the effluent turbidity does 

not decline smoothly to a low value. Instead, it improves early and then rises again, 

frequently in an uneven manner, until it reaches a maximum value at the end of the run. It 

happens even as the flow rate remains relatively constant, which indicates that those beds 

have lost their treatment capacity over time. In other words, they start reaching the 

breakthrough stage, a stage where removal starts to degrade (Jegatheesan & Vigneswaran, 

2005). However, CDW mixed at 30 cm waterhead with clay TSS (experiment 6), CDW 

mixed at 10 cm waterhead with celite TSS (experiment 8), CDW fine at 30 cm waterhead 

with clay TSS (experiment 9), and CDW fine at 30 cm waterhead with celite TSS 

(experiment 10) showed better performance than others without considerably affecting the 

bed. Although, CDW fine at 30 cm waterhead with celite TSS (experiment 4) showed 80 % 

removal, the high flow decline through the bed compromised the bed quality, hence resulting 

in irregular turbidity fluctuation. Moreover, as compared to feed, all configurations achieved 

22-98 % as final removal and 54-99% as best removal efficiencies. They are shown in 

following figures 34 and 35. And Table 26 summarizes the final and best removal 

efficiencies of all configurations against feed and TSS types. The irregular removal can be 

attributed to following reasons. 

First, the capture of one particle size and deterioration in capture of another occur 

concurrently for a given bed, therefore the quality of effluents does not present a monotonic 

trend (Moran et al., 1993).  Turbidity concentrations of all beds at all intervals are listed in 

(Appendix 2). 
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Figure 33. Turbidity analysis of CDW beds run with clay TSS 

 

Figure 34. Turbidity analysis of CDW beds ran with celite TSS 

Second and most relevant to the stable flow observation is that previously held particles 

release and re-enter the flow. It has been demonstrated that the detachment of captured 

material can make a significant contribution to loss of effluent quality over time because 

deposits have been captured on the grain surfaces by sequential capture and detach when the 

local deposit grows or the interstitial shear rises (Kau & Lawler, 1995). 

Lastly, the CDW material has an impact. The bed material, crushed concrete and brick, is 

known to lose fines, and particularly recycled concrete aggregate tends to shed more material 

from the fines and fresh crushed surfaces (Diotti et al., 2020; Galvín et al., 2014). It is 
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consistent with the considerable alkaline pH increase observed in all the CDW runs 

(Engelsen et al., 2009). 

Table 26. Summary of experimental configurations and performance indicators 

Exp 
Bed TSS 

Head Feed Final 
Best 

removal 

Final 

removal 

Flow 

decline 

pH 

(feed-

final) Type Type 

      (cm) (NTU) (NTU) (%) (%) (%)   

1 
CDW 

mixed 

Clay 

Agrilcrem 
10 300 234 54 22 3.2 8.0-9.4 

2 Sand 
Clay 

Agrilcrem 
10 309 161 74 48 3.5 7.9-7.8 

3 Sand 
Clay 

Agrilcrem 
30 258 84.3 76 67 22.3 8.2-8.0 

4 
CDW 

fine 
Celite 30 518 104 89 80 24.5 8.0-9.8 

5 
CDW 

fine 

Clay 

Agrilcrem 
10 267 113 79 58 3.0 8.4-10.1 

6 
CDW 

mixed 

Clay 

Agrilcrem 
30 221 76.4 71 65 3.7 8.3-9.9 

7 
CDW 

mixed 
Celite 30 93.9 43.8 88 53 2.7 8.2-9.2 

8 
CDW 

mixed 
Celite 10 46.4 6.2 93 87 1.6 8.3-9.5 

9 
CDW 

Fine 

Clay 

Agrilcrem 
30 247 64.4 77 74 6.4 7.6-9.6 

10 
CDW 

Fine 
Celite 10 104 1.6 99 98 3.7 8.2-10.7 

Moreover, the turbidity method used is also relevant. It recorded the highest stable reading 

from a fluctuating display. Part of the short-term scatter is thus a manifestation of the 

detachment and shedding processes and therefore, represents genuine fine-particle 

heterogeneity within the clay sample as illustrated in PSD in section 6.1.  

Figure 35 represents the breakthrough against the treated volume (L) using turbidity as an 

indicator. It was estimated using the approach described in section 5.4. It shows that in most 

cases, CDW fine treated volumes of stormwater ranging from 51 litres to at least 75 litres, 

while the treated range of the CDW mixed bed was from 29 to at least 84 litres. Table 27 

lists the breakthroughs for all beds with turbidity as an indicator. 
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Table 27. Breakthrough with turbidity as indicator 

Exp Bed type TSS type 
Porosity 

(ε) 

Onset time 

(min) 

Treated vol at 

onset (L) 
C/C₀ at onset 

E1 CDW mixed 
Clay 

Agrilcrem 
0.2725 90 29.4 0.600 

E2 Sand 
Clay 

Agrilcrem 
0.4000 120 44.3 0.401 

E3 Sand 
Clay 

Agrilcrem 
0.4000 300 81.7 0.354 

E4 CDW Fine Celite 0.3386 180 51.1 0.161 

E5 CDW Fine 
Clay 

Agrilcrem 
0.3461 240 66.3 0.274 

E6 CDW mixed 
Clay 

Agrilcrem 
0.2733 - ≥ 84.4 - 

E7 CDW mixed Celite 0.2714 60 31.1 0.220 

E8 CDW mixed Celite 0.2711 360 57.1 0.134 

E9 CDW Fine 
Clay 

Agrilcrem 
0.3473 -. ≥ 75.4 - 

E10 CDW fine Celite 0.4090 - ≥ 71.1 - 

 

 

Figure 35. Treated volume against breakthrough with turbidity as indicator 
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6.8  TSS and TDS removal 

The TSS results are consistent with those of turbidity, and all configurations removed 24.9-

99.5 % of the TSS. On the other hand, almost all experiments turned into net exporters of 

TDS to the effluents. Figures 36 and 37 represent the TSS removal over time using clay 

agrilcrem and celite TSS respectively. Although five intervals per experiment were chosen 

for TSS measurements, the breakthrough was determined (using the approach described in 

section 5.4) to understand the best possible variations in bed performances. It is shown in 

Figure 38. 

 

Figure 36. TSS over time using clay agrilcrem 

 

Figure 37. TSS over time using celite 
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Table 28. Breakthrough based on TSS as an indicator 

Exp Bed type TSS type 
Porosity 

(ε) 

Onset time 

(min) 

Treated vol at 

onset (L) 
C/C₀ at onset 

E1 CDW mixed 
Clay 

Agrilcrem 
0.2725 120 39.1 0.564 

E2 Sand Fine TSS 0.4000 240 88.0 0.384 

E3 Sand Fine TSS 0.4000 - ≥ 97.5 - 

E4 CDW Fine Celite 0.3386 120 34.7 0.224 

E5 CDW Fine 
Clay 

Agrilcrem 
0.3461 -. ≥ 98.8 - 

E6 CDW mixed 
Clay 

Agrilcrem 
0.2733 -. ≥ 84.4 - 

E7 CDW mixed Celite 0.2714 240 123.4 0.238 

E8 CDW mixed Celite 0.2711 -. ≥ 57.1 - 

E9 CDW Fine 
Clay 

Agrilcrem 
0.3473 - ≥ 75.4 - 

E10 CDW fine Celite 0.4090 - ≥ 71.1 - 

 

 

Figure 38. Treated volume against breakthrough using TSS as indicator 
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Figure 38 apparently highlights that five CDW beds did not reach breakthroughs and treated 

greater volumes of stormwater. The discrepancy between turbidity based and TSS based 

breakthroughs arises because only five intervals were selected to measure the TSS. 

Therefore, a large treatment at the end of the run does indicate good performance. Instead, 

it reflects that the bed threated the remaining volume poorly. Tables 28 lists the 

breakthroughs based on TSS as indicator. 

As for TDS, they were higher at 360 minutes than in the feed, by anywhere from about 10-

200 %. Sand changed the TDS very little. The reason is leaching from the CDW, and it 

indicates that TSS and TDS behave differently.  

The TSS and TDS removal efficiencies for each run were calculated from the feed and 360-

min concentrations using the removal-efficiency definition of Chapter 5 and they are 

summarized in Table 29. Although the bed was washed for at least 20 minutes before 

performing the column experiment, crushed concrete still carries calcium silicate hydrate 

and calcium hydroxide. These phases dissolve and release calcium (Ca2+ and Ca3+) and other 

ions into the filtrate when water passes through it (Engelsen et al., 2009). Additionally, sand 

caused virtually no change, indicating that the dissolved load is more from the bed material 

than from the TSS.  

 

Figure 39. End of the run TDS against end of the run pH for CDW beds 

Regarding no change in the TDS concentration over time, it is also attributable to the 

leaching phenomenon. The change in TDS concentrations at 360 minutes are plotted against 
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those of pH values for all CDW experimental configurations in Figure 39. It shows that as 

the pH increases, the TDS concentration in the effluent also increases, which clearly points 

towards the leaching of the minerals from the CDW. 

Table 29. Order of runs by end of the run TSS, TDS and treated volumes 

Exp Bed 

material 

TSS  

Type 

Bed 

Porosity 

Water 

head (cm) 

Treated 

volume at 

360min (L) 

TSS 

removal 

(%) 

TDS 

removal 

(%) 

E1 CDW 

mixed 

Clay 

Agrilcrem 

0.273 10 116.3 24.9 0.0 

E2 Sand Clay 

Agrilcrem 

0.339 10 131.5 52.4 -13.2 

E3 Sand Clay 

Agrilcrem 

0.346 30 97.5 80.9 0.9 

E4 CDW  

Fine 

Celite 0.273 30 97.0 67.1 -200.0 

E5 CDW fine Clay 

Agrilcrem 

0.271 10 98.8 84.1 -69.7 

E6 CDW 

mixed 

Clay 

Agrilcrem 

0.271 30 84.4 83.6 -21.9 

E7 CDW 

mixed 

Celite 0.347 30 184.3 74.0 -10.2 

E8 CDW 

mixed 

Celite 0.409 10 57.7 98.1 -18.4 

E9 CDW fine Clay 

Agrilcrem 

0.273 30 75.4 89.6 -27.7 

E10 CDW fine Celite 0.339 10 71.1 99.5 -46.2 

During the TSS analysis, the residue captured on the filter paper was not always the same 

colour. For most runs it was brown, but for Experiments 4, 8 and 10, it came out white as 

shown in Figures 40, 41, and 42 respectively with order right to left starting from feed. All 

these experiments were carried out with celite TSS. For experiments 8 and 10, it is an 

indicator of good TSS removal efficiency as shown in Table 28 with 98.1 % and 99.5 % 

respectively. The only exception was experiment 4, that resulted in TSS removal of 67.2%, 

however, its turbidity removal was 80 %. 

The colour points towards the solid. The brown residue is the suspended sediment, that is 

carried over in the effluent. The white residue, on the other hand, indicates that it has been 
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formed from the dissolved phase and not the suspended one. CDW effluent contains a lot of 

dissolved calcium and is very alkaline (particularly in experiment 10, which was freshly 

crushed). Therefore, once the dissolved calcium encounters carbon dioxide in the 

atmosphere, it precipitates as calcium carbonate, a bright white powder (Vanderzee & 

Zeman, 2018).  

 

Figure 40. Experiment 4 (CDW fine. Celite) TSS colours 

 

Figure 41. Experiment 8 (CDW mixed, Celite) TSS colours 

Moreover, as all these experiments were conducted using celite TSS, which suggest that 

coarse feed either stayed on the surface (for experiments 8 and 10 as can be seen in Figures 

24 and 26 ) or got trapped inside the bed (as in experiment 4). This might also be the reason 

why all these experiments showed better removals than others. 
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Figure 42. Experiment 10 (CDW fine, Celite) TSS colours 

In a nutshell, the residue on filter papers is most likely precipitated calcium carbonate formed 

from the leachate itself and not sediment from the feed. It is especially true for experiment 

10, where the TSS was captured on top of the bed in the form of a cake, indicating that the 

major contributing factor to white residue is the bed. 

6.9  Possible experimental limitations 

Several features of the apparatus contribute to the gap between calculated and experimental 

pressure drop. The column operates on constant hydrostatic head above the bed with the 

outlet open to the atmosphere. It reflects that the experimental pressure drop is fixed by the 

imposed head rather than developing freely in response to the bed resistance. In this 

configuration the flow rate, and hence the small flow-rate decline observed over a run, is a 

more sensitive indicator of clogging than the head itself.  

As for porosity, it was measured at spot using tap water. And when stormwater is introduced 

to the bed, it changes the porosity over time as the experiments proceed. Hence, the 

progressive capture of clay within the bed alters the local porosity over time, so a single 

nominal porosity cannot represent the bed throughout a run.  

Moreover, the alkaline dissolution at the concrete surfaces may further modify the pore 

structure. These factors all act to make the real resistance higher and more variable than the 

idealised models assume. 
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7  Conclusions and Recommendations 

The aim of this study was to test the performance of two fractions of construction and 

demolition waste (CDW fine and CDW mixed) as a single layer (fine) and as a layered bed 

(mixed) in the deep bed filtration of synthetic stormwater. The two TSS types (fine clay and 

coarse celite) were combined with hydrostatic heads of 10 and 30 cm and each six-hour run 

was monitored by turbidity, TSS, TDS, pH and flow rate. The hydraulic behaviour of the 

beds was explained using the three packed-bed models: Kozeny-Carman model, Modified 

Ergun model and Darcy-Weisbach model and experimental pressure drops were compared 

with the calculated pressure drops to determine the applicability of these models to the 

irregular, angular CDW grains. Based on this work, the following conclusions can be made: 

• In all configurations, all three models underestimated the experimental pressure drop 

of 37-58 cmH2O. The Kozeny-Carman equation was the closest to experimental 

value with a range of 3.21-24 cmH2O, followed by the modified Ergun equation with 

a range of 2.69-20.3 cmH2O, and the Darcy-Weisbach equation at 1.28-9.60 cmH2O. 

The best separation was found where the superficial velocity was the largest. The 

Darcy-Weisbach form is the most unsuitable of the forms tested in these experiments 

for crushed concrete. It is because it does not account tortuously graded pores of a 

broadly graded bed for hydraulic diameter, but of pipe and conduit. 

• The pressure drop of each model was found to be strongly controlled by the bed 

porosity, with the mixed bed exhibiting higher drop than those of fine beds. However, 

as porosity was measured using tap water, therefore, it might have experienced 

variations over the course of the run after the introduction of stormwater to the beds, 

hence causing the calculated Δp values to go low as compared to those of the 

experimental Δp. Except for that, sphericity values remained constant, therefore, the 

idealised correlations were unable to account for the channelling, packing irregularity 

and shape effects of an actual angular packing. Hence, the effect of accurate values 

of bed porosity and particle shape is more pronounced in the models when predicting 

the Δp of CDW beds.  

• Regarding hydraulic pressure tolerance, the layered bed retained less than 4 % of its 

flow after six hours with 30 cm head, remaining in relatively lowest range. The upper 
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layer is coarse and can capture and spread the load of incoming solids over a high 

porosity region before the water reaches the finer layer. Thus, its behaviour is better 

if the influent solids are coarse and/or the hydraulic loading is high. 

• The breakthroughs were calculated using both water quality indicators, turbidity and 

TSS, and graphed as a function of the volume of water treated to understand how the 

beds performed before the beds started deteriorating consistently. As the 

breakthrough increased, both parameters decreased. Three beds, however, did not 

show breakthroughs with turbidity as the indicator and had 90-99 % removal 

efficiencies with 1-10 % breakthroughs. The values for breakthrough using TSS as 

an indicator showed that five beds did not reach breakthroughs. It was because other 

than feed, only four intervals were chosen for TSS measurements, whereas all 

intervals were tested for turbidity analyses. 

• Even though CDW removes the TSS, it sheds its own material, making it a net 

exporter of dissolved material. In the TDS, increase was observed in almost all the 

CDW runs, around 10-200 % with the increase in pH, as the cement phases of the 

crushed concrete leached calcium and other ions into the filtrate. The most significant 

reductions were from the freshly crushed fine beds, whereas sand had little effect on 

TDS reduction. 

7.1  Experimental constraints 

A few constraints of the experimental programme should be recorded alongside the 

conclusions. 

• As the outlet is open to the atmosphere (to maintain laminar flow), therefore, the 

experimental pressure drop is set by the imposed head and does not develop as a 

function of the bed resistance. Hence, the working indicator of clogging was the 

flowrate decline and this constrains the direct testability of the calculated pressures 

of the models. 

• Experiments were not replicated; therefore, this configuration is not suitable to 

highlight the run-to-run variability using all material types, which eventually could 

have aided comparisons between them. Also, when the celite based synthetic 
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stormwater was treated on sand at 10 cm waterhead, it left a 2-2.5cm layer of cake, 

therefore, it was not continued with 30 cm head, as it drifted from deep-bed filtration. 

• A single value of porosity and assumed sphericities represented each bed in the 

calculations. It merits mention that porosity was calculated using tap water, therefore, 

as the bed captures solids over time, it changes the porosity of the bed. As for 

sphericity, the alkaline dissolution of the CDW can potentially change the pore 

structure, thus increasing the sphericity. More realistic calculated pressure drops 

could be obtained if the effective porosity and the real sphericity were measured. 

• Five intervals were tested for TSS analyses, and this limited the estimation of bed 

breakthroughs with TSS as a water quality indicator. More data points could clarify 

the picture. 

7.2  Possible recommendations and further research 

This study assesses the feasibility of two fractions of the CDW material to treat synthetic 

stormwater prior to being put in use in the field. The stormwater used here was synthetic and 

suspended solids were the only contaminants, but real storm water has metals, nutrients and 

organic compounds in dissolved form. Further, the changes in seasonal temperatures affect 

the viscosity of the water and consequently the flow within the media. Therefore, removal 

performance needs to be verified in the field using actual or spiked stormwater, and 

adjustment to seasonal flow dynamics is recommended when sizing.  

Experiments should be replicated to gauge the run-to-run variability of the bed material, as 

this variability could prove beneficial to compare with other materials in order to support the 

filed deployment. 

The leaching behaviour should be emphasized. It is recommended to pre-treat the CDW 

because freshly crushed concrete tends to release the dissolved loads, and to monitor the pH 

and calcium of the filtrate during initial operation. Otherwise, the alkaline first flush could 

otherwise offset the gains made on the suspended solids. This may be beneficial for their 

removal efficiency and hydraulic behaviour.  

Future research should measure the effective bed porosity and sphericity of the CDW to 

validate the Kozeny-Carman and Ergun equations for crushed concrete. It could be used in 
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addition to being measured to predict the pressure drop of CDW beds. These experiments 

would indicate the change of the head loss and the removal of the deposits during repeated 

wetting/drying cycles lasting more than 6 hours. It could, therefore, be useful to see if the 

early removal performance of a CDW bed is maintained over repeated wet weather cycles 

in the field. 
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Appendix 1. Superficial velocities and calculated Δp of all experiments 

Time (min) 
Superficial velocity 

(cm/h) 
Calculated Δp (cmH₂O) 

  Kozeny–Carman Modified Ergun Darcy–Weisbach 

E1: CDW mixed, 10 cm head, porosity 0.2725, experimental Δp 55.1 cmH₂O, sphericity 0.30 / 0.35 (coarse / fine 

layer) 

0 280.36 15.05 12.66 6.02 

10 278.35 14.94 12.56 5.98 

20 277.54 14.90 12.53 5.96 

40 276.57 14.85 12.49 5.94 

60 275.51 14.79 12.44 5.92 

90 274.19 14.72 12.38 5.89 

120 273.42 14.68 12.34 5.87 

180 273.04 14.66 12.33 5.86 

240 271.93 14.60 12.28 5.84 

300 271.90 14.60 12.27 5.84 

360 271.32 14.57 12.25 5.83 

 

E4: CDW Fine, 30 cm head, porosity 0.3386, experimental Δp 56.1 cmH₂O, sphericity 0.35 

0 271.83 11.65 9.79 4.66 

10 270.18 11.58 9.73 4.63 

20 270.52 11.59 9.74 4.64 

40 242.02 10.37 8.71 4.15 

60 237.90 10.19 8.56 4.08 

90 234.05 10.03 8.42 4.01 

120 231.66 9.93 8.33 3.97 

180 230.92 9.89 8.31 3.96 

240 222.50 9.53 8.00 3.81 

300 206.74 8.86 7.43 3.54 

360 205.15 8.79 7.37 3.52 
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Time (min) 
Superficial velocity 

(cm/h) 
Calculated Δp (cmH₂O) 

  Kozeny–Carman Modified Ergun Darcy–Weisbach 

E5: CDW Fine, 10 cm head, porosity 0.3461, experimental Δp 37.2 cmH₂O, sphericity 0.35 

0 236.23 9.26 7.78 3.71 

10 236.33 9.27 7.78 3.71 

20 235.50 9.23 7.75 3.69 

40 234.56 9.20 7.72 3.68 

60 238.96 9.37 7.87 3.75 

90 233.86 9.17 7.70 3.67 

120 233.41 9.15 7.68 3.66 

180 232.19 9.11 7.64 3.64 

240 230.00 9.02 7.57 3.61 

300 229.12 8.98 7.54 3.59 

360 229.25 8.99 7.55 3.60 

 

E6: CDW mixed, 30 cm head, porosity 0.2733, experimental Δp 57.1 cmH₂O, sphericity 0.30 / 0.35 (coarse / fine 

layer) 

0 205.27 10.90 9.15 4.36 

10 203.36 10.80 9.06 4.32 

20 - - - - 

40 201.56 10.70 8.98 4.28 

60 198.84 10.56 8.86 4.22 

90 199.00 10.57 8.86 4.23 

120 198.69 10.55 8.85 4.22 

180 196.92 10.46 8.77 4.18 

240 197.13 10.47 8.78 4.19 

300 197.50 10.49 8.80 4.19 

360 197.66 10.49 8.80 4.20 
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Time (min) 
Superficial velocity 

(cm/h) 
Calculated Δp (cmH₂O) 

  Kozeny–Carman Modified Ergun Darcy–Weisbach 

E7: CDW mixed, 30 cm head, porosity 0.2714, experimental Δp 54.6–56.6 cmH₂O, sphericity 0.30 / 0.35 (coarse / 

fine layer) 

0 440.32 24.00 20.30 9.60 

10 437.78 23.86 20.18 9.54 

20 437.56 23.85 20.17 9.54 

40 438.91 23.92 20.23 9.57 

60 438.34 23.89 20.21 9.56 

90 435.58 23.74 20.08 9.50 

120 436.65 23.80 20.13 9.52 

180 432.68 23.58 19.94 9.43 

240 429.65 23.42 19.81 9.37 

300 430.56 23.47 19.84 9.39 

360 428.22 23.34 19.73 9.34 

 

E8: CDW mixed, 10 cm head, porosity 0.2711, experimental Δp 38.2 cmH₂O, sphericity 0.30 / 0.35 (coarse / fine 

layer) 

0 137.74 7.54 6.31 3.02 

10 136.44 7.47 6.25 2.99 

20 – – – – 

40 135.00 7.27 6.08 2.91 

60 135.08 7.27 6.09 2.91 

90 134.97 7.27 6.09 2.91 

120 134.94 7.28 6.09 2.91 

180 135.73 7.28 6.10 2.91 

240 136.00 7.37 6.17 2.95 

300 136.12 7.44 6.23 2.98 

360 136.04 7.39 6.19 2.96 
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Time (min) 
Superficial velocity 

(cm/h) 
Calculated Δp (cmH₂O) 

  Kozeny–Carman Modified Ergun Darcy–Weisbach 

E9: CDW Fine, 30 cm head, porosity 0.3473, experimental Δp 56.6 cmH₂O, sphericity 0.35 

0 188.30 7.28 6.10 2.91 

10 188.02 7.27 6.09 2.91 

20 177.54 6.86 5.75 2.75 

40 176.93 6.84 5.73 2.74 

60 177.16 6.85 5.74 2.74 

90 177.63 6.87 5.76 2.75 

120 178.67 6.91 5.79 2.76 

180 176.26 6.82 5.71 2.73 

240 176.35 6.82 5.71 2.73 

300 175.86 6.80 5.70 2.72 

360 176.16 6.81 5.71 2.72 

 

E10: CDW fine, 10 cm head, porosity 0.4090, experimental Δp 36.7–37.7 cmH₂O, sphericity 0.35 

0 171.55 3.33 2.79 1.33 

10 169.98 3.30 2.77 1.32 

20 168.77 3.28 2.75 1.31 

40 168.14 3.26 2.74 1.31 

60 168.03 3.26 2.73 1.30 

90 167.92 3.26 2.73 1.30 

120 167.52 3.25 2.73 1.30 

180 167.43 3.25 2.72 1.30 

240 167.07 3.24 2.72 1.30 

300 166.09 3.22 2.70 1.29 

360 165.24 3.21 2.69 1.28 
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Appendix 2. Water-quality and hydraulic parameters of all experiments 

E1: CDW mixed, 10 cm head, Clay Agrilcrem, porosity 0.2725 

Time (min) pH TDS (mg/L) 
Turbidity 

(NTU) 

Throughput 

ratio (Vₑ/Vₚ) 
TSS (mg/L) 

Breakthrough 

C/C₀ (%) 

Feed 8.00 20.2 300.0 – 441.0 – 

0 9.83 26.3 139.0 0.00 160.4 36.4 

10 9.89 – 145.0 5.70 – – 

20 9.79 – 138.0 11.36 – – 

40 9.73 – 153.0 22.66 – – 

60 9.69 – 158.0 33.91 – – 

90 9.63 – 180.0 50.72 – – 

120 9.60 18.5 194.0 67.47 248.8 56.4 

180 9.59 – 194.0 100.89 – – 

240 9.52 18.8 253.0 134.23 377.6 85.6 

300 9.47 – 245.0 167.49 – – 

360 9.39 20.3 234.0 200.71 331.2 75.1 

E2: Sand, 10 cm head, Clay Agrilcrem, porosity 0.4000 

Feed 7.93 9.2 309.0 – 457.3 – 

0 7.84 10.5 81.8 0.00 98.5 21.5 

10 7.89 – 104.0 4.40 – – 

20 7.90 – 104.0 8.78 – – 

40 7.95 – 108.0 17.49 – – 

60 7.93 – 115.0 26.17 – – 

90 7.88 – 107.0 39.17 – – 

120 7.92 13.6 124.0 52.10 148.1 32.4 

180 7.90 – 124.0 77.82 – – 

240 7.94 9.6 137.0 103.49 175.6 38.4 

300 7.86 – 151.0 129.10 – – 

360 7.80 10.4 161.0 154.65 217.9 47.6 
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E3: Sand, 30 cm head, Clay Agrilcrem, porosity 0.4000 

Time (min) pH TDS (mg/L) 
Turbidity 

(NTU) 

Throughput 

ratio (Vₑ/Vₚ) 
TSS (mg/L) 

Breakthrough 

C/C₀ (%) 

Feed 8.17 11.2 258.0 – 464.2 – 

0 7.98 10.3 63.1 0.00 86.4 18.6 

10 7.94 – 72.7 3.75 – – 

20 – – – — – – 

40 7.89 – 72.5 13.99 – – 

60 7.96 – 87.8 20.56 – – 

90 7.97 – 91.4 30.27 – – 

120 7.90 11.0 72.6 39.76 73.8 15.9 

180 7.93 – 76.0 58.60 – – 

240 7.96 10.8 80.4 77.39 84.9 18.3 

300 7.96 – 91.4 96.09 – – 

360 7.95 11.0 84.3 114.67 88.9 19.1 

E4: CDW Fine, 30 cm head, Coarse celite, porosity 0.3386 

Feed 8.00 4.2 518.0 – 279.8 – 

0 9.80 14.1 63.4 0.00 57.0 20.4 

10 10.04 – 55.1 4.45 – – 

20 10.10 – 64.9 8.88 – – 

40 10.15 – 60.5 17.29 – – 

60 10.07 – 64.9 25.17 – – 

90 9.98 – 69.8 36.78 – – 

120 9.97 9.6 77.9 48.24 62.7 22.4 

180 9.93 – 83.6 71.01 – – 

240 9.89 9.5 97.9 93.33 110.7 39.6 

300 9.89 – 84.9 114.46 – – 

360 9.82 12.7 104.0 134.73 91.7 32.8 
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E5: CDW Fine, 10 cm head, Clay Agrilcrem, porosity 0.3461 

Time (min) pH TDS (mg/L) 
Turbidity 

(NTU) 

Throughput 

ratio (Vₑ/Vₚ) 
TSS (mg/L) 

Breakthrough 

C/C₀ (%) 

Feed 8.39 7.7 267.0 – 458.8 – 

0 10.56 14.7 64.5 0.00 72.1 15.7 

10 10.56 – 54.8 3.79 – – 

20 10.53 – 61.2 7.58 – – 

40 10.49 – 63.8 15.12 – – 

60 10.42 – 64.8 22.73 – – 

90 10.38 – 68.0 34.11 – – 

120 10.37 15.1 75.5 45.36 64.9 14.2 

180 10.26 – 64.7 67.78 – – 

240 10.20 12.5 73.1 90.04 76.1 16.6 

300 10.10 – 120.0 112.15 – – 

360 10.07 12.9 113.0 134.22 73.0 15.9 

E6: CDW mixed, 30 cm head, Clay Agrilcrem, porosity 0.2733 

Feed 8.25 9.6 221.0 – 449.7 – 

0 10.20 12.4 67.6 0.00 88.3 19.6 

10 10.21 – 64.6 4.15 – – 

20 10.26 – 65.9 8.27 – – 

40 10.22 – 67.7 16.47 – – 

60 10.20 – 67.5 24.61 – – 

90 10.16 – 73.2 36.74 – – 

120 10.09 12.3 70.1 48.86 72.0 16.0 

180 10.00 – 75.6 72.99 – – 

240 9.95 12.1 72.5 97.02 71.5 15.9 

300 9.93 – 80.2 121.08 – – 

360 9.85 11.7 76.4 145.18 73.7 16.4 
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E7: CDW mixed, 30 cm head, Coarse celite, porosity 0.2714 

Time (min) pH TDS (mg/L) 
Turbidity 

(NTU) 
Throughput 

ratio (Vₑ/Vₚ) 
TSS (mg/L) 

Breakthrough 

C/C₀ (%) 

Feed 8.22 51.0 70.4 – 410.3 – 

0 9.71 69.1 12.3 0.00 65.0 15.8 

10 9.68 – 7.8 8.99 – – 

20 9.73 – 10.7 17.95 – – 

40 9.65 – 9.6 35.89 – – 

60 9.57 – 15.5 53.85 – – 

90 9.50 – 29.8 80.68 – – 

120 9.43 78.0 18.1 107.46 60.7 14.8 

180 9.30 – 39.9 160.85 – – 

240 9.43 39.0 36.6 213.80 97.8 23.8 

300 9.19 – 37.4 266.63 – – 

360 9.19 56.2 43.8 319.37 106.7 26.0 

E8: CDW mixed, 10 cm head, Coarse celite, porosity 0.2711 

Feed 8.25 9.8 46.4 – 386.8 – 

0 9.75 16.5 6.4 0.00 26.6 6.9 

10 9.85 – 6.1 2.81 – – 

20 – – – – – – 

40 9.88 – 3.5 11.09 – – 

60 9.93 – 3.2 16.53 – – 

90 9.92 – 3.3 24.70 – – 

120 9.57 11.9 3.6 32.87 13.3 3.4 

180 9.50 – 3.7 49.23 – – 

240 9.71 11.0 3.6 65.69 8.7 2.2 

300 9.74 – 6.4 82.32 – – 

360 9.48 11.6 6.2 11.09 7.3 1.9 
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E9: CDW Fine, 30 cm head, Clay Agrilcrem, porosity 0.3473 

Time (min) pH TDS (mg/L) 
Turbidity 

(NTU) 

Throughput 

ratio (Vₑ/Vₚ) 
TSS (mg/L) 

Breakthrough 

C/C₀ (%) 

Feed 7.60 10.1 247.0 – 468.1 – 

0 9.73 14.4 58.3 0.00 62.2 13.3 

10 9.88 – 57.5 3.01 – – 

20 9.89 – 69.9 5.93 – – 

40 9.92 – 59.2 11.60 – – 

60 9.87 – 64.0 17.27 – – 

90 9.87 – 61.1 25.78 – – 

120 9.83 14.0 76.0 34.33 64.3 13.7 

180 9.70 – 70.4 51.36 – – 

240 9.55 13.9 57.2 68.28 26.9 5.7 

300 9.53 – 65.8 85.19 – – 

360 9.63 12.9 64.4 102.08 48.6 10.4 

E10: CDW fine, 10 cm head, Coarse celite, porosity 0.4090 

Feed 8.15 9.2 104.0 – 436.7 – 

0 11.27 25.1 1.9 0.00 3.2 0.7 

10 11.27 – 1.0 2.32 – – 

20 11.27 – 2.2 4.62 – – 

40 11.24 – 2.1 9.20 – – 

60 11.19 – 1.0 13.76 – – 

90 11.14 – 0.8 20.61 – – 

120 11.07 18.8 1.6 27.44 1.4 0.3 

180 10.93 – 2.5 41.09 – – 

240 10.87 15.1 1.5 54.72 17.8 4.1 

300 10.82 – 1.7 68.30 – – 

360 10.66 13.4 1.6 81.80 2.4 0.6 

 


