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Abstract

The use of electric arc furnace steel slag (EAF) as a viable add-on technology to

existing stormwater systems for the removal of dissolved phosphorus was investigated.

Existing popular stormwater treatment measures such as grassed swales, detention ponds

and constructed wetlands, while effective in removing certain components such as

suspended solids, have not fared very well in dealing with dissolved nutrients and heavy

metals. This can create a host of health and economic challenges for the communities

that rely on these water supplies for their upkeep and well-being.

Synthetic stormwater solutions of different metal to phosphorus concentration

ratios observed in actual stormwater were used in the experiments. Parameters such as

stormwater composition, phosphorus concentration, metal concentration, initial pH,

temperature, slag mass and slag particle size were varied in batch and column

experiments to determine the effects of different environmental and treatment system

conditions on the phosphorus removal efficiency of the slag. EAF used in the

experiments was also examined to uncover its mineral composition and propose a theory

on the pathway for phosphorus removal. Observations from the sorption experiments and

EAF characterization studies were subsequently considered to propose a theory for

phosphorus removal.

Results demonstrated that physisorption contributed to phosphorus uptake.

However, it was not the key phosphorus removal mechanism. Instead, surface

complexation and precipitation occurring on Fe sorption sites via ligand exchange were

found to significantly influence the removal of phosphorus from solution.
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The presence of cadmium, lead and zinc had a minimal effect on the phosphorus

removal process, while copper was a significant inhibitor of phosphorus uptake by the

EAF medium. Reduced removal of phosphorus by slag was evident in the copper-

dominant stormwater solution. This was attributed to the formation of a stable complex

between the copper and the slag at Fe sorption sites via the ion-exchange surface model.

The selective occupation of these active Fe sorption sites, as well as the stability of the

complex formed, inhibited further phosphorus uptake by EAF.

Stormwater composition, phosphorus concentration, metal concentration, initial

pH, temperature, slag mass and slag particle size were also found to significantly impact

the effectiveness of EAF in removing phosphorus from a given stormwater system.

Interactions between these factors were also significant in producing varying effects on

the phosphorus removal response.

An empirical model with an 87% correlation was proposed to predict the removal

of phosphorus via EAF from stormwater with parameters in the following range:

phosphorus concentration of 2 to 5 mg/L, copper concentration of 0 to 2.2mg/L, lead

concentration of 0 to 8.3 mg/L, zinc concentration of 0 to 11.9 mg/L and a temperature

of 7 to 22 °C.

This study concludes that EAF is an adsorbent with the potential to effectively

sequester dissolved phosphorus from stormwater. This means that EAF can act as a

viable end-of-pipe add-on technology to existing stormwater treatment systems for

improved effluent quality.
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1. Introduction

Stormwater is non-point source (NPS) pollution that occurs when runoff from

rainfall or snowmelt gathers pollutants accumulated between events and conveys these to

receiving water bodies. The pollutants may include pathogens, organic matter, nutrients,

sediments and toxins. The United States Environmental Protection Agency (USEPA)

recognized NPS pollution as that country’s largest cause of water quality problems

(USEPA, 1983). Urban runoff was found to be one of the leading causes of water quality

degradation in surface waters; it accounted for loss of quality in 13% of rivers and

streams surveyed, 18 % of lakes, ponds and reservoirs and 32% of estuaries

(USEPA, 2002). As well, provinces in Canada have long recognized the severe

contamination and fish kills caused by urban stormwater runoff. For example, in British

Columbia (BC), the provincial Ministry of Environment (MoE) estimated that over half

of the approximately 1,750 stormwater outfalls in the Greater Vancouver Regional

District discharged directly into fish-bearing waters, causing extensive destruction of

aquatic life (BC-MoE, 1999).

Of the constituents found in stormwater, phosphorus is an essential nutrient for

the growth of aquatic organisms. When present in high concentrations, phosphorus,

primarily as orthophosphate (PO4-P), can cause eutrophication in freshwater systems

resulting in a significant loss of water quality, biodiversity, and recreational or economic

value (Corrales and Maclean, 1995; Carpenter et al., 1998; Smith, 2003). PO4-P, a key

form of phosphorus in stormwater runoff, sewage and natural waters (Aryal et al., 2010),

is thus the target compound for several treatment technologies (Mortula, 2006).
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Stormwater has received less attention as a source of phosphorus than has point source

pollution from industrial and residential discharges. A major reason is that dissolved

phosphorus generally occurs in lower concentrations in stormwater than in domestic and

industrial wastewater (Metcalf and Eddy, 2003). However, it has been acknowledged

that even low pollutant concentrations in extremely high volumes of stormwater runoff

can result in significant pollutant mass loads that adversely impact receiving waters

(Taebi and Droste, 2004). Today, the control of phosphorus in urban stormwater

discharge is becoming increasingly recognized as key to the sustained health and vitality

of receiving waters (Smith et al., 2006). Many countries around the world have thus

adopted stormwater quality regulations and guidelines to curb the potential degradation

of water resources (Roesner and Rowney, 1996). With these guidelines and regulations,

a suite of stormwater treatment technologies such as grassed swales (Bäckström, 2003),

constructed wetlands (Bavor et al., 2001) and detention ponds (Shammaa et al. 2002;

Mallin et al., 2002) has also emerged. This study focuses on an alternative approach to

stormwater runoff pollutant mitigation.

1.1 Problem Definition

Many treatment techniques designed to eradicate unwanted constituents from

stormwater have proven ineffective for the removal of dissolved nutrients and heavy

metals (Mallin et al., 2002; Browning and Greenway, 2003; Aryal et al., 2010).

Furthermore, the efficiency and efficacy of plant-based systems for stormwater treatment

in extreme climates, particularly where deep freezing conditions exist for extended

periods, are generally insufficient for environmentally adequate phosphorus reduction

(Marsalek and Larkin, 1998; Oberts, 2000). Therefore, dissolved inorganic phosphorus
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and heavy metals continue to be discharged to surface waters, resulting in potential

degradations to quality and overall ecosystem health. To address probable eutrophication

risks, an effective, affordable and sustainable end-of-pipe technology that can efficiently

sequester dissolved phosphorus under a wide variety of climatological conditions is

required. This add-on component can be introduced prior to the release of treated

stormwater into the receiving water body.

The information presented in this thesis provides important selection criteria for

urban municipalities seeking to develop and implement a safe, effective and inexpensive

end-of-pipe add-on solution for existing stormwater treatment systems. It will

subsequently find application in improving the treatment of urban stormwater runoff

prior to discharge.

1.2 Scope of the Research

The scope of this research includes the following:

 Develop and implement a program of experimental investigations into the

sorption of inorganic orthophosphate (PO4-P) (simply referred to hereafter

as phosphorus) from stormwater using electric arc furnace steel slag

(EAF) under laboratory conditions simulating those occurring in nature.

“Stormwater”, as used in the context of the work discussed herein, refers

to blends of typical concentration ratios of phosphorus and of some of the

most common and abundant metals found in natural stormwater (i.e.

cadmium, copper, lead and zinc).

o Experiments undertaken consist of:
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 Examination of the physical and chemical properties of

EAF;

 The study of the effect of different types and combinations

of dissolved metals on phosphorus sorption;

 The study of the effects of environmental conditions

(phosphorus concentration, dissolved metal concentration,

pH and temperature) and treatment

system conditions (EAF mass and EAF particle size) on

phosphorus sorption during batch treatment operation; and

 The study of the effects of environmental conditions

(phosphorus concentration, dissolved metal concentration

and stormwater flowrate) and treatment

system conditions (EAF mass and EAF particle size) on

phosphorus sorption during continuous treatment

operation.

 Application of the results from the experimental investigations to suggest

a possible theory for phosphorus removal from stormwater.

1.3 Research Hypotheses

The primary research hypothesis is that EAF is an effective medium for removal

of phosphorus from stormwater.

The secondary hypotheses are:

 Phosphorus removal from stormwater by means of EAF is dependent on

the type of dissolved metal(s) present in stormwater; and
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 Variations of environmental and treatment system conditions, and a

combination of those factors, affect the effectiveness of EAF in removing

phosphorus from stormwater.

1.4 Research Objectives

The main objective of this research was to determine the effectiveness of EAF for

removing phosphorus from stormwater. It is expected that this work will support better

urban designs of existing stormwater treatment measures such as grassed swales,

detention ponds and constructed wetlands, which while effective in removing certain

components such as suspended solids, have not fared well in dealing with dissolved

nutrients and heavy metals. The study therefore explores the use of EAF as a safe,

effective and inexpensive end-of-pipe add-on solution for removing phosphorus from

urban stormwater runoff. The specific objectives of this study were:

 To characterize EAF so as to identify the mineral species present and propose

a theory on the pathway for phosphorus removal from stormwater;

 To study the effect of various dissolved heavy metals on the effectiveness of

phosphorus removal by EAF;

 To study the effect of environmental and treatment system conditions on

phosphorus removal using EAF; and

 To develop an empirical model that predicts the removal of phosphorus from

stormwater under defined environmental and treatment system conditions,

using EAF.
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1.5 Original Contributions

The ability of EAF to remove phosphorus by sorptive mechanisms from

wastewater has been previously proven (Bowden et al., 2009;

Johansson Westholm, 2010; Bird and Drizo, 2010). However, most research programs

for phosphorus removal have focused on wastewater treatment, with sparse information

available relating to the removal of phosphorus in stormwater collection and retention

systems. Stormwater, like wastewater, is a complex matrix comprising various

constituents. What has not been examined in past studies, either on wastewater or

stormwater, is the competing effect of the other constituents on phosphorus removal.

This research specifically focuses on the use of EAF as an add-on component to

stormwater treatment systems that have proven ineffective for the removal of phosphorus

and dissolved metals. The competition for EAF sorption sites has been observed in the

removal of heavy metals from solution (Dimitrova, 2002; Xue et al., 2009;

Renman et al., 2009). However, there remains no information available about the degree

to which competing metal ions affect phosphorus reduction by either EAF, or any other

slag type. This work, focusing on stormwater and the use of EAF, represents the first

comprehensive assessment to bridge this research gap.

Proposing a theory for phosphorus removal by EAF in the presence of dissolved

metals, based on information deduced from detailed characterization of EAF before and

after sorption, and the detailed examination of the effects of a wide range of system and

operating conditions on phosphorus removal, are original efforts of this study that have

not been previously reported.
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Similarly, the development of an empirical equation that estimates the removal

of phosphorus from stormwater using EAF under defined environmental and treatment

system conditions is a unique outcome of this work.

The findings presented here could be applicable in locations around the world

where EAF, or materials with comparable characteristics, is generated in large enough

quantities as an industrial by-product, and where phosphorus removal from stormwater is

needed to preserve downstream aquatic resources.

1.6 Layout of the Thesis

The chapters presented in this thesis are structured to address specific aspects of

the overall study. Beyond the introductory opening delivered in Chapter 1, Chapter 2

provides a detailed literature review of various stormwater treatment technologies, with a

special focus on phosphorus removal. It examines different phosphorus removal studies

based on various media and discusses certain key factors that may influence phosphorus

removal from stormwater.

All experimental work conducted in this research employed the use of bench-

scale systems. Chapter 3 describes the detailed experimental methodology and laboratory

procedures followed.

In Chapter 4, the results of the laboratory investigations and the statistical

analyses conducted on those results are discussed.

Chapter 5 presents the conclusions of the study and suggests recommendations

for future work.

Appendix A describes the sample calculations for the experimental results,

whereas Appendix B gives the data from the experimental investigations.
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2. Literature Review

Historically, in comparison to municipal or industrial wastewater effluents,

limited attention had been paid to the water quality impacts of stormwater.  For example,

rainwater was considered as clean, high quality water, and was seen more as a potential

water-quantity or flooding concern (Makepeace et al., 1995; Taebi and Droste, 2004).

Runoff was thus diverted away as safely and rapidly as possible from an urban

municipality to a receiving water body. Today, however, both the quantity and quality of

runoff are recognized as important parameters requiring attention and designed

intervention. Regulators are increasingly aware that the pollutant loading from urban or

rural runoff may be comparable to that of wastewater and industrial effluents and may

have considerable impacts on drinking water supply, aquatic habitat, recreation,

agriculture and aesthetics (Saskatchewan Environment, 2006). The nature and degree of

pollution caused by urban runoff depends on a number of factors such as the use of the

land in the path of flow, the characteristics of the impermeable surface materials, the

length of the preceding dry period, the degree of cleanliness of impervious surfaces, the

intensity and duration of rainfall or snow melt and the seasonal attributes (Gray, 2005).

Numerous parameters have been examined with respect to urban stormwater

quality in various studies undertaken around the world. As examples,

Lee and Bang (2000) focused on a number of runoff and quality parameters such as five-

day biochemical oxygen demand (BOD5), chemical oxygen demand (COD), suspended

solids (SS), total Kjeldahl nitrogen (TKN), nitrate-nitrogen (NO3-N), orthophosphorus

(PO4-P), total phosphorus (TP), n-Hexane extracts, lead (Pb) and iron (Fe);

James et al. (2010) and Herngren et al. (2010) analyzed organic contamination in
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stormwater runoff caused by Polycyclic Aromatic Hydrocarbons (PAHs) and

Davis and Birch (2010) looked into the presence of heavy metal pollutant loads (copper,

lead and zinc) in urban stormwater runoff.

Makepeace et al. (1995) carried out a detailed literature review spanning over

two decades of investigations initiated in the United States, Canada and Europe. That

review uncovered 28 most critical stormwater contaminants affecting both human and

aquatic ecosystem health. A list of those contaminants is provided in Table 2.1.

One of the most comprehensive studies ever conducted on the quality

characteristics of urban runoff and its degradation impacts on receiving waters was the

Nationwide Urban Runoff Program (NURP) (USEPA, 1983). In that study, urban runoff

was collected and tested from 28 geographically diverse project locations across the

United States. The study confirmed the presence of a wide range of pollutants in urban

runoff. However, the characteristics and pollution levels in urban stormwater varied

significantly from one geographic location or land use category to another.

Notwithstanding, based on the entire site data collected, the study identified the most

critical parameters and recommended the summary characterization of urban runoff

reproduced in Table 2.2 for general urban planning requirements.

2.1 Stormwater Quality Parameters

This section provides a concise discussion of some of the urban runoff quality

parameters highlighted in diverse studies over the years.
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Table 2.1: Most critical stormwater contaminants*.

Contaminants Affecting Human Health Contaminants Affecting Aquatic Health

Total suspended solids, aluminum,
chloride, chromium, iron, lead, mercury,
total polycyclic aromatic hydrocarbons
(PAHs), benzo(a)pyrene,
tetrachlorethylene, fecal coliforms, fecal
streptococci, and enterococci

Total solids, total suspended solids,
aluminum, beryllium, cadmium, chloride,
chromium, copper, iron, lead, mercury,
nitrogen, silver, zinc, dissolved oxygen,
polychlorinated biphenyls (PCBs),
bis(2-ethylhexyl) phthalate, g-BHC,
chlordane, heptachlor, and heptachlor
epoxide

* Makepeace et al. (1995)
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Table 2.2:  Water quality characteristics of urban runoff*.

Constituent Event to eventa

variability in EMCs
Site median EMCb

For median
urban site

For 90th percentile
urban site

Total Suspended
Solids (TSS), mg/L

1-2 100 300

Biological Oxygen
Demand  (BOD),
mg/L

0.5-1.0 9 15

Chemical Oxygen
Demand (COD),
mg/L

0.5-1.0 65 140

Total Phosphorus
(TP), mg/L

0.5-1.0 0.33 0.70

Soluble
Phosphorus, mg/L

0.5-1.0 0.12 0.21

Total Kjeldahl
Nitrogen (TKN),
mg/L

0.5-1.0 1.50 3.30

Total Nitrite +
Nitrate Nitrogen
(mg/L)

0.5-1.0 0.68 1.75

Total Copper (Cu),
µg/L

0.5-1.0 34 93

Total Lead (Pb),
µg/L

0.5-1.0 144 350

Total Zinc (Zn),
µg/L

0.5-1.0 160 500

*Reproduced from “Results of the Nationwide Urban Runoff Program. Volume 1 – Final
Report” (USEPA 1983):

a. Event: Refers to a rainfall runoff (or storm) event
b. EMC: “Event Mean Concentration” is a flow weighted mean concentration of a

water quality parameter.
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2.1.1 Nutrients

Nutrients are essential to the growth of living cells, be they animals, plants or

microorganisms. Nitrogen and phosphorus are the primary nutrients of concern in

surface water (Peavey et al. 1985). Nitrogen is the growth limiting nutrient in salt water

(marine) environments (Chambers et al. 1997), while phosphorus remains a principal

source of freshwater eutrophication (Correll, 1998).

Nitrogen can occur in a variety of forms, including inorganic ammonium-

nitrogen (NH4
+), nitrate-nitrogen (NO3

−) and nitrite-nitrogen (NO2
−), as well as dissolved

organic nitrogen and particulate organic nitrogen (Collins et al., 2010). Total nitrogen is

a measure of organic nitrogen, ammonia, nitrite and nitrate, while Total Kjeldahl

nitrogen (TKN) is the total of the organic and ammonia nitrogen

(Metcalf and Eddy, 2003). Potential non-point sources of nitrogen in urban dwellings

include fertilized residential or commercial lawns (Kinney and Valiela, 2011), untreated

urban domestic sewage discharge (Moon et al., 1994; Xie et al., 2007), pet wastes

(Gray, 2005), septic systems and sewage leaks from compromised or aging infrastructure

(Collins et al., 2010). Nitrogen removal occurs mainly by assimilation or nitrogen uptake

(Boelee et al., 2011), adsorption (Bassin et al., 2011) and denitrification

(Gersberg et al., 1983). Ammonia is the nitrogen form normally of concern in surface

waters because of its toxicity to aquatic life, and it has been reported to range from 0.01

to 4.30 mg/L in urban runoff (McLeod, 2007).

Phosphorus also exists in different forms in aqueous environments.  These forms

include orthophosphates (PO4
3-, HPO4

2-, H2PO4
-, H3PO4), polyphosphates and organic

phosphates (Metcalf and Eddy, 2003). Total phosphorus, which is usually adopted for
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most regulatory guidelines, accounts for phosphorus in all its forms. However, it is the

inorganic orthophosphate that is most commonly present in the aqueous environment and

easily measured in the laboratory. Total phosphorus has been found in stormwater in

concentrations ranging from 0.01 to 7.30 mg/L (Makepeace et al., 1995).

The sources of phosphorus are similar to those previously discussed for nitrogen.

Removal mechanisms such as biological retention (Roy-Poirier et al., 2010), physical

separation via filtration (Kim et al., 2008) and sedimentation (Ruihua et al., 2011),

chemical precipitation (Strang and Wareham, 2006; Gutierrez et al., 2010), physisorption

(Delaney et al., 2011) and chemisorption (Southam et al., 2008) have been identified for

phosphorus extraction from water.

2.1.2 Total Suspended Solids

The physical, chemical and biological effects of suspended solids have been

extensively studied for over half a century and have clearly shown that suspended solids

are an important cause of water quality degradation (Bilotta and Brazier, 2008). Total

suspended solids (TSS) originates from exhaust gas, traffic, asphalt or building erosion,

soil, sand and silts transported by wind and other means, and consists of various ranges

of particle sizes (Aryal et al. 2010). Total suspended solids (TSS) in stormwater runoff is

considered a major pollutant with harmful impacts on receiving water bodies, namely,

increasing water turbidity, impeding plant growth and diversity, upsetting river biota,

and decreasing the number of aquatic species. In addition, many contaminants can be

adsorbed to sediment (Shammaa et al., 2002). For example, TSS in stormwater has been

found to be positively correlated with both nutrients and heavy metals

(Adams and Papa, 2000). Most of the heavy metals in urban stormwater runoff are
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attached to suspended solids (Bodo, 1989; Dong et al., 1984). Furthermore, metal

concentrations generally increase with decreasing particle size (Liebens, 2001;

Ujevic et al., 2000). This is due to the relatively large surface area of fine sediments and

their higher cation exchange capacity (Dong et al., 1984). Since most metals have a

greater affinity for smaller particle sizes, conventional pollutant abatement programs

such as street sweeping which only pick up large particles have little effect in reducing

toxic runoff levels, as fine suspended solids are readily transported in stormwater

(Herngren et al., 2005).

Very high TSS concentrations have been observed in urban stormwater.

Makepeace et al. (1995) reported TSS concentrations ranging from 1 to 36,200 mg/L and

EMCs ranging from 4 to 1223 mg/L in urban runoff. However, according to

Cordery (1977), urban runoff TSS concentration results are misleadingly small as larger

solids, such as litter and rocks, are too big and heavy and do not get collected by

sampling equipment. In terms of size, a wide gradation of particulate matter, from

smaller than 1 μm (colloidal-size) to greater than 10,000 μm (sand to gravel-size

aggregates), have been found in stormwater (Sansalone and Kim, 2008).

2.1.3 Micro-organisms

According to the Environmental Protection Agency’s 1998 National Water

Quality Inventory Report to Congress, about 40% of assessed US streams, lakes, and

estuaries did not support the criteria for locally designated uses such as fishing and

swimming (USEPA, 2000). The report points to high bacterial concentrations in

stormwater runoff from agricultural and urban areas as a leading cause in the failures to

meet designated use criteria.
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Total coliforms and fecal coliforms are commonly used as indicators of

microorganism contamination (McLeod, 2007). Investigations have documented large

concentrations of fecal coliform and pathogens such as Pseudomonas aeruginosa and

Staphylococcus aureus in urban stormwater (Oliveri et al., 1977).

Schillinger and Gannon (1985) reported that about 15–20% of fecal coliform cells

present in untreated stormwater are adsorbed to larger suspended particles

(diameter > 30 mm), with more than half the organisms remaining unattached and

suspended in water. Traditional standardized methods for microorganism detection in

water samples include membrane filtration and multiple tube fermentation

(Hijnen et al., 2000; Rompré et al., 2002). By design, these methods are essentially

tailored to the analysis of drinking water quality and do not effectively quantify clumped

organisms or organisms associated with particles; therefore, enumeration of the organism

concentrations may be underestimated (Schillinger and Gannon, 1985). Stormwater

runoff contains organisms not readily identified using standard membrane filtration

analysis (Borst and Selvakumar, 2003).

2.1.4 Metals

Metals are essential to living organisms in trace amounts. In excess

concentrations however, they can damage human health and ecosystems

(Aryal et al., 2010).

Motor vehicle emissions, motor oil, vehicle tire wear, asphalt road surfaces and

corroded roofing materials are sources of metal contaminants in urban environments

(USEPA, 1998; Brown and Peake, 2006). Rainfall events enable the transportation of

these contaminants from roofs, roads and other surfaces into the stormwater system and
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consequently, their discharge to surface waterways and estuarine environments. Due to

their affinity for particles, the particulate portion of heavy metals in stormwater runoff

depends primarily on the amount of suspended solids in the water (Göbel et al., 2007).

A number of metals are reported to be commonly detected in stormwater.

Makepeace et al. (1995) identified cadmium (Cd), copper (Cu), lead (Pb) and zinc (Zn),

nickel (Ni), arsenic (As), and beryllium (Be) as some of the most frequently studied

metals that are also considered to be of greatest concern, since their concentrations in

stormwater regularly exceed surface water quality guidelines by 10 times or more.

Aryal et al. (2010) found that the heavy metals of most concern in the environment are

chromium (Cr), nickel (Ni), zinc (Zn), copper (Cu), lead (Pb), vanadium (V), cobalt

(Co), cadmium (Cd) and mercury (Hg), with Pb, Cr, Zn, Ni, Cu and Cd being the most

common ones. Cu, Pb and Zn are of particular concern in runoff due to their prevalence,

toxicity to aquatic organisms and persistence in the environment (Hoffman et al., 1984;

Borchardt and Sperling, 1997; Walker et al., 1999). Extensive investigations of the

Nationwide Urban Runoff Program (NURP) in the United States in the 1980s identified

Cu, Pb, and Zn as the toxic heavy metals of concern in road runoff (USEPA, 1983).

2.1.5 Hydrocarbons

Hydrocarbons include oil, grease and polycyclic aromatic hydrocarbons (PAHs)

(Saskatchewan Environment, 2006). They mainly originate from drip losses from

vehicles (such as oils, gasoline, brake fluid, de-icing substances), as well as the abrasion

of tires, combustion engine emissions and industrial effluent (Boving and Neary, 2007;

Göbel et al., 2007).
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PAHs represent the largest class of suspected carcinogens and are widely

distributed in the air, water, and sediments of urban environments (Diblasi et al., 2009).

PAHs are commonly sorbed to suspended sediments, but a fraction persists in the

dissolved phase (Boving and Neary, 2007). Hwang and Foster (2006) found PAHs in

stormflow to be significantly enriched in the particle phase, accounting for 68-97% of

the total PAHs, and suggested that reducing particles in stormwater using a post-

treatment system would decrease PAHs considerably. Conversely, Hoffman et al. (1984)

determined that between 7% and 21% of PAHs in parking lot runoff were not contained

in the suspended load, leaving a significant amount of PAHs dissolved.

Ghosh et al. (2001) determined that 90% of the PAHs associated with sediments

eventually desorbed and re-entered the solution phase, thus establishing desorption from

polluted sediment as a major source of dissolved PAHs.

2.1.6 Organics

Organic chemical constituents in stormwater can be traced to pesticides

(herbicides, fungicides, insecticides and fumigants), polychlorinated biphenyls (PCBs)

and synthetic chemicals (Saskatchewan Environment, 2006). Runoff is a principal route

for the mobilization and transfer of pesticides from agricultural land into aquatic

ecosystems (Liess and Schulz 1999; Schriever and Liess 2007). Pesticide contamination

can produce a significant threat to drinking water resources and aquatic ecosystems

(Probst et al., 2005; Tesfamichael and Kaluarachchi, 2004). Impacts arising from

pesticide pollution in receiving ecosystems include adverse ecotoxicological effects on

non-target organisms such as macroinvertebrates (Liess and Schulz 1999;

Liess and von der Ohe 2005; Thiere and Schulz 2004). Again, as with metals and
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hydrocarbons, suspended solids in contact with contaminated runoff can serve as a sink

for pesticides (Martin et al., 2012). Maillard et al. (2011) noted the presence of pesticides

such as simazine, cymoxanil, gluphosinate, kresoxim methyl, terbuthylazine,

dimethomorph, diuron, glyphosate, metalaxyl, tetraconazole and flufenoxuron in

stormwater wetlands, with more than 88% of the input mass of suspended solids

retained, thus underscoring the capability of the wetland to trap pesticide-laden particles

via sedimentation.

Polychlorinated biphenyls (PCBs) are persistent organic pollutants that can be

transported over long distances, eventually accumulating in food chains

(Chiu et al., 2000; Rossi et al., 2004). PCBs are ubiquitous in the environment, can be

detected in many components of the biosphere and threaten the health of humans and

wildlife (Rossi et al., 2004; Hwang and Foster, 2008). As a consequence, PCBs have

been legally regulated (Erickson, 1997). Yet, PCBs are still being used in completely

enclosed systems such as electrical transformers and capacitors

(Hwang and Foster, 2008). Notably, a major portion of the PCB load in the environment,

or in wastewater treatment plant sludge, originates from urban stormwater, with mean

concentrations of PCBs in stormwater ranging from values below the detection limit

(0.11 – 0.24 ng/L) to 403 ng/L (Rossi et al., 2004). Hwang and Foster (2008) found that

more than 90% of the total PCBs observed in stormflow was in the particle phase.

2.1.7 Salt

The preservation of safe road conditions against icy and slippery surfaces during

winter produces another serious highway runoff concern
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(Gotvajn and Zagorc-Končan, 2009). Mainly, salt in the form of NaCl is used to assure

appropriate driving conditions (Marsalek, 2003). The application of road salts as deicers

has been shown to lead to elevated ion levels in pond waters with consequent toxic

effects (Gallagher et al., 2011). The environmental impacts of road salts on aquatic

systems are largely predicated on the characteristics of the receiving waters and their

proximity to sources (Mayer et al., 2008). In addition to its direct impacts from the

toxicity of chloride, deicing salt can affect stormwater quality by altering the toxicity of

other substances; for example, the addition of salt can increase metal mobility by

changing the ratio of bound to dissolved metals (Semadeni-Davies, 2006). Other

ecological risks of chloride-laden stormwater discharges include densimetric

stratification and poor vertical mixing in ponds, direct and indirect toxic effects, benthic

drift and reduced biodiversity (Marsalek, 2003; Van Meter et al., 2011). These

environmental hazards can be reduced by chloride source controls and appropriate

design and operation of stormwater facilities to prevent excessive chloride accumulations

in winter months (Marsalek, 2003).

The USEPA (1988) considers chloride concentrations (dissolved in the presence

of sodium) above 230 mg/L as chronic (4-day average) and above 850 mg/L as acute (1-

hour average). Chloride levels in meltwater at the base of the snowpack can be over

25,000 mg/L (Maksimovic, 2001). At such high concentrations, salt has the ability to

change the speciation of metals in soils and sediments along roads

(Norrström and Jacks, 1998) and possibly in settled bed sediments at the receiving

waters (Semadeni-Davies, 2006). This elution and mobility of metals due to salt-induced



20

snowmelt has been observed in a variety of studies (Reinosdotter et al., 2003;

Sansalone and Buchberger, 1996; Westerlund et al., 2003).

A summary of the main stormwater pollutants, their sources, effects, and related

impacts is given in Table 2.3 (Saskatchewan Environment, 2006).

2.2 Stormwater Regulations

The need for a comprehensive strategy to control water pollution, including that

from urban runoff, prompted the introduction of successive regulations by governments

around the world. The United States Congress passed the Clean Water Act (CWA) in

1972 to improve surface water quality by introducing measures aimed at reducing direct

pollutant discharges into water bodies (USEPA, 1972). The CWA prohibited the

discharge of any pollutant to waters of the United States from a point source, unless the

discharge was authorized by a National Pollution Discharge Elimination System

(NPDES) permit (Barnard, 2002). It also included efforts to manage polluted runoff from

certain industrial sources and make funding available to municipalities for the

construction of wastewater treatment facilities (USEPA, 1972).
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Table 2.3:  Stormwater pollutants, sources, effects, and related impacts*.

Stormwater Pollutant Sources Effects Related impacts

Nitrogen/Phosphorus
(Nutrients)

Urban landscape
runoff (fertilizers,
detergents, plant
debris, sediment,
dust, gasoline,
tires); agricultural
runoff (fertilizers,
animal waste);
failing septic
systems.

Phosphorus is the
limiting nutrient in
most freshwater
systems. Nitrogen
is the limiting
nutrient in most
saltwater systems,
but can be a
concern in streams
as well.

Algal growth;
reduced clarity;
lower dissolved
oxygen (DO); release
of other pollutants.
Nutrients can limit
the recreational and
economic value
(swimming, boating,
fishing and other
uses) of receiving
waters, reduce
animal habitats and
contaminate water
supplies.

Suspended solids Construction sites;
other disturbed and
non-vegetated
lands; eroding
banks; road
sanding; urban
runoff.

Increased turbidity
and deposition of
sediment.
Provision of
adsorption sites
for chemical and
biological
contaminants such
as heavy metals,
nutrients,
pesticides,
herbicides and
pathogens.

Increased turbidity;
lower DO;
deposition of
sediments;
smothered aquatic
habitat. Increased
toxicity in water
habitat and
bioaccumulation in
aquatic organisms.
Increased
eutrophication risks.

Pathogen
(bacteria/viruses)

Animal waste;
urban runoff;
failing septic
systems.

Presence of
bacteria and viral
strains. Bacteria
levels are usually
high in summer
when warm
temperatures are
beneficial to
reproduction.

Human health risks
via drinking water
supplies;
contaminated
shellfish-growing
areas and swimming
beaches.
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Table 2.3:  Stormwater pollutants, sources, effects, and related impacts (Contd.)*.

Stormwater Pollutant Sources Effects Related impacts

Metals Industrial
processes; normal
wear of automobile
brake lines and
tires; automobile
emissions and fluid
leaks; metal roofs.

Increased toxicity
of runoff and
accumulation in
the food chain.

Toxicity of water
column and
sediment;
bioaccumulation in
aquatic species and
through the food
chain.

Hydrocarbons (oil
and grease,
Polycyclic Aromatic
Hydrocarbons
(PAHs))

Industrial
processes,
automobile wear,
automobile
emissions and fluid
leaks; waste oil.

Degraded
appearance of
water surfaces;
limiting water and
air interactions
(lower DO).
Hydrocarbons
have a stronger
affinity for
sediment.

Toxicity of water
column and
sediment;
bioaccumulation in
aquatic species and
through the food
chain.

Organics (pesticides,
polychlorinated
biphenyls (PCBs),
synthetic chemicals)

Pesticides
(herbcides,
insecticides,
fungicides, etc.);
industrial
processes.

Increased toxicity
to sensitive
animal species
and fishery
resources and
accumulation in
the food chain.

Toxicity of water
column and
sediment;
bioaccumulation in
aquatic species and
through the food
chain.
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Table 2.3:  Stormwater pollutants, sources, effects, and related impacts (Contd.)*.

Stormwater Pollutant Sources Effects Related impacts

Salt (sodium,
chlorides)

Salting of roads
and uncovered salt
storage.

Toxicity to
organisms,
reduction of
fishery resources
and increased
levels of sodium
and chloride in
surface and
groundwater.
Could stress plant
species
respiration
processes through
their effect on soil
structure.

Toxicity of water
column and
sediment. Salt can
cause the loss of
sensitive animal
species, plant
species, and fishery
resources and
contaminate surface
and groundwater.

* Reproduced and modified from “Stormwater Guidelines”
(Saskatchewan Environment, 2006).
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The CWA, however, excluded the broader regulation of agricultural, industrial and urban

non-point sources of pollution. Findings from a number of additional studies such as

NURP (USEPA, 1983), carried out in the late 1970s to 1980s on stormwater runoff,

showed that those non-point sources of pollution were disturbingly problematic to

downstream water quality. In 1999, USEPA expanded the NPDES Stormwater Program

to control the quality of urban runoff discharges (Barnard, 2002). The expanded

regulations addressed stormwater discharges from small municipal storm sewer systems

and construction sites that disturb one to five acres.

These efforts paved the way for stricter stormwater regulations at local and

regional levels. For example, in 2001, the San Diego Regional Water Quality Control

Board (RWQCB) voted to implement the Municipal Stormwater Permit, a set of

stringent directives that apply specifically to development and redevelopment activities

in San Diego, and requires the implementation of three distinct types of compliance

measures (Vasquez, 2002): (1) Standard Urban Stormwater Mitigation Plans (SUSMPs),

which aim to reduce the negative impacts of urban runoff to receiving waters from

development and redevelopment sites; (2) post-construction best management practices

(BMPs) to reduce stormwater flows by treating, infiltrating, or filtering a specific volume

of water and the associated pollutant loads generated from the project site; and (3)

numeric sizing criteria, which requires that BMPs be designed to fulfill specific numeric

sizing standards. Similarly, in states like Massachusetts, Maine and Vermont, the

USEPA has activated the little-used residual authority provision under the CWA, which

allows the imposition of stricter permit requirements to new and existing stormwater

discharges over which the USEPA had no prior jurisdiction (Bisbee, 2010).
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In Europe, the European Union Water Framework Directive (WFD) provided a

clear statement on the need to tackle non-point source pollution. The WFD established

objectives for achieving good “ecological status” of all water bodies by the year 2015

(Faram and Andoh, 2008). According to the WFD, the good chemical status of a water

body is met if concentrations of a set of priority substances in water or biota are below

Environmental Quality Standards (European Commission, 2008). For water, those

priority substances cover 41 pollutants including metals, organic substances and

pesticides. This means that stricter measures and major changes will be required to

manage urban stormwater discharges for operators of urban water systems.

In Canada, there are currently no nationwide-instituted stormwater regulations.

However, respective provinces and cities have introduced stormwater management

programs, guidelines or by-laws for their jurisdictions. Ontario’s Environmental

Protection Act, 1990 is the principal pollution control regulation in the province, and is

supported by the Ontario Water Resources Act, 1990 to address point sources of

pollution and their impacts on groundwater and surface water (Sikdar, 2007). Also, to

deal with non-point source nutrient pollution from farm units, mainly due to manure, the

Nutrient Management Act, 2002 was enacted. Stormwater management in Alberta

requires approval under both The Environmental Protection and Enhancement Act and

The Water Act (Alberta Environmental Protection, 1999). This approval is based on

guidelines to be used as a tool for decision-making purposes in the planning, design,

operation and maintenance of stormwater systems. It means that site-specific conditions

and characteristics can supersede the guidance provided in those guidelines. In

Saskatchewan, new stormwater guidelines were introduced in 2006, as stormwater
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quality and most aspects of its management were not regulated under The Environmental

Management and Protection Act, 2002 and The Water Regulations, 2002

(Saskatchewan Environment, 2006). Again, these guidelines are to be followed only

voluntarily, and the water quality of stormwater discharges remains unregulated. Also,

certain municipalities in Canada have adopted by-laws to manage stormwater disposal.

One of such municipalities is the City of Guelph in Ontario. The Corporation of the City

of Guelph enacted the Stormwater By-law (City of Guelph, 1993) to manage stormwater

disposal from private property. The by-law focuses only on the management of

stormwater quantity, and is silent on its quality.

It is anticipated that provincial jurisdictions in Canada will move toward the

introduction of stricter and more enforceable stormwater regulations. This will assure

more effective management of the quality implications of runoff to downstream water

bodies, as has already been implemented in Europe and parts of the United States.

2.3 Review of Stormwater Treatment Solutions

Due to the complex nature of stormwater, adequately reducing and managing its

potential polluting effects is most effectively carried out by a combination of efforts or

system components designed to target different constituents and meet local effluent

quality objectives. The desired effluent quality must be achieved at a reasonable and

affordable cost. Taken in isolation, the individual components of the system may not be

effective in achieving the desired overall removal targets. However, when optimized as a

functioning unit, the end results are beneficial. Also, as already mentioned, stormwater

treatment systems must incorporate solutions that deal with both the quantity and quality

issues associated with run-off. Thus the best management practices must be able to
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control urban municipal flooding risks, as well as avoid downstream water quality

degradation. These solutions must begin at the source and continue all along the run-off

path, till the final end-of-pipe treatment prior to discharge into receiving waters.

Stormwater management systems can therefore be broken down into the following

important components (Saskatchewan Environment, 2006):

1. Source controls;

2. On-site (lot-level) controls;

3. Conveyance system controls; and

4. End-of-pipe controls

Source control relates to pollution or waste minimization at the source. This is an

important pollution reduction strategy for the overall effectiveness of stormwater

treatment. For example, urban dog populations are a major source of organic loading and

pathogens to surface water (Gray, 2005). Thus, keeping streets, sidewalks, parking lots,

other impervious urban surfaces and various stormwater conveyance systems clean and

devoid of these wastes and other pollutants, encompass an important first step in the

treatment process. This is especially important as pollutants accumulate on urban

surfaces over long stretches of dry periods, and at the first storms, an event referred to as

“first flush”, create a potentially toxic and highly contaminated water product. On-site

(lot-level) controls are practices applied at a single lot level or multiple lots in a small

area, which reduce the quantity of stormwater runoff and improve the water quality

before the runoff reaches the conveyance system (Saskatchewan Environment, 2006).

Examples include reduced lot grading and on-lot infiltration systems. The stormwater

conveyance controls, as the name implies, refer to the treatment solutions that are
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incorporated along the system network that transports stormwater from the urban source

areas to the disposal sites. Grassed swales and vegetated filter strips fall into this

category. The final efforts to reduce pollutants and enhance the effluent quality of

stormwater runoff before its discharge into receiving waters are achieved through end-

of-pipe controls. These treatment options cover a wide range of technologies: retention

ponds, constructed wetlands, infiltration systems, sand filters, etc.  The selection of a

suitable treatment or treatment train depends on the site conditions, upstream runoff

characteristics and requirements for treated water quality

(Saskatchewan Environment, 2006).

Stormwater treatment solutions have also been classified as primary, secondary

and tertiary, depending on their treatment efficiency (Table 2.4) (Aryal et al., 2010). It is

important to note that what methods constitute a category of treatment efficiency may

vary from one location and particular situation to another. This fact highlights the

complexity of stormwater and its treatment.

A vast number of systems tailored to eliminating different constituents in

stormwater have been studied under a variety of conditions around the world. A

summary of some of those studies, including the targeted or removed constituents and

the major removal mechanism(s) observed, is outlined in Table 2.5.
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Table 2.4: Classification of stormwater treatment measures based on treatment

efficiency*.

Stormwater
treatment measure

Efficiency of
treatment

Removal method(s) Removal
mechanisms

Primary treatment Removal of large
debris and
sediments, as well as
particulates with
associated pollutants
(i.e., attached
nutrients,
hydrocarbon or
pathogens) larger
than 1.25 mm

Litter racks,
sediment traps,
gross pollutant
trap, litter booms,
oil/grit separators,
permeable
pavements, source
control, e.g. street
sweeping

Filtration/entrapm
ent of large
particles or
debris;
sedimentation of
smaller
particulates

Secondary treatment Removal of finer
particles and
attached pollutants

Buffer strips,
grassed swales,
bio-retention
systems

Filtration;
sedimentation;
biological uptake

Tertiary treatment Removal of
dissolved metals and
nutrients and very
fine particles

Constructed
wetlands

Physico-chemical
mechanisms:
adsorption;
filtration;
enhanced
sedimentation;
biological uptake

* Aryal et al. (2010).
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Table 2.5: Review of stormwater treatment systems.

Removal
system

Constituent(s)
targeted or
removed

Major removal
mechanism(s)

Comments Reference

Grassed
swales

Sediment-
bound
pollutants:
suspended
solids, particles
and metals (Cu,
Pb and Zn)

Sedimentation
of particulate
matter
(physical
mechanism)

Low to moderate
retention of
dissolved heavy
metals observed.
Grassed swales
should be used as a
primary treatment
device as it
performed poorly
for dissolved
metals.

Bäckström
(2003)

Constructed
wetland

Sediment-
bound
pollutants:
metals,
nutrients (N
and P),
microorganisms
(fecal coliform)

Sedimentation
(physical
mechanism)

Effective for
removal of fecal
coliform and
associated particle-
bound pollutants.

Bavor et al.
(2001)

Trace metals
(Cr, Cu, Pb, Ni
and Zn),
Nutrients (NOx,
TN, TKN and
TP), TSS, fecal
coliform

Sedimentation
(physical
mechanism)

Highly variable
results. Wetland
was moderately
efficient in
removing
contaminants.

Birch et al.
(2004)

Insecticide
(chlorpyrifos),
fungicide
(chlorothalonil)

Biological
degradation
(aerobic
biodegradation)

Very high to
complete removal
of pollutants
observed by
retaining them for
periods sufficiently
long to degrade
them to safe levels.

Sherrard et
al. (2004)



31

Table 2.5: Review of stormwater treatment systems (Contd.).

Removal
system

Constituent(s)
targeted or
removed

Major removal
mechanism(s)

Comments Reference

Subsurface
flow
constructed
wetland

TSS, COD,
nutrients (TN,
NOx, NH3 and
filterable
reactive
phosphorus
(FRP))

Sedimentation
(physical
mechanism),
denitrification/
biological
uptake of
nutrients

Highly effective in
reducing
concentrations of
TSS and COD, but
not NH3, TN or P.
Removal efficiency
for NOx is variable
and ranges from
low to high.

Browning
and
Greenway
(2003)

Detention
pond

Fecal coliform,
nutrients (N
and P)

Sedimentation
(physical
mechanism)

Not effective in
removing fecal
coliform, N and P
which are largely
associated with fine
particle size
fraction (< 2μm)

Bavor et al.
(2001)

Dry detention
pond

TSS Sedimentation
(physical
mechanism)

The most important
criterion for TSS
removal is the
detention time of
stormwater in dry
ponds. An optimal
detention time of
24 to 40 h is
recommended for
TSS removal of
60% and above.

Shammaa et
al. (2002)
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Table 2.5: Review of stormwater treatment systems (Contd.).

Removal
system

Constituent(s)
targeted or
removed

Major removal
mechanism(s)

Comments Reference

Wet detention
pond

Fecal coliform,
nutrients (NO3

-,
TKN, NH3, TN,
dissolved P and
TP), sediment
metals (Al, As,
Cd, Cr, Cu, Pb,
Hg, Ni, Zn)

Sedimentation,
biological
uptake (by
pond
vegetation
and/or organic
sediments),
adsorption,
denitrification

Three detention
ponds investigated
with widely
varying results
obtained. Removal
levels of fecal
coliform and
nutrients ranged
from very low to
high. TSS removal
was also generally
poor. Metal
removal was
variable and
effective in some
cases. One pond
was ineffective in
removing any
pollutant and all
nutrients out
increased
significantly. High
pond efficiency
was traced to
longer runoff
detention time and
vegetation
coverage and
diversity.

Mallin et al.
(2002)
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Table 2.5: Review of stormwater treatment systems (Contd.).

Removal
system

Constituent(s)
targeted or
removed

Major removal
mechanism(s)

Comments Reference

Bioretention
cells
(low-impact-
development
comprising
soil, sand,
organic matter
and
vegetation-
based storage
and infiltration
facility used in
parking lots
and on
individual lots
to treat runoff)

Dissolved
metals (Cu, Pb
and Zn)

Adsorption by
soil/sand,
biological
uptake by plant
material

Medium to very
high or complete
removal of low
levels of the metals
from synthetic
stormwater under
controlled
conditions. Lower
removals occurred
for shallow
bioretention depths
(less than 30cm)

Davies et al.
(2003)

Riparian
wetland
(transition
zones between
aquatic and
terrestrial
environments)

Nutrients
(NO3

- and
PO4

3-)

Organic/microb
-ial removal via
seepage to and
interaction with
subsurface
wetland soil,
denitrification,
sorption to soil
mineral and
organic matter,
biological
uptake by
microphytes
and microbes in
the wetland soil

High to complete
removal of the
nutrients for
intermittent inputs
of the nutrients to
the wetland within
time-scale noticed
in natural storm
events.

Casey and
Klaine
(2001)
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The treatment methods in Table 2.5 exhibit some critical drawbacks. First, the

wide range of pollutant removal rates reported highlights a lack of reliability. Also, it is

evident that many of these methods are ineffective for the removal of heavy metals and

dissolved nutrients. Similar observations had been made in a previous review of

stormwater treatment technologies (Aryal et al., 2010). This means that these heavy

metals and dissolved nutrients in stormwater still find their way into surface waters,

resulting in potential quality and health issues to the aquatic environment and to humans.

Of the dissolved constituents, phosphorus as orthophosphate (PO4-P) is of

particular interest to this study due to its contribution to freshwater eutrophication.

Eutrophication is a severe challenge to the health and economic well-being of receiving

waters. In Canada, a report by the Lake Winnipeg Implementation Committee (LWIC)

described the grave danger to Lake Winnipeg water quality and biodiversity due to

eutrophication (LWIC, 2005). As at the time of the report’s publication in 2005, thick

mats of blue-green algae (cyanobacteria) covered approximately 50% of the surface area

of Lake Winnipeg. The challenge then was to reverse that trend and prevent an

increasingly greater area of the surface becoming populated with cyanobacteria. Not only

did the cyanobacterial blooms have toxic health implications for water consumers, but

the blooms had culminated in significant economic losses for the region. Both the $100

million per year recreation and tourism industry and the $20 million per year freshwater

commercial fishery industry, the largest in Western Canada, had been severely affected.

Water quality experts agreed, as a matter of immediate priority, that the phosphorus

concentrations entering Lake Winnipeg needed to be reduced to reverse eutrophication.



35

The situation described for Lake Winnipeg is not unique to Canada, though it

does offer an example of the extreme potential effects of eutrophication on Western

Canadian surface water sources. Similar challenges have been encountered across the

globe, including Lakes Dianchi and Tiahu in China where almost all native water plants,

fish species and snails have been killed due to a lack of oxygen (UNESCO, 2006). In all

cases, poor water quality increased the complexity of and expense for treatment to

supply water for domestic use.

These events demonstrate the need for cost-effective and efficient treatment

technologies to reduce phosphorus loading on receiving waters, including that contained

in urban runoff.

2.4 Phosphorus

Phosphorus is a vital element for all living organisms. It is taken up via nutrition

and, besides nitrogen and potassium, is one of the macronutrients needed by all plants

(Ott and Rechberger, 2012). In addition, phosphorus serves as an energy store and source

in the form of adenosine diphosphate (ADP) and adenosine triphosphate (ATP), and can

be found in proteins, enzymes and phospholipids (Smil, 2000; Gowariker, 2009).

Phosphorus occurs in a variety of forms. It can be classified chemically as

inorganic or organic (i.e., chemical property) or as soluble or insoluble (i.e., physical

property) (Sikdar, 2007). Inorganic phosphorus refers to the mineral forms of

phosphorus in nature. Nearly all of the phosphorus on Earth is found in the form of

minerals including apatites (chloro- and fluoro-), vivianite, wavellite, and phosphorites

(Budavari, 1989). Organic phosphorus refers to phosphorus in living organisms or

phosphorus associated with detrital organic matter, including inorganic phosphorus
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compounds irreversibly sorbed onto organic matter (Sikdar, 2007). Organic forms of

phosphorus include phospholipids, nucleic acids, proteins, polysaccharides, nucleotide

cofactors, and as phosphonates (Hanrahan et al., 2005). Insoluble phosphorus occurs in

particulate or colloidal forms, while soluble phosphorus refers to all orthophosphates,

polyphsophates and phosphorus compounds associated with colloid particles that are

capable of passing through a 0.45 μm pore diameter filter (Sikdar, 2007). Filtration

through a 0.45 μm pore diameter filter does not necessarily provide true separation of

suspended and dissolved forms of phosphorus (Clesceri et al., 1989).

In aquatic environments, phosphorus occurs in both particulate and dissolved

forms and can be operationally defined as total phosphorus, filterable reactive

phosphorus, total filterable phosphorus and particulate phosphorus

(Hanrahan et al., 2005). Total phosphorus is given as the summation of total dissolved

phosphorus and particulate phosphorus. However, in these aquatic environments,

phosphorus is taken up in dissolved form by primary producers almost exclusively as

free orthophosphate or simply, phosphate (Ruttenberg and Sulak, 2011). Thus, phosphate

is the predominant form of phosphorus in natural waters and in wastewaters

(Clesceri et al., 1989). Phosphorus is also a highly particle reactive element

(Khare et al., 2004), and in lake systems, almost 90% of all phosphorus is bound in the

solid phase as organic phosphates, either as cellular constituents in the living biota, or

associated with dead particulate organic materials and detritus (Sikdar, 2007). In

summary, the usual forms of phosphates that are found in aqueous solutions include

(Metcalf and Eddy, 2003):
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1. Orthophosphates, for example, PO4
3-, HPO4

2-, H2PO4
-, H3PO4, which are

all available for biological metabolism without further breakdown;

2. Polyphosphates which comprise those molecules with two or more

phosphorus atoms, oxygen atoms, and in some cases, hydrogen atoms

combined in a complex molecule; and

3. Organically-bound phosphates.

2.5 Phosphorus Removal Mechanisms

Phosphorus removal techniques have been categorized under three major

distinctions: (i) physical, (ii) biological, and (iii) chemical (Oguz, 2005).

Physical processes are used to separate solids from a liquid bulk and are

complementary to chemical and biological processes (Mortula, 2006). Particle-affiliated

phosphorus as suspended solids or as precipitates can be removed in this way. However,

physical methods such as sedimentation and filtration perform inefficiently, removing

only 10% of the total phosphorus, while others like electrodialysis and reverse osmosis

are effective but expensive (Oguz, 2005).

Biological treatment is one of the most widely used alternatives for phosphorus

removal (Mortula, 2006) and is based on the ability of many bacteria to take up

phosphorus in excess of metabolic requirements as a survival mechanism

(Barnard, 1975). Biological storage of phosphorus also takes place through uptake by

plants (Cooke, 1992; Davis et al., 2006; Weng et al., 2006). Biological treatment

methods have demonstrated the capacity to remove up to 97% total phosphorus, but

suffer from operational difficulties that make the process highly variable (Oguz, 2005).

For example, in the activated sludge process, nitrate removal is known to be a
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precondition for effective biological phosphorus uptake and the presence of volatile fatty

acid in wastewater is required for biological phosphorus removal (Mortula, 2006). Also,

phosphorus taken up during the growth in spring and summer can be released back

during fall when the plants die (Richardson and Craft, 1993;

Verhoeven and Meuleman, 1999). One suggested approach to prevent release of the

phosphorus back into the water is to harvest the vegetation (Toet et al., 2005;

Weng et al., 2006). These factors make biological treatment a complex process.

Chemical removal processes utilize metal salts such as calcium, aluminum and

iron and are known to be reliable and well-established techniques (Oguz, 2005). In

chemical processes, soluble phosphorus is converted to a solid phase that can then be

removed by physical means. Chemical removal methods include precipitation and

adsorption, and chemical adsorption can also be associated with chemical reactions that

take place in many precipitation processes (Mortula, 2006). In precipitation, a primary

reaction occurs between the metal ion and orthophosphate to precipitate the insoluble

metal phosphate. Nutt (1991) has reported the precipitation of phosphorus from

municipal wastewater in North America and Europe using divalent and trivalent metal

salts. Metal salts that have been examined include iron salts (ferric chloride, ferric

sulphate, ferrous chloride, ferrous sulphate), aluminium salts (aluminium sulphate,

aluminium chloride, sodium aluminate, polyaluminium chloride) or calcium-based

compounds (lime and gypsum) (Narasiah et al., 1994). These studies have shown that

precipitation is strongly dependent on pH, phosphorus and coagulant concentration. The

large quantities of sludge produced by precipitation however constitute a serious disposal

concern for wastewater treatment utilities (Mortula, 2006). Lind (1998) has proposed the
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following simplified chemical reactions for removal of phosphorus using alum, ferric

chloride and lime:

Alum:

42443342 322)( SONaAlPOPONaSOAl  2.1

4232342 3)(26)( SOHOHAlOHSOAl  2.2

Ferric Chloride:

NaClFePOPONaFeCl 34433  2.3

HClOHFeOHFeCl 3)(3 323  2.4

Lime:

NaOHPOCaOHPONaCaO 6)(323 243243  2.5

HClOHFeOHFeCl 3)(3 323  2.6

 32 CaCOCOCaO 2.7

Adsorption can either be physical or chemical. Substrates with high divalent and

trivalent metal concentrations have been found to be useful phosphorus adsorbents

(Sakadevan and Bavor, 1998; Brooks et al., 2000; Agyei et al., 2002; Drizo et al., 2002).

In chemical adsorption or chemisorption, the adsorbate forms a strong chemical bond

with the adsorbent at an available adsorption site, while in physical adsorption or

physisorption, the bonds are due to weak Van der Waals forces. Adsorption can occur on

the outer surface of the adsorbent and in its macropores, mesopores, micropores and
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submicropores, but the surface area of the macropores and mesopores is small compared

with that of the micropores and submicropores, and the amount of material adsorbed

there is usually considered negligible (Metcalf and Eddy, 2003). Chemisorption

dominates at lower adsorbate concentrations whereas physical adsorption becomes more

relevant at increased adsorbate concentrations (Nix, 1999).

2.6 Factors Affecting Phosphorus Removal

The removal of phosphorus from stormwater and various types of wastewater is a

complex and potentially inconsistent process influenced by a number of factors. It is also

difficult to objectively compare various studies relating to phosphorus retention

capacities of removal systems as these studies have been performed under a wide variety

of conditions, and reported differently.

Phosphorus sorption capacities as low as 4.3% have been recorded in field

experiments (Hill et al., 2000), with intermediate and high removal rates of 28 to 51%

(Obarska-Pempkowiak and Ozimek; 2000) and 95% (Wood and McAtamney, 1996),

respectively, also observed under dissimilar field conditions. Column experiments using

Danish Light Expanded Clay Aggregates (LECA) showed that LECA failed to

sufficiently bind phosphorus leading to negligible adsorption capacities

(Brix et al., 2001), while the use of amorphous and crystalline blast furnace slag in

column experiments exhibited very high phosphorus removal levels of between 95 and

100 %, without any sign of saturation at the end of the experiment (Johansson, 1999b).

Similarly, procedures and results of laboratory batch experiments have varied widely.

The use of zeolite-sand mixtures with artificial phosphorus solutions over a wide

concentration range (0 to 130 mg P/L) produced negligible phosphorus sorption
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(Philips, 1998), while very high phosphorus removal levels of between 98 to 100 % were

recorded over 72 h of experimental tests using wollastonite to treat artificial phosphorus

solutions (5 and 10 mg P/L), with as much as 90% occurring within the first 12 h

(Brooks et al., 2000).

A wide array of factors is responsible for the phosphorus sorption capacity of a

given medium. These range from chemical properties such as composition of the

treatment medium to physical properties such as the particle size of the medium. These

are explored below in further detail.

2.6.1 Composition of Treatment Medium

The chemical make-up of a particular medium employed in the sorption process

affects the removal of phosphorus. The presence of high calcium content (CaCO3) in

limestone (Johansson, 1999a) and  in Opoka, a silica-calcite marine sediment found in

parts of Eastern Europe (Brogowski and Renman, 2004) have been linked to their ability

to remove phosphorus through the formation of calcium complexes and precipitation

mechanisms. In addition to calcium, substrates such as bauxite (Drizo et al. 1999),

laterite soils (Kadlec and Knight, 1996) and spodosols soils (Gustafsson et al., 1998), all

rich in iron and aluminum, have demonstrated that phosphorus sorption is mainly

attributable to removal by aluminum oxides or iron oxides.

There are other factors such as chemical pre-treatment or age of the treatment

medium that could affect the composition of a treatment medium, and consequently, its

capacity to sequester phosphorus. Heating of Opoka in a manner that converted calcium

carbonate (CaCO3) to calcium oxide (CaO) resulted in improved phosphorus removal, as

CaO appeared to be a more advantageous form of calcium to which phosphorus can be
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attached (Brogowski and Renman, 2004). In Sweden, initial tests on the hydrothermal

treatment of blast furnace slag (BFS) have shown that the converted slag material has a

higher phosphorus sorption capacity and a prolonged lifetime as compared to untreated

BFS (Johansson Westholm, 2010). The effect of aging on the phosphorus removal

capacity of BFS has been observed by Hedström and Rastas (2006). Their study revealed

that older slag that had been stored outdoors exhibited lower phosphorus removal

capacity than was obtained with freshly quenched slag material, possibly due to calcium

depletion caused by weather conditions (e.g. rainfall and snow melt).

In general, the presence of calcium, iron and aluminum in a medium correlates

positively to its ability to remove phosphorus (Zhu et al., 1997;

Aulenbaxh and Meisheng, 1998; Johansson Westholm, 2006).

2.6.2 Phosphorus Loading

Phosphorus loading impacts both adsorption and precipitation processes

(Sikdar, 2007). Higher phosphorus loading implies a greater concentration gradient that

drives the adsorption process between the absorbate in solution and the available

sequestration sites on the adsorbent. Thus, phosphorus removal depends strongly on the

relative equilibrium between solution phosphorus and adsorbed phosphorus in the

substrate (Rosenquist et al., 2010). In the case of precipitation, higher phosphorus

concentrations would make it easier for metal-phosphate ions to form and precipitate out

of solution (Wood and Hesmann, 1990).

Juston and DeBusk (2006) studied the impact of phosphorus mass loading on

outflow phosphorus for stormwater treatment wetlands in south Florida. Their

investigation revealed a relationship between phosphorus mass loading rates and total
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phosphorus outflow concentrations. Specifically, over about two years, they found that

mass loading rates at or below ∼1.3 g P/m2/year resulted in a high likelihood of

achieving total phosphorus outflow concentrations less than ∼30 μg/L. The phosphorus

removal efficiency of calcium-rich hydrated oil shale ash was also found to increase with

increasing phosphorus loading, suggesting direct precipitation of calcium phosphate

phases and a strong dependence on phosphorus concentration in the inflow (Kõiv et al.,

2010). This strong positive correlation between initial phosphorus concentration and

phosphorus removal has been equally observed in other studies conducted under very

different experimental conditions (Drizo et al., 2002; Oguz, 2004; Bowden et al., 2009).

2.6.3 Temperature

Temperature is an often neglected parameter in studies involving the removal of

phosphorus from solution (McLeod, 2007). However, prior studies have shown that a

relationship may exist between the quantity of adsorbate that can be taken up by an

adsorbent and the temperature (Yamada et al., 1986; Metcalf and Eddy, 2003;

Chang et al., 2011). Cold temperatures should adversely affect most reactions, especially

biological and chemical reactions (Sikdar, 2007). Therefore, in cold climate

environments, temperature becomes even more important in the design of any treatment

process, and it is important to take into account seasonal changes in wastewater

temperatures (Kumar et al., 1996). In investigations to study the implementation of

stormwater biofilters for nutrient and sediment control in cold weather regions,

Blecken et al. (2010) found that temperature was not a factor in phosphorus removal.

Phosphorus reduction was consistently very high (typically in excess of 90%),

irrespective of the temperature. Several other studies have validated the insignificance of
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temperature on phosphorus removal (Jenssen et al., 1993; Maehlum et al., 1995;

Wittgren and Maehlum, 1997; Drizo et al., 1997). A different review of the performance

of biological phosphorus removal systems at low temperatures revealed reduced

phosphorus removal in most laboratory experiments, while a few showed improved

phosphorus removal (Kumar et al., 1996). Furthermore, temperature sensitivity for

phosphorus removal was considerably lower for full-scale experiments, which indicated

that the effect of temperature on phosphorus removal was dependent on operating

conditions. Interactions between temperature and other experimental parameters have

also been observed. An examination of the adsorption of phosphorus onto fly ash

uncovered the significant influence of temperature on phosphate removal, especially at

increased initial phosphorus concentrations (Ugurlu and Salman, 1998). Higher removal

efficiencies were obtained with increasing temperature, but beyond 40°C, adsorption was

hindered and desorption became predominant. Temperature effects on phosphorus

removal in wastewater using other adsorbents such as loess – a low cost, non-toxic,

environmental friendly material easily obtainable across South Korea – have also been

investigated (Park and Jung, 2011). Tests using loess showed that across a temperature

range of 5 to 60°C, phosphorus adsorption increased with an increase in temperature.

What is evident in these studies is the complexity of the phosphorus removal

process. No uniform impact of temperature on phosphorus removal can be deduced and

experimental conditions appear to play a crucial role in determining the outcome of the

removal process at any given temperature.
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2.6.4 pH

Solution pH is an important controlling parameter in determining the dominant

phosphorus removal mechanism at play, as well as the existing ionic species in solution

responsible for a given mechanism (Lee et al., 1997).

Figure 2.1 depicts the fractional speciation of phosphate as a function of pH

(Hong et al., 2009). Aqueous phosphate exists in four forms depending on the pH of a

given solution. These are:

1. Phosphate ion (PO4
3-), which predominates in strongly basic conditions;

2. Hydrogen phosphate ion (HPO4
2-), which is the dominant form at weakly

basic conditions;

3. Dihydrogen phosphate ion (H2PO4
-), which predominates in weakly

acidic conditions; and

4. Trihydrogen phosphate (H3PO4) which is the main form at strongly acidic

conditions.

The degree to which the phosphate ionizes in solution is given by an equilibrium

constant known as the acid dissociation constant, Ka. Ionization of phosphate in solution

occurs as follows:

  HPOHPOH 4243 (Ka = 6.92 x 10-3) 2.8

  HHPOPOH 2
442 (Ka = 6.17 x 10-8) 2.9

  HPOHPO 3
4

2
4 (Ka = 2.09 x 10-12) 2.10
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Figure 2.1: Fractional speciation of phosphate as a function of pH (Hong et al., 2009).
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Acid dissociation constants can vary widely across many orders of magnitude.

Therefore, the use of a logaritmic measure of Ka, denoted as pKa, is preferred in practice.

The logarithmic constant, pKa, is given as:

aa KpK 10log 2.11

A smaller pKa value (i.e., a larger Ka value), implies a stronger acid. Ka does not change

with pH and is therefore vital to understanding the possible removal mechanisms

associated with phosphate.

The optimal phosphorus removal capacities of various adsorbents have been

linked to pH (Yamada et al., 1986; Pradhan et al., 1998; Parida and Mohanty, 1998;

Sakadevan and Bavor, 1998).

In sorption studies involving the uptake of phosphorus by blast furnace slag

(BFS), Oguz (2004) found that the highest phosphorus removal occurred at pH 4, with

ion exchange of phosphate hydrolysis products (H2PO4
-, HPO4

2-) and the precipitation of

the metallic salts of phosphate (Al3+, Ca2+, Fe3+) being the likely removal mechanisms in

the pH range 3 – 8.5.

Phosphorus removal has also been inversely correlated with pH (McBride, 1994;

Rosenquist et al., 2010), thus suggesting that removal occurs via adsorption of

phosphorus to metal oxide surfaces. In contrast, phosphorus removal via BFS has been

connected to strongly alkaline conditions (pH > 9) and seen to occur primarily through

hydroxyapatite (Ca10(PO4)6(OH)2) precipitation (Johansson and Gustafsson, 2000). The

highest removals for phosphorus using basic oxygen steel slag were equally observed at
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high initial pH of 12 (Bowden et al., 2009), which was indicative of precipitation as a

most likely removal mechanism.

As in the case of temperature, the effect of pH is complex and is dependent on

the prevailing conditions in the removal process.

2.6.5 Adsorbent Particle Size and Porosity

Fine particle sizes generally exhibit a higher phosphorus adsorption capacity than

coarse particle sizes due to a greater relative surface area for adsorption (Seo et al., 2005;

Mortula and Gagnon, 2007; Park and Jung, 2011). However, a key concern with too fine

particle sizes is that they are more prone to clogging the phosphorus treatment system,

given their lower permeability. Thus, an ideal balance would involve obtaining an

adsorbent grain sample that provides good hydraulic conductivity alongside a large

surface area. That is why porosity could be an important factor in optimizing adsorbent

particle size. Particles that are porous will have a greater surface area and more exposed

sorption sites, meaning that a large grain sizes can still possess good sorption and good

hydraulic conductivity (Sikdar, 2007).

2.6.6 Other Factors

So many other factors may affect the removal of phosphorus, depending on the

nature of the removal system and the prevailing conditions within the system. These

include adsorbent dose (Mohammed and Rashid, 2012); hydraulic loading rate

(Carleton et al., 2001; Garcia et al., 2005); reaction time (Shilton et al., 2006;
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Drizo et al., 2006); wastewater composition (Mulkerrins et al., 2004); and dissolved

oxygen (Yang et al., 2010).

These factors are just some of the many more intrinsic and operational

parameters that can affect the phosphorus removal process. The examination of these

factors under a variety of experimental conditions, and the wide variations in findings,

further highlight the complex nature of the phosphorus removal process.

2.7 Review of Substrates for Phosphorus Removal

Different media have been investigated for their phosphorus removal capacities

in studies carried out under a wide and varied array of experimental conditions. Batch,

column and field tests have been undertaken; feed solutions varying in the complexity of

their make-up have been employed, and different phosphorus and adsorbent

concentrations have been tested.

Studies carried out to determine the phosphorus removal capacity and efficiency

of various substrates have been reviewed in detail with three broad categories of

substrates identified for phosphorus removal. These are (Johansson Westholm, 2006;

Vohla et al., 2011):

1. Natural materials;

2. Synthetic products; and

3. Industrial by-products.

2.7.1 Natural Materials

Naturally-occurring substrates that have been investigated include minerals and

rocks such as apatite (Molle et al., 2005; Bellier et al., 2006), dolomite
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(Roques et al., 1991; Karaca et al., 2004), limestone (Drizo et al., 1999; Hill et al., 2000),

opoka (Johansson, 1999a; Brogowski and Renman, 2004), wollastonite

(Hedström, 2006; Gustafsson et al., 2008), bauxite (Drizo et al., 1999;

Altundŏgan and Tümen, 2003), zeolite (Sakadevan and Bavor, 1998), serpentinite

(Drizo et al., 2006); soils like clay (Johansson, 1999a), sands (Arias et al., 2001;

Vohla et al., 2007), laterite (Wood and McAtamney, 1996), and marine sediments such

as maerl (Gray et al., 2000). Mixtures of natural materials such as sand and dolomite

(Pant et al., 2001; Prochaska and Zouboulis, 2006) have also been tested.

Limestone was attractive for phosphorus removal due to its high calcium content,

but it performed poorly in both laboratory and field results (Johansson, 1999a). The

findings suggested formation of calcium complexes and precipitation as the main

phosphorus removal mechanisms for limestone, and related the particularly poor field

results to variation in precipitation and influent phosphorus concentrations during the

experimental period. Half-burned limestone, a thermally pre-treated variant of limestone

has also been tested (Roques et al., 1991). Pre-treatment was carried out to optimize the

phosphorus sorption capacity of the limestone. This improvement brought about by pre-

treatment was also noticed in the case of other minerals and rocks, however, phosphorus

removal remained generally low (Brogowski and Renman, 2004;

Johansson Westholm, 2006). While precipitation has been cited as the major phosphorus

removal mechanism with limestone (Johansson, 1999a), others have proposed surface

adsorption as the major mechanism for removal, with possible precipitation of a calcium

phosphate (Brogowski and Renman, 2004). Opoka, which is a silica-calcite sedimentary

rock occurring in south-eastern Europe and Russia (Brogowski and Renman, 2004), also
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showed poor phosphorus retention capacity in laboratory tests (Johansson, 1999a;

Johansson and Gustafsson, 2000). However, when treated thermally, opoka was also

shown to have an improved phosphorus sorption capacity

(Brogowski and Renman, 2004). No field study for opoka has been reported in the

literature (Johansson Westholm, 2006). Wollastonite, a calcium metasilicate mineral,

exhibited strong phosphorus removal properties from artificial phosphorus solution and

secondary treated wastewater in batch and column laboratory experiments

(Brooks et al., 2000). However, field tests performed on wollastonite using different

types of wastewater, e.g. pre-treated municipal wastewater and dairy wastewater, showed

lower performance (Johansson Westholm, 2006). This decrease in performance was

related to the greater complexity of the composition of these wastewaters. For these

wollastonite studies, adsorption and precipitation were suggested as the major

phosphorus removal mechanisms. Serpentinite, a magnesium-rich silicate, was examined

in long-term column studies for its capacity to remove phosphorus from solution

(Drizo et al., 2006). The substrate was contacted with artificial phosphorus solution and

showed good phosphorus removal performance initially. However, its efficiency

decreased with time, putting its performance for long-term treatment purposes in doubt.

For serpentinite, adsorption was suggested as the primary phosphorus removal

mechanism.

An assortment of soils and sands has also been tested for their ability to remove

phosphorus. The investigated soils were typically rich in aluminum, iron or calcium and

showed variability in their phosphorus adsorption capacity in both laboratory and field

tests (Sakadevan and Bavor, 1998; Arias et al., 2001).  In the case of laterite, a hydrated
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mixture of Al, Fe and Ti, greater removal efficiencies were observed at lower

phosphorus concentrations (Wood and McAtamney, 1996). In a study of phosphorus

removal capacities of 13 Danish sands, a considerable variability in the phosphorus

removal properties of the sands was noticed (Arias et al., 2001). An important link was

also established between the phosphorus removal capacities of the sands and their

calcium content. High calcium content was found to favour phosphorus precipitation as

sparingly soluble calcium phosphates, particularly at the slightly alkaline conditions

typical of domestic sewage. For the treatment of a more acidic wastewater, the iron and

aluminum contents appeared to be more important in the precipitation reactions as their

ions are favoured at lower pH. Essentially, laboratory and field tests carried out on many

soils were too limited to determine their viability for phosphorus removal in actual

wastewater treatment systems (Johansson Westholm, 2006).

For marine sediments such as maerl, a calcified seaweed, phosphorus removal

attributes were quite promising. Though removal was less efficient at higher

concentrations, maerl showed extremely high removal efficiencies in both batch and

pilot-scale artificial wetlands experiments for phosphorus concentrations similar to those

of domestic wastewater (Gray et al., 2000).

Overall, for natural materials, precipitation and adsorption appeared to be the

major phosphorus removal mechanisms, and the substrates seemed to perform better at

lower phosphorus concentrations approaching those of normal domestic wastewater. It

should be noted that these materials require more field performance tests to determine

their long-term viability as actual phosphorus treatment options. In many instances,

calcium appeared to play an important role in the elimination of phosphorus from
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solution. Aluminum and iron also seemed to play a part in phosphorus removal.

Nevertheless, one major issue with the use of natural materials is their availability and

the fact that they may not be easily renewable. For example, limestone is required in a

number of industrial manufacturing processes. One example is cement production.

Therefore its availability may not meet up with its demand in other sectors, such as for

use in phosphorus removal technologies.

2.7.2 Synthetic products

Synthetic (man-made) products such as light weight aggregates (LWA) and light

expanded clay aggregates (LECA) have been investigated for their phosphorus sorption

capacity (Adam et al., 2006; Heistad et al., 2006; Adam et al., 2007).  These materials

possess high Ca and Mg contents and were originally produced for other purposes.

However, they were found to have properties that made them attractive for phosphorus

removal. For instance, LWA, which is produced by heating clay to very high

temperatures above 1000 oC, has been used mainly in the building industry for

construction and insulation purposes (Johansson Westholm, 2006). Light-weight

products have come under different trademarks, depending on where they are

manufactured, e.g. Filtralite® in Norway and LECA in Sweden and Denmark. These

products have shown efficient phosphorus removal in both laboratory and field tests

(Zhu et al., 2003; Heistad et al., 2006; Öövel et al., 2007; Gustafsson et al., 2008).

Precipitation was identified as a primary removal mechanism (Adam et al., 2006).

One major drawback with the use of these light weight products is their

unsustainable production. Any material employed for phosphorus removal will not only

need to demonstrate long lasting sorption capacity, but also, will have to be inexpensive
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and available in large quantities (Adam et al., 2006). However, the production of these

substrates involves high energy costs that do not make their use attractive for phosphorus

removal, especially on a large scale.

2.7.3 Industrial by-products

The use of industrial waste products remains a very attractive and sustainable

option for phosphorus removal. It not only alleviates the pressure on the use of natural

resources where shortages of such resources occur, but also, it solves a waste disposal

challenge and reduces pressure on municipal infrastructure, in the form of landfills.

Burnt oil shale (Drizo et al., 1999), fly ash (Agyei et al., 2002; Chen et al., 2007;

He et al., 2007) and slags (Drizo et al., 2006; Pratt et al., 2007; Bowden et al., 2009;

Johansson Westholm, 2010) are examples of industrial by-products that have been

investigated for this purpose.

Burnt oil shale, an aluminum-rich waste product from the heating of oil shale to

produce mineral oil, has been tested in a series of batch experiments. The results

obtained showed that burnt oil shale has poor phosphorus sorption capacity and should

not be considered for further studies in this regard (Drizo  et al., 1999;

Johansson Westholm, 2006).

Fly ash, a by product of the thermal incineration industry (e.g. coal-fired power

plants), is rich in Si, Al and Fe and is therefore an attractive candidate for phosphorus

removal. In comparison batch experiments between fly ash, slag and Ordinary Portland

Cement (OPC), it was noticed that fly ash removed phosphorus only to a limited extent

(Agyei et al., 2002). A correlation was observed between the rate and efficiency of
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phosphorus removal and the CaO content in the adsorbents. Higher phosphorus removal

rates and efficiencies were associated with higher CaO contents.

Alum residuals sourced from a water treatment plant, and oven-dried, have been

successfully and effectively applied to remove phosphorus (Mortula and Gagnon, 2007;

Mortula et al., 2007; Mohammed and Rashid, 2012). The phosphorus adsorption

performance of the oven-dried alum residuals was found to be comparable to that of

granular activated carbon, an adsorbent well known for its efficiency in the removal of a

wide variety of pollutants from water.

The use of slag as a substrate for phosphorus removal has captivated the attention

of a lot of researchers around the world.  Depending on the process from which it is

produced, different types of slag, each with its own characteristic composition, can be

generated (Proctor et al., 2000). These include:

1. Blast Furnace iron slag (BFS) from iron production;

2. Basic Oxygen Furnace steel slag (BOF) from steel production;

3. Electric Arc Furnace steel slag (EAF) from steel production; and

4. Melter slag.

Iron and calcium have been identified as the main constituents of EAF

(Pratt et al., 2007), while silica and alumina are the primary components in BFS.  BOF

contains significant concentrations of iron- and calcium oxyhydroxides

(Proctor et al., 2000) and melter slag is a titanium/aluminum-rich variety common in

New Zealand (Pratt et al., 2007). Slag in these different forms have been widely

investigated in both laboratory and field tests and under a varied array of experimental

conditions. Despite the variability from one study to another, results have consistently
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shown slag to be a highly promising material for phosphorus removal

(Johansson Westholm, 2006; Cha et al., 2006; Korkusuz et al., 2007). BFS has been

shown to possess a high phosphorus sorption capacity (Yamada et al., 1986;

Mortula and Gagnon, 2007). Research conducted on the phosphate adsorption attributes

of soils, blast furnace slag, steel furnace slag and zeolite, for use in constructed wetland

systems, showed that at very high concentrations, the adsorption efficiency of blast and

steel furnace slags remained largely unchanged compared to that of the soils and zeolite

which declined to less than 30% of applied phosphorus (Sakadevan and Bavor, 1998).

Phosphorus sorption capacity studies carried out on different filter materials, including

blast furnace slag in crystalline and amorphous forms, also had the slag materials

exhibiting the highest adsorption efficiencies (Johansson, 1999a). Long term column

studies on BFS (Johansson, 1999b) and EAF (Drizo et al., 2002; Drizo et al., 2006) have

further demonstrated the ability of various slag types to perform well for extended

periods in phosphorus retention applications. In addition, the potential for EAF to

regenerate its phosphorus adsorptive capacity has been demonstrated (Drizo et al., 2002).

In that study, phosphorus retention potential of EAF increased by 74% after the slag was

drained and left to rest for four weeks. These findings have relevance in the design and

optimization of full-scale systems.

Though results from field trials using slag are limited at present, the results to

date show significant promise. Data from the Waiuku Wastewater Treatment Plant

located in Waiuku township near Auckland, New Zealand, showed that during the first

five years (1993-1998) of operation, the melter slag filter employed there provided

effective total phosphorus removal (Shilton et al., 2006). This efficiency was lost from
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late 1998 and some seasonal fluctuation was also noticed in the performance of the slag.

According to the study, this significant decline in phosphorus removal efficiency after a

period of time is to be expected if precipitation and/or adsorption mechanisms are

predominantly responsible for removal. Swedish field trials using BFS previously tested

in laboratory experiments also showed that BFS had the potential to remove phosphorus

under field conditions (Johansson Westholm, 2006).

The environmental and health uncertainties regarding the leaching of heavy

metals contained in slag have been an important concern related to its use. However,

investigations into those concerns have concluded that there are no environmental or

health hazards in using slag, as the heavy metals are tightly bound within the slag matrix

(Proctor et al., 2002; Johansson Westholm, 2010). As well, it has been observed that

phosphorus removal using slag resulted in high effluent pH (Cameron et al., 2003;

Johansson Westholm, 2010). It is therefore recommended for practical applications, that

pH be monitored and controlled where necessary, before downstream discharge of the

treated water.

Overall, slag presents a very efficient, sustainable and inexpensive option for

phosphorus removal from different types of wastewaters, including stormwater. In

particular, EAF has been shown to exhibit superior potential for achieving efficient

phosphorus removal when investigated in studies comprising 57 different materials

ranging from different types of slag to various other materials (Forget, 2001). These

findings on the effectiveness of EAF for phosphorus removal have been corroborated

(Soulard, 2001; Drizo et al., 2006).
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2.8 EAF as a Choice Medium

EAF is the focus of this text as the presence of EVRAZ, a steel recycling facility

in Regina, Saskatchewan, Canada, and in other parts of North America (Iowa and

Alabama, USA), makes available sizeable amounts of this potentially valuable material

for stormwater treatment. Already, in Saskatchewan, around Canada, and in many parts

of the United States, EAF slag is being successfully employed as an aggregate in road

construction and maintenance. It is also being used as an asphalt concrete aggregate in a

number of other countries (Shi, 2004). Its use for stormwater treatment creates additional

value for the steel recycling sector.

2.8.1 Production of EAF

EAF is a by-product in the manufacture of steel from scrap metal. The scrap

metal is mixed with iron ore and melted in an electric arc furnace. Lime (CaO) is added

to the molten product as a fluxing material to remove the impurities present

(Drizo et al., 2002). A layered mix is formed in the arc furnace with liquefied slag

floating above the molten steel. Also, oxygen is blown into the furnace to purify the

steel, samples are then taken to check the chemical composition of the steel, and when

the target composition is attained, the EAF is separated from the molten steel and cooled

(Shi, 2004).

A summary of the volumes generated, sale prices and use levels of steel slag in

the United States between 2004 and 2009 is provided in Table 2.6

(United States Geological Survey, 2004-2008, 2010).

Table 2.6 suggests that there is a significant opportunity to increase the use of

produced steel slag to create incremental revenue for the steel industry. The use of steel
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slag as a cementing component has already been proposed (Shi, 2004). The present work

is being undertaken to better understand the applicability of EAF as an effective end-of-

pipe add-on component for the recovery of dissolved phosphorus in stormwater

treatment.
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Table 2.6: Historical generation volumes, sales prices and use amounts of steel slag in

the United States*.

2004 2005 2006 2007 2008 2009
Quantity
Generated
(million
metric tons)

11-16 10-14 10-15 10-15 9-14 8-12

Cost Range
($US/million
metric tons)1

0.22-7.89 0.22-12.85 0.49-13.16 0.47-11.9 0.20-15.59 -3

Average Cost
($US/million
metric tons)1

4.32 4.45 4.58 5.48 5.02 -3

Quantity
Sold/Used
(million
metric tons) 2

9 8.7 8.7 7.8 8.7 -3

Value
Sold/Used
($US
million)1

39 39 40 43 43 -3

*Reproduced from “Iron and Steel Slag”
(United States Geological Survey 2004-2008, 2010):

1. Values expressed in nominal dollars (not adjusted for inflation).
2. The quantity sold does not reflect undocumented returns of slag to furnaces.
3. Blank cells indicate figure is unknown.
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3. Materials and Methods

Laboratory experiments were carried out to investigate the physical and chemical

properties of EAF, uncover potential mechanisms of phosphorus removal from

stormwater by the slag, and examine the influence of environmental and treatment

system conditions on the phosphorus elimination process. An overview of the conducted

experiments is provided in Table 3.1.

3.1 General Experimental Procedures

To avoid contamination, all glassware and sample bottles used in laboratory tests

were soaked overnight in a 4 % Extran AP 15 phosphate-free soap solution

(EMD Chemicals Inc., Darmstadt, Germany), triple-rinsed with ultrapure laboratory

water (18.2 MΩ-cm), soaked overnight in a 10% HCl solution (J.T. Baker, NJ, USA),

triple-rinsed again, and dried overnight in a furnace at 105oC.

This study was conducted under simulated stormwater conditions. Simulated

stormwater was chosen to standardize the compositions of the water samples used in

these experiments, and to more accurately observe the effects of varying environmental

and system parameters. The terms “stormwater”, “stormwater systems” and “stormwater

matrices” are used interchangeably in this document.

During batch and column testing, all blank, control and stormwater samples were

collected and analyzed for phosphorus in triplicate. The analysis was carried out on

filtered 2.40 mL samples using a modified colorimetric Stannous Chloride Method

(APHA, 1998) and a Helios Alpha scanning spectrophotometer (Thermo Electron

Corporation, UK) set at 650 nm.
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Table 3.1: Overview of experiments.

Experiment Purpose

Characterization Determine the physical and chemical properties of EAF. Tests
were completed on both fresh (pre-experimental) and spent (post-
experimental) slag

Batch Evaluate the phosphorus sorption capacity of EAF

Batch Determine the impacts of four of the most commonly occurring
metals of greatest concern in stormwater (i.e. cadmium, copper,
lead and zinc) on phosphorus uptake

Batch Determine the influence of different environmental conditions (i.e.
phosphorus concentration, stormwater composition, metal
concentration, solution pH and temperature) on phosphorus
removal

Batch Evaluate the effects of varying treatment system conditions (i.e.
EAF mass and particle size) on phosphorus removal

Batch Determine the main and interaction effects of five key parameters
(i.e. phosphorus concentration, copper concentration, lead
concentration, zinc concentration and temperature) on phosphorus
removal

Column Evaluate the phosphorus removal capacity of EAF under dynamic
conditions at different environmental and treatment system
parameters
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Calibration curves were developed every time a fresh stock solution was

synthesized. Control runs were also conducted for each experimental set.

The form of phosphorus measured was the dissolved reactive inorganic

phosphorus (orthophosphate), which is the major biologically-available form of the

nutrient that contributes most to eutrophication (Reynolds and Davies, 2001).

Specifically, phosphorus removal was calculated as the decrease in orthophosphate.

Except where otherwise stated, all of the removed phosphorus was taken up by the slag.

Results were expressed as percent removal or the removal of phosphorus per unit mass

of EAF, according to Equations 3.1 and 3.2, respectively.

100removal% 
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Where: oC is the average initial phosphorus concentration of stormwater samples

(mg/L);

eC is the average equilibrium phosphorus concentration of stormwater samples

(mg/L);

q is the removal of phosphorus per unit mass of EAF at equilibrium (mg/g);

V is the stormwater sample volume (L); and

m is the EAF sample mass (g).
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Influent and effluent solution pH values were measured using a VWR Symphony

model SB70P pH meter (Thermo Electron, USA) that corrects for temperature. To

ensure accurate pH measurements, the pH meter was calibrated daily using a three-point

calibration scale (4.01, 7.00 and 10.01). The calibration was thereafter verified using a

check standard. Between samples, the pH probe was rinsed with ultrapure water

(18.2 MΩ-cm) and carefully dried with KimWipes tissue. When not in use, the pH probe

was stored in a phthalate buffer solution (pH 4.01).

3.2 Adsorbent Preparation

The EAF slag used throughout this study was obtained from the EVRAZ steel

recycling facility in Regina, SK, Canada. Once the non-metallic EAF slag had been

cooled and solidified, it was separated magnetically from the metallic steel product and

crushed (Figure 3.1a). The slag was pulverized (Figure 3.1b) and a particle size

distribution analysis (ASTM D422, 1998) was subsequently performed by dry-sieving

the material through six mesh sizes: 0.50-0.85 mm, 0.85-1.00 mm, 1.00-1.40 mm,

1.40-1.70 mm, 2.36-3.35 mm and 4.75-5.56 mm.

The mesh screens were cleaned and weighed using a Denver Instrument

APX-Series balance (CO, USA), and assembled in order of decreasing mesh size.

Approximately 150 g of EAF was placed on the top screen, covered and shaken for 10

min by means of an Endecolts Octagon 200 Test Sieve Shaker (London, England). After

shaking, the resulting screen weights were recorded and the EAF mass accumulated on

each screen was calculated.
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(a)

(b)

(c)

Figure 3.1: Photographs of EAF slag after: (a) crushing; (b) pulverising; and (c) sieving,

washing and drying (pre-treatment).
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The sieved EAF particles were pre-treated prior to being used in batch tests. Pre-

treatment involved washing with ultrapure water to remove residual fines and

subsequently drying in a furnace at 105oC for 24 h to achieve constant mass. The

resulting slag product was stored in a desiccator until use.

With the exception of those experiments intended to identify the optimal EAF

particle size, a particle size between 2.36 and 3.35 mm was used. This particle dimater

was selected as an initial basis for comparison of batch tests, and was within the range of

practical slag particle sizes employed in previous slag-based phosphorus removal

technologies. Size ranges for EAF recorded in the literature include 6.35 to 11 mm

(Penn and McGrath, 2011); 2.5 to 10 mm (Drizo et al., 2006); and 0.01 to 15 mm

(Lu et al., 2008). Very small particle sizes would result in clogging, while particles that

are too large would result in low surface area, large bed voids and ineffective treatment.

3.3 Adsorbent Characterization

Characterization studies were conducted on EAF to determine physical and

chemical properties. An examination of these properties and the changes thereto during

the stormwater treatment process can provide important information for explaining

observed phosphorus removal efficiencies. A summary of the EAF characterization

studies undertaken is provided in Table 3.2.
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Table 3.2: Summary of EAF characterization studies.

No. Characterization
Experiment

Test Location Purpose

1 Particle Density
Determination

Environmental Systems
Engineering Laboratories,

U of R

To determine the
relationship between the
mass of EAF particles and
its volume

2 Bulk Density  and
Porosity

Environmental Systems
Engineering Laboratories,

U of R

To measure the pore space
in a packed volume of
EAF particles

3 BET Surface Area Process Systems
Engineering Laboratories,

U of R
and

ActLabs, Ancaster, ON

To measure physical
surface area, pore volume
and pore size distribution
of the EAF

4 X-ray Fluorescence
Spectroscopy
(XRF)

ActLabs, Ancaster, ON To determine the chemical
oxide composition of the
slag

5 Powder X-ray
Diffraction
(XRD)

Process Systems
Engineering Laboratories,

U of R
and

ActLabs, Ancaster, ON

To identify the mineral
species present in the slag

6 Scanning Electron
Microscopy with X-
ray Microanalysis
(SEM-EDS)

Process Systems
Engineering Laboratories,

U of R
and

ActLabs, Ancaster, ON

To determine the surface
heterogeneity of the slag
and its chemical
composition
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3.3.1 Physical Characteristics

The following laboratory tests were performed to determine physical

characteristics of selected EAF samples:

o Particle density determination

o Bulk density determination

o Porosity analysis

o BET surface area testing

3.3.1.1 Particle Density

Particle density is the ratio of total mass of the solid particles to their total

volume (Blake, 1965a). The particle density of the EAF sample was determined

according to the procedure outlined by Sikdar (2007). Briefly, a 100 mL volumetric flask

and stopper were weighed using a Denver Instrument APX-Series balance. Next, 50 g of

pre-treated EAF slag was measured out and placed in the volumetric flask with 40 mL of

ultrapure water. The flask was sealed with a plastic stopper and heated to boiling on a

Fisher Scientific Stirring Hotplate (Model 310T). The flask was boiled for 5 min,

subsequently cooled to room temperature, and then filled to volume with pre-boiled,

cooled ultrapure water. The flask exterior was wiped clean, dried and reweighed. Finally,

the flask was emptied, cleaned, dried, filled to volume with pre-boiled ultrapure water,

capped and reweighed. The EAF particle density was calculated according to

Equation 3.3 (Blake, 1965a):
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Where: p = EAF particle density (g/cm3);

w = water density (g/cm3);

fsm  = mass of EAF + volumetric flask (g);

fm = mass of empty flask (g);

wfsm  = mass of EAF + volumetric flask + ultrapure water (g); and

wfm  = mass of filled volumetric flask + ultrapure water (g)

3.3.1.2 Bulk Density

Blake (1965b) defined bulk density as the density of a unit of soil including air

spaces. In this study, the bulk density of the EAF sample was determined according to

the standard method described by Sikdar (2007). A 50 mL volumetric flask was weighed

to determine the tare weight using a Denver Instrument APX-Series balance, filled to the

mark with ultrapure water and reweighed. An empty glass beaker was tared, filled to

overflowing with ultrapure water and reweighed. The volume of the glass beaker was

calculated by equating the calculation for density of water from the volumetric flask

measurements to that from the glass beaker measurements. The glass beaker was then

emptied, dried and reweighed. Next, it was filled to overflowing with EAF slag sample,

tapped ten times with a glass rod and surface-levelled six times with the glass rod.

Finally, the resulting slag-filled beaker was reweighed and the EAF slag bulk density

determined by Equation 3.4.

3.4
b

b V
m
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Where: b = bulk density (g/cm3);

m = mass of EAF (g); and

bV = beaker volume (cm3)

3.3.1.3 Porosity

Porosity refers to the percentage of the bulk volume not occupied by solids, and

was calculated via Equation 3.5 (Vomicil, 1965).

3.5

Where: = porosity (%);

b = bulk density (g/cm3); and

p = particle density (g/cm3)

3.3.1.4 BET Surface Area

Both specific surface area and porosity (total pore volume and average pore

diameter) were determined by nitrogen adsorption/desorption isotherms at liquid

nitrogen temperature.

The most popular method for determining the specific surface area of adsorbents

from adsorption isotherms was proposed 75 years ago by Brunauer, Emmett and Teller

(BET) (Brunauer et al. 1938). The BET equation is an extension of the Langmuir

monolayer adsorption model, and is based on the theory of multilayer adsorption on an

energetically homogeneous solid surface (Choma and Jaroniec, 2001).

1001 











p

b
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Specific surface area is one of the most important quantities used for the

characterization of various adsorbents (Choma and Jaroniec, 2001). It is defined as the

total surface area of a solid or powder (which includes both external and internal

accessible surfaces) per unit mass of the material, and largely determines many of its

physical and chemical properties (Schrøder-Pedersen et al., 1997).

To measure the surface characteristics, a Micromeritics ASAP 2010 BET

instrument (Norcoss, GA, USA) was employed in these experiments. Nitrogen and

helium were used as the adsorbate gas and carrier gas, respectively. The BET tube was

loaded with between 0.65 – 1.0 g of the sample. A filler rod was placed in the tube to

increase the precision of the measurement by reducing the free volume in the tube. Each

sample was degassed with helium at room temperature overnight and then immersed into

a bath of liquid nitrogen. The surface characteristics were measured using nitrogen

adsorption/desorption isotherms at the liquid nitrogen temperature and relative nitrogen

pressures (P/Po) ranging from 0.05 – 1.0. Relative nitrogen pressure is the ratio of the

nitrogen pressure (P) to saturated nitrogen vapour pressure (Po) at the liquid nitrogen

temperature. All data were collected and analyzed automatically through the BET

instrument software.

3.3.2 Chemical Characteristics

The following laboratory tests were performed to determine the chemical

characteristics of the EAF samples:

o X-ray fluorescence spectroscopy (XRF)

o Powder X-ray diffraction (XRD)
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o Scanning electron microscopy with X-ray microanalysis

(SEM-EDS)

3.3.2.1 X-ray Fluorescence Spectroscopy

The chemical oxide composition of the slag was determined by X-ray

fluorescence (XRF) using a PANalytical Axios Advanced spectrometer. The test sample

was dried at 105 oC for two hours, and then roasted at about 1000 oC, after which it was

stored in a desiccator. The sample was weighed, mixed with 50:50 lithium

metaborate/lithium tetraborate and fused on a fluxer at about 1200 oC, prior to chemical

and whole rock analyses.

3.3.2.2 Powder X-ray Diffraction

Powder X-ray diffraction (XRD) was also carried out to identify the mineral

species present in the slag by means of a D8 diffractometer with GADDS (Bruker AXS,

USA) and equipped with a Cu-Kα radiation at 35 kV and 40 mA. The sample was

pulverized to powdered form and smeared on a metal holder at room temperature. The

X-ray diffractograms were recorded at a rate of 5o per min and a 2θ range of 20o to 80o.

3.3.2.3 Scanning Electron Microscopy with X-ray microanalysis

Images of scanning electron microscopy with X-ray microanalysis (SEM-EDS)

of representative particle samples for both fresh and spent slag materials were obtained

using a JSM5600 (JEOL, Japan) coupled to an EDAX Genesis (EDAX, NJ, USA). SEM-

EDS analyses were undertaken to determine the surface heterogeneity of the slag. Ten

particles per sample were analyzed.
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For each particle, images were collected at 50x, 100x, 250x, 500x and 1000x

magnification.  For some particles, high magnification was not possible or images were

not sufficiently clear due to excessive charging. An EDS scan was also taken at the

center of each particle to minimize interferences.

3.3.2.4 Replicate Characterization Experiments

XRD and SEM-EDS experiments were repeated with selected slag samples to

confirm key observations.

XRD was performed using a PANalytical X’Pert Pro Diffractometer equipped

with Cu X-ray source, and the elemental composition of the slag was also studied by

EDS on a FEI Quanta 600F Scanning Electron Microscope coupled to a Brunker

Quantax 200 Esprit 1.8.2 EDS package and a Brunker 5010 STD detector.

In the SEM-EDS tests, three particles per sample were mounted on a 13mm

diameter Cambridge stub for inspection. Photomicrographs were taken at low and high

magnifications (40x to 600x) to illustrate the external morphology of the particles.

Photomicrographs were also taken in the back-scattered-electron (BSE) mode.

3.4 Batch adsorption experiment design

Batch experiments were carried out in three phases described briefly here, with

more detailed information provided in subsequent sections:

1. Initial batch experiments exploring the effects of metals on phosphorus removal

(Phase I Batch Experiments);

2. Extended batch experiments examining the influence of environmental and

system conditions on phosphorus removal (Phase II Batch Experiments); and
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3. Full two-level, five-factor (25) factorial design (Phase III Batch Experiments).

3.4.1 Phase I Batch Experiments

The NURP study (USEPA, 1983) confirmed the presence of a wide range of

constituents in urban runoff which varied significantly, in terms of characteristics and

pollution levels, from one geographic location or land use category to another. It

recommended the concentrations of soluble phosphorus (P), copper (Cu), lead (Pb) and

Zinc (Zn) in Table 2.2 for general urban runoff planning requirements. Except where

otherwise indicated, a series of synthetic stormwater samples was therefore produced

comprising combinations of phosphorus and one or more of the identified metal ions in a

metal to phosphorus concentration ratio (M:P) of 0.2. This M:P value was on a mass

basis and was within the range of relative values of metal to phosphorus concentration

ratios observed in actual stormwater (USEPA, 1983; Makepeace et al., 1995).

As the possible combinations of absolute phosphorus and metal concentrations in

stormwater are infinite, the focus in the development of the synthetic stormwater

solutions was on blending relative concentrations of the stormwater constituents as

opposed to using absolute concentrations. All relative phosphorus to metal concentration

ratios were calculated from a phosphorus concentration basis of 5 mg/L. This

phosphorus concentration value was selected based on observations from experiments

that demonstrated this as an adequate concentration from which to satisfactorily observe

both gradual and immediate phosphorus changes exposed to EAF samples. The use of

much lower concentrations resulted in analytical challenges with respect to both

detecting and studying impacts of system changes.
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Table 3.3: Composition of the synthetic stormwater solutions (M:P = 0.2).

No. Description Composition

1 Metal-free stormwater (P-only) Cd, Cu, Pb, Zn = 0

2 Cd-dominant stormwater (P + Cd) Cd:P = 0.2
Cu, Pb, Zn = 0

3 Cu-dominant stormwater (P + Cu) Cu:P = 0.2
Cd, Pb, Zn = 0

4 Pb-dominant stormwater (P + Pb) Pb:P = 0.2
Cd, Cu, Zn = 0

5 Zn-dominant stormwater (P + Zn) Zn:P = 0.2
Cd, Cu , Pb = 0

6 Multi-metal stormwater (P + Mix) Cd:P, Cu:P, Pb:P, Zn:P =
0.2
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Stock phosphorus solution was prepared using anhydrous Potassium Dihydrogen

Phosphate (KH2PO4) (EMD Chemicals Inc., Darmstadt, Germany). Metal stocks were

synthesised using Cadmium Chloride Hemipentahydrate (CdCl2.2.5H2O)

(Acros, NJ, USA), Copper (II) Chloride Dihydrate (CuCl2.2H2O)

(Fisher Scientific, NJ, USA), Lead (II) Nitrate (Pb(NO3)2) (Fisher Scientific, NJ, USA)

and Zinc Sulphate Heptahydrate (ZnSO4.7H2O) (Sigma Aldrich, MO, USA). All

chemicals were analytical grade.

Ultrapure laboratory water of 18.2 MΩ-cm was used in the preparation of all

solutions. A summary of the synthesized stormwater solutions is presented in Table 3.3.

Calculations relating to the preparation of phosphorus and metal stock solutions, as well

as the various stormwater matrices, are outlined in Appendix A.

Phase I of the batch experiments was undertaken to determine the effect of metal

contaminants on phosphorus removal. Volumes of 250 mL of the synthetic stormwater

samples were contacted with 1 g EAF slag placed in Erlenmeyer flasks.

Adsorption studies were conducted in a temperature-regulated orbital platform

shaker (Lab-line Instruments Inc., IL, USA) (Figure 3.2) at 80 rpm and for 120 h, under

which equilibrium was reached. At 80 rpm, no disintegration of slag was observed, and

mixing remained effective. Shaking was temporarily interrupted at 24-h intervals to

collect samples that were subsequently filtered through a 0.45-µm Nalgene membrane

prior to orthophosphate (PO4
3-) analysis.  The PO4

3- analysis was carried out in a Helios

Alpha scanning spectrophotometer equipped with VISIONpro software

(Thermo Electron Corporation, Cambridge, UK) (Figure 3.3).
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Figure 3.2: Batch adsorption experiments in the temperature-regulated orbital platform

shaker (Lab-line).



78

Figure 3.3: Helios Alpha scanning spectrophotometer used for orthophosphate analysis.
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All experiments were conducted at 25oC and initial pH of 7. Temperature was

regulated by means of the platform shaker, while influent pH of the simulated

stormwater blends was adjusted using either 0.1 M HCl or 0.1 M NaOH, prior to

interaction of the stormwater with slag.

To fully elucidate the removal of phosphorus due to EAF slag sorption, control

experiments containing no EAF slag were also carried out for all conditions identified in

Table 3.3.

3.4.2 Phase II Batch Experiments

Both the formulation and method of presentation of the synthetic stormwater

solutions used in these experiments are described in Section 3.4.1.

Excepting certain cases, all experiments conducted in Phase II were carried out

according to the procedure and conditions described in the preceding section.

The comparative effects on phosphorus removal were studied for various

stormwater systems by varying:

1. Phosphorus concentration (mg/L) as a ratio of phosphorus to metal concentration

(P:M = 0-10);

2. Metal concentration as a ratio of metal to phosphorus concentration

(M:P = 0-1.4);

3. Slag mass (0-6 g);

4. Slag particle size (0.50-5.56 mm);

5. pH (3.0-9.0); and

6. Temperature (20-60oC).
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The experimental ranges for the environmental and system conditions were selected to

clearly observe changes to system behaviour, as judged via phosphorus removal

efficiency.

Initial phosphorus concentration in the stormwater samples was varied as

phosphorus to metal ratios (P:M) to determine impacts on the kinetics of competitive

phosphorus (PO4
3-) removal in the presence of cadmium (Cd2+), copper (Cu2+), lead

(Pb2+) and zinc (Zn2+) in urban stormwater. P:M = 0, 2.5, 5.0, 7.5 and 10.0 were used in

these experiments.

In a second series of experiments, initial heavy metal concentrations in the

stormwater were adjusted as metal to phosphorus ratios (M:P) over the range of 0 to 1.4

(i.e., at M:P = 0, 0.2, 0.6, 1.0 and 1.4). These experiments were designed to identify and

quantify the effects of varying heavy metal concentrations on phosphorus removal.

To elucidate the influence of EAF density on overall phosphorus uptake, a range

of slag masses, from 0 to as high as 6 g, was contacted with metal-free stormwater

(lower concentration). To further investigate the relationship and corresponding

phosphorus removal pattern between slag mass and phosphorus concentration, the

experiment was repeated at three times the concentration of the phosphorus-only solution

(higher concentration). Experiments were run for only 72 h, as the increased slag mass

was expected to more rapidly remove phosphorus from the aqueous phase.

EAF particle sizes in the ranges of 0.50-0.85 mm, 0.85-1.00 mm, 1.00-1.40 mm,

1.40-1.70 mm, 2.36-3.35 mm and 4.75-5.56 mm were tested to examine the influence of

surface area on phosphorus physisorption. The experiments were conducted at 20 ± 5 oC.

The different particle sizes were contacted with phosphorus-only solution to provide
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information about the effect of slag particle diameter and surface area on phosphorus

uptake from the stormwater systems.

To evaluate the impacts of varying pH, the influent pH in a variety of stormwater

solutions was adjusted to 3.0, 5.0, 7.0, and 9.0, and the resulting phosphorus removal

capacity was monitored.

Finally, the influence of temperature on the competitive sorption process was

investigated using the stormwater systems in Table 3.3. Experiments were repeated at

temperatures of 40 and 60 oC. This wide temperature range was selected to clearly

observe the variability in phosphorus sorption density as a result of temperature.

3.4.3 Phase III Batch Experiments

The results from Phase I and Phase II batch experiments provided an indication

of key factors requiring examination in greater detail. A two-level factorial experiment

was therefore designed to further evaluate these. The two-level factorial design is a

potent tool for determining the main effect, as well as interaction or combination effects

of the factors under consideration. In this suite of experiments, five quantitative factors

were tested at low and high levels to determine their effects (the response) on

phosphorus removal from stormwater using EAF. Only phosphorus removal attributed to

slag, as given by Pslag = Ptotal - Pppt, was taken into account in this study. Pppt is

phosphorus removed by metal precipitation at time = 0. The five variables studied

include the concentration of phosphorus (mg/L); concentration of copper (mg/L);

concentration of lead (mg/L); concentration of zinc (mg/L) and temperature (oC),

resulting in a 25 factorial design pattern. The high, low and standard (or centre) settings

for the factors are provided in Table 3.4.
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Table 3.4: High (+), Low (-), and Standard (0) Settings for phosphorus.

No. Factor Unit Set value
Low (-) High (+) Centre (0)

1 Concentration
of  phosphorus

mg/L 2 5 3.5

2 Concentration
of copper

mg/L 0 2.2 1.1

3 Concentration
of lead

mg/L 0 8.3 4.2

4 Concentration
of zinc

mg/L 0 11.9 6.0

5 Temperature oC 7±3 22±2 15±1
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Figure 3.4: Milner walk-in cold room (inset shows the experiments running in the cold

room).
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High, low and standard (centre) values were coded as (+), (-) and (0),

respectively. The values of the settings were selected based on the NURP study data

(Table 2.2).

Specifically, the high concentration settings for the phosphorus and metal

constituents were based on their relative ratios as calculated from their site median event

mean concentrations (EMC) identified for the 90th percentile urban site in the NURP

study. As before, all relative phosphorus to metal concentration ratios for the high setting

were calculated from a high phosphorus concentration basis of 5 mg/L.

The low level settings for the metals were taken as zero, i.e., when the metal

under observation was either absent or negligibly present in the stormwater. Taking the

low phosphorus concentration setting as zero would have reduced the study to a 24

factorial design experiment with no capacity to determine the main and interaction

effects of low phosphorus concentration. Therefore, for phosphorus, the low

concentration setting was selected as 2 mg/L, which was one order of magnitude above

the method detection limit of 0.208 mg/L. The method detection limit is defined as the

minimum concentration that can be determined with 99% confidence that the true

concentration is greater than zero (USEPA, 1997).

Cold temperature experiments (5 to 10 oC) were performed in a Milner walk-in

cold room (Figure 3.4), while centre point experiments (15 oC) were carried out in a

Conviron cooling chamber (Controlled Environments Ltd., Winnipeg, MN) (Figure 3.5).
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Figure 3.5: Conviron cooling chamber (inset shows a centre-point experiment running

inside the chamber).
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The 25 full factorial experimental runs were replicated to observe the variability

of phosphorus removal under the examined conditions. The order of experimental runs

was generated randomly using Minitab 15 (Minitab Inc., USA). Randomization was

necessary to eliminate the impact of extraneous factors that could introduce bias and

interference, and otherwise distort the results. Three centre-point experiments were also

conducted at random in the course of the experimental program. The centre points were

added to estimate the curvature of the phosphorus removal response in the experimental

region. In all, 67 experiments were completed.

Using Minitab, regression analysis via the least squares method was employed to

generate a model equation establishing the statistical relationship between the factors and

the response variable. The factor effects were determined as the difference between the

response at the high and low levels of the factors. Model coefficients were derived as

half of the factor effects, since the coded levels (+1) and (-1) differ by two units

(DuPont, 1975). Coefficients represent the mean change in the response for one unit of

change in the factor while holding other factors in the model constant

(Minitab Inc., 2007). Standardized effects were also obtained by dividing the regression

coefficients by standard error coefficient. A p-value was calculated for each coefficient

to determine its statistical significance to the model. A 95% confidence level was

specified, implying that any statistically significant model coefficient should have a

p-value less than or equal to 0.05.

All stormwater solutions used in these experiments were prepared and tested as

described in Section 3.4.1.
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3.5 Development of Sorption Isotherms

The isotherm is a curve describing the retention of a substance on a solid at

various concentrations and serves as a major tool to describe and predict the mobility of

the substance in the environment (Limousin et al., 2007). Sorption isotherm experiments

quantify the amount of adsorbate retained per unit adsorbent as a function of equilibrium

solution concentration, at constant temperature (Bolster and Sistani, 2009).

Sorption isotherm studies were carried out at 25oC by mixing 1 g of EAF with

250 mL phosphorus solutions of initial concentration ranging from 2.5 to 10 mg/L. This

range of phosphorus concentrations was selected to more clearly observe the extent to

which phosphorus sorption capacity values vary with change in initial phosphorus

concentrations. The mass of 1 g of EAF was selected as an optimum for these

experiments as further increase in slag mass resulted in a decrease in measured sorption

density (mg/g) values, especially at the lower range of phosphorus concentrations tested.

The sorption isotherm experiments were conducted over a 120 h period, which was

found to be sufficient for equilibrium. Solution equilibrium was attained when

absorbance values levelled off, and no incremental change in phosphorus concentration

was detected.

3.5.1 Langmuir Isotherm Analysis

The Langmuir adsorption isotherm equation is one of the most widely used

models to describe the equilibrium behaviours of adsorbate uptake (Liu, 2006). The

model was originally formulated from first principles in chemical engineering to

describe the adsorption of gases onto solids, and is based on the assumption that a fixed

number of sorption sites of equivalent binding energy are available on the adsorbent
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surface (Stumm and Morgan, 1996). Its ability to correlate experimental data is also

limited since the model assumes monolayer adsorption on homogenous surfaces with no

interaction between adsorbed molecules (Yao, 2000).

The Langmuir adsorption isotherm equation is expressed as follows

(Weber, 1972; Metcalf and Eddy, 2003):

eq =
e

e

bC
abC
1

3.6

Where: eq is the amount of adsorbate adsorbed per unit mass of adsorbent (mg/g);

a and b are material characteristics and constants for each adsorbent and

adsorbate group. The constant a is the maximum adsorption density (mg/g),

while b is related to binding energy or net enthalpy of adsoprtion (L/mg); and

eC is the equilibrium solute concentration (mg/L).

The values of a and b were computed from the slopes and intercepts generated

from a linear plot of eC / eq and eC . The linearized form of Equation 3.6 can be written

as:

e
e

e C
aabq

C 11
 3.7
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3.5.2 Freundlich Isotherm Analysis

The Freundlich model is an empirical model that accounts for surface

heterogeneity, and the distribution of adsorption sites and their energies

(Koelmans et al., 2006). This adsorption isotherm equation is given as

(Weber and DiGiano, 1996; Metcalf and Eddy, 2003):

nefe CKq
1

 3.8

Where: fK and n are material characteristics and are considered constant for each

adsorbent and adsorbate group.

The constant fK is considered as the adsorption density for a unit value of

eC (mg
n

11
. L n

1
. g 1 ). Thus fK is often used to understand the adsorption capacity of

various materials.  Equation 3.8 can be rewritten as follows:

log eq = log fK +
n
1 log eC 3.9

The constants, fK and n, were determined as intercept and slope, respectively, by a

linear plot of log eq vs. log eC .

To determine the model that best fits the collected isotherm data, both the

Langmuir and Freundlich isotherm models were fitted to the experimental data sets,
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using Equations 3.7 and 3.9, respectively. Microsoft Excel 2010

(Microsoft Corporation, USA) was used for linear regression and the obtained R2 values

(coefficient of determination) were indicative of the level of suitability of both models

for describing the sorption process.

3.6 Column Experiments

Batch experiments are well suited to describing static performance conditions and

providing important information relating to the effectiveness of a selected adsorbent.

However, they are limited in their ability to predict dynamic conditions and should not

be extrapolated to field performance (Benefield et al., 1982).

Laboratory-scale column experiments were performed to simulate field design.

The performance of EAF slag as an adsorbent for phosphorus removal was investigated

using the rapid small-scale column test (RSSCT) developed by Crittenden et al. (1991).

RSSCT allows the scaling of data obtained from small columns to predict the

performance of pilot or full-scale columns using mathematical models that define the

relationships between the breakthrough curves for small and large columns

Metcalf and Eddy (2003). As well, as the name implies, the test is rapid and makes use

of far lesser quantities of water than a larger diameter column would consume. Column

experiments capture the dynamic nature of the stormwater flow and enable the derivation

of breakthrough and exhaustion points for EAF usage. Thus, important information

derived from these experiments include the quantity of stormwater that can be treated

under a set of conditions or the rate at which EAF can be used up or exhausted in the

process.
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3.6.1 Design of Column Experiments

In designing the columns, the following parameters were taken into consideration:

 Ratio of column diameter to particle diameter

 Superficial velocity

 Mass of slag bed

 Particle density

 Bulk density of slag bed

 Porosity of bulk volume

The ratio of column diameter to particle diameter (Dc:dp) is a vital consideration

in the design of packed columns. The occurrence of “wall effect” in packed columns can

produce inaccurate breakthrough and exhaustion results.

Wall effect occurs at the periphery of the column, i.e. the areas of the packed bed

closest to the column (glass) wall. At the walls, the column is more loosely packed than

at the centre, and thus larger void spaces exist that result in faster flow of the stormwater

through the slag bed. This results in lower treatment efficiencies, as well as what could

inaccurately be mistaken as a faster exhaustion of the bed.

To avoid wall effects, researchers had proposed the need for a very large Dc:dp.

Mehta and Hawley (1969) identified the need for a minimum Dc:dp of 50:1. However,

Arbuckle and Ho (1990) showed that while a Dc:dp of 20:1 is recommended as a

minimum to avoid wall effects, using a column with a Dc:dp as small as 7:1 did not result

in noticeable wall effects. Therefore, laboratory experiments could be performed using

much smaller diameter columns than are usually recommended (i.e. Dc:dp of 20 or
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greater). This reduction in column diameter is also advantageous as it significantly

minimizes the volume of stormwater to be treated.

For these experiments, a Dc:dp of 13 to 22 was used; this translates to a Dc value

of 11 mm, in all cases, and a dp of 0.50 – 0.85 mm, except were otherwise mentioned.

Disposable glass pipettes (Fisher Scientific) were used as the rapid small-scale columns.

The superficial velocity is simply the velocity of stormwater through the column

in the absence of the slag bed. It is calculated as the ratio of volumetric flowrate (m3/h)

to the column cross-sectional area (m2).

To maintain mass transfer considerations identical to those of a full-scale column,

superficial velocity should be maintained in the anticipated design range of 5 - 25 m/h

(Arbuckle and Ho, 1990). A superficial velocity of 5 m/h was used in the column

experiments except where a different value was indicated. At 5 m/h, the superficial

velocity was equivalent to a volumetric flowrate of 7.92 ml/min, or a pump rpm of 65.4

at an occlusion of 1.

To determine the mass of the slag bed (m), the length (Lb) and volume (Vb) of the

slag bed were first calculated. Lb was determined based on the ratio of the diameter of

the column to the length of slag bed (Dc: Lb) used in the work done by

Crittenden et al. (1991). In that study, the Dc: Lb for the small-scale column used to

develop data for pilot- or full-scale carbon columns ranged from 0.133 to 0.800. For a

column diameter of 11 mm, as used in this current study, this translated to a Lb range of

13.75 – 82.50 mm. For this study, a value of Lb = 75 mm was selected for use, except

where Lb was varied. Vb and m were subsequently determined from the value of Lb.
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The definitions and formulas for particle density, bulk density and porosity have

been provided previously in Sections 3.3.1.1, 3.3.1.2 and 3.3.1.3, respectively.

3.6.2 Experimental Procedures

RSSCT experiments were carried out using 11 mm diameter laboratory glass

columns (Fisher Scientific) of approximately 225 mm in length. Every column was

packed with EAF supported by fixed amounts of 20/40 mesh glass beads (GB) (Potters-

Canada) and glass wool (GW) as shown in Figure 3.6. This packing method was

consistent with that used by Crittenden et al. (1991). The glass wool was used to support

the GB and slag beds, while the glass beads were incorporated to disperse the influent

flow. Pre-treated EAF was added to the column using a funnel and ultrapure water to

flush the material down into the column. A 200-L test solution was first mixed in a

plastic container, and then fed to the column from a second, similar container. A

peristaltic pump (Monostat Carter Cassette Pump) was used to convey the stormwater

from the feed tank to the slag bed. The pump was calibrated prior to use. The

experimental set-up is depicted in Figure 3.7.
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In = influent, Tu1, Tu2 = flexible tubes, St = stopper, Co = column, GB = glass beads,
GW = glass wool

Figure 3.6: Column packing showing the positioning of the slag bed, glass wool and

glass beads.



95

Figure 3.7: The rapid small-scale column test (RSSCT) experimental set-up.
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All column experiments were conducted at room temperature and measured pH of

the stormwater solutions (6.0 – 7.4), which is consistent with the pH range observed in

natural stormwater (MacLeod, 2007). As with the batch experiments, simulated

stormwater was used in these experiments. Breakthrough and exhaustion were defined at

relative effluent concentration C/C0 of 0.05 and 0.90, respectively. The total bed volumes

of stormwater treated at exhaustion, BVe, was used to compare column performance

under different experimental conditions.

3.6.2.1 Effect of Bed Height

Column bed height was varied at 25 mm, 50 mm and 75 mm to explore the effect

of bed height on phosphorus removal under dynamic stormwater treatment conditions.

The default experimental setting for the column bed height was 75 mm.

3.6.2.2 Effect of Superficial Velocity

Column experiments were run at superficial velocities of 5 and 10 m/h. The

values were within the range needed to maintain mass transfer considerations similar

to those of a large-scale column. For all other experiments, 5 m/h was selected as the

superficial velocity.

3.6.2.3. Effect of Phosphorus Concentration

Initial phosphorus concentration in the stormwater samples was varied as

phosphorus to metal ratios (P:M) to determine impacts on the kinetics of competitive

phosphorus removal in the presence of the metal in urban stormwater. P:M = 5.0 and

10.0 were used in these experiments. For all other experiments, the P:M ratio was set

at 5.0.
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3.6.2.4. Effect of Metal Concentration

In a second series of experiments, metal concentrations in the stormwater were

adjusted as metal to phosphorus ratios (M:P) over the range of 0 to 0.6  (i.e., at M:P =

0, 0.2 and 0.6). These experiments were designed to identify and quantify the effects

of varying metal concentrations on phosphorus removal. The default experimental

setting for the M:P ratio was 0.2.

3.6.2.5. Effect of Particle Sizes

Three ranges of particle size – 0.50-0.85 mm, 1.00-1.40 mm and 1.40-1.70 mm –

were investigated for the column experiments. These particle diameters were chosen

to avoid wall effects. For all other experiments, particle sizes in the range

0.50-0.85 mm were employed.

3.7 Test Procedure for Orthophosphate Using Stannous Chloride

The modified stannous chloride method used in these experiments for

orthophosphate determination was based on the formation of the phosphomolybdate

complex in an acid environment, followed by its reduction using a combination of

hydrazine sulphate and stannous chloride. During this process, the yellow

phosphomolybdate complex is reduced to a soluble blue complex known as

molybdenum blue (Broberg and Pettersson, 1988).

The complexation reagent was first prepared. 14.8 mL of H2SO4

(EMD Chemicals Inc., Darmstadt, Germany) was diluted in 184 mL of distilled water

and allowed to cool. Next, 2.4 g of ammonium molybdate

(EM Science, Darmstadt, Germany) was dissolved in the acid. This reagent was
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freshly prepared every month, and stored at room temperature in a fumehood. The

preparation of the reductant was then initiated by placing 5 g hydrazine sulphate

(Fisher Scientific, NJ, USA) in a disposable 50 mL falcon tube and adding 50 mL of

ultrapure water. The suspension was vigorously agitated and allowed to saturate

overnight at room temperature before use. The stannous chloride stock solution was

prepared just prior to the application of the reducing agent. 0.11 g of stannous

chloride dihydrate (SnCl2.2H2O) (EM Science, Darmstadt, Germany) was weighed

out and placed in a 15 mL disposable falcon tube. The powder was then dissolved by

adding 10 mL of concentrated HCl and the falcon tube was shaken until all of the

stannous chloride powder was dissolved. The reducing reagent was finally

synthesized by mixing 5.0 mL of saturated hydrazine sulphate, 4.0 mL of the stannous

chloride solution and 11 mL of ultrapure water in a disposable 50 mL falcon tube.

Next, 250 μL of the complexing agent was then added to the stormwater samples

in test tubes, and the test tube rack was shaken. This was followed by the addition of

250 μL of the hydrazine sulphate + stannous chloride reductant to each sample. Each

sample tube was then vortexed, and left to stand for 30 minutes prior to

spectrophotometric analysis. The UV-Vis spectrophotometer was set to 650 nm for

this method.

Calculations relating to the development of calibration curves for

spectrophotometer analysis are outlined in Appendix A.
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3.8 Statistical Analysis

The relative standard deviation (%) was calculated for the measured phosphorus

adsorption densities (mg/g). One-way Analysis of variance (ANOVA) was conducted to

determine whether or not significant phosphorus removal differences were observed

when different stormwater compositions were treated, as well as the extent of divergence

in phosphorus removal data from experiments using different slag particle sizes. One-

way ANOVA was also used to analyze the results of column experiments. Scheffé's test

was further conducted in post-hoc comparisons to examine where the differences existed

between pairs of experimental results.

Two-way ANOVA was also used to process experimental data with consideration

for replication and interaction effects between a given stormwater composition and a

particular environmental parameter, or in the case of experiments on varying slag

masses, between a given slag quantity and a given phosphorus concentration.

Statistical significance was set at the probability level, α = 0.05, for all analyzed

data. Microsoft Excel 2010 (Microsoft Corporation, USA) was used for all statistical

work.
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4. Results and Discussions

4.1 Chapter Outline

The results of the experiments presented in Chapter 3 are provided and discussed

in this chapter. Experimental sample calculations are produced in Appendix A, while

data sets are outlined in Appendix B. The results of the adsorbent preparation

experiments described in Section 3.2 are presented in Section 4.2, while the results of the

adsorbent characterization experiments in Section 3.3 are discussed in Section 4.3.

Similarly, batch experimental results, developed sorption isotherms and column test

results are covered in Sections 4.4, 4.5 and 4.6, respectively. The outcomes of statistical

analysis are also discussed in the appropriate sections, alongside their related

experimental results.

4.2 Adsorbent Preparation

Grain size distribution of EAF after pulverization was plotted (Figure 4.1). From

this, it can be deduced that the majority (~72%) of the pulverized EAF was retained on

the smaller sieves (< 3 mm). The slag had an effective grain size (D10) of 1.80 mm,

coefficient of uniformity (Cu) of 1.56 and a coefficient of curvature (Cc) of 0.88. The slag

was therefore classified as poorly graded gravel under the Unified Soil Classification

System (ASTM D 2487, 1994). This classification system is helpful in evaluating the

significant properties of a material for engineering use.
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Figure 4.1: Particle size distribution of pulverized EAF slag
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In this case, poorly graded gravel is characterized by small variations in particle

size, which means that when packed together, the EAF particles create relatively large

voids that allow for good permeability. This is important for the practical use of EAF in

stormwater treatment, as it minimizes the risk of clogging.

Corresponding adsorbent preparation calculations are presented in Appendix A,

while the sieve analysis data is produced in Appendix B.

4.3 Adsorbent Characterization

Chemical composition results of fresh slag analysis, reported as oxides, are

shown in Table 4.1. In terms of metal content (%, g/g), the slag composition was as

follows: iron (Fe) – 23.93, calcium (Ca) – 20.71, silicon (Si) – 5.83, manganese (Mn) –

4.60, aluminum (Al) – 4.52, chromium (Cr) – 1.66 and nickel (Ni) – 0.023.

Thus, the EVRAZ EAF slag used in these experiments consisted primarily of Fe

and Ca. This observation was consistent with results obtained from previous XRF

analyses of EAF slag (Drizo et al., 2002; Drizo et al., 2006). For example, in

Drizo et al. (2002), Fe and Ca content (%, g/g) were 24.3 and 21.7, respectively, versus

23.9 and 20.7, respectively, for this study. However, there were noticeable differences in

the concentration range of some other constituents.

EAF samples from Drizo et al. (2002) contained lower levels (%, g/g) of Mn

(1.01), Al (2.47) and Cr (0.22). In the case of elevated Cr levels in the present EAF slag

under study, this may raise concerns for human health and the environment, due to

leaching.
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Table 4.1: Chemical composition and physical characteristics of fresh EVRAZ EAF.

Constituent Composition (%)

Fe2O3 44.44

CaO 24.97

MgO 10.68

SiO2 8.14

Al2O3 7.63

MnO 4.18

Cr2O3 1.54

P2O5 0.28

TiO2 0.28

CuO 0.034

Na2O 0.02

NiO 0.017

K2O 0.01

Co3O4 0.006

Loss on Ignition (LOI) @ 1000 oC -3.68

Porosity (%) 50.14

Average Pore Diameter (nm) 4.5

Particle Density (g/cm3) 3.732

Bulk Density (g/cm3) 1.861

BET Surface Area (m2/g) 1.12
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Table 4.2: BET (Brunauer-Emmett-Teller) surface area of spent slag samples.

Source of spent slag sample BET surface area (m2/g)

P-only 0.48

P + Cd 0.50

P + Cu 0.45

P + Pb 0.79

P + Zn 0.47

P + Mix 0.58
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However, studies have shown that there are no detrimental effects to human health or to

the environment as a result of leaching from steel slags and that, due to the very high

temperatures applied in their formation, heavy metals are bound tightly together within

the slag matrix (Proctor et al., 2002; Johansson Westholm, 2010).

The XRF data in Table 4.1 also showed a negative loss on ignition (LOI) at

1000 oC. This is common for materials that have a high Fe content. Part of the Fe is

converted to its oxide form and it thus appears as though “matter is produced”. Hence the

negative LOI value of -3.68%.

Results of the BET surface area of spent slag samples are shown in Table 4.2.

BET analysis was completed to evaluate changes to surface area characteristics pre- and

post-experimentation and to determine impacts of stormwater matrix and phosphate

adsorption on the physical characteristics of EVRAZ EAF samples.

The post-treatment results show a decrease in surface area for all the spent slag

specimens as compared with that of the fresh slag (1.12 m2/g), and likely indicates the

dispersal of phosphorus on the slag surface. Therefore, physical adsorption

(or physisorption) appears to have contributed to phosphorus removal, irrespective of the

composition of the stormwater being treated. Also, the differences in the decreased

surface areas observed between the slag samples retrieved from P-only and those applied

to the other metal-containing stormwater solutions can be considered negligible. For

example, when the surface area of spent slag from P-only was compared to that from

P + Cu or P + Zn, there was essentially no difference. This is an important observation.
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This finding suggests that if significant variations in phosphorus removal

efficiencies are observed between these systems, then physical adsorption, though a

contributing phosphorus removal mechanism, may not be the key removal pathway.

X-ray diffraction (XRD) patterns for both fresh and spent EAF from the metal-

free stormwater system (P-only) are provided in Figure 4.2.

For clarity and ease of discussion, the post-sorption diffraction pattern has been

stacked above the pre-sorption pattern in Figure 4.2.  The identified XRD peaks indicate

the presence of iron oxide compounds. These iron oxide peaks were of reduced intensity

in the spent slag, which suggests a change in the surface structure in relation to Fe. In

other words, Fe may be involved in phosphorus removal.

The result of the replicate XRD experiment for the spent slag sample from the

treatment of P-only is shown in Figure 4.3. The X-ray diffraction pattern obtained in the

replicate test indicated that the major volume fraction was amorphous rather than

crystalline.  The analysis also uncovered the presence of the following components:

Wüstite (FeO), Larnite (β-Ca2SiO4), Brownmillerite (Ca2(Al,Fe)O5), Srebrodolskite

(Ca2Fe3+
2O5) and Lime (CaO) in the spent slag. These components are consistent with

those previously identified in EAFs by Engström et al. (2010), and again confirm the

occurrence of Fe and Ca as major components in the slag.
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Figure 4.2: X-ray diffraction diagrams of the EAF slag (a) before sorption and (b) after

sorption (phosphorus removal: 95%). Identified phases: FeO (1, 4, 5); Fe2O3 (2, 3);

(NiO)0.5(MnO)0.5 (3,4,5). The y-axis represent intensity in counts per second (cps).
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Figure 4.3: Replicate X-ray diffraction pattern of spent slag from P-only treatment

(phosphorus removal: 95%).
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XRD results of spent slag samples from the treatment of stormwater matrices

P + Cu (Figure 4.4) and P + Mix (Figure 4.5) were also carried out. Spent slag samples

from these stormwater compositions were selected because in initial batch experiments,

significantly lower phosphorus removal had been observed in the Cu-dominant system,

P + Cu, as compared with P-only, while an equivalent phosphorus removal efficiency to

P-only had been noticed when P + Mix was treated with the EAF. Isolating noticeable

trends through these tests may help explain the phosphorus removal behaviour in these

systems.

XRD results of the spent slag samples from P + Cu and P + Mix also showed that

the major volume fraction was amorphous. Just as in the case of spent slag from P-only,

Wüstite (FeO), Larnite (β-Ca2SiO4), Brownmillerite (Ca2(Al,Fe)O5), Srebrodolskite

(Ca2Fe3+
2O5) and Lime (CaO) were identified as common constituents in the

representative spent slag samples from P + Cu and P + Mix. Magnetite (Fe3O4) was also

noticed in some cases. For example, while lime (CaO) was identified in the spent slag

from P-only, it was not noticeable in the slag samples used on P + Cu and P+ Mix.

Instead, the latter slag samples contained magnetite (Fe3O4), which on the contrary, was

not identified in the slag used to treat P-only. This observed variation in slag

composition may indicate some heterogeneity in the EAF sample. However, this

perceived disparity in the slag make-up does not explain the resulting phosphorus

removal differences observed in the different stormwater solutions.
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Figure 4.4: X-ray diffraction pattern of spent slag from P + Cu treatment

(phosphorus removal: 68%).
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Figure 4.5: X-ray diffraction pattern of spent slag from P + Mix treatment

(phosphorus removal: 95%).
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The scanning electron microscopy (SEM) micrographs for the surfaces of fresh

and spent slag particles from the treatment of P-only are shown in Figure 4.6. A change

in surface structure is noticed after the sorption process which may be as a result of

phosphorus dispersal on the slag surface by physisorption, the sorption of phosphorus on

Fe-specific sites with subsequent precipitation of a metal phosphate, or a combination of

these factors. A similar change in surface mineralogy with time has been observed in a

previous study by Bowden et al. (2009), where basic oxygen steel slag was used to

remove phosphorus from wastewater.

The results of the semi-quantitative (standardless) Energy-Dispersive X-ray

Spectroscopy (EDS) scan taken at the center of a representative particle, from both the

fresh and spent slag samples from treatment of P-only (Figure 4.7), showed a visible

decrease in the relative concentration of Fe, as well as Ca. The involvement of Fe-

specific slag sites in the phosphorus removal process, as previously suggested from XRD

analysis, was thus confirmed. The change in Fe and Ca may therefore be related to the

important role these elements have been shown to play in phosphorus retention (Stumm

and Morgan, 1981; Drizo et al., 2006). For example, phosphate ions have been shown to

react with iron oxides by ligand exchange, resulting in the formation of inner-sphere

complexes (Parfitt, 1978). The observed decrease in Ca content may be related to the

loss of free lime (CaO), which resulted in high pH values (Bowden et al., 2009).

Johansson and Gustafsson (2000) observed that Ca-containing alkaline slag materials can

be efficient sorbents for phosphorus removal, with one of the strongest phosphorus

removal effects obtained with slags that are high in easily leached Ca.
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Figure 4.6: SEM micrograph of the EAF slag (a) before adsorption (b) after adsorption

(Initial phosphorus: 5 mg/L; metal ions: 0 mg/L; initial pH: 7; T: 25 oC, rpm: 80;

phosphorus removal: 95%)
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Figure 4.7: EDS scan for (a) fresh and (b) spent EAF slag (Initial phosphorus: 5 mg/L;

metal ions: 0 mg/L; initial pH: 7; T: 25oC, rpm: 80; phosphorus removal: 95%)
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It has already been established, depending on the pH, that Ca may remove

phosphorus from solution via precipitation and formation of a calcium phosphate (Ca-P)

deposit on solid surfaces (Lindsay, 1979; Oguz, 2004). Examples of Ca-P that may

form include: amorphous calcium phosphates (ACPs), octacalcium phosphate (OCP),

dicalcium phosphate (DCP), dicalcium phosphate dhihydrate (DCPD), tricalcium

phosphate (TCP) and hydroxyapatite (HAP) (Lazic, 1995; House, 1999;

Drizo et al., 2006). In this study, the equilibrium pH of the tested stormwater solutions

was on average 10.2 – 10.5, up from an initial pH value of 7. This was in the range of

values conducive for the formation of hydroxyapatite (HAP)

(Johansson and Gustafsson, 2000; Drizo et al., 2006). Also, the precipitation of AlPO4,

FePO4 and Ca3(PO4)2 have been observed on the surface of blast furnace slag at high

levels of pH (9 – 13) (Oguz, 2004). On account of these high equilibrium pH values, it is

important for practical applications that pH control be taken into account before

downstream discharge of the treated stormwater.

The EDS spectra also revealed the formation of phosphorus on the slag surface.

This supports the conclusion that slag retains phosphorus on its surface, as previous BET

surface area results seemed to suggest.

The result of the replicate EDS semi-quantitative spectrum of the spent slag

sample from treatment of P-only is provided in Figure 4.8. The involvement of Fe-

specific slag sites in phosphorus removal is evident from comparisons with previous

XRF, XRD and EDS test observations. The presence of phosphorus was again noticed on

the spent slag, which points to the uptake of phosphorus by the slag.
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Figure 4.8: Replicate semi-quantitative EDS spectrum of spent slag from P-only

treatment (P removal: 95%).
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The semi-quantitative EDS scans were also carried out on the spent slag samples

from the treatment of stormwater matrices P + Cu (Figure 4.9) and P + Mix

(Figure 4.10).

The specimen spectra confirm the uptake of phosphorus by slag. The data also

point to a significant difference in Fe content of spent slag from P-only and P + Mix, as

compared to the Fe content in that from P + Cu experiments. This difference suggests an

important involvement of Fe in the phosphorus removal process, as there appears

therefore to be a noticeable correlation between the change in Fe content in the spent

slag and the amount of phosphorus removed by the slag. This likely implies the uptake of

phosphorus by surface complexation and precipitation at Fe-specific sorption sites. Thus,

lower Fe intensity observed in the post-sorption EDS spectrum suggests the decreased

availability of Fe sorption sites due to their occupation by adsorbed phosphorus.

Parfitt (1978) identified ligand exchange leading to the formation of an inner

sphere complex as a likely mechanism for phosphorus adsorption at the surface of an Fe

oxide. In simple terms, ligand exchange may be described by the equation:

Me-OH + An- → Me-An + OH- 4.1

Where Me represents the active metal sorption sites and An is the anion being adsorbed.

Ligand exchange may also occur via the replacement of water molecules attached

to the Fe sorption sites by dative bonding. Since phosphorus can form stronger

(i.e. covalent) bonds with slag, it replaces the water molecules attached to the active

sorption sites. An inner sphere complex is formed when the phosphorus binds directly to

the slag surface, as opposed to through an intervening water molecule.
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Figure 4.9: Semi-quantitative EDS spectrum of spent slag from P + Cu treatment

(P removal: 68%).
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Figure 4.10: Semi-quantitative EDS spectrum of spent slag from P + Mix treatment

(P removal: 95%).
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For P + Cu, the presence of Cu in the stormwater resulted in lower levels of

phosphorus removal. This effect of Cu may be explained by the ion-exchange surface

model (Pagenkopf, 1978). The model has been used to describe processes occurring at

the surface of hydrated oxides and some organic compounds. According to the model,

the hydration of aluminum oxide, iron (II) oxide, manganese (IV) oxide, and silicon

oxide leads to the formation of amorphous surfaces that contain exchangeable protons.

These metals – Al, Fe, Mn and Si – were observed in the slag, and in solution become

hydrated. Also XRD has confirmed the amorphous nature of the slag surface. Thus, the

conditions here appear suitable for the application of the ion-exchange model. In the ion-

exchange process, the adsorbed cation (Mn+) exchanges for a proton (H+) according to

the following simplified equation (Pagenkopf, 1978):

4.2

From Equation 4.2, a theory is proposed that Cu2+ in solution is exchanged for H+

and adsorbed on the surface of the slag. As such, it is likely that Cu2+ shows a higher

affinity for available surface sites than phosphorus, and forms a highly stable complex

with slag, as has been observed in the stable complexes it form with nitrilotriacetic acid

(NTA) and citrate ligands (Pagenkopf, 1978). This stability may be responsible for

impeding the ability of Fe to remove phosphorus from solution via surface complexation

and precipitation. The lower phosphorus uptake from the stormwater in the presence of

EAF and Cu can thus be explained.

In addition, according to Serrano et al, (2009), as pH increases, the uptake of

metals on Fe sorption sites becomes more important, with certain metals displaying a

  HOMSurfaceMOHSurface nKn 1)()(
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greater affinity for those Fe sorption sites. At low pH, adsorption was targeted at the

non-specific ion exchange sites.

4.4 Batch Experiments

The results of the batch experiments are presented in this section.

4.4.1 Phase I – The Effects of Metal Contaminants on Phosphorus

Removal

The influence of Cd2+ on phosphorus removal from stormwater is depicted in

Figure 4.11.

The presence of Cd2+ resulted in a slight decrease in the removal of phosphorus

by the slag, from about 95% (1.18 mg P/g) in the metal-free solution (P-only) to 90%

(1.13 mg P/g). The control experiment, i.e. in the absence of the adsorbent, shows that

phosphorus removal in the Cd-dominant stormwater system is wholly attributable to the

slag.

A similar pattern was also observed with the P + Pb (Figure 4.12) and P + Zn

(Figure 4.13) stormwater systems. In the presence of Pb2+ and Zn2+, the removal of

phosphorus was slightly reduced from that noted in the metal-free solutions. In each,

approximately 90% phosphorus removal (1.10 mg P/g for Pb2+ and 1.12 mg P/g for Zn2+)

was achieved.
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Figure 4.11: Effect of Cd2+ on phosphorus removal (Cd:P = 0.2; Cu, Pb, Zn = 0 mg/L).
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Figure 4.12: Effect of Pb2+ on phosphorus removal (Pb:P = 0.2; Cd, Cu, Zn = 0 mg/L).
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Figure 4.13: Effect of Zn2+ on phosphorus removal (Zn:P = 0.2; Cd, Cu, Pb = 0 mg/L).
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The initial rate of phosphorus removal in the presence of Zn2+ is more rapid than

that observed in P + Cd and P + Pb. This may be explained by the competition for slag

sorption sites which has been observed in the removal of heavy metals from solution

(Dimitrova, 2002; Xue et al., 2009; Renman et al., 2009). It is possible that Zn2+ initially

poses less competition to phosphorus uptake but becomes more competitive as

adsorption sites become less available.

Of all the metal contaminants, Cu2+ results in the greatest decrease in the uptake

of phosphorus by slag (Figure 4.14). After 120 h, only about 68% of phosphorus

(0.82 mg P/g) was removed from the aqueous phase in the presence of Cu2+ as compared

to 95% in the metal free stormwater solution (P-only). Errors were calculated for all

experimental points, with a visible deviation from the mean observed at the 48 h mark.

This deviation is likely due to the occurrence of a human or random error.

In the presence of Cu2+, not all phosphorus removal is attributable to sorption by

the EAF. The control experiment for the Cu-dominant stormwater matrix shows some

initial phosphorus loss (about 11%) within the first 24 h, after which no further removal

was measured. This observation is attributed to the precipitation of phosphorus by

Cu2+, represented in the simplest form by the following equation:

  )()4()()( 23
3

4
2 sPOCuaqPOaqCu 4.3
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Figure 4.14: Effect of Cu2+ on phosphorus removal (Cu:P = 0.2; Cd, Pb, Zn = 0 mg/L).
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In Section 4.3, this significant reduction in the ability of the slag to remove

phosphorus in the presence of Cu2+ was traced to the formation of a highly stable

complex between Cu2+ and the slag. This stability was believed to be responsible for

impeding the ability of Fe in the slag to remove phosphorus from solution via

precipitation and formation of Fe-P. This suggests that Cu2+ is a far more competitive

adsorbate than the other metal contaminants investigated. The strong affinity of Cu2+ for

adsorbent media has been observed in previous studies where Cd2+, Cu2+, Pb2+ and Zn2+

were removed from single-metal systems by adsorption onto goethite, an iron oxide

mineral (α-FeO(OH)) (Forbes et al., 1976) and melter slag, a Ti/Al-rich variety common

in New Zealand (Pratt et al., 2007). By comparing the single-element systems in these

studies, the amount of the metal ion removed from the solution by a unit mass of the

adsorbent followed the sequence Cu2+ > Pb2+ > Zn2+ > Cd2+ (Forbes et al., 1976) and

Cu2+ > Zn2+ ≈ Cd2+ (Ren, 2006). Though the solutions in those studies did not contain

PO4
3-, the conclusions closely mirror the observations made in this study.

When all four metals were present in solution (multi-metal stormwater solution

or P + Mix), no difference was observed in the adsorption of phosphorus onto the slag

when compared with phosphorus removal in the metal-free phosphorus solution

(Figure 4.15).

According to the results, both the presence of the selected metals as a complex

mixture and the complete absence of those metals in solution produced 95% removal of

the initial phosphorus concentration in those solutions.
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Figure 4.15: Effect of mixed-metal solution on phosphorus removal

(Cd:P, Cu:P, Pb:P, Zn:P = 0.2).
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This effect has not been previously reported in other multi-element solutions

containing equal quantities of Cd2+, Cu2+, Pb2+ and Zn2+, where removal of these metals

was attempted using various types of slag (Ren, 2006; Xue et al., 2009).

The result of this experiment (Figure 4.15) indicates that the presence of other

metal ions significantly weakens the inhibiting effect of Cu2+ on phosphorus removal via

EAF. An explanation could be that the other metal ions compete with Cu2+ for sorption

sites on the slag. This subsequently appears to obstruct the formation of the highly stable

complex between Cu2+ and the slag, and therefore, increases the ability of Fe in the slag

to remove phosphorus from solution via precipitation and formation of Fe-P.

Compiled results for percent phosphorus removed from each of the synthetic

stormwater systems are presented in Table 4.3.
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Table 4.3: Percent phosphorus removal in the various synthetic stormwater systems.

Synthetic stormwater Phosphorus removed
(%)

Adsorption density
(mg P/g)

Metal free stormwater (P-only) 95 1.18

Multi-metal stormwater (P + Mix) 95 1.14

Cd-dominant stormwater (P + Cd) 91 1.13

Zn-dominant stormwater (P + Zn) 90 1.12

Pb-dominant stormwater (P + Pb) 89 1.10

Cu-dominant stormwater (P + Cu) 68 0.82
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4.4.1.1 Sorption Kinetics

Phosphorus sorption from the metal-free stormwater on to EAF was analyzed by

pseudo-first and pseudo-second order rate expressions as applied by Liu et al. (2010).

The pseudo-first-order equation was based on the Lagergren equation (Lagergren, 1898)

and given as:

tkQQQ ete 303.2
log)log( 1 4.4

where, Qe is the amount of phosphorus sorbed at equilibrium, Qt is the amount of

phosphorus sorbed at time t, and k1 is the equilibrium rate constant. k1 can be determined

by a linear plot of )log( te QQ  vs. t. This plot is shown in Figure 4.16.

The pseudo-second-order equation was given by:

eet Q
t

QkQ
t

 2
2

1 4.5

where k2 is the equilibrium rate constant of pseudo-second-order sorption and is obtained

by the straight line plot of
tQ

t vs. t
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Figure 4.16: Pseudo-first order equation for the sorption of phosphorus by electric arc

furnace slag.
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Table 4.4: Values of the rate constants and correlation coefficients for the kinetic

models.

Kinetic model Rate constant R2

Pseudo-first order: )017.007.0(10184.1 t
tQ  k1 = 0.04 h-1 0.996

Pseudo-second order:
t

tQt 34.76184.1
4.90



k2 = 54.43 g mg-1 h-1 0.710
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The phosphorus sorption from the metal-free stormwater on to the slag showed

significantly better correlation with the first-order than second-order kinetics model

(Table 4.4).

The pseudo-first order model was further tested with two sets of independent

experimental data from replicate experiments (Figure 4.17). Statistical analysis was

carried out on data from both the repeat experiments (Qt(EXP.1) and Qt(EXP.2)) and

calculated model values (Qt(MOD)). The model values were calculated by substituting the

batch sorption time (in hours) for variable t in the pseudo first order kinetic model given

in Table 4.4. The resulting standard deviation of Qt from the mean with time (Qt(MEAN))

proves that the model becomes more accurate in predicting the amount of phosphorus

sorbed with time, at the specified experimental conditions (Figure 4.18). That is, as

phosphorus sorption on the slag approaches equilibrium the model becomes more

reliable. Increase in equilibrium time thus appears to diminish some of the removal rate

heterogeneity arising from the physico-chemical differences in the experimental batches.

4.4.1.2 Statistical Analysis

The results presented in this section are average values of the three replicates,

with error bars representing standard deviation of the measurements from their mean.

The relative standard deviation was 1% to 12% for the measurements of equilibrium

phosphorus adsorption densities. One-way ANOVA showed that the differences in

phosphorus removal (mg P/g) differed significantly across the six stormwater systems

(dfB=5, dfW=12, F=15.31, p=7.56E-05).
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Figure 4.17: Model fit for the sorption of phosphorus by EAF.
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Figure 4.18: Deviation of validation experiments from the pseudo-first order model.
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An independent-samples t-test was also conducted to compare phosphorus

removal in the metal-free and Cu-dominant stormwater conditions. There was a

significant difference (df=4, t=7.63, p=3.06E-06) in phosphorus removal for metal-free

(Mean=1.18, SD=9.79E-03) and Cu-dominant (Mean=0.82, SD=3.70E-02) stormwater

systems. Scheffé’s post-hoc comparisons between Cu-dominant and each of the

remaining stormwater systems revealed a significant difference in phosphorus removal,

that is, F > F’, where F’ is the product of dfB and the critical value of F for dfB and dfW at

α = 0.05. No statistical difference (F < F’) was observed between metal-free and each of

the remaining stormwater systems, as well as when the remaining stormwater systems

were paired and compared with one another.

These results therefore suggest that the stormwater composition has an effect on

phosphorus removal. Specifically, for the simulated stormwater systems under study,

when the Cu-dominant system was synthesized by adding Cu2+ to a P-only solution,

phosphorus removal was significantly lower than that obtained in the P-only system.

However, the addition of other metals to the P-only solution, individually or as a

combination, made no real difference to phosphorus removal.

4.4.2 Phase II – The Effects of Environmental and Treatment System

Conditions on Phosphorus Removal

The results of experiments to determine the effects of varying environmental and

treatment system conditions on phosphorus removal are outlined and discussed in the

subsequent sections.
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Figure 4.19: Influence of phosphorus concentration
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4.4.2.1 Effect of Phosphorus Concentration

The impacts of varying phosphorus concentration are shown in Figure 4.19.

Irrespective of the type of metal constituent(s) present in the stormwater, adsorption

density (mg P/g slag) increased with increase in phosphorus concentration. This result

was expected given that there was more phosphorus available for sorption in the

stormwater solution per unit mass of slag.

The inhibiting effect of Cu2+ on phosphorus removal was once again noted in

these experiments. However, phosphorus concentration appeared to have an influence on

the prominence of the “Cu-effect”. At the lower concentration of the spectrum

(i.e. P:M = 2.5), the difference in phosphorus removal (mg/g) was essentially negligible

across the stormwater systems, and the presence of Cu2+ in P + Cu did not appear to

matter much. A possible explanation may be that at lower phosphorus concentrations,

physisorption is the principal removal process. Therefore, phosphorus via Fe-P

precipitation which appears more prominent in stormwater systems other than P + Cu, as

discussed previously, may be effectively diminished due to the absence of sufficient

phosphorus in solution.

At the higher phosphorus concentration (i.e. P:M = 10), there appears to be ample

phosphorus in solution to result in near-saturation or saturation of the slag in all the

systems. Therefore, the difference in phosphorus uptake that would ordinarily be

expected becomes less pronounced.
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4.4.2.2 Effect of Metal Concentration

The effects of varying heavy metal concentrations in stormwater without the use

of slag in the batch adsorption tests are presented in Figures 4.20 to 4.23. The results

show that at higher concentrations, the metal ions, with the exception of Cd2+

(Figure 4.20), remove phosphorus primarily and increasingly by precipitation.

There was a dissimilar precipitation pattern for the different metal constituents.

For example, in the case of Cu2+ (Figure 4.21), precipitation takes place gradually,

reaching equilibrium within the first 24 h. No changes were noticed thereafter. For Zn2+

(Figure 4.23), a much slower pattern of precipitation is observed. It is only after

considerably long reaction times, and at higher concentrations, that Zn2+ begins to show

a tendency to remove phosphorus via precipitation. When it comes to Pb2+ (Figure 4.22),

precipitation is instantaneous, reaching equilibrium immediately. This pattern differs

significantly from that of Cd2+ (Figure 4.20), which shows that precipitation of

phosphorus by Cd2+ does not occur with time or over the increasing range of metal

concentrations tested. These observed precipitation patterns seem to be related to the

electronic structures of the metal ions.  The zero to slow precipitation patterns observed

in the case of Cd2+ and Zn2+ may be attributed to the stability they derive from having

completely filled d-subshells.

Based on the negligible phosphorus precipitation observed even at high Cd2+

concentrations, Cd2+ was found not to be a crucial component influencing phosphorus

removal.
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Figure 4.20: Precipitation patterns for reaction between increasing concentrations of Cd2+

and dissolved phosphorus in P + Cd stormwater systems (no slag).



142

Figure 4.21: Precipitation patterns for reaction between increasing concentrations of Cu2+

and dissolved phosphorus in P + Cu stormwater systems (no slag).
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Figure 4.22: Precipitation patterns for reaction between increasing concentrations of Pb2+

and dissolved phosphorus in P + Pb stormwater systems (no slag).
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Figure 4.23: Precipitation patterns for reaction between increasing concentrations of Zn2+

and dissolved phosphorus in P + Zn stormwater systems (no slag).
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Furthermore, it had already been established in Phase I batch experiments that

Cd2+ had no detectable effect on the removal of phosphorus from simulated stormwater

using EAF. It is also not a priority metal in urban runoff, unlike Cu, Pb and Zn. These

three latter metals are most often detected in urban runoff, with at least 91% of the

samples studied under NURP containing measurable concentrations of each

(USEPA, 1983). Thus, excepted where mentioned, Cd2+ was discarded for further

consideration in this study. Only Cu2+, Pb2+ and Zn2+ concentrations were varied to

investigate impacts on phosphorus removal.

Figure 4.24 shows the effect of increasing metal concentration on adsorption

density (mg P/g slag). For P + Cu, the introduction of Cu2+ at the lower concentration,

Cu:P = 0.2, led to reduced phosphorus uptake by the EAF substrate as previously

explained by the ion-exchange surface model.  Increase of Cu2+ concentration at

Cu:P = 0.6 resulted in greater phosphorus removal. From the precipitation profile of

P + Cu in Figure 4.21, the removal of phosphorus by precipitation was intensified at

higher concentrations of Cu2+. Thus, the elevated phosphorus adsorption density noticed

at Cu:P = 0.6 appeared to be as a result of increased phosphorus removal by precipitation

due to excess Cu2+, in addition to sorption by the slag.

Beyond Cu:P = 0.6, a lower phosphorus adsorption density was noticed. The

observed reduction in phosphorus removal by slag was considered to be related to the

increased removal of phosphorus by precipitation at time, t = 0, i.e. prior to the addition

of slag to the stormwater system.
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Figure 4.24: Effect of varying metal concentration.



147

About 15% of phosphorus was removed at t = 0, for Cu2+ concentrations at

Cu:P = 1.0 and above. This indicated that there was a smaller amount of phosphorus

available at t = 0 for uptake by the slag; hence the reduction in phosphorus adsorption

density.

For P + Pb, a sharper decrease in phosphorus removal at higher Pb2+

concentrations (Pb:P = 1.0 and above) was observed. At lower Pb2+ concentration

(Pb:P = 0 to 0.6) however, phosphorus adsorption density changes were statistically

insignificant. This phosphorus removal trend was consistent with the pattern of

phosphorus precipitation by Pb2+ depicted in Figure 4.22, where instantaneous removal

of phosphorus at t = 0 increasingly occurred at higher Pb2+ concentrations. At Pb2+

concentrations of Pb:P = 1.0 and above, between 25% and 40% of phosphorus was

removed via precipitation at t = 0, leading to a lower availability of phosphorus for

removal by EAF, after it was introduced into the stormwater solution. The outcome was

thus a sharper fall in the measured phosphorus adsorption density at higher Pb2+

concentrations than was noticed in the case of higher Cu2+ concentrations, where only

~15% of phosphorus was removed at t = 0.

For P + Zn, the effect of increasing Zn2+ concentration on phosphorus removal is

much less pronounced than for Cu2+ and Pb2+. At higher Zn2+ concentrations

(Zn:P = 1.0 to 1.4), there appears to be a slight increase in phosphorus removal.

However, the incremental phosphorus uptake at these elevated concentrations is not

statistically significant when compared to removal at lower Zn2+ concentrations

(Zn:P = 0 to 0.6). As well, based on the precipitation patterns (Figures 4.20 to 4.23),
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increase in precipitation at higher Zn2+ concentrations occurs gradually and much slower

than with Cu2+ and Pb2+, where it is more sudden and faster.

Overall, precipitation of phosphorus by the metal ions played a noticeable role in

the phosphorus removal process, and the phosphorus removal patterns appeared to

correlate with the precipitation trends presented in Figures 4.20 to 4.23.

4.4.2.3 Effect of Slag Mass

The influence of increased slag mass on phosphorus removal is shown in

Figure 4.25. At the lower phosphorus concentration (i.e. low concentration), increasing

the slag mass has a marginal effect on phosphorus conversion. 1 g of EAF slag was

sufficient to remove about 90% of phosphorus in solution at equilibrium. The

incremental advantage of introducing more slag into the solution is negligible. However,

at the higher concentration (high concentration), which was three times greater than the

low concentration, the presence of more slag results in more phosphorus removal, until a

certain point, at about 3 g of slag, where the incremental benefit of added slag becomes

insignificant.

Thus, in terms of adsorption density (Figure 4.26), at the low concentration,

increasing slag mass, reduces the phosphorus removed per gram of slag. Based on the

conversion result, this is expected, as using more slag when no significant changes will

occur, means reduced adsorption for a unit mass of slag.  The same is true at the high

concentration. Beyond 2.5 g of slag, no significant, additional adsorption takes place,

and therefore, increasing the slag quantity reduces the phosphorus adsorption occurring

per unit mass of slag.
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Figure 4.25: Effect of varying slag mass across different phosphorus concentrations on

phosphorus conversion (%).
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Figure 4.26: Effect of varying slag mass across different phosphorus concentrations on

adsorption density (mg P/g).
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Figure 4.27: Effect of slag particle diameter on phosphorus removal from P-only.
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4.4.2.4 Effect of Particle Size

Figure 4.27 depicts the effect of varying slag particle diameter on the phosphorus

sorption process. As seen, phosphorus removal essentially improves with reduced

particle size for the same mass of slag.

The BET results presented earlier confirmed the role of EAF surface area in

phosphorus removal. Smaller particle diameters provide larger surface areas for

phosphorus removal. The increased efficiencies at smaller particles sizes can thus be

explained.

4.4.2.5 Effect of Initial pH

The effects of initial pH on phosphorus removal by EAF slag are depicted in

Figure 4.28. For stormwater types P-only and P + Cu, phosphorus adsorption density is

enhanced at initial acidic pH. As initial pH increases (i.e. with a more basic solution), the

phosphorus removal efficiency drops. Here again, in comparing P-only with P + Cu, the

effect of Cu2+ in impeding the removal of phosphorus from stormwater is observed at

both low and high pH values. For P + Pb and P + Zn, the phosphorus removal pattern as

a function of varying initial pH is unclear. Both stormwater types showed a dip in

phosphorus removal efficiency at pH 5 and then a rebound at pH 7 before a final decline

at pH 9. Overall, what is clear is that better performance was obtained by starting at the

acidic extreme (pH 3) rather than at the basic extreme (pH 9), where performance was

poorest for all stormwater systems. However, as previously mentioned, the equilibrium

pH after treatment with slag for all stormwater systems was in the basic range (pH > 10).

This may explain why better phosphorus removal performances are observed when the

initial pH is acidic rather than basic.
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Figure 4.28: Effect of initial pH on phosphorus removal.
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At lower pH levels, (3 – 8.5), phosphate removal may occur via ion exchange

mechanisms of phosphate hydrolysis products (H2PO4
-, HPO4

2-) and the precipitation of

the metallic salts of phosphate (Al3+, Ca2+, Fe3+) (Oguz, 2004). Therefore, starting at

higher pH levels means that significant phosphorus removal mechanisms occurring at

lower pH levels may be missed.

The findings from this work highlight important complexities noticed in similar

prior studies on the effect of pH.  Numerous investigations have shown that optimal pH

levels for phosphorus removal vary widely for different adsorbents. For instance, optimal

phosphorus removal using blast furnace slag has been noticed at a high pH of 10

(Sakadevan and Bavor, 1998); the efficiency of phosphorus removal using slag has been

shown to improve at acidic pH (Agyei et al., 2002); while in a previous study on EAF, it

was found that initial pH could not be strongly correlated to the observed phosphorus

adsorption density (Drizo et al., 2006).

4.4.2.6 Effect of Temperature

The sorption behavior of phosphorus as a function of solution temperature is

presented in Figures 4.29 and 4.30. It can be seen that phosphorus removal increased

with temperature (Figure 4.29). However, it is the Cu-dominant stormwater (P + Cu) that

experienced the greatest improvement with temperature. It is possible that increased

temperatures allowed for the weakening of stable bonds formed between Cu2+ with the

slag, thereby improving the tendency for phosphorus removal via Fe-P precipitation.
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In addition, at higher temperatures, phosphorus removal occurred faster as shown

in Figure 4.30. Readings were taken at 0 h and 24 h, with a straight line drawn between

those two points. A larger slope signified a quicker decline in solution phosphorus

concentration with time.

The distribution coefficient (KD) values at the various temperatures were also

calculated. The distribution coefficient of a solute between two phases is calculated as

the ratio of the concentration of the solute in one phase to its concentration in the other

phase under equilibrium conditions (Oguz, 2005):

4.6

where WS = amount of solute on adsorbent, mg P/g

VS = amount of solute in solution, mg P/cm3

The values of KD at the different temperatures are presented in Table 4.5. KD

increases with temperature, which means that sorption process is endothermic.

S and H were obtained from a linear plot of ln KD versus 1/T according to the

following thermodynamic correlation (Oguz, 2005):

4.7

S

S
D V

WK 

RT
H

R
SK D




ln



158

where KD = Distribution coefficient, cm3/g

S = change in entropy, kJ mol-1 K-1

H = change in enthalpy, kJ mol-1

R = gas constant, kJ mol-1 K

T = absolute temperature, K

The values of H , S and G , the change in Gibbs free energy (kJ mol-1), are

also given in Table 4.5. G was calculated from the ensuing equation:

4.8

As seen in Table 4.5, H is positive, which supports the previous conclusion that

the sorption process is endothermic. Also, the G values at all three temperatures are

negative, decreasing with an increase in temperature. This means that the sorption

process is more spontaneous with increasing temperature, and thus occurs more easily at

higher temperatures. This is corroborated by the positive entropy change, S , which

indicates that the uptake of phosphorus with increased temperature is favorable and more

likely to be spontaneous.

STHG 
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Table 4.5: Thermodynamic parameters for phosphorus adsorption on EAF.

C0

(mol L-1)

KD

(cm3 g-1)

aH bS G

( kJ mol-1)

25 oC 40 oC 60 oC 25 oC 40 oC 60 oC

5.26
(× 10-5)

5.03
(× 103)

1.34
(× 106)

1.28
(× 107)

182.1 0.69 -22.9 -33.2 -47.0

a. Unit of change in enthalpy, H , is kJ mol-1.
b. Unit of change in entropy, S , is kJ mol-1 K-1.
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4.4.2.7 Statistical Analysis

Each plotted point on the graphs represents the average value of three readings.

The error bars reflected the standard deviation of measurements from their mean.

Calculated values for relative standard deviation for all phosphorus

measurements taken in the course of the study ranged from less than 1% to as much as

20% in one case.

One-way ANOVA showed that there were significant differences in the

phosphorus removal results obtained across the various slag particle diameters

investigated (dfB = 5, dfW = 12, F = 1548.09, p = 2.01E-16). An independent samples

t-test revealed that there were significant differences in phosphorus removal (df = 4,

t = 65.9, p = 4.94E-17) when slag particles in the range 0.50 – 0.85 mm (Mean = 1.24,

SD = 9.59E-03) were used as compared with slag particles of 4.75 – 5.56 mm

(Mean = 0.3, SD = 3.28E-02). Further post-hoc comparisons between phosphorus

removal results obtained from pairs of different slag particle size ranges were carried out

using Scheffé’s test. The results are summarized in Table 4.6.

Statistical significance occurred when F > F’, where F’ is the product of dfB and

the critical value of F for dfB and dfW at α = 0.05. If F < F’, then there was no statistical

difference between the phosphorus removal results obtained from using the different slag

particle diameters.
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Table 4.6: Scheffé’s post-hoc comparisons of phosphorus removed using different slag

particle sizes.

Comparing results of phosphorus removed using A vs. using B

A B Results

0.50 - 0.85 mm 2.36 - 3.35 mm Significant

0.50 - 0.85 mm 1.40 - 1.70 mm Significant

0.50 - 0.85 mm 1.00 - 1.40 mm Significant

0.50 - 0.85 mm 0.85 - 1.00 mm Significant

0.85 - 1.00 mm 1.00 - 1.40 mm Not significant

0.85 - 1.00 mm 1.40 - 1.70 mm Not significant

0.85 - 1.00 mm 2.36 - 3.35 mm Significant

0.85 - 1.00 mm 4.75 - 5.56 mm Significant

1.00 - 1.40 mm 1.40 - 1.70 mm Not significant

1.00 - 1.40 mm 2.36 - 3.35 mm Significant

1.00 - 1.40 mm 4.75 - 5.56 mm Significant
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For the phosphorus concentration experiments, two-way ANOVA results

confirmed that the main effect of stormwater composition was significant

(F (5, 60) = 579.496, p = 2.4E-49), as was the main effect of phosphorus concentration

(F (4, 60) = 79199.920, p = 6.5E-111). The interaction effect of these two factors was

also significant (F (20, 60) = 176.791, p = 8.6E-46).

In the case of metal concentration experiments, the main effect of stormwater

composition was significant (F (2, 30) = 378.464, p = 5.2E-22), as was the main effect of

metal concentration (F (4, 30) = 265.673, p = 5.9E-23) and the interaction effect between

the stormwater composition and the metal concentration (F (8, 30) = 196.032,

p = 9.8E-24).

For pH experiments, the main effect of stormwater composition was significant

(F (3, 32) = 229.009, p = 1.1E-21), as was the main effect of pH (F (3, 32) = 613.512,

p = 2.4E-28). The interaction effect of both factors was also significant

(F (9, 32) = 54.634, p = 6.8E-17).

With respect to the influence of temperature on phosphorus removal, the main

effect of stormwater composition was significant (F (5, 36) = 799.072, p = 8.2E-36). The

main effect of temperature (F (2, 36) = 2598.005, p = 1.2E-39) was also significant, as

was its interaction effect with stormwater composition (F (10, 36) = 360.251, p = 5.8E-

33).

Experiments on the variation of slag mass at different phosphorus concentrations

showed that the main effect of phosphorus concentration was significant

(F (1, 16) = 724.369, p = 9.4E-15), as was the main effect of slag mass (F (3, 16) =
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133.982, p = 1.5E-11) and the interaction effect between phosphorus concentration and

slag mass (F (3, 16) = 287.524, p = 4.0E-14).

From the results of the statistical analysis, it is apparent that the stormwater

composition, phosphorus concentration, metal concentration, pH, temperature, slag mass

and slag particle size have an influence on the degree of phosphorus removal. In

addition, a combination of the stormwater composition and other environmental factors

such as phosphorus concentration, metal concentration, pH or temperature affects

phosphorus removal differently. Also, when considering EAF as a treatment system for

stormwater remediation, it is also important to note that the slag surface area plays a

noticeable role in determining the efficiency of phosphorus removal. Larger slag surface

areas (i.e. smaller particle sizes) will produce better treatment results. As well,

phosphorus removal is influenced differently by a combination of phosphorus

concentration and slag mass.

4.4.3 Phase III – Two-Level Full Factorial Design of Experiments: Main

and Interaction Effects on Phosphorus Removal Response

The results of the factorial design experiments are presented and discussed in this

section.

4.4.3.1 Experimental Factors and Response

The design matrix of uncoded values for the factors and their corresponding

response in terms of the percent removal of phosphorus for all experimental runs,

including replicates and centre points, is shown in Table B7 of Appendix B. The



164

compiled data served as key input to determining the effects of the examined factors and

their interactions on the phosphorus removal response.

4.4.3.2 Estimated Effects and Coefficients

Table 4.7 shows the factor effects, model coefficients for percent phosphorus

removal, standardized effects and the corresponding p-values for the model coefficients.

The significance of the data is established by its p-value being closer to zero. For a 95%

confidence level, the p-value should be less than or equal to 0.05 for the effect to be

statistically significant.

4.4.3.3 Plots of Effects and Interactions

The Pareto plot of effects shown in Figure 4.31 depicts the absolute values of all

effects of main and interacting factors, and therefore, which factors or their combinations

have the greatest influence on the response variable. The reference line drawn across the

plot is used to indicate the relative significance of factors or their interactions

(Antony, 2003). Factors with effects extending beyond the line are significant.

As Figure 4.31 shows, the four major factors which affect the removal of

phosphorus in order of statistical significance are Pb > Cu > P > T. The drawback of the

Pareto chart is that it gives no information as to the reasons behind the significance of the

identified factors. Observations during the course of this research have shown that the

effect of lead on phosphorus removal is largely due to precipitation. Lead, especially at

high concentrations, removes significant amounts of phosphorus from solution before

interaction with the slag.
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Table 4.7: Estimated effects and coefficients for removal of phosphorus.

Term Effect Regression
coefficient

Standardized
Effect

p-value

Constant 30.74 22.08 0.000
P 24.32 12.16 8.73 0.000
Cu -28.53 -14.26 -10.24 0.000
Pb -35.90 -17.95 -12.89 0.000
Zn -0.09 -0.05 -0.03 0.974
T 14.43 7.22 5.18 0.000
P*Cu -5.08 -2.54 -1.83 0.077
P*Pb 1.26 0.63 0.45 0.653
P*Zn 1.23 0.62 0.44 0.661
P*T 4.79 2.39 1.72 0.094
Cu*Pb 12.61 6.30 4.53 0.000
Cu*Zn -10.56 -5.28 -3.79 0.001
Cu*T -7.34 -3.67 -2.64 0.013
Pb*Zn -3.78 -1.89 -1.36 0.183
Pb*T -7.20 -3.60 -2.59 0.014
Zn*T -7.29 -3.65 -2.62 0.013
P*Cu*Pb -10.84 -5.42 -3.89 0.000
P*Cu*Zn -2.72 -1.36 -0.98 0.336
P*Cu*T 0.30 0.15 0.11 0.916
P*Pb*Zn -5.11 -2.55 -1.83 0.075
P*Pb*T 2.44 1.22 0.88 0.387
P*Zn*T -13.66 -6.83 -4.91 0.000
Cu*Pb*Zn 9.41 4.71 3.38 0.002
Cu*Pb*T 1.60 0.80 0.58 0.569
Cu*Zn*T 0.45 0.23 0.16 0.871
Pb*Zn*T -0.04 -0.02 -0.02 0.987
P*Cu*Pb*Zn 1.57 0.79 0.56 0.576
P*Cu*Pb*T -6.03 -3.02 -2.17 0.037
P*Cu*Zn*T 4.28 2.14 1.54 0.133
P*Pb*Zn*T 6.33 3.16 2.27 0.030
Cu*Pb*Zn*T 4.96 2.48 1.78 0.084
P*Cu*Pb*Zn*T 1.14 0.57 0.41 0.686

Note:
1. Standard error coefficient for all cases = 1.392.
2. P = Phosphorus, Cu = Copper, Pb = Lead, Zn =Zinc, and T = Temperature.
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As well, the precipitation of phosphorus by lead is instantaneous. Therefore, the

actual role of slag in phosphorus sequestration at high concentrations of lead is minimal

at best, as most of the phosphorus has already been removed by direct precipitation. The

remaining phosphorus is easily adsorbed by the slag. Thus, higher lead concentrations

translate to lower phosphorus removals by EAF. This explains the results of the factorial

design experiments, which are based only on phosphorus adsorbed by the slag. The

significance of copper on the other hand is traced to its impeding effect on the removal

of phosphorus from solution in the presence of slag. As already discussed, this reduced

removal of phosphorus by slag due to copper is attributed to the formation of a stable

complex formed by the interaction of copper with the slag via the ion-exchange surface

model. The stability of this complex inhibits the consumption of the Fe in the slag for

Fe-P precipitation. Thus copper is a key factor of concern. In terms of phosphorus, its

removal depends on its concentration, and as such it is a significant factor. Lastly, the

effect of temperature has proved significant from prior experiments. Specifically, percent

phosphorus removal increases with temperature, and at higher temperatures, phosphorus

removal also occurs faster.

The main effects plot for the removal of phosphorus is shown in Figure 4.32. A

main effect only takes into account the impact of one of the independent variables on the

dependent variable, ignoring the effects of all other independent variables. The larger the

slope of the main effect line, the more significant will be the effect of the factor on the

response variable.
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Figure 4.32: Main effects plot for removal of phosphorus.
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As well, a positive slope indicates that an increase in the factor results in an

increase in the mean response change (positive main effect), while a negative slope

attributes a fall in the mean response change to an increase in the factor (negative main

effect).  It can be seen from the main effects plot that an increase in copper and lead

result in a fall in phosphorus removal, while an increase in phosphorus and temperature

improve removal. These observations are consistent with the explanations provided

previously. The effect of zinc is insignificant. The order for main effects is therefore as

follows: Pb > Cu > P > T > Zn, keeping in mind the different reasons already provided

for these observations.

The interaction effects plot for removal of phosphorus is shown in Figure 4.33.

The plots provide the mean response of two factors at all possible combinations of their

settings. Parallel lines indicate that there is no interaction between the two factors

(Antony 2003). Phosphorus and copper showed interaction with each other. The main

effect of phosphorus was apparent as higher phosphorus concentration was shown to lead

to higher percent removal of phosphorus. Copper also displayed a main effect, with a

lower concentration of copper resulting in higher phosphorus removal. These

observations were similar to the interactions noticed between phosphorus and lead. For

phosphorus and zinc, there appears to be little interaction between these two factors.

Phosphorus concentration reflects a main effect as percent removal of phosphorus

changes significantly across the factor levels, while zinc concentration does not display a

main effect on phosphorus removal, as percent removal of phosphorus does not differ

significantly at low or high zinc levels.
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Figure 4.33: Interaction effects plot for removal of phosphorus.
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The interaction between lead and zinc shows a number of similarities to that

between phosphorus and zinc. For example, there is little interaction between lead and

zinc; lead has a main effect on percent phosphorus removal and zinc shows no main

effect. The difference, however, is that a higher lead concentration results in a lower

percent phosphorus removal. Comparable interaction trends were noticed for phosphorus

and temperature, copper and temperature and lead and temperature. In each case,

interaction occurred between both factors and each of the factors was found to have a

main effect on percent phosphorus removal. However, while increasing phosphorus

concentration and temperature resulted in higher percent phosphorus removals,

increasing copper and lead concentrations adversely impacted phosphorus removal.

Interaction was also observed between copper and lead, with both displaying main

effects on percent phosphorus removal. Increased copper and lead concentrations led to

reduced phosphorus removal. Copper and zinc also showed interaction, with copper

concentration having a main effect on phosphorus removal. However, zinc showed no

main effect on phosphorus removal as average phosphorus removal remained essentially

the same at both low and high zinc concentrations. For zinc and temperature, a cross-

over interaction is observed. Zinc showed no main effect as average percent phosphorus

removal remained constant with zinc concentration. However, temperature had a main

effect on phosphorus removal.
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4.4.3.4 Regression Model

Finally, a model based on coded units is derived from the regression coefficients

for the percent removal of phosphorus. The resulting model consists of a constant and 14

other significant terms of main effects and interactions and is given as follows:

P removal (%) = 30.74 + 12.16 (P) – 14.26 (Cu) – 17.95 (Pb) + 7.22 (T) + 6.30 (Cu*Pb)

– 5.28 (Cu*Zn) – 3.67 (Cu*T) – 3.65 (Zn*T) – 3.60 (Pb*T) – 6.83 (P*Zn*T) – 5.42

(P*Cu*Pb) + 4.71 (Cu*Pb*Zn) + 3.16 (P*Pb*Zn*T) – 3.02 (P*Cu*Pb*T)

4.9

This model takes into account the phosphorus removal (%) resulting from EAF slag

only. Phosphorus removed by metal precipitation is not accounted for.

The applicable range of all the parameters of the regression model has been

provided in Table 3.4; phosphorus concentration varied from 2 to 5 mg/L, copper

concentration varied from 0 to 2.2 mg/L, lead concentration varied from 0 to 8.3 mg/L,

zinc concentration varied from 0 to 11.9 mg/L and the temperature varied from

7 to 22 °C.
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Figure 4.34: Parity plot showing the distribution of experimental vs. predicted

phosphorus removal (%) (R2 = 0.87).
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A comparison of model-calculated (i.e. predicted) percent phosphorus removal

versus experimental percent phosphorus removal results is presented in Figure 4.34. Data

analysis was carried out by regression of the predicted percent phosphorus removal

values against the experimental or measured percent phosphorus removal values. The

produced parity plot showed a satisfactory correlation between the experimental and

predicted values for phosphorus removal (%), since a majority of the points cluster

around the diagonal line, indicating a good fit of the model. The R2 value provides a

measure of how much variability in the observed response values can be explained by

the experimental factors and their interactions. As the R2 value approaches 1, the model

better predicts the response. The R2 value here was given as 0.87, indicating that 87% of

the variability in the response could be explained by the model as opposed to 13% of the

variation which could not be explained by the model.

4.5 Sorption Isotherms

The sorption isotherm for uptake of phosphorus in the metal-free stormwater by

the EAF is presented in Figure 4.35. The equilibrium data for the sorption process was

fitted to both Langmuir (Figure 4.36) and Freundlich (Figure 4.37) equations.
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Figure 4.35: Adsorption isotherm for phosphorus removal from metal-free stormwater.
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Figure 4.36: Langmuir plot for phosphorus sorption onto EAF in metal-free stormwater.
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Figure 4.37: Freundlich plot for phosphorus sorption onto EAF in metal-free stormwater.
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The experimental data obtained in this work fit both the Langmuir and Freundlich

linear relationships. However, the Langmuir isotherm produced a slightly better fit for

modeling the data than the Freundlich equation.

It should be noted that though the Langmuir and Freundlich are the most widely

used models due to their simplicity, estimation of phosphorus adsorption capacities from

standard batch experiments, and from the Langmuir and Freundlich equations, result in

unrealistic predictions for the long-term performance of dynamic or full-scale systems

(Lee et al., 1997; Drizo et al., 2002; Johansson Westholm, 2010). The derivation of

phosphorus adsorption capacity of a material from long-term column studies could serve

instead as a better indicator of the performance and longevity of full-scale systems

(Drizo et al., 2002).

4.6 Column Experiments

The batch experiments indicated that copper had the greatest adverse impact on

phosphorus removal efficiency. The Cu-dominant stormwater (P + Cu) was thus

selected for use in column breakthrough studies.

4.6.1 Bulk density, particle density and porosity measurements

The results for bulk density, particle density and porosity have been provided in

Table 4.1.
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Table 4.8: Treated bed volumes at exhaustion for various bed heights.

Bed height (mm) BVe (C/C0 = 0.90)

25 948

50 1363

75 2505



180

Figure 4.38: Phosphorus removal from P + Cu stormwater at various bed heights.



181

4.6.2. Bed height

The column performance results as exhaustion bed volumes, at a constant

superficial velocity of 5 m/h, are given in Table 4.8 for different bed heights. The

breakthrough data for the various bed heights are also presented in Figure 4.38.

As observed, the slope of the breakthrough curves increases with decreasing bed

heights. For a bed height of 50 mm, the bed volumes of stormwater treated to exhaustion

(BVe = 0.90) decreased by 46% as compared to stormwater volumes treated at a bed

height of 75 mm. An additional decrease in performance of 31% occurs when the bed

height is further decreased from 50 to 25 mm. The phosphorus uptake capacities at

exhaustion for bed heights of 25, 50 and 75 mm are 0.23, 0.38 and 0.70 mg/g,

respectively.  In other words, the slag bed processes more stormwater and removes more

phosphorus per unit mass of slag at greater bed heights before reaching exhaustion. This

is expected since there is more slag in the column. These results also confirm the

observations from the batch equilibrium tests.

4.6.3. Superficial Velocity

Figure 4.39 shows the effect on column performance when superficial velocity is

varied at a constant bed height of 75 mm. The results of the experiment are summarized

in Table 4.9.
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Figure 4.39: Effect of varying superficial velocity on phosphorus removal from P + Cu

stormwater.
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Table 4.9: Treated bed volumes at exhaustion at varying superficial velocities.

Superficial velocity (m/h) BVe (C/C0 = 0.90)

5 2505

10 525
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An increase in superficial velocity from 5 to 10 m/h resulted in a 79% decrease in

the bed volumes of stormwater treated to exhaustion. This corresponds to a drop in

phosphorus uptake capacity by the slag bed from 0.70 mg/g at a superficial velocity of 5

m/h to 0.14 mg/g at a superficial velocity of 10 m/h. These results are plausible as an

increase in velocity would imply a decrease in contact time between the stormwater and

slag bed. Therefore exhaustion is reached much quicker than when a slower velocity is

employed.

4.6.4. Phosphorus Concentration

The breakthrough data for different influent phosphorus concentrations

presented as a change in phosphorus to copper concentration ratio (P:Cu) is depicted in

Figure 4.40. The high initial phosphorus concentration resulted in an earlier exhaustion

of the slag bed and lower adsorption capacity (0.51 mg/g) than observed for the low

initial phosphorus concentration (0.70 mg/g). This is expected given that at the high

concentration phosphorus would occupy available sorption sites more rapidly, and thus

leach out more than at the lower influent concentration, for identical quantities of treated

bed volumes (Mortula and Gagnon, 2007). A summary of these experimental results is

given in Table 4.10.
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Figure 4.40: Effect of varying stormwater phosphorus concentration on column

dynamics.
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Table 4.10: Treated bed volumes at exhaustion at different phosphorus to copper

concentration ratios.

P:Cu BVe (C/C0 = 0.90)

5 2505

10 897
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Figure 4.41: Effect of varying stormwater copper concentration on column dynamics.
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Table 4.11: Treated bed volumes at exhaustion at different copper to phosphorus

concentration ratios.

Cu:P BVe (C/C0 = 0.90) C/C0 = 0.85

0 Did not reach exhaustion 1248

0.2 2505 828

0.6 Precipitation and plugging
of column bed observed

Precipitation and plugging
of column bed observed
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4.6.5. Copper Concentration

Figure 4.41 describes what happens when the copper concentration in the treated

stormwater is varied as copper to phosphorus concentration ratios (Cu:P). A summary of

observations is provided in Table 4.11.

At copper concentration Cu:P = 0, the slag bed had not been exhausted at the end

of the experiment (40 hours). When compared with the results at Cu:P = 0.2 and

C/C0 = 0.85 however (Table 4.12), it is clear that the presence of copper in the

stormwater results in a more rapid exhaustion of the slag. This is consistent with

observations in the batch reactions, where the presence of copper was shown to reduce

the uptake of phosphorus by the slag. If the ability of phosphorus to be taken up by the

slag reduces as the experiment progresses, then phosphorus becomes increasingly

present in the effluent, and exhaustion is reached faster.

Further increasing the copper concentration to Cu:P = 0.6 led to significant

precipitation after 12 hours of experiment (Figure 4.42). This is consistent with

observations made during the batch experiments where about 30% of phosphorus was

removed within 24 h at Cu:P = 0.6. Precipitation subsequently led to plugging of the

column and backflow, i.e., pressure was built in the column, which caused the treated

stormwater to flow in the opposite direction. An 18% drop in the effluent flowrate was

also noticed. Also, at Cu:P = 0.6, precipitation appeared to be the dominant removal

mechanism.
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(a)

(i) Cu:P = 0                           (ii) Cu:P = 0.2                       (iii) Cu:P = 0.6

(b)

(i) Cu:P = 0                           (ii) Cu:P = 0.2                       (iii) Cu:P = 0.6

Figure 4.42: The state of used columns at the end of experiments showing formed

precipitates: (a) top section of the column (b) bottom section of the column.
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The effluent pH was in the basic range (10 < pH < 11), up from an initial average pH

value of 6.2. Effluent pH was thus in the range of values conducive for the formation of

precipitates such as hydroxyapatite (HAP) (Johansson and Gustafsson, 2000;

Drizo et al., 2006) or AlPO4, FePO4 and Ca3(PO4)2 which have been observed on the

surface of blast furnace slag at high pH levels (9 – 13) (Oguz, 2004).

4.6.6. Particle Size

The breakthrough data for different particle size diameters is presented in

Figure 4.43. There is basically no difference between using 1.00-1.40 mm and

1.40-1.70 mm slag particles, as the phosphorus removal capacities for the two fractions

at exhaustion were essentially the same (0.20 mg/g). The use of finer particles

(0.50-0.85 mm) resulted in a 71% increase in phosphorus uptake capacity. Thus a

smaller particle diameter favours phosphorus removal from the stormwater. This

observation was consistent with the results of the particle size batch experiments

reported earlier, and can be attributed to the larger surface area of the finer particles.

Table 4.12 provides a summary of the particle size experiments.

4.7 Statistical Analysis

The results of the column experiments were derived from replicate experiments

with the measurements of bed volumes processed at exhaustion representing an average

of no less than six readings. The relative standard deviation in all cases was less than 3%.
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Figure 4.43: Effect of varying slag particle size on phosphorus removal from P + Cu.
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Table 4.12: Treated bed volumes at exhaustion for different particle sizes.

Particle diameter (mm) BVe (C/C0 = 0.90)

0.50 – 0.85 2505

1.00-1.40 572

1.40-1.70 588
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One-way ANOVA test results indicated that the effects of bed length (dfB=2,

dfW=63, F=2.79E+04, p=1.35E-93), superficial velocity (dfB=1, dfW=42, F=4.52+04,

p=2,63E-65), phosphorus concentration (dfB=1, dfW=50, F=4.23E+04, p=7.25E-75) and

slag particle size (dfB=2, dfW=63, F=5.34E+04, p=1.90E-102) on the exhaustion bed

volumes was significant. T-tests and post-hoc comparisons also revealed that there was a

significant difference between bed volumes processed at exhaustion for different bed

lengths, superficial velocities, phosphorus concentrations and slag particle sizes. One

exception was between slag particle sizes of 1.00 – 1.40 mm and 1.40 – 1.70 mm, where

a Scheffé’s post-hoc comparison showed that there was no statistical difference (F < F’)

between the two fractions.

The above findings therefore confirm the importance of phosphorus

concentration, slag mass and slag particle size as influential factors that need to be taken

into account when removing phosphorus from stormwater. As well, they highlight the

relevance of dynamic parameters, such as superficial velocity, in the phosphorus removal

process. The inherent limitations of the prior batch experiments made it impossible to

observe the importance of such dynamic parameters.

Statistical analysis was not carried out for the copper concentration experiments

due to the precipitation and plugging of the column bed at Cu:P = 0.6, and the non-

exhaustion of the slag bed at Cu:P = 0.
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5. Conclusions and Recommendations

5.1 Conclusions

A review of stormwater treatment systems such as grassed swales, constructed

wetlands and detention ponds revealed that these methods are ineffective for the removal

of dissolved nutrients and heavy metals. Thus, these stormwater contaminants are

transported to surface waters, resulting in potential quality and health issues to the

aquatic environment and to humans.

This study was conducted to explore the application of EAF as an effective

adsorbent for phosphorus removal from stormwater comprising different metal to

phosphorus concentration ratios. It was important to ascertain the use of EAF as a safe,

efficient and inexpensive end-of-pipe add-on solution for improving the treatment of

urban stormwater runoff. The following conclusions were drawn from the research

program:

1. EAF proved to be an effective adsorbent for phosphorus removal from

various stormwater compositions, removing as much as 95% of

phosphorus from stormwater containing multiple metals (cadmium,

copper, lead and zinc).

2. Removal of phosphorus by EAF was found to follow a pseudo first-order

kinetic model, and occurred through a combination of physisorption,

surface complexation and surface precipitation.

3. Phosphorus removal by surface complexation and precipitation via ligand

exchange was a key removal mechanism and occurred at Fe-specific

sorption sites on EAF.
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4. The presence and type of metals in stormwater, as well as their

interactions with one another, influence the removal of phosphorus to

varying degrees, with copper having the greatest impact on phosphorus

removal efficiency. The effects of cadmium and zinc were insignificant.

5. Copper in stormwater was responsible for reduced phosphorus removal

via EAF. This lowered EAF performance was explained by copper’s

ability to compete with phosphorus for the same Fe-sorption sites on

EAF, leading to the formation of a stable complex with the slag by means

of the ion-exchange surface model.

6. Environmental conditions (stormwater composition, phosphorus

concentration, metal concentration, pH and temperature) and treatment

system conditions (slag mass and slag particle size) have an influence on

the extent of phosphorus removal. Interaction effects between these

environmental and system parameters also affect the ability of EAF to

remove phosphorus from stormwater. Phosphorus removal is favoured at

higher phosphorus concentrations, acidic initial pH, smaller particle sizes,

higher temperatures and longer contact times between the stormwater and

EAF.

5.2 Practical Applications of the Research

These findings are intended for application in the treatment and management of

stormwater in urban municipalities, where an inexpensive and effective end-of-pipe add-

on technology to existing stormwater treatment systems is needed to reduce soluble

phosphorus currently not captured through those systems.
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Already, end-of-pipe add-on products like ecoStorm plus are being marketed by

companies such as Freytech Inc. (USA) and Ecotechnic (Austria) as affordable

stormwater filtration systems that remove soluble heavy metals and nutrients (phosphates

and nitrates), which cannot be effectively removed by structural stormwater treatment

systems. The ecoStorm plus device uses a modified porous filter material that is designed

for low-cost and easy maintenance. The technology is being used for the treatment of

stormwater runoff from metal roofs, as well as surface water runoff from streets,

highways and parking lots. According to Freytech Inc., the filter has shown removal

efficiencies greater than 90%, 95%, 80% and 70% for copper, lead, zinc and phosphorus,

respectively. While the exact nature of the filter is a trade secret, and thus not publicly

disclosed, this work shows that EAF would serve as an effective option for the filter

material.

Furthermore, as already detailed in the experimental section, the column

experiments conducted during this research were based on the rapid small-scale column

test (RSSCT) developed by Crittenden et al. (1991) for evaluating the performance of

granular activated carbon. One key advantage of this procedure is that it allows for the

scaling of data obtained from the RSSCT columns to predict the performance of pilot or

full-scale columns (Metcalf and Eddy, 2003). The scaling correlation arises from the

similarity between the mass transfer and hydrodynamic characteristics of the RSSCT and

the full-scale column, which consequently results in similar breakthrough curves. This

correlation has been successfully applied to simulating the performance of full-scale

columns for arsenic adsorption (Badruzzaman and Westerhoff, 2005;

Westerhoff et al., 2006). In the development of scaling equations, three conditions must
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be fulfilled to maintain similarity between large- and small-scale systems

(Crittenden et al., 1986; Crittenden et al., 1987; Crittenden et al., 1991):

1. Boundary conditions for the large- and small-scale systems must occur at

the same dimensionless coordinate values in dimensionless differential

equations;

2. Dimensionless parameters in the differential equations must be equal for

the large- and small-scale systems; and

3. No change in mechanism may occur while changing the size of the

system.

The RSSCT scaling equations are given as follows (Metcalf and Eddy, 2003):

5.1

5.2

where the subscripts “SC” and “LC” denote the small column (RSSCT column) and large

column (pilot or full-scale column), respectively; EBCT refers to the empty bed contact

time (min); dp is diameter of the particle (mm); t is time in column (min); V is superficial

velocity (m/h).

Application of the scaling equations requires consideration of the mass transfer

mechanisms in sorption columns. Mass transfer occurs by dispersion, film diffusion or
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intraparticle diffusion (Prasad, 1994; Mortazavi et al., 1999,

Snoeyink and Summers, 1999). When film diffusion is the dominant mass transfer

mechanism, the scaling equations are based on the constant diffusivity model. On the

other hand, for intraparticle diffusion, the proportional diffusivity model holds. For both

models, it is assumed that dispersion is negligible due to high hydraulic loading rates in

the RSSCT (Metcalf and Eddy, 2003). For constant and proportional diffusivity, the

value of x in Equation 5.1 is 0 and 1, respectively.

The corresponding parameters for a full-scale column based on the RSSCT data

are provided in Table 5.1. Details of the calculations for the parameters are given in

Appendix A. Intraparticle mass transport was assumed to be the rate limiting step, and

thus the controlling mechanism. As a result, the proportional diffusivity model was

applied. This assumption was based on prior column adsorption model simulations using

slag for the removal of phosphorus (Lee et al., 1997) and granular ferric hydroxide for

arsenic removal (Badruzzaman et al., 2004). In both cases, intraparticle diffusion was

found to successfully predict the column behaviours.
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Table 5.1: Proposed full-scale column parameters.

Parameter Unit RSSCT Full-Scale Column

Particle diameter a mm 0.50-0.85 2.36-3.35

EAF density g/L 1861 1861

EBCT min 0.9 4.5

Superficial Velocity m/h 5 1

Flowrate mL/min 7.9 89.1

Column diameter b mm 11 82.5

Column length c mm 75 562.5

Mass of slag g 13.26 5595

Time of operation h 40 200

Water volume L 17.9 1069.2

a. dp,LC : dp,SC ≈5; estimated based on Metcalf and Eddy (2003).

b. DLC : DSC =7.5; estimated based on Metcalf and Eddy (2003), where D is column
diameter.

c. Based on DSC :L SC and DSC : dp,SC used in RSSCT experiments to  prevent wall
effects, where L is column length.
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5.3 Limitations of the Research

Simulated stormwater was selected to ensure standard compositions of the

experimental samples, and to more accurately detect the impacts of varying

environmental conditions. Prior studies have shown that phosphorus sorption onto an

active slag filter was significantly higher for synthetic phosphorus solutions than that

observed using authentic pond effluent (Shilton et al., 2006). Thus an important

limitation of this research may be the estimation of a higher phosphorus adsorption

density than would be reflected using actual stormwater. Actual stormwater would imply

new complexities such as variation of quality with time and the occurrence of a variety

of constituents, e.g. sediments and other chemicals besides heavy metals that could

potentially interfere with phosphorus sorption. What this research achieves however, is a

better understanding that has been absent until now, of how the presence of different

heavy metals may affect the removal of phosphorus from solution, when EAF is used

under a number of conditions.

Another limitation introduced by the controlled nature of the study is the steady

hydraulic loading rate maintained in the column experiments. Hydraulic loading is

defined as the volume of stormwater applied to the surface of the EAF medium per unit

time. In reality, stormwater treatment systems are exposed to natural weather events such

as precipitation and snow melts interspersed by dry weather cycles. As such these

weather events exhibit irregular patterns that result in fluctuations in hydraulic loading.

These variations and their effects on phosphorus removal have not been accounted for in

this study.
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This research focused specifically on the removal of phosphorus from stormwater

via EAF, and discussed the impact of different metals on the phosphorus removal

process. However, unlike phosphorus, it provided no information on the fate of the

different metals through the stormwater treatment process. An understanding of the

change in metal concentrations and/or chemistry during treatment may shed more light

on the phosphorus removal pathway, and the efficiency of EAF as a filter material.

Finally, a host of other issues which are key to practical applications of this

research, e.g. development and maintenance costs, and media replacement or

regeneration have not been discussed, but will require consideration prior to full-scale

deployment of EAF columns for stormwater treatment.

5.4 Recommendations for Future Studies

The findings of this investigation provide a basis for additional projects. Specific

recommendations for future research are as follows:

1. Conduct a thorough chemical characterization of influent and effluent

stormwater samples, and expand characterization tests on EAF to study

the fate of metal constituents throughout the phosphorus removal process;

2. Isolate and characterize the compounds formed on the solid surface of

spent EAF to ascertain their chemical compositions and confirm the

mechanisms of phosphorus removal from stormwater via EAF;

3. Undertake sorption studies that investigate phosphorus removal via EAF

from a more complex synthethic stormwater mix containing additional

constituents besides heavy metals, e.g. suspended solids, nitrogen,

hydrocarbons, organics;
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4. Reproduce the comparisons of the competitive impacts of metal ions on

phosphorus sorption using equivalents of charge rather than equivalents

of mass, as this may generate additional useful information regarding the

phosphorus removal mechanisms at play;

5. Conduct extensive leachability tests on EAF to confirm that it is indeed

safe to use;

6. Explore the potential to regenerate the spent slag, as well as their

sustainable application as high-nutrient-content fertilizers for agricultural

purposes;

7. Utilize the provided scale-up data to conduct pilot-scale research that

addresses the uncertainties inherent in the bench scale experiments and

test the applicability of RSSCT scaling equations to predict phosphorus

sorption in full-scale EAF columns;

8. Optimize the system performance for phosphorus removal by means of

EAF, and document the detailed costing for the development of a pilot or

full-scale column, including maintenance costs; and

9. Develop a mathematical model that more accurately predicts the removal

of phosphorus from stormwater via EAF.
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APPENDICES

Appendix A: Sample Calculations

A1. Grain Size Calculations

From Figure 4.1, D60 is 2.80 mm, D30 is 2.20 mm, and D10 is 1.80 mm.

Coefficient of Uniformity, Cu, is given by:

Cu = 1.56 < 4

Coefficient of Curvature, Cc, is given by:

Cc = 0.88 < 1

The slag was therefore classified as poorly graded gravel.

A2. Physical Characteristics of EAF

Particle Density Determination

According to Equation 3.3:
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)3626.1680013.205()6222.686222.118(
)6222.686222.118(9974.0

p 3.7324 g/cm3

Bulk Density Determination

First, the volume of the glass beaker was determined based on the fact that the density of

water remains constant irrespective of the vessel used. In this case a 50 mL volumetric

flask and a glass beaker were used.

Volume of glass beaker (mL), BV , is calculated as follows:








938.49

508358.62

wVF

VFwB
B m

VmV 62.9138 mL

Where:

wBm = mass of water in beaker (g)

wVFm = mass of water in volumetric flask (g)

VFV = volume of volumetric flask (mL)

Bulk density can now be determined according to Equation 3.4:


9138.62
0738.117

b 1.8609 g/cm3

b

s
b V
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Porosity Calcualtion

According to Equation 3.5:







  100

7324.3
8609.11 50.14 %

A3. Spectrophotometer Calibration

Sample Calibration Data

Calibration is based on the relationship between absorbance and concentration as given

by Beer’s Law:

A = ε b c = k c

Where:

A = Absorbance at a particular wavelength (dimensionless). For these

experiments, a wavelength of 650 nm was used;

ε = absorptivity of the target substance (i.e. orthophosphate) at 650 nm;

b = path length of light through the sample;

c = concentration of orthophosphate (mg/L); and

k = proportionality constant, which is the product of ε and b and is the slope of

the best straight line in the Beer’s Law plot (L/mg).

The calibration curve is obtained by preparing series of solutions of known

orthophosphate concentrations, then measuring the absorbance of each. The Beer’s Law

plot is produced by plotting absorbance versus concentration. Orthophosphate

1001 











p

b
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concentrations were well below 0.01 mol/L since Beer’s Law does not hold at

concentrations greater than 0.01 mol/L.

Table A1 shows a sample calibration data set. The corresponding Beer’s Law Plot is

shown in Figure A1.

Table A1. Sample Calibration Data

Filename: Nov 28 2008 Calibration_Meka_First runs.fqc
Standard Name Conc. (mg/L) Use Replicate Abs. at 650 nm Errors

Blank 0.0 Yes 1 0.0901 None
2 0.0886 None
3 0.0870 None

Mean: 0.0886 None
C1 1.0 Yes 1 0.2339 None

2 0.2322 None
3 0.2406 None

Mean: 0.2356 None
C2 2.0 Yes 1 0.3834 None

2 0.4112 None
3 0.3904 None

Mean: 0.3950 None
C4 4.0 Yes 1 0.6659 None

2 0.6640 None
3 0.6631 None

Mean: 0.6643 None
C6 6.0 Yes 1 0.9763 None

2 0.9697 None
3 0.9597 None

Mean: 0.9686 None
Relationship between absorbance and concentration: A = 0.1456 x Conc + 0.0917
Selected Fit: Linear
Coefficient (R2) = 0.99952
Sum of Residuals = 0.0014
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y = 0.1456x + 0.0917
R² = 0.9995
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Figure A1. Sample Calibration Curve

Preparation of Orthophosphate Stock and Working Standards

Stock Solution:

The orthophosphate standards used to develop the calibration curves were prepared from

dilutions of the stock solution. The stock solution was prepared as follows:

 Solubility of KH2PO4 = 222 g/L at 20oC

 2.22 g anhydrous Potassium Dihydrogen Phosphate (KH2PO4) was dissolved in

1L Ultrapure laboratory water (H2O) of 18.2 MΩ-cm (i.e. 100 times below

solubility)

 69.8 % of KH2PO4 is PO4. Therefore, 2.22 g/L KH2PO4 is equivalent to

1.55 g/L PO4

 1.55 g/L PO4 = 0.016 M PO4 => This is the concentration of the orthophosphate

stock solution.
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Therefore, the orthophosphate stock standard solution was prepared by dissolving 2.22 g

of KH2PO4 in 1L of H2O.

Orthophosphate Working Standards

The following is a sample calculation for the preparation of the working solutions by

dilution of the stock standard:

 To prepare 250 mL of 5 mg/L orthophosphate (PO4
3-) from the stock solution:

=> 5 mg/L = 5 x 10-3 g/L

=> 5 x 10-3 g/L = 5.26 x 10-5 M

Dilution of stock solution is obtained by use of the equation,

=> C1V1 = C2V2

Where:

C1 = original concentration of the solution, i.e. concentration of the stock solution

before dilution = 0.016 M

C2 = final concentration of the solution, after dilution = 5.26 x 10-5 M

V1 = volume of stock to be diluted (L)

V2 = final volume after dilution = 250 mL = 0.25 L

1

22
1 C

VCV 







016.0
25.01026.5 5

822 μL
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=> A 5 mg/L solution of PO4
3- was thus prepared by diluting 822 μL of the

0.016M stock solution in a 250 mL volumetric flask filled to the mark.

The same calculations were applied to the preparation of other stock and working

solutions used for the synthesis of diverse stormwater matrices.

A4. Sorption Capacity

Conversion

Phosphorus removal (%) for metal free stormwater (P-only):

According to equation 3.1,

100% 



o

eo

C
CCremoval




 100
mg/L4.973

mg/L0.236mg/L4.973 95%

Adsorption density

Adsorption density (mg P/g) for metal free stormwater (P-only):

According to equation 3.2,

m
VCCq eo )( 







g1

L25.0)mg/L0.236mg/L4.973( 1.18 mg/g
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A5. Sorption Kinetics

The phosphorus sorption from the metal-free stormwater on to the slag showed

significantly better correlation with the first-order than second-order kinetics model.

Pseudo-first order:

)017.007.0(10184.1 t
tQ 

After 120 h of batch treatment, the calculated adsorption capacity based on the model is:

)120017.007.0(10184.1 tQ 17.1 mg/g

This compares to experimental adsorption values of 1.18 mg/g and 1.17 mg/g at 120 h

obtained from two sets of replicate experiments.

A6. Distribution coefficient

Distribution coefficient (KD) is calculated according to Equation 4.6:

At 25 oC,

= 5.03 x 103 cm3/g

A7. Full Factorial Design of Experiments

The following provides an example for the computation of the factor effects (i.e. the

regression coefficients) in Table 4.7 and Equation 4.9. Calculation of the constant

(30.74) in Equation 4.9 is reproduced based on the following steps:

M

M
D V

WK 

L/g025.5
mg/L236.0

mg/g18.1
DK
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1. A computation table for analysis of the 25 factorial design was produced. This is

a table that represents the experimental factors for each trial order as “+” and “-”

signs.

2. The average response for each run (i.e. the average percent phosphorus removal

of each trial order run and its replicate) was calculated. It is important to

emphasize that this refers to the 32 trial order runs and not the random run order.

3. The values of the average responses corresponding to the “+” signs on the

“Mean” column, which represents the constant regression coefficient, was added

up as “Sum +”.  Sum + equated to 983.

4. Step 3 was repeated with values of the average responses corresponding to the

“-” signs called “Sum –”. For the Mean column, Sum – equated to 0.

5. Sum + and Sum – were added to give 983 as the “Overall Sum”. This step was

added as a check and should be the same for all columns.

6. Sum – was subtracted from Sum + to give the “Difference” as 983.

7. Finally, the Difference (i.e. 983) was divided by the number of “+” signs in that

column (i.e. 32, in the case of the Mean column) to give the value of the

regression model constant as 30.74.

A8. Column Experiments

Phosphorus uptake capacity (mg/g) at exhaustion for column bed length, Lb = 75 mm and

superficial velocity, Vs = 5 m/h is calculated by Equation 3.2:

m
VCCq to )( 
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Where:

tC is the average equilibrium phosphorus concentration at exhaustion (mg/L) and V is

the volume of stormwater treated (L).

First, V is calculated as follows:

1000
be VBVV 



Where:

eBV is the total bed volume of stormwater processed by the slag bed at exhaustion

(dimensionless) and bV is the slag bed volume (L).

Then:

bb LrV 2

Where:

r = radius of column (mm)

Finally, mass of slag bed, ms, is obtained from Equation 3.4:

bbs Vm 

Therefore, phosphorus uptake capacity (mg/g), q, is:







mL/L1000g13.263
mL127.7mL/mL2505)mg/L242.4mg/L4.760(q 0.70 mg/g
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A9. Column Scale-up Calculations

Estimate Empty Bed Contact Time (EBCT) for the full-scale column:

s

b
SC V

LEBCT 

min9.0
mm/m1000m/h5

mm75





EBCTLC is calculated from Equation 5.1:

LCp

SCp

LC
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d
d

EBCT
EBCT
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mm5.3min9.0 

Estimate superficial velocity for the full-scale column:

From Equation 5.2:

Therefore,


mm5.3
mm7.0m/h5 1 m/h
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Estimate flowrate, QLC , for the full-scale column:

AVQ LCLC 

First, calculate cross-sectional area, A, of EAF column bed:

2

4 LDA 


 2mm)5.82(
4
A 5,345.62 mm2

Therefore,






/mLmm10min/h60

mm5345.62mm/m10m/h1
33

23

LCQ 89.1 mL/min

Estimate mass of the adsorbent, ms , required for the full-scale column:

The adsorbent mass is calculated from Equation 3.4:

First, volume of bed, Vb,  is obtained by:

bb LrV 2

 cm25.56)cm125.4( 2 3,006.91 cm3

Therefore,

Estimate time of operation, tLC , for the full-scale column:

From Equation 5.2:

bbs Vm 

g5595cm3006.91g/cm861.1 33 sm
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Therefore,

Estimate volume of water, Vw , required for the full-scale column:

LCLCw tQV 

L2.069,1
mL/L10

h200min/h60mL/min1.89
3 




LC

SC

LC

SC

t
t

EBCT
EBCT
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SC

LC
LC t

EBCT
EBCTt 

h200h40
min9.0
min5.4
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Appendix B: Experimental Data Sets

B1. Grain Size Analysis

Weight of dry EAF sample = 148.69 g

Table B1. EAF sieve analysis

Sieve Number Diameter (mm) Mass of EAF
retaineda

(g)

% Retained % Passing

4 4.75 0 0 100
6 3.35 18.92 12.9 87.1
8 2.36 66.74 45.5 41.6

12 1.70 45.33 30.9 10.7
14 1.40 5.57 3.8 6.9

Pan <1.40 mm 10.12 6.9 0.0
Total 146.68 100%

a. Given by: (Sieve + EAF Sample Mass) – Empty Sieve Mass

B2. Chemical composition and physical characteristics of fresh EVRAZ EAF

Table B2. Chemical composition of EAF samples tested from three EVRAZ plants in

North America*

Constituent
Composition (%)

Alabama Iowa Regina
Fe2O3 34.22 41.8 44.44
CaO 28.97 24.48 24.97
MgO 11.42 10.5 10.68
SiO2 12.48 11.56 8.14

Al2O3 8.53 6.5 7.63
MnO 5.94 5.66 4.18
Cr2O3 2.42 2.13 1.54

*Components with < 0.5% content not shown.
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Figure B1: Chemical composition of EAF samples across three EVRAZ North American

plants.

B3. Phase I Batch Experiments

Table B3. The effects of metal contaminants on phosphorus removal

Table B4. Sorption kinetics data for pseudo-first order rate expression

t (h) log (Qe - Qt)
0 0.1

24 -0.3
48 -0.8
72 -1.1
96 -1.6

Stormwater
Blend 0 h 24 h 48 h 72 h 96 h 120 h

P (mg/L) 4.973 2.083 0.911 0.524 0.341 0.236
P + Pb (mg/L) 4.970 3.172 2.025 1.180 0.765 0.555
P + Zn (mg/L) 5.016 2.443 1.611 1.011 0.676 0.517
P + Cd (mg/L) 5.020 2.743 1.773 1.066 0.664 0.474
P + Cu (mg/L) 4.827 3.327 3.058 2.543 1.929 1.562
P + M (mg/L) 4.763 1.898 1.077 0.711 0.344 0.233
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Table B5. Pseudo-first order model fit data

t (h) Qt (EXP.1) Qt (EXP.2) Qt (MOD) Mean Std. Dev.
0 0 0 0.009 0.003 0.0052

24 1.018 0.313 0.725 0.685 0.3542
48 1.206 0.774 1.005 0.995 0.2162
72 1.271 1.019 1.114 1.135 0.1273
96 1.289 1.118 1.157 1.188 0.0896

120 1.32 1.17 1.173 1.221 0.0857

Note:
 EXP = Experiment; MOD = Model; Std. Dev. = Standard Deviation
 Experimental data points are averages of three readings

Table B6. One-way ANOVA statistical analysis of phosphorus removal

(sorption capacity) results from the different stormwater systems

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance

P 3 3.5505 1.1835 9.58E-05
P+Cd 3 3.4095 1.1365 7.75E-06
P+Cu 3 2.44925 0.816417 0.001372
P+Pb 3 3.31125 1.10375 9.79E-05
P+Zn 3 3.3745 1.124833 0.000198
P+M 3 3.39775 1.132583 0.019084

ANOVA
Source of
Variation

SS df MS F P-value F crit

Between
Groups

0.266005 5 0.053201 15.30517 7.55943E-05 3.105875

Within Groups 0.041712 12 0.003476

Total 0.307717 17
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Table B6. One-way ANOVA statistical analysis of phosphorus removal

(sorption capacity) results from the different stormwater systems (Contd.)

Comparisons of phosphorus removal in diiferent stormwater systems
Column A Column B Compare Column A vs. Column B

P P+Cu P-value less than alpha = 0.05 => significant difference
P P+Cd Not significant
P P+Pb Not significant
P P+Zn Not significant
P P+M Not significant

P+Cu P+Cd Significant
P+Cu P+Pb Significant
P+Cu P+Zn Significant
P+Cu P+M Significant
P+Cd P+Pb Not significant
P+Zn P+M Not significant
P+Zn P+Pb Not significant

B4. Phase II Batch Experiments

Table B7. The effects of varying phosphorus concentration on phosphorus removal

P P + Cu P + Pb P + Zn

P
(mg/L)

Sorption
Density
(mg/g) P:Cu

Sorption
Density
(mg/g) P:Pb

Sorption
Density
(mg/g) P:Zn

Sorption
Density
(mg/g)

0 0 0 0 0 0 0 0
2.5 0.51 2.5 0.50 2.5 0.53 2.5 0.63
5 1.18 5 0.82 5 1.10 5 1.12

7.5 1.74 7.5 1.19 7.5 1.71 7.5 1.56
10 2.34 10 2.12 10 2.07 10 2.18
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Table B7. The effects of varying phosphorus concentration on phosphorus removal

(Contd.)

P + Cd P + M

P:Cd

Sorption
Density
(mg/g) P:M

Sorption
Density
(mg/g)

0 0 0 0
2.5 0.64 2.5 0.63
5 1.14 5 1.13

7.5 1.55 7.5 1.59
10 2.19 10 2.18

Table B8. Precipitation data for reaction between increasing concentrations of Cd2+ and

dissolved phosphorus in P + Cd stormwater systems (no slag)

Phosphorus removal (%)
Cd:P = 0.2

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 0.0000 0.0000 0.0000 0.0000 0.0000 -

24 1.8806 0.3360 1.8093 1.3420 0.8719 0.6497
48 2.1714 6.2265 1.6342 3.3441 2.5107 0.7508
72 0.6786 4.7440 1.6732 2.3652 2.1193 0.8960
96 0.6398 2.4511 0.9533 1.3481 0.9680 0.7181

120 1.9387 1.3441 0.0778 1.1202 0.9504 0.8484
Cd:P = 0.6

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 0.0000 0.0000 0.0000 0.0000 0.0000 -

24 1.8136 1.1728 2.1769 1.7211 0.5084 0.2954
48 0.5850 0.1564 0.1961 0.3125 0.2368 0.7579
72 4.1927 0.0195 1.0394 1.7505 2.1755 1.2428
96 1.0335 0.7428 1.2944 1.0236 0.2759 0.2696

120 0.3510 0.8991 1.2551 0.8351 0.4555 0.5454
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Table B8. Precipitation data for reaction between increasing concentrations of Cd2+ and

dissolved phosphorus in P + Cd stormwater systems (no slag) (Contd.)

Cd:P = 1.0
Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)

0 0.0000 0.0000 0.0000 0.0000 0.0000 -
24 5.2759 0.3527 0.0791 1.9025 2.9246 1.5372
48 0.1678 0.2939 0.9883 0.4833 0.4419 0.9142
72 0.2983 1.0776 1.7395 1.0384 0.7214 0.6947
96 3.3557 0.0588 0.7511 1.3885 1.7384 1.2520

120 4.0828 0.4310 1.3441 1.9526 1.9004 0.9732
Cd:P = 1.4

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 0.0000 0.0000 0.0000 0.0000 0.0000 -

24 3.8694 1.6263 2.1961 2.5639 1.1659 0.4547
48 2.3783 0.4840 1.1173 1.3265 0.9643 0.7269
72 2.3216 0.9681 1.9071 1.7323 0.6935 0.4004
96 3.4164 0.9293 2.1191 2.1549 1.2439 0.5772

120 2.5481 1.1423 1.8301 1.8402 0.7030 0.3820

Note:
 Rep = Replicate
 RSD = Relative Standard Deviation

Table B9. Precipitation data for reaction between increasing concentrations of Cu2+ and

dissolved phosphorus in P + Cu stormwater systems (no slag)

Phosphorus removal (%)
Cu:P = 0.2

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 0.0000 0.0000 0.0000 0.0000 0.0000 -

24 11.8176 10.4790 10.9185 11.0717 0.6823 0.0616
48 13.2573 11.1577 11.0779 11.8310 1.2359 0.1045
72 12.4375 10.3393 11.6956 11.4908 1.0640 0.0926
96 12.0176 12.8543 13.2098 12.6939 0.6121 0.0482

120 11.4977 11.7964 10.3606 11.2182 0.7576 0.0675
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Table B9. Precipitation data for reaction between increasing concentrations of Cu2+ and

dissolved phosphorus in P + Cu stormwater systems (no slag) (Contd.)

Cu:P = 0.6
Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)

0 1.7596 0.6786 2.0721 1.5035 0.7312 0.4863
24 30.7551 30.8682 30.2950 30.6394 0.3036 0.0099
48 28.7401 30.2653 31.1902 30.0652 1.2373 0.0412
72 30.9790 31.8931 30.3561 31.0761 0.7731 0.0249
96 31.2843 31.6720 30.4171 31.1245 0.6426 0.0206

120 30.2666 30.9285 26.4090 29.2013 2.4408 0.0836
Cu:P = 1.0

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 2.5195 2.1756 2.8093 2.5015 0.3172 0.1268

24 50.3179 49.6021 49.6105 49.8435 0.4109 0.0082
48 48.3692 50.6223 50.3485 49.7800 1.2294 0.0247
72 50.7077 50.6019 49.1185 50.1427 0.8886 0.0177
96 51.1179 50.6223 50.0820 50.6074 0.5181 0.0102

120 47.0154 50.0306 49.2415 48.7625 1.5636 0.0321
Cu:P= 1.4

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 2.4795 2.6148 4.4431 3.1791 1.0967 0.3450

24 69.4279 69.1125 68.6614 69.0673 0.3853 0.0056
48 70.5147 69.6864 69.5788 69.9266 0.5121 0.0073
72 70.2481 68.8461 69.3286 69.4743 0.7123 0.0103
96 70.3506 69.8709 69.3286 69.8500 0.5113 0.0073

120 69.1614 69.5224 68.2444 68.9761 0.6589 0.0096
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Table B10. Precipitation data for reaction between increasing concentrations of Pb2+ and

dissolved phosphorus in P + Pb stormwater systems (no slag)

Phosphorus removal (%)
Pb:P = 0.2

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 6.5800 4.5800 3.9600 5.0400 1.3692 0.2717

24 6.5800 4.5800 3.9600 5.0400 1.3692 0.2717
48 8.0000 5.5600 6.9800 6.8467 1.2255 0.1790
72 7.9800 7.3400 3.1200 6.1467 2.6406 0.4296
96 8.3400 5.5000 5.1400 6.3267 1.7529 0.2771

120 2.7400 4.9400 5.6800 4.4533 1.5292 0.3434
Pb:P = 0.6

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 17.4200 14.8200 13.6400 15.2933 1.9339 0.1265

24 17.4200 14.8200 13.6400 15.2933 1.9339 0.1265
48 17.4600 16.2600 15.9800 16.5667 0.7862 0.0475
72 17.9000 11.9200 12.1200 13.9800 3.3963 0.2429
96 17.6200 17.2400 16.5000 17.1200 0.5696 0.0333

120 16.7000 15.9200 15.8200 16.1467 0.4818 0.0298
Pb:P = 1.0

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 27.8200 26.7200 26.0800 26.8733 0.8801 0.0327

24 27.8200 26.7200 26.0800 26.8733 0.8801 0.0327
48 27.8400 27.3200 26.7600 27.3067 0.5401 0.0198
72 28.4200 27.6200 27.1000 27.7133 0.6649 0.0240
96 28.3400 27.3200 27.5600 27.7400 0.5333 0.0192

120 28.2200 26.8800 26.3800 27.1600 0.9514 0.0350
Pb:P = 1.4

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 38.1400 36.6200 36.8000 37.1867 0.8305 0.0223

24 38.1400 36.6200 36.8000 37.1867 0.8305 0.0223
48 38.1000 36.7600 36.8600 37.2400 0.7465 0.0200
72 38.4400 37.3800 37.1400 37.6533 0.6918 0.0184
96 39.1800 37.5000 37.4400 38.0400 0.9877 0.0260

120 37.5400 37.5000 37.1800 37.4067 0.1973 0.0053
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Table B11. Precipitation data for reaction between increasing concentrations of Zn2+ and

dissolved phosphorus in P + Zn stormwater systems (no slag)

Phosphorus removal (%)
Zn:P = 0.2

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 0.0000 0.0000 0.0000 0.0000 0.0000 -

24 1.5264 0.5918 0.3131 0.8104 0.6355 0.7842
48 0.7060 1.2231 2.5631 1.4974 0.9585 0.6401
72 0.6487 3.0775 5.1458 2.9573 2.2509 0.7611
96 3.4917 0.7891 0.2544 1.5117 1.7354 1.1480

120 2.4041 1.3415 1.0761 1.6072 0.7028 0.4372
Zn:P = 0.6

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 0.0000 0.0000 0.0000 0.0000 0.0000 -

24 4.2494 1.1769 5.3168 3.5810 2.1493 0.6002
48 5.2886 0.8435 4.5202 3.5507 2.3758 0.6691
72 4.3607 3.2366 3.2790 3.6254 0.6371 0.1757
96 5.2700 0.1765 6.6136 4.0200 3.3957 0.8447

120 4.9731 0.5492 3.4087 2.9770 2.2433 0.7535
Zn:P = 1.0

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 0.0000 0.0000 0.0000 0.0000 0.0000 -

24 3.0489 4.6576 1.9246 3.2104 1.3736 0.4279
48 3.1448 0.2171 6.4087 3.2569 3.0973 0.9510
72 4.0077 1.0460 0.1190 1.7242 2.0311 1.1780
96 9.6069 9.4533 8.9484 9.3362 0.3445 0.0369

120 23.9501 19.5185 19.8810 21.1165 2.4607 0.1165
Zn:P = 1.4

Time (h) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0 0.0000 0.0000 0.0000 0.0000 0.0000 -

24 7.0236 14.6078 14.9904 12.2073 4.4933 0.3681
48 16.2733 14.2224 18.3174 16.2710 2.0475 0.1258
72 25.9451 24.9759 25.9082 25.6097 0.5492 0.0214
96 39.2439 37.8686 37.6099 38.2408 0.8783 0.0230

120 47.0927 47.1767 47.3614 47.2103 0.1374 0.0029
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Table B12. The effects of varying metal concentration on phosphorus removal

Sorption density (mg/g)
P + Cu

Cu:P Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0.0 1.18 1.18 1.19 1.18 0.002 0.138
0.2 0.86 0.79 0.80 0.82 0.037 4.537
0.6 1.09 1.11 1.10 1.10 0.012 1.089
1.0 1.05 1.06 1.04 1.05 0.008 0.729
1.4 0.93 0.89 0.91 0.91 0.017 1.923

P + Pb
Pb:P Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0.0 1.18 1.18 1.19 1.18 0.002 0.138
0.2 1.09 1.10 1.11 1.10 0.010 0.897
0.6 1.23 1.23 1.22 1.23 0.005 0.432
1.0 0.93 0.94 0.95 0.94 0.011 1.154
1.4 0.72 0.74 0.75 0.74 0.019 2.548

P + Zn
Zn:P Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
0.0 1.18 1.18 1.19 1.18 0.002 0.138
0.2 1.12 1.12 1.14 1.12 0.014 1.252
0.6 1.12 1.10 1.09 1.10 0.012 1.055
1.0 1.27 1.28 1.20 1.25 0.041 3.297
1.4 1.21 1.21 1.21 1.21 0.002 0.135
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Table B13. Results of varying slag mass across different phosphorus concentrations on

phosphorus conversion (%)

Low phosphorus concentration (CL)
Slag mass

(g)
Rep.1
(%)

Rep. 2
(%)

Rep.3
(%)

Mean
(%) Std. Dev. RSD (%)

1.0 89.8 89.3 89.3 89.4689 0.3098 0.3462
2.0 95.0 95.1 94.7 94.9326 0.1795 0.1891
3.0 97.3 97.4 97.2 97.2842 0.0861 0.0885
4.0 99.1 98.4 98.6 98.7322 0.3470 0.3514

High phosphorus concentration (CH)
Slag mass

(g)
Rep.1
(%)

Rep. 2
(%)

Rep.3
(%)

Mean
(%) Std. Dev. RSD (%)

0.5 7.4 5.1 5.5 6.0211 1.2405 20.6031
1.0 24.9 23.9 21.0 23.2833 2.0269 8.7052
1.5 37.0 35.6 34.7 35.7839 1.2001 3.3537
2.0 47.2 45.5 44.9 45.8890 1.1913 2.5961
2.5 91.3 91.0 89.3 90.5449 1.1209 1.2379
3.0 94.8 94.1 94.0 94.3360 0.4287 0.4545
3.5 96.9 96.4 96.6 96.6373 0.2948 0.3051
4.0 98.4 98.2 98.1 98.2269 0.1572 0.1600
5.0 99.6 99.5 99.5 99.5344 0.1006 0.1011
6.0 99.7 99.6 99.6 99.6359 0.0285 0.0286

Note:
 CH = 3 x CL
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Table B14. Results of varying slag mass across different phosphorus concentrations on

adsorption density (mg P/g)

Low phosphorus concentration (CL)
Slag mass

(g)
Rep.1
(mg/g)

Rep. 2
(mg/g)

Rep.3
(mg/g)

Mean
(mg/g) Std. Dev. RSD (%)

1.0 1.1168 1.1068 1.1133 1.1123 0.0051 0.4562
2.0 0.6044 0.6088 0.6041 0.6058 0.0026 0.4294
3.0 0.4142 0.4153 0.4153 0.4149 0.0007 0.1569
4.0 0.3657 0.3094 0.3192 0.3314 0.0301 9.0769

High phosphorus concentration (CH)
Slag mass

(g)
Rep.1
(mg/g)

Rep. 2
(mg/g)

Rep.3
(mg/g)

Mean
(mg/g) Std. Dev. RSD (%)

0.5 0.5690 0.3890 0.4215 0.4598 0.0959 20.8614
1.0 0.9455 0.9063 0.7903 0.8807 0.0807 9.1663
1.5 0.9380 0.9075 0.8843 0.9099 0.0269 2.9581
2.0 0.8933 0.8604 0.8523 0.8686 0.0217 2.4993
2.5 1.3770 1.3834 1.2758 1.3454 0.0604 4.4864
3.0 1.1950 1.2016 1.2338 1.2101 0.0208 1.7174
3.5 1.0496 1.0450 1.0419 1.0455 0.0039 0.3710
4.0 0.9426 0.9327 0.9238 0.9330 0.0094 1.0120
5.0 0.7536 0.7510 0.7512 0.7519 0.0014 0.1903
6.0 0.6384 0.6312 0.6243 0.6313 0.0071 1.1221

Table B15. PhaseII – Effects of slag particle diameter on phosphorus removal from

P-only stormwater

Sorption density (mg P/g)
Slag Particle

Diameter
(mm) Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)

0.50 - 0.85 1.25 1.24 1.23 1.2428 0.0096 0.7715
0.85 - 1.00 1.13 1.11 1.11 1.1193 0.0134 1.1945
1.00 - 1.40 1.10 1.13 1.11 1.1137 0.0172 1.5400
1.40 - 1.70 1.08 1.11 1.09 1.0933 0.0127 1.1609
2.36 - 3.35 0.46 0.45 0.44 0.4504 0.0133 2.9565
4.75 - 5.56 0.29 0.28 0.23 0.2653 0.0328 12.3650
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Table B16. Impacts of initial pH on phosphorus removal from different stormwater

blends

Sorption density (mg/g)
P

pH Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
3.0 1.2188 1.2548 1.2365 1.2367 0.0180 1.4556
5.0 1.3673 1.2848 1.2848 1.3123 0.0476 3.6298
7.0 1.1845 1.1825 1.1858 1.1843 0.0016 0.1384
9.0 0.7928 0.8630 0.7898 0.8152 0.0415 5.0851

P + Cu
pH Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
3.0 1.0400 1.0375 1.0683 1.0486 0.0171 1.6286
5.0 1.0278 1.0470 1.0180 1.0309 0.0148 1.4315
7.0 0.8585 0.7888 0.8020 0.8164 0.0370 4.5372
9.0 0.7010 0.7015 0.6768 0.6931 0.0141 2.0412

P + Pb
pH Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
3.0 1.1355 1.1893 1.1545 1.1598 0.0273 2.3502
5.0 1.0398 1.0583 1.0323 1.0434 0.0134 1.2825
7.0 1.0943 1.1030 1.1140 1.1038 0.0099 0.8966
9.0 0.8865 0.8980 0.8775 0.8873 0.0103 1.1580

P + Zn
pH Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
3.0 1.2278 1.2243 1.2083 1.2201 0.0104 0.8521
5.0 0.9468 0.9053 0.9315 0.9278 0.0210 2.2624
7.0 1.1183 1.1153 1.1410 1.1248 0.0141 1.2518
9.0 0.7548 0.7660 0.7603 0.7603 0.0056 0.7399
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Table B17. Effects of temperature on phosphorus removal from different stormwater

blends

Sorption density (mg/g)
25 oC

Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)
P 95.3 95.4 95.1 95 0.1857 0.1950

P + Cd 90.5 90.5 90.6 91 0.0481 0.0531
P + Cu 69.0 66.4 67.5 68 1.3096 1.9365
P + Pb 88.8 88.8 88.9 89 0.0355 0.0400
P + Zn 90.0 89.0 90.1 90 0.6177 0.6886
P + M 95.9 94.4 94.9 95 0.7720 0.8121

40 oC
Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)

P 100.0 100.0 100.0 100 0.0000 0.0000
P + Cd 99.6 99.6 99.4 100 0.1053 0.1058
P + Cu 89.0 86.8 87.3 88 1.1521 1.3142
P + Pb 97.6 97.2 97.0 97 0.2894 0.2975
P + Zn 91.0 89.8 90.0 90 0.6746 0.7472
P + M 94.9 94.7 94.5 95 0.2141 0.2261

60 oC
Rep.1 Rep. 2 Rep.3 Mean Std. Dev. RSD (%)

P 100.0 100.0 100.0 100 0.0000 0.0000
P + Cd 100.0 100.0 100.0 100 0.0000 0.0000
P + Cu 100.0 100.0 100.0 100 0.0000 0.0000
P + Pb 100.0 100.0 100.0 100 0.0000 0.0000
P + Zn 100.0 100.0 100.0 100 0.0000 0.0000
P + M 100.0 100.0 100.0 100 0.0000 0.0000
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Table B18. Statistical analysis of EAF particle size experimental results

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance

0.50 - 0.85 3 3.72825 1.24275 9.19E-05
0.85 - 1.00 3 3.358 1.119333 0.000179
1.00 - 1.40 3 3.341 1.113667 0.000294
1.40 - 1.70 3 3.27975 1.09325 0.000161
2.36 - 3.35 3 1.35125 0.450417 0.000177
4.75 - 5.56 3 0.796 0.265333 0.001076

ANOVA
Source of
Variation SS df MS F

P-
value F crit

Between
Groups 2.553891 5 0.510778 1548.089

2.01E-
16 3.105875

Within Groups 0.003959 12 0.00033

Total 2.55785 17

Table B19. Statistical analysis of phosphorus concentration experimental results

Anova: Two-Factor With Replication

SUMMARY 0 2.5 5 7.5 10 Total
P

Count 3 3 3 3 3 15
Sum 0 1.53 3.5545 5.22 7.02 17.3245

Average 0 0.51 1.184833 1.74 2.34 1.154967
Variance 0 0 2.51E-05 0 0 0.749444

P+Cd
Count 3 3 3 3 3 15
Sum 0 1.92 3.42 4.65 6.57 16.56

Average 0 0.64 1.14 1.55 2.19 1.104
Variance 0 0 0 0 0 0.60294
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Table B19. Statistical analysis of phosphorus concentration experimental results (Contd.)

P+Cu
Count 3 3 3 3 3 15
Sum 0 1.5 2.45 3.56 6.36 13.87

Average 0 0.5 0.816667 1.186667 2.12 0.924667
Variance 0 0 0.001433 3.33E-05 0.0001 0.54547

P+Pb
Count 3 3 3 3 3 15
Sum 0 1.59 3.15 5.13 6.2 16.07

Average 0 0.53 1.05 1.71 2.066667 1.071333
Variance 0 0 0.0001 0.0001 0.000233 0.608598

P+Zn
Count 3 3 3 3 3 15
Sum 0 1.8755 3.3745 4.667 6.5515 16.4685

Average 0 0.625167 1.124833 1.555667 2.183833 1.0979
Variance 0 2.65E-05 0.000198 0.001052 0.000666 0.604218

P+M
Count 3 3 3 3 3 15
Sum 0 1.901238 3.388236 4.771872 6.546568 16.60791

Average 0 0.633746 1.129412 1.590624 2.182189 1.107194
Variance 0 2.97E-05 1.23E-05 4.19E-06 0.000862 0.608668

Total
Count 18 18 18 18 18
Sum 0 10.31674 19.33724 27.99887 39.24807

Average 0 0.573152 1.074291 1.555493 2.180448
Variance 0 0.003897 0.01593 0.034589 0.007659

ANOVA
Source of
Variation SS df MS F P-value F crit
Sample 0.470898 5 0.09418 579.4955 2.1E-49 2.36827

Columns 51.48634 4 12.87158 79199.92 6.5E-111 2.525215
Interaction 0.57464 20 0.028732 176.7905 8.57E-46 1.747984

Within 0.009751 60 0.000163

Total 52.54163 89
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Table B20. Statistical analysis of metal concentration experimental results

Anova: Two-Factor With Replication

SUMMARY 0 1 3 5 7 Total
P+Cu
Count 3 3 3 3 3 15
Sum 3.55275 2.44925 3.30525 3.14675 2.7245 15.1785

Average 1.18425 0.816417 1.10175 1.048917 0.908167 1.0119
Variance 2.69E-06 0.001372 0.000144 5.84E-05 0.000305 0.019152

P+Pb
Count 3 3 3 3 3 15
Sum 3.55275 3.31125 3.67975 2.822 2.21 15.57575

Average 1.18425 1.10375 1.226583 0.940667 0.736667 1.038383
Variance 2.69E-06 9.79E-05 2.81E-05 0.000118 0.000352 0.034704

P+Zn
Count 3 3 3 3 3 15
Sum 3.55275 3.3745 3.312 3.74475 3.63075 17.61475

Average 1.18425 1.124833 1.104 1.24825 1.21025 1.174317
Variance 2.69E-06 0.000198 0.000136 0.001694 2.69E-06 0.003344

Total
Count 9 9 9 9 9
Sum 10.65825 9.135 10.297 9.7135 8.56525

Average 1.18425 1.015 1.144111 1.079278 0.951694
Variance 2.02E-06 0.022683 0.003904 0.018725 0.043283

ANOVA
Source of
Variation SS df MS F P-value F crit
Sample 0.227792 2 0.113896 378.4637 5.22E-22 3.31583

Columns 0.319809 4 0.079952 265.6727 5.92E-23 2.689628
Interaction 0.471956 8 0.058994 196.0321 9.79E-24 2.266163

Within 0.009028 30 0.000301

Total 1.028586 44
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Table B21. Statistical analysis of initial pH experimental results

Anova: Two-Factor With Replication

SUMMARY 3 5 7 9 Total
P

Count 3 3 3 3 12
Sum 3.71 3.93675 3.55275 2.4455 13.645

Average 1.236667 1.31225 1.18425 0.815167 1.137083
Variance 0.000324 0.002269 2.69E-06 0.001718 0.040727

P+Cu
Count 3 3 3 3 12
Sum 3.14575 3.09275 2.44925 2.07925 10.767

Average 1.048583 1.030917 0.816417 0.693083 0.89725
Variance 0.000292 0.000218 0.001372 0.0002 0.024648

P+Pb
Count 3 3 3 3 12
Sum 3.47925 3.13025 3.31125 2.662 12.58275

Average 1.15975 1.043417 1.10375 0.887333 1.048563
Variance 0.000743 0.000179 9.79E-05 0.000106 0.011504

P+Zn
Count 3 3 3 3 12
Sum 3.66025 2.7835 3.3745 2.281 12.09925

Average 1.220083 0.927833 1.124833 0.760333 1.008271
Variance 0.000108 0.000441 0.000198 3.16E-05 0.034613

Total
Count 12 12 12 12
Sum 13.99525 12.94325 12.68775 9.46775

Average 1.166271 1.078604 1.057313 0.788979
Variance 0.006197 0.022611 0.022356 0.005931
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Table B21. Statistical analysis of initial pH experimental results (Contd.)

ANOVA
Source of
Variation SS df MS F P-value F crit
Sample 0.356379 3 0.118793 229.0092 1.07E-21 2.90112

Columns 0.954735 3 0.318245 613.5123 2.42E-28 2.90112
Interaction 0.255063 9 0.02834 54.63438 6.82E-17 2.188766

Within 0.016599 32 0.000519

Total 1.582777 47

Table B22. Statistical analysis of temperature experimental results

Anova: Two-Factor With Replication

SUMMARY 25 40 60 Total
P

Count 3 3 3 9
Sum 285.7835 300 300 885.7835

Average 95.26117 100 100 98.42039
Variance 0.034491 0 0 5.622754

P+Cd
Count 3 3 3 9
Sum 271.6735 298.6492 300 870.3227

Average 90.55783 99.54974 100 96.70252
Variance 0.002315 0.011088 0 21.27981

P+Cu
Count 3 3 3 9
Sum 202.8842 262.9926 300 765.8767

Average 67.62805 87.66418 100 85.09741
Variance 1.715178 1.327231 0 200.9559

P+Pb
Count 3 3 3 9
Sum 266.4535 291.8372 300 858.2907

Average 88.81783 97.27906 100 95.36563
Variance 0.000213 0.083735 0 25.52561
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Table B22. Statistical analysis of temperature experimental results (Contd.)

P+Zn
Count 3 3 3 9
Sum 269.0972 270.8348 300 839.932

Average 89.69907 90.27827 100 93.32578
Variance 0.381495 0.45506 0 25.32872

P+M
Count 3 3 3 9
Sum 285.1928 284.1079 300 869.3007

Average 95.06425 94.70264 100 96.58897
Variance 0.595975 0.045845 0 6.729749

Total
Count 18 18 18
Sum 1581.085 1708.422 1800

Average 87.83803 94.91232 100
Variance 93.42443 22.64602 0

ANOVA
Source of
Variation SS df MS F P-value F crit
Sample 1032.718 5 206.5436 799.0724 8.18E-36 2.477169

Columns 1343.061 2 671.5303 2598.005 1.2E-39 3.259446
Interaction 931.1742 10 93.11742 360.251 5.82E-33 2.106054

Within 9.305253 36 0.258479

Total 3316.258 53
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Table B23. Statistical analysis of slag mass experimental results at different phosphorus

concentrations

Anova: Two-Factor With Replication

SUMMARY 1 2 3 4 Total
Low phosphorus concentration

Count 3 3 3 3 12
Sum 3.33675 1.81725 1.24475 0.99425 7.393

Average 1.11225 0.60575 0.414917 0.331417 0.616083
Variance 2.58E-05 6.77E-06 4.24E-07 0.000905 0.100477

High phosphorus concentration

Count 3 3 3 3 12
Sum 2.642 2.605875 3.630417 2.799063 11.67735

Average 0.880667 0.868625 1.210139 0.933021 0.973113
Variance 0.006517 0.000471 0.000432 8.91E-05 0.022434

Total
Count 6 6 6 6
Sum 5.97875 4.423125 4.875167 3.793313

Average 0.996458 0.737188 0.812528 0.632219
Variance 0.018706 0.020922 0.189886 0.108976

ANOVA
Source of
Variation SS df MS F P-value F crit
Sample 0.76482 1 0.76482 724.3689 9.43E-15 4.493998

Columns 0.424392 3 0.141464 133.982 1.51E-11 3.238872
Interaction 0.91074 3 0.30358 287.5235 4.01E-14 3.238872

Within 0.016894 16 0.001056

Total 2.116846 23
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B5. Phase III Batch Experiments

Table B24: Uncoded design table for the factors and response with replicated,

randomized and centre point runs.

Run
order

P
(mg/L)

Cu
(mg/L)

Pb
(mg/L)

Zn
(mg/L)

T
(oC)

Phosphorus
Removal

(%)
1 5.0 0.0 8.3 11.9 5 30.10
2 5.0 0.0 8.3 0.0 25 54.00
3 2.0 2.2 8.3 11.9 5 0.00
4 5.0 0.0 0.0 0.0 25 86.47
5 2.0 0.0 0.0 0.0 25 51.10
6 5.0 0.0 0.0 11.9 5 91.78
7 2.0 0.0 8.3 0.0 25 0.00
8 5.0 0.0 0.0 0.0 5 32.04
9 5.0 2.2 0.0 0.0 25 79.33

10 2.0 2.2 8.3 0.0 25 0.00
11 2.0 0.0 0.0 11.9 5 79.30
12 2.0 2.2 8.3 0.0 5 0.00
13 5.0 2.2 0.0 0.0 5 26.44
14 5.0 2.2 0.0 11.9 25 32.24
15 2.0 2.2 0.0 11.9 5 0.00
16 5.0 2.2 0.0 11.9 25 31.36
17 5.0 2.2 8.3 0.0 5 12.12
18 2.0 0.0 8.3 0.0 5 0.00
19 2.0 0.0 8.3 11.9 25 0.00
20 2.0 0.0 0.0 0.0 5 48.44
21 2.0 2.2 0.0 0.0 5 25.00
22 2.0 0.0 0.0 0.0 5 45.57
23 5.0 2.2 0.0 11.9 5 36.72
24 5.0 2.2 0.0 0.0 5 22.88
25 5.0 0.0 8.3 11.9 25 38.60
26 2.0 2.2 0.0 0.0 25 19.90
27 5.0 0.0 8.3 0.0 25 85.91
28 2.0 0.0 8.3 11.9 5 0.00
29 2.0 2.2 0.0 0.0 25 24.80
30 2.0 0.0 0.0 11.9 25 93.80
31 5.0 2.2 8.3 11.9 25 7.85
32 5.0 2.2 0.0 11.9 5 41.34
33 5.0 0.0 0.0 0.0 25 87.53
34 3.5 1.1 4.2 6.0 15 7.86
35 2.0 2.2 8.3 0.0 5 0.00
36 5.0 2.2 8.3 11.9 5 1.24
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Table B24: Uncoded design table for the factors and response with replicated,

randomized and centre point runs (Contd.)

37 2.0 0.0 0.0 0.0 25 71.24
38 2.0 2.2 0.0 11.9 25 13.15
39 5.0 2.2 8.3 0.0 5 10.42
40 2.0 0.0 8.3 11.9 5 0.00
41 2.0 2.2 8.3 11.9 25 0.00
42 2.0 2.2 8.3 11.9 25 0.00
43 5.0 0.0 8.3 0.0 5 20.40
44 5.0 0.0 0.0 11.9 25 95.81
45 5.0 2.2 8.3 0.0 25 18.30
46 2.0 2.2 8.3 0.0 25 0.00
47 3.5 1.1 4.2 6.0 15 11.54
48 3.5 1.1 4.2 6.0 15 10.14
49 5.0 2.2 8.3 0.0 25 17.90
50 5.0 0.0 8.3 11.9 25 39.38
51 5.0 2.2 8.3 11.9 25 0.58
52 5.0 0.0 0.0 11.9 25 95.04
53 5.0 2.2 0.0 0.0 25 69.94
54 2.0 0.0 8.3 0.0 25 0.00
55 2.0 0.0 0.0 11.9 5 0.00
56 5.0 0.0 8.3 0.0 5 16.62
57 5.0 0.0 0.0 0.0 5 37.02
58 2.0 2.2 0.0 11.9 5 0.00
59 5.0 0.0 0.0 11.9 5 97.62
60 2.0 2.2 8.3 11.9 5 0.00
61 5.0 2.2 8.3 11.9 5 8.90
62 2.0 0.0 8.3 11.9 25 0.00
63 2.0 2.2 0.0 0.0 5 21.85
64 2.0 2.2 0.0 11.9 25 5.05
65 5.0 0.0 8.3 11.9 5 47.04
66 2.0 0.0 8.3 0.0 5 0.00
67 2.0 0.0 0.0 11.9 25 95.40
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Table B25: Regression model parity plot – Statistical data

SUMMARY
OUTPUT PARITY PLOT

Regression Statistics
Multiple R 0.932862
R Square 0.870232
Adjusted R Square 0.868235
Standard Error 10.96907
Observations 67

ANOVA
df SS MS F Significance F

Regression 1 52446.87 52446.87 435.8928 1.59E-30
Residual 65 7820.838 120.3206
Total 66 60267.71

Coefficients
Standard

Error t Stat P-value
Intercept 4.679133 1.831376 2.554982 0.01297
% P removal (actual) 0.87296 0.041812 20.87805 1.59E-30

Lower 95%
Upper
95%

Lower
95.0%

Upper
95.0%

Intercept 1.021622 8.336644 1.021622 8.336644
% P removal (actual) 0.789455 0.956466 0.789455 0.956466
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B6. Adsorption Isotherm

B26: Adsorption isotherm data

Ce Qe
0.0000 0.0000
0.3840 0.5096
2.1740 0.7029
3.3100 1.0197
5.5800 1.1029

Non-linear regression of Adsorption isotherm:
Second order polynomial (quadratic)
Best-fit values Qe
B0 0.026
B1 0.428
B2 -0.042
Goodness of Fit
Robust Sum of Squares 2.357
RSDR 0.125
Number of points Analyzed 5

Table B27: Langmuir plot data

Ce Ce/Qe
0.3840 0.7530
2.1740 3.0930
3.3100 3.2460
5.5800 5.0600

Linear regression of Langmuir Plot:
Best-fit values
Slope 0.7896 ± 0.1330
Y-intercept when X=0.0 0.7783 ± 0.4557
X-intercept when Y=0.0 -0.9857
1/slope 1.267
95% Confidence Intervals
Slope 0.2173 to 1.362
Y-intercept when X=0.0 -1.183 to 2.739
X-intercept when Y=0.0 -11.44 to 0.9566
Goodness of Fit
R square 0.9463
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Table B28: Freundlich plot data

Log Ce Log Qe
-0.4160 -0.2930
0.3370 -0.1530
0.5200 0.0080
0.7470 0.0430

Best-fit values
Slope 0.2938 ± 0.06469
Y-intercept when X=0.0 -0.1860 ± 0.03415
X-intercept when Y=0.0 0.6331
1/slope 3.404
95% Confidence Intervals
Slope 0.01542 to 0.5721
Y-intercept when X=0.0 -0.3330 to -0.03904
X-intercept when Y=0.0 0.2117 to 6.957
Goodness of Fit
R square 0.9116

B7. Column Experiments

Table B29: Carter Manostat pump calibration data

Density 1 g/mL
Time 1 min
Occlusion 2

RPM

mass of
empty

(g)
mass of empty +

water (g)
mass of

water (g)
volume of
water (mL) mL/min

20 12.7 15.13 2.43 2.43 2.43
50 12.87 18.98 6.11 6.11 6.11

100 13.26 25.41 12.15 12.15 12.15
120 29.41 43.88 14.47 14.47 14.47
150 29.23 47.17 17.94 17.94 17.94
200 28.92 52.96 24.04 24.04 24.04

=> 7.92 mL/min = 65.4 RPM
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y = 0.1196x + 0.0951
R² = 0.9999
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Figure B2: Carter Manostat pump calibration curve.

Table B30: Bed height experimental data

Time (h) 25 mm 25 mm Duplicate
BV C/Co BV C/Co

0 0 0.536 0 0.548
1 190 0.763 189 0.753

2.5 474 0.866 473 0.849
4.0 758 0.887 758 0.886
5.0 948 0.899 947 0.901

50 mm 50 mm Duplicate
BV C/Co BV C/Co

0 0 0.178 0 0.223
1 93 0.293 95 0.360

2.5 233 0.601 237 0.681
4.0 373 0.736 379 0.794
5.0 466 0.788 474 0.831
8.5 792 0.850 806 0.872

10.5 978 0.877 996 0.873
12.5 1164 0.874 1185 0.897
14.5 1350 0.886 1375 0.903
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Table B30: Bed height experimental data (Contd.)

Time (h) 75 mm 75 mm Duplicate
C/Co BV C/Co BV

0 0 0.003 0 0.091
0.5 31 0.132 32 0.165
1.0 62 0.160 64 0.197
2.0 124 0.218 127 0.295
3.5 218 0.388 223 0.518
5.5 342 0.640 350 0.719
9.0 560 0.795 573 0.818

11.0 684 0.802 700 0.828
13.0 809 0.810 828 0.844
15.0 933 0.842 955 0.854
17.0 1058 0.849 1082 0.859
19.0 1182 0.839 1210 0.853
21.0 1307 0.851 1337 0.864
34.8 2162 0.887 2212 0.891
39.8 2473 0.891 2531 0.893

Table B31: Superficial velocity experimental data

Time (h) 5 m/h 5 m/h Duplicate
C/Co BV C/Co BV

0 0 0.003 0 0.091
0.5 31 0.132 32 0.165
1.0 62 0.160 64 0.197
2.0 124 0.218 127 0.295
3.5 218 0.388 223 0.518
5.5 342 0.640 350 0.719
9.0 560 0.795 573 0.818

11.0 684 0.802 700 0.828
13.0 809 0.810 828 0.844
15.0 933 0.842 955 0.854
17.0 1058 0.849 1082 0.859
19.0 1182 0.839 1210 0.853
21.0 1307 0.851 1337 0.864
34.8 2162 0.887 2212 0.891
39.8 2473 0.891 2531 0.893
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Table B31: Superficial velocity experimental data (Contd.)

Time (h) 10 m/h 10 m/h Duplicate
BV C/Co BV C/Co

0 0 0.34 0 0.310
0.5 197 0.80 197 0.768
1.0 394 0.89 394 0.874
2.0 525 0.90 525 0.903
3.5 788 0.91 788 0.919
5.5 1248 0.91 1248 0.912
9.0 1510 0.92 1510 0.912

11.0 1839 0.92 1839 0.909

Table B32: Phosphorus concentration experimental data

Time (h) P:Cu = 5 P:Cu = 5 Duplicate
C/Co BV C/Co BV

0 0 0.003 0 0.091
0.5 31 0.132 32 0.165
1.0 62 0.160 64 0.197
2.0 124 0.218 127 0.295
3.5 218 0.388 223 0.518
5.5 342 0.640 350 0.719
9.0 560 0.795 573 0.818

11.0 684 0.802 700 0.828
13.0 809 0.810 828 0.844
15.0 933 0.842 955 0.854
17.0 1058 0.849 1082 0.859
19.0 1182 0.839 1210 0.853
21.0 1307 0.851 1337 0.864
34.8 2162 0.887 2212 0.891
39.8 2473 0.891 2531 0.893
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Table B32: Phosphorus concentration experimental data (Contd.)

Time (h) P:Cu = 10 P:Cu = 10 Duplicate
BV C/Co BV C/Co

0 0 0.001 0 0.026
0.5 31 0.115 32 0.148
1.0 62 0.244 64 0.263
1.5 93 0.366 95 0.408
2.0 124 0.505 127 0.533
4.0 249 0.775 255 0.777
6.0 373 0.836 382 0.841
8.0 498 0.855 509 0.848

10.0 622 0.860 637 0.863
12.0 747 0.879 764 0.888
14.0 871 0.879 891 0.890

Table B33: Copper concentration experimental data

Time (h) Cu:P = 0 Cu:P = 0 Duplicate
BV C/Co BV C/Co

0 0 0.006 0 0.014
0.5 33 0.049 33 0.054
1.0 66 0.072 66 0.081
1.5 99 0.100 99 0.105
2.0 131 0.127 131 0.133
4.0 263 0.277 263 0.273
6.0 394 0.442 394 0.445
8.0 526 0.581 526 0.584

10.0 657 0.669 657 0.688
12.0 788 0.719 789 0.724
14.0 920 0.800 920 0.816
16.0 1051 0.828 1052 0.850
19.0 1248 0.849 1249 0.852
22.0 1445 0.840 1446 0.849
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Table B33: Copper concentration experimental data (Contd.)

Time (h) Cu:P = 0.2 Cu:P = 0.2 Duplicate
C/Co BV C/Co BV

0 0 0.003 0 0.091
0.5 31 0.132 32 0.165
1.0 62 0.160 64 0.197
2.0 124 0.218 127 0.295
3.5 218 0.388 223 0.518
5.5 342 0.640 350 0.719
9.0 560 0.795 573 0.818

11.0 684 0.802 700 0.828
13.0 809 0.810 828 0.844
15.0 933 0.842 955 0.854
17.0 1058 0.849 1082 0.859
19.0 1182 0.839 1210 0.853
21.0 1307 0.851 1337 0.864
34.8 2162 0.887 2212 0.891
39.8 2473 0.891 2531 0.893

Table B34: Particle size experimental data

Time (h) 0.50-0.85 mm 0.50-0.85 mm Duplicate
C/Co BV C/Co BV

0 0 0.003 0 0.091
0.5 31 0.132 32 0.165
1.0 62 0.160 64 0.197
2.0 124 0.218 127 0.295
3.5 218 0.388 223 0.518
5.5 342 0.640 350 0.719
9.0 560 0.795 573 0.818

11.0 684 0.802 700 0.828
13.0 809 0.810 828 0.844
15.0 933 0.842 955 0.854
17.0 1058 0.849 1082 0.859
19.0 1182 0.839 1210 0.853
21.0 1307 0.851 1337 0.864
34.8 2162 0.887 2212 0.891
39.8 2473 0.891 2531 0.893
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Table B34: Particle size experimental data (contd.)

Time (h) 1.00-1.40 mm 1.00-1.40 mm Duplicate
BV C/Co BV C/Co

0 0 0.340 0 0.316
0.5 32 0.444 31 0.420
1.0 64 0.616 63 0.597
2.0 128 0.726 126 0.755
4.0 257 0.823 252 0.831
5.0 321 0.848 315 0.827
7.0 449 0.865 441 0.871
9.0 578 0.879 566 0.869

1.40-1.70 mm 1.40-1.70 mm Duplicate
BV C/Co BV C/Co

0 0 0.335 0 0.352
0.5 32 0.464 33 0.493
1.0 64 0.624 67 0.631
2.0 128 0.759 133 0.777
4.0 256 0.836 266 0.837
5.0 320 0.842 333 0.861
7.0 448 0.862 466 0.869
9.0 576 0.875 600 0.866

Table B35: Statistical analysis of column bed length experimental results

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
25 mm 18 17055.6 947.531 0.79190
50 mm 18 24529.2 1362.73 167.593
75 mm 30 75154.82 2505.161 1121.39

ANOVA
Source of
Variation SS df MS F P-value F crit
Between
Groups 3137555 2 1568778 27932.5 1.35 E-93 3.14280852
Within
Groups 35382.8 63 561.6313
Total 3141094 65



288

Table B36: Statistical analysis of superficial velocity experimental results

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
V = 5 m/h 30 75154.8 2505.161 1121.39
V = 10 m/h 14 7354.57 525.3262 175.856

ANOVA
Source of
Variation

SS df MS F P-value F crit

Between
Groups

37415742 1 3741574 45148.7 2.63E-65 4.072654

Within
Groups

34806.36 42 828.7228

Total 37450548 43

Table B37: Statistical analysis of phosphorus concentration experimental results

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
P:Cu = 5 30 75154.8 2505.161 1121.39
P:Cu = 10 22 19743 897.4093 299.215

ANOVA
Source of
Variation

SS df MS F P-value F crit

Between
Groups

32807893 1 3280789 42274.1 7.25E-75 4.03431

Within
Groups

38803.74 50 776.0748

Total 32846697 51
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Table B38: Statistical analysis of EAF particle size experimental results

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
Dp = 0.50-
0.85 mm

30 75154.8 2505.161 1121.387

Dp = 1:00-
1.40 mm

18 10299.9 572.2183 39.54788

Dp = 1.40-
1.70 mm

18 10578.8 587.7087 152.7734

ANOVA
Source of
Variation

SS df MS F P-value F crit

Between
Groups

60652080 2 3032604 53382.42 1.9E-102 3.14281

Within
Groups

35789.69 63 568.0904

Total 60687870 65
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