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ABSTRACT 

APPLYING A STATISTICAL APPROACH TO DEVELOP A SUSTAINABLE 

TECHNOLOGY FOR CAPTURING PHOSPHOROUS FROM AN AGRICULTURAL TILE 

DRAINAGE SYSTEM USING BY-PRODUCT PHOSPHOROUS SORBING MATERIALS 

(PSM)  

by 

Amir Kordijazi 

The University of Wisconsin-Milwaukee, 2021  

Under the Supervision of Dr. Hamid Seifoddini 

Due to nutrient pollution, agriculture is one of the major sources of pollution in water bodies. 

Every time it rains, fertilizers, pesticides, and animal waste wash nutrients and pathogens—such 

as bacteria and viruses—into waterways. As rainfall increases due to climate change, the water 

problem will worsen. One of the nutrients that extensively contributes to the degradation of water 

quality is phosphorous (P). In this research, the performance of electric arc furnace (EAF) steel 

slag was investigated as a P sorbing materials (PSM) according to the conditions present in a P 

removal structure designed for treating water discharge from an agricultural tile drainage system. 

Unlike the successful trials of removing P from water runoff, this promising PSM has not been 

successfully applied for removing phosphorous from water discharge from an agricultural tile 

drainage system. Consequently, this research aims to study the applicability of this material for 

this specific application. A simulated flow-through experiment was used to evaluate the P removal 

efficiency of the slag in different conditions. The effects of slag particle size distribution, presence 

of bucarbonate in inflow solution, incubation in an anaerobic condition, and chemical treatment 

on the adsorption capacity of the steel slag were studied. A statistical approach was used to 

determine the significant predictor variables, the empirical models of the design curves according 
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to each condition, and the type of correlation among the predictor variables and the response 

variable, namely, maximum removal capacity (mgP/Kg). The results show that reducing the slag 

particle size distribution and the presence of bicarbonate decrease the P removal capacity of the 

slag, while the aluminum treatment increases the P removal capacity and reduces the negative 

effect of bicarbonate on the P removal. Additionally, incubation in water with or without alkalinity 

does not seem to affect the P removal of the regular steel slag. The result of this study shed light 

on the reasons and potential solutions for the challenges regarding the application of the P removal 

structure filled with by-product PSM for treating water discharge from agricultural tile drainage 

systems. 
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1. Introduction 
 

Due to nutrient pollution, agriculture is one of the major sources of pollution in water bodies, 

including rivers, streams, wetlands, and lakes [1]. Every time it rains, fertilizers, pesticides, and 

animal waste from farms and livestock operations wash nutrients and pathogens—such as bacteria 

and viruses—into our waterways. As rainfall increases due to climate change, the water problem 

will worsen [2]. Discharging excessive nutrients into water bodies leads to a phenomenon called 

eutrophication that has a detrimental effect on water quality by decreasing the dissolved oxygen 

levels and, in some cases, producing toxins [3, 4]. One of the nutrients that extensively contributes 

to eutrophication is phosphorous (P).  Conventional Best Management Practices (BMP) have been 

used to prevent transportation of P to water bodies; however, they are ineffective in precluding 

losses of dissolved P, a form of P that  is dissolved in water and is 100% bioavailable to aquatic 

ecosystem [3, 5]. The P removal structure, a new BMP that can decrease dissolved P loading, 

consists of P sorbing materials (PSM) and a structure that contains PSM. It can be applied to treat 

water discharged from agricultural runoff and subsurface drainage. As high P water flows through 

the PSMs, dissolved P is sorbed onto the materials, allowing low P water to continue to the outlet 

[5]. The P removal structure has been successfully used to remove P from water runoff [5, 6]; 

however, the feasibility of this practice for removing P from subsurface drainage has not been 

thoroughly examined.  

The main research question of the current project is to determine the feasibility of removing P 

from agricultural subsurface drainage using by-product PSM. Research objectives will include a 

study of the effect of important parameters present in a tile drainage system on P removal 

efficiency of EAF by-product. These parameters are as follows: 
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• PSM particle size distribution 

• Presence of competing ions in the discharged water (bicarbonate) 

• Incubation time and solution, specific for the bottom-upward P removal structure   

• Modification of PSM using chemical treatment 

The overall goal of this project is to find solutions for the challenges of applying the P removal 

structure for subsurface drainage. To reach this goal, the first step is to estimate how much P a 

PSM can remove in each condition. This can be done by running a flow-through experiment that 

includes the use of an inflow P solution that is representative of drainage water and measure the P 

removal percentage by analyzing the outflow solution from a PSM column. Then, additional 

experiments such as buffer index, pH measurement, and Inductively Coupled Plasma Atomic 

Emission Spectroscopy (ICP AES) were conducted to investigate the mechanism of P removal of 

the PSM in each condition. Additionally, a chemical treatment of PSM was applied to change the 

P removal mechanism of PSM and its effect on the P removal capacity for different conditions was 

studied. This approach gives us valuable information about the effect of each parameter on the P 

removal performance of PSM. Using flow-through experiments results, an empirical model was 

developed for each condition. The model was used to estimate how much P a PSM can remove 

before it becomes exhausted. By using this information, the total mass of PSM and the footprint 

required for the P removal structure can be estimated.  Finally, recommendations will be provided 

regarding what measures should be taken in order to make the application of PSM in removing P 

from subsurface drainage possible. 
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2. Background 

2.1. Importance of the Great Lakes 
 

The Great Lakes are the world’s largest surface freshwater resource, 20% of the world and 85% 

of U.S. water [7]. The Lakes are not only vital for the ecosystem but also are central to the U.S. 

economy as well. Over 1.5 million jobs are water-dependent in the Great Lakes, generating $62 

billion in wages [8]. Moreover, because it is a transboundary water source, between the U.S. and 

Canada (Figure 1), it can be considered as a national security issue if it gets overused or over-

polluted. As Elhance [9] stated, “transboundary waters are one of the most urgent, complex, and 

contentious issues that the developing world and the international community will have to face 

and resolve in the next century.” Therefore, preserving this valuable source of freshwater from 

overusing and polluting is essential from environmental, economic, and security points of view. 

 

 

Figure 1. The Great Lakes [10] 
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There have been previous examples in history when the Great Lakes was in danger. One of the 

famous ones is over-pollution of Lake Erie (Figure 2) in the late 1960s when many people stated 

that “Lake Erie is dead.” The reason for this belief was that factory pollutants and sewer waste 

were significantly polluting Lake Erie. Without many governmental restrictions, factories 

disposed of their pollutants into the lake and other waterways that flowed into it, such as the 

Cuyahoga River that caught on fire on various occasions.  Soon, fish began to turn up dead along 

the shorelines of Lake Erie. In case a lake starts disappearing, millions of tons of dust, containing 

salt and chemical agriculture pesticides and fertilizers, blow off the lakebed each year that leads 

to migration of people from the area [11].  

 

 
 

Figure 2. Lake Erie 

2.2. Agriculture: the main source of water pollution 
 

Seventy percent of water consumption worldwide are caused by agriculture [12]. According to the 

United States Environmental Protection Agency (U.S. EPA), agriculture is the main source of 
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pollution in rivers and streams, the second main source in wetlands, and the third main source in 

lakes [1]. Figure 3 shows discharge of water from a farm into a river. 

 

Figure 3. Discharge of water from a farm into a river [13] 

The main reason agriculture is one of the major sources of water pollution is the lack of regulation. 

In 1972 the Clean Water Act was designed and passed to preserve water sources. The Act was a 

response to toxic pollution causing five major rivers to catch on fire: Cuyahoga (over 15 times), 

Buffalo, Rouge, Detroit, and Chicago. This Act was successful in terms of reducing general 

residential water use, reducing point source pollution, increasing funding for research, 

remediation, technology improving water treatment systems, and improving the health of many 

rivers and lakes. However, it was not successful in reducing nonpoint source pollution. 

2.3. Point source and non-point source pollution 
 

Point source pollution refers to contamination that derives from one source. Examples of point 

source pollution are wastewater/effluent discharged by a manufacturer, an oil refinery, and a 

wastewater treatment facility. In an attempt to control point source pollution, the EPA regulates 

what and how much can be discharged by a facility directly into a body of water.  
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Nonpoint source pollution refers to contamination that originates from multiple sources. Examples 

of non-point pollutions are agricultural, or stormwater runoff and debris blown into waterways 

from land. Nonpoint source pollution is the primary cause of water pollution in the U.S. However, 

it is difficult to regulate, as it comes from different sources and there is no single entity to regulate 

[2]. 

 

2.4. Nutrient pollution 
 

Every time it rains, fertilizers, pesticides, and animal waste from farms and livestock operations 

wash nutrients and pathogens—such as bacteria and viruses—into our waterways. As rainfall 

increases due to climate change, the water problem will worsen [2]. Natural resource professionals 

consider phosphorus and total suspended sediment (TSS) to be the most harmful components 

of nonpoint or runoff pollution. Having too many nutrients impacts the water quality 

by contributing to excessive plant growth primarily in rivers and lakes. Phosphorus is the nutrient 

that most significantly promotes macrophyte and algae growth. Figure 4 shows the spread of algae 

blooms in the Great Lakes. 
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Figure 4. A satellite image of algal blooms around the Great Lakes 

Algal blooms are a toxic soup of blue-green algae.  Some of the causes of algal growth 

(excess algae) include too many nutrients, warm water temperatures, and reduced flow. Algae 

blooms can cause damage to aquatic life by reducing oxygen levels, clogging fish gills, and 

suffocating streams, lake beds, and underwater vegetation. Some algae blooms can produce toxins 

that are detrimental to humans, pets, wildlife, and livestock when consumed [1]. Figure 5 shows 

the spread of algae blooms that caused the death of fishes in Lake Erie. 

  

  

Figure 5. Algal bloom in Lake Erie causing the death of fishes 
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Excessive algae growth is induced when a water body becomes excessively enriched with minerals 

and nutrients, which is called eutrophication. There are two types of eutrophication: natural and 

cultural. In natural eutrophication, there is an accumulation of nutrients, sediments, and plant 

material for many lakes as they age over decades that gradually fill the lake basin. On the other 

hand, human-induced freshwater eutrophication, also known as cultural eutrophication, is largely 

due to increased inputs of phosphorus from sources such as agricultural fertilizers or partially 

treated sewage. Figure 6 depicts the difference between natural vs. cultural eutrophication [14].  

 

 

 

 

 

 

 

 

Figure 6. Natural eutrophication vs. cultural eutrophication [14] 

2.5. Tile drainage system 
 

Nutrient from agricultural farms transports to water bodies through either water runoff or 

subsurface tile drainage system [15]. Since the focus of this study is removing P from the tile 

drainage system, it is necessary to explain this system. Tile drain, as shown in Figure 7, is buried 

perforated corrugated pipe that removes excess subsurface water from the soil.  Contrary to 

irrigation that provides additional water for the soil when it is too dry, drainage reduces the 
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moisture in soil, which in turn increases the air in the pores to improve soil conditions for optimal 

growth of crops. Artificial drainage improves crops for farmers by allowing the work to be done 

in a timely manner and with adequate root aeration [1, 16]. 

 

 
Figure 7. Subsurface drain tile [17] 

 

 
The tile drainage system, as shown in Figure 8, is a network of below-ground pipes that allow 

water beneath the surface to flow from between soil particles into the tile line. Often, the water 

that flows through tile lines ends up in surface water points such as lakes, streams, and rivers that 

are at a lower elevation than the source. The tile drainage system is extensive in flat regions with 

poor drainage such as the glaciated Midwest. In the U.S., agricultural drainage is greater than 76 

million acres, mostly in the upper Midwest Corn Belt that covers more than 50% of the land 

available to 114 counties [17]. Most phosphorous transported to the water bodies is coming from 

the tile drainage system. 
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Figure 8. Subsurface tile drain system [17] 

3. Literature review 

3.1. Current best management practices (BMP) 
 

There are two main sources of non-point P, incidental and legacy P. If the source of P transported 

is a non-soil P source, i.e., fertilizer or organic compounds such as compost and manure, it is called 

incidental P. When this applied P reacts with soil, it becomes part of the soil P pool that is called 

legacy P. This term is used to describe the P “build-up” within soils due to prior management.  

[18]. 

Phosphorous transported to water bodies has two different forms: particulate P and dissolved P. 

Dissolved P, which simply means dissolved P in water, is 100% biologically available to aquatic 

life. It is often in the form of the phosphate polyatomic anion or PO4
3−, whereas particulate P is 

the P that is bound to soil and in the composition of different minerals [18].  

Best management practices (BMP) have been applied to control the transportation of legacy P to 

water bodies. These practices can be classified in three main stages: prevention of legacy P, 

containment of the P on-site, and remediation of the legacy P. The goal of the first stage is 
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preventing soils from becoming a legacy P source, whereas the second stage is applied when the 

practices in the first stage failed to prevent P build up in soil. The main goal of the second stage is 

to reduce the loss of P in runoff and drainage water. Since 100% of phosphorous containment is 

not possible by the second stage, the third stage needs to be applied to reduce P transportation [19, 

20]. These three stages and the practices used for each stage are shown in Figure 9.  

 

Figure 9. Three stages of legacy P management 

Although current BMPs are effective in reducing particulate P transport, they appear to be mostly 

ineffective for dissolved P loss from legacy P pools. This is because most BMPs focus on 

decreasing erosion or adding fertilizer underneath the surface [5]. 

 

3.2. P removal structure: new BMP 
 

Prevention of 
legacy P

• Nutrient management (prevent buildup of P)

• Livestock diet (reduce P in manure)

• Manure export (remove P from site)

Containment 
of P

• Tillage practices (reduce particle detachment or dilute soil P)

• Soil and manure amendment (reduce P solubility)

• Buffer zones and Wetlands (reduce P transport)

Remediation 
of legacy P

• Phytoremediation

• P removal structure (proposed method)
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P removal structure filled with PSM is a new BMP that can be used as a relatively fast method to 

remove the problem of excessive dissolved P losses in drainage water [21].  

Any P removal structure should have four components in order to be effective: (1) an effective 

PSM in a sufficient quantity, (2) containment of the PSM, (3) the ability to replace the PSM when 

necessary, and (4) passive drainage via gravity at sufficient flow rates suitable for the site [18]. 

Based on the application of the P removal structure, it can take different forms such as a modular 

box, a surface-confined bed, cartridges, a blind surface inlet, etc. Figure 10  is an illustration of 

the basic premise of a P removal structure and Figure 11 shows different forms of P removal 

structures. 

 

Figure 10. Three stages of legacy P management [20] 
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Figure 11. P removal structures used for removal of P from (a) ditch, (b) golf course, (c) poorly drained soil, and (d) subsurface 

tile drain [20] 

For the design of the P removal structure three important considerations should be taken, as 

follows: (1) site hydrology and water quality characteristics; (2) target P removal and lifetime; and 

(3) PSM characteristics. The size of the P removal structure (i.e., mass and volume of PSM) is 

mainly determined by the P adsorption capacity of PSM in the field condition. In order to estimate 

the P removal ability of PSM, a design curve should be obtained. The design curve is a 

mathematical relationship between the P removal percentage and the P added to the structure. This 

will be discussed more in detail in the methodology section. According to the design curve, it will 

be estimated how much PSM is needed to meet a specific P removal target. The footprint and 

consequently the cost of the P removal structure is mostly dictated by the volume and mass of 

PSM required.  

(a) (b) 

(c) (d) 
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Error! Reference source not found. lists a chronological order of different P removal structures, t

heir application, and the PSM used for each structure. As the table shows, the P removal structure 

can be utilized for treating any dissolved P sources, including urban, agricultural, golf course, 

horticultural, and wastewater. However, feasibility of this new BMP for treating the agricultural 

drainage water system needs to be more investigated. 

Table 1. Chronological order of P removal structure 

Year Structure PSM Application References 

1997 Confined bed Marvel gravel Swine farm wastewater [22] 

2003 Confined bed Calcite Municipal water [23] 

2005 Confined bed Shell sand Domestic wastewater [24] 

2006 Confined bed Melter slag Municipal wastewater [25] 

2006 Confined bed Filtralite-PTM Municipal wastewater [26] 

2007 Confined bed EAF slag Dairy effluent [27] 

2007 Confined bed/ditch filter AMDR Agricultural runoff [6] 

2009 Confined bed AMDR Municipal wastewater [28] 

2010 

Confined bed/large 

cartridge filter 

Ca-rich hydrated 

oil shale ash 

Municipal wastewater [29] 

2011 Cartridge filter Blast furnace slag Golf course drainage [30] 

2011 Pond filter EAF Recirculating urban pond [31] 

2012 Confined bed EAF 

Golf course and residential 

runoff 

[21] 

2012 Ditch filter FGD gypsum Agricultural runoff [32] 
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2012 

Runoff interception 

trenches (confined bed) 

Burnt lime, spent 

lime by-product, 

mixed lime 

Agricultural runoff [33] 

2013 Bio-retention cell WTR Urban stormwater runoff [34] 

2014 

Runoff interception 

trenches (confined bed) 

EAF Turfgrass runoff [35] 

2014 Confined bed EAF 

Golf course and residential 

runoff 

[36] 

2015 

Recirculating domestic 

wastewater 

EAF 

Recirculating domestic 

wastewater 

[37] 

2015 Confined bed Sachtofer PR® Agricultural runoff [38] 

2015 Bio-retention cell Fly-ash Urban runoff [39] 

2016 Confined bed AMDR Fish hatchery effluent [40] 

2016 Modular box EAF Agricultural runoff [41] 

2016 Ditch filter EAF and FGD Agricultural runoff [41] 

2017 Constructed wetland 

thermally-treated 

calcium-rich 

attapulgite 

(TCAP) 

Municipal wastewater [42] 

2018 Confined bed 

Fe-coated sand (- 

glauconite) 

Agricultural drainage 

water 

[43] 

 

3.3 P Sorbing Materials (PSM) 
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PSMs are unconsolidated solids that have a strong affinity to bond with dissolved phosphorous 

and can be considered as the heart of the P removal structure. An effective PSM should be able to 

sorb an acceptable level of P in a timely fashion, conduct water through it at a flow rate acceptable 

for field application, and be safe for the environment. In general, these materials are rich in 

aluminum, iron, calcium, magnesium, and some rare earth elements such as lanthanum. Being 

unconsolidated is necessary for PSM because it allows water to pass through the materials. This 

leads to direct contact between liquid with high dissolved P concentration and PSM [20]. 

In one classification, PSM can be categorized into two main classes: by-product and manufactured 

PSM. Many PSMs are by-products from the waste stream of several industries such as steel 

production, mining operations, the coal-fired power industry, wastewater treatment plants, and the 

metal casting industry. By-products from steel production are mainly known as steel slag and are 

usually rich in Fe, Al, Ca, and Si. The main types of steel slag are blast oxygen furnace (BOF), 

electric arc furnace (EAF), and melter slag. BOF and EAF are usually rich in Ca. Figure 12 shows 

a sample of EAF that is used in this study. Acid amine drainage residual (AMDR) is another type 

of PSM that is a by-product of mining operations, specifically from coal mines. These materials 

also tend to be rich in Ca. Several by-products of coal-fired power industries also can be used as 

PSM, such as flue gas desulfurization (FGD) gypsum, fly-ash, and bottom ash. These materials 

can remove P through a reaction between Ca and phosphate. The main disadvantages of these 

materials are that they have very small particle size that limits their ability to convey water. Water 

treatment residual (WTR), the sediment resulted from reactions occurring in wastewater treatment 

plants (WWTP), have a strong affinity to P and also can serve as PSM. Their sorption capability 

is higher compared with other PSM; however, their major disadvantage is their poor ability to 

conduct water through them. Finally, in certain types of metal casting, sand, known as “foundry 
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sand,” is used as a mold for the molten metal. After continuous use this sand becomes rich in Al 

and Fe, which makes it a potential PSM. Due to the sandy texture, the sand molds have a superior 

ability to conduct water. However, the disadvantages  of these types of PSM is that sometimes 

they contain trace metals and organic compounds that were  used as binders during the casting 

process making them unsafe for the environment [20]. Table 2 lists a chronological order of 

different potential PSM and their main metal sorbing element. 

 

Figure 12. EAF steel slag as a potential PSM 

Table 2. Chronological order of different potential PSM and their main metal sorbing element 

Year PSM Main P sorbing element References 

1998 Bauxite waste Ca, Mg, Al, and Fe; varies [44] 

1999 Wollastonite Ca [45] 

2000 Crushed seashells/marl Ca [46] 

2002 Fly ash Ca, Mg, Al, and Fe; varies [47] 

2005 Melter Slag Ca, Mg, Al, and Fe; varies [48] 

2006 Serpentine Mg [49] 

2008 Fe-coated sand Fe [50] 

2008 Biotite Al and Fe [51] 

2009 AMDR Ca, Al, Fe; varies [52] 
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2010 Oil shale ash Ca [29] 

2011 FGD Ca [53] 

2012 WTR Ca, Mg, Al, and Fe; varies [54] 

2015 Blast furnace slag Ca, Mg, Al, and Fe; varies [55] 

2015 Crushed concrete Ca [55] 

2016 Electric arc furnace slag Ca, Mg, Al, and Fe; varies [41] 

2017 Ca(OH)2 treated zeolite Ca [56] 

2018 Fe-coated sand - glauconite Fe [43] 

2019 Fe oxide-coated diatomite Fe [57] 

 

The second type of PSM is manufactured PSM. These materials have almost the same composition 

compared with by-products and are rich in Al and Fe. Beside high adsorption capacity, one main 

advantage of this type of PSM is that they are created with ideal particle size distribution. This 

quality causes a high flow rate that can be achieved by using these materials and makes them a 

perfect choice for P removal structure. Figure 13 shows a sample of manufactured PSM, activated 

alumina that has a high adsorption capacity and uniform particle size distribution. However, the 

main disadvantage of these materials in comparison with by-products is their high cost. The cost 

of manufactured PSM ranges from eight  to forty dollars per pound, while the cost of some by-

product is in the range of two  to ten dollars per ton [20]. 
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Figure 13. Activated alumina, a manufactured PSM 

Based on the P removal mechanism, PSM can be categorized into two classes: Ca-based and Al/Fe-

based. Ca-based PSM removes P through “precipitation,” while Al/Fe-based PSM removes P by a 

“ligand exchange” mechanism.  

In the precipitation mechanism, dissolved P in solution (i.e., phosphate) reacts with a dissolved 

metal cation. These two form a new solid by precipitation that takes dissolved P out of the solution. 

The following reaction shows a simplified generic precipitation: 

aMm+ + bLn+                    MaLb (solid)            

Where M is a metal such as Ca and L is a ligand (e.g., phosphate PO4
3-). The Ca-based PSM must 

be capable of two factors in order to be efficient in removing P from a solution: (1) dissolve enough 

Ca2+ into the solution (2) Maintain and buffer the pH to a high enough level (above 6.5) [58, 59]. 

The following reaction shows the precipitation mechanism used by Ca-based PSMs to remove 

dissolved phosphorus from a solution: 

Ca2+ + H2PO4
- + 2H2O             CaHPO4 .2H2O (solid) + H+ 
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On the other hand, ligand exchange is a process that happens only on variable charged minerals. 

The surface charges of these minerals vary as a function of pH. By increasing pH, the surface 

becomes more negative because of attaching hydroxide ions to the surface. As pH decreases, the 

surface terminal functional groups become more positively charged. The following reaction shows 

an example of a ligand exchange reaction for P onto a variable charged functional group 

       MOH2
+0.5 + H2PO4

-           MOPO3H2
-0.5 + H2O 

Where the line indicates that the functional group is connected to a PSM and where M is Al or Fe 

are contained in an oxy/hydroxide.  

There are different parameters that can affect P removal performance of PSM such as inflow P 

concentration, retention time (RT), pH, PSM composition, buffer capacity, and co-existing ions. 

The most important factors affecting adsorption capacity of a PSM, the maximum amount of P 

that can be sorbed by PSM in each condition, are inflow P concentration and retention time. 

Retention time is defined as the amount of time that the PSM is in contact with the solution. As a 

rule of thumb, higher inflow P concentration almost always increases the total amount of P 

removed. Increasing retention time also increases P sorption, but there are some PSM that are not 

sensitive to retention time. P sorption capacity can be also dependent on pH, buffer index, etc. For 

example, Ca-based PSM is highly sensitive to pH; increasing pH causes an increase in sorption 

capacity [20]. Table 3 lists a chronological order of studies where the effect of different parameters 

on P removal performance of specific PSM were investigated.  

Table 3. Chronological order of studies where the effect of different parameters on P removal performance of specific PSM were 

investigated 

Year PSM Parameters studied References 

2008 La-coated zeolite pH, competing ions [60] 
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2010 Oil shale ash Ash composition [29] 

2011 La-treated silica PSM composition, RT [61] 

2011 

Fly-ash, Bauxite, WTR, FGD, 

AMDR 

pH, buffer capacity, ionic 

strength 

[53] 

2012 

Minnesota Filter (Metal fabrication 

shavings and iron 

filings) 

RT, P concentration, the ratio of 

PSM and sand 

[62] 

2012 Electric arc furnace slag 

hydraulic head, water velocity, 

RT, P concentration 

[63] 

2014 

 

Crushed autoclaved aerated 

concrete 

RT, P concentration [64] 

2015 Blast furnace slag, concrete waste RT, P concentration, pH [55] 

2016 AMDR, EAF, FGD 

Materials characteristics, RT, P 

concentration 

[41] 

2017 Ca(OH)2 treated zeolite 

pH, P concentration, T, co-

existing ions, organic matter 

[56] 

2018 Fe-coated sand - glauconite 

Composition, particle size 

distribution, bulk density 

[43] 

2019 Fe oxide-coated diatomite 

P concentration, RT, the coating 

method 

[57] 

 

Although PSMs show promising results in removing phosphorus in laboratory-scale experiments, 

they do not show the same performance for large-scale applications specifically for removing P 
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from tile drainage water. There are some parameters in the large-scale application that might 

reduce efficiency of PSM in P removal and not be considered in the lab-scale experiment in the 

first place. One of the objectives of this project is studying the effect of these parameters in P 

removal efficiency of PSM. The parameters that were studied in this project are competing ions, 

particle size distribution, and the effect of aging. A chemical treatment method was used to 

increase the P sorption capability of a PSM. The current project aims to develop this practice for 

the treatment of subsurface tile drainage water, since to date it has not been successfully applied 

for this application. The PSM that was studied for this project is steel slag from EAF,  which is a 

Ca-based PSM. It should be noted that the EAF slags contain an appreciable amount of Fe and Al, 

but this does not mean they are Al/Fe-based slags. For a material to be able to remove P by a ligand 

exchange mechanism in addition to containing a considerable amount of Al and Fe, these elements 

should be in the proper form and “active” [20]. 

3.3.1 Application of slag materials as PSM 
 

Minable stocks of phosphorus are being reduced and would need to be replaced by the recovery of 

P that is already depleted from the agricultural system, creating problems with water quality. 

Agricultural runoff and erosion (46% of mined P globally) and animal waste (40%) are the two 

main flows of lost P [65]. Since the 1950s, the development of technologies of phosphorus removal 

has been studied in response to the issue of P loss and consequent eutrophication [66]. 

In the late 1980s, research was initiated on the possible use of natural and industrial by-products 

in on-site treatment systems for the removal of P from wastewater, along with the development of 

constructed wetlands (CW), a low-cost technology for the treatment of point-source pollution [67, 

68]. In laboratory and pilot scale studies around the world, over 100 materials have been tested for 
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P retention capability. The P removal efficacy of many of these materials has been compared by 

systematic reviews of the published literature. [69–71].  

Alkaline granular filters (AGFs) are passive reactive filters with sizes ranging from sand to gravel 

that are effective in eliminating phosphorus (P) from runoff and wastewater. P removal occurs in 

AGFs by precipitation of phosphate minerals associated with a pH increase caused by reactive 

media dissolution (reaching as high as pH 13). Industrial by-products (fly ash, electric arc furnace 

slag, basic oxygen furnace slag, blast furnace slag), natural media (bauxite, calcite, seashells, 

apatite), or manmade media are examples of AGF media [71, 72]. To date, several problems have 

restricted the implementation of AGFs in full-scale applications: long-term phosphorus removal 

performance, uncertainty about durability estimation, management of used media, alkaline effluent 

neutralization, capitalization and maintenance costs, and clogging [73]. Steel slags, a co-product 

of the manufacture of steel, have shown the greatest potential to remove P from a range of waste 

water sources [31]. Steel slags were primarily used in many areas of application (cement 

processing, road construction), but there is a promising market for wastewater treatment [74, 75].  

One of the factors that make slag a suitable PSM is its environmentally friendliness characteristics. 

Because of its chemical and physical properties, slag is identified as non-hazardous waste. Low-

level emissions of chromium, lead , nickel and molybdenum, below the maximum allowed limits, 

have been observed [76, 77]. Research into these issues has concluded that the use of slag does not 

pose any environmental or health threats, as heavy metals are tightly bound within the slag matrix 

[75, 78, 79]. Toxicity testing showed that slags are unlikely to leach large amounts of potentially 

harmful elements, exhibiting potential for use as environmental modifications. If used as filtration 

media for freshwater, other considerations such as the presence of dissolved organic matter are 

likely to further reduce the toxicity of these slags to the receiving environment [80, 81]. 
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3.3.2 Different types of slags as PSM 
 

Different types of slag, each with its own distinctive composition, may be generated depending on 

the method from which it is generated. [78]. These include: Electric Arc Furnace steel slag (EAF) 

from steel production; Blast Furnace iron slag (BFS) from iron production; Basic Oxygen Furnace 

steel slag (BOF) from steel production; and Melter slag. Iron and calcium have been identified as 

the primary constituents of EAF [82], while the main components of BFS are silica and alumina. 

BOF is composed of significant iron- and calcium oxyhydroxide concentrations [78] and melter 

slag is rich in titanium/aluminum [75, 82]. 

Another by-product of the manufacturing process that can be used as PSM is argon oxygen 

decarburization (AOD) slag. For every ton of stainless steel made, 270 kg of AOD slag is 

produced. This slag is primarily used in the manufacture of cement, road construction, fertilizer 

production and the regular covering of landfills [83]. However, these applications do not fully 

utilize the enormous volume of the slag produced and thus there are accumulating volumes of 

AOD slag. Therefore, alternative uses of AOD slag are being explored. In the form of easily 

soluble calcium silicate [84–86], AOD slag is stated to have a high alkalinity and to contain more 

than 35% Ca. Therefore, through calcium phosphate precipitation, it may be a promising 

wastewater treatment material for P removal and recovery [87].  

One of the important sources for the recovery of metals from their waste is the steelmaking 

industry. The main reaction in the steel industry is the oxidation of these metals by dissolved 

oxygen in hot metals, as follows [88]: 

Fe + O → FeO, 

Mn + O → MnO, 
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C + O → CO, 

Ca + O → CaO, 

Mg + O → MgO, 

Si + O → SiO2, 

2P + 5O → P2O5. 

As the gas (CO), elemental carbon is removed while all other impurities are transformed into metal 

oxides, which are then made to float on the surface of the molten metal during the hot metal to 

steel refining process. Lighter than molten steel, the floated residues form an immiscible phase on 

the top of the molten steel [89].  Steel slag is a non-metallic solid residue formed in various types 

of furnaces during the manufacture of steel and iron and contributes to approximately 10-15 

percent of the steel produced. Slag has a lower density than steel in steel manufacturing. 

Consequently, it floats to the top of the molten steel bath.   At temperatures around 1600 ° C, the 

liquid slag is tapped and solidified by air-cooling or other techniques [76, 78]. 

3.3.3 EAF slag 
 

During crude steelmaking, EAF slag is produced through the electric arc furnace. Steel scrap, 

together with limestone or dolomite fluxes, is heated by an electrical current to form a liquid phase. 

The removal of phosphorus, silicon , manganese and carbon, sulphur, and aluminium from steel is 

taken into account in the EAF refining process [90]. The removal of silicates and phosphorus 

chemicals from molten steel is commonly obtained by the addition of lime (CaO) or dolomite [91]. 

For melting minerals and fluxes, energy is given by an electric arc. The fluxes are combined with 

the non-metallic scrap components during the melting process. The nonsteel elements form a liquid 
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slag after the reaction is completed. The primary concern in steelmaking is hydrogen and nitrogen 

as dissolved gases. During the refining stage, iron oxides react with the carbon present in the bath 

and carbon monoxide gases are formed. By increasing the amount of CO gases, scrap melt begins 

to boil, leading to the removal of impurities such as phosphorus, hydrogen, nitrogen and non-

metallic compounds. After  vaporizing  the gaseous impurities, the liquid state survives as slag 

[92]. Steel is drained from the furnace through a submerged top-hole in the tapping process and 

the slag is poured out during the superheating phase from the slag door. The molten slag is then 

solidified into a rock-like substance [76, 93].  

EAF is widely employed in construction, cement manufacturing, transportation industry 

(aggregate in road construction and maintenance), and wastewater and water treatment [75]. It  has 

been also applied  as a daily and final landfill cover material [78], Portland cement additive [94], 

an agricultural fertilizer [95], and in mineral CO2 sequestration [96, 97]. Moreover, EAF  has been 

applied in wastewater treatment [98] and as an inexpensive material for the remediation of the 

environment [99]. Slag is known as waste that is non-hazardous and that can be disposed of in 

suitable landfills. Sealing aggregate (skid resistant), asphalt aggregate, base, sub-base, 

construction fills, subsoil drains, grit blasting and wastewater treatment are common applications 

for slags [93]. 

3.3.4 Field-scale application of slag 
 

There are some challenges that need to be resolved for scaling up P removal structures. These 

challenges are preferential flow, variability in incoming flow (volume and chemistry), clogging 

due to suspended and possibly material alterations, as well as decreased retention capacity as a 

result of organic material contamination or competition from other elements. P exists in inorganic 
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and organic forms under field conditions, while laboratory experiments use mostly inorganic P, 

which can also affect outcomes. In the development of P filters, adequate contact time between the 

filter material and the flow solution is likewise a critical factor. Numerous studies have 

demonstrated that some materials can remove P from household waste water or agricultural runoff, 

but further investigations are necessary to optimize the design of filter beds for field conditions 

[100]. While several slags show promise to extract P from effluent, a few field-scale installations 

of active slag filters for wastewater treatment have been reported. Active melter slag filters have 

been developed in New Zealand to treat effluent from a number of waste stabilization ponds [25, 

48, 101]. These filters have been highly effective in reducing effluent P levels, with removal 

efficiencies ranging from 54% to 84%.[101, 102]. Two field-scale applications of slags for P 

removal from agricultural wastewater are constructed wetland and tile drainage system. 

Constructed wetland (CW) technology was introduced as an alternative ecological technology for 

wastewater treatment in the 1970s. Compared with traditional wastewater treatment plants, CW 

has many benefits, such as low investment, maintenance and operational costs [103]. The 

constructed wetland system can be also employed as a low-cost and inexpensive method for  

phosphorus treatment of wastewater [104, 105]. Adsorption by media, precipitation in the water 

column, plant absorption, wetland soil accretions and microbial immobilization are the P removal 

mechanisms in CWs [106–111]. However, removal occurs primarily as a consequence of 

adsorption and precipitation reactions in the sand, gravel substrate and sediment of CWs with Al , 

Fe, Ca, and clay minerals [112, 113]. In the late 1980s, research was conducted on the possible use 

of industrial byproducts for treatment systems to eliminate phosphorus from wastewater. The 

removal of phosphorus was carried out along with the development of constructed wetlands (CW). 

In this system, slag plays an important role in the absorption of impurities, in particular, 
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phosphorus. Steel slag, in combination with small secondary treatment systems (such as CW), has 

been demonstrated to be an attractive approach compared with other methods [49, 114, 115].  

A common practice in the Midwestern United States and many other areas is the construction of 

subsurface drainage in poorly drained agricultural fields [116]. It is estimated that for 25% of 

cropland in the United States and Canada, subsurface drainage has made farming possible [117] 

and enhanced yield by 5 to 25 percent in some areas [118] by reducing shallow water tables to 

eliminate excess soil moisture. Subsurface drainage, however, provides a clear route for the 

transport of nutrients into surface waters [116]. The phase of eutrophication can be exacerbated by 

excess nutrient loading on surface waters, leading to reduced water quality, toxic algal blooms, 

anoxia, and loss of aquatic life [119]. In surface waters, phosphorus (P) has been commonly 

established as the limiting nutrient and excess total P concentrations > 0.02 mg / L are also viewed 

as problematic [120, 121]. In agricultural ecosystems, surface runoff and subsurface flow are the 

two main routes for transporting P. Owing to reduced concentrations and the capacity of subsoil 

to bind P, early work identified surface runoff as the primary method of P transport and P 

contributions from subsurface flow were often considered negligible [122]. Several studies, 

however, have found subsurface drainage to be an effective pathway for the export of P to water 

bodies [123–126]. Dissolved P, which is 100 percent biologically accessible for aquatic life, is 

usually dominated by subsurface drainage [127]. King et al. [124] reported in an eight-year 

analysis that subsurface drainage is responsible for 48% of the dissolved P transported from a 

watershed in central Ohio and surpassed the 0.02 mg/L threshold by more than 90% of the 

measured concentrations. Gentry et al. [123] analyzed dissolved P concentrations in three central 

Illinois watersheds as high as 1.25 mg/L discharged from subsurface drainage. Management 

practices must be established to eliminate P from agricultural subsurface drainage in order to 
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minimize P depletion and avoid further harm to surface water ecosystems [128]. Application of 

slag has exhibited a low-cost and sustainable method for capturing P discharge from tile drainage 

[129]. 

3.3.5 Regeneration of slag 
 

An emerging field of research on phosphorus retention materials is the rejuvenation of spent 

materials. Rejuvenation, also called regeneration, represents the method of recovering used PSM 

with reduced potential for phosphorus retention to a state similar to or at best equivalent to the 

fresh material. Rejuvenation of spent materials with less expensive maintenance results in 

phosphorus filters becomes even more cost-efficient [130, 131]. In the literature different methods 

have been reported for regeneration of PSM. One method is to regenerate the material by adding 

a resting period after the material shows reduced efficiency of phosphorus retention to enable the 

surface to accumulate reactive content [69, 132, 133]. The second regeneration method is 

regeneration based on desorption, which is accomplished by adding a chemical solution to desorb 

the bound phosphorus and make available the adsorption sites for further retention of phosphorus 

[115, 128, 134, 135]. In order to precipitate new reactive content on the surface, the third approach 

is to apply a chemical solution to the spent material and thus improve the material's phosphorus 

retention ability [136]. 

In a study that investigated the phosphorus retention ability of electric arc furnace (EAF) slag 

through a column test, Drizo [91] developed a resting regeneration process. When more 

phosphorus could no longer be absorbed by the EAF slag, the column was drained and the EAF 

slag rested for four weeks. After the resting time, the slag was fed again for 124 days with the same 

synthetic solution. The outcome showed that a significant portion of its phosphorus retention 
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efficiency was recovered by the regenerated slag. A potential mechanism for this process of 

regeneration is that the solution occupying the pores of the slag was concentrated and 

supersaturated during the resting time as metal ions continuously dissolved into the solution and 

water continuously evaporated from the solution, leading to reactive minerals being precipitated 

in the pores. Therefore, more sites for further phosphorus retention were given by these 

precipitated reactive minerals. In other literature, this resting regeneration approach is shown to be 

effective [69, 132], but it was challenged by a study that tested resting, agitation and crushing on 

spent smelter slags and discovered that only crushing of the three techniques could temporarily 

increase the phosphorus retention efficiency of spent slags, while resting and agitation did not lead 

to any increase in efficiency [102]. 

For adsorption-based PSMs, a desorption-based regeneration framework has been developed. For 

such products, the solution phosphate is primarily retained by chemisorption, which includes the 

chemical reaction between the material surface of the metal hydroxide complex and the solution 

phosphate ion [137]. The metal phosphate complex is formed in the ligand exchange process, 

resulting in generation of OH-. In a high pH environment, the direction of the reaction may 

therefore be reversed in which metal hydroxide is formed and phosphate is released. A high 

concentration of sodium hydroxide solution or a combination of sodium chloride and sodium 

hydroxide solution is typically applied to cause the desorption reaction. Desorbed phosphate 

accounts for more than 70 percent of the absorbed phosphate, although in some cases the ratio can 

be as high as 95 percent [137–139]. The material regenerated by this process can be reutilized for 

the retention of phosphorus and the desorbed phosphate can be extracted in the form of calcium 

phosphate or magnesium ammonium phosphate from the desorbed solution, which can be applied 

as fertilizer [140]. A potential explanation for the incomplete desorption of phosphate is that the 
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high pH of the solution of sodium hydroxide causes the formation of the substance of insoluble 

compounds on the surface that impedes phosphate desorption. In a study, an acid wash treatment 

was tested before the desorption procedure and the findings show that the hybrid technique could 

achieve complete regeneration of spent material in multiple adsorption-desorption cycles [141]. 

A realistic way to attain regeneration is also to precipitate new reactive content on the surface of 

spent material. This approach is typically paired with the method of desorption regeneration, since 

a portion of the phosphorus retention content can be dissolved by the desorption solution. In 

particular, leaching during the desorption process can be very important for materials based on 

reactive metal compounds such as aluminum and manganese [142, 143]. The solution containing 

some soluble compounds of the leached metal was fed to the filter for a period of time to 

compensate for the loss of phosphorus retention material to allow the precipitation of reactive 

content. Research has shown that the regenerated material retains a high proportion of the 

phosphorus retention capacity of the initial material [143] and the process of regeneration can be 

frequently applied. This technique of regeneration also means the regeneration of precipitation-

based materials since the consumption of co-precipitating metal ions is followed by phosphorus 

retention by precipitation [142, 136].  

3.3.6 Chronological order of studies about application of steel slag as 

PSM 
 

In this section the major breakthrough for the application of steel slag materials for removing P 

are discussed. Yamada et al. [144, 145] introduced steel slag as PSM for the first time. They studied 

the effect of different parameters, i.e., pH, temperature, competing ions (NaCl), and slag porosity 

on P removal capacity of slag in batch experiments. They found that the highest adsorption can be 

achieved at pH 8. They also reported that more porosity and soft granulated materials led to more 
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removal of P; increasing the temperature from 5 to 30 oC degrees and decreasing NaCl 

concentration resulted in greater P removal. At the time, using batch experiments was a common 

method to study P removal capacity of a PSM [146], but it was Mann [147] who reported for the 

first time that there is a discrepancy between results generated by batch and flow-through (column) 

experiments. Following his results, Drizo et al. [91] recommended the use of long-term column 

experiments as a more representative technique for estimating the P retention capacity of active 

filters. They also introduced for the first time a physical treatment of resting slag materials in order 

to regenerate their P removal capacity. 

Almost 20 years after steel slag was introduced as a PSM, Shilton et al. [25] reported the first long-

term field data for slag filters. They used Melter slag for P removal in a wastewater treatment plant. 

They showed that Melter slag can provide P removal for a half a decade before filter 

replacement/rejuvenation is required. Weber et al. [27] reported the first evidence on the efficacy 

of EAF steel slag material in a field application for P removal from dairy effluents. They suggested 

that the system would not be sustainable without the exchange of the EAF slag material upon 

reaching P retention capacity. In another field study, Pratt and Shilton [148] proved the 

invalidation of predictive analysis based on the batch experiment data by actual long-term data. 

They claimed that the isotherm is ineffective for prediction of field-scale because the weathering 

effect, which generates substantial new adsorption sites, is not accounted for by adsorption 

isotherms. In another study after performing lab and pilot scale experiments, Valero et al. [149] 

concluded that batch data underestimates the P removal capacity of BFS slag in a pilot-scale. They 

argued that in the field pilot-scale filter, the sorption capacity of BFS was greater than in the 

laboratory bench-scale filter, presumably due to changes in the aerated rock filter linked to pH and 

organic matter and concentrations of dissolved oxygen. 
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In a long-term study, Pratt and Shilton [115] challenged the regeneration results by Drizo et al. 

[91], claiming that regeneration of P removal efficiency using physical techniques is ineffective. 

Instead, they introduced chemical regeneration methods by treating the spent slag with HCl and 

Na2S2O4 as effective methods in the regeneration of P removal efficiency, while the NaOH 

treatment seems to be ineffective. In their next paper [134] they showed that pre- and post-chemical 

treatment (after exhaustion) can increase P removal. They argued that chemical reagents can 

manipulate the pH/Eh of the slag granule surfaces and possibly activate them for further P removal. 

Although there have been several studies about field application of slag, no accurate model had 

been introduced by the time for prediction of the performance of steel slag in a long-term 

application. Penn and McGrath [31] for the first time started to develop a predictive equation for 

P removal of steel slag in a filed application. They found that the effect of retention time and P 

concentration on P removal varied based on material chemical properties, i.e., oxalate extractable 

aluminum (Al), iron (Fe), and water-soluble (WS) calcium (Ca). They proved that increases in RT 

and inflow P concentrations increased P removal among materials most likely to remove P via 

precipitation, whereas RT had little effect on materials likely to remove P via ligand exchange 

[54]. They used this modeling approach to design of in situ agricultural drainage filters using a 

ditch filter [150]. Later on, they introduced a universal flow-through model that  was able to predict 

P removal in 23 different scenarios, including a diversity in chemical characteristics, conditions 

(P inflow concentration and RT), and ranged in scale from laboratory flow-through to 80 Mg ditch 

filters [41]. This study led  to developing a software (Phrog) that can be used for design P removal 

structures [20, 151]. Figure S 1. Data transformation for the effect of bicarbonate concentration on P 

removal of Al-treated slag 
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Figure S 2. Data transformation for the effect of Al treatment on P removal of slag for bicarbonate-rich inflow solution 

 

 

 

Figure S 3. Data transformation for the effect of incubation time and solution on Al-treated slag 
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Table S 1 provides a comprehensive list of research about applications of steel slag as PSM in a 

chronological order. 

In summary, EAF slags have been successfully applied for removing phosphorous in various 

applications such as water runoff ditches, blind inlets, constructed wetlands, and WWP; however, 

the applicability of this material for treating water discharge from agricultural tile drainage systems 

has not been fully studied. In this research the aim is to study the effect of important parameters 

present in a tile drainage system on P removal efficiency of EAF in order to investigate its 

feasibility for this application. The studied parameters include slag particle size distribution, 

competing ions’ concentration, incubation time and incubation solution, and modification of slag 

by chemical treatment. The effect of each parameter on P removal efficiency are analyzed using 

simulated flow-through experiments. Then, it will be recommended whether this material is 

suitable for this application. 

 

4. Methodology 

4.1. Analysis of slag 

4.1.1. Flow-through experiment 
 

To study P removal of steel slag in different conditions, flow-through experiments should be 

performed. These experiments include adding a P solution to the column containing PSM and 

collecting water samples after it passes through the PSM. The water samples then are analyzed to 

measure their P concentration that shows the efficiency of the PSM in removing phosphorus. 

Figure 14 shows a schematic of flow-through experiment. 
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Figure 14. Schematic of the general procedure for conducting a flow-through P sorption test on PSMs [20] 

Flow-through cells were constructed as described in  DeSutter et al. [152]. In this study 0.5 gr of 

phosphorus sorption materials were mixed with 4.5 gr of acid-washed, lab-grade sand (pure Si 

sand, 14808–60–7; Acros Organics, Morris Plains, NJ) to achieve a total pore volume of 1.26 cm3 

(5 g of sand; 40% porosity) and placed in a flow-through cell. A 0.45-μm filter was placed beneath 

the materials, and the bottom of the cell was connected to a single-channel peristaltic pump (VWR, 

“low flow” 61161–354 and 54856–070) using plastic tubing. The desired RT (RT [min] = pore 

volume [mL]/flow rate [mL.min−1]) was achieved by varying the pump flowrate, which pulled 

solution through the cell. A retention time of 10 minutes was used for this study.  RT is defined as 

the amount of time required for the solution to pass through the cell. This RT represents a 

reasonable amount of time for drainage water to pass through a P removal structure.  While 

excessive RT may be effective at P sorption, it reduces the total amount of drainage water that can 
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be treated for a given mass of material under high flow conditions. A constant head Mariotte bottle 

apparatus was used to maintain a constant volume of P solution on the materials [31, 54].  

Figure 15 shows a photograph of the actual flow-through experiment setting used for this study. 

It includes six stations of flow-through experiments that enable the researcher to run three different 

experiments at the same time. In order to check the reproducibility of the experiments, two stations 

were assigned for each experiment. 

 

 

 

 

 

 

Figure 15. Photograph of six stations for conducting a flow-through experiment 

4.1.2. pH measurement 
 

The pH is an important value to measure because the effectiveness of both types of PSM, Ca-based 

and Al/Fe-based, are dependent on pH values. To measure pH, the following steps should be taken:  

1. Add 3 gr of PSM and 15 mL of de-ionized (DI) into a snap vial. The ration between solid 

to DI should be maintained at 1:5.  

2. Shake snap vials for 1 min 

3. After waiting for 20 minutes, shake the snap vials for a second time for 1 min 

4. After waiting 20 more minutes, pH can be measured [20] 

P solution 

Flow through cell 

Peristatic pump 

Outflow 

Automatic sample 

collector 

Six flow-through stations 
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Moreover, the pH of the outflow solution is measured that can be used to investigate the 

mechanism of P removal. 

4.1.3. P and Ca analysis 
 

After collecting outflow samples, the P removal efficiency of PSM was studied using an ascorbic 

acid method. This method, which is an EPA standard method, includes using reagents for the 

outflow samples and measuring the P concentration via a spectrophotometer [153].  

This method was based on orthophosphate-specific reactions. Ammonium molybdate and 

antimony potassium tartrate react in an acid medium with dilute solutions of phosphorus to form 

an antimony-phospho-molybdate complex.  This complex is reduced by ascorbic acid to an 

intensely blue complex. Only the orthophosphate forms a blue color in this test and the color is 

proportional to the phosphorus concentration. Figure 16 shows a rack of outflow samples and the 

spectrophotometer used for this study. 

 

 

 

 

Figure 16. A rack of outflow sample and spectrophotometer used for P analysis 

In addition to P, the Ca concentration in the outflow solution was measured using Inductively 

Coupled Plasma Atomic Emission Spectroscopy (ICP AES). The purpose of this measurement was 

to study the effect of alkalinity on calcium phosphate precipitation. 
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4.2. Statistical analysis 

4.2.1. Model development: 
 

Results of the flow-through experiment are used to find the design curve. A design curve is a 

relationship between P sorption onto a PSM with cumulative P loading of the material, under 

specific conditions of contact time (retention time) and inflow dissolved P concentration. Retention 

time is defined as the amount of time that the PSM is in contact with the solution. The importance 

of the design curve is that it shows how much P a PSM removes from water. Figure 17 shows an 

example of a design curve for the steel slag resulting from a flow-through test with an inflow P 

concentration of 0.5 mg/L phosphorous and 10 minutes’ retention time. In the figure discrete P 

removal percentage (DPrem) is plotted as a function cumulative P added (CPadd) to the PSM. 

 

Figure 17. Design curves for the PSM (EAF steel slag) resulting from flow-through P sorption tests with an inflow P 

concentration of 0.5 mg/L and five minutes retention times 

By using experimental values of the design curve, an empirical model will be obtained for the 

PSM. This can be done using statistical software by finding the best-fitted curves to the 

experimental design curve. R-squared values will be used to compare fitted-curves (Figure 18). 
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Figure 18. Fitted curves for DPrem (%) vs. CPadd 

By finding the best-fitted curve an empirical model will be obtained that relates DPrem (%) to CPadd. 

Essentially, this model allows calculating how much P will be removed or retained by the PSM. 

Eq. 1 is integration of a design curve to estimate cumulative P removal for a given P load to the 

PSM. 

𝐶𝑃𝑟𝑒𝑚 (%) =  
∫ 𝑓(𝑥)𝑑𝑥

𝑥
0

𝑥
                                                                                                            (1) 

Where x is CPadd (mg kg-1), DPrem is a function of x as DPrem (%) = f(x), and CPrem (%) is cumulative 

P removed. Dividing the integrated design curve by 100 instead of CPadd results in CPrem in units 

of mg P kg−1 PSM. 

𝐶𝑃𝑟𝑒𝑚 (𝑚𝑔 𝑘𝑔−1) =  
∫ 𝑓(𝑥)𝑑𝑥

𝑥
0

100
                                                                                                 (2) 

 

The final loading point is when the PSM’s discrete P removal (%) is zero (f(x) = 0), i.e., when the 

PSM is spent and inflow P equals outflow P concentration. Solving the model when CPrem is zero 

leads to calculating the maximum P added to the PSM. The input of CPadd Max into Eq. 1 and 2 

will result in the maximum CPrem in percent or mg kg−1, respectively.  
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4.2.2 Analysis of variance and contrast analysis 
 

To quantify the impact of the independent variable on P removal efficiency, a statistical approach 

was used. The response variable used in the statistical analysis was Maximum Cumulative P 

removed (mg/kg) for each condition that was calculated using the best fit for design curves. Two 

statistical techniques, i.e., Analysis of Variance (ANOVA) and contrast analysis, were used to 

investigate the potential significance of the independent variables on P removal capacity and 

differences between groups. A contrast analysis is a specific type of analysis that tests for nuanced 

differences between groups within a dataset, enabling a test for more precise and specific 

differences among groups of data. SAS 9.4 and Minitab 19 were used for performing statistical 

analysis. Hypothesis testing was used to interpret ANOVA results. The null hypothesis (Ho) and 

the alternative hypothesis (H1) assume no relationship and relationship, respectively. A 

significance level of 0.05 was used for the statistical analysis. In order to either reject or reject the 

null hypothesis, the P-value method was used. If the P-value happens to be greater than α, the null 

hypothesis cannot be rejected. If the P-value was less than or equal to α, the null hypothesis was 

rejected in favor of the alternative hypothesis [29, 30]. 

 

4.3. Competing ions (research objective 1): 
 

One of the factors that can reduce the efficiency of PSM in P removal is the presence of competing 

ions in the discharged water. The competing ions compete with phosphate ion (PO4
3-) in making a 

bond with Ca, Al, Fe, and Mg in PSM.  
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The deployment of the P removal structure for treating subsurface tile drain water has not been 

successful yet because of the low efficiency of phosphorus removal. One problem that possibly 

reduces efficiency is the presence of competing ions, specifically carbonate (CO3
2-), in the water 

discharged from the tile drainage system. Carbonate in soil is provided by atmosphere (carbon 

dioxide) or from limestone that is used as an amendment to neutralize soil acidity and to supply 

calcium (Ca) for plant nutrition. The network of the tile drainage system allows water to flow from 

between soil particles into the tile line located beneath the surface. This flow can lead to the 

transportation of carbonate or bicarbonate ions to the main tile and consequently to the P removal 

structure deployed at the end of the network before water discharges to a ditch.  

The following reactions show how carbonate ions can compete with phosphate ions in making a 

bond with the Ca ions present in the composition of PSM. As mentioned before, Ca-based PSM 

removes P by precipitation of calcium phosphate, as shown below: 

Dissolution of CaOH2 from slag 

CaOH2            Ca2+ + 2OH- 

P removal by Ca ions: 

Ca2+ + H2PO4
- + 2H2O             CaHPO4 .2H2O (solid) + H+ 

Carbonate ions provided by bicarbonate or carbonic acid and present in outflow tend to react with 

Ca ions as well. This mechanism is as follows: 

HCO3
-                   H+ + CO3

2- 

H2CO3             2H+ + CO3
2- 

Ca2+ + CO3
2-             CaCO3  
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As can be seen, alkalinity or carbonate and bicarbonate ions can consume Ca ions of PSM that 

possibly reduce P removal efficiency of PSM. In this work the effect of carbonate ions on P 

removal efficiency of PSM will be examined. The study aims to find answers for the following 

questions: is formation of CaCO3 thermodynamically favorable compared with the formation of 

CaHPO4 .2H2O? If so, how fast would this reaction be? How much does the efficiency of the PSM 

in removal of phosphorous decrease because of competing action of the carbonate ion? Four 

different P solutions with various bicarbonate concentrations (0, 0.25, 0.5, and 0.84 g/L) were used 

to study the effect of alkalinity on P removal. These concentrations were chosen as Fausey et al. 

[26] reported these values for bicarbonate concentration in water discharge from tile drainage in 

Great Lakes states. To study the mechanism of P removal in the presence of alkalinity, ICP 

experiments will be accomplished that measure the Ca ions present in the outflow from the PSM 

column.  

 

4.4. Particle size distribution (research objective 2): 
 

Particle size distribution is one of the four main physical properties of PSM that should be 

considered when designing the P removal structure. The other three factors are hydraulic 

conductivity, porosity, and bulk density. Particle size distribution is a major factor because, first, 

the smaller the particles are, the greater surface area they have that generally enhances P removal, 

and second, particle size distribution has direct impact on the values of three other factors. The 

total volume and footprint of the structure are generally controlled by bulk density defined as the 

mass per unit volume of the bulk material. Another important factor is porosity that represents the 

amount of water that can be held by PSM. Porosity is defined as the total volume of pore space 
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per unit volume of bulk material. It should be mentioned that removal of P occurs when P-rich 

water comes into contact with unconsolidated PSM; therefore, the more space the materials 

provide, the more removal might happen. Hydraulic conductivity assigns how fast water can pass 

through the PSM; in other words, what would be the maximum flow rate that can be handled by 

the structure. Hydraulic conductivity is related to the particle size distribution as well. For example, 

hydraulic conductivity of clayey soils is in the magnitude of 0.0001 cm s−1, for well-sorted sand it 

is around 0.1 cm s−1, whereas gravel-sized material has a hydraulic conductivity of 1 cm s−1. As 

can be seen, by increasing particle size hydraulic conductivity increases. Therefore, on the one 

hand, smaller particles are favorable because they provide more surface area and consequently 

increase P removal efficiency; on the other hand, greater particles are beneficial because they 

increase hydraulic conductivity. In the case of slag studied in this work, it was observed that when 

slag is used in the structure without being sieved, it causes a clog in the system that results in a 

preferential flow path for P-rich water. This will reduce efficiency of the structure in P removal. 

Hence, it is necessary to sieve the slag in order to provide a well-sorted material. However, the 

performance of the sieved slag should be studied to find the answer to whether and how P removal 

of the slag is affected by sieving. The experiment will include flow-through tests for PSM with 

different particle size distribution. 

4.5. Effect of aging (research objective 3): 
 

The form of a P removal structure that can be used for the treatment of water discharge from a tile 

drain is a rectangular box containing a buried PSM bed where the tile drain is directly plumbed 

into the structure and treats the water before it reaches a drainage ditch (Figure 19). Two different 

forms this structure can have include top- downward or bottom-upward flow. In the top-downward 

form the water enters the structure from top of the box and discharges from the bottom, and in the 
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bottom-upward form the water flow is from bottom to top. The advantage of a bottom-up flow 

design is minimizing the structure's footprint by enabling the bed thickness of the PSM to be 

greater while achieving adequate drainage. 

 

Figure 19. Diagram of a subsurface tile drain P removal structure with top- downward and bottom-upward designs [20] 

The footprint is one of the major parameters that affects the total cost of the P removal structure. 

The footprint is basically controlled by PSM characteristics such as adsorption capacity and 

hydraulic conductivity. Less mass of materials and consequently less space are required for 

removing a specific P removal goal using a PSM with high adsorption capacity. This means that 

less money will be spent on constructing the structure and on transportation of the material. With 

respect to hydraulic conductivity for a given mass, PSMs with a low value of hydraulic 

conductivity mean a shallower PSM depth, and hence a bigger footprint for the P removal 

structure, whereas a smaller footprint is required for materials with higher values of hydraulic 

conductivity. Moreover, some agricultural fields have a space constraint limiting the area that can 

be allocated to the P removal structure. 
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A bottom-upward P removal structure is designed for the cases where there are space limitations 

in the field, but more mass of materials is required due to low adsorption capacity. This design is 

shown in Figure 20. 

 

Figure 20. Bottom-upward P removal structure [20] 

One potential problem regarding this design is that PSM materials will be soaked into the water 

between rain events. In a top-downward structure water completely drains after each rain event 

due to gravity force, but for the bottom-upward structure, draining will stop once the water level 

comes below to the outlet level that is located at the top of the structure. This means that PSM 

material will be aged in water in anaerobic conditions. Therefore, it is important to study the effect 

of aging on P removal efficiency of PSM. The aging may reduce the efficiency because during the 

soaking period Ca ions may dissolve into water and precipitate in the form with less solubility. As 

mentioned earlier, soluble Ca is necessary for P removal; hence, this process may reduce P removal 

efficiency by consuming available Ca. This situation might even worsen if alkalinity (carbonate 

ions) is present in the water. As discussed earlier, carbonate ions tend to react with Ca, which 

results in less available Ca for removing phosphorus. Therefore, the  effect of aging in water will 

be studied in this work. The experiment includes aging the PSM in water with different 
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concentrations of bicarbonate (0, 0.25, 0.5 and 0.84 g/L) for a period of time (3, 7, and 137 days) 

and then performing flow-through experiments. Figure 21 shows cups filled with PSM and water 

used for the incubation experiment. 

 

 

Figure 21. PSM aged in water with three carbonate concentration (0, 0.5, 0.84 g/L) for incubation experiment 

 

4.6. Modification of PSM (research objective 4): 
 

A viable PSM must be able to remove P at sufficient amounts and relatively quickly. P sorption 

capacity of PSM is defined as the maximum amount of P that a PSM can sorb under a given 

condition and can be obtained from a design curve derived from flow-through experiments. The P 

sorption capacity is a function of inflow P concentration and retention time. Higher P concentration 

usually increases P sorption capacity and a longer retention time for time-sensitive PSM increases 

P sorption capacity. 
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As mentioned earlier, there are two categories for P sorption mechanisms: ligand exchange and 

precipitation. Ligand exchange is a process that happens only on variable charged minerals. The 

surface charges of these minerals vary as a function of pH. By increasing pH, the surface becomes 

more negative because of attaching hydroxide ions to the surface. As pH decreases, the surface 

terminal functional groups become more positively charged. The following reaction shows an 

example of a ligand exchange reaction for P onto a variable charged functional group 

       MOH2
+0.5 + H2PO4

-           MOPO3H2
-0.5 + H2O 

Where the line indicates that the functional group is connected to a PSM and where M is Al or Fe 

contained in an oxy/hydroxide.  

In the precipitation mechanism, dissolved P in solution (i.e., phosphate) reacts with a dissolved 

metal cation. These two form a new solid by precipitation that takes dissolved P out of the solution. 

The following reaction shows a simplified generic precipitation: 

aMm+ + bLn+                    MaLb (solid)            

Where M is a metal such as Ca, Al, or Fe, and L is a ligand (e.g., phosphate PO4
3-). The slag studied 

for this research is Ca-based PSM and removes P by a precipitation mechanism. 

PSM can be modified using a chemical treatment to change its P sorption mechanism, when its 

current sorption mechanism does not result in high P sorption capacity due to the field conditions. 

We hypothesized that the precipitation mechanism of EAF slag might not produce satisfactory 

results in the presence of bicarbonate in the inflow solution and decided to study the effect of 

changing mechanism to ligand exchange in reduction of adverse effect of bicarbonate. 
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Another advantage of the modification is rejuvenating the slag by changing its removal 

mechanism, after the slag is spent or after all available dissolved Ca reacts with phosphate ions. 

After a PSM removes P up to its sorption capacity, it will no longer remove P and is called spent 

or exhausted PSM. One challenge of a P removal structure is dealing with spent PSM that no 

longer removes P. The mass of PSM that will be used for the tile drainage structure is in the range 

of several tons. Therefore, removing this large volume of PSM and replacing it with a new one 

will be a cumbersome task that increases the cost of the system. One way to tackle this problem is 

rejuvenating PSM, which enables PSM to revive its adsorption capability. In some modification 

methods for PSM that removes P using ligand exchange mechanism, phosphorus can be replaced 

with an OH-. This method not only removes P from PSM but also efficiently recharges the active 

functional groups for further P sorption, enabling the materials to serve as a PSM again. This is 

accomplished by treating PSM with NaOH or KOH solutions. After collecting the leachate that 

includes phosphate ions in dissolved form, P can be recovered as a fertilizer by adding CaCl2 [140, 

154]. In this way both PSM and P can be reused multiple times in the system. Following this 

method makes this wastewater treatment system a circular economy where waste production can 

be eliminated, and resources are continually reused [155]. 

To study modification of the slag with aluminum, the slag was treated by aluminum sulfate solution 

with concentration of 0.27 M for a period of 48 hours. The treatment process simply includes 

soaking slag into an aluminum sulfate solution. This leads to the formation of Al oxide/hydroxide 

on the surface of slag that will later act as new P removal sites.  Figure 22 shows slag before and 

after the aluminum treatment. 
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Figure 22. Slag (a) before and (b) after treatment with aluminum sulfate solution 

After Al treatment, a flow-through experiment will be performed to study the effect of the 

treatment on the P removal behavior of the slag. Moreover, the effect of alkalinity on P removal 

of the treated slag will be investigated. 

 

5. Results and Discussion 

5.1. Effect of particle size distribution 
 

Particle size distribution is a major factor to be considered for the selection of PSM. This is because 

first, the smaller the particles are, the greater surface area they have that generally enhances P 

removal, and second, particle size has direct impact on the values of three other important physical 

properties of PSM, including hydraulic conductivity, porosity, and bulk density. 

As it was mentioned, smaller particles for PSM are favorable leading to an increase in P removal 

efficiency. However, smaller particles have less hydraulic conductivity that causes less water flow 

to be handled by the P removal structure.  

(a) (b) 
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The effect of particle size distribution of EAF slag was studied. For that research task, the slag was 

sieved using a 500 µm sieve.  

Figure Figure 23 shows the slag before and after sieving. Then flow-through experiments were 

performed for the sieved and non-sieved slags. For the experiment inflow a solution with 0.5 ppm 

P concentration was used and retention time was adjusted to 10 min. The results of the flow-

through experiments are shown in Figure 24. 

    

 

 

 

 

 

Figure 23. (a) non-sieved EAF slag (b) sieved EAF slag by 500 µm sieve 

 

 

Figure 24. Discrete phosphorus removal (DPrem) design curves and fitted lines for the full size fraction containing particles < 0.5 

mm and sieved slag which only contained particles > 0.5 mm.  
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As can be seen from the figure, P removal of sieved slag noticeably decreases compared with full 

size fraction slag. To quantify this change, the best-fitted curves should be obtained for the design 

curves. Using R-squared values, exponential fit was selected as the best-fitted curve. To find the 

maximum P removed by each slag the following steps were taken: 

Estimation of cumulative P removal: 

𝐶𝑃𝑟𝑒𝑚 (%) =  
∫ (𝑏𝑒𝑚𝐶𝑃𝑎𝑑𝑑) 𝑑𝐶𝑃𝑎𝑑𝑑

𝐶𝑃𝑎𝑑𝑑
0

𝐶𝑃𝑎𝑑𝑑
                                                                 (3) 

Where CPrem is cumulative P removed, CPadd is the cumulative P added per mass of PSM (mg 

kg−1), and m and b are the coefficients from the exponential equation that describes discrete P 

removal (i.e., design curve).  This formula essentially allows one to determine how much P will 

be removed and retained by the PSM. Dividing the integrated design curve by 100 instead of CPadd 

results in CPrem in units of mg P kg−1 PSM. 

 

𝐶𝑃𝑟𝑒𝑚 (𝑚𝑔 𝐾𝑔−1) =  
∫ (𝑏𝑒𝑚𝐶𝑃𝑎𝑑𝑑) 𝑑𝐶𝑃𝑎𝑑𝑑

𝐶𝑃𝑎𝑑𝑑
0

100
                                                    (4) 

 

When DPrem (%) is close to zero, it means that the PSM is spent and inflow P equals outflow P 

concentration. This is the final loading point and can be calculated using the coefficient of the 

design curve as shown below: 

𝐶𝑃𝑎𝑑𝑑 max(𝑚𝑔𝑘𝑔−1 ) =  
ln(𝑏)

−𝑚
                                                                          (5) 

 

The input of CPadd Max into either Eq. 4 or 5 for CPadd will result in the maximum CPrem in percent 

or mg kg−1, respectively. This way the total P removed by a PSM can be estimated over its lifetime 

[20, 31, 41]. 
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According to Figure 24, the fitted curves of non-sieved and sieved slags are as follows: 

𝐷𝑃𝑟𝑒𝑚(%) = 117.54 𝑒−0.002 𝐶𝑃𝑎𝑑𝑑     

𝐷𝑃𝑟𝑒𝑚(%) = 102.73 𝑒−0.004 𝐶𝑃𝑎𝑑𝑑  

 

Using Eq. 5, the final loading points for full fraction size slag and sieved slag are 2383.38 and 

1158.02 mg Kg-1, respectively. By inputting b, m, and the final points in Eq. 4, maximum removal 

capacity of the full fraction size and sieved slag was calculated as 582.7 and 254.3 mgP Kg-1, 

respectively. As shown in Figure 25, by sieving slag with a 500 µm sieve, maximum removal 

capacity decreases by 56%.  

 

 

 

 

 

 

 

 

 

 

Figure 25. Maximum commutative P removal of non-sieved and sieved slag 

The reason the full fraction size slag has higher removal is the fact that the small particles contain 

greater pH buffer capacity, and a higher degree of soluble Ca [156], as they are extremely soluble 

in water, which provide more free Ca ions in water compared with sieved slags.  The reaction 

below shows the mechanism of removing P via precipitation. 
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Ca2+ + H2PO4
- + 2H2O             CaHPO4 .2H2O (solid) + H+ 

K value (equilibrium constant) is used to quantify precipitation-dissolution reactions. Table 4 lists 

the K value for several different Ca phosphate minerals. During the precipitation mechanism, first 

the most soluble Ca phosphate mineral will precipitate; then it gradually crystallizes into the least 

soluble Ca phosphate mineral over time. The concentration of the P (i.e., ligand) and the metal ion 

(i.e., Ca2+) partly regulate the degree of solid Ca phosphate mineral formation. Enhancing 

concentrations of P and Ca provide the chemical drive to cause the reaction to occur and transfer 

from the left side to form the products on the right side of the reaction, i.e., precipitated solid. 

Therefore, the more that a PSM can dissolve and provide a solution for Ca2+, the more the solution 

can eliminate P [20]. Decreasing slag size may also cause the specific surface available for HAP 

crystallisation increases. After precipitation, Ca phosphates may crystallise into the most stable 

form of hydroxyapatite providing seed crystals for crystallization [14]. smaller sized slag particles 

contain a higher degree of soluble Ca, greater pH buffer capacity, and therefore superior dissolved 

P removal via Ca phosphate precipitation [6].   

Table 4. K values for several Ca phosphate mineral that can potentially precipitate during P removal by Ca-rich PSMs [20, 157] 

Ca phosphate mineral Formula Log K of dissolution 

Monocalcium phosphate Ca(H2PO4)2∙H2O -1.15 

Brushite CaHPO4∙H2O 0.63 

Monetite CaHPO4 0.3 

Octacalcium phosphate Ca4H(PO4)3∙2.5H2O 11.76 

β-tricalcium phosphate β-Ca3(PO4)2(c) 10.18 

Hydroxyapatite Ca5(PO4)5OH 14.46 
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5.2. Effect of alkalinity 
 

Previous research has shown that water discharge from a tile drainage system has a high percentage 

of alkalinity especially in the form of bicarbonate (HCO3
-) that  can originate from the atmosphere, 

root respiration, and limestone used as an amendment [116, 158, 159]. In this research we studied 

whether carbonate ions compete with phosphate ions to react with Ca. Four different P solutions 

with various carbonate concentration were used to study the effect of alkalinity on P removal of 

>0.5 mm slags and full-size fraction slags as shown in Figure 26. Table 5 lists the conditions of 

experiments, the parameters of the exponential fitted line, and the removal capacity for each 

combination. As can be seen from Figure 26, P removal appreciably shifts to lower values at any 

given cumulative P loading for inflow solutions containing alkalinity for both size fractions, 

compared with no bicarbonate. 
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Figure 26. Discrete phosphorus removal (DPrem) design curves for (a) sieved slag which only contained particles > 0.5 mm and 

(b) the full size fraction containing particles < 0.5 mm as a function of bicarbonate concentration in inflow solution (0, 0.25, 0.5, 

0.84 g/L).  

 

Table 5. Maximum removal capacity for the full size fraction containing particles < 0.5 mm and sieved slag which only contained 

particles > 0.5 mm as a function of bicarbonate concentration in inflow solution (0, 0.25, 0.5, 0.84 g/L).  

Replication 

Particle size 

(mm) 

Bicarbonate 

concentration of 

inflow (g/L) 

b* m* 

R-

Squared 

Max removal 

capacity 

(mg/Kg) 

1 Full fraction size 0 117.54 -0.002 0.94 582.7 

2 Full fraction size 0 125.23 -0.005 0.94 248.46 

1 Full fraction size 0.25 162.74 -0.062 0.73 26.09 

2 Full fraction size 0.25 153.96 -0.01 0.84 152.96 

1 Full fraction size 0.5 62.187 -0.046 0.92 13.3 

2 Full fraction size 0.5 0 0 0 0 

1 Full fraction size 0.84 34.239 -0.057 0.99 5.83 

2 Full fraction size 0.84 0 0 0 0 

1 > 0.5 0 102.73 -0.004 0.96 254.32 

2 > 0.5 0 130.01 -0.012 0.9 107.51 

1 > 0.5 0.25 232.79 -0.104 0.82 22.28 

2 > 0.5 0.25 82.737 -0.044 0.77 18.58 

1 > 0.5 0.5 50.06 -0.049 0.96 10.01 

2 > 0.5 0.5 0 0 0 0 

1 > 0.5 0.84 143.33 -0.142 0.96 10.02 

2 > 0.5 0.84 0 0 0 0 

*𝑦 = 𝑏𝑒−𝑚𝑥 

𝑦 = 𝐷𝑃𝑟𝑒𝑚 

𝑥 =  𝐶𝑃𝑎𝑑𝑑 
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To achieve additional insight into group differences, contrast analysis was performed. The results 

are listed in Table 5 and a bar chart of removal capacity for each combination is shown in Figure 

27. From the contrast analysis (Table 6) it can be inferred that the difference between P removal 

capacity when bicarbonate is present compared with no bicarbonate is significant, while the 

difference between different concentration of bicarbonate is not significant. 

Table 6. Contrast analysis between groups 

Contrast DF Contrast SS 

Mean 

Square 

F 

Value 

Pr > F 

P removal with zero bicarb matrix vs all those 

containing bicarb 

1 229619.5002 229619.5002 20.45 0.0007 

P removal with 0.25 g/l bicarb matrix vs all 

those containing bicarb  

1 6826.3470 6826.3470 0.61 0.4507 

P removal with 0.5 g/l bicarb matrix vs all 

those containing bicarb  

1 38466.4957 38466.4957 3.43 0.0889 

P removal with 0.8 g/l bicarb matrix vs all 

those containing bicarb  

1 40174.5124 40174.5124 3.58 0.0829 

P removal with zero bicarb matrix vs those 

containing 0.25 g/l bicarb  

1 118360.5858 118360.5858 10.54 0.0070 

P removal with zero bicarb matrix vs those 

containing 0.5 g/l bicarb  

1 171018.9128 171018.9128 15.23 0.0021 
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Contrast DF Contrast SS 

Mean 

Square 

F 

Value 

Pr > F 

P removal with zero bicarb matrix vs those 

containing 0.8 g/l bicarb  

1 173207.3224 173207.3224 15.43 0.0020 

P removal with 0.25 g/l bicarb matrix vs those 

containing 0.5 g/l bicarb  

1 4831.4450 4831.4450 0.43 0.5242 

P removal with 0.25 g/l bicarb matrix vs those 

containing 0.8 g/l bicarb  

1 5205.0604 5205.0604 0.46 0.5089 

P removal with 0.5 g/l bicarb matrix vs those 

containing 0.8 g/l bicarb  

1 6.9564 6.9564 0.00 0.9806 
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Figure 27. Average maximum removal capacity (mg/Kg) as a function of particle size, bicarbonate concentration, and Al 

treatment. DP removal determined under inflow conditions of inflow concentrations of 0.5 mg P/L, and 10 min retention time. 

 

This result shows that carbonate ions are strong competitors with phosphate ions in forming a bond 

with Ca ions present in the composition of PSM. The following reaction shows this process.  

Dissolution of CaOH2 from slag 

CaOH2            Ca2+ + 2OH- 

P removal by Ca ions: 

Ca2+ + H2PO4
- + 2H2O             CaHPO4 .2H2O (solid) + H+ 
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Carbonate ions provided by bicarbonate or carbonic acid and present in outflow tend to react with 

Ca ions as well. This mechanism is as follows: 

HCO3
-                   H+ + CO3

2- 

H2CO3             2H+ + CO3
2- 

Ca2+ + CO3
2-             CaCO3  

As can be seen in the ICP results (Figure 28), by increasing bicarbonate concentration, Ca 

concentration decreases in the outflow solution for each material. This result confirms that 

carbonate ions present in the solution tends to react with Ca and form calcium carbonate, which is 

a strong competitive reaction for precipitation of calcium phosphate and halt Ca-based PSM from 

removing P. Therefore, premature failure of a tile drainage slag filter can be the result of 

bicarbonate-rich inflow subsurface water.  Evidence supported the notion that bicarbonate 

consumed slag pH buffering capacity by precipitating Ca carbonate, which simultaneously reduced 

soluble Ca for Ca phosphate precipitation and clogged pore volume with the newly formed 

carbonate mineral [160]. 
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Figure 28. Calcium concentration in outflow solution as a function of PSM type and alkalinity concentration 

It can be concluded that formation of CaCO3 is not only thermodynamically favorable compared 

with CaHPO4 .2H2O, but also it is kinetically fast enough to make P removal zero during the 

contact time used in our experiment. 

From Table 5, the max removal capacity for few replications when 0.5 and 0.84 g/L bicarbonate 

was present in the inflow solution was assigned to be zero. More accurately, in these solutions 

instead of P adsorption, P desorption was observed. In other words, P concentration in the outflow 

solution was higher than the inflow solution. It should be mentioned that the slag already contains 

P in its composition in the form of Ca-P. This is due to reactions occur during steel making process. 

One of the main reactions in the steel industry is the oxidation of P by dissolved oxygen in hot 

metals [31]. During crude steelmaking, EAF slag is produced through the electric arc furnace. 

Steel scrap, together with limestone or dolomite fluxes, is heated by an electrical current to form 

a liquid phase. The removal of silicates and phosphorus chemicals from molten steel is commonly 

obtained by addition of lime (CaO) or dolomite [32]. Therefore, before starting P removal 

experiment, EAF slag has Ca-P in its composition [3, 33]. Based on the result when bicarbonate 

concentration is more than 0.5 g/L, it causes Ca-P to dissolve, both “native” P and the P that was 

previously sorbed. 

5.3. Effect of Incubation 
 

The P removal structure can have two different forms, which include top-down or bottom-up flow. 

In the top-down form the water enters from the top of the box into the system and discharges from 

the bottom and in the bottom-up form the water flow is from the bottom upwards. The benefit of 

a bottom-up flow design is to reduce the footprint of the structure by allowing the PSM bed 
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thickness to be greater while at the same time ensuring sufficient drainage. Bottom-up P removal 

structure is intended for cases where space constraints are present in the field, but due to the low 

adsorption efficiency, more material mass is needed. 

One concern with this design may be that in rain events PSM materials would be soaked in the 

water. Since water drains completely after each rain event in the top-down structure due to gravity 

force, for the bottom-up structure drainage will end as soon as the water level falls below the outlet 

level at the top of the structure. This means aging of PSM content in anaerobic conditions in water. 

The effect of aging in water and water with alkalinity was studied on P removal efficiency of the 

slag. For aging three times were selected, 3 days and 137 days. The first time represents a wet year 

when the time between two rain events is short; however, the second time is intended to represent 

a dry year when frequency of having storm events throughout the year is too low. Figure 29 shows 

design curves for slag with 0, 3, and 137 days incubation in DI water. DP removal was determined 

under inflow conditions of inflow concentrations of 0.5 mg P/L, and 10 min retention time without 

bicarbonate concentration.  

Before conducting the experiments, it was hypothesized that equilibration time in DI water may 

reduce P removal efficiency, because Ca ions can dissolve into water during the 

equilibration/inundation period and then precipitate into Ca carbonate, which has less solubility in 

water. As previously stated, soluble Ca is required for the removal of P by EAF slag. In addition, 

bicarbonate could further reduce the solubility of Ca, as previously discussed.  From Figure 29, it 

appears that inundation in DI water does not actually change the P removal capability of the slag. 

Using an exponential regression fit for the design curves, the removal capacities are listed in Table 

7. This shows that the P removal efficiency does not significantly change due to equilibration for 

long periods in DI water. 
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Figure 29. Effect of incubation in DI water on design curve of the slag. DP removal determined under inflow conditions of inflow 

concentrations of 0.5 mg P/L, and 10 min retention time for the full size fraction EAF slag 

 

Table 7. Maximum removal capacity as a function of incubation time and alkalinity concentration in incubation solution for the 

full size fraction containing particles < 0.5 mm.  

Replication 

Incubation 

time (day) 

Alkalinity of 

solution for 

incubation (g/L) 

b m 

R-

squared 

Max removal 

capacity 

(mg/Kg) 

1 0 0 102.73 -0.004 0.96 254.32 

2 0 0 130.01 -0.012 0.9 107.51 
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1 3 0 89.73 -0.003 0.95 295.77 

2 3 0 77.39 -0.004 0.9 190.97 

1 137 0 99.502 -0.004 0.97 246.25 

2 137 0 114.03 -0.007 0.9 161.47 

1 3 0.5 57.29 -0.004 0.66 140.72 

2 3 0.5 57.29 -0.004 0.66 140.72 

1 137 0.5 130.83 -0.008 0.96 162.29 

2 137 0.5 105.86 -0.007 0.94 149.8 

1 3 0.84 42.619 -0.003 0.84 138.73 

2 3 0.84 46.387 -0.002 0.61 226.93 

1 137 0.84 108.26 -0.007 0.91 153.22 

2 137 0.84 123.37 -0.005 0.92 244.74 

 

The effect of bicarbonate in the incubation solution also was studied during the aging time. Two 

levels of alkalinity were used 0.5 and 0.84 g/L bicarbonate in DI water. As shown in Figure 30 

and Figure 31, P removal efficiencies are affected and reduced during short time; however, the 

efficiency remained almost unchanged for a long period of time.  
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Figure 30. Effect of incubation in 0.5 g/L bicarbonate on design curve of the slag. DP removal determined under inflow 

conditions of inflow concentrations of 0.5 mg P/L, and 10 min retention time for the full size fraction EAF slag 
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Figure 31. Effect of incubation in 0.84 g/L bicarbonate on design curve of the slag. DP removal determined under inflow 

conditions of inflow concentrations of 0.5 mg P/L, and 10 min retention time for the full size fraction EAF slag 

The reactions below show the three common dissolution reactions of Ca-bearing minerals found 

in Ca-based PSMs. 

CaCO3 + 2H+                   Ca2+ + CO2(g)  

CaSO4              Ca2+ + SO4
2- 

CaO + 2H+             Ca2+ + H2O  
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As these reaction proceeds from left to right, i.e., the mineral dissolves and Ca2+ can precipitate 

with phosphate when the P solution flows through the PSM. Ca minerals differ in their capacity to 

provide a solution for Ca2+, indicating that some minerals are more soluble than others. These Ca 

minerals are different in terms of solubility, pH buffering capacity, and pH effects on their 

solubility. CaCO3 minerals are typically less soluble at a pH of 7 and above, compared with  

gypsum (CaSO4) [20]. In this experiment EAF steel slag was incubated for various times in 

solutions with bicarbonate. As previously discussed, bicarbonate, and after de-protonation, 

carbonate, reacts with a solution Ca that prevents formation of Ca phosphate.  Surprisingly, Figure 

30 and Figure 31 show an inconsistency regarding the effect of incubation time on P removal 

when slag was incubated with solutions containing bicarbonate.  While zero and 137 d of 

equilibration show minimal differences, three days of equilibration in solutions containing 

bicarbonate greatly reduced P removal.  

Table 8 presents ANOVA results for quantifying the impact of incubation time and bicarbonate 

concentration on P removal.  The results show that incubation of slag while inundated with water, 

for a given level of bicarbonate concentration in that incubation solution, did not significantly 

affect P removal after the slag was removed and tested in a flow-through cell with a P solution 

containing no bicarbonate.  Surprisingly, the addition of bicarbonate in the incubation solution also 

had no impact on subsequent P removal.  At first, this appears contradictory to the results from 

Figure 26 and Table 5, which present the impact of including bicarbonate in the inflow solution 

matrix for the P removal flow-through tests.  Recall that the flow-through tests add many pore 

volumes of solution to the slag, while on the other hand, the incubation of slag in bicarbonate-rich 

water was only a single pore volume.  This is logical as it confirms the notion that the amount of 
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bicarbonate added to the slag is what dictates the decrease in P removal ability. pH results (Figure 

32) also show that incubation does not significantly change the pH level of the outflow solution. 

Table 8. ANOVA results 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 6 13518.16164 2253.02694 0.56 0.7495 

Error 7 28017.50750 4002.50107     

Corrected Total 13 41535.66914       

 

R-Square Coeff Var Root MSE cumrem Mean 

0.325459 33.89075 63.26532 186.6743 

 

Source DF Type I SS Mean Square F Value Pr > F 

Incubation 2 98.91561 49.45780 0.01 0.9877 

Bicarbonate  2 11384.04822 5692.02411 1.42 0.3032 

Incubation*Bicarbonate 2 2035.19782 1017.59891 0.25 0.7824 
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Figure 32. pH values of outflow solution as a function of incubation time.  

5.4. Effect of Al treatment 
 

In Figure 33 design curves of regular EAF slag and Al-treated EAF slags are compared. Final 

loading points are 5117.08 and 1158.03 for Al-treated and regular slag, respectively.  

 

 

Figure 33. Discrete phosphorus removal (DPrem) design curves for normal EAF slag and Al-treated slag.  DP removal expressed 

as a function of the cumulative P added (CPadd) to PSM.   
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As aluminum sulfate (Al2(SO4)3) solution was used for the Al treatment of EAF slag, the soluble 

Ca found in Al-coated slag is likely in the form of gypsum (CaSO4), which has been demonstrated 

to be an effective P sorbent to a certain extent. Additionally, amorphous Al hydroxides formed in 

the Al-coated surface modified slag would be an effective P sorbent via ligand exchange of P onto 

terminal hydroxide groups. Therfore, multiple mechanisms can be active for Al-coated EAF slags 

during P removal. The abrupt increase in P removal at around 400 mg kg-1 for Al-coated slag is 

likely due to re-starting the flow-cell after it had shut off for several hours, or it could be due to a 

shift in the P removal mechanism as pH changes (Figure 33). Regardless, coating slag with Al 

clearly increased P removal capacity. 

To confirm the P removal mechanism followed by the PSM in each condition, ICP analysis was 

performed on the outflow samples of the P solution from the PSM column. Figure 28 shows Ca 

concentration in the outflow solutions for different conditions. As can be seen, Ca concentration 

is significantly higher for Al-coated slag compared with sieved and non-sieved slags. This result 

proves that following Al treatment, the P removal mechanism for the EAF slag shifts from 

precipitation to the ligand exchange. As mentioned earlier, in the precipitation mechanism, soluble 

Ca reacts with dissolved phosphate ions, which results in precipitation of calcium phosphate. Thus, 

in the precipitation, more Ca ions in the solution are consumed and consequently less Ca ions 

would be detected in the solution via ICP. On the other hand, in the ligand exchange, dissolved 

phosphate ions are removed via a process that happens only on variable charged minerals that are 

connected to PSM through Al or Fe. In other words, Ca does not play a major role in the P removal 

in this mechanism, and therefore is more available in the outflow solution [150]. 

5.4.1. Effect of alkalinity on Al-coated slag 
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The effects of alkalinity on P removal for Al-treated slag are shown in Figure 34. The P removal 

capacity for each combination, slope and intercept of the exponential fit are listed in Table 9. 

The subsequent ANOVA and contrast analysis for distinguishing the impact of Al-coating and 

alkalinity are shown in Table 10 and  

Table 11, respectively. It should be noted normality is one of the assumptions for ANOVA 

analysis. As the raw data does not follow a normal distribution, it was transformed using Johnson 

Transformation method (Figure S 1). Then, the transformed data was used for the ANOVA 

analysis. 

 

Figure 34. Discrete phosphorus removal (DPrem) design curves for Al-treated slag as a function of bicarbonate concentration (0, 

0.25, 0.5, 0.85 g/L).  DP removal expressed as a function of the cumulative P added (CPadd) to PSM.   

 

Table 9. Maximum removal capacity for Al-coated slags as a function of bicarbonate concentration of the inflow solution. DP 

removal determined under inflow conditions of inflow concentrations of 0.5 mg P/L, and 10 min retention time. 
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of inflow 

(g/L) 

1 0 100.02 -0.0009 0.48 1100.22 

2 0 96.362 -0.001 0.41 953.62 

1 0.25 103.39 -0.016 0.98 63.99 

2 0.25 55.686 -0.003 0.65 182.29 

1 0.5 49.245 -0.006 0.77 80.41 

2 0.5 87.732 -0.02 0.9 43.37 

1 0.84 42.521 -0.008 0.75 51.9 

2 0.84 47.197 -0.013 0.52 35.54 

 

Table 10. ANOVA results for Al-treated slag 

Factor Type Levels Values 

Bicarbonate concentration (g/L) Fixed 4 0.00, 0.25, 0.50, 0.84 

 

Source DF Adj SS Adj MS F-Value P-Value 

  Bicarbonate Conc. (g/L) 3 5.202 1.7341 6.67 0.049 

Error 4 1.040 0.2601   

Total 7 6.243    

 

S R-sq R-sq(adj) R-sq(pred) 

0.509956 83.34% 70.84% 33.35% 
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Table 11. Contrast analysis 

Contrast DF Contrast SS 

Mean 

Square 

F 

Value 

Pr > F 

P removal with zero bicarb matrix vs all those 

containing bicarb  

1 943215.1480 943215.1480 14.88 0.0023 

P removal with 0.25 g/l bicarb matrix vs all 

those containing bicarb  

1 66416.8802 66416.8802 1.05 0.3261 

P removal with 0.5 g/l bicarb matrix vs all 

those containing bicarb  

1 119890.0252 119890.0252 1.89 0.1941 

P removal with 0.8 g/l bicarb matrix vs all 

those containing bicarb  

1 134855.3210 134855.3210 2.13 0.1703 

P removal with zero bicarb matrix vs those 

containing 0.25 g/l bicarb  

1 566329.9951 566329.9951 8.94 0.0113 

P removal with zero bicarb matrix vs those 

containing 0.5 g/l bicarb  

1 650872.0418 650872.0418 10.27 0.0076 

P removal with zero bicarb matrix vs those 

containing 0.8 g/l bicarb  

1 671762.2005 671762.2005 10.60 0.0069 

P removal with 0.25 g/l bicarb matrix vs those 

containing 0.5 g/l bicarb  

1 2939.5278 2939.5278 0.05 0.8331 

P removal with 0.25 g/l bicarb matrix vs those 

containing 0.8 g/l bicarb  

1 4497.3128 4497.3128 0.07 0.7945 
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Contrast DF Contrast SS 

Mean 

Square 

F 

Value 

Pr > F 

P removal with 0.5 g/l bicarb matrix vs those 

containing 0.8 g/l bicarb  

1 164.9836 164.9836 0.00 0.9601 

 

The ANOVA analysis shows that alkalinity can have an impact on dissolved P removal of Al-

treated slag. But if the maximum removal capacity of slag for Al-treated and regular slag is 

compared when bicarbonate is present in the inflow solution using ANOVA analysis (Table 12), 

it can be observed that Al treatment has a statistically significant impact and causes an 

improvement in the P removal capacity (Figure 35). For the ANOVA analysis, data was 

transformed using Johnson Transformation method as shown in Figure S 2.  

Table 12. ANOVA result for the effect of Al-treatment on P removal capacity in the presence of bicarbonate in the inflow solution 

Factor Type Levels Values 

Al treatment Fixed 2 N, Y 

 

Source DF Adj SS Adj MS F-Value P-Value 

  Al treatment 1 5.869 5.8688 23.77 0.001 

Error 10 2.469 0.2469   

Total 11 8.337    

 

 

S R-sq R-sq(adj) R-sq(pred) 

0.496854 70.39% 67.43% 57.36% 
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Figure 35. P removal capacity as a function of Al treatment. DP removal determined under inflow conditions of inflow 

concentrations of 0.5 mg P/L, bicarbonate concentration (0.25, 0.5, 0.84 g/L), and 10 min retention time 

pH is a key factor that may affect the efficiency of Al/Fe-based PSM removal.  As the pH increases, 

the P sorption by ligand exchange onto variable charge Al and Fe minerals reduces. This result is 

due to two reasons: first, the surface charge on the mineral becomes more negative by increasing 

pH. This change has a detrimental effect on attraction of the negatively charge phosphate ions 

(H2PO4
−, HPO4

2−, PO4 
3−) by the surface. Second and most important, hydroxide, which is more 

present in the solution with higher pH, is a strong competitor with phosphate for surface sites. 

Thus, there is a competition between OH− and PO4 
3− ligands for the same sites on variable charge 

minerals. Since OH− is a more effective competitor than PO4 
3−, at elevated pH (greater than 8.5) 

Al/Fe-based materials cannot be used as effective PSM [20]. In this experiment a high 

concentration of alkalinity in the solution, i.e., bicarbonates, carbonates cause and increase in the 

pH of the solution. This effect leads to a noticeable shift in P removal efficiency by Al-treated slag 

to a lower value, as the higher pH reduces the efficiency of the ligand exchange mechanism used 

for P removal. 
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Figure 36 show the average pH values of outflow samples in different conditions. From Figure 

36 pH values for full-size fraction and >0.5 mm slags are higher than for Al-coated slag. These 

data show that the EAF slag was well buffered. It should be noted that one of the main requirements 

for Ca-based PSM to have acceptable kinetics of the Ca phosphate precipitation reaction is being 

highly buffered. This requirement is because precipitation of Ca phosphates generates acidity in a 

solution and if the material was not well buffered, it cannot be used as an efficient PSM [54, 157]. 

On the other hand, acidification treatment with aluminum sulfate for Al-coated slag is the reason 

for its low pH value. Moreover, by increasing the alkalinity concentration, the pH values of outflow 

solutions increase, which is attributed to the buffering ability of carbonate ions in the solution that 

control the variation of the pH in the solution. 

 

 

 

 

 

 

 

Figure 36. pH values of outflow solution as a function of PSM type and bicarbonate concentration of inflow solution.  

Figure 37 (a), (b), and (c) compare the P removal capability of treated and un-treated slag in 0.25, 

0.5, 0.84 g/L alkalinity solutions, respectively. From the figures in all three alkalinity 

concentrations, reduction of the P removal efficiency as a function of alkalinity is the least for Al-

treated slag, followed by non-sieved and sieved slags. This finding indicates that the effect of CO3
2- 
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ions in prohibiting P removal through ligand exchange mechanism is less than the precipitation 

mechanism.  
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Figure 37. Discrete phosphorus removal (DPrem) design curves for full size fraction, > 0.5 mm, and Al-treated slags in inflow 

solution with (a) 0.25 g/L, (b) 0.5 g/L, and (c) 0.84 g/L bicarbonate concentration.   

 

5.4.2. Effect of incubation on Al-coated slag 
 

The effect of incubation time and bicarbonate concentration of the incubation solution was studied 

on Al treated slags. Eight combinations were used for the statistical analysis as listed in Table 13. 

Figure 38 shows design curves for different combinations. Analysis of Variance (ANOVA) was 

carried out to investigate if incubation time and alkalinity concentration are statistically significant 

in variation of P removal efficiency of Al-treated slag. Hypothesis testing was used to interpret 

ANOVA results. For the ANOVA analysis, data was transformed using Johnson Transformation 

method as shown in Figure S 3. As shown in Table 14, only bicarbonate concentration is a slightly 

significant factor on subsequent P removal. This is somehow consistent with incubation results of 

the regular slag where neither incubation time nor incubation solution were significant factors. The 
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slight difference is presumably attributed to the fact that unlike the regular slag, for the Al-treated 

only short-term incubation was studied. 

Hypothesis Test  

𝐻o: 𝜇1=𝜇2=𝜇3=⋯ 

𝐻1: 𝜇1≠𝜇2≠𝜇3=⋯ 

 

Table 13. Maximum removal capacity as a function of incubation time and bicarbonate concentration in incubation solution for Al-

treated slag. DP removal determined under inflow conditions of inflow concentrations of 0.5 mg P/L and 10 min retention time. 

Rep 

Incubation 

Time 

(day) 

Alkalinity of 

solution for 

incubation (g/L) 

b m 

R-

Squared 

Max removal 

capacity 

(mg/Kg) 

1 0 0 100.02 -0.0009 0.48 1100.22 

2 0 0 96.362 -0.001 0.41 953.62 

1 0 0.25 103.39 -0.016 0.98 63.99 

2 0 0.25 55.686 -0.003 0.65 182.29 

1 0 0.5 49.245 -0.006 0.77 80.41 

2 0 0.5 87.732 -0.02 0.9 43.37 

1 3 0 102.33 -0.007 0.96 144.76 

2 3 0 105.61 -0.004 0.84 261.52 

1 3 0.25 112.68 -0.007 0.88 159.54 

2 3 0.25 91.873 -0.004 0.92 227.18 

1 3 0.5 98.403 -0.007 0.9 139.15 

2 3 0.5 110.97 -0.005 0.87 219.94 

1 7 0 96.923 -0.007 0.94 137.03 

2 7 0 95.242 -0.008 0.79 117.8 

1 7 0.25 87.214 -0.009 0.98 95.79 
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2 7 0.25 53.772 -0.006 0.77 87.95 

1 7 0.5 86.454 -0.009 0.99 94.95 

2 7 0.5 97.773 -0.01 0.61 96.77 

 

 

Figure 38. Effect of incubation time and bicarbonate concentration of incubation solution on design curve of the slag. DP removal 

determined under inflow conditions of inflow concentrations of 0.5 mg P/L, and 10 min retention time for the Al-treated EAF slag.  

 

Table 14. ANOVA result for the effect of incubation time and bicarbonate concentration of incubation solution on P removal of 

Al-treated slag. 

Factor Type Levels Values 

Incubation Time (day) Fixed 3 0, 3, 7 

Alkalinity of incubation solution (g/L) Fixed 3 0.00, 0.25, 0.50 

 

Source DF Adj SS Adj MS F-Value P-Value 

  Incubation Time (day) 2 2.592 1.2959 1.84 0.197 

Alkalinity of incubation solution (g/L) 2 5.869 2.9346 4.18 0.040 

Error 13 9.137 0.7028   

  Lack-of-Fit 4 6.317 1.5792 5.04 0.021 
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  Pure Error 9 2.820 0.3133   

Total 17 17.598    

 

S R-sq R-sq(adj) R-sq(pred) 

0.838348 48.08% 32.10% 0.46% 

 

 

Figure 39. Bar chart for the effect of incubation time and bicarbonate concentration of incubation solution on maximum removal 

capacity the Al-treated slag.  

Results of incubation studies (Figure 39) for Al-treated slag show that, unlike regular slag, both 

incubation time and bicarbonate concentration significantly reduce P removal capacity. This result 

is presumably due to detaching of some ligand bonds from PSM as a result of incubation, which 

leads to a decrease in P removal capacity. This finding shows that Al-treated slag should be applied 

in a top-down P removal structure for removing P from tile drainage systems. 
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6. Conclusion 
 

A statistical approach was applied to investigate the effect of slag particle size distribution, 

bicarbonate concentration in inflow solution, incubation in an anaerobic condition, and chemical 

treatment on the P adsorption capacity of the electric arc furnace steel slag designed for removing 

P from water discharge in an agricultural tile drainage system. The following items summarize the 

main results of the present research: 

1. Large EAF steel slag (> 500 µm) demonstrates a significant reduction in adsorption 

capacity compared to as-received slag 

2. Presence of bicarbonate in outflow solution leads to zero phosphorous removal by EAF 

slag. ICP results confirm that bicarbonate is a strong competitor with phosphate ions to 

react with active Ca cations. 

3. Incubation in DI water does not affect the removal efficiency of normal slag. In the 

presence of bicarbonate, statistical analysis demonstrates that phosphorous removal is not 

significantly impacted by incubation time and incubation solution 

4. Al treatment leads to a shift in sorption mechanism of steel slag from precipitation to ligand 

exchange which results in a significantly higher P removal efficiency, and more 

importantly reducing the adverse effects of bicarbonate in inflow solution 

5. ICP results confirm that steel slag removes P by precipitation mechanism, while Al-treated 

slag remove P predominantly via ligand exchange process.  

6. Bicarbonate concentration is slightly significant on removal efficiency of Al-treated slag 

in a short-term incubation period, while incubation time was not found to be significant. 
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The results of this study can be used to scale up the application of the P removal structure filled 

by steel slag for a tile drainage system, as it has not been used successfully for this application in 

the past, unlike the successful trials of removing P from water runoff [41]. In summary, the Al-

coated EAF slag, which removes P by ligand exchange onto Al hydroxide minerals, would be 

better suited to treat bicarbonate-rich tile drainage water than regular EAF slag. These results are 

also applicable to other types of Ca-based PSM’s such as fly-ash, Flue gas desulfurization (FGD) 

gypsum, marble tailings, Wollastonite, Ca- drinking water treatment residuals (WTR), and sieved 

limestone [20]. 
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Appendix 
 

 

Figure S 1. Data transformation for the effect of bicarbonate concentration on P removal of Al-treated slag 

 

Figure S 2. Data transformation for the effect of Al treatment on P removal of slag for bicarbonate-rich inflow solution 
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Figure S 3. Data transformation for the effect of incubation time and solution on Al-treated slag 

 

Table S 1. A chronological order of research about application of steel slag as PSM  

Year 

Type of 

slag 

P removal 

experiment 

Factors 

studied 

CaO% 

Maximum DP 

removal performance 

Reference 

P 

removal 

capacity 

(mg/g) 

Removal 

efficiency 

% 

1986 Steel slag Batch 

pH, T, 

competing ions, 

porosity of slag 

40.5-

42.3 

0.034 - [144] 
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1987 Steel slag 

Aquarium 

with 

sediment 

Dosage of slag 

40.5-

42.3 

- 98.8 [145] 

1993 BFS Batch - 42 0.42 - [146] 

1997 

BFS, 

Steel slag 

Batch and 

Column 

Type of slag, 

particle size 

- 0.38 - [147] 

1998 

BFS, 

Steel slag 

Batch 

Oxalate 

extractable Fe 

and Al 

35-45 44.2 - [161] 

1999 BFS Batch 

Crystalline 

structure, 

particle size 

35 0.7 - [58] 

2000 BFS Batch 

Crystalline 

structure, 

particle size 

33.4-35 0.65 - [162] 

2002 EAF 

Batch and 

Column 

Physical 

regeneration 

treatment 

33.2 1.35 - [91] 

2002 Steel slag Column 

Cp, pH, T, 

particle size, 

FR 

33 60 - [47] 

2003 EAF CW pH - - 91 [163] 

2005 BFS Batch 

Crystalline 

structure, pH 

- 18.94 - [59] 
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2006 EAF Column 

PSM 

composition 

30.4 >2.2 - [49] 

2006 BOF Column - 32.14 - 100 [164] 

2006 

Melter 

slag 

WWTP - 15.9 1.23 (TP) - [25] 

2006 Steel slag Batch pH, CT, Cp 48.43 18 - [165] 

2007 

Melter 

slag 

Batch 

Redox 

potential, pH 

- - - [166] 

2007 EAF CW 

flow regime, 

filter influent, 

pH 

- 1.7 - [27] 

2007 EAF 

Small/pilot-

scale 

column 

Scale of P 

removal setup 

27.7 0.3-2 - [114] 

2007 

Melter 

slag, EAF, 

BOF 

Batch 

including P 

sock in 

runoff 

- - 2.6 to 4.5 - [167] 

2008 

EAF, 

Melter 

slag 

Column 

Slag type, 

physical 

regeneration 

treatment 

- - - [132] 

2008 Steel slag 

Batch, 

column 

Dosage of slag, 

pH, T 

- 5.3 - [168] 
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2009 

Melter 

slag 

WWTP 

Drying, 

agitation, 

crushing of the 

slag granules 

- - - [102] 

2009 BOF Batch  

pH, ion 

strengths 

45.4 14.2  [169] 

2009 Steel slag  Column  

Composition of 

PSM 

45.05 - 99.89 [170] 

2009 

Melter 

slag 

Batch, waste 

stabilization 

pond 

Scale of P 

removal setup 

- 

0.014 - 

1.23 

- [148] 

2009 BFS 

Lab/pilot-

scale waste 

stabilization 

pond 

Scale of P 

removal setup 

- 30 - [149] 

2009 BOF 

Batch, 

column 

pH, Cp, particle 

size, ionic 

strength 

42-44 8.39 - [171] 

2010 EAF 

Pilot-scale 

CW 

Treatment 

configuration 

(hybrid or 

integrated) 

30 - >99 [172] 

2010 

Melter 

slag 

WWTP 

Physical and 

chemical 

- 1.23 - [115] 
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regeneration 

treatment 

2010 

Modified 

steel slag 

Batch, 

column 

Dosage of slag, 

pH, CT, Cp 

49.58 11.12 - [173] 

2010 EAF CW 

Treatment 

configuration, 

TSS loading, 

feeding regime, 

physical 

regeneration 

treatment  

- - 76.11 [69] 

2010 EAF Column 

Composition of 

PSM 

- 1.7 - [174] 

2010 EAF Column  

T, organic 

content 

- - 63-71 [175] 

2011 Steel slag 

Integrated 

CTS with 

CW 

- - - 96.4 [176] 

2011 Steel slag 

Lab-scale 

CW 

Composition, 

treatment 

configuration  

36.13 - 96.2 [177] 

2011 

Modified 

steel slag 

Batch 

Dosage of slag, 

CT, pH, Cp 

40.9 - 99.4 [178] 

2011 

Melter 

slag 

Batch 

Source of 

solution, 

- - 100 [134] 
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chemical 

regeneration 

treatment 

2011 EAF 

Batch, 

column, 

pilot-scale 

pond filter 

Cp, RT - 0.059 38 [31] 

2012 

EAF, 

BOF 

Batch  

pH, Cp, source 

of solution 

23.8 – 

52.9 

0.28 - 

2.49 

- [74] 

2012 EAF Column  

pH, HRT, water 

velocity 

30 3.9 - [63] 

2012 EAF 

Batch, P 

removal 

structure for 

suburban 

runoff 

RT - 0.259 - [21] 

2012 EAF 

Trench filter 

for runoff  

Composition of 

PSM 

 0.0083 43 [179] 

2012 

Converter 

slag 

Batch, 

column 

pH, competing 

ion 

40.7 

2.27-

10.95 

- [180] 

2012 Steel slag Column Cp, RT - - - [54] 

2013 EAF Column  

Treatment 

configuration, 

slag source 

28.8-

31.7 

8.26 99.9 [181] 



109 
 

2013 EAF 

Batch, 

column 

Cp, pH, T, 

dosage of slag, 

particle size 

24.97  - 95 [75] 

2013 EAF Ditch filter Cp, RT - - - [150] 

2014 Steel slag Column  Weathering  - 16 - [182] 

2014 

EAF, 

BOF 

Lab-scale 

horizontal 

flow 

Slag type, 

particle size, 

composition of 

PSM 

24.9 – 

44.1 

- 99 [183] 

2014 Steel slag Batch  pH, Cp, CT - - - [184] 

2014 EAF 

Field-scale 

trench 

Presence of 

fertilizer 

- - 49.2 [35] 

2014 Steel slag Batch  - - 9.4 - [185] 

2014 Steel slag 

Field-scale 

biological 

aerated filter 

- - - 90 [186] 

2014 BOF 

Pilot-scale 

column 

- 33-40 - 96.1-99.9 [187] 

2015  AOD Batch  

Cp, dosage of 

slag, slag 

modification 

treatment 

- 1.3-27.5 97.8 [87] 

2015 Steel slag 

Batch, 

domestic 

WW reactor 

Slag 

modification 

treatment 

49.75 13.62 - [188] 
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2015 BOF Batch  

Cp, T, particle 

size, pH, 

dosage of slag 

47.08 - - [189] 

2015 

Converter 

slag 

Batch, pilot-

scale CW 

Slag 

modification 

treatment, 

HRT, Cp 

34.51-

36.47 

9.5 - 12.7 - [190] 

2015 EAF 

Full-scale 

septic tank 

Recirculation   40.6 1.9 - [37] 

2015 BOF 

Batch, 

column 

Cp, HRT 38.3 8.8 99 [55] 

2015 

Converter 

slag 

Batch, 

column 

T - 2.46 - [191] 

2015 Steel slag CW - - - - [192] 

2015 Steel slag Batch 

Particle size, 

dosage of slag, 

pH, RT, Cp 

53.04 1.39 99 [193] 

2015 Steel slag CW 

Composition of 

PSM 

- - - [194] 

2016 BOF 

Batch, 

column 

- - 0.12-8.78 99 [195] 

2016 BOF Batch  pH 47.08 21-30 - [196] 

2016 EAF 

Pilot-scale 

aerated filter 

bed 

Organic loading 

rate, HRT 

- - 85-98 [197] 
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2016 BFS, BOF Batch  

Composition of 

PSM, 

preparation 

process of slag 

36.7 – 

44.3 

0.61 – 

3.23 

- [113] 

2016 Steel slag CW - - - - [198] 

2016 BOF 

Batch, lab-

scale CW 

Organic matter 37.8 

0.95 - 

3.15 

- [199] 

2016 EAF Batch  Particle size - - - [200] 

2016 EAF 

Batch, 

column 

T, CT, pH, 

competing ions, 

chemical 

regeneration 

treatment  

- 1.5 - [128, 135] 

2016 EAF 

Column, 

pond filter, 

Poultry farm 

runoff filter, 

Golf course 

runoff filter, 

Runoff 

interception 

trenches, 

Ditch filter 

structures, 

Cp, RT, particle 

size 

- - - [41] 
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Storm water 

basin filter 

2017 BFS 

Batch, 

column 

Treatment 

configuration 

- - - [201] 

2017 

Ladle 

furnace 

slag 

Batch, 

column 

Slag 

modification 

treatment, 

particle size 

- - - [202] 

2017 BOF 

Batch, 

column, 

field-scale 

CW 

Scale of P 

removal setup 

- - 98-99 [203] 

2017 BOF 

Batch, 

small-scale 

CW 

CT, pH, particle 

size, dosage of 

slag, scale of P 

removal setup 

36.7 

0.146 – 

3.57 

- [103] 

2017 EAF Column  Aeration, pH 49.5 - - [66] 

2017 EAF 

Batch, 

column 

HRT, chemical 

regeneration 

treatment 

- - - [136] 

2018 EAF 

Batch, 

column, 

barrel 

reactor 

Particle size 30 - - [204] 
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2018 

EAF, 

AOD 

Column  

Mineralogical 

composition 

- - - [205] 

2018 

Modified 

steel slag 

Batch, 

column 

pH 41.09 21.7 96-98.2 [206] 

2018 Steel slag - pH, aeration 20.4 - - [207] 

2018 Steel slag - 

Dosage of slag, 

pH, RT,  

57.78 - - [208] 

2018 BFS 

Pilot-scale 

reactor for 

tile 

Slag 

modification 

treatment, CT 

- - 9.54 [209] 

2018 EAF 

Batch, 

column, 

stormwater 

filtration 

Particle size - - - [19] 

2019 EAF Batch  

T, pH, 

concentration 

of nitrate, 

sulphate, and 

dissolved 

organic carbon 

- 1.68 - [210] 

2020 Steel slag Column  Aeration  - - 55-86 [211] 

2020 Steel slag CW 

Dosage of slag, 

Cp, physical 

regeneration 

treatment 

43.15 2.98 - [133] 
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2020 EAF Column  

Source of 

solution 

(organic, 

inorganic) 

30 - - [73] 

2020 EAF 

Pilot-scale 

septic 

system 

- 30 105 - [212] 

2020 BOF Column  

Particle size, 

mulch presence 

- - 90-100 [213] 

2020 EAF 

Subsurface 

blind inlet, 

ditch 

RT - - 55 - 37 [214] 

2020 EAF 

Horizontal 

flow column 

Cp, dosage of 

slag, RT 

28-55 0.061 - [215] 

2020 EAF Blind inlet Particle size - - 45 [156] 
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