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“I have wandered to the limits of my

understanding any number of times, out into

that desolation, that Horeb, that Kansas,

and I’ve scared myself, too, a good many

times, leaving all landmarks behind me, or so

it seemed. And it has been among the true

pleasures of my life. Night and light, silence

and difficulty, it seemed to me always

rigorous and good.”

- Marilynne Robinson, in Gilead.
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ABSTRACT

Excessive phosphorus (P) is a threat to water quality and aquatic life, and one of the

governing causes of eutrophication in water systems. It has been the object of much research

that led to the implementation of P best management practices, aimed at curbing P export

from agricultural and urban landscapes. However, these efforts are somewhat insufficient to

mitigate and control dissolved P transport, a P pool 100% bioavailable for aquatic biota.

Recent developments in nutrient management research highlight the ability of P removal

structures to sequester dissolved P from flowing water, e.g., runoff and subsurface drainage,

before it reaches water bodies. Phosphorus removal is accomplished through the use of

reactive filter media, which are either manufactured, mined, or industrial by-products. These

media, also referred to as P sorption materials (PSMs), vary in P removal ability, due to

their origin, chemical and physical properties, or the conditions under which they operate.

Consequently, there is a need to fully distinguish the characteristics of PSMs and their

behavior in P removal structures that result in a superior P removal performance. In this

study, six different types of PSMs were characterized according to their chemical and physical

nature, and PSM-P interactions. To evaluate the variability of P removal capacity of steel

slag, a series of flow-through experiments were conducted, using 18 different samples from

different origins and generation processes. Phosphorus removal was evaluated on uncoated

and aluminum(Al)-coated steel slag samples under two residence times. After chemically

characterizing the samples, we found that, for the uncoated steel slags, electrical conductivity

(EC), bulk density, particle density and magnesium (Mg) content could explain around 70%

of the variability of P removal. Steel slags showed a high variability in their P removal

ability, but such variability could be considerably decreased when coating the slags with

Aluminum (Al). The Al-coating also allowed a significantly better P removal performance

under shorter residence times. Flow-through experiments were also conducted to evaluate

the ability to regenerate the P removal capacity of iron(Fe)- and Al-rich PSMs across two

cycles of sorption-desorption with potassium hydroxide (KOH). This study found an average

P recovery of 81%, 79% and 7% for Alcan, Biomax and PhosRedeem, Fe/Al-rich PSMs

commercialized for contaminant removal. The most effective regeneration treatment was
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characterized by the largest KOH volume (20 pore volumes) and no recirculation, with up

to 100% reported P recovery, although a more economical/feasible use of 5 pore volumes

of 1M KOH with recirculation was also found to perform well. The results suggested that

the use of Al/Fe-dominated PSMs in P removal structures can be extended through the

demonstrated regeneration technique. Iron-rich PSMs were further evaluated in regards to

their behavior under anoxic conditions, a scenario that can be found in P removal structures

with bottom-upward flow regimes. To evaluate the interference of redox-induced changes

on P removal, PSM samples were incubated in a biogeochemical reactor in the presence

of tile drainage water. Measurements of Eh throughout the incubation period indicated

that PSMs, similar to soils, developed anoxic conditions. After incubation, the dissolved P

concentrations in P-loaded and original PSMs were equally low, demonstrating the stability

of P retention of PSMs under anoxic conditions. Additionally, the P removal ability of the

original PSMs was not significantly altered by undergoing anoxic conditions, as determined

from flow-through experiments following incubation. Anoxic-induced changes did not result

in any limitations to the implementation of P removal structures with bottom-upward flow.

These studies demonstrated the variability in P removal capacity of PSMs as a function of

chemical and physical properties, the dominant P removal mechanism, and the operational

characteristics of the P removal structure. The experimental data suggests that P removal

structures are an effective and environmentally safe best management practice (BMP) that,

in conjunction with traditional BMPs, are critical for the mitigation of dissolved P export

to water systems.
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1. INTRODUCTION

1.1 Rationale

Excessive dissolved phosphorus (P) has been reported in many agricultural, suburban

and urban watersheds. In the U.S., the Environmental Protection Agency (EPA) estimated

that 46% of the nation’s rivers and streams and 40% of the lakes are in poor conditions with

regards to P [  1 ], [  2 ]. The agency reported that in water bodies where nitrogen (N) and P

are high, biological communities are twice as likely to be in poor condition. Because P is

frequently the limiting nutrient in aquatic ecosystems, excessive levels of P lead to water

quality problems, such as eutrophication and harmful algal blooms. Consequently, reducing

P concentrations is essential to attain satisfactory water quality. For instance, if P levels

are reduced in the U.S. areas where levels are currently high, EPA predicts that 30% of the

nation’s rivers and streams will improve to “good to fair” biological conditions, a recovery of

170,000 miles of impaired rivers [  1 ]. However, traditional practices of control and mitigation

of nonpoint P pollution have not been able to sustain P levels within acceptable ecological

limits. These practices are focused on preventing particulate P delivery to water bodies,

rather than dissolved P, which is 100% bioavailable to aquatic biota and the most challeng-

ing problem in many of the affected watersheds. Effective management of both P pools,

particulate and dissolved P, is critical for attaining safe P levels in aquatic environments.

Freshwater inputs of P are primarily derived from (I) agricultural runoff and subsurface

drainage, often due to P losses following fertilizer and manure applications, (II) “legacy”

P losses from soils containing excessive P concentrations, and (III) discharge of wastewater

treatment effluent [  3 ]. Agriculture is often the main nonpoint P source, 

1
 for which several

Best management practices (BMPs) and mitigation strategies have been developed. Still, P

and N are currently the third highest reported cause of water pollution in the US; in fact,

in all contiguous U.S. states, P-impaired rivers are present (Figure  1.1 ).

Therefore, despite continuous efforts for mitigating nonpoint P pollution in surface wa-

ters, the frequent application of fertilizers and manure-P beyond plant needs resulted - and

continues to result - in P accumulation in soils [ 4 ]. Legacy-P soils inevitably lead to more
1Depending on the watershed, horticulture, golf courses and residential lawns can also be significant nonpoint
sources of P.
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P being transported by runoff and subsurface drainage, constituting a long-term source of

this nutrient. The effects can be seen for example in Lake Erie, where harmful algal blooms

(HAB) that occur almost annually threaten drinking water supply, public health and the

regional economy. In 2019, nearly 2,000 km2 in the western basin of Lake Erie were cov-

ered by a potentially HAB [  5 ]. The severity of these blooms has been rapidly progressing

throughout the last two decades, with (I) springtime P losses following fertilizer and ma-

nure applications, and (II) long-term cumulative P loading as key drivers of bloom intensity

[ 6 ]. Moreover, recent studies point out that eutrophication will potentially increase during

the 21st century, mainly as a result of changes in precipitation patterns [  7 ]. 

2
 This scenario

presents a need to develop new techniques and to improve the current conservation prac-

tices for overcoming the challenges imposed by changes in climate and increasingly intensive

agriculture. Phosphorus removal structures, a technology that aims to intercept dissolved

P in runoff and subsurface drainage, can help prevent and attenuate P-enrichment of water

bodies. The use and behavior of phosphorus sorption materials (PSMs), the core component

of P removal structures, are the object of this study.

1.2 State of the science on phosphorus (P) removal structures and P sorption
materials

1.2.1 Definitions

Phosphorus Removal Structures

Phosphorus removal structures are a preventive and remedial measure focused on mini-

mizing transport of dissolved P to water bodies. Upon arrival in a water body, dissolved P is

essentially immediately available for algal uptake in aquatic environments [  8 ], and because of

this, BMPs targeting dissolved P are paramount to limit the emergence of eutrophic water

bodies. Historically, particulate P has often been considered the most concerning P pool

in regards to losses, for two main reasons: first, because particulate P is soil-bound and its

transport is associated with the transport of sediments by erosion, a major transport path in

agricultural soils; second, because the natural concentrations of dissolved P in soils are ex-
2The authors focus on the increase of nitrogen export due to changing patterns in precipitation; here, the
same is assumed for P loading, which is also controlled by precipitation amount, frequency and intensity.
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tremely low. However, because of accumulation of P in agricultural soils beyond plant needs,

they become a long-term source of this nutrient for aquatic environments. In P-enriched soils,

P solubility is elevated, resulting in higher concentrations in runoff [  9 ]. Incidental losses of

recently applied fertilizers and manure are also associated with higher P concentrations in

runoff, including in urban watersheds [  10 ]. An additional pathway, previously considered

marginal, is P transport by subsurface drainage. Recent studies point out that subsurface

transport of P can be significant in watersheds, particularly in the presence of high-P soils,

low P sorption capacity, and artificial drainage [ 11 ].

Phosphorus removal structures serve as an immediate dissolved P removal strategy, that

in conjunction with adequate traditional BMPs and long-term P removal strategies (e.g.,

phytoremediation) can prevent P losses in the short-term and long-term scenarios. Examples

of P removal structures are shown in Figures  1.2 and  1.3 . These structures can take many

forms, such as drainage ditch filters (e.g., [  12 ]–[ 14 ]), blind/surface inlets (e.g., [  15 ], [ 16 ]) and

bio-retention cells (e.g., [  17 ], [  18 ]), and are adaptable for treating agricultural, urban, and

wastewater P sources. They are essentially characterized by four main properties [  19 ]:

1. The structure contains an effective and unconsolidated PSM in a sufficient amount;

2. The structure is located in an area that receives runoff (or subsurface drainage) with

high dissolved P concentrations;

3. The structure design allows the inflow water to flow through the PSM at sufficient flow

rates and residence time (RT);

4. The PSM can be removed and substituted with relative ease or be regenerated when

deemed appropriate.

As long as these criteria are met, P removal structures will remove variable amounts of

P. Examples of cumulative P removal by P removal structures in the literature range from

0.4% [ 20 ] to 99% [  21 ]. There are also examples of ineffective P removal structures, that due

to a design flaw (e.g., poor choice of PSM, low incoming P concentrations, i.e., less than 0.2

mg P L−1; [  19 ]) do not function well. For instance, Agrawal et al. [ 22 ] reported a -150%

cumulative P removal in a P removal structure installed in a golf course, meaning that the
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chosen media contributed P to the outflow. The study illustrated the importance of an

adequate design, and of choosing effective PSMs: the quantity, P sorption capacity and type

of interaction between PSM and P are crucial aspects for successful P removal.

Phosphorus Sorption Materials

Phosphorus removal structures are partly designed around the PSM, specifically their P

removal characteristics and physical properties that dictate flow. The necessary mass of PSM

required for a given structure is a function of the PSM P removal ability, site characteristics

(e.g., incoming P concentrations and flow rates), and P removal goals (desired P removal

and lifetime). Choice of PSM will greatly impact the final design and cost of the structure,

as this will dictate the necessary PSM mass and area of the structure. An inadequate choice

of PSM can translate into overly-expensive structures or insufficient P removal.

Phosphorus sorption materials can be natural, manufactured, or industrial by-products.

Examples in the literature include aluminum and iron oxides [  23 ], iron ochre [  24 ], lime-

stone [ 25 ], acid mine drainage residual (AMDR) [ 26 ], steel slag [ 27 ] and waste products

from oil-shale industry [  28 ]. These media are rich in one or more of the following elements:

calcium (Ca), magnesium (Mg), aluminum (Al) and iron (Fe), which are responsible for

their chemical affinity to dissolved P. Phosphorus sorption materials can be classified in

two categories according to the P sorption mechanism: (I) Ca/Mg-based PSMs remove P

through precipitation, and (II) Al/Fe-based PSMs remove P through ligand exchange reac-

tions. Precipitation-based reactions are dominant in alkaline environments in the presence of

readily available Ca and/or Mg. Circumneutral pHs, on the other hand, favor the adsorption

reaction of phosphate onto Al/Fe oxides, given the availability of positive surface sites (pH

is lower than point of zero charge). The main practical difference between these mechanisms

is the time of reaction: precipitation reactions are dependent on time and, therefore, on

the incoming flow rates and structure design. Consequently, Al/Fe-dominated media are

preferable for P removal structures that are designed to receive higher incoming flow rates

through use of a smaller PSM mass and area.

The choice of PSM will greatly influence the efficacy and lifetime of the structure, since

it partly determines the potential P removal. Other factors found to strongly influence the
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degree of P sorption and associated mechanisms are pH, buffer capacity, ionic strength,

common ion effects [  29 ], and major elemental composition of PSMs (e.g., Ca content, as

reported by Piatak et al. [ 30 ]).

1.3 Knowledge gaps and research needs

Several studies support the use of P removal structures as a BMP. Penn et al. [ 10 ] and

many others have shown that they can be a valuable tool to mitigate and prevent dissolved

P pollution in water systems. However, given the variability of the P removal ability of

P removal structures and their use in diverse settings, there is still a need to explore the

conditions under which they will operate at an optimum.

Because P removal structures can be adapted to the location settings and PSM type,

there are several sources of variability in P removal, and can be divided into two main cate-

gories (assuming adequate structure design): (I) PSM-P interactions and (II) PSM intrinsic

characteristics. The first category includes, for example, contact time, incoming P concen-

trations and direction of flow; the second category defines the mechanisms of P removal and

the P sorption capacity of the media, which in turn will indicate the potential P removal by

the P removal structure. More research is needed to determine which sources of variability

are more influential and which ones can be modified to favor greater P removal.

1.3.1 Variability of the use of steel slags as PSMs

Designing a P removal structure requires a reasonable understanding of the chosen PSM.

However, the behavior of PSMs is often oversimplified by generalizing the chemical and

physical properties of the material, leading to the design of inadequate P removal structures.

Steel slag, a by-product from integrated steel mills, is a commonly used PSM [ 31 ]–

[ 33 ]. Throughout the literature, its efficacy significantly varies. For instance, in a literature

review, Penn et al. [ 10 ] found cumulative P removal by steel slag varying from -150% to

89%, which includes the treatment of wastewater and non-point drainage. Because steel

slags can be generated through different processes of the steel industry, they show different

chemical and physical characteristics. For instance, Navarro et al. [ 34 ] studied the chemical
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and mineralogical composition of steel slag samples, and described slag as a crystalline

heterogeneous material, composed of particle aggregates of different sizes and nature.

It is still unclear how the different nature of steel slags affects the PSMs P sorption

ability. As a Ca-based PSM, it is intuitive to hypothesize that the Ca content in slag will

dictate P removal. Piatak et al. [ 30 ] described a 50% correlation between Ca content and P

removal capacity of steel slag, suggesting that a higher Ca content will result in a higher P

removal. Bowden et al. [ 35 ] identified a positive effect of pH on P removal, while clast size

showed a negative correlation. It is clear that the intrinsic characteristics of steel slags are

influential on its P sorption capacity, but further investigating the most influential factors

will distinguish the preferable slags to use in P removal structures.

Extrinsic characteristics can also affect the performance of steel slag as a PSM. For

instance, Bowden et al. [ 35 ] identified a positive relationship between incoming P concen-

trations and P removal. Several studies identified the dependence of P removal on residence

time (RT). However, the range of RT used in the literature is frequently much longer than

the RTs observed in P removal structures. This is problematic because P export in many

watersheds is highest during storm events [  36 ], when discharge rate is highest. For instance,

Drizo et al. [ 37 ] observed a greater P removal capacity of slag in experiments conducted with

24 hours in comparison to 8 hours of RT. In contrast, Penn & McGrath [  27 ] observed 34

and 36% of cumulative P removal by slag in a P removal structure with RT = 10 minutes,

a considerably lower RT. More research is needed to comparatively evaluate lower RTs and

their effect on P removal.

Qin et al. [ 38 ] stated that Fe/Al-based PSMs should be preferred when RT is limited, as

their mechanism of P removal (adsorption) occurs more quickly in comparison to Ca-based

PSMs. Adding an Al-coating to the slags can aid the P sorption capacity of steel slags under

lower RTs. This method was presented and tested by Penn & McGrath [ 27 ] as a rejuvenation

strategy, but it requires further testing as a treatment for fresh slag before being recognized

as a valuable aid to steel slags.
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1.3.2 Development of a regeneration technique for Fe/Al-based PSMs

Aluminum/Iron-rich media, such as Al/Fe (hydr)oxides, zero-valent iron, Al/Fe-coated

materials and drinking water treatment residuals, are a well-researched category of PSMs.

In the literature, their use has been reported in wetlands, wastewater treatment, non-point

drainage and groundwater treatment [  23 ], [  24 ], [  26 ], [  39 ], [  40 ]. Aluminum-based chemicals are

also popular, and have been historically used in wastewater treatment and lake restoration

as a P coagulation agent [ 41 ], [  42 ]. Both Al/Fe-based media retain dissolved P primarily

through (pH-dependent) adsorption reactions, characterized as being a more rapid removal

mechanism [ 38 ]. Because these are reversible reactions, once the media is P-saturated,

regeneration is a possible route for recovering the P sorption ability of the PSM (without

the need to replace the material), and the previously retained P.

In the literature, a few studies have proposed regeneration methodologies. Sibrell &

Kehler [  26 ] tested a regeneration treatment on granular ferric hydroxide media samples after

an extensive P removal trial to remediate trout wastewater. The treatment was composed

of three steps: (1) a rinse with softened tap water, (2) a rinse of 0.5% sodium hypochlorite,

and (3) a recirculation of 5 bed volumes of 0.5 M sodium hydroxide (NaOH) through the

PSM column for 24 hours, continuously sparging CO2 to contain the pH increase. The

treatment resulted in 45% of reactive P desorbed from the granular ferric hydroxide. The

regeneration treatment was ineffective after a second sorption-desorption cycle. Allred et

al. [ 39 ] conducted a regeneration treatment on P-saturated Fe hydroxides, using a 4 pore

volume flush of a 4% by weight sodium hydroxide solution, followed by rinsing with 27

pore volumes of deionized (DI) water. The regenerated material was ineffective in a field

test, although in column experiments, it was able to remove 34% of P, less than half of

the P removal by the original material. Kunaschk et al. [ 43 ] also developed a NaOH-based

regeneration, adding a prior rinse with hydrochloric acid, and a later rinse with DI water.

The authors repeated the sorption-desorption cycles 8 times, observing no signs of decline

in the P sorption capacity of the Fe-rich media. While these regeneration treatments have

been tested with various degrees of success, there is no methodology accepted as standard
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for regeneration of PSMs in P removal structures. More work is needed to propose a simple

technique able to effectively recover the P sorption capacity of Al/Fe-based PSMs.

1.3.3 Behavior of PSMs under anaerobic conditions

The direction of flow within P removal structures is often downward (“top-down”), with

filtered runoff or subsurface drainage exiting at the bottom of the structure through perfo-

rated pipe. This flow regime is considered a limitation for a wider adoption of P removal

structures, particularly for buried confined beds that treat tile drainage, because PSM thick-

ness is limited to the freeboard depth, resulting in larger footprints (freeboard depth is simply

the depth between the outlet of a tile drain pipe and the bottom of the ditch in which it

is located). Upward-flow P removal structures, with the water inlet at the bottom of the

structure (“bottom-up”), are an alternative to this scenario, and can be especially advanta-

geous where there is little freeboard, e.g., flat landscapes and shallow ditches [ 19 ]. However,

using bottom-up flow creates an intrinsic complication: water will remain in the structure,

submerging the media for prolonged periods of time between flow events. Such a scenario

might promote anoxic conditions, which in turn, may result in redox-induced changes both

in the solution and in redox-sensitive components of the PSMs. It is still unclear how PSMs

behave in anoxic environments, particularly in regards to their P-sorption capacity and P

retention.

There is extensive literature on soils and sediments under reduced conditions. De-Campos

et al. [ 44 ] observed that strongly reducing conditions resulted in higher solution concentra-

tions of redox-sensitive metals, Manganese (Mn) and Fe, and alkali and alkaline earth metals,

specifically potassium (K), Ca and Mg. An increase in soluble P concentrations was also

observed in high-P soils, attributed to the P dissolution associated with Fe-oxides. Similarly,

the redox-induced release of P was the object of a few studies concerning the dynamics of

P in wetlands [  45 ], [ 46 ] that suggested that a low redox potential may have induced high

concentrations of P. In the context of P filtration media, redox-induced P release has been

observed in using steel slag in a constructed wetland, attributed to the transformation of

crystalline Fe and Al minerals to amorphous forms [ 47 ]. Contrary to Drizo et al. [ 47 ], Pratt

et al. [ 48 ] indicated an insignificant release of P by steel slag under low redox potential (-
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400 mV) and neutral pH values (pH = 6.7). More research is needed to better understand

if anoxic conditions will develop with Fe-rich PSMs and whether it will promote similar

redox-induced changes on the media.

1.4 Dissertation focus and organization

The objective of this dissertation is to improve the understanding of the use and behavior

of PSMs as a way to improve the operational ability of P removal structures. Key advances

on the use of PSMs were developed through this work.

In Chapter 1 of this dissertation, a brief introduction provided the scientific background

and relevance of this work to the literature of P removal practices. Chapter 2 deals with

the quantification of the variability of steel slag samples and whether physical and chemical

properties of the media can be used to predict their P sorption capacity. In that chapter,

steel slags were evaluated in light of their generation processes, P-PSM interactions, and

enhancement of P sorption capacity.

Chapter 3 presents a technology developed to regenerate P-saturated PSMs. It uses

different volumes and contact times between the P-desorption solution and the P-saturated

PSM to establish a feasible standard procedure to recover the P sorption capacity of P-

saturated PSMs.

In Chapter 4, a different configuration of P removal structures was proposed. The novelty

derives from changing the flow direction, which allows for implementation of P removal

structures on shallow-ditch areas and flat landscapes with little freeboard. Different Fe-based

PSMs were incubated under anaerobic conditions; P sorption capacity after incubation and

P retention were evaluated. By establishing the behavior of PSMs under these conditions,

the goal was to determine whether P removal structures could be effective in the presence

of standing water between flow events, a consequence of inverting the flow direction.

Finally, Chapters 5 summarizes the main conclusions and key findings of this research,

offering insights for future applications.
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Figure 1.1. Percentage of river miles with a nutrient-related impairment in
the U.S. Darker shades represent a greater impairment of rivers.
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Figure 1.2. Example of a
ditch P removal structure.

Figure 1.3. Example of a con-
fined bed P removal structure.
Downward flow.
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2. ESTIMATING THE VARIABILITY OF STEEL SLAG

PROPERTIES AND THEIR INFLUENCE IN PHOSPHORUS

REMOVAL ABILITY

2.1 Abstract

Steel slag has been proven to be an effective phosphorus (P) removal media, and a po-

tential aid to mitigate point and nonpoint P pollution in freshwater systems. However, the

behavior of steel slag as a P sorption material (PSM) is often oversimplified through the

generalization of its chemical and physical properties, preventing proper design of P removal

structures. In this work, we tested eighteen steel slag samples from different batches, produc-

tion processes, and steel-making plants, for the purpose of relating slag origin and chemical

and physical properties to P removal ability, under two different flow regimes. Slag samples

were also coated with aluminum (Al) and tested for P removal. Characterization included

elemental composition, particle density, buffer capacity, and P removal ability. There was

great variability in the evaluated properties across slag sources and origin, compelling the

individual characterization of steel slag samples, since their intrinsic characteristics were key

variables in determining their potential P removal capacity. Specifically, electrical conductiv-

ity (EC), bulk density, particle density and magnesium (Mg) content could explain around

70% of the variability of P removal by uncoated steel slags. Increasing residence time (RT)

always increased P removal for uncoated slags. Steel slags showed a high variability in their

P removal ability, but such variability was considerably decreased by coating the slags with

Al. Additionally, the Al-coating process significantly improved P removal performance under

more rapid flows (lower RT).

2.2 Introduction

Phosphorus (P) is a ubiquitous element in natural waters. It participates in the life cycle

of aquatic organisms, and plays a vital role in both aquatic and terrestrial ecosystems [ 1 ].

However, excessive amounts of P, mainly derived from human activities, have been shown

to be a key driver of eutrophication in freshwater systems, especially dissolved P (DP) or
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soluble reactive P (SRP), which is 100% bioavailable to aquatic biota [  2 ]. Lake Erie is an

example of a freshwater body with consistently high loadings of P, particularly from nonpoint

sources [  3 ]. As a result of increasing inputs of DP, more frequent and intense algal blooms

have been occurring in the lake, despite the continuous efforts for reducing internal and

external P loads [ 4 ]. In order to reduce or eliminate harmful algal blooms, the Ohio Task

Force recommended an average loading reduction of 41% of DP for Lake Erie [ 5 ]. The use

of steel slag in P removal structures can be a valuable aid to achieve this target.

Steel slag is an effective P sorption material (PSM) and has been proven useful in P re-

moval structures, intercepting surface and subsurface P-rich waters. However, the P sorption

ability of steel slags varies considerably, with an extensive range of P removal described in

the literature [  6 ]. This paper investigates the possible sources of this variability and whether

the P removal ability of steel slags can be associated with the inherent characteristics of

the media. More specifically, this work addresses the question: is P removal capacity of

steel slag significantly impacted by its inherent chemical and physical properties, source,

and production process?

Steel slag is a by-product from integrated steel mills, originating from (I) the conver-

sion of iron to steel in basic oxygen furnace (BOF), (II) the melting of scrap to make

steel in an electric arc furnace (EAF), or (III) the further refinement of the metal in the

ladle [  7 ]. Despite these being different processes of the steel industry, most steel slags

are composed primarily of the following mineral phases: merwinite (3CaO ·MgO · 2 SiO2),

olivine (2MgO · 2FeO · SiO2), dicalcium silicate (2CaO · SiO2), calcite (CaCO3), portlandite

(Ca(OH)2), CaO (free lime), MgO, SiO2 and FeO [  8 ]. The properties and proportion of these

minerals vary, as well as the presence of other minor components depending on the facility,

raw materials, type of steel, and furnace conditions [ 7 ].

The primary use of steel slag in the United States is as aggregate in civil engineering

applications, including road construction; excess steel slag is usually sent to landfills for

disposal [  9 ]. Recently, there has been an increasing interest for using steel slag in other

applications, particularly in water and wastewater treatment, due to their low cost and wide

availability. Because of the predominance of Ca minerals, steel slag is able to remove DP
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from surface and subsurface flows through a dissolution followed by a precipitation reaction,

as illustrated in reactions  2.1a and  2.1b :

Ca2SiO4 + 4 H+ −−→ 2 Ca2+ + 2 H2O + SiO2 (2.1a)

Ca2+ + Hx PO4
x−3 −−→ CaHx PO4

x−1 with 0<x<2 (2.1b)

Given the dependence of the precipitation reaction (and, therefore, of P removal) on

readily available soluble Ca, one possible approach to assess and predict the P removal

ability of a steel slag sample is to investigate the impact of Ca content on P removal. Piatak

et al. [ 10 ] observed a positive (linear) correlation between total Ca content and P removal

capacity of steel slag (R2 = 0.5; 12 samples), and argued that Ca content can be used to

provide an initial assessment of usable slag materials. Similarly, Zuo et al. [ 11 ] attributed

a higher P removal by steel slag to the dissolution of dicalcium silicate, suggesting that the

presence of this mineral may indicate a superior P removal ability.

Navarro et al. [ 12 ] reported a significant heterogeneity of the chemical and physical nature

of steel slag samples, which suggests that other variables may also interfere with P sorption

capacity. Bowden et al. [ 13 ] found a positive correlation between P removal and equilibrium

pH, as well as between P removal and initial P concentration, a recognized characteristic of

precipitation reactions. A negative correlation was reported between P removal and clast size,

i.e., the finest size fraction has an increased reactivity and higher P removal. Although this

finding may imply that finer fractions should be preferred, their use in P removal structures

can be problematic, as it interferes with the hydraulic conductivity and the longevity of the

structure, due to clogging [ 6 ].

These works show that not only do chemical and physical properties of steel slag impact

its P removal ability, but also the nature of the interactions between P and the media, e.g.,

input P concentrations and residence time. Drizo et al. [ 14 ] observed a significant effect of

residence time on P removal by comparing two experiments conducted at 24 hours and 8

hours of residence time. The authors discussed that the longer residence time resulted in

a greater P removal capacity, indicating that interaction time between slag and P have a
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significant effect on P removal. This finding suggests that longer residence times should be

preferred. However, these aforementioned residence times are rarely feasible in field-scale P

removal structures, as they operate under much shorter residence times, especially during

heavy storm events [  15 ]–[ 19 ]. In this paper, we evaluated the effect of residence times on P

removal by steel slag, simulating conditions normally found in P removal structures.

For steel slag samples that show an insufficient P removal, we proposed an Aluminum

(Al) coating treatment. The ability of Al-coating to enhance P removal is due to adsorption

reactions in which the phosphate ion replaces hydroxyl ions (OH−) on the surfaces of the

Al-(hydr)oxides. Essentially, the Al treatment aims to create a new path for P removal by

the addition of terminal hydroxide groups. Specifically for slag, Al-coating and its impacts

on P sorption has not yet been amply investigated. Penn & McGrath [  20 ] used Al-coating

as a rejuvenation strategy, treating the media after its sorption capacity was saturated. The

authors observed a cumulative removal of 59 and 54 mg·P kg−1·slag for original and reju-

venated slag, respectively. In this work, we use Al-coating treatment not as a rejuvenation

strategy, but rather as an enhancement methodology, aiding sorption capacity to poorer

slags. There are examples of this approach in the literature. For instance, Shedekar et

al. [ 17 ] constructed a field-scale P removal structure using Al-coated slag for treating tile

drainage. Similarly, Penn et al. [ 16 ] reported a 58% cumulative P removal (54 mg P · kg−1

PSM) in a surface bed structure that treated runoff from around poultry barns, using Al-

coated slag. In a study using solid-state spectroscopy on several spent PSMs, Qin et al. [ 21 ]

discovered that P-saturated Al-coated slag contained both Al- and Ca-related P, illustrating

the efficacy of the Al-coating technique. Arias et al. [ 22 ] identified that the flow rate used

in wastewater column experiments with Al-coated quartz particles had negligible effect on

the removal efficiency. This is an advantage of Al- and Fe-based removal in comparison to

Ca-based removal, e.g., in uncoated slags. Due to the intrinsic differences in the removal

mechanisms, Ca-rich media is more dependent on residence time in comparison to Al- or Fe-

rich materials. Coating slags may minimize this limitation, allowing their use in P removal

structures that operate predominantly under lower residence times.

An additional aspect of steel slag investigated in this paper pertains to environmental

safety. Steel slag is not considered a hazardous material and its excess has been disposed in
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landfill sites for long periods of time [  10 ], [  12 ]. Nevertheless, because it is a by-product, there

may be risks associated with its use in environmental settings due to the presence of minor

metal constituents, such as Chromium (Cr). Because of that, there has been interest in

studying the environmental suitability of steel slag. For instance, Piatak et al. [ 10 ] identified

Al, Cr and Mn exceeding water quality guidelines in a leaching procedure mimicking leaching

of contaminants from weathering. In terms of elemental composition, the authors reported

that Cr and Mn barely exceeded soil guidelines. Navarro et al. [ 12 ] studied the leaching of

toxic trace elements during exposure of slags to dry and wet air currents and carbonated

water. The authors reported that leaching levels from Cr and vanadium (V) were not

significant and would not lead to a significant environmental impact. After washing ground

samples of steel slag with DI water, the authors established that the chemical composition

of the washed samples (as determined by X-ray fluorescence spectroscopy) was unaltered in

comparison to the raw samples, indicating that no significant dissolution of major or minor

constituents occurred. Bowden et al. [ 13 ] conducted both leaching and desorption tests, after

using steel slag samples in continuous flow columns and no potentially toxic elements were

released, indicating that slags can be used as a long-term removal mechanism for P. Penn et

al. [ 19 ] reported that trace metals were identified in the slag used in a P removal structure,

however, concentrations in the effluent were below detection limits. Hedström et al. [ 23 ],

to the contrary, identified leakage of sulfuric compounds in a pilot-scale blast furnace slag

filter, with concentrations reaching 1200 mg L−1 of sulfur (S) initially, and stabilizing after

two weeks of operation to 80-150 mg·S L−1.

The objectives of this study were to determine (I) the P sorption ability and environmen-

tal suitability of steel slag produced from different processes and sources; (II) the impacts

of RT and Al-coating on P removal, and (III) if observed differences in P removal (if any)

could be explained by the slag chemical and physical properties and their origin.

2.3 Material and methods

Eighteen steel slag samples were obtained from Edw. C. Levy Co. (Dearborn, MI),

from three different steel-making plants and five different slag-making processes. Table  2.1 
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describes the samples and their specific origins. All samples were produced in integrated

steel mills and were collected at the plants from stockpiles in 20-L buckets.

A few aspects of the materials are worth mentioning. First, regarding the material

type. Head pulley and overband magnets separate the remaining metal portions from the

slag and therefore, these samples are expected to have a lower iron (Fe) content. Kish

is the denomination of a slag resulting from the process of iron desulfurization of steel

and is expected to contain higher concentrations of sulfur in their composition. The “iron

metallics” denomination refers to samples that were segregated using magnets and, therefore,

are expected to contain higher Fe concentrations. Basic oxygen furnace (BOF) slags are the

residue of the basic-oxygen-furnace process of steelmaking [ 8 ]. They are the final product

of blowing oxygen into a furnace containing steel scrap and molten iron. Intense oxidation

reactions occur, removing the impurities of the charge. Lime or dolomite is then charged

into the furnace with fluxing agents, and combine with the impurities, forming slag. The

separation process is density-based as slag floats on top of the molten steel [  8 ]. Second,

regarding the particle size range. The slag samples were screened twice: first, to select the

particle sizes using a mechanical shaker, and second, to exclude fine particles. The category

“fines” is defined by the American Society for Testing and Materials (ASTM) as containing

particle sizes less than 4.76 mm.

The experimental characterization of the samples was completed in two main phases: (I)

quantification of physical and chemical characteristics of steel slag samples and (II) estima-

tion of the P removal capacity of the PSMs under various flow-through conditions. Prior to

these analyses, we produced Al-coated steel slag samples by coating each of the original sam-

ples with two concentrations of aluminum sulfate (Al2(SO4)3) solutions as described in Penn

& McGrath [ 20 ]: 95 g L−1 (100% coating solution) and 66.5 g L−1 (70% coating solution).

Slag samples were immersed for 48 hours in the coating solutions. The supernatant was then

collected and pH was measured. All chemical and physical analyses were then conducted on

uncoated, 70% Al-coated and 100% Al-coated slags.
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2.3.1 Analysis of steel slags: chemical and physical characterization

Phase I of steel slag characterization consisted of several techniques, all of which are

described in Table  2.2 , together with the specific instruments used in each analysis, and are

further detailed below. All analyses were conducted in duplicate, unless noted otherwise.

For measurements of both pH and EC, a 1:5 solid to deionized (DI) water ratio was used.

The samples were shaken for 1 minute and equilibrated for 20 minutes. Regarding buffer

capacity, uncoated samples were prepared by adding 2 g of PSM to 200 mL of DI water

and shaking for 5 minutes. The samples were then centrifuged for 10 min at 5000 rpm. An

aliquot of 40 mL was titrated (MetroHM 906 Titrando) to pH 6 using 0.01 M or 0.1 M HCl;

pH buffer index was calculated as follows:

Buffer Index = TC × V × 5
m

(2.2)

where TC is the titrant concentration (mg L−1), V is the volume of titrant (mL) and m is

the mass of the PSM in grams. The multiplier of five is to account for the aliquot volume

(i.e., 1
5

th of the original extraction volume).

The EPA 3050-B methodology was used for total elemental analysis [ 24 ]. In total, 18

elements were analyzed, including Ca, Mg, Al, Fe, K, Mn, B, Si, P, Na, Mn, S, Zn and heavy

metals (Cr, Co, Ni and Pb). Ammonium oxalate extractions were conducted according

to Penn & Bowen [  25 ]. Digestion and extraction solutions were analyzed in an inductively

coupled plasma - optical emission spectrometry (ICP-OES). A check soil sample was included

in each set of samples in all experimental methods as well as a blank. The analysis of the

micro-components and potential pollutants was used to evaluate the environmental safety

of steel slags. To this end, we also analyzed randomly selected flow-through samples on the

ICP-OES (n=22 samples).

2.3.2 Analysis of steel slags: P removal ability

For the second phase of slags characterization, flow-through sorption experiments were

used to estimate the P sorption capacity of samples. A summary of this technique is further

detailed in Penn & Bowen [  25 ]. This is a dynamic sorption experiment, in which a continuous
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flow of a P-rich solution (0.5 mg L−1) passes through a cell containing a known mass of PSM.

By collecting samples at predetermined sampling intervals and analyzing for dissolved P

concentrations, the total amount of P removal is determined. Each experiment was conducted

for 4 to 20 hours, aiming to reach a target of 40% of cumulative P removal, corresponding

to the 40% P removal goal established by the Great Lakes Water Quality Agreement [ 26 ].

Steel slags were tested in duplicates in the flow-through system with constant input

phosphorus (P) concentrations of 0.5 mg L−1. For the uncoated slags, we tested two res-

idence times (RTs): 0.284 min and 9.85 min, representing a typical range for field-scale P

removal structures [  17 ]–[ 19 ]. The duration of the experiments depended on the residence

time used, with the longer duration (20 h) used for the lower RT. For the Al-coated samples,

we conducted all flow-through experiments with RT=0.284 min, as the phosphorus removal

mechanism by Al is less dependent on RT [  20 ], [ 27 ]. The specific parameters tested and their

respective levels are detailed in Table  2.3 .

2.3.3 Data analysis: effects of the variability of steel slag samples on P removal
ability

Phosphorus removal under flow-through conditions was normalized based on PSM mass

and expressed as the cumulative mass of P removed (mg·P kg−1·slag) as a function of cu-

mulative P added (mg·P kg−1·slag). Figure  2.1 shows an example of the data produced

during these experiments (Slag 12, uncoated, RT = 0.28 min). Figure  2.1 also illustrates

the response variable used to compare the different materials and conditions: percentage

cumulative removal corresponding to the addition of 60 mg·P kg−1·media (indicated by the

vertical line). This value was chosen because it is the maximum amount of P added for

which all slags had observed data. A significance level (α) of 0.05 was employed for all tests

in this study.

To investigate the impact of residence time on P removal, we compared the data obtained

in 72 flow-through experiments among uncoated slag samples: 36 experiments conducted

with residence time (RT) of 0.28 minutes and 36 with RT of 9.85 minutes. All experiments

were conducted in duplicates (except for slag 17, for which there were three observations.

The results of two replicates were averaged to maintain a balanced design). A two-sample
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non-parametric test, the Wilcoxon rank-sum test (due to the lack of normality of the dataset,

as shown in Figure  B.1 ), was used to test the null hypothesis that modifying the RT did

not result in a different P removal. The Wilcoxon rank-sum test tests whether one group

tends to produce larger observations than the second group, more specifically, the null hy-

pothesis is that the datasets come from continuous distributions with equal medians. The

non-normal distribution of the data was confirmed by a Kolmogorov-Smirnoff test (n=18;

low RT: p-value = 2.96 × 10−11, KS = 0.82; high RT: p-value = 2.13 × 10−16, KS = 1).

Prior to conducting the nonparametric test, the datasets were transformed using Box-Cox

transformation to evaluate whether a power transformation could approximate the data to a

normal distribution. However, the transformation was unsuccessful for normalizing the data

and we proceeded with the non-parametric option. The failure of the power transformation

was attributed to the heavy-tails of the data distribution.

Then, we analyzed whether the Al-coating procedure was effective in enhancing the P

removal ability of steel slags under low RT (RT=0.28 min). The hypothesis was that the

Al-coating would reduce the dependence of P removal on RT, and thus allow for acceptable

P removal under short RT. In order to analyze whether this hypothesis was supported by

observational data, an analysis of variance (ANOVA) was conducted, considering two exper-

imental factors: coating level and slag sample. The experimental design was factorial, with

replicates for all combinations of treatments. The statistical model is described below:

yij = µ + τi + βj + (τβ)ij + εijk (2.3)

where the response yij is the cumulative P removal (%) observed when 60 mg·P kg−1·slag

were added to the PSM; µ is the grand mean, τi is the ith effect of coating treatment (i=0,

70 and 100), βj is the jth effect of slag sample (j=1,2,..., 12) 

1
 and εijk is the error, assumed

to be independent and normally distributed - N(0, σ2). There are two replicates per treat-

ment, resulting in a balanced design, with equal number of samples per treatment. The

null hypothesis stated that all treatments were equal. Because 2 factors (coating level and

slag sample) together defined a treatment, it was necessary to first evaluate whether the
1Slags 13 to 18 are not being considered in this analysis because there were no observations for coating level
100% for those slags.
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interaction between the factors was significant. A Tukey’s test for non-additivity, with null

hypothesis that the interaction term coefficient is 0 (H0: τβij = γ = 0) confirmed that the

interaction term was significant (p-value < 0.0001; F = 24.80, df=1). Based on that find-

ing, the complete ANOVA model was conducted, checking for normality, independence and

constant variance of residuals, and did find an issue of heteroscedasticity. For normality, we

plotted the probability plot of the residuals and conducted the Anderson-Darling goodness-

of-fit test for normal distribution (fail to reject H0 of normal distribution with p-value>0.25).

For constant variance, the residuals were plotted against each factor and a decreasing pattern

was found when observing the coating levels 0, 70 and 100. The Bartlett’s test confirmed

the inconstant variance of the residuals according to the coating levels (Bartlett’s statistic =

18.39, df = 2, p-value = 0.0001). Figure  B.2 in the appendix shows the residuals distribution

according to the coating level before and after the Box-Cox transformation. Because this is a

balanced design, it is expected that the F-test is only slightly affected by the heteroscedastic-

ity violation [  28 ]. Nevertheless, we performed a Box-Cox transformation (after subtracting

the minimum observation from all values and adding 1, accounting for the negative obser-

vations) and conducted an ANOVA using the transformed data. The Box-Cox power (λ)

identified in this procedure was 1.4915. The transformation did result in significant change,

as confirmed by the Bartlett’s test (Bartlett’s statistic = 2.69, df = 2, p-value = 0.2638).

Finally, since there was remarkable variability on the cumulative removal of P among

the different samples of steel slag, we investigated whether we could explain the sources of

this variability. For this analysis, a multiple linear regression (MLR) was used, with the goal

to explain as much variation observed in P removal as possible (i.e., the response variable

y). This analysis was conducted separately for uncoated (using the data produced under

RT=9.85 minutes only; n=18 datapoints) and coated slags (n=30, with 12 100% Al-coated

samples and 18 70% Al-coated samples), because we understood that different variables

would be more influential in each case (e.g., we hypothesized that Al content would be more

influential on the P removal by coated slags than by uncoated slags). The predictors for

the multiple linear regression (i.e., independent variables x’s) were defined based on the

relationship between the residuals of a simple linear regression between P removal and one

of the variables of interest, and each of the other variables, examining whether the residuals
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showed a pattern as a function of these variables. The simple linear regression (SLR) model

can be denoted as:

y = β0 + β1x1 + εi (2.4)

where β0 is the intercept and β1 is the slope coefficient for the explanatory variable. εi

is the error term, assumed to be independent with εi ∼ N(0, σ2). For the SLR model, we

used EC as the dependent variable for both coated and uncoated analysis. After defining the

variables to include in the MLR model (variables are specified in sections  2.4.4 and  2.4.5 ),

we determined whether any of them were closely related to one or more of the others. There

was significant evidence of multicollinearity in both MLR models (coated and uncoated

slags) and ridge regression was used to account for that issue. Ridge regression is a machine

learning application that drops the requirement of unbiased βi’s, making the variance of

the coefficients smaller, with a penalizing increase on the residual sum of squares. We first

confirmed the presence of multicollinearity using the variance inflation factor (VIF) for each

term in the model and then conducted the ridge regression analysis for obtaining a more

reliable estimation of the regression coefficients and potentially a better prediction accuracy.

2.4 Results and Discussion

2.4.1 Analyses of P sorption ability of steel slags in flow-through experiments

Figure  2.2 shows the cumulative P removal observed in each of the flow-through exper-

iments (n=133), including all coated and uncoated samples. There is a remarkable hetero-

geneity on the behavior of steel slag. Cumulative P removal (after 60 mg·P kg−1·slag was

added) varied from -55 to 100%. This variability agrees with the wide range of P removal

ability reported by Penn et al. [ 6 ], with reference to several works in the literature. Still,

Figure  2.2 shows a distinct grouping of the two Al-coated groups, with 100% coated slags

visually appearing to remove more P than the 70% coated slag samples. The uncoated steel

slags, on the other hand, appear more random.

Figure  2.3 offers insights about some of the possible causes of this variability, based on a

subset of the selected variables being investigated in this work. For instance, it is clear that
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coating had an impact on the variability of P removal, and that the effect of residence time

on P removal may be significant.

In the next section, the causes for P removal variability were investigated by first ex-

amining the effect of RT on P removal. Then, the P removal performances of coated and

uncoated steel slag samples under low RT were compared. Finally, we investigated whether

the selected variables (chemical and physical properties of steel slag samples) could explain

the variability of P removal. If so, the expectation was that we could use the developed

model as an assessment of the potential P removal for new slag samples.

Impact of residence time on P removal by uncoated steel slags

For analyzing the effect of residence time on P removal, the null hypothesis (H0) that

modifying RT did not improve the (mean) P removal response was tested. Under the as-

sumption that H0 is true, if RT is changed from 0.284 min to 9.85 minutes, no change in

P removal would occur. For the same slag sample, the difference in P removal under 0.284

minutes and 9.85 minutes ranged from 8% and 86%, indicating a higher efficiency of the

longer RT. To confirm the impact of the longer RT, we performed a Wilcoxon rank-sum

test, a nonparametric test.  

2
 The null hypothesis of equal medians (n=18; p-value = 1.039

×10−5, Zrs = 4.408) was rejected, meaning that the experiments conducted with RT = 9.85

min showed a superior P removal performance in comparison to the RT = 0.284 min. The

conclusion is that RT has a significant impact on P removal by steel slag, and because of

that, the PSM will potentially remove more P in structures that are designed for allowing a

longer contact time between the slag and the incoming high-P flow.

This result is supported by the chemistry of precipitation reactions. Claveau-Mallet et al.

[ 29 ] discusses that hydroxyapatite (Ca5 (PO4)3OH) is the main phosphate phase precipitated

in slag filters. Then, we can represent the precipitation of calcium phosphate as follows:

5 Ca2+ + 3 H2PO4
− + H2O −−⇀↽−− Ca5(PO4)3OH + 7 H+ (2.5)

2The histograms for the original and transformed distributions are shown in Figure  B.3 . The normal probabil-
ity plots and Kolmogorov-Smirnoff test indicated that both original and transformed date were non-normal.
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Precipitation of ionic crystals from solution can be characterized by a general pattern

in which a period of very slow precipitation (i.e., induction period) is followed by a rapid

removal, and then by another slow period as the reactant concentration decreases towards

an equilibrium level (i.e., crystal growth period) [ 30 ]. The induction period is the period of

nucleation of calcium phosphate and is time-dependent, and the primary reason why RT has

a significant effect on P removal.

The dependence of P removal on RT is supported by the existing literature [  14 ], [  29 ], [  31 ],

[ 32 ]. For instance, Claveau-Mallet et al. [ 29 ] investigated P removal by electric arc furnace

(EAF) slag in columns tests, testing 3 levels of RT: 16.3 h, 3.8 h and 1.5 h. They reported

a better performance of the filter under longer RTs, and attributed the dependence on RT

to the rate of dissolution of slag minerals and to the crystal accumulation and organization.

They argued that a low inflow velocity (and, therefore, a longer RT in the column) allows

phosphorus to completely precipitate over short distances, favoring a more compact crystal

organization. However, if the flow rate is too low, it will result in excessive calcium carbonate

formation, limiting the effectiveness and lifetime of the structure as clogging may occur. 

3
 

Most of the previous research examines P removal under longer retention times, repre-

sentative of wastewater treatment plants. The current study differs through testing much

shorter RTs that are normally observed in P removal structures. For instance, Penn et al.

[ 19 ] observed significant P removal in a field-scale P removal structure with RTs varying be-

tween 12 and 110 minutes. Wang et al. [ 33 ] inferred that P removal structures must provide

sufficient RT to accommodate the precipitation of calcium phosphate. This study confirms

that longer RTs should be preferred, and RT=10 minutes is sufficient to produce satisfactory

P removal by steel slags.

2.4.2 Differences between uncoated and coated steel slags under low RTs

When the incoming flows and/or the structure design do not allow for longer RTs, we

proposed that Al-coating could aid the P removal ability of steel slags. The results of the

ANOVA testing that proposition are shown in Table  2.4 .
3Excessive clogging is also likely among influent containing appreciable bicarbonate, such as tile drainage
water [ 19 ].
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Although the non-constant variance was a violation of the ANOVA model (and data was

transformed to address it), this characteristic of the data revealed an aspect of the coating

process: by coating steel slag samples, the P removal ability of the samples is homogenized.

In practical terms, we can predict the behavior of 100% Al-coated slags with an increased

precision in comparison to uncoated slags.

The ANOVA indicated that the variance components due to coating and due to the

slag sample were significant, as well as their interaction. The significance of the interaction

indicates that the coating effect depends on the slag sample being coated. The highest mean

P removal was observed for 100% Al-coated slag 9, but that mean was not significantly

different from 17 out of the 36 combined treatments, including all but one (slag 4) 100%

Al-coated slags (Figure  B.4 ).

Overall, a higher level of coating resulted in a superior P removal performance, as shown

by the comparison among the marginal means (Tukey’s Studentized Range test for levels

of coating) in Table  2.5 and Figure  B.5 . The test indicated that all coating levels are

significantly different from each other and the 100% coating level had the highest means

among the Al-treatments.

The coated steel slag had their chemical properties altered through the Al-coating process.

Most prominently, the pH of the coated slags was relatively lower in comparison to the

original material. Uncoated slags showed a mean pH of 10.52 (standard deviation [S] =

1.55), 70% and 100% coated slags had mean pHs of 7.37 (S = 1.55) and 7.80 (S = 1.22).

Aluminum content reported in digestates did not vary considerably among the coating levels,

however the Al content in ammonium oxalate extractions reflect the higher amount of Al in

the coated samples, with the 70% and 100% coated samples registering a higher mean Al

content. Because ammonium oxalate solution dissolves the Al and Fe of amorphous fractions,

it was expected that this fraction would reflect the Al addition. Penn & McGrath [  20 ] also

cited changes on water soluble Ca after coating a saturated steel slag. The authors observed

an increase on dissolution of Ca hydroxide and calcite minerals and a decrease on water

soluble Al, both as a result of the lower pH. At near-neutral pH, Al is precipitated as Al-

hydroxide minerals on the surface of slags, providing a new path for P removal: adsorption,
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which is not as dependent on time of contact. The pH observed in flow-through samples

support this finding, as it varied between 4.7 and 8.7.

Based on these findings, the additional P removal mechanism provided by the Al-coating

did in fact result in a superior P removal performance by steel slag under low RTs. This

suggests that Al-coated slags should be utilized over non-coated slags for P removal structures

that are designed to receive more rapid flows. Consider that the majority of dissolved P is

transported during the events with the greatest discharge [  15 ], [  34 ], and this is expected to

intensify with climate-change-induced precipitation [ 35 ].

2.4.3 Phosphorus removal capacity and origin of slag samples

In the ANOVA analysis described in the previous section, we could also identify the

uncoated slag samples that showed a higher marginal P removal mean (Table  2.6 ). The

highest means were identified for slags 7, 8, 9, 10, 11 and 12. All of them were originated

from the same steel-making plant (Plant 3), but they are the residue of different slag-making

processes as described in Table  2.1 . Based on this finding, we were interested in determining

whether a specific steel plant or steel-making process could be identified as producing superior

steel slags with regards to P removal ability. A one-way ANOVA was conducted to investigate

if the steel-making process had an impact by comparing the P removal of the uncoated slags

under RT=9.85 min among the processes: BOF, H.P. blend, iron metallics, O.B. blend and

kish. This subset of data was chosen because it represented the raw slag operating under

prime conditions, which attenuates any confounding factors.

The F-statistic indicated that not all groups have equal means (df=4, F=statistic = 17.5,

p-value = 1.06 ×10−7). The model assumptions of normality of residuals, independence

and constant variance of observations were adequate. 

4
 Upon further investigation, the O.B.

blend, correspondent to slag samples 3 and 4, was identified as the only significantly different

group, with a mean cumulative P removal of 21.62% and standard deviation of 13.4%. Based

on the chemical and physical analysis of the slag samples, bulk density and particle density
4Shapiro-Wilk test was used to check normality of residuals (SW-statistic = 0.9433, p-value = 0.06). Constant
variance per treatment group was checked through Bartlett’s test (df = 4, Bartlett’s statistic = 8.31, p-value
= 0.08). No issues of serial correlation were identified in the plot of residuals versus the predictor variable.
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in these samples are higher than in the others, resulting in a lower porosity of slags 3 and 4.

This finding may explain in part the low P removal capacity of O.B. slags. The Al-coating

was able to significantly aid the P removal ability of these slags: the 100% Al-coated slags 3

and 4 had a mean P removal of 63% and 44%. Another aspect to be considered is that O.B.

slags showed the lowest values of pH buffer index, which can be a hindrance for Ca-phosphate

precipitation [ 25 ].

The one-way ANOVA also indicated that a third of the P removal variation (as measured

by the sum of squares) could be attributed to the error, i.e., variation within the different slag-

making processes. Therefore, further discriminating the causes of variability of P removal

was necessary to identify other factors able to explain high-performance slags.

2.4.4 Factors explaining P sorption capacity of steel slags

Calcium content was chosen as the initial explanatory variable because a greater degree of

Ca-phosphate precipitation is expected with higher Ca concentrations in solution, assuming

constant and sufficient phosphate concentrations. For instance, Piatak et al. [ 10 ] observed

a positive correlation between Ca content and phosphate removal capacity (n=12; reported

R2=0.5), as measured in column experiments. This analysis included only the uncoated slag

samples, because they rely solely on Ca-phosphate precipitation for P removal. Calcium

phosphate precipitation is a process that involves various parameters, including calcium and

phosphate concentrations, supersaturation, ionic strength, temperature, pH, and time [ 36 ],

as noted in the previous analysis of RTs.

Overall, the levels of pH found in the collected outflow samples during the flow-through

experiments demonstrate favorable conditions for Ca-PO4 precipitation to occur. Addition-

ally, it is notable that the pH of the collected samples decreased with time of experiment,

which is consistent with the fact that precipitation of the solid phase is accompanied by a

decrease in pH, as formation of Ca-P can release protons [ 37 ].

The linear model between Ca content and cumulative P removal (%) was fitted (n=18;

uncoated slags, RT=9.85 min), and we found that the Ca term was not significant (t-statistic

= 1.49, p-value=0.15). Based on the pattern of the Ca content versus P removal curve (Figure

 2.5 (a)), we tested a polynomial model, denoted by:
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y = β1 × x2 + β2 × x + β3 + εi (2.6)

where β1, β2 and β3 are the model coefficients, x is the explanatory variable Ca content

and εi the error. The model was also not significant (F-statistic versus constant model: 2.34,

p-value = 0.146). This finding indicated that the Ca content of steel slag samples is overall

irrelevant as an explanatory factor, and P removal will occur with sufficient solution Ca

and P concentrations, and the experimental conditions allow for supersaturation. Total Ca

content is then a poor predictor for steel slag P removal ability.

The next step was to choose a better predictor for the simple linear regression analysis.

Because electrical conductivity (EC) measures the ionic content of a solution, it could be a

proxy for dissolved Ca in solution that precipitates with P. The linear model between EC

and cumulative P removal was significant (F-statistic: 5.65, p-value = 0.03); the next step

was to analyze the residuals and their relation to the other variables. Table  2.7 shows the

variables of interest and the significance of the models produced between each variable and

the residuals of the EC and P removal relationship.

The variables that were included in the multiple regression model were: EC, total mag-

nesium, bulk density and particle density. It is notable that although pH is a key variable in

Ca-PO4 precipitation reactions, the relationship between slag pH and P cumulative removal

was not significant. One possible explanation is that most of the pH values were sufficiently

high to offer favorable conditions for precipitation reactions to occur and, as such, P removal

ability of steel slag could not be explained by this variable.

Prior to conducting the multiple linear regression, the explanatory variables were exam-

ined in regard to multicollinearity. Figure  B.6 shows the matrix plot, and it illustrates a

positive linear relationship between particle density and bulk density. The linear correlation

was confirmed through a Pearson’s correlation test (ρ = 0.89, p-value = 5.70 ×10−7). The

presence of multicollinearity can have serious effects on the least-squares estimates of the

regression coefficients, threatening the predicting ability of the model.

Multicollinearity was confirmed for particle density and bulk density using the variance

inflation factor (VIF) for each term in the model (VIFs were 5.30 and 5.54, respectively),
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indicating that the regression coefficients were poorly estimated [ 38 ]. Table  2.8 shows the

original and ridge estimators (ridge trace[k]=0.28). As previously discussed, the ridge es-

timators are a stable set of parameter estimates with decreased variance and serve as a

regulation for multicollinearity.

Therefore, the final model that best explains the variation of P cumulative removal by

steel slag is:

Cumulative P removal[y] = 130.73 + 0.005 × EC − 48.96 × Bulk Density

+0.85 × Particle density + 0.0004 × Total Mg
(2.7)

These four parameters were able to explain 67% of the variability of the existing data, as

measured by the adjusted R2. The root mean square error (RMSE) of the ridge regression

model was 11.13, in comparison to 10.87 of the original model, evidence that the increase in

bias exceeded the decrease in variance of the ridge regression estimator, probably as a result

of the small sample size. Electrical conductivity, as mentioned before, serves as a proxy

for dissolved Ca, and is a better predictor of P removal than total Ca content, because it

describes readily available Ca for precipitation reactions.

Magnesium showed a positive correlation with P removal. Total Mg content varied

from 22,000 to 89,000 mg kg−1 in the slag samples, as indicated by the digestions. This

suggests that dissolved Mg was likely produced in the flow-through cells, and available for

precipitation with P in variable degrees. Abbona et al. [ 39 ] demonstrated that in the presence

of Ca and Mg ([Ca] + [Mg] = [P]; pH ranging from 5.44 to 8.65), phosphate reacted with both

elements, and among the precipitated phases, there were brushite (CaHPO4 · 2H2O), struvite

(MgNH4 PO4 · 6H2O) and newberryite (MgHPO4 · 3H2O). Struvite is not possible in this

case due to the lack of Nitrogen (N). For the Mg-rich slag samples, the Mg-PO4 precipitation

becomes significant, and because of that, Mg content can explain part of the variability of P

removal by steel slags. Both Abbona et al. [ 39 ] and Pant et al. [ 40 ] cited the low stability of

Mg-associated P observed in batch experiments, mixing solutions of ammonium phosphate,

Ca and Mg chlorides, and in wetlands constructed with Lockport dolomite, respectively.

Nevertheless, for the Mg-rich slag samples, the solubility of the Mg-phosphate precipitates
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is expected to be low, due to the potentially large supply of soluble Mg, and even if low-

stability Mg-PO4 minerals are formed, they transform into metastable phases. Stoner et al.

[ 27 ] also found a significant influence of total Mg on the model coefficients relating discrete

P removal and P added in flow-through experiments with several industrial by-products,

including slag.

The presence of bulk density and particle density in the final model indicates the signifi-

cance of particle size and surface area. Porosity is the variable that relates bulk density and

particle density, 

5
 and it shows a positive correlation with P removal. The lowest values of

porosity (0.40 and 0.42), observed for the O.B. slag samples, corresponded to the lowest P

removal observed.

2.4.5 Coated slags

Figure  2.6 shows the differences in P removal for the uncoated and coated slags, as a

function of total Al, oxalate extractable Al and pH. Oxalate extractable Al was higher in

coated than uncoated samples, while the total Al content in digestates was similar for both.

pH of coated samples were considerably lower, ranging from 4.75 to 10, while pH among

uncoated slags ranged from 8 to 12.

Based on the exploratory analysis of this data, oxalate-Al was chosen to build a simple

regression model whose residuals were used to investigate whether the other variables could

explain variability in cumulative P removal among coated slags. However, the model was

not significant (n=30; F-statistic vs. constant model: 2.23, p-value = 0.147); therefore,

the explanatory variable EC was tested against P removal, which resulted in a significant

relationship (F-statistic: 4.46, p-value = 0.0438). Table  2.9 shows the individual models,

relating the residuals from the EC vs. cumulative P removal model and each of the variables

of interest (n=30).

Following the same procedure described for the uncoated slags, a multiple linear regres-

sion was conducted using the significant explanatory variables shown in Table  2.9 (N=30;
5

Porosity = 1 − Bulk Density
Particle Density

(2.8)
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n=18 70% coated and n=12 100% coated slags). Although the 2-way interactions were found

to be significant (in comparison to the simpler model), most of them did not have a the-

oretical backing (e.g., interaction between Fe content and coating level). The interactions

that had a theoretical significance (e.g.,interaction between EC and coating level) did not

improve the explanatory power of the model and therefore, were excluded from the final

model. Total Fe and Ca contents displayed aspects of multicollinearity; VIF was 11.77 and

10.17. A ridge regression was then conducted to account for the multicollinearity. A ridge

trace of 3.52 was found and the final estimators are shown in Table  2.10 .

The final model that can best explain the variability of P removal of coated slags is shown

in Equation  2.9 :

Cumulative P removal[y] = 64.39 + 0.014 × EC + 4.73 × 10−5 × Total Ca

−1.95 × 10−5 × Total Fe − 15.96 × Coating Level 70%
(2.9)

The RMSE of the ridge regression model was 10.33 in comparison to 9.95 of the original

model. Again, the appearance of EC in the model shows the influence of dissolved solutes

on the P removal potential of a sample. For coated slags, EC serves as a proxy for both

dissolved Al and Ca, elements that actively participate in P removal, depending on the pH of

the medium. Coating level was expected to explain part of the variability of P removal, since

a significant difference between the coating levels was previously detected. The ability of this

variable to explain part of the variability of P removal by coated slags is further evidence

that the 100% coating level is preferred. The fact that Al did not show a significant effect

illustrates that this variable was unable to capture the differences between the coating levels.

Iron content had a significant effect on P removal, possibly because of the lower pH range of

the coated samples that allowed for P adsorption to Fe to occur, as this mechanism can be

considerable in circumneutral pHs [  41 ]. Consequently, the samples with a greater content

of Fe were able to remove more P, once the environmental conditions were appropriate for

the reaction to occur. Li et al. [ 41 ] demonstrated that the P adsorption capacity of Fe

(hydr)oxides tends to increase with decreasing pH at pH 2-12.
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Calcium content was a significant explanatory variable, potentially due to residence time.

Because the coated slag experiments were conducted under rapid flow rates, i.e., sub-optimal

conditions for Ca dissolution [  29 ], the greater the Ca content of the sample, the higher

probability of Ca-PO4 precipitation to occur.

Uncoated and coated steel slags showed different behavior during the flow-through ex-

periments and in regards to their chemical properties. These differences are reflected in the

models developed for each media, as different explanatory variables were able to explain P

removal capacity of coated and uncoated slags. Electrical conductivity is present in both

models, and as discussed earlier, serve as a proxy for Ca, Al, Mg and Fe, the active elements

in the P removal mechanisms. Additionally, it is an easily-measurable attribute that can be

used for a preliminary evaluation. More slag samples are necessary for testing the prediction

accuracy of the models.

2.4.6 Environmental safety of steel slags

Because steel slag is a by-product, there may be risks associated with its use in envi-

ronmental settings due to the presence of minor metal constituents. The content of trace

and heavy metals (as established in the digestions) was low in all the analyzed slag samples

(Tables  2.11 and  C.2 ), except for Manganese (Mn) and Chromium (Cr). Slags 9 to 18 had

Mn equal or greater than 15 g kg−1·slag. These slags were BOF or iron metallics. The other

material types had Mn concentrations below that threshold. The same categories also had

higher Cr concentrations. Although the Mn and Cr content of these slag samples were high,

the concentrations of Mn found in the flow-through samples were significantly lower than

the levels of Mn commonly found in freshwater (1-200 µg L−1 [ 42 ]) and no Cr was identified

in the water samples. These observations demonstrate how some slags have elevated levels

of total Mn and Cr, but they do not reflect the concentrations found in the treated water,

i.e., these elements are not soluble. Additionally, the concentrations of Cr in the material

were still lower than the maximum concentration allowed for biosolids application to soils,

a reference level shown in Table  2.11 ; there is no restriction for Mn in the soil amendments

regulations [  43 ]. Maghool et al. [ 44 ] have also found higher values of Cr in EAF and ladle
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slag samples, and after leachate tests, concluded that the slags posed no threat for water

systems beyond the regulations for fill materials and solid inert waste.

Other potential contaminants in freshwater systems, such as Sulfur (S) and Silicon (Si)

were also evaluated. As expected, kish slags (slags 5, 6, 7 and 8) showed a higher S content

as well as slags 1 and 2, generated from the head-pulling magnetic separation. Sulfur is of

low toxicity and it is generally not considered a hazard in terms of ecological effects [  45 ]. The

higher contents of Si (in comparison to normal soil levels) were expected, as Ca is associated

with this element in slags, and studies indicate Ca-silicates as the dominant mineral phases,

for example, in electric arc furnace slags [ 11 ].

Nutrient level and toxic criteria can vary depending on the ecoregions of the U.S. At a

federal level, the National Pollutant Discharge Elimination System (NPDES) provides water

quality standards for the receiving water body. Table  2.11 shows the most recent water

quality criteria for the chemicals of interest. The Clean Water Act considers Cr, Ni, Pb,

and Zn toxic pollutants (33 U.S.C. §401.15). Because of that, there are clear federal regu-

lations only for these elements. For the other elements, only state regulations or maximum

concentrations for river and lake samples could be identified.

Regarding road construction, the alkaline pHs of slags can be problematic as the pH of

leachate from steel slag can exceed 11, which can be corrosive to aluminum or galvanized

steel pipes placed in direct contact with the slag, according to the U.S. Department of

Transportation [  9 ]. However, for treating runoff and drainage, the higher pH of the media

is not as concerning as the alkalinity of the material. The alkalinity indicates the ability

of the receiving water body to buffer the pH of the incoming solution. Penn et al. [ 25 ]

described drainage water that after being filtered through an alkaline media did not result

in an increase of pH on the receiving pond, as it was not sufficiently alkaline.

Alkalinity can be considered an expression of buffer capacity. In this study, the pH buffer

index of slags ranged between 0.007 and 0.11 eq·acid kg−1 required to decrease solution pH

to 6.0. Highly buffered slags favor Ca-phosphate precipitation, but in terms of environmen-

tal safety, water bodies generally lack alkalinity and most regulations indicate a minimum

alkalinity for effluent discharge, rather than a maximum. Overband slags (Slags 3 and 4)
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showed the lowest values of buffer index, in contrast to the higher pH buffer indices for the

iron metallics slags (Slags 9 and 10).

2.5 Conclusions

The steel slags evaluated in this work showed distinct P removal, highlighting the vari-

ability of P removal ability of different samples. The average P removal after adding 60 mg·

kg· slag in flow-through experiments varied between 12% and 96%, depending on slag source,

residence time (RT) and level of Al-coating. The heterogeneity of P removal ability by steel

slags indicates a need to individually characterize each sample, rather than classify them

in a general category of Ca-rich PSMs. In this work, the operational conditions and slag

properties able to promote a higher efficiency of P removal were investigated, and models

were developed to explain the variation of P removal of steel slags.

Residence time (RT) was found to influence P removal. Phosphorus removal at RT=9.85

minutes was significantly superior to RT = 0.28 minutes. The design of P removal structures

using steel slags must allow at least ten minutes of contact time between the incoming P-rich

solution and the PSM. This result is supported by the chemistry of Ca-PO4 precipitation

reactions, in which there is an induction period followed by a rapid removal. When a long

RT is not possible, we recommended the use of Al-coated slags. By coating the PSM, a new

path for P removal was added to the samples, less dependent on time and consequently with

a superior performance under the low RT (0.28 min). The Al-coating technique allows a

structure to receive more rapid flows, and P removal effectiveness will not be inhibited as

much. A 95 g L−1 of Al3(SO4)2 solution should be used to coat the materials, providing

a coating level equivalent to the 100% level used in this study. Another consequence of

Al-coating was the homogeneity of P removal performance, as the variability of P removal of

the coated slags is lower in comparison to the uncoated media. That finding indicates that

predicting the behavior of coated slags is easier than uncoated slags, since the performance

of the former is more uniform.

The investigation of the different steel slag types revealed that the O.B. slag was the least

effective in terms of P removal. The poor performance of that uncoated slag was attributed

to the low pH buffer index and to the low porosity of this media. The Al-coating was able
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to improve the P removal ability of O.B. slags. Phosphorus removal by BOF slag, H.P.

slag, iron metallics and kish slag was not significantly different. However, the material types

could not explain all of the variability in P removal, and based on that finding we developed

models to define the chemical and physical characteristics that could better explain the

P removal. The most influential characteristics for the uncoated slags were EC, total Mg

content, particle density, and bulk density. Together, these properties were able to explain

67% of the variability of P removal. For coated slags, the most influential characteristics

were EC, total Ca content, Fe content, and coating level. Both models can be used to predict

the P removal capacity of unknown slag samples. Future work may include evaluating the

models developed for both coated and uncoated slags, and assess their accuracy using new

slag samples. Finally, no environmental risks were identified in the analysis of minor and

trace components of steel slags.
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Table 2.1. Origin and particle sizes of steel slag samples.

Sample
ID Production Material type

Particle size range
(mm)

Minimum

particle size

(mm)

1 Plant 2 H.P1, slag blend fines 1.19

2 Plant 2 H.P., slag blend fines 0.595

3 Plant 2 O.B.2, slag blend fines 1.19

4 Plant 2 O.B., slag blend fines 0.595

5 Plant 2 Kish fines 1.19

6 Plant 2 Kish fines 0.595

7 Plant 3 Kish 6.35 x 0 1.19

8 Plant 3 Kish 6.35 x 0 0.595

9 Plant 3 Kish, iron metallics 6.35 x 0 1.19

10a Plant 3 Kish, iron metallics 6.35 x 0 0.595

11 Plant 3 BOF3 12.7 x 0 1.19

12 Plant 3 BOF 12.7 x 0 0.595

13 Plant 3 BOF 19.0 x 12.7 1.19

14 Plant 3 BOF 19.0 x 12.7 0.595

15 Plant 6 BOF 12.7 x 0 (Coarse) 1.19

16 Plant 6 BOF 12.7 x 0 (Coarse) 0.595

17 Plant 6 BOF 19.1 x 12.7 1.19

18 Plant 6 BOF 19.1 x 12.7 0.595
1Head pulling magnet
2Overband magnet
3Basic oxygen furnace
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Table 2.3. Characterization of steel slag samples: specific parameters tested
and their respective levels.

Uncoated Slags Coated Slags
RT: 0.284 and 9.85 minutes; Level of Coating 70% and 100%;
Slag source: 3 steel-making plants; 5 pro-
duction processes

Slag source: 3 steel-making plants; 5
production processes;

Mesh sizes (cm): fines, 0.64, 1.28,1.91 and
1.28-coarse;

Mesh sizes (cm): fines, 0.64, 1.28, 1.91
and 1.28-coarse;

Particle size: 16 or 30; Particle size: 16 or 30;
Chemical properties assessed: pH, EC,
buffer capacity and calcium (Ca) content.

Chemical properties assessed: pH, EC,
Ca content and aluminum (Al) content.

Physical properties: Bulk density and par-
ticle density.

Table 2.2. Methods for characterization of steel slag properties.
Experimental Method Evaluated parameters

pH in water pH

EC in water Electrical conductivity

Acid titration Buffer index

Total digestion Total Ca, Al and Fe content

Ammonium oxalate extraction Amorphous Al and Fe

Mass of PSM in container of

known-volume
Bulk density

PSM water displacement Particle density
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Table 2.4. Analysis of variance: the effect of slag sample and level of coating
on the cumulative P removal response (data was previously transformed due
to heterocesdasticity).

Source of

Variation

Sum of

Squares

Degrees of

freedom

Mean

square

F0 Prob>F

Slag1 1,008,710 11 91,700 7.06 3.33×10−6

Coating2 2,855,270 2 1,427,635 109.89 4.70×10−16

Interaction 734,529 22 33,387 2.57 0.006

Error 467,710 36 12,991

Total 5,066,221 71
1Factor has 12 levels, each representing a slag sample.
2Factor has 3 levels, each representing a Al-coating level: 0, 70 and 100.

Table 2.5. Mean estimates of cumulative P removal (%) for the coating
groups and comparison between the marginal means of coating levels.
Level of Coating Mean (original data) Mean (transformed data)1

0 22.89 486.52

70 51.56 738.00

100 74.01 974.23

Groups2 Difference3 Lower limit4 Upper limit4 p-value

0% 70% -251 -332 -171 1.52 × 10−8

0% 100% -487 -568 -407 9.57 × 10−10

70% 100% -236 -316 -1.56 5.78 × 10−8

(1) dataλ−1
λ

; λ = 1.4915;
2Groups refer to the levels of coating being compared;
3Difference between the estimated transformed group means;
495% confidence intervals for the true mean difference.
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Table 2.6. Mean estimates of cumulative P removal for the slags and com-
parison between the marginal means of different slag samples.1

Slag Sample Mean (original

data [%])

Mean (transformed

data)2

Tukey’s

groups3

Slag 1 49.13 727.20 bcd

Slag 2 44.79 683.23 bcd

Slag 3 33.39 573.67 cd

Slag 4 27.86 521.24 d

Slag 5 37.44 667.42 bcd

Slag 6 41.96 657.23 bcd

Slag 7 58.49 810.99 ab

Slag 8 56.15 786.76 abc

Slag 9 74.57 981.46 a

Slag 10 59.93 839.64 ab

Slag 11 54.51 768.07 abc

Slag 12 55.45 778.05 abc
1Pairwise comparison shown in the appendix (Table  B.1 ).
(2) dataλ−1

λ
; λ = 1.4915.

3Means with same letter are not significantly different

(α = 0.05).
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Table 2.7. Single linear regression models (uncoated steel slags): each of
the variables was tested against the residuals of the EC versus P cumulative
removal model (data shown in Figure  2.5 b). We also show the variables for
which the model was significant (indicated by the asterisk), i.e., variables that
were able to explain the variability of the residuals.

Variables F-statistic4 p-value Adj. R2

Total calcium1 2.37 0.14 0.08

Total magnesium1* 4.49 0.05 0.17

Total iron1 1.24 0.28 0.02

Total aluminum1 3.34 0.09 0.12

Oxalate iron2 0.10 0.75 -0.06

Oxalate aluminum2 0.20 0.66 -0.05

pH 0.805 0.38 -0.01

Buffer Index 4.24 ×10−4 0.98 -0.06

Bulk Density (mg L−1)* 15.70 0.001 0.46

Particle Density (g mL−1)* 9.99 0.006 0.346

Particle size range3 1.45 0.275 0.118

Min. particle size 0.08 0.778 -0.0571
1 mg kg−1; concentration in digestates;
2 mg kg−1; ammonium oxalate extraction;
3 Categorical variable;
4 F-statistic vs. constant model.
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Table 2.8. Summary of multiple linear regression predicting cumulative P
removal of uncoated steel slags: original and corrected (ridge estimators) pa-
rameter estimates.

Variable DF Estimate
Standard

error
t-stat p-value

Ridge

Estimate

Intercept 1 124.71 29.10 4.28 0.000887 130.73

EC 1 0.0048 0.00283 1.72 0.109 0.005

Bulk Density 1 -69.22 26.42 -2.62 0.021 -48.96

Particle

Density
1 12.95 16.87 0.77 0.46 0.85

Total

magnesium
1 0.00045 0.0002 2.25 0.042 0.0004

Number of observations: 18;

Adjusted R squared: original regression: 0.69 / ridge regression: 0.68.
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Table 2.9. Single linear regression models (Al-coated steel slags): each of
the variables were tested against the residuals of the EC versus P cumulative
removal model. We show the variables for which the model were significant (in-
dicated by the asterisk), i.e., variables that were able to explain the variability
of the residuals.

Variables F-statistic4 p-value Adj. R2

Total calcium1* 4.16 0.05 0.10

Total magnesium1 3.05 0.09 0.07

Total iron1* 4.69 0.04 0.11

Total aluminum1 0.01 0.912 -0.04

Oxalate iron2 0.90 0.35 -0.004

Oxalate aluminum2 0.977 0.332 8 ×10−4

pH 0.943 0.34 -0.002

Bulk Density (g mL−1) 1.3 0.264 0.01

Particle Density (g mL−1) 0.0813 0.78 -0.03

Particle size range3 1.2, 0.34 0.03

Min. particle size 0.066 0.8 -0.03

Coating Level3* 12.8 0.001 0.30
1 mg kg−1; concentration in digestates;
2 mg kg−1; ammonium oxalate extraction;
3 Categorical variable;
4 F-statistic vs. constant model.
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Table 2.10. Summary of multiple linear regression predicting cumulative P
removal of coated steel slags: original and corrected (rigde estimators) param-
eter estimates.

Variable Estimate
Standard
error t-stat p-value

Ridge
Estimate

Intercept 17.90 34.86 0.514 0.612 64.39

EC 0.02 0.0071 2.83 0.009 0.014

Total

calcium
0.0004 9.67 ×10−5 1.412 0.17 4.73 ×10−5

Total iron 1.49 ×10−5 4.805 ×10−5 0.312 0.7578 -1.95 ×10−5

Coating

Level 70%
-19.86 4.268 -4.654 9.14 ×10−5 -15.96

Number of observations: 30;

Adjusted R squared: original regression: 0.55 / ridge regression: 0.52.
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Table 2.11. Range of micro-constituents of steel slag samples and water
quality criteria for freshwater systems and for heavy metals applied to soils:
evaluating the environmental safety of steel slag according to drinking water
and soil amendments standards.

Element
Measured range

Maximum

allowable

concentration

in biosolids1

Measured range2 CMC3

(mg kg−1) (mg L−1)

B 0 - 44 - 0.16-1.42 5(5)

Cr 150 - 1840 3000 0 0.57

Co 0 - 6 25(4) 0.003 - 0.01 0.01(8)

Mn 415 - 23140 - 0 - 0.02 0.1(6)

Na 3 - 1045 - 1.60 - 2.30 *

Ni 8 - 530 75 0 0.47

Pb 72 - 440 420 0 - 0.006 0.082

S 400 - 16500 - 0 - 15.63 250(7)

Si 340 - 728 - 0.50 - 2.11 2

Zn 7 - 446 7500 0 - 0.15 0.12

1 Maximum allowable concentration of heavy metals applied to soils [ 1 ];
2 Measured from random flow-through samples;
3 Criterion maximum recommendation [ 2 ], unless noted otherwise;
4 Rules of Georgia DNR, EPD, Hazardous Site Response (Adapted from

Sonon et al. [ 3 ]);
5 Maximum concentration found in 1,546 samples of river and lake waters

from various parts of the U.S.[ 4 ];
6 Drinking water quality criteria from the World Health Organization [ 5 ];
7 Secondary maximum contaminant levels [ 6 ];
8 Max. concentration in surface waters of populated areas [  7 ];
* No drinking-water based threshold [  5 ] and no environmental-based criteria

was found.
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Figure 2.1. Example phosphorus (P) removal expressed as a function of cu-
mulative P added per unit slag mass. Two replicates and their respective fitted
curves are being shown (the fitted curves equations are shown in the upper-
right corner). Intersection of fitted line with vertical line at 60 mg·P kg−1· slag
indicates cumulative P removal values used for statistical comparisons.
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Flow-through experiments

-50

-25

0

25

50

75

100

C
u

m
u

la
ti

v
e

 P
 R

e
m

o
v

a
l 

(%
)

Uncoated 70% Coated 100% Coated

Figure 2.2. Heterogeneity of cumulative P removal by different steel slag
samples. Each datum represents the P removal performance of steel slag sam-
ples in each of the flow-through experiments, and is colored according to the
level of coating.
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Figure 2.3. Data distribution analysis: cumulative P removal (%) according
to the parameters: (a) Steelmaking plant, (b) slag production process, (c)
particle size range, (d) minimum particle size, (e) Coating and (f) Residence
time.
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Figure 2.4. Comparison of marginal means of groups: O.B. (overband mag-
net) had a mean significantly different in comparison to the other four sources,
which were not significantly different amongst themselves. Open circles repre-
sent the means and the respective line the confidence interval.
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Figure 2.5. Phosphorus cumulative removal versus main variables of interest
for uncoated slags: (a) Calcium content and (b) EC.
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3. DEVELOPMENT OF A REGENERATION TECHNIQUE

FOR ALUMINUM-RICH AND IRON-RICH PHOSPHORUS

SORPTION MATERIALS

3.1 Abstract

The reduction of dissolved phosphorus (P) transport to water systems is of critical impor-

tance for water quality. Phosphorus sorption materials (PSMs) are media with high affinity

for dissolved P, and serve as the core components of P removal structures. These structures

can intercept dissolved P in surface and subsurface flows, before discharge into water bodies.

While the P removal ability of PSMs has been extensively studied, lesser is known about

the capacity to regenerate and recover P from P-saturated PSMs. This article evaluates a

methodology to recover the P removal ability of aluminum- and iron-rich P-saturated PSMs.

A series of flow-through experiments were conducted, alternating between P sorption (0.5

and 50 mg L−1 P) and desorption with potassium hydroxide (KOH; 5 or 20 pore volumes

[PV]), varying residence times (0.5 min and 10 min), and number of recirculations (0, 6 and

24). Across two cycles of sorption-desorption, Alcan, Biomax and PhosRedeem showed an

average P recovery of 81%, 79%, and 7%, with standard deviation of 10%, 21% and 6%,

respectively. The most effective regeneration treatment was characterized by the largest

KOH volume (20 PV) and no recirculation, with up to 100% reported P recovery. Although

KOH at 5 PV was less effective, the use of recirculation did increase P recovery. The life-

time of Al/Fe-dominated PSMs in P removal structures can be extended through feasible

regeneration techniques demonstrated in this study, for both high and low P concentration

scenarios.

This study has been published in Water : SPC Scott, I., J Penn, C., Huang, C. H. (2020).

“Development of a regeneration technique for aluminum-rich and iron-rich phosphorus sorp-

tion materials,” Water , 12(6), p.1784, 2020.
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3.2 Introduction

Phosphorus Sorption Materials (PSMs) are media with a high affinity for phosphorus

(P) and the core of P removal structures, i.e., landscape-scale filters able to intercept surface

and subsurface P-rich water. Phosphorus sorption materials can be broadly categorized as

(1) natural materials; (2) manufactured materials; or (3) industrial residuals. Their ability

to bind with dissolved P has been amply studied and several media have been tested to that

end, including steel slag, acid mine drainage residuals, limestone, and gypsum [  1 ], [  2 ]. A

common characteristic among PSMs is their high affinity for dissolved P due to their calcium

(Ca), magnesium (Mg), iron (Fe), or aluminum (Al) contents. These elements are responsible

for actively retaining P from flowing waters through different mechanisms. Calcium- or Mg-

rich media remove dissolved P primarily by precipitation, forming solid Mg/Ca-phosphates

when pH is sufficiently high [  3 ]. Aluminum- or Fe-rich materials retain P mainly through

ligand exchange adsorption reactions on their surface hydroxyl sites. The practical differ-

ence between these mechanisms is reaction time: ligand exchange is a rapid reaction, while

precipitation of phosphate compounds can have a much slower rate of reaction [  4 ]. Another

difference involves the ability to regenerate the media once they become saturated with P;

for adsorption-based removal, the P sorption reaction can be reversed by favoring the desorp-

tion of P through shifts in chemical equilibrium conditions. However, for precipitation-based

removal, the loss of Ca/Mg as P-precipitates prevents the recovery of the original sorption

material.

The choice of PSM for a P removal structure is partly a function of the P removal

mechanism, either precipitation or adsorption, as well as the characteristics of the incoming

flow, especially peak flow rate and residence time. Other factors that will influence the choice

of PSM and the potential efficacy of a P removal structure are incoming P concentration,

volume, and direction of flow. These factors will also define the longevity of the PSM; once

saturated, it will require replacement, or regeneration of the media.

The purpose of this study was to develop and evaluate a methodology to recover the

P removal ability of P-saturated Al/Fe-based PSMs using potassium hydroxide (KOH). If
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successful, this would prevent the need for frequent physical replacement of PSMs, decreasing

costs and further simplifying the use of P removal structures.

3.2.1 Sorption of P by Al/Fe-Rich Materials

In the context of P removal technologies, Al/Fe-rich media, such as Al/Fe oxides, iron

mine tailings, Al/Fe-coated materials and alum residuals, have been evaluated as sorbents

for phosphate, demonstrating varying degrees of efficiency of P sorption. In the literature,

there are examples of applications in wetlands, wastewater, non-point drainage and ground-

water treatment [ 4 ]–[ 9 ]. For example, Wood et al. [ 7 ] reported a 93% P removal by using

laterite—a material rich in hydrous oxides of Fe and Al, in a newly constructed wetland.

Dobbie et al. [ 5 ] investigated the use of iron ochre (Fe(OH)3 and FeO(OH)) for removing P

from a secondary-treated wastewater effluent. The authors observed a 50% removal of total

P mass, indicating a significant efficacy of the media to remove P from wastewater. Clayton

et al. [ 10 ] observed that iron mine tailings significantly reduced P release from lake sediments

to solution, suggesting the formation of hydrous ferric oxide complexes or precipitates con-

taining P. Coated materials have also been reported in the literature. For example, Ayoub et

al. [ 11 ] evaluated the performance of Al/Fe hydroxy(oxide) coated sand and olivine, showing

a removal of 70% to 90% depending on the source of P, i.e., either water or wastewater, with

outflow concentrations of 0.05 mg L−1.

Phosphorus adsorption by metal (hydr)oxides is a well-understood process. As Fe is a

ubiquitous component of soils (especially tropical and highly weathered soils), the mecha-

nisms of P adsorption by metal oxides has been amply studied and can be applied to the

context of Al- and Fe-rich PSMs. Phosphate (PO4) sorption onto Al/Fe-rich PSMs can

be accomplished through three different mechanisms: (1) precipitation of metal-phosphates

through dissolution of Fe2+, Fe3+ or Al3+, (2) ligand exchange on particle surfaces, and (3)

anion exchange at low pH range [ 4 ], [ 12 ].

Both ferric (Fe3+) and ferrous (Fe2+) iron react with phosphate, forming precipitates,

hydrous ferric oxide and phosphate compounds, depending on pH and Eh. Most Fe3+ min-

erals are insoluble, but under acidic conditions, they dissolve and can then react with PO4.

In wastewater treatment, Mao et al. [ 13 ] claimed that to remove P using ferric salts, the
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most efficient route is to form the precipitate FePO4(s), due to the 1:1 molar ratio of Fe

and P. However, at circumneutral pHs, this precipitation reaction is unlikely to occur, and P

removal is dominated by phosphate adsorption to ferric oxides [  13 ], according to the reaction:

Fe-OH + H2(PO4)− → Fe-O-H2(PO3) + OH− (3.1)

Aluminum hydroxide is also a popular chemical for phosphorus removal in wastewater and

it has been used in lake restoration as a P coagulant agent [  14 ]. The P adsorption mechanism

onto Al-rich PSMs is similar to the process described in Equation (  3.1 ), the ligand exchange

between Hx(PO4)x−2 and the hydroxide groups on the surface of the minerals.

Essentially, the metal (Al/Fe) beneath the surface hydroxyl acts as a Lewis acid and

exchanges the surface OH groups for phosphates, resulting in an inner-sphere complex (no

water in between). The exact type of complex being formed depends on the type of Al/Fe

(hydr)oxides, pH and initial P concentration, and determines the strength with which P is

bound [  15 ]. Equation (  3.1 ) also illustrates the determinant role of pH in P adsorption. In

general, as pH decreases, Hx(PO4)x−2 adsorption increases, whereas solubility of the metal-

phosphate complex decreases [  16 ]. Siwek et al. [ 16 ] stated that the optimal pH range for the

formation of durable Fe-P compounds is between 5 and 7. In this range, the electrostatic

attraction between P and the Fe-rich PSM is optimum (pH of solution is lower than its point

of zero charge and P is in its anionic form). For Al, Tanada et al. [ 17 ] reported a maximum

P adsorption capacity by aluminum oxyhydroxide at pH = 4.

3.2.2 Desorption of P from Al/Fe-Rich Materials

Once the Al/Fe-rich PSMs are saturated and are not able to sequester additional dissolved

P, there are two options for the P removal structure to continue functioning: (1) replacement,

or (2) regeneration of the media. Due to a relatively high cost of Al/Fe-rich PSMs and

labor-intensive processes of replacing the material after exhaustion, regeneration is of great

interest. Few studies on regeneration of PSMs at bench-scale and pilot-scale have been

reported in the literature. A standard treatment able to be performed at the field scale is

yet to be determined. In particular, most studies do not use a feasible volume of regenerative
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solution able to be scaled up to field conditions (i.e., the solid-solution ratio established at

the laboratory scale must be maintained for providing the same proportion between available

OH− and surface sorption sites).

An example of existing regeneration treatments is reported by Sibrell et al. [ 18 ], in

which they tested a regeneration treatment on granular ferric hydroxide media samples,

after an extensive P removal trial to remediate trout wastewater. The authors used 0.5

M NaOH solution in a 24-h recirculation. Prior to the addition of NaOH, the media was

washed with softened tap water, followed by a rinse with 0.5% sodium hypochlorite. At the

conclusion of the regeneration sequence, the media was again washed with tap water and

the authors continuously sparged CO2 to maintain an optimal pH in the interstitial solution.

They reported a 45% desorption of P. Although the volume of regenerative solution was

not reported in this study, the authors mention prior research that resulted in 70–80% of

recovery by using up to 60 bed volumes of 0.5 M NaOH solution [ 19 ].

Allred et al. [ 4 ] tested desorption/dissolution cycles after a P sorption saturated column

experiment. The methodology consisted of a 3-pore volume flush with a 4% by weight

NaOH solution followed by a 27 pore volume distilled water rinse. The authors reported

that around 80% of the adsorbed P was remobilized in the regeneration process tested in

columns. In column experiments, the regenerated material exhibited the same effectiveness

of P removal when compared to the original media (>98%). When tested in a field-scale

filtering system, the regenerated material was able to remove 34% of incoming phosphate in

comparison to 75% removal by the original iron oxyhydroxide. However, in the field-scale

system, the authors used 195 L of 4% by weight NaOH solution, while the pore volume

of the PSM in the field system was 229 L; to reproduce the laboratory conditions, 687 L

would be required for a 3 pore volume flush. The lesser volume used for regeneration may

have contributed to the inferior performance of the field system as compared to the results

obtained from the laboratory trial.

In another study, Kunaschk et al. [ 20 ] successfully tested a regeneration method on

a granular hydrated ferric oxide using three steps: (1) Fe-rich adsorbent was rinsed with

diluted hydrochloric acid, (2) desorption of P using 80 to 100 bed volumes of 1 M NaOH

solution and (3) adsorbent was rinsed with deionized (DI) water until reaching a near-neutral
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pH. The authors reported that the adsorbent was nearly restored to its initial state after six

regeneration cycles.

The regeneration research cited above share one common notion: pH manipulation forcing

P from the surface adsorption sites. Ligand exchange is a pH-sensitive mechanism, and the

affinity between the media and P is directly affected by the addition of OH−. The added anion

competes with the adsorbed phosphate and the equilibrium in Equation ( 3.1 ) is reversed.

In this research, the degree of reversibility of P adsorption by Al/Fe compounds was

evaluated, and based on that, a regeneration strategy for Al/Fe-rich PSMs was developed, in

order to improve cost and longevity of P removal structures. Specifically, the objectives for

this work were to (1) evaluate P removal by three different Al/Fe-rich media at two different

inflow P concentrations under flow-through conditions; (2) test the efficiency of different

pore volumes, residence time, and number of recirculations on stripping P from PSMs; (3)

quantify the ability of the regenerated media to remove P; and (4) determine if regeneration

is repeatable. This study differs from previous research on PSM regeneration in that it uses

simpler regeneration sequences and feasible pore volumes, residence time, and number of

recirculations that can be translated to manageable techniques when scaling up to field P

removal structures.

3.3 Materials and Methods

3.3.1 Characterization of PSMs

ActiGuard AAFS50 (henceforth referred to as Alcan), Biomax and PhosRedeem are the

objects of this research. Alcan and Biomax are manufactured media, while PhosRedeem is

a naturally occurring mined mineral; all three are commercialized as media for contaminant

removal. Alcan (Axens Solutions, Rueil-Malmaison, France) is an iron-enhanced activated

alumina, marketed for arsenic removal, but also proven useful in phosphate and nitrate

reduction [ 21 ]. Biomax is a product of ABS Materials (Wooster, OH), marketed as a solution

for stormwater treatment [ 22 ], and PhosRedeem (US Iron LLC Mines, Miramar Beach, FL,

USA) is an iron oxide-based mineral, marketed specifically for P removal of surface waters.
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Table  3.1 shows the major elemental composition of the tested PSMs, obtained through

acid digestion (Method USEPA 3050B Acid digestion of sediments, sludges and soils; six

replications). The Al, Ca, Fe and Mg concentration in digestates was determined by induc-

tively coupled plasma optical emission spectroscopy (ICP-OES). Media pH (two replications)

was determined with an ion-selective electrode in deionized (DI) water (1:5 solid:solution ra-

tio) after equilibration for 15 min.

Prior to the experiments, PhosRedeem was sieved to obtain between 0.5–2 mm particle

diameter. Alcan was washed with DI water and filtered through a geotextile fabric (ADS

Geosynthetics 0401T, Advanced Drainage Systems, Hilliard, OH, USA), typically used in

the field for constructing P removal structures and blind inlets, in order to remove very fine

particles.

3.3.2 Preliminary Evaluation: Flow-Through Experiments and Batch Isotherms

To evaluate the P removal capacity of the PSMs under flowing conditions, flow-through

sorption experiments were conducted. A summary of the flow-through technique and setup

is further detailed in Penn et al. [ 23 ]. Essentially, this method is characterized as a dy-

namic sorption experiment, in which a continuous flow of a P-rich solution passes through

a cell containing a known mass of PSM. By collecting samples at predetermined intervals

and analyzing for dissolved P concentrations, the total amount of sorbed P is calculated and

presented as a function of the cumulative amount of added P. The experiment is ideally con-

ducted until PSM saturation, and duration depends on the sample, incoming concentrations

and flow rate. In this work, the objective of the flow-through experiments was to estimate

the total P removal capacity of the PSM (in terms of mg P per kg of PSM; “PMax”) under

the flow-through conditions given below. At this target, the PSMs are considered “satu-

rated” and are no longer effective for removing P (i.e., inflow and outflow P concentrations

are equal).

We conducted the flow-through experiments using two inflow P concentrations: 0.5 mg

L−1 and 50 mg L−1, simulating typical agricultural drainage and wastewater P concentra-

tions, respectively. The solutions were produced with potassium phosphate (KH2PO4) and

DI water. The mass of PSM used in the experiments varied between 0.75 g and 3 g, and inert
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pure quartz sand (Acros Organics, CAS: 14808-60-7) was added to complete 5 g of media in

the flow-through cell, in order to achieve the desired pore volume. The theoretical hydraulic

residence time (RT) was 0.28 min and the duration of the experiments varied between 360

and 720 min, depending on the materials and P inflow concentration. All flow-through

experiments were conducted in duplicates.

The results from this preliminary evaluation allowed calculation of PMax under the speci-

fied flow-through conditions, i.e., the target in the first sorption phase (S0) of the regeneration

sequence. The PMax value (Table  3.2 ) was calculated as the mean between the two replicates

of each material.

Following the preliminary flow-through sorption experiments, batch isotherms were con-

ducted to determine the P concentrations (mg L−1) that corresponded to the target PMax

(mg P per kg of PSM) for each PSM at both inflow P concentrations (i.e., 0.5 and 50 mg L−1;

Table  3.2 ). Using batch isotherms in the first sorption phase allowed for quickly saturating

a large mass of PSM to the level of PMax, in preparation for testing the first regeneration.

The P concentrations tested in the isotherms (solid:solution ratio of 1:15 and 3 hours of equi-

libration) were 0, 0.5, 5, 25, 50, 100, 200, 500, 750 and 1000 mg L−1. The isotherms revealed

a linear behavior for all PSMs. After fitting the appropriate model, the P concentration that

would be used for saturating the PSMs in order to achieve PMax was established (individual

P concentrations are listed below).

3.3.3 Sorption-Desorption Cycles: Testing Regeneration Treatments

The regeneration treatments were evaluated through sorption-desorption cycles (Table

 3.3 ). The experiments were conducted on the flow-through system, except for the first

sorption phase (S0). The objective of S0 was simply to load the PSM sample to achieve

PMax previously determined from the preliminary flow-through experiments, specific to each

PSM and inflow P concentration. Using the same solid:solution ratio and equilibration time

as the batch isotherm, a sufficient mass of each PSM was initially saturated to achieve

their respective PMax, for use in the subsequent regeneration experiments described below.

Specifically, the value corresponding to the 0.5 mg P L−1 inflow PMax was achieved by

equilibrating 1000, 570, and 88 mg P L−1 with Alcan, Biomax, and PhosRedeem, respectively.
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For the 50 mg L−1 inflow PMax value, samples were equilibrated with 1250, 1470, and 2800

mg P L−1 with Alcan, Biomax, and PhosRedeem, respectively. The target PMax values are

listed in Table  3.2 . The remaining phases were all conducted in the flow-through system

with several adaptations for desorption, including the elimination of the Mariotte bottle,

since specific pore volumes and recirculation number were being tested.

Every sorption phase was followed by a desorption phase, i.e., the regeneration step. 1

M KOH was used as the regenerative solution. Hydroxyl is the hardest Lewis base among

common inorganic anions, therefore, KOH acts as an eluting reagent [ 24 ]. The use of KOH

rather than NaOH was proposed to potentially increase the added value of the final extract,

which would contain both potassium (K) and P.

We tested regeneration treatments at two different initial PMax values by varying the

volume of regenerative solution, RT and number of recirculations (Figure  3.1 ). The volume

of regenerative solution tested was 5 and 20 pore volumes. The regeneration treatment

consisted of adding the appropriate amount of KOH to the sample inside the adapted flow-

through cell and adjusting the flow rate to achieve the desired RT: 0.5 min or 10 min. When

recirculation was tested, the outflow tube of the cell was connected back into the inflow and

the KOH solution was allowed to recirculate through the media to test the impact of 6 and

24 recirculations. For no-recirculation experiments, once the entire solution flowed through

the PSM, it was immediately collected and not pumped back into the inflow of the cell.

After desorption, the PSM samples were rinsed twice in a 60-mL vial to remove P remaining

in pore water. The rinse involved using a 0.01 KCl solution at a ratio of 1:15 with 5 min

equilibration. The same rinsing process was repeated after sorption cycles, but only once.

The PSM samples were then air-dried before the next phase.

As described in Table  3.3 and Figure  3.1 , 2 cycles of sorption-desorption were conducted.

Table  3.3 specifies the terms “cycle” and “phase”, respectively, as the sorption-desorption

sequence (cycle) and the individual sorption or desorption experiments (phase), e.g., cycle

0 refers to the first sorption-desorption phases jointly, while phase S0 refers to the first

sorption run alone. By repeating the sorption-desorption cycle, the main purpose was to

evaluate whether repeated regeneration would result in similar efficacy of P stripping. All

collected samples from sorption and desorption phases were analyzed colorimetrically by the
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Murphy–Riley method [  25 ], using an automated analyzer (Gallery, Thermo Fisher Scientific,

Waltham, MA USA).

3.4 Results and Discussion

This section consists of a discussion about the P removal ability of the tested PSMs as

measured in the flow-through experiments (Section  3.4.1 ), followed by an evaluation of the

proposed regeneration treatments (Section  3.4.2 ), assessing the effects of P concentration,

residence time, volume of regenerative solution and recirculation. Still in Section  3.4.2 , the

efficacy of repeated desorption phases was examined.

3.4.1 Preliminary Experiments: Evaluation of P Removal Ability of Al/Fe-Rich
PSMs

All PSMs possessed a high content of Fe; the differences among them are most evident

regarding Ca and Al proportions. Alcan and Biomax are Al-dominated, while PhosRedeem

is Fe- and Ca-dominated. Based on the pH measurements, Alcan and Biomax offer favorable

conditions for P adsorption by Al/Fe, while pH of PhosRedeem is within the range that

favors Ca precipitation. Nevertheless, as Fe and Al were predominant, the expectation was

that P removal would be dominated by adsorption, a mechanism less dependent on RT.

Based on that, the sorption experiments were conducted under a short RT (0.28 min) for all

PSMs.

Cumulative P removal under flow-through conditions was measured as a function of to-

tal P added during the experiments. We tested two levels of P concentrations, as described

in Section  3.3.2 . The advantage of flow-through experiments over the more common batch

isotherms is the ability to determine a more practical PMax value that is specific to flow-

through conditions, rather than an absolute maximum that occurs through saturating media

with unrealistic P concentrations. The flow-through experiments simulate processes occur-

ring in P removal structures, therefore, the estimated P removal potential can be scaled up

to field installations. P removal potential is estimated with more realistic conditions. The P

removal flow-through curves are shown in Figures  3.2 – 3.4 , for both P concentration levels.
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The shape of the curves provides information about P removal potential and longevity of

PSMs. For instance, a steeper slope, such as the one observed in the PhosRedeem curves, is

an indication of a short-lived PSM. On the contrary, Biomax and Alcan exhibited a gradual

decay, indicating a longer lifetime in comparison to PhosRedeem, as quantified by the slope

of the exponential model listed in Table  3.2 and Figures  3.2 – 3.4 . Additionally, P removal

curves for Biomax and Alcan were similar at both 0.5 and 50 mg P L−1, as indicated by the

slope and intercept of the exponential equations. However, Alcan demonstrated a greater

longevity in the 0.5 mg L−1 experiments. After adding 8000 mg P kg−1 media, cumulative P

removal by Alcan was still above 40%, which is considered the target P reduction for western

Lake Erie as established by the Great Lakes Water Quality Agreement (GLWQA) [ 26 ].

The differences in P removal between the PSMs at 0.5 mg P L−1 inflow were not observed

during the 50 mg P L−1 sorption experiments. In fact, for the 50 mg L−1 experiments, Alcan,

Biomax and PhosRedeem had a relatively similar behavior in terms of P removal, while the

PhosRedeem had a much lower slope compared to Alcan and Biomax at 0.5 mg P L−1 (Table

 3.2 ). For Alcan and Biomax, the similarity in flow-through sorption slope and intercepts be-

tween the 0.5 and 50 mg P L−1 experiments reveals that the P sorption mechanism is likely

dominated by ligand exchange. Little difference in percent P removal with increasing P con-

centrations is a characteristic of ligand exchange that distinguishes it from precipitation [ 27 ],

whereas precipitation increases percent P removal as the initial concentration is increased.

Phosphorus removal by PhosRedeem improved with inflow concentrations of 50 mg P L−1

compared to 0.5 mg P L−1, suggesting precipitation as the dominant mechanism. Overall, all

three PSMs tested would behave similarly in removing P from wastewater treatment plants;

however, Alcan would be the most appropriate media to be used to treat non-point drainage

water containing low P concentrations.

3.4.2 Regeneration Treatments

Overall, PhosRedeem had the lowest desorption efficacy when comparing the PSMs. In

fact, during the 0.5 mg P L−1 PhosRedeem treatments, none of the evaluated desorption

phases were able to displace P. The unsuccessful desorption can be attributed to the fact

that the dominant removal mechanism for PhosRedeem is likely Ca-phosphate precipita-
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tion and not Fe adsorption. Because Ca-dominated PSMs with pH levels above 6, such as

PhosRedeem (Table  3.1 ), favor the precipitation of Ca-phosphates [ 20 ], the proposed regen-

eration treatment would be ineffective for such products. The pH measured in treated water

samples confirmed the prevalence of elevated pH. More specifically, the range of pH mea-

sured in random outflow samples collected from the PhosRedeem 0.5 mg L−1 flow-through

experiments was 8.98 to 10.19. For the same experimental conditions, pH range of Alcan and

Biomax flow-through samples was 6.31-9.35 and 6.12-9.39, respectively, with the lower values

reported towards the end of the experiment. Further evidence of P removal via precipitation

is supported by the increase in P removal from increasing P inflow concentrations from 0.5

to 50 mg P L−1, as previously discussed. Additionally, in order to illustrate the dependency

of PhosRedeem P removal on Ca precipitation—and therefore, on RT, flow-through sorption

experiments were conducted under various RT: 0.5, 2 and 5 min (Figure  D.1 ). It is clear

that P removal was dependent on RT (Figure  D.2 ). For instance, consider the experiments

conducted with a 5-minute RT compared to 0.5 min. The greater P removal at a RT of 5

min was confirmed by a Tukey Studentized Range Test; RT=5 min resulted in significantly

greater P removal in comparison to the other RTs (α = 0.05).

All tested regeneration treatments were successful on Biomax and Alcan, for samples pro-

duced from both 0.5 and 50 mg P L−1 P sorption experiments. The differences in desorption

capacity between the tested treatments are discussed in the sections below. We evaluated

the efficacy of desorption as “P recovery”, a relative measurement calculated according to

Equation ( 3.2 ):

P recovery (%) = 100 × Total P desorbed (mg P kg−1 media)
Total P sorbed (mg P kg−1 media)

(3.2)

P recovery was calculated per cycle and was used as the comparative measure for the

different treatments and PSMs tested. Additionally, the net P sorbed after completing all

cycles is also shown. The average P recovery across all treatments and sorption-desorption

cycles was 81%, 79% and 7% for Alcan, Biomax and PhosRedeem, with standard deviations

(Sx) of 10%, 21% and 6%, respectively.
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Effect of P Concentration on Regeneration

As discussed in Section  3.3.2 , two levels of P concentrations were tested, 0.5 and 50

mg P L−1. Intuitively, there was an expectation that the PSM saturated with the greater

P concentration (50 mg P L−1) would result in more P being stripped in the subsequent

desorption phase. It is known that the sorption of P is concentration-driven, the question

here was whether the desorption would also exhibit similar behavior.

In absolute terms, 50 mg P L−1 experiments did in fact result in a greater amount of

desorbed P, but the increase in desorption was not proportional to the P concentration

increase from 0.5 to 50 mg P L−1. For instance, for Alcan, the first desorption phases (D0)

exhibited a range of total desorbed P of 4380–10,900 and 5000–13,300 mg P per kg of media

across the different treatments for the 0.5 mg P L−1 and 50 mg P L−1, respectively. For

Biomax, the ranges were 1700–8000 and 7800–16,100 mg P kg −1 PSM for the low and high

levels of P concentration, respectively. However, when considering 0.5 mg P L−1 and 50

mg P L−1 in terms of the amount of P desorbed compared to the amount of P sorbed in

the previous sorption phase, a certain proportionality in most of the tested treatments can

be identified. The predicted amount of P to be desorbed in the 50 mg P L−1 experiments

was calculated based on the proportion of total adsorbed and desorbed in the 0.5 mg P L−1

experiments. (A true proportional amount of P desorbed in the 50 mg P L−1 experiments

would be 100% of the expected amount of desorbed P, based on the results obtained in

the 0.5 mg P L−1 experiments.) The observed and predicted P desorbed were similar in 4

and 3 of the 5 desorption treatments with Alcan and Biomax, respectively ( 100% ± 10%).

The remaining predictions showed a deviation of 55% or less compared to the actual results

for both Alcan and Biomax.

Overall, the desorptions following the 0.5 mg L−1 P and 50 mg L−1 P sorption experiments

showed similar P recovery for both Biomax and Alcan. For instance, Alcan exhibited an

average P recovery across all treatments of 67% and 64% for low and high P concentrations,

respectively, with standard deviations (Sx) of 26% and 16%. For the same experimental

conditions, Biomax exhibited an average P recovery of 65% (Sx = 20%) and 64% (Sx =

21%).
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For PhosRedeem, the 0.5 mg P L−1 desorption treatments were virtually ineffective. For

the 50 mg P L−1 samples, however, D0 could remove a portion of P (9% to 16% of total P

sorbed during previous P sorption phase). We do not attribute the P desorption to chemical

regeneration via ligand exchange, but rather a result of dissolution of P minerals formed in

the sample. This conclusion arises from the fact that both KOH and the KCl wash were

equally effective in removing P from the PhosRedeem samples. The second desorption phase

(D1) was again virtually ineffective for this PSM, at both P concentrations tested.

Thus far, the discussion regarding P concentration was based solely on cycle 0, the

first sorption-desorption cycle, aiming to isolate the effect of input P concentrations on

regeneration. For the second phase (D1), carry-over effects must also be considered. Overall,

the results showed that Biomax and Alcan at both low and high P saturation levels can be

regenerated to achieve similar P recovery. For PhosRedeem, regeneration treatments were

ineffective at both P concentration levels.

Effect of Residence Time

We tested two residence times (RT) during the regeneration phases: 0.5 and 10 min.

Our hypothesis was that a longer RT would allow for a greater contact between the KOH

solution and media, resulting in a more effective P desorption.

Both RTs were tested using 20 pore volumes of KOH for each PSM and no recircula-

tion. At this point, it had been already established that the regeneration treatment was

not effective for PhosRedeem, and therefore this PSM was excluded from this discussion.

Additionally, only D0 was used for the comparison between RTs, aiming to isolate the effect

of this variable on the regeneration treatment.

For Alcan, P recovery in D0 using RT=10 min was moderately superior over 0.5 min,

with 93% (Sx = 2%) and 82% (Sx = 6%), respectively. These values refer to the average

P recovery of both inflow concentration levels. For the 0.5 mg P L−1 experiments only, the

average P recovery was 95% (Sx = 1%) and 82% (Sx = 5%), at a RT 10 min and 0.5 min,

respectively. Phosphorus recovery for the 50 mg P L−1 treatments was also in the same

range: 91% (Sx = 2%) and 82% (Sx = 9%) for 10 and 0.5 min, respectively. The differences
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in P recovery between RTs in D0 were statistically significant for Alcan (p-value = 0.01;

Figure  3.5 ). (All statistical tests were conducted at a significance level of 0.05.)

Biomax exhibited similar P recovery for 0.5 min and 10 min for the 0.5 mg P L−1: 88%

(Sx = 20%) and 91% (Sx = 4%). The difference between RTs for Biomax was not statistically

significant (p-value = 0.19). During the 50 mg P L−1 experiments, however, RT=10 min

showed a relatively better efficacy, with 92% (Sx = 0.5%) in comparison to 67% (Sx = 2%)

using RT=0.5 min (Figure  3.5 ).

Based on this analysis, a RT of 10 min would be preferred in a regeneration treatment of

PSMs, particularly when dealing with higher input P concentrations. The difference between

all 10 min treatments in comparison to all 0.5 min proved to be statistically significant (p-

value = 0.02). However, when comparing only the 0.5 mg L−1 experiments, the difference

between RTs was not significant (p-value = 0.28). These results indicate that a longer RT can

improve the results of regeneration in heavily P loaded samples, perhaps because it allows for

greater potential contact between P on the sorption sites and the OH− in solution. For the

0.5 mg L−1, the shorter RT is sufficient for a thorough contact between sorbed PO4 and the

regenerative solution. We chose to conduct the remaining treatments using RT = 0.5 min,

aiming for establishing an effective yet simplest and most feasible regeneration methodology

at the field scale.

Effect of Volume of Regenerative Solution

In this analysis, the 5 and 20 pore volumes (PV) treatments with no recirculation and

RT = 0.5 min were compared with regards to P recovery. The expectation was that a

larger volume of KOH would be able to desorb a larger amount of P, given the greater OH−

availability.

There was a clear improvement in P recovery for the first desorption phase (D0) using 20

PV rather than 5 PV, for both 0.5 and 50 mg P L−1 treatments. According to a two-sample

t-test, the difference in P recovery between 5 and 20 PV was significant (p-value = 9.69 ×

10−6) and that difference can be visualized in Figure  3.6 . For D1, the relationship was not

as clear. For instance, in Alcan 0.5 and 50 mg L−1 experiments, 5 PV showed to be more

efficient than 20 PV. However, other variables may be influencing P recovery in D1, due to
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legacy effects from the previous phases. Therefore, the discussion regarding the effects of

different volumes of KOH will be limited to the S0-D0 cycle.

Over all P treatments and PSMs in D0, 5 PV had an average P recovery of 39% (Sx

= 12%), in contrast with 80% (Sx = 12%) for 20 PV treatments (Figure  3.6 ). A larger

volume of regenerative solution clearly improves P recovery; however, there is a trade-off

with increasing the volume of regenerative solution regarding feasibility, given the large

amounts of PSMs typically used in P removal structures.

There is a lack of literature sources discussing the implementation of desorption of P

from PSMs at a large scale. Most of the research is conducted in the laboratory, where there

are no limitations regarding the amount of regenerative solution to be used, due to the small

scale used. In this research, the goal was to evaluate solid:solution ratios that would be most

feasible for large structures, especially regarding transport logistics and cost. This is one

aspect that previous research overlooked, as some used up to 100 bed volumes of regenerative

solution [  18 ], [  20 ]. Moreover, with satisfactory P recovery achieved through using 5 or 20 PV,

the cost of regeneration can be decreased. Recovery of P in smaller volumes also contributes

to the feasibility of recovering the nutrient for posterior use as fertilizer. The comparative

analysis of the levels of PV without recirculation indicated that 20 PV is preferred.

Effect of Number of Recirculations

Number of recirculations (RC) was tested at RT = 0.5 min. For Alcan 0.5 mg P L−1

treatments, P recovery was 64% (Sx = 6%) and 46% (Sx = 0.5%) with 6 and 24 RC,

respectively. At the same P concentration level, Biomax exhibited similar levels of P recovery

on both RC tested: 64% (Sx = 2%) and 60% (Sx = 2%), for 6 and 24 RC, respectively. For

the 50 mg P L−1 experiments, 6 and 24 RC showed equivalent efficacy, for both Alcan (58%

and 55%, respectively, with Sx = 1% in both conditions) and Biomax (54% and 58%, with

Sx = 3% and Sx = 0.5%, respectively).

Overall, there was no effect of increasing the number of recirculations from 6 to 24, as

the difference between these values was not significant (p-value = 0.09). However, when

comparing P recovery between recirculation (6,24) and no-recirculation (0) for D0 only, a

clearer advantage in using recirculation is observed, as shown in Figure  3.7 . The average P
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recovery in the 5 PV no recirculation treatment is 39% (Sx = 12%), in contrast with 59%

(Sx = 5%) and 54% (Sx = 6%) for 6 and 24 recirculations, respectively. These averages refer

to both Alcan and Biomax.

There is an advantage in using recirculation during the desorption phases in comparison

to no recirculation when using 5 PV and RT of 0.5 min. By recirculating KOH, a greater

potential for contact between the sorbed P and the input solution was imposed, with a better

use of the available OH−. However, when evaluating all tested treatments, the efficacy of

20 PV with no recirculation is still higher (average P recovery is 80% across all 20 PV

experiments, with Sx = 12%) than a 5 PV with 6 recirculations (P recovery average of 60%,

with Sx = 6%). Thus, the data suggests that when using the larger PV of 20, recirculation

does not have much of an impact, but at the smaller PV, recirculation improves P recovery.

Recirculation likely improves P recovery at smaller PVs by increasing contact between the

added hydroxide and surface-complexed phosphate.

Effect of Repeated Desorption Cycles

Based on previous research conducted on Fe oxides, there was a suspicion that each

regeneration treatment would be less effective than the prior. Cabrera et al. [ 28 ] discussed

that the difficulty in desorbing all P can be explained by its occlusion within the oxides

and/or micropores. Our intention in conducting a rinse after each phase was to displace

remaining P in interstitial water. However, desorption phases and their respective rinses

were never able to remove 100% of the adsorbed P, perhaps due to occlusion of P within the

Fe-oxide. As sorption phases were repeated, more P became occluded and the efficacy of the

treatment decreased.

We observed that P recovery for D1 (i.e., the second desorption phase) was highly variable

across the different treatments and PSMs, ranging from 0 to 6000% (Figures  3.8 – 3.10 ). This

variability demonstrates the carry-over effects of previous sorption and desorption phases.

In most of the treatments, D1 had a P recovery of more than 100%, meaning that the KOH

regeneration was able to displace P from earlier P additions (i.e., sorption phases). After D1,

another sorption phase (S2) was conducted, in which the PSMs were observed to retain more

P than in the previous sorption (S1). The P removal capacity of the PSMs was successfully
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recovered in that second desorption phase. (The total mass of sorbed and desorbed P per

treatment, phase and cycle is shown in Tables  E.1 – E.3 .)

Our hypothesis of decreasing efficacy of desorption with repeated regeneration treatment

was confirmed. For instance, consider the 20 PV, RT = 0.5 min treatment on Alcan at the

low level of P (0.5 mg P L−1): 9700 mg P kg−1 of PSM was desorbed in the first desorption

phase (D0), in comparison to 2100 mg P kg−1 of PSM in the second desorption phase (D1).

Thus, regarding the actual mass of P desorbed in mg P kg−1, D0 was more effective than

D1. However, when comparing P recovery (Equation (  3.2 )), D1 (190%) was superior to

D0 (85%), due to the reduced amount of P sorbed during S1. The same decrease in total

desorbed P from D0 to D1 was observed for all tested treatments, except Alcan and Biomax

50 mg P L−1, at 5 PV, with no recirculation (Tables  E.1 and  E.2 ). Despite this decrease, P

recovery across all sorption-desorption cycles (S0-D0 and S1-D1) was substantial. For some

of the tested treatments, the net P was 0, as 100% of the added P was recovered.

We conclude that regeneration cycles can be repeated and although the efficacy of the

treatment decreased in absolute values (mg P kg−1), P recovery (%) did not follow the same

pattern due to legacy effects of previous cycles.

3.5 Conclusions and Implications

Low volumes of regenerative solution are effective for desorption treatments, which can

enable the use of regeneration in field-scale P removal structures. Desorption treatments

can be used under conditions where PSMs were saturated with P from either low or high P

inflow concentrations, simplifying the use of PSMs for P removal. Residence time did not

show a significant effect on the final P recovery, measured across all sorption and desorption

cycles. In general, increasing the volume of regenerative solution from 5 to 20 PV increased P

recovery. Pore volume was more influential than the number of recirculations. For example,

the most effective regeneration treatment used 20 PV of 1 M KOH with no recirculation,

as recirculation did not improve P recovery when 20 PV were used. Although the smaller

PV of 5 was less effective than 20 PV, the use of recirculation (6 or 24 times) increased P

recovery. This is important because increasing the PV of regeneration solution translates

to greater chemical costs and the need for bigger equipment (tanks) to handle the larger

95



volume of solution, whereas increasing the number of recirculations can be achieved more

easily as it simply results in a longer time required for regeneration.

For PhosRedeem, the analysis indicated that although it is a material that resembles a

Fe-rich PSM and is commercialized as such, the dominant mechanism of removal is likely

Ca-phosphate precipitation. Evidence for this conclusion is found in four observations: (1)

the PSM contained a high Ca concentration and maintained an elevated solution pH, (2) P

removal increased with increasing RT, (3) an increase in inflow P concentration from 0.5 to

50 mg P L−1 dramatically increased percent P removal, and (4) regenerative treatment with

KOH was virtually ineffective.

Regeneration was equally effective on Biomax and Alcan, with final P recovery ranging

from 66–100%. Therefore, although these are manufactured PSMs with an appreciable higher

cost (about 22 and 3.3 U.S. dollars per kg for Biomax and Alcan, respectively) in comparison

to industrial by-products, their use can be effectively extended through the regeneration

techniques demonstrated.

The costs of P desorption and PSM regeneration can be segmented into PSM, trans-

portation, chemical solutions, required equipment, and labor. As a demonstration, consider

an actual site located in Ohio, U.S., in which a 10 Ha field produces 0.2 mg L−1 dissolved

P from 16.3 ML of annual flow volume from a subsurface tile drain. Using the P removal

curve shown in Figure  3.2 a, it would require 2.1 Mg of Alcan to remove 40% of the 10-year

dissolved P load. This mass of Alcan would cost approximately 6800 U.S. dollars. Assuming

an additional US $6000 for materials and labor, this would result in a P removal cost of

US $1000 per kg dissolved P removed, which is within the realm of the cost of P removal

in wastewater treatment. However, consider that subsequent regeneration would decrease

the cost of P removal nearly in half, for every regeneration cycle, since it would not involve

any new expenses with PSM replacement. While it is tempting to consider the value of the

recovered P in offsetting structure costs, it is important to keep in mind that the mass of

dissolved P being lost to surface waters is very small compared to agronomic requirements.

Considering current costs of P fertilizer (US $1–2 per kg), the amount of P trapped after ten

years with this theoretical structure (12.8 kg) is only worth US $13–26, and not even enough

P for fertilization of one ha for a single year. However, under situations where PSMs are
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used to treat wastewater with high P concentrations, it may become economically favorable

to recover the P in the regeneration solution. More research is needed in order to evaluate

the feasibility of recovering the desorbed P.

Phosphorus losses to surface waters are considered one of the primary drivers of cultural

eutrophication. Eutrophication and associated harmful algal blooms have been reported

all over the world, and their occurrence has been increasing with growing anthropogenic

pressures on the environment. Current field conservation practices will not be effective in

reducing dissolved P in drainage waters, and P removal structures can be an important ally to

control dissolved P transport before P enters ditches and channels. However, the construction

and maintenance of these structures can be cost-limiting. Our work offered a cost-effective

alternative to the replacement of PSMs, improving the longevity and, consequently, the

potential ecological benefit of P removal structures.

Overall, the conclusions of this work were: (1) Al/Fe-rich materials can have their P

removal ability recovered after the media is saturated with P, (2) the level of P concen-

tration in the sorption phases did not significantly impact P recovery; (3) for higher input

P concentrations, increasing RT of regeneration phase resulted in greater P recovery; (4) a

larger volume of regenerative solution did result in more P being desorbed; (5) increasing the

number of recirculations did significantly improve the efficacy of 5 PV desorptions, and (6)

the regeneration treatment can be repeated, but with decreasing efficacy in absolute values

of desorbed P.
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Table 3.1. Chemical characterization of PSMs: Average elemental composition and pH.

Sample Aluminum Calcium Iron Magnesium (1) pH (2)

mg kg−1

Alcan 350,975 348 20,286 0 6.49

Biomax 297,508 356 56,502 0 6.85

PhosRedeem 7567 86,726 335,646 2917 11.49

(1) Elemental composition derived from acid digestions;

(2) pH in water.
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Table 3.2. Preliminary performance and subsequent maximum phosphorus
(P) removed (PMax) by three P sorption materials (PSMs) under flow-through
conditions of 0.5 and 50 mg P L−1 inflow and 0.284 min residence time. The
PMax values were used as the target for initial P saturation in regeneration ex-
periments.

PSM Sample Flow-Through Model (1) P Max
(2)

Alcan
0.5 mg L−1

A05A 64.98e−4.03∗10−5x 12,043

A05B 58.90e−2.30∗10−5x 16,817

AVERAGE 14,430

STD DEV (3) 3376

Biomax
0.5 mg L−1

B05A 63.46e−4.87∗10−5x 9469

B05B 64.06e−7.604∗10−5x 6193

AVERAGE 7831

STD DEV 2322

PhosRedeem
0.5 mg L−1

P05A 79.41e−6.10∗10−4x 1123

P05B 76.42e−5.56∗10−4x 1164

AVERAGE 1144

STD DEV 16

Alcan
50 mg L−1

A50A 68.38e−2.84∗10−5x 18,874

A50B 64.34e−2.82∗10−5x 16,849

AVERAGE 17,861

STD DEV 1432

Biomax
50 mg L−1

B50A 65.62e−2.48∗10−5x 19,992

B50B 68.01e−2.5∗10−5x 21,231

AVERAGE 20,612

STD DEV 876

PhosRedeem
50 mg L−1

P50A 110.99e−4.51∗10−5x 22616

P50B 102.48e−5.77∗10−5x 16,308

AVERAGE 18,884 (4)

STD DEV 2829
1 Exponential general model: f(x) = a × eb×x, where x is the cumulative P added to PSM in mg kg−1,

and f(x) is the cumulative P removal (%);
2 Maximum P sorption in the flow-through experiments corresponds to the point in which the PSM
sample is P saturated;

3 Standard deviation of replicates;
4 Average was calculated based on four replicates and two of them are shown in the table.101



Table 3.3. Experimental sequence for sorption and desorption cycles for the
regeneration of Al/Fe-rich P sorption materials (PSMs). The same cycles
were tested at both low level (0.5 mg P L−1) and high level (50 mg P L−1) P
treatments. All experiments were conducted in duplicate.

Cycle 0

SORPTION PHASE ⇒ DESORPTION PHASE/REGENERATION

Phase S0 Phase D0

Batch sorption isotherm Flow-through system

Cycle 1

SORPTION PHASE ⇒ DESORPTION PHASE/REGENERATION

Phase S1 Phase D1

Flow-through system

Cycle 2

SORPTION PHASE

Phase S2

Flow-through system
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Pore Volumes RT No. of recirculations223

Level of P
(0.5 or 50
mg L−1)

5 PV

0.5 min 24 RC

0.5 min 6 RC

0.5 min 0 RC

20 PV
10 min 0 RC

0.5 min 0 RC

224

Figure 1. Experimental conditions and phosphorus (P) regeneration treatments tested. PV = pore
volume; RT = residence time; RC = recirculation.225

As described in Table 3 and Figure 1, we conducted 2 cycles of sorption-desorption. Table 3226

specifies the terms "cycle" and "phase", respectively, as the sorption-desorption sequence (cycle)227

and the individual sorption or desorption experiments (phase), e.g., cycle 0 refers to the first228

sorption-desorption phases jointly, while phase S0 refers to the first sorption run alone. By repeating229

the sorption-desorption cycle, the main purpose was to evaluate whether repeated regeneration would230

result in similar efficacy of P stripping. All collected samples from sorption and desorption phases were231

analyzed colorimetrically by the Murphy-Riley method [25], using an automated analyzer (Gallery,232

Thermo Fisher Scientific, Waltham, MA USA).233

3. Results and Discussion234

In this section, we first discussed the P removal ability of the tested PSMs as measured in the235

flow-through experiments (Section 3.1). Then, we evaluated the proposed regeneration treatments236

(Section 3.2), assessing the effects of P concentration (Section 3.2.1), residence time (Section 3.2.2)237

volume of regenerative solution (Section 3.2.3) and recirculation (Section 3.2.4). Finally, in Section 3.2.5,238

we examined the efficacy of repeated desorption phases.239

3.1. Preliminary experiments: evaluation of P removal ability of Al/Fe-rich PSMs240

All PSMs possessed a high content of Fe; the differences among them are most evident regarding241

Ca and Al proportions. Alcan and Biomax are Al-dominated, while PhosRedeem is Fe- and242

Ca-dominated. Based on the pH measurements, we can conclude that Alcan and Biomax offer243

favorable conditions for P adsorption by Al/Fe, while pH of PhosRedeem is within the range that244

favors Ca-precipitation. Nevertheless, as Fe and Al were predominant, the expectation was that P245

removal would be dominated by adsorption, a mechanism less dependent on RT. Based on that, the246

sorption experiments were conducted under a short RT (0.28 min) for all PSMs.247

Cumulative P removal under flow-through conditions was measured as a function of total P248

added during the experiments. We tested two levels of P concentrations, as described in section249

2.2. The advantage of flow-through experiments over the more common batch isotherms is the250

ability to determine a more practical PMax value that is specific to flow-through conditions, rather251

than an absolute maximum that occurs through saturating media with unrealistic P concentrations.252

The flow-through experiments simulate processes occurring in P removal structures, therefore, the253

estimated P removal potential can be scaled up to field installations. P removal potential is estimated254

with more realistic conditions. The P removal flow-through curves are shown in figures 2, 3 and 4, for255

both P concentration levels.256

Figure 3.1. Experimental conditions and phosphorus (P) regeneration treat-
ments tested. PV = pore volume; RT = residence time; RC = recirculation.
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Figure 3.2. Preliminary evaluation of phosphorus (P) removal ability of Alcan
in flow-through experiments conducted at a residence time (RT) of 0.28 min
and inflow P concentrations of (a) 0.5 mg L−1 and (b) 50 mg L−1. Cumulative
P removal is plotted as a function of cumulative P added.

103



Figure 3.3. Preliminary evaluation of phosphorus (P) removal ability of
Biomax in flow-through experiments conducted at a residence time (RT) of
0.28 min and inflow P concentrations of (a) 0.5 mg L−1 and (b) 50 mg L−1.
Cumulative P removal is plotted as a function of cumulative P added.
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Figure 3.4. Preliminary evaluation of phosphorus (P) removal ability of
PhosRedeem in flow-through experiments conducted at a residence time (RT)
of 0.28 min and inflow P concentrations of (a) 0.5 mg L−1 and (b) 50 mg L−1.
Cumulative P removal is plotted as a function of cumulative P added.
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Figure 3.5. Effects of regeneration residence time on phosphorus (P) recovery
from P sorption materials (PSM). Phosphorus recovery is shown after the first
sorption cycle (S0-D0) only, treated with 20 pore volumes of 1 M KOH and no
recirculation. Treatments separated based on PSM type and P concentration
used during the sorption phase.

Figure 3.6. Effects of regenerative solution pore volume (PV) on phosphorus
(P) recovery from P sorption materials (PSMs). Phosphorus recovery is shown
after the first sorption cycle (S0-D0) only, treated with 1 M KOH at a residence
time of 0.5 min with no recirculation. Treatments separated based on PSM
type and P concentration used during the sorption phase.
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Figure 3.7. Effects of the number of recirculation of regenerative solution
on phosphorus (P) recovery from P sorption materials (PSMs). Phosphorus
recovery is shown after the first sorption-desorption cycle (S0-D0) only, treated
with five pore volumes of 1 M KOH at a residence time of 0.5 min. Treatments
separated based on PSM type and P concentration used during the sorption
phase.
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Figure 3.8. Phosphorus (P) recovery across all evaluated cycles and treat-
ments for Alcan. The treatments identified on the x-axis follow the notation:
AX.PV.RC.RT, with X being the level of P concentration (L for low or 0.5 mg
L−1 and H for high or 50 mg L−1), PV: pore volume (5 or 20), RC: number
of recirculations (0,6 or 24) and RT: residence time used in the desorption
phase. Phosphorus recovery in the S1-D1 cycle was omitted for the treatment
AL.5.0.05, which showed an average of 3233% with standard deviation (Sx) of
2997.
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Figure 3.9. Phosphorus (P) recovery across all evaluated cycles and treat-
ments for Biomax. The treatments identified on the x-axis follow the notation:
PX.PV.RC.RT, with X being the level of P concentration (L for low or 0.5 mg
L−1 and H for high or 50 mg L−1), PV: pore volume (5 or 20), RC: number
of recirculations (0, 6, or 24) and RT: residence time used in the desorption
phase.
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Figure 3.10. Phosphorus (P) recovery across all evaluated cycles and treat-
ments for PhosRedeem. The treatments identified on the x-axis follow the
notation: PX.PV.RC.RT, with X being the level of P concentration (L for
low or 0.5 mg L−1 and H for high or 50 mg L−1), PV: pore volume (5 or 20),
RC: number of recirculations (0, 6, or 24) and RT: residence time used in the
desorption phase.
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4. THE USE AND BEHAVIOR OF PHOSPHORUS SORPTION

MATERIALS IN ANOXIC ENVIRONMENTS

4.1 Abstract

Phosphorus (P) removal structures are a best management practice able to sequester dis-

solved P from surface runoff, subsurface drainage and wastewater. Utilization of P removal

structures with bottom-upward flow is of great interest, but it creates an intrinsic complica-

tion: between flow events, the presence of stagnant water may cause structures to develop

anoxic conditions. The behavior of P sorption materials (PSMs), i.e., the core components

of P removal structures, may determine the feasibility of such a design, specifically, the po-

tential impact of anoxic conditions on solubility of previously adsorbed P. The interference

of redox-induced changes on P removal under intermittent anoxic conditions is yet to be

understood. The objective of this research was to investigate the (I) development of anoxic

conditions in the presence of PSM and tile drainage, (II) changes in P sorption capacity of

iron(Fe)-rich PSMs after oxic conditions are restored and (III) Fe-bound P mobilization and

solubility. Three Fe-rich PSMs were tested in batch incubation studies: acid mine drainage

residual, Fe-coated alumina and steel metal shavings. Original and P-loaded PSM samples

were incubated in biogeochemical reactors for as long as necessary to reach Eh=-200 mV,

which is below the lower bound of the redox potential that corresponds to Fe reduction. A

constant flow of CO2/N2 prevented oxygen within incubation cells. After incubation, dis-

solved P concentrations in P-treated samples and non-treated samples were similarly low,

indicating stability of P retention of PSMs under anoxic conditions. The P removal ability of

non-treated PSMs before and after undergoing incubation was not significantly altered; flow-

through experiments showed similar P removal among pre-incubated and incubated samples.

Potentially harmful trace metals were not detected in solutions during anoxic incubation.

Our research shows that the Fe-bound P dissolution does not significantly impact the effec-

tiveness of P removal structures, and that the P removal ability of PSMs persists after oxic

conditions are reestablished.
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4.2 Introduction

Phosphorus (P) removal structures are a best management practice able to mitigate the

transport of dissolved P to water systems [ 1 ], [  2 ]. They rely on P sorption materials (PSMs),

media with chemical affinity for dissolved P that capture P in surface and subsurface flows.

Phosphorus removal structures are usually constructed under free-draining conditions, with

water flowing in at the top and flowing out at the bottom of the structure filled with PSM.

This top-down flow direction creates an intrinsic limitation for the structure design: PSM

depth is limited to the water level at the point of discharge (Figure  4.1 ). As a result, the

structures are constructed with a large footprint to compensate for situations with shallow

depths, which reduces feasibility and adoption of P removal structures. This limitation is

particularly concerning in flat landscapes and shallow ditches, a common scenario found in

agricultural areas in the U.S. Midwest. Because these areas are among the greatest contrib-

utors of P to Lake Erie and the Gulf of Mexico, effectively managing P export is crucial to

attain water quality goals. For instance, the United States Environmental Protection Agency

[ 3 ] recommends a 40% reduction of dissolved P inputs from the western and central Lake

Erie basin for lessening the extent and frequency of algal blooms. A wider implementation

of P removal structures can help reach this goal.

The design of P removal structures with bottom-upward flow is then of great interest,

because it offers the possibility to build deeper structures, with a smaller footprint and

a potentially better operational ability in flat landscapes. However, because of the direc-

tion of flow, stagnant water will remain in the structure in-between flow events, since it

is not free-draining as in the top-down flow direction. Standing water can potentially cre-

ate anoxic conditions in the structure, promoting redox-induced changes in solution and in

redox-sensitive components of PSMs. The objective of this research was to analyze how

Fe-bound P solubility and Fe-rich PSM chemistry are affected by the presence of stagnant

water. More specifically, this paper addresses the question of whether bottom-up flow P re-

moval structures can function as effectively as top-down flow structures based on the Fe-rich

PSM redox behavior.
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Under oxic conditions, P removal by Fe-rich PSMs in circumneutral pHs occurs primarily

through adsorption[  4 ]. The Fe beneath the surface hydroxyl acts as a Lewis acid, exchang-

ing the OH– groups for phosphate (Hx PO4
(2–x))[ 5 ]. A greater number of valence-unsatisfied

hydroxyl groups on the surface of the mineral translates to more P adsorption (ligand ex-

change)[ 6 ]:

Fe − OH + H2PO4
− −−→ Fe−H2PO4 + OH− (4.1)

Equation  4.1 shows that pH plays an important role in the adsorption mechanism. Not

only does it influence the surface charge of the PSM and stability of functional groups, but

also the solution phosphate chemistry [  4 ]. As pH increases, an increasing competitive effect

between OH– and H2 PO4
– occurs, and with that, adsorption capacity decreases [  4 ]. This

is important because, comparatively, as reducing conditions develop in soils, pH generally

increases.

In the soils and sediment literature, authors have shown pH increase in acidic and neutral

soils after long submerged periods, while others reported a pH tendency towards neutral

values in alkaline soils due to buffering by silicates and carbonates [  7 ], [  8 ]. The consumption

of H+ under anoxic conditions, resulting in the increase of pH, is illustrated in the reduction-

oxidation (redox) sequence below [ 9 ]:

4 Fe(OH)3 + 12 H+ + 4 e− −−→ 4 Fe2+ + 12 H2O (4.2)

CH2O + H2O −−→ CO2 + 4 H+ + 4 e− (4.3)

4 Fe(OH)3 + CH2O + 8 H+ −−→ 4 Fe2+ + CO2 + 11 H2O (4.4)

The reduction process shown is a reductive dissolution of Fe(III) resulting from the

oxidation of organic matter,  

1
 and this process occurs under considerably low redox potentials.

Redox potential (Eh) characterizes the redox state of the solution, by measuring the electron

availability within the system [  9 ]. Knowing the degree of reduction in a system, one can
1In soils, reduction-oxidation reactions can also occur as a result of abiotic reactions with inorganic or organic
reductants [ 10 ].
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predict the stability of compounds and the prominent oxidant, as electron acceptors become

scarce with decrease of Eh. In soil environments, after oxygen is completely utilized and

eliminated (Eh ≈ +350 mV), nitrate (NO–
3 ) is consumed (Eh ≈ +250 to +350 mV), after

which a sufficient supply of electrons is available to support the reduction of manganese

(Mn4+; Eh ≈ +200 to +250 mV), and finally, ferric iron (Fe3+; Eh ≈ -100 to +100 mV) [  11 ],

through the mechanism shown in Equation 4. The ratio of Fe2+/Fe3+ is defined by Equation

 4.5 :

Fe3+ + e− −−⇀↽−− Fe2+ logK◦ = 13.04 (4.5)

for which:

log
Fe2+

Fe3+ = 13.04 − pe (4.6)

where pe is the negative logarithm of the activity of electrons.  

2
 Iron(II) and Fe(III)

are thermodynamically stable under anoxic and oxic conditions, respectively [  10 ]. Under

anoxic conditions, because of the higher Fe2+/Fe3+ ratios, the solubility of Fe-minerals and

associated chemical species is impacted. Phosphorus compounds in reduced oxidation state

have also been studied in the literature, but their occurrence is rare and usually associated

with Carbon(C)-P bonds; therefore, they were not considered in this study. Phosphates

alone are generally regarded as redox-insensitive [ 12 ].

While a decline in P adsorption and an increase in pH are expected under anoxic condi-

tions due to the decrease of PSM Fe(III) concentrations, Fe(II) can also react with phosphate

[ 13 ]. Such Fe(II) reactions may offset the expected impact of the reductive dissolution of

Fe(III) on P removal. Equations  4.8 and  4.9 describe the process of P removal by Fe(II):
2pe is nondimensional and it relates to Eh (measured in volts) through the following equation:

Eh = 2.3RTpe
F

(4.7)

where R is the gas constant, T is the temperature and F is the Faraday constant. At 25◦C, Eh is 0.059 × pe.
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Fe2+ + H2PO4
− −−⇀↽−− FeH2PO4

+ logK◦ = 2.70 (4.8)

Fe2+ + H2PO4
− −−⇀↽−− FeH2PO4

0 + H+ logK◦ = −3.60 (4.9)

For instance, Zhang et al. [ 14 ] reported that ferrous iron (Fe2+) addition resulted in

a superior P removal from municipal wastewater compared to the addition of ferric salts.

The exact mechanisms for forming iron-phosphate minerals as a result of the interaction

between dissolved Fe2+ and P can be complex [  5 ]. The formation process, pH and redox

potential will define the stability of these minerals. For example, Wang et al. [ 15 ] reported

the formation of vivianite (Fe(2+)
3 (PO4)2 · 8H2O) during anaerobic digestion of sewage sludge.

The authors suggested that prior to Fe(III) reduction, P is adsorbed by ferric iron oxides.

Then, phosphate is released during the reduction of Fe(III) and re-precipitates with dissolved

Fe(II) as vivianite, showing a potential recovery route for P under anoxic conditions.

Still, in soils, reducing conditions have been associated with P release due to organic

matter mineralization, reduction of Fe and manganese (Mn) oxides, and changes in pH [ 7 ].

For instance, in studying the dynamics of Fe in flooded soils, Shahandeh et al. [ 16 ] reported

an increase in extractable Fe and P in solution under anaerobic conditions in comparison

to the same soils under aerobic conditions. The authors attributed the increase to the

dissolution of Fe and P poorly-crystalline minerals. By testing sediment suspensions under

controlled pH and redox potentials, De Laune et al. [ 17 ] observed that dissolved P increased

with decreasing redox potential and decreasing pH: soluble P was highest at Eh = -200 mV.

Similarly, the authors attributed the increase in P concentrations to the dissolution of ferric

compounds.

The redox-induced release of P was also the object of studies concerning P dynamics in

constructed wetlands [ 18 ], [  19 ], which showed that a low redox potential may induce high

concentrations of P following sediment-P release. Particularly, Vohla et al. [ 19 ] reported

that a low redox potential (-21.8 mV) was associated with high Fe and P concentrations in

the outflow after wastewater flowed through a filter material in a constructed wetland. The

authors recommended adequate aeration in order to improve P removal capacity and accu-

115



mulation in the filter bed. Also in the context of wetland substrates, Drizo et al. [ 20 ] studied

the suitability of steel slag for constructed wetland systems. After saturating the media

with P and allowing a resting period (drained media column), the column experiments were

restarted with incoming P-rich solution. The authors observed an increase in P adsorption

capacity of the media, and attributed it to the decrease in Eh (180-240 mV to 160-210 mV),

as observed in the effluent solution. They suggested that the lower Eh provoked a trans-

formation of crystalline Fe and Al minerals to amorphous forms, which caused the increase

in P adsorption. Pratt et al. [ 21 ] also studied the effect of redox conditions on P retention

by slag, in the context of wastewater treatment. Contrary to Drizo et al. [ 20 ], the authors

observed P release under low Eh: 95% of total P and 25% of total Fe were released from

the melter slag under low values of Eh (-400 mV) and pH (4.9), due to the dissolution of Fe

minerals.

Based on current literature on soils, wastewater, and P-filter media, there seems to be no

consensus as to whether the Fe-bound P release caused by anoxic conditions can significantly

compromise P removal. Our work aims to address this gap, investigating the behavior of

Fe-rich PSMs when undergoing anoxic periods. Reducing conditions may cause changes in

PSM mineralogy, pH, and chemical equilibrium, which would directly affect the P sorption

capacity of Fe-rich PSMs and the Fe-bound P solubility of P-loaded (henceforth referred to

as “P-treated”) PSMs. The hypothesis of this work is that under reducing conditions, the

ability of PSMs to remove and retain P is impaired, because of biochemical changes on the

solubility of redox-sensitive components, such as Fe.

4.3 Material & Methods

The PSMs used in this study were Actiguard AAFS50 (henceforth referred to as Alcan),

metal shavings and acid mine drainage residual (AMDR). Alcan (Axens Solutions, Rueil-

Malmaison, France) is an iron-enhanced activated alumina, commercialized for contaminant

(phosphorus, nitrate and arsenic) removal. The AMDR originated from treating acid mine

drainage at the Blue Valley Mine drainage treatment and fish culture station (Brandy Camp,

PA, USA). The metal shavings are carbon steel shavings (no aluminum or stainless steel)

from a metal recycling facility (OmniSource, Fort Wayne, IN, USA).
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Prior to the analysis, Alcan was washed through a geotextile fabric to remove fine particles

(equivalent to the textile used in the construction of P removal structures and blind inlets).

The AMDR was sieved to select particles with diameter between 0.5 mm and 4 mm. Metal

shavings were washed with soap to remove oil remnants derived from its generation process.

To induce oxidation, the metal was soaked in a 0.1 M HCl solution for 12 hours, then

rinsed and dried. Following these initial preparations, the methodology used in this paper

can be divided in three parts: (1) pre-incubation analysis, (2) incubation analysis, and (3)

post-incubation analysis. Below, each of the experimental phases are described in detail.

4.3.1 Pre-incubation

Characterization of media

For evaluating the chemical and physical properties of the media, acid digestions, ammo-

nium oxalate extractions, and measurements of pH, EC, bulk density and particle density

were conducted.

For the acid digestions, the Environmental Protection Agency (EPA) method 3050B [ 22 ]

was used to obtain the total chemical constitution of the media. The samples were analyzed

for major elements, including calcium (Ca), Fe, Al, magnesium (Mg), as well as for minor

elements, such as chromium (Cr), cobalt (Co), zinc (Zn) and lead (Pb). The ammonium

oxalate extractions were conducted according to the methodology described in Penn & Bowen

[ 1 ]. The objective of this analysis was to assess the amorphous or poorly-crystallized Al and

Fe content, i.e., the fractions readily available for P removal reactions, as poorly crystalline

Fe compounds have a highly reactive surface area for P sorption [  16 ]. All extraction and

digestion samples were conducted in duplicates and analyzed by inductively coupled plasma

atomic emission spectrometry (ICP-AES), using the respective solution matrices.

pH and EC samples (triplicate) were prepared in DI water, in a 1:5 solid-solution ratio,

after repeating the process of shaking for 1 minute and equilibrating for 20 minutes twice,

followed by measurement with calibrated benchtop pH (Thermo Orion STARA2115 Star

A211 pH meter) and electrical conductivity (Mettler Toledo S230-USP conductivity meter)

calibrated meters. Finally, bulk density and particle density were measured in duplicates,

117



following the methodology described by Penn & Bowen [  1 ]. The PSM characterization

analysis was conducted on both non-treated and P-treated samples.

Flow-through experiments and batch isotherms

Flow-through experiments were conducted to assess the original P removal capacity of

the PSMs. These are dynamic sorption tests, that aim to reproduce at the laboratory scale

the processes and mechanisms occurring in a field-scale P removal structure.  

3
 In these

experiments, a continuous inflow of 0.5 mg L−1 of P passed through a cell containing the

PSM of interest. The flow is calibrated according to the desired residence time (RT), as

indicated in the equation:

Residence time (min) = Pore volume (mL)
Flow rate (mL · min−1) (4.10)

In previous tests, the sufficient RT for each of the PSMs was established. Although they

are all Al/Fe-rich PSMs (and because of that, in theory, less dependent on RT), only Alcan

performed well under rapid flow rates (lower RT; data not shown). The P removal capacity

of both AMDR and metal shavings is influenced by RT, and the longer contact between

dissolved P and the PSMs resulted in a greater P removal. Figure  4.2 shows the P removal

estimated in the preliminary flow-through experiments for all PSMs, using their respective

optimal RT.

Figure  4.2 illustrates the different P removal capacity of the PSMs, normalized as a

function of the cumulative P loaded to each PSM, per unit mass. One can observe the

superior P removal capacity of metal shavings in comparison to the other two media, as it

continued to remove more than 50% of the incoming P after 12,000 mg P·kg−1media had been

loaded. Experiments were conducted in duplicates; however, for AMDR, five replicates were

conducted, because of the large degree of variability. The behavior of this media (even from

the same batch) can vary and we therefore considered this variability an intrinsic property

of its generation process.
3The flow-through procedure is further detailed in Penn & Bowen [ 1 ].
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After quantifying the P removal character of the PSMs under flow conditions, the amount

of P sorbed correspondent to 40% of cumulative removal was calculated. This value is a

typical P-saturation target for PSMs used in field-scale units[  23 ]–[ 25 ], at which time the

PSMs would be replaced. For the PSMs that did not reach the 40% cumulative removal

target during the flow-through experiments (i.e., Alcan and metal shavings), the exponential

models (shown in Figure  4.2 ) were used to estimate the amount of sorbed P when 40% of

the cumulative added P was removed, i.e, P40%.

Knowing the concentration of P sorbed onto each PSM that corresponded with the target

of 40% cumulative removal (P40%), it was possible to create a larger batch of P-treated

samples for use in the redox experiments. This was achieved through use of a batch isotherm,

as described in Scott et al. [ 26 ]. Phosphorus adsorption isotherms were then conducted on

all three PSMs, using P concentrations from 0-1000 mg L−1. The isotherms revealed a

linear relationship between input P concentrations and P in samples after equilibrium (mg

P·kg−1 media) for all PSMs. This linear relationship and the P40% established in the flow-

through experiments (Table  4.1 ) were used to determine the P concentration to treat the

PSM samples in batch isotherms. Later, both P-treated and non-treated samples were used

in the redox incubation phase.

4.3.2 Incubation studies

A biogeochemical reactor constructed at the National Soil Erosion Research Laboratory

(NSERL, ARS/USDA) was used for the incubation studies. The reactor allows for control

of the micro-atmosphere in the incubator vessel through the inflow of other gases. Anoxic

conditions were maintained by continuously flowing CO2/N2 into the vessels. Open gas

exchange between the vessels and the atmosphere prevented CO2 build-up. A constant air

pressure of 30 psi was supplied from the CO2/N2 tank to a manifold that delivered the gas

to the vessels. The flow rate was adjusted individually via flow regulators connected to the

manifold. In a test run, 15 cm3 min−1 was found appropriate for the incubations, as it

allowed continuous purging of the air in the vessels every 10 minutes, approximately.

The vessels were 250-mL centrifuge bottles possessing fittings on their lid for a gas inflow

needle, gas outflow needle, and Eh and pH sensors. Redox potential and pH were automat-
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ically recorded every 5 minutes, as the meters were connected to a computer that received

voltage signals from an electrode amplifier. Prior to the incubations, the Eh meters were

calibrated in pH-buffered quinhydrone solution at pH 4 and 7, and the pH meters in pH

buffers only (4, 7 and 10), and a linear relationship between the measurement on the meters

and the voltage signals was established. The apparatus is illustrated in Figure  4.3 and is

further described in De Campos [ 27 ].

The reactor allowed for the incubation of 12 samples at a time. Four incubation sets

were conducted, with randomized non-treated and P-treated samples. Each treatment was

defined by the combination of PSM (Alcan, AMDR and metal shavings) and P addition

(non-treated or P-treated), and was repeated three times. Twenty-five grams of the PSM,

95 mL of tile drainage, and 5 mL of a 5% D-Glucose solution were added to each bottle.

A control sample containing only tile drainage was also incubated in each set. The tile

drainage was collected in a 20-L container at a corn/soybean rotation field, with corn as the

last planted crop (2019). At the time of collection, the 2020 crop was not yet planted, so

there was no Spring P application. The major elemental composition of the tile drainage is

shown in Table  4.2 , determined by ICP-AES in unfiltered samples. Total oxidized nitrogen

and P were analyzed colorimetrically (Fisher Sci. Inc. GalleryTM Discrete Analyzer).

Although glucose was added to the samples in order to provide prime conditions for mi-

croorganisms to grow, samples without the carbon source were also incubated to evaluate

whether reduced conditions would develop, and if so, if there were any differences regard-

ing the time needed to reach the target Eh. These are referred to as “reference” samples

throughout the paper, and were also conducted in triplicates.

The time of incubation varied between 96 and 600 hours, depending on the sample. The

objective was to remove the samples from the reactor as they reached Eh=-200 mV, although

some of them reached that target rapidly and were kept in the reactor for longer. Once

removed, the solution samples were divided in two 20-mL portions for posterior analysis: a

0.45-nm filtered and acidified (0.5 mL 50% HCl) sample, and a 0.45-nm filtered sample. The

solid samples were air-dried for posterior use.
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4.3.3 Post-incubation: sample analysis and flow-through tests

Once removed from the incubation and filtered, the solution samples were immediately

analyzed for Fe(II) through the ferrozine method, described in detail in Viollier et al. [ 10 ].

Essentially, the objective of this method is to sequentially determine Fe(II)/Fe(III) speciation

in liquid samples. The Fe(II)-ferrozine complex was analyzed by measuring absorbance at

562 nm in a UV spectrophotometer (Fisher Sci. Inc. Thermo Genesis 10uv) before and

after reduction with hydroxylamine. The filtered and acidified samples were analyzed in

the ICP-OES for the same macro and micro elements as described earlier for the digestates.

Phosphorus concentrations were determined colorimetrically.

After drying, non-treated PSM samples were tested for P removal in the flow-through

system, using 0.5 mg L−1 P as the input concentration and the appropriate RT for each

sample. With this analysis, the intention was to examine the effects of anoxic conditions on

P removal ability by comparing post-incubation with pre-incubation flow-through results.

After collecting the filtered aliquots, samples from treatments that did not receive 5%

D-glucose solution (reference samples) were left open in a temperature-controlled room. The

objective was to examine possible changes on the chemical composition of the solution as

the oxic conditions were reestablished. Sub-samples were collected at 72 and 144 hours after

removal from the incubator.

4.4 Results and discussion

4.4.1 Characterization of PSMs

Chemical composition varied between PSM samples. Alcan is an Al- and Fe-rich PSM,

while AMDR and metal shavings can be characterized as Fe-rich PSMs, as indicated by

the total elemental concentrations. Alcan and AMDR also contain appreciable amounts of

Ca. The presence of Al and Ca in addition to Fe can be significant for P removal, because

these elements can also participate in P removal processes, which indicates the possibility

of different P removal mechanisms. Because of this, there was a suspicion that anoxic

conditions would impact the PSMs in different ways, with less P release expected for the

PSMs containing Ca, Al in their composition.
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Table  4.3 shows the results of the chemical characterization of the PSMs. Alcan and

metal shavings showed an acidic to neutral pH, while AMDR is a slightly alkaline material.

This is important because of the dependence of P removal processes on the pH of solution.

For instance, the higher pH of AMDR indicates that Ca-PO4 precipitation may be a viable

P removal process, which would make the P removal capacity of this PSM less influenced

by the changes on Fe redox chemistry. The difference in pH between the non-treated and

P-treated PSM is minor, although a decrease in pH after P treatment is evident. The most

remarkable differences between non-treated and P-treated PSMs are in regard to electrical

conductivity (EC). Electrical conductivity was lower in the P-treated PSMs, which may be

explained by soluble compounds being rinsed out through the shaking-equilibration-filtration

process involved with P treatment, and/or a reduction in solubility of various cations due

to the present of P. As expected, P concentrations were higher in the P-treated PSMs, and

according to the analysis of the incubation solutions before and after P-treatment, surface

P concentrations were as high as the 40% correspondent target. The total elemental compo-

sition did not reflect the actual levels of P-loading, although for Alcan and Metal shavings,

it did indicate higher P concentrations for the treated samples. That inconsistency was at-

tributed to the digestion methodology, which was unable to capture the subtle differences

on P content of AMDR loaded samples, as shown in Table  4.3 .

Phosphorus content in the ammonium oxalate extractions was also analyzed. For all

non-treated materials, the final concentration of P was 0 in all samples (not reported in

Table  4.3 ). Metal shavings and AMDR contained higher total and oxalate-extractable Fe

concentrations in comparison to Alcan, which, in turn, showed higher Al concentrations than

the other PSMs. Oxalate-extractable P was identified in both P-treated Alcan (X̄ = 571.4

mg P kg−1 PSM; Standard deviation[S ] = 54.7 mg P kg−1 PSM) and metal shavings (X̄ =

2,584 mg P kg−1 PSM; S = 273 mg P kg−1 PSM) at lower concentrations when compared

to the total digestates. In AMDR, no phosphorus was extracted with oxalate, providing

further evidence that sorbed P was possibly associated with Ca, which was abundant in this

PSM. The oxalate-Fe pool is important because, for example, in studying the P sorption

characteristics of estuarine sediments, Pant et al. [ 28 ] observed high oxalate-extractable Fe

associated with higher P concentrations in solution after anoxic incubation. Following the
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same rationale, a higher P desorption was expected for P-treated metal shavings and AMDR,

PSMs that showed high oxalate-extractable Fe.

Other elements of interest include sulfur (S) and manganese (Mn). Alcan and AMDR

showed an appreciable S content, while AMDR and metal shavings contained high Mn con-

centrations. Both are redox-sensitive elements, but because S does not normally directly

interact with P [ 13 ], its behavior under anoxic conditions is out of the scope of this paper.

Manganese, on the other hand, can form complexes with P, which can make the regulation

of P dynamics more complex.

The analysis of minor components revealed the presence of Cr, Co, nickel (Ni) and Zn in

some of the PSMs, as detailed in Table  4.4 . No boron (B) was identified in any of the PSM

samples. The presence of these elements in digestates does not signify that PSMs will be

sources of contaminants. Their presence in the incubated solutions will be discussed in the

next section.

4.4.2 Incubation Analysis

Prior to the main incubation batches, a test incubation was conducted to assess whether

the PSMs would develop reduced conditions. The PSMs did undergo anoxic conditions, and

after 2 weeks in the biogeochemical reactor, they reached values of Eh as low as -600 mV.

The Eh-related results of the incubations are described in Table  4.5 . All samples, with

and without added carbon (glucose), developed anoxic conditions after incubation started,

although the time to reach the target Eh of -200 mV varied between samples. For instance,

the reference samples (no glucose) required an average of 163 hours to reach Eh−200 (S =

190 hours), in comparison to 71 (S = 100 hours) and 22 (S = 12 hours) hours for the non-

treated and P-treated samples, respectively. Eh−200 corresponds to the discrete Eh value

observed that was closest to -200 mV, which is below the lower bound of Fe3+ reduction.

The control samples, containing tile drainage only, required an average of 35 hours to reach

the target Eh (S = 13 hours). The null hypothesis that the time to reach -200 mV for the

different groups (control, reference, non-treated and P-treated samples) came from the same

distribution (Kruskal-Wallis test; degrees of freedom = 3, χ2 = 6.38; p-value=0.09) falied

to be rejected. Kruskal-Wallis test was used because the data was non-normal and common
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data transformations (Box-Cox transformations) were unsuccessful. The test indicated that

no groups had mean ranks significantly different from the others, meaning that, on average,

the samples required similar amount of time to reach -200 mV. These findings indicate that,

on average, the conditions encountered in P removal structures (i.e., presence of PSM and

stagnant water) have no effects on the time to reach anoxic conditions. It is notable, however,

that the only samples that did not reach -200 mV during the incubations were in the groups

control (1 replicate) and reference (2 Alcan replicates and 3 AMDR replicates), which suggest

that the non-treated and P-treated samples provide better conditions than the other groups

for the development of anoxic conditions.

The pH and pe data collected during the incubations are shown in Figures  4.4 ,  4.5 

and  4.6 . For all treatments, little variation in pH was observed as anoxic conditions were

established, although different trends could be identified: (I) a decrease towards neutral

values (Alcan Reference, non-treated AMDR and Alcan, and P-treated AMDR and Alcan),

(II) little change in pH values (AMDR Reference, non-treated and P-treated metal shavings)

or (III) a slight increase in pH (metal shavings reference). Overall, the low variability of pH

agrees in part with De Campos [ 27 ]. The authors also reported minor pH fluctuation during

incubation of uncultivated soils, increasing from 6.4 to 7.0 and remaining near neutrality

after 5 days. Heiberg et al. [ 29 ] also showed an increase and stabilization of pH after 15-20

days of soil incubation.

Notice the marked short-term fluctuations in pe of reference samples in comparison to

the non-treated and P-treated samples, particularly for the Alcan and AMDR samples. For

Alcan, the predominant behavior of the non-treated samples shows a clear and steep decrease

in pe. The steep decrease can also be observed in the P-treated Alcan samples, however,

it appears to occur in 2 stages: (1) at pe=0 (Eh = 0 mV) and (2) at -2 ≤ pe ≤-4 (-120 ≤

Eh ≤-230 mV). The 2-stage decrease can be seen in both non-treated and P-treated AMDR

samples, at pe = 0 and pe=-2. There seems to be a limit for that decrease around pe =

-10 (Eh=-600 mV), where pe stabilizes asymptotically. The valley at pe of -10 was also

observed for the P-treated Alcan and P-treated metal shavings. The behavior of pe in the

metal shavings incubations was more variable. For both non-treated and P-treated samples,

the pe decrease is rapid in the beginning, quickly reaching the target pe. However, between
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replications, the fluctuations in pe are broader and pe decreases and increases with time. A

possible explanation is the presence of Fe0 and continuous exposing of Fe on the surface of the

PSM, providing new sources of electron receptors for the redox reactions during incubation.

For instance, P-treated metal shavings samples showed an increase in pe around pe=-6 (Eh

= -350 mV) and then a steep decrease towards pe =-10, after which pe stabilized.

There were more similarities between the P-treated and non-treated AMDR samples in

comparison to the other PSMs, which may be explained by the lower P loading, because,

comparatively, the P concentration necessary to meet P40% (Figure  4.2 b) on AMDR was

50-100 times lower.

4.4.3 Post-incubation analysis: P release and P removal ability of PSMs

Analysis of incubated samples

The ferrozine analysis of the incubated samples indicated that not all Fe(III) had been re-

duced, although Fe(II) concentrations were higher than Fe(III) concentrations in all P-treated

and non-treated solution samples, except for non-treated metal shavings. Phosphorus-

treated metal shavings registered the highest Fe(II) concentrations (Table  4.6 ), which implied

a potential loss of P and Fe. Still, for all samples, the amount of soluble Fe in post-incubation

solutions were insignificant when compared to total Fe and ammonium oxalate extractable

Fe. Therefore, Fe is still abundant in the PSMs, available for P removal and/or it is still

associated with previously sorbed P. Nevertheless, Heiberg et al. [ 29 ] argued that most of the

Fe(II) produced during incubation of soils was found in solid form and extracted with HCl,

i.e., Fe(II) became part of the structure of phyllosilicates. The water-soluble Fe concentra-

tions were 40-70 times lower than the HCl-extractable Fe(II). Other authors associated the

low concentrations of Fe(II) in solution with Fe2+ scavenging by FeS and FeS2 in sediment

incubations [  30 ], [  31 ]. The appreciable concentrations of S in Alcan and AMDR suggests

that Fe-S precipitation might have occurred, which would decrease Fe(II) concentrations in

solution. Because of the low dissolved P concentrations post-incubation (Table  4.7 ), this

mechanism (if present) did not contribute to P release by Fe-rich PSMs.
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The solution Fe concentration of P-treated metal shavings was significantly higher in

comparison to the non-treated sample, while, for the other PSMs, the contrary was true. Low

concentrations of Fe were identified on the P-treated Alcan and AMDR samples, indicating

that these PSMs potentially retained the P previously added to them. This finding suggests

that anoxic conditions did not affect P retention in these PSMs. Analysis of P in the

incubated samples corroborated this hypothesis, as P was below detection limit for P-treated

Alcan and AMDR (Table  4.7 ).

Indeed, P was identified in the incubated solutions from P-treated metal shavings (Table

 4.7 ), but the amount of P desorbed was close to 0.01% of the total concentration of the

P-treated PSM (1250 mg P · L−1). In addition, the solution P concentration for incubated

P-treated metal shavings was less than the solution P concentration of the inflow P solution

from the original flow-through experiment designed to simulate field conditions (0.5 mg L−1)

and 70% of its output concentration corresponding to P40% (0.35 mg L−1). Phosphorus was

also identified in the non-treated AMDR samples, at even lower concentrations (virtually 0

mg P L−1). Phosphorus loss is likely associated to Fe, since these samples also showed higher

Fe concentrations in solution.

In summary, P release under anoxic conditions was not appreciable in the P-treated

PSMs. Because P release was detected in the same solutions in which Fe release was iden-

tified, P was potentially Fe-bound. Although the results attest to the reductive dissolution

of Fe(III), the low P release may be explained by P readsorption or precipitation, as ob-

served by other authors throughout the literature [  15 ], [  29 ]. The fact that no P was found

in incubated P-treated ALCAN solutions may be explained by the abundance of Al found

in that PSM, that contributed to the readsorption of P, as described by Heiberg et al. [ 29 ].

The solution pH supports this hypothesis. For AMDR, the hypothesis is that P was precip-

itated as an Fe(II) mineral under anoxic conditions as well as Ca-PO4 minerals, given the

abundance of this element in the PSM’s composition and pH. Although the circumneutral

solution pH does not favor Ca mineral dissolution (and therefore, under lower Ca/P molar

ratios, Ca-PO4 precipitation is limited), Lindsay [  13 ] shows that in circumneutral pHs, sev-

eral Ca-PO4 minerals can co-exist. An increase in Ca-P pool among anoxic environments
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has been observed in coastal sediments, for instance [  30 ]. The consumption of inorganic P

by bacteria can also be considered a potential path for the dissolved P pool.

Similar results regarding P release were observed by Oliver et al. [ 32 ]. The authors re-

ported rates of P retention of 98% or higher when using Fe-dominated water treatment resid-

uals, regardless of aeration conditions. This study corroborates their results, demonstrating

an insignificant impact of redox status on P retention by Fe-rich PSMs. At similar circum-

neutral pH values, Pratt et al. [ 21 ] reported negligible release of P and Fe from exhausted

melter slag (Ca- and Fe-rich media) after 12 hours and 10 days of incubation (Eh=-400 mV,

pH=6.7). The authors hypothesized that P and Fe were captured by organic flocculants at

this range of pH, although the origins of the flocculation layer were unknown. Their results

suggested that low pH has a stronger impact on P release than low Eh, since P losses were

as high as 90% after 10 days of incubation under similar Eh values (Eh=-400 mV), but lower

pH (4.9).

As expected, no P was identified in the incubated solutions after oxic conditions were

reestablished, as measured in the reference samples after 72 and 144 hours of removing from

the reactor. The solution concentration of other elements also showed stability during post-

incubation, except for Al, that at 72-h post-incubation had its concentrations decreased to

virtually zero in Alcan and AMDR solutions.

None of the minor components (B, Cr, Co, Ni, Pb and Zn) were identified in the in-

cubated solution samples. Manganese (Mn) was identified in non-P treated AMDR and

P-treated metal shavings, but at considerably lower concentration in comparison to their

total concentrations on the solid material. The presence of Mn in solution indicates that

it may have had a role in anaerobic metabolism, potentially offsetting losses of Fe-bound P

pool. In the literature, the ability of Mn reduction and re-oxidation to maintain low Fe(II)

concentrations is reported as a mechanism to prevent P release [ 30 ]. However, because higher

concentrations of Mn were found in incubated solutions that also showed a high content of

P and Fe, the Mn-driven preservation of Fe(III) was considered not significant.
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Post-incubation flow-through experiments

Based on the results from the ferrozine and post-incubation elemental analysis, the anoxic

conditions did not appreciably influence P removal behavior of PSMs. The post-incubation

flow-through experiments confirmed this hypothesis, as the P retention before and after

undergoing anoxic conditions was similar among PSMs. For metal shavings, the similarity

is visually lower, as seen in Figure  4.7 , and the pre-incubation samples appear to perform

better in terms of P removal in comparison to the post-incubation samples.

In order to quantitatively investigate the P removal ability of PSMs, the P sorption

(%) after 700 mg P · kg−1 PSM were added to the PSMs was evaluated. This value was

chosen because it was the maximum value for which there were observations for all replicates.

Table  4.8 shows the average and standard deviation P removal for each PSM P removal, pre

and post anoxic incubation. The fact that P removal by AMDR and metal shavings was

dependent on residence time (shorter residence times were tested during the pre-incubation

experiments) reveals important characteristics about these PSMs with regards to P removal

mechanisms. Given the alkaline pHs and higher content of Ca of the AMDR samples, Ca-

PO4 was a potentially significant P removal path. This hypothesis agrees with Penn et

al. [ 33 ], who observed that 58% of the total P removed by AMDR was Ca-associated P.

For metal shavings, the longer residence time allowed for constant oxidation of the media,

exposing more P sorption sites with time.

Based on a two-sided Wilcoxon rank sum test (non-parametric test; H0: data are sam-

ples from continuous distributions with equal medians), pre- and post-incubation P removal

performances for Alcan were not significantly different from each other (ranksum statistic =

13; p-value = 0.18). The same conclusion was reached for AMDR (ranksum statistic = 29;

p-value = 0.93) and metal shavings (ranksum statistic = 21; p-value = 0.07). This indicates

that the P removal ability of PSMs was not significantly impacted by the anoxic conditions

according to the evaluated metric. Heiberg et al. [ 29 ] also observed similar P sorption capac-

ity in sandy soils under oxic and anoxic conditions, explained by the increase in available Al

in the reduced soil. However, their increase was both a result of reduction and pH increase,
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which was not observed in the PSMs. Still, given the higher concentrations of Al in Alcan,

for instance, and the neutral range of pH, Al fixation may have occurred.

The overall behavior of the P removal curve indicates that PSMs did not undergo signif-

icant chemical and mineral alteration under anoxic conditions. Additionally, the reductive

dissolution of Fe(III) did not significantly impact the amount of available sorption sites for

P removal. In practical terms, after a P removal structure undergoes anoxic condition, its

lifetime and ability to retain P will not be significantly impaired by the changes on redox

chemistry.

4.5 Conclusions and implications

The incubation of Fe-rich PSMs under no oxygen conditions resulted in a decreased

redox potential for PSMs with and without the glucose carbon source alike, meaning that

Fe-rich PSMs did undergo anoxic conditions in the presence of a tile drainage matrix. In

the absence of glucose (reference samples), which is a scenario representative of a P removal

structure, the PSM samples required, on average, the same amount of time to reach the

target Eh in comparison to the samples with glucose. However, some of the reference and

control replicates did not reach as low Eh values as the glucose-amended samples. No unique

tendency was observed for pH during the incubations, although, overall, pH values did not

alter significantly under anoxic conditions.

This study confirmed the reductive dissolution of Fe(III) in Fe-rich PSMs, however the

effect on P removal was minor, both in terms of Fe-bound P release and P sorption capacity.

Phosphorus released from the P-treated PSMs was possibly readsorbed or precipitated. The

P sorption capacities of PSMs pre- and post-incubation were not significantly different.Po-

tentially harmful trace metals were not detected in the incubated solutions, indicating that

there is no environmental risk of the PSMs undergoing anoxic conditions.

The implications of our study are the confirmation that P removal structures with

bottom-upward flow are feasible for these Fe-rich PSMs, as the presence of stagnant water

will not significantly impair the PSM ability to remove and retain P. Future works should

include the changes in P pools on the P-treated PSMs before and after incubation in order

to investigate the solid forms of Fe-P. Such information may shed a light on the specific P
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removal processes under anoxic conditions, based on which adaptations for an improved P

removal can be developed.
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Table 4.1. Calculated P sorbed to P sorption materials (PSMs) in flow-
through experiments at 40% cumulative removal of P input (figure  4.2 at 40%
[P40%]) and corresponding P concentrations added in batch isotherms to reach
P40% using a solid:solution ratio of 1:15.

Sample
P40%

(mg P·kg−1 PSM)
Concentration in

isotherm (mg L−1)

Alcan A 6006
540

Alcan B 8471

AMDR A 288

12

AMDR B 72

AMDR C 910

AMDR D 932

AMDR E 171

Metal Shavings A 14900
1250

Metal Shavings B 23646

Table 4.2. Chemical composition of tile drainage used in incubations. The
reported concentrations are the average among three replicates, except for
nitrogen (duplicates). Standard deviation is listed in parenthesis.

Al Fe Mg P Ca K S TON1

mg L−1

Tile Drainage
0.1

(0.08)

0

(0)

22.9

(2.7)

0

(0)

63.1

(4.62)

0.8

(0.6)

1.3

(0.5)

9.3

(0.3)
1 Total oxidized nitrogen (NO2 and NO3)
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Table 4.4. Pre-incubation analysis: total concentrations of trace metals in
phosphorus sorption materials (PSMs). X̄ is the average among the two repli-
cates of each non-treated PSM and S the standard deviation.

Sample
Cr Co Ni Pb Zn

(mg/kg PSM)

Alcan

X̄ 0.0 0.0 0.0 0.0 20.9

S 0.0 0.0 0.0 0.0 14.1

AMDR
X̄ 0.0 8.5 15.3 46.2 231.5

S 0.0 0.3 20.4 3.4 13.6

Metal
Shavings

X̄ 1104.0 44.5 1807.0 152.0 145.0

S 803.0 2.9 1665.3 52.2 7.7
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Table 4.5. Redox potentials and experimental time required for reaching the
target (Eh−200) and final Eh values among P-treated and non-treated PSMs
during incubation with no oxygen. “Reference” treatments refer to those that
did not receive glucose addition.

Sample Eh−200
Time to Eh−200

(hours)
Final Eh

Total Exp. Time

(hours)

Control
Tile

Drainage

Rep. 1 -200.26 31.40 -182.47 282.36

Rep. 2 -199.93 20.86 -565.68 93.06

Rep. 3 -53.34 44.98 -9.93 620.94

Alcan
Reference

Rep. 1 -181.59 109.67 -159.30 455.12

Rep. 2 -87.23 240.92 -68.91 333.38

Rep. 3 -201.72 57.57 -151.25 333.54

Non-treated
Alcan

Rep. 1 -199.56 38.98 -521.59 89.89

Rep. 2 -200.48 306.15 -205.09 319.36

Rep. 3 -199.37 16.28 -455.3 89.39

P-treated
Alcan

Rep. 1 -198.61 22.03 -541.64 93.31

Rep. 2 -197.93 22.12 -538.77 93.89

Rep. 3 -201.62 39.14 -554.47 93.98

AMDR
Reference

Rep. 1 -92.39 592.91 -92.39 620.78

Rep. 2 -128.05 306.67 -123.59 333.88

Rep. 3 -43.197 92.95 -25.46 333.71

Non-treated
AMDR

Rep. 1 -203.82 37.31 -582.46 89.97

Rep. 2 -200.38 29.96 554.84 93.06

Rep. 3 -201.52 46.154 -558.33 114.84

P-treated
AMDR

Rep. 1 -201.98 31.63 -550.22 89.22

Rep. 2 -198.74 29.88 -608.77 92.73

Rep. 3 -200.26 30. 55 -568.99 94.061

Metal
Shavings
Reference

Rep. 1 -198.93 61.76 -445.71 115.09

Rep. 2 -202.04 2.67 -517.35 167.38

Rep. 3 -198.46 4.50 -618.92 167.21

Non-treated
Metal

Shavings

Rep. 1 -197.38 1.00 -406.67 93.14

Rep. 2 -201.49 4.84 -397.81 89.64

Rep. 3 -200.36 167.27 -209.22 281.86

P-treated
Metal

Shavings

Rep. 1 -202.35 18.11 -616-7 94.90

Rep. 2 -195.55 1.59 .576.5 89.72

Rep. 3 -202.68 3.09 -562.33 94.65
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Table 4.6. Ferrozine analysis of post-incubation solution samples for Fe(II)
and (III), conducted under conditions of no oxygen for P-treated and non-
treated P sorption materials. “Reference” treatment refer to those that did
not receive glucose addition.

Sample
Fe(II)

(mg/L)
Fe(III)
(mg/L)

Tile
Drainage Control

X̄ 0 1.41

S 0 1.12

Alcan

Reference
X̄ 0 1.43

S 0 0.38

Non-treated
X̄ 3.18 0.27

S 5.15 0.24

P-treated
X̄ 1.04 0.2

S 0.73 0.12

AMDR

Reference
X̄ 0 1.46

S 0 0.68

Non-treated
X̄ 63.61 0.09

S 53.53 0.15

P-treated
X̄ 1.01 0.34

S 0.54 0.15

Metal
Shavings

Reference
X̄ 0.76 3.14

S 0.66 2.98

Non-treated
X̄ 4.22 7.67

S 7.3 11.74

Treated
X̄ 426.92 0

S 238.09 0
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Table 4.7. Post-incubation analysis: chemical composition of filtered and
acidified solution samples collected after the respective incubation period. X̄
is the average among the three replicates in each treatment and S the standard
deviation. No replicates exist for “tile drainage reference”, which contains no
P sorption material. “Reference” treatments refer to those that did not receive
glucose addition.

Sample
Al Fe Mg P Ca K Mn S

(mg L−1)

Tile
Drainage

Control
X̄ 3.4 0.0 21.0 0.0 45.7 29.5 0.0 1.5

S 0.2 0.0 1.6 0.0 18.6 20.3 0.0 0.8

Reference 3.05 0.0 21.11 0.0 63.3 2.4 0.0 9.3

Alcan

Reference
X̄ 3.8 0.0 9.6 0.0 3.7 38.0 0.0 206.2

S 0.3 0.0 0.6 0.0 2.4 9.8 0.0 15.1

Non-treated
X̄ 3.8 0.0 11.9 0.0 9.3 22.2 0.0 239.6

S 0.7 0.0 0.2 0.0 6.1 20.9 0.0 32.4

P-treated
X̄ 3.7 0.0 18.4 0.0 26.9 9.43 0.0 41.8

S 0.3 0.0 0.5 0.0 1.4 1.4 0.0 4.8

AMDR

Reference
X̄ 4.0 0.0 5.0 0.0 186.9 52.1 0.0 122.9

S 1.1 0.0 7.2 0.0 15.9 64.7 0.0 3.8

Non-treated
X̄ 3.57 14.0 19.4 0.12 901.5 35.5 9.78 190.4

S 0.3 24.3 2.5 0.2 182.5 2.3 7.3 19.0

P-treated
X̄ 3.2 0.0 12.77 0.0 650.2 14.4 0.0 113.1

S 0.2 0.0 1.02 0.0 29.3 1.6 0.0 8.7

Metal
Shavings

Reference
X̄ 3.6 0.0 3.4 0.0 13.7 14.3 0.0 1.9

S 0.2 0.0 0.1 0.0 0.7 1.72 0.0 0.9

Non-treated
X̄ 3.5 0.0 5.5 0.0 15.6 13.1 0.0 3.0

S 0.4 0.0 0.6 0.0 4.7 7.0 0.0 2.6

P-treated
X̄ 3.3 192.1 10.2 0.2 20.5 7.9 2.0 1.1

S 0.2 107.9 1.6 0.3 4.8 1.0 1.6 0.7

138



Table 4.8. Cumulative P removal under flow-through conditions for pre- and
post-incubation samples for each PSM after cumulative addition of 700 mg
kg−1. Values are average of all replicates.

Sample

Pre-incubation P removal Post-incubation P removal

Average1 Std. Dev. Average2 Std. Dev.

Alcan 57.44 3.34 50.72 7.93

AMDR 46.19 14.06 41.70 2.91

Metal Shavings 74.85 2.67 62.74 3.30
1Average P removal calculated across 2 replicates and 5 replicates for AMDR.
2Average P removal calculated across 6 replicates, 2 from each of the

incubated samples.

Downward flow
Upward flow

PSM

Untreated water

Treated water

Figure 4.1. Examples of different flow direction in phosphorus (P) removal
structures: the top-down or downward flow requires larger structures, because
they are limited to the depth at the point of discharge (exemplified as a ditch
in the figure). Phosphorus removal structures built with upward flow can be
deeper and contain the same amount of PSM, having a smaller footprint.
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replicates and (c) Metal shavings, two replicates. X-axis scale is different for
each PSM illustrating the long-term P removal ability of metal shavings and
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Figure 4.3. The biogeochemical reactor is composed of a (1) gas tank con-
taining CO2 and N2, followed by a 2-stage gas regulator (2) and a pressure reg-
ulator (3). The gas is delivered to a water container (4) and is then distributed
to the incubator cells through a manifold (5). The gas flow is controlled by
flow regulators (6). The inset shows the incubator vessels in detail.
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Figure 4.4. pH and pe data of Alcan incubated with no oxygen: (a) reference
samples receiving no glucose, (b) non-treated samples and (c) P-treated sam-
ples. The range of pe and the duration of experiment differ for the different
incubations.
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Figure 4.5. pH and pe data of AMDR incubated with no oxygen: (a) refer-
ence samples receiving no glucose, (b) non-treated samples and (c) P-treated
samples. The range of pe and the duration of experiment differ for the different
incubations.
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Figure 4.6. pH and pe data of metal shavings incubated with no oxygen:
(a) reference samples receiving no glucose, (b) non-treated samples and (c)
P-treated samples. The range of pe and the duration of experiment differ for
the different incubations.
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Figure 4.7. Phosphorus (P) removal expressed as a function of cumulative
P added under flow-through conditions conducted on pre and post anoxic-
incubated P sorption materials (PSMs): (a) non-treated Alcan (UAL), (b)
non-treated AMDR (UAM) and (c) non-treated metal shavings (UMS). The
graphs contain all pre- and post-incubation replicates and they are identi-
fied. For each incubated non-treated replicate (replicates 1,2,3), two flow-
through experiments were conducted (replicates A and B). In all graphs, the
pre-incubation results are shown in shades of black and gray. For the complete
P removal curve for metal shavings, see Figure  4.2 .
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5. CONCLUSIONS

5.1 Summary

The main objective of this research was to investigate the behavior and management of

PSMs for improving P removal performance. Phosphorus sorption materials are the core

components of P removal structures, and their P sorption capacity is a function of intrinsic

factors that depends on the inherent characteristics of the PSM, and extrinsic factors defined

by the design attributes of the P removal structure. In this research, both intrinsic and

extrinsic factors were explored, aiming to design better P removal structures, based on an

improved understanding of PSMs.

First, the P removal capacity of steel slags was determined. Flow-through tests on 18

different samples of steel slags revealed a significant heterogeneity of P removal capacity,

agreeing with the wide range of P removal by steel slag reported in the literature. Residence

time (RT), an extrinsic property, was proven to have a significant effect on P removal. In

comparing RTs representative of P removal structures, 9.85 minutes offered better conditions

for steel slag to remove P than the lower RT of 0.28 minutes. Since Al-based PSMs are known

to be less dependent on RT, an Al-coating technique was proposed to improve steel slag’s

performance under lower RTs. The technique was proven to be useful, since a higher level

of coating resulted in a superior P removal performance under the lower RT. Additionally,

Al-coating has the advantage of creating a more uniform media in regard to P removal

capacity compared to their uncoated counterparts. This means that across different samples

of coated steel slags, researchers and users can predict P removal behavior with more certainty

than with the same uncoated samples, particularly when a thorough chemical and physical

characterization is not feasible.

We identified the primary sources of variability in P removal by steel slags. The inves-

tigation revealed that overband magnetic separation produced less effective steel slags in

regard to P removal, possibly due to the low porosity and low pH buffer index. However,

generation process alone was unable to explain the variability of P removal by steel slag.

We found that electrical conductivity (EC), Mg content, particle density and bulk density

were the most influential characteristics for uncoated steel slags. The effect of these char-
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acteristics on P removal was modeled, and the developed model can be used for predicting

the P removal ability of unknown steel slag samples. For Al-coated steel slags, the intrinsic

variables that could better explain P removal were EC, Ca content, Fe content and coating

level. Characterization of steel slag for these properties will allow for more efficient steel

slags to be selected, leading to the design and construction of better and more precise P

removal structures.

Additionally, the environmental safety of the use of steel slags in P removal structures

was evaluated. No environmental threats were identified, as none of the analyzed elements

(including heavy metals) surpassed drinking-water and environmental criteria in the outflow

samples.

Another major contribution of this research was the technique developed to regenerate

spent Fe/Al-based PSMs. To allow the procedure to be conducted as a field-scale operation,

low volumes of regenerative solution were proposed. After P-treatment of 3 different Fe/Al-

rich PSMs using 2 levels of P concentrations, 5 or 20 pore volumes of KOH was recirculated

0, 6 or 24 times to recover the sorbed P. Phosphorus recovery was effective under all tested

scenarios for PSMs in which the dominant P removal mechanism was adsorption by Al/Fe

(hydr)oxides. The most effective regeneration treatment used 20 pore volumes of 1M KOH

with no recirculation. The treatment can be repeated for at least 2 sorption cycles, with

decreasing efficacy. Recirculation improved the effectiveness of the treatment when 5 pore

volumes were used. This is important because, for field-scale applications, the success of the

technique depends on the maintenance of the solid:solution ratio. When 20 pore volumes

is not logistically feasible, 5 pore volumes of KOH recirculated 6 times can also effectively

recover P. The proposed regeneration treatment is a one-step process that can increase the

lifetime of PSMs in P removal structures and reduce maintenance operations, because it

substitutes the frequent replacement of the P-saturated PSM.

Another key contribution of this research was the study of the behavior of Fe-rich PSMs

under anoxic conditions. The effect of anoxic conditions on P mobilization has significant

implications in soils, where P is primarily retained by Al/Fe minerals (except in alkaline

soils). Because of similar P retention mechanisms, the expectation was that the same scenario

would be observed with Fe/Al-rich PSMs in anoxic environments. In context, the presence
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of stagnant water in P removal structures for extended periods of time could result in P

release, hindering the construction of P removal structures with upward flow, where anoxic

conditions may develop in-between flow events. To investigate how Fe-rich PSMs behave

when undergoing anoxic conditions, P-treated and non-treated PSMs were incubated with

tile drainage in a biogeochemical reactor. The continuous decrease of Eh in the presence and

absence of glucose indicated that Fe-rich PSMs undergo anoxic conditions. This procedure

confirmed the reductive dissolution of Fe(III) in PSMs; however, its effects on Fe-bound P

release and P sorption capacity of the PSM were minor. These results suggest that the

development of anoxic conditions is not a limitation for the construction of upward-flow P

removal structures. The primary advantage of upward-flow structures is the smaller footprint

due to the possibility of building deeper structures, which may facilitate a wider adoption of

this BMP. A wider implementation of P removal structures, together with conventional best

management practices and long-term P reduction strategies, can be the definitive answer to

reducing the frequency and intensity of excessive-P related issues in watersheds.

These studies explored the variability of P removal capacity of PSMs according to (I)

chemical and physical properties, (II) dominant P removal mechanisms, and (III) the oper-

ational properties of P removal structures. Variation in the expected performance of PSMs

is a result of their intrinsic characteristics (e.g., EC and elemental content, capability of

regeneration), as well as extrinsic characteristics of the structures (e.g., flow rates, direction

of flow). The use of the proposed adaptations and the new techniques developed in these

studies will be beneficial for the implementation of P removal structures. Our results offer a

great opportunity for building more effective and cost-efficient P removal structures due to

the better understanding of their operation in regard to the PSM performance.

5.2 Recommendations

The performance of P removal structures depends on its adequate design. As PSMs in

part determine the potential of a structure to remove P from flowing waters, a thorough

understanding of the media is critical for designing more efficient structures. We recommend

an individual characterization of unknown PSMs, as intrinsic sources of variability, such as

chemical composition and physical properties (i.e., intrinsic factors), which have been proved
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to significantly impact the P removal efficacy. Using a linear modeling approach, P removal

by steel slag was found to be especially impacted by the EC of the media, Mg content, bulk

density and particle density. Therefore, by measuring these properties and inputting them

in the model, a more effective PSM can be selected. Steel slags with a higher Mg content,

EC and porosity showed greater P removal capacity and should be preferred. In regards

to industrial generation processes of steel slags, this work indicate that overband magnetic

separation slags should be avoided. For future work, the addition of more slag samples to

the database and the validation of the model on test samples are recommended in order to

assess and improve its prediction accuracy.

Extrinsic factors were also proven to affect the P removal ability of steel slag: longer

residence times (RT) favored a superior P removal performance. Consequently, P removal

structures built with steel slag must be designed to provide a long contact time between the

media and the P-rich flow. A RT of 9.85 minutes is sufficient for satisfactory P removal. For

locations where shorter residence times are expected, the use of Al-coating is recommended.

By submerging the steel slag for 48 hours in a 95 g L−1 Al2(SO4)3 (100% coating level),

a new path for P removal is created, due to the added layer of Al. With Al-coating, P

removal structures designed for shorter RTs can still utilize steel slag, a widely available and

inexpensive PSM. As discussed throughout this work, this adaptation is especially impor-

tant considering the changes in precipitation patterns in the future. Additionally, when a

thorough characterization of a new steel slag is not possible, the Al-coated PSM should be

preferred, as Al-coating will generate a more homogeneous material in regard to P removal

ability.

Evaluation of Fe-rich PSMs under anoxic conditions revealed that these PSMs undergo

redox-induced changes, e.g., reductive dissolution of Fe(III). However, the impacts on Fe-

bound P and P removal capacity of PSMs are minimal. Based on these research findings,

upward-flow P removal structures with Fe-rich PSMs can be constructed when top-down flow

is not feasible, since stagnant water in-between flow events will not be detrimental to the P

removal ability of the Fe-rich PSM. We recommend that further research include the study

of P pools before and after anoxic incubation, in order to better understand the mechanisms

of readsorption and/or precipitation under anoxic conditions.
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Regeneration of Fe-rich media was proposed as an opportunity to improve the efficiency of

P removal structures. For regenerating P-saturated media, the circulation of 20 pore volumes

of 1 M KOH is recommended, using a RT of 10 minutes, preferentially (RT of 0.5 minutes

was also proven to offer satisfactory results when PSM samples were not heavily loaded).

When the treatment with 20 pore volumes is deemed unfeasible, a 6-times recirculation of 5

pore volumes of 1 M KOH is suggested, which can provide similar desorption capacity. The

desorbed P can then be recovered by treating the outflow of the regenerative solution with

CaCl2, but further research is needed in order to establish the economic feasibility of this

practice. The regeneration methodology can be used for recovering the P sorption ability

of Fe/Al-dominated PSMs saturated by low- (e.g., agricultural surface and subsurface P-

rich flows), as well as high-P flows (e.g., wastewater). The regeneration treatment can be

repeated at least twice, with decreasing efficacy after each sorption cycle. Future research

may include the repetition of sorption-desorption cycles until exhaustion.

These studies support the use of PSMs in P removal structures to mitigate excessive dis-

solved P in watersheds. The efficacy of PSMs can be improved through a better understand-

ing of the media, and also, through coating and regeneration field-scale-feasible techniques.

Additionally, the proposed change on the flow regime of P removal structures can broaden

their adoption in different landscapes. Improving the P removal ability of PSMs in P removal

structures will ultimately contribute to the remediation of many P-rich watersheds.
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A. FLOW-THROUGH SYSTEM

Figure A.1. Schematic describing the elements in the flow-through experi-
ments, a tool that was utilized in all studies in this research for measuring the
P removal capacity of diverse PSMs.
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B. STATISTICAL ANALYSIS OF THE STEEL SLAGS

PERFORMANCES

Table B.1. Pairwise comparison of cumulative P re-

moval between slag samples: estimates of difference be-

tween groups, confidence intervals and level of signifi-

cance of comparison.

Group A Group B Difference Lower Limit Upper Limit p-value

1 2 43.96 -185.72 273.65 0.9999

1 3 153.53 -76.15 383.22 0.4733

1 4 205.96 -23.72 435.65 0.1142

1 5 59.78 -169.90 289.47 0.9985

1 6 69.97 -159.71 299.66 0.9945

1 7 -83.78 -313.47 145.90 0.9775

1 8 -59.55 -289.24 170.13 0.9986

1 9 -254.25 -483.94 -24.56 0.01953

1 10 -112.44 -342.13 117.24 0.85265

1 11 -40.86 -270.55 188.82 0.9999

1 12 -50.84 -280.53 178.84 0.9996

2 3 109.56 -120.12 339.25 0.8719

2 4 161.99 -67.69 391.68 0.3940

2 5 15.81 -213.87 245.50 1

2 6 26.00 -203.68 255.69 0.9999

2 7 -127.75 -357.44 101.93 0.7268

2 8 -103.52 -333.21 126.16 0.9076

2 9 -298.22 -527.91 -68.53 0.0031

2 10 -156.40 -386.09 73.28 0.4458

2 11 -84.83 -314.52 144.85 0.9753

continued on next page
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Table B.1. continued

Group A Group B Difference Lower Limit Upper Limit p-value

2 12 -94.81 -324.50 134.87 0.9467

3 4 52.43 -177.25 282.12 0.9995

3 5 -93.76 -323.44 135.93 0.9505

3 6 -83.56 -313.25 146.12 0.9779

3 7 -237.32 -467.01 -7.63 0.0376

3 8 -213.09 -442.78 16.59 0.0900

3 9 -407.78 -637.47 -178.09 2.25E-05

3 10 -265.97 -495.66 -36.28 0.0121

3 11 -194.40 -424.09 35.28 0.1648

3 12 -204.38 -434.07 25.30 0.1203

4 5 -146.18 -375.87 83.50 0.5458

4 6 -135.99 -365.68 93.69 0.6477

4 7 -289.75 -519.44 -60.06 0.0045

4 8 -265.52 -495.21 -35.83 0.0124

4 9 -460.22 -689.91 -230.53 2.24E-06

4 10 -318.40 -548.09 -88.71 0.0012

4 11 -246.83 -476.52 -17.14 0.0261

4 12 -256.81 -486.50 -27.12 0.0176

5 6 10.19 -219.49 239.88 1

5 7 -143.56 -373.25 86.12 0.5721

5 8 -119.33 -349.02 110.35 0.8003

5 9 -314.032 -543.72 -84.34 0.0015

5 10 -172.22 -401.91 57.46 0.3077

5 11 -100.64 -330.33 129.04 0.9221

5 12 -110.62 -340.31 119.06 0.8650

6 7 -153.76 -383.45 75.92 0.4711

continued on next page
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Table B.1. continued

Group A Group B Difference Lower Limit Upper Limit p-value

6 8 -129.53 -359.22 100.15 0.7102

6 9 -324.22 -553.91 -94.53 0.0009

6 10 -182.41 -412.10 47.27 0.2342

6 11 -110.84 -340.53 118.84 0.8635

6 12 -120.82 -350.51 108.86 0.7880

7 8 24.22 -205.46 253.91 0.9999

7 9 -170.46 -400.15 59.22 0.3217

7 10 -28.65 -258.34 201.03 0.9999

7 11 42.91 -186.77 272.60 0.9999

7 12 32.93 -196.75 262.62 0.9999

8 9 -194.69 -424.38 34.99 0.1634

8 10 -52.88 -282.57 176.80 0.9995

8 11 18.68 -211.00 248.37 0.999

8 12 8.71 -220.97 238.40 1

9 10 141.81 -87.87 371.50 0.5897

9 11 213.38 -16.30 443.07 0.0891

9 12 203.40 -26.28 433.09 0.1241

10 11 71.57 -158.11 301.26 0.9934

10 12 61.59 -168.09 291.28 0.9981

11 12 -9.97 -239.66 219.71 1
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Figure B.1. Normal probability plots showing the lack of normality of the
(a) low residence time and (b) high residence time datasets.
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Figure B.2. Residuals distribution according to the different classes of coat-
ing: (a) shows the non-constant variance of the original residuals and (b) shows
the residuals after transforming the data.
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Figure B.3. Histograms for checking normality of data. (a) and (c) are
respectively the original and the transformed low RT data (λ = 0.8156) and
(b) and (d) show the distribution of the original and transformed high RT data
(λ = 2.8256). .
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Figure B.4. Means and confidence intervals of transformed cumulative P
removal of each combined treatment. Y-axis describe each combination of
factors, with slag number first and level of Al-coating second. 100% coated
slag 9 (in blue) had a superior performance and 18 groups (in red) showed
population marginal means significantly different from Slag=9, Coating=100.
The groups in gray had similar performance to 100% coated slag 9.

154



400 600 800 1000

 Cumulative P removal (transformed)

Coating=100%

Coating=70%

Coating=0%

Figure B.5. Coating Levels: group means represented by circle and the con-
fidence interval represented by the line. All groups were statistically different
from each other (α = 0.05).
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C. ADDITIONAL CHARACTERIZATION RESULTS OF

STEEL SLAG AND FLOW-THROUGH SAMPLES
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D. EFFECT OF RESIDENCE TIME ON PHOSREDEEM

Figure D.1. Phosphorus (P) removal by PhosRedeem in flow-through exper-
iments using different residence times (RT). Experiments were performed with
input solution of 0.5 mg P L−1.

Figure D.2. Box plot: effect of residence time (RT) on P removal performance
of PhosRedeem.
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E. SUMMARY OF SORPTION-DESORPTION CYCLES
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