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Abstract
The aquaculture sector has been the fastest growing animal food producer since the 1970’s. With such a
fast growth rate, ecological problems have arisen due to the lack of ability to control nutrient run off in
coastal systems. Conversely, land-based fisheries provide an ecologically sustainable solution to
controlling the effects of pollution by regulating the effluent wastewater. A land-based fishery’s
wastewater stabilization pond system (WSPS) in south-central Ontario, Canada, was characterized for its
treatment of phosphorus (P) after experiencing occasional exceedances of their effluent compliance
limits. An iron and aluminum oxide based media implemented as an advanced filtration was investigated
as a possible treatment solution.

Background testing was performed to characterize the water column as well as the sediment-water
interface. The WSPS was characterized as two distinct systems. The primary loading system consisted of
two slow flow but high concentration of P ponds that remove the majority of P. The primary system also
had the greatest potential for P desorption from the sediments if the overlying P concentrations were to
change. The secondary system is a polishing system with the majority of the flow but minimal P loading
and removal.

An iron and aluminum oxide based medium was characterized for its P removal. Three lab-scale tests
were run; a short-term semi batch test to predict the maximum P removal using Langmuir’s isotherm, a
long-term semi-batch test to quantify the total P removal, and a column flow-through test to better
quantify the medium’s P removal as a lab-scale simulation of a field implementation. The medium
removed around 9 mgP/gmedia depending on the particle size and contact time. Langmuir’s isotherm
severely under predicted the maximum removal capacity in comparison to the long-term physical tests.
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A hydrodynamic simulation coupled with a water quality model was developed to investigate the impacts
on the WSPS if the advanced P filtration system using the proprietary medium previously investigated
was implemented. The maximum treatment flow modelled without significant continuity errors removed
31.8% of the inlet P load. Suggestions for siting the advanced P filtration system have been discussed
based on the needs of the fishery.
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Chapter 1
Introduction
1.1 Background Overview
Wastewater stabilization pond systems (WSPS) have been used extensively in the past to treat wastewater
from decentralized industries (Reed et al., 1988). Land-based fisheries are an example of a decentralized
industry that would use a WSPS to meet their wastewater effluent regulations. WSPS are often used due
to their low cost based on being a natural or passive treatment method that requires little maintenance if
designed correctly. WSPS treat influent through a variety of physical and biological processes (Sonzongni
et al., 1982) of which neither removes phosphorus (P) consistently. Of the natural P removal processes
such as vegetative uptake, biological removal, adsorption, and precipitation, only adsorption and
precipitation are significant in a stabilization pond (Reed et al., 1988). Adsorption would occur between
aqueous phosphates onto organic matter or native sediments whereas precipitation would occur between
cations in solution. Common precipitants of P include the metals Ca, Al, Fe, and Mg. Therefore, if these
cations are not present in the WSPS, it is unlikely that the majority of P will be removed from a WSPS. If
P is a cause for concern based on compliance issues, an active P removal process must be implemented to
adequately remove P from the system.

Solid-phase sorbents applied in filtration operations for decentralized locations are considered a more
economical alternative method for P removal (Hano et al., 1997; Ayoub et al., 2001; Yang et al., 2006;
Mortula et al., 2007). Metal oxides have proven to be effective solid-phase sorbents for P removal.
Multiple researchers agree that the primary properties affecting selection of a P sorbent include
selectivity, capacity (measured as mg P/g sorbent), grain size distribution, and the content of Al, Fe, or Ca
ions (Adam et al., 2006; Weng et al., 2012; Ebie et al., 2008; Hano et al., 1997; Rosenquist et al., 2011;
Douglas et al., 2004; Barrow, 1999; Johansson, 1999; Haynes, 2014). Iron and aluminum oxides are
1

particularly good candidates due to their high abundance, reasonable sorption capacity, and low cost. Iron
oxides typically have a removal capacity of 3-6 mg P/g iron oxide with up to 51.8 mg P/g iron oxide
reported (Douglas et al., 2004). Aluminum oxides typically have removal capacities up to 20 mg P/g
aluminum oxide (Narkis and Meiri, 1981; Douglas et al., 2004). They are also less hindered at the typical
6-9 pH range of wastewater (Yang et al., 2014) and have high selectivity for P (Ryden et al., 1987).

A land-based fishery in south-central Ontario has exceeded their compliance effluent concentrations of P
in the past. To help alleviate these exceedances, this research project has been designed to determine if a
proprietary media consisting of aluminum and iron oxide could be implemented in an advanced filtration
process for active P removal. The current system used to treat the land-based fishery’s wastewater is a
WSPS (as seen in pictures in Appendix B). A background study was initially completed to examine the
water column concentrations of P as well as the water-sediment interface of the WSPS. Secondly, the
media was testing using known lab scale tests to quantify the total P removal capability. Finally, a
numerical model was used to predict the effect and siting of adding an active P removal system to the
WSPS.

1.2 Research Objectives
The main objectives of this research study were:
1) To understand the fundamentals of passive P removal, including quantifying the sorption, release,
and retention of P from the native sediments of the WSPS, and of anion sorption onto a cationic
surface in terms of P sorption onto a metal oxide media.
2) To operate bench-scale tests to compare previous data on the proprietary media through common
quantifying analyses.
3) To simulate the WSPS with Delft3D Flow and Delft3D WAQ for the transport of ortho-P to
determine the effects of adding in an active P removal system.
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1.3 Thesis Organization
This thesis is composed of 6 chapters. Chapter 1 consists of the background material, the research
objectives, as well as the thesis organization. Chapter 2 is a literature review. To achieve the
aforementioned research objectives, a series of experiments and a mathematical model were formulated
and detailed in Chapters 3, 4, and 5. Chapter 6 concludes the work and presents considerations for future
work.

Chapter 2 presents a literature review on metal oxide sorbents in terms of P removal. It summarizes past
research on driving forces and mechanisms that differentiate different metal oxides with a focus on
aluminum and iron oxide. Experimental procedures that are commonly used to differentiate these sorbents
are also detailed.

Chapter 3 describes the background study on the water column and sediments at the land-based fishery’s
WSPS. This background study was performed to quantify the main driving forces for P removal and
identify possible locations for an active P removal system. An emphasis was placed on ortho-P as it was
determined as the target for the proprietary media in question. The sediments of the WSPS were also a
focus due to the duration that the WSPS had been operated without being dredged. The concern was that
the sediments could be saturated with P. This could be problematic if the overlying water concentration of
P were to change and the sediments desorb their sorbed P back into the system, nullifying any active
treatment.

Chapter 4 presents the bench-scale experiments performed on the proprietary media to determine its
capacity for P removal. Three different tests were performed for comparison using the media and standard
solutions of ortho-P made and tested in the lab. The first two tests were short-term and long-term semibatch tests that gave the predicted capacity as well as an estimated total capacity respectively. The final
3

test was in the form of a media bed that was the proposed application of how the media could be applied
at the WSPS. The media bed test gave predictions for the minimum contact time required for the removal
of ortho-P from solution.

Chapter 5 presents a numerical model simulation of the WSPS. Once the base case simulation was
validated based on field data, two scenarios of the application of an active P removal mechanism were
added. Of these two scenarios, three cases were presented for differing flow regimes. The cases that
produced acceptable error are presented, with possible alternative cases (with larger simulated flows) and
additional treatment discussed.

Chapter 6 concludes the thesis and presents the considerations for future work.
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Chapter 2
Low concentration inorganic phosphorus removal from land-based fishery
wastewater by sorptive medias – a review
Abstract
Metal oxides have proven to be effective sorbents for phosphorus (P) removal. Iron and aluminum oxide
are particularly prime candidates due to their high abundance, reasonable sorption capacity, and low cost.
Both iron and aluminum oxide have been extensively researched in terms of P removal in the past by
aquatic geochemists due to the interest of understanding nutrient transport in soils, leading to the current
theorizing of the application of either oxides as P sorbents. With the recent growth of the aquaculture
sector, land-based fisheries would prove to be an ideal application of a decentralized P removal solution
requiring a minimal economic footprint. This review summarizes the general background characteristics
affecting sorption by metal oxides with a particular focus on both aluminum and iron oxide. Experimental
procedures to test capacity and capability of P sorbents is also summarized including the modelling of the
experimental data with common isotherms.

2.1 Introduction
The aquaculture sector has been the fastest growing animal food producer since the 1970’s. With such a
fast growth rate, ecological problems have arisen due to the lack of ability to control nutrient run off in
coastal systems. Conversely, land-based fisheries provide an ecologically sustainable solution to
controlling the effects of pollution by regulating the effluent water and not requiring the damaging
boating activities or infrastructure of coastal systems. In contrast to their coastal relatives, land-based
fisheries need large amounts of clean influent water creating large waste streams. Waste effluents from
these operations contain high levels of nutrients such as ammonia and phosphorus (P), pathogenic
microorganisms, and solids that need to be treated before being released to the environment. Due to the
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remote location of many of these fisheries, decentralized solutions are implemented to protect receiving
waters.

The three major methods for removal of P from water and wastewater are chemical removal, biological
removal, and solid-phase adsorption (Douglas et al., 2004; Tchobanoglous et al., 2003). Of these, solidphase adsorbents are considered to be an effective and economical choice for removal of low
concentrations of P typical of most decentralized applications in ponds, lakes, and rivers (Hano et al.,
1997; Yang et al., 2006; Mortula et al., 2007; Ayoub et al., 2001). Decentralized applications often favor
solid-phase sorbents despite the limitations such as large land requirements in comparison to chemical
removal, loss of removal over time or lack of P recovery (Rosenquist et al., 2011) in favor of lower costs
of application.

For consistency in this thesis, phosphate or one of its three conjugate acids will often be referred to as P.
The general knowledge that phosphorus is most commonly in the form of phosphate, compounded by
aqueous P being analytically tested as phosphate, often leads to articles not differentiating between the
forms. Furthermore, sorption will be used to describe the general removal of phosphorus by a sorbent,
including absorption, adsorption and precipitation, as most experimental procedures do not directly
differentiate between the three. If the term adsorption is used, the article in question is founded on the
principles that dismiss precipitation or absorption as a factor, with adsorption as the main phenomena for
removal.

2.2 Phosphorus Sorbents
Physical adsorption, as described by Suzuki (1990), is “caused mainly by van der Waals force and
electrostatic force between adsorbate molecules and the atoms which compose the adsorbent surface.”
Brown et al. (1999) describe the four main free energy of sorption components being:
1. The covalent or ionic bond energy associated with the bond energy of sorption
7

2. Long-range electrostatic attraction which forms the accumulation of a diffuse second layer of
charged ions at the surface of the sorbent
3. Hydrophobic bonding
4. The energy involved in the protonation/deprotonation of the surface or ions affecting sorption
and/or precipitation
Therefore the sorbent’s surface would be the key component for selection, and includes important
characteristics such as surface area and charge.

2.2.1 Sorbent Selection
Multiple researchers agree that the primary properties affecting selection of a P sorbent include
selectivity, capacity (measured as mg P/g sorbent), grain size distribution, and the content of Al, Fe, or Ca
ions. Water quality factors to consider for the selection of a sorbent are pH, presence of organic anions,
and P concentration (Adam et al., 2006; Weng et al., 2012; Ebie et al., 2008; Hano et al., 1997;
Rosenquist et al., 2011; Douglas et al., 2004; Barrow, 1999; Johansson, 1999; Haynes, 2014). One should
also consider when selecting a P adsorbent is specific surface area, that it does not contain hazardous
leachable constituents, it is in abundance and economical, and if there is a possibility for regeneration
(Hano et al., 1997). A summary of common P sorbents is listed in Table 1.
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Table 1: A summary of P adsorbents including their specifications and relative cost (Douglas et al., 2004).
Adsorbent
Hydrotalcites

Chemistry/ mineralogy
Double-layer hydroxides, usually
Mg and Al or Fe

Occurrence
Soils, synthetically prepared

Specifications
Strong pH
dependence

Cost
Moderate to high

Allophane/ imogolite

Amorphouse Al and Si with Al:Si
ration ~ 1:1-2:1

Soils, synthetically prepared

Strong pH
dependence

Low (soils) to moderate
(synthetic)

Fe-oxides

Oxides/hydrous oxides ex.
Goethite, ferrihydrite

Soils, synthetic, industrial
waste

Uptake depends on
mineralogy

Low as waste material

Activated Alumina

Al-oxide (Al2O3)

Commercially produced

-

High - synthesis and
modification

Soils, sands and
gravels

Generally contain Ca-, Fe- or Albearing minerals

Naturally occurring

Uptake depends on
mineralogy

Generally low

Red Mud

Complex Fe and Al oxides/
oxyhydroxides, hydrotalcites if
modified

Waste product of alumina
refining (Bayer process)

Uptake depends on
form and pretreatment

Low to moderate if pretreated

Fly Ash

Mullite, aluminosilicate glasses,
zeolite

Waste product of coal
combustion

Low to moderate if pretreated

Expanded clay
aggregates

Illitic clays and calcined
carbonates

Industrially prepared by
calcination

Uptake depends on
chemistry and
modification
Uptake relates to Ca,
Fe concentration

Blast/arc furnace slag

Complex mineralogy of Ca, Fe
oxides

Industrial (waste) by-product

Uptake relates to Ca,
Fe concentration

Low as waste material

Rare earth modified
clay

Ree exchanged into high CEC
clay

Synthetically prepared slurry

Uptake depends on
clay CEC

Moderate to high

Carbonates

Calcite, aragonite (CaCO3),
dolomite (Ca, Mg)CO3

Naturally and as industrial
by-product

Uptake depends on
numerous factors

Low (natural) to moderate
(synthetic)
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Moderate - industrial process

2.2.2 Sorption Mechanism
Sorption is the combination of both adsorption and precipitation onto the surface of a sorbent. Where
adsorption is the bonding of a substance with the surface of an adsorbent, precipitation is the
accumulation or reaction of substances to form a new bulk phase. It is often difficult to differentiate one
from the other as precipitation can occur on the surface or within a sorbent. One can often be mistaken for
the other as adsorption and precipitation reactions are both chemically similar (Sposito, 1984). This is due
to the ion exchange of many metals having low solubility constants when paired with phosphate, yet these
metals are often already in a solid form. The surface chemistry, including chemical reactions, chemical
attraction, and physical properties of these solid sorbents that attracts and binds molecules is termed
adsorption.

The mechanism for adsorption onto the sorbent’s surface has been scrutinized over the past 40 years. Soil
research predominated in the 1970’s and continued into the 1980’s where the majority of adsorption
mechanisms were postulated (Parfitt et al., 1975; Peinemann and Helmy, 1977; Sposito, 1984; Sposito,
1989) which are still accepted in the case of metal oxides. For example, Peinemann and Helmy (1977)
discussed 4 possible ligand exchange reactions of a metal oxide with phosphate. These reactions were
commonly discussed possible reactions prior to 1977, and are summarized in equations 1-4 (with M
representing the metal in question); these remain consistent with current theory (Yang et al., 2014). It is
important to note that 3 of the reactions included a charged metal oxide whereas only equation one
involves a non-charged form of the metal oxide. Peinemann and Helmy (1977) found that the charged
groups did not affect the adsorption reaction positively, indicating equation 1 is the predominant
mechanism for sorption. Furthermore, they claimed that the amount of uncharged hydroxyl groups
directly relates to the capacity for P adsorption. Equation 1 is the logical electrochemical reaction as it
maintains a neutral charge on the sorbent, forming a stable compound. It also suggests that the dihydrogen
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phosphate has a stronger attraction to the cationic metal than the hydroxide. Wendling et al. (2013) found
that dihydrogen phosphate had the highest affinity of any anion tested on an iron oxide gel.
−
𝑴 − 𝑶𝑯 + 𝑯𝟐 𝑷𝑶−
𝟒 ↔ 𝑴 − 𝑯𝟐 𝑷𝑶𝟒 + 𝑶𝑯

1

−
𝑴 − 𝑶𝑯+
𝟐 + 𝑯𝟐 𝑷𝑶𝟒 ↔ 𝑴 − 𝑯𝟐 𝑷𝑶𝟒 + 𝑯𝟐 𝑶

2

+
𝟐−
𝑴 − 𝑶𝑯 + 𝑯𝟐 𝑷𝑶−
𝟒 → 𝑴 − 𝑶𝑯𝟐 + 𝑯𝑷𝑶𝟒 ↔ 𝑴 − 𝑯𝑷𝑶𝟒 + 𝑯𝟐 𝑶
−
−
𝑴 − 𝑶− + 𝑯𝟐 𝑷𝑶−
𝟒 ↔ 𝑴 − 𝑯𝑷𝑶𝟒 + 𝑶𝑯

3
4

2.2.3 Effect of pH
The effect of pH must be considered as it is a major factor on the ionic strength in solution. Due to metal
oxides and hydroxides exhibiting an amphoteric nature, the measure of the point of zero charge (pzc) was
developed to measure how the metal behaves in solution. The pzc affects the sorbent as it will determine
the magnitude of electrostatic charge on the surface of the sorbent. At the pzc, the sorbent itself should be
neutral, while a decreasing pH should increase the charge and vice-versa for a pH increase. This is not to
say that there will be no charges on the sorbent at the pzc, but that they should equal ~0. To contrast
aluminum oxide and iron oxide, Wendling et al. (2013) found from a summary of current literature that
aluminum oxide often has a pzc of 8 to 10 whereas iron oxides are typically between 7 and 9.
Additionally, Yang et al. (2014) found that the pzc changes based on how much phosphate has been
adsorbed as the surface chemistry of the sorbent changes. Based on Peinemann and Helmy (1977), the pzc
is the ideal pH for P sorption as all charged sites were found to hamper P removal. The magnitude of
reduction must be scrutinized as Peinemann and Helmy found the difference between a ±1 pH change
around the pzc of Aluminum oxide reduced removal of P by about 12.5%. More recently, Yang et al.
(2014) speculated that the pzc is important to determine the ideal limit for sorption based on pH. They
found that as pH decreased, the rate of P sorption on a metal oxide surface increased as the pH decreased
below the pzc. This phenomena can be described by surface protonating as the pH decreases to form a net
positive charge, attracting the anionic phosphate species. Contradictory to Peinemann and Helmy, who
concluded that the hydroxyl group required the least amount of activation energy to remove, McBride
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found that the –OH2+ group had the lowest activation energy at low pHs (McBride, 1994). It is also
possible that hydrogen bonding occurs between the –OH2+ or –OH of the sorbent and the phosphate anion
attracting it to the surface. Ligand exchange could then occur when the activation energy or configuration
is achieved for the phosphate anion to replace the hydroxyl or –OH2+ (Yang et al., 2014; Peinemann and
Helmy, 1977).

pH is a factor in what defines the major aqueous P species. Phosphoric acid and its three conjugate bases
are the most common form of aqueous P. The dissociation constants for phosphoric acid are pKa1= 2.15,
pKa2=7.20, pKa3=12.33. Therefore, at a pH of 6-9, that encompasses most wastewater (Yang et al., 2014),
the main P species are H2PO4-1 and HPO4-2 (Huang et al., 2014). H2PO4-1 competes with hydroxyl ions
which become less abundant as H2PO4-1 becomes more abundant in lower pHs. HPO4-2 has a greater
electronegativity than its competing hydroxyl group, thus being a good competitor for sorption sites.
𝑯𝟑 𝑷𝑶𝟒

𝒑𝑲𝒂𝟏
𝑯𝟐 𝑷𝑶−𝟏
𝟒
↔

+ 𝑯+

𝒑𝑲𝒂𝟐
𝑯𝑷𝑶−𝟐
𝟒
↔

+ 𝟐𝑯+

𝒑𝑲𝒂𝟑
𝑷𝑶𝟒−𝟑
↔

+ 𝟑𝑯+

5

2.2.4 Aluminum and Iron Oxide
A realistic economic solution is the use of aluminum and/or iron oxides for challenge of decentralized P
removal. Metal oxides are often low-cost solutions as they are abundant in soil (Sposito, 2004) or waste
products from common industrial processes (Douglas et al., 2004). Aluminum and iron are the third and
fourth most abundant element in the earth’s crust, often in their many oxygenated forms. The most
common iron oxides found in soils are goethite (α-FeOOH) and ferrihydrite (Fe5O7OH*H2O) whereas
gibbsite (Al(OH)3) is the most commonly occurring aluminum oxide (Douglas et al., 2004; Sposito,
1984). These minerals are not often pure in natural soils with metals, such as aluminum for iron, often
replacing one for the other. The 12 most common iron oxides can be readily synthesized under ambient
conditions as they are all thermodynamically stable, with goethite the most common in nature as it has the
greatest stability (Sposito, 1984). Alumina (Al2O3), and its activated counterpart, are both known P
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adsorbents. Activated alumina is made by treating gibbsite and other aluminum hydrates under high
temperature and pressures to dehydroxylate the mineral and drive off any moisture trapped in the pores
(Narkis and Meiri, 1981). Activating the alumina creates a product with significantly higher surface area
by increasing the porosity of the sorbent. A combination of aluminum and iron oxides as well as some
other constituents, known as red mud, is also a waste product from the Bauxite process. Red mud will be
discussed in a later subsection.

Aluminum and iron oxide have relatively similar surface chemistries, and conveniently have the same
removal mechanisms. It is generally accepted that Al and Fe-oxide remove aqueous phosphate by surface
precipitation and ligand exchange between two hydroxyl groups and hydrogen phosphate or with one
hydroxyl group and dihydrogen phosphate (Sposito, 1989; Peinemann and Helmy, 1977; Parfitt et al.,
1975; Wendling et al., 2013). There are three forms of the hydroxyl on the surface, a hydroxyl hydrogen
bonded with a doubly paired oxygen in the structure or surface of the oxide, a doubly bonded oxygen with
two metals, or a singly bonded hydroxyl with no hydrogen bonding. The lone hydroxyl with no hydrogen
bonding requires the least amount of activation energy to be exchanged with phosphate anion, with the
doubly bonded oxygen requiring the most energy. Once the phosphate is bonded with a metal, it can form
stabilizing hydrogen bonds with other hydroxyl groups until the required activation energy for another
ligand exchange is met (Parfitt et al., 1975). Ryden et al. (1987) found that dihydrogen phosphate had the
highest selectivity of all anions tested in order H2PO4->H2AsO4-=HSeO3->H4SiO4->MoO42->SO42->SeO42>Cl-=NO3-. They also found that H2AsO4->HSeO3->H4SiO4->MoO42- depressed H2PO4- sorption in their
respective order. Genz et al. (2004) found that sulphate had no competitive effect on P sorption whereas
Ayoub et al. (2001) found that it was competitive. Barrow (1999) disputes that research conducted with
differing ionic species would find different effects as the charge sharing between ionic species could
change the whole system as could be described in this situation. The surface charge of the oxide is very
important as the protonated hydroxyl group (-OH2+) attracts the phosphate anion more strongly at lower
13

pH’s whereas pH above the pzc has been found to significantly hamper phosphate removal (Peinemann
and Helmy, 1977; Weng et al., 2012). Selected iron and aluminum oxide characterization and parameters
are listed in Table 2.

2.2.5 Slag
Slag is a byproduct produced from the refining of iron and steel. There are four common types of slag
based on how it is separated from the metal refining process. These four types are basic oxygen slag,
electric furnace slag, melter slag, and blast furnace slag. Blast furnace slag is a commonly available as the
USA produced 13 million tons in 2000 (Douglas et al., 2004) whereas more recently Japan produced 25
billion tons (Hosokawa et al., 2014). Slag was predicted to be a good P sorbent due to its high
concentration of calcium and magnesium as well as aluminum and iron oxides. Both calcium and
magnesium precipitate out P while aluminum and iron oxides are detailed in chapter 2.2.4. Slag also
releases hydroxides, increasing the pH, which decreases the solubility of the calcium and magnesium
precipitates (Chazarenc et al., 2007). A concern with slag is that the combination of high pH and high
concentration of calcium often favors the atmospheric deposition and precipitation of calcium carbonate.
This phenomenon has lead researchers to close the system to the atmosphere due to significant fouling
and the creation of preferential pathways, significantly reducing the efficiency of the slag (Sansford,
2013; Chazarenc et al., 2007). Another concern with using slag is the possibility of heavy metals leaching
from the slag but it has been shown that these metals are tightly bound in the slag matrix. Further research
is necessary if slag is to be used as a fertilizer to determine if the P is biologically available or if these
heavy metals are fully immobilized in the structure of the slag (Douglas et al., 2004).
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Table 2: Characterization and performance parameters of selected iron and aluminum oxides
Oxide

Pzc

Surface Area
2

X1 sorbed per g

m /g

sorbent
-

Reference

α-Fe2O3

7.9

26.6

α-Fe2O3

7-7.5

5.05

(Jeong et al., 2007)

α-Fe2O3

20-25

(Kang et al., 2003)

α-FeOOH

20

(Kang et al., 2003)

α-FeOOH

52

(Roe et al., 1991)

α-FeOOH

90

α-FeOOH

2042 µmol

6.1

(Brown et al., 1999)

(Parfitt et al., 1975)
(Sposito, 1984)

α-FeOOH

3.5-183 mg P

(Wendling et al., 2013)

α-FeOOH and α-Fe2O3

3-6 mg P

(Douglas et al., 2004)

Ferrihydrite

200-300

Fe Oxide Gel
Granulated Ferric

(Kang et al., 2003)
51.8 mg P

7.5-8.2

280

8.5

117

(Douglas et al., 2004)
(Genz et al., 2004)

Hydroxide
γ-Al2O3

-

(Chisholm-Brause,
1991)

γ-Al2O3

8.7

(Sposito, 1984)

γ-Al2O3

150-500

(Suzuki, 1990)

γ-Al2O3

350-380

(Baker et al., 1998)

α-Al2O3

9.1

(Sposito, 1984)

Al2O3

0.55

(Jeong et al., 2007)

Activated Alumina

100-2104

23.8-57.53 mg PO4-3

(Narkis and Meiri,
1981)

Activated Alumina
Activated Alumina
Activated Alumina

<20 mg P
8.1-9.1

(Douglas et al., 2004)

230-300

(Genz et al., 2004)

200

(Hano et al., 1997)

1

X refers the form of P being measured as described in the column
At pH 3.4
3
Depending on pH tested and manufacturer
4
Depending on manufacturer
2
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2.2.6 Red Mud
Red mud is the solid residue from the caustic bauxite refining process to obtain aluminum. Aluminum is
refined from alumina, with approximately 1 tonne of red mud being produced per 2 tonnes of alumina
refined (Douglas et al., 2004) and 30 tonnes of alumina being refined annually as of 2010 (Wang et al.,
2010). Red mud is a complex combination of P sorbents such as iron, aluminum, silica, and magnesium
oxides, often treated with gypsum to reduce its caustic nature (Mohanty et al., 2004). It also has a high
concentration of other metals such as sodium reducing its effectiveness of being a fertilizer or as an
agriculturally viable soil amendment (Wong and Ho, 1995). If left untreated, red mud is a significant
cation exchange and removal media. Its high concentration of amphoteric sorbents can be applied as a
highly effective P sorbent under proper pH control (Wang et al., 2010). If left untreated, the pH of red
mud in water often exceeds 11 (Douglas et al., 2004), though Mohanty et al. (2004) found that if pH was
reduced to 4.5, a maximum P removal of 80% was achieved but the ultimate capacity of the red mud was
not investigated. Mohanty et al. (2004) found that there were two pzc, one at pH 5.5 and at 8.5. The latter
pzc of 8.5 is consistent with other literature values of pH 8.3 (Apak et al., 1998) and 8.5 (Pradham et al.,
1999). The possibility of having two pzcs could be due to the abundance of amphoteric compounds
sharing charges but the exact reasoning could not be determined. Considering that anion adsorption is
limited above the pzc, supplementary pH control would be needed in typical red mud applications.

2.3 Experimental Procedures for P Sorption onto Solid Medias
Characterization and performance studies on sorbents vary, and are selected based on the different
applications being tested. For soil chemists, capability is often the sole parameter measured. When
determining the effectiveness of a sorbent for the purpose of wastewater treatment, removal kinetics and
capacity, along with capability need to be defined. The capability of a sorbent is characterized by the P
removal or P sorbed to the media as a function of pH or concentration of P (Hano et al., 1997; Wang and
Yuncong, 2010; Karathanasis and Shumaker, 2009; Huang et al., 2014; Chisholm-Brause, 1991).
Common practice to determine the sorption kinetics of a P sorbent is to characterize the macroscopic
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sorption density as a function of time or bed volumes5 (Genz et al., 2004; Hano et al., 1997) whereas
capacity does not require the factor of time. Removal kinetics, capability, and capacity are dependent on
the conditions of testing which often make for a wide range of results for the same sorbent. Factors which
affect replicability include size of testing, defined or non-defined influent solution, pH and aqueous
charge, flow rate, to name but a few.
Capacity of a sorbent is often lumped with the kinetics or the capability testing. Capacity can be
determined from three different methods:
1. Subjecting the sorbent to multiple known concentrations of P to determine the different
equilibrium concentrations. Using these data, a sorption isotherm can be fit. In the case of
capacity, Langmuir’s isotherm defines sorption capacity as a constant.
2. The removal kinetics of the sorbent can be determined by continuously subjecting the sorbent to a
known concentration of P until it no longer removes a significant amount of P (Genz et al., 2004;
Hano et al., 1997). This also determines the capacity if left until saturation.
3. Subject the sorbent to a much higher concentration than should be able to be adsorbed and let the
P sorb until there is no change in P concentration to determine the ultimate capacity.
Thus, methods 1 and 2 also determine the capability and kinetics of the sorbent but may not determine the
absolute maximum capacity as method 3.

The determination of the kinetics of a sorbent allows for a site specific sorption density to be extrapolated
to benefit similar projects. Key attributes that are determined by the kinetics are when P breaks through,
or is not sorbed as efficiently, at what rate the sorbent can sorb, and the capacity of the sorbent. These
studies are often performed in column sorption reactors, allowing a flow to pass through with either a
defined or mixed sorbate. These column studies, at both lab and field trials, have been tested on defined

5

Bed volumes are the amount of times a volume of solution has passed through the bed containing a media
measured in volume. Time elapsed can be determined by dividing the bed volume by the flow rate.
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concentrations (Baker et al., 1998; Ayoub et al., 2001), effluent from membrane bioreactors (Genz et al.,
2004), municipal secondary effluent (Wei et al., 2008), stormwater (Ma et al., 2011), and treated
wastewater (Ayoub et al., 2001). Kinetics data are important for field studies to determine the proper
design characteristics of the sorbant, though limitations based on flow and the ideal conditions presented
in most laboratory experiments needs to be taken into account.

The capability of a sorbent determines how effective the sorbent is at removing or containing P. The
capability of P sorbents were tested extensively in the 1970’s and 80’s by soil scientists to better
understand the migration of P in the field of aqueous geochemistry for agricultural purposes (Sposito,
1984; Sposito, 1989; Peinemann and Helmy, 1977; Parfitt et al., 1975). The removal percentage based
two separate factors: pH as well as P concentration, are often characterized to determine capability. To
test the effect of pH, a predetermined concentration is tested on a set quantity of sorbent with differing
pHs. This test is sometimes omitted as the pH range cannot or does not need to be controlled, or is not
economically feasible in the desired application (Yang et al., 2014). To test the effect of concentration of
P on the sorption capability, differing concentrations of P are added to a set quantity of sorbent or viceversa. The equilibrium concentration is then tested after an allotted period of agitation. The time to reach
equilibrium is also tested in some cases (Yang et al., 2014; Hano et al., 1997). The goal is to determine
the initial P concentration and then the equilibrium concentration of P after a set period. Known isotherms
can then be used to determine the best fit of the data. As P has no gaseous forms, a simple mass balance
will allow the determination of how much P has been removed by the sorbent. The range of
concentrations is highly dependent on the study objectives. For the case of a site study, a range of
concentrations of P is selected to represent the native concentration of P in groundwater or if a liquid
fertilizer were to be applied. For studies trying to investigate the total capacity of a sorbent or comparing
multiple sorbents, often larger, more diverse ranges are studied.

18

With the initial and equilibrium concentrations determined, an isotherm equation can be applied to the
data. Common equations used for P adsorption modelling include the linear, Langmuir, and Freudlich
isotherms.

2.3.1 Linear Adsorption Analytical Approach
The linear isotherm can represent P adsorption at low concentrations. Similarly to a Henry’s law type
reasoning, the number of sites available for sorption are that much greater than the sites filled by sorption
that there are no significant competing reactions creating a linear trend (Suzuki, 1990). To fit a linear
isotherm, the adsorption experiment needs to satisfy equation 6, where Pads is the concentration of P
adsorbed to the media, and Pi and Pe are the initial and post-experiment equilibrium concentrations of P
respectively.
𝑷𝒂𝒅𝒔 = 𝑷𝒊 − 𝑷𝒆

6

Pi and Pe would be measured variables and Pads is a calculated value. If Pe > Pi, Pads is negative, denoting
desorption is occurring, whereas if Pe < Pi, adsorption occurs. When Pads = 0, the equilibrium P
concentration (EPC) is found as neither adsorption nor desorption occurs. The EPC is the maximum
sorption potential for the sorbent. To determine the EPC, plotting Pads by Pe, a linear model can be fit as
shown in equation 7.
𝑷𝒂𝒅𝒔 = 𝑲𝑷𝒆 − 𝑵

7

In equation 7, K is a rate of adsorption constant and N is the native adsorbed P, or the P that was already
adsorbed to the sediments before the experiments were conducted. EPC can be determined when Pads=0 or
EPC=N/K.
2.3.2 Langmuir Isotherm
The basic Langmuir isotherm is a rearrangement of the equilibrium concentration equation. If the reaction
of an adsorbate to an adsorbent follows equation 8, then an equilibrium equation can be derived for the
reaction. If the initial concentration of the adsorbent, or the maximum potential that it can adsorb is Pmax,
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the equilibrium concentration of the adsorbate is Pe, the amount that is currently adsorbed onto the
adsorbent’s sites is Pads, and the energy related to the bonding of the adsobate to the adsorbent is KL, then
the equilibrium equation is equation 9.
𝒂𝒅𝒔𝒐𝒓𝒃𝒂𝒕𝒆 + 𝒂𝒅𝒔𝒐𝒓𝒃𝒂𝒏𝒕 𝒔𝒊𝒕𝒆 ↔ 𝒂𝒅𝒔𝒐𝒓𝒃𝒆𝒅 𝒔𝒊𝒕𝒆
𝑲𝑳 = (𝑷

8

𝑷𝒂𝒅𝒔

9

𝒎𝒂𝒙 −𝑷𝒂𝒅𝒔 )𝑷𝒆

Rearranging to give the linearized Langmuir equation:
𝑷𝒆
𝑷𝒂𝒅𝒔

𝟏
𝑷
𝑳 𝒎𝒂𝒙

=𝑲

+𝑷

𝑷𝒆

10

𝒎𝒂𝒙

Langmuir’s equation is a simple representation of adsorption based on known mathematically
physicochemical theory and often fits P adsorption well (Holford et al., 1974). The conditions for
Langmuir’s equation to be effective are fourfold (Heal et al., 2004):
1. Adsorption is taking place on one uniform surface with a fixed number of sorption sites.
2. The reaction does not change the potential of the adsorption reaction.
3. There is an equal reaction between surface site and adsorbate.
4. There is no interaction between adsorbed molecules on adjacent adsorption sites.
This is not the case for metal oxides, nor soils, as they do not meet these requirements (Holford et al.,
1974; Barrow, 1999). To reconcile this problem, many researchers have attempted to model the differing
reactions including adding an energy function to describe KL (Barrow, 1999), or include the two or more
surface parameters that Langmuir also proposed in equation 11 (Holford et al., 1974; Wang and Yuncong,
2010; Sposito, 1984).
𝒃 𝑲 𝑷

𝒃 𝑲 𝑷

𝒃 𝑲 𝑷

𝟏 𝟏 𝒆
𝟐 𝟐 𝒆
𝒏 𝒏 𝒆
𝑷𝒂𝒅𝒔 = 𝟏−𝑲
+ 𝟏−𝑲
+ ⋯ + 𝟏−𝑲
𝑷
𝑷
𝑷
𝟏 𝒆

𝟐 𝒆

𝒏 𝒆

Where b denotes the high and low affinity sorption maxima, K relates to the bonding energy related to
each sorption mechanism, and the subscript 1, 2, …n denotes the amount of sorption mechanisms being
tested. Only the two-surface equation is used often, since sorption data often takes the form of a linear
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11

equation until higher concentration or time where the original linear aspect turns to a less sloped linear
equation.

2.3.3 Freudlich Equation
The Freudlich isotherm equation represents a heterogeneous charged surface sorbent with an exponential
distribution of adsorption sites. The Freudlich equation, as shown in equation 12, has empirical constants
Kf and n that relate to the binding energies of the adsorbate to adsorbent.
𝑷𝒂𝒅𝒔 = 𝑲𝒇 𝑷𝒏
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The Freudlich isotherm does not have the same stipulations as the Langmuir isotherm, yet has its own
restrictions. Due to the exponential nature of the equation, there is no limit for adsorption, so the equation
has to be limited to the saturation concentration. This often is a non-factor in concentration ranges used
for experimental batch testing (Barrow, 1999; Suzuki, 1990).

2.3.4 Additional Analytical Approaches
Limitations of each isotherm has generated additional mixed equations. Mixed equations combine well
known isotherms with mathematical and often physicochemical theory to better describe physicochemical
systems. These equations often reference specific sites or try to encompass a broad range of material to
compare to well-known isotherms. A multitude of these equations are derived and explained by Suzuki
(1990) and Sposito (1984) describing adsorption engineering and adsorption in soils respectively.

2.4 Conclusions
Iron and aluminum oxide have long been proven sorbents of P. With a reasonable capacity for P removal
and abundance based on industrial waste streams and their natural occurrence in soils, these oxides would
be strong candidates for decentralized P removal. The mechanism for adsorption of P onto aluminum and
iron oxide is generally understood and accepted by leading researchers, as are their capacity and
capability. Alternatives such as red mud or slag are also strong candidates for P removal but have
drawbacks such as the need for pH control and possible formation of preferential pathways. pH is a major
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factor for all amphoteric sorbents, limiting each sorbent to their respective pzc. The pzc of both aluminum
and iron oxide have been reported above the typical pH of wastewater, further differentiating them from
their competitors as wastewater sorbents. Experimental procedures summarized here comply with major
trends in current and past research, with the fitting of common isotherms being the most common way of
grading of each sorbent. Careful consideration needs to be taken when selecting particular adsorbents as
experimental conditions could be far from field conditions.
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Chapter 3
Water-sediment testing for inorganic phosphorus sorption and desorption
potential in a waste stabilization pond system of a cold climate land-based
fishery
Abstract
A land-based fishery in south-central Ontario, Canada’s wastewater stabilization pond system (WSPS)
was characterized to determine the most beneficial location to put a phosphorus (P) removal mechanism
to meet the compliance target of 0.1 mgP/L. The overlying water and sediments were characterized to
determine if there would be a corresponding release of P into the overlying water column from the
sediments if a removal mechanism were to be implemented. The WSPS can be separated into two
sections: beginning as a high concentration, slow flow system and then transitioning to a fast flow, low
concentration system. Background testing was performed on the WSPS water for total P (TP), ortho-P,
known metal precipitants, and pH at critical points in the system. The slow flow system provided an
average of 76% removal of ortho-P over the testing period. Once the high flow system starts, the removal
of dissolved P becomes very low if at all. Iron was the only metal ion which was removed from the
WSPS, coinciding with the high removal of P and the natural removal capacity of the sediments found in
the low flow system. Surface sediments were tested for P in the same locations as its overlaying water
using sorption/release methods. A linear trend was used to describe the results as it best described the
sorption data with a mean R2=0.56 (median R2=0.66) for the sediments in comparison to Langmuir and
Freudlich isotherms (mean=0.47 and 0.24 respectively). Desorption trends were more variable (mean R2 =
0.38) but showed that the slow flow system had a high potential for releasing P, with the maximum
release found to be 0.737 mgP/g of sediment. In comparison, the fast flow system on average retained
0.02 mgP/g sediment. Therefore the most beneficial location for a P removal mechanism based on the
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surface sediments would be after the slow flow system which currently exhibits significant passive P
removal but with low P retention if overlaying P levels were to decrease.

3.1 Introduction
Excess phosphorus (P) inputs to freshwater ecosystems is the leading cause of eutrophication.
Eutrophication, the over fertilization of an ecosystem, can effectively destroy an ecosystem by reducing
its biological diversity. To limit eutrophication, disposal regulations have been put in place on
anthropogenic release sources such as in the wastewater effluent in many food based industries. The
aquaculture sector (coastal and land-based) has been the fastest growing animal food producer since the
1970’s (FAO, 2012). With such a fast growth rate, ecological problems have arisen from the uncontrolled
discharge typical of coastal systems, leading to the increased need to control the nutrient run off. In
contrast, land-based fisheries provide an ecologically sustainable solution to control the effects of
pollution by regulating the effluent wastewater as well as not requiring the damaging boating activities or
marine infrastructure of coastal systems. However, land-based fisheries need large amounts of freshwater
in their operations. Though some land-based fisheries have major water recycling programs, the treatment
of the effluent wastewater contaminants is still necessary. Nutrients such as ammonia and P, pathogenic
microorganisms, and solids need to be treated before being recycled back into operation or released to the
environment. Due to the remote location of many of these fisheries, decentralized solutions are
implemented to protect receiving waters.

Natural or passive treatment systems, such as stabilization ponds, are a simple way to meet effluent
regulations. Stabilization ponds have been commonly used to treat waste effluent, notably with the first
pond system in America implemented in 1901 (Reed et al., 1988). Stabilization ponds are designed based
on criteria such as the removal of key nutrients, suspended solids (SS), or biochemical oxygen demand
(BOD) (Reed et al., 1988). The design for stabilization ponds are often oversized for the removal of
suspended solids (SS) as SS are relatively simply and quickly removed by settling in compared to other,
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more challenging pollutants. P is not as easily removed through natural processes, specifically dissolved
P, and often requires additional treatment to attain low P levels (Sonzongni et al., 1982). Of the natural P
removal processes such as vegetative uptake, biological removal, adsorption, and precipitation, only
adsorption and precipitation are significant in a stabilization pond (Reed et al., 1988). Adsorption would
occur between aqueous phosphates onto organic matter or native sediments whereas precipitation would
occur between cations in solution. Common precipitants of P include the metals Ca, Al, Fe, and Mg. As
the waste streams that enter stabilization ponds can change dramatically including flow or constituents
based on operational or seasonal requirements, adsorption and precipitation can be reversed and release P
back into the system. Due to these fluctuations, the P mass balance and influential water characteristics
are important factors for sustainable P removal (Peng et al., 2007).

Understanding how P is removed from a specific WSPS is important to determine if supplementary action
is needed and how it should be performed. The transport of P was therefore investigated in a land-based
fishery WSPS to determine if/where a more active P removal mechanism could or should be implemented
based on occasional compliance issues. The sorption or desorption capacities for P by the sediments
retrieved from critical locations of the pond system were experimentally quantified, with a special focus
on the desorption if the sediments were suddenly subjected to very low levels of P in the overlaying
water. This was done to determine if there would be a significant release of P from the sediments which
would be an important consideration if a removal mechanism was incorporated into the WSPS. The
current WSPS has no active P removal mechanism and relies on the the sorption of P onto sediments as
well as the settling of particulate P. This would suggest that based on the length of operation of the WSPS
that the sediments might have significant P that could possibly be released to the overlying water should
the current balance be interrupted. Three common sorption isotherms were identified to quantify the
sorption/desorption of P from the sediments; linear, Freudlich, and Langmuir, which have been used
previously with good fit for P removal (Wang and Yuncong, 2010; Douglas et al., 2004). These isotherms
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were compared for their suitability of representing the P sorption and desorption from the sediments to
characterize the current WSPS, and to help to identify the need for more effective P treatment to meet
compliance targets.

3.2 Materials and Methods
3.2.1 Description and Sampling Sites
Background water column testing and sediment sampling in the WSPS was performed at 16 locations
between December 2012 – October 2013 and February 2014 – July 2014. The WSPS treats waste effluent
from a land-based fishery at a remote site in south-central Ontario. These points were established based
on qualitative observations of the WSPS itself and the known operating conditions of the land-based
fishery. The fishery comprises of 4 steps for rearing fish: the egg room, the hatchling room, the fingerling
tanks, and the raceway. The fish are grown in each step until they are large enough to be moved to the
next step, where once the fish are too large for the raceway, they are exported from the land-based
fishery. The egg room is a sterile room that houses bought eggs until they hatch. The hatching room is a
constantly cleaned room that grows the hatchlings until they are fingerling sized. The water that passes
through the egg room and hatchling room is oxygenated groundwater. The water after the hatchling room
flows to the treatment reservoir where pollutants and solids are removed. Solids are removed by two rotodrums. The fingerling tanks are large outdoor tanks that receive water from the treatment reservoir as well
as fresh oxygenated ground water. The raceway is a long flow through tank where water is constantly
supplied from the treatment reservoir and oxygenated groundwater if needed. The raceway is filled with
fingerling fish which will only require approximately 30% of the raceway and then exported when the
raceway is at full capacity. This is the major influence on the changing biomass concentrations at the
land-based fishery.

The WSPS is comprised of 6 ponds with 4 influents. The sampling points and scaled schematic of the
WSPS are shown in Figure 1 (which can be compared to the actual system as pictured in Appendix B).
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The influents are labeled with letters A: Raceway Underflow, B: Roto-drum Effluent, C: Raceway
Overflow, D: Egg Room Overflow, and the only effluent of the system E: WSPS Effluent. The numbered
(1-16) sampling points for both water and sediment testing are described further in section 2.2.2 and
2.2.3. The line directly preceding sampling point 12 is a flow-over weir.

High concentration, low-flow wastewater is released into the first pond from the raceway underflow (A)
and both roto-drum effluents (B) to allow for the greatest residence time. The single raceway is vacuumed
throughout the year depending on the amount of fish in the raceway, with peak times in March-April
being vacuumed once a week. The vacuum effluent is directed through the raceway underflow (A). The
roto-drums extract solids from the onsite water recirculation system which recirculates a portion of the
water to the raceway as well as the other fish holding tanks. The roto-drums effluent releases a maximum
of 9.5 m3/d into point B. The raceway overflow (C) is a low concentration but high flow stream directed
to a point after the second pond and flowing through the rest of the WSPS. The raceway overflow
constitutes >90% of the daily flow with on average 1800 m3/d, whereas the total flow through the entire
WSPS ranges from 1700-2200 m3/d. An estimated hydraulic retention time (HRT) based on the
dimensions in Figure 1 gives an HRT of 50 days from the influent A to C and an HRT of 0.5 days from C
to E. These values would fluctuate with operation.
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Figure 1: Schematic representation of the WSPS, including bathymetry which was produced from a bathymetry survey on April 24, 2014.
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3.2.2 Background Water Testing
Background water column testing was performed monthly on the WSPS from Jan 24 – Oct 30, 2013 by
personnel from the accredited lab at the Centre for Alternative Wastewater Treatment (CAWT), Fleming
College (the research partner for this work). A full suite of parameters were examined to better
understand the biological nature of the whole land-based fishery and its WSPS. Of these tested
parameters, only total P (TP), dissolved P, total suspended solids (TSS), calcium, iron, and pH will be
discussed here as they directly affect the fate of P (Reed et al., 1988). TP was tested using a SmartChem
200 discrete wet chemistry analyzer (EPA Method #365.4), whereas ortho-P used the same method after
being filtered through a 0.45 µm filter. TSS was determined gravimetrically based on Standard Methods
2540 (Eaton et al., 2005). Calcium was tested by isocratic ion chromatography using conductivity
detection with a CS12 column with 20 mM methanesulfonic acid as the eluent (Dionex ICS-1600). Iron
was tested using an ICP-OES after being filter to 0.45 µm with no acid digestion (soluble Fe only). pH
was tested using a hand-held meter (Hach HQ40d Digital Multi-Patameter Meter equipped with a Hach
pH probe).

3.2.3 Water and Sediment Sample Collection and Analysis
As opposed to the background water testing as detailed in section 3.2.2., water and sediment testing were
conducted to further examine the effects of the water-sediment interface. Water and sediment samples
were collected monthly from February-July 2014 using a 15 ft (4.57 m) pole with a bottle holder at the
end. The 500 mL sterilized bottle was submerged and filled with water from the surface of the water,
consistent with all sampling points, while trying to minimize settled particles from entering the bottle.
This was considered representative for the entire depth as all sampling points were in shallow water.
Sediment samples were taken by dragging a separate bottle along the top layer of sediments, filling the
sampling bottle with approximately the top 3 cm of sediments from each sampling point. To examine the
effect of flow regime on sorption capacity, the sediments from near the bank of sampling points 6 and 10
were also sampled. Though similar points close to the bank were tested (i.e. sampling points 1-4), these
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corresponded with the pond A which has a slow flow throughout. Sampling points 14 and 16, though look
as though they are close to the bank in Figure 1, they were both in the center of their respective small
channels. Both water and sediment samples were preserved through refrigeration directly after sampling
until being analyzed, usually less than 24h after sampling.

Water samples were analyzed for ortho-P using the ascorbic acid rapid liquid method which was adapted
from Standard Methods for the Hach DR 2800 spectrometer with a pour through apparatus, allowing for a
detection limit of 19-3000 µg PO43- / L (Method 10055, Hach Company). The samples were tested using
the molybdate reduction method with ascorbic acid, which can convert some easily hydrolyzed organic P
into ortho-P. Therefore, ortho-P as well as some easily hydrolyzed organic phosphorus is reported in the
results. The measurement wavelength was 880 nm.

3.2.4 Phosphorus Sorption Experiments
Laboratory scale batch sorption characterization tests were performed on all sediments sampled using 5
overlaying water concentrations of P ranging from 0 - 4200 µg PO43-/L. This range encompassed the
observed P concentrations in the ambient water above the sediments. For example, the lowest observed
ambient water phosphate concentration was 77 µg PO43-/L at sampling point 15 whereas the highest was
4113 µg PO43-/L at sampling point 2, both on Apr 22, 2014. A 100000 µg (0.1 g) PO43-/L stock solution
was prepared using distilled water and potassium dihydrogen phosphate (Fisher Scientific). The stock
solution was diluted to 5 of the 6 different standard concentrations for each sediment sample depending
on the previously tested overlying water concentration of P, in order from 0, 100, 200, 500, 1000, or 4200
µg PO43-/L. The concentration of 4200 µg PO43-/L was not often used as it is much higher than the normal
operating concentrations of the entire WSPS. The standards were then analyzed with the same pour
through method as described previously. 250 mL of the diluted standard was added to a flask containing a
weighed amount of sampled wet sediment. The desired value of 1 g of sediment was not always achieved
due to the non-homogeneous nature of most sediments. Certain previous research has homogenized the
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sediments to provide more consistent sediment samples (Gomez et al., 1999) but was not done to the
sediments here as it was felt that the extra energy of homogenizing, often by blending, would change the
sediments from their natural state and promote heightened sorption values. The sediment samples were
then shaken at ~100 rpm for 24h (Johansson, 1999; Gomez et al., 1999; Yoo et al., 2006; Wang and
Yuncong, 2010) on an orbital shaker (VWR Model 3500 STD). Upon completion of the 24h test, the
samples were left to settle for 1 hour and then decanted into testing flasks. The sediments in each flask
were retained for the subsequent P desorption experiment described in section 3.2.5. The supernatant was
analyzed for ortho-P using the pour through method as described previously. Dissolved oxygen and pH
were not tested during the sorption testing. DO could be considered important as it would govern the
oxidized iron which often is the major removal mechanism for P in sediments. It was assumed that pH
would not vary significantly based on the background testing which demonstrated a well buffered system
with significant concentrations of Ca and Mg as well as a consistent alkalinity of on average 240 mg/L as
CaCO3 throughout the system. DO was not considered as being overly influential in the sorption
experiment as the DO concentrations were at saturation in the background study done by CAWT and it
was assumed that these concentrations would be maintained here in the much smaller volume and more
agitated shake flasks (Gomez et al., 1999).

The results of the sorption experiments were tested for fit with common isotherm equations; notably
Linear, Freudlich, and Langmuir isotherms. To fit these isotherms, the previously described sorption
experiment satisfies equation 13. The variable Pads is the mass of P sorbed to the sediments normalized by
mass of sediments whereas Pi and Pe are the initial and post-experiment equilibrium concentration of
phosphorus respectively. Though the equilibrium concentration may not be reached in 24h (Mortula et al.,
2007), 24h is consistent with comparable tests with good precision (Johansson, 1999; Wang and
Yuncong, 2010).
𝑷𝒂𝒅𝒔 =

(𝑷𝒊 −𝑷𝒆 )∗𝑽
𝒎𝒔
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13

Pi and Pe would be measured variables (µg PO43-/L) and Pads is a calculated value (µg PO43-/g sediment).
V (L) is the volume of standard used and ms (g) is the mass of sediment in the specific test. If Pe > Pi, Pads
is negative, denoting P release is occurring, whereas if Pe < Pi, sorption occurs. When Pads = 0, then
neither sorption nor desorption occurs, called the equilibrium P concentration (EPCo). The EPCo allows
the determination of the maximum sorption potential for the sediments. To determine the EPCo, plotting
Pads by Pe to obtain a linear model must be done first, as shown in equation 14.
𝑷𝒂𝒅𝒔 = 𝑲𝑷𝒆 − 𝑵

14

A line of best fit for these data mathematically determines K, the rate of sorption constant and N, the
native sorbed phosphorus (NSP), or the phosphorus that was already sorbed to the sediments before the
experiments were conducted. EPCo can be determined when Pads=0 or EPCo=N/K.

Langmuir’s isotherm was also fit to the data for comparison, as shown in equation 15. This linearization
estimates the maximum amount of P able to be sorbed, Pmax, and the total energy needed for adsorption
and/or precipitation to occur, K.
𝑷𝒆
𝑷𝒂𝒅𝒔

𝟏

= 𝑲𝑷

𝒎𝒂𝒙

𝑷𝒆

+𝑷

𝒎𝒂𝒙

15

Freudlich’s isotherm, as shown in equation 16, was also tested for fit. Both Kf and n are empirical
constants.
𝑷𝒂𝒅𝒔 = 𝑲𝒇 𝑷𝒏𝒆
3.2.5 Phosphorus Desorption Experiment and Retention
Desorption of phosphorus from the sediments was tested on the residual sediments from the sorption
experiment based on the methodology and theory described by Wang and Li (2010). The sediment
desorption experiment was conducted to allow the release of labile P from the sediments back to the
overlaying water. To determine the total labile P, concentrated chloride ion (Cl-) is normally used to
replace the sorbed P, releasing it into the overlaying water. Only deionized water was used in the
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experiments conducted for this research as the use of chloride is an artificial procedure which would not
best represent a passive system. This procedural change was meant to be more representative of a
situation where the sediments were subjected to a limited concentration of phosphorus, which might be
the case if an active P removal mechanism were to be placed in the WSPS. The goal of this study was to
predict how the sediments would react to such a change instead of the determination of the actual
concentration of P in the sediments. Further work could be undertaken to determine the speciation of P in
the sediments. It is assumed that the data represented here would be the lesser bonded labile P as well as
easily hydrolyzed P due to the molybdate-ascorbic acid method for testing P as has been done in similar
studies (Johansson, 1999; Mortula et al., 2007; Wang and Yuncong, 2010).

The same sediments left over after the sorption test were subjected to 250 mL of deionized water and
shaken for 24h (Wang and Yuncong, 2010). The sediments were left to settle for 1h before the
supernatant water was decanted for testing. Pdes is concentration of P in the supernatant liquid after the
desorption experiment per g of sediment. Desorption testing results were fit to a first order rate equation
as shown in equation 17 which was shown to fit well to sediment desorption data in the past (Wang and
Yuncong, 2010), where Pdes is the concentration desorbed and a and b are the desorption potential and
desorption rate, respectively. Equation 18 was also used by Wang and Yuncong (2010) but resulted in
minimal yet negative values of Po, a simulated original concentration of P in the sediments value, which is
not theoretically possible. The changes from Equation 17 to 18 was regarded as insignificant as it
incorporated an illogical moderate correction factor to better fit a curve, as described in in Wang and
Yuncong (2010)’s discussion and therefore only Equation 17 was used in this testing.
𝑷𝒅𝒆𝒔 = 𝒂𝒆𝒃𝑷𝒂𝒅𝒔

17

𝑷𝒅𝒆𝒔 = 𝑷𝒐 + 𝒂𝒆𝒃𝑷𝒂𝒅𝒔

18
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The ability of the sediments to retain P was also quantified. The difference between the Pdes and Pads was
compared to determine the relative ability of the sediments to sorb and then bind without releasing P as
shown in equation 19.
𝑷𝒓𝒆𝒕 = 𝑷𝒂𝒅𝒔 − 𝑷𝒅𝒆𝒔

19

3.3 Results and Discussion
3.3.1 Overlaying Water Background Testing
P in the overlaying water was mostly removed before sampling point 7 as shown in Figures 2 and 3.
Figures 2a and 3 are similar to each other based on two separate years of sampling events. Figures 2a and
b show the difference between the average removals of ortho-P and TP based on sampling point during
the sampling events in 2013. TP would be expected to decrease as its particulate fraction settles out
during the high residence time from sampling point 4 to 7 and as also shown in the decrease in TSS in
Figure 2c. Another indication that the particulate fraction of TP settles out is in the ratio of ortho-P to TP
of the water column samples. Averaging the ratio of ortho-P to TP in 2013 based on sampling point
showed an increase in the ratio from sampling point 4 to 7, from 39.5% to 56.6%. At the same time, the
decrease in ortho-P concentration could be attributed to the precipitation by metal salts. Figure 3 shows
the trend of P removal before sampling point 4. Sampling points before 4 were not sampled in the 2013
field evaluation, but it is still felt that a direct year-to-year comparison can still be made. The average
ortho-P removal from sampling point 4 to sampling point 6 is 76% over the testing days in 2014. This
indicates that not only is particulate P settling out, but another removal mechanism is at work for the
removal of soluble P.

Metal salts are known precipitants of many anions including phosphate (Koutsoukos and Valsami-Jones,
2004). The pH of these solutions is highly important as the pH often governs the solubility of metalphosphorus compounds or the charges on amphoteric sediments (Reed et al., 1988; Tchobanoglous et al.,
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2003). Of these salts iron (II), iron (III), and aluminum are the most commonly researched cations
(Parsons and Berry, 2004) while Tchobanoglous et al. (2003) also includes calcium. Magnesium has also
garnered attention due to forming a multivalent cation in solution and its similar properties to Ca in
aquatic systems (Wang & Yuncong, 2010). The concentrations of iron, calcium, and magnesium, as well
as pH of the WSPS from each sampling event in 2013 based on sampling point are shown in Figure 4.
These metals in solution are background concentrations and are not intentionally input into the WSPS nor
is there a direct process for their removal in the WSPS. Of the three metals, only iron is effectively
removed from the system, as expected in the pH range of 7-8 (Peng et al., 2007). Iron can be expected to
be removed by precipitation as iron phosphate, iron oxides, and iron hydroxides (Tchobanoglous et al.,
2003), of which iron oxides and hydroxides are both known P sorbents (Douglas et al., 2004; Sposito,
1984). Iron would either oxidize or hydroxylize in the near neutral pH but would release hydroxides if
adsorbing P. This could be an explanation of the slight increasing trend of pH demonstrated by Figure 4a.
The lack of Ca or Mg removal could be attributed to the alkalinity present in the WSPS, averaging 240
mg/L as CaCO3, buffering the system to keep it below pH 8 to keep both Mg and Ca in their soluble form
(Tchobanoglous et al., 2003). Ca does exhibit a slight removal, but with TP and ortho-P left in the
effluent solution, Ca’s removal is unlikely to be in the form of calcium phosphates. In addition, Ca’s
greatest binding capacity for P is at pH 5 and 9, both outside the range found in the WSPS (Peng et al.,
2007). Fe is input into the system from the roto-drum effluent and is no longer detectable by the raceway
overflow. Once no Fe is available, the ortho-P concentration remains constant until exiting the system.
This leads to the assumption that ortho-P removal is linked to Fe presence and removal whereas the
concentration of Ca and Mg are still present with residual ortho-P in the water column, denoting that Ca
and Mg removal is unlikely a major factor in P removal.
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Figure 2: The concentration of dissolved P (a), TP (b), and TSS (c), based on sampling point in
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The (*) denotes results from CAWT for the purpose of quality assurance whereas the line denotes the
compliance maximum for TP
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Figure 4: The pH (a) and concentrations of calcium (b), magnesium (c), and iron (d) based on
sampling point of the WSPS. All samples were taken between January-September, 2013.7
3.3.2 Phosphorus Sorption
The amount of phosphorus sorbed by the sediments increased with increased phosphorus loading for all
sampling days as shown in Figure 5. When looking at sorption trends, the wastewater system can be
separated into two distinct systems to more easily identify trends. Considering points 1-6, the major
loading and slow flow rate section of the wastewater system, sorption increases from the inlet until the
input of the high volume raceway overflow. Point 6 samples had the highest sorption values when

7

The line in Figure 4d represents the detection limit. Points on this line could not be accurately measured

lower than 0.02 mg/L.
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comparing the sum of all sorption results for every sampling day based on sampling point. Figure 5
represents all of these sorption results for one sampling day. Sampling points 7-16 can be considered as
another system since the dynamics of the WSPS change once the system receives the majority of its flow
from the raceway overflow (point C in Figure 1). Sorption increases from points 7 to 16, yet 7-12 are
often lower than that of point 6. The higher sorption exhibited at sampling point 6 could be due to the iron
concentration entering in the system through the roto-drum effluents. During background testing in April
and May, 2013, the iron concentration entered point 4 at around 0.4 mg/L. Before sampling point 7, the
residual iron concentration had diminished by 97% as seen in Figure 4d. The reduction in iron
concentration in the overlaying water could also be a reason why the ortho-P concentration decreases
minimally after sampling point 6. Note that the removal of iron from the water column would precipitate
out P as iron phosphate as well as form iron oxides and iron hydroxides which could increase the
sediments capability for P sorption as stated previously. Another possible explanation for the samples
from point 6 having greater capacity for sorption is due to the lower flow rate here as compared to when
the raceway overflow is introduced to the system at point C. The lower flow rate could allow for the
settling of finer particles that could sorb phosphorus, as was seen in qualitative observations of grain size
distribution. A quantitative grain size distribution was not performed during these tests.
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Figure 5: Sorbed phosphorus trends from the most representative sampling point, 6, based on the
initial phosphorus concentration.
A linear relationship best described all the data generated with an average coefficient of determination of
0.56 (median 0.66) as shown in Table 3. Comparatively, the Freudlich isotherm, which had to be limited
to only positive points due to its exponential nature, had an average coefficient of determination of 0.47.
Langmuir’s isotherm demonstrated the least fit with an average coefficient of determination of 0.24. With
a low coefficient of determination, there is either a significant amount of trends that have not been
extracted from the data or a complete lack of fit which limits its reliability. A lack of fit is felt to be more
likely as certain results generated do exhibit good fit with others having almost no fit. Data based on the
isotherms presented here should be used for general trends with only values generated from the linear
isotherm considered for as numerically representative.
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Table 3: Sorption modelling parameters for linear, Freudlich, and Langmuir isotherms based on
sampling point taken on sampling date. Note the missing values for the Freudlich isotherm due to
the exponential nature of the isotherm.
Linear
SP

K

R2

Lgs-1

13-Feb

27-Feb

26-Mar

23-Apr

24-Apr

21-May

2-Jul

Freudlich

NSP

EPCo

Kf

µggs-1

µgL-1

L gs-1

Langmuir
R2

n

4

-0.07

0.51

23.940

-360.542 -

-

6

0.25

0.99

-2.152

-8.675

0.74

0.77

16

0.24

0.51

9.281

38.785

0.01

6

1.87

0.12

18.799

10.046

12

0.60

0.72

24.453

16

2.32

0.89

4

0.32

6

KL

µggs-1

Lµg-1

R2

-250.00

0.001

0.17

0.96

64.94

0.006

0.58

1.49

0.16

-0.88

-0.008

0.07

40.61

-0.04

0.00

2.82

-0.025

0.12

40.472

2.0E+23

-11.55

0.21

-2000

0.000

0.00

71.122

30.714

0.00

2.98

0.75

3.82

-0.016

0.40

0.31

443.440

1377.571 -

-

4.75

-0.001

0.44

2.88

0.89

128.110

44.452

0.00

3.24

0.86

62.89

-0.035

0.04

16

1.20

0.88

53.861

44.959

0.24

1.26

1.00

41.67

-0.002

0.01

4

0.10

0.13

426.670

4336.077 -

-

-91.74

-0.001

0.37

6

0.31

0.63

21.643

70.498

0.72

-11.25

-0.004

0.07

12

0.52

0.34

165.100

-

-80.00

0.008

0.00

16

-1.82

0.75

-167

-2.39

-0.023

0.42

4

-0.06

0.70

174.150

-2827.110 -

-1428.6

0.000

0.40

6

-0.09

0.03

-31.426

349.566

0.79

0.60

0.03

-12.80

-0.004

0.06

16

0.20

0.24

0.763

3.881

10.6

0.24

0.16

-12.61

0.008

0.01

4

-0.04

0.70

123.630

-2902.113 -

-

-2000

0.000

0.28

6

0.78

0.08

63.075

81.073

0.02

1.51

0.14

0.19

-0.006

0.78

12

0.29

0.74

71.614

245.337

2.0E+10

-3.51

0.92

100.00

-0.003

0.12

16

1.41

0.76

170.140

121.079

28.98

0.05

0.00

-12.39

-0.004

0.35

4

0.40

0.58

821.620

-

156.25

0.000

0.67

6

3.73

0.78

430.700

0.31

151.52

0.000

0.00

-

0.00

315.558 91.829

2.98
-

8936.2

-1.38
-

0.11

0.83
-

-

2048.417 115.401

-

Pmax

1.51

Average

0.56

0.47

0.24

Median

0.66

0.31

0.15
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The highest average fit of the sorption results for one sampling day was on March 26th, 2014 which can be
seen in Figure 6. The results from sampling point 4, seen in Figure 6a, shows increasing P sorption as a
function of equilibrium concentration P but remains negative signifying that desorption is the dominant
transfer phenomena occurring. This is because P concentration in the native water above the sediments at
sampling point 4 was greater than the range being tested on that particular day, 0-1000 µg PO43-/L. When
these sediments were subjected to the standard concentrations of P in the lab testing, the driving force
would shift to desorption instead of the intended sorption. Though this limits the sorption data for the
results at sampling point 4, it adds greater value in having more sorption results which are more
comparable to the other points in the WSPS. The NSP, which is mathematically retrieved from the linear
model, shows that sampling point 4 sediments had the most NSP as it is constantly loaded with soluble Fe
and a high concentration of P waste stream from the roto-drums. The linear model for the results from
sampling point 6 consistently had the highest rate of sorption (K in Table 3), in comparison to the other
sampling point linear models, likely due to removal with iron as previously discussed. Extrapolating data
from the linear model allows the determination of the EPCo and native P.

The EPCo tends to a particular trend based on sampling day as summarized in Table 3. The EPCo equates
to the maximum amount of P that the sediments can remove from the aqueous phase based on no more P
being able to be removed as an equilibrium is established. As shown in Figure 7, a positive linear trend is
displayed for the samples from point 6 and 16 with time, though based on data generated from the linear
model with moderate fit (mean: 56, median: 66). The high point on Apr 24th for sampling point 6 was
likely due to a raceway underflow event which loaded pond A with phosphorus one hour before sampling.
Both outliers, on Apr 24th, had the lowest coefficient of determination of their respective sampling point.
A possibility for the trend shown in Figure 7 would be that it follows the amount of fish in the fishery.
The exception would be that the majority of the fish are removed from the fishery at the end of April, so
June and July have a very small fish population in comparison to March and April. Since the trend
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continues, but not solely in conjunction with the fishery biomass, the increase is possibly due to
temperature increase, enhancing biological growth in the sediments, or unknown factors. Alternatively,
the trend of EPCo continuing to increase could be explained by the long residence time of about 50 days
of the first pond, delaying the trend until later in the season as 50 days from March and April would be in
June and July. The NSP was sporadic but was consistently greatest at sampling point 4. The lack of fit of
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Figure 6: Linear fit of sorption data for 4 sampling sites on March 26, 2014.
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Figure 7: Trend of increasing EPCo taken from the linear trend based on the sampling date.
A test of the sorption capacity based on flow regime was undertaken for both sampling point 6 and 10 as
shown in Figure 1. Points 6 and 10 were chosen as they both include the flow from their respective
sections. Sampling point 6 has both the high concentration inputs from roto-drum effluent as well as the
raceway underflow whereas 10 has all the inlet flows, including the raceway overflow and egg room
effluent (influent D in Figure 1). Therefore, 6 would be representative of the initial slow flow section of
the WSPS whereas 10 would be representative of the fast flow section. This study was to test the
quiescent bank zone to see if this area would have more sorption or desorption that would not have been
captured by the previous main flow analysis in either section. A comparison was made using the same
methodology as used for the sorption testing. To compare the effects of flow regime, a linear model was
used as it fit the data well. Figure 8 shows the linear fit of the samples analyzed, with [a] representing the
mid-pond or faster flow of the WSPS, and [b] representing near bank or slower flow of the WSPS. The
linear model parameters are shown in Table 4. The near bank flow section, represented by the results
from sampling point 6 had a much greater rate of sorption compared to the mid-pond flow section. This
could possibly be due to the presence of iron in the sediments or the longer residence time as seen
previously in the low flow section. The mid-pond flow regime, shown in Figures 8a and c, both have an
unexpectedly higher NSP than their slower flow counterparts. It would be expected to have a lower NSP
due to the shorter residence time. The EPCo of both the mid-pond and near bank of sampling point 6 are
similar in comparison to the large difference in sampling point 10 which has a maximum of 414.7 µgL-1.
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This is possibly due to the difference in velocity of the slow and fast flow areas at point 6 which would
likely be negligible due to the high HRT, comparing the system to a plug flow reactor. In comparison to
the overlaying water concentration of PO4 from the WSPS, if the EPCo is lower than the overlaying
water, sorption would happen whereas if the concentration is lower than the EPCo, desorption would
happen. The high fast flow from sampling point 10a was the only sampling point where the results
showed that desorption would be occurring. It is pertinent when considering the location of a P removal
mechanism to not disrupt natural sorption by the sediments. As the whole slow flow region as well as the
high concentration, slow flow region are still removing P, it would be suggested that active P removal
should take place in the low concentration, fast flow region to reduce the concentration of P to the EPCo.

In future work, more specific interactions would need to be quantified. Based on the sorption data, it
seems that the WSPS has two distinct sections, i.e. the slow flow initial section from the raceway
underflow until the raceway overflow is input into the WSPS, changing to fast flow section. Qualitatively,
the sediments in these two systems were very different, the settling pond being very much like mud and
muck whereas the faster flow region has more particulate sediments with significant vegetation. Although
exact reasons for the lack of fit (R2 of 0.56, 0.47, 0.24) of the previously proven P sorption models (Wang
and Yuncong, 2010) where not apparent, they may include the many different mechanisms competing for
sorption/release, biological activity, or the consistency of particles and possible organic matter in the
sediments. All of these parameters would need to be tested alongside other sediment-water interface
reactions to better quantify driving forces for P sorption (Namèche et al., 2006). Despite the lack of
confidence in certain values, major trends have been identified that give enough valid information for a
rational recommendation for the placement of an active P removal system such as a sorptive media filter
in the WSPS.
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Table 4: The linear model parameters fit to the fast and slow regimes for data taken on July 2,
2014. The concentration [PO4] is from the overlaying water at the same sampling point.
SP

R2

K
L(gs)

Low
Flow

6a
6b
10a
10b

High
Flow

NSP

-1

µggs-1

3.73
2.26
0.53
0.55

0.76
0.58
0.78
0.78
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Figure 8: Linear representation comparing the difference in flow regimes. [a] refers to the center
path of the WSPS whereas [b] represents next to the bank where the flow is lowest.
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3.3.3 Phosphorus Desorption and Retention
The residual sediments from the sorption experiments were then tested for desorption. In this phase of the
work, a greater quantity of P would be sorbed onto the sediments. The initial sorption experiment creates
idealized contact conditions for sorption in the shake flasks than directly from the WSPS. This condition
allows for better quantification of the retention capability of those sediments. The desorption results were
fit with equation 17, and the parameters extracted from the model are shown in Table 5. Before sampling
point 6, there is a significant release of P from the sediments with negative retention of P as shown in
Table 5. This is compounded by the negative sorption values from the sorption experiment for those
sediments had already been loaded with P from the WSPS. The retention of P, as also seen in the sorption
experiments, seems to be divided into two systems. The first part of the system, from sampling point 1-6
showed an increase in retention, from negative retention to positive retention at sampling point 6. The
retention then decreases directly after sampling point 6 but regains a trend of increasing retention at later
sampling points. This can likely be attributed to the untreated discharge P from the raceway overflow at
point 7 which will input new, though low in concentration, dissolved P in the system. Despite this
raceway overflow being low in concentration compared to the inlets at A and B of the initial system
shown in Figure 1, it often has equal or higher concentrations of P than the overlaying water of point 6 as
previously shown in Figure 2 (i.e. P values at sampling point 10). The retention at point 10 is very low or
negative. This was expected after the fast and slow flow experiment which showed that the concentration
of P overlaying the sediments at sampling point 10 was lower than the EPCo as shown in Table 4,
denoting that desorption would be occurring. Of the sediments tested, sampling point 16 has the greatest
similarity to those parameters of a lake. The closest comparison would be on March 26 when the
desorption results from sampling point 16 had an a value of 0.004 mgP/gs and b value of 9.97 gs/mgP.
Want and Uncong (2010) found that sediments in Lake Okeechobee had an a value of 0.0036 mgP/gs and
b value of 31.96 gs/mgP. This is interesting as the WSPS would be more similar to a river based on
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hydrodynamics yet rivers have been found to have higher desorption parameters than lakes (Wang and
Yuncong, 2010).

The low coefficient of determination of the desorption and retention data diminishes the reliability of the
desorption model. This is likely due to the variable fit of the sorption data, as previously discussed, which
were used in the desorption results. Despite this, the fate of P has been justifiably determined for the
examination of where to put an active P removal system. The water quality data suggest that dissolved P
is no longer naturally being removed at a significant rate after sampling point 6, best shown in Figure 3.
This indicated that the natural system is working before the input of the raceway overflow. This is further
verified from the sorption testing performed as before sampling point 7, the system is still removing P as
the overlaying water concentration was found to be above the EPCo seen in Table 4. In addition, there is
the potential for desorption of P from the sediments in the system before sampling point 7 if the overlying
water P concentrations were to diminish. In comparison, the second half of the system shows that it has
capacity for retention of P, as well as it does not remove significant amounts of dissolved P. In
conclusion, if a P removal mechanism were to be implemented, the recommended location would be after
the raceway overflow is input into the system to try to reduce the inflow, though low in concentration, of
dissolved P. This would also not disturb the natural process of settling and demonstrated removal of P of
the primary low flow system.
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Table 5: Parameters for the desorption equation including the Pret with error determined from the
difference between the Pads of the sorption experiments and the Pdes of the desorption experiments.
Date
26-Mar

23-Apr

24-Apr

2-Jul

Sampling a
b
R2
Point
mgP/g
g/mgP
4
0.141
-5.80
6
0.002
19.74
10
0.016
11.62
16
0.004
9.97
1
0.088
-4.28
4
0.021
-11.76
6
0.002
-3.71
11
0.001
-48.87
12
0.007
12.59
14
0.003
-25.74
16
0.002
4.05
1 9am
0.157
-2.75
1 12pm
0.265
0.28
4
0.322
6.89
6
0.003
-31.89
10
0.004
-16.59
16
0.006
-6.96
4
0.105
-2.90
6a
0.009
-0.64
6b
0.014
0.61
10a
0.010
2.55
10b
0.009
3.82

0.27
0.59
0.60
0.07
0.95
0.90
0.01
0.20
0.16
0.83
0.01
0.68
0.01
0.29
0.75
0.09
0.02
0.62
0.04
0.12
0.30
0.83

Pret
±
mgP/g
-0.282
0.133
0.021
0.024
-0.003
0.023
0.015
0.027
-0.353
0.105
-0.125
0.039
0.004
0.007
-0.006
0.006
-0.006
0.019
0.013
0.016
0.010
0.022
-0.737
0.179
-0.492
0.055
-0.294
0.089
0.002
0.009
-0.010
0.007
-0.001
0.008
-0.135
0.195
0.103
0.172
0.088
0.168
0.089
0.175
0.101
0.173

3.4 Conclusions
Surface sediments of wastewater stabilization ponds can play an important role in the P cycle of the
overlying water. The WSPS examined here showed two significant processes of removal and release
ability for P. The primary portion of the WSPS was characterized by a high concentration of P but low
flow primary settling pond system, which showed the highest P removal of the system, but also an overall
negative capacity to retain P if the driving forces for sorption were changed. The ability for the first
portion to retain P greatly increased up to point 6 which often had the greatest retention ability of the
whole WSPS. The second part of the system consisted of the settled effluent from the primary section and
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a high flow, low concentration of P influent. This secondary system showed increasing, though small,
ability to sorb P or retain P. Of the metal ions tested that are known to precipitate P, only iron was
removed. This suggests iron precipitated out P or oxidized into a known P sorbent, likely the significant
contributor to the natural removal of P in the primary system. The sorptive behavior of the surface
sediments were able to be predicted more accurately with a linear model in comparison to the Langmuir
and Freudlich isotherms as could be expected for the low concentrations of P used. If a P removal
mechanism were to be implemented at some point in the system, the natural process of removal in the
primary settling pond system should not be interfered with based on its current performance of removing
P and the possibility of it desorbing P if the overlaying concentration were to change. Therefore, siting a
mechanism to remove P would be most beneficial after the primary passive treatment system.
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Chapter 4
Lab-scale testing of low concentration ortho-phosphate removal by a mixture
of iron oxide and aluminum oxide
Abstract
Phosphorus (P) run off from industrial, agricultural, and municipal wastewater can lead to detrimental
algal blooms from the eutrophication of affected water bodies. A fine and coarse grade industrial mix of
known P sorbents, aluminum and iron oxide, were investigated as possible filter media for an advanced
filtration operation at a land-based fishery to remove P. Multiple lab-scale experiments were performed to
quantify the capacity of the media for P removal using semi-batch and flow-through methods. Langmuir’s
isotherm was initially fit to short-term semi-batch testing to mathematically predict the maximum
removal capacity of the media. Long-term semi-batch testing was then performed where the media
demonstrated >100% increased maximum P removal compared to the initial Langmuir predictions. A
flow-through experiment, set-up as a media bed that would be similar to an advanced filtration set-up at
the land-based fishery, was tested with two different flow rates for both the fine and coarse grade of
media. The experiment loaded a column with 0.2 mg P/L until the chosen 20% removal of the influent P
cut off point. At the higher residence time, the fine media removed 11.3±0.01 mg P/g media whereas the
coarse media removed 7.51±0.08 mg P/g media. The effect of residence time in the flow-through test was
minimal for the fine media, indicating a contact time of as low as 13.5s does not significantly affect the
total removal capacity. Conversely, an increased flow rate reduced the capacity of the coarse grain size by
40%, indicating a contact time of 27s is needed for the coarse grade media without a significant loss in
performance.

4.1 Introduction
Phosphorus (P) run off into water bodies is regarded as the primary nutrient leading to algal blooms and
eutrophication (Wang et al., 2005). Algal blooms reduce the amount of light that can penetrate through a
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water source, killing rooted and emergent vegetation that needs light to grow. With the loss of the
vegetation responsible for the release of oxygen into the affected water, organisms that require oxygen,
such as fish, will die, along with other effects of eutrophication which will effectively destabilize the
ecosystem (Shu et al., 2006). P run off is especially difficult to treat in decentralized locations that do not
necessarily have the resources to employ effective but more economically intensive methods for P
removal such as mechanical, chemical or biological removal. For these decentralized locations, solidphase sorbents applied in filtration operations are considered a more economical alternative method for P
removal from agricultural and municipal waste (Hano et al., 1997; Ayoub et al., 2001; Yang et al., 2006;
Mortula et al., 2007).

Metal oxides have proven to be effective sorbents for P removal. Multiple researchers agree that the
primary properties affecting selection of a P sorbent include selectivity, capacity (measured as mg P/g
sorbent), grain size distribution, and the content of Al, Fe, or Ca ions (Adam et al., 2006; Weng et al.,
2012; Ebie et al., 2008; Hano et al., 1997; Rosenquist et al., 2011; Douglas et al., 2004; Barrow, 1999;
Johansson, 1999; Haynes, 2014). Iron and aluminum oxides are particularly good candidates due to their
high abundance, reasonable sorption capacity, and low cost. Iron oxides typically have a removal capacity
of 3-6 mg P/g iron oxide with up to 51.8 mg P/g iron oxide reported (Douglas et al., 2004). Aluminum
oxides typically have removal capacities up to 20 mg P/g aluminum oxide (Narkis and Meiri, 1981;
Douglas et al., 2004). They are also less hindered at the typical 6-9 pH range of wastewater (Yang et al.,
2014) and have high selectivity for P (Ryden et al., 1987).

In this study, an industrially produced media comprised of iron and aluminum oxides was characterized
for its P removal capacity. The purpose of this study was to determine the potential for this media to be
implemented at a decentralized land-based fishery in an enhanced P removal filter. The experiments
conducted focused on dissolved P as it is the most difficult form of P to control when being transported in
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water (Sonzongni et al., 1982; Penn and McGrath, 2011) and the current wastewater treatment system at
the land-based fishery performs well at removing particulate P as shown in Chapter 3. Semi-batch and
flow-through experiments were used to characterize the effects of grain size distribution and flow rate on
P removal capacity of the media. The results were compared between these tests and unpublished data on
this same media as provided by the manufacturer. All experiments were performed with in-lab prepared
aqueous solutions loading the test media in the range of P that was found in the land-based fishery.

4.2 Materials and Methods
4.2.1 Filter Media
The filter media was an industrially manufacturer and proprietary metal oxide sand in two different grain
sizes, 14/28 and 28/48 gradation, which are referred to as course and fine respectively. The media is
comprised mostly of aluminum and iron oxide. Both grain sizes were found to have a porosity of 42.5%,
while bulk density was 1160±10 kg/m3 and 1190±10 kg/m3 for the coarse and fine grains respectively.

4.2.2 Semi-batch Phosphorus Removal Experiments
A short and a long-term semi-batch P removal experiment were performed to examine the two media’s
capacity for P removal. The short-term experiment was run to determine the theoretical maximum
removal capacity by fitting Langmuir’s isotherm to the experimental data. The long-term experiment was
run to experimentally determine the removal capacity over 30 days. These tests used only dissolved P to
prevent pore clogging of the media which would reduce P removal capacity.

Langmuir’s isotherm is based on the chemical reaction equilibrium equation, where one of the reactant
variables is the total sites on the media for removal, which translates to the total removal capacity.
Langmuir’s isotherm has often been fitted to P removal data with very good precision (Cheung and
Venkitachalam, 2000; Douglas et al., 2004; Adam et al., 2005; Penn and McGrath, 2011). To fit
Langmuir’s isotherm, an experiment has to be run which fulfills equation 20.
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𝑷𝒂𝒅𝒔 = 𝑷𝒊 − 𝑷𝒆

20

Where Pads is the P that has been removed from the system, and Pi and Pe are the influent and equilibrium
concentrations of P respectively. With a range of Pi, or an increased sorbent concentration that would
change Pe, this range of data can then be plotted into the linearized Langmuir’s isotherm shown in
equation 21 Plotting Pe/Pads against Pe allows for the determination of the energy of removal constant K,
and the total P that can be removed by the media, Pmax.
𝑷𝒆
𝑷𝒂𝒅𝒔

𝟏

= 𝑲𝑷

𝒎𝒂𝒙

𝑷𝒆

+𝑷

𝒎𝒂𝒙

21

The experiment was conducted through two sets of tests totaling 6 tests done in triplicate. All tests were
done in 250 mL Erlenmeyer flasks on an orbital shaker (VWR Model 3500 STD). A predetermined mass
of sorbent media, shown in Table 6, was weighed and placed in each Erlenmeyer flask. A stock solution
was created using dipotassium phosphate (Fisher Scientific Cat. #FLP290500) to make to a concentration
of 100 mg P/L, which was diluted to the required concentration for testing in a graduated cylinder. The
concentration of P was tested before being poured into the corresponding flask to determine Pi. Each flask
was then loaded with 0.25L of the corresponding P concentration as shown in Table 6. The concentrations
used were based on the typical range of dissolved P throughout the land-based fishery’s wastewater
treatment system as shown in Chapter 3. The flasks were then shaken on the orbital shaker at 60 rpm for
24h, which was deemed sufficient as sorption reactions are often relatively quick and previous studies
have either not reported their rpm, stating constant agitation (Cheung and Venkitachalam, 2000; Yang et
al., 2014), or had an rpm of 70 (Johansson, 1999). The media was left to settle, often occurring within
seconds, before the entire liquid was decanted into testing flasks, leaving the media in the Erlenmeyer
flask ready to be refilled for the test to be restarted. The media was dense enough that it was very easy to
decant the entire supernatant without losing any of the media into the testing flask. The supernatant was
analyzed for phosphate using a Hach DR 2800 spectrophotometer with a pour-through apparatus,
allowing for a lower detection limit of 19 µg PO43- / L (Method 10055, Hach Company). This method
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uses the molybdate reduction method with ascorbic acid. The residual media in each flask was then
loaded with another 250 mL of the same concentration of P that was previously used. The same procedure
of media being loaded and tested for Pe was performed 4 subsequent days. This procedure was run for
multiple days to see the effect on Langmuir’s isotherm, as well as on the experimental removal of P. This
experiment was run for both the coarse and fine media with the Langmuir’s isotherm being fitted to each
day’s test results.
Table 6: Concentrations and mass of media used for the short-term batch testing for application of
Langmuir’s isotherm to determine the theoretical maximum P removal capacity.
Test #

0

1

2

3

4

5

6

7

Mass of Media (mg)

10

2

8

10

16

24

40

60

Concentration of P (mg/L)

0

0.13

0.03

0.13

0.07

0.01

0.13

0.13

Loading (mgP/gmedia)

0

16.25

0.94

3.25

1.09

0.10

0.81

0.54

The second semi-batch experiment run was a long-term test to experimentally quantify the P removal
capacity. Twelve Erlenmeyer flasks were used in this experiment, 6 having the fine media and 6 having
the coarse media. For each grade of media, 40 and 60 mg of media were tested in triplicate. The media
was loaded with 0.13 mgP/L. The same procedure as the short-term batch testing was used but replicated
for 32 days. As the experimental procedure was the same, the first 4 days results were also included in the
short term testing analysis, shown as Test 1 and 3 in Table 6.

4.2.3 Flow-through Phosphorus Removal Experiment
To test the effect of residence time on a phosphorus sorbent comprising of aluminum and iron oxide, a six
reactor flow-through apparatus was constructed. A variable speed cartridge pump (Cole Parmer
Instrument Co. Model 7553-80) was used to pump a standard concentration of phosphorus to the bottom
of each reactor. Each reactor was made of a 6” (15.24 cm) tall, 2” (5.08 cm) inner diameter acrylic tube
with a nozzle 5” (12.7 cm) up from the base of the reactor. The top was open to the atmosphere. Five
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reactors had an operating volume of 237 mL while the last had an operating volume of 245 mL. The
reactors were held in place by a support stand.

Six reactor cells were used to test two different flow rates, with one flow rate double of the other. The
flow rate was doubled by using two different internal diameter (ID) influent tubes. An ID of 1.6 mm
(Masterflex #14) was used for the longer residence time whereas an ID of 3.1 mm (Masterflex #16) was
used for the shorter residence time. Due to the physical constraints of the pump, the slowest residence
time possible was determined to be 27s with the corresponding 13.5s for the fast flow rate. These flow
rates correspond with a velocity of 2880 and 1440 cm/day. The residence times were determined through
trial and error by determining what one residence time could be exactly double the other based on the
increased tube size but using the minimum speed of rotation for the pump that could pump water out of
the influent storage vessel. This was a very high surface loading rate in comparison to previous studies
which had surface loadings of 4 (Cheung and Venkitachalam, 2000), 9 and 24.9 cm/day (Baker et al.,
1998), which comparatively used very long studies. These long studies would be typical for in-field
applications for the purpose of being used as a wetland media or on-site wastewater treatment system that
would need a longer residence time to remove solids to prevent clogging the media bed. The surface
loading rate used here however was considerably lower than the 5940 cm/day used in previously
unpublished data on the same media and therefore the loadings used here were considered the midpoint
between other published and unpublished loadings. Additionally, it was considered to be appropriate to
use a higher surface loading due to no solids being present in the influent that could clog the media filter
at higher surface loading rates. Each media cell, labelled A-F, consisted of 150 g of virgin 20/30 grade
silica sand to hold the influent tube in place and better disperse the influent flow to keep a constant
surface loading through the media bed (Penn and McGrath, 2011). Cells B-E contained 25 g of media
whereas cells A and F were used as treatment blanks and thus contained no media. The flow rate for cells
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A-C was 28,800 cm3/day whereas D-F had a flow rate of 57,600 cm3/day. The reactor operating
parameters are shown in Table 7.
Table 7: Parameters for the flow-through media bed reactor set up. The set up was run twice, once
for the fine and then for the coarse media.
Reactor ID

Mass of Silica

Mass of

Residence

Surface Loading

Sand (g)

Media (g)

Time (s)

(cm/day)

A

150

0

27

1440

B

150

25

27

1440

C

150

25

27

1440

D

150

25

13.5

2880

E

150

25

13.5

2880

F

150

0

13.5

2880

The media was loaded with 0.2 mg P/L as that is the highest concentration of dissolved P that flows
through the land-based fishery’s wastewater treatment system that is not laden with solids as previously
discussed in Chapter 3. The solution used dissolved P as to not clog the pores of the media which could
limit the P removal capacity of the media. The test liquid was pumped to the bottom of the reactor, into
the sand bed where it flowed upwards through the media, and then out through a side nozzle by gravity as
shown in Figure 9. 250 mL of effluent was sampled from each reactor daily in a sampling Erlenmeyer
flask to verify loading rate, then used to test the concentration of P. The concentration of P was tested
using the same pour-through molybdate reduction method with ascorbic acid as discussed for the semibatch tests. After determining the concentration of P for both the treatment blanks and the reactors, the %
removal of P by the media bed could be reported. This experiment was done for both high and low flow
rates on the fine as well as a coarse media, concluding when each duplicate test reached <20% removal.
20% removal was used as a cut-off point as that was the cut-off point in the past unpublished study by the
manufacturer.
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Figure 9: a) Diagram of the flow through apparatus used to evaluate the effect of residence time on
two different grades of aluminum and iron oxide media. b) An enlarged picture of an individual
reactor cell. c) A picture of the actual set up in operation.

4.3 Results and Discussion
4.3.1 Semi-batch Phosphorus Removal Experiments
The short-term and long-term semi-batch phosphorus removal experiments were used to first theoretically
and then experimentally determine the total removal capacity of P. The initial short-term test results were
fit with Langmuir’s isotherm to determine Pmax. Pmax is the theoretical maximum P that could be removed
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by the media, often normalized by mass of media, as previously described in Equation 21. Table 8 shows
the Langmuir isotherm parameters from the semi-batch P removal experiments, where one cycle is a 24h
test where the residual media from the previous cycle was retained and subject to a fresh load of P as
described in section 4.2.2. The Pmax generally showed a decrease in maximum removal at increased cycles
of testing. This would be expected as the total P that could be removed would diminish as P removal sites
filled with each repeated experiment. Pmax was estimated to be smaller than previously unpublished data
suggested (e.g. 5 mg P/g media) for the fine media. It was also estimated to be on the low end of
previously reported values for iron oxides of 3-18 mgP/gmedia (Douglas et al., 2004; Wendling et al.,
2013) and significantly less than values reported for aluminum oxides of 7.6-18.5 mgP/gmedia (Narkis
and Meiri, 1981). Pmax increased by 67% from the coarse media to the fine media during the first cycle.
This larger than expected increase, considering their similar characteristics such as porosity and bulk
density, continued for all experiments. The notable increase in capacity demonstrated by the fine media in
comparison to the coarse media can likely be attributed to the easier access to micropores, as the porosity
was found to be the same between both media grades, effectively eliminating the comparative effects of
macroscale surface removal. The reasons that K, which represents the affinity of P to the media, had
negative values is due to the saturation of the small mass of media tests after 4 cycles. Though the fit of
the model is good as shown by the coefficient of determination (R2), the estimations of Pmax should only
be considered for the first cycle as is normally done in literature (Cheung and Venkitachalam, 2000;
Wang and Yuncong, 2010).
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Table 8: Estimated Langmuir isotherm parameters for the fine and coarse short-term semi-batch
media tests.
Cycle
Fine

Coarse

1

R2

Pmax (mgP(gmedia)-1)

K (L*gmedia(mgP)-1)

3.54

20.04

2.19

11.32

2

0.81
0.09

3

0.95

2.15

44.40

4

0.95

0.77

-1632.25

1

0.90

1.18

24.90

2

0.93

0.62

844.68

3

0.38

3.29

7.63

4

0.67

0.14

-47.48

The experimental total removal of P normalized per g of media was determined with a long-term semibatch experiment with final results shown in Table 9. All four of these values, differentiated by mass of
media and grain size are higher than the manufacturer’s specifications of 5mg P/gmedia. Furthermore,
only half the cases got to the 20% removal cut off that the manufacturer used, indicating that there was
still further removal capacity in the other two tests. Figure 10 shows an extended initial high removal of P
plateau followed by a steady decline which has been seen in previous media tests of the same design
(Ryden et al., 1977; Cheung and Venkitachalam, 2000; Adam et al., 2006). All removal values are greater
than the theoretical Pmax values determined in the short-term semi-batch testing and are now within range
of typical removal range of aluminum and iron oxides of 3-18.5 found in literature (Narkis and Meiri,
1981; Douglas et al., 2004; Wendling et al., 2013). It would be expected that a semi-batch system would
demonstrate higher removal potential than the manufacturer specifications which were made based on
flow-through testing. This is due to semi-batch processes allowing for a very long retention time to allow
the media and P-laden solution above it to equilibrate. This provides a lack of interferences to the media,
often demonstrating overestimation of removal values (Adam et al., 2005). The Pmax values derived from
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Langmuir’s isotherm are often overestimated due to the equation not including the potential for
desorption (Harter and Baker, 1977; Cheung and Venkitachalam, 2000). Furthermore, the Pmax value is an
absolute maximum which does not take into account the 20% cut off so theoretically it would be expected
to be an even greater overestimation. Considering Langmuir’s isotherm is often used as a quick
performance and only test to determine capacity (often over estimated capacity). In this research, the Pmax
values have been significantly under predicted from the isotherm which would have reduced the capacity
for removal by >50% if used as for design purposes. This shows that as simple as performing a single
batch isotherm test to determine Pmax and its relation to removal capacity, it is clearly not the best method
for determining removal capacity in this case.
Table 9: Total Removal of P per g of media based on the semi-batch tests.
Particle Size

Media Mass (g)

Total Removal (mgP/gmedia)

Coarse

0.04

7.9±0.6

0.06

7.4±0.3

0.04

9.8±0.1

0.06

11.3±0.3

Fine
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Figure 10: The percent removal of P based on the long-term semi-batch P removal experiment.
Each point represents a 24h test run in triplicate.
4.3.2 Flow-through Phosphorus Removal Experiment
The flow-through experiment was designed to resemble a media bed filter with upward flow. A flowthrough experiment often better represents a pilot scale test than batch tests due to the constant hydraulic
loading of the media in question in comparison to the sporadic hydraulic loading in batch tests (Stoner et
al., 2011). From the flow-through testing, the time-dependence of removal is shown in Figure 11 where
the x axis is given in the unitless parameter “bed volumes,” which is the amount of times a volume of
water has passed through the volume of the media bed, as described by equation 22 to allow for scaling.
The experiment was operated until the media removed less than 20% of the influent P. The abundant
results at the beginning of (a) is attributed to running the flow-through experiment for 2 hours before
testing, subsequently stopping the test to refill the influent barrel. This method was changed to fully
continuous at 50000 bed volumes and operated continuously other than the high % removal of P values at
125000 in Figure 11a) and 1250000 of Figure 11b) bed volumes where the experiment was stopped for 3
days and then restarted. The total removal of P per g of media based on the residence time is shown in
Table 10. It is quantitatively evident that the coarse media was affected by residence time as it lost 54% of
its removal capacity when the residence time was halved. Comparatively, the fine media only lost 4% of
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its removal capacity with the reduced residence time. This signifies that the sorption mechanism is much
more active in the fine media allowing it to sorb very quickly, likely due to the easier access of
micropores in the fine media.
𝐵𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 =

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑇𝑖𝑚𝑒
𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒
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Figure 11: The percent removal of P based on bed volumes of the coarse grain size (a) and the fine
grain size (b). The experiments were run at two different residence times represented by (■) as a
residence time of 27 s and (▲) as a residence time of 13.5 s.
Table 10: Total removal of P per g media based on the flow-through experiment.
Particle Size

Residence Time (s)

Total Removal mg P/ g Media

Coarse

13.5

3.45±0.07

27

7.51±0.08

13.5

10.89±0.00

27

11.3±0.01

Fine

The semi-batch and flow-through methods differ based on loading rate and residence time but still can be
compared if both tests have similar characteristics. A similar characteristic could be the cut-off point for P
removal, in this case 20% removal. At this cut-off point, regardless of the total P removed or the contact
66

time, the media would be considered saturated as it would no longer be removing sufficient P. In this
case, the coarse media from the semi-batch 0.04 g test and the coarse media flow-through test can be
compared for total removal in terms of contact time as they both were coincidentally stopped at ~20%
removal. Recognizing the fact that both tests are fundamentally different in terms of driving force as the
semi-batch test has idealistic loading to achieve P removal equilibrium, the test would still be considered
to have a 24h contact time. Despite their physical differences, the decrease in contact time from 24h to
27s reduced the total P removal marginally from 7.9±0.6 to 7.51±0.08 mgP/gmedia. Continuing to
decrease the contact time to 13.5s decreases the total removal capacity to 3.45±0.07 mgP/gmedia. This
suggests that the minimum contact time for effective removal is approximately 27s when considering
designing an in-field flow-through apparatus using the coarse media without any solids input. The same
comparison can be made for the results from the 0.04g fine media semi-batch test, which was stopped just
before it reached 20% removal, and the fine media flow-through tests. The 0.04g fine semi-batch test
removed 9.8±.1 mg P/gmedia whereas the flow-through test removed 11.3±0.01 and 10.89±0.00
mgP/gmedia in the 27s and 13.5s flow through tests respectively. This would suggest that the change in
residence time from 24h to 13.5s between the semi-batch tests and flow-through apparatus has a minimal
effect on total removal capacity. However, this is not necessarily the case as the 0.06g fine long-term
semi-batch test was ended at 55% removal where it had already removed 11.3±0.3 mgP/gmedia,
indicating it still had capacity for further removal under the optimal semi-batch settings. Since there was
minimal change in removal capacity between the flow through tests and the long-term semi-batch test on
the fine media, the minimum contact time of 13.5s could be used as a design variable without significant
loss of total P removal capacity. Though difficult to directly compare P removal data between previous
studies due to many different parameters that can affect the overall performance of the media in question,
past studies on similar iron oxide contact times were found to have slightly higher contact times. A
previous study that looked into contact times which included the use of multiple iron oxides for P removal
from aqueous wastewater found that the contact time needed to be up to one hour (Baker et al., 1998)
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whereas Boujelben et al. (2008) found a contact time of 15-25 minutes was needed with iron oxide coated
brick particles. Koumanova et al. (1997) developed a model for the removal of aqueous P with red mud
waste and found that the lower limit of 2 min was the optimal contact time for P removal. All three
studies were laboratory scale experiments which did not include suspended solids in their influent stock
wastewater solutions (Koumanova et al. 1997; Baker et al., 1998; Boujelben et al. 2008).

Of the three tests performed, the flow-through apparatus is the most realistic in terms of in-field
application scaling. This differentiates the contact method, where a semi-batch experiment would not
represent a typical technology in the field. With considerable difference in contact method, the media still
performed well with the major effects being defined by contact time and grain size. The effect of contact
time is clearly a more significant factor for the coarse media; though with such a low contact time needed,
the significance for an in-field application would likely be negligible. With the similarities of these two
media in regards to density and porosity, the effect of grain size would typically favor the smaller media,
increasing the access to micropores and surface area. This was clearly observed as every test with the fine
media showed an increase in removal capacity in comparison to its coarse test counterpart.

4.4 Conclusions
Three methods were used to determine total P removal capacity of a manufactured iron and aluminum
oxides media. Both grades of media tested showed significant capacity for low concentration P removal in
long-term semi batch and flow-through media bed testing. The maximum P removal capacity was
significantly under predicted by Langmuir’s isotherm, though the trend first shown in the Langmuir’s
isotherm testing of the fine media having a greater P removal capacity than its coarse counterpart was
observed in all future tests. The long-term semi-batch tests showed that there was an increase in total
removal capacity of 19-34% from the coarse to the fine grain media. The flow-through apparatus, which
best describes how this media would be applied as an advanced filtration set-up in-field was cut-off when
the media removed 20% of the influent P or less. The flow-through experiment showed that a minimum
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contact time needed for the coarse media was 27s whereas the fine media showed no significant loss of
removal capacity when operated with a contact time as low as 13.5s. The coarse media removed
7.51±0.08 mgP/gmedia with a contact time of 27s whereas the fine media still outperformed the coarse
media with a total P removal of 10.89±0.00 mgP/gmedia at a contact time of 13.5s. Contact time, total
removal capacity, and flow conditions provide valuable design parameters that indicate the media would
be a strong candidate in advanced filtration applications for P removal.
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Chapter 5
3D model for the transport of dissolved phosphorus in a wastewater
stabilization pond system
Abstract
A comprehensive fluid dynamic model was formulated to describe the wastewater stabilization pond
system (WSPS) of a land-based fishery. The hydrodynamics are based on the Navier-Stokes equation for
incompressible fluids with the Boussinesq assumptions to describe the flow in 3 dimensions. This
hydrodynamic model was coupled with a phosphorus (P) transport water quality model to predict the
effect of incorporating a P removal mechanism in the WSPS. A base case was developed from
background testing data, then stressed with a P removal mechanism. The effect of removing and treating a
flow of P laden water resulted in certain expected results. Higher flow treatment resulted in a more
successful removal of P, whereas low flows resulted in minimal or no change in P removal. A maximum
of 32% removal of P was found when treating 50% of the WSPS effluent flow. The P treatment could be
increased with greater treatment flows.

5.1 Introduction
Wastewater stabilization pond systems (WSPS) are common for the treatment of wastewater from
decentralized locations. WSPS are often used due to their low cost, and being a natural or passive
treatment method that requires little maintenance if designed correctly. WSPS treat influent through a
variety of physical and biological processes (Sonzongni et al., 1982). However, their removal efficiency
for pollutants is highly site specific as each WSPS differs greatly from one another based on geometry,
influent concentration and type of pollutant, flow rate, and biological diversity (Sah et al., 2011). Of these
pollutants, the removal of P is critical as excess P in natural ecosystems is the leading cause of
eutrophication (Wang et al., 2005; Vohla et al., 2011). Biotic removal of inorganic P, used by microbes
72

and plants for growth, sequestered in leaves or in subterranean roots is considered short-term removal
whereas abiotic processes including precipitation, sedimentation and sorption are considered long-term
removal (Pietro and Ivanoff, 2015). Richardson (1999) found that 50-90% of P in a wetland system,
somewhat similar to WSPS, is found in the soils. Therefore, if the WSPS has no more capacity for P
precipitation, sedimentation, or sorption inorganic dissolved P will not be removed through passive
treatment. Vohla et al. (2011) have shown that filtration using active P removal media is a suitable
upgrade for the removal of inorganic P from WSPS.

Although WSPS have been studied extensively in the past 30 years, their specific processes or removal
mechanisms are seldom fully understood (Sah et al., 2011). In response to this lack of understanding,
modelling of environmental processes has become an increasingly used, low cost tool to simulate
environmental treatment processes and their responses to changes in operation (Sah et al., 2011; Gal et
al., 2014; Robson, 2014). Models involving P can differ from being very complex ecosystem models
which link an aspect of the P cycle to biogeochemical processes, that focus on certain biota and how they
affect the P cycle, to models that use a limited amount of processes to simulate variations in water quality
(Robson, 2014). Paedel and Jawitz (2012) argue that though more complex models can exhibit added
flexibility by simulating more processes, their increased complexity leads to a greater sensitivity from the
input to the output.

This research examines the potential of numerical modelling to better understand changes to the P cycle
in a WSPS using the Delft-3D water quality simulation software. The goal of this research is to simulate
the effect of incorporating an active P removal mechanism in a WSPS model to see how the transport of P
would change. The model demonstrates the effects of wind on the hydrodynamics as well as the P cycle
through sediment-water interactions and removal by native concentrations of iron.
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5.2 Model Development
5.2.1 System Boundaries
The current model focuses on the hydrodynamics and P transport of a land-based fishery’s WSPS. The
hydrodynamics, including the flow of water and transport of substances due to advection and diffusion,
was forced by wind and a flow based on water level effluent boundary condition. The transport of P was
determined through the adsorption of P on the sediments as well as the precipitation and adsorption based
on native concentrations of iron in the system.

5.2.2 Field Data
On-site sampling of various parameters was done at the land-based fishery during 2013 and 2014, as
described in Chapter 3. Flows into the system were determined through either flowmeters or maximum
flows of pumps. Late April was used as the simulation period as that is a known high fish biomass time
for the fishery. Bathymetry was physically measured on April 23, 2014 using a meter stick placed on a
4.57 m extension pole allowing the measurement of numerous points around each pond and connecting
stream. The center depth of each pond was input as the designed depth of that specific pond. Through
numerical smoothing of the entire system, the center depth of each pond was raised to make a smooth
transition from the exterior sampling points to the middle of each pond. Though not necessarily
quantitatively accurate, the accumulation of solids over the time the WSPS has been active would likely
raise the center of the ponds to approximately these levels. Wind data was used from CFB Borden, a
meteorological station approximately 65 km from the land-based fishery. Solids testing showed that the
majority of the solids settled out within the first pond, and thus was deemed insignificant for the rest of
the pond and omitted from the model. This is consistent with other water quality models that show a lack
of suspended solids and thus exclude them from their model (Kayombo et al., 1999; Dochain et al, 2003;
Sah et al, 2011).
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5.2.3 Model Concept
For this study, Delft 3D modelling suite by Deltares, Netherlands
(http://oss.deltares.nl/web/delft3d/home) was used to simulate a WSPS. The Delft suite of solvers include
Delft-3D Flow for the hydrodynamic model which can be coupled with Delft-3D WAQ which is a water
quality solver. Delft-3D is a Navier-Stokes based hydrodynamic model for incompressible fluids using
the shallow water and Boussinesq assumptions (Deltares, 2014). For this model the inbuilt standard k-ε
turbulence model was used to solve the turbulence effect, and the shear stress of wind was also applied to
the surface of the water. Delft-3D WAQ uses the Delft-3D Flow simulated hydrodynamics (water level,
flows and turbulent diffusion) to solve the advection-diffusion-reaction equation and dispersive transport
equations. The simplified Langmuir P adsorption model, which includes the addition of native iron into
the system, was used for the water-sediment interface reactions. For more detailed information on the
numerical processes that were used in this research, refer to Appendix A. For more detail on the Delft
suite of solvers, please refer to the Delft3D Flow (Deltares, 2014) or WAQ manuals (Deltares, 2014).

5.3 Case Study
The success of a numerical model depends on the availability of representative data. However, it is
extremely challenging to produce all the essential data required for each individual study. This remains
true for this study which uses as much known data as available with other variables logically assumed
based on previous literature or values suggested in the Delft user manuals.

5.3.1 Development of the hydrodynamic model
A 2D spatial schematization of the WSPS was developed with the Delft-3D in-suite grid development
tool RFGRID based on physical measurements of the pond system. In-field bathymetry points, which
were taken on the edge of each pond, were then added to the grid using the 3D spatial schematization tool
of the Delft-3D suite, QUICKIN. The center points of the bathymetry, which could not be physically
measured, were set to the initial design specifications of the system. Through numerical smoothing these
points were raised, as would be expected with the long period that the WSPS has been operated. The
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model was simulated from April 17 at 00 00, finishing at April 24 at 00 00. A time step of 0.001 min was
used to satisfy the courant criteria, needed due to the small grid size of the system. The grid had to be
made with a maximum of a 1mx1m mesh to physically represent the small 1m channels between ponds.
Though having a 1 cell width in some channels stresses the system, it was deemed adequate based on the
already low time step which incurs a large computing time. The grid was divided into three vertical water
level layers, the top layer consisting of 20%, middle layer consisting of 60%, and the bottom layer
consisting of the remaining 20%. This was done to better illustrate the effect of wind on the top layer and
the bulk flow less influenced by the wind in the middle layer. The model was initially run for 31 days
where it took 24 days to reach a numerically stable equilibrium, and this restart point was then used for
subsequent cases. Once achieved, start conditions were saved and used for all subsequent simulations,
lasting seven days each. As no tracer test was performed on the WSPS, it was omitted from the model.

Air temperature, humidity, rainfall, and solar radiation were not included in this model as climactic
effects were considered negligible. Evaporation and rainfall were neglected as the flow of the system was
considered great enough that the loss of water due to evaporation or gain of water from rainfall would not
significantly contribute to the daily flow. Air temperature was not modelled as the water temperature
remains stable around 10-15 oC, dependent on the season, yet constant during the week this simulation
was run. In future work, if multiple seasons were to be modelled, air and water temperature would have to
be represented on a non-constant basis. No parameters in the WAQ model required solar radiation and it
was therefore omitted.

The 2D spatial schematic is shown in Figure 12. The influents and effluent are labelled with letters:
1) A is the raceway underflow which is a pump used as a vacuum to clean the raceway. It is
operated based on operational need and is modelled as a 1 hour discharge with a concentration of
1mgP/L.
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2) B is the roto-drum effluent which is a low flow but high concentration of P stream. It is modelled
as a continuous discharge at the highest capacity of the roto-drum pumps as an exact flow rate is
unknown.
3) C is the raceway overflow which constitutes >90% of the total flow representing a very low
concentration P stream. It is modelled as a continuous discharge into the WSPS at the average
flow rate of the water that is discharged into the raceway.
4) D is the egg room overflow. This system is a very shallow, very slow flow that was not modelled
due to the elevation change and lack of P from the in-field testing.
5) E is the effluent from the system. It is modelled as a flow-height relationship where the steady
state flow is equal to the combined inputs to the system.

The numbered (1-16) sampling points for both water and sediment testing are described further in Chapter
3. The ponds are labeled with their bulk flow direction as well as their corresponding Greek letter. The
line directly preceding sampling point 12 is a flow-over weir. The remaining Delft3D Flow inputs are
summarized in Table 11.
Table 11: User inputs for the Delft3D Flow hydrodynamic model.
Input
Time Step
Gravity
Water Density
Air Density
Wind Drag Coefficient
Wind Drag Coefficient
Roughness
Wind Velocity

Value
0.001
9.81
1000
1
0.0004
0.00723
0.02
Variable

Unit
min
m/s2
kg/m3
kg/m3

m/s

Remarks or Reference

At 0 m/s wind velocity
At 100 m/s wind velocity
Delft default Manning coefficient (Deltares, 2014)
Defined based on background data.
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Figure 12: 2D schematic representation of the WSPS, including bathymetry which was produced from a depth analysis on April 24, 2014
then mathematically smoothed. 8

8

The sampling points shown in Figure 12 are discussed in Chapter 3. Observation points described further in Chapter 5 are data save points in the numerical
model.
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The hydrodynamic model was validated based on three outputs: the velocity vector profile, the
instantaneous discharge at the effluent, and the water level. These three outputs were considered
key parameters as they govern the necessary continuity of the model as well as its relationship as
a numerical representation of a physical system. The velocity profile was used as it shows the
direction and magnitude for every grid cell. Not only does this illustrate the effect of the wind on
the top layer but it shows the velocity of the bulk flow, determining if the water is flowing in the
correct direction. The velocity of the WSPS was not checked with a drogue or other device and
thus the check is estimated correct based on known qualitative observations and flow path of the
WSPS. The instantaneous discharge at the effluent is used as a continuity check to confirm that
the flow into the system is equal to the flow out. The water level is used to ensure that the system
is operating at a comparable level to that which was tested in the field. There should be a
hydraulic gradient to force water in the correct direction. The velocity profile check is shown in
Figure 13a), the water level check is shown in Figure 13b), and the instantaneous discharge at the
effluent is shown in Figure 13c). The velocity reference arrow in the top right of Figure 13a) is
approximately 0.025 m/s. The discharge in Figure 13c is negative due to the referencing in
Delft3D-Flow where to the left is negative where the spike before Apr 23 is due to a vacuum
underflow event.
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a)

b)

c)

Figure 13: Hydrodynamic checks for the base case scenario.
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5.3.1 Development of the WAQ model
The time step of the WAQ model was set to be 10 minutes and simulated for seven days. Detailed
influent conditions based on in-field testing were input into the system in the forms of the
concentrations of P and iron. Though these data do not necessarily come from the exact date in
which the model was simulated, the relatively steady influent parameters of iron and P from the
raceway made this assumption realistic.

The influent iron concentration was modelled in accordance with the inbuilt inorganic matter
concentration which was set to be 100% soluble iron. When reacted with P, this inorganic matter
is removed as it is no longer available for removal with P. This was the only inbuilt option for the
incorporation of iron as a P removal mechanism but is realistic in accordance with the
background iron concentration present examined in Chapter 3. There are other processes that
would affect the dissolution or precipitation of iron such as dissolved oxygen, which would
oxidize the iron ions into iron oxides. Iron oxides also adsorb P on its surface- in this case, the
removal of P by iron from solution would be considered a coupled removal process based on the
soluble concentration of iron.

The WAQ model was validated based on the inbuilt continuity check and on background field
testing P concentrations. Continuity was first checked to confirm that no mass was being
generated or consumed that was not accounted for. Through the coupling of the Flow model to
the WAQ model, the discharge values were incorrectly converted. The modelled discharge in the
base case is the raceway underflow. If left unchanged, the base model had a 0% continuity
change, remaining at 1 g/m3 continuity in and 1 g/m3 in the effluent. This 0% change is shown in
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Figure 14a before the changed discharge event. Changing the discharge to the correct flow values
increased the continuity to a maximum of 1.05 g/m3, or 5% error from the initial 1 g/m3 after the
discharge event from the raceway underflow, shown in Figure 14b. The continuity of 1 g/m3
quickly dissipates to 1.0003 g/m3 over all of pond α. This minimal error added to the model was
deemed insignificant in comparison to the improvement in physical representation that having the
correct discharge gains. The error is localized in Pond α as seen in Figure 14 and therefore would
not directly affect any of the withdrawals or discharges in the presented cases.

The transport of P was checked based on background P concentrations which were presented in
Chapter 3. Of the parameters changed to better represent the transport of P, the model was most
sensitive to dispersion. A value of 0.001 m2/s was used as the dispersion coefficient. A low
dispersion coefficient could be expected from this system as the background field testing showed
the concentration of P remained relatively consistent throughout the system after sampling point
7, directly after the raceway overflow shown in Figure 12. This would indicate minimal
dispersion in the system. Three runs of the base case with increasing dispersion are shown in
Figure 15, where a) is the initial concentration for all cases, while b), c), and d) are 0.001, 0.01,
and 0.1 m2/s dispersion at the end of the model. The other possible calibration parameters were
sorption rate, mass of P removed per gram of iron in the sediments, and distribution coefficient.
These values were input based on proven values found in literature, as shown in Table 12, using
solely dispersion as the calibration variable.
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a)

Localized error
b)

Figure 14: The continuity check for the base case in layer 2. b) Represents the maximum
change from continuity=1 g/m3.
a)

c)

b)

d)

Figure 15: Change in P concentration based on changing dispersion. The legend is in
mgP/L.
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Table 12: User inputs for the Delft3D WAQ water quality model.
Input
Horizontal
Dispersion
Vertical Dispersion
P Equilibrium
Constant
Adsorption Capacity

Value
Unit
0.001 m2/s
1.00E-07 m2/s
0.1 m3/gP

Adsorption Rate
pH
Ambient Water
Temp

0.01 gP/gFe
0.001 1/d
7.5
15 oC

Remarks or Reference
Calibration parameter.
Delft initial condition (Deltares, 2014).
(Wang and Yuncong, 2010)
Value in the range of (Brown et al., 1999;
Wendling et al., 2013).
(Wang and Yuncong, 2010) and Chapter 3.
Background data in Chapter 3.

5.3.2 Scenario Analysis
Previous studies have analyzed numerous processes using Delft-3D flow coupled with Delft-3D
WAQ. Previous models, often encompassing all treatment properties for the purpose of
determining BOD removal or algal effects, include P however its transport is not crucial to the
overall success of the model (Kayombo et al., 1999; Sah et al., 2011; Dochain et al., 2003). This
study intends to determine the effect of inorganic P transport on the operation of a WSPS when a
withdrawal of water is taken and returned back in the system after being treated for P.

Figure 16 shows the three scenarios that were simulated in Delft-3D. The first scenario illustrates
the WSPS with normal inputs and one discharge from the raceway underflow, referred to as the
base case. The second scenario, or scenario i, is the base case showing a withdraw and return in
pond β. This would represent a withdraw of water, removal of P, followed by a return of the
treated water back into the WSPS. The third scenario, or scenario ii, is the base case showing a
withdraw and return in pond γ. It was found that it is more beneficial to place a P removal
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mechanism after the raceway overflow as described in Chapter 3. However, the implementation
of an advanced filtration system would require a source of electricity which is close to pond β.
This would create physical limitations in the successful implementation of a treatment operation
far from pond β. Scenario i and ii have three flow cases; a withdraw and return equal in flow to
and during the raceway underflow of 0.00011 m3/s, a case with 10 times larger flow withdrawn
and returned than the raceway underflow for 24h encompassing the raceway underflow event, and
a case when there is a withdraw and return for the entire simulation period equal to 10 times
larger flow than the raceway underflow. A final case of 100 times the raceway underflow was
simulated for scenario i. This same scenario was not replicated for Scenario ii as it would be
withdrawing more water than would typically flow through the Pond β. These cases are
summarized with their results in Table 13 in section 5.4.1.

85

ii

i

Figure 16: Location of the withdrawals for scenario i and ii as well as observation points 1-6. The legend is presented in mgP/L.
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5.4 Results and Discussion
5.4.1 Flow Profile
Figure 17 shows the velocity profile of each layer as well as the depth averaged velocity profile in
the base case scenario looking at the effluent of pond γ on April 24th, 2014 at 1am. Layer 1
(Figure 17a) is the top 20% layer which is most affected by wind, layer 2 (Figure 17b) is 60% of
the water level under layer 1 and corresponds to the bulk flow, while layer 3 (Figure 17c) is the
bottom layer most affected by the roughness of the bottom of the pond. The average of these three
velocities is shown in Figure 17d. The magnitudes of the vector for each grid cell is small
(reference vector shown in top right of Figure 17b is approximately 0.012 m/s) however it is clear
that layer 1 is significantly affected by wind, which at this point in time was blowing at 6.67 m/s
at an orientation of 310o. The wind typically blows around 5 m/s in the range of 200-300o from
the reference point of the WSPS. The bulk flow, as well as the depth averaged flow moves in the
qualitatively correct direction. The wind shear stresses were not changed from the Delft3D Flow
recommended initial values as the change in wind stresses based on wind velocities are often
difficult to quantify and are site-specific. This assumption is of particular note as the effect of
wind is often a key component for dispersion and the reaeration of pond systems (Agunwamba,
1992). Beyond not having the data available to justify the exact shear stress of the wind, the
dispersion was used as a calibrating variable in the water quality model and should incorporate
the stress of wind. Reaeration of the ponds in this case would not be a factor as no air temperature
or dissolved oxygen is modelled.
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b)

a)

d)

c)

Figure 17: The depth and depth averaged velocity vectors of pond γ flowing to the subsequent pond.
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This 3D hydrodynamic model presented in this study, if validated, would provide valuable insight
into hydrodynamic loading and flow patterns over time with conditions, such as wind.
Conventional tracer tests, drogues, floats, etc. can be costly and prove only reliable for the period
of time in comparison to the predictive nature of numerical modelling (Sah et al., 2011). In
addition, very low velocity ponds such as this WSPS, are often problematic for accurate onsite
measurements (Agunwamba, 1992; Shilton and Mara, 2005). Though the egg room overflow as
well as any abnormal operational discharges, such as cleaning of the tanks or raceway were
omitted, these are minimal physical flows that would have little effect on the model. External
events, such as the previously mentioned cleaning events or excessive rainfall could be
incorporated but were not considered to have significant influence during this modelled exercise.
Considering these minor assumptions or physical externalities that were omitted, the
hydrodynamic model was for all intents and purposes deemed a suitable model for the
examination of the transport of inorganic P.

5.4.2 Phosphorus Profile
The phosphorus profile can be viewed as an overview of the whole WSPS or as a local
observation point. The overview of April 24th was shown in Figure 16 for the base case to
illustrate the different scenarios. It is clear that the ponds follow a similar trend to that of the
background study of the transport of P in Chapter 3. The passive removal of P is limited to pond
α as well as a small portion of removal into pond β. This coincides with the removal of iron that
is input into the system at the concentrations found in the background study. The concentration of
P in the WSPS stays relatively constant after the input of the raceway underflow. These results
indicate that it would be more beneficial to incorporate a P removal mechanism after the raceway
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overflow as Pond α and β are effectively and passively removing P. However, it may be more
beneficial to remove P in pond β where the concentration of P is higher resulting in a more
favorable driving force in a sorptive media filter. It is also important to note that although the
concentration here is below industry requirements for stringent P effluent standards, this model
only accounts for ortho-P. Particulate or organic P, though in smaller quantities, would also be
present in the actual system.

The system was sensitive to the input of P. The base case performed used known average values
from the period that was being simulated as summarized in Chapter 3. To test the sensitivity of
the system to differing loads, a simulation was run with the raceway overflow, normally 0.05
mgP/L, to 0.1 mgP/L with all other parameters remaining the same. A simulation was then
performed with only the rotodrum P concentration being increased to 2 mgP/L from 0.8 mgP/L.
The results are shown in Figure 18 where blue is the base case, black is the high rotodrum
concentration case, and red is the high raceway overflow concentration case. The results
illustrate that the system is sensitive to higher raceway overflow concentrations. This is expected
as the flow for the raceway overflow is over 99% of the total WSPS flow. The possibility of the
raceway overflow being higher than the values used for the base case is relatively low as all
results in Chapter 3 showed minimal deviation from 0.05 mgP/L. The period simulated had the
highest biomass in the land-based fishery since it began operation. Therefore the value used
should be representative of a high P case. The concentration of P used for the rotodrum effluent is
also high in comparison to background tested values in Chapter 3. However, there was one
sampling point as high as 1.8 mgP/L, signifying that it is possible to have a base case similar to
the high rotodrum case. This should be considered if designing a treatment system, however it
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does not deter from the concentration used for the base case that is from a sampling date being
simulated.

Figure 18: Two cases of differing phosphorus loads, a high rotodrum load (black) and a
high raceway underflow load (red), compared to the base case (blue).

5.4.1 Removal Efficiency
The P concentration of each case is shown for the full week being simulated in Figure 19. Figure
19a) and b) show the effluent concentrations of P at observation point 6 of scenario i) and ii)
respectively. Scenario i) shows a flow being removed and treated for P in Pond β whereas
scenario ii) is a removal and treatment in Pond γ. Each case was designed as a flow equal to or
greater than that of the raceway underflow, listed in Table 13. The blue line in Figure 19
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represents the base case with no additional P removal. The rest of the cases by scenario are shown
in Table 13. Each case represents 100% removal of P based on the flow rate indicated. However,
it would be expected that if a media was used as an advanced P removal mechanism, the
efficiency of P removal would continuously decrease until the media can no longer feasibly
remove P as shown in Chapter 4, using the 20% cut-off point. This case was not investigated as
the declining removal mechanism would have to be coded into the Delft3D WAQ process
portfolio. Based on the results in Chapter 3, it would be beneficial to incorporate an advanced
removal mechanism after the raceway overflow, as acceptable passive treatment currently occurs
directly before it. This scenario would be similar to scenario ii) in which the removal mechanism
is placed in pond γ. Scenario i) was also included as it is closer to the possible electricity sources
and can have a larger P gradient for the proposed sorptive media treatment system.
a)

b)

Figure 19: Removal efficiencies of each scenario based on the effluent P concentration. The
legend is described in Table 13.
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Table 13: Cases for P treatment based on scenario.

Color

Blue
Magenta
Green
Red
Black

Cases
Treatment
Start

Flow
Rate
(m3/s)
0.00011
0.0011
0.0011
0.011

23 04 09
21 04 16
17 04 00
17 04 00

Treatment
Duration
1hr
24hr
7days
7days

%
removal
0
0
0.6
10.3
-

Scenario i
Scenario ii
Max.
Max. Continuity %
Max.
Max. Continuity
Continuity Error at Effluent removal Continuity Error at Effluent
Error
Error
5%
0%
0
5%
0%
5%
0%
0
5%
0%
12%
0.30%
2.6
40%
3%
28%
0.15
-1.2
110%
4.50%
31.8
6%
0%
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The % removal on April 24 at 00 00 of each case is shown in Table 13. The % removal of P was
minimal for all cases except those with continuous treatment. This can be attributed to the large
flow of water and loading of P on the entire WSPS in comparison to the flow treated. For
example, the magenta case which has a flow rate equal to that of the raceway underflow treats
0.5% of the water that flows through the WSPS at any given time. Therefore, it would be
expected to treat 0.5% of the total loading of P at that location. This was not seen in either
scenario, expected to have been caused by the rounding due to the major difference in flows or
the minor continuity error. The highest P removal in scenario i was seen in the full week
treatment in pond β, where 10.3 % of the total effluent P was removed while only treating 5% of
the flow. This case is shown by the red line in Figure 19a. The higher percentage of P removal
compared to flow is due to the greater loading in pond β in comparison to after the raceway
overflow. The highest P removal in scenario ii was found to be 32.8% P removal in the full week
treatment of P with a treatment flow of 0.011 m3/s, equivalent to about 50% of the total flow of
the WSPS. This significant treatment would likely be sufficient to guarantee no additional P
treatment would be necessary if run in this operation in the high P months such as April.

Certain cases had high continuity error. This error was often localized in pond α or the beginning
of pond β and therefore should not affect the stability of the numerical results in the effluent. This
is shown in the max. continuity error in the effluent column in Table 13. The reason the
continuity error is higher in the green and red case for scenario ii), but quite low for the max.
continuity in the effluent is due to the difference in continuity errors from the withdrawal and
discharge. In both cases, the continuity error in the withdrawal removed continuity and then
replaced it in a smaller quantity in the release. The same was shown in the green and red cases of
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scenario i) to lesser extent. In both scenarios, the continuity error equaled out and remained
constant. The extreme example is of red scenario ii) where the continuity error decreased by a
large amount yet was replaced by even more continuity in the treated release. This led to very
large continuity error in the system yet reasonable continuity error in the effluent continuity. The
reasons for these errors lies in the methods in which were used to represent a withdraw and
discharge as well as the amount of numerical save points.

The large continuity error is based on the coupling of the hydrodynamic model to the water
quality model. When coupling, the withdrawal and discharge rates are taken from the
hydrodynamic model based on time and used in the water quality model. For the case of this
hydrodynamic model, it was numerically saved every hour, leading to each saved run taking up
over 350 MB of memory. The water quality model was numerically saved every 10 minutes,
taking up over 425 MB of memory. The initial problem lies in the translation of the discharge
points which are input in 10 minute intervals in certain hydrodynamic points but only saved on
the hour which when coupled promotes interpolation. When these numbers are corrected
manually, they create continuity error. This error is then expanded when using the “in-out”
discharge that was used for all treatment flows except the final 0.011 m3/s flow. This in-out
discharge uses the same hydrodynamics as a withdrawal and the return. This is the ideal case for
treatment as the two discharges are now linked so they should have the same flow, yet due to the
timing differences, the interpolation of results caused additional continuity errors. Therefore, to
reduce continuity errors, all hydrodynamic simulations would need to be numerically saved in
shorter or equal to the time step of the water quality simulation. This method worked for the black
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case in scenario ii, shown in Table 13 where the continuity error is a minimal 6% in comparison
to the similarly high flow red case which exhibited a high continuity error of 110%.

Both scenarios show significant potential for P removal. Comparing the maximum flow
simulation results for both scenarios show that scenario i has the potential to remove more P for
less flow treated due to the higher concentration whereas scenario ii can have a great effect but
must treat a large flow. As compliance standards are sporadically exceeded seasonally, it would
be suggested that a P treatment operation at pond β to be implemented and operated during peak
seasons. Treatment in pond β would be suggested to minimize the flow that is needed to be
treated. If P continues to exceed compliance, it would be necessary to incorporate a larger
treatment flow which would only be possible after the raceway overflow, or scenario ii.

5.5 Conclusions
The hydrodynamics and transport of P of a WSPS from a land-based fishery were numerically
modelled to determine the effects of incorporating a P removal mechanism. The base case was
developed from background data to aid in calibrating and then to validate the model.
Incorporating the removal of P by integrating removal of P laden water, which is then released
back into the system as treated water, led to expected results for the low flow cases. The largest
case that was simulated without significant error removed 32% of the effluent P by treating water
in pond β. This case treated 50% of the total flow of the system for the duration of the simulation.
Significant errors in continuity developed with larger flow rates based on the coupling the
hydrodynamic and water quality model. These errors are discussed and solved to determine the
maximum treatment case. The hydrodynamic and water quality modelling led to a better
understanding of siting a field advanced P filtration system. Though previous chapters led to the
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conclusion that a unit in pond γ would be best, simulation results show that pond β is likely best
based on reduced flow for equivalent treatment.
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Chapter 6
Conclusions and Recommendations for Future Work
6.1 Conclusions
The following conclusions, based on the research objectives, summarize the work completed in
Chapters 2-5.
1) Passive phosphorus (P) removal that occurs in wastewater stabilization pond systems
(WSPS) occurs by vegetative uptake, biological removal, adsorption, and precipitation,
yet only adsorption and precipitation equate to any long term removal. Biological uptake,
including by bacteria or vegetation, only removes P in terms of growth. If this biota dies
in the pond, this P is once again released back into the system, nullifying its removal.
Adsorption and precipitation are more permanent removal mechanisms as P gets bound
into inorganic structures, where release often only occurs due to changing water quality
based on competing ions. This gives reasoning as to why P removal by sorption or
precipitation onto a media’s surface is a logical possibility.
2) The ability of the top layer of sediments in the WSPS to sorb, release, and retain P was
quantified. Three different isotherms were used to quantify the sorption ability of the
sediments from 16 sampling points in the WSPS. Characteristics changed throughout the
WSPS, essentially creating two treatment systems. An initial long residence time, high P
concentration primary area accounts for the majority of the P removal, whereas the
secondary area has a slow residence time and low concentration of P and removes
insignificant P. The primary area has the greatest potential for sorption, likely due to the
residual iron concentration being input into the system that is removed by the input of the
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bulk flow, but it also has the greatest potential for release. These findings show that it
would be less beneficial to change the overlying water concentration by implementing an
advanced filtration apparatus that removes P. It is proposed that the system should remain
as it is to perform this passive P removal.
3) An iron and aluminum oxide medium was examined for P removal using bench scale
semi-batch and column tests. Two semi-batch tests were run, a short-term semi-batch test
to fit Langmuir’s isotherm and a long-term semi-batch test to physically quantify the P
removal capacity. Langmuir’s isotherm significantly under-predicted the maximum P
removal in comparison to the long-term semi-batch tests total removal. This questions the
validity of using Langmuir’s isotherm, as noted by other researchers, as a quick
estimation of the capability of sorbents. The column studies showed total removal
capacities similar to those of the long-term semi-batch tests, indicating that the difference
in contact time has little effect on the total removal of soluble P. Minimum contact times
were discussed as there was a significant drop off in removal at the contact time of 13.5s
for the coarser media being tested. In comparison, there was little drop off in total
removal of the fine media at a contact time of 13.5s. This work shows the speed at which
this media can sorb P with no competing ions added or solids to clog pores for sorption.
4) A 3D hydrodynamic coupled with water quality model was used to simulate the transport
of P in the WSPS. The model used 3 vertical layers to represent the different forcing
factors of wind in the top layer, surface roughness in the bottom layer, and the bulk flow
in the middle. The velocity profile, water level, and instantaneous discharge were
checked to confirm the correct hydrodynamic settings for the simulation. A base case
scenario was calibrated for water quality using the most sensitive parameter, horizontal
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dispersion, to validate the system based on background testing. The base case was then
subjected to two scenarios of P removal where a certain quantity of P laden water was
removed from the system then reintroduced as treated water. The two scenarios simulated
a removal in pond β, in the primary pond system, and in pond γ, in the secondary pond
system. Large flows of water needed to be treated for there to be an effect in the effluent.
The largest treated flow consisted of 50% of the water that flowed through the system at
any given point corresponding with 32% P removal. This study showed that the installing
a media removal device will need to treat a significant flow rate to have an effect on the
overall treatment capability of the WSPS. Further additions could be made to the model
to make it more encompassing of the entire P cycle but the current model has modelled
the transport of ortho-P as well as the effect of the addition of an active P removal step to
satisfaction.

6.2 Future Work and Recommendations
The results of this study could lead to future work to expand on the knowledge generated in
Chapters 3-5.
1) The sediments tested in Chapter 3 were not changed in any way when testing. Blending
or sieving, which is common in past studies, would result in different results as extra
energy has been placed into each test to homogenize the sample. Since the sediments
were qualitatively different based on sampling location in the WSPS, a sediment
characterization could be implemented. From these sediments, only the easily releasable
P was tested for. There would be more strongly bound P in the sediments that was not
quantified. The purpose of this study was to determine if and how much P would be
released if there was suddenly a drop in overlying P concentration due to implementing
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an advanced P removal system. The total P in the sediments based on systematic P
separations would lead to a better understanding of how the P is sorbed to the sediments.
2) The media tested performed well under lab conditions and could now be implemented in
an advanced filtration set-up in the field. The system should have a sand filter in
preceding the media filter to remove solids that could clog the pores of the media,
significantly reducing its capacity for dissolved P. Further lab studies could also test the
minimum contact time needed under certain conditions. The minimum contact times
presented in this research were implemented based on physical pump requirements,
leading to very short, but nonetheless effective, contact times. Multiple contact times
could be studied to examine the performance of the media, and allow for better design of
systems incorporating this media in advanced filtration systems.
3) The model studied here could be further improved with multiple changes. Currently the
model simulates a one week period in April that takes approximately 4 days to run on a
3.7 GHz desktop computer. Adding in additional computational requirements would
increase the need of using multiple cores or clusters of computers to decrease the
simulation time. If so, possible considerations for further work could be:
a. The model currently models the transport of dissolved P (as P) as that is the only
parameter being removed by the media in question. If more background data for
a specific range of times were tested, including dissolved oxygen, pH, and other
variables such as vegetation that grows on and around the pond banks, the water
quality model could be made more dynamic in terms of P transport. There are
limitations of more dynamic models that were previously discussed in Chapter 5.
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b. The current model simulates a very high fish biomass level which represents the
highest P loading period. Further seasonal changes could be included given
additional computational power to be able to perform longer simulations to see
the fate of P as the loading decreases.
c. If sediment characterization was performed as discussed previously, the
sediments in the model could be more thoroughly defined. Currently they are
assumed to be consistent across the entire WSPS as the P sorption and release
was minimal in terms of the overlying water concentrations (except in pond A).
d. This study only focuses on P but could also include other water quality
parameters if they were to be introduced into the land-based fisheries’
Environmental Compliance Approval. Currently only suspended solids and P are
listed for this particular fishery, of which suspended solids are often less than half
the compliance level.

103

Appendix A
Delft3D Modelling Suite
A.1 Delft3D Modelling Suite
Delft3D is a multidimensional water transport modelling software. Coupling Delft3D’s
hydrodynamic package with their water quality (WAQ) software, a model of the transport of
numerous physical, aqueous, or tidal phenomena can be developed. Delft3D was used to develop
a hydrodynamic model of a land-based fishery to determine the fate of ortho-P based on
estimations from field data.
A.1.1 Hydrodynamics
Delft3D uses a finite-difference model to determine boundary forced systems with multiple
layers. The model is solved by layer thickness defined by a σ-coordinate system as shown in
equation A1. The model uses constant σ values, allowing for a constant percent layer even when
bathymetry changes.
𝜎=

𝑧−𝜁
𝐻

A1

The full Navier-Stokes momentum equations are used to estimate horizontal flow (equations A23) with the shallow-water assumption (equation A4), neglecting the external vertical forces, using
solely vertical gravitational acceleration.
𝜕𝑈
𝜕𝑡
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Where the horizontal pressure terms, Px and Py, are given by the Boussinesq approximations
(equations A5-A6):
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The eddy viscosity concept is used to determine the horizontal Reynold’s stresses, Fx and Fy. The
equations reduce down to equation A7 and A8 for large scale systems.
𝜕2 𝑈

𝜕2 𝑈

𝐹𝑥 = 𝑣𝐻 ( 𝜕𝑥 2 + 𝜕𝑦2 )
𝜕2 𝑉

A7

𝜕2 𝑉

𝐹𝑦 = 𝑣𝐻 (𝜕𝑥 2 + 𝜕𝑦2 )

A8

Mx and My are contributions by boundary conditions such as open boundaries, physical structures,
discharges, etc…
The continuity equation is given by:
𝜕𝜁
𝜕𝑡
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A9

Where S represents the contributions per unit area from a discharge, addition or removal of water
from an open boundary, evaporation, and/or precipitation.
The advection-diffusion equation is used as the governing transport equation:
𝜕[ℎ𝑐] 𝜕[ℎ𝑈𝑐] 𝜕[ℎ𝑉𝑐] 𝜕[𝜔𝑐]
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A10

Where S now also represents the possibility of any sources or sinks in reference to the possible
transport of nutrients, pollutants, sediments, etc…
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The roughness at the surface of the sediments plays an important role in the flow of the system. It
is modelled by equation A11 using the Manning coefficient to determine the Chezy coefficient.
This is needed for the bed shear stress calculation shown in equation A12.
1

𝐶=
𝜏⃗𝑏 =

𝐻6
𝑛

A11

⃗⃗𝑏 |𝑢
⃗⃗𝑏 |
𝑔𝜌0 𝑢
𝐶2

A12

The k-ε turbulence closure model was used to determine eddy viscosity based on the eddy
viscosity concept and close the rest of the defining equations (Lesser et al., 2004). The general
form is shown in equation A13 whereas the k- ε model incorporates equation A14.
𝑣𝑉 = 𝑐𝜇′ 𝐿√𝑘
𝐿 = 𝑐𝐷

A13

𝑘√𝑘
𝜀

A14

The k-ε turbulence closure model was used to eliminate the need of a damping model as equation
A14 factors in the stratification of the mixing length which is accounted for with the buoyancy
term in the governing transport equation. Both k and ε have their own transport equation that
defines their value before being used to determine the eddy viscosity and mixing length.

The physical process of wind was added to the model due to the qualitative knowledge that wind
has a significant effect on the surface dynamics of the pond system. Wind stress magnitudes are
calculated by equation A15.
2
|𝜏⃗⃗⃗⃗|
𝑠 = 𝜌𝑎 𝐶𝑑 𝑈10

A15

The numerical construction of a weir was added to represent the energy losses, shown in equation
A16, was implemented into the momentum equation.
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A.1.2 Water Quality
The Delft3D Flow module can be coupled with the Delft3D WAQ water quality module. Once
coupled, a simplified advection-diffusion-reaction equation, shown in equation A17, is solved for
each computational cell defined previously in the hydrodynamics model.
∆𝑀

𝑀𝑖𝑡+∆𝑡 = 𝑀𝑖𝑡 + ∆𝑡 ∗ ( ∆𝑡 )

∆𝑀

𝑇𝑟

∆𝑀

+ ∆𝑡 ∗ ( ∆𝑡 ) ∗ ( ∆𝑡 )
𝑃

𝑆

A17

Where the subscript Tr, P, and S represent the changes based on advective and dispersive
transport, the physical, (bio)chemical or biological processes, and the changes by sources
respectively. The dispersive transport is given by equation A18.
𝜕
(𝐴𝐶̅ )
𝜕𝑡

𝜕

= 𝜕𝑥 (𝐷

𝜕𝐴𝐶̅
𝜕𝐶
) − 𝐾 𝜕𝑥
𝜕𝑥

+ 𝐴𝑓 ̅(𝐶̅ , … , 𝑡) + 𝐴𝑆

A18

The removal of phosphorus was incorporated into the model with the inbuilt simplified Langmuir
adsorption model, named SWAdsP=1. There are three possible default phosphorus adsorption
models that Delft WAQ has coded, SWAdsP= (0,1,2). To compare, SWAdsP=0 is a removal
model which incorporates the amount of dissolved phosphorus and adsorbed phosphorus along
with a constant which governs the rate at which the two exchange phosphorus. The
comprehensive Langmuir adsorption model (SWAdsP=2) uses a model for pH to determine the
competition between phosphates and hydroxyls for adsorption sites. Considering the change of
pH is determined through a multitude of processes in a wastewater stabilization pond and did not
change significantly over background testing (Chapter 3) the simplified adsorption model
(SWAdsP=1) was chosen.
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Langmuir’s adsorption isotherm can be considered a chemical equilibrium reaction. Equation
A19 is the simple chemical equilibrium reaction. Cadse, the concentration of free adsorption sites
for P, needs to be limited by the total sites available, as given by Cadst in equation A20. With the
approximations of equilibrium concentrations with their previous timestep in equations A21 and
A22, the final equation for phosphorus adsorption is given by equation A23. In the case that there
are slow kinetics, equation A24 is used.
𝐾𝑎𝑑𝑠 = 𝐶

𝐶𝑝ℎ𝑎𝑒 ∗∅
𝑝ℎ𝑑𝑒 ∗𝐶𝑎𝑑𝑠𝑒

𝐶𝑎𝑑𝑠𝑡 = 𝑓𝑐𝑎𝑝 ∗ ∑3𝑖=1(𝑓𝑓𝑒𝑖 ∗ 𝐶𝑖𝑚𝑖 )
𝐶𝑝ℎ𝑎𝑒 + 𝐶𝑝ℎ𝑑𝑒 = 𝐶𝑝ℎ𝑎 + 𝐶𝑝ℎ𝑑
𝐶𝑎𝑑𝑠𝑒 = 𝐶𝑎𝑑𝑠 = 𝐶𝑎𝑑𝑠𝑡 − 𝐶𝑝ℎ𝑎
𝐶𝑝ℎ𝑎𝑒 =

𝐶𝑝ℎ𝑎 +𝐶𝑝ℎ𝑑
1+

∅
𝐾𝑎𝑑𝑠 ∗𝐶𝑎𝑑𝑠

𝑅𝑠𝑜𝑟𝑝 = 𝑘𝑠𝑜𝑟𝑝 ∗ (𝐶𝑝ℎ𝑎𝑒 − 𝐶𝑝ℎ𝑎 )

A19
A20
A21
A22
A23
A24
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Appendix B
Site Pictures

Figure 20: Bird’s eye view of the land-based fishery with specific pictures of the WSPS.
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