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Abstract
Chemical phosphorus (P) removal is generally considered to be necessary when attempting to
achieve ultra low P concentrations (i.e. < 50 µg/L) in wastewater treatment. However, the
impact of aging of chemical solids (i.e. hydrous ferric oxides (HFO)) and thereby solids
residence times (SRT) typical of conventional wastewater treatment processes on P removal is
not well understood. This study characterized the uptake of P in co-precipitation systems under
varying influent P concentrations and methods of P addition (i.e. steady state versus transient
dosing); identified the impact of SRT on P removal, HFO floc structure, equilibrium adsorption
of P to HFO and on the dynamics of P removal under steady state and transient conditions; and
described the dynamic behaviour of P sorption onto HFO floc by the development of a model.
The study employed lab scale continuous flow sequencing batch reactor (SBR) pilots that
received the discharge of a flash mix tank. The pilots were fed with a synthetic natural water
and operated over a range of SRTs (i.e. 2.8-26.6 days). Operation at different influent P
concentrations and methods of P addition (i.e. steady state vs. transient dosing) was evaluated.
Batch sorption testing with solids from the SBRs was also conducted.
Under steady state operating conditions the majority of P removal occurred in the flash tank
(94% with 3.4 mg influent P/L; 83% with 6.4 mg influent P/L) with an additional smaller
fraction of removal in the SBRs (additional 3.3 – 4.8% removal with 3.4 mg influent P/L; 5.5 8.8% with 6.4 mg influent P/L). Soluble P uptake was higher at SRTs ≤ 7.4 days with 3.4 mg
influent P/L and SRTs ≤ 14.3 days with 6.4 mg influent P/L. The floc morphology (i.e. open
vs. compact floc structure) in the flash solids was found to be different from that of the SBR
aged solids using SEM analysis. Particle size distributions were found to be the same in all
systems supporting the hypothesis that changes in floc morphology were more responsible for
differences in P removal than floc size.
Batch sorption studies indicated that fresh HFO had a higher sorption capacity in comparison
to aged (2.8, 7.4, 10.8 and 22.8 day) HFO. P desorption from HFO solids was found to be
negligible supporting chemisorption as the mechanism of P adsorption. P adsorption onto HFO
solids was determined to be best described by the Freundlich isotherm. An equilibrium model
was found to adequately describe P adsorption onto HFO solids of different ages. Modelling
showed that fresh HFO contributed more to P sorption than aged HFO in each SBR implying
that the fresh flash solids were more responsible for the observed P uptake in the SBRs in
comparison to the aged SBR solids.
Transient studies showed that P removal in the SBRs and batch sorption tests was
characterized by an initial fast period of removal followed by a period of slower removal until
pseudo-equilibrium was reached. A model was developed to describe the dynamic behaviour of
P sorption onto three different solid types (i.e. steady state dosed SBR solids, transient dosed
SBR solids, and preformed batch solids). Overall, the calibrated model was found to provide a
good description of P removal in the SBRs and batch testing. The model was able to reflect the
different process conditions (i.e. mixing) in experiments conducted in the SBRs and the batch
tests. This was reflected in the estimated values of the rate coefficients obtained from the batch
tests and the SBRs. It was found that the same rate coefficient could be used to describe P
adsorption onto HFO floc of different ages (i.e. 2.8-26.6 days).
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CHAPTER 1
1. INTRODUCTION

1.1

Problem Statement

Evidence of nutrient enrichment in lakes, estuaries, rivers and streams has focused federal
environmental agencies towards implementing and enforcing enhanced water quality
standards. These numerical standards require some wastewater treatment plants (WWTPs) to
produce effluent with nutrient concentrations below those typically accepted as the limits of
technology (i.e. 10 and 50 ug/L total phosphorus) (Gu et al., 2009; Levesque et al., 2010; and
Neethling et al., 2007). In order to reliably achieve low effluent phosphorus (P) concentrations
(i.e. < 50 ug/L), chemical P removal through the use of metal salts is usually required (Jenkins
and Hermanowicz, 1991; Levesque et al., 2010; Benisch et al., 2013; Johnson et al., 2005;
Johnson and Daigger, 2009). Chemical P removal with ferric (Fe) chloride is the topic of this
research. The mechanisms of chemical P removal with ferric chloride are mainly characterized
by rapid precipitation of hydrous ferric oxides (HFO) occurring simultaneously with coprecipitation, followed by a slower kinetic removal as a result of chemisorption (Szabó et al.,
2006). The resulting soluble P concentration has been found to be dependent on the pH, Fe
dosing, mixing and aging conditions as well as water chemistry.
A number of models that characterize the interactions between P and metal salts have been
reported (Ferguson and King, 1977; Luedecke et al., 1989; Briggs, 1996; WEF, 1998; Smith et
al., 2008; and Hauduc et al., 2013). The developed models have improved the ability to predict
residual orthophosphate (PO43-) concentrations when extremely low P concentrations are
targeted. However, they do not address the impacts of aging and solids residence time on
removal kinetics. The model limitations stem from the lack of information on the effects of
aging of chemical precipitates and the role of solids contact times at solids residence times
typical of wastewater solids on P removal (Benisch et al., 2013). In particular there is limited
dynamic information related to the impact of aging on the rates at which P adsorbs. There is
also limited information on the kinetics of removal.
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It was hypothesized that:
The age of floc present in co-precipitation systems will affect the uptake of PO43- since

•

aging of the HFO floc will affect the availability of active sites and hence may affect
removal by adsorption mechanisms (Smith et al., 2008).
The rates of adsorption of PO43- to HFO floc may impact the soluble PO43-

•

concentration that can be achieved in a system.
The research involved a combination of experimental studies and model development and
application that was conducted to test these hypotheses.
1.2

Objectives and Scope

The objective of this research was to enhance modelling of P removal under ultra-low
concentrations by addressing transients and aging. This was achieved through the following
means:
•

Characterizing PO43- uptake in co-precipitation systems when extremely low P
concentrations (i.e. < 50 µg/L) were targeted.

•

Evaluating the impact of SRT on steady state P removal in sequencing batch reactor
systems.

•

Obtaining insight into the effects of SRT on floc structure.

•

Characterizing the impact of SRT on equilibrium adsorption of P to HFO floc.

•

Evaluating the impact of SRT on the dynamics of P removal under steady state and
transient conditions.

•

Proposing a model to describe the overall dynamic behaviour of P sorption onto HFO
floc.

This research was carried out using a lab scale continuous flow sequencing batch reactor pilot
located at Environment Canada’s Wastewater Technology Centre (Burlington, Ontario). The
SBRs were fed with a synthetic natural water and operated at different SRTs to span the range
of SRTs typically employed for wastewater treatment.

2

1.3

Significance

The knowledge acquired in this study improves our understanding of the mechanisms
responsible for P removal when ultra-low P concentrations are required. The results provide
insights into approaches which might be employed to minimize the consumption of chemicals
while achieving very low effluent P concentrations. Ultimately, this research will help
wastewater treatment plants to reliably produce a higher quality effluent at lower cost. The
results include the enhancement of models for predicting the performance of P removal
systems particularly in terms of understanding solids aging and dynamics.
1.4

Thesis Structure

This thesis consists of six chapters and five appendices. Chapter 1 briefly introduces chemical
P removal, and the hypotheses, objectives and significance of the study. Chapter 2 presents
background on chemical P removal including the mechanisms of removal and the existing
models that characterize the interactions between P and metal salts for predicting residual P
concentrations. Chapter 3 presents the methodology employed and the results of the steady
state operation of the SBRs under high and low influent P concentrations characterizing P
removal and floc structure. Chapter 4 presents the methodology employed and the results of
batch sorption studies characterizing the impact of SRT on phosphate adsorption. A
mathematical model is presented in this chapter which describes the sorption behaviour of P
onto HFO floc of different ages. Chapter 5 presents the methodology employed and the results
of dynamic studies characterizing the time varying responses of chemical P removal under
different process conditions (i.e. during the steady state and transient operation of the SBRs
and in batch tests with preformed solids). A mathematical model is presented in this chapter
which describes the overall dynamic behaviour of P sorption onto HFO flocs. Finally the
conclusions and recommendations for future work are presented in Chapter 6.
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CHAPTER 2
2. LITERATURE REVIEW

2.1

Phosphorus Occurrence and Regulation

Phosphorus (P) is an essential nutrient for the growth of biological organisms (Metcalf &
Eddy, 2003). P is found in nucleic acids (DNA and RNA), phospholipids, and adenosine
triphosphate (ATP) and is vital for both cellular energetics and structure (WEF, 1998; Jones,
2002; Vadstein, 2000). P naturally cycles through the environment by biogeochemical
interactions with rocks, soils, plants, animals, bacteria, and aqueous environments (ELC,
2002). Excessive P loading as a result of industrialization and commercialization can disturb
natural cycling and lead to eutrophication in surface waters. The main sources of P in surface
waters are from fertilizer runoff; sewage seepage; commercial and household cleaning
products; domestic, municipal and industrial waste discharges; and natural mineral deposits
(Metcalf & Eddy, 2003; WEF, 1998; ELC, 2002).
To protect sensitive ecosystems from eutrophication precautions must be taken to control P
loadings into surface waters. The allowable concentrations of nutrients in controlled effluent
discharges from treatment facilities are determined based on volume of discharge and an
assessment of the assimilative capacity of the receiving water. Evidence of nutrient enrichment
in lakes, estuaries, rivers and streams is refocusing the wastewater community to produce
effluents with ultra low P concentrations.
There has been extensive work conducted in both Canada and the U.S. to ban or reduce P in
laundry and dishwasher detergents (DFO, 2010; Washington State Department of Ecology,
2010; OAG, 2007). Federal environmental agencies are also moving towards implementing
and enforcing enhanced water quality standards. In Canada, the government has recently
established national standards for wastewater treatment: the Wastewater Systems Effluent
Regulations (SOR/2012-139) (Minister of Justice, 2012). In the United States, the
Environmental Protection Agency (EPA) has been working in collaboration with most state
environmental agencies since the late 1990s to develop and adopt numerical nutrient water
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quality standards (Levesque et al., 2010). The majority of the regulatory work is focused on
areas where extremely low total phosphorus (TP) limits are required. In the US these areas
include: Chesapeake Bay, the Everglades, Gulf of Mexico, Pacific Northwest and Puget Sound
(WERF, 2008). In Canada nutrient standards are being established in the Lake Simcoe
watershed under the Lake Simcoe Protection Act, 2008 (XCG, 2010). Gu et al. (2009),
Levesque et al. (2010) and Neethling et al. (2007) report that these numerical standards require
some wastewater treatment plants (WWTPs) to produce effluent with nutrient concentrations
below those typically accepted as the limits of technology (i.e. 10 and 50 µg/L TP). Examples
of these low effluent limits are illustrated in Table 2-1.

Table 2-1: Current Low Effluent TP Limits
Treatment Plant
Location
Spokane County Regional Water Washington, DC
Reclamation Facility
West Camden Sewage Treatment New South Wales,
Plant
Australia
Lakeshore Water Pollution
Innisfil, Ontario
Control Plant
City of Las Vegas’ Waster
Las Vegas, NV
Pollution Control Facility
City of Coeur D’Alene WWTP
Coeur D’Alene,
Idaho

TP Limit
50 µg/L
40 µg/L
< 100 µg/L

Reference
(Johnson et al,
2012)
(Takács et al., 2011)

9-20 µg/L

(Benisch et al.,
2013)
(Gu et al., 2009)

< 50 µg/L

(Falk et al., 2012)

In 2007, the Water Environment Research Foundation (WERF) created the Nutrient Removal
Challenge Program which is working to develop the science and technology needed to address
the needs of regulators and dischargers facing ultra low limits (Neethling et al., 2010). In order
to improve technology for P removal to low levels, it is important for practitioners to know and
understand the forms of P that contribute to TP concentrations (Neethling et al., 2007).
2.1.1

Phosphorus Speciation in Aqueous Environments

In aqueous environments P usually exists as orthophosphate, organic phosphorus, or
polyphosphates. Orthophosphate occurs as salts and esters of phosphoric acid (e.g. PO43-,
HPO42, H2PO4-, and H3PO4) (Metcalf & Eddy, 2003; WEF, 1998). At equilibrium HPO42- and
H2PO4- are the dominant forms encountered in the circumneutral pH range typical of
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wastewater treatment processes. Organic phosphorus is mostly formed through biological
processes (Standard Methods, 2005) and represents P included in intracellular molecules and P
associated with cell decay and debris (Gu et al., 2009). Some types of organic phosphorus such
as pharmaceuticals are man made (Levesque et al., 2010). Polyphosphates are synthetic
compounds consisting of condensed orthophosphates (WEF, 1998). Neethling et al. (2008)
further speciated P into chemical and adsorbed forms which represent P associated with metal
precipitates and metal hydroxides as shown in Table 2-2.

Table 2-2: Phosphorus Species in Water (Neethling et al., 2008)
Category
Species
Solid/
Comment
Liquid
Orthophosphate PO43-, HPO42-,
Liquid Weak acid, most dominant form,
H2PO4 , H3PO4
reactive
Polyphosphates/ Pyrophosphate,
Liquid Complex large molecule.
Condensed
tripolyphosphate,
Precipitate in condensed form or
phosphate
metaphosphate
hydrolysis to orthophosphate.
Hydrolysis rates high in presence
of microorganisms (sludge).
Organic
Cell material,
Solid or Linked to biological growth,
phosphorus
intracellular phosphate,
Soluble enhanced biological phosphorus
intracellular granules
removal, etc. Phosphorus in organic
compounds.
Chemical
Phosphorus precipitants, Solid
Particle size important. Reactions
phosphorus
typically Fe, Al, Ca,
slower and could change with time.
struvite, etc.
Adsorbed
Adsorption to sorbent or Solid
Could be considered a chemical
phosphorus
to metal hydroxides,
phosphorus species.
form complex

2.1.2

Phosphorus Speciation in Analytical Environments

Analytical classifications typically group the various forms of P into soluble, and particulate, as
well as in terms of their reactivity to acid and heat (Gu et al., 2009; Neethling et al., 2007).
Soluble or filterable P is typically defined as the portion of P that passes through a 0.45 µm
filter (WEF, 1998; Standard Methods, 2005). Particulate phosphates are those typically
associated with sediments, precipitates, and biological sludges (Standard Methods, 2005). The
different forms of P are converted to dissolved orthophosphate through a digestion step and
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then analyzed using colorimetric methods. Table 2-3 classifies the fractions of P based on
analytical determinations.

Table 2-3: Definition of phosphorus fractions based on standard methods (Gu et al.,
2009)
Term
Definition by measurement method
Total phosphorus (TP)
Total digested P without filtration
Total soluble phosphorus (sTP)
Total digested P of filtrate (0.45µm)
Total particulate phosphorus (pTP)
The difference between TP and sTP,
pTP=Tp-sTP
Total acid-hydrolyzable phosphorus
Total acid-hydrolyzable P without filtration
(tAHP)
Soluble acid-hydrolyzable phosphorus
Acid-hydrolyzable P of filtrate
(sAHP)
Particulate acid-hydrolyzable phosphorus
Calculated as pAHP = tAHP - sAHP
(pAHP)
Total reactive phosphorus (tRP)
Total reactive P based on colorimetric method
without filtration (mostly orthophosphate)
Soluble reactive phosphorus (sRP)
Reactive P of filtrate
Particulate reactive phosphorus (pRP)
Calculated as pRP=tRP-sRP
Total organic phosphorus (tOP)
Calculated as tOP=TP-tAHP
Dissolved organic phosphorus (DOP)
Calculated as DOP=sTP-sAHP
Particulate organic phosphorus (pOP)
Calculated as pOP=tOP-DOP

As summarized in Standard Methods (2005): reactive P refers to phosphates that respond to
colorimetric tests without sample hydrolysis or digestion including orthophosphate and small
fractions of polyphosphates which are hydrolyzed unavoidably, acid-hydrolyzable P refers to
dissolved and particulate polyphosphates and some phosphates from organic compounds that
are converted to dissolved orthophosphate though hydrolysis with heated acid, and organic P
refers to the phosphates that are converted to orthophosphate by oxidation destruction. Organic
P is typically calculated based on other measurements since no clear method of measurement
exists (Neethling et al., 2008).
2.1.3

Methods of Phosphorus Analysis

Spectrophotometric techniques are the most often used for orthophosphate analysis. Analysis
methods are typically based on combining phosphate samples with ammonium molybdate and
then reducing this solution with ascorbic acid in the presence of potassium antimonyl tartrate to
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form a blue colour complex (Spivakov et al., 1999). Absorbance of light by the blue complex is
measured at 650 or 880 nm using spectroscopy (Standard Methods, 2005). The concentration
of P is proportional to the light absorbance (A) of the colour measured as illustrated by Beer’s
Law (Equation 2-1):
(Equation 2-1)

A = εlc

where ε is the molar absorptivity constant at a given wavelength (M-1cm-1), l is the path
length used to measure absorbance (cm), and c is concentration (M).
The ascorbic acid method was designed to analyze P concentrations in the range of 0.01 to 6
mg/L (Standard Methods, 2005). In order to achieve low TP in treated effluents, the effluent
soluble P concentrations often approach detection limits (0.01 mg P/L or less) (Takács et al.,
2006a). Work has only recently been started to test the theory and optimize the methods of low
level orthophosphate determination (Levesque et al., 2010; Gilmore, 2009). Theoretically, the
standard methods for the determination of orthophosphate can be used with longer path lengths
(refer to l in Equation 2-1) for absorbance to measure lower concentrations (Standard
Methods, 2005; Gilmore, 2009). Gilmore (2009) optimized standard methods for determination
of P for path lengths longer than 1 cm. The ascorbic acid method (Standard Methods 4500P.E.) was modified for a 10 cm path length to use a colour forming reagent volume 30% of the
volume recommended by the Standard Methods (from 1.6 mL to 0.5 mL) and an increased
colour development time of 1-3 hours which increases sensitivity and reproducibility (Gilmore,
2009). Eleuterio and Neethling (2009) confirmed the ascorbic method as a reliable technique to
measure orthophosphate at low levels.
Issues surround the definition of soluble P since colloidal particles are known to pass through a
0.45µm filter increasing P concentrations and affecting the reproducibility of low level analysis
(Neethling et al., 2007). Colloids have also been reported to build up on the surface of the filter
decreasing phosphorous concentrations (Gilmore, 2009). Gilmore (2009) developed a filtration
protocol after testing the impact of sample volume, filter types, and flow rate on low level P
analysis results. The filtration protocol developed with synthetic samples using ultra pure water
and pH 4 used a 47 mm Millipore filter, a filter flow rate of 250 ml/hr (since slow rates
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highlight colloidal tendencies to associate with filters), and a 10 mL filtrate volume (Gilmore,
2009).
2.2

Phosphorus Removal in Wastewater Treatment Systems

In a wastewater treatment system P exists in many forms. Secretion by cells or cell death and
disintegration discharges soluble organic phosphates; particulate organic phosphates are
associated with cell debris material and can be precipitated out and removed with the sludge
(Levesque et al., 2010; Gu et al., 2011). Organic P can also be broken down into biodegradable
and nonbiodegradable fractions (Gu et al., 2011). Soluble biodegradable organic P can be
hydrolyzed to orthophosphate during treatment while soluble non-biodegradable organic P will
pass through the WWTP becoming the refractory portion in the final effluent (Neethling et al.,
2007; Gu et al., 2009). In general, hydrolysis converts particulate P to soluble species (Takács
et al., 2006a). Biological synthesis, bio-P uptake and chemical precipitation convert soluble P
into particulate forms (Takács et al., 2006a). Since P is not volatile, removal mechanisms aim
to convert all soluble and colloidal forms of P to a particulate, settleable form (Takács et al.,
2006a) which can be removed by solids-liquid separation. The solid-liquid separation
technique becomes an important factor in ensuring that particulate bound P is removed.
Chemical P removal is the most commonly used practice and involves precipitating and/or coprecipitating P with coagulant (typically metal salts). Biological P (Bio-P) removal involves
uptake of P by poly-phosphorus accumulating organisms. These removal mechanisms can be
incorporated individually, in combination or simultaneously. However, when conventional
sedimentation, biological wastewater treatment and/or bio-P processes cannot consistently and
reliably reach ultra low effluent P criteria chemical precipitation becomes a necessary addition
(Jenkins and Hermanowicz, 1991; Levesque et al., 2010; Benisch et al., 2013; Johnson et al.,
2005; Johnson and Daigger, 2009). Chemical P removal is the focus of this research.
Chemical P removal relies on effective coagulation and flocculation processes. A coagulant is
added at a well mixed location and acts to destabilize colloidal particles (Metcalf & Eddy,
2003). Coagulation is typically characterized by intense mixing to ensure the chemical is
properly distributed within the solution. Coagulation is followed by flocculation which
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promotes particle growth or floc formation as a result of particle collision (Metcalf & Eddy,
2003) at slower mixing intensity. The floc formed, as well as the P species associated with the
floc, is then removed through solid/liquid separation techniques such as sedimentation or
filtration (Metcalf & Eddy, 2003). For conventional activated sludge WEF (1998) reports the P
content in suspended solid dry mass as 20-25 mg P/g VSS (2-2.5%). In comparison, for
chemical P removal the P content in the suspended solid dry mass varies between 40 and 100
mg P/mg SS (4-10%) (WEF, 1998).
Chemical addition for P removal can be employed in the primary, secondary and tertiary stages
of a wastewater treatment plant (Jenkins and Hermanowicz, 1991). The addition of chemicals
to raw wastewater in the primary sedimentation process is termed pre-precipitation (Jenkins
and Hermanowicz, 1991). Addition of chemical to the secondary process is termed
simultaneous or co-precipitation (Jenkins and Hermanowicz, 1991; Metcalf & Eddy, 2003).
Chemicals can be added at various locations including the primary effluent, the aeration basin,
or the effluent from the aeration basin before secondary sedimentation (Jenkins and
Hermanowicz, 1991). Addition of chemicals to tertiary treatment processes is termed postprecipitation (Jenkins and Hermanowicz, 1991). Multiple dosing locations can be employed
with combined advantages but slightly increased cost (Jenkins and Hermanowicz, 1991).
Although chemical P removal is an appealing process to use due to its ease of operation and
implementation, the drawbacks include increased sludge production and operational and
maintenance costs (WEF, 1998). Table 2-4 summarizes observations associated with dosing at
the various locations.
Calcium (Ca(II)), aluminum (Al(III)) and iron (either Fe(III) or Fe(II)) are the most commonly
employed coagulants (WEF, 1998; Metcalf & Eddy, 2003). Aluminum and iron salts include
alum (Al2(SO4)3.18H2O), sodium aluminate (NaAlO2), ferric chloride (FeCl3), ferric sulfate
(Fe2(SO4)3), ferrous chloride (FeCl2), and ferrous sulfate (FeSO4), respectively (Jenkins and
Hermanowicz, 1991). Iron in the ferrous form is available as pickle liquor, a byproduct from
steel manufacturing, which is oxidized to ferric iron (Jenkins and Hermanowicz, 1991). Fe(III)
formed from the oxidation of Fe(II) has been reported to be a more efficient scavenger for
phosphate than Fe(III) addition (Jenkins, 1971). Szabó et al. (2008) reported that Al(III) and
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Fe(III) containing coagulants had similar efficiencies (on a molar basis) for phosphate removal
in model and real wastewaters.

Table 2-4: Significance of dosing location (adapted from Metcalf & Eddy, 2003; Jenkins
and Hermanowicz, 1991; Jenkins, 1971)
Process
Result
Pre-precipitation
Precipitates removed along with primary sludge
(Primary)
Enhances BOD and TSS removal efficiency
Employs efficient chemical use
Reduces P loadings on downstream processes
May require addition of polymer to aid in flocculation
Simultaneous/
P involved in precipitation, adsorption, exchange, and agglomeration
Co-precipitation
and removed along with sludge
(Secondary)
Less efficient chemical use
Creates additional inert solids MLSS
Phosphate carryover in effluent TSS
Improved settling characteristics of activated sludge
Lower effluent BOD
Post-precipitation Precipitates removed by additional solid separation techniques i.e.
(Tertiary)
filtration
Can meet stringent standards
Significant increased cost

Calcium is typically added in the form of lime (Ca(OH)2) (Metcalf & Eddy 2003). Lime reacts
with the natural bicarbonate alkalinity to precipitate CaCO3 and therefore the quantity required
for P removal is dependent on the alkalinity of the wastewater (Metcalf & Eddy, 2003). The
pH is increased to a value ≥10 for calcium to react to precipitate phosphate and therefore this
method is not used as a simultaneous process (Jenkins and Hermanowicz, 1991; WEF, 1998).
Due to the operational difficulty in handling lime, the increase in the mass of sludge produced
compared with metal salts, the slow growth of calcium phosphate solids, lime is not used as
frequently as the other coagulants (Jenkins and Hermanowicz, 1991; WEF, 1998; Jenkins,
1971).
Chemical selection is based on various factors including cost, influent P levels, wastewater
suspended solids, alkalinity consumption, quantities of sludge generated and sludge handling
11

facilities and disposal methods, safety, availability, reliability, and compatibility with other
treatment processes (Jenkins and Hermanowicz, 1991; Metcalf & Eddy, 2003). Precipitation
with ferric chloride is the focus of this research.
2.3

Mechanisms of Chemical P Removal

Understanding and modelling the mechanisms involved in attaining extremely low P
concentrations with iron has been the focus of a number of reports (Smith et al., 2008a; Szabó
et al., 2008; Newcombe et al., 2008b; Takács et al., 2011; Weng et al., 2012; Mao et al., 2012;
Hauduc et al., 2013). However as described by Takács et al. (2011) the mechanisms of P and
ferric interaction are still not fully understood and this can result in inefficient design (i.e.
single-point dosage, low mixing, inefficient flocculation) and increased costs (i.e. chemical
overdose, excess sludge production, uncertainty of existing P removal capacity before a shock
load event, suboptimal dosing strategy). A detailed understanding of the mechanisms of P
removal and models describing chemical interactions are required to effectively design P
removal systems.
Szabó et al., (2006) proposed the mechanisms of chemical P removal as co-precipitation and
adsorption. The addition of ferric salts to wastewater results in the formation and rapid
precipitation of HFO floc (Smith et al., 2008a). When PO43- is present it will initially coprecipitate during the rapid HFO precipitation while subsequent uptake is slower and due to
adsorption/complexation reactions on the surface of the HFO floc (Smith et al., 2008a; Szabó
et al., 2008). These complexation reactions are a result of iron and P sharing an oxygen atom
(Smith et al., 2008a) as shown in Equation (2-2):
≡FeOOH(s) + HOPO3(aq) = ≡FeOOPO3 + H2O

(Equation 2-2)

The exact reaction depends on the number of iron atoms sharing each oxygen atom (Smith et
al., 2008a) as Geelhoed et al. (1997) indicated that oxygen surface groups may be coordinated
with one, two or three Fe atoms. The availability of reactive oxygen atoms or “surface sites” is
dependent on pH, mixing and aging.
The majority of P removal occurs during the initial fast reaction under sufficient mixing
conditions (classified as instantaneous “equilibrium” removal); however the slower long term
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removal (classified as slow “kinetic” removal) has been reported to be significant in achieving
low effluent P concentrations (Szabó et al., 2006; Szabó et al., 2008). These rates of removal
can influence coagulant dosing as it was found that the same residual P concentration (1.8
mg/L) was reached with a Fe:P molar ratio of 1.0 after 10 minutes and with a Fe:P molar ratio
of 0.7 after 30 minutes (Szabó et al., 2008).
Continuous flow experiments by Szabó et al. (2008) verified the benefits of maintaining
chemical floc in contact with the process flow to achieve additional P removal. The results
showed that systems with longer solids residence time (SRT) and hydraulic residence time
(HRT) could provide more efficient P removal than those with short SRT in cases of similar
mixing. This phenomenon was reported to result from longer contact time between phosphate
ions and metal hydroxide particles which can partially mitigate the effect of inefficient mixing
in simultaneous P removal systems (Szabó et al., 2008).
The results of Szabó et al. (2008) can help explain trends in removal that have been observed
when different dosing locations in the treatment process are employed. For pre and post
precipitation processes that have short HRTs, co-precipitation was identified as the dominant
removal mechanism. In these situations, mixing efficiency is more important in ensuring many
opportunities for collisions between metal and phosphate ions (Szabó et al., 2008) and hence
good removal. However, for simultaneous precipitation, the efficiency of co-precipitation is
lower since there is less intensive mixing. Significant adsorption can take place due to the SRT
of the system (Szabó et al., 2008). Increased contact time can also be achieved by recycling
solids through the system (Szabó et al., 2008).
2.4

Factors Influencing Chemical P Removal Mechanisms

As mentioned previously, various factors can influence the residual P concentration achievable
during chemical precipitation. These factors include: initial P concentration; metal dose and
type; wastewater composition (including ion composition and organic content); pH; alkalinity;
the identity, stability, and growth kinetics of inorganic precipitates (including reaction time);
temperature and hydrodynamic regime (mixing) during precipitation; age of flocs; and solid
separation (Jenkins et al., 1971; Jenkins and Hermanowicz, 1991; Szabó et al., 2008; Weng et
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al., 2012). The effects of pH, dose, mixing, wastewater composition, aging, and removal
kinetics are discussed below.
2.4.1

Effects of pH

The reactions of phosphate and the metals that are typically employed for phosphate removal
have been found to be pH dependent. pH dependence in surface complexation reactions arises
as a result of proton competition for surface oxygen and phosphate oxygen (Smith et al.,
2008a). Several studies (Mao et al., 2012; Caravelli et al., 2012; Caravelli et al., 2010; Smith et
al., 2008a; Smith et al., 2008b; Szabó et al., 2008; WEF, 1998; Gillberg et al., 1996) outline the
effect of pH on P removal. P removal is reported to be limited at very low and very high pH
values. At low pH (< 4), precipitation of metal hydroxides is limited (Szabó et al., 2008;
Caravelli et al., 2010) and mostly soluble P complexes form (Szabó et al., 2008). At high pH
(7-10) the surface of the metal hydroxide is mostly negatively charged and soluble iron
hydroxides start to form (NIST, 2001). At pH greater than 10, phosphate forms precipitates
with magnesium and calcium ions (Szabó et al., 2008).
It is known that co-precipitation and adsorption of phosphate ions on ferric hydroxide flocs
occurs around neutral pH values (Pierri et al., 2000). However, the extent of adsorption is
reduced with increasing pH as a result of competition between hydroxyl and phosphate ions for
iron (III) ions (Lijklema, 1980). Mao et al. (2012) also observed lower P removal by HFO with
increasing pH. The optimal pH range for phosphate removal was reported by Smith et al.
(2008b) to be between 4 and 6 with moderate removal between pH 8 and 9. Szabó et al. (2008)
reported the highest efficiency to be between pH 5.5 and 7. Caravelli et al. (2012) confirmed
this range by reporting maximum efficiency at pH values between 5 and 7 (>98%) and reported
lower efficiency at pH 8 (95%). Earlier studies by Caravelli et al. (2010) found that the
efficiency of P precipitation in the presence of biomass was similar for pH values between 5
and 8 (98%) and was less effective at pH 9. Based on the literature findings there is no general
consensus for the optimal pH range for removal. However, in the circumneutral pH range
typical for wastewater treatment it is assumed that effective removal is provided.
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2.4.2

Effects of Coagulant Dose

In practice, metal dosages are generally established on the basis of bench-scale and full-scale
testing since existing models do not take into account competing reactions (Metcalf & Eddy,
2003). When low residual P concentrations (<0.1 mg P/L) are desired, the literature indicates
that metal (Me) doses need to exceed the stoichiometric 1 mole Me/mole P ratio (Szabó et al.,
2008). With metal doses above 1.5 to 2.0 of the initial P concentration (i.e. Medose/Pini >1.5-2.0)
(with initial soluble P concentrations between 0.5 and 6 mg/L) experiments by Szabó et al.
(2008) were able to achieve an 80-98% soluble P removal efficiency. Systems with higher
SRTs require increased iron doses (Johnson et al., 2012). A 10 to 12 day SRT system required
a dose of 2 moles Fe/mol influent P to reach 50 µg/L effluent TP while at a 10 to 18 day SRT a
dose of 2.8 moles Fe/mol influent P (almost 50% increase) was required (Johnson et al., 2012).
Although the concentrations of residual soluble PO43- decrease with increased metal dose,
higher coagulant doses have diminishing returns in terms of the concentration of P removed
(Szabó et al., 2008). At higher iron concentrations, iron particles are suspected to interact with
each other instead of with phosphate molecules (Smith et al., 2008a). The high iron dosing
experiments carried out by Smith et al. (2008a) were conducted with molar doses up to 100
moles Fe/mole P. Wastewater treatment plants typically employ doses that are only two to four
times the stoichiometric ratio when low level effluent P is targeted (Takács et al., 2006a).
Therefore, in the range of doses employed in practice the effects of high iron doses should not
be seen.
Takács et al. (2011) and Johnson et al. (2012) reported that optimizing the initial mixing
intensity upon metal salt addition and the contact time provided after the initial rapid mixing
can greatly reduce the amount of metal salt required for P removal. Multipoint dosing can also
minimize dose requirements since the metal salts have multiple stages of contact with P
(Johnson et al., 2012; Benisch et al., 2013). Benisch et al. (2013) report that dosing ratios can
be misleading when examining total plant performance since mixing, aging and contact time
affect iron efficiency.
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2.4.3

Effects of Mixing

Mixing is a key factor in the coagulation and flocculation processes. Many studies have shown
the importance of providing sufficient mixing for efficient P removal (Lijklema, 1980; Sagberg
et al., 2006; Szabó et al., 2008, Smith et al., 2008a; Takács et al., 2011; Johnson et al., 2012).
Szabó et al. (2008) conducted experiments with pre-polymerized metal salts instead of freshly
formed salts to simulate situations with insufficient mixing where metal hydroxides will form
in the absence of P. Removal with pre-polymerized salts was found to be less efficient thereby
indicating the importance of rapid mixing to ensuring a high probability of phosphate ions
contacting with ferric ions (Szabó et al., 2008). Similar experiments were conducted by
Lijklema (1980) on the effects of the reversal of reagent addition on P adsorption. It was found
that P adsorption was higher in experiments where the coagulant was added to a P solution and
lower when P was added to freshly formed hydroxide. The less efficient adsorption was
attributed to the formation of polymers resulting in a reduced number of singly coordinated
hydroxyl groups (Lijklema, 1980). Therefore, sufficient mixing provides a higher probability
for contact between P molecules and HFO floc attributing to increased co-precipitation and
adsorption.
Szabó et al. (2008) characterized P removal efficiency as a function of mixing intensity.
Mixing intensity was expressed in terms of revolutions per minute (rpm) and a velocity
gradient (G). Mixing with a G value of 425 s-1 (350 rpm) was found to provide close to 90% P
removal within 10-20 minutes, while coagulant addition during low mixing intensity (20 rpm,
G=6 s-1) impaired removal (Szabó et al., 2008). Achieving a G value of 425 s-1 in a wastewater
treatment process is typically not desired since the high shear will break apart flocs. However,
treatment plants that have been recently designed and upgraded to meet ultra low TP limits
including the Spokane County Regional Water Reclamation Facility (Washington, USA) and
the West Camden Sewage Treatment Plant (New South Wales, Australia) have been able to
innovatively integrate high mixing intensities to optimize removal (Johnson et al., 2012;
Takács et al., 2011). The Spokane County Facility uses a primary rapid mixer (G value of 400
s-1) upstream of the aerated grit basin and a rapid mix tank (400 s-1 G) prior to the membrane
system to provide the necessary mixing and contact time (Johnson et al., 2012). The West
Camden Facility uses a high shear mixing box prior to tertiary clarifiers (Takács et al., 2011).
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In addition to the reduction in chemical use provided by the above mixing designs additional
reduction in chemical requirements was achieved by recycling metal hydroxide floc to the
biological treatment process.
2.4.4

Effects of Recycling and Aging

In activated sludge processes, liquid/solid separation is typically achieved by gravity settling,
filtration, or floatation (Metcalf & Eddy, 2003). The resulting solids stream is either returned to
the front of the biological treatment process or further treated through sludge handling
techniques for ultimate reuse or disposal. Recycling solids through the biological treatment
process provides additional solids retention time allowing for further interaction between the
liquid and solid phases. Jenkins et al. (1971) recognized that it is possible to recycle
precipitated solids in the treatment process to achieve increased phosphate removal. Recycling
tertiary solids has been found to enhance P removal and decrease metal dosing requirements
(Takács et al., 2006b; Newcombe et al., 2008a; Takács et al., 2011; Falk et al., 2012; Johnson
et al., 2012).
Based on the work of Smith et al. (2008a) and Szabó et al. (2008) recycling solids in the
treatment process and thus aging these solids is believed to influence the long term slow P
removal reactions or adsorption mechanisms. When metal hydroxyl flocs are recycled to the
head of a treatment process the time in which the precipitates remain in contact with P (contact
time) is equivalent to the solids retention time or the age of solids in the process (Johnson et
al., 2012). This process of aging is expected to change the morphology of the precipitates i.e.
size and structure. The transition from amorphous hydroxide floc to crystalline structures with
floc aging is expected to impact on phosphate adsorption. According to Dzombak and Morel
(1990) the chemical and physical properties of HFO aged less than 24 hours are characterized
by higher surface area and higher levels of cation and anion adsorption while aging decreases
adsorptive capacity.
Smith et al. (2008a) conducted experiments (using electron microscope images) and dye
adsorption techniques to determine the effects of aging on the availability of surface sites in
HFO floc. Experiments were conducted with fresh, 4 day old and 2 year old HFO. Surface sites
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were determined to be readily available in fresh HFO since their structure is very open (leading
to increased removal); however as HFOs age, the structure became larger and denser limiting
the surface area for binding and decreasing the number of active sites. Reduced P removal as a
result of aging was also reported by Mao et al., (2012), Szabó et al., (2008) and Lijklema
(1980). Freshly formed HFO (aged 1 minute) were reported to achieve approximately 60% P
removal while HFO aged 30 minutes before coming in contact with P only removed 30-35% of
the original P (Szabó et al., 2008). Mao et al. (2012) studied HFO that was aged 1 minute, 8.5
hours and 24 hours while Lijklema (1980) studied HFO aged 1 hour and 24 hours. The extent
of aging studied was limited to time frames which are not reflective of typical solid residence
times in a wastewater treatment system. Further research is required to determine the influence
of typical SRTs on chemical P removal.
Kang et al. (2003) compared the use of amorphous (ferrihydrite) versus crystalline (goethite
and hematite) iron oxide particles as adsorbents for P removal from secondary wastewater
effluents (surface areas: 200-300 m2/g (ferrihydrite), 20 m2/g (goethite), and 20-25 m2/g
(hematite)). The results showed greater P removal using ferrihydrite followed by smaller
removals using goethite and then hematite. Particle size analysis indicated that the three
particle types had almost the same size distribution with an average diameter of 3.5µm (Kang
et al., 2003). However SEM analysis indicated that the structure of the particles differed
suggesting that the surface structure related to morphology was more responsible for P removal
than particle size (Kang et al., 2003). Hence it would appear that the impact of solids
morphology cannot be ignored when studying the impacts of solids age on adsorption.
The observation of enhanced P removal via recycling and aging (Szabó et al., 2008) contradicts
the results that aging reduces active surface sites and limits P removal (Smith et al., 2008a). It
is hypothesized that not all of the solids inventory which is created by iron addition is saturated
with respect to P. Hence, in real wastewater systems that are transient in nature, there is
additional sorption capacity available to take up P during periods of high P loading. Further
research is required to determine to what extent aging affects adsorption mechanisms.
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2.4.5

Effects of Water Chemistry

Most fundamental studies on chemical P removal have employed simple water matrices (i.e.
hydrogen (H), iron (Fe) and P). In order to improve the ability of models to predict chemical
phosphorus removal in wastewater matrices, an understanding of the effects of more complex
water chemistry is required. Wastewater constituents such as alkalinity, soluble and total COD
and total suspended solids (TSS) concentrations, and the presence of cation species have all
been reported to influence chemical P removal. The extent of their influence is described
below.
2.4.5.1 Alkalinity
Alkalinity represents the pH buffering capacity of a wastewater and in natural waters is
typically a function of the carbonate, bicarbonate, and hydroxide concentrations (Standard
Methods, 2005). Szabó et al., (2008) conducted jar test experiments in the same pH range
(without pH control) with alkalinities in the range of 0-600 mg CaCO3/L. Higher alkalinity
resulted in slightly higher residual soluble P concentrations; however, this phenomenon could
not be explained. It was hypothesized that the formation of metal hydroxides occurs more
quickly in higher alkalinity waters because the hydrogen ion capturing capacity is higher
creating a kinetic advantage for fast precipitation of metal hydroxides and a lower probability
for co-precipitation of phosphate and metal hydroxides (Szabó et al., 2008). It was also
hypothesized that competition could exist between the bicarbonate (HCO3-) ions and phosphate
(HPO42-) ions for active sites (Szabó et al., 2008). These results contradicted those of
Newcombe et al. (2008b) and Kang et al. (2003) where changes in alkalinity (i.e. from 0-350
mg/L and 0-400 mg/L as CaCO3, respectively) had a minimal effect on P removal. Further
research on the effect of alkalinity on chemical P removal is required.
2.4.5.2 Organics, Biomass and Total Suspended Solids
The presence of organic matter has been shown to decrease chemical P removal (Szabó et al.,
2008; Mao et al., 2012; Weng et al., 2013). Experiments by Mao et al. (2012) found that the
presence of citrate (50, 100, 200uM) reduced P adsorption onto fresh HFO. Through modeling
and experiments, Weng et al. (2013) showed that an increase of dissolved organic carbon from
0.5 to 50 mg/L lead to a greater than 50% decrease of P adsorption onto crystalline iron oxides
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under normal soil conditions. In wastewater treatment systems, organic matter is indirectly
measured by the chemical oxygen demand (COD) concentration while total suspended solids
(TSS) represents the amount of suspended inorganic and organic compounds (Metcalf & Eddy
2003). Szabó et al. (2008) found that increasing COD and TSS concentrations led to less
efficient chemical P removal. The mechanism responsible for decreased removal was
hypothesized to be due to carboxylic and phenolic groups on the organic matter competing
with phosphate for binding sites on the surface of the metal hydroxides (Szabó et al., 2008).
The individual effects of COD and TSS could not be determined as high COD concentrations
occur with higher TSS concentrations in wastewater systems.
Caravelli et al. (2012) studied the effect of biomass concentration (3.0 ± 0.3 gTSS/L, volatile
fraction 0.86) on chemical P removal. The presence of biomass was found to not significantly
affect removal for pH values between 5 and 6, however for higher pH values (7-8) the presence
of biomass significantly (p<0.05) improved P removal. Higher removal was attributed to sweep
flocculation favoring the retention of phosphate anions under the alkaline conditions tested
(Caravelli et al., 2012). Despite biomass being composed of organic compounds and suspended
solids the improvement in removal was attributed to the floc properties. Further research is
required to determine if biomass concentrations reduces P removal due to competition
mechanisms.
2.4.5.3 Water Hardness
Water hardness is associated with the presence of Mg2+ and Ca2+ ions in water. Gilmore (2009)
conducted experiments to compare the effect of hard and soft water (presence of calcium and
magnesium) on P removal. Experiments performed in hard water reached lower residual PO43concentrations than experiments in soft water and hence it was concluded that calcium and
magnesium ions aid in the removal process. Differences in residual P due to water hardness
were more prominent after a few hours of mixing indicating that the effect of Ca2+ and Mg2+
ions was more significant for adsorption processes than co-precipitation process (Gilmore,
2009). Weng et al. (2013) found that the presence of Ca2+ enhanced P adsorption at pH > 5
while the effect of Mg2+ was insignificant. The addition of Ca2+ to experiments by Kang et al.
(2003) exploring P removal with iron oxides in secondary effluent did not improve removal. It
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was hypothesized that Ca2+ interacted with organic matter present in the secondary effluent
(Kang et al., 2003).
There is relatively little reported research on the interactions of Ca2+ and Mg2+ with HFO
during chemical phosphorus removal; however interactions between Ca2+, Mg2+ and PO43- are
better documented. P is known to interact with cations to form mixed cation phosphates (i.e.
magnesium (Mg2+), calcium (Ca2+), iron, or aluminum phosphates, or hydroxyphosphates)
(Smith et al., 2008a). Mg2+ forms slightly stronger complexes than Ca2+ while complexes of
Al(III) and Fe(III) are much stronger (Jenkins et al., 1971). Interaction with these metal ions
and cations are mostly a function of pH. P forms dissolved complexes with Ca2+ and Mg2+ in
the alkaline pH region thereby increasing phosphate solubility (Jenkins et al., 1971). Jenkins et
al. (1971) showed that for a Ca-PO4-CO3-H+-H2O system precipitation of calcium carbonate
(calcite) competed with calcium phosphate (hydroxyapatite) precipitation between pH 9 and
10.5, but hydroxyapatite precipitation by itself was responsible for low P residuals between pH
7.5 and 8.5 and above pH 10.5. The presence of Mg2+ effects Ca2+ interactions with P causing
precipitation of beta-tricalcium phosphate rather than apatite and the precipitation of a
magnesium calcium carbonate rather than calcite (Jenkins et al., 1971). This increases P
solubility at pH values below 9, but decreases solubility at higher pH values (Jenkins et al.,
1971). At pH values of 10.5 or higher, Mg(OH)2 precipitates (Jenkins et al., 1971). In general,
research is still needed to understand chemical P removal under more complex water matrices
and with interactions of other anions and cations.
2.5

Modelling Chemical P Removal

Several models have been developed to characterize the interactions between P and metal salts.
The models by Ferguson and King (1977), Luedecke et al. (1989), Briggs (1996), WEF (1998),
Smith et al. (2008a) and Hauduc et al. (2013) are summarized in Table 2-5. Table 2-5 also
summarizes the existing model used in Envirosim’s simulation software BioWin for predicting
effluent P concentrations.
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Table 2-5: Summary of Chemical Precipitation Models
Description
Ferguson and King
(1977)

Assumptions
Steady-state (i.e. no changes in
concentration with respect to time)

Modelling Process
The final pH of the wastewater is predicted based on
initial pH, chemical dose and buffer capacity/alkalinity.

Type:
Empirical

Instantaneous chemical reactions

Precipitation calculations are divided into three regions:
Zone I: Al:P < 1.4
Removal is determined stoichiometrically until a residual
of 1mg P/L (pH between 5.2 and 6.9).

Coagulant:
Aluminum
Removal Mechanisms:
Co-precipitation
(Dosing into secondary
effluent)

Complete solids separation
Aluminum phosphate
(Al1.4PO4(OH)1.2(s))
precipitates before aluminum
hydroxide
The molar ratio of Al:P in the
precipitate is constant at all pH
values
Mass balances and chemical
equilibria can be applied

Luedecke et al., (1989)

Considers soluble forms of
aluminum phosphate and aluminum
hydroxide to bring residual
concentrations into good agreement
with jar test data from engineering
literature (Briggs, 1996)
Steady-state

Type:
Empirical

Fe2.5PO4(OH)4.5 is the stoichiometry
for the ferric phosphate precipitate

Coagulant:
Ferric

Mass balances and chemical
equilibria can be applied

Zone II: Al:P ≈ 1.4
Removal is less than that predicted by stoichiometry,
residuals are based on aluminum phosphate solubility
(minimum residual P =10-6M at pH 5.2-6.0).
Zone III: Al:P > 1.4
Both aluminum phosphate and aluminum hydroxide
precipitate, residuals are based on assuming equilibria
between both solids and the solution for a given pH. Any
further increase in aluminum dose only changes pH and
does not decrease P residual. The phosphate residual for
Zone III is a boundary plotted on a concentration versus
pH diagram.

Calculations are divided into four regions:
1. No precipitation
Doses are below the calculated minimum required to start
precipitating ferric phosphate precipitate

2. Fe2.5PO4(OH)4.5 (s) precipitation
Residuals are based on mass balances for iron and
phosphorus and equilibrium between the iron phosphorus
precipitate and the solution.
3. FeOOH(s) precipitation
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Limitations
Based on the solubility
equilibria of a fictitious
precipitate i.e.
Al1.4PO4(OH)1.2(s)
Does not account for total
P or removal of
precipitated solids only
describes ortho-P
precipitation
Solubility products are
empirically derived

Model was established
with phosphate removal
objectives of 80%
targeting a 2 mg/L effluent
concentration (Jenkins,
1971)
Based on empirically
derived solubility products

Occurs when the initial P concentration is less than the
equilibrium P concentration when both solids are present,
and the iron dose is greater than equilibrium

Luedecke et al., (1989)
(continued)

4. co-precipitation of Fe2.5PO4(OH)4.5 (s) and

Removal Mechanisms:
Simultaneous
precipitation

FeOOH(s)
Residuals are calculated assuming equilibrium between
both solids and the solution at given pH. Any increase or
decrease in dose results only in a change in the
concentration of the iron precipitate.

Adsorption

Briggs (1996)
Type:
Empirical/theoretical

Dynamic system behaviour (i.e.
accounts for variability in
concentration with respect to time)

Coagulant:
Ferric and aluminum

Equilibrium attained instantaneously
for precipitation

Removal Mechanisms:
Co-precipitation (dosing
into secondary effluent)

See assumptions associated with
Ferguson and King (1977) and
Luedeke et al (1989).

Dissociation
Hydrolysis
Adsorption
Biological nutrient
requirements

Once the amount of precipitate is determined the P
equilibrium concentration is adjusted for adsorbed P.
Concentration of adsorbed phosphate is a function of an
adsorption coefficient, and the total amount of adsorbent
which is equal to the sum of both precipitates adjusted for
the number of available OH groups
Considers reactions at the point of metal addition, and rate
processes within the aeration tank.
Precipitation reactions developed on principles of
Ferguson and King (1977) and Luedeke et al. (1989)
Precipitates behave as inert solids in the aeration tank and
dissociate/precipitate when soluble concentrations are
reduced below or increase above minimum equilibrium
concentrations (<0.3-0.5mg/L) respectively. The resultant
increase/decrease in concentration is determined
stoichiometrically. The model accounts for solubilization
of particulate biodegradable organic P into soluble
biodegradable organic P which in turn is hydrolyzed into
ortho-P.
Adsorption of P is modeled based on the Elovich equation
but with incorporation of switching functions for the
phosphorus residual and maximum adsorption capacity.
Adsorbed P is also released during dissociation.
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Based on solubility
equilibria of a fictitious
precipitate
The adsorption coefficient
is adjusted to each
experimental condition in
a broad range indicating
that the adsorption process
is not described correctly
Hauduc et al. (2013).

Inability to simulate
effluent solids
concentrations can impact
effluent P concentrations
See limitations associated
with Ferguson and King
(1977) and Luedeke et al.
(1989).

WEF Model (1998)

Steady-state

Type:
Empirical

Fe1.6H2PO4(OH)3.8 is the
stoichiometry for the ferric
phosphate precipitate

Coagulant:
Ferric coagulant
Removal Mechanisms:
Co-precipitation

Mass balances and chemical
equilibria can be applied
Saturation with respect to two solid
phases (Smith et al., 2008b).

Stoichiometric reactions for chemical P removal are used
to estimate iron dose until residual of 1mg P/L. Around 1
mg/L reactions equilibrium controlled and competing
reactions start to dominate. To achieve P levels below 1
mg/L excess metal salt dosing is required since predictions
based on stoichiometry are no longer accurate.
Metal hydroxide is formed in addition to metal phosphate
precipitate. Model predicts a minimum of 35ug PO43-/L at
optimum pH 6.95 Takács, 2006b)
Takács et al. (2006b) recalibrated the WEF model by
combining it with equilibrium based pH calculations to be
able to determine the ionic strength of the solution
allowing for calculation of pH, iron doses, and sludge
production. The recalibrated model has broader pH range
of removal and predicts a minimum residual of 7ug
PO43/L at pH 6.5. However, the minimum residual is fixed
by assumption at 7ug/L which causes the model to over
predict phosphate removal.

Smith et al., (2008a)
Type:
Mechanistic (Gilmore et
al., 2009)

Titrations were performed (Tackács et al., 2006a) to
determine best-fit values for dissociation and solubility
constants so that P removal could be described using
actual, real components that form in aqueous media as
oppose to empirical components in the original model.
Results indicated that no pure phosphate precipitation
occurs above pH 5, pure ferric phosphate precipitates
below pH 3.5 only, a mixture of ferric phosphate and
hydroxide with increasing molar ratios precipitates
between pH 3.5 and 4.5, and pure ferric hydroxide
precipitates above pH 4.5.
Geochemical principles for P
Smith et al., (2008a) applied geochemical principles to Fe
adsorption with crystalline goethite
and P interactions to develop a P complexation model.
can be applied to amorphous hydrous This model is used in conjunction with chemical
ferric oxides (HFO)
equilibrium modeling to more realistically describe low
level P experimental data.
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As presented by Smith et
al. (2008b):
Dose dependence is not
shown since (1) saturation
with respect to two solid
phases is assumed and
hydrous ferric phosphate is
always present in
equilibrium with the
solution and (2) varying
Fe/P ratios are ignored
pH dependence was
narrow compared to
measure data
Residual P only a function
of pH and predictions are
generally under predicted
Supersaturation might not
be achieved in wastewater
treatment
The chemical species
proposed
Fe1.6H2PO4(OH)3.8 has
been verified not to exist

Model was created using a
simple water, iron, P
system and does not
account for the effects of
variable water chemistry.

Smith et al., (2008a)
(continued)

Addition of acidic FeCl3 to water or wastewater, with pH
between 6 and 8, results in its neutralization and the
simultaneous precipitation of HFOs.

Coagulant:
Ferric

P is removed by precipitation of FePO4 at pH 4 or lower,
co-precipitation of phosphate into the HFO structure, or
adsorption onto existing HFO flocs due to complexation
reactions on the HFO surface

Removal Mechanisms:
Co-precipitation

The surface complexation model (SCM) is broken down
into two parts as described in full in (Smith et al., 2008a).
The first part involves chemical equilibrium calculations
to determine the amount of HFO and FePO4 that
precipitates. Once the amount of HFO is determined the
second part of the model allows P to complex with the
HFO surface through the use of the ASF (Smith et al.,
2008a)

Adsorption
Surface Complexation

Hauduc et al., (2013)

Dynamic system behaviour

Type:
Mechanistic/Empirical

All reactions can be kinetically
modeled.

Coagulant:
Ferric

Chemical equilibrium dissociation
processes can be modeled
dynamically with very fast rate
kinetics as described in Musvoto et
al. (2000)

Removal Mechanisms:
Co-precipitation
Adsorption
Surface Complexation

See assumptions associated with
Smith et al. (2008a)

Improved prediction of the behaviour of phosphorus when
low level removal is targeted.
The physico-chemical aspect of the model was developed
using kinetic rate expressions to describe: chemical
equilibrium dissociation (i.e. water dissociation,
carbonate, and phosphate acid-base systems), chemical ion
pairing (i.e. for Fe and Ca), physical mineral precipitation
(i.e. precipitation of HFO or FePO4), and chemical surface
complexation onto HFO (i.e. chemical surface
complexation and aging).
The hydrous-ferric oxide aspect of the model includes the
following modifications to the model by Smith et al.
(2008a):
• addition of kinetic rates towards equilibrium
• definition of two populations of HFO: fresh HFO with
a high ASF and older HFO with a low ASF (formation
of each fraction of HFO is dependent on mixing
intensity)
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The model is not able to
perform SCM calculations
for low doses (less than
0.6mgFe/L).
The model is not able to
describe the kinetic
behaviour of P removal
i.e. fast followed by slow
removal observed by
Szabó et al. (2008) or the
influence of HFO aging
(Hauduc et al., 2013)

The kinetics of P removal
are poorly described
HFO aging was calibrated
to experimental data with
a maximum age of 30
minutes and does not
account for solid ages
typical of wastewater
treatment.
The effects of pH, TSS
and COD were not
investigated.
Poor description of
kinetics and behaviour at

Hauduc et al., (2013)
(continued)

BioWin
(EnviroSim, 2007)
Type:
Empirical/Theoretical
Coagulant:
Ferric, Aluminum
Removal Mechanisms:
Co-precipitation
Biological Nutrient
Requirements

expression of surface complexation species in terms of
Fe concentration and calculation of proton or P
contents based on stoichiometry and ASF
• introduction of two processes of HFO aging: fresh
HFO ages to older HFO with low ASF, and low HFO
ages to old HFO with no reactive sites.
Effluent P predictions are based on: the weak acid-base
system; nutrient and energy-storage requirements for
various microorganisms; and formation of insoluble
precipitates with magnesium, calcium, as well as iron and
aluminum ions if present (EnviroSim, 2007).

•

Steady-state and dynamic behaviour
The P content or requirements for
biomass is 0.022 mg P/ mg COD
The P nutrient half saturation
coefficient is 0.001 mgP/L, which is
used to slow the growth of biomass
when there is no P available as a
nutrient.

The chemical precipitation model uses an equilibrium
approach to describe ferric precipitation. Metal addition
results in the formation of insoluble phosphate/hydroxo
complex (Fe1.6H2PO4OH3.8), a soluble metal-phosphate
complex (FeH2PO42+), and any residual metal will be
mostly bound in metal hydroxide precipitate (Fe(OH)3)
(EnviroSim, 2007). The distribution and residual
concentrations of components involved is pH and dose
dependent.
The best achievable soluble PO4 concentration when the
solution is in equilibrium with the composite product
Fe1.6H2PO4OH3.8 is 0.01 mgP/L with iron dosing at pH 7
(EnviroSim, 2007). The default molar ratio of the
precipitate is 1.6mmolFe/mmol P under low doses and
optimal pH. However, the actual (observed) ratio will
depend on pH, as well as the formation of other ferric
phosphate and hydroxide components (EnviroSim, 2007).
Magnesium and calcium precipitates including struvite
(MgNH4PO4•6H2O), and hydroxy-dicalcium-phosphate
(HDP, Ca2HPO4(OH)2) are also accounted for when
calculating residual P (EnviroSim, 2007).
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high Fe/P doses

The chemical species
proposed
Fe1.6H2PO4(OH)3.8 has
been verified not to exist
(Smith et al., 2008b)
Adsorption and desorption
mechanisms are not
considered

The chemical equilibrium models by Ferguson and King (1977), Luedecke et al. (1989) and
WEF (1998) described in Table 2-5, have been traditionally used to model chemical P removal
(de Haas et al., 2001). In these models, P removal mechanisms include co-precipitation or coprecipitation and adsorption reactions. A similar modelling process was used in all three
models. The precipitation reactions employed were defined for two predominant regions: a
region at high effluent P concentration where the required metal dose can be determined
stoichiometrically (i.e. constant Fe/P at a controlled pH), and an equilibrium region at low
effluent P concentrations where significantly higher metal doses are required and both metal
hydroxyl phosphate and metal hydroxide form (i.e. Fe/P increases at controlled pH) (Jenkins
and Hermanowicz, 1991).
The limitations associated with these traditional chemical equilibrium models are also
summarized in Table 2.5. Major criticisms surround the use of non-realistic equilibrium
constants and species (Smith et al., 2008b) and fictitious precipitates to describe precipitation
in the particular system(s) tested (Briggs, 1996). Another limitation involves the description of
the precipitation of pure ferric phosphate (FePO4). Smith et al. (2008b) along with Takács
(2006a) have shown that FePO4 only precipitates at acidic pH values (at or below 4) and thus
models based on FePO4 precipitation are not suitable to describe chemical P removal (Szabó et
al. (2008). Equilibrium models also fail to account for the kinetics of the precipitation process
(Caravelli et al., 2010). As described by Caravelli et al. (2010) precipitation/dissolution
reactions take longer to reach thermodynamic equilibrium than aqueous phase reactions such
as acid/base equilibria.
Briggs (1996) and EnviroSim (2007) have reported models that describe dynamic system
behaviour (i.e. account for changes in concentration with respect to time) and allow calibration
to site specific situations (Table 2-5). As summarized in Table 2-5, chemical P removal has
been described in these models by rate limited co-precipitation, dissociation, hydrolysis,
adsorption, and incorporation into biological growth (Briggs, 1996). These models consider the
interactions of the different fractions of P in a wastewater treatment system aeration basin.
However, since the chemical equilibrium aspects of the models are based on the equilibrium
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models of Ferguson and King (1977), Luedecke et al. (1989) and WEF (1998) limitations
surround the use of fictitious precipitates as mentioned above.
Inadequacies also surround the use of kinetics in the models by Briggs (1996) and EnviroSim
(2007). Holtan et al. (1988) identified that a limitation of existing kinetic models was that most
researchers applied rate expressions that are most commonly used when dealing with solutions.
As a result, the concentration terms imply that any molecule or ion of the reactant is capable of
reacting which is not the case in solid-liquid system when only the atoms or ions on the surface
layer are available to react (Holtan et al., 1988). Therefore Holtan et al. (1988) suggest that a
factor describing the concentration of reactive surface sites should be included in kinetic
expressions.
Smith et al. (2008a) reported a model (Table 2-5) that employs geochemical principles in
conjunction with chemical equilibrium modelling to describe ferric and P interactions. This
surface complexation model (SCM) was based on interactions between amorphous hydrous
ferric oxides (HFO) and P (i.e. adsorption and co-precipitation). The geochemical principles
built on studies of phosphate interactions with goethite, a crystalline iron oxide (Geelhoed et
al., 1997). Smith and Ferris (2001) demonstrated that interactions with amorphous hydrous
ferric oxides are similar to those with goethite. The model uses an active site factor (ASF) to
describe the availability of reactive oxygen atoms or “surface sites” for P complexation before,
after, and during precipitation. The value of the ASF was found to be a function of dosing,
mixing, pH and aging conditions (Smith et al., 2008a).
The advantages of the SCM model include the fact that it is based on recognized chemical
species as compared to the equilibrium or kinetic models and that it includes surface
geochemical interactions, which are ignored in previous equilibrium and kinetic models (Smith
et al., 2008b). As mentioned in Table 2-5 the model is better suited to predict behaviour in
systems when low effluent P limits are targeted. Limitations however include that the model
was developed using a simple hydrogen-iron-P system and that the model does not account for
influences of variable water chemistry. The model is also not able to describe the kinetic
behavior of P removal observed by Szabó et al. (2008) i.e. the initial fast removal followed by
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slow removal and the influence of HFO aging (loss of active surface sites) (Hauduc et al.,
2013).
The most recent model described in Table 2-5, developed by Hauduc et al. (2013), builds on
the model by Smith et al. (2008a) to dynamically describe chemical P removal in wastewater.
The model combines chemical equilibrium, physical precipitation and co-precipitation
reactions as well as sorption and aging (surface consolidation) processes. All process reactions
are described using kinetic rate expressions. The aging aspect of the model described by
Hauduc et al. (2013) and Takács et al. (2011) is one of the main modifications to the model by
Smith et al. (2008a). Further details on the aging process from Hauduc et al. (2013) and Takács
et al. (2011) are described as follows:
•

Iron dosing results in the formation of two fractions of HFO (i.e. high HFO and low
HFO) as a function of the mixing intensity provided.

•

High HFO is formed under high intensity mixing and is characterized by an open
structure and a high specific surface area for sorption.

•

In contrast, low HFO is formed under low intensity mixing and has a more compact
structure and less accessible binding sites.

•

Addition of P to High HFO is considered an equilibrium precipitation process and
results in fast co-precipitation/sorption leading to saturation of the surface sites.

•

The addition of P to low HFO results in a slower reaction where a smaller fraction of P
is precipitated and is described with a kinetic adsorption model.

•

P bound on each fraction of HFO becomes mechanically entrapped into the HFO
structure and does not contribute to any further reaction.

•

Unbound HFO simultaneously undergoes aging (surface consolidation).

•

High HFO ages to low HFO and low HFO ages to a third fraction of solids termed old
HFO which contain no active surface sites.

•

Old HFO also accounts for the mechanically entrapped phosphates.

Therefore, the model provides additional insight/hypothesis into the mechanisms of chemical P
removal previously described by Szabó et al. (2006, 2008) and Smith et al. (2008a).
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As summarized in Table 2-5, limitations of the dynamic physico-chemical model reported by
Hauduc et al. (2013) include the inability to accurately describe the sequence of fast followed
by slow removal kinetics of P observed by Szabó et al. (2008), and poor descriptions of
removal behaviour at high Fe/P doses. Hauduc et al. (2013) indicated that kinetic limitations
may be due to an inadequate description of phosphate diffusion into less accessible binding
sites. The model is also limited in its description of aging. The model was calibrated to
experimental data from Szabó et al. (2008) where pre-polymerized HFOs were aged between 1
and 30 minutes which is not a typical timeframe for wastewater solids residence times.
On the basis of the literature reviewed it was found that although model development has
increased the ability to predict residual PO43- concentrations when extremely low P
concentrations are targeted, models are still not able to correctly describe removal kinetics and
the impacts of aging and solids residence time. Further, the models have not been evaluated
with respect to predicting chemical P removal behaviour in complex waters where organics and
other species may interfere with removal mechanisms. Improving the ability of the models to
describe these mechanisms will lead to more consistent effluent P levels at reduced dosage
rates and chemical sludge production resulting in savings in chemical and sludge treatment
costs (Takács et al., 2006b).
2.6

P Adsorption Modelling

As summarized in Sections 2.3 co-precipitation and adsorption have been identified as
prominent mechanisms of chemical P removal. Adsorption of P onto the surface of crystalline
oxides such as goethite (α-FeOOH) has been characterized (Weng et al., 2012; Kang et al.,
2003; Rietra et al., 2001; Li and Stanforth, 2000; Geelhoed et al., 1997). Surface complexation
models have been used to provide a quantitative description of the adsorption of anions and
cations onto the surface of iron oxides (Mao et al., 2012; Davis and Leckie, 1980; Golberg,
1985; Stumm et al., 1970; Dzombak and Morel, 1990; Hiemstra and Riemsdijk, 1996). This
prior work focused on the use of crystalline oxides that have well-defined particle size and
specific surface areas (Lijklema, 1980). Hence these studies are often only used as a starting
point for understanding the mechanisms of removal via adsorption onto amorphous precipitates
in wastewater. In comparison, experiments conducted with fresh HFO are confounded by aging
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effects making quantitative interpretation more difficult (Lijklema, 1980; Smith et al., 2008a;
Mao et al., 2012).
The literature reveals two types of adsorption: physical adsorption and chemisorption. Physical
adsorption is reversible and results in a small decrease in system energy upon adsorption
whereas chemisorption is partly or completely irreversible and is associated with a large
decrease in energy (Berkheiser et al. 1980). Chemisorption includes adsorption through surface
ligand exchange and adsorption by incorporation into the adsorbent structure (Holtan et al.,
1988). Most studies suggest that the mechanism of P adsorption on chemical solids is
chemisorption where phosphate ions replace hydroxide ions (Briggs, 1996) as illustrated in
Equation (2-3):
2Cs + P  2CsPa + H2O + OH-

(Equation 2-3)

where Cs is the chemical solid/floc, P is the soluble ortho-phosphate, and Pa is the adsorbed
ortho-phosphate. Experiments conducted by Lijklema (1980), support high-affinity adsorption
on the positive sites of the hydroxide complex resulting in complete neutralization at very low
concentrations of P in solution. The results of Luedecke et al. (1989) support this view since
the adsorptive capacity of the solid precipitates was strongly correlated to the number of
hydroxide groups available for exchange with P (Briggs, 1996). Holtan et al. (1988) indicated
that in addition to exchange with hydroxo groups, sorption of phosphate can also occur by
ligand exchange with aquo-, or ol-groups. In practice, chemisorption of phosphate (the amount
of hydroxide ions replaced by phosphate ions) can be determined by measuring the amount of
acid required to keep the pH constant in batch adsorption tests (Lijklema, 1980).
Equilibrium sorption behaviour is typically described mathematically by fitting residual P
results to an isotherm. In soil sorption systems, the Langmuir, Freundlich and Temkin
isotherms have been most widely used (Holtan et al., 1988). However, the particles involved in
soil sorption studies have definitive shapes, sizes, and surface area whereas iron hydroxide is
amorphous. Application of these isotherms to experimental data should be done critically to
ensure that an accurate representation of the amorphous nature of the precipitate is provided.
There is no consensus on which type of isotherm best describes adsorption behaviour.
Newcombe et al. (2008b) used the Langmuir isotherm to characterize P adsorption onto
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amorphous HFO and HFO coated sand while Kang et al. (2003) used the Freundlich isotherm
to describe the adsorption of P onto ferrihydrite (Fe5HO8·4H2O), hematite (α-Fe2O3) and
goethite. Lijklema (1980) conducted adsorption experiments with freshly precipitated iron (III)
hydroxide. The adsorption isotherms were shown to fit Equation (2-4) (Lijklema, 1980) which
has similarities to the Freundlich isotherm (Briggs, 1996):
[ Pa ]
(Equation 2-4)
= 0.298 − 0.0316 pH + 0.201[ P]1 / 2
[ Fe]
where Pa, Fe, and P are the adsorbed phosphate concentration, iron dose, and soluble phosphate

concentration respectively in mmolar units. Equation (2-4) was determined through
experimentation that involved the addition of various concentrations of phosphate to a solution
of fresh precipitate with a 15 minute equilibration time. When the dosing was conducted in the
reverse order and fresh precipitate was added to solutions of phosphate, Equation (2-4) was
found to under predict P removal (Smith et al, 2008b). Since the sorption process is described
as a slow kinetic process occurring over several hours/days (Szabó et al., 2006; Szabó et al.,
2008) limitations also exist in applying Equation (2-4) to data obtained over a longer
equilibration time.
There are relatively few models that describe the kinetics of P adsorption onto solids. Mao et
al. (2012) showed that the adsorption of dissolved P onto fresh HFO was initially rapid
reaching pseudo-equilibrium in the first hour. Further removal of P occurred over several days
(Lijklema, 1980). The Elovich type equation (Hingston, 1981) as illustrated in Equation (2-5)
is most typically used and shows an initial fast period of adsorption followed by a slower
adsorption period (Briggs, 1996):
dq
= a exp(−ba q )
dt

(Equation 2-5)

where q is the mass of adsorbate taken up per unit solid mass, a is a constant relating to the
initial velocity of the reaction, and ba is a constant relating to the activation energy for
adsorption. Zeng et al. (2004) showed that the Elovich equation provided satisfactory fitting of
the kinetic data of P adsorption onto iron oxide tailings. These findings were consistent with
the P sorption kinetics observed by Sparks (1989) and Chein and Clayton (1980) in soils.
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The Elovich equation may oversimplify modeling since the maximum adsorption capacity is
not taken into account indicating that adsorption will occur infinitely even as P residuals
approach zero (Briggs, 1996). Briggs (1996) modified Equation (2-5) by applying switching
functions that accounted for the phosphorus residuals and the maximum adsorption capacity
(Equation 2-6):


dPa
P 
q max − q
P 


= aC s exp − ba a 
dt
C s  K SP + P  K Sq + ( q max − q ) 


(Equation 2-6)

where Pa = adsorbed phosphate (mg P/L),
Cs = chemical solids concentration (mg/L),
P = soluble ortho-phosphate concentration (mg P/L),
qmax = maximum adsorption capacity (mg P/mg solids),
KSq = adsorptive capacity switching function constant (mg P/mg solids), and
KSP = phosphorus switching function constant (mg P/L).
Equation (2-6) shows that: as the residual soluble P concentration decreases, the rate of
adsorption decreases becoming zero when the residual soluble P concentration is zero; and as
the amount of P adsorbed approaches the maximum adsorption capacity, the phosphate
adsorption rate will be reduced to zero (Briggs, 1996). Equation (2-6) provides a mechanistic
model for P adsorption with more applicability to real systems.
In addition to the simple Elovich equation, first-order, second-order, power function,
intraparticle diffusion, and parabolic diffusion models have been used to describe P adsorption
behaviour (Yu et al., 2012; Zeng et al., 2004). Table 2-6 summarizes the various kinetic
equations. The kinetic models presented in Table 2-6 along with the simple Elovich equation
are empirical. Application of these models is limited to fitting of experimental results with
minimal application to real systems. Further research into the application of sorption kinetics
into real wastewater systems which are transient and dynamic in nature is required to better
describe P sorption behaviour.
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Table 2-6: Kinetic Models (adapted from Yu et al., 2012 and Zeng et al., 2004)
Model Name
First Order

Model Equation
log൫ݍ,௫ − ݍ൯ = ݈ݍ݃, −

Second Order

t
1
t
=
+
q k ଶ qୣ,ୡୟ୪మ q ୣ,ୡୟ୪

Intra-particle diffusion

q = k ୢ t .ହ + D

Power function
Parabolic Diffusion

q = at ୠ
q
bୟ
= a + ଵ/ଶ
t
t

2.7

݇ଵ ݐ
2.303

Summary and Research Gaps

The literature review has indicated that some form of chemical P removal is required to
achieve low effluent P concentrations. The mechanisms of P removal with ferric chloride are
mainly characterized by rapid equilibrium precipitation of HFOs occurring simultaneously
with co-precipitation, followed by a slower kinetic removal as a result of chemisorption (Szabó
et al., 2006). The pH, Fe dosing, mixing and aging conditions as well as water chemistry
dictate the extent to which these mechanisms will perform. Several models have been
developed to describe chemical P removal. Model development has increased the ability to
predict residual PO43- concentrations under transient and dynamic conditions typical of
wastewater treatment process; however current models are unable to accurately describe all of
the mechanisms and effects responsible for P removal when striving for ultra low
concentrations. Model limitations stem from the lack of information on the effects of aging of
chemical precipitates and the role of solids contact times and solids residence times typical of
wastewater solids on P removal (Benisch et al., 2013). In particular there is limited dynamic
information relating to the issues of aging and how soluble P reacts, i.e. the rates at which it
adsorbs. There is also limited information on the kinetics of removal. Therefore, this research
aims at characterizing the impact of solids residence time on P removal (including the rates of
adsorption) and the kinetics of P removal under steady state and transient conditions.
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CHAPTER 3
3. THE EFFECT OF SOLIDS RESIDENCE TIME ON PHOSPHORUS REMOVAL

3.1

Overview

The impacts of floc aging on P removal in timeframes typical of solids residence times (SRT)
employed in activated sludge have not been determined. The objective of this work was to
characterize the impact of SRT on steady state P removal in wastewater treatment. Steady state
samples were obtained from lab scale continuous flow sequencing batch reactors (SBRs) under
high (6.4 mg P/L; 1.4 mol Fe/mol P) and low (3.4 mg P/L; 2.6 mol Fe/mol P) influent
phosphate concentrations. In this chapter residual P concentrations, particle size distribution
and microscopy analyses were determined over a range of SRTs (2.8-22.8 days under low
influent P concentrations; 3.1-26.6 days under high influent P concentrations). The results
showed that the majority of P removal (94% under low influent P concentrations; 83% under
high influent P concentrations) occurred immediately after Fe addition with an additional but
smaller fraction of removal in the SBRs (3.3 – 4.8% under low influent P concentrations; 5.5 8.8% under high influent P concentrations). Soluble P uptake did not increase above an SRT of
approximately 7.4 days under low influent P concentrations and 14.3 days under high influent
P concentrations. The amount of sorbed P (µg P/mg TSS) decreased with SRT, providing
evidence that aging changed floc morphology. Floc size was found to have no distinguishable
influence on P removal. However, changes in floc morphology with SRT were consistent with
P removal trends.

3.2

Introduction

Concerns regarding effluent discharges into sensitive receiving water bodies have resulted in
very low orthophosphate (PO43-) limits (<10 µg-P/L) for a number of locations (Takács et al.,
2006a). Currently, these limits can only be achieved with some level of chemical P removal
through the use of metal salts. The removal of PO43- with ferric chloride was the topic of this
research.
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Characterization and modelling of the physical and chemical processes involved in attaining
extremely low P concentrations with hydrous ferric oxides (HFO) has been the focus of recent
research (Smith et al., 2008a; Szabó et al., 2008; Newcombe et al., 2008b; Weng et al., 2012;
Mao et al., 2012; Hauduc et al., 2013). The addition of ferric salts to water has been reported to
result in the formation and rapid precipitation of HFO floc (Smith et al., 2008a). PO43- initially
co-precipitates during the rapid HFO formation while subsequent uptake is slower and due to
adsorption/complexation reactions on the surface of the HFO floc (Smith et al., 2008a; Szabó
et al., 2008). These complexation reactions involve iron and P sharing an oxygen atom (Smith
et al., 2008a). The availability of reactive oxygen atoms or “surface sites” has been found to
depend on mixing and aging. The majority of removal occurs during the initial fast reaction;
however the slower long term removal is significant in achieving low effluent concentrations
(Szabó et al., 2008).
Recycling solids through the wastewater treatment process provides additional solids retention
time allowing for “slow” interactions between the liquid and solid phases. Research has shown
that recycling solids enhances P removal and decreases metal dosing requirements (Takács et
al., 2006b; Szabó et al., 2008; Newcombe et al., 2008a; Takács et al., 2011; Falk et al., 2012).
Szabó et al., (2008) found that systems with a longer hydraulic residence time (HRT) and
solids residence time (SRT) provided increased PO43- uptake.
The recycling of solids in wastewater treatment has been found to lead to floc aging. The
process of aging is expected to change the morphology of HFO precipitates. Smith et al.
(2008a) determined that the availability of surface sites decreases as a result of HFOs
becoming more crystalline with age thus limiting the surface area for P binding. Aging
therefore affects the slow P removal reactions or adsorption mechanisms (Smith et al., 2008a;
Szabó et al., 2008). Reduced P removal with aged pre-polymerized HFO was reported by Mao
et al. (2012), Szabó et al., (2008) and Lijklema (1980). The aging described in these studies
was over short time frames not typical of solid residence times (SRTs) observed in wastewater
treatment processes. Therefore, a better understanding of the aging of chemical solids and the
role of solids contact time and SRT on chemical use and achievable P limits is still required
(Benisch et al., 2013). Ideally this will lead to relationships that quantitatively describe the
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influence of SRT on PO43- sorption in continuous co-precipitation systems under conditions
that are typical of wastewater treatment processes.
The objective of this work was to characterize the impact of SRT on steady state P removal as
well as to obtain an improved insight into the effects of SRT on floc structure and hence the
relationship between floc properties and P removal. Steady state samples were obtained from
lab scale continuous flow sequencing batch reactors (SBRs) using synthetic natural water
under high and low influent phosphate concentrations.

3.3

Materials and Methods
3.3.1

Experimental Set-up

Steady state experiments were conducted in four (reactor A, B, C and D) continuously
operating SBRs located at Environment Canada’s Wastewater Technology Centre (Burlington,
Ontario). A schematic of the lab scale system is shown in Figure 3-1.

A

B

Figure 3-1: Simplified Process Schematic
37

C

D

The flash mix tank was fed with a synthetic natural water adapted from a recipe by
Environment Canada (1990). The recipe (Table 3-1) was modified to provide an alkalinity
typical of wastewater and to include phosphate. A volume of stock phosphate solution was
introduced into the flash mix tank via a fluid metering (FMI) pump. Stock phosphate solution
(1 g PO43-/L) was prepared by dissolving KH2PO4 in Milli-Q water. The pilot was operated
under a low influent P loading for 2 years and under a high influent P loading for
approximately 50 days. All chemicals used were reagent grade or better. All solutions were
prepared with ultra pure water (Milli-Q, 18 MΩ).

Table 3-1: Synthetic natural water recipe
Constituent
sodium bicarbonate (NaHCO3)
calcium sulfate di-hydrate (CaSO4.2H2O)
magnesium sulfate (MgSO4)
potassium chloride (KCl)
phosphate (PO43-)

Concentration (mg/L)
384
120
120
8
High Influent Concentration: 6.4 mg P/L
Low Influent Concentration: 3.4 mg P/L
268.2 ± 9.8 mg/L as CaCO3
7.6-8.0

Alkalinity
pH

The synthetic feed water in the flash tank was then dosed with ferric chloride (16.1 ± 1.8 mgFe/L) under rapid mixing and transferred into each of the SBRs. The iron dosing concentration
was determined experimentally based on meeting effluent P concentrations in the range of 50

µg P/L under low influent P concentrations, while the mixing (rpm) corresponded to
experiments performed by Szabó et al. (2008) and Gilmore (2009). The SBRs were equipped
with pH control, aeration, and mechanical mixing and allowed to react (flocculate), waste,
settle and decant. Table 3.2 summarizes the specific design parameters of the flash mix tank
and the SBRs. Each SBR was operated at one of four target SRTs of 2 (A), 5 (B), 10 (C) and
30 (D) days. SRT was controlled by adjusting waste volumes weekly based on effluent and
reactor solid concentrations, and by tracking the SRT dynamically (Takács et al., 2008).
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Table 3-2: Process Design Parameters
Design Parameter
Volume (L)
Mixing (rpm)
Velocity Gradient (G) (s-1)
HRT
Design Parameters
Volume (L)
Feed Volume (L/cycle)
Decant Volume (L/cycle)
Mixing (rpm)
Airflow (mL/min)
Velocity Gradient (G) (s-1)
pH
SRT (d)
HRT (h)
SBR sequence times
SBR cycle times

3.3.2

Flash Mix Tank
12
350
310
<2 minutes
SBRs
2.5
1.5
1.5
20
> 80
98
6.9 ± 0.1 (adjustments made with 0.1 M NaOH and 0.1 M H2SO4)
2, 5, 10 and 30
10
Feed (2mins), React (4.5hrs), Settle (1.25hrs), Decant (13mins)
4 cycles/day (6 hours each)

Sample Collection and Preparation

Once steady state was achieved with respect to SRT the flash tank and SBRs were regularly
sampled for analysis. Flash tank samples were collected after Fe dosing while the flash reactor
contents were fed into each SBR. SBR samples were collected from the waste and effluent
streams. Waste samples were taken at the end of the react phase while the solids were still in
suspension. Effluent samples were collected during the decant phase. Table 3-3 summarizes
the steady state sampling plan.
Soluble P, Fe, total P and microscopy samples required additional processing prior to analysis.
Samples that were collected for soluble P analysis were filtered immediately through a 0.45 µm
nitrocellulose membrane filter (Whatman Millipore). Fe samples were preserved to pH < 2
with nitric acid while total P samples were preserved to pH < 2 with sulfuric acid. Microscopy
samples were ‘washed’ to remove salts from the aqueous solution. The washing procedure
involved centrifuging the samples to separate the floc from the aqueous solution, draining the
aqueous solution, and resuspending the flocs in Milli-Q water. The procedure was repeated
three times and the final aqueous suspension was thinly spread onto silicon dioxide and dried at
105oC until the water was evaporated.
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Table 3-3: Steady state sampling plan
Analysis

Sample Location

Soluble P

Flash tank
SBR effluent
Flash tank
SBR waste
SBR effluent
Flash tank
SBR waste
SBR effluent
Flash tank
SBR waste
Flash tank
SBR waste
Flash tank
SBR waste

Total suspended solids
Fe
Total P
Particle Size Distribution
Microscopy

3.3.3

Sampling Frequency
Low Influent P
High Influent P
Weekly
Daily
Weekly
Daily
Weekly
Weekly
Weekly
Weekly
Bi-weekly
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
Intermittently
-

Sample Analysis

Soluble P concentrations were determined with the optimized ascorbic acid method (detection
limit of 10 µg P/L) as presented by Gilmore et al. (2009). A UV-Vis spectrophotometer (UV1700, Shimadzu Corporation, Kyoto, Japan) with a 10 cm path length was used.
Concentrations above 0.1 mg/L were analyzed according to Standard Method 4500-P.E
(Standard Methods, 2005) with a 1 cm path length. All glassware and plasticware were acid
washed in a 10% v/v nitric acid solution overnight and rinsed with Milli-Q water. TSS
concentrations were determined according to Standard Method 2540D (Standard Methods,
2005).
Fe and total P samples were analyzed by the Environment Canada, Wastewater Technology
Centre Analytical Laboratory. Fe samples were digested with nitric acid according to Standard
Method 3030E (Standard Methods, 2005). Fe concentrations were then determined by
Inductively Coupled Plasma (ICP) using Standard Method 3120B (Standard Methods, 2005). P
samples were digested and quantified by continuous flow analysis (CFA) using QuAAtro
Applications Method Q-026-04 (Automated Ascorbic Acid Method 4500-P F; Standard
Methods, 2005).
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Flash tank and SBR waste samples that were collected under low influent P concentrations
were characterized by particle size analysis and through microscopy to obtain information on
floc characteristics. Particle size analysis was conducted using an automated imaging technique
(FlowCAM VS Series Benchtop Model, Fluid Imaging Technologies, Yarmouth, Maine). The
FlowCAM system counted, imaged, and analyzed particles in a continuous flow (Fluid
Imaging Technologies, 2012). The fluorescence and laser light scatter of passing particles were
monitored by a laser, photomultiplier tubes, and scatter detector monitor (Fluid Imaging
Technologies, 2012). A camera captured raw images of the field of view at a user defined
interval (Fluid Imaging Technologies, 2012). These images were processed by the computer,
digital signal processor and trigger circuitry (Fluid Imaging Technologies, 2012). FlowCAM
analysis provided information on particles with sizes between 2 µm to 2 mm. Particle size
distribution measurements with FlowCAM were obtained using estimates of equivalent
spherical diameter (ESD) and area based diameter (ABD). ESD was based on feret
measurement which is a measure of the perpendicular distance between parallel tangents
touching opposite sides of the particle (Fluid Imaging Technologies, 2012). Thirty six feret
measurements were taken for each particle, one each 5o between -90o and +90o, and averaged
to obtain the ESD (Fluid Imaging Technologies, 2012). ABD is calculated by summing the
number of pixels in the threshold (binary) grayscale image, multiplying by the area of a single
pixel, converting to microns, and using the formula for the area of a circle to solve for the
diameter (Fluid Imaging Technologies, 2012).
Morphology characteristics were obtained using both FlowCAM and SEM analyses. From
FlowCAM, measures of particle compactness and transparency were collected. These
parameters were expected to provide an indication of differences in particle density i.e. the
more dense a particle the higher the compactness and the lower the transparency. Compactness
and transparency were derived from the following formulas (Fluid Imaging Technologies,
2012):

Compactness =

Perimeter 2
4 × π × Area

(Equation 3-1)

ABD
ESD

(Equation 3-2)

Transparency = 1 −
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Scanning Electron Microscopy (SEM) measurements were performed on a Zeiss FESEM Ultra
Plus (with EDX/OIM) (Zeiss, Oberkochen, Germany). Samples were examined without using
conductive coating.

3.3.4

Quality Control

All soluble P and TSS samples were collected and analyzed in duplicate to ensure quality
control. The original stock phosphate solution and additional soluble P samples were analyzed
independently (infrequently) by the Environment Canada, Wastewater Technology Centre
Analytical Laboratory. Quality control of Fe and total P samples was evaluated by the
Environment Canada, Wastewater Technology Centre Analytical Laboratory by including
blank spikes and duplicates with each run.

3.3.5

Statistical Analysis

The distributions of the data sets were assessed with respect to normality using the AndersonDarling test. Normal distributions were summarized in terms of the mean and 95% confidence
interval (CI) of the mean (i.e. mean (lower 95% CI, upper 95% CI)). Non-normal distributions
were summarized in terms of the median and 95% CI of the median (i.e. median (lower 95%
CI, upper 95% CI)). In order to make statistical comparisons between results, non-normally
distributed data were transformed into normally distributed data with a natural logarithm
transformation (i.e. taking the natural logarithm of the data). The log transformed data were
then used to make statistical comparisons using standard parametric analyses (Mathews, 2005).
Monte Carlo simulation was used to generate the confidence intervals for calculated
parameters. Random samples (n=1000) were generated for the input parameters based on their
underlying distributions (i.e. normal (mean, standard deviation)) (Sheehy and Martz, 2012).
Non-normally distributed data were transformed into normally distributed data with a natural
logarithm transformation and the mean and standard deviation of the transformed data were
used to generate random samples. The random samples were transformed back into their nonnormal distribution with the exponential function. The generated values were employed to
calculate the desired parameters.
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3.4

Results and Discussion
3.4.1

Floc Age

Since the age of the chemical solids was equivalent to the SRT in each reactor it was important
that the SRT be accurately quantified. The target SRTs were 2, 5, 10 and 30 days in reactors A,
B, C and D, respectively but it was anticipated that the actual values may have deviated from
the targets. The SRT was tracked through the following dynamic calculation (Takács et al.,
2008):

Mp

SRT = SRTo +1 −  SRTo ×
Ms






(Equation 3-3)

where SRT is the dynamic SRT of the system accounting for the aging of existing solids and
the addition of fresh solids (days), SRTo is the previous days SRT (days), Mp is the daily solids
production (i.e. the amount of fresh solids fed into the SBRs in mg), and Ms is the mass of
solids in the system on the current day (mg). Flash tank TSS concentrations were used to
determine daily solids production while SBR waste TSS concentrations were used to determine
system mass. If the SBRs were not wasted on a particular day Equation (3-3) was simplified to
Equation (3-4):

SRT = SRTo + 1

(Equation 3-4)

Table 3-4 summarizes the dynamically calculated SRT along with the measured TSS, Fe and
Total P (TP) concentrations in each reactor under high and low influent P concentrations. The
raw data for dynamic SRT, TSS, Fe and TP throughout the experimental steady state periods
are shown in Appendix A.
Based on the results summarized in Table 3-4 the SRT appeared to have been maintained close
to the desired 2, 5, 10 and 30 day values under both influent P conditions. However, upon
comparing predicted concentrations of TSS, Fe and TP to the independently monitored
concentrations of these analytes as a function of SRT and dosing condition (Figure 3-2) there
appeared to be a discrepancy in the original SRT estimates. Predicted concentrations of each
analyte (C) were determined by calculating the mass loading of TSS, Fe or TP in each reactor
based on Flash concentrations and the target SRT values using Equation (3-5):
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Table 3-4: Reactor TSS, Fe, TP and SRT. SRT calculated using dynamic SRT (Takács et
al., 2008).
Sample
Flash
A
B
C
D

TSS (mg/L)
31 (30, 32)1
242 (225, 258)1
461 (435, 487)
956 (903,1008)
1747 (1670, 1824)

Flash
A
B
C
D

35 (30, 41)
392 (213, 572)
652 (434, 871)
1211 (862, 1561)
2681 (2523, 2840)

Low Influent P Concentration
Fe (mg/L)
TP (mg/L)
16.1 (13.3, 19.0)
3.4 (2.35, 4.51)
96.8 (70.8, 122.8)
22.2 (17.7, 26.6)
311.2 (192.7, 429.7)
64.3 (42.7, 85.8)
402.8 (282.6, 523.0)
74.3 (52.7,95.8)
859.0 (704.5, 1013.5) 184.8 (106.9, 262.8)
High Influent P Concentration
16.1 (13.3, 19.0)
6.4 (6.2, 6.6)
82.5 (82.3, 82.6)2
27.3 (26.6, 28.1)2
2652
75.8 (73.5, 78.1)2
2
567
179 (167, 191)2
2
270 (260, 280)2
1000

SRT (d)
2.26 (2.22, 2.30)1
4.77 (4.72, 4.82)1
9.79 (9.73, 9.90)1
29.15 (28.94, 29.28)1
2.9 (2.0, 3.4)1
4.6 (4.2, 5.2)1
9.4 (9.3, 9.5)
28.7 (28.3, 29.1)

* 1values are non-normally distributed and reported as median, (95% lower CI, 95% upper CI)
2
not enough information available to calculate statistics, values are reported as means and ranges

C=

C flash × SRT × Q feed

(Equation 3-5)

V

where Cflash is the measured concentration of the analyte in the flash tank effluent (mg/L), Qfeed
is the daily flow of feed from the flash tank into the SBRs (L/d) and V is the volume of the
SBRs (L). The discrepancy between the measured and predicted parameters (Figure 3-2) was
especially pronounced with the target SRT of 30 days. In general, all three analytes followed
the same overall trend where SRT appeared to be underestimated at the low range (SRT < 10
days) and overestimated at 30 days. This discrepancy may have been due to the nature of the
abiotic precipitates used in the study and their deviations from real wastewater floc behaviour
in terms of size and settling. SRT was therefore re-estimated for each parameter such that the
measured values of TSS, Fe and TP matched the predicted values based on mass loading
calculations (Equation 3-5). The best estimate of SRT was then determined by averaging the
three different estimates obtained from each parameter. These revised estimates of SRT are
provided in Table 3-5. From Table 3-5 it can be seen that the revised SRT estimates were
higher than the targets in SBR A-C and lower than the target SRT of 30 days in SBR D. The
estimates of the revised SRT were similar under low and high influent P concentrations for
SBR A and B. However, revised SRT estimates differed between influent P concentrations in
SBR C and D where estimates were higher under high influent P concentrations.
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Figure 3-2: Measured vs. Calculated TSS, Fe and TP concentrations as a function of SRT
under (a) low influent P concentrations and (b) high influent P concentrations.

Table 3-5: Revised estimates of SRT under low and high influent P concentrations.
Reactor
A
B
C
D

Target
SRT (d)
2
5
10
30

Revised SRT (d)
Low Influent P
High Influent P
2.8
3.1
7.4
6.9
10.8
14.3
22.8
26.6

The inconsistencies between the measured and calculated estimates of TSS, Fe and TP (Figure
3-2) may have resulted from challenges associated with the analysis procedures.
Underestimated values may have been a result of the inefficient capture of the desired
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constituent. For example, some of the chemical solids produced may have been too small to be
captured by the glass fibre filters used in the TSS analysis (Standard Methods, 2005) resulting
in underestimated TSS values. Further research is required to determine if the analytical
methods are sound for predicting results especially at high concentration ranges.

3.4.2

Phosphorus Removal

Considering wastewater treatment plants have been facing extremely low effluent P targets it
was deemed important to determine the achievable P limits as a function of SRT. Figure 3-3
shows the soluble P concentrations observed in the flash tank and SBR effluents. The raw data
for each experimental steady state period are shown in Appendix A. The distribution of soluble
P was determined to be non-normal under low influent P concentrations and was summarized
using the median and the 95% CI for the median while the mean and 95% CI for the mean
were used to describe the normally distributed soluble P concentrations under high influent P
concentrations (Figure 3-3). P removal (%) was determined from the influent P concentration.
From Figure 3-3 it can be seen that the 95% CIs for the median and mean soluble P
concentrations in the flash mix tank are much wider than the estimates around the SBRs.
Hence, flash samples contain higher variability. This variability was attributed to the
instantaneous nature of HFO precipitation and PO43- co-precipitation. Soluble P removal (i.e.
% P Removal in Figure 3-3) was determined by comparing influent P concentrations to the
effluent soluble P. Removal in the flash mix tank was 94% under low influent P concentrations
and 83% under high influent P concentrations. The SBRs provided an additional 3.3 – 4.8%
removal under low influent P concentrations and 5.5 - 8.8% under high influent P
concentrations. The removals in each reactor were compared under high and low influent P
concentrations using a 2-Sample T-Test. Low influent P conditions provided statistically
higher (p < 0.05) removal efficiencies as compared to high influent P concentrations. This was
attributed to the higher ratio of Fe dose to influent P concentration under low influent P
concentrations, which increased removal efficiency (Szabó et al., 2008). Removal efficiencies
were compared between reactors using ANOVA and Tukey testing.
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Figure 3-3: Effluent Soluble P Concentrations under (a) low and (b) high influent P
concentrations. Boxes correspond to (a) median and (b) mean soluble P values. Solid lines
provide 95% CI. Dashed lines represent % P removed from influent.
Under low influent P concentrations, reactor A (n = 63, SRT = 2.8 d) and B (n = 51, SRT = 7.4
d) provided statistically lower residual P concentrations (p < 0.05) than reactor C (n = 64, SRT
= 10.8 d) and D (n = 62, SRT = 22.8 d). However, differences in removal between reactors A
and B and between reactors C and D were not significant (p > 0.05). Therefore, under low
influent P concentrations P removal was higher in the lower SRT systems (≤ 7.4 days) and
decreased with SRT’s greater than 7.4 days. Under high influent P concentrations, differences
in removal between reactor A (n = 95, SRT = 3.1 d) and C (n = 93, SRT = 14.3) were not
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significant (p > 0.05). However, reactor B (n = 97, SRT = 6.9 d) provided statistically higher P
removal (p < 0.05) while removal in reactor D (n = 97, SRT = 26.6 d) was statistically lower.
Therefore, under high influent P concentrations P removal was higher at SRTs ≤ 14.3 days and
decreased at SRTs greater than 14.3 days.
The results illustrated in Figure 3-3 were consistent with the observations of Szabó et al.,
(2008) where the majority of P removal from the aqueous phase occurred instantaneously in
the flash mix tank (94% under low influent P concentrations; 83% under high influent P
concentrations) and further aging of solids provided additional (3.3 – 4.8% under low influent
P concentrations; 5.5 - 8.8% under high influent P concentrations) removal from the initial P
concentration. However, in contrast to the work of Szabó et al., (2008) removal was evaluated
based on solids ages that were typical of SRTs in real wastewater systems. Szabó et al. (2006)
attributed the mechanisms of chemical P removal to co-precipitation and adsorption. The initial
fast removal was attributed to co-precipitation while adsorption/surface complexation
continued as a slower reaction (Smith et al., 2008a; Szabó et al., 2008). However, under the
experimental conditions of this study co-precipitation and adsorption could not be
differentiated. Therefore, the reported values of P removal encompass both co-precipitated and
surface sorbed P.
Since P removal in the SBRs only accounted for a small portion of the total percent P removed
(Figure 3-3) the removal occurring in the SBRs were somewhat masked by the high removals
in the flash mix tank. Therefore, the initial soluble P concentrations in each reactor at the
beginning of the react cycle were calculated to provide insight into the removals within each
SBR. The initial P concentration (Pi) was calculated by taking into consideration both the
dilution of soluble P from the flash tank as the contents of the flash mix tank were added to
each reactor and the background soluble P concentration remaining in the SBR after decanting:

Pi =

Pflash × V flashfeed
V

(Equation 3-6)

+ Pf

where Pflash is the soluble P concentration in the flash tank effluent (µg/L), Vflashfeed is the
volume of feed from the flash tank entering the SBRs (L), V is the volume in the SBRs (L) and
Pf is the final soluble P concentration in the SBR (µg/L).
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Table 3-6 summarizes the initial and final (i.e. effluent) soluble P concentrations from each of
the four reactors along with the 95% CI for Pi and the % P removal. Monte Carlo simulation
was used to generate the 95% CIs. From Table 3-6 it can be seen that under low initial P
concentrations between 60 to 80% of the soluble P was removed in the SBR react cycle. The
percent removal in reactors A and B were approximately 19-20% higher than in reactors C and
D. Under high influent P concentrations between 47 to 56% of the soluble P was removed. The
percent removal in reactors A, B and C were between 6.7-8.8% higher than in reactor D. P
removal in the SBRs was believed to result from adsorption/surface complexation. However, it
was not possible to directly evaluate the individual contributions of freshly generated solids
and the aged solids to the observed removals. The use of sorption modelling to assess the
sorption capabilities of the fresh and aged solids will be described subsequently in Chapter 4.

Table 3-6: Initial vs. final soluble P concentrations.
Low Influent P Concentrations
Pi (µg/L)
Pf (µg/L)
Median (95%CI)
Median (95%CI)
148 (144, 153)
30 (28, 35)
145 (144, 150)
30 (28, 38)
189 (184, 194)
74 (62, 83)
200 (195, 205)
80 (74, 87)
High Influent P Concentrations
Pi (µg/L)
Pf (µg/L)
Mean (95%CI)
Mean (95%CI)
1169 (1155, 1183)
542 (527, 556)
1122 (1108, 1136)
496 (477, 515)
1154 (1141, 1168)
527 (518, 536)
1335 (1321, 1350)
707 (692, 722)

Sample
A
B
C
D

Sample
A
B
C
D

P Removal (%)
80
79
61
60
P Removal (%)
54
56
55
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Since P removal directly occurs as a result of the presence of HFO the removal based on the
amount of HFO present in each reactor was estimated for comparison purposes. Table 3-7
shows the amount of soluble P removed per gram of HFO solids in each reactor. The data were
calculated with Equation (3-7):

Pr =

Pi − Pf

(Equation 3-7)

Cs

where Pr is the soluble P removed per gram of HFO solids (µg P/mg HFO), Pi is the initial
soluble P concentration in each reactor corresponding to the influent P concentration in the
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flash tank and the soluble P concentration determined from (Equation 3-6) in the SBRs (µg/L),
Pf is the final soluble P concentration in each reactor and Cs is the solids concentration in each
reactor (mg/L HFO). A Monte Carlo simulation was used to calculate median and 95% CIs for
Pr. The final distributions of Pr were determined to be non-normally distributed under both
influent P concentrations.

Table 3-7: Soluble P removed as a function of HFO concentration.
Sample
Flash
A
B
C
D

Sample
Flash
A
B
C
D

Low Influent P Concentrations
µg P/mg TSS x102
µg P/mg Fe x102
Median
95% CI
Median
95% CI
10790
10490-11130
20330
19780-20870
47
46-49
121
117-127
25
24-27
38
36-39
12
12-13
29
27-30
7
6-7
13
12-13
High Influent P Concentrations
µg P/mg TSS x102
Median
95% CI
15270
15060-15540
152
145-159
95
91-98
51
49-53
23
23-24

In this analysis the amount of HFO solids in the SBRs was characterized on the basis of both
TSS and Fe concentrations under low influent P concentrations. Since statistics could not be
calculated for the Fe concentrations under high influent P concentrations calculations were
limited to the use of TSS. There was some uncertainty as to which parameter (TSS or Fe)
would provide a better estimate of the concentration of solids in the reactor for the purposes of
normalization. TSS concentrations may be biased as the mass of TSS will increase with
increasing P concentrations as a result of the added mass that P provides to the solids. The Fe
concentrations were considered to provide a measure of the generated HFO since all of the
dosed Fe was expected to precipitate into the HFO (i.e. residual soluble Fe concentrations are
negligible). However, this estimate would be low since the contribution of hydroxide to HFO
was ignored. For the purposes of this paper soluble P removal was compared using both TSS
and Fe concentrations (Table 3-7). However, since the measurement of TSS concentrations
was more frequent resulting in a larger array of data in comparison to the measurement of Fe
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concentrations (Appendix A) subsequent characterizations of HFO solids will be represented
by TSS.
From Table 3-7 it can be seen that the normalized P uptake was more than 100 times greater in
the flash mix tank compared to the other reactors under both influent P concentrations and
normalization to both TSS and Fe concentrations. In comparing the 95% CIs the amount of P
removed decreased with SRT under both influent P concentrations and normalization to both
TSS and Fe. These results follow the observations of Smith et al. (2008a) where decreased
removals were deemed to result from a reduction in the number of reactive surface sites on
aged HFO. The results support a hypothesis that P removal in the flash tank was the result of a
different mechanism than that of the SBRs. Removal in the flash tank was attributed to coprecipitation during HFO formation and the subsequent surface sorption of P onto HFO floc
whereas removal in the SBRs was attributed to surface sorption only. Therefore, the removal in
the flash tank was much higher due to both mechanisms acting on P. Sorption modelling was
employed to compare the surface sorption capabilities of the flash and SBR solids and will be
discussed subsequently in Chapter 4.

3.4.3

Floc Characteristics

It was anticipated that varying the SRT of the SBRs would impact the physical and chemical
properties of the floc (i.e. size and morphology). Through microscopy Smith et al. (2008a)
showed that HFO aging resulted in the structure becoming larger and denser thus limiting the
surface area and the number of available surface sites available for binding. Differences in floc
morphology between amorphous and crystalline iron oxides have also been reported by Kang
et al. (2003).
Particle size analysis was conducted using FlowCAM. Table 3-8 summarizes the distribution
parameters obtained with FlowCAM for particle size i.e. mean, median and IQR of the ESD
and ABD diameters (see Section 3.3.3 for description of ESD and ABD). Based on the
estimates of central tendency (Table 3-8) it is evident that the distribution of particle diameters
was positively skewed (mean > median). Therefore, the best estimates of central tendency and
variability were deemed to be provided by the median and IQR. Based on the median and IQR
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values it was apparent that the particle size distributions overlapped and therefore differences
between reactors could not be delineated. Despite the fact that the differences in size could not
be differentiated, the particle sizes (µm) were less than 10 µm. These results were consistent
with the observations of Kang et al. (2003) where the particle size distribution of amorphous
(ferrihydrite) and crystalline (goethite and hematite) iron oxide particles were similar with an
average diameter of 3.5µm.

Table 3-8: Floc size distribution parameters. Estimates were obtained using FlowCAM
under low P dosing conditions.
Sample
Flash
A
B
C
D

ESD Diameter (µm)
Mean
Median IQR
4.7
2.1
3.1
6.1
2.9
5.9
7.2
3.2
7.4
4.6
2.4
4.4
5.1
2.7
4.9

ABD Diameter (µm)
Mean
Median IQR
2.9
1.7
1.3
4.2
2.2
3.5
5.0
2.3
4.6
3.5
2.0
2.8
3.8
2.2
3.4

Sample Size
375639
3265971
4505502
3053118
8916765

Information on floc morphology was also obtained using FlowCAM and SEM analyses (Table
3-9 and Figure 3-4). Table 3-9 summarizes the morphology parameters of compactness and
transparency obtained with the FlowCAM analysis (see Section 3.3.3 for description of
compactness and transparency). The semi-quantitative measures of compactness and
transparency were expected to provide an indication of particle density (Section 3.3.3). Based
on the median and IQR values (Table 3-9) it was apparent that the estimates of compactness

Table 3-9: Morphology characteristics. Estimates were obtained using FlowCAM under
low P dosing conditions.
Sample
Flash
A
B
C
D

Compactness1
Median
1.8
1.7
1.8
1.6
1.6

Transparency2
Median
IQR
0.2
0.3
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

IQR
1.1
1.0
1.1
0.7
0.6

Sample
Size
375639
3265971
4505502
3053118
8916765

*1 Compactness - The more convoluted the shape, the greater the value. Circle has a value of 1 (Fluid Imaging
Technologies, 2012)
2
Transparency - Varies from 0-1, 0=filled circle, values near 1 have elongated/irregular shape or many interior
holes (Fluid Imaging Technologies, 2012)
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FLASH

B

D
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Figure 3-4: SEM images of floc structure. Measurements were obtained using SEM under
low P dosing conditions. Magnification = 100 kX, EHT = 10 kV, WD = 8.8 mm (Flash),
9.1 mm (B), 8.9 mm (C), 9.0 mm (D).
and transparency overlapped and therefore differences between reactors could not be
delineated. However, from the SEM images in Figure 3-4 it was concluded that the flash tank
samples had a more open structure as compared to the aged samples. Increases in floc age
appeared to create much more compact flocs. These results were consistent with the results
found by Smith et al., (2008a) and Kang et al., (2003) where aging led to a decrease in surface
area and available surface sites for binding. Although the aged flocs appeared more compact
(Figure 3-4) no increase in particle size with age was evident (Table 3-8) as anticipated by the
experimental results by Smith et al., (2008a). Increases in particle size would have the effect of
reducing the surface area of the flocs and thus reducing P removal. Therefore, the results
support a hypothesis that HFO morphology is more responsible for P removal than particle size
(Kang et al., 2003).
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Overall, the trends described by the P removal results and the HFO morphology
characterizations were consistent. P removal was affected by the solids age (i.e. SRT). Aging
as a function of SRT lead to the compaction of HFO flocs leading to a lower surface area and
fewer surface sites for binding. As such, lower SRT systems were characterized by higher P
removal while higher SRT systems were characterized by lower P removal. The extent of
removal achieved as a function of SRT was dependent on the influent P concentration.
Removal did not directly decrease with increasing SRT unless the results were normalized to
the HFO concentration. Removals that were normalized to the HFO concentrations decreased
with SRT as a direct result of the TSS concentration increasing with SRT.
It should be noted that although differences in floc structure supports the hypothesis that floc
aging reduces the number of surface sites, differences in surface chemistry may also result in
differences in P removal. However, based on the results provided in this Chapter there was no
mechanistic evidence of the number or types of surface sites available on the HFO floc or how
these sites changed with SRT. Further research is required to quantify these surface sites and
determine how properties other than morphology contribute to the observed removal.

3.5

Conclusions

In this study the interactions between soluble P removal and SRT were explored and the
following conclusions were arrived at:
•

P removal (based on influent P concentrations) was statistically higher under low
influent P concentrations.

•

The majority of P removal occurred in the flash tank (94% under low influent P
concentrations; 83% under high influent P concentrations) with an additional smaller
fraction of removal in the SBRs (additional 3.3 – 4.8% removal under low influent P
concentrations; 5.5 - 8.8% under high influent P concentrations).

•

Soluble P uptake was higher in the lower SRT systems: (≤ 7.4 days) under low influent
P concentrations and SRTs ≤ 14.3 days under high influent P concentrations.

•

P removals in the SBR react cycle (based on initial P concentrations in the SBR) were
between 60-80% under low influent P concentrations and 47-56% under high influent P
concentrations.
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•

The amount of sorbed P (µg P/mg TSS) decreased with SRT providing evidence that
aging changed floc morphology.

•

Differences in floc morphology (i.e. open vs. compact floc structure) between flash
solids and SBR aged solids were evident. However, differences in particle size
distributions could not be differentiated supporting the hypothesis that changes in floc
morphology are more responsible for differences in P removal than floc size (Kang et
al., 2003).
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CHAPTER 4
4. THE EFFECT OF SOLIDS RESIDENCE TIME ON PHOSPHORUS ADSORPTION
TO HYDROUS FERRIC OXIDE FLOC

4.1

Overview

The impact of SRT on phosphate adsorption to HFO floc was characterized and an equilibrium
model that describes the sorption of P onto HFO floc of different ages was developed. The
results showed that the fresh HFO had a higher sorption capacity in comparison to aged (2.8,
7.4, 10.8 and 22.8 days) HFO and contributed substantially to P removal at steady state. P
adsorption onto HFO solids was determined to be best described by the Freundlich isotherm. P
desorption from HFO solids was negligible supporting the hypothesis that chemisorption is the
mechanism of P adsorption on HFO solids. A model that included the contribution of different
classes of HFO solids (i.e. High, Low or Old) to adsorption was found to adequately describe P
adsorption onto HFO solids of different ages. From the model it was determined that the
fractions of High and Low HFO decreased with SRT, the fractions of Old HFO increased with
SRT, the transformation of High HFO into Low HFO did not limit the overall production of
Old HFO and the fresh HFO solids contributed more to P removal at steady state than the aged
solids.

4.2

Introduction

Concerns over eutrophication in sensitive aquatic ecosystems has focused the wastewater
community to produce effluents with ultra low P concentrations (i.e. <10 ug-P/L). In order to
reliably meet these low effluent targets, chemical P removal with metal salts has been deemed
to be necessary (Jenkins and Hermanowicz, 1991; Levesque et al., 2010; Benisch et al., 2013;
Johnson et al., 2005; Johnson and Daigger, 2009). Removal of P with ferric chloride was the
topic of this research.
A detailed understanding of the mechanisms of chemical P removal and models describing
chemical interactions are required to effectively design P removal systems. Szabó et al., (2006)
attributed the mechanisms of chemical P removal to co-precipitation and adsorption. The
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addition of ferric salts to wastewater has been reported to result in the formation and rapid
precipitation of HFO floc (Smith et al., 2008a). PO43- initially co-precipitates during the rapid
HFO formation while subsequent uptake is slower and due to adsorption/complexation
reactions on the surface of the HFO floc (Smith et al., 2008a; Szabó et al., 2008). These
complexation reactions involve iron and P sharing an oxygen atom (Smith et al., 2008a). The
availability of reactive oxygen atoms or “surface sites” has been found to depend on pH,
mixing and aging.
Recycling solids through the biological treatment process provides additional solids retention
time allowing for “slow” interactions between the liquid and solid phases. Research has shown
that recycling tertiary solids enhances P removal and decreases metal dosing requirements
(Takács et al., 2006b; Newcombe et al., 2008a; Takács et al., 2011; Falk et al., 2012; Johnson
et al., 2012). However, recycling solids has also been found to lead to floc aging. Aging is
expected to change the morphology of the precipitates. The transition from amorphous
hydroxide floc to crystalline structures with floc aging is expected to impact on phosphate
adsorption. Dzombak and Morel (1990) showed that aging decreased the adsorptive capacity of
HFO. These findings were confirmed through experiments by Smith et al. (2008a) where HFO
aging lead to larger, denser structures which limited the surface area for binding and decreased
the number of active surface sites. Reduced P removal as a result of aging has also been
reported by Mao et al., (2012), Szabó et al., (2008) and Lijklema (1980). The aging described
in these studies was over short time frames not typical of solid residence times (SRTs)
observed in wastewater treatment processes. Therefore, a better understanding of the aging of
chemical solids and the role of solids contact time and SRT on chemical use, achievable P
limits, and adsorption mechanisms is required (Benisch et al., 2013).
Most studies have suggested that the mechanism of P adsorption on chemical solids is
chemisorption where phosphate ions replace hydroxide ions (Briggs, 1996). Experimental
results from Lijklema (1980) and Luedecke et al. (1989) have supported this view. Adsorption
of P onto the surface of crystalline oxides such as goethite (α-FeOOH) has been well
characterized (Weng et al., 2012; Kang et al., 2003; Rietra et al., 2001; Li and Stanforth, 2000;
Geelhoed et al., 1997; Davis and Leckie, 1980; Golberg, 1985; Stumm et al., 1970; Dzombak
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and Morel, 1990; Hiemstra and Riemsdijk, 1996). However, this prior work focused on the use
of crystalline oxides that have well-defined particle size and specific surface areas (Lijklema,
1980). Hence these studies have only been used as a starting point for understanding the
mechanisms of removal via adsorption onto amorphous precipitates in wastewater. In
comparison, experiments conducted with fresh HFO were confounded by aging effects making
quantitative interpretation more difficult (Lijklema, 1980; Smith et al., 2008a; Mao et al.,
2012).
Further insight into the process of HFO aging was provided by Hauduc et al. (2013) and
Takács et al. (2011) through the development of a model which combined chemical
equilibrium, physical precipitation and co-precipitation reactions as well as sorption and aging
(surface consolidation) processes. Figure 4-1 illustrates the model conceptually. From Figure
High HFO + P

High HFO
f(G)

Fe
Addition

Low HFO + P
f(G)

Low HFO
Precipitation (fast)
Co-precipitation (fast)
Aging (slow)
Sorption (slow)

Old HFO

Figure 4-1: Schematic of equilibrium-kinetic chemical P model (Hauduc et al., 2013;
Takács et al. 2011) (adapted from Takács et al., 2011)
4-1 it can be seen that iron dosing resulted in the formation of two fractions of HFO (i.e. high
HFO and low HFO) as a function of the mixing intensity (G) provided. High HFO was formed
under high intensity mixing and was characterized by an open structure and a high specific
surface area for sorption. In contrast, low HFO were formed under low intensity mixing and
had a more compact structure and less accessible binding sites. Addition of P to High HFO was
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considered an equilibrium precipitation process resulting in fast co-precipitation/sorption
leading to saturation of the surface sites. The addition of P to low HFO resulted in a slower
reaction where a smaller fraction of P was precipitated and was described with a kinetic
adsorption model. P bound on each fraction of HFO became mechanically entrapped into the
HFO structure and did not contribute to any further reaction. Unbound HFO simultaneously
aged (surface consolidation). High HFO aged to low HFO and low HFO aged to a third
fraction of solids termed old HFO which contained no active surface sites. Old HFO also
accounted for the mechanically entrapped phosphates. The effect of SRT on the aging of HFO
and thus the fractionation of these three types of HFO solids has yet to be quantified.
The objective of this work was to characterize the impact of SRT on phosphate adsorption to
HFO floc. Batch sorption experiments were carried out with steady state HFO samples
obtained from lab scale continuous flow sequencing batch reactors (SBRs) using synthetic
natural water. A model to describe the overall sorption behaviour of P onto HFO floc of
different ages was applied to the data obtained.

4.3

Materials and Methods
4.3.1

Materials

HFO flocs were collected from a lab scale continuous flow sequencing batch reactor (SBR)
pilot located at Environment Canada’s Wastewater Technology Centre (Burlington, Ontario).
The experimental set-up consisted of 4 SBRs (A-D) operating at one of four SRTs: 2.8 (A), 7.4
(B), 10.8 (C) or 22.8 (D) days. A schematic of the lab scale system is shown in Figure 4-2.
The SBRs were fed from a common flash mix tank that was fed with a synthetic natural water
adapted from a recipe by Environment Canada (1990). The recipe (Table 4-1) was modified to
provide an alkalinity typical of wastewater and to include phosphate. A volume of stock
phosphate solution was introduced into the flash mix tank via a fluid metering (FMI) pump.
Stock phosphate solution (1 g PO43-/L) was prepared by dissolving KH2PO4 in Milli-Q water.
All chemicals used were reagent grade or better. All solutions were prepared with ultra pure
water (Milli-Q, 18 MΩ).
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A

B

C

D

Figure 4-2: Simplified Process Schematic

Table 4-1: Synthetic natural water recipe
Constituent
sodium bicarbonate (NaHCO3)
calcium sulfate di-hydrate (CaSO4.2H2O)
magnesium sulfate (MgSO4)
potassium chloride (KCl)
phosphate (PO43-)
Alkalinity
pH

Concentration (mg/L)
384
120
120
8
Mean: 3.4 mg P/L, 95% CI: 2.35-4.51 mg P/L
268.2 ± 9.8 mg/L as CaCO3
7.6-8.0

The synthetic feed water in the flash tank was dosed with a stock iron solution (Mean: 16.1 mg
Fe/L; 95% CI 13.3-19.0 mg Fe/L) under rapid mixing and transferred into each of the SBRs.
The stock iron solution (1 g Fe/L) was prepared by dissolving FeCl3⋅6H2O in Milli-Q water.
The resulting Fe:P molar ratio was 2.6. The SBRs were equipped with pH control, aeration,
and mechanical mixing and allowed to react (flocculate), waste, settle and decant. Table 4-2
summarizes the specific design parameters of the flash mix tank and the SBRs. SRT was
controlled by adjusting the waste volumes weekly based on effluent and reactor solid
concentrations, on the basis of the dynamic SRT model described by Takács et al. (2008).
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Table 4-2: Process Design Parameters
Design Parameter
Volume (L)
Mixing (rpm)
Velocity Gradient (G) (s-1)
HRT
Design Parameters
Volume (L)
Feed Volume (L/cycle)
Decant Volume (L/cycle)
Mixing (rpm)
Airflow (mL/min)
pH
SRT (d)
HRT (h)
SBR sequence times
SBR cycle times

4.3.2

Flash Mix Tank
12
350
310
<2 minutes
SBRs
2.5
1.5
1.5
20
> 80
6.9 ± 0.1
adjustments made with 0.1 M NaOH and 0.1 M H2SO4
2.8, 7.4, 10.8 and 22.8
10
Feed (2mins), React (4.5hrs), Settle (1.25hrs), Decant (13mins)
4 cycles/day (6 hours each)

Sampling and Sample Preparation

Once steady state with respect to SRT was achieved in the reactors, HFO floc were collected
for adsorption testing. HFO sampling involved taking a grab sample from the SBR during the
react phase or from the flash mix tank while its contents were draining into the SBRs. The
samples that were quantified for soluble P analysis were filtered immediately through a 0.45

µm nitrocellulose membrane filter (Whatman Millipore).
4.3.3

Adsorption Procedure

Batch adsorption experiments were carried out in a temperature controlled benchtop shaker
(MaxQ™ 4000 Benchtop Orbital Shaker, Thermo Scientific) at 20oC. A volume of sample
containing HFO was added to a polyethylene container and the pH was adjusted to 6.9. A pH
controller was used to maintain the pH at 6.9 ± 0.03 throughout the experiment through
addition of either 0.1 M H2SO4 or 0.1 M NaOH. The rate of stirring was consistent at 150 rpm,
which was determined to provide just enough mixing to keep the flocs in suspension. At time
0, a volume of the P stock solution was dosed into the batch adsorption vessel. Table 4-3 lists
all the P dosing concentrations tested for each type of HFO sample along with the HFO sample
properties. Samples were taken for P analysis after a 24 hour equilibration time that has been
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reported to achieve equilibrium in phosphate adsorption studies (Li and Stanforth, 2000). Data
confirming the 24 hour equilibrium time will be shown in a subsequent chapter. The drawn
samples were filtered immediately through a 0.45 µm nitrocellulose membrane filter (Whatman
Millipore) and analyzed for soluble P.

Table 4-3: Summary of P Dosing and HFO sample properties
Sample
Flash
A
B
C
D

P Spikes (mg/L)
60, 40, 16, 4, 4, 3, 3, 2, 2, 1.6, 1.6, 1.6, 1.6, 1, 1, 0.5, 0.5
64, 64, 60, 40, 16, 16, 4, 4, 2.5, 2.5, 1, 1, 1, 0.5, 0.5, 0.5, 0.5
96, 96, 32, 16, 8, 8, 6, 6, 4, 4, 2, 2, 0.5, 0.5
96, 96, 60, 32, 32, 16, 8, 8, 6, 6, 2, 2, 1, 1
250, 96, 96, 32, 32, 12, 8, 8, 4

4.3.4

HFO Sample TSS (mg/L)
29 ± 7
251 ± 55
465 ± 86
968 ± 165
1854 ± 249

Desorption Procedure

Batch desorption tests were conducted to determine if P adsorption onto HFO was reversible.
The desorption experiments were carried out in a temperature controlled benchtop shaker
(MaxQ™ 4000 Benchtop Orbital Shaker, Thermo Scientific) at 20oC. The synthetic natural
water (Table 4-1) without P was used as the aqueous medium. A volume of synthetic water
was added to a polyethylene container and the pH was adjusted to 6.9. A pH controller was
used to maintain the pH at 6.9 ± 0.03 throughout the experiment with additions of 0.1 M
H2SO4 and 0.1 M NaOH. The rate of stirring was maintained at 150 rpm. At time 0, a volume
of sample containing HFO was added to the desorption vessel. Samples were taken for P
analysis after a 24 hour equilibration time. The drawn samples were filtered immediately
through a 0.45 µm nitrocellulose membrane filter (Whatman Millipore) and analyzed for
soluble P.

4.3.5

Sample Analysis

HFO samples were analyzed for soluble P and TSS prior to adsorption testing. All soluble P
and TSS samples were collected and analyzed in duplicate. Soluble P concentrations were
determined with the optimized ascorbic acid method (detection limit of 10 µg P/L) (Gilmore et
al., 2009). A UV-Vis spectrophotometer (UV-1700, Shimadzu Corporation, Kyoto, Japan) with
a 10 cm path length was used. Concentrations above 0.1 mg/L were analyzed according to
Standard Method 4500-P.E (Standard Methods, 2005) with a 1 cm path length. All glassware
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and plastic ware used were acid washed in a 10% v/v nitric acid solution overnight and rinsed
with Milli-Q water. TSS concentrations were determined according to Standard Method 2540D
(Standard Methods, 2005).

4.4

Results and Discussion
4.4.1

Adsorption Results

Equilibrium sorption behaviour is typically described mathematically by fitting soluble P
results to a sorption capacity isotherm. The amount of adsorption or mass of P sorbed per mass
of HFO solids was calculated with Equation (4-1):

qe =

Po − Pe
Cs

(Equation 4-1)

where qe is the amount of adsorption of P onto the HFO at equilibrium (mg P/mg HFO), Po is
the initial soluble P concentration in the HFO sample including the dosed P and the
background concentrations (mg P/L), Pe is the concentration of soluble P at equilibrium (mg
P/L), and Cs is the concentration of HFO solids in the sample (mg TSS/L). Figure 4-3 shows
the equilibrium sorption data for each reactor. The observed equilibrium sorption data will be
discussed first while subsequent discussion will address the sorption isotherms. The raw
sorption data are shown in Appendix B.
The characterization of the amount of P adsorption onto each type of HFO solid was expected
to provide insight into the effects of solids age on adsorption. It is evident that the amount of
adsorption onto the flash solids was much higher than that on the SBR solids (Figure 4-3). For
example, with a Pe concentration of 10 mg P/L Figure 4-3 shows that the relative amounts of
adsorption (qe) were approximately 0.25 mg P/mg TSS onto the flash solids and from 0.02 to
0.04 mg P/mg TSS onto the SBR solids (i.e. A-D). In Figure 4-3 the amount of P adsorbed
onto the flash solids plateaued around 0.25 mg P/mg TSS while the adsorption of P onto the
SBR solids leveled off between 0.04-0.06 mg P/mg TSS. These results support the theory that
aging limits surface sites available for binding and thus limits the sorption capacity of the
solids (Dzombak and Morel, 1990; Smith et al., 2008a). The reduced P removal as a result of
aging was in agreement with the experimental results reported by Mao et al., (2012), Szabó et
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al., (2008) and Lijklema (1980). However the aging described in this study was over
timeframes that were more typical of those associated with the solids in wastewater treatment.
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Figure 4-3: Observed equilibrium sorption data and isotherms. ♦ mg P/mg TSS - Freundlich isotherm ·· Langmuir isotherm

It should be noted that the responses presented in Figure 4-3 were created assuming that the
HFO solids had no prior P adsorbed on the surface (i.e. adsorption started at zero). This
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approach facilitated the fitting of conventional isotherms (i.e. Freundlich and Langmuir).
However, since the HFO samples were taken from each reactor after P addition it was assumed
that an initial concentration of sorbed P existed on the HFO surfaces. Based on the
experimental conditions, prior removal as a result of co-precipitation or adsorption could not
be differentiated and thus the starting adsorbed concentration of HFO could not be accurately
defined. Therefore, the responses reflect the additional sorption capacity (i.e. in addition to the
P removed via sorption after P dosing). In practice, these results would reflect the additional
sorption capacity available from HFO precipitates that were recycled through a wastewater
treatment process.
Modelling the P uptake is an important tool to aid in the design of P removal systems. The
observed equilibrium data were employed to fit the Langmuir (Equation 4-2) and Freundlich
(Equation 4-3) isotherms using non-linear regression:

qe =

q max bPe
1 + bPe

(Equation 4-2)

qe = KPe1 / n

(Equation 4-3)

where qmax is the maximum adsorption capacity (mg P/mg solids), b is a constant relating to the
net enthalpy of adsorption (Weber and DiGiano, 1996), K is a constant which indicates the
sorption capacity at a specific solution-phase concentration (Weber and DiGiano, 1996), and
1/n is a constant representing a joint measure of the cumulative magnitude and diversity of
energies associated with a particular adsorption reaction (Weber and DiGiano, 1996). Figure 43 illustrates the fit of each isotherm while Table 4-4 summarizes the parameter estimates along
with the standard error (SE) and the 95% confidence interval (CI).
From Table 4-4 it can be seen that the magnitude of the parameter estimates for qmax and K in
the flash tank were higher than the estimates of these parameters for the SBRs. This confirmed
that adsorption was much higher in the flash tank in comparison to the SBRs. However, the
values of qmax and K between the SBRs could not be differentiated due to overlapping 95%
CIs. Further, the values of the Freundlich constant 1/n in the flash and SBR samples were
indistinguishable based on CIs. The parameter estimates of b were higher in the flash sample
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Table 4-4: Summary of estimated Langmuir and Freundlich parameter values.
Sample
Flash
A
B
C
D

qmax
260
65
67
46
43

SE
20
16
9
4
7

Flash
A
B
C
D

K
90
15
11
9
9

SE
10
7
2
0.5
0.2

Langmuir Isotherm Values x103
95% CI
b
SE
220, 310
560
120
32, 99
230
280
48, 87
130
68
38, 54
130
38
27, 60
130
100
Freundlich Isotherm Values x103
95% CI
1/n
SE
69, 110
280
36
-1, 30
380
140
6, 16
410
52
8, 10
390
15
5, 13
350
46

95% CI
310, 810
-360, 830
-14, 280
50, 220
-110, 380
95% CI
210, 360
77, 680
300, 530
360, 420
240, 460

and in SBR A indicating a higher enthalpy of adsorption (Weber and DiGiano, 1996), but the
values could not be differentiated between the remaining SBRs. These results were not
consistent with the effluent results presented in Chapter 3. In Chapter 3, differences in effluent
quality in the SBRs were statistically apparent at different SRTs. In addition, the SBR
parameter estimates of qmax and K (Table 4-4) showed a trend similar to the effluent data (i.e.
higher removal with SBR A and B). However, due to the uncertainty in the data the statistical
methods did not differentiate between the SBRs. The differing conclusions may be attributed to
the larger sample size of the effluent data in comparison to the sorption data. Pooling the
sorption data and using the data simultaneously to model P sorption will be assessed
subsequently (see Section 4.5) to determine if the pooled data can describe the expected
changes in sorption behaviour with SRT.
In the analysis of the fit of the two different models, smaller values of the SE for the estimates
were deemed to indicate that the model better fit the data. The SEs for the Freundlich
parameter estimates were lower than the SEs for the Langmuir isotherm parameter estimates
for each sample. Therefore, the Freundlich isotherm was suspected to better describe the
observed adsorption responses. However, the magnitude of the SE values obtained with the
Langmuir and Freundlich models were similar and hence, the practicality of using the SE for
determining the best fit was limited. The residuals from the nonlinear regression were
analyzed and found to be similar for both isotherms. The preferred model was therefore
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selected on the basis of practical considerations of the usefulness of the model parameters and
support from the literature. Although the Langmuir isotherm gives the ability to compare solids
based on qmax, a clear plateau was not observed in the SBR samples (Figure 4-3). Similar to
qmax, the Freundlich K term can also be used to quantify the extent of sorption and to make
comparisons between different reactors (Weber and DiGiano, 1996). Further support for the
use of the Freundlich isotherm was obtained from the literature. Kang et al. (2003) used the
Freundlich isotherm to describe the adsorption of P onto ferrihydrite (Fe5HO8·4H2O), hematite
(α-Fe2O3) and goethite. Further Weber and DiGiano (1996) reported that the Freundlich
equation better described sorption data for environmental samples as compared to the
Langmuir equation. This was attributed to the varying composition and surface matrix types
(i.e. amorphous, condensed, crystalline) of environmental samples resulting in a varied
distribution of reaction energies (Weber and DiGiano, 1996). Therefore, the Freundlich
isotherms were selected to describe P sorption onto HFOs.

4.4.2

Desorption Results

P adsorption on chemical solids has been reported to result from chemisorption where
phosphate ions replace hydroxide ions (Briggs, 1996) and hence desorption was expected to be
negligible. However, batch desorption tests were conducted to evaluate this hypothesis.
Preliminary desorption tests conducted with different concentrations of HFO solids showed
that the final soluble P concentrations at the end of the tests were higher than the initial soluble
P concentrations at the beginning of the tests indicating that desorption occurred. However,
comparisons of the final soluble P concentrations between tests (i.e. with different HFO
concentrations) showed that the concentrations were similar. Different soluble P concentrations
were expected if desorption was the active mechanism. Therefore it was hypothesized that the
differences in soluble P concentrations from the beginning to the end of the tests were not due
to desorption but rather chemical equilibrium between the soluble P and sorbed P. To assess if
desorption did occur, differences in the amount of P associated with the solids were calculated
and compared. This calculation gave an indication of whether or not there was a significant
difference in the amount of P sorbed onto the solids at the beginning of the test compared to

67

the end of the desorption test. Any differences in the amount of P sorbed from the beginning to
the end of the test was deemed to be a result of desorption of P from the solids.
A conceptual schematic of the batch reaction vessel and HFO sample was developed to
describe the calculation of changes in P in the batch desorption tests (Figure 4-4). The batch
tests were conducted by adding HFO samples from the SBRs to natural synthetic water (See
Section 4.3.4). From Figure 4-4 it can be seen that the resulting solution of HFO sample and
natural synthetic water contained two types of P: P associated with the liquid phase (Pliquid,
mg/L) and P associated with the solid phase (Psolid, mg/L). Pliquid accounted for soluble P while
Psolid accounted for co-precipitated and sorbed P. The concentration of soluble P in the HFO
sample was measured. The natural synthetic water contained no P. The initial soluble P
concentration at the start of the batch test (Pliquid,i, mg/L) was thus calculated using the soluble P
concentration in the HFO sample and accounting for the dilution of the HFO sample with
natural synthetic water. Psolid was not measured but was calculated by conducting a P balance
on the HFO sample. The HFO samples from the SBRs were fed from the flash mix tank. The
difference between the P concentration in the flash feed and the soluble P concentration in the

SBR HFO Sample
TPflash

Pliquid

Desorption Vessel, initial
Pliquid, i

Desorption Vessel, final
Pliquid, f

Psolid
Synthetic Water

Psolid, i

Psolid, f

Figure 4-4: Schematic of Desorption Vessel and HFO sample

HFO sample indicated the amount of P that was taken up by the solids. The concentration of
total P in the flash tank (TPflash, mg/L) that fed the SBRs was measured. Hence, the
concentration of P associated with the solids at the start of the batch test (Psolid,i, mg/L) was
calculated by subtracting the concentration of P in the liquid phase from the concentration of
TP in the flash feed (Equation 4-4).
(Equation 4-4)

Psolid ,i = TPflash − Pliquid ,i
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At the end of the batch test a final soluble P concentration was measured. Therefore the final
concentration of P associated with the solids (Psolid,f, mg/L) was calculated by subtracting the
concentration of P in the liquid phase at the end of the test (Pliquid,f, mg/L) from the
concentration of TP in the flash feed (Equation 4-5).
(Equation 4-5)

Psolid , f = TPflash − Pliquid , f

Table 4-5 summarizes the means and standard deviations (std) of the calculated concentrations
of P associated with the solids and the percent difference between initial and final
concentrations for each SBR.

Table 4-5: Desorption summary
Sample
A
B
C
D

Psolid,i
(mg P/L)

Psolid,f
(mg P/L)

%
Difference

mean ± std

mean ± std

mean ± std

3.4 ± 7.4E-5
3.4 ± 1.2E-4
3.4 ± 1.6E-4
3.4 ± 7.8E-6

3.35 ± 1.1E-2
3.36 ± 4.8E-4
3.34 ± 1.3E-4
3.33 ± 2.8E-3

1.3 ± 3.3E-1
0.9 ± 1.7E-2
1.6 ± 4.5E-1
1.8 ± 8.3E-2

The initial and final concentrations of P associated with the HFO solids (Table 4-5) differed by
less than 2% in each SBR and hence desorption was considered to be negligible in these tests.
Therefore, the results support the hypothesis that the mechanism of P adsorption was
chemisorption. Hence, the sorption isotherms should only be used to describe the loading of P
onto solids. Subsequent dynamic modelling exercises will consider the lack of reversibility
when describing the dynamic removal of P by HFO solids.

4.5

Sorption Model Development and Results
4.5.1

Model Development

The results presented in Chapter 3 indicated that the HFO solids aged as they were retained in
the SBRs. Hence, the SBRs mixed liquors contained mixture of solids of differing properties
(i.e. fresh and aged solids). Assuming that the aging of solids was kinetically limited it was
hypothesized that the relative proportion of fresh and aged solids was a function of SRT. The
higher SRT reactors would be expected to have a larger fraction of aged solids in comparison
to fresh solids while the younger SRT reactors would have a larger fraction of fresh solids.
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Since the composition of the solids in the SBRs could not be directly measured a model was
developed to reflect sorption of P onto this mixture. The model was consistent with the general
approach of Hauduc et al. (2013), integrating three types of HFO solids: high HFO, low HFO
and old HFO, to describe P adsorption on HFO (Figure 4-1). High HFO have an open structure
and high specific surface area while low HFO have a more compact structure and less available
binding sites (Hauduc et al., 2013). The aging process involved high HFO aging to produce
low HFO and low HFO aging to provide old HFO; old HFO were assumed to have no active
surface sites and only contribute to the solids mass (Hauduc et al., 2013). It was hypothesized
that the transformation of the solids with age would be proportional to the SRT such that the
relative fraction of each type of HFO in the SBRs would increase or decrease with SRT as
illustrated in Figure 4-5. Aging of High HFO to produce low HFO would decrease the
proportion of High HFO with SRT and increase the proportion of low HFO. However, aging
also transforms low HFO to old HFO so some of the HFO produced will also decrease with
SRT while the fraction of old HFO increases with SRT. It was expected that the information on
speciation of solids as a function of SRT would also provide indication of which conversion
(i.e. High to Low or Low to Old) was rate limiting in the overall conversion of high HFO to old
HFO.

High

Low

High

High

High
Low

Low

Low

Old

Old

SBR A
2.8 d

Old

Old

SBR B
7.4 d

SBR C
10.8 d

SBR D
22.8 d

Figure 4-5: Conceptual Schematic of HFO fractions

The adsorption data collected were pooled together and used simultaneously to estimate the
amount of each solid type that was present in a sample by matching the observed adsorption
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isotherms. The total mass of solids (Mt) in each adsorption test was modeled as the sum of the
masses of the 3 types of solids:
(Equation 4-6)

M t = f1 M t + f 2 M t + f 3 M t
where,

f1 =

M
M1
M
, f2 = 2 , f3 = 3
Mt
Mt
Mt

M1, M2, and M3 represented the mass of high HFO, low HFO and old HFO (mg TSS),
respectively; and f1, f2, and f3 represented the fractions of high, low and old HFO, respectively.
The total mass of P sorbed (Xt) in each sample was modeled as the sum of the contributions
from each type of solid:
3

X t = ∑ X1 + X 2 + X 3

(Equation 4-7)

i =1

Where X1, X2 and X3 represented the masses of P sorbed to each type of HFO solid (mg P).
The Freundlich model was employed to describe the amount of sorption of P onto the HFO:

qe =

M 1K1 Pe

1/ n

1

1/ n

+ M 2 K 2 Pe 2 + M 3 K 3 Pe
M1 + M 2 + M 3

1/ n

3

(Equation 4-8)

where Pe was the soluble P concentration determined after a 24 hour equilibration period in
each adsorption test (mg P/L). All the batch adsorption data from all of the reactors were
pooled together and used simultaneously to generate qe values for the model fitting exercise
(Appendix B). Hence, the data set contained 71 data points that included replicated tests over a
range of P doses.
Some assumptions were made with respect to the distribution of the types of solids (f1, f2, f3) in
each reactor and the contribution of the types of solids to the adsorption process. Based on the
mixing intensity provided in the flash tank, the flash HFO were assumed to only consist of
High HFO (f1). Therefore for the flash samples f1 was set to a value of one while f2 and f3 were
set to zero. Old HFO were defined to have no active sorption sites (Hauduc et al., 2013) and
hence the old HFO were assumed to not participate in the sorption reaction. This was achieved
by setting K3 and 1/n3 to zero. Global estimates of K1, K2, 1/n1, 1/n2, f1, f2, and f3 were then
obtained by minimizing the root mean square error (RMSE) between experimental qe values
(i.e. qe calculated from Equation 4-1) and qe predicted from Equation (4-8) using Excel Solver.
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Similar responses were obtained for the nonlinear regression model using several initial
guesses for the estimates of K1, K2, 1/n1, 1/n2, f1, f2, and f3 for each SBR thereby providing
confidence in methodology to obtain the best possible parameter values.

4.5.2

Model Results and Discussion

The performance of the model was initially assessed with respect to the quality of the fit. This
included an analysis of the observed and predicted values. The uncertainty was then addressed
by examining the uncertainty of the fit parameters (i.e. SE on K1, K2, 1/n1, 1/n2 and the solids
fractions). A Monte Carlo procedure was used to determine the parameter confidence intervals
for the non-linear regression model according to the method outlined by Lambert et al. (2012).
The method by Lambert et al. (2012) involved fitting the predictive model (Equation 8) to the
observed qe values using Excel Solver to obtain the initial best fit parameters and the RMSE of
the fit. The RMSE was then used to generate a set of random numbers, assuming a normal
distribution with a mean of zero and a standard deviation equal to the RMSE, which were
added to the predicted data. The predictive model (Equation 4-8) was then applied to multiple
random data sets simultaneously to generate multiple values (n = 96) of best fit parameters
which were statistically analyzed to obtain the mean, SE and 95% CIs.
Figure 4-6 illustrates the observed and predicted values determined from the Monte Carlo
procedure. Since a broad range of Pe values were estimated the observed and predicted data at
the lower concentrations ranges could not be visualized simultaneously. Therefore, the
observed and predicted values are shown in Figure 4-6 using the overall data set and the data at
the lower ranges. Figure 4-6 includes all 71 data points separated out for each SBR. Table 4-6
summarizes the estimated model parameters, the solids fractions and measures of model fit.
The estimated parameters were determined to be non-normally distributed with the exception
of K1, K2, and 1/n1 which were determined to follow a normal distribution. Therefore, nonnormally distributed estimates were described in Table 4-6 using the median values along with
the 95% CI around the median value while normally distributed estimates were described using
the mean and 95% CI around the mean.
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Figure 4-6: Observed vs. Predicted Equilibrium Adsorption. The left hand side shows the
entire data set. The right hand side shows the low range data. ♦ observed data – predicted
data
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Table 4-6: Adsorption model parameter estimates. Estimates based on Monte Carlo
procedure by Lambert et al. (2012).
Parameters
K1
K2
1/n1
Parameters
1/n2
SBR A
f1
f2
f3
SBR B
f1
f2
f3
SBR C
f1
f2
f3
SBR D
f1
f2
f3

Mean x103
90
12
280
Median x103
490

Lower 95% CI
89
11
278
Lower 95% CI
470

Upper 95% CI
92
13
288
Upper 95% CI
530

81
420
480

71
400
460

110
440
490

84
360
530

72
340
530

100
380
550

37
330
630

21
310
610

56
340
640

33
250
700

14
240
690

56
260
720

From Figure 4-6 it can be seen that the calibrated model was able to reasonably represent the
observed data in each reactor in both the lower and higher concentration ranges. The estimated
values of the model parameters were then examined to obtain insight into the mechanisms
responsible for P adsorption. From Table 4-6 it can be seen that the estimated value of K1 was
much higher than K2 indicating that more adsorption occurred onto the High HFO as compared
to the Low HFO. These results supported the expected performance of each of these solid
fractions since Low HFO were expected to have fewer sorption sites then High HFO and thus
were expected to contribute less to P adsorption.
The solids fractions in the SBRs were compared using the nonparametric Mann Whitney test.
Within each SBR, all of the solids fractions were found to be statistically different. The Old
HFO represented the highest fraction of HFO and High HFO represented the smallest fraction.
Comparing the fractions of High HFO between reactors, the fractions in SBR A and B were
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higher than in SBR C and D. However, there were no differences between estimates from
SBRs A and B and between SBRs C and D. These results were consistent with the statistical
trends in effluent quality found in Chapter 3 where SBR A and B had statistically higher P
removal than SBRs C and D. The fractions of Low and Old HFO were found to be different in
each SBR.
Figure 4-7 further illustrates the relationship between solids fractions and SRT. Figure 4-7
shows that the trends in the solids fraction in the SBRs were consistent with the previously
described conceptual model. The fraction of High HFO decreased at higher SRT. This was
expected since higher SRT systems contain a larger proportion of aged solids. The fraction of
Low HFO also decreased with SRT. This corresponded to the adsorption capacities that
decreased with increasing SRT. The fraction of Old HFO increased with SRT which was
consistent with the adsorption capacities that decreased with increasing SRT.
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Fraction of HFO Solids
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Figure 4-7: Fraction of HFO solids vs. SRT.
Insight into the rates of transformation of the solids from High to Low and Low to Old can also
be inferred from the results presented in Figure 4-7. It is hypothesized that low HFO was
produced from aging of High HFO and subsequently transformed by aging to produce Old
HFO. Since the Low HFO fraction decreased with SRT, it would appear that the rate of
transformation of Low HFO into Old HFO was greater than the rate of production of Low HFO
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by aging of High HFO. Therefore, it was concluded that transformation of High HFO into Low
HFO was the rate limiting step in the overall transformation of high HFO to old HFO.
In order to understand how the different fractions of HFO contributed to overall P adsorption,
the mass of P sorbed onto each fraction of HFO was determined for each SBR solid using a Pe
value of 0.1 mg P/L and the average TSS concentrations for each SBR as the estimates of Mt.
Figure 4-8 summarizes the amount of P sorbed onto the High and Low HFO in each SBR.
From Figure 4-8, it can be seen that the mass of P sorbed on the High HFO was consistently
higher for all SBRs. Hence, High HFO contributed more to P sorption than Low HFO in each
SBR despite the relatively low fraction that high HFO contributed to the overall SBR solids.
These results imply that the majority of P uptake observed in the SBRs and in the batch
sorption tests was a function of the fresh solid contribution from the flash mix tank rather than
the aged solids in the reactor.
3
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Figure 4-8: Mass of P sorbed onto High and Low HFO in each SBR.

4.6

Conclusions

The sorption of soluble P onto HFO solids of different ages was explored. The conclusions of
this study are:
•

Fresh HFO have a higher sorption capacity in comparison to aged (2.8, 7.4, 10.8 and
22.8 day) HFO.
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•

P adsorption onto HFO solids was determined to be best described by the Freundlich
isotherm.

•

P desorption from HFO solids was negligible supporting chemisorption as the
mechanism of P adsorption.

A model was developed to characterize the fractions of HFO solids (i.e. High, Low and Old)
that existed at different solids ages, their relative contributions to adsorption and the
relationship between HFO solid type and SRT. The model adequately described the adsorption
behaviour of soluble P onto HFO solids of different ages. From the model it was determined
that:
•

The fractions of High and Low HFO decrease with SRT while the fractions of Old HFO
increase with SRT.

•

The rate of transformation of High HFO into Low HFO appears to be lower than the
rate of transformation of Low HFO into Old HFO.

•

High HFO contributed more to P sorption than Low HFO in each SBR implying that
the fresh flash solids were more responsible for the observed P uptake in the SBRs in
comparison to the aged SBR solids.
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CHAPTER 5
5. THE EFFECT OF SOLIDS RESIDENCE TIME ON TRANSIENT RESPONSES IN
CHEMICAL P REMOVAL

5.1

Overview

The impact of SRT on the dynamics of P removal by HFO solids under 3 different conditions
(i.e. uptake during the react cycle of an SBR when operated under steady state and dynamic
conditions and in batch tests with preformed solids) was characterized. The results showed that
P removal in the SBRs and batch sorption tests was characterized by an initial period of fast
removal followed by a period of slower removal until pseudo-equilibrium was reached. The
initial rate of removal (i.e. change in the soluble P concentration with respect to time) increased
with increasing influent P concentrations. These results were attributed to a larger
concentration gradient between the soluble and sorbed phase concentrations leading to a
greater initial rate of change. The performance of the SBRs in terms of the equilibrium soluble
P achieved at low P loadings (i.e. 3.4 and 6.4 mg P/L; 2.6 and 1.4 mol P/mol Fe) under both
transient and steady state operation were consistent with the results reported in Chapter 3. The
low SRT (i.e. less than 22.8-26.6 days) SBRs (i.e. A through C) achieved lower soluble P
concentrations than the high SRT (i.e. 22.8- 26.6 days) SBR (i.e. SBR D). However, under
transient operation SBR D provided the highest P removal at high P loadings (i.e. 16.1 and 82
mg P/L; 0.5 and 0.1 mol P/mol Fe). A model was developed to describe the overall dynamic
behaviour of P sorption onto HFO floc. The model was found to provide a good description of
P removal in the SBRs and batch tests. Differences in process conditions between tests (i.e.
mixing) were reflected in the estimates of the rate coefficients (k). It was found that over a
range of SRTs (i.e. 2.8 - 26.6 days) the same rate coefficient could be used to describe P
adsorption onto HFO floc. Discrepancies in the estimates of k were attributed to the
inconsistent behavior of SBR D at elevated loadings.

5.2

Introduction

Characterization and modelling of the physical and chemical processes involved in attaining
extremely low P concentrations with hydrous ferric oxides (HFO) has been the focus of recent
78

research (Smith et al., 2008a; Szabó et al., 2008; Newcombe et al., 2008b; Weng et al., 2012;
Mao et al., 2012; Hauduc et al., 2013). Models that characterize the interactions between P and
metal salts have been developed by Ferguson and King (1977), Luedecke et al. (1989), Briggs
(1996), WEF (1998), Smith et al. (2008a) and Hauduc et al. (2013). The models that have been
developed have improved the ability to predict residual PO43- concentrations when extremely
low P concentrations are targeted, however they do not address the impacts of aging and solids
residence time on removal kinetics. The model limitations stem from the lack of information
on the effects of aging of chemical precipitates and the role of solids contact times at solids
residence times typical of wastewater solids on P removal (Benisch et al., 2013). In particular
there is limited dynamic information related to the impact of aging on the rates at which P
adsorbs. There is also limited information on the kinetics of removal.
The kinetics of P removal onto HFO has also been studied by Szabó et al. (2008), Mao et al.
(2012) and Zeng et al. (2004). Szabó et al. (2008) studied P removal as a result of coprecipitation and adsorption following ferric chloride addition and due to adsorption onto
preformed HFO flocs while Mao et al. (2012) and Zeng et al. (2004) studied the kinetics of P
adsorption onto preformed HFO flocs. The kinetics of P removal were characterized by an
initial fast removal occurring in under one minute (i.e. instantaneous removal) followed by a
much slower subsequent uptake (i.e. hours or days) (Szabó et al., 2008). Mao et al. (2012)
showed that the adsorption of dissolved P onto fresh HFO reached pseudo-equilibrium in the
first hour.
Empirical models such as the Elovich, first-order, second-order, power function, intraparticle
diffusion, and parabolic diffusion models have been employed to describe adsorption kinetics
(Table 5-1). Zeng et al. (2004) showed that the Elovich equation provided satisfactory fitting of
the kinetic data of P adsorption onto iron oxide tailings. These findings were consistent with
the P sorption kinetics observed by Sparks (1989) and Chein and Clayton (1980) in soils.
However, application of these models (Table 5-1) is limited to the fitting of experimental
results with limited application to continuous flow reactor systems. Further research into the
application of sorption kinetics into wastewater systems which are transient and dynamic in
nature is required to better describe P sorption behaviour.
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Table 5-1: Kinetic Models (adapted from Yu et al., 2012 and Zeng et al., 2004)
Model Name
First Order

Model Equation
log൫ݍ,௫ − ݍ൯ = ݈ݍ݃, −

Second Order

t
1
t
=
+
q k ଶ qୣ,ୡୟ୪మ q ୣ,ୡୟ୪

Intra-particle diffusion

q = k ୢ t .ହ + D

Power function
Parabolic Diffusion

q = at ୠ
q
bୟ
= a + ଵ/ଶ
t
t

݇ଵ ݐ
2.303

The objective of this work was to characterize the impact of SRT on the dynamics (i.e. change
of concentration with respect to time) of P removal under steady state and transient conditions.
Samples were obtained from lab scale continuous flow sequencing batch reactors (SBRs) using
synthetic natural water under: (1) steady state operation at high and low influent P
concentrations and, (2) transient operation when influent P was stepped up for one feed cycle.
Dynamic batch sorption measurements were carried out with HFO samples obtained from the
lab scale SBRs during steady state operation under low influent P concentrations. A model to
describe the overall dynamic behaviour of P sorption onto HFO floc was developed and
employed.

5.3

Approach
5.3.1

Experimental Set-up

Dynamic experiments were conducted in four (reactor A, B, C and D) continuously operating
SBRs located at Environment Canada’s Wastewater Technology Centre (Burlington, Ontario).
Each SBR was operated at one of four SRTs. A schematic of the lab scale system is shown in
Figure 5-1. Dynamic tests were conducted when the SBRs were operating at a steady state
(under high and low influent P concentrations) and under transient conditions. Additional batch
adsorption dynamic testing was conducted with SBR samples that were collected during the
steady state operation phase under low influent P concentrations.
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C

D

Figure 5-1: Simplified Process Schematic

The SBRs were fed from a common flash mix tank that was fed with a synthetic natural water
adapted from a recipe by Environment Canada (1990). The recipe (Table 5-2) was modified to
provide an alkalinity typical of wastewater and to include phosphate. A volume of stock
phosphate solution was introduced into the flash mix tank via a fluid metering (FMI) pump.
Stock phosphate solution (1 g PO43-/L) was prepared by dissolving KH2PO4 in Milli-Q water.
Phosphate concentrations under steady state and transient testing are provided. All chemicals
used were reagent grade or better. All solutions were prepared with ultra pure water (Milli-Q,
18 MΩ).
The synthetic feed water in the flash tank was dosed with a stock iron solution (Mean: 16.1 mg
Fe/L; 95% CI 13.3-19.0 mg Fe/L) under rapid mixing and was subsequently transferred into
each of the SBRs. The stock iron solution (1 g Fe/L) was prepared by dissolving FeCl3⋅6H2O in
Milli-Q water. The resulting iron: P ratios listed in order of increasing influent P dose were 2.6,
1.4, 0.5, and 0.1 mol Fe/mol P. The SBRs were equipped with pH control, aeration, and
mechanical mixing and allowed to react (flocculate), waste, settle and decant. Table 5-3
summarizes the specific design parameters of the flash mix tank and the SBRs. SRT was
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controlled by adjusting the waste volumes weekly based on effluent and reactor solid
concentrations, on the basis of the dynamic SRT model described by Takács et al. (2008).

Table 5-2: Synthetic natural water recipe
Constituent
sodium bicarbonate (NaHCO3)
calcium sulfate di-hydrate (CaSO4.2H2O)
magnesium sulfate (MgSO4)
potassium chloride (KCl)
phosphate (PO43-)
High influent P concentration
Low influent P concentration
Transient Phase – One time doses

Concentration (mg/L)
384
120
120
8
Steady State Phase
Mean: 6.4 mg P/L, 95% CI: 6.2-6.6 mg P/L
Mean: 3.4 mg P/L, 95% CI: 2.35-4.51 mg P/L
6.4 mg P/L
16.1 mg P/L
82 mg P/L
268.2 ± 9.8 mg/L as CaCO3
7.6-8.0

Alkalinity
pH

Table 5-3: Process Design Parameters
Design Parameter
Volume (L)
Mixing (rpm)
Velocity Gradient (G) (s-1)
HRT
Design Parameters
Volume (L)
Feed Volume (L/cycle)
Decant Volume (L/cycle)
Mixing (rpm)
Airflow (mL/min)
pH
SRT (d)
HRT (h)
SBR sequence times
SBR cycle times

5.3.2

Flash Mix Tank
12
350
310
<2 minutes
SBRs
2.5
1.5
1.5
20
> 80
6.9 ± 0.1 (adjustments made with 0.1 M NaOH and 0.1 M H2SO4)
Low Influent P: 2.8 (A), 7.4 (B), 10.8 (C), 22.8 (D)
High Influent P: 3.1 (A), 6.9 (B), 14.3 (C), 26.6 (D)
10
Feed (2mins), React (4.5hrs), Settle (1.25hrs), Decant (13mins)
4 cycles/day (6 hours each)

Experimental Plan

The objective of the testing was to explore the time varying responses of chemical P removal
under different process conditions (i.e. during steady state operation of the SBRs, during
transient operation of the SBRs, and during batch adsorption experiments). Under steady state
and transient operation of the SBRs the dynamic experiments were carried out after the influent
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P concentration in the flash mix tank had been reacted with the iron dose. Therefore, the
dynamic experiments under these process conditions accounted for the residual adsorption of P
in the SBRs and not the co-precipitation of P in the flash mix tank. In a wastewater treatment
plant removal under both of these process conditions is indicative of Fe addition in a rapid mix
tank prior to the aeration basin and the subsequent removal provided by both the freshly dosed
HFO and existing HFO solids in the aeration basin. Steady state operation of the SBRs
provided information on P removal indicative of a constant influent P loading condition.
Dynamic testing during the steady state operation of the SBRs provided a baseline for
comparison purposes. As such, the effects of process conditions on P removal could be
determined and compared. Transient operation (i.e. non-steady state operation) of the SBRs
provided information on how the SBRs and hence P removal proceeded in response to a
variable influent P loading. In contrast, batch adsorption experiments provided information on
the adsorption of P onto preformed solids. In a wastewater treatment plant this would be
indicative of Fe dosing after the aeration basin such that the influent P is contacted with
recycled chemical solids in the aeration basin. The batch adsorption experiments facilitated an
assessment of whether removal in the SBRs could be predicted from batch testing.

5.3.2.1 Test Procedure – Steady State Operation
Grab samples were collected periodically from the SBRs during the react, settle, and decant
phase to characterize the dynamics of P removal while the SBRs were operating at a steady
state condition (under high and low influent P concentrations). The first sample was taken from
the flash mix tank while its contents were draining into the SBRs. This was considered time
zero. Samples were immediately centrifuged (Sorvall ST 16 Centrifuge Series, Thermo
Scientific) prior to filtration through a 0.45 µm nitrocellulose membrane filter (Whatman
Millipore). Samples were analyzed for soluble P.

5.3.2.2 Test Procedure – Batch Adsorption Experiments
During steady state operation at low influent P concentrations HFO floc were collected for
batch adsorption testing. HFO sampling involved taking a grab sample from the respective
SBR during the react phase or from the flash mix tank while its contents were draining into the
SBRs. HFO samples were analyzed for soluble P and TSS prior to adsorption testing. The
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samples that were quantified for soluble P analysis were filtered immediately through a 0.45

µm nitrocellulose membrane filter (Whatman Millipore).
Batch dynamic adsorption experiments were carried out in a temperature controlled benchtop
shaker (MaxQ™ 4000 Benchtop Orbital Shaker, Thermo Scientific) at 20oC. A volume of
sample containing HFO was added to a polyethylene container and the pH was adjusted to 6.9.
A pH controller was used to maintain the pH at 6.9 ± 0.03 throughout the experiment through
addition of either 0.1 M H2SO4 or 0.1 M NaOH. The rate of stirring was consistent at 150 rpm,
which was determined to provide just enough mixing to keep the flocs in suspension. At time
zero, a volume of the P stock solution was dosed into the batch adsorption vessel. Table 5-4
lists all the P dosing concentrations tested for each type of HFO sample along with the HFO
solid concentrations. Samples were taken for P analysis at various time intervals over a 6 hour
timeframe and a final sample was taken after 24 hours. A 24 hour equilibration time has been
reported to achieve equilibrium in phosphate adsorption studies (Li and Stanforth, 2000). Data
confirming the 24 hour equilibrium time will be shown with the sorption results below. Drawn
samples were filtered immediately through a 0.45 µm nitrocellulose membrane filter (Whatman
Millipore) and analyzed for soluble P.

Table 5-4: Summary of P Dosing and HFO sample properties
Sample
Flash
SBR A
SBR B
SBR C
SBR D

P Doses (mg/L)
3, 3, 2, 2, 1, 1, 0.5, 0.5
4, 4, 2.5, 2.5, 1, 1, 0.5, 0.5
8, 8, 4, 4, 2, 2, 0.5, 0.5
8, 8, 6, 6, 2, 2, 1, 1
12, 8, 8, 4

HFO Sample TSS (mg/L)
29 ± 7
251 ± 55
465 ± 86
968 ± 165
1854 ± 249

5.3.2.3 Test Procedure – Transient Operation
The transient operation of the SBRs involved stepping up the concentration of P in the SBRs
from steady state under low influent P concentrations by changing the influent P concentration
of the synthetic water in the flash mix tank over one SBR cycle (Table 5-2). Following the
step-up operation, the inputs into the SBR were returned to the original dosing conditions for
all subsequent cycles until steady state concentrations of P were recovered (i.e. loading was
stepped down to the original low influent P concentration). Once all effluent P concentrations
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were close to their respective steady state values the next dose of influent P concentration was
administered.
Dynamic sampling for soluble P involved taking grab samples from the SBRs at various time
intervals during the react, settle and decant phase. The first sample at time zero was taken from
the flash tank while its contents were draining into the SBRs. Samples were immediately
centrifuged (Sorvall ST 16 Centrifuge Series, Thermo Scientific) prior to filtration through a
0.45 µm nitrocellulose membrane filter (Whatman Millipore). Since relatively high influent P
dose concentrations were used (Table 5-2) all P samples required dilution prior to analysis.

5.3.3

Sample Analysis

All soluble P and TSS samples were collected and analyzed in duplicate. Soluble P
concentrations were determined with the optimized ascorbic acid method (detection limit of 10

µg P/L) (Gilmore et al., 2009). A UV-Vis spectrophotometer (UV-1700, Shimadzu
Corporation, Kyoto, Japan) with a 10 cm path length was used. Concentrations above 0.1 mg/L
were analyzed according to Standard Method 4500-P.E (Standard Methods, 2005) with a 1 cm
path length. All glassware and plasticware used were acid washed in a 10% v/v nitric acid
solution overnight and rinsed with Milli-Q water. TSS concentrations were determined
according to Standard Method 2540D (Standard Methods, 2005).

5.4

Results and Discussion
5.4.1

Steady State Operation

Dynamic experiments with the SBRs operating under steady state conditions were conducted
to characterize the rate at which P was taken up during the react phase. Figure 5-2 illustrates
the soluble P concentration versus time in the SBRs during steady state operation under low
influent P concentrations (i.e. 3.4 mg P/L). The SRTs in the SBRs were 2.8 days (A), 7.4 days
(B), 10.8 days (C) and 22.8 days (D). Figure 5-3 shows the changes in soluble P concentration
with respect to time in the SBRs during steady state operation under high influent P
concentrations (i.e. 6.4 mg/L). The SRTs in the SBRs during the high P concentration
operation were 3.1 days (A), 6.9 days (B), 14.3 days (C) and 26.6 days (D). The initial soluble
85

P concentration in each of the reactors at time zero (Figures 5.2 and 5.3) was estimated on the
basis of a mass balance as described in Equation (5-1):

Pi =

Pflash × V flashfeed
V

(Equation 5-1)

+ Pb

where Pflash is the soluble P concentration in the flash tank effluent (mg/L), Vflashfeed is the
volume of feed from the flash tank entering the SBRs (L), V is the volume in the SBRs (L) and
Pb is the background concentration in the SBR corresponding to the final soluble P
concentration in the SBR from the previous cycle (mg/L). Equation (1) accounted for the
dilution of the measured soluble P concentration in the flash effluent upon entering the SBRs
as well as the background concentration of soluble P in the SBRs. Both Figure 5-2 and 5-3
illustrate the observed data as well as a model simulation. The observed data will be discussed

Soluble P (mg/L)

first while subsequent discussion will address the model simulation (Section 5.5).
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Figure 5-2: Soluble P versus time in SBRs under low influent concentrations (3.4 mg
P/L).
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Figure 5-3: Soluble P versus time in SBRs under high influent concentrations (6.4 mg
P/L).

The results presented in Chapter 3 indicated that the majority of P removal occurred
instantaneously in the flash mix tank as a result of co-precipitation, while subsequent uptake in
the SBRs was much smaller and attributed to slower adsorption/surface complexation
reactions. From Figures 5-2 and 5-3, it can be seen that the removal of P in the SBRs was
characterized by an initial fast removal in the first 25 minutes followed by a slower removal
over time until approximately 100 minutes. Pseudo-equilibrium was reached after
approximately 100 minutes. These results are consistent with the sorption kinetics observed by
Szabó et al. (2008), Mao et al. (2012) and Zeng et al. (2004). However, in the current study
pseudo-equilibrium was reached after a longer period of time (i.e. 100 minutes) in comparison
to the 60 minutes observed by Mao et al. (2012).
In addition to the transient responses that will be subsequently described the data presented in
Figures 5-2 and 5-3 provided insight into the final effluent properties of the SBRs.
Performance was evaluated based on the equilibrium concentration of soluble P achieved in
each SBR. Under low influent P concentrations (Figure 5-2) the performance of the SBRs
increased with decreasing SRT where SBR A achieved the lowest final soluble P
concentration. The dynamic performance results for SBR A were consistent with the effluent
soluble P concentrations achieved under previous steady state testing in Chapter 3, however,
the final concentrations in SBR B through D were higher than the results summarized in
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Chapter 3. Under high influent P concentrations (Figure 5-3) SBRs A through C achieved the
lowest soluble P concentrations in comparison to SBR D. These results were consistent with
the effluent soluble P concentrations reported under steady state testing in Chapter 3. The
modest differences between the results summarized in Chapter 3 and those presented in Figures
5-2 and 5-3 were attributed to the fact that the former values represented results that were
compiled over a long timeframe while the latter values represented results from a single day of
testing.
In order to characterize the rates of P removal (rp, mg/L/min) a finite difference approximation
was used (Equation 5-2):
rp =

dP ∆P Pj − Pj +1
≅
=
∆t
dt
t j +1 − t j

(Equation 5-2)

where j+1 corresponded to one time step ahead of the current time step j. The change in soluble
P concentration with respect to time corresponded to the rate of removal of P as a result of the
mechanism of adsorption. Adsorption is a concentration gradient driven liquid-solid mass
transfer phenomena (Metcalf & Eddy, 2003). The kinetics of adsorption typically consists of
three steps: (1) diffusion of the adsorbate (i.e. soluble P) through a fluid film (i.e. boundary
layer) surrounding the adsorbent (i.e. HFO) particle, (2) diffusion into the particle
(intraparticle/pore), and (3) adsorption onto the surface site (Teng and Low, 2012; Chorover
and Brusseau, 2008; Metcalf & Eddy, 2003; Watson, 1999). Figures 5-4 and 5-5 illustrate the
rates at which soluble P decreased with respect to time as determined from Equation (5-2) in
each SBR under low and high influent P concentration respectively.
From both Figures 5-4 and 5-5 it can be seen that the initial rates of removal were generally
much higher in comparison to subsequent values. An exception was observed in SBR B under
low influent P concentrations where the rate of removal appeared to steadily decline with
respect to time. Under low influent P concentrations, the initial rates were similar for SBR A
and C and higher in comparison to the initial rates for SBR B and D. After 50 minutes, the final
rates were similar in all the SBRs. Under high influent P concentrations, both the initial and
final rates were similar in all the SBRs. A comparison of the rates under low (Figure 5-4) and
high (Figure 5-5) influent P concentrations showed that the initial rate of removal was greater
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Figure 5-4: The rate of change of soluble P with respect to time in the SBRs under low
influent concentrations (3.4 mg P/L).
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Figure 5-5: The rate of change of soluble P with respect to time in the SBRs under high
influent concentrations (6.4 mg P/L).

under high influent P concentrations. This was attributed to a larger concentration gradient
between the soluble and the sorbed phase concentrations at higher initial soluble P
concentrations. Hence, with a larger gradient, the rate of mass transfer of P was higher. The
final rates of removal were small but similar under high and low influent P concentrations. A
comparison of the intermediate rates was not possible since the decline in concentration with
respect to time was not captured in the results illustrated in Figure 5-5 due to experimental
limitation.
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5.4.2

Transient Operation

Transient studies were conducted to understand how systems respond to varying P loading.
Figure 5-6 illustrates the soluble P concentrations versus time in each SBR (SRT: 2.8 (A), 7.4
(B), 10.8 (C) and 22.8 (D) days) during the transient study phase. The transient study phase
involved changing the influent process conditions from a steady state under low influent P
concentrations. Influent P doses of 6.4 mg P/L, 16.1 mg P/L and 82 mg P/L were tested. The
initial P concentrations were calculated with Equation (5-1).
From Figure 5-6 (a) (dose of 6.4 mg P/L) it can be seen that the removals in SBRs A through C
were characterized by an initial fast removal in the first 20 minutes followed by a much slower
removal until approximately 80 minutes, reaching pseudo equilibrium after approximately 80
minutes. In SBR D a period of initial fast removal was also observed in the first 20 minutes and
pseudo equilibrium was reached after 20 minutes. From Figure 5-6 (b) with a dose of 16 mg
P/L the removals in SBR A through C were also characterized by an initial fast removal in the
first 20 minutes followed by a much slower removal until approximately 126 minutes, reaching
pseudo equilibrium after 126. In SBR D a period of initial fast removal was observed in the
first 20 minutes and pseudo equilibrium was reached after 50 minutes. From Figure 5-6 (c)
with a dose of 82 mg P/L the initial removal in the first 20 minutes in SBR D was fast and was
followed by a slower removal reaching pseudo-equilibrium after 150 minutes. However, the
initial removal in the remaining SBRs was slower reaching pseudo-equilibrium after 150
minutes. Based on these results it was evident that the timeframe over which the soluble P
concentration declined increased with increasing influent P concentrations. Equilibrium was
achieved faster in SBR D and this was likely due to the higher concentration of solids in this
reactor (see Chapter 3). Further studies on the effect of solids concentration on P removal are
required to verify this conclusion.
The overall removal of P in each of the SBRs after the transient doses was also evaluated. In
comparison to the constant loading steady state results under low influent P concentrations
(Figure 5-2) the transient results at elevated loadings showed decreased removals in the SBRs.
These results were consistent with the decreased removal efficiency of P with increasing
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Figure 5-6: Soluble P versus time in SBRs with (a) 6.4 mg P/L dose, (b) 16.1 mg P/L dose,
(c) 82 mg P/L dose
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influent P concentrations observed by Szabó et al. (2008). With a 6.4 mg P/L dose (Figure 5-6
a), SBR D demonstrated the lowest removal. These results were consistent with the results
observed under steady state operation with both high and low influent P concentrations
(Figures 5-2 and 5-3). However with doses of 16.1 and 82 mg P/L (Figures 5-6 b and c), SBR
D demonstrated the highest removal when compared with the other SBRs. These results were
not consistent with the results observed with steady state operation. Based on the previous
studies (Chapter 3 and 4) SBR D was expected to have the lowest removals as a result of the
floc morphology (i.e. small surface area and fewer sorption sites) and the reduced quantity of
fresh HFO solids that were found to be responsible for a majority of removal in the SBRs. The
behaviour of SBR D under elevated influent P concentrations requires further investigation to
determine why the behavior switched from that observed under lower loading conditions.
The rates at which the soluble P concentration changed with respect to time in each SBR were
calculated with Equation (5-2). Figure 5-7 illustrates the rate of change of soluble P for each
dose applied to the SBRs. From Figure 5-7 (a) with a 6.4 mg P/L dose, the initial rates were
similar for all the SBRs with the exception of SBR B which had a lower rate. With the 16.1 mg
P/L dose (Figure 5-7 b), the initial rates declined with declining SRT in the SBRs while the
initial rate in SBR A and B was similar. With an 82 mg P/L dose (Figure 5-7 c), the initial rates
also declined with the declining SRT of the SBRs. After 50 minutes, the final rates of removal
were small but similar in all the SBRs for the 6.4 and 16.1 mg P/L dose conditions. However,
in comparison, the final rates of removal with the 82 mg P/L dose (i.e. after 50 minutes) were
similar in all the SBR but generally higher. This was attributed to the higher P loading and thus
larger concentration gradient leading to higher rates with this high P dose.
From Figure 5-7 it can also be seen that the initial rates of change were higher than the
subsequent rates for doses of 6.4 and 16.1 mg P/L. These results were consistent with the rates
observed under steady state operation. However, from Figure 5-7 (c) it can be seen that with an
82 mg P/L dose, the initial rates were only higher than the later ones for SBR D and C. In
SBRs A and B the rates did not substantially change with time indicating that P uptake was
limited. This may have resulted from the HFO floc reaching their adsorption capacity early in
these reactors (i.e. the difference in the sorbed and soluble P concentration was low resulting in
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Figure 5-7: The rate of change of soluble P with respect to time in the SBRs with (a) 6.4
mg P/L dose, (b) 16.1 mg P/L dose, (c) 82 mg P/L dose
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low or negligible adsorption). Comparing the initial rates between doses indicated that the
initial rate of removal increased with increasing soluble P concentrations. These results were
consistent with the initial rates observed under steady state dosing conditions. At higher
influent P concentrations the differences between the soluble and sorbed phase concentrations
were high resulting in a larger rate of mass transfer from the soluble phase to the sorbed phase.

5.4.3

Batch Adsorption Dynamics

Batch adsorption tests were employed to provide insight into the adsorption dynamics of
soluble P onto preformed solids. Figure 5-8 illustrates the results of the P adsorption onto HFO
solids from each reactor. The figure legends correspond to the various P doses that were tested
with each solid type as described in Table 5-4. The HFO concentrations observed in each
reactor were also summarized in Table 5-4. Due to limitation of the experimental method, the
initial P concentrations could not be measured and therefore the first sample taken after the P
dose was used as the starting concentration (i.e. time 0). Hence, Figure 5-8 illustrates the
subsequent removal observed after an initial instantaneous uptake.
From Figure 5-8 it can be seen that the overall trends for the batch sorption kinetics were
similar for each HFO sample tested i.e. sorption was characterized by an initial rapid decline
followed by a period of slower removal over time until pseudo equilibrium was reached. The
samples that had a lower P dose were found to reach pseudo equilibrium faster (i.e. at 250
minutes) than the samples with a higher P dose. These results were consistent with the trends
observed under transient conditions (Figure 5-8) where the timeframe over which the decline in
residual P occurred increased with increasing influent P concentrations. Confirmation of the 24
hour equilibration time was also observed from the results presented in Figure 5-8. In the
majority of the samples tested, differences in removal between 250 minutes and 24 hours were
not observed.
The removal of P by each solid type was evaluated based on the results provided in Figure 5-8.
Generally, a comparison between solid types indicated that as the SRT of the solids increased,
the removal achieved increased. For example, when comparing the final P concentrations after
24 hours, a P dose of 3 mg/L with the flash solids resulted in a final concentration between 1.2
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Figure 5-8: Soluble P versus time as a function of P dose in batch sorption tests. Open
markers represent replicate tests.
and 1.3 mg/L while a higher P dose of 4 mg/L with SBR A solids resulted in a lower final
concentration between 0.5 and 0.6 mg/L. Further, a P dose of 8 mg/L with both SBR B and C
solids resulted in a higher final P concentration (i.e. between 1.0 and 1.3 mg/L) in SBR B and a
lower concentration (i.e. between 0.5 and 0.6 mg/L) in SBR C. At an even higher SRT, a P
dose of 12 mg/L with SBR D solids resulted in a final concentration comparable to that
achieved in SBR C with a dose of 8 mg/L (i.e. approximately 0.5 mg/L). These results were
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likely due to the fact that the solids concentration increased with SRT (Table 5-4). As the
solids concentration increased a much higher P loading was required to provide a similar
HFO:P ratio in each test. Hence at similar P doses, the P loading was higher in the lower SRT
systems leading to decreased removals.
Information regarding the reproducibility of the batch testing method was also provided in
Figure 5-8. A comparison of replicate samples (i.e. closed versus open markers) for a particular
P dose showed that the trends in P removal with respect to time were either closely or directly
aligned in duplicate samples. For example, with a 1 mg/L P dose in the Flash solids differences
between replicate samples are indistinguishable while with a 2 mg/L P dose replicate data
followed each other very closely and differences were small. Hence, the results indicated that
duplicate samples showed good reproducibility.
The rates at which the soluble P concentration changed with respect to time were calculated
with Equation (5-2). Figure 5-9 illustrates the rate of change of soluble P. With the exception
of SBR D, the dynamics of P removal onto each solid type was evaluated using four different
doses of P. The P doses increased with the SRT of the solids as a result of increasing solids
concentrations (Table 5-4). Generally, two “high” P doses and two “low” P doses were
evaluated with each solid type. Since a broad range of P doses were employed (Table 5-4) the
data at the lower concentration ranges could not be visualized simultaneously. Therefore, the
rate values for each solid type shown in Figure 5-9 were separated into two graphs illustrating
the “high” P doses on the left and the “low” P doses on the right. Also, since the changes in P
concentration were minimal after 400 minutes (Figure 5-8), the timeframe for visualizing the
rate data was truncated to 400 minutes for easier visualization of the decline in the rates. From
Figure 5-9 it can be seen that the initial rates of removal were generally higher than the
subsequent rates. The initial rate of removal increased with increasing P dose. Both of these
results were consistent with the results observed under steady state and transient operation.
Therefore, the dynamics of P removal onto preformed flocs appeared to behave similarly to the
dynamics of P removal onto steady state dosed and transient dosed solids.
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Figure 5-9: The rate of change of soluble P with respect to time in batch sorption tests
under high (left) and low (right) P doses.
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5.5

Kinetic Model Development and Results
5.5.1

Model Development

The dynamic experiments provided data that described the adsorption of P onto three types of
HFO solids: (1) steady state dosed solids, (2) transient dosed solid, and (3) batch preformed
solids. Model development focused on the rates of adsorption of soluble P onto previously
formed solids. It was hypothesized that the observed rate of removal of soluble P was
controlled by the mass transfer of soluble P (P; mg/L) to sorbed P (q; mg P/mg TSS) and that
the solid phase P concentration was in equilibrium with the liquid phase P concentration at the
liquid-solid interface. In Chapter 4, it was shown that the equilibrium adsorption behaviour of
P onto HFO flocs was best described by the Freundlich isotherm. Hence, mass balances on
soluble P and sorbed P were assembled for a batch reactor to generate Equations (5-3) and (54) that are coupled:
dP
q
= − kP + k  
dt
K

n

dq
P
k q
=k
−
 
dt
Cs Cs  K 

(Equation 5-3)
n

(Equation 5-4)

where P is the liquid phase concentration of soluble P (mg P/L), q is the sorbed phase
concentration (mg P/mg TSS), Cs is the concentration of HFO (mg/L TSS), k is the rate
coefficient (1/t), t corresponds to time (minutes), K is a Freundlich constant which indicates the
sorption capacity at a specific solution-phase concentration (Weber and DiGiano, 1996), and n
is the inverse of the Freundlich constant 1/n which represented a joint measure of the
cumulative magnitude and diversity of energies associated with a particular adsorption reaction
(Weber and DiGiano, 1996). Derivations of Equations (5-3) and (5-4) are provided in
Appendix C.
Calibration of the model denoted by Equations (5-3) and (5-4) was conducted with Matlab by
fitting the model to the observed dynamics. In the calibration of the model the values of Cs, n,
K, and t were considered as known values. For characterization of the dynamic results under
steady state and transient conditions, Cs was quantified by the steady state TSS concentration
(mg/L TSS) observed in each reactor as reported in Chapter 3. For characterization of the batch
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sorption test results, the HFO concentration (Cs) was quantified using the measured TSS
concentration in each batch test (Chapter 4). The values for K and 1/n corresponded to the best
fit estimates for these parameters in each reactor that were reported in Chapter 4. The solution
of Equations (5-3) and (5-4) required estimates of the initial values of P and q at time zero. For
the steady state and transient SBR tests, the initial soluble P concentration corresponded to the
estimate of Pi determined from Equation (5-1). For the batch sorption tests, the initial soluble P
concentration corresponded to the concentration of the first sample taken after dosing with a
dose of P. The initial value of the sorbed phase concentration (i.e. qi) was treated as an
unknown parameter along with the rate constant k. Estimates of qi and k were determined by
solving the coupled ordinary differential equations (Equations 5-3 and 5-4) using non-linear
regression with Matlab. A value for k and qi was determined for each SBR under each dynamic
experiment conducted.
It should be noted that the model was developed assuming a reversible reaction between the
soluble phase and sorbed phase P concentrations. It was previously noted in Chapter 4 that the
model would not account for desorption since P desorption was determined to be negligible.
However, the model was developed using mass transfer fundamentals which describe
adsorption as a concentration gradient driven process between the soluble and sorbed phases.
Therefore, the application of this model should be limited to describing adsorption phenomena
only. The model was able to be used in this way since the application was limited to describing
the adsorption data sets only. The mass transfer model only accounted for external mass
transfer as defined by the concentration gradient between the soluble phase and the sorbed
phase. Intraparticle diffusion of P into the HFO floc was not included as it was expected to
have minor influence over the experimental timeframe employed (Mao et al., 2012).
The model was developed using the individual Freundlich isotherms reported in Chapter 4 to
describe the adsorption of P onto HFO floc. The individual isotherms were used since they
provided parameter estimates specific to each SBR. However, it should be noted that the model
was also tested using the HFO model generated in Chapter 4 to describe sorption behaviour.
The results provided by the HFO model were found to be similar to the results provided by the
individual isotherms.
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5.5.2

Model Results and Discussion

The performance of the model was initially assessed with respect to the quality of the fit. This
included an analysis of the observed and predicted values. The uncertainty was then addressed
by examining the uncertainty of the fit parameters (i.e. SE on k and qi). Confidence intervals
for each of the parameters were determined with Monte Carlo simulation (Motulsky and
Christopoulos, 2004) in Matlab. The Monte Carlo simulation involved obtaining the best fit
estimates of qi and k, adding random noise to each of these estimates, refitting the model to
these random estimates, and repeating the process 1000 times. The generated data sets for k
and qi were statistically analyzed to obtain the mean and the 95% confidence intervals. The
distributions were assumed to be normally distributed. The 95% confidence interval was
represented by the 2.5 and 97.5 percentiles. The mean parameter estimates along with the 95%
CIs around the estimates are subsequently described.
Figures 5-2, 5-3 and 5-6 present the observed and predicted responses under steady state and
transient operation. The predicted values for each SBR and each dynamic test were generated
using the mean parameter estimates of k and qi determined for each individual experiment from
the Monte Carlo simulation. From Figures 5-2, 5-3 and 5-6, it can be seen that the P
concentrations in the SBRs were well represented by the calibrated model. Any deviations in
the fit of the calibrated model were attributed to the variability in the observed data. Hence, it
was concluded that the model was able to describe the transient P responses in the SBRs under
all conditions. In practice, these conditions would be similar to the subsequent removal
observed in an aeration basin after Fe addition in a separate flash mix tank under both constant
(i.e. steady state) and variable (i.e. transient) P loading conditions.
Figure 5-8 presents the observed and predicted responses for the batch testing. From Figure 5-8
it can be seen that the P concentration in the batch experiments were well represented by the
calibrated model at the lower P doses however, the model tended to over predict the final
equilibrium P concentrations at the higher P doses for each HFO type. It was suspected that the
differences in operating conditions (i.e. mixing intensity and ratio of P removed/mass of HFO
solids) and solid types (i.e. preformed versus steady state and transient dosed solids) between
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the batch reactors and the SBRs may have attributed to the differences in the model
performance. It was concluded that care should be taken when using the batch results as
indicators of P removal conditions in the SBRs.
The estimated values of the model parameters were examined to obtain insight into the rates of
P adsorption. Figures 5-10 and 5-11 illustrate the mean estimates of k and qi determined from
the Monte Carlo analysis of the dynamic tests in the SBRs under steady state and transient
conditions. From Figure 5-10 it can be seen that the rate constant appeared to be similar in
SBRs A through C under all the test conditions with the exception of the 82 mg P/L transient
dose. A P loading of 82 mg P/L is highly unlikely to be observed in practice and hence the
inconsistent results from this test condition were not deemed to be practically problematic.
The95% confidence intervals of the estimates also suggested that the values were consistent
due to overlap (i.e. with the exception of one or more samples). The k values for SBR D
appeared to be different than those for the other SBRs. These results were attributed to the
inconsistency in the performance of SBR D under the various test conditions which required
further investigation.
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Figure 5-10: Best fit estimates for k (rate constant) under steady state (SS) and transient
(Trans) testing. Error bars correspond to 95% confidence intervals.
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Figure 5-11: Best fit estimates for qi (initial sorbed phase concentration) under steady
state (SS) and transient (Trans) testing. Error bars correspond to 95% confidence
intervals.

The rate coefficient is theoretically a function of the fluid film/boundary layer thickness which
is affected by mixing (Chorover and Brusseau, 2008). Mixing conditions were constant in each
SBR and were provided by both mechanical mixers and aeration (Table 5-3). Hence, based on
mixing conditions differences in the rate coefficients were not expected in the SBRs. Thus it
was concluded that over a range of SRTs (i.e. 2.8 - 26.6 days), the same rate coefficient could
be used to describe P adsorption onto HFO floc.
From Figure 5-11 it can be seen that in the absence of a few outlying results (i.e. the 82 mg P/L
transient dose results for SBR B and C, and the 16.1 mg P/L transient does results from SBR A
and B) it could be concluded that the values of qi were generally similar for the SBRs and the
various test conditions. These results were consistent with the results from Chapter 4 where the
adsorption capacity could not be differentiated between the SBRs. Since the SBRs performed
similarly in terms of adsorption (Chapter 4) it would seem reasonable that they also would
have similar initial sorbed phase concentrations. However, it should be noted that there was not
as much overlap between the estimates of qi as the k estimates. The 95% confidence intervals
around the transient 82 mgP/L dose data were large indicating that there was substantial
variability in the fit of qi to these data sets. Again, since an 82 mg P/L dose is not typical in
practice the results from this test condition were deemed to have less practical significance.
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The results suggest that the mechanisms controlling P uptake with the high dose were different
than those that were controlling the low P doses.
The trends in k and qi illustrated in Figures 5-10 and 5-11 suggested that there may have been
some correlation between these two parameter estimates. Therefore an investigation into the
relationship between k and qi was conducted. To determine if there was any relationship
between k and qi the correlation between these two parameters was calculated using the
Pearson correlation coefficient. For each individual experiment, the Monte Carlo generated
data sets were used to calculate the Pearson correlation coefficient. The correlation between k
and qi was found to be low under each individual experiment (i.e. generally less than 0.4).
These data are summarized in Appendix E. Therefore, based on the low estimates of
correlation it was concluded that the model parameters were independent.
Table 5-5 summarizes the range of estimates for k and qi for each type of HFO solid from the
batch sorption tests determined through Monte Carlo analysis. The parameter estimates for
each P dose along with the 95% CIs of the estimates are summarized in Appendix D. From
Table 5-5, it can be seen that the rate constants were similar for each reactor. There is also
overlap between the minimum and maximum values that supports the hypothesis that the
values of k were similar. As mentioned previously the rate coefficient is affected by the mixing
conditions. In the batch tests, mixing was provided by a shaker table and the speed of mixing
was constant in each test (Section 5.3.2.2). Hence, differences in k were not expected.

Table 5-5: Batch sorption model parameter ranges.
Rate Constant (k)
Average
Minimum
Maximum
Initial Sorbed Phase Concentration (qi)
Average
Minimum
Maximum

Flash
0.015
0.004
0.04
Flash
0.052
0.02
0.077

SBR A
0.03
0.004
0.09
SBR A
0.0064
0.004
0.0091

SBR B
0.017
0.007
0.03
SBR B
0.006
0.0034
0.01

SBR C
0.026
0.01
0.05
SBR C
0.0045
0.0022
0.0069

SBR D
0.02
0.015
0.028
SBR D
0.0059
0.0041
0.0068

A comparison of the batch rate coefficients (Table 5-5) to the steady state and transiently dosed
coefficients (Figure 5-10) indicated that the values of k were lower in the batch tests. These
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differences may be attributed to differences in mixing conditions (Chorover and Brusseau,
2008). Mixing in the SBRs was more turbulent due to aeration in comparison to the swirling
provided by the shaker table for the batch tests. Since the thickness of the boundary layer
decreases with the extent of mixing (Chorover and Brusseau, 2008) diffusion across the layer
was expected to be faster in the SBRs thus leading to a higher rate coefficient in comparison to
the batch tests. Therefore, it can be concluded that the model was able to describe differences
in operating conditions (i.e. mixing) as reflected by the predicted rate coefficients.
Based on the values of qi presented in Table 5-5, qi appeared to be similar for the SBRs which
was supported by overlapping minimum and maximum values however qi was much larger in
the Flash samples. The ranges of the qi values in the SBRs were consistent with the ranges
determined from the steady state and transiently dosed solids (Figure 5-11). This was expected
since the solids were extracted from the SBRs (Section 5.3.2.2). The inconsistency in the value
of qi from the flash tank versus the SBRs may be attributed to aging phenomena since fresh
HFO solids are generally confounded by aging effects making quantitative interpretation more
difficult (Lijklema, 1980; Smith et al., 2008a; Mao et al., 2012).
The trends in k and qi illustrated in Appendix D suggested that there may have been some
correlation between these two parameter estimates. For example, the values of k were generally
found to be low under “high” P doses and high under “low” P doses (see Section 5.4.3 for
definition of “high” and “low” P doses under batch testing). The values of qi followed the exact
opposite trend (i.e. generally high under “high” P doses and low under “low” P doses). To
determine if there was any relationship between k and qi for the batch tests the correlation
between the parameters was calculated using the Pearson correlation coefficient. For each
individual experiment, the Monte Carlo generated data sets were used to calculate the Pearson
correlation coefficient. The correlation between k and qi was found to be low under each
individual experiment (i.e. generally less than 0.4). The data are summarized in Appendix E.
Therefore, it was concluded that the parameter estimates were independent under batch testing.
Overall, the calibrated model was found to be applicable to situations where the solids have
been already formed and the fate of any additional soluble P is being predicted. The model
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provided a good fit to the observed data. The model was able to reflect differences in process
conditions (i.e. mixing) between experiments conducted in the SBRs and those in batch tests as
was reflected in the values of the rate coefficients. The parameter results also suggested that
the same rate coefficient could be used to describe P adsorption onto HFO flocs of different
ages (i.e. 2.8-26.6 days). Discrepancies in these estimates were attributed to the inconsistent
behavior of SBR D at elevated loadings. Estimates of k and qi were found to be independent.
The model developed in this study described the behavior of phosphate in an abiotic system. In
real wastewater systems, P removal can be expected to be reduced due to competition from
organics (Szabó et al., 2008; Mao et al., 2012; Weng et al., 2013). The model describes
relatively slow removal processes that result from adsorption. It is anticipated that this model
can be combined with existing equilibrium models such as Biowin (EnviroSim, 2007) or the
most recent model developed by Hauduc et al. (2013) to improve the ability of these models to
describe adsorption of P onto HFO floc when low P concentrations are targeted.

5.6

Conclusions

In this study the interactions between SRT and the dynamics of P removal onto three different
solid types (i.e. steady state dosed solids, transient dosed solids, preformed batch solids) were
explored and the following conclusions were arrived at:
•

P removal in the SBRs and batch sorption tests was characterized by an initial period of
fast removal followed by a period of slower removal until pseudo-equilibrium was
reached.

•

The initial rate of removal (i.e. change in the soluble P concentration with respect to
time) increased with increasing influent P concentrations. These results were attributed
to a larger concentration gradient between the soluble and sorbed phase concentrations
leading to a greater initial rate of change.

•

Inconsistencies in the behaviour of SBR D that had the longest SRT (i.e. between 22.8
and 26.6 days) under steady state and transient operation lead to the recommendation
that further work be conducted to investigate the behaviour of SBR D under different
influent P concentrations and to determine the effect of solids concentration on P
removal.
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A model was developed to describe the overall dynamic behaviour of P sorption onto HFO
floc. The model was found to provide a good description of P removal in the SBRs and batch
testing. The model was able to reflect differences in process conditions (i.e. mixing) between
experiments conducted in the SBRs and those in batch tests. This was reflected in the estimated
values of the rate coefficients between the batch tests and SBRs. From the model parameter
estimates it was found that the same rate coefficient could be used to describe P adsorption
onto HFO flocs of different ages (i.e. 2.8-26.6 days). Discrepancies in these estimates were
attributed to the inconsistent behavior of SBR D at elevated loadings. Estimates of k and qi
were found to be independent.
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CHAPTER 6
6. CONCLUSIONS AND RECOMMENDATIONS

6.1

General Conclusions

This research provided a comprehensive understanding of the effects of SRT on chemical P
removal in co-precipitation systems. Based on this research the following general conclusions
can be made:
1. P removal was affected by the solids age (i.e. SRT). Aging as a function of SRT lead to
the compaction of HFO flocs leading to a lower surface area and fewer surface sites for
binding. As such, lower SRT systems produced higher P removal while higher SRT
systems were characterized by lower P removal. The extent of removal achieved as a
function of SRT was dependent on the influent P concentration.
2. Fresh HFO were responsible for the majority of P removal. Fresh HFO were
characterized as having an open structure and a high specific surface area for sorption. In
addition to SEM analysis, this was confirmed through batch sorption studies that showed
that fresh HFO had a higher sorption capacity in comparison to aged HFO. Mathematical
modeling showed that the fresh solid contribution from the flash mix tank was responsible
for the majority of the P uptake observed in the SBRs and batch sorption tests rather than
the aged solids in the reactor.
3. The dynamics of P adsorption onto HFO floc was characterized by two phases of

removal. The change in soluble P concentration with respect to time under different
process conditions (i.e. during steady state and transient operation of the SBRs and during
batch testing) was characterized by an initial period of fast removal followed by a period of
slower removal with respect to time until pseudo equilibrium was established.
4. Sorption rate coefficients can be used over a range of SRTs. The calibrated sorption rate
coefficients were found to be similar for the SBRs under all test conditions indicating that
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the rate coefficient was not affected by SRT. These results were confirmed with batch tests
where the rate coefficients describing sorption onto SBR solids were similar for all batch
test conditions. The consistency in rate coefficients was attributed to the fixed mixing
conditions in the SBRs (i.e. mechanical mixing and aeration) and the batch samples (i.e.
mechanic shaking).

6.2

Specific Conclusions

The specific conclusions from this study are summarized as follows:

P Removal under Steady State Conditions
In this study the majority of P removal occurred in the flash tank (94% under low influent P
concentrations (3.4 mg P/L); 83% under high influent P concentrations (6.4 mg P/L)) with an
additional smaller fraction of removal in the SBRs (additional 3.3 – 4.8% removal under low
influent P concentrations; 5.5 - 8.8% under high influent P concentrations). Overall, soluble P
uptake was found to be higher in the lower SRT systems: ≤ 7.4 days under low influent P
concentrations and SRTs ≤ 14.3 days under high influent P concentrations. In the SBR react
cycle alone, P removals (based on initial P concentrations in the SBR) were between 60-80%
under low influent P concentrations and 47-56% under high influent P concentrations.
The amount of sorbed P (mg P/mg TSS) was found to decrease with SRT providing evidence
that aging changed floc morphology. Differences in floc morphology (i.e. open vs. compact
floc structure) between flash solids and SBR aged solids were evident based on SEM analysis.
However, differences in particle size distributions could not be differentiated supporting the
hypothesis that changes in floc morphology are more responsible for differences in P removal
than floc size.

P Removal in Batch Sorption Studies
The results of batch sorption studies characterizing the sorption of soluble P onto HFO solids
of different ages indicated that Fresh HFO have a higher sorption capacity in comparison to
aged (2.8, 7.4, 10.8 and 22.8 day) HFO. P desorption from HFO solids was found to be
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negligible supporting chemisorption as the mechanism of P adsorption. Mathematically, P
adsorption onto HFO solids was determined to be best described by the Freundlich isotherm.
An equilibrium sorption model was developed to describe the contribution of different classes
of HFO solids (i.e. High, Low or Old) to adsorption. High, Low and Old HFO were
characterized as having high specific surface area for sorption, low specific surface area for
sorption, and no adsorption capacity, respectively. The model was found to adequately describe
P adsorption onto HFO solids of different ages. Modelling also showed that the fractions of
High and Low HFO decreased with SRT, the fractions of Old HFO increased with SRT, the
rate of transformation of High HFO into Low HFO was lower than the rate of transformation
of Low HFO into Old HFO, and the High HFO contributed more to P sorption than Low HFO
in each SBR implying that the fresh flash solids were more responsible for the observed P
uptake in the SBRs in comparison to the aged SBR solids.

The dynamics of P removal
In this study it was confirmed that P removal in the SBRs and batch sorption tests was
characterized by an initial fast period of removal followed by a period of slower removal until
pseudo-equilibrium was reached. The initial rate of removal (i.e. change in the soluble P
concentration with respect to time) increased with increasing influent P concentrations. These
results were attributed to a larger concentration gradient between the soluble and sorbed phase
concentrations leading to a greater initial rate of change. The performance of the SBRs in terms
of the equilibrium soluble P achieved at low P loadings (i.e. 3.4 and 6.4 mg P/L) under both
transient and steady state operation were consistent with the results reported in Chapter 3. The
low SRT (i.e. less than 22.8-26.6 days) SBRs (i.e. A through C) achieved higher P removal in
comparison to the high SRT (i.e. 22.8- 26.6 days) SBR (i.e. SBR D). However, under transient
operation SBR D provided the highest P removal at high P loadings (i.e. 16.1 and 82 mg P/L).
A model was developed to describe the dynamic behaviour of P sorption onto three different
solid types (i.e. steady state dosed SBR solids, transient dosed SBR solids, and preformed
batch solids). Overall, the calibrated model was found to provide a good description of P
removal in the SBRs and batch testing. The model was able to reflect differences in process
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conditions (i.e. mixing) between experiments conducted in the SBRs and those in batch tests.
This was reflected in the estimated values of the rate coefficients between the batch tests and
SBRs. It was found that the same rate coefficient could be used to describe P adsorption onto
HFO flocs of different ages (i.e. 2.8-26.6 days). Discrepancies in these estimates were
attributed to the inconsistent behavior of SBR D at elevated loadings.

6.3

Recommendations for Future Work

The following recommendations are suggested for future chemical P removal studies with Fe
salts.
There was some uncertainty as to which parameter (TSS or Fe) would provide a better estimate
of the concentration of HFO solids in the reactor for the purposes of normalization. TSS
concentrations may be biased as the mass of TSS will increase with increasing P
concentrations as a result of the added mass that P provides to the solids. The Fe concentrations
were considered to provide a measure of the generated HFO since all of the dosed Fe was
expected to precipitate into the HFO (i.e. residual soluble Fe concentrations are negligible).
However, this estimate would be low since the contribution of hydroxide to HFO was ignored.
For future studies detailed characterization of HFO mass should be performed.
The residual soluble P samples from the flash tank effluent (Pflash) were filtered immediately
after Fe dosing and therefore the time frame for removal (i.e. contact time) was limited to the
HRT in the rapid mix tank. Much lower residual P concentrations were observed if the samples
were left for a longer period of time prior to filtration. Treatment plants that have been recently
designed and upgraded to meet ultra low TP limits including the Spokane County Regional
Water Reclamation Facility (Washington, USA) and the West Camden Sewage Treatment
Plant (New South Wales, Australia) have been able to innovatively integrate separate rapid mix
tanks to ensure the necessary mixing intensity and contact time are provided for chemical P
removal (Johnson et al., 2012; Takács et al., 2011). Therefore, future research to optimize the
contact time or HRT necessary to achieve the lowest residual P concentrations at the lowest
possible Fe dose in these rapid mix tanks would be beneficial.
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It was suspected that the differences in operating conditions (i.e. mixing intensity and ratio of P
removed/mass of HFO solids) between the batch reactors and the SBRs may have contributed
to the differences in P removal observed between these sample types. For future studies, P
adsorption onto HFO should be characterized in the SBRs in-situ. This could have been
achieved by turning the Fe dosing off during transient studies.
During transient operation of the SBRs the change in soluble P concentration with respect to
time reached pseudo-equilibrium faster in SBR D most likely due to the higher concentration
of solids in this reactor (see Chapter 3). Further studies on the effect of solids concentration on
P removal are recommended to verify this conclusion.
During transient operation of the SBRs, SBR D demonstrated the lowest removal with a 6.4 mg
P/L dose which was consistent with the results observed under steady state operation with both
high (3.4 mg P/L) and low (6.4 mg P/L) influent P concentrations. However with doses of 16.1
and 82 mg P/L, SBR D demonstrated the highest removal when compared with the other SBRs.
These results were not consistent as SBR D was expected to have the lowest removals as a
result of the floc morphology (i.e. small surface area and fewer sorption sites) and the reduced
quantity of fresh HFO solids that were found to be responsible for a majority of removal in the
SBRs (Chapter 3 and 4). Therefore, further investigation into the behaviour of SBR D under
elevated influent P concentrations to determine why the behavior switched from that observed
under lower loading conditions is recommended.
A dynamic P model was developed in this study to describe P sorption onto HFO floc. This
model was limited to describing P sorption onto HFO flocs at a constant pH. Future studies
that aim to integrate the effects of pH, variable water chemistry and the different fraction of
HFO solids (i.e. High, Low and Old) on P sorption would be beneficial.
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Figure A-1: Raw Soluble P Profiles – Low influent P concentrations
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Appendix B Raw Data – Adsorption Test
Table B-1: Adsorption Test Raw Data
P Dose (mg/L)
FLASH
60
40
16
4
4
3
3
2
2
1.6
1.6
1.6
1.6
1
1
0.5
0.5
SBR A
64
64
60
40
16
16
4
4
2.5
2.5
1
1
1
0.5
0.5
0.5
0.5

Test Volume (L)

TSS (mg/L)

Co (mg/L)

Ce (mg/L)

0.1
0.1
0.06
0.25
0.25
0.25
0.25
0.2
0.2
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

29
28
34
25
25
20
20
42
42
30
30
19
19
34
34
30
30

60.02
40.26
16.02
4.01
4.01
3.21
3.21
2.78
2.78
1.69
1.69
2.32
2.32
1.20
1.20
0.58
0.58

53.31
32.72
7.78
1.17
1.16
1.23
1.28
0.83
0.91
0.41
0.42
0.40
0.44
0.13
0.13
0.01
0.02

0.06
0.1
0.1
0.1
0.1
0.06
0.25
0.25
0.25
0.25
0.5
0.5
0.5
0.5
0.5
0.5
0.5

332
170
196
216
170
332
203
203
272
272
209
317
317
283
283
249
249

64.04
64.04
60.02
40.03
16.04
16.04
4.06
4.06
2.56
2.56
1.15
1.14
1.14
0.61
0.61
0.56
0.56

54.73
44.14
43.79
36.57
9.55
5.64
0.50
0.55
0.44
0.38
0.11
0.13
0.09
0.04
0.10
0.09
0.09
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Table B-1: Adsorption Test Raw Data (Continued)
P Dose (mg/L)
SBR B
96
96
32
16
8
8
6
6
4
4
2
2
0.5
0.5
SBR C
96
96
60
32
32
16
8
8
6
6
2
2
1
1
SBR D
250
96
96
32
32
12
8
8
4

Test Volume (L)

TSS (mg/L)

Co (mg/L)

Ce (mg/L)

0.10
0.06
0.06
0.06
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

357
507
507
440
503
503
460
460
568
568
303
303
515
515

96.05
96.05
32.05
16.07
8.07
8.07
6.06
6.06
4.04
4.04
4.04
4.04
4.04
0.57

75.20
56.99
19.27
4.44
1.14
1.16
0.73
0.78
0.34
0.34
0.34
0.34
0.34
0.07

0.1
0.06
0.06
0.1
0.06
0.06
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

917
1033
897
917
1033
897
1045
1045
1055
1055
1183
1183
644
644

96.11
96.11
60.09
32.11
32.11
16.09
8.13
8.13
6.11
6.11
2.10
2.10
1.03
1.03

57.08
50.86
30.31
10.68
9.36
2.23
0.55
0.57
0.45
0.40
0.03
0.04
0.04
0.03

0.06
0.06
0.06
0.06
0.06
0.2
0.2
0.2
0.2

2110
1555
2155
1555
2155
1905
1673
1673
1905

250.18
96.13
96.11
32.13
32.11
12.11
8.18
8.18
4.11

140.60
49.96
33.25
4.59
0.35
0.52
0.53
0.44
0.13
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Appendix C Derivation of Model Equations (Chapter 5: Equations 5-3 and 5-4)

Mass Balance
Parameters:
V= volume (L)
P = soluble P concentration (mg P/L)
q = sorbed phase concentration (mg P/mg TSS)
r = reaction rate
t = time
Cs = concentration of HFO (mg TSS/L)
k = rate constant
K = Freundlich constant
1/n = Freundlich constant
Assumptions:
1. Batch Reactors i.e. No inflow our outflow
Therefore, Accumulation = ± Reactions or

dMass d (VP )
=
= ±Vr
dt
dt

2. reversible reaction, i.e.
k
soluble P ↔ sorbed P
3. constant volume
Mass Balance around soluble P concentration:
dP
= − kP + k P sorbed
dt

Psorbed = qC s

However, since Freundlich adsorption applies i.e. q = KP
dP
q
Therefore,
= − kP + k 
dt
K

n

126

1/ n

, then Psorbed

q
= 
K

n

Mass Balance around sorbed P concentration:

dPsorbed
= kP − k P sorbed
dt
Substituting in known relationships,
Cs

dq
q
= kP − k  
dt
K

Therefore,

n

dq
k
k q
=
P−
 
dt C s
Cs  K 

n
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Appendix D Batch Sorption Parameter Estimates
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Figure D- 1: Batch sorption model parameter estimates of k and qi. Error bars
correspond to 95% confidence intervals.
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Figure D- 1: Batch sorption model parameter estimates of k and qi. Error bars
correspond to 95% confidence intervals (continued)
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Appendix E Correlation Coefficients
Table E-1: Correlation coefficients for steady state and transient data
Test Condition
Steady state – low influent P (3.4 mg P/L)
Steady state – high influent P (6.4 mg P/L)
Transient – 6.4 mg P/L dose
Transient – 16.1 mg P/L dose
Transient – 82 mg P/L dose

SBR A
0.35
0.21
0.24
-0.32
-0.42

SBR B
0.19
0.28
0.27
-0.37

SBR C
0.25
0.22
0.35
0.03
-0.28

SBR D
0.33
0.14
-0.17
0.21
-0.14

Table E-2: Correlation coefficients for batch sorption data at various P doses
Flash
SBR A
SBR B
SBR C
SBR D

3 mg/L
-0.27
4 mg/L
-0.07
8 mg/L
0.13
8 mg/L
0.21
8 mg/L
0.24

3 mg/L
-0.32
4 mg/L
-0.14
8 mg/L
0.18
8 mg/L
0.22
8 mg/L
0.19

2 mg/L
-0.08
2.5 mg/L
0.33
4 mg/L
0.12
6 mg/L
0.35
12 mg/L
0.26

2 mg/L
0.13
2.5 mg/L
0.39
4 mg/L
0.36
6 mg/L
0.42
4 mg/L
0.28
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1 mg/L
0.23
1 mg/L
0.15
2 mg/L
0.19
2 mg/L
0.26

1 mg/L
0.19
1 mg/L
0.27
2 mg/L
0.14
2 mg/L
0.27

0.5 mg/L
0.33
0.5 mg/L
0.25
0.5 mg/L
0.22
1 mg/L
0.15

0.5 mg/L
0.21
0.5 mg/L
0.18
0.5 mg/L
0.28
1 mg/L
0.18

