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Figure C.1: QA/QC recoveries of sodium phenyl phosphate dibasic dihydrate, including standard 

deviations from triplicate analysis. Red dashed lines represent the ± 5 ppb acceptable limits; the solid 

line represents 100 ppb; yellow stars denote measurements that fall outside of the acceptable 100 ± 5 

ppb range ............................................................................................................................................ 149 

Figure C.2a and b: Total Phosphorus for ROP samples for the demonstration facility on various sampling 

dates, (a) From first quarter of operation at the demonstration facility and (b) from the second quarter 

of operation at the demonstration facility. Comparison between Maxxam data (blue) and that 

performed at WLU (red), including standard deviations on triplicate samples .................................. 151 

Figure C.3: QA/QC recoveries of a 1 ppb orthophosphate standard measured after 1 minute incubation 

with mixed reagent, including standard deviations from triplicate analysis. Red dashed lines represent 

the ± 0.5 ppb; the solid line represents 1.0 ppb; yellow stars denote measurements that fall outside of 

the 1.0 ± 0.5 ppb range, which were measured using a 30 minute incubation time with the mixed 

reagent ................................................................................................................................................ 153 

Figure C.4a and b: (a) Total Phosphorus for ROP samples for the demonstration facility during sampling 

dates for the third quarter operation at the demonstration facility. Comparison between Maxxam data 

(blue) and that performed at WLU (red), including standard deviations on triplicate samples. (b) The 

mean of the data from both labs over the sampling times described in (a) and the error bars represent 

the 95% confidence intervals. Note: non-detects were considered to be 1 ppb when performing this 

analysis ............................................................................................................................................... 154 

Figure C.5a and b: Total Reactive Phosphorus for RWW samples for the demonstration facility during 

sampling dates for the second (a) and third (b) quarter operation at the demonstration facility. 

Comparison between Maxxam data (blue) and that performed at WLU (red), including standard 

deviations on triplicate samples.......................................................................................................... 156 

Figure C.6a-c: Total Phosphorus for RWW samples for the demonstration facility during sampling dates 

for the first (a), second (b) and third (c) quarter operation at the demonstration facility. Comparison 

between Maxxam data (blue) and that performed at WLU (red), including standard deviations on 

triplicate samples ................................................................................................................................ 158 

Figure C.7a-c: Total Phosphorus for MFP samples for the demonstration facility during sampling dates 

for the first (a), second (b) and third (c) quarter operation at the demonstration facility. Comparison 

between Maxxam data (blue) and that performed at WLU (red), including standard deviations on 

triplicate samples ................................................................................................................................ 160 

Figure C.8a-c: Total Phosphorus for ROC samples for the demonstration facility during sampling dates 

for the first (a), second (b) and third (c) quarter operation at the demonstration facility. Comparison 

between Maxxam data (blue) and that performed at WLU (red), including standard deviations on 

triplicate samples ................................................................................................................................ 161 

Figure C.9a and b: Total Reactive Phosphorus for MFP samples for the demonstration facility during 

sampling dates for the second (a) and third (b) quarter operation at the demonstration facility. 

Comparison between Maxxam data (blue) and that performed at WLU (red), including standard 

deviations on triplicate samples.......................................................................................................... 163 

Figure C.10a and b: Total Reactive Phosphorus for ROC samples for the demonstration facility during 

sampling dates for the second (a) and third (b) quarter operation at the demonstration facility. 

Comparison between Maxxam data (blue) and that performed at WLU (red), including standard 

deviations on triplicate samples.......................................................................................................... 164 
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Figure C.11a-d: Total Phosphorus for (a) RWW, (b) MFP, (c) ROP and (d) ROC samples for the 

demonstration facility during sampling dates for the first quarter of operation. Comparison between 

Maxxam data and that performed at WLU, the mean of the data from both labs over the sampling 

times described and the error bars represent the 95% confidence intervals. Note for ROP: non-detects 

were considered to be 1 ppb when performing this analysis for Maxxam ......................................... 165 

Figure C.12: Total and Total Reactive Phosphorus for (a) RWW, (b) MFP, (c) ROP and (d) ROC samples 

for the demonstration facility during sampling dates for the first quarter of operation. Comparison 

between Maxxam data and that performed at WLU, the mean of the data from both labs over the 

sampling times described and the error bars represent the 95% confidence intervals. Note for ROP: 

non-detects were considered to be 1 ppb when performing this analysis for Maxxam ...................... 166 
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In 1981, The Lake Simcoe Environmental Management Strategy was enacted by a multi-agency 

partnership of provincial ministries, as well as the Federal Government, to help control and reduce the 

phosphorus inputs into the lake. This began a decades long attempt to take back the lake and protect the 

sensitive spawning environments and species that call the lake home. The Intergovernmental Action Plan 

in 2006 completed the Assimilative Capacity study to model the growing populations‘ impact on the 

watershed at present and in the future. These studies gave rise to the Lake Simcoe Protection Act in 2008, 

which set forth the Lake Simcoe Environmental Protection Plan in 2009. The following year the LSPRP 

and the Lake Simcoe Phosphorus Reduction Strategy were adopted in June, which identified a combined 

sustainable annual phosphorus load of 3.2 T/yr for all treatment facilities discharging into Lake Simcoe. 

This load allocation accounts for the current contribution of phosphorus from sewage treatment facilities 

(7%) and applies it to the goal of overall phosphorus loading of 44 T/yr. The LSPRP intends to reduce the 

total phosphorus load by 40%, down to a sustainable and acceptable 44 T/yr. The current baseline load 

allocation for the sewage treatment facilities is 7.2 T/yr and the reduction of this loading by over half is 

not practical, however, the overall goal load for the lake is 44 T/yr, which can be achieved by reductions 

from all phosphorus contributing sources. Reductions from other sources could provide phosphorus load 

offsets that could be used to help the sewage treatment facilities to meet their reduction goals, although 

this approach is not yet specifically defined as part of the LSPRP.  

The Provincial Water Quality Objectives (July 1994) suggest less than 30 ppb phosphorus to be 

present in rivers or streams in order to be protective of aquatic life; the ideal range for lakesystems is a 

residual phosphorus concentration of 10-20 µg P/L. These criteria should be considered when discharging 

wastewater effluent. The region of Upper York, as one of the larger regions encompassed in the Lake 

Simcoe watershed depicted in Figure 1.1a, seeks to reduce the annual load of phosphorus entering the 

lake specifically by adopting innovative removal techniques in a new wastewater treatment facility that 

would serve part of the population of the watershed presently and would be able to accommodate future 
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growth. The region uses the guidelines suggested by the PWQO as minimum goals for the effluent 

leaving this newly proposed facility. Upper York Region contains the existing full-scale wastewater 

treatment facility (Mount Albert Water Pollution Control Plant (WPCP)) where bench-scale sampling 

occurred for Phase 1 of this project (Figure 1.1b) and is home to the Demonstration Facility (Mount 

Albert, ON) for Phase 2 of the project.. 

1.1 Phosphorus Speciation 

Phosphorus is present within the matrix in various reactive (orthophosphate) and non-reactive 

forms (condensed phosphates, mineral phosphates, organic and inorganic phosphates). Non-reactive 

phosphorus (NRP) species contain phosphorus in forms that prevent its direct removal with chemical 

addition; it is defined as the difference between total phosphorus (TP) and reactive phosphorus 

(orthophosphate), without clear indication to its exact speciation (WERF, 2008; Gu et al., 2007).  As 

outlined in Figure 1.2, the major divisions of phosphorus present in wastewater are dissolved and 

particulate phosphorus, which are based on size separation by filtration. Each division can be further 

broken down and characterized. Particulate phosphorus is characteristically insoluble and often be found 

adsorbed to other waterborne particles or in crystalline or amorphous particles. Although controlling total 

phosphorus concentrations in effluent is the primary goal in wastewater treatment, secondary and tertiary 

treatment, focuses on dissolved phosphorus, which includes orthophosphate, inorganic and organic 

condensed phosphorus, although particulate phosphorus is still removed during these processes. The 

majority of particulate phosphorus is removed during primary filtration or clarification (Hammer and 

Hammer, 2001). The majority of phosphorus in raw influent is orthophosphate (anywhere between 50-

80%), whereas NRP species (inorganic and organic condensed) account for the remainder (WERF, 2008). 

Existing methods target removal of the orthophosphate form of phosphorus, usually by chemical removal 

via addition of a metal salt to precipitate the phosphate and filtration, but to achieve low effluent limits 

the NRP forms must be removed as well (Maher and Woo, 1998).  Although chemically non-reactive, it is 

possible that the NRP species are biologically reactive and could still contribute to eutrophication 
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(Ekholm and Krogerus, 2003). In order to convert NRP to RP the covalent bonds binding the phosphorus 

up must be broken, such as the oxidation of organics that could be bond to phosphorus (phospho-ester, 

phosphate-ester or phosphonate). Once the NRP has been converted to a more reactive form of 

phosphorus, chemical removal can act to further reduce the total phosphorus, which would reduce the 

nutrient loading of natural systems, such as Lake Simcoe.  

 

   
Figure 1.2: Phosphorus species present in wastewater. The classification of total phosphorus into subgroups and proposed 

examples of phosphorus species found in each subgroup (Maher and Woo, 1998).  

1.2 Wastewater Treatment 

A wide variety of treatment technologies are used in wastewater treatment and improvements to 

each step in the treatment process are ongoing. The basic schematic of a treatment facility is presented in 

Figure 1.3. Preliminary treatment removes solids, large grit and debris before the water enters the main 

treatment steps in order to minimize and prevent damage to the equipment throughout the processing 

facility. Primary treatment involves the removal of scum from the water‘s surface and primary 

sedimentation, where larger suspended particles and organic material are settled out forming sludge. 

Sedimentation can be enhanced by the addition of coagulants that promote flocculation; this process also 

promotes phosphorus removal.  A biologically activated sludge is formed during secondary treatment via 

aeration. This process utilizes microbes to digest organic material, producing water and carbon dioxide as 

byproducts along with new microbes to maintain the population. The microbial uptake of phosphorus 

accounts for 10-30% of the reduction of total phosphorus, which can be enhanced 2.5-4 times using 
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phosphorus accumulating organisms. Waste activated sludge is removed to prevent overpopulation of the 

microbes. The sludge removed during primary and secondary treatments is then digested for stabilization 

and removed to a landfill, with or without prior incineration, or, more commonly in Ontario, applied to 

agricultural lands as a beneficial re-use practice. Tertiary treatment, or advanced treatment is a blanket 

term for a variety of treatments (Hammer and Hammer, 2001) that can be used singly or in combination 

that allow for the removal of more specific contaminants, such as pharmaceuticals and phosphorus. Types 

of tertiary treatments include membrane filtration and separation, dechlorination, ion exchange, activated 

carbon adsorption and biological, physical or chemical removal (coagulation), as well as many others 

(Siemans AG, 2001; Gu et al., 2007). Disinfection using UV or chlorination occurs before effluent leaves 

the facility. This project seeks to evaluate a fourth or quaternary treatment step in order to effectively 

reach effluent limits. 

 

Figure 1.3:Basic flow chart schematic of wastewater treatment denoted in blue. The tertiary processes used in this project 

include chemical removal and microfiltration, highlighted by the star. The red denotes the addition this project seeks to test, 

including reverse osmosis and AOP treatment of the resulting brine 

1.3 Phosphorus Removal Processes 

In order to remove phosphate in its many forms, wastewater treatment facilities often use a 

combination of removal technologies that include chemical removal, usually by aluminum or iron salts, 

and enhanced biological phosphorus removal (BPR) using microbial activated sludge (deHass et al., 

2000). Chemical removal has been well studied using various metal salts to determine the optimal 

conditions for phosphate removal. Metal salt addition is essential in reaching low effluent phosphorus 

levels; however, both ferric and aluminum salts, are only capable of removing orthophosphate, while 

organic phosphates and polyphosphates remain (WERF, 2008). For this reason many converting 
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technologies are required to improve the removal of phosphorus down to the required limits (Lancaster et 

al., 2008). Phosphate is removed from wastewater by two mechanisms, a fast and immediate removal, 

termed instantaneous phosphorus removal, which occurs within the first minute after salt addition and a 

longer process, termed slow phosphorus removal, which can take several hours up to days to maximize 

removal (Szabo et al., 2008). Co-precipitation of phosphate by the metal salt (ex. Fe(III)) is believed to be 

the principal mechanism of removal within the instantaneous phosphorus removal stage, while adsorption 

becomes the leading removal process during the slow phosphorus removal stage (Smith et al., 2008; 

WEF, 2010).  

1.4 Mixing Intensity and Other Considerations Affecting Phosphorus Removal 

Mixing intensity (G) is quantitatively measured using the velocity gradient multiplied by time in 

order to determine the particle-to-particle collisions per unit time per unit volume. It is a function of 

mixing zone volume and mixing velocity with units of inverse time (Field et al, 2005). 

Mixing intensity within a wastewater treatment facility is usually low, with G values of 20 to 100 

s
-1

; however, experimentally Szabo et al. (2008) found that higher G values, 300-1000 s
-1

 provide more 

effective removal of phosphate due to the increased opportunity for contact between the continuously 

moving metal (Fe(III)) and phosphate ions (Takács et al., 2006).  

Other considerations that contribute to the effectiveness of chemical phosphorus removal are pH 

and water hardness. The effects of pH on speciation and thus chemical phosphate removal using ferric 

salts have been widely studied and were determined to occur optimally at a pH of 6.2-7 (Takács et al., 

2006), while Smith et al. (2008) found that up to 99% of the influent orthophosphorus can be chemically 

removed with a pH as low as 4 with Fe(III). Removals using alum optimally occur with pH between 6 

and 8.5. (Mohammed and Shanshool, 2009). The presences of both magnesium and calcium have been 

shown to increase the precipitation of phosphate by forming various complexes with the metal-phosphate 

species or with phosphate alone and thus improve the removal process (Gilmore, 2011; WEF, 1998).  
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The residual phosphorus after the fast co-precipitation stage of removal, at a particular Fe:P ratio 

of 1:1.8 and initial phosphate concentration of 4.1 mg P/L, can be related to mixing intensity according to 

the following equation experimentally determined by Szabo et al. (2008): 

GeP 006.0805.0   (mg P/L)             (1) 

where P is residual orthophosphate. 

The slow adsorption stage of phosphate removal was studied in depth by Gilmore (2011) who 

tested 4 factors that may affect phosphate removal, Fe dose, mixing intensity, pH, and water hardness. 

The mixing intensities used were 376 s
-1

 for fast mixing, and 23.5 for slow mixing, while water hardness 

was 170 mg CaCO3/L, P:Fe dose was 1:5 and  pH was 6. The rates of phosphate adsorption were 

determined and are summarized in Table 1.1 according to the previously stated parameters: 

Table 1.1: First order kinetic rate constants for the adsorption (k1) and de-adsorption (k-1) of phosphate by iron reaching 

equilibrium. 

 Forward Reaction (k1)  

(µg P/L*h) 

Reverse Reaction (k-1) 

(µg P/L*h) 

Fast Mixing 1380  109 

Slow Mixing 213 40.4 

 

Similar studies evaluating surface complexation still need to be performed on alum, although 

similar reactions are likely (WERF, 2008). 

 Enhanced biological phosphorus removal (BPR) has been intensively studied as a highly effect 

removal technology for phosphorus. The uptake of the polyphosphates occur naturally for the 

microorganism (ex. Acinetobacter, Aeromonas and Pseudomonas (Comeau et al., 1986) and it can be 

stored as an energy source which effectively removes it from the wastewater (Smolders et al., 1995). 

Uptake of phosphorus by microorganisms can occur in aerobic conditions and is reversed in anaerobic 

conditions; it is dependent upon several factors. Both require an initial anaerobic process that allows the 

microorganisms to consume acetate, storing it as poly-β-hydroxybutyrate (PHB), which will be 

metabolised later during the uptake of phosphate under aerobic conditions (Smolders et al., 1995).  
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1.5 Multistep Tertiary Treatment- Available Options for Improved Phosphorus Removal 

Due to the essential role played by chemical addition in reaching low residual phosphorus levels 

multistep tertiary treatment using filtration, coagulation and adsorption have also been studied and have 

been shown to be highly effective and efficient at removing phosphorus. Studies by Gu et al (2007) have 

shown that this combination of tertiary treatment has been able to achieve a residual phosphorus level of 

approximately 20 µg P/L. These studies also determined that the residual phosphorus was primarily 

organic phosphorus, although the exact chemical composition was not determined, and that this fraction 

needs to be treated in order to ensure these ultra-low levels of residual phosphorus are achievable. 

Lancaster et al (2008) confirmed this finding and extended it to include condensed as well as organic 

phosphorus as the major components present in residual effluent phosphorus.  

The combination of tertiary treatments, including chemical addition and micro- or ultra-filtration, 

with a proposed implementation of a quaternary step that utilizes reverse osmosis (RO), as described in 

Figure 1.3, followed by treatment of the RO concentrate that is produced as a result of RO treatment 

could result in the further reduction of phosphorus in effluent. The benefit of RO treatment is that it 

allows for a cost-effective way to reclaim water from wastewater treatment; both the permeate and further 

treatment of the RO concentrate could offer a sustainable way to treat wastewater, while producing 

minimal by-products (Zhou et al., 2011). In fact 75-85% of the feed wastewater is reclaimed during 

permeate and simultaneous RO concentrate production (Zhou et al., 2011). As a comparison, Comerton et 

al. (2005) reports removal of nitrates from the permeate of greater than 90%; this evidence lends support 

to the potential application of this combination tertiary treatment to the removal of phosphorus. Therefore 

further study of treating the RO concentrate is required. 
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1.6 Filtration Techniques 

Microfiltration (MF) or Ultrafiltration (UF) use low-pressure membrane filters with fibre 

diameter openings on the micron scale. These filtration units effectively remove various suspended and 

colloidal particles, even pathogens and therefore are a useful step in the removal of particulate 

phosphorus, as well as some larger colloidal phosphorus species present in the wastewater matrix 

(Dialynas et al., 2008). The utilization of these filtration units in combination with reverse osmosis is a 

well-studied treatment and a pilot facility exploring the application in municipal wastewater reclamation 

have been built in Chania, located in Western Crete, an island belonging to Greece (Dialynas et al., 2008; 

Zhao et al, 2012). At present the development of micro- or ultrafiltration followed by RO is being focused 

on as a major step in the removal of antibiotics and other pharmaceuticals. Dolar et al. (2012) studied 

various combinations of RO and nanofiltration membranes and determined that >90% of pharmaceuticals 

could be removed using this treatment combination. Due to the extreme effectiveness of this technology, 

as well as its continued advancement and recent reduced cost, Dolar et al. (2012) predicts the future wide 

scale application of these units in the wastewater industry. Therefore this filtration and RO combination 

can logically be extended to the successful concentration of phosphorus containing compounds for further 

treatment.  

1.7 Reverse Osmosis- Concentrate and Permeate Production and Disposal 

Reverse osmosis (RO) uses high pressure membrane filtration to remove particles down to the μm 

scale, including dissolved salts and nutrients. The RO treatment allows the dissolved particles to be 

concentrated into a brine solution (concentrate) and allows the permeate, which is very low in the 

dissolved materials to be released (after disinfection and re-introduction of necessary cations and anions) 

into the receiving waters. RO concentration occurs because specific solutes are impermeable to the 

membrane and are thus concentrated inside the membrane, termed ‗solute rejection‘, while the permeate 

is released (Figure 1.5). Bellona et al. (2004) describe the mechanism(s) that lead to solute rejection, 

which allows these solutes to be concentrated. Solute rejection by filtration/RO membrane units is 
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influenced by both solute and membrane characteristics, as well as the influent feed composition and the 

operating conditions. Rejection occurs by a singularly or combinatorial mechanism of three different 

mechanisms; these mechanism are size exclusion, charge exclusion or physico-chemical interactions 

between the solute, the solvent and the membranes (Bellona et al., 2004).  

 

 
Figure 1.4: Simplified pictorial description of how RO mechanisms work and how the RO concentrate is formed. Some 

constituents that are retained in the concentrate are described with others discussed in the paragraph below. Figure Modified from 

UYSS figure. 

 

Ozaki and Li (2002) determined that the major solutes present in RO concentrate are dissolved inorganics 

and soluble, low molecular weight refractory organics, including petrochemicals, pharmaceutical 

products, pesticides, endocrine disruptors, anti-scaling chemicals (used to prevent carbonate and other 

chemical accumulation on membrane surface), disinfection byproducts, personal care products, soluble 

microbial products, bacteria, pathogens, or cell debris, and that the concentrate is a valuable indicator for 

influent water quality (concentrate high in these compounds is a indicator of low water quality); water 

may require further treatment to be safe for discharge to the environment) (Zhao et al, 2012).  

Although the permeate is easily disposed of into receiving waters once it has been disinfected and 

component salts reintroduced (required due to the toxicity to aquatic species of pure water (Levine and 
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Saltzman, 2001)); the brine is much harder to dispose of because of its high concentrations of salts and 

pollutants, which cannot be released into most natural systems due to the toxic nature of such high 

concentrations. Common brine disposal techniques include deep ground injection; discharging to other 

wastewater collection systems; and release into open oceans, where high salt and nutrient concentrations 

are not an issue (Howe). For the Lake Simcoe Area, deep ground injection and ocean disposal are not 

applicable; transport to the ocean would be too costly for the volume produced; and deep ground injection 

is limited by capacity and the potential effects to groundwater —thus not improving the pre-existing 

problem. Another alternative would be evaporation; however, the volume of brine produced at even a 

moderately sized facility would be far too costly to evaporate.  

Although there are not current regulations for all of the organic constituents present in the brine, 

the RO concentrate or brine created by RO treatment processes can contain  high contaminant 

concentrations (Zhou et al., 2011), which could be treated further prior to discharge to the environment. 

Further treatment could include: further RO treatment, advanced oxidation processes (AOPs), 

coagulation/flocculation with metal salts or, more common adsorption using granular activated carbon 

(GAC) and powdered activated carbon (PAC). These treatments are used to remove the organic pollutants 

to meet regulatory requirements, where available, for release to the environment (Zhao et al, 2012; Zhou 

et al., 2011). Adsorption using activated carbon has been demonstrated to be up to 90% effective at the 

removal of organics from the RO concentrate; however adsorption does not eliminate the pollutant and 

instead merely transfers it to the adsorbed phase where it would still need to be treated in order to prevent 

ecotoxicity (Zhou et al., 2011). Therefore AOPs present an efficient way to effectively breakdown the 

pollutants, rendering them non-toxic; AOP treatments would benefit not only phosphorus removal but 

also water quality by removing potentially toxic substances. This further treatment of the brine using 

AOPs is considered a part of quaternary treatment and the extension of AOPs to improving phosphorus 

removal is the focus of this project.  
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1.8 Advanced Oxidation Processes—Applications in RO Concentrate and Wastewater Treatment 

Advanced oxidation processes are the more costly route as compared to treatment solely using 

chemical addition and are only recently being further developed. An attractive AOP is any that produce 

hydroxyl radicals (·OH), which non-selectively and readily oxidize many of the organic constituents that 

are present in the RO concentrate. Due to the highly reactive nature of these radicals, utilization of these 

AOPs in ‗concentrated flowstreams‘ or as pre-treatments can reduce the presence of DOC, or produce 

simpler, more biodegradable forms of organics (Zhou et al., 2011). The efficacy of hydroxyl radicals is 

contributed in part due to the very short life-span of these radicals in natural and drinking waters, as well 

as wastewater, which is approximately 10 µs. This short life-span is attributed to the radical‘s oxidizing 

ability to initiate and propagate the chain reaction associated with the production of other free radicals 

from organic or inorganic compounds, which in turn can oxidize more compounds or terminate with 

another free radical (Caretti and Lubello, 2003). Current AOPs utilized to remove the organic pollutants 

include sonolysis, photocatalytic oxidation (PCO) (UV-TiO2 or boron-doped diamond (BDD)), ozone 

oxidation (ozonation, O3), peroxide oxidation (H2O2) and electrochemical oxidation (Zhou et al., 2011; 

Zhao et al, 2012). Intensive research has been conducted in the application of these AOP treatments for 

the reduction of DOC, many having highly successful outcomes; however AOPs have not been studied in 

any depth for the oxidation of phosphorus compounds. Appendix A provides a detailed discussion of the 

application of various AOPs in regards to the effectiveness at oxidizing DOC and the reduction of COD 

and BOD from the literature.  

In review of the literature and the ability of AOPs to oxidize DOC, it is possible to extend the 

application of these oxidizers and others to the potential oxidation of phosphorus from its many, and 

potentially complex organic forms. As well, it is reasonable to conclude that coagulation of organic 

phosphorus is possible and could be utilized as a pretreatment for RO concentrate followed by subsequent 

AOP oxidation as an effective means of phosphorus reduction from wastewater effluent.  
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Proposed mechanisms of hydroxyl radical formation using the various AOPs described above: 

UV/H2O2:   H2O2 + UV light → 2 ·OH                                                                      (1) 

   H2O2 → HOO
-
 + H

+ 
                                                                                (2) 

   ·OH + H2O2 → ·OOH + H2O                                                                  (3) 

   ·OH + HOO
-
 → ·OOH + OH

-
                                                                 (4) 

   2 ·OOH → H2O2 + O2                                                                             (5) 

   2 ·OH → H2O2                                                                                        (6) 

   ·OH + ·OOH → H2O + O2                                                                      (7) 

      

      (Venkatadri and Peters, 1993) 

 

US/H2O2:   H2O2 + sonation → 2 ·OH                                                                      (8) 

UV/O3:   O3 + H2O + UV light → 2 ·OH + O2                                                      (9) 

UV/H2O2/O3:   O3 + H2O2 + H2O + UV light → 4 ·OH + O2                                        (10) 

US/O3:    O3 + sonation → O + O2                                                                                                                (11) 

   O + H2O → 2 ·OH                                                                                (12) 

US/ H2O2/O3:   O3 + H2O2 + H2O + sonation → 4 ·OH + O2                                        (13) 

UV/TiO2/O3:  TiO2 + UV light → e
-
 + H

+
                                                                    (14) 

   e
-
 + O3 → · O3

-
                                                                                       (15) 

   · O3
-
 + H

+
 → ·OH + O2                                                                          (16) 

      (Zhou et al., 2011) 

Fe
2+

/H2O2:   H2O2 + Fe
+2

 → 2 ·OH + Fe
3+ 

+ OH
-
                                                      (17) 

 Catalytic decomposition of H2O2 with Fe
+3

 that results in hydroperoxyl radicals:  
 

  Fe
3+ 

+ H2O2 ↔ Fe—OOH
2+

 + H
+
                                                         (18) 

   Fe—OOH
2+

 → ·O2H + Fe
2+

                                                                  (19) 
   ·O2H + Fe

2+ 
→ Fe

3+ 
+ HO2

-
                                                                   (20) 

   ·O2H + Fe
3+ 

→ Fe
2+ 

+ H
+ 

+ O2                                                               (21) 

   ·OH + H2O2 → ·O2H + H2O                                                                  (22) 

      (Chamarro et al., 2001)  

PAA/UV:   CH3CO3H + UV light → CH3CO2· + ·OH                                            (23) 

   CH3CO2· → CH3· + CO2  (rapid)                                                          (24) 

   CH3CO3H + ·OH → CH3CO4H2 → CH3CO2H + ·OOH or 

   CH3CO3H + ·OH → CH3CO2· + O2 + H2O                                          (25) 
 
*Note: the presence of H2O2 in the PAA solution causes the regeneration of PAA once it 

undergoes the initial radical formation (according to Le Chatelier‘s Prinicple) and the 

formation of extra hydroxyl radicals (Caretti and Lubello, 2003). 
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Proposed mechanisms of AOP oxidation that do not utilize hydroxyl radicals described above: 

 Redox Chemistry: 

FeO4
2-

    FeO4
2-

 + 8H
+
 + 3e

-
 ↔ Fe

3+
 + 4H2O    E0= +2.20 V (acidic conditions) (26) 

FeO4
2-

 + 4H2O + 3e
-
 ↔ Fe(OH)3 + 5OH

-
  E0= +0.72 V (neutral conditions) (27) 

    

   (Jiang et al, 2009) 

 

FeO4
2-

 + RĊOH → HFeO4
2- 

+ RCO            (reaction with organic radicals) (28) 

       

 

 NaOCl:   HClO + H
+
 + 2e

-
 ↔ Cl

-  
+ H2O             E0= +1.482 V (from perchloric acid) (29) 

 

(Bielski, 1991) 

 

 

 

 

 

 

Proposed generalized mechanism for oxidative degradation of organic pollutants using the hydroxyl 

radicals produced during AOP treatment:   

   

 

 AOP → ·OH  
+ organic pollutants

    CO2 + H2O + inorganic ions                                            (30) 
     

*can also be applied to the degradation of inorganic compounds 

      

      (Caretti and Lubello, 2003) 

  

 RH + ·OH → H2O + R· → further oxidation                                                                 (31) 
 

      (Venkatadri and Peters, 1993) 
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1.9 Research Goals and Objectives 

In order to help reduce the social and environmental impacts, Lake Simcoe has been placed under 

strict regulations concerning phosphorus load allocations. As part of the underlying constructs of the 

LSPRS, York Region has initiated investigations into the development of new and more effective 

wastewater treatment facilities to accommodate growth in the service area while respecting the spirit and 

intent of the LSPRS. This project sought to provide a realistic, cost-effective method recommendation for 

refractory phosphorus removal as a result of quaternary treatment (AOP) from RO concentrate for a 

potential full scale wastewater treatment facility that meets phosphorus load allocations assigned by the 

LSPRP.   As part of the LSPRP and in conjunction with various partners this project intends to 

accomplish the following objectives:  

1. Bench-scale assessment using bench-top produced RO concentrate (Phase 1): 

a. Evaluate several advanced oxidation processes (AOPs) independently and in bi-combinations for 

effectiveness at increasing total reactive phosphorus (tRP) in RO concentrate, while simultaneously 

evaluating the effective reduction of total phosphorus (TP) after metal salt addition (RTP). 

b. Optimize AOPs with respect to dosage, contact time, pH and temperature to ensure optimal 

effectiveness in the conversion of non-reactive phosphorus to reactive phosphorus (RP) and 

subsequent removal with coagulation.  

2. Pilot-scale assessment using RO concentrate produced from a demonstration facility located in Mt 

Albert (Phase 2): 

a. Refine optimizations for the most successful AOPs with the optimal parameters identified during 

bench-scale assessment and evaluate the effectiveness with demonstration-scale produced brine in 

order to maximize phosphorus conversion and removal efficiency for demonstration-scale 

application.    
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Although not specifically evaluated within this project, this research will be part of a larger 

assessment that will evaluate the benefits and costs resulting from the use of quaternary treatment using 

RO and AOP treatment of the resulting brine for improved phosphorus removal in a new Water 

Reclamation Centre. This will be compared to the cost of construction of a pipeline from a collection 

system that would service the growing communities, through the Oak Ridges Morraine. This pipeline 

would connect to the existing York Durham Sewer System (YDSS) to convey raw wastewater to Duffin 

Creek WPCP prior to discharge to Lake Ontario, which is a larger, deeper lake as an alternative servicing 

solution.  These are two of the alternatives identified in the Terms of Reference for the Environmental 

Assessment process by Upper York Sewage Solutions in order to meet the growth of the upper portion of 

York Region while respecting the protection of Lake Simcoe as well as other regulatory requirements. 

Overall the goal of this project was to explore the potential application for AOPs on RO concentrate 

(ROC) as a quaternary treatment for the effective reduction of phosphorus, specifically NRP, from bench-

scale to demonstration-scale. Specifically the project, through the treatment of ROC, would allow water 

to remain in the Lake Simcoe watershed by achieving a phosphorus concentration that is within the 

LSPRS constructs.  This project would allow the effects of anthropogenic activities that result from the 

continued input of phosphorus on sensitive ecosystems to be decreased. By developing phosphorus 

removal techniques from wastewater effluent which will aid in the protection of sensitive water systems, 

these environmental concerns can be reduced if not averted.  Concurrently, this project will help advance 

the knowledge of combined coagulation and filtration as an effective means of tertiary treatment, while 

also promoting the use of quaternary treatment, such as reverse osmosis and AOP, in order to increase 

water reclamation from wastewater effluents—a goal that has long reaching effects with respect to fresh 

water usage and water shortages.   
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1.10 Analytical Techniques 

1.10.1 Colorimetric Determination of Phosphorus Speciation 

Orthophosphate concentration is quantified using colorimetry by measuring absorbance via 

UV/Vis spectroscopy according to Beer-Lambert Law. This law is described in the mathematical 

relationship presented in equation 1, which directly relates the concentration of a solute (c) to the 

absorbance of a coloured complex (A) modified by a extinction coefficient (ε, specific to the compound, 

in M
-1

 cm
-1

) and the light path of the instrument (b, in cm) (Harris, 2003).  

A = εbc                                                                          (1) 

Standard methods (4500-PE.) suggest three options for the colorimetric determination of 

phosphorous which are selected depending on the concentration of orthophosphorous in the test sample, 

they include the vanadomolybdophosphoric acid method—useful with phosphorus ranges from 1 to 20 

mg P/L, the stannous chloride method—requires longer path lengths for low phosphorus concentrations 

and the ascorbic acid method. The ascorbic acid method is primarily suited for low range phosphorus 

determination, particularly in the range of 0.01 to 6 mg P/L. Phosphorus quantification occurs in two 

steps: (1) conversion of the various phosphorus forms to dissolved orthophosphate, and (2) colorimetric 

quantification using UV/Vis spectrometry.  

The conversion or digestion step is dependent on the fraction of phosphorous of interest; total 

reactive phosphorous (tRP) does not require preliminary hydrolysis or oxidative digestion step, acid 

hydrolysable phosphorus (AHP) converts the dissolved and particulate condensed phosphates to 

orthophosphate using acid, water-boiling temperature and time, and lastly total phosphorus (TP) is 

digested using the persulfate oxidation digestion with water-boiling temperatures and time. These 

divisions can be further subdivided into total (includes dissolved and particulate) and soluble after 0.45 

µm pore filtration (only dissolved). These divisions are summarized in Figure 1.6. Based on these 

fractions, a variety of other phosphorus species can be calculated, such as non-reactive phosphorus (NRP, 
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difference between TP and RP) and organic phosphorus (OP, TP-AHP-RP or TP-(measured 

AHP=AHP+RP)) (Worsfold et al, 2005). 

 
Figure 1.5: Digestion technique utilized by phosphorus fraction determination 

Colorimetric determination using the ascorbic acid method occurs under the following conditions: 

potassium antimonyl tartrate and ammonium moylbdate are mixed in a heteropoly acid (i.e H2SO4) reacts 

with the orthophosphate present in the sample. This reaction produces phosphomolybdic acid that is then 

reduced by the ascorbic acid present in the mixed reagent in order to form the molybdenum blue coloured 

complex (Standard Methods (4500-PE.)), see reaction 32-33 below. This complex (Figure 1.7) is then 

quantified by UV/Vis absorbance spectrometry by measuring absorbance between 650 and 880 nm 

(Gilmore et al, 2008), with the absorbance maxima occurring at the latter end of the range.   

Ascorbic Acid + H2O → Dehydroascorbic Acid + 2e
-
 + 2H

+   
(32) 

12 (NH4)2Mo(VI)O4 + H3PO4 → (NH4)3PMo12(VI)O40  (clear) + 12 H2O + 2e
-
  

→ (NH4)3PMo12(IV)O40  + 12 H2O (blue)  (33) 

 

 

Wastewater 
Sample 

Dissolved 
Phosphorus (0.2 
μm filterable) 

No Digestion (sRP) 

Acid Hydrolysable 
Digestion (sAHP) 

Persulfate 
Oxidation 

Digestion (sTP) 

Total Phosphorus 
(dissolved + 
particulate) 

No Digestion (tRP) 

Acid Hydrolysable 
Digestion (tAHP) 

Persulfate 
Oxidation 

Digestion (TP) 
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Figure 1.6: Phosphomolybdendum coloured complex, H3PMo12O40. Image from chemicalbook.com. 

 

As observable from the complex above, the concentration of phosphorus is directly proportional to the 

concentration of the coloured complex at a 1:1 ratio. The mixed reagent uses a ratio and development 

time developed for an extended path length of 10 cm by Gilmore et al (2008).  

Worsfold et al (2005) describe the necessity of including quality assurance and quality control 

compounds in the persulfate digestion technique in order to ensure the breakdown of the complex bonds. 

The group describes the three classes of phosphorus containing compounds, those with C-O-P bonds, 

those with P-O-P bonds and, to a lesser extent, those with C-P bonds. Worsfold et al sµggests that 

QA/QC standards should be performed on compounds that contain each type of bond in order to ensure 

the completeness of the oxidative digestion and a method of monitoring recovery for complex samples.  
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Chapter 2: Phase 1—Bench Scale Assessment 

 

Abstract— Excess phosphorus in the environment has the potential to cause eutrophication.  Municipal 

wastewater effluent is a potential source of phosphorus to the environment.  Despite strict regulations, the 

need for continued advancements in phosphorus removal from wastewater is a necessity. Current 

regulations for sensitive receiving waters are approaching the limit of technology for phosphorus removal 

and improved methods are required.  Existing methods target removal of the orthophosphate form of 

phosphorus, but to achieve low effluent limits other, less reactive forms, such as condensed phosphate and 

organic phosphorus, must be targeted for removal as well. Various bench-top oxidative technologies are 

compared based on effectiveness at converting the complex phosphorus compounds to the more easily 

removed orthophosphate. The oxidative technologies assessed, independently and in combination, include 

hydrogen peroxide, sodium hypochlorite, Fenton‘s Reagent, peracetic acid, TiO2, ozone, ferrate, and 

photolysis using ultra-violet (UV) light, as well as hydrolysis with acid. Each technology will be assessed 

using reverse osmosis brine collected from secondary treated effluent. The most successful performing 

independent AOP was acidification to pH 2, which reached 61% TP removal, while the best combination 

treatment utilized 1 ppm H2O2 at pH 2, achieving 69% TP removal.  However, the highest conversions 

and subsequent removals of phosphorus compounds occurred after treatment with a multi-combination 

treatment utilizing photolysis and 3000 ppm peroxide at pH 2 and 90°C for 1 hour, which achieved 85% 

TP removal. The application of AOP can therefore be employed to convert phosphorus compounds to a 

removable form allowing for significant reduction in total phosphorus in RO produced brine. 

 

 

 

Keywords: Brine, Reverse Osmosis, Advanced Oxidative Processes, Non-reactive phosphorus  
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2.1 Introduction 

In the last few decades much emphasis has been placed on improving effluent quality in all areas 

of industry including wastewater treatment. A primary focus of these improvements has been nutrient 

removal, namely phosphorus, in order to prevent potential environmental impacts, such as eutrophication.   

The wastewater industry currently uses multi-step practices in order to remove phosphorus in its 

many environmentally complex forms; however, the majority of the available technologies can only 

effectively remove orthophosphate, which is the easily removed reactive form. Despite these advances, 

continued progress must be made as regulations concerning effluent nutrient contents are reaching the 

limits of the current technologies (Siemans AG, 2001; Gu et al., 2007).   

In order to continue the advancements in nutrient removal technologies the remaining, more 

complex fractions of dissolved phosphorus, such as condensed and organic phosphates, must be targeted 

for removal as well. A potential method of removal of these phosphorus forms involves conversion of the 

non-reactive (NRP), and thus converts non-removable phosphorus fractions into a more reactive form of 

phosphorus (RP), orthophosphate, which can then directly be precipitated by conventional chemical 

addition.  

The proposed improvements to wastewater treatment would use microfiltration as a part of 

tertiary treatment, followed by a new quaternary step, which would include concentration of the 

wastewater using reverse osmosis in order to produce an ultra-pure permeate and a highly concentrated 

brine that could be then treated with advanced oxidative technologies (AOP) in order to oxidize the NRP 

forms to the more easily removed RP form. AOPs have been used conventionally as methods of 

clarification and disinfection within the wastewater industry, but have emerged as potential treatments for 

removing various pollutants, such as pharmaceuticals (Zhou et al., 2011; Zhao et al, 2012).  

The most promising oxidants are those that generate hydroxyl radicals (·OH), which non-

selectively and readily oxidize many of the organic constituents that are present in the RO concentrate, 
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(a) 

(b) 

Figure C.4a and b: (a) Total Phosphorus for ROP samples for the demonstration facility during sampling dates for the third 

quarter operation at the demonstration facility. Comparison between Maxxam data (blue) and that performed at WLU (red), 

including standard deviations on triplicate samples. (b) The mean of the data from both labs over the sampling times described in 

(a) and the error bars represent the 95% confidence intervals. Note: non-detects were considered to be 1 ppb when performing 

this analysis 

 

 Overall, the data from WLU, depicted in red, and that from Maxxam, depicted in blue, agree 

within standard deviation in Figure C.4a, as well as within 95% confidence intervals in Figure C.4b once 

the modified protocol is used for analysis of TP in ROP.  
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C.3 Standard Protocol Variations—Inter-lab Comparison and effects on tRP of RWW 

 

Other deviations discovered during communication with Maxxam, included heating the samples 

to 37°C during incubation were also evaluated for effects on the measured data. Total reactive phosphorus 

(tRP) for the RWW sample was evaluated using a 40 second and a 30 minute incubation time with the 

mixed reagent after reaching 37°C, as well as a 30 minute incubation time at room temperature. The 

results are summarized in Table 8.3. 

Table C.3: Evaluating the effects of time and heating to 37°C on tRP measurements for RWW from August 22/12 sampling date. 

 
30 minute Incubation, 

room temperature 

40 second 

Incubation, 37°C 

30 minute 

Incubation, 

37°C 

tRP Concentration 

(µg P/L) 
131.7 ± 10.1 38.8 ± 5.2 92.0 ± 21.4 

 

Table 8.3 displays the effects of heating on tRP measures, achieving a tRP concentration 30% lower than 

that measured according to the unmodified standard methods, while the shortened incubation time yielded 

a concentration 71% lower than that achieved under standard methods. These extreme variations in data 

display the effects of changing small parameters in standard methods, which does not instruct to heat the 

sample and suggests measuring within 30 minutes of beginning incubation with the mixed reagent, 

without stating an exact incubation time.  

Figure C.5 demonstrates these effects in the RWW samples collected from the demonstration 

facility during the second and third quarters of operation, which were analyzed for tRP. In both Figures 

8.5 a and b, a systematic difference between the Maxxam and WLU data is observed, such that Maxxam 

data is consistently lower than that measured at WLU. This observation is consistent with that observed 

during the evaluation of the effects of heat and shortened incubation time with the mixed reagent 

described above. It is important to note that this systematic difference is only observed in the unfiltered 

tRP for RWW and does not exist in any other sample for either tRP or TP.  
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(a) 

 (b) 

Figure C.5a and b: Total Reactive Phosphorus for RWW samples for the demonstration facility during sampling dates for the 

second (a) and third (b) quarter operation at the demonstration facility. Comparison between Maxxam data (blue) and that 

performed at WLU (red), including standard deviations on triplicate samples 
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The differences between the data from the two labs is significant, such that for the data presented in 

Figure C.5b the mean ± the 95% CI for WLU is 111.22 ± 63.12 µg P/L, while Maxxam is 22.95 ± 16.06 

µg P/L, which causes a 79% difference between the two labs around the mean. These differences are most 

likely due to the reasons discussed above, and cause great disparities in data analysis as a result of open 

interpretation of standard methods.  

C.2 Inter-lab Comparison of Total Phosphorus in MFP, RWW and ROC  

Comparing data for the TP measurements on these samples for the first three quarters of 

operation at the demonstration facility provide consistent results within 95% confidence intervals, 

regardless of the variations in analysis technique. This is likely the result of relatively high concentrations 

of phosphorus and complete conversion to orthophosphate during TP digestion, both of which prevent 

variation due to particulate matter (binding phosphorus) or ultra-low phosphorus concentrations. The 

comparison results are displayed below. 

C.2.1 Total Phosphorus—RWW 

 

 (a) 
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 (b) 

 (c) 

Figure C.6a-c: Total Phosphorus for RWW samples for the demonstration facility during sampling dates for the first (a), second 

(b) and third (c) quarter operation at the demonstration facility. Comparison between Maxxam data (blue) and that performed at 

WLU (red), including standard deviations on triplicate samples 
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C.2.2 Total Phosphorus—MFP 

 

  (a) 

(b) 
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 (c) 

Figure C.7a-c: Total Phosphorus for MFP samples for the demonstration facility during sampling dates for the first (a), second 

(b) and third (c) quarter operation at the demonstration facility. Comparison between Maxxam data (blue) and that performed at 

WLU (red), including standard deviations on triplicate samples 

 

C.2.3 Total Phosphorus—ROC 

 

 (a) 
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 (b) 

 (c) 

Figure C.8a-c: Total Phosphorus for ROC samples for the demonstration facility during sampling dates for the first (a), second 

(b) and third (c) quarter operation at the demonstration facility. Comparison between Maxxam data (blue) and that performed at 

WLU (red), including standard deviations on triplicate samples 
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  (b)   

Figure C.10a and b: Total Reactive Phosphorus for ROC samples for the demonstration facility during sampling dates for the 

second (a) and third (b) quarter operation at the demonstration facility. Comparison between Maxxam data (blue) and that 

performed at WLU (red), including standard deviations on triplicate samples 

C.4 Statistical Differences Summary between Maxxam and WLU 

C.4.1First Quarter—TP Measurements Only for RWW, MFP, ROP and ROC  

 

As stated previously during the first quarter only TP data was collected for each of the sample 

collections for the entire quarter and therefore statistical analysis was performed only on TP data. The 

data for each lab was compiled and used to calculate a mean TP for each sample type (RWW, MFP, ROP 

and ROC) over the particular time frame; 95% confidence intervals were then calculated for each sample 

type. As is easily observed in Figure C.11, both labs agree within 95% CI for TP analysis, which supports 

the accuracy of measurements provided by both labs, including the data measured only by Maxxam as 

more sampling events were analyzed by that facility.  


