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Executive summary 

The modelling and tracking of solids in wastewater treatment plants (WWTPs) has historically 
been focussed on the different types of organic solids. Conversely, there is currently limited 
information on the composition of inorganic solids, and how they behave across different WWTP 
unit operations. For the biological removal of organics or nitrogen, this limited information on 
inorganic solids has no implications as the inorganic solids (sediments) do not interact with the 
biochemical processes of the WWTP units. For enhanced biological phosphorus removal (EBPR) 
systems, biochemical processes result in the generation of additional forms of  inorganic solids. 
This includes the formation of polyphosphate by phosphorus accumulating microorganisms 
(PAOs) and precipitation of inorganic minerals (e.g., struvite). Up until now, the only test that 
provides information on inorganic settleable or suspended solids (ISS) is the total solids test 
which yields the total lumped ISS mass of sewage or sludge samples. Furthermore, although 
there are several models that can provide useful information on the forms and concentrations of 
ISS in WWTP units (Musvoto et al., 2000; Ekama et al., 2006; Kazadi et al., 2015), no 
experimental tests exist that can verify the assumptions or predictions of these models.  

The ISS in EBPR systems can potentially be made up of the following: sediments (clay, silt and 
sand), polyphosphate (polyP) and mineral precipitates. Based on the ionic concentrations, as well 
as the conditions in WWTP units, the main forms of mineral precipitates present in EBPR 
systems are struvite and amorphous calcium phosphate (ACP). For sludge treatment processes 
downstream of EBPR activated sludge (AS) systems, several assumptions are made on the forms 
of inorganic solids present in the sludge. For instance, prior to the anaerobic and aerobic sludge 
digesters, mineral precipitation is currently not simulated, and the polyP molecules are assumed 
to remain unchanged from the AS system to the anaerobic digesters (AD). Post anaerobic 
digestion, it is assumed that all polyP has been hydrolysed and the released ions participate in 
mineral precipitation.  

The objective of this research is to develop and evaluate an ISS characterisation procedure. The 
output of the ISS characterisation procedure is a fully characterised ISS i.e., the individual ISS 
components and their respective concentrations. This ISS characterisation procedure was made 
up of two major components: an experimental test (named as an ISS characterisation test (ICT)) 
and a data modelling procedure (DMP). The former is a laboratory test that can be applied to a 
sample to provide input data for the DMP. The approach taken towards the development of the 
ICT was to identify base methods from previous literature, and thereafter modifying them to 
provide analytical measurements to the DMP. Several potential base methods for the ICT were 
identified in the literature and assessed using a multicriteria decision analysis. The base method 
was then modified to an ICT. The DMP was developed based on the expected effect of the ICT 
on the sludge samples, as well as stoichiometric ratios of the different inorganic compounds. To 
evaluate the performance of the ICT and DMP, the sample set was made up using solution with 
(i) known amount of mineral precipitate, (ii) EBPR sludge, (iii) a mixture of EBPR sludge and 
mineral precipitate. The EBPR sludge was obtained from a parallel study that aimed at growing 
an enhanced culture of PAOs in a University of Cape Town (UCT) configured AS system.  
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Through the multicriteria analysis it was deduced that the cold perchloric acid (PCA) 
fractionation procedure by De Haas et al. (2000) was the most suitable base method for the ICT. 
Short extraction times of EBPR sludge with cold PCA acid was proven to be efficient in 
dissolving mineral precipitates without hydrolysis of polyP molecules (De Haas et al., 2000). 
The cold PCA fractionation procedure was modified (to the ICT) to include more analytical 
measurements such as magnesium (Mg), potassium (K), calcium (Ca), free and saline ammonia 
(FSA) and orthophosphate (OP), such that these measurements can be used in the DMP to 
characterise ISS. The DMP I (denoted as DMP I for being the first attempt) was developed based 
on the expected effect of the cold PCA fractionation procedure on the EBPR sludge sample with 
mineral precipitates. 

The analysis of the results from the application of the ICT on the EBPR sludge samples showed 
significant findings. It was demonstrated that the ICT was successful in dissolving the maximum 
expected concentration of mineral precipitates in its PCA extracts. The application of the ICT on 
the EBPR sludge sample showed that the hydrolysis of polyP did occur in the PCA extract. PolyP 
phosphate and counter-ions (Mg, K and Ca) were released into the PCA extract. Results from the 
application of the ICT on a mixture of EBPR sludge and mineral precipitates showed that the 
PCA extract contained both mineral precipitates ions and polyP ions. The FSA measurements on 
the PCA extract showed that the FSA was from the dissolution of struvite only, and there was 
negligible N from the hydrolysis of biomass. The release of polyP phosphate was consistent for 
all tests carried on sludge samples. On the other hand, the release of polyP counter-ions Mg and 
Ca were varied amongst the test cases with sludge samples.  

The results of the ICT were used as input to the DMP. The output of the DMP I was significantly 
inaccurate. The concentration of struvite and ACP were overpredicted by 66% and 129%, 
respectively. The concentration of polyP (as mgP/L) was underpredicted by 28%. It was deduced 
that the release of polyP counter-ions into the PCA extract led to the overprediction of the mineral 
precipitate and the release of polyP phosphates into the PCA extract led to the underprediction 
of polyP phosphate concentration. Following this analysis, a second DMP was developed (DMP 
II) and evaluated. Using the DMP II, the error in struvite and ACP prediction improved to 15% 
and 25%, respectively. The error in prediction in polyP concentration increased slightly to 31%.  

The ICT was not successful in separating the polyP and mineral precipitates due to the hydrolysis 
of polyP molecules. Hence the percentage error in the prediction of the ISS constituents 
concentrations were high using both DMPs. The DMP II showed an improvement in the 
prediction of mineral precipitate concentration. However, there are several caveats to the 
application of DMP II. First, it depends largely on a few parameters (such as the soluble 
ammonium) and thus inaccurate measurements of these parameters can result in significant 
mispredictions form the model. Second, it depends on parameters (namely the Mg:P ratio in 
polyP and extent of polyP hydrolysis) that need to be calibrated for each experimental 
investigation. Further research is required to determine what affects these ratios and how it can 
be parametrised into the DMP II. 

Although, this research has successfully identified, developed and evaluated a potential ISS 
characterization procedure for EBPR systems, there is still further research that still needs to be 
performed on this topic to achieve a fully calibrated and validated procedure.  
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1 Introduction 

1.1 Background  

With the decline of natural resources, there is a need for effective resource management as 
societal problems such as food scarcity become of increasing concern. Phosphorus (P), which 
forms part of the building blocks of living matter, is an essential dietary requirement and thus its 
management is directly linked to food security. Phosphorus is mainly extracted from the non-
renewable phosphorite ore (Cordell, 2010). Above 80% of phosphorus produced is used for 
fertilizer production with the remaining for industrial application such as the manufacture of 
detergents (Cordell, 2010). With increasing world population and associated food demand, the 
supply of phosphorus for the required crop yield may not eventually match the demand. Hence, 
a more sustainable approach is required for the management of phosphorus. The different 
measures that have been considered include: (i) management of fertilizer production, (ii) 
replacement of phosphorus in detergents and, (iii) phosphorus recovery in wastewater treatment 
plants (WWTPs) (Cordell, 2010). 

Currently, the removal of phosphorus in WWTPs can be done chemically or biologically. The 
former consists of addition of chemicals such as aluminium or ferrous elements (AlSO4 or 
FeSO4) to form precipitates with the dissolved phosphorus in the wastewater (De Haas, 1998). 
The precipitates are then removed as part of the waste activated sludge (WAS). However, sludge 
containing phosphorus and ferrous elements are harder to degrade in the natural environment 
(Shu et al., 2006) and thus they cannot be commercialized as fertilizers. Moreover, because of 
the relatively higher cost of chemical P removal, the focus quickly shifted towards biological P 
removal with respect to the recovery of phosphorus in WWTP (Quevauvilliers & Ikumi, 2021). 
Enhanced biological phosphorus removal (EBPR) activated sludge (AS) system is a type of 
biological nutrient removal (BNR) unit operation of the WWTP. These systems make use of a 
special group of bacteria known as phosphorus accumulating organisms (PAOs) to attain low 
phosphorus level in the effluent. The PAOs accomplish this removal by accumulating high 
concentrations of phosphorus as polyphosphate (polyP) chains under aerobic conditions of the 
EBPR reactors. This way the phosphorus becomes part of the PAOs that exit the reactor as part 
of the sludge. The waste sludge can be stabilised using anaerobic digestion (AD) or aerobic-
anoxic digestion (AAD). The PAO biomass is degraded and the polyP is released into the 
aqueous phase as phosphates, which form part of the bulk liquid in the AD effluent. Ideally, this 
phosphorus can be recovered as a mineral precipitate called struvite [MgNH4PO4.6H2O] through 
application of crystallisation units to treat the AD dewatering liquor (the nutrient rich effluent 
that is generated with thickening of the AD effluent sludge) (Pastor et al., 2010). As compared 
to aluminium phosphate or iron phosphate, struvite makes a better fertilizer as it releases 
phosphorus at a lower rate and thus is a more economically viable method to recover phosphorus 
(Shu et al., 2006).  

For the above-mentioned unit processes (EBPR, AD or AAD, struvite crystallization), 
mathematical models are critical decision-making tools in the implementation of operational 
strategies that will ensure minimum costs and optimum yield of useful products. These 
mathematical models contain set of equations coded into computer simulation programmes to 
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virtually replicate real systems. Current research interests are towards the development of system 
wide water and resource recovery facility (WRRF) models i.e., extending the plant-wide models 
(combination of different WWTP unit models) to include the fate of products generated by 
WWTPs. The system wide WRRF models could be used to generate expert advice on operational 
strategies and design procedures that can result in resource recovery and sustainable 
infrastructure for management of WWTP (Ikumi, 2015). 

The calibration of WRRF models is an important step towards ensuring that the model replicates 
system performance accurately. This way, there can be a high level of confidence in predicted 
model outputs, including the products generated towards resource recovery. The mass balanced 
University of Cape Town (UCT)/ University of KwaZulu Natal (UKZN) three phase plant wide 
model (PWM_SA; Ikumi, 2015)) constitutes of the following unit models, namely: 

a) BNR AS systems which includes EBPR and nitrification denitrification EBPR system 
(NDEBPR) 

b)  Anaerobic digestion (AD) of primary sludge  

c)  AD or AAD of waste activated sludge (WAS) 

d)  Interlinking non-reactive thickening physical units.  

To yield accurate and consistent predictions based on input values, these models need to be 
calibrated with experimental observations for different types of feed. To date, the AS and AAD 
model (PWM_SA_AS) has been calibrated for different type of organics (Ikumi et al., 2015; 
Ikumi and Harding, 2020) whilst the AD model (PWM_SA_AD) has been calibrated for primary 
sludge and WAS from fully aerobic (FA) or nitrification denitrification (ND) systems (Ikumi et 
al., 2014; Ikumi, 2020; Maake and Ikumi, 2021).  

1.2 Research problem 

When modelling WWTP unit operations, there has been generally a greater emphasis on the 
organic fraction of sewage or sludge as compared to the inorganic fraction. Consequently, the 
development of laboratory tests has been focused on the organic portion of the sewage or sludge. 
Numerous laboratory tests such as chemical oxygen demand (COD), total oxygen demand 
(TOD), biological oxygen demand (BOD) or total organic carbon (TOC) provide information on 
the organic content of sewage or sludge. Comparatively, there is significantly less tests developed 
regarding the inorganic fraction of sewage or sludge. Up to now, only the total solids test (APHA, 
1985; Ekama and Wentzel, 2004) yields the concentration of the total inorganic solids. 

When modelling organic or nitrogen removal systems, the lack of information on inorganic solids 
does not have an impact on the accuracy of the outputs from the model. This is primarily because 
the inorganic mass originates mainly from sediments which are inert. On the other hand, in EBPR 
system (such as the UCT AS system) followed by AD or AAD, additional forms of inorganic 
solids such as mineral precipitates or polyP exist. As opposed to sediments, both compounds can 
affect the processes occurring in the WWTP units. Currently, there are several assumptions taken 
on the forms and concentrations different inorganic solids in EBPR system due to this lack of 
information. Therefore, in EBPR systems it becomes critical to gather more information on the 
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inorganics solids in the sewage or sludge to evaluate these assumptions and accurately calibrate 
the models.  

With regards to modelling and tracking of inorganic solids, two parameters are relevant: 
individual composition (i.e., the empirical formulae of the inorganic compounds where relevant) 
and concentrations of the different inorganic solid components. At this stage there is currently 
no experimental test or procedure that allows for the individual identification of the inorganic 
solids in terms of composition and concentration. 

1.3 Research questions 

The above research problem gives rise to the following research questions: 

a) What are the different components of inorganic solids in sewage or sludge?  

b) Is it feasible to characterise these inorganic solids? If so, is there an existing laboratory 
test that can be retrofitted towards the characterisation of the identified inorganic solids?  

c) Can the results from the laboratory tests be integrated in a data-driven modelling 
procedure to characterise the inorganic solids?  

1.4 Objectives 

The aim of this research is to develop and evaluate an inorganic solids characterisation procedure 
for sewage or sludge from wastewater treatment plants.  

The objectives of this research are: 

a) Development of a laboratory test protocol to collect analytical measurements for a data- 
modelling procedure.  

b) Development of a data modelling procedure (DMP) to fully characterise inorganic solids 
into its individual component’s composition and concentration. The output of the DMP 
relies on results from the laboratory test protocol developed in (a). 

c) Evaluate the feasibility of the developed procedure (i.e., the laboratory test protocol and 
the data-modelling procedure) in characterising inorganic solids.  

1.5 Scope and limitations  

In the past, there has been little efforts in developing a characterisation procedure for inorganic 
solids. This investigation pioneers the research in the topic of wastewater inorganic solids 
characterisation. Henceforth, a major and critical component of this research is a thorough 
literature review evaluating the various possible methods that can be used towards achieving the 
abovementioned objectives. Due to time constraints (the 120 National Qualification Framework 
credits, requires about 1200 hours of work for the research project), laboratory space and capital 
(to purchase new equipment), not all the methods identified from the literature review are 
assessed experimentally. Instead, a decision tool was used to determine the most suitable method 
to yield the required output of this research.  
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As mentioned later on in the methodology chapter, it was necessary to obtain an enhanced culture 
of PAOs at steady state. To achieve this goal, a continuous NDEBPR membrane bioreactor 
(MBR), configured as a UCT process (from now on referred to as UCT AS system), was operated 
as a parallel but separate research project. The operation of this reactor as well as the analysis of 
the results are not part of the scope of this study. Furthermore, the national lockdown during the 
year 2020 prompted the closure of the Water Quality Laboratory at UCT and consequently the 
inability for this UCT AS system to be operated during this period. This has consequently 
impacted this research scope due to a limited time of two months to perform the experiments 
involving NDEBPR WAS sludge. The limitation of the methods, procedures or tests are outlined 
explicitly in the methodology chapter. 
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2 Literature review  
The first sections in this chapter provide an explicit definition of inorganic suspended and/or 
settleable solids (ISS) and an identification of the different constituents of ISS. Without sufficient 
knowledge on the exact forms and concentrations of inorganic solids across WWTP units, several 
assumptions have been made in models that replicate WWTP unit processes. These assumptions 
were identified in this literature. It was also highlighted how an ISS characterisation procedure 
can help towards the calibration of these models. The last section explores various experimental 
base methods that could be employed to generate input for the proposed DMP.  

2.1 Description of ISS  

In wastewater characterisation, the definition of inorganic solids is based on the total solids test 
(see Section 3.5.1 for detailed description of the test). The purpose of the total solids test is to 
determine the volatile (organic), inorganic and total solids of a sludge or sewage sample. In this 
test the solids, sewage or sludge samples are subjected to a temperature of 600 0C for 20 minutes. 
The mass of solids that vaporise is defined as volatile settleable and/or suspended solids (VSS) 
whilst any solid that remains unchanged is defined as ISS. The sum of the ISS and VSS is the 
total settleable and/or suspended solids (TSS). Depending on the method employed to obtain the 
solids (e.g., 0.45 µM filtration, sedimentation or centrifuging), the solids can be classified as 
settleable, non-settleable (also called suspended) or both (settleable and non-settleable). In a 
reactor, non-settleable inorganic solids enmeshes and settles with biomass. Hence, for AS reactor 
sludge all ISS are usually deemed settleable.  

2.2 ISS composition 

This section describes the various constituents of ISS in the different units of WWTPs as 
identified in literature. In the raw wastewater, the ISS are generally assumed to be made up of 
only clay, silt and sand. Although these materials do not affect the chemical reactions occurring 
inside the reactor, they do affect the design of WWTP units as they accumulate with solids 
retention time, taking up part of the reactor volume. Raw wastewater is typically composed of  
influent ISS concentration in the range 90-110 mgISS/L, whilst for settled wastewater it can 
range from 15-30 mg/L (Henze et al., 2008). Inside the biological reactor, besides the sediments 
from the influent, other forms of ISS exist. In FA or Modified Ludzack-ettinger (MLE) AS 
systems, biomass contains intracellular ions that reflect as ISS during the total solids test. In 
EBPR systems, other than the inorganic fraction of biomass, polyP also form part of the ISS since 
they are inorganic (Ekama & Wentzel, 2004).  

2.2.1 The inorganic fraction of biomass  

Of the total mass (TSS) of PAOs, the measured VSS consist of the poly-b-hydroxy-butyrate 
(PHB), organic part of biomass and glycogen whilst the ISS consist of the inorganic fraction of 
the biomass and polyP. The inorganic fraction of biomass corresponds to the uptake of dissolved 
ions by the organisms which precipitate as mineral solids when incinerated during the total solids 
test. The ISS contribution of the inorganic fraction of the biomass for both OHOs and PAOs is 
0.15 mgISS/VSS (Ekama & Wentzel, 2004).  
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2.2.2 Polyphosphate (polyP) 

The polyP inside PAOs is made up of linear structured polymers of ortho-phosphate with varying 
chain lengths (Harold, 1966). Figure 1 shows the configuration of a linear structured polyP. The 
links between each phosphate monomers are energy-rich phosphoanhydride bonds, like those 
found in adenosine triphosphate (ATP) molecules (Harold, 1966). Since polyP is an inorganic 
molecule, its energy content cannot be measured during a COD test. For the same reason, during 
a total solids test, polyP inside PAOs is detected as ISS. PolyP is stored as volutin granules as 
illustrated by the dark irregular spots in Figure 2, which are found in the cell cytoplasm. 
Depending on the sampling point and the influent composition, the proportions of polyP in the 
PAO vary and can reach a maximum of 0.38 mgP/mgPAOVSS (Wentzel et al., 1990). The polyP 
content of PAOs is not measured analytically as there is currently no accurate and simple 
procedure to directly measure polyP. Instead, the polyP content is determined using the P 
removal, as discussed later in Section 4.1 (Henze et al., 1995). 

 
Figure 1. Linear polyP chain (Harold, 1966) 

 
Figure 2. Volutin granules inside the cell wall of PAO (Harold, 1966) 

Each monomer has a net negative charge. To neutralise the charge inside the PAOs, metal ions 
attach to the polyP (Harding & Ekama, 2009). The molar ratio of the metal ions is not fixed and 
has been shown to vary across different studies as demonstrated in Table 1. However, the charges 
of the metal ions attached to a phosphate ion should always add up to +1 such that the net charge 
of the polyP is zero.  
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Table 1. Ratio of counter-ions (K, Mg, Ca) to P in polyP molecules (Comeau et al., 1986) 

 P release P release P release 
or uptake P release P release PolyP 

content 
PolyP 

content 

K+/P 0.27 0.23 0.34 0.2 0.23 0.34 0.31 

Mg2+/P 0.26 0.32 0.24 0.28 0.27 0.30 0.30 

Ca2+/P 0.00 0.05 0.06 0.09 0.12 0.03 0.053 

Charge 
balance 0.79 0.97 0.94 0.94 1.01 1.00 1.00 

Study 
Miyamot
o-Mills et 
al. (1983) 

Arvin and 
Holm 

Kristensen 
(1985) 

Comeau et al. (1986) 
Harding and 

Ekama 
(2009) 

Ikumi (2015) 

The concentration of Ca2+ (with respect to phosphorus) is relatively small as compared to the 
concentrations of Mg2+ and K+, which both lie in the range 0.20-0.35. Miyamoto-Mills et al. 
(1983) did not measure any calcium. Except from the study done by Miyamoto-Mills et al. 
(1983), a neutral charge balance was always obtained over the polyP molecule. There is no clear 
trend in the cation content of polyP. The Mg:P, K:P or Ca:P ratios are not constant across the 
different studies. The factors influencing the ratio of the cation concentration to phosphorus in 
polyP is currently not well-established. The ISS contribution of the polyP is approximately 3.19 
mgISS/mgP (Ekama & Wentzel, 2004), but can vary depending on its elemental composition.  

2.2.3 Mineral precipitates  

The formation of mineral precipitates depends strongly on ion concentrations. At high ionic 
concentrations, the ionic product exceeds the solubility product and mineral solids precipitate 
out of solution. In WWTP, high ionic concentrations generally occur in AD or AAD units. This 
is specially the case when the sludge contains high concentrations of N and P, such as in EBPR 
waste activated sludge. In conventional AS systems, the formation of mineral precipitates has 
rarely been observed due to high retention times and low ionic concentrations. Conversely, 
mineral precipitates are present in membrane EBPR AS systems due to high ionic concentrations 
and availability of nucleation sites. On the lab-scale membrane bioreactor (MBR) UCT AS 
system, mineral precipitates were detected on the membranes during operation.  

Musvoto et al. (2000) outlined the different types of mineral precipitates that can be present in 
wastewater based on previous literature (Abbona et al., 1982). In the physico-chemical model 
developed by Musvoto et al. (2000), these identified mineral precipitates were modelled as 
potential solid phases. This model has been used extensively for the simulation of the liquid-
solid interphase transfer processes in AAD and AD units, and has shown close correlation with 
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experimental measurements (Van Rensburg et al., 2003; Ekama et al., 2006). The following sub 
sections describe the possible mineral precipitates as identified by Musvoto et al. (2000) and 
reviews the simulation results from subsequent studies using this model.  

2.2.3.1 Magnesium phosphates  

In the presence of magnesium, orthophosphate (OP) and ammonium species in solution, four 
precipitates can form: struvite [MgNH4PO4.6H2O], newberyite [MgHPO4.3H2O], trimagnesium 
phosphate dihydrate [Mg3(PO4)2.2H2O] and bobierrite [Mg3(PO4)2.8H2O]. Struvite precipitates 
at a neutral and higher pH provided that the Mg/Ca molar ratio >0.6; newberyite precipitates 
significantly only at a lower pH (<6.0) and at high concentrations of Mg and P; trimagnesium 
phosphate dihydrate, having a low precipitation rate (Mamais et al., 2019), does not form in the 
pH range in digestors (6.0-9.0) (Musvoto et al., 2000). 

The physico-chemical model developed by Musvoto et al. (2000) has been widely integrated 
with other models to simulate the liquid-solid interphase transfer processes in wastewater 
treatment unit operations. To calibrate this model, Musvoto et al. (2000) carried out experiments 
on the aeration of two types of anaerobic digestates and compared the results to simulated data. 
The first simulation modelled the aeration of sewage sludge digestate supernatant, which 
correlated well with experimental measurements. Two types of magnesium phosphates formed 
part of the possible solid phases namely, struvite and newberyite. The former was the major 
precipitate (85%) whilst the latter occurred in small amounts (0.2%). The second simulation 
involved the aeration of spent wine digestate supernatant, which yielded very similar results 
except for the proportion of struvite which decreased slightly (82.3%) due to the formation of 
magnesite.  

Most studies on aeration of anaerobic digester supernatant or mixed liquor have demonstrated 
that struvite is the major form of precipitate whilst newberyite occurred in negligible quantity 
(Ekama et al., 2006; Kazadi et al., 2015). However, a study by Vogts (2015) on aerobic digestion 
of NDEBPR WAS did not show any struvite precipitation even though it was considered as a 
possible solid phase in the chemical equilibria model. The main forms of precipitates from the 
model were newberyite and bobierite. This is because nitrification is allowed to occur prior to 
any precipitation in the model. Consequently, the ammonia concentration in the modelled 
aqueous phase is too low to support struvite precipitation. Yet, it is more likely that precipitation 
is occurring simultaneously with nitrification. As opposed to Musvoto et al. (2000), Vogts (2015) 
did not use a kinetic approach but a chemical equilibrium approach to model precipitation, which 
is more difficult to integrate with biological processes modelled kinetically (Henze et al., 2008).  

2.2.3.2 Calcium phosphates  

In the presence of calcium and phosphate ions, five calcium phosphate crystals can precipitate 
from solution. These are classified in order of decreasing solubility as follows: hydroxyapatite 
[HAP, Ca5(PO4)3OH], tricalcium phosphate [TCP, Ca3(PO4)2], octacalcium phosphate [OCP, 
Ca8(HPO4)2(PO4)4.5H2O], monenite [DCP, CaHPO4] and dicalcium phosphate dihydrate 
[DCPD, CaHPO4.2H2O] (Musvoto et al., 2000). As HAP is the thermodynamically most stable 
phase, it is most likely to precipitate. However, other calcium phosphate species such as 
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amorphous calcium phosphate (ACP; with approximate formulation Ca3(PO4)2.xH2O), OCP and 
DCPD act as precursors. From experimental investigations, it was found that in highly 
supersaturated solutions containing Ca, Mg and P, DCPD and ACP are the phases that precipitate 
first, with DCPD precipitating at low pH (<7.0) and ACP at higher pH (Musvoto et al., 2000). 
The conversion of ACP to HAP depends on several factors. ACP is stabilized by high Mg/Ca 
ratio, high ionic strength, lack of HAP seed material, high HCO3-/PO43-molar ratio, presence of 
pyrophosphate as well as certain proteins. Moreover, the conditions in wastewaters slow the 
conversion of ACP to HAP such that for the retention time of AAD or AD <60 days, this 
conversion does not take place (Musvoto et al., 2000).   

In the light of the abovementioned reasons, ACP was set as the only possible calcium phosphate 
mineral precipitate to form when Musvoto et al. (2000) simulated the aeration of anaerobic 
digester supernatant. Hence, ACP was the next major mineral precipitate (11.1% and 13.3% for 
sewage sludge and spent wine digestate, respectively) after struvite. Other studies have also 
found ACP as the second major precipitate during AAD simulations (Ekama et al., 2006; Kazadi 
et al., 2015). Kazadi et al. (2015) allowed for the formation of ACP, OCP and DCPD when 
simulating aeration of piggery (spiked with PO4) and sewage sludge digestate and synthetic 
wastewater. ACP precipitated in small quantities in the sludge digestate whilst OCP and DCPD 
were sparsely detected in the synthetic wastewater. The results agree with the above paragraph 
as the pH of the synthetic wastewater at a value of 2.5 was much lower than that of the sludge 
digestate (7.3-7.4). During the simulation of anaerobic digestion of NDEBPR WAS, the ACP 
concentration was much lower (2.6%) (Van Rensburg et al., 2003). This could be due to the high 
level of ammonia (as nitrification is inhibited in anaerobic conditions) which favours the 
precipitation of struvite over ACP.  

The state of hydration of ACP used in physico-chemical models is not explicit from the previous 
studies. Some authors have not specified the state of hydration (Musvoto et al., 2000; Ekama et 
al., 2006) in the models whilst others assumed no hydration at all (Van Rensburg et al., 2003; 
Kazadi et al., 2015). Studies on crystallization of calcium phosphates have shown that the state 
of hydration of ACP is 15-20% by weight which corresponds to x=3-4.5 in the molecular 
formula: Ca3(PO4)2.xH2O (Wang & Nancollas, 2008).  

2.2.3.3 Other mineral precipitates  

Given that Ca is present in solution, three crystalline structure of CaCO3 can precipitate, namely: 
calcite, aragonite and vaterite. The factors determining which form precipitates include 
temperature, degree of supersaturation, presence of foreign ions, nucleation, and crystal growth 
rate (Musvoto et al., 2000). Calcite is the most thermodynamically stable structure at ambient 
temperature and atmospheric pressure. Hence, calcite is expected to precipitate in WWTP units. 
Magnesium carbonates and calcium magnesium carbonates can also precipitate from the mixture 
of ions found in wastewater. Two forms of magnesium carbonate are possible, namely: magnesite 
[MgCO3] and nesquehonite [MgCO3.3H2O]. The former is stable below a pH of 11 whilst the 
latter is not. Thus, in WWTP units where pH is normally considerably less than 11, it is expected 
that magnesium carbonates exist as MgCO3. Calcium magnesium carbonates exist as two forms, 
namely: dolomite [CaMg(CO3)2] and huntite [CaMg(CO3)4]. However, attempts to precipitate 
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both dolomite and huntite under atmospheric conditions have failed and thus it is not likely that 
these precipitates can form in WWTP units (Musvoto et al., 2000). 

Calcite is included in the physico-chemical model of Musvoto et al. (2000). When modelling the 
aeration of sludge digestate, a small concentration of calcite was predicted (3.7% by mass of all 
precipitates) in sewage sludge digestate whereas no calcite formation was predicted in spent wine 
digestate. The precipitation rate of calcite is sensitive to the concentration of magnesium, 
dissolved organic compounds, iron, organic and inorganic phosphates. Fe2+ is the strongest 
inhibitor and can considerably reduce the precipitation rate of calcite at even low iron level 
(Dromgoole & Walter, 1990). Mg2+ is the weakest inhibitor and the extent of inhibition depends 
on the Mg:Ca and Mg:P ratios, with precipitation rate decreasing with increasing Mg:Ca ratio 
and enhanced with Mg:P ratio between 1.5 and 2 (Danen-Louwerse et al., 1995). The Mg:Ca 
ratio in the two sludge digestates was slightly higher for the spent wine digestate supernatant. 
Thus, the absence of calcite precipitation in the simulation of the aeration of spent wine digestate 
could be due to Mg/Ca ratio. Musvoto et al. (2000) also suggested that the slightly higher organic 
content in the spent wine digestate inhibited calcite precipitation. As Fe2+ concentration was not 
measured, its effect on calcite precipitation was not discussed. Negligible concentrations of 
calcite were predicted in the aeration of swine wastewater and anaerobic digestion liquor (Van 
Rensburg et al., 2003; Ekama et al., 2006). Low concentrations of calcite were reported in 
synthetic wastewater, and during the aeration of piggery and sewage sludge digestate (Kazadi et 
al., 2015).  

Like calcite, the formation of magnesite has generally been negligible when modelling WWTP 
unit processes. Ekama et al. (2006) and Musvoto et al. (2000) reported negligible concentrations 
of magnesite during the simulation of swine wastewater and sewage sludge aeration, 
respectively. Trivial amounts of magnesite were also reported in the simulation of anaerobic 
digestion liquor (Van Rensburg et al., 2003). Kazadi et al. (2015) did not report any formation 
of magnesite in synthetic wastewater, and the aeration of piggery and sludge digestate. However, 
low concentrations of magnesite (40 mg/L, 4.3% by mass of all precipitate) were predicted in the 
aeration of spent wine digestate (Musvoto et al., 2000). The pH was particularly high (> 9), and 
the solution was oversaturated with respect to magnesite as most of the carbonate species exist 
as CO32-. Vogts et al. (2015) also predicted the formation of magnesite during the aerobic 
treatment of NDEBPR WAS. In their simulation, there was no formation of struvite. Hence, the 
competition for Mg uptake was significantly reduced and the Mg concentration was not a limiting 
factor to the formation of magnesite.  

2.2.4 Closure  

The main forms of ISS as discussed above are described as follows: the raw wastewater influent 
ISS, ISS fraction of biomass, polyPs and mineral precipitates. Various forms of precipitates can 
exist from the available ions present in the WWTP units. Nonetheless, through simulation and 
experimental observations, it was deduced that the major forms of precipitates that can possibly 
exist at any point in a WWTP plant are struvite and ACP. Considering the other precipitates 
present in much smaller quantities (such as CaCO3, MgCO3 or Mg3(PO4)2) adds complexity to 
the ISS characterisation procedure without considerably improving the end-result. Hence, from 
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this point forward, the only mineral precipitates present in NDEBPR sludge are considered to be 
struvite and ACP.  

2.3 Plant-wide tracking of ISS components  

With changes in the conditions, such as temperature, pressure, DO, pH or ion concentrations, in 
the different WWTP units, inorganic solids can also form or change state. Subsequently these 
changes have the potential to further alter the bio-chemical processes occurring in the units. It is 
thus important to track the components of inorganic solids in the different units. Currently, 
inorganic solids are only measured as a lumped sum of their mass in the total solids test. 
However, it is more important to obtain the individual concentrations of the inorganic solids as 
each react differently to different conditions. To facilitate this discussion, a typical NDEBPR 
system, followed by sludge treatment is illustrated in Figure 3.  

 

Figure 3. NDEBPR system with sludge treatment processes. Adapted from Henze et al. (2008) 

2.3.1 Influent wastewater  

The influent inorganic solids have been described as a group of inert solids that accumulates in 
the biological reactor (Wentzel et al., 2002; Ekama & Wentzel, 2004). Up to now, no research 
has explicitly identified the different components of the influent inorganic solids and investigated 
how each component behaves in the unit reactors. Sediments such as clay, silt or sand form part 
of the influent ISS (Ikumi, 2015) and accumulate in the reactor as they are stable compounds. 
The presence of mineral precipitates in the influent wastewater is also possible but has not been 
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investigated in the past due to the complexity of modelling influent wastewater and the lack of a 
characterisation procedure for ISS. Furthermore, due to low ionic products, lack of nucleation 
sites, turbulent conditions and inadequate mixing conditions, the formation of mineral 
precipitates is not favoured. It is thus assumed that influent wastewater contains negligible 
amount of mineral precipitate unless pre-precipitation is implemented. Pre-precipitation is not a 
common treatment method in EBPR activated sludge systems as the phosphorus attains very low 
concentrations such that EBPR is ineffective.   

In the case where a primary settling tank is present, a fraction of the ISS settles and leaves as 
primary sludge. Measurements at the Mitchell’s Plain WWTP on raw and settled wastewater 
showed that 5-15% of the raw ISS was settleable (Ekama & Wentzel, 2004). Heavy sediments 
such as sand makes up most of the settleable ISS. The settleability of mineral precipitates depend 
on the size of the crystals, affinity with other sludge particles and retention time of the PST. 
However, since the proportion of mineral precipitates in influent wastewater is deemed 
negligible, its contribution to the primary sludge is also insignificant.  

2.3.2 Biological reactor  

There are several assumptions made regarding the modelling of inorganic solids in a biological 
reactor. First, it is assumed that the influent ISS accumulates in the reactor based on the sludge 
age and does not participate in any biological or chemical reaction (Ekama et al., 2006). As 
mentioned in the previous section, the influent wastewater contains mostly sediments in the form 
of sand, silt, or clay. These particles are very stable and unlikely taking part in any biological or 
chemical process, and would indeed simply accumulate in the bioreactor with solids retention 
time.  

It is also assumed that there is no mineral precipitation or dissolution occurring in the biological 
reactor. In conventional biological reactors, mineral precipitation has rarely been observed due 
to the low retention time and ionic concentrations. However, in membrane reactors mineral 
precipitation on the membrane has been observed, especially when ions concentrations are high 
(Iorhemen et al., 2016). Membrane bioreactors (MBRs) are emerging as an alternative to the 
conventional activated sludge systems. Although MBRs have shown several advantages such as 
smaller WWTP footprint or independency from sludge settleability, they are prone to membrane 
fouling. The membrane foulants occur mostly in the form of bacterial deposition (bio-foulant) or 
organic particles (organic foulant). Nonetheless, if ionic concentrations become too high, mineral 
precipitates can potentially foul the membrane. This was observed in the lab-scale MBR system 
at the Water Quality lab at the UCT. The membrane had to be cleaned frequently when calcium 
and phosphorus concentrations were high as ACP was fouling the membrane. The early detection 
of mineral precipitates in the sludge can help lower the frequency of membrane cleaning.  

The conditions inside the biological reactors allow for the growth of several microorganisms 
which contributes to the reactor ISS in two forms: biomass ISS and polyP. Microorganisms 
uptake inorganic dissolved solids as an essential requirement for their growth. These ions are 
present in the liquid phase inside the biomass in the reactor. However, when the total solids test 
is performed, these ions precipitate out of the solution when the sludge samples are dried. Thus, 
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they reflect as part of the ISS fraction (Ekama & Wentzel, 2004). The ISS contribution of the 
active biomass is 0.15 mgISS/mgPAOVSS (or OHOVSS) (Ekama & Wentzel, 2004).  

Polyphosphate forms a major part of ISS in EBPR systems. EBPR systems consist of an 
anaerobic and aerobic zones as shown in Figure 3. In the anaerobic zone, PAOs use up their 
polyP reserve to uptake volatile fatty acid (VFA) and form high energy poly-hydroxy-alkanoates 
(PHA; high energy storage organics, of which PHB is a common form). OP and attached metal 
cations (see Section 2.2.2) are consequently released in the bulk solution. In the aerobic region, 
the PAOs use up their PHA reserve for growth and replenish their polyP reserves (using oxygen 
as the terminal electron acceptor). A higher uptake of phosphorus occurs in the aerobic zone as 
new growth happens. Thus, the polyP concentration is normally the lowest in the anaerobic zone 
and highest in the aerobic zone. Figure 4 shows the observations made on an anaerobic-aerobic 
sequence batch reactor.  

 
Figure 4. Schematic diagram showing the changes in concentration of VFA, phosphate, PHA, glycogen and 

polyP with respect to time in anaerobic and aerobic zones (Henze et al., 2008) 

There is a decrease in polyP and VFA concentrations and an increase in the PHA concentration 
in the anaerobic zone with time. In the aerobic zone, the level of polyP increases whilst PHA and 
OP concentrations decrease with respect to time. Glycogen is used as source of electron for cell 
maintenance (Henze et al., 2008) or as a source of electrons and protons for the formation of 
reducing agents (Ikumi et al., 2019). As polyP is an inorganic solid with an ISS:P ratio of 
approximately 3.19 mgISS/mgP (see Section 2.2.2), it contributes significantly to the PAO mass. 
Given a fully aerobic P uptake, the ISS contribution of PAO is 1.30 mgISS/mgPAOVSS with 
only 0.15 mgISS/mgPAOVSS reserved for the biomass inorganic fraction (Ekama & Wentzel, 
2004). Hence, as polyP level increases between the anaerobic and aerobic zone, the ISS level 
rises significantly  

Using experimental data from the operation of a MBR NDEBPR by Harding and Ekama (2009), 
the relative concentrations of ISS and ISS constituents in the biological reactors are reported in 
Figure 5. Four sludge samples were selected for this purpose. The AS systems, fed with 
municipal water were operating at steady state and the Wentzel et al. (1990) steady state model 
was used to simulate biological processes. Close correspondence with experimental data was 
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generally observed. The VSS, TSS and ISS masses shown in Figure 5 were measured using the 
total solids test as described in Section 3.5.1.  

 
Figure 5. TSS, VSS and ISS concentration in the anaerobic, anoxic and aerobic reactor of a NDEBPR 

system (Harding & Ekama, 2009) 

On average, the VSS and ISS concentration in the aerobic reactor were 1.4 and 2.4 times the 
concentration in the anaerobic reactor, except for batch 6. The ISS concentration was sensitive 
to the PAO VSS concentration, which contains high concentration of the inorganic polyP. For 
batch 6, it was speculated that considerable anoxic P uptake by PAOs occurred, which decreased 
the efficiency of P uptake and polyP formation in the aerobic reactor.  

Ekama and Wentzel (2004) applied the ISS model to predict the composition of ISS in a 
nitrification-denitrification (ND) and NDEBPR systems treating raw wastewater with an 
ISS/COD ratio of 0.031 mgISS/mgCOD. In this model, 0.15 mgISS/mgOHOVSS was used for 
OHO biomass ISS. For the determination of the total PAO ISS concentration (which includes 
polyP and biomass ISS), the mass fraction 1.30 mgISS/mgPAOVSS. This fraction was based on 
the assumption of a maximum phosphorus content of 0.38 mgP/mgPAOVSS (Wentzel et al., 
1990). The ISS content of each component was calculated for different sludge ages based on the 
principles and formulae provided in Section 2.4.1. Figure 6 and Figure 7 show the results for the 
ND and NDEBPR systems, respectively. It can be observed that as the sludge age increases the 
influent ISS contributes more to the reactor ISS. As compared to the ND/FA system, the influent 
ISS contributes significantly less to the total ISS in the NDEBPR system. This agrees with 
observations made by Harding and Ekama (2009). For sludge age less than 5 days in the ND/FA 
systems and at all sludge ages in the NDEBPR system, the influent ISS contribution has a small 
effect on the reactor ISS. For these systems, the reactor ISS is strongly affected by the active 
biomass. For the NDEBPR system, the polyP content of the PAOs considerably affects the 
reactor ISS concentration whilst OHO and PAO biomass ISS constitute of a small percentage 
(approximately 10% for sludge ages greater than 10 days) of the total reactor ISS.  
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Figure 6. Model predicted percentage of reactor ISS for ND system (Ekama & Wentzel, 2004) 

 
Figure 7. Model predicted percentage of reactor ISS for NDEBPR system (Ekama & Wentzel, 2004) 

There is currently no standard laboratory test to determine the concentration of polyP in a sludge 
sample. The polyP concentration is determined by assuming a maximum polyP P (phosphate in 
polyP) uptake per PAO mass (0.38 mgP/mgPAOVSS). The PAO biomass concentration is 
determined assuming all the readily biodegradable organics are taken by the PAOs. Alternatively, 
the polyP concentration can be determined using the measured P removal (accounting for the P 
in biomass). Both methods have their limitations. The maximum polyP content is only achievable 
under certain circumstances. These include low anoxic P uptake, high influent P concentration 
and availability of cations (Mg, K and Ca). Thus, using the maximum polyP content potentially 
overpredicts the amount of polyP accumulated by the PAOs which also results in the 
overestimation of the ISS. When the polyP content is calculated from the P removal (PpolyP=Pti – 
Pte – Ps), it can also overpredict the concentration of polyP if other forms of P removal is 
occurring simultaneously. This is particularly the case for membrane EBPR reactors where 
mineral precipitation can take place. Henceforth, acquiring a method to directly determine the 
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concentration of polyP in a sludge sample is highly beneficial towards the calibration of EBPR 
models. 

2.3.3 Thickener  

Two types of thickeners are typically used in WWTPs, namely: gravity and dissolved air 
floatation (DAF) thickeners. The former is not used to thicken EBPR WAS as anaerobic 
conditions inside the thickener cause the release and hydrolysis of polyP. The latter is used to 
thicken EBPR WAS as it ensures an aerobic environment that prevents the premature release of 
phosphorus from polyP. Provided an EBPR state is achieved, EBPR WAS contains low levels of 
soluble phosphorus, ammonia, and metal cations. Thus, precipitation is not likely to occur in 
DAFs.  

In practice, high concentrations of OP, FSA and metal cations have been observed in the 
thickener supernatant (Barat et al., 2009). This occurred due to the presence of anaerobic pockets 
in the DAF units. However, due to the low pH inside the thickener, precipitation did not occur.  

Clarification or thickening are modelled as purely physical processes with no chemical or 
biological processes occurring (Takács et al., 1991). When Kazadi et al. (2016) simulated the 
thickening of WAS from a NDEBPR system, the pH was significantly overpredicted. Although 
the author suggested that pH overprediction was attributed to the transformation of soluble 
organic compounds into VFA, it is also possible that the pH difference is due to the occurrence 
of mineral precipitation. As there is currently no existing procedure to differentiate between 
polyP and mineral precipitates, the quantification of mineral precipitates in the thickener cannot 
be performed. 

2.3.4 Anaerobic digester  

When modelling the AD of NDEBPR WAS, most authors have assumed that the feed ISS is 
made up of polyP, biomass and the influent wastewater ISS (Harding & Ekama, 2009; Ikumi, 
2015) but contains no mineral precipitate. Upon entrance in the AD, OP and metal ions are 
released into the bulk solution due to polyP hydrolysis (Barat et al., 2009). Precipitates start 
forming as ion concentration increases. The accumulated influent ISS is carried over to the AD. 
Thus, the sludge in the AD is assumed to be made up of mineral precipitates and the accumulated 
influent ISS. Figure 8 summarises the constituents of ISS in the feed and effluent, as well as the 
ISS-related processes occurring in the AD.  

 

Figure 8. The ISS constituents in the NDEBPR WAS feed and the effluent  
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Under anaerobic conditions, PAOs use their high energy polyP bonds to form PHAs. In the 
subsequent aerobic conditions, the PHA molecules are used for growth. In the case of the AD, 
the PAOs are not aware of the absence of a subsequent aerobic zone and starts using up their 
polyP reserve (Ikumi et al., 2019). Harding and Ekama (2009) showed that all polyP were 
released under anaerobic conditions after five days. This was deduced from the variation of TP 
and OP with time, with the OP concentration closest to TP concentration after five days. 
Nonetheless, the maximum OP concentration observed was not equal to the predicted OP 
concentration, which was calculated as 97% of the TP (based on a biomass P fraction 0.03 
mgP/mgVSS). When comparing the Mg, NH4 and K concentrations, it was clear that mineral 
precipitation of struvite (MgNH4PO4.6H2O) occurred as the K concentration was much higher 
than the Mg and NH4 concentrations. It was concluded that all polyP was indeed released within 
five days, but the OP was captured in struvite. This correlated closely with Jardin et al. (1994), 
who obtained a complete polyP release after seven days. Hence, for AD normal operating sludges 
(>5 days), the effluent is expected to contain no polyP. These findings and assumptions can be 
experimentally confirmed with the development of a characterisation procedure for ISS which 
can potentially differentiate between polyP and mineral precipitates.  

The formation of precipitates has been reported widely during the AD of NDEBPR WAS (Van 
Rensburg et al., 2003; Harding & Ekama, 2009; Ikumi, 2015). Mineral precipitation is a 
concentration-driven process. During the AD of NDEBPR WAS, the increase in the 
concentration of soluble ions (and the higher pH) favours precipitation. The OP concentration 
increases as polyP is used up by PAOs or as PAOs are hydrolysed by the AD biomass. Soluble 
ammonium concentration also rises as biomass and complex proteins are hydrolysed by the AD 
biomass. Magnesium and calcium ions are released in the bulk solution as polyP is used up. 
Consequently, the ionic products of the different possible solid phases exceed their solubility 
products and precipitation is favourable. The different mineral precipitates are not quantified 
experimentally since there is currently no developed inorganic characterisation procedure. 
Instead, the concentrations of the mineral precipitates are calculated by fitting the specific rate 
constant to the measured soluble ion concentrations (Musvoto et al., 2000; Batstone et al., 2015). 
Using this modelling approach with the AD of NDEBPR WAS, Ikumi (2015), Van Rensburg et 
al.(2003) and Kazadi et al. (2015) observed that struvite was the major precipitate with minor 
quantities of ACP. This agrees with observations made at WWTP where struvite precipitation 
has been extensively observed to form on the walls and pipes of anaerobic digestors treating 
NDEBPR WAS (Maqueda et al., 1994). Calcite and magnesite have not been reported during the 
AD of NDEBPR WAS. 

2.3.5 Closure  

It can be concluded there is uncertainty in the form of inorganic solids is in the NDEBPR sludge, 
the thickening units, as well as any downstream sludge treatment units. The reason for this 
uncertainty is mostly due to the lack of an ISS characterisation process that can determine the 
concentration of each inorganic solids.  
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2.4 Modelling of ISS in WWTP units  

Up until now, the modelling of ISS has not received the same attention as the modelling of VSS 
in WWTP units. In the steady-state AS models, the TSS, which is the sum of ISS and VSS, was 
calculated empirically based on an assumed VSS/TSS (fi) ratio (WRC, 1984). This ratio was 
estimated from historical data and depended on the type of wastewater or type of activated sludge 
systems. For EBPR systems, the reactor TSS concentration was calculated from a constant 
VSS/TSS ratio of 0.46 for PAOs and their endogenous residue to account for polyP. When 
developing activated sludge models, for each component of the sludge i.e. PAO and OHO 
biomass, endogenous residue and UPO, a fraction of their mass was attributed an ISS mass 
(Wentzel et al., 2002). However, using this approach a significant difference between the 
measured and modelled influent ISS was observed. Another approach was then employed by 
Ekama and Wentzel (2004) which was validated against 48 experimental investigations. The 
Ekama and Wentzel ISS model (2004), which can be applied to AS and sludge treatment units, 
has shown close correlation with experimental observations and is described in Section 2.4.1.  

Several models have been developed for sludge treatment units with mineral precipitation. 
Musvoto et al. (2000) established a kinetic-based model for multiple mineral precipitation, which 
is described in Section 2.4.2. This has since been integrated with the PWM_SA model of Ikumi 
et al. (2015) to simulate mineral precipitation in sludge treatment processes. Kazadi et al. (2015) 
also developed a similar model which has been integrated with benchmark simulation model 
No.2 (BSM2) plant wide model. This is described in section 2.4.3.  

2.4.1 Ekama and Wentzel (2004) model 

The reactor ISS concentration model (with no chemical precipitant addition) of Ekama and 
Wentzel (2004) is based on the following:  

a) The inorganic solids in the influent (XIoi) accumulate in the reactor. The ISS 
contribution due to the influent ISS is given by Equation 2.1.  

%<= = %<=/
'5
'BC

 (2.1) 

*ℎ,-,,	  
%<= = 	011232456,7	89"42,96	:$$, 89	3;:$$/= 
%<=/ = 	:9"42,96	:$$, 89	3;:$$/= 
'5 = 	$427;,	5;,, 75>? 
'BC = 	@>7-5241	-,6,968A9	683,, 75>? 

b) Precipitation or dissolution of minerals in the AS systems is negligible.  

c) Only the active biomass is considered to contain an inorganic fraction. The OHOs 
and PAOs take up dissolved solids intracellularly as part of their cell contents. During 
the drying step of the total solids test procedure, the cell contents precipitate as 
inorganic solids (Ekama & Wentzel, 2004). The contribution of autotrophic nitrifying 
organisms (ANOs) to ISS is considered negligible (<2%).  

d) PAOs take up inorganic dissolved solids (IDS) to form polyPs.  
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Hence, following the above statements, the reactor ISS concentration is given by Equation 2.2. 

%<= = %<=/
D!
D"#

+ %%("*+,+"$%&#& + "*-.+"$%'(&)   (2.2) 

*ℎ,-,,	  
"/&#& = 	:9A-;5981	35??	"-5168A9	A"	E@E? 
"$%&#& = 	0168F,	35??	"-5168A9	A"	E@E? 
"/'(& = 	:9A-;5981	35??	"-5168A9	A"	&0E? 
"$%'(& = 	0168F,	35??	"-5168A9	A"	&0E? 

%% = 	GA45684,	?A487?	1A91,96-568A9 
 
The fraction of active OHO and PAO biomass can be determined from the existing activated 
sludge models. The inorganic fractions of the active biomass were determined experimentally by 
Ekama and Wentzel (2004). By feeding synthetic wastewater containing no influent inorganic 
solids, it was determined that the inorganic mass fraction of OHOs biomass (fiOHO) was equal to 
0.15 mgISS/mgVSS. The inorganic fraction of the PAOs  (fiPAO) was observed to be proportional 
to the PAOs polyphosphate content and is given by Equation 2.3. The portion of this inorganic 
mass fraction that is attributed to the biomass of PAOs (fiPAOBM) was determined to be equal to 
the inorganic mass fraction of OHO biomass (the remainder being due to polyP). Moreover, in 
order to use the reactor ISS model, the influent inorganic solid concentration (XIoi, in mg ISS/L) 
must be measured experimentally.  

"/'(& = "/'(&01 + 3.286(":0!' − ":0!'01) (2.3) 

*ℎ,-,,	  
"/'(& = 	:9A-;5981	35??	"-5168A9	A"	&0E? 

"/'(&01 = 	:9A-;5981	35??	"-5168A9	A"	&0E?	!8A35?? 
":0!' = 	NA654	&/G$$	"-5168A9	A"	&0E? 

":0!'01 = 	O8A35??	&/G$$	"-5168A9	A"	&0E? 

When integrating Equation 2.2 with Wentzel et al. (1990) NDEBPR AS model, the following 
equations were obtained for VSS, ISS and TSS masses (Ekama & Wentzel, 2004).  

#%%
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= (1 − "2495 − "6478)[(1 −
%
100"2345)
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*ℎ,-,,	  
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#%; = 	#5??	A"	6A654	?A487?, 89	3;N$$ 
#%/= = #5??	A"	89A-;5981	?A487?, 89	3;:$$ 
#$;/ = 	NA654	89"42,96	VEW	35??, 89	3;VEW 
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"2345 = 	X-5168A9	A"	!8A7,;-575!4,	VEW	6ℎ56	8?	?A42!4, 
")# = 	Z9!8A7,;-575!4,	"-5168A9	A"	"-5168A9	A"	E@E?	 = 	0.20 
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2.4.2 Musvoto et al. (2000) Physico-chemical model 

2.4.2.1 Mixed weak acid/base system  

Musvoto et al. (2000) developed a three-phase kinetic based physico-chemical model. For the 
mixed weak acid/base system, a kinetic approach is used rather than the widely accepted 
equilibrium approach (Loewenthal et al., 1989) as difficulties (such as choosing a reference 
species) were encountered when integrating the physico-chemical model. The mixed weak 
acid/base system is described in terms of rate equations. Equation 2.7 and 2.8 show an example 
of the rate equations for the ammonia system.  

-H = ]H(^@IJ) = ]K"L[^@IJ] = ]
H

4[^@IJ]   (2.7) 

-K = ]K(^@M) = ]K"L[^@M] = ]K4[^@M] (2.8) 

*ℎ,-,,	  
-H = 	rate	of	forward	reaction 
-K = 	rate	of	reverse	reaction 
"L = 	#A9AY-A681	5168F86>	1A,""818,96	 
]H = 	$Y,18"81	-56,	1A9?6596	"A-	"A-l5-7	-,5168A9 
]K = 	$Y,18"81	-56,	1A9?6596	"A-	-,F,-?,	-,5168A9 
]H′ = 	0YY5-,96	$Y,18"81	-56,	1A9?6596	"A-	"A-l5-7	-,5168A9 
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]K′ = 	0YY5-,96	$Y,18"81	-56,	1A9?6596	"A-	"A-l5-7	-,5168A9 

The values for the apparent specific rate constants are chosen such that the equilibrium is reached 
instantaneously. This approach of modelling mixed weak acid/base systems allows for a seamless 
integration with biological kinetic models and facilitates any further addition of other mixed 
weak acid/base systems.   

2.4.2.2 Ion pairing  

The effect of ion pairing was considered in the model for ionic strengths higher than 0.025. Lower 
ionic strengths were considered to have negligible effect on the concentration of free ions 
(Musvoto et al., 2000). Similar to the mixed weak acid/base system, a kinetic approach was also 
considered for the ionic pairs with a forward and reverse kinetic equations.   

2.4.2.3 Mineral precipitation 

The rate of mineral precipitation in the model developed by Musvoto et al. (2000) is based on 
the theory of Koutsoukos et al. (1980). For surface-controlled processes, the latter stated that the 
rate of mineral precipitation of a sparingly soluble salt is given by Equation 2.9:  

7
76 (#%J0%F) = −n′?[([#LJ]%J[0$F]%F)G/% −	]5>G/%]9 (2.9) 

*ℎ,-,,	  
7
76 (#%J0%F) = 	'56,	A"	389,-54	Y-,18Y86568A9 

n′ = 	0YY5-,96	Y-,18Y86568A9	1A9?6596 
? = 	X516A-	"A-	5F58!8486>	A"	;-Al6ℎ	?86, 

[#LJ] = 	1A91,96-568A9	A"	1->?654	456681,	1568A9	 
[0$F] = 	1A91,96-568A9	A"	1->?654	456681,	598A9 
FJ = 	NA654	923!,-	A"	598A981	?Y,18,?	 
F 	F	 = 	NA654	923!,-	A"	1568A981	?Y,18,? 
F 	 =	F 	F	 +	FJ 

9	 = 	2, "A-	78F54,96	?Y5-89;	?A42!4,	?546?	 

Similar to most mineral precipitation models, the rate of mineral precipitation is driven by the 
difference between the solubility product and the ionic product. In Equation 2.9, n is a constant 
determined experimentally and is equal to 2 for a number of divalent sparingly soluble salts. 
Musvoto et al. (2000) assumed that no seed material was initially present and simplified the k’s 
term into k’r. Although the dissociation of mineral precipitates affects the aqueous phase 
chemistry, it is not considered in this model.  

2.4.3 Kazadi et al. (2015) multiple mineral precipitation model 

The model developed by Kazadi et al. (2015) is also a kinetic-based approach. This precipitation 
model is based on a semi-empirical kinetic law (Nielsen & Toft, 1984). Equation 2.10 shows the 
rate equation, using calcite as example.  
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As opposed to Musvoto et al. (2000), the presence of seed material was allowed in this model as 
a seed concentration of precipitate could be defined initially (i.e., at time zero). To obtain the 
initial mineral precipitate concentration, the ISS to the AAD or AD must first be characterised.  

2.5 Wastewater characterisation  

The aim of this section is to outline the current characterisation procedures and their limitations 
with respect to inorganic solids. In the following chapters, two characterisation procedures are 
discussed: influent wastewater and sludge characterisation. The latter has been discussed in detail 
as it was used to fractionate the NDEBPR WAS in this research.  

2.5.1 Influent wastewater characterisation 

Influent wastewater is generally classified based on the behaviours of the various compounds in 
the units of the WWTP. The organic and inorganic fractions of the wastewater are first divided 
based on their physical characteristics, into three groups: settleable, non-settleable and dissolved. 
For the organic fractions, each group is further divided into biodegradable and unbiodegradable. 
This is depicted by Table 2 below. The physical characterisation procedure involves the use of a 
solid-liquid separation process (such as sedimentation or filtration) followed by analytical 
measurements such as COD, FSA, TKN, total solids test, TP or OP. However, these tests cannot 
distinguish between biodegradable and unbiodegradable organics (Ikumi et al., 2015). 

The biodegradability of organics is determined by performing BOD test or taking measurements 
on the effluent and biological reactor mixed liquor at steady state. The COD of unbiodegradable 
soluble organic (USO) fraction is given by the effluent COD as USOs remains unchanged in the 
reactor. The difference between the COD of the total soluble and USO yields the COD of 
biodegradable soluble organic (BSO). The  unbiodegradable particulate organic (UPO) is 
obtained by solving for fS’up in Equation 2.6 with the MXT value obtained experimentally at steady 
state. The COD of the BPO is the difference between the COD of the total particulate and UPO. 
The fS’up  ratio can also be obtained by using the experimentally measured OUR in the activated 
sludge (Henze et al., 2008). 
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As observed from Table 2, the current characterisation process only divides the inorganic 
particulate fraction into settleable and suspended. All inorganic particulate matter is modelled to 
enmesh with the sludge mass without incurring any reaction such as dissolution (Ekama & 
Wentzel, 2004). The current activated sludge models do not account for precipitation unless 
chemical precipitants have been added. Precipitates, if formed, would be part of the inorganic 
settleable solids as they would enmesh with sludge mass and settle. 

Table 2. Wastewater characterisation. Abstracted from Henze et al. (2008) 
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2.5.2 EBPR waste activated sludge characterisation  

The model developed by Sotemann et al. (2005) was originally used to simulate anaerobic 
digestion of primary sludge. Attempts to model the digestion of EBPR WAS with this model 
resulted in inaccurate predictions for methane and AD effluent characteristics (Quevauvilliers & 
Ikumi, 2021) since the characterisation procedure did not separate inorganic P from organic P. 
Thus, a new characterisation method was developed by Harding and Ekama (2009). Figure 9 
illustrates the different fractions of the characterisation procedure. 

 
Figure 9. Fractions of Harding and Ekama (2009) characterisation procedure 

As seen from Figure 9, three forms of ISS are modelled to form part of the WAS, which are 
subsequently modelled to be the influent ISS to sludge treatment processes. The three forms of 
ISS exist: the ISS accumulated in the reactor from the influent wastewater, the polyphosphates 
in PAOs and the ISS fraction of PAOs and OHOs biomass. The latter is not physically present in 
the sludge but only reflects during the total solids test. It is assumed that the EBPR WAS contains 
no precipitates. It is currently assumed that the constituent of the influent to the sludge treatment 
process remains the same as the WAS. Nonetheless, up to now there is no evidence that polyP 
remains intact and mineral precipitation does not occur between the AS and AD or AAD.  

The formation of mineral precipitates (which are typically found in WWTP units) is favoured at 
high pH values but this process decreases the pH. If the mineral precipitates were present in the 
feed to the AD, they would dissolve if the pH dropped and would provide a pool of alkalinity. 
As the 5-point titration test is done on filtered samples only, this alkalinity is not detected. On 
top of the components mentioned in Figure 9, mineral precipitates also form part of the ISS mass 
during a total solids test (Asensi et al., 2019). Thus, developing a test that quantifies each ISS 
component can help model the alkalinity generation in the AD which can ultimately lead to better 
pH predictions.  

2.6 Potential methods for the characterisation of ISS  

The ISS characterisation procedure is a two-phase process. The first phase is to develop a 
laboratory test that can dissolve mineral precipitates and leave polyphosphates in the solid phase 
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(Ikumi et al., 2019) or vice versa (dissolving polyphosphates and leaving mineral precipitates in 
the solid phase). The second phase is to develop a data-modelling procedure that uses the results 
of the laboratory test to fully characterise the ISS. In the this section, possible tests or conditions 
and their corresponding effects on mineral precipitates or polyP are reviewed to help in 
developing a laboratory test. 

2.6.1 The use of dilution to dissolve mineral precipitates  

Dilution of sludge can potentially dissolve the mineral precipitates and leave the polyP in the 
solid phase. After sufficient dilution, the ionic product of the several mineral precipitates falls 
below their solubility products. Thereafter, all mineral precipitates are dissolved in the diluted 
solution. When considering anaerobic digesters in EBPR systems, struvite and ACP have 
generally been modelled as the major form of precipitate with its concentration ranging from 
500-1300 mg/L and 0-200 mg/L, respectively, depending on the influent composition and 
operating parameters. Assuming a Ksp value of 13.6 for struvite, a solution containing 1000 mg/L 
of struvite would require approximately 200 times dilution to reach Mg, P and N concentrations 
of less than 1 mg/L to prevent precipitation. Though this is a practically simple laboratory 
procedure, there is significant loss in accuracy, high variance and low reproducibility in 
measured data when dealing with very high dilutions. In this respect, suitable analytical methods 
should be employed to accurately measure such low concentrations.  

For metal ions, inductively coupled plasma (ICP) can be used as it has very low detection limits 
(<100 µg/L) (APHA, 1985). For total phosphate, the ascorbic acid method is suitable for P 
concentrations less than 1 mgP/L (De Haas, 1998). There are several ways to measure low 
concentrations of ammonia, namely: ammonia selective electrode method, manual phenate 
method and automated phenate method (APHA, 1985). Except for the total phosphate ascorbic 
method, the other mentioned tests were not readily available at the Water Quality Laboratory 
(WQL) whereby experiments were conducted for this research. Another limitation of using the 
dilution method is the low rate of dissolution of the mineral precipitates. Due to the very low 
solubility of struvite and ACP, it is expected that both mineral precipitates take long to dissolve. 
During this time, the release of OP from polyP is possible as the sample turns anaerobic. Thus, 
it becomes complex to determine the origin of the OP in the bulk solution.   

2.6.2 Applying elevated temperatures to release orthophosphates from PAOs 

A second feasible condition that can be used to separate mineral precipitates and polyP is the 
application of heat to a NDEBPR WAS sample. Enhanced phosphorus recovery by thermal pre-
treatment of NDEBPR WAS has been investigated extensively in the past. In this regard, Kuroda 
et al. (2002) and Tao and Xia (2007) have applied a temperature range of 50-90 ºC and 40-70 ºC 
to NDEBPR sludge, respectively. Kuroda et al. (2002) observed that 90% of the polyP initially 
present in the sludge was released in the bulk solution after 60 min at 70 ºC. The authors 
speculated that polyP was released due to the relatively high temperature disrupting the cell 
membrane, thereby allowing polyP to escape from inside the cell. However, this was not 
confirmed with SEM images of the sludge. It was deduced that with increasing temperature, both 
the rates of polyP hydrolysis and P release increase. Similar observations were made by Tao and 
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Xia (2007) even though the rate of polyP release was lower and the polyP was instantaneously 
hydrolysed to OP.  

The effect of temperature on solubility of chemical precipitates is determined by the quantity of 
heat released or absorbed, as the precipitate dissolves (Bhuiyan et al., 2007). If more energy is 
required to break the crystal structure of the solid as compared to the energy generated by 
interaction of the solids with the solvent, then the dissolution reaction is endothermic. According 
to Le Chatelier’s principle, by increasing the temperature the dissolution reaction is favoured in 
order to counteract this effect. Conversely, if the formation of solids is endothermic, then 
precipitation is favoured. The effect of temperature on struvite precipitation is well established. 
Bhuiyan et al. (2007) experimentally determined the solubility product of struvite in the 
temperature range 10-70 ºC. From 10-30 ºC, the solubility of struvite was found to increase. 
Similar trends have been observed in other studies as illustrated in Figure 10. 

 
Figure 10. Effect of temperature on struvite precipitation 

As seen from Figure 10, in the study by Bhuiyan et al. (2007), the maximum solubility is reached 
at 30 ºC. Thereafter, the solubility decreases with increasing temperature. Therefore, it seems 
that struvite dissolution is endothermic below 30 º C whilst the precipitation is endothermic above 
30 ºC. A similar trend is observed by Aage et al. (1997) but the peak solubility occurs at a 
temperature of 50 ºC. However, both studies speculate that at high temperatures the solubility 
decreases as struvite (MgNH4PO4.6H2O) changes phase to magnesium ammonium monohydrate 
(MgNH4PO4.H2O). The presence of higher water of crystallization in the hexahydrate makes 
struvite more soluble than the monohydrate (Aage et al., 1997; Bhuiyan et al., 2007). 
Nonetheless, these studies have investigated struvite exclusively in their experiments and the 
presence of other ions or organic compounds as found in wastewater or sludge were not 
considered. Further investigations are therefore required to determine the effect of high 
temperatures on struvite in a wastewater medium.  
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The solubility of calcium phosphate in aqueous solution is more complex because of incongruent 
dissolution phenomenon and dynamic intermediate equilibria between the different types of 
calcium phosphate precipitates (Kezia et al., 2017). As a result, the effect of temperature on the 
precipitation or dissolution of calcium phosphate is not very well understood. A few studies have 
reported a decrease in solubility of calcium phosphate with increasing temperature in the range 
10-50 ºC (Mcdowell et al., 1971; Rice et al., 2009). However, Green & Perry (2007) observed a 
slight increase in monobasic calcium phosphate solubility from 25-37 ºC. Kezia et al. (2017) also 
observed an increase in calcium phosphate solubility after 168 hours and speculated that the 
different observations on solubility across different studies could be due to the duration of the 
reaction before analysis. During shorter time intervals (1-2 hours), it is thus expected that the 
solubility decreases whilst at time infinity (or final equilibrium), it increases. The crystalline 
structure of calcium phosphate was also observed to be dependent on temperature. With rising 
temperatures, the calcium content in the precipitate also increases (Kezia et al., 2017). The 
calculation of Ksp or solubility (in mg/L) values over a significant range of temperature is 
henceforth very complex.  

As heating up sludge to 70 ºC releases polyP into the bulk liquid and has shown to decrease the 
solubility of the mineral precipitates, it is a potential method to characterise ISS. Nonetheless, as 
the polyP is released into the bulk solution, more mineral precipitates are immediately expected 
to form as ion concentrations (Mg, K, Ca and OP) increase. Thus, a dilution step before heating 
is recommended to prevent the ions from going back to the solid phase. As struvite has a very 
low solubility, a high dilution might be required, which can significantly affect the precision of 
the test. 

2.6.3 Application of electromagnetic field to release orthophosphates from PAOs 

To facilitate the recovery of phosphorus from WAS, several authors have explored the effect of 
treating WAS with an electric or electromagnetic field before feeding it into the AD. Hu et al. 
(2018) and Choi et al. (2006) investigated the use of high voltage pulsed discharge (HVPD) to 
enhance phosphorus release during AD. By treating a WAS sample with HVPD, they observed 
a considerable increase in OP concentrations. By analysing SEM images before (Figure 11a) and 
after treatment (Figure 11b), Choi et al. (2006) have observed that this increase was due to the 
pulse discharge destroying the cell membrane and cell wall of bacteria. A similar conclusion was 
reached by Hu et al. (2018). The HVPD directly attacks the basic building blocks of the cell 
membrane (phospholipids) and walls (peptidoglycan). These polar molecules have ligand groups 
that give a net negative charge on the surface of the cell. This makes the PAO cells susceptible 
to strong electric field (Salerno et al., 2012).  

However, in these studies, as well as other HVPD studies, the extent of polyP release from the 
biomass could not be determined. The standard, measurements and techniques (SMT) protocol 
was used to determine the source of P release from the WAS. Since the SMT protocol classifies 
phosphorus into only four broad categories (non-apatite inorganic phosphorus, apatite 
phosphorus, organic phosphorus and inorganic phosphorus), the concentration of polyP released 
cannot be determined from this classification. Furthermore, as counter-metal ion concentrations 
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(such as K+) were not measured during the experiment, the extent of polyP released could not be 
determined.  

Up until now, few studies on the effect of electric fields on chemical precipitation have been 
conducted. Electromagnetic fields have been commonly applied to hard waters to decrease 
scaling in water treatment systems such as reverse osmosis reactors. Some studies have shown 
that electromagnetic field increases the growth rate of calcite nuclei whilst others have shown 
that it either reduces the combination of Ca2+ and HCO3- ions, or has no considerable effect on 
precipitation (Rouina et al., 2016; Piyadasa et al., 2017; Han et al., 2018). Thus, although the 
effect of electric/electromagnetic field on sludge or chemical precipitate is not clear, it constitutes 
a possible method to separate chemical precipitates and polyP.  

 
Figure 11.  SEM image of WAS: a) before and (b) after HVPD treatment (Choi et al., 2006) 

2.6.4 Cold perchloric acid fractionation procedure  

As EBPR systems became more popular, investigations on the effect of chemical precipitation 
on biological P removal became prominent. During simultaneous chemical P (by addition of 
chemical precipitants) and biological P removal, both processes compete for phosphorus. It is 
possible that the efficiency of the individual processes is decerased by the other and the net 
removal is reduced. To study the dynamics between the two P removal methods, it is clear that a 
method that could differentiate between polyP and chemical P was necessary. In this respect, 
there was a general focus on fractionation methods. The fractionation method consists of 
successive additions of reagents that dissolve specific components of the sludge. By running 
analytical tests on the extracts (reagents with dissolved components), the concentrations of the 
different components can be quantified.  

The fractionation methods are broadly categorised into two groups by De Haas et al. (2000): 
acidic extraction with or without the use of cold perchloric acid (PCA). De Haas (1989) showed 
that PCA is effective in dissolving phosphate precipitates. In the case of polyP, many studies 
have shown that there is negligible polyP hydrolysis to OP if cold PCA with short extraction 

a 

b 
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times is used (Harold, 1962; Kerdachi & Healey, 1987; De Haas, 1989; De Haas & Greben, 1991; 
Blonda et al., 1994). This is explained by the low rate of polyP hydrolysis at low temperatures 
(0-3 ºC). However, Müssig-Zufika et al. (1994) demonstrated that cold PCA extractions resulted 
in 25 % polyP hydrolysis to OP. There is a general agreement that the use of cold PCA at short 
extraction times is a suitable method to quantify polyP P and chemical P in activated sludge 
samples. 

There are several types of fractionation procedures based on cold PCA (Kerdachi & Healey, 
1987; De Haas & Greben, 1991; Blonda et al., 1994; De Haas et al., 2000). Originally, the cold 
PCA extraction method consisted of separated acid and alkaline extraction steps. The latter 
involved the use of dilute and concentrated NaOH to extract any remaining complex P (biomass 
P and complex P) from the residue after the PCA extract. In an effort to simplify the cold PCA 
procedure, De Haas et al. (2000) modified the full PCA procedure by excluding the alkaline 
steps.  

The modified cold PCA fractionation procedure is outlined in Table 17A. The sludge sample is 
initially centrifuged to extract and test the supernatant. The TP and OP of the supernatant 
represent the total soluble (inorganic and organic P) and inorganic P content of the sample, 
respectively. It must be noted that the concentration of soluble organic P is negligible in 
municipal wastewater. Thereafter, three extractions of five minutes with cold PCA are 
performed. The OP of the extractant represent the dissolved chemical P precipitates. The acid 
disrupts the cell membrane of the PAOs and thus its cell contents are released in the bulk liquid. 
However, as the extraction is carried out with cold acid for a short period of time, the hydrolysis 
of polyP to OP was seen to be insignificant. The OP test on the extractant does not include the 
polyP. However, a TP test does include the polyP P, as well as the chemical P and biomass P. 
The difference between the TP and OP of the PCA extractant yields the polyP and biomass P, 
named collectively as complex P. Table 3 below summarises the composition of different sludges 
tested by De Haas et al. (2000).  

Table 3. Summary of results from the cold fractionation procedure of De Haas et al. (2000). MB: Mass 
balance 

Scenario 
OrthoP Chemical P PolyP Bio P MB 

mgP/gVSS % mgP/gVSS % mgP/gVSS % mgP/gVSS % % 

Completely 
aerobic 
system 

6.53 20 4.32 16 0.00 0 18.40 63 97 

UCT AS 
system 

5.45 9 5.52 9 18.40 6 10.00 17 98 

EBPR fed 
50 

mgCOD/L 
Acetate 

5.80 7 5.43 7 32.63 71 10.00 14 98 

EBPR fed 
250 

mgCOD/L 
Acetate 

13.23 9 6.02 4 98.12 80 10.00 7 98 
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Scenario 
OrthoP Chemical P PolyP Bio P MB 

mgP/gVSS % mgP/gVSS % mgP/gVSS % mgP/gVSS % % 

EBPR fed 
250 

mgCOD/L 
Acetate and 

FeCl3 

0.20 0 15.62 11 120.76 82 10.00 7 96 

EBPR fed 
250 

mgCOD/L 
Acetate 

FeCl3 and 
OP 

6.19 4 31.18 18 123.41 72 10.00 6 97 

EBPR 
sludge 

before AD 
6.46 7 7.26 7 74.78 76 10.00 10 90 

EBPR 
sludge after 

4 hrs AD 
with excess 

Acetate 

65.99 63 7.93 8 21.72 21 10.00 10 96 

With the aim to validate the modified cold PCA fractionation procedure, De Haas et al. (2000) 
applied it to different types of sludges. For all the sludges, the sum of TP in the extracts was 
closely equal to the TP of the mixed liquor. This mass balance demonstrates the ability of the 
fractionation procedure to recover all the phosphorus in the sludge. It therefore provides a high 
confidence in the results and the test itself. The results obtained in the study are in agreement 
with the experimental observations on PAO mechanisms (Henze et al., 1995). For instance, with 
increasing acetate concentration in the feed there was an increase in the polyP fraction (see Table 
3). Moreover, it was also observed that under anaerobic conditions with acetate as substrate, the 
polyP content of PAOs decreases.  

The accuracy of the fractionation procedure was validated by comparing the polyP content with 
predictions from the UCTPHO model. The UCTPHO model assumes a maximum P content of 
0.38 mgP/mgPAOVSS. A good correlation was obtained between this model and the measured 
polyP concentrations. Hence, this demonstrates the ability of the cold fractionation procedure to 
accurately quantify polyP and implicitly shows that there is negligible hydrolysis of polyP to OP 
during PCA extraction. The solubility of the chemical P precipitates in cold PCA is well 
established (Kerdachi & Healey, 1987; De Haas, 1991). Nonetheless, the use of serial short 
extraction steps to dissolve chemical P was unprecedented. As observed from Table 3, there was 
an increase in the OP concentration of the PCA extract when the precipitant FeCl3 is added to 
the EBPR reactor. The increase in OP concentration corresponds to the dissolved chemical P 
precipitates. Although these results suggest that the PCA extract is sensible to chemical 
precipitates, they do not quantify the amount of precipitates that dissolved. As measurements 
such as the dissolved and total iron concentration were not taken, it is difficult to confirm the 
observed chemical P precipitates.  
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In the case where not all precipitates have dissolved in the cold PCA, the chemical P would form 
part of the residual P. This would ultimately overestimate the polyP content and underestimate 
the chemical P content. Furthermore, in the experiments the only precipitates present were 
attributed to the addition of chemical precipitant (FeCl3). The effect of cold PCA on struvite or 
ACP within a short time interval (<5 min) is not known. In a previous study, De Haas (1989) 
showed that 99% of struvite and 82% of ACP are soluble in cold PCA after 30 minutes. Further 
investigations are necessary to determine the behaviour of EBPR WAS precipitates, such as 
struvite or ACP, with the modified cold PCA fractionation procedure i.e., for short extraction 
times with PCA.  

Although the modified cold PCA fractionation procedure has shown great capability in 
differentiating between polyP and chemical P, further considerations are required to use it for a 
full ISS characterisation. Firstly, additional measurements on the extractant are required. In the 
case where FeCl3 is added as a chemical precipitant, it can be assumed (with negligible error 
margin) that the chemical P extracted in PCA is mostly attributed to FePO4. However, when co-
precipitation is not used, there exists two forms of precipitates in EBPR WAS, namely: struvite 
and ACP. Therefore, additional measurements such as MgT, Mg2+, CaT, Ca2+, FSA and TKN 
become important to differentiate between the different types of P precipitates. When polyP is 
released in the bulk solution, it is well established that there is negligible hydrolysis to OP. 
However, no studies have yet determined the fate of the polyP metals (Mg, Ca and K) in the PCA 
extract. If the metals are released to the bulk solution as cations, they will interfere with the 
dissolved metal ions from the chemical precipitates. On the contrary, if they remain attached to 
the released polyP, they will not contribute to the dissolved cations but add to the soluble metal 
concentration. To determine the fate of the metal cations in polyP, the modified cold PCA 
fractionation procedure must be performed on polyP solely and metal cation measurements 
should be taken on the extracts.  

2.6.5 Microscopy 

This section discusses the feasibility of using microscopy in determining the concentration of 
polyP in activated sludge samples. As compared to the previously mentioned methods, this 
approach is rather peculiar as the sample size is relatively small. Nonetheless, the use of 
microscopy in the wastewater treatment field is not new. Microscopy has been used to 
characterise activated sludge in terms of the bacteria, such as filamentous or floc-forming (which 
affects the settleability of the sludge). Furthermore, with the aim to understand the metabolism 
of certain microorganisms, microscopy has been used in research to study the internal 
composition of these microorganisms. Since the very first use of conventional methods such as 
bright-field or phase contrast microscopy, various new approaches and technologies have been 
developed to yield better results. The methods that can be used to determine the polyP content of 
an activated sludge sample are outlined below. 

2.6.5.1 Staining methods 

The use of microscopes such as bright-field or phase-contrast solely is not sufficient to identify 
polyP inside microorganisms. For this reason, staining with a dye is required for the microscopic 
identification of polyP. There exist three types of staining methods for polyP identification, 
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namely: Neisser, Loeffer’s and DAPI (4’ ,6-diamidino-2-phenylindole dihydrochloride) staining 
(Serafim et al., 2002). 

Until recently, the most common method for polyP detection was Neisser staining. It has notably 
been used in the wastewater field to qualitatively study the metabolism of PAOs (van Groenestijn 
et al., 1988; Blackall et al., 2002; Günther et al., 2009; Mesquita et al., 2013). In this method, 
methylene blue is used to stain a smear (generally a droplet of the sample spread on a glass side) 
of activated sludge sample. The methylene blue is dissolved in an acidic solution. After rinsing 
the glass slide, a counter stain solution (Bismarck brown or chrysoidin Y) is then passed through 
the sample. The smear is then analysed under a bright-field microscope with the help of oil 
immersion (APHA, 1985). Loeffer’s staining method skips the counter stain and the smear is 
analysed directly after application of methylene blue. Figure 12a and Figure 12b show an EBPR 
sludge sample analysed via Neisser and Leoffer’s staining methods, respectively.  

 
Figure 12. a): EBPR sludge Neisser staining (1000x) b): EBPR sludge Loeffler’s (1000x). 

Obtained from Serafim et al. (2002) 

Methylene blue is the active component in both the Neisser and Loeffler’s methods. It is a 
metachromatic cation dye with a very high affinity for the volutin granules. When bound to polyP 
volutin granules, its light absorption changes and it produces a colour that contrasts with the other 
cell contents. With Neisser staining, dark purple dyed volutins (shown by arrow marked on 
Figure 12a) against pale brown cells is obtained. With Loeffer’s staining, volutin granules are 
dyed pale pink with a blue cell background. Neisser staining method is more suitable than 
Loeffer’s for the identification of variable amounts of polyP due to the high contrast between 
volutin granules and the cell. When high concentrations of polyP are expected, as in the aerobic 
sludge of EBPR, both Neisser’s and Leoffer’s staining methods are considered suitable. The use 
of these two staining methods offers the possibility to quantify the amount of polyP in EBPR 
sludge. However, the raw data obtained from microscopic analysis is qualitative in nature. This 
raw data must be further processed to convert into quantitative concentrations (this is further 
discussed in Section 2.6.5.2).  

DAPI is a fluorescent dye that is usually used for DNA detection. It is also becoming more 
popular in EBPR studies and for in-situ microbiological characterisation of activated sludge. At 
high dye concentrations (50 µg/L), DAPI can stain polyP granules and lipid inclusions (Tijssen 
et al., 1982; Streichan et al., 1990). PolyP granules stains are bright yellow) while lipid inclusions 

a b 
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display a weak yellow colour (see top left corner of Figure 13b) which fades after a few seconds 
(Streichan et al., 1990; Serafim et al., 2002). The DNA of PAOs stains blue and thus there is a 
clear contrast of polyP against the cell. Furthermore, DAPI staining offers the advantage of being 
easily combined with fluorescence in-situ hybridization (FISH) analysis. For these reasons, 
DAPI has been used to study the microbiology of PAO cultures in EBPR sludge. To name a few, 
it has been used to: (i) determine the relative abundance of different genus of PAOs (Crocetti et 
al., 2000; Kawaharasaki et al., 2002) and their respective polyP uptake (Kawaharasaki et al., 
1999); (ii) determine the polyP and PHA accumulation traits (Liu et al., 2001) and (iii) study the 
dynamics of PAOs (Günther et al., 2009).  

 
Figure 13. a): DAPI and FISH probe staining of mixed culture (Günther et al., 2009). 
b): Stained cells of m.phosphovorus with DAPI and DNA probe (Seviour et al., 2003) 

Despite DAPI fluorescent staining presenting several advantages when qualitatively assessing 
EBPR sludge, a quantitative assessment is not as straight-forward. The intensity of the volutin 
granules is proportional to the concentration of polyP. Subsequently, at low concentrations of 
polyP inside the cell, the intensity of the fluorescence is low. Kawaharasaki et al. (1999) 
mentioned that below 400 µmol polyP/g dry cells, it becomes hard to differentiate between lipid 
molecules and polyP granules. Hence, the result of a quantitative image analysis (QIA) on a 
DAPI sample containing low polyP concentrations (such as the AD effluent) is likely to be 
largely overestimated. In case of EBPR WAS, which is wasted from the aerobic region, the polyP 
content is expected to be very high and thus this error is likely to be marginal.  

2.6.5.2 Quantitative image analysis  

As opposed to qualitative image analysis, QIA is a task that requires complex computation of 
data obtained from microscopy images. This technique can be broadly divided into three parts: 
image acquisition, processing and analysis. With higher processing capacities as well as better 
image acquisition technologies, studies using QIA is becoming increasingly common in the 
wastewater field. Table 4 summarises some of these studies.  

a b 
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Table 4. Studies using microscopy with qualitative image analysis in the wastewater treatment fields 
(Mesquita & Amaral, 2013) 

Plant Microscopy Objectives References 

Lab-scale 
Bright-field and 
epifluorescence 

Identification of different types of 
bulking in an AS system 

(Mesquita, Amaral & 
Ferreira, 2011) 

Full-scale 

Epifluorescence 
and Confocal 
laser scanning 

microscopy 
(CSLM) 

Antibiotic could change the 
activated sludge bacteria 

composition, according to their 
Gram type and bacterial death was 
followed by bacterial disintegration 

(Louvet et al., 2010) 

Lab-scale Phase contrast 
Filamentous bulking related to the 
increase of total filament length 
and with change in floc shape 

(Jenné et al., 2004) 

Pilot-scale Bright field 
Filamentous bulking detected using 

synthetic or municipal water 
(Da Motta et al., 2003) 

Lab-scale 
SBR 

Phase-contrast 
Image analysis information as an 

indication for the amount of 
suspended solids in the effluent 

(Jenne et al., 2005) 

Lab-scale 
EBPR 

Epifluorescence 
Determination of glycogen 
concentration inside PAOs 

(Mesquita et al., 2013) 

Full-scale 
FISH and 

CLSM 

Demonstration of a quantified 
method for enumerating bacteria in 

samples in which cells are 
homogenously distributed 

(Daims et al., 2001) 

 

As deduced from Table 4, most studies that have used QIA aimed at understanding sludge 
settleability. Some studies have also used QIA to obtain absolute or relative abundance of 
different bacteria in AS. Conversely, the use of QIA to determine the concentration of 
intracellular compounds is very rare. In this regard, the study by Mesquita et al. (2013) was 
performed to predict the concentrations of PHA (PHB and PHV) and glycogen in EBPR sludge 
samples using microscopy images. A model was developed by linearly regressing the stain 
intensity of intracellular compounds against measured concentrations on offline methods. The 
EBPR sludge samples were stained with nile blue and aniline blue dyes to determine the 
intracellular concentrations of PHA and glycogen, respectively. Sludge samples (each of 1 ml) 
were taken at the end of the aerobic and anaerobic stages of an EBPR system. Nile blue or aniline 
blue was added to the pellets (solid residues) of the centrifuged sludge sample. After removing 
excess stains with acetic acid, the stained cells were re-suspended in NaCl solution. A pipette 
with a sectioned tip (to allow large sludge particles through) was used to deposit 10 µL on three 
microscopy slides for each sample. Images were acquired using epifluorescence microscopy in 
the bottom, middle and top of the slides resulting in 150 images per slide. The sludge samples 
were also analysed offline using gas chromatography and high-performance liquid 
chromatography for PHA and glycogen, respectively.  
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Using partial least square regression, a model was developed relating the intensity and area of 
fluorescence to the concentration of the intracellular compounds. The images were first 
processed to allow for the identification and quantification of glycogen and PHA inclusions area. 
This involved format conversion of the original image, background corrections and segmentation 
of the image. From the processed images, parameters such as total and average intensity of 
background corrected images, total area of glycogen or PHA molecules were obtained and used 
in the partial least square regression.  

Good correlation was obtained for the intracellular concentration of glycogen (R2=0.85) whilst 
poor correlation was obtained for PHB, PHV and PHA (R2 of 0.62, 0.53 and 0.61, respectively). 
A few factors were identified in the study to justify the poor correlation. Firstly, it is believed 
that due to low biomass fragmentation, some PHA were concealed in the processed images. It 
was also speculated that interference from other stained materials such as lipid molecules could 
have contributed to the poor correlation. Additionally, Mesquita et al. (2013) pointed out that a 
major challenge in QIA is the inability to accurately differentiate between the features within an 
image. A major source of error can also originate from the sampling size when performing 
microscopy. Such a small sample size (10 µL) is not likely to represent the distribution of the 
sludge across the bulk liquid. Nonetheless, the good correlation obtained for glycogen shows that 
the combination of microscopy and QIA is a potential approach to quantify intracellular 
compounds.   

2.6.6 Nuclear magnetic resonance (NMR) analysis  

In vitro NMR technology allows the non-invasive investigation of intracellular physiology. The 
use of NMR in the wastewater treatment field is not very common. In the past, this analytical 
technology has been used mostly in research to study the metabolism and intracellular processes 
of microorganisms. In this regard, in vitro 31P NMR has been used to detect polyP molecules  
(Roberts & Jardetzky, 1981; Balaban, 1984; Fernandez & Clark, 1987). The linear polyP 
molecules show a strong resonance at -21 ppm and thus are easily recognisable in an NMR 
spectrum. Although the detection of polyP molecule is widely reported, its quantification using 
NMR techniques has not been investigated up until now. Quantification of molecules using NMR 
analysis is done via comparison between the peak areas of a sample with those of a standard 
solution. There are two major challenges to this task. Firstly, there is limited literature to support 
the use of NMR to quantify polyP in sludge. Secondly, it is very likely that noise generated from 
other compounds in the sludge affects the quantification of polyP. 

2.6.7 Anaerobic digestion  

Anaerobically digesting an NDEBPR WAS sample can be used to characterise its inorganic 
solids. In this method, the polyP is released into the bulk solution as its hydrolysis is occurring. 
Harding and Ekama (2009) show that the complete hydrolysis of polyP P occurs within 5 days. 
Measurements taken at the start and the end of the anaerobic digestion (after 5 days) can thus 
yield the polyP concentrations of the sludge. However, there are two major limitations to this 
method. Firstly, the anaerobic digestion takes place over five days and thus the characterisation 
of the ISS will be equally long. Secondly, if mineral precipitates are present in the mixed liquor 
suspended solids (MLSS), it is likely that the solution is already oversaturated with respect to 
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these mineral precipitates. As the release of P and counter-ions occur, the ions will precipitate 
out of the solution and the polyP concentration will be underestimated. The mineral precipitate 
concentration will be overestimated.  

2.6.8 Differential settling using a settleometer  

Using the differential settling velocity of the ISS components is also a potential method to 
characterise inorganic solids. The settleometer is a device made up of five vertical transparent 
PVC columns of equal height and increasing internal diameters (Poinapen et al., 2009). From the 
smallest diameter tube side, wastewater or sludge is pumped at a fixed flowrate. The smallest 
diameter column has the highest upflow velocity and thus only the fastest particles will settle. 
Conversely, the largest diameter column has the slowest upflow velocity and therefore the 
slowest particles will settle.  

Mineral precipitates and sludge particles have different settling velocities due to their different 
densities and molecular structures. Thus, if a sample of sludge and mineral precipitates is passed 
through a settleometer, these compounds are expected to separate in different settling tubes. 
Samples from the settling tube can be tested for metals, N and P to determine the polyP and 
mineral precipitate concentrations. However, there are two limitations to this method. Firstly, it 
is likely that the mineral precipitates are enmeshed in the sludge flocs and thus they will settle 
together. Secondly, the use of the settlometer requires a large volume of WAS. As the sample 
needs to be fresh (to prevent premature release of polyP), the WAS has to be sourced from the 
lab-scale NDEBPR WAS system. Lab-scale system usually generates a low waste volume due 
to small reactor sizes. Consequently, the fresh WAS has to be highly diluted to reach this target 
volume, resulting in the dissolution of mineral precipitates present in the sample.  

2.6.9 Closure  

An array of potential base methods was identified in the literature review, including physical, 
chemical and microscopy methods. The advantages and challenges of these methods with respect 
to characterizing inorganic solids were also highlighted. It was found that one of the common 
challenges of the identified methods was the potential formation of mineral precipitates when the 
polyP P and counter-ions are released into the bulk solution. The base methods were evaluated 
in Section 3.3 and the ICT (and data-modelling procedure) was developed using the chosen 
method.  
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3 Methodology 

3.1 General overview 

To accomplish the objectives of this research, a sequence of logical steps was followed. The ISS 
characterisation procedure was made up of two major components: a laboratory test protocol 
(from this point onward this will be referred to ISS characterisation test (ICT)) and a DMP. The 
former is a laboratory test that can be applied to sludge or wastewater sample to provide input 
data to a DMP for the characterisation of ISS. The output of the DMP was then evaluated. The 
following points outlines the development of these two components: 

• The approach taken towards the development of the ICT was to identify base methods 
from previous literature, and thereafter modifying them to provide the required analytical 
measurements to the DMP. Several potential base methods for the ICT were identified in 
Section 2.6.  

• The next step was a critical assessment in the form of a multicriteria decision analysis on 
the potential base methods for the ICTs. The assessment was described in Section 3.3.  

• The third step involved the modification of the selected base method into an ICT. 
•  Once the ICT was developed, a sample pool was defined. This step was critical as it 

identified the samples used for the evaluation of the ISS characterisation procedure. 
•  A data modelling procedure, described in Section 3.6, was developed to fully 

characterise ISS into its different component concentrations.  
• The next step was the collection of data from the application of the ICT and DMP on the 

defined sample pool. The results are presented and evaluated in Chapter 4. Figure 14 
shows a schematic of the methodology. 

 
Figure 14. Schematic showing a general overview of the methodology and the interrelation between the 

different chapters 
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3.2 Experimental background and approach  

Total suspended solids of NDEBPR WAS is generally considered to comprise of active biomass, 
endogenous residue, reactor-accumulated inorganic sediments (e.g., clay, silt and sand), and 
reactor-accumulated influent unbiodegradable particulate organics (UPO). The ISS is made up 
of the reactor-accumulated influent ISS, biomass ISS and polyP (Ekama and Wentzel (2004); see 
Section 2.2). Mineral precipitates have also been observed in some experimental studies, 
although their formation is currently included in very few AS system models (e.g., ASM2-3P; 
Ikumi and Harding, 2020) without any validation base. The contribution of accumulated influent 
ISS to NDEBPR WAS ISS can be determined using Wentzel et al. (1990) steady state model 
(see Section 2.4.1), according to the approach of Ekama and Wentzel (2004). The biomass ISS, 
which is only a consequence of the total solids test procedure, is based on a validated ratio of 
0.15 mgISS/mgVSS and can thus be calculated using the concentration of biomass generated 
(Ekama and Wentzel, 2004). 

In NDEBPR AS system, polyP is calculated assuming a maximum uptake of 0.38 
mgP/mgPAOVSS (Wentzel et al., 1990). This value has generally shown high correlation of 
model predictions with measured values on P removal (Ikumi et al., 2015). However, depending 
on several factors such as anoxic P uptake, availability of metal cations and phosphate ions, 
PAOs might not achieve this maximum P removal. The uptake of metal cations has also seen to 
vary considerably and the factors driving the metal cations uptake are currently unknown. 
Furthermore, as PAOs move from the aerobic zone of the AS reactor to the subsequent units, 
they could experience environments that would favour the release of polyP (Ikumi and Ekama, 
2019; Ikumi and Harding, 2020). As already noted, mineral precipitates have rarely been 
modelled in activated sludge system. It is typically assumed that the ionic strength is too low for 
precipitation to occur. Precipitation, albeit low concentrations, have been observed in EBPR 
WAS in the past, especially in membrane reactors. Furthermore, as the sludge is thickened in 
DAF reactors, CO2 stripping causes the pH to rise and could possibly favour mineral 
precipitation. It can thus be deduced that in a sample of EBPR WAS, there are two forms of ISS 
that carry the most uncertainty in their concentrations: polyP and mineral precipitates.  

Due to these uncertainties, analytical measurements taken directly on a sludge or sewage sample 
containing polyP and mineral precipitates do not yield meaningful results that can be used as 
input in a DMP. For instance, total magnesium, calcium, or phosphorus measurements on a 
EBPR sludge sample could be originating from struvite, ACP or polyP as all three can be 
potentially present. The aim of the ICT is to distinguish between polyP and mineral precipitates, 
such that the subsequent analytical measurements can then be used in a DMP to characterise the 
inorganic solids.  

3.3 Assessment of potential base methods for the ISS characterisation test 

A base method was selected among the potential tests identified in literature based on a multi-
criteria decision analysis. The criteria for this assessment are: (i) complexity and robustness of 
the subsequent DMP, (ii) availability of literature that supports the likelihood of test being 
successful, (iii) complexity in carrying out the test (by the experimenter) in the Water Quality 
Laboratory, (iv) expected accuracy of the test results, (v) expected reproducibility of the test 
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results, (vi) amount of data processing required before data modelling, (vii) availability of 
equipment and (viii) expected expenditure in carrying out the test. Each criterion was given a 
weightage based on their relative importance to the context of this study. The scoring system and 
the results of the multi-criteria analysis are shown in Appendix F. The highest score was achieved 
by the cold PCA fractionation procedure by De Haas et al. (2000) (described in Section 2.6.4). 
The cold PCA fractionation procedure is relatively straightforward to perform, and results in a 
simple DMP. Furthermore, there is established literature supporting the reliability of this method 
in distinguishing polyP from mineral precipitates.  

3.4 Experimental set up  

3.4.1 UCT AS system 

To obtain the polyP compound, a biological system with EBPR was required. As part of a parallel 
research project, a 62.5 L UCT AS system with membranes (for physical separation) was set-up 
(see Figure 15) and operated at a 12-day sludge age. This AS system was operated to promote 
growth of an enhanced PAO biomass culture, which was achieved by gradually increasing the 
ratio of synthetic feed wastewater (made up of high concentration of propionate) to real 
wastewater. Through the parallel study, propionate was found to be a favourable substrate for 
PAOs to sequester anaerobically. With a large portion of the influent substrate utilised 
anaerobically by PAOs, the other AS system biomass would be limited in competing for organic 
substrate because the anaerobic zone was the first to be exposed to the influent feed. Together 
with the provision of sufficient macronutrient and micronutrient quantities as part of the feed 
(i.e., metals such as Mg, K and Ca and nutrients such as P) provided PAOs with the competitive 
advantage in the system required for their enhanced growth. The set-up and the operation of the 
UCT AS system towards promoting the growth of enhanced PAO biomass was based on the 
study by Wentzel et al .(1988). The anaerobic reactor was operated at a volume of 30.5 L, the 
anoxic at 4.4 L and the aerobic at 29.0 L with the mass repartition between the anaerobic: anoxic: 
aerobic zones as 0.21:0.06:0.72. The inoculum of biomass used to start the AS reactors was 
obtained from Bellville wastewater treatment works in Western Cape, South Africa. 

An influent wastewater of 1000 mgCOD/L was fed continuously to the UCT AS system, with 
the percentage of synthetic wastewater gradually increasing. The system was initially fed with a 
1:1 ratio of settled wastewater to synthetic wastewater. As the PAOs grew accustomed to the 
feed, the percentage of settled wastewater was decreased in intervals of 10-20%. The final 
percentage of synthetic and settled COD were 76% and 24%, respectively. In addition to the 
propionate, the final synthetic feed also consisted of the following macronutrients: 50 mg/L of 
magnesium chloride hexahydrate (MgCl2.6H2O), 120 mg/L of dipotassium hydrogen phosphate 
(K2HPO4) and 0.5 g of yeast for metabolic purposes. The selection of these specific compounds 
is explained in the study by Thela & Ikumi (2022). The temperature was maintained at 20 ºC and 
the pH between 7.3-7.5 by dosing sodium hydroxide pellets to the anaerobic zone and 
hydrochloric acid to the aerobic zone. At steady state, 4 L of AS was wasted per day. Tests such 
as COD, TKN, TP, and total solids were carried out from samples extracted at various points 
(influent, anaerobic reactor, aerobic reactor, reaeration tank, and effluent) to determine if steady 
state has been reached, as well as evaluating the P-removal performance. The results of the tests 
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are available in the parallel study (Thela & Ikumi, 2022). The measured data was used as input 
in the Wentzel et al.(1990) steady state model (see Appendix C) to characterise the WAS. The 
characterisation of the steady state WAS is shown in Section 4.1. The WAS was immediately 
used in the ICT.  

 
Figure 15. A 62.5 L NDEBPR AS system operated at the University of Cape Town at a 12-day sludge age 

3.4.2 Sequencing batch reactor  

As part of this project, a sequencing batch reactor (SBR) was set-up as another means to obtain 
an enhanced culture of PAO. This was run in conjunction with the UCT AS system. However, it 
was found that the UCT AS system achieved a steady state enhanced culture before the SBR 
system and hence the WAS was obtained from the UCT AS system for the ICT. The SBR system 
will nonetheless be used for a parallel research and a brief description of the system is given in 
Appendix B and may be used for future reference.  

3.4.3 ISS characterisation test  

In Section 3.3, it was deduced that the cold fractionation procedure by De Haas et al. (2000) was 
the most suitable base method for the ICT. De Haas et al. (2000) has concluded that this method, 
as described in Section 2.6.4, can be used to broadly fractionate EBPR sludge P content into 
mineral precipitate P and polyP P. It was also shown that the cold PCA acid can effectively 
dissolve mineral precipitate with negligible hydrolysis of polyP. In these circumstances, the ISS 
components exist in phases that are distinguishable in analytical measurements (see Figure 16).  

 
Figure 16. Effect of cold PCA extraction of NDEBPR WAS. Left: Original NDBER WAS. Right: PCA extract  
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In addition to dissolving mineral precipitates, the cold PCA also lyses the bacteria cell wall and 
therefore all cell contents, including polyP, are released into the bulk solution. However, as the 
extraction is carried out at a low temperature, the hydrolysis of polyP is negligible in a short 
timespan (<5 minutes). Hence, the dissolved ion concentrations in the PCA extract should 
theoretically correspond to the mineral precipitate ions. The difference between the total soluble 
and dissolved ion concentration should correspond to the polyP ions concentrations (taking into 
account the ions from the hydrolysis of biomass). In this study, the influent to the UCT AS system 
was largely synthetic and soluble with a small proportion (25%) of filtered raw wastewater. It is 
therefore assumed that there is negligible hydrolysis of UPOs. 

Figure 17 shows a schematic of the cold fractionation procedure. The experimental procedure 
adopted in this study is similar to De Haas et al. (2000), although additional analytical 
measurements were taken on the extractants as shown in Table 5. The cold fractionation 
procedure, together with the additional analytical measurements is referred to as the ICT.  

 
Figure 17. Schematic diagram of the ISS characterization test (ICT) 

First, a 50 ml sample (as defined in Table 7) was centrifuged at 2500 rpm for five minutes. The 
supernatant was extracted and transferred to a sampling flask. To the pellet (solid residue) from 
this first step, 10 ml of 0.9% NaCl solution was added. The NaCl wash extracts any loose ions 
attached to the sludge. The supernatant was then extracted after centrifugation. The extract was 
pooled together in the sampling flask. For each test case the supernatant was analysed for soluble 
ion concentrations as outlined in Table 5. This step was aimed at determining the concentrations 
of soluble or loosely bound ions inherently present in the sample.  
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Table 5. Analytical measurements on the different extracts of the cold fractionation procedure 

Test Case Supernatant Perchloric acid extract 
(PCA) 

Residual extract 

A Mg2+   FSA OP 
MgT Mg2+ TKN FSA TP 

OP 
MgT Mg2+ TKN FSA 

TP OP 

B Ca2+ OP Ca2+ CaT TP OP Ca2+ CaT  TP OP 

C Mg2+ Ca2+ FSA OP 
Mg2+ MgT Ca2+ CaT FSA 

TKN TP OP 
Mg2+ MgT Ca2+ CaT 
FSA TKN TP OP 

D - G Mg2+ Ca2+ FSA OP K+ 
Mg2+ MgT Ca2+ CaT FSA 

TKN TP OP KT K+ 

Mg2+ MgT Ca2+ CaT 
FSA TKN TP OP KT 

K+ 

Using the pellet from step 2, a 0oC acid extraction was then carried out. A solution of 0.5 M PCA 
was made up using a standard concentrated solution of PCA (>98%). The acid solution was 
allowed to cool at 0 ºC in a freezer. The centrifuge tube containing the pellet from step 2, was 
placed in a jacketed reactor at 0 ºC. To the pellet, 20 ml of 0.5 M PCA at 0oC was added. The 
centrifuge tube was allowed to stand in the jacketed reactor for five minutes. Thereafter, it was 
centrifuged at 2500 rpm for five minutes in a refrigerated centrifuge; the solution was then 
extracted and transferred to a sampling flask. The acid extraction step was repeated three times 
and the solutions were pooled in the same sampling flask. Analytical measurements (see Table 
5) were immediately taken on the PCA samples. The residual pellet was re-suspended in 50 ml 
of deionised water (the same volume as the initial MLSS sampled). Analytical measurements 
were also performed on the residue.  

3.5 Analytical tests  

3.5.1 TSS, VSS and ISS concentration 

Solid masses of the original samples (NDEBPR WAS and the mixture of NDEBPR WAS and 
mineral precipitates) were determined using the total solids test (APHA, 1985). A 50 ml sample 
was centrifuged at 2500 rpm for 10 minutes. The supernatant was discarded, and the pellet was 
washed from the centrifuge tube into a pre-weighted empty crucible (mass A). The crucible was 
thereafter allowed to dry in an oven at 105 0C for 24 hours. After cooling in a desiccator, the 
crucible with its contents was reweighted (mass B). The difference in mass between mass B and 
mass A corresponds to the TSS concentration of the sample, as shown in Equation 3.1 below. 

To determine the VSS and ISS concentration of the sample, the crucible with its dried contents 
was then incinerated at 600 0C for 20 minutes. The crucible was then reweighted (mass C) after 
cooling in the desiccator. The ISS concentration corresponds to the difference between mass C 
and mass A as shown in Equation 3.2. The VSS concentration is the difference between TSS and 
ISS concentration , as shown in Equation 3.3. 

N$$	(5?3; =)⁄ = #5??	O − #5??	0	 (3.1) 
:$$	(5?3; =)⁄ = #5??	V − #5??	0 (3.2) 

G$$	(5?3; =)⁄ = N$$ − :$$ (3.3)  
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3.5.2 Total phosphate (TP) and orthophosphate (OP) 

The TP and OP were measured using the molybdate-vanadate colorimetric method (APHA, 
1985). For the TP test, a 20 ml sample is first digested to transform the organically bound 
phosphates, mineral phosphates, and the polyPs into orthophosphates. The digestion procedure 
consisted of boiling the sample at 97 ºC with a mixture of 0.5 M sulphuric acid (5 ml) and 6% 
potassium persulphate (5 ml). A solution of molybdate-vanadate is added to 5 ml of the digested 
mixture and allowed to stand for 30 minutes. The colour reagent is prepared as described by 
APHA (1985). The intensity of the yellow colour formed is proportional to the concentration of 
orthophosphate. Standard orthophosphate samples (5, 10, 15 and 20 mgP/L) were also taken 
through the same steps. A discrete analyser (GalleryTM Discrete Analyzer, ThermofisherTM), that 
performs automated photometric analysis was used to determine the absorbance of each sample 
and that of the standard OP solutions. By plotting the absorbance versus the OP concentration 
for standard OP solutions, the concentration of OP for the sample can be found using the sample’s 
absorbance. For the OP test, the digestion step was omitted for both the sample and the standard 
OP solutions. If concentrations were expected to exceed 100 mgP/L, the samples were diluted 
before testing. For the ISS characterisation test, water at 0oC was used for dilution to prevent 
hydrolysis of polyP at higher temperatures.  

3.5.3 Total Kjeldahl Nitrogen (TKN) and Free and Saline Ammonia (FSA) 

The TKN (which equals to total nitrogen excluding nitrates and nitrites) and FSA (dissolved NH3 
and NH4+) are measured based on the semi-Micro-Kjeldahl Method, 420B (APHA, 1985). For 
the TKN test, the samples were first digested with a digestion mix containing sulphuric acid 
solution and potassium sulphate. The digestion mix was prepared as explained in the standard 
methods for water and wastewater examination (APHA, 1985). The digestion converts the 
organic N or mineral N into ammonia or ammonium. The sample was then steam distilled using 
a micro-distillation apparatus with sodium hydroxide. The ammonia from the sample is stripped 
and condensed into a boric acid solution (APHA, 1985) which turns green or yellow depending 
on the nitrogen concentration. The sample was then titrated back with 0.001 M sulphuric acid 
until the original purple colour of boric acid was obtained. For the FSA test, the digestion step 
was omitted, and the sample was directly steam distilled. 

3.5.4 Metal cations  

The metal cations namely: Mg2+, K+, Ca2+ were measured using the discrete analyser (GalleryTM 
Discrete Analyzer, ThermofisherTM). This instrument measures the concentration of dissolved 
ions/compound by measuring the absorbance of specific wavelengths of light passing through a 
sample. A reagent is added to the filtered sample, which then develops a colour intensity. The 
intensity of the colour is proportional to the concentration of the compound/ion. The instrument 
was calibrated with solutions of known concentrations such as to generate a calibration curve. 
After measuring the absorbance of the sample, its concentration is then determined from the 
calibration curve. For total metal concentration, the sample was first digested with 0.5 M 
sulphuric acid and 6% (v/v) potassium persulfate solution, similar to the TKN and TP digestion 
method. 
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3.6 Data modelling procedure  

3.6.1 Data-modelling procedure I  

The DMP I was used to process the results of the ICT into a fully characterised ISS. The 
following points outlines the development of the DMP I.  

• The Mg in struvite (Mg2+struv) is equal to the measured concentration of soluble Mg in 
PCA extract (Mg2+PCA). This implies that there is negligible interference of Mg from 
polyP hydrolysis and complete solubilisation of struvite in PCA.  

• The polyP Mg is equal to the complex Mg (Mgcpx) as there is negligible concentration of 
Mg in biomass. To obtain Mgcpx, the sum of Mg in the PCA (MgT,PCA) and residual 
(MgT,R) has to be determined first, using Equation 3.4. The polyP Mg concentration 
(Mgcpx) is then obtained by subtracting the soluble Mg in the PCA (Mg2+PCA) from MgT,PR 
as shown in Equation 3.5. 

[#;",'D] = [#;",'P(] +	 [#;",D]	 (3.4) 
[#;E>Z] = [#;",'D] 	− 	 [#;XJ'P(] (3.5) 

• The Ca in ACP (Ca2+ACP) is equal to the measured concentration of soluble Ca in the PCA 
extract (Ca2+PCA). This assumes that there is negligible interference of Ca from polyP 
hydrolysis and complete solubilisation of ACP in PCA.  

• The polyP Ca is equal to the complex Ca (Cacpx) as there is negligible Ca in biomass. To 
obtain Cacpx, the soluble Ca in the PCA (Ca2+PCA) is subtracted from the sum of Ca in the 
PCA and residual (CaT,PR) as shown in Equation 3.6. 

[V5E>Z] = [V5",'D] 	− 	 [V5XJ'P(]	 (3.6) 

• The polyP K is equal to the complex K (Kcpx) as there is negligible concentration K in 
biomass. To obtain Kcpx, the soluble K in the PCA (K+PCA) is subtracted from the sum of 
K in the PCA and residual (KT,PR) as shown in Equation 3.7. It was seen in section 2.2. 
that K-struvite does not precipitate in EBPR systems. As there is no mineral precipitate 
with K, K+PCA is expected to be close to zero.  

[]E>Z] = []",'D] 	− 	 []J
'P(]	 (3.7) 

• P is present in polyP, ACP, and struvite. The OP content of the PCA corresponds to the 
P content of the ACP and struvite provided that all mineral precipitates dissolve and polyP 
does not hydrolyse. Using the Mg content of struvite (Mg2+struv) and the elemental molar 
ratio of Mg:P (1:1) (denoted as MP,Struv:MMg,struv) in struvite (MgNH4PO4.6H2O), its P 
content (Pstruv) was determined (see Equation 3.8). By subtracting the struvite P content 
(Pstruv) from the PCA extract OP concentration (PO43-PCA), the ACP P content was 
obtained, as shown in Equation 3.9.  

[&5;K9%] = [M!,struv:	M(),struv] 	× 	
[Mgstruv]

24	3;^/3A4 × 	31	3;&/3A4	 
(3.8) 
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[&(P'] = [E&'P(] 	− 	 [&5;K9%]	 (3.9) 

• To obtain the complex P (Pcpx: polyP P and biomass P), the soluble P in PCA (OPPCA) is 
subtracted from the sum of P in the PCA and residue (TPPR) as shown in Equation 3.10. 
The polyP (PPP) was then obtained by subtracting the nucleic P (Pbio) from the complex 
P (Pcpx) as shown in Equation 3.11. The nucleic P content of 0.01 mgP/mgVSS was used 
in the DMP I. It should be noted that this value used by De Haas et al. (2000) is different 
from the fp value of 0.025 mgP/mgVSS reported by Ekama and Wentzel (2004). 
However, high correlation with modelled polyP was obtained in De Haas et al. (2000) 
investigation, and was also used in the DMP I.  

[&E>Z] = [TP!*] 	−	[OP!+,]	 (3.10) 
[&''] = [&E>Z] 	− 	 [&3/=] 	= 	 [&E>Z] 	− 	">	[%[]	 (3.11) 

• At this point, the elemental composition of the ISS components has been determined. 
Hence, the ISS concentrations (in terms of mgISS/L) can be calculated as shown in the 
last column of Table 6. 

• The output of the DMP I can be verified by comparing the molar ratio of the different 
elements from the DMP I to theoretical ratios of the compounds. The molar ratio of Ca:P 
in ACP can be checked against literature value of 3:4. Similarly, the molar ratio of polyP 
(Mg:K:Ca:P) can also be verified against literature, although the reported values vary 
across different studies. 

• The N content of struvite (Nstruv) was obtained by using the elemental molar ratio of Mg:N 
(1:1) in struvite. Given that there is negligible release of N from biomass in the PCA 
extract, the FSA of the PCA (FSAPCA) should be equal to Nstruv. Following this 
assumption, the N content of the complex fraction should be equal to the N content of the 
biomass (Nbio). Table 6 summarises the DMP I into a matrix.  

Table 6. Data modelling procedure I showing the calculations involved in the full characterisation of ISS  

  N (mgN/L) Mg 
(mgMg/L) P (mgP/L) Ca 

(mgCa/L) K (mgK/L) ISS 
(mgISS/L) 

Soluble 
(XSUP) 

FSASUP Mg2+
SUP OPSUP Ca2+

SUP K+
SUP 0 

Struvite 
(Xstruv) 

MMg,struv: 
MN,struv 

Mg2+
PCA  

MMg,struv: 
MP,struv 

0 0 
 MMg,struv x 
MMStruv 

ACP 
(XACP) 

0 0 
OPPCA - 

Pstruv 
Ca2+

PCA 0 
 MCa,ACP x 
MMACP 

Complex 
(Xcpx) 

TKNPR -
FSAPCA 

MgT,PR -
Mg2+

PCA 
TPPR - 
OPPCA 

CaT,PR -
Ca2+

PCA 
KT,PR - K+ - 

Biomass 
(Xbio) 

fn XV 0 fp XV 0 0 
fiPAOBM x 

(XBH + XBG) 

PolyP 
(XPP) 

0 Mgcpx Pcpx - Pbio Cacpx Kcpx fiPAOPP x PPP 
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Where:  
FSASUP: FSA concentration in supernatant extract  
Mg2+SUP: Soluble Mg concentration in supernatant extract  
Nstruv: N concentration in struvite  
TKNPR: Sum of TKN concentration from PCA and residual extract  
TKNMLSS: TKN concentration of MLSS  
Mgcpx: Total Mg concentration of complex compounds (biomass and polyP) 
Pcpx: P concentration of complex compounds (biomass + polyP) 
Pbio: P concentration in biomass (nucleic P concentration) 
OPPCA: OP concentration in PCA extract 
MMg,struv: Molar concentration of Mg in struvite 
fn: N content of biomass or UPO in terms of mgN/mgVSS 
fp: P content of biomass or UPO in terms of mgP/mgVSS 
Xv: Volatile solids concentrations  
fipaoPP: Inorganic mass of polyP = 3.19 mgISS/mgP 
fiPAOBM : Inorganic mass fraction of biomass = 0.15 mgISS/mgPAOVSS (or OHOVSS) 

3.6.2 Data-modelling procedure II 

As discussed later in Section 4.3.1, it was deduced that the DMP I did not yield accurate 
predictions from the ICT results. Hence, a revised DMP (DMP II) was developed and described 
in Section 4.3.2. 

3.7 Defining the sample pool for evaluation of characterisation procedure 

The sample pool is a set of samples that was used to evaluate the feasibility of the ICT and the 
DMP to characterise the inorganic solids. As discussed previously in Section 2.3, there is a 
general lack of information on inorganic solids downstream of the AS reactor. The influent 
wastewater contains inorganic solids mainly in the form of sediments, which can be determined 
in the total solids test. Therefore, it was only deemed necessary to develop the ISS 
characterisation procedure for NDEBPR sludge and its digestate. In the scope of this study, the 
characterisation procedure was evaluated with NDEBPR WAS sample only. Mineral precipitates 
in EBPR WAS occur predominantly in the form of ACP and struvite. Other precipitates such as 
calcite or magnesite occur in very low concentrations (<1 mg/L) and were thus assumed to be 
negligible (see Section 2.2.3). Hence, the samples used for the evaluation of the ICTs were made 
up of NDEBPR WAS, struvite and ACP. The NDEBPR WAS was obtained from the UCT AS 
system, as described in Section 3.4.1. Table 7 defines the different test cases that were used for 
the evaluation.  

Table 7. Samples tested for the evaluation of the ISS characterisation procedure 

Test Case Sample 

A Struvite 

B ACP 

C Struvite & ACP 

D NDEBPR WAS 

E NDEBPR WAS & Struvite 

F NDEBPR WAS, Struvite & ACP 

G NDEBPR WAS, Struvite & ACP 
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Each test case constitutes of a specific objective towards the evaluation of the ISS 
characterisation procedure. For test cases A and B, the samples were made up by adding a known 
amount of struvite (approximately 1000 mg/L) and ACP (approximately 200 mg/L) to deionised 
water, respectively. These test cases were mainly carried out to evaluate if the maximum 
concentrations of mineral precipitates typically present in EBPR systems (see section 2.6.1) were 
fully soluble in conditions imposed by ICTs. The concentration of mineral precipitates in the 
samples were based on the maximum observed concentrations in weak acid/base modelling. It 
should be noted that the struvite used in this study had a state of hydration of three 
(MgNH4PO4.3H2O), which is different to the typical hydration state of struvite 
(MgNH4PO4.6H2O). Thus, the approximate maximum observed concentration of 1300 mg/L was 
adjusted to 1000 mg/L. The objective of test case D was to evaluate the effect of the ICT on a 
NDEBPR WAS sample. Test cases E, F and G were carried out to evaluate the effect of the ISS 
characterisation test on the mixture of NDEBPR WAS and mineral precipitate. The analytical 
measurements from test case F and G were used as input to the DMP. The output from the DMP 
were then assessed against the known concentrations of the inorganic solids.  

3.8 Experimental error and uncertainty 

All experimental measurements recorded carried some error. The errors in the laboratory involve 
both systematic errors, which can occur due to poorly maintained instruments, and random error 
due to instrument resolution (Gaszynski, 2020). The measurement uncertainties in this study 
were reported in percentage error, mean and standard deviation (Carlson, 2002).  

The percentage error was calculated as follows:  

%	,--A-	 = 	
|#,5?2-,7	F542, − N-2,	F542,|

N-2,	F542, %	 (3.12) 

The mean represents the central value for a set of measurements taken for a particular datapoint. 
The standard deviation represents the amount of variation of all measured values from the central 
value. In Chapter 4, instead of reporting the measured values, the mean values accompanied by 
their corresponding standard deviations were used to represent each datapoint, as shown in 
Equation 3.12. The mean and standard deviation were calculated according to Equation 3.13 and 
3.14, respectively. The standard error (represented by error bars) were calculated as shown in 
Equation 3.12.  

< v >=
1
^xv/

\

/]G

 (3.13) 

o^ = y
1

^ − 1x(v/ 	−	< v >)	
\

/]G

 (3.14) 

v =< v > +o^ (3.15) 

$r = 	
o^
√^

 (3.16) 
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*ℎ,-,,	  
< v > = 	#,59	-,5789; 

^ = 	^23!,-	A"	-,5789;? 
v/ = 	',5789;	8	 
o^ = 	$65975-7	7,F8568A9 
$r = 	$65975-7	,--A- 
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4 Results and discussion  
The purpose of this chapter is to present and discuss the trends in the analytical measurements of 
the ICT and the output of the DMP. The evaluation of the procedure was carried out through the 
comparison of the output of the DMP with the known ISS concentrations.  

4.1 NDEBPR WAS characteristics 

The NDEBPR WAS was characterised by calibrating the experimental data generated from the  
UCT AS system against the mass balanced Wentzel et al. (1990) steady state equations (see 
Appendix C). Table 8 shows the results of the characterisation. Details on the system 
performance, as well as further characterisation is provided in Appendix G.  

Table 8. NDEBPR WAS characteristics from the operation of UCT AS system at steady state 

Compone
nt OHOa End. 

OHOb PAOa End 
PAOb UPO PolyP USO Effluent Total 

VSS 
(mgVSS/

L) 
578 336 2967 359 528 0 45 - 4812 

N 
(mgN/L) 47.2 33.6 296.7 35.9 52.8 0.0 1.3 0.3 466 

P 
(mgP/L) 14.4 8.4 74.2 9.0 13.2 310.1 0.1 57.7 487 

a: Active biomass concentration 
b: Endogenous biomass concentration 

It is beyond the scope of this thesis to discuss all the results from operation of the NDEBPR 
WAS. The focus of this discussion is on the polyP, VSS and ISS concentrations generated by the 
UCT AS system as these parameters will be used extensively in this research. According to the 
predictions of the steady state model of Wentzel et al. (1990), which was used to calibrate the 
UCT AS system, 75% of the live biomass was made up of PAOs. The active PAOs constituted 
of about 62% of the total sludge concentration. The ratio of polyP P:PAO VSS varies and can 
reach a maximum of 0.38 mgP/mgPAOVSS (Wentzel et al., 1990). In this sludge, the model 
predicted ratio was 0.11, which is a third of the maximum concentration. This was however 
deemed satisfactory to perform the ICT as the polyP concentration was high enough to conduct 
the evaluation. The polyP concentration of 310.1 mgP/L was determined using Equation 4.1: 

&A4>&	&	(89	3;&/=) 	= 	N&1_22 −	&;A −	">(%[) (4.1) 
*ℎ,-,,	  
N&1_22 = 	N&	1A91,96-568A9	A"	38{,7	48|2A-	 

&;A = 	r""42,96	N&	1A91,96-568A9 
"> = 	0.025	3;&/3;G$$ 
%[ = 	GA45684,	?A487?	1A91,96-568A9 
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The total reactor ISS concentration was calculated from the difference between the total solids 
concentration (XT) and total VSS concentration (XV). According to the total solids test, carried 
out on the NDEBPR WAS, an ISS concentration of 1985 mgISS/L was obtained. 

4.2 ISS characterisation test  

With the aim to evaluate the feasibility of the ICT and DMP to characterise the inorganic solids, 
the test cases outlined in Section 3.7 were carried out. Test case A, B and C were performed to 
evaluate the effect of the ICT on mineral precipitates (i.e., struvite and ACP) whilst test case D 
was carried out to determine the effect of the ICT on NDEBPR WAS samples. Test case E, F 
and G were conducted to evaluate the effect of the ICT on a mixture of NDEBPR WAS and 
mineral precipitate. The analytical measurements for test cases F and G were used as an input to 
the DMP. The following paragraphs discusses the analytical measurements from the test cases.  

4.2.1 Test case A, B and C  

Test cases A, B and C were carried out to determine the solubility of known amounts of mineral 
precipitates under the conditions set by the ICT. For test case A, 50 mg of struvite was added to 
50 ml of deionised water to make up a target concentration of 1000 mg/L. The test case A was 
carried out in triplicate and the average struvite concentration added was 1064 ± 8 mg/L. As 
noted in Section 2.6.4 and Section 3.4.3, the cold PCA is expected to dissolve the mineral 
precipitates. For this struvite concentration, the expected concentration of soluble Mg, P and N 
in the PCA extract (based on the molar fractions of the various elements and the chemical formula 
of struvite and atomic masses of component elements) are 134 ± 1 mgMg/L, 172 ± 2 mgP/L and 
78± 1 mgN/L, respectively (see Appendix H for equations). Figure 18 shows the measured 
soluble Mg, P and N concentrations for the different extracts of ICT. The soluble concentrations 
of the residue extract were negligible and not shown in Figure 18.  

 
Figure 18. Soluble Mg, OP and FSA concentration in the 
supernatant and PCA extract of the ICT for test case A 
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The supernatant extract contained very low soluble concentration of Mg (2.2% of total expected 
Mg), P (3.8% of total expected P) and N (3.5% of total expected N). This demonstrates that only 
a trivial amount of struvite dissolved in the deionised water and NaCl solution. The PCA extract 
contained the majority of the Mg (96% of total expected Mg), P (99% of total expected P) and N 
(96% of total expected N). The residual extract concentration of all elements was negligible 
(<0.5%). Thus, it can be assumed that three 0.5 M cold PCA (0 ºC) extractions is suitable to fully 
dissolve 1000 mg/L struvite.  

Typically, a satisfactory recovery, as calculated using Equation H6 in Appendix H would lie in 
the range of 90–110%. Considering all three extracts, the recovery for the three elements was 
within this range. The molar ratio Mg:P:N in the PCA extract (1:1.02:1.04) was close to the 
struvite theoretical molar ratio of 1:1:1 and provides further confidence in the experimental 
results.  

For test case B, approximately 10.5 mg of ACP was added to 50 ml of deionised water to make 
up a target concentration of 200 mg/L. The test case B was carried out in triplicate and the average 
ACP concentration was 210 ± 7 mg/L. For this ACP concentration, the expected concentrations 
of Ca and P in the PCA extract are 81 ± 3 mgCa/L and 42 ± 2 mgP/L, respectively (see Appendix 
H for calculations). Figure 19 shows the measured soluble Ca and P concentrations for the 
different extracts of the ICT.  

  
Figure 19. Soluble Ca and OP concentration in the 

supernatant and PCA extract of the ICT for test case B 

The supernatant extract contained low soluble concentrations of Ca (2.5% of total expected Ca) 
and P (3.6% of total expected P). This demonstrates that only a small amount of ACP dissolved 
in the supernatant. The PCA contained the majority of the Ca (93% of total expected Ca) and P 
(88% of total expected P). The residual extract concentration of all elements was therefore very 
low (< 9%). Thus, it can be assumed that three 0.5 M cold PCA (0 ºC) extractions are suitable to 
fully dissolve 200 mg/L ACP. Considering all three extracts, the recovery of each three elements 
was within acceptable margin (see Appendix C). 
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For test case C, approximately 50 mg of struvite and 10.5 mg of ACP was added to 50 ml of 
deionised water to make up a target struvite concentration of 1000 mg/L and 200 mg/L of ACP. 
The experiment was carried out in triplicate and the average concentrations of struvite and ACP 
were 1048 ± 8 mg/L and 210 ± 9 mg/L, respectively. For this ACP concentration, the expected 
concentrations of Mg, Ca, P and N are 132 ± 1 mgMg/L, 81 ± 4 mgCa/L, 213 ± 3 mgP/L and 77 
± 1 mgN/L, respectively (see Appendix H for calculations). Figure 20 shows the measured Mg, 
Ca, P and N concentrations of the different extracts of ICT.  

  
Figure 20. Soluble Mg, Ca, OP and FSA concentration in the 

supernatant and PCA extract of the ICT for test case C 

The supernatant extract contained low soluble concentration of Mg (3.2% of total expected Mg), 
Ca (2.1% of total expected Ca) P (4.2% of total expected P) and nitrogen (4% of total expected 
N). Similarly, to test case A and B, this demonstrates that only a trivial amount of struvite and 
ACP dissolved in the supernatant extract. The PCA contained the majority of the Mg (98% of 
total expected Mg), Ca (91% of total expected Ca), P (91% of total expected P) and nitrogen 
(97% of total expected N). The residual extract concentration of all elements was therefore very 
low (<10%). Thus, it can be assumed that three 0.5 M cold PCA (0oC) extractions are suitable to 
fully dissolve up concentrations of struvite and ACP up to concentrations of 1000 mg/L and 200 
mg/L, respectively. Considering all three extracts, the recovery of each of the three elements was 
within an acceptable range (see Appendix C). 

4.2.2 Test case D 

For test case D, the ICT was performed on the NDEBPR WAS sample without the addition of 
chemical precipitates. The NDEBPR WAS was obtained from the UCT AS system as described 
in Section 3.4.1. The characteristic of the WAS sample is presented in Table 8. The main aim of 
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4.2.2.1 Presence of mineral precipitates  

It was first necessary to determine if mineral precipitates were already present in the NDEBPR 
WAS sample. This is because ACP was seen to precipitate on the membrane of the reactor in the 
previous operation of UCT AS system, subsequently affecting the measurements on the extracts. 
The experimental results from a diluted sample were compared to the original NDEBPR WAS. 
The presence of ACP or struvite was identified by comparing the concentration of Ca, Mg, and 
phosphate in the supernatant. In the presence of mineral precipitates, it is expected that the 
supernatant (dissolved) concentrations of Mg, Ca and P all increase due to the dissolution of 
mineral precipitates (ACP or struvite). Figure 21 shows these concentrations in the diluted and 
undiluted NDEBPR WAS sample. 

 
Figure 21. Comparing Ca, Mg and P concentrations to determine the presence of mineral precipitate. 

As seen from Figure 21, the Mg and Ca concentrations increased slightly in the diluted sample 
(by 3.8 ± 0.6 mgCa/L and 5.2 ± 1.2 mgMg/L, respectively), whilst the phosphate concentration 
decreased slightly. It should be noted that in the presence of ACP, the soluble concentration of 
Ca and P would both increase in the supernatant of the diluted sample. In the presence of struvite, 
the concentration of Mg, N and P would increase in the diluted NDEBPR WAS supernatant. The 
concentration of soluble N was negligible in the diluted samples. Hence, it can be deduced that 
the slight increase in Mg and Ca in the supernatant of the diluted NDEBPR WAS is not due to 
the solubilization of ACP or struvite. As the sample was diluted with tap water, it was expected 
that the slight increase in Mg and Ca was due to the inherent hardness of the tap water. From this 
conclusion, it was deemed safe to carry out test cases E, F and G, assuming that the only 
precipitate present in the sample will be equal to the known amount of precipitate added.  

4.2.2.2 Effect of cold PCA on NDEBPR WAS 

As mentioned in Section 2.6.4, during the PCA extraction, De Haas et al. (2000) showed that 
polyP was released into the PCA solution but did not hydrolyse into OP due to the cold 
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WAS, soluble concentrations in the PCA extract would correspond to the mineral precipitate 
ions. However, in De Haas et al. (2000) experiment, no measurements were taken on the metal 
ion concentrations in the extracts. Hence, the effect of cold PCA extraction on counter-metal ions 
is not known. The DMP I (see Section 3.6.1) assumes that the counter-ions are not released in 
the cold PCA extract. If there is significant release of counter-ions in the PCA extract, the 
predictions of the DMP I will be inaccurate. As there is no mineral precipitate in test case D, the 
release of counter-ions in the PCA extract can be identified. Figure 22 shows the soluble and 
total concentrations of Mg, K, Ca, P and N in the different extracts.  

 
Figure 22. Concentrations of soluble and total ions in PCA extract 

It can be observed from Figure 22 that the PCA extract contains soluble concentration of Mg, K, 
Ca, and P. With regards to the OP concentration in the PCA extract, there are several possible 
sources for this ion from the sludge: (i) hydrolysis of biomass cells (ii) redissolution of mineral 
precipitates (iii) breakdown of polyPs. The approximate formula for biomass (OHO or PAO) is 
C5H7O2N0.1P0.025 (Henze et al., 2008). When hydrolysed, the P and nitrogen are released as 
phosphate and ammonium ions (Brouckaert et al., 2010; Ikumi et al., 2014). As the FSA 
concentration in the PCA soluble extract is negligible, it is unlikely that the phosphate ions 
originated from the biomass. In the previous section, it was concluded that the presence of 
mineral precipitates in the original NDEBPR WAS sample was insignificant. Hence, it can be 
deduced that the presence of phosphate in the soluble extract originated from the hydrolysis of 
polyP. Moreover, the high concentrations of Mg, K and Ca in the soluble extract also point 
towards hydrolysis of polyP molecules, as this would result in the release of counter-ions. This 
would contradict the findings of De Haas et al. (2000). However, one study has shown that there 
is up to 25 % of polyP hydrolysis in cold PCA extracts (Müssig-Zufika et al., 1994). In Section 
4.2.2.4, the proportion of polyP hydrolysed in the PCA extract is determined.  

As the concentrations of metals in other wastewater compounds (USO, UPO and biomass) are 
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K and Ca in the PCA extract were also attributed to the hydrolysis of polyP. As the counter-ions 

0

100

200

300

400

500

Mg K Ca P N

C
on

ce
nt

ra
tio

n 
(m

g/
L

)

Supernatant PCA Soluble PCA Total Residue



4-7 
 

Chapter 4: Results and discussion  Oodally Adam 

are hydrolysed in the cold PCA extract, they are released as free ions. It is interesting to note that 
the ratio of Mg:K:Ca:P in the soluble extract was 1.82:0.50:0.87:1 which is significantly different 
from the approximate molar ratio of counter-ions in polyP found in literature (i.e., 0.3:0.3:0.03:1 
(Harding & Ekama, 2009). There are potentially two reasons for this discrepancy: (i) the release 
of polyP counter-ions in PCA acid were varied for each one of the counter-ion, (ii) the polyP 
molecules in the PAOs are significantly different in this study. Although literature has shown a 
range of ratios for polyP counterion (see Section 2.2.2), the abovementioned ratio is significantly 
off from these values. Thus, the latter reason is not likely correct.  

4.2.2.3 Overall recovery 

The overall recovery of each element was defined as the ratio of the sum of elemental 
concentration in each extract to the total MLSS elemental concentrations, as shown in Equation 
H7 (see Appendix H). Typically, in the wastewater modelling environment, a satisfactory 
recovery would be in the range of 90–110%. This range is acceptable as obtaining 100% balance 
under experimental conditions is challenging to achieve due to possible influence of systematic 
and random errors (e.g., cumulative error due from minor calibration problems with the various 
instrumentation used). The overall recovery for Mg, K, Ca, P and N in test case D were 91%, 
114%, 103%, 90%, and 90%, respectively. The recovery was deemed satisfying for Mg, Ca, P 
and N for test case D. Across all readings (for all test cases), it was found that the total 
measurement for K in the residual and PCA extract was not satisfactory. It is likely that the high 
concentration of K from the digestion mixture (see section 3.5.4 for metal cation analytical test 
procedure), negatively affects the accuracy of the discrete analyser through interference. In 
future, with K measurements, it is thus recommended to switch the potassium sulphate with 
sodium sulphate in the digestion mixture for more accurate K measurements.  

4.2.2.4 Recovery of polyP 

The polyP P concentration determined by calibrating the experimental data of the UCT AS 
system against the mass balanced steady state model of Wentzel et al. (1990), was compared 
against the polyP P concentration using the ICT. The polyP concentration from the ICT was 
determined using the De Haas et al. (2000) approach, shown in Equation 4.2. The same equation 
was used in the DMP I.  

&A4>&	&	(3;&/=) = 	 (N&'P( + N&D)2) −	E&'P( 		− 	^214,81	0187	&	 (4.2) 
*ℎ,-,,	  
N&'P( = 	N&	1A91,96568A9	A"	&V0	,{6-516 
E&'P( = E&	1A91,96-568A9	A"	&V0	,{6-516 
N&D)2 = 	N&	1A91,96-568A9	A"	',?87254	,{6-516 

As seen from Equation 4.2, the polyP concentration is obtained from the sum of P from the solids 
(which is equal to the sum of P from the PCA and residue extract), subtracting the soluble P 
concentration in the PCA (which accounts for the dissolved mineral precipitates) and the biomass 
P (nucleic acid P). The soluble P concentration in the PCA extract accounts for P from the 
solubilization of phosphate minerals. The nucleic acid P (or biomass P) is obtained by a ratio of 
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0.01 mgP/mgVSS (De Haas et al., 2000). The modelled VSS concentration is shown in Table 8. 
The polyP concentration was calculated for two scenarios. It was first calculated using the actual 
concentration from the PCA extract, i.e. with polyP hydrolysis. The second scenario assumes 
that the PCA OP concentration is zero i.e., there is no hydrolysis of polyP. The result of this 
analysis is shown in Table 9. 

Table 9. PolyP determination with/without polyP hydrolysis 

Scenario PCA TP 
(mgP/L) PCA OP (mgP/L) Residual TP  

(mgP/L) 
BioP  

(mgP/L) 
PolyP  

(mgP/L) 

With polyP 
hydrolysis 

220.1 ± 3.8 45.8  ±  1.9 112.5 ± 0.4 48.1 238.7 ± 6.1 

With no polyP 
hydrolysis 

220.1 ± 3.8 0.0 112.5 ± 0.4 48.1 284.5 ± 4.2 

Modelled polyP using Equation 4.2 310.1 

With polyP hydrolysis in the PCA extract, the polyP concentration was 238.7 ± 6.1 mgP/L. 
Assuming no hydrolysis in the PCA extract, the polyP concentration was 284.6 ± 4.2 mgP /L. 
The modelled polyP concentration was 310.1 mgP/L (see Section 4.1). In the first scenario, 77% 
of the polyP P was recovered whilst in the second scenario, 92% of polyP P was recovered 
assuming no polyP hydrolysis. Accounting for the hydrolysed polyP in the PCA extract improves 
the recovery by 15%. It can be deduced that 15% of the polyP is hydrolysed in the PCA extract. 
This is relatively close to the 25% polyP hydrolysis reported by Mussig-Zufika et al. (1994).  

4.2.3 Test case E  

In test case E, a known amount of struvite was added to the NDEBPR WAS. The characteristic 
of the NDEBPR WAS was similar as in test case D as the UCT AS system was operated at steady 
state. A concentration of 1030 ± 6 mg/L of struvite was added to 50 ml of the NDEBPR WAS. 
The aim of this test case was to determine the effect of the cold PCA fractionation procedure on 
a mixture of NDEBPR WAS and struvite. At several instances, reference to test case D and A 
provides a clear illustration of how the addition of struvite alters the concentrations in the 
different extract.  

4.2.3.1 Supernatant concentrations (first extract) 

Table 10 below shows a comparison in the increased supernatant concentrations attributed to the 
addition of struvite in test case E (where NDEBPR WAS was present in the sample) and test case 
A (whereby struvite only was added to the sample, with no NDEBPR WAS present). Relative to 
the supernatant concentrations in test case D, there was a slight increase in Mg and N in the test 
case E supernatant. The increase in these concentrations corresponded very well with the increase 
in supernatant concentrations in test case A (ICT on struvite only). This demonstrates that the 
slight increase in Mg and N concentrations is due to the dissolution of some struvite. Conversely, 
the increase in phosphate concentration was significantly higher than P concentration in the test 
case A supernatant. It is uncertain as to why the concentration of P was high in the supernatant. 
The possibility of sample contamination was eliminated as all triplicates showed a high increase 
in P concentrations as compared to test case D supernatant. The possibility of some polyP release 
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after the first centrifugation was also eliminated as the test on the supernatant was done 
immediately after the centrifugation. Furthermore, the concentration of counter-ions did not 
increase accordingly to support the release of polyP. The spike in OP concentrations could be 
related to the operation of the reactor. However, not enough information is available to be able 
to determine the root cause for this spike in OP concentration in the supernatant.  

Table 10. Supernatant concentration comparison 

Supernatant concentrations Test case E - Test Case D Test Case A 

Mg (in mgMg/L) 2.1 ± 4.2 2.9 ± 0.2 

N (in mgN/L) 2.6 ± 0.2 2.8 ± 0.2 

P (in mgP/L) 17.6 ± 0.9 6.5 ± 0.8 

4.2.3.2 Effect of cold PCA on NDEBPR WAS and struvite  

The addition of struvite to the sample in test case D is expected to increase the soluble 
concentration of Mg, N and P in the cold PCA extract. The experiments in test case A have shown 
that the cold PCA was effective in dissolving struvite. Approximately, the same concentration of 
struvite (1000 mg/L) was added to a 50 ml NDEBPR WAS in test case E. It is thus expected to 
observe the same increase as in test case A for the same concentration of Mg, N and P in the 
PCA extract if the struvite dissolves fully.  

Figure 23 shows the soluble PCA concentration of test case E in comparison to the expected 
concentration as calculated using Equation H1-H5 (see Appendix H). The FSA concentration of 
the PCA extract is the same as the expected N concentration of struvite (Test case E: 76.6 ± 1.4 
mgN/L, expected concentration: 76 ± 1 mgN/L), thereby demonstrating that all struvite has 
dissolved. It was observed that the increase in concentrations of Mg and P in the PCA extract 
was higher than the expected concentrations. Using Equation H6 in Appendix H, the recovery 
for Mg and P were 161% and 125%, respectively. It was seen in Section 4.2.2.2 that a portion of 
polyP was hydrolysed with the PCA test, resulting in P and counter-ions being released into the 
PCA extract as free ions. Hence, it can be deduced that the extra Mg, Ca and P in the PCA extract 
are from the release of polyP counter-ion.  
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Figure 23. Actual and expected soluble concentrations in PCA extract for test case E 

Interestingly, the total soluble Mg and OP concentrations in the PCA extract of test case E was 
roughly equal to the soluble Mg and OP concentrations from the PCA extract of test case A and 
D combined, as illustrated in Figure 24. From this, it can be inferred that the extent of Mg and P 
release did not change significantly from test case D (i.e., the same concentrations of polyP P 
and Mg were released in test case D and E).  

 
Figure 24. Comparison of PCA extract concentrations between test case A, D and E 

The ratio of soluble Mg:N:P in the PCA extract of test case E should be equal to 1:1:1 if only 
struvite dissolves. The ratio of soluble Mg:N:P in the PCA extract of test case E was 1:0.79:0.63. 
Considering the soluble Mg and P release from polyP, this ratio changes to 1:0.92:0.98. The latter 
is closer to the Mg:N:P ratio in struvite and thus further demonstrates that the extent of polyP 
hydrolysis did not significantly vary from test case D.  

The extent of Ca and K release from polyP can also be determined by comparing the soluble K 
and Ca concentrations of test case E with test case D. The addition of struvite to the NDEBPR 
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WAS is not expected to change the concentration of soluble of K and Ca in the PCA extract. The 
overall recovery (sum of extracts versus MLSS) of test case E was deemed satisfactory for Mg, 
Ca, N and P and is illustrated on Table 39D. However, the overall K recovery was unsatisfactory 
and was not used in the analysis due to a low confidence in the measured K concentrations. The 
soluble Ca concentration in the PCA extract increased by 33% from test case D. As the only other 
source of Ca in test case E is from polyP (it was seen in Section 2.2.3, that the NDEBPR WAS 
sludge has negligible concentration of calcite), it can be deduced that there was an increase in 
the Ca release from polyP. Hence, this does not align with the trend observed for Mg and P, 
which was seen to be constant in test case D and E.  

At this point it is worth noting the importance in determining the extent of polyP hydrolysis, and 
how consistent it is in the cold PCA extraction. The DMP I was based on findings by De Haas et 
al. (2000), who found that there was no hydrolysis of polyP. However, in test case D, an increase 
in OP and soluble Mg, N, Ca and K showed the occurrence of hydrolysis. Therefore, the DMP I 
is not likely to yield accurate results, as discussed later in Section 4.3.1. Given that the extent of 
polyP hydrolysis stays relatively constant, this can potentially be integrated in an altered DMP 
(referred as DMP II).  

4.2.3.3 Recovery of polyP  

A similar analysis as in Section 4.2.3.3 was performed for test case E. Table 11 presents the 
results of this analysis. In the second scenario, it was assumed that 45.8 mgP/L was hydrolysed, 
as determined in test case D. The modelled polyP was 310.1 mgP/L and was obtained according 
to Equation 4.1. Not considering polyP hydrolysis, the polyP concentration is 265.5 ± 5.3 mgP/L. 
The percentage recovery is 86%. Conversely, accounting for polyP hydrolysis, the polyP 
concentration is determined as 311.4 ± 8.3 mgP/L, therefore achieving 100% recovery. This 
improvement of 14% is approximately the same as in test case D. Hence, this further 
demonstrates that the release of polyP P was fairly consistent in test cases D and E.  

Table 11. Analysis of polyP concentration assuming hydrolysis in PCA extract 

Scenario PCA TP 
(mgP/L) 

PCA OP 
(mgP/L) 

Residual TP  
(mgP/L) 

BioP  
(mgP/L) 

PolyP  
(mgP/L) 

With polyP 
hydrolysis 

359.8 ± 1.4 212.6± 1.0 166.5 ± 2.8 48.1 265.5 ± 5.3 

With no polyP 
hydrolysis 359.8 ± 1.5 166.8 ± 1.0 166.5 ± 2.8 48.1 311.4 ± 8.3 

Modelled polyP using Equation 4.1 310.1 

4.2.4 Test case F 

In test case F, 207 ± 4 mg/L ACP and 1054 ± 10 mg/L struvite were added to the characterised 
NDEBPR WAS in Section 4.1. The characteristic of the NDEBPR WAS was similar as in test 
case D since it was sourced from the same UCT AS system that operated at steady state. The aim 
of this test case was to determine the effect of the cold PCA fractionation procedure on a mixture 
of NDEBPR WAS, struvite and ACP. The results from test case F are also used as an input to 
the DMP.  
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4.2.4.1 Supernatant concentrations 

In the supernatant extract of the ICT, a slight increase in soluble Ca and Mg concentrations 
showed that there was insignificant dissolution of ACP and struvite. It was thus expected that the 
mineral precipitate ion concentrations were measured in the PCA extract. Table 31D in Appendix 
D shows the supernatant concentration in test case F. The spike in OP concentration was not 
observed in the supernatant of test case F, as opposed to test case E. 

4.2.4.2 Effect of cold PCA on NDEBPR WAS, struvite and ACP 

With the addition of ACP and struvite in test case F, it is expected to observe an increase in the 
soluble Mg, Ca, P and N concentrations in the PCA extract provided that the mineral precipitate 
dissolves. The expected soluble Mg, Ca, P and N concentrations in the PCA extract were 
compared to the actual concentrations of the PCA extract (see Appendix H for calculations), as 
shown in Figure 25.  

 
Figure 25. Actual and expected soluble concentrations in PCA extract for test case F 

It can be clearly observed that the concentrations of Mg, Ca and P were higher than the expected 
corresponding concentrations in the PCA extract. The percentage difference between the 
expected and actual concentrations for Mg, Ca, P and N are 21%, 35%, 19% and 8%, 
respectively. Firstly, it is worth mentioning that the soluble N concentration is close to the 
expected N concentration. The difference is likely due to the hydrolysis of a low concentration 
of biomass, resulting in the release of N in the PCA extract. This demonstrates that all struvite 
dissolved in test case F. For Mg, Ca and P the percentage differences are relatively high. In test 
case E (Section 4.2.3.2) a similar trend was observed where concentrations of Mg and P were 
more than the expected soluble concentrations of the PCA extract. This was attributed to the 
release of polyP P and the counter-ions. It can thus be deduced that the differences between the 
expected and actual soluble concentrations in the PCA extract of test case F were also linked to 
the release of polyP P and counter-ions.  

To determine the effect of the PCA extract on ACP and struvite, the following steps were 
followed: 
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• It was first required to assume that the extent of polyP hydrolysis to OP remained constant 
as in test case D at 15% of the total polyP concentration (see Section 4.2.2.4).  

• The difference between the OP concentration in the PCA extract (256.0 ± 2.7 mgP/L) and 
the sum of P from struvite (171 ± 2 mgP/L) and hydrolysed polyP OP concentration (45.8  
± 1.9 mgP/L), was determined as shown in Equation 4.3. From this equation, it was 
determined that the OP from ACP was 39 ± 7 mgP/L. As this value is very close to the 
expected concentration of ACP OP (41 ± 1 mgP/L), it can be deduced that all ACP 
dissolved and the polyP P hydrolysis indeed remained constant as in test cases D and E.  
 

E&(P' = E&'P( −	(&2;K9% + E&B@`.		>=?@') 	= 	40	3;&/= (4.3) 
*ℎ,-,,	  
E&'P( = 	E&	1A91,96568A9	A"	&V0	,{6-516 
&2;K9% = &	1A96,96	A"	?6-2F86, 

E&B@`.		>=?@' = 	E&	1A91,96-568A9	-,4,5?,7	"-A3	ℎ>7-A4>?,7	YA4>&	 
 
From the previous test cases, it was observed that the counter-ion release from polyP was 
constant for Mg, whilst Ca showed some variation. It was determined that all struvite dissolved 
by analysing the FSA concentration in PCA extract. The Mg concentration in the PCA extract 
should theoretically be 132 ± 2 mgMg/L. Therefore, the concentration of Mg released from polyP 
is obtained from the difference between the measured soluble Mg in the PCA extract and 132 ± 
2 mg/L. This yields 31 ± 3 mgMg/L, which is different from what was released in test case D 
(64.8 ± 6.2 mgMg/L). Hence, the extent of counter-ion Mg release was not the same as in test 
cases D and E.  

Conversely, the counter-ion Ca release in test case F was seen to be relatively consistent with 
test case D. The expected increase in Ca concentration (from test cases D and E) due to the 
solubilization of ACP is 80 ± 2 mgCa/L, as demonstrated through the equations in Appendix H. 
The measured soluble Ca concentration in the PCA extract was 123 mgCa/L. The concentration 
of Ca released from polyP in test case F is 43 mgCa/L. The measured Ca release in the PCA 
extract from test cases D and E was 52 mgCa/L and 69 mgCa/L, respectively. It can thus be 
deduced that the release of polyP Ca in test case F varied slightly from test case D, but is 
considerably less than the release in test case E. In conclusion, the hydrolysis of polyP to OP in 
the PCA extract was observed to be consistent for test cases D, E and F. However, the release of 
Mg and Ca was not always constant for test cases D, E and F.  

4.2.4.3 Overall recovery  

The overall recovery of the elements for test case F (sum of extracts versus MLSS) was within 
acceptable range, except for K measurement. The overall recovery is illustrated in Table 40D in 
Appendix D. The polyP recovery was discussed in Section 4.3.  
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4.2.5 Test case G 

In test case G, 207 ± 5 mg/L ACP and 500 ± 4 mg/L struvite was added to the characterised 
NDEBPR WAS of Section 4.1. The characteristic of the NDEBPR WAS was similar to that of 
test case D as the UCT AS system was at steady state. The aim of this test case was to determine 
the effect of the cold PCA fractionation procedure on a mixture of NDEBPRWAS, struvite and 
ACP. The results from test case G were used as an input to the DMP. 

4.2.5.1 Supernatant concentrations 

As observed in previous test cases with mineral precipitates, there is negligible dissolution of 
mineral precipitates in the supernatant extract. It is thus expected to recover all the mineral 
precipitates in the PCA extract. In test case G, half of the amount of struvite precipitate was used 
as compared to test case F. Figure 26 shows the supernatant concentrations in test case G in 
comparison with test cases F and D.  

 
Figure 26. Supernatant concentration for Test case F, G and D 

There is a negligible difference in supernatant concentrations between test cases F and G, due to 
the fact that the soluble concentrations originated mostly from the sludge. The sludge had the 
same characteristics as in test cases D-G. The dissolution of mineral precipitates into the 
supernatant was also insignificant in test case G, as also observed in previous test cases.  

4.2.5.2 Effect of cold PCA on NDEBPR WAS, struvite and ACP 

The effect of the cold PCA extract on the mineral precipitates and polyP was also determined for 
test case G. Figure 27 shows the measured soluble concentrations and the expected 
concentrations of Mg, Ca, P and N in the PCA extract. It can be clearly observed that the 
measured concentrations are higher than the expected concentrations for Mg, Ca and P.  
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Figure 27. Actual and expected soluble concentrations in PCA extract for test case G 

In test cases D, E and F it was shown that the hydrolysis of polyP resulted in the release of Mg, 
Ca, and P release into the PCA extract. Three deductions were made from the analysis of the 
results from these cases:  

a) the release of polyP P in the PCA extract was seen to be approximately constant at 
15% of the total polyP concentration 

b) the release of polyP counter-ions Mg and Ca was varied amongst the test cases, and 
c) all mineral precipitates dissolved in the PCA extract 

To further verify (a) and (b), the difference between the measured ion concentration in the PCA 
extract of test cases G and D was compared to the expected ion concentration of the mineral 
precipitates (as calculated in Appendix H), as presented in Table 12. In the case where the polyP 
hydrolysis extent was similar to test case D, these two parameters should be equal.  

Table 12. Actual and expected soluble concentrations in PCA extract of test case G 

Soluble PCA concentration 

 Test case G – Test case D Expected concentration 

Mg (mgMg/L) 44.2 ± 10.0 62.8 ± 0.5 

Ca (mgCa/L) 60.0 ± 11.0 80.1 ± 2.0 

P (mgP/L) 115.0 ± 8.1 122.6 ± 2.3 

N (mgN/L) 41.7 ± 9.2 36.6 ± 0.3 

 

The percentage error (as calculated from Equation 3.8) for Mg, Ca, and P is 33%,48%, and 10% 
respectively. For Mg and Ca, the percentage error is relatively significant. With the same extent 
of polyP hydrolysis as in test case D, it can be observed that Mg concentration from struvite was 
44.2 ± 10.0 mgMg/L. As the expected Mg concentration from struvite is 62.8 ± 0.5 mgMg/L, it 
is likely that an additional 18 mgMg/L was released from polyP (as compared to test case D). 
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Similarly, the percentage error in Ca could be ascribed to a higher release of Ca from polyP (by 
approximately 20 mgCa/L). The release of P from polyP was fairly consistent as the percentage 
error was low. It is worth noting that the FSA concentration in the PCA extract is equal to the N 
concentration in struvite. This was also observed in previous test cases and demonstrates that all 
struvite dissolved, and hydrolysis of biomass N to form ammonia is negligible in the cold PCA 
extract.  

4.2.5.3 Overall recovery  

The overall recovery of the elements for test case G (sum of extracts versus MLSS) was deemed 
satisfactory, except for K measurements. The overall recovery is illustrated in Table 41D in 
Appendix D. The polyP recovery is discussed in the next section.  

4.3 Data-modelling procedure  

4.3.1 Application and evaluation of data-modelling procedure I  

4.3.1.1 Output of data-modelling procedure I  

The data modelling procedure, developed in Section 3.6.1, was applied to the results of test case 
F. This section aims to discuss and evaluate the output from the DMP I, summarized in Table 13.  

Table 13. Output of DMP I using results from test case F 

  N 
(mgN/L) 

Mg 
(mgMg/L) 

P 
(mgP/L) 

Ca 
(mgCa/L) 

K 
(mgK/L) 

ISS 
(mgISS/L) 

Soluble (Soluble) 2.8 25.0 70.2 11.3 268.5 - 

Struvite (Xstruv) 95.0 162.8 210.2 0 0 1661.7 

ACP (XACP) 0 0 45.8 122.7 0 457.5 

Complex (Xcpx) 192.5 86.6 277.6 -3.6 196.6  - 

Biomass (Xbio) 340.0 0 34.8 0 0  536.1 

PolyP (XPP) 0 86.6 242.8 -3.6 196.6 774.5 

The aim of this paragraph is to discuss the procedure followed in Section 3.6.1 to obtain the 
concentration of the different ISS components. As observed in Table 13, the concentration of 
struvite, ACP and polyP predicted from the DMP I for test case F were 1661 mgISS/L, 457 
mgISS/L and 242 mgP/L, respectively. The calculation process is outlined below: 

• The struvite concentration is predicted from the measured Mg concentration in the PCA 
extract (162.8 mgMg/L) using the formula shown in Table 6. 

• The polyP Mg concentration was determined using Equation 3.1 and yielded 86.6 
mgMg/L. The P content of struvite was calculated using a Mg:P molar ratio in struvite, 
as shown in Equation 3.4. The struvite P concentration was thus 210 mgP/L. 

•  The ACP P concentration was determined from the difference between the PCA OP 
concentration and the struvite P concentration, as shown in Equation 3.5. The ACP P 
concentration was 45.8 mgP/L. 
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• The ACP Ca concentration was determined from the soluble Ca concentration in the PCA 
extract (122.7 mgCa/L). The ACP concentration (as mgISS/L) was then determined using 
its Ca concentration, as shown in Table 6. 

• The Ca concentration of polyP was determined using Equation 3.2. The polyP Ca 
concentration was calculated to be a negative value. This is further explained in the next 
section. It was observed during these experiments that K measurements were 
inconclusive and inaccurate using the chosen method. Hence the output for polyP K 
content (186.6 mgK/L) from the DMP I is also incorrect.  

4.3.1.2 Model predictions  

First, the accuracy of the DMP I was discussed by comparing its output with the known 
concentrations of mineral precipitates and polyP. Figure 28 shows the predicted and actual 
concentrations of mineral precipitates.  

 
Figure 28. Comparison between DMP I output and actual ISS concentrations 

From Figure 28, it can be observed that the concentration of mineral precipitates has been 
overestimated, whilst the concentration of polyP is underestimated. The percentage error in 
prediction for struvite and ACP were 66% and 129%, respectively. These values are high and are 
a result of the hydrolysis of polyP in the PCA extract. The DMP assumes no polyP hydrolysis in 
the PCA extract, and thus all ions measured in the PCA extract are attributed to the mineral 
precipitates. Due to polyP hydrolysis, the Mg and Ca concentrations in the PCA extract (162.77 
mgMg/L and 122.68 mgCa/L, respectively, as seen from Table 31D) were higher than the 
concentrations of Mg and Ca dissolved from struvite (132 mgMg/L) and ACP (81 mgCa/L), 
respectively. As the concentration of struvite and ACP were calculated from the soluble Mg and 
Ca concentrations in the PCA extract, these values were also overestimated.  

The concentration of polyP P as well as the counter-ions are output of the DMP I. The percentage 
error in the prediction of polyP P was 28%. The polyP P concentration in the DMP was calculated 
following De Haas et al. (2000) approach. Figure 29 shows the output from the determination of 
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polyP, with and without hydrolysis (for more details, a similar analysis was carried out in Section 
4.2.2.4).   

Assuming no polyP hydrolysis, the percentage error in polyP prediction decreases from 28% to 
7%. Hence, it can be deduced that the under-prediction of polyP P is related to the hydrolysis of 
polyP in the PCA extract. The DMP I also allowed for the determination of polyP counter-ion 
concentrations and the polyP formula in terms of MgaKbCacPd as outlined in Section 3.6.1. 

 
Figure 29. DMP I output with and without polyP hydrolysis 

Due to the release of polyP counter-ions and polyP P, the data-modelling output for the 
concentration of the counter-ions is invalid. It can be observed that the polyP Ca concentration 
is negative. This was obtained from the difference between the total Ca in the PCA and residual 
extract and the soluble PCA extract, as shown in Equation 3.2. However, it was seen that polyP 
Ca is released into the PCA extract as a soluble ion. This consequently increases the soluble Ca 
concentration and makes the polyP Ca concentration calculated as a negative value. 

4.3.1.3 ISS recovery 

To further evaluate the DMP I, the measured ISS concentrations can be compared to sum of the 
ISS concentrations from the output of the DMP I. Figure 30 shows a breakdown of the modelled 
ISS concentrations, as well as the measured ISS concentrations.  
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Figure 30. Comparison between DMP I modelled ISS concentration and measured ISS concentration 

It can be clearly observed that the modelled ISS concentration is significantly higher than the 
measured ISS concentration. There are two possible causes behind this. First, the influent ISS 
concentration was measured as 109 mgISS/L but typically, concentrations of ISS in settled 
wastewater are in the range of 15-30 mgISS/L (see Section 2.2.1). It is currently speculated that 
this high concentration is because the feed to the reactors was taken from the bottom of the 
storage tank, where a significant amount of sand has settled and accumulated. Second, the solids 
concentration in the influent wastewater is diluted with the synthetic WW, as the latter has no 
solids content. Using Equation 4.4, the accumulated ISS (only due to influent ISS) concentration 
was calculated for an influent ISS concentration of 109 mgISS/L and 30 mgISS/L.   

#%<=,/CH?9AC;	 =	
(%/= ×	'5 	× 	}/	)

G>
 (4.4) 

*ℎ,-,,	  
#%<=,/CH?9AC;	 = 	011232456,7	:$$	35??	72,	6A	89"42,96	:$$	 

%<=	 = 	',516A-	:$$	1A91,96-568A9 
'5 = $427;,	5;, 
}/	 = 	:9"42,96	"4Al	 
G> = GA423,	A"	-,516A-	 

Using the system characteristics (Rs, Qi and Vp) given in Section 3.4.1, it was found that the 
accumulated ISS concentration for influent concentration of 109 mgISS/L and 30 mgISS/L were 
1547 mgISS/L and 425 mgISS/L, respectively. The high influent ISS concentration measured is 
significantly contributing to the total ISS and could potentially be the major source of error. 
Secondly, it was determined that the modelled ISS concentration of struvite and ACP were 
overestimated due to the hydrolysis of polyP into the PCA extract. Struvite and ACP are 
contributing to an overprediction of 850 mgISS/L, whilst the influent ISS could potentially be 
contributing to a surplus of 1100 mgISS/L. Furthermore, it should be noted that the polyP 
concentration is underpredicted by 68 mgP/L. This consequently results in an underprediction of 
polyP ISS concentration of 220 mgISS/L. The net error amounts to approximately 1800 mgISS/L 
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(55% error), which is the difference between the prediction of DMP and the measured ISS. 
Hence, it can be deduced that the hydrolysis of the polyP in the extract affects the total modelled 
ISS concentrations.  

From the evaluation of the DMP I, it was clear that the hydrolysis of polyP molecules in the PCA 
extract had considerable impact on its predictions. The mineral precipitates concentrations were 
overpredicted whilst the polyP concentration was underpredicted. The measured ISS 
concentration did not agree with the modelled ISS concentration. A second DMP was thus 
developed to account for the hydrolysis of polyP. 

4.3.2 Data-modelling procedure II 

Due to the hydrolysis of polyP in the PCA extract, it was deemed necessary to develop DMP II, 
to investigate if better predictions can be obtained from the results of the ICT. The following 
sections described the development of the DMP II and discusses the application of the DMP II 
to the results of the ICT.  

4.3.2.1 Development  

The DMP I was developed to allow for a rigorous and robust characterisation. At certain points 
in the model, stoichiometric relations could be verified, such as the polyP counter-ion molar 
ratios, or the Ca:P in ACP. This verification provided confidence in the DMP. Due to the release 
of polyP counter-ions (Mg, Ca and P) in the PCA extract, the DMP robustness decreases as the 
same stoichiometric relationship has to be used to characterise the inorganic solids. The 
development of the DMP II is explained below. Table 14 shows the matrix for the DMP II.    

The following points give the rationale behind the DMP II: 

• Due to the release of polyP counter-ions in the PCA extract, the measurement of soluble 
Mg in the PCA extract does not correspond only to the Mg from struvite. The analysis of 
the results for test cases D and E, F and G showed that FSA in the PCA extract was solely 
from struvite, and negligible contribution to FSA from biomass was observed. This has 
two positive implications for the DMP. Firstly, the concentration of struvite can be 
obtained from the N measurements directly. Secondly, using the molar ratio of Mg:N 
(denoted as MMg,struv:MN,struv in equations below) in struvite (1:1), the soluble 
concentration of Mg (also P) corresponding to struvite (Mgstruv) can be obtained. Equation 
4.5 and 4.6 are used to calculate Mgstruv and Pstruv. 

[#;5;K9%] = [M(),struv:	M-,struv] 	× 	
[Nstruv]

14	3;^/3A4 × 	24	3;#;/3A4	 (4.5) 

[&5;K9%] = [M!,struv:	M-,struv] 	× 	
[Nstruv]

14	3;^/3A4 × 	31	3;&/3A4	 
(4.6) 

• The Mg content of polyP (or complex Mg, Mgcpx) is given from the difference between 
the total Mg in the PCA and residue extract (MgT,PR) and the struvite Mg concentration 
(Mgstruv), as shown in Equation 4.7. It should be noted that the soluble Mg in the PCA 
extract cannot be used in this step (as in DMP I) due to the release of the counter-ion Mg 
in the PCA extract.  
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[#;E>Z] = [Mg.,!*] 	− 	 [Mgstruv]	 (4.7) 

• Due to the release of OP in the PCA extract, the determination of polyP P as carried out 
in the DMP I was not possible. In the DMP II, using the molar ratio of P:Mg (denoted as 
MP,PP:MMg,PP) in the approximate formula of polyP (see Section 2.2.2), the P content of 
polyP was determined. The P:Mg ratio used in this research was 1:0.35. This value lies 
on the upper range of Mg:P values reported in previous literature. For lower values of 
Mg:P, inaccurate predictions from the DMP II were obtained. It should be noted that this 
value will likely vary for a different system and has to be parametrised or calibrated for 
each experimental investigation. However, up to now, it is not known what drives the 
uptake of counter-ions by PAOs. The P content of polyP is obtained using Equation 4.8.  

[&''] = [M!,PP:	M(),PP] 	× 	
[Mgcpx]

24	3;^/3A4 × 	31	3;&/3A4 

 

(4.8) 

• The contribution of P from ACP in the PCA extract was determined by subtracting the P 
contribution from struvite and polyP. It was previously concluded that approximately 
15% of polyP is hydrolysed to orthophosphates in the PCA extract, and hence this 
proportion was included in the formula as shown in Equation 4.9. Although the rate of 
polyP P hydrolysis was observed to be fairly consistent in this study, it can potentially 
vary as sludge properties such as polyP concentration change. De Haas et al. (2000) 
showed that there was negligible polyP hydrolysis in the cold PCA extract, whilst 
Müssig-Zufika et al.(1994) showed that there was up to 25% of polyP hydrolysis. Hence, 
the degree of polyP hydrolysis needs to be parametrised or calibrated for each 
experimental investigation.  

[&(P'] = [OPPCA] 	− 	 [P56789] 	− 	0.15	[&'']	 (4.9) 

• The Ca concentration of ACP (CaACP) was determined by using the molar ratio of Ca:P 
in ACP [Ca3(PO4)2], as shown in Equation 4.10. As there is release of Ca2+ from polyP 
in the PCA extract, the approach used in DMP I was not possible. 

[V5(P'] = [M+:,ACP:	M!,ACP] 	× 	
[,,+!]

31	3;&/3A4 × 	40	3;V5/3A4	 (4.10) 

• The Ca content of polyP (or complex Ca, Cacpx) is given from the difference between 
the total Ca in the PCA and residue extract (CaT,PR) and the ACP Ca concentration 
(CaACP), as shown in Equation 4.11. Similarly, the K content of the polyP is obtained 
using Equation 4.12.  

[V5E>Z] = [-..,!*] 	− 	 [-.,+!]	 (4.11) 
[]E>Z] = [/.,!*] 	− 	 [/,+!]	 (4.12) 

• The ISS concentrations (as mgISS/L) of the different ISS constituents can be obtained as 
shown in the last column of Table 14.  
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Table 14. Data-modelling procedure II 

 N 
(mgN/L) Mg (mgMg/L) P (mgP/L) Ca (mgCa/L) 

K 
(mgK/L

) 

ISS 
(mgISS/L) 

Soluble 
(Xsoluble) 

FSASUP Mg2+
SUP OPSUP Ca2+

SUP K+
SUP - 

Struvite 
(Xstruv) 

FSAPCA 
MMg,struv: 
MN,struv 

MP,struv: MN,struv 0 0 
MN,struv x 

MM 
Struvite 

ACP 
(XACP) 

0 0 
OPPCA - P-

struv-
0.15PPP 

MCa,ACP:MP,ACP 0 
MCa x MM 

ACP 

Comple
x (Xcpx) 

TKNPR -
FSAPCA 

MgT,PR -
Mg2+

struv 
PPP + Pbio CaT,PR -CaACP 

KT,PR - 
K+ 

- 

Biomass 
(Xbio) 

fn XV 0 fp XV 0 0 
fiPAOBM x 

(XBH + XBG) 

PolyP 
(XPP) 

0 Mgcpx MMg,PP: MP,PP Cacpx Kcpx fiPAOPP x PPP 

Where: 
FSASUP: FSA concentration in supernatant extract 
Mg2+SUP: Soluble Mg concentration in supernatant extract 
Nstruv: N concentration in struvite 
TKNPR: Sum of TKN concentration from PCA and RES extract 
TKNMLSS: TKN concentration of MLSS 
Mgcpx: Total Mg concentration of complex compounds (biomass + polyP) 
Pcpx: P concentration of complex compounds (biomass + polyP) 
Pbio: P concentration in biomass (nucleic P concentration) 
OPPCA: OP concentration in PCA extract 
MMg,struv: Molar concentration of Mg in struvite 
fn: N content of biomass or UPO in terms of mgN/mgVSS 
fp: P content of biomass or UPO in terms of mgP/mgVSS 
Xv: Volatile solids concentrations 
fipaoPP: Inorganic mass of polyP = 3.19 mgISS/mgP 
fiPAOBM : Inorganic mass fraction of biomass = 0.15 mgISS/mgPAOVSS (or OHOVSS) 

4.3.2.2 Application and evaluation of data-modelling procedure II 

Test case F 

Output of data-modelling procedure II 

In test case F, 1054 mg/L of struvite and 207 mg/L of ACP were added to the characterised 
NDEBPR WAS, as described in Section 4.1. The results shown in Appendix D, was used as input 
to the DMP II. The output of the DMP II is shown in Table 15.  
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Table 15. Output from DMP II for test case F (NA: Not Applicable) 

 N  
(mgN/L) 

Mg 
(mgMg/L) 

P  
(mgP/L) 

Ca  
(mgCa/L) 

K  
(mgK/L) 

ISS 
(mgISS/L) 

Soluble 
(Xsoluble) 

2.8 25.0 70.2 11.3 268.5 - 

Struvite 
(Xstruv) 

81.4 139.6 180.3 0.0 0 1146 

ACP (XACP) 0 0 15.0 28.9 0 150 

Complex 
(Xcpx) 

95.7 109.8 453.3 90.1 196.6 NA 

Biomass 
(Xbio) 

481.4 0 48.1 0.0 0 536.8 

PolyP (XPP) 0 109.8 405.2 90.1 196.6 1293.0 

Where NA is Not Applicable  
 
As observed from Table 15, the concentration of struvite, ACP and polyP predicted from the 
DMP II for test case F were 1146 mgMg/L, 405 mgP/L and 150 mgP/L, respectively. The struvite 
concentration is predicted from the measured FSA concentration of 81.4 mgN/L in the PCA 
extract. The Mg concentration from polyP was determined using Equation 4.7 and yielded 109.8 
mgMg/L. The ratio of P: Mg of 1:0.35 was then used to calculate the P concentration of polyP 
(as shown in Equation 4.8) and a concentration of 405.2 mgP/L was obtained. Using Equation 
4.9, the concentration of P from ACP was 15 mgP/L. The elemental Ca:P ratio of ACP was then 
used to obtain the Ca concentration of ACP. The Ca content of polyP of 90.1 mgCa/L was 
obtained using Equation 4.11.  

Accuracy of data-modelling procedure II 

The output concentration from the DMP II was compared to the actual concentrations of the 
inorganic solids. This is illustrated in Figure 31. The actual concentration of struvite and ACP 
were 1054 mg/l and 207 mg/l, respectively. The modelled concentration of polyP, using steady 
state equations, was 310.1 mgP/L. The percentage error (calculated using Equation 3.8) in the 
prediction of struvite, ACP and polyP were 15%, 25% and 31%, respectively. All three 
predictions have a high percentage error (>10%).  

Struvite has the least percentage error as its measurement is directly linked to the FSA 
concentration in the PCA extract. It was observed in the test cases that the N concentration in the 
PCA extract was consistently close to the concentration of N in struvite. However, as identified 
in Section 4.3.1, the struvite concentration is overpredicted due to the release of small 
concentrations of biomass N in the PCA extract.  
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Figure 31. DMP II output and actual ISS concentrations for test case F 

The polyP concentration had a significant percentage error. As discussed in 4.3.2.1, the 
concentration of polyP is obtained using the molar ratio of Mg:P ratio in polyP. There are two 
sources of error in this calculation. First, the Mg concentration of polyP is derived from the 
struvite Mg concentration (determined using Equation 4.5). The calculated struvite Mg 
concentration already has a percentage error of 15% due to the release of biomass N. Secondly, 
the ratio of Mg;P in the NDEBPR WAS polyP is not necessarily equal to 0.35. Hence, as 
previously mentioned in the development of the DMP II, it is first required to parametrise the 
Mg:P ratio in the polyP. 

The concentration of ACP is underpredicted by 25% in the DMP II. The ACP ISS concentration 
is determined from its P concentration. The ACP P is determined using the difference between 
the PCA OP concentration and the struvite P and hydrolysed polyP P concentration, as shown in 
Equation 4.9. As the struvite P concentration is overestimated, this error is carried over and 
concentration of ACP is consequently underestimated. There is also some error induced from the 
assumption that polyP P hydrolysis stays constant as 15% of total polyP P. As previously 
mentioned in the development of the DMP II, it is first required to parametrise the extent of 
hydrolysis of polyP in the PCA extract. Given that accurate K measurements are taken, the extent 
of polyP hydrolysis can be determined using the K concentration in the PCA extract.  

Recovery of ISS  

The reconciliation of the modelled and measured ISS is a critical aspect of the DMP since it 
provides confidence in the results obtained from the DMP. Figure 32 shows the measured ISS 
versus the modelled ISS. In Section 4.3.1.3, it was deduced that the influent ISS measurement 
was possibly incorrect and thus the accumulated influent ISS in the sludge was recalculated 
(using Equation 4.4) assuming an influent ISS of 30 mgISS/L. It can be observed that the 
modelled ISS concentration is slightly higher than the measured ISS concentration. The 
percentage error in the modelled ISS concentration is 9% and was within the acceptable range 
(<10%).  
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The overprediction of the ISS from the DMP II is clearly related to the overprediction of struvite 
and ACP. The concentration of struvite and polyP was overpredicted by 90 mgISS/L and 300 
mgISS/L, respectively. The polyP ISS concentration was obtained using a ratio of 3.19 
mgISS/mgP-polyP. The ACP concentration was underpredicted by 50 mgISS/L. The net error is 
an overprediction of 340 mgISS/L (a percentage error of 10%). The difference between the 
modelled ISS and measured ISS is roughly 300 mgISS/L.  

 
Figure 32. DMP II modelled ISS concentration and actual ISS concentration for test case F 

Test case G 

Output of data-modelling procedure II 

In test case G, 500 mg/L of struvite and 207 mg/L of ACP were added to the characterised 
NDEBPR WAS, as described in Section 4.1. The results, shown in Appendix D, was used as 
input to the DMP II, (see Section 4.3.2). The output of the DMP II is shown in Table 16. 

Accuracy of data-modelling procedure II 

From the DMP II, it was predicted that the concentrations of struvite, ACP and polyP were 587 
mg/L, 170 mg/L and 355.5 mgP/L, respectively. Comparatively, the initial concentrations of 
struvite and ACP used in test case G were 507 mg/L and 200 mg/L, respectively. The modelled 
polyP concentration was 310.10 mgP/L. These values are illustrated in Figure 33. The percentage 
error in the prediction of struvite, ACP and polyP is thus 17%, 32% and 15%, respectively.   
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Table 16. Output of DMP II for test case G 

 N (mgN/L) Mg 
(mgMg/L) 

P  
(mgP/L) 

Ca 
(mgCa/L) K (mgK/L) ISS 

(mgISS/L) 

Soluble 
(Xsoluble) 

2.9 27.9 67.9 12.6 277.4 - 

Struvite 
(Xstruv) 

41.7 71.5 92.4 0.0 0 587.0 

ACP (XACP) 0 0 15.2 29.3 0 152 

Complex 
(Xcpx) 

396.0 96.3 403.6 87.4 180.3 - 

Biomass 
(Xbio) 

481.4 0 48.1 0.0 0 536.8 

PolyP (XPP) 0 96.3 355.5 87.4 0 1134 

 

 
Figure 33. DMP II output and actual ISS concentrations for test case G 

As observed in test case F, the struvite concentration was overpredicted. The overprediction is 
also likely ascribed to the breakdown of small concentrations of biomass in the cold PCA extract. 
The struvite ISS concentration (as mgISS/L) is sensitive to the concentration of N. An extra N 
concentration of 5 mgN/L causes the ISS to be overpredicted by 87 mgISS/L (12%). For high 
concentration of struvite in the wastewater, as in test cases F and G, the percentage error is low, 
but the output can be used to approximate the struvite concentration with high confidence. 
However, if the sample contains low concentration of struvite, the output of the modelling 
procedure is not reliable as the N measurement will be significantly affected by FSA from 
hydrolysed biomass.  

A similar trend (to test case F) in the prediction of ACP and polyP concentration was observed 
in test case G. The concentration of polyP is overpredicted in test case G, as seen in test case F. 
It can be deduced that the overprediction is also due to the error carried over from the 
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determination of struvite Mg, as well as the approximation of 1:0.35 used for the P:Mg ratio in 
polyP. Nonetheless, there is a significant improvement in the prediction of polyP. The ACP 
concentration is also underpredicted for test case G. As discussed above, this underprediction is 
related to the overprediction of struvite which is carried over into the calculation for ACP P.   

Recovery of ISS  

The reconciliation of the modelled ISS with the measured ISS can provide confidence to the 
output of the DMP II. Figure 34 shows the measured ISS versus the modelled ISS.  

 
Figure 34. DMP II modelled ISS concentration and actual ISS concentration for test case G 

In Section 4.3.1.3, it was deduced that the influent ISS measurement was incorrect and thus the 
accumulated influent ISS in the sludge was recalculated (using Equation 4.4) assuming an 
influent ISS of 30 mgISS/L (see Section 2.2.1). The modelled ISS concentration is slightly higher 
than the measured ISS concentration. The source of this discrepancy is similar as determined in 
test case F i.e., the mispredictions of the struvite, ACP and polyP concentration. However, the 
percentage error for test case G (5%) is lower than test case F (9%). The prediction of the polyP 
concentration was more accurate in test case G. As each polyP P corresponds to an ISS of 3.19 
mgISS/P, it has a significant impact on the ISS concentration. In this case the percentage error 
was reduced by 4%.  
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5 Conclusion  
This research was focused on developing and evaluating a characterisation procedure for 
inorganic solids found in EBPR systems. The characterisation procedure, which was subdivided 
into an ISS characterisation procedure (ICT) and a data-modelling procedure (DMP) can help 
towards the tracking of inorganic solids across EBPR systems. This chapter aims at concluding 
on the ability of the developed procedure to characterise inorganic solids in EBPR systems.   

5.1 ISS Characterisation test  

The purpose of the ICT was to subject a sample of EBPR WAS sludge to a condition such that 
either mineral precipitates or polyP dissolve, exclusively. Consequently, analytical tests carried 
out on the filtrate or filtered out solids can yield meaningful results that can be used in a DMP. 
Through a multi-criterion analysis, it was found that the cold PCA fractionation procedure by De 
Haas et al. (2000) was the most suitable base method. The following paragraphs conclude on the 
applicability of the ICT (based on the De Haas et al. (2000) cold PCA fractionation procedure) 
to characterise inorganic solids.  

The ICT was carried out on a known concentration of struvite, ACP and a combination of both. 
In the past, the cold PCA fractionation procedure was shown to be effective in dissolving mineral 
precipitates (De Haas, 1998). However, a longer extraction time (30 minutes) was used, which 
consequently allowed more time for the precipitates to dissolve. In this experiment it was shown 
that three consecutive short extraction times of five minutes were sufficient to dissolve the 
expected maximum concentration of mineral precipitates.  

The ICT procedure on NDEBPR WAS has shown that during the cold PCA extraction, polyP 
was hydrolysed into OP. Counter-ions (Mg, K and Ca) were also released into the PCA extract 
as free ions. Consequently, in the presence of mineral precipitates such as struvite or ACP, 
analytical measurements cannot distinguish between the ions from the mineral precipitates and 
polyP. This does not align with the observations made by De Haas et al. (2000), who reported 
negligible hydrolysis of polyP into OP.  

The ICT  was carried out on samples of NDEBPR WAS and mineral precipitates. The test yielded 
results in line with the tests carried out on the mineral precipitate and sludge separately. It was 
seen that the cold PCA extraction was effective in dissolving mineral precipitates, even in the 
presence of sludge. However, it was deduced that polyP molecules were again hydrolysed 
partially in the PCA extract. Thus, in a sample with unknown amount of polyP and mineral 
precipitates, the output of DMP I based on the analytical measurements of the ICT would yield 
incorrect outputs. The polyP P hydrolysis was consistent in all test cases with NDEBPR sludge, 
with 15% of the polyP P released as OP. Conversely, this was not the case for the release of 
counter-ions which was erratic. The soluble measurement in the PCA extract demonstrated that 
the majority of soluble N originated from struvite. There was negligible release of biomass N in 
the PCA extract.  
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5.2 Data-modelling procedure 

The DMP is a set of arithmetic equations, that processes the results obtained from the ICT to 
characterise the inorganic solids. In Section 3.6.1, the DMP I was developed assuming no polyP 
hydrolysis in the PCA extract. The DMP I was applied to the results of test case F (a mixture of 
NDEBPR WAS, struvite and ACP). The hydrolysis of polyP caused the output of the DMP I to 
be significantly inaccurate. The release of polyP P and counter-ions into the cold PCA extract 
caused the concentration of the mineral precipitates to be overpredicted by more than 100% (66% 
and 129% for struvite and ACP respectively). The  concentration of polyP P was underpredicted 
by 28%. Hence, it was concluded that the DMP I with the analytical measurements of the ICT 
was not suitable to characterise inorganic solids.  

The DMP II was developed to account for the hydrolysis of polyP. The DMP II used the 
elemental ratio of the compounds to characterise the inorganic solids. As compared to the DMP 
I, the DMP II has several limitations. First, the DMP II output depends extensively on the 
measured FSA concentration in the PCA extract. The struvite, polyP and ACP concentrations all 
depend on this measurement. Secondly, the elemental ratio of P:Mg is used in the DMP II to 
determine the polyP P concentration. In this study, the ratio used was based on previous literature, 
but it varies for different systems. Up until now the factors driving the counter-ion uptake by 
PAOs is not well established, thus the P:Mg ratio could not be parametrised in the DMP II. Lastly, 
it was necessary to assume that the extent of polyP P hydrolysis to characterise the sludge using 
the DMP II. In this project, the hydrolysis of polyP to OP is roughly equal to 15% of the total 
polyP P concentration. However, this value has not been validated and further investigations are 
required to determine the factors affecting the extent of polyP hydrolysis. These factors can then 
be parametrised into the DMP to yield the polyP P concentration.   

The results of test cases F and G were used as input to the DMP II. There was a significant 
improvement in the prediction of the mineral precipitate concentrations using DMP II. Better 
predictions were obtained for the struvite concentration as it was determined based on FSA 
concentration in the PCA extract, which was not affected by polyP hydrolysis. The FSA of the 
PCA extract was from the dissolved struvite and negligible hydrolysed biomass. Although the 
prediction of ACP improved from the DMP I, the percentage error was still high. The errors were 
likely induced from the assumed percentage of polyP P hydrolysed and P:Mg ratio of polyP. The 
accuracy of the prediction of polyP concentration did not improve in the DMP II. Likewise, the 
polyP P concentration depends on the P:Mg ratio of polyP, and thus parametrising this value can 
potentially improve the prediction of ACP and polyP in the DMP II. 

The release of polyP P and counter-ions in the PCA extract negatively impacts the ability to use 
the cold PCA fractionation procedure and the DMPs (I and II) in accurately characterising 
inorganic solids in an NDEBPR WAS sample. The DMP II relies on the polyP molecular formula 
and extent of polyP hydrolysis. Hence, to improve the accuracy of the ISS characterisation 
procedure, future research needs to focus on these two parameters (outlined in the next chapter).  
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5.3 Closure  

The ISS characterisation procedure developed in this research needs to be further developed and 
improved before it can be validated. The ICT (based on the De Haas et al. (2000) cold 
fractionation procedure) is not an ideal method as it does not effectively separate polyP and 
mineral precipitates. The DMP can be modified to account for polyP hydrolysis in the ICT (DMP 
II). However, there are two major limitations to this modification, namely: the dependency on a 
single analytical measurement and the requirement to parametrise the Mg:P ratio in polyP and 
polyP P hydrolysis for each experiment.  
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6 Future work 
This project has pioneered the research into the characterisation of inorganic solids. Whilst 
achieving the objectives outlined in Section 1.4, it has also paved the way for upcoming work in 
this field. The aim of this chapter is to provide some guidance on future research, such that a 
complete, rigorous, and comprehensive ISS characterisation procedure is obtained.  

6.1 Evaluation of alternative base methods for the ISS characterisation test 

In this research, several potential experiments or conditions were identified as a method to 
separate and/or distinguish between polyP and mineral precipitates. Since the cold PCA 
fractionation procedure by De Haas et al. (2000) did not effectively separate polyP and mineral 
precipitates, other potential methods identified in this research can be evaluated.  

6.2 Degree of polyP hydrolysis in cold PCA extract  

Around 15% of polyP was hydrolysed in the PCA extract which was found to be fairly consistent 
in all cases. The ratio of polyP hydrolysed was integrated in the DMP II. However, further tests 
are required to validate this ratio. Future research can investigate the release of K with the polyP 
hydrolysis in the PCA extract and determine if there is any correlation. This relationship can then 
be implemented to parametrise polyP hydrolysis using accurate K measurements. Furthermore, 
it has been identified that the counter-ions Mg, K and Ca were released erratically in test cases 
with polyP, and there is no explicit trend or factors identified at this stage. Future research can 
determine the factors affecting the release of these counter-ions, and potential parametrisation in 
the DMP.   

6.3 Determination of the molecular formula of polyP in PAOs  

Although there is literature that approximates the polyP molecular formula in the form of 
MgaKbCacPd, it is currently not known what drives the uptake of counter-ions by polyP, and the 
consequent molecular formula of polyP. A research study on the factors affecting polyP counter-
ion uptake can help to parametrise the uptake of Mg, K and Ca in EBPR systems, and this can 
be easily included in the DMP. As the DMP II relies on the molecular formula of polyP, more 
accurate results can potentially be obtained once the polyP molecular formula is known.  
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Appendix A: Cold PCA fractionation procedure 
The following table outlines the steps followed by De Haas et al. (2000).  

Table 17A. Cold PCA fractionation procedure. Adapted from De Haas et al. (2000) 

Step Procedure Analysis Interpretation 

1 A 50 ml sample of activated 
sludge was transferred to a 
centrifuged tube with screw 
lid. 

The original activated 
sludge sample was tested 
for TP and total solids test 
(VSS, ISS and TSS) 

 

2 The sample was centrifuged 
at 3000 g for 5 min. The 
supernatant was collected. 

 Original supernatant 
corresponding to 
“effluent” at point of 
sampling 

3 A solution of 0.9% (m/v) 
NaCl (10 ml) was added to 
the pellet in step 1 and 
shake well, with cap. 

  

4 The sample was then 
centrifuged at 3 000 r/min 
(max. 2000 g) for 5 min. 
The supernatant in step 3 
was pooled to the SUP 
sample. (Step 2). 
 

Half of the SUP sample was 
filtered. The SUP and 
filtered SUP (fSUP) were 
analyzed for 
• orthoP immediately 
• total P 
The analytical 
measurements were 
correct ed by a factor of 
1.2i.e., 60 ml extract per 
50 ml original mixed 
liquor. 

“Interstitial” loosely 
bound phosphate pooled 
with that present in the 
original supernatant. 

5 A volume of 20 ml of 0.5 
M cold perchloric acid was 
added to the pellet of step 
4.  The extraction was 
carried in a refrigerated 
water bath at 00C. Three 
consecutive extraction of 5 
minutes were carried. The 
extracts were pooled 
together and stored at 00C. 
 

The PCA extract was 
analyzed for: 
orthoP 
immediately; 
total P 

 
Correct by a factor of 1.2 
i.e., 60 ml extract per 50 
ml original mixed liquor. 

Acid-soluble complex P 
(polyP and nucleic acids) 
extracted as well as 
chemical precipitates 
(orthoP). 

 

 
6 The pellet of step 5 was 

resuspended in distilled 
water. 

The residue was 
analyzed for total P 

 

Non  acid-extractable P 
compounds grouped. 
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Appendix B: Sequencing batch reactor  
The sequencing batch reactor was set up as another means to obtain an enhanced cultures of PAO 
at steady state. Due to the fact that the MBR system has yielded an enhanced culture of PAOs 
ahead of this one, the sludge from this reactor was not used. However, this reactor was used in a 
parallel study to determine the effect of mineral precipitate on EBPR. Hence, for future 
references, a description of how this system was set up and rationale behind design decisions, is 
hereby provided. Figure 35B provides a schematic of the set-up of the SBR reactor. 

 
Figure 35B. Sequencing batch reactor schematic 

The reactor is operated in a sequence of feeding, anaerobic phase, aerobic phase and settling. 
This was based on similar SBR reactors operated in the past in other studies [insert reference]. 
The total cycle time was 6 hours. Hence, 4 cycles were operated per day. Each phase was 
controlled by timers, except for wasting which was manually carried out. The cycles with the 
operational conditions and time period are shown in Table 18B. The reactor was a 10 L Perspex 
cylinder, with 9L effective volume. Similarly, to the MBR reactor, the reactor was fed a 
percentage of synthetic feed (propionate) and settled wastewater. As the bacteria grew 
accustomed to synthetic feed, the percentage of synthetic feed was increased gradually from 0 to 
75%. The content of the synthetic and filtered raw wastewater feed was kept identical to the UCT 
AS system (see section 3.4.1). The feed from the synthetic and filtered raw wastewater tanks 
were pumped, using peristatic pumps, over the anaerobic phase. The anaerobic phase was 
roughly 3 hours (excluding settling time, which is also anaerobic). During the anaerobic phase, 
the aerators were turned off and nitrogen gas was pumped for the first 10 minutes, to kick out 
any oxygen remaining from the previous phase [insert reference]. Feeding slowly over the three 
hours of anaerobic phase, favoured the growth of PAOs over GAOs. During all phases, except 
settling, the mixer was turned on. The mixer was controlled by a motor installed on top of the 
reactor as depicted in Figure 35B. 
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Figure 36B. Sequencing batch reactor anaerobic phase 

 The aeration phase was 1.6 hours. During aeration the aerators were turned on. The aerator was 
essentially compressed air being pumped into a diffuser, installed [give specific name] at the 
bottom of the reactor. The level of oxygen was controlled at 3 mgO/l by a DO meter. The oxygen 
level was measured using a DO probe as depicted in Figure 35B. During the settling phase, the 
aerator and mixer were turned off for an hour. After one hour, a peristatic pump was turned on 
and drew out half of the supernatant volume. The settling time was considered anaerobic and 
thus the total anaerobic time was four hours. Approximately 0.9 L of sludge was wasted every 
day to keep a sludge age of 10 days. At this low sludge age, nitrification is prevented and thus 
prevents the growth of denitrifying PAOs. The reactor was designed, constructed, and operated 
by the author for a period of two months before it was passed on to the next experimenter.  

 
Figure 37B. Sequencing batch reactor settling phase 

 

 



B3 
 

Appendix B  Oodally Adam 

Table 18B. Schedule of sequencing batch reactor 

Cycle Time Operation  
Duration 
(mins) 

DO 
Pump Mixer 

Nitrogen 
Gas 

Effluent 
pump 

Feed 
pump 

Cycle 1 

11:00:00 Feeding; N2 pumping 150 OFF ON ON OFF ON 
13:30:00 Anaerobic Reaction 170 OFF ON OFF OFF OFF 
13:50:00 Aerobic reaction 100 ON ON OFF OFF OFF 
15:30:00 Settling 60 OFF OFF OFF OFF OFF 
16:30:00 Decanting supernatant 30 OFF OFF OFF ON OFF 

Cycle 2 

17:00:00 Feeding; N2 pumping 150 OFF ON ON OFF ON 
19:30:00 Anaerobic Reaction 170 OFF ON OFF OFF OFF 
19:50:00 Aerobic reaction 100 ON ON OFF OFF OFF 
21:30:00 Settling 60 OFF OFF OFF OFF OFF 
22:30:00 Decanting supernatant 30 OFF OFF OFF ON OFF 

Cycle 3 

23:00:00 Feeding; N2 pumping 150 OFF ON ON OFF ON 
01:30:00 Anaerobic Reaction 170 OFF ON OFF OFF OFF 
01:50:00 Aerobic reaction 100 ON ON OFF OFF OFF 
03:30:00 Settling 60 OFF OFF OFF OFF OFF 
04:30:00 Decanting supernatant 30 OFF OFF OFF ON OFF 

Cycle 4 

05:00:00 Feeding; N2 pumping 150 OFF ON OFF OFF ON 
07:30:00 Anaerobic Reaction 170 OFF ON OFF OFF OFF 
07:50:00 Aerobic reaction 100 ON ON OFF OFF OFF 
09:30:00 Wasting 0.9L WAS 0 ON ON OFF ON OFF 
09:30:00 Settling 60 OFF OFF OFF OFF OFF 
10:30:00 Decanting supernatant 30 OFF OFF OFF ON OFF 

 

 
Figure 38B. Instrument control of sequencing batch reactor 
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Appendix C: NDEBPR WAS characterisation 
The NDEBPR WAS was characterised using Wentzel et al. (1990) steady state equations. The 
relevant equations are provided below.  
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*ℎ,-,,	  

%0!  = 	G$$	1A91,96-568A9	A"	5168F,	&0E? 

%0# = 	G$$	1A91,96-568A9	A"	5168F,	E@E? 

"2495 = 	X-5168A9	A"	6A654	VEW	6ℎ56	8?	29!8A7,;-575!4,	?A42!4, 

"6478 = 	X-5168A9	A"	6A654	VEW	6ℎ56	8?	29!8A7,;-575!4,	Y5-6812456, 

"2345 = 	X-5168A9	A"	!8A7,;-575!4,	VEW	6ℎ56	8?	?A42!4, 

")# = 	Z9!8A7,;-575!4,	"-5168A9	A"	"-5168A9	A"	E@E?	 = 	0.20 

(# = 	(8,47	A"	E@E?	 = 	0.45	3;G$$/3;VEW 



C2 
 

Appendix C  Oodally Adam 

!#" = 	W,56ℎ	-56,	A"	E@E? 

(!  = 	(8,47	A"	&0E?	 = 	0.45	3;G$$/3;VEW 

!!" = 	W,56ℎ	-56,	A"	&0E? 

 

The values obtained from Equations C1-C6 relate to the average concentration across the all the 
zones (aerobic, anaerobic and anoxic) of the AS system. To obtain the specific concentrations in 
each zone of the UCT MBR AS system, the Equation C7 given by Ramphao et al. (2004) can be 
used.  

"L($AK) =
#%F$AK
#%Fàààààà

5@5

=
%F$AK
%F5@5

 

 
(C7) 

*ℎ,-,,	  

"L($AK) = 	0,-A!81	35??	"-5168A9 

#%F$AK = 	#,5?2-,7	G$$	35??	A"	6ℎ,	5,-A!81	âA9, 

#%Fàààààà
5@5 = V5412456,7	G$$	35??	A"	#O'	0$	?>?6,3	2?89;	,|2568A9	 

 

The aerobic mass fraction is determined as the ratio between the experimentally measured 
aerobic VSS mass and calculated VSS mass. This fraction is then used to determine the XBH, 
XEH, XBG, XEG, Xinert and Xv concentrations in the aerobic zone. The concentrations of the 
different components of the WAS are the same as the concentrations in the aerobic zone, given 
the WAS has not been thickened.  
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Appendix D: Results of ISS characterisation test  
This section provides the results from the analytical measurements of the samples from the ISS characterisation test. The overall recovery is also 
provided.  

Table 19D. Test case A soluble measurement results 

Soluble 
Test case A: Struvite only 

SUP PCA 
Sample A Sample B Sample C Average Std dev. Sample A Sample B Sample C Average Std dev. 

Mg (mgMg/L) 2.23 2.84 3.53 2.87 0.65 123.00 134.68 - 128.84 8.26 
K (mgK/L) NA NA NA - - NA NA NA - - 

Ca (mgCa/L) NA NA NA - - NA NA NA - - 
P (mgP/L) 6.623 5.726 7.188 6.512 0.737 174.337 161.473 173.476 169.762 7.191 
N (mgN/L) 2.82 2.45 2.98 2.75 0.27 73.51 70.86 78.82 74.40 4.05 

 

Table 20D. Test case A Total measurement results 

Total 

Test case A: Struvite only 

PCA RES 
Sample 

A Sample B Sample C Average Std dev. Sample A Sample B Sample C Average Std dev. 
Mg (mgMg/L) 127.74 129.98 128.41 128.71 1.15 0.85 0.48 0.38 0.57 0.25 

K (mgK/L) NA NA NA - - NA NA NA - - 
Ca (mgCa/L) NA NA NA - - NA NA NA - - 

P (mgP/L) 170.126 171.325 168.878 170.110 1.223 0.319 0.205 0.312 0.279 0.064 

N (mgN/L) 74.80 - - 74.80 - 0.07 0.09 0.13 0.10 0.03 
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Table 21D. Test case B soluble measurement results 

Soluble 
Test case B: ACP only 

SUP PCA 

Sample A Sample B Sample C Average Std dev. Sample A Sample B Sample C Average Std dev. 

Mg (mgMg/L) NA NA NA - - NA NA NA - - 

K (mgK/L) NA NA NA - - NA NA NA - - 

Ca (mgCa/L) 1.24 2.96 1.88 2.03 0.87 72.25 78.52 - 75.38 4.43 

P (mgP/L) 1.862 1.201 1.489 1.518 0.332 37.896 37.885 34.825 36.869 1.770 

N (mgN/L) NA NA NA - - NA NA NA - - 
 

Table 22D. Test case B total measurement results 

Total 
Test case B: ACP only 

PCA RES 
Sample A Sample B Sample C Average Std dev. Sample A Sample B Sample C Average Std dev. 

Mg 
(mgMg/L) NA NA NA - - NA NA NA - - 
K (mgK/L) NA NA NA - - NA NA NA - - 

Ca (mgCa/L) 80.29 81.76 80.06 80.70 0.92 0.38 0.49 - 0.44 0.08 
P (mgP/L) 38.784 37.861 39.661 38.769 0.900 0.192 - - 0.192 - 
N (mgN/L) NA NA NA - - NA NA NA - - 
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Table 23D. Test case C soluble measurement results 

Soluble 
Test case C: Struvite and ACP 

SUP PCA 

Sample A Sample B Sample C Average Std dev. Sample A Sample B Sample C Average Std dev. 
Mg 

(mgMg/L) 4.04 4.45 - 4.25 0.29 131.87 129.89 129.85 130.54 1.15 
K (mgK/L) NA NA NA - - NA NA NA - - 

Ca (mgCa/L) 2.04 1.74 1.33 1.70 0.36 73.64 72.56 74.44 73.55 0.94 
P (mgP/L) 8.952 8.520 8.928 8.800 0.243 205.657 205.658 208.500 206.605 1.641 

N (mgN/L) 3.6 2.4 3.4 3.1 0.6 - 78.3 70.9 74.6 5.2 
 

Table 24D. Test case C total measurement results 

Total 
Test case C: Struvite and ACP 

PCA RES 

Sample A Sample B Sample C Average Std dev. Sample A Sample B Sample C Average Std dev. 
Mg 

(mgMg/L) 131.78 132.96 130.55 131.76 1.21 - 0.40 - 0.40 - 

K (mgK/L) NA NA NA - - NA NA NA - - 

Ca (mgCa/L) 74.29 76.57 72.19 74.35 2.19 0.01 0.53 - 0.27 0.36 

P (mgP/L) 207.166 208.981 208.288 208.145 0.916 0.577 0.620 0.935 0.711 0.195 

N (mgN/L) 75.67 74.60 - 75.14 0.76 - 0.10 0.01 0.05 0.06 
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Table 25D. Test case D soluble measurement results 

Test Case D: NDEBPR WAS 

Extract SUP  PCA  

Soluble Sample A Sample B Sample C Average Std.dev Sample A Sample B Sample C Average Std.dev 

Mg 29.09 26.69 26.45 27.41 1.46 55.97 76.76 61.52 64.75 10.77 

K 227.68 233.42 226.22 229.11 3.81 25.16 32.26 28.64 28.69 3.55 

Ca 11.00 10.43 10.43 10.62 0.33 47.89 54.41 52.38 51.56 3.33 

P 59.124 60.508 58.883 59.505 0.877 41.920 47.843 47.657 45.806 3.367 

N 0.05 0.07 0.07 0.06 0.01 -0.01 -0.02 -0.01 -0.02 0.01 
 

Table 26D. Test case D total measurement results 

Test Case D: NDEBPR WAS 

Extract PCA  RES 

Total Sample A Sample B Sample C Average Std.dev Sample A Sample B Sample C Average Std.dev 

Mg 72.22 67.16 86.63 75.34 10.11 27.92 23.52 25.97 25.80 2.20 

K 111.17 88.38 88.36 88.37 0.01 16.86 2.94 5.34 8.38 1.70 

Ca 55.46 - 57.69 56.57 1.58 9.20 3.03 4.70 5.64 3.19 

P 190.534 223.952 216.261 220.107 5.439 - 113.040 112.050 112.545 0.700 

N 13.57 10.84 10.03 11.48 1.86 420.80 414.40 389.20 408.13 16.71 
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Table 27D. Test case D Diluted soluble measurement results 

Test Case D: NDEBPR WAS Diluted 

Extract SUP  PCA  
Soluble Sample A Sample B Sample C Average Std.dev Sample A Sample B Sample C Average Std.dev 

Mg 31.46 32.81 33.48 32.58 1.03 73.46 73.25 69.50 72.07 2.23 

K 223.49 217.87 218.83 220.06 0.68 40.97 40.22 40.54 40.58 0.22 

Ca 13.39 15.29 14.62 14.43 0.96 40.54 44.30 37.75 40.86 3.29 

P 56.659 56.659 56.546 56.622 0.065 38.825 41.791 37.286 39.301 2.290 

N 0.07 0.07 0.07 0.07 0.00 0.00 0.22 -1.58 -0.46 0.98 
 

Table 28D. Test case D Diluted total measurement results 

Test Case D: NDEBPR WAS Diluted 

Extract PCA  RES 

Total Sample A Sample B Sample C Average Std.dev Sample A Sample B Sample C Average Std.dev 

Mg 77.76 78.95 72.90 76.54 3.20 28.12 13.72 23.58 21.80 7.36 

K 176.26 152.68 197.68 175.54 22.51 98.64 115.96 - 107.30 12.24 

Ca 53.35 55.94 51.98 53.76 2.01 1.44 6.23 0.97 2.88 2.91 

P 222.322 225.349 218.189 221.953 3.594 79.116 82.068 76.896 79.360 2.595 

N 14.76 15.26 13.68 14.57 0.81 522.24 553.92 588.48 554.88 33.13 
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Table 29D. Test case E soluble measurement results 

Test Case E: NDEBPR WAS and Struvite 

Extract SUP  PCA  

Soluble Sample A Sample B Sample C Average Std.dev Sample A Sample B Sample C Average Std.dev 

Mg 34.28 22.98 31.12 29.46 5.83 204.06 212.65 205.26 207.32 4.65 

K 215.58 223.34 242.45 227.12 13.83 108.30 113.34 114.11 111.92 3.16 

Ca 12.76 11.65 12.26 12.22 0.55 69.14 67.49 70.24 68.96 1.38 

P 77.267 76.922 77.084 77.091 0.172 214.307 212.867 210.731 212.635 1.799 

N 2.63 2.95 2.35 2.64 0.30 75.05 79.28 75.47 76.60 2.33 
 

Table 30D. Test case E total measurement results 

Test Case E: NDEBPR WAS and Struvite 

Extract PCA  RES 

Total Sample A Sample B Sample C Average Std.dev Sample A Sample B Sample C Average Std.dev 

Mg 229.59 231.55 213.48 224.87 9.92 50.12 36.74 - 43.43 9.46 

K 97.45 106.92 85.45 96.61 10.76 55.50 38.33 42.14 40.23 2.69 

Ca 72.49 69.86 72.94 71.76 1.66 21.08 15.99 16.47 16.23 2.81 

P 359.044 357.808 362.633 359.828 2.507 169.600 169.004 160.880 166.495 4.872 

N 77.99 75.58 76.57 76.72 1.21 391.80 375.60 390.20 385.87 8.93 
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Table 31D. Test case F soluble measurement results 

Test Case F: NDEBPR WAS and Struvite + ACP 

Extract SUP  PCA  

Soluble Sample A Sample B Sample C Average Std.dev Sample A Sample B Sample C Average Std.dev 

Mg 25.55 24.17 25.42 25.04 0.76 233.04 161.47 164.08 162.77 1.84 

K 271.38 267.52 266.57 268.49 2.55 125.77 103.91 111.62 113.77 11.09 

Ca 11.53 11.26 11.09 11.29 0.22 131.94 116.62 119.50 122.68 8.14 

P 69.778 70.099 70.590 70.156 0.409 331.679 214.321 222.002 256.001 5.431 

N 3.41 2.42 2.60 2.81 0.52 101.17 82.93 60.13 81.41 20.56 
 

Table 32D. Test case F total measurement results 

Test Case F: NDEBPR WAS and Struvite + ACP 

Extract PCA  RES 

Total Sample A Sample B Sample C Average Std.dev Sample A Sample B Sample C Average Std.dev 

Mg 234.11 157.21 156.42 195.66 44.63 29.00 53.70 53.70 53.70 14.26 

K 188.66 155.86 167.44 172.26 8.18 295.40 107.75 11.10 138.08 68.34 

Ca 109.69 118.10 133.52 113.90 12.09 5.02 5.03 5.52 5.19 0.29 

P 571.662 404.640 413.325 408.983 94.023 100.450 136.760 136.640 124.617 20.929 

N 104.49 65.90 72.52 80.97 20.64 352.80 373.20 427.20 384.40 38.44 
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Table 33D. Test case G soluble measurement results 

Test Case G: NDEBPR WAS, Struvite and ACP 
Extract SUP  PCA  
Soluble SAMPLE A SAMPLE B SAMPLE C AVERAGE SD SAMPLE A SAMPLE B SAMPLE C AVERAGE SD 

Mg 28.78 27.85 26.96 27.86 0.91 112.70 105.17 38.71 108.94 5.33 

K 264.80 283.67 283.67 277.38 10.89 106.87 104.70 120.28 110.62 8.44 

Ca 13.08 12.46 12.22 12.58 0.45 114.55 111.85 108.42 111.61 3.07 

P 68.808 67.368 67.476 67.884 0.802 162.182 163.130 157.194 160.836 3.189 

N 2.94 2.80 3.06 2.93 0.13 42.34 46.52 36.28 41.71 5.15 
 

Table 34D. Test case G total measurement results 

Test Case G: NDEBPR WAS, Struvite and ACP 

Extract PCA  RES 

Total SAMPLE A SAMPLE B SAMPLE C AVERAGE SD Reading 1 Reading 2 Reading 3 Average SD 

Mg 123.93 180.74 110.39 117.16 9.57 49.00 51.50 51.50 50.67 1.44 

K 186.37 184.00 188.05 186.14 2.04 263.90 106.85 102.70 104.78 2.93 

Ca 110.63 114.78 109.34 111.58 2.84 4.88 5.09 5.53 5.17 0.33 

P 242.447 245.237 242.444 243.376 1.612 200.250 - 195.680 197.965 3.231 

N 41.80 46.78 - 44.29 3.53 400.80 358.80 420.60 393.40 31.56 
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Table 35D. Overall recovery test case A 

Test Case A 
Test case SUP PCA RES Total MLSS % Recovery 

Mg 2.87 128.71 0.57 132.15 133.7 99% 
K - - - - - - 
Ca - - - - - - 
P 6.51 170.11 0.28 176.90 172.7 102% 
N 2.75 74.80 0.10 77.64 78.0 100% 

 

Table 36D. Overall recovery test case B 

Test Case B 
Test case SUP PCA RES Total MLSS % Recovery 

Mg - - - 0.00 - - 
K - - - 0.00 - - 
Ca 2.03 80.70 0.44 83.17 81.3 102% 
P 1.52 38.77 0.19 40.48 42.0 96% 
N - - - 0.00 - - 

 

Table 37D. Overall recovery test case C 

Test Case C 
Test case SUP PCA RES Total MLSS % Recovery 

Mg 4.25 131.76 0.40 136.41 133.7 102% 
K - - - 0.00 - - 
Ca 1.70 74.35 0.27 76.33 81.3 94% 
P 8.80 208.14 0.71 217.66 214.7 101% 
N 3.15 75.14 0.05 78.34 78.0 100% 
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Table 38D. Overall recovery test case D 

Test Case D 
Test case SUP PCA RES Total MLSS % Recovery 

Mg 27.41 75.34 25.80 128.54 125.11 103% 
K 229.11 88.37 8.38 325.86 278.01 117% 
Ca 10.62 56.57 5.64 72.83 71.27 102% 
P 59.50 220.11 112.55 392.16 403.331 97% 
N 0.06 11.48 408.13 419.68 413.41 102% 

 

Table 39D.  Overall recovery test case E 

Test Case E 
Test case SUP PCA RES Total MLSS % Recovery 

Mg 29.46 224.87 43.43 297.76 273.22 109% 
K 227.12 96.61 40.23 363.96 262.21 139% 
Ca 12.22 71.76 16.23 100.21 100.18 100% 
P 77.09 359.83 166.49 603.41 616.150 98% 
N 2.64 76.72 385.87 465.23 - 88% 

 

Table 40D. Overall recovery test case F 

Test Case F 
Test case SUP PCA RES Total MLSS % Recovery 

Mg 25.04 195.66 53.70 274.40 273.22 100% 
K 268.49 172.26 138.08 578.83 200.55 289% 
Ca 11.29 113.90 5.19 130.38 145.78 89% 
P 70.16 408.98 124.62 603.75 650.870 93% 
N 2.81 80.97 384.40 468.18 523.27 89% 
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Table 41D.  Overall recovery test case G 

Test Case F 
Test case SUP PCA RES Total MLSS % Recovery 

Mg 27.86 117.16 50.67 195.69 217.22 90% 
K 277.38 186.14 104.78 568.29 218.33 260% 
Ca 12.58 111.58 5.17 129.33 137.13 94% 
P 67.88 243.38 197.97 509.23 504.980 101% 
N 2.93 44.29 393.40 440.62 421.27 105% 
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Appendix E: Photographs of ISS Characterisation test  
 

 
Figure 39E. Addition of cold PCA acid to sludge sample 

 

 
Figure 40E. Extraction in refrigerated water bath at 00C 
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Figure 41E. Centrifugation at 00C in a refrigerated centrifuge 

 

 
Figure 42E. Sample after centrifugation with cold perchloric acid 

 



F1 
 

Appendix F  Oodally Adam 

Appendix F: Multicriteria analysis for ICT  
Table 42F. Scoring system for multi-criteria analysis 

Score DMP Literature 
support 

Simplicity 
of test 

Expected 
Accuracy 
of test 

Expected 
Reproducibility 

Data 
processing  

Equipment 
procurement Expenditure 

5 Simple Extensive Simple Accurate Reproducible Low Low Cheap 

4 

          

      3 
2 
1 Complex Scarce Complex Inaccurate Irreproducible High High Expensive 

 

Table 43F. Multi-criteria analysis on potential characterisation tests 

  

Weight  Dilution  Elevated 
temperatures 

Electric 
field 

Anaerobic 
digestion 

Cold PCA 
fractionation  

Non PCA 
fractionation 

Differential 
settling 
velocity 

Microscopy 
with QIA 

Staining 
with 
cytometer 

NMR 
analysis 

Section   2.6.1 2.6.2 2.6.3 2.6.4 2.6.5.1 2.6.5.2 2.6.6 2.6.7.2 2.6.7.3 2.6.8 

Expenditure 15% 5 5 4 4 5 4 4 1 1 1 

Literature support 15% 3 2 1.5 4 5 4 2 4 3 4 

Complexity of test 15% 5 3 2 3 4 3 2 2 2 4 
Expected Accuracy of 
test 20% 3 2 2 2 4 3 2 2 2 5 

Expected 
Reproducibility 10% 2 2 2 2 4 3 2 2 2 5 

Data processing  5% 5 4 4 4 5 4 3 1 1 4 
Equipment 
procurement 5% 5 5 2 3 5 4 4 1 1 1 

DMP 15% 5 5 4 4 5 3 3 2 2 4 

Score 100% 4 3.3 2.63 3.2 4.55 3.4 2.6 2.05 1.9 3.7 
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Appendix G: Characteristics of NDEBPR WAS  

 

Table 44G. Detailed UCT AS system overview 

Influent and Effluent 
Results 

  Flow COD TKN FSA Nitrate TP OP 
Total 

K 
Filt K 

Units (l/d) (mgCOD/l)  (mgN/l)  (mgN/l)  (mgN/l)  (mgP/l)  (mgP/l)  (mg/l)  (mg/l)  

Influent 58 953.34 74.9 43 - 86.8 85.5 245.9   
Effluent 54 57.8 1.4 0.1 8.9 59.3 59.3 193.3 193.3 

  

System Performance 
Results 

Sludge age  
COD 

removal 
TKN 

removal  
TP 

removal 
Aerobic TSS 
(measured) 

Aerobic VSS (measured) Aerobic ISS  
Nitrogen 
nitrified 

Nitrate 
denitrified 

(d) (%) (%) (%)  mgTSS/l) (mgVSS/l)  (mgISS/l) 
(mgN/ l 
influent) 

(mgN/ l 
influent) 

12.1 95 97 38 6799.82 4814.82 1985 35.3 17.3 

  

Waste Activated 
Sludge Composition 

(Aerobic) 

Component 
Active 
OHO 

Endogenou
s OHO 

Active 
PAO 

Endogenous 
PAO 

UPO PP USO Supernatant  Total 

 

Units 
mg/l 

(conc.) 
mg/l (conc.) 

mg/l 
(conc.) 

mg/l (conc.) mg/L (conc.) 
mg/l 

(conc.) 
mg/l 

(conc.) 
mg/l (conc.) 

mg/l 
(conc.) 

 

VSS 577.66 335.56 
2966.7

1 
359.09 528.44 0  45.03   4812.46  

N 47.18 33.56 296.67 35.91 52.84 0 1.3 0.29 466.16  

P 14.44 8.39 74.17 8.98 13.211 310.1 0.1 57.7 487.091  
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Appendix H: Analysis calculations  

The following section outlines the calculations carried out in the analysis of the results. Where 
relevant, reference to this section was made in the main body of this research.  

A. Determining the elemental concentration from known mineral precipitate concentrations  

In all test cases, a known amount of struvite and ACP was added to 50 ml of solution (distilled water 
or NDEBPR WAS). This section presents how the expected concentration of the ions in the PCA 
extract was calculated.  

Struvite  

The stoichiometric formula of struvite is typically MgNH4PO4.6H2O. For this elemental composition 
the molar mass is 245 mg/mol. The struvite used in this study was obtained commercially from Merck 
and had half of the hydration typically found in struvite. The formula was MgNH4PO4.3H2O and thus 
had a molar mass of 191 mg/mol. Hence, the following equation applied to determine the expected 
concentration of ions in the PCA extract. 

!"	(%&	'"!"/)) 	= 	
,-./0%-1	23&21&-.4-%3&	%&	536/-%3&		

191
× 	24	 (H1) 

<	(%&	'"=4/)) 	= 	
,-./0%-1	23&21&-.4-%3&	%&	536/-%3&		

191
× 	14 

 
(H2) 

>	(%&	'">/)) 	= 	
,-./0%-1	23&21&-.4-%3&	%&	536/-%3&		

191
× 	31	 

 
(H3) 

@ℎ1.1,	  

24 = !364.	'455	3C	'4"&15%/'	%&	"/'36 

14 = !364.	'455	3C	&%-.3"1&	%&	"/'36 

31 = !364.	'455	3C	Dℎ35Dℎ3./5	%&	"/'36 

191 = !364.	'455	3C	5-./0%-1	%&	"/'36 

 

ACP 

The ACP used in this study was also commercially obtained and had the following stoichiometric 
formula: Ca3(PO4)2. The molar mass of ACP was 310 mg/mol. The expected ionic concentrations in 
the PCA extract were therefore calculated as shown below. Where both ACP and struvite were present, 
the expected P concentrations was the sum of P from Equation H3 and Equation H5.  
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=4	(%&	'"!"/)) 	= 	
E=>	23&21&-.4-%3&	%&	536/-%3&		

310
× 	40	 × 	3	 (H4) 

>	(%&	'">/)) 	= 	
E=>	23&21&-.4-%3&	%&	536/-%3&		

310
× 	31	 × 	2	 

 
(H5) 

@ℎ1.1,	  

40 = !364.	'455	3C	2462%/'	%&	"/'36 

31 = !364.	'455	3C	Dℎ35Dℎ3./5	%&	"/'36 

310 = !364.	'455	3C	E=>	%&	"/'36 

 

B. Determining of elemental recovery for mineral precipitate 

 

GHIJHKLMNH	IHJOPHIQ	 = 	
RJLSMT	UOK	JOKJHKLIMLUOK			

VWXHJLHY	UOK	JOKJHKLIMLUOK
× 	Z[[	 

 

(H6) 

C. Determining of elemental recovery for sludge (with or without mineral precipitate) 

 

GHIJHKLMNH	IHJOPHIQ	

= 	
			∑ VWLIMJL]	HTH^HKLMT	JOKJHKLIMLUOK	

_`aa	HTH^HKLMT	JOKJHKLIMLUOK	
× 	Z[[	 

 

(H7) 

 




