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Abstract  

Phosphorus (P) is an essential element for living creatures and is predicted to be 

depleted out within the next 100 year or so. New Zealand is in urgent need of P 

management and recovery as it can not only reduce the country‘s P rock import and 

fertilizer consumption, but also help minimize the environmental impact in the 

agricultural industry by improving the P resource utilization efficiency across the 

country. This project aims to identify the most suitable streams for economical P 

recovery via struvite crystallization in New Zealand. A global P depletion model was 

constructed and a P flow analysis was conducted to distinguish and quantify different 

P flows within New Zealand. Struvite crystallization in dairy wastewater was found to 

be an effective solution for P utilization efficiency improvement. To resolve the 

negative extent of the effect of calcium in the dairy wastewater, quantitative 

recommendations around where P recovery using struvite crystallization is feasible 

was established. At the same time, an empirical and a thermodynamic model were 

constructed to predict the struvite purity under various wastewater compositions. The 

developed models can be used to as a preliminary tool to check whether the desired 

product is attainable and if, and how much, magnesium can be used to compensate for 

low product quality. 
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1.1 Project Overview 

Phosphorus (P) is an essential element for all life forms and is predominantly used as 

a fertilizer. It is a one-way flow element without any feasible substitutes (Cordell et 

al., 2009). The world population is predicted to exceed 9 billion by 2050 (Lutz et al., 

2001), which will drive an increase in P consumption . However, the major source of 

P is P rock, which is predicted to be depleted within the next 100 years (Cordell et al., 

2009). Furthermore, almost 90% of the mined P rock is lost to the environment during 

primary consumption, which will exacerbate future supply issues (Cordell et al., 2009, 

Cordell et al., 2013).  

New Zealand imports approximately 800,000 metric tonnes P rock annually. Its 

average P consumption (per herctare) is two times larger than Australia, three times 

larger than the world average, and seven times larger than Europe. Thus, P resource 

management is of significant importance. The dairy industry is New Zealand‘s 

leading export business after tourism. The primary product exports are forecasted to 

double by 2025 (Bray et al., 2013). However, wastewaters generated by farms and 

processing plants are currently poorly managed. Dairy wastewater is always rich in P, 

which is a key factor for environmental pollution. This makes it a promising feedstock 

for struvite crystallization.  

Struvite crystallization has been intensively studied since 2000 and is anticipated to be 

the most promising technique to manage the non-renewable nature of P rock. 

Research in struvite formation is now widespread and includes studies on pipeline 

scaling prevention, alternative P removal and recovery from effluents, and possible 

exploitation for the benefit of wastewater companies and industries as a fertilizer 

(Rahman et al., 2014). At the same time, most of the current research is on the 

laboratory scale (Kumar and Pal, 2015), focusing on process parameters (pH, dosage, 

mixing, induction time etc.) and their influence on P removal efficiency (Le Corre et 

al., 2009).  

Currently there is little research looking at struvite crystallization for P recovery in 

New Zealand, which might due to the high calcium concentration in dairy wastewater 

that can reduce the product purity, making the process economically unviable. 

Therefore, further understandings on the reaction thermodynamics are essential. At 

the same time, product quality based control systems for struvite crystallization have 
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been overlooked in past research. Such knowledge not only generalizes the 

crystallization for better process design, but also provides opportunities for 

simultaneous product quality control and process cost estimation. 

To address the above mentioned problems, this project first investigates the 

significance and necessity of P recovery and management in New Zealand. A robust P 

production model based on historical P demand was proposed for future resource 

management (Chapter 2). Based on this, a substance flow analysis (SFA) was 

conducted to distinguish and quantify different P flows within New Zealand (Chapter 

3). It is estimated that P recovery from wastewater treatment facilities (e.g dairy farms) 

would significantly improve the P utilization efficiency in New Zealand and could 

decrease its annual P rock imports by 20%.  

To investigate the economic viability of P recovery, a review on struvite 

crystallization was conducted and high calcium concentrations in dairy wastewater 

were found to be the main challenge for struvite crystallization, by reducing the 

product purity and altering the precipitate morphology (Chapter 4 and Appendix). 

 Therefore, the main objective of this work is to resolve the negative impacts of 

calcium on struvite crystallization to establish quantitative recommendations around 

where P recovery using this method is feasible (Chapter 5). With this information in 

hand, an empirical model for P removal and struvite purity was proposed (Chapter 6). 

The findings show that high P recovery and struvite purity depend on the wastewater 

composition, and in most cases can be improved through the addition of magnesium. 

Due to the design condition limitations of the empirical model, a thermodynamic 

model was also proposed to predict the struvite purity across a wider range of 

wastewater compositions (Chapter 7).  

This project has shown that struvite crystallization is a feasible method of P recovery 

from dairy wastewaters, even in the presence of high calcium concentrations. The 

developed empirical and thermodynamic models can be used as a preliminary design 

tool to check whether the desired product is attainable and if, and how much, 

magnesium would need to be used to mitigate the detrimental effect of calcium on the 

product quality. 
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1.2 Research Objectives 

This project will focus on P management and recovery in New Zealand through 

struvite crystallization. Due to the complexity of P distributions in different streams 

and the ionic concentration variation in wastewaters, this research was broken down 

into several smaller projects and tasks, with each one contributing to the main 

research objectives. They include: 

1) Identify the significance and necessity of P recovery. Propose a P rock supply 

model based on historical P demand to predict the current P rock depletion 

rate for better resource management.  

2) Understand how P flows within New Zealand using a substance flow analysis, 

helping distinguish and quantify P flows in the country. Use principal 

component analysis to compare the P utilization efficiency between New 

Zealand and other countries. Identify the possible streams for efficient P 

recovery. 

3) Perform a review of the current techniques on P recovery. Analyse the 

research trends in this field and propose suggestions for better process design. 

Resolve the negative impact of calcium on struvite crystallisation to establish 

quantitative recommendations.  

4) Investigates the effect of the wastewater composition on the P removal 

efficiency and struvite purity. Develop a comprehensive numerical model as a 

preliminary tool to check whether the desired product is attainable and if, and 

how much, magnesium should be used to compensate for low product quality. 

5) Fill the literature gap on struvite crystallisation purity modelling and 

determine what modelling approach is best when using it for predicting 

struvite precipitation reactor performance under different wastewater 

compositions. 

1.3 Thesis Structure 

Following this chapter, the papers comprising this thesis will be presented as 

they appear in the publication or manuscript with minor adjustment of content in 

order to fit the thesis format and structure. The papers are followed by an 

overarching conclusions chapter, which provides a summary of all of the 

research findings presented and also recommends directions for future research.  
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Table 1-1 Summary of the papers in the thesis 

Chapter  Summary  Thesis Aim  Novelty 

2 

● Proposed a new P rock supply model based on historical P demand                  

● P recovery would be required to extend the depletion time, on the order of 

50 % to defer depletion by 50 years. 

1 
Improvement on past P rock supply models by incorporating 

human P demand and P consumption structure 

3 
● SFA was conducted to distinguish and quantify different P flows within NZ                                               

● P recover would decrease the annual P rock imports by 20% in NZ 
2 

Quantify and analyze the P flows in New Zealand and 

evaluate them within the larger context of other countries                                   

4 
Track the research trend in struvite crystallization and put up with suggestions 

for a better process design                                    
3 

First comprehensive review for struvite process design and 

research trend analysis 

5 
Only at high Ca:Mg concentration ratios of more than one did the calcium 

adversely affect the product morphology and the struvite purity 
3 

The effect of calcium has been overlooked in historical 

literature, especially in wastewaters with a high ammoniacal 

nitrogen content 

6 

A mathematical model for P removal and struvite purity was proposed to 

check whether the desired product is attainable and if, and how much, 

magnesium can be used to compensate for low product quality.  

4 

Existing research currently does not show a clear overarching 

picture of this quality variable, as most studies have been 

focused on P removal. 

7 
Propose and validate a co-precipitation thermodynamic model to predict the 

struvite product purity 
5 

Fill the literature gap on struvite crystallizations purity 

modelling 
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A Demand Based Model 
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2.1 Foreword 

This chapter has been accepted by the Journal of Environmental Informatics and has 

been included in the thesis. As P is an essential element and P rock a non-renewable 

resource that is depleting rapidly, a robust P production model is becoming essential 

for future resource management. This work proposes a new P rock supply model 

based on historical P demand. Principle component analysis was conducted to 

distinguish major variables that affect the historical P rock supply. The population 

was used in conjunction with the average P fertilizer consumption as the key 

parameters for the demand model, which also considered the consumption differences 

between developed and developing countries. The model predictions indicated that 

without proper management P rock will be depleted within the next 70-110 years. A 

conceptual P management system was thus proposed. Scenario analysis shows that 

substantial recovery would be required to extend the depletion time, on the order of 

50 % to defer depletion by 50 years. 

 

2.2 Introduction 

Phosphorus (P) is an essential element in cell structure, organisms and food 

production processes. Most P currently being used is sourced from mined P rock (P 

rock), which is a non-renewable resource and has no feasible substitute. Historically, 

more than 90% of mined P rock was used for fertilizer to sustain food production 

(Rawashdeh and Maxwell, 2011, Scholz et al., 2013b, Wang et al., 2013b).  

The world population is expected to exceed 9 billion in 2050 (Lutz et al., 2001), 

which will lead to an increase in food demand, and P demand.P rock is expected to be 

depleted within the next 100 years (Bennett and Elser, 2011), this may cause 

geopolitical issues if supply cannot meet demand, as the world‘s P rock reserves are 

concentrated in a small number of geographical areas. Morocco, China, Algeria and 

the USA account for almost 85% of the world‘s reserves, with Morocco alone 

accounting for 77% (Cooper et al., 2011).  

P rock that is easy to access, of higher grade (i.e. with higher P content), and lower 

contaminant level (heavy metals) is always mined first (Sinding-Larsen and Wellmer, 

2012). As a result, mining costs increase over time, to the point where economics and 

mining techniques constrain further mining action. Furthermore, current agricultural P 
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utilization efficiency is typically low - nearly 90% of P is lost to the environment 

following primary consumption (Cordell et al., 2009). Such losses enrich the P 

concentration in local streams, leading to environmental problems such as red tide and 

eutrophication (Bennett and Elser, 2011). Therefore, it is necessary to have a more in 

depth understanding of future P rock demand and supply. This would not only 

highlight future P rock trends, but also indicate possible effective resource 

management solutions for a sustainable future. 

The current models to predict future P rock supply can be divided into two groups: the 

static reserve to production model (S-R/P) (Herring and Fantel, 1993) and the 

dynamic reserve to production model (D-R/P) (Dana and Stuart, 2010, Van Vuuren et 

al., 2010)).  

●In the S-R/P model, the ratio of URR (Ultimate Recoverable Resource) to a certain 

year‘s P rock production is used to represent the P rock depletion time (Galvez-Sola et 

al., 2010). Although the calculation is simple, ignoring production variation, rock 

grade changes and human demand fluctuations make it unreliable. The D-R/P models, 

however, tries to predict the future trend by considering annual changes in P rock 

supply.  

●In the D-R/P model, annual P rock supply can be estimated either by mathematical 

regression (e.g. assuming an exponential growth as done by Herring and Fantel, 1993) 

or by considering the variations from the demand side. For example, Dery (2007) 

applied the Hubert Curves for P rock supply projection, whose confidence intervals 

were tested by Vaccari (Vaccari, 2011), showed that omitting a constraining figure for 

the total remaining reserves decreases the reliability of the dataset. May et al. (2012) 

used the Gaussian distribution, least squares optimisation and cumulative production 

to estimate the future P rock supply. However, the supply rate in this model follows a 

symmetric path, which is unlikely to be realistic. Walan (2014) used a gompertz curve 

to estimate the supply, during which the annual supply is non - symmetric.  

All of the above mentioned models applied statistical predictions based on historical P 

rock supply, which might not reflect changes caused by human demand variation. 

Therefore, Van Vuuren (2010) predicted the future P rock trend by considering 

factors from the demand side, such as GDP, population and agricultural development. 

Similar research has also been conducted by Sverdrup and Ragnarsdottir (2011), 

Koppelaar and Weikard (2013). Rather than continuous predictions for P rock trend 
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analysis, these models used constant numbers with a different level for each factor 

(e.g. the population was set to 8.2 and 6.9 billion in 2050 and 2100 respectively) for 

scenario analysis.  

This paper improves on past P rock supply projection models by incorporating human 

P demand and considering the P consumption structure in developed and developing 

countries separately. This not only makes the model validation easier, but also gives a 

clear view of future P rock supply with time. Different parameters from current P 

demand systems were compared and selected by principle component analysis in 

Section 2.1. Historical P fertilizer supply and population were then investigated and 

correlated to historical P rock production to derive a supply model (Section 2.4), 

which was then used for projecting future P rock production (Section 3.1). A 

conceptual P management system was also proposed in Section 4. The effect of P 

recovery on the resource lifetime was quantified based on results from the P rock 

production model, made possible by that it is based on demand. 

 

2.3 Methodology 

This model uses anthropogenic P demand to predict future P rock supply, which 

consists of time series analysis for P rock demand prediction and linear regression for 

P rock production estimation. 

2.3.1 Independent Variable Selection 

In this study, all P resources are measured in millions of tonnes of P2O5. Many 

different forms of P are involved in anthropogenic activity, which can be explained 

using substance flow analysis (shown in Section 2.5).  

Previous studies (Li et al., 2015b, Cooper and Carliell-Marquet, 2013) indicated that 

agriculture is the most P intensive sector in terms of demand, within which P was 

mainly used for livestock cultivation and plant production. Thus cereal production, 

livestock numbers and P fertilizer application (written as ‘P usage‘) were chosen as 

the major demand parameters. These three parameters together take up 85% of the 

total P demand (Cooper and Carliell-Marquet, 2013).  Since population, economic 

development (GDP) and P fertilizer price (written as ‘P price‘) will also affect P rock 

supply and demand, they were also selected for P rock supply projection. Definitions 

of selected parameters are listed in Table 2-1.  
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Table 2-1 Parameters selected for predicting future P rock demand 

Factor  Definition  Unit  Reference  

GDP World annual Gross Domestic Product  US dollar  WorldBank b, 2015 

Population  World annual population  Unit less WorldBank b, 2015 

Cereal  World annual crops harvested Metric tons WorldBank b, 2015 

Livestock  
World annual meat and milk production 

from all sources (Include dairy products) Unitless
1
 WorldBank b, 2015 

P price  
Annual P price on the international 

market 
Unitless

2
 USDA, 2015 

P usage   Annual worldwide applied P fertilizer kg/Ha Gapmind, 2014 

1
: All production compared to the average between 2004 to 2006, which is deemed to be 100 

2
: Price compared to the average between 1990 to 1992, which is deemed to be 100 

The accuracy of a model is not always improved by including extra parameters, as 

this can result in over fitting. Furthermore, the increasing complexity would make the 

model difficult to compute and understand. Thus, the Pearson‘s correlation indices 

between different parameters and their relationship with the historical P rock supply 

(P rock, in short) were calculated and are listed in Table 2-2.  

Table 2-2 Correlations among selected model parameters 

  GDP(A) Population(B)  Cereal(C)  Livestock(D)  P price(E)    
P 

usage(F) 
P rock 

GDP 1.00 0.94 0.93 0.97 0.89 0.74 0.76 

Population  0.94 1.00 0.98 0.99 0.81 0.83 0.83 

Cereal  0.93 0.98 1.00 0.97 0.82 0.89 0.89 

Livestock  0.97 0.99 0.97 1.00 0.83 0.78 0.79 

P price    0.89 0.81 0.82 0.83 1.00 0.69 0.71 

P usage 0.74 0.83 0.89 0.78 0.69 1.00 0.92 

P rock 0.76 0.83 0.89 0.79 0.71 0.92 1.00 

As shown in Table 2-2, population, cereal production and P usage showed a high 

correlation with historical P rock supply, which indicates a high degree of linear 

dependence between these parameters. Furthermore, the population and cereal 

production have high correlation coefficients with other parameters (larger than 0.8), 

and with each other (0.98). Therefore only a limited number of these parameters 

needed to be used, as the high collinearity ensures that the selection of a few reflects 

the others. This assumption can be supported by results from Principal Component 

analysis (PCA). PCA analysis is conducted on the data set with A to F, six variables 

(listed in Table 2-2, from left to right column) for 47 years (from 1961 to 2007).  

The PCA loading plot is shown in Figure 2-1, where the P usage (F) is far away from 

other variables. This means that F may affect the P rock production in a different way 

compared with other variables. It thus explains why we still include P usage for model 
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construction although its correlation with other parameters is not the highest (Table 

2-2). Since the variables A-E are clustered together, one of them plus variable F will 

be sufficient to represent the whole data set. PCA score plots for different pairs were 

tested to see how well the pair can represent the whole data set. The results are shown 

in Figure 2-2 (the different 47 scores represent the years from 1961 to 2007).   

 
Figure 2-1 PCA loading plot for parameter selection 

Figure 2-2 (a) is the PCA score plot with all variables (A to F); Figure 2-2 (b) is for 

the variables B and F; Figure 2-2 (c) is for the variables B and C and Figure 2-2 (d) is 

for variables B and D. It can be clearly seen that the score pattern when using 

variables B and F in Figure 2-2 (b) is very similar to the whole data set score plot in 

Figure 2-2 (a), whilst the other two pairs have a larger mismatch. Therefore, the 

population (variable B in Table 2-2) along with the average P fertilizer usage 

(variable F in Table 2-2) were chosen for the model development. This assumes that 

population growth is the main driver for cereal production and livestock numbers. The 

current estimation of population growth is more reliable and accurate than that of 

cereal production. Improvement in the standard of living would also be a strong factor 

that would affect future P demand. However, lacking statistical information precludes 

the quantification of this parameter.   
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Figure 2-2 PCA for parameter selection 

2.3.2 Differences between Developed and Developing Countries 

As per the previous section, the population and P usage were chosen as the two 

variables for predicting the P rock supply. Since population models have already been 

developed (Mohr and Evans, 2013), the Major forces is to investigate how P usage 

affect the P demand system. The historical P fertilizer supply might be a very 

worthwhile first step. Data collected from Gapminder Agriculture (2014) indicated a 

very large difference in the historical P fertilizer supply of developing and developed 

countries (definition from WorldBank, 2014a), which can be seen in Figure 2-3.  

The total demand from developed countries has been quite stable for the last 20 years. 

However, in developing countries, the total demand has shown large fluctuations and 

has been increasing over time (Figure 2-3a). Based on this observation, global P rock 

demand can be divided into two groups: P demand from developing and developed 

countries. To simplify the model, only major countries (in terms of P fertilizer 

demand) from the developing and developed world were selected (listed in Table 2-3) 

for the prediction. The fraction of P fertilizer consumption in the selected countries to 

the total P demand was calculated and is shown in Figure 2-3b.  
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Figure 2-3 Phosphorus consumption in developed and developing countries 

(Data: Gapminder Agriculture, 2014) 

Nearly 82% of total P fertilizer demand across the developed world since 1960 has 

been used by the twelve selected developed countries. Within the developing world, 

however, the P fertilizer consumed by the twelve selected countries fluctuates 

significantly over time, which means that the unaccounted for countries contribute 

significantly to the overall increasing demand in the developing world. Thus, P 

fertilizer demand in developed countries was investigated based on the twelve 

countries selected in Table 2-3, whilst P fertilizer demand in the developing countries 

was derived from the difference between the worldwide P demand and that in 

developed countries. 

Table 2-3 Selected countries for modelling the phosphorus demand 

Developing Countries Developed Countries 

Name  W1 Name W2 

Brazil 0.65
*
 Australia 0.43 

China 0.51 Canada 0.40 

Egypt 0.65
*
 Germany 0.40 

India 0.65
*
 Finland 0.61 

Jordan 0.65
*
 France 0.37 

Morocco 0.65
*
 UK 0.27 

Mexico 0.65
*
 Israel 0.40 

Russia 0.65
*
 Japan 0.71 

Sudan 0.65
*
 Korea, Rep. 0.40 

Tunisia 0.65
*
 Netherlands 0.24 

Turkey 0.81 New Zealand 0.55 

South Africa 0.65
*
 United States 0.81 

Average  0.65 Average  0.45 
*: Information not available.  W1 and W2 P Rock Fertilizer Fraction in 

developing and developed counties. Data calculated from previous literature 

(Li et al., 2015;  Cooper et al., 2013) 
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2.3.3 Ultimate Recoverable Resource 

To estimate P rock supply trend, differences among P reserves, P reserve base, P 

resources, and ultimately recoverable reserves (URR) were determined. The P reserve 

is the amount of P rock that can currently be exploited economically. The P reserve 

base is the amount of P rock that has been discovered, but is currently not available 

for economic or technical reasons. P resources represent P in different forms, most 

commonly as P rock, as well as Pin soil and water bodies. The ultimately recoverable 

reserve is the sum of the total historical demand and the P reserve base. Among these 

four terms, P resource is popular for considering the influence of technical 

improvements on P demand. URR is used to describe the relationship between 

production and reserves. As estimated, the total amount of P rock being consumed up 

to 2013 was 2.2 Gt (Cordell et al., 2009, USGS, 2014). 

Table 2-4 P resource estimates 

  Consumed  Reserve  
Reserve base 

(raw rock) 
Reserve base URR 

Low  

2.2 4.8 

10 2.0 9.0 

Medium  20 4.0 11.0 

High  40 8.0 15.0 

                  Unit: in terms of P2O5, Gt 

The discovery rate of P rock reported by governments has remained constant for 

many years (USGS, 2014). During 1996 to 2010, overall world P rock reserves were 

estimated at 11Gt to 18 Gt. However, January 2011 saw an enormous P reserves 

increase, which was revised to 71Gt in 2014 (USGS). Rather than new rock reserves 

being discovered, this change was largely influenced by a report produced by the 

International Fertiliser Development Centre (IFDC) in 2010, which suggested world P 

rock reserves were approximately 60Gt (Van Kauwenbergh et al., 2013). It is still 

unknown whether the major increase should be considered as true reserves or as 

reserve base (Cooper and Carliell-Marquet, 2013, Scholz et al., 2013, Burt et al., 

2013). In this work, 16Gt P rock with a P2O5 content of 30% was chosen as an 

assured amount of currently available P rock (reserve) and 10Gt, 20Gt and 40Gt P 

rock with P2O5 contents of 20% to represent additional reserves (reserve base) 

available at low, medium and high levels respectively. This is summarized in Table 

2-4.  
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2.3.4 Demand - Supply Model 

In this paper, P rock demand is the amount of P being consumed worldwide, 

considering both direct (e.g. food) and indirect (e.g. fertilizer) consumption. P rock 

supply is the P rock being produced from P mines. Based on the observations from 

real data (USGS, 2014; BGS, 2014), the P rock supply is believed to be driven by P 

fertilizer demand. However, the exact function is unknown. Thus, some universal 

nominal functions can be used to develop this relationship. The overall model strategy 

is shown in Figure 2-4. Where, Y is the P rock supply, D1, P1, F1 are the P fertilizer 

demand, population and P fertilizer demand from developing countries respectively,  

and D2, P2, F2 are the corresponding values  from developed countries.  

 
 

Figure 2-4 Model development strategy 

2.3.5 Demand Model 

Based on the discussions from Section 2.1 and 2.2, P rock demand (D) can be 

represented by the population (P) multiplied by the P rock demand per person 

annually (C),  

Di= Pi × Ci (i=1, 2)                                  Equation 2-1  

where, the subscript numbers 1 and 2 represents P demands in the developing and 

developed countries respectively. Since fertilizer is the main application of mined P 

rock, Ci in Equation 2-1 can be expressed as, 
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                                          Equation 2-2 

where R1 is the fraction of P2O5 in the P rock. A value of 0.3 was used, based on the 

work of (Ward, 2008). R1 may be different in different countries; however, there is 

currently no information available, therefore the best option is to assume that R1 is 

constant across time and different geographic regions. R2 is the fraction of P2O5 in P 

fertilizer, which is determined by the type of P fertilizer being manufactured. This 

value should be the same in developed and developing countries, with a value of 0.5 

according to Kabbe, 2013.  Fi is the average P fertilizer demand and Wi is P rock 

fertilizer fraction. By combining Equations 2-1 and 2, P demand in developing 

countries can be expressed as, 
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                                 Equation 2-3 

P demand in developed countries can be expressed as,  

       D2= 2
2

2
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                                     Equation 2-4 

P1, P2 are the projected populations in the developing and developed countries.  

The global population can be estimated from the following equation (Mohr and Evans, 

2013), 

           P(t) =
10 -0.82

0.82+
1+1.5exp(-0.046×t -(2015.8))

 
 
  

 ×10
9 

           Equation 2-5 

The ‗0.82‘ in Equation 2-5 has been revised to 1.52 according to a recent population 

report (Raftery et al., 2012). The population in developed countries (P2) is treated as a 

constant value of 1.1 billion for model projections (Raftery et al., 2012). Thus, the 

population in developing countries will be the difference between the global 

population and that in the developed countries. F1 is the average P demand in the 

developing world, which can be derived from historical P fertilizer supply in 

developing countries. F2 is the average P fertilizer demand in developed countries. It 

is assumed to be constant as illustrated by the trend shown in Figure 2-3. Based on 

Section 2, the average P fertilizer demand (F2) and population numbers (P2) from 

developed countries are assumed stable, and thus the total P demand of the developed 

world (D2) is assumed to be constant (at 14Mt P2O5 for the twelve selected countries). 
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P fertilizer demand in developing countries was calculated from regression analysis 

based on historical data with an R
2
 value of 0.89. W1 and W2 are the rock P fertilizer 

fractions, which is the ratio of P rock fertilizer used to the sum of different P sources 

for agricultural activities, as discussed in the following.   

It is known that P fertilizer from mined P rock is one of the major sources for 

agricultural P demand. However, other P sources, such as livestock waste, plant 

residuals and recycled P from industries could also be alternative P sources for 

agricultural activities. Thus, we introduce W to reflect the importance of P rock 

fertilizer in agriculture. The relationship between different P sources can be shown 

using the substance flow analysis in Figure 2-5.  

_  

Figure 2-5 Substance flow analysis of the P flow system (reproduced from Li et al., 

2015) 

W is the ratio of P rock fertilizer to all of the P sources being applied to agricultural 

land. It can be calculated using the following formula (based on information from 

Figure 2-5), 

    W= 
2

2 4 8 3  

F

F F F I R   
                            Equation 2-6    

where F2 is fertilizer application from P rock, F4 is the plant residual that can be 

reused as P fertilizer; F8 is P in livestock waste that is applied to the agricultural land, 

I3 is P amount in atmospheric precipitation and R is the amount of reused and 

recovered P, mainly from waste treatment and food processing industries. Based on 
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this method, W values for countries that have previously conducted P flow analysis in 

current literature were calculated and summarized in Table 2-3. As shown, most 

developing countries do not have enough information for W value quantification. 

Thus the known W values of developing countries were averaged. The average W 

value for developing counties was 0.65 (W1), which is larger than that in the 

developed counties (W2). This can represent the current and future P demand and 

supply system for the following reasons:  

1) The applied fertilizer that is not taken up by agricultural crop and not lost to 

runoff may still be another agricultural P source. This could add to the soil 

phosphorus pool and contribute to future productivity. The developed 

countries have used P fertilizer for a long time, leading to higher soil P level 

than the developing countries.  

2) Most developed countries have tighter P discharge limits than that in the 

developing counties, which would increase P reuse and recycling.  

3) As reported by BGS (2014), most developed countries were heavily dependent 

on P rock reserves.  For those that do have P rock resources, they are 

estimated to run out within the next 50 years. This would promote P reuse and 

recycling with higher pressure from the resource demand side.     

Although a dynamic W value would improve the model accuracy, implementation is 

currently not feasible due to lacking P flow information. Thus two constant values 

were used, of 0.65 for W1 and 0.45 for W2 for all calculations. A commonly used 

second order polynomial function was selected to express the relationship between P 

rock supply, Y, and P fertilizer demand,  

                          
       

      
   

      Equation 2-7 

where    are the model parameters, D1 is P demand from developing countries and D2 

is P demand from developed countries. To simplify the above equation, significant 

terms were identified by the Orthogonal Least Squares (OLS) method developed by 

Chen (1989). OLS involves a Q-R decomposition of the regression matrix to calculate 

an error reduction ratio, which offers a simple means of ordering and can be used to 

select model terms according to their contribution to the performance of the model. 

Terms with small error reduction values were eliminated.  
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2.4 Results and Discussion 

2.4.1 Supply Model 

D1, D2, D2
2
, D1D2 were found to be the significant terms in the model using the 

combination of the OLS and historical P rock supply from year 1962 to 2007 (USGS, 

2014). Thus, the model in Equation 2-7 is reduced to, 

                                          
                     Equation 2-8 

The least squares method was then used to calculate the coefficients in Equation 2-8, 

and these results are shown in Table 2-5. 

Table 2-5 Result of multiple linear regressions for supply model of phosphorus 

  Coefficients Standard Error t Stat P – Value 

β0 -77.24 22.4 -3.45 0.0013 

β1 -1.03 0.57 -1.79 0.081 

β2 11.72 2.74 4.12 0.00017 

β3 0.15 0.041 3.69 0.00063 

β5 -0.36 0.091 -3.96 0.00028 

 

Based on the above, P demand during 1962 to 2007 was calculated and then 

compared with historical P rock supply. The results are shown in Figure 2-6. The 

model fitness was assessed using the Nash–Sutcliffe € model efficiency coefficient 

(Nash and Sutcliffe, 1970). It can be calculated using the following Equation:  
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                               Equation 2-9 

Where, yi is real P rock production, fi is the predicted value and y  is the mean of the 

observed data. The E
2
 value is 0.91, which means the estimates from the model in 

Equation 2-8 are in good agreement with historical demand.  
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Figure 2-6 Comparison of historical production and calculated supply 

 

2.4.2 Model Validation 

Variations in the model results are due mainly to three sources:  error in population 

estimation, error in estimated average fertilizer demand in developing countries and 

error from the supply demand equation – Equation 2-7. To validate the P supply 

model data on the P fertilizer demand from 1962 to 2007 (Gapmind Agriculture, 

2014), population numbers (WorldBank b, 2014) and P rock supply (USGS, 2014) 

from 1962 to 2012 was used. 

The real and predicted P rock production based on real and projected numbers 

(Equation 2-8) are plotted in Figure 2-7. The difference between model projections 

and real data are shown in Table 2-6. The difference between actual production and 

the projected value using the population model shows an error of -6.59% to 7.32%.  

The modelled value does not improve in accuracy if actual population numbers, as 

opposed to using the modelled population, are used. Therefore the accuracy of the 

model appears adequate. 
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Figure 2-7 Projection of future P rock supply 

The reliability of the population model was examined by comparing the difference 

between the projected and real population numbers from 2008 to 2012. The result 

indicates that the population model is quite accurate and may not influence the 

estimation significantly. If error from each source is assumed to follow a normal 

distribution with a mean of zero then the variance, S, can be calculated using the 

flowing Equation: 
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                                  Equation 2-10 

where, xi is the historical P rock supply, ˆ
i

x is  model prediction and  n is the years of 

data collected.   

Table 2-6 Model validation (Unit: Mt, in terms of P2O5) 

Year Model A Model B C B-C error (%) A-C Error (%) 

2008 51.8 51.6 50.1 3.0 3.5 

2009 53.5 53.4 49.8 7.2 7.5 

2010 55.3 55.2 52.8 4.5 4.7 

2011 57.1 57.0 59.4 -4.0 -4.0 

2012 58.8 58.9 63.0 -6.6 -6.6 

Model A: P rock supply prediction based on projected population numbers 

Model B: P rock supply prediction based on historical population 

C: historical P rock supply 
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The 95% confidence interval can be used to indicate the reliability of the estimates, 

which are plotted in Figure 2-7.b. The 95% confidence interval of the population is 

not included in the plot because the S
 
valued is quite small (9.42 ×10

-6
), making the 

confidence interval nearly the same as the predicted value. To estimate the prediction 

error from Equation 2-7, the Monte Carlo simulation method was used. 

         
Figure 2-8 Model Validation 

This is a broad class of computational algorithms that rely on repeated random 

sampling (population and fertilizer demand), running simulations many times (10,000) 

to obtain the distribution of an unknown probabilistic entity (P supply in this study). 

This process was used to estimate the variance (S
2
). It was then used to generate the 

95% confidence interval of P rock supply and is plotted in Figure 2-7.c. As can be 

seen, the confidence interval should be wider when the prediction horizon becomes 

larger. The same method was used to derive the estimates of the error from 2008 to 

2012, which is plotted in Figure 2-8Figure 2-8 Model Validation. As shown, the 

estimate lies within the 95% confidence interval, so the model results are acceptable.  

2.4.3 Depletion Time 

Based on the P rock supply and URR, the P rock depletion time can be determined by 

the Equation below: 

2013

n

i

i

R P


                                             Equation 2-11 
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where, R is the ultimately recoverable reserve, Pi is annual P rock supply and n is the 

depletion time. By integrating the annual P rock supply, the effect of different reserve 

quantities on the estimated depletion year is shown in Table 2-7.  

Table 2-7 Proposed peaks Time and Depletion Year 

URR (Gt) Depletion time Reference  

13.3 ~150 Herring and Fantel, 1993 

9.7 ~130 Cordell et al., 2010 

111.5 > 200  Van Vuuren e al., 2010 

27.0 ~130  Van Vuuren e al., 2010 

9.0 ~70 proposed model 

11.0 ~80 proposed model 

15.0 ~110 proposed model 

URR: Ultimately recoverable resources, in terms of P2O5 

By plotting the R to URR ratio, a trend analysis between the depletion year and URR 

is described in Figure 2-9. The depletion is estimated to occur within 70 - 110 years 

based on different URR.  Comparison between the model developed in this work and 

past research is shown in Table 2-7. The main difference comes from the estimated 

amount of reserve base, which is discussed in Section 2.3. The model developed in 

this work also shows a shorter depletion time, even when the URR are similar. Such a 

difference might come from the P demand from developing countries, which has not 

been addressed in past research. 

 
Figure 2-9 Trend analyses between depletion time and reserves 
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2.4.4 Model Limitations   

The model was validated using historical P rock supply data from 2008 to 2012, 

which is in accordance with real trends, and the error is less than 7%. The model 

shows that the future P rock supply increases linearly. This is reasonable, because the 

population is projected to grow linearly in the near future. Furthermore, most 

developing countries still require large amounts of P rock due to the changing soil 

phosphorus level and diet structure. Because both the economic situation and politics 

may significantly influence production, this model could only be used for gross trend 

prediction. It appears that phosphorus demand behaviour may follow five stages: 

1. Unrestricted growth when supply follows the requirements of demand; 

2. Restricted growth when supply is constrained by demand and environment 

limitations; 

3. Balanced stage when supply and demand are stable; 

4. Shortage stage when demand is decided by production; 

5. A new stage when demand is mainly supplied from recovered resources or 

replaced.  

The W value is expected to decrease with the depletion of P rock reserves and the 

emergence of other P sources. Historical P rock supply from USGS (2014) and BGS 

(2014) indicates that most developed countries are now undergoing transformation 

from stage 2 to stage 3. Most developing countries, however, are still in stage 1, 

although a few are experiencing the transformation from stage 1 to stage 2. It is under 

this assumption that the presented model is composed of developed and developing 

countries. P demand in developing countries may move into stages 2 or 3 in the future, 

and the demand behaviour worldwide may also change when phosphorus becomes a 

scarce resource. However, due to a lack of historical data (only 45 years) and lack of 

other supporting information (soil phosphorus level and diet structure, etc.) it is 

difficult to predict the robustness of the model in the long term. This model has the 

advantage that the parameters of population and the P rock fertilizer to all P sources 

ratio can be revised with time, thus making the model flexible. An accurate prediction, 

that can be revised if the situation changes, can help decision makers plan 

appropriately and design a P management system that is suitable in terms of long term 

phosphorus goals. Thus it can be used to set specific P rock supply and recovery rates 

to sustain the utilization of this resource. 
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2.5 Phosphorus Management 

From the above discussion, P is an essential element for life, P rock, a non-renewable 

resource, is expected to deplete within 110 years (Figure 2-9). Unlike the peak oil 

theory, there is no substitute for P rock (Scholz and Wellmer, 2012). At the same time, 

nearly 95% of mined P is lost to the environment, mostly due to agriculture and 

animal farming. Thus, P recovery is concluded to be one of the most important routes 

to prevent phosphorus rock shortages. A conceptual P management system is 

proposed based on this. The system is composed of three participants (organizations, 

companies and industry, and governments), any two of these components are 

bidirectionally affected by each other from three aspects: technology, policy and 

culture. Within this system, universities and research organizations are education and 

research providers developing technologies to improve utilization efficiency. 

Companies and industry are promoters and verify engineering methods for 

technologies and policies in the market.  Governments make policies that both focus 

on planning strategies for current resource management and encourage actions that 

reuse or recycle diffused P. With the common effort of the market, the educational 

and research institutes, and governments, a new P utilization culture could be formed 

to shape the behaviour of individuals in society. This might correct current public 

misunderstandings (e.g. current P treatment is targeting P removal for environment 

regulations, but not P recovery for resource management) of waste recycling.  

 

Figure 2-10 Proposed phosphorus management systems 
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Organizations supporting such a system are emerging: the Sustainable P Initiative 

(USA), the Sustainable Phosphorus Research Coordination Network (USA), 

Sustainable Phosphorus Future (Australia) and the Phosphorus Recycling Promotion 

Council (Japan). Furthermore, international scale organizations have also been 

established: Southern Extension-Research Activity 17, the European Sustainable 

Phosphorus Platform, the Global Traps and Global P forum. These organisations are 

either universities or government components, as shown in Figure 2-10. At the same 

time, emerging policies from Sweden and Germany have proposed a minimum P 

recovery rate from wastewater in the near future, and companies in the Netherlands 

have also made an agreement on the P value chain with the aim of recycling as much 

P as possible. However, these actions are insufficient. Slow release fertilizer should 

be developed to avoid direct loss during application, as well as new cultivation 

methods (Scholz et al., 2013b). Plant P uptaking process should be studied to improve 

phosphorus utilization efficiency. Most importantly, recovery rather than removal 

techniques should be developed during animal waste and water sludge treatment 

processes (Kabbe, 2013, Sample et al., 2012). The purpose of such a system is to 

extend the depletion time of phosphorus rock as long as possible. Such an effect can 

be evaluated by the combination of P rock supply and designed recovery rate. The 

equation can be derived as,  

2013

(1 )
n

i

i

R X P


                                   Equation 2-12 

where, X is the recovery rate, which is consists of P reuse (animal manure application) 

and recovery (e.g. struvite precipitation) activities. The depletion rate is shown in 

Figure 2-11, by integrating the annual P rock supply.  
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Figure 2-11 Trend analyses between recovery rate and life time 

Recovery rates of 0.2, 0.3, 0.5 and 0.8 were chosen to explore their effect on depletion 

time. An extension of 50 years can be achieved if 50% of the current wasted 

phosphorus is recovered under the lowest URR level (Figure 2-11.a). This number 

will be much larger when URR is changed to a mid or high level (Figure 2-11.b). 

However, a higher recovery rate might increase process cost and make the whole 

management system economically unfeasible. Thus, future work on policy design to 

achieve a reasonable recovery rate based on the prediction result is recommended.  

 

2.6 Conclusions 

This paper predicted the future phosphorus rock production by considering P 

consumption from demand side. Principle component analysis suggest that population 

and average fertilizer usage are two effective variables to represent historical 

phosphate rock supply and thus used in the P rock production model. The difference 

of P consumption structure between developed and developing countries were also 

considered.  The proposed model was validated using real P rock production data 
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between 2008 and 2012 and the results indicate that the current P rock reserves will 

be depleted in approximately 70 - 110 years. 

Future phosphorus productions are expected to increase in the next 20 years, due to 

population growth and increasing in soil P requirement from developing counties. A 

conceptual phosphorus management system was proposed and the effect of 

phosphorus recovery was thus evaluated. It indicated that the required waste recovery 

to defer the phosphorus rock depletion time by 50 years is approximately 50%, which 

is significant. It is suggested that current research on P treatment should force on the P 

element recovery as a useful product (such as Struvite), as opposed to removal.  
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3.1 Foreword 

This chapter was published in Science of the Total Environment journal. The format 

and the layout of this journal paper have been adjusted with minor revisions made. 

Increasing P scarcity and environmental pollution requires the development of a 

proper P management system. One fundamental step is to understand how P flows 

within society. Thus, a substance flow analysis (SFA) of P was conducted to 

distinguish and quantify different P flows within New Zealand, and principal 

component analysis (PCA) was used to show where the P flow in New Zealand was 

significantly different from the most efficient P utilization countries. Aside from 

having low P recovery, New Zealand imports a significant amount of P, whilst re-

exporting a much smaller fraction of it compared with other countries, resulting in a 

high accumulation. The SFA analysis showed that although diffuse sources of P 

pollution pose a greater environmental risk to water bodies, promoting P recovery 

from point sources of pollution, such as from waste treatment facilities and landfill 

sites, would still improve the P management efficiency in New Zealand, which could 

decrease the annual P rock imports by 20%.  

 

3.2 Introduction 

Phosphorus (P) is an essential element for biological organisms, and is therefore 

critical for meeting human food consumption needs. However, although P fertilizer 

application is of great importance in agriculture and horticulture, P accumulation can 

result in ecosystem nutrient over-enrichment, especially in water environments, 

leading to environmental problems such as red tide and eutrophication (Bennett and 

Elser, 2011). Most of the P used worldwide is sourced from P rock, a non-renewable 

resource with no feasible substitute. Furthermore, over 90% of the mined P rock is 

used for fertilizer production (Rawashdeh and Maxwell, 2011; Scholz and Wellmer, 

2012; Gapmider, 2014), a demand driven by population growth via food consumption. 

The world population is expected to reach approximately nine billion by 2050 (Lutz 

and Samir, 2010), putting significantly more pressure on the food supply system, and 

thus driving a corresponding increase in P rock consumption. However, the world P 

rock reserves are estimated to run out within the next 70-140 years (Vaccari, 2009; 

Scholz et al., 2013), especially with the current low P utilization efficiency. Only 10% 
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of P fertilizer is absorbed by primary consumption via plants. (Cordell et al., 2009). 

Therefore, it is necessary to develop an in-depth understanding of anthropogenic P 

flows in order to control the environmental and resource risks. 

New Zealand's $20 billion annual exports of dairy, meat and wool depend heavily 

upon productive pasture, of which P is a key nutrient, with annual P rock imports of 

around 800,000 metric tonnes annually. The average P fertilizer consumption per 

hectare in New Zealand is two times larger than Australia, three times larger than the 

world average, and seven times larger than Europe (USGS, 2014; Gapminder, 2014). 

It is thus important to investigate the P consumption structure and utilization 

efficiency within the country. A key first step is to conduct a substance flow analysis 

(SFA), which can provide fundamental information for advanced nutrient 

management system design, and promote the development of a sustainable society 

(Chèvre et al., 2011).  

SFA, also known as material flow analysis (MFA), is an analytical method for 

quantifying the flows and stocks of a substance or material. It is an important tool to 

evaluate the physical influence of human activity and is mainly based on two 

scientific approaches: mass balancing and systems analysis. SFA has been applied in 

industries such as aluminum (Hatayama et al., 2007), copper (Guo and Song, 2008), 

cadmium (Kwonpongsagoon et al., 2007) and P (Liu and Chen, 2006). A country 

scale P flow analysis provides a feasible method to assess the P utilization and helps 

determine the key consumption sectors. Such research has been carried out for the 

USA (Suh and Yee, 2011), Japan (Matsubae Yokoyama et al., 2009), UK (Cooper and 

Carliell Marquet, 2013), France (Senthilkumar et al., 2012), Australia (Dana and 

Stuart, 2010) and Finland (Antikainen et al., 2005). However, these analyses are 

country specific, based on different economic and societal structures and are not 

directly translatable to New Zealand. Thus, this work aims to quantify and analyze the 

P flows in New Zealand and evaluate them within the larger context of other countries. 

The analysis and evaluation of P flow could help to improve local nutrient 

management. 
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3.3 Methodology 

3.3.1 Characterization of P Stocks and Flows 

This paper concentrates on a case study of P flows in New Zealand, with the 

geological boundary including both the North and South Islands, and excluding 

marine environments. The main flow types were identified based on commodity 

import and export data from governmental reports (Statistic NZ, 2010). Within a SFA 

analysis, it is better to pick a year where more data is available so that it is consistent 

within the timeframe, than to use a larger proportion of data from a different time 

period (due to lack of availability). Although there are some changes in the P 

consumption structure over time, the authors believe that any chosen (recent) year 

should represent the overall P consumption structure due to the steady nature of the 

New Zealand economy (Morrissey et al., 2011).Thus, a base year of 2010 was chosen 

to represent the P flow values sourced from different documents, due to the largest 

availability of data for this year. When data for 2010 was not available, data from the 

next nearest year was taken to represent the value, for example, F5 in Appendix C. A 

similar method has also been used in other literature, such as P flow analysis in the 

United Kingdom (Cooper and Carliell, 2013), United States of America (Suh and Yee, 

2011), Australia (Dana and Stuart, 2010), France (Senthilkumar et al., 2012), Japan 

(Matsubae Yokoyama et al., 2009) and Finland (Antikainen et al., 2005). Comparison 

between different years would be valuable, which would be part of future work when 

more data becomes available.   

The total amount of material stored or accumulated in a sub-process is named ‗stock‘, 

and the mass flow rate of the material within the process is defined as ‗flow‘ within 

the SFA. In this study, eleven stocks were used for the SFA model, with the detailed 

information provided in Appendix A. The food processing stock is listed separately, 

as nearly 90% of the mined P is applied as fertilizer worldwide (Rawashdeh and 

Maxwell, 2011) and food processing is one of the largest economic industries in New 

Zealand. 25 flows were used to represent the P consumption structure within the 

country, the definitions of which can be found in Appendix B. These were divided 

into four classes: 

1. Inputs - Include imports in the form of mineral rock, fertilizer, food and feed, 

and other commodities. 
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2. Outputs - Include outputs in the form of agricultural products (Statistic NZ, 

2010). There was no fertilizer, nor P rock being exported out of New Zealand 

-based on the available data (BFS, 2011; USGS, 2014).  

3. Domestic consumption -  Based on previous reports (Yokoyama et al., 2009; 

Cooper and Carliell, 2013), and the main commodities consumed in New 

Zealand from governmental statistical data (Statistics NZ, 2010), domestic P 

flow can be divided into three sub-systems:  

a) Agriculture  

b) Industry 

c) Human  

  4. Waste flows - ‗W‘ denotes the waste flows to the waste treatment stock, and 

‗WB‘ denotes the waste flows to the water-body stock.  

3.3.2 Data collection 

In this paper, all P flows and stocks were measured in thousands tonnes of elemental 

P. The reliability of this study depends on the data collected. Therefore, most of the 

data were obtained from multiple sources where possible, such as the New Zealand 

Ministry for the Environment (MFE), the New Zealand Ministry for Primary 

Industries (MPI), Statistics New Zealand and other governmental websites. When the 

value for a certain flow could not be found directly in literature, it was divided into 

several sub-flows. If there was only one flow, the amount of P was calculated as, 

                     Ti=Pi × Ci                                        Equation 3-1                                                                                  

where Ti is the quantity of P in the flow i, Pi is the percentage of P in the flow i, and 

Ci is the mass of the flow i. Sub-flows were chosen when information for entire flows 

could not be found in literature, which can then be calculated as,  

  Ttotal =
1

n

i

i

T


                                   Equation 3-2  

For example, from Appendix C, flow F6 (crop production) consisted of three major 

sub flows: wheat, barley and maize, whose P content was 0.4%, 0.42% and 0.35% 

respectively (McLeod, 2009). The crop harvested in New Zealand was 444.9 kt, 308.3 

kt and 188.8 kt in 2010 for wheat, barley and maize respectively. Thus, the total P 

content in the produced crops was: 0.4% 444.9 0.42% 308.3 0.35% 188.8     , and 

gives a P flow of 3.70 kt of elemental P. Since the data are subject to varying degrees 
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of uncertainty, the data was cross checked to ensure reliability by comparing values 

from at least two sources where possible. The average value of each flow was used in 

the analysis, and although consistent values from different sources imply reliability, 

this is only true where the data can be confirmed to be independent of each other. 

However, it was not always possible to establish the independence of data. Data was 

also sourced from governmental agencies and peer-reviewed sources where possible, 

and considered reliable in these cases. 

Since the values of P flows utilized in this study were obtained from various 

governmental and non-governmental reports and published papers, it is difficult to 

represent the uncertainties in the data. Thus, a method developed to calculate the 

uncertainties of the results during SFA analysis (Antikainen et al., 2005, Hedbrant and 

Sörme, 2001) was used in this paper. This method analyses the standard deviations 

from various data sources, such as official statistics and results from papers, and 

applies uncertainty levels based on the information source (Cooper and Carliell 

Marquet, 2013). Thus, the standard deviations of the estimated values were provided 

in this paper, as shown in Table 3-1, and these demonstrate the quality of the 

estimated values. The standard deviation for a flow was calculated by multiplying the 

average flow by the appropriate factor, based on the information source (Hedbrandt 

and Sörme, 2001). For example, if the number of cows was 1000, and the standard 

deviation factor of this data source is 0.05, the standard deviation was calculated as 50. 

Based on this method, the uncertainty of each known variable was calculated.  

Table 3-1 Uncertainty factors for different data sources 

Level  Factors Information Source Example  

1 0.05 Official statistics reports NZ livestock census 

2 0.1 Published paper with calculation method Annual human P intake 

3 0.2 Official statistics scaled up to country scale P in WWTP effluent 

4 0.33 Web information without calculation method Food consumption  

To calculate the uncertainties of the unknowns (the calculated values), it is assumed 

that all P flows are independent and follow a normal distribution. The unknown 

values, Q, have a linear relationship with the known input values, x1,x2..xn: 

 
1

n

i i

i

Q x


                                      Equation 3-3 

where, i  is the coefficient of each input. Given the linear relationship, the standard 

deviation of an unknown is Q, and can be calculated from the square root of the 

summation of the variances of the input flows, 
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2 2 2

1

n

Q i i

i

  


                                  Equation 3-4         

where i is the standard deviation for each known input, xi. . Regarding the standard 

deviations (uncertainty) of the input values, some collected data are from websites, 

which may not be peer-reviewed. However, the quality of the data from different 

sources was checked by authors using three methods: i) As much data as possible was 

used for gathering the P flow information, to ensure its accuracy. Fortunately, P flow 

values from multiple data sources were found to be similar. This information supports 

the reliability of the data used; ii) the calculation results were compared to the 

secondary data sources (in Table 3-5); and iii). The data was also consistency checked 

in Section 3.1.2, to evaluate if the values were sensible or not. The uncertainties of the 

known flows were based on the data sources (Hedbrandt and Sörme, 2001). The 

uncertainly of the unknowns were based on the propagation of uncertainty within the 

system. This is illustrated by Equation 3-4.  A similar method has also been used in 

other work, such as that by Cooper and Carliell, 2013.  

3.3.3 SFA Model 

Despite our effort to quantify all P flows from the literature, it was still difficult to 

find all of the necessary information for P flows, such as I4, I5, F1, W1 and W2. A 

system mass balance was thus used to calculate the potential values of these 

unknowns. In the designed system (Figure 3-1), accumulation (A) in each stock is 

the difference between the amount of P flowing in and flowing out, namely, 

A = Pin – Pout                                        Equation 3-5       

To determine the unknown flows, mathematical relationships connecting the different 

stocks were established assuming zero accumulation. However, because there will 

always be accumulation within ‗Agricultural Land‘, ‗Landfill‘ and ‗Water bodies‘ 

stocks, these were omitted in the calculation. This gave an over-specified system of 

five unknowns (I4, I5, F1, W1 and W2) and eight equations, listed in Appendix D. 

Therefore, three known flows within the system were assumed to be unknown (F5, 

F11 and W3), with the values being chosen based on the quality of supporting 

information. All flows used for the SFA analysis are summarized in Table 3-2. 
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Table 3-2 Flows for calculation 

Flow  
Amount 

(kt) 
Flow  

Amount 

(kt) 

I1: Rock import 159.9 F9: Other products  46.1 

I2: Fertilizer import 54.0 F10: Domestic other 1.9 

I3: Natural precipitation 11.6 W4: Non-food loss 1.9 

F2: P application 202.3 W5: Human waste 10.2 

F3: Plant uptake 209.0 WB1: WWTP effluent 4.1 

F4: Plant residual 13.5 WB2: Crop land lost 23.4 

F6: Crop production 4.1 E1: Food export 45.6 

F7: Livestock product 61.5 E2: Non-food export 43.0 

F8: Livestock manure 141.0 - - 

The equations describing the relationship between the eight unknown P flows and 

known input flows are listed in Table 3-3.   

Table 3-3 Equations defining the flow of phosphorus within the system 

 

This can be expressed as a set of linear equations in the form,  

Y = AX                                               Equation 3-6 

where Y represents the right hand side of the equations listed in Table 3-3, all 

combinations of the known phosphorus flows.  A is an 8 × 8 matrix representing the 

coefficients of the unknown flows, X, in the equation. Thus, Equation 3-6 can be 

written as,  

159.9 0 0 1 0 0 1 0 0 4

148.3 0 0 1 0 0 0 0 0 5

191.4 0 0 0 1 0 0 0 0 1

202.5 1 0 0 1 0 0 0 0 5

18.1 0 0 0 0 0 0 0 1 11

1.2 0 0 0 0 1 0 0 0 1

8.3 0 1 0 0 1 0 0 0 2

8.0 0 0 0 0 0 1 1 1 3

I

I

F

F

F

W

W

W

    
    
    
    
    
    
    
    
    
    
    
    
    



 

 

X can be then solved by the regular linear regression technique, 

Num Equation 

1 F1+W1=I1

2 F1=F2-I2

3 F5=F3-F4-F6

4 F5+I4=F7+F8

5 W3=F6+F7-F10-E1

6 F11=F9-W4-E2

7 I5+F11=W5-F10

8 W2-W1-W3=W4+W5-WB1
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T -1 TX = (A A) A Y                                   Equation 3-7                       

3.3.4 PCA Analysis 

PCA is a traditional statistical technique applied for the linear conversion of a 

multivariable space into a new subspace, while retaining maximum variance from the 

original space with the least number of dimensions possible (Sharifi et al., 2014). To 

better understand the New Zealand P consumption within a global scale, PCA was 

introduced to compare P flows from different countries.  

Table 3-4 Definition of P flow indicators in each country 

Indicator  Definition (Annually) Units 

Fertilizer application P fertilizer application on agricultural land tonne/ha 

Human consumption P utilization from food and non-food commodities kg per capita 

WWTP effluent  Average P discharged in wastewater treatment plant kg per capita 

Total input  Average total input to the country per person  kg per capita 

Total output Average total output from the country per person  kg per capita 

Exported food Average P export through food per person kg per capita 

Landfill Average P being landfilled in the country kg per capita 

Manure application Animal manure applied to agriculture land kg per ha 

Agriculture loss P loss from agriculture land to streams  kg per ha 

Land accumulation P accumulated in agricultural land kg per ha 

Soil in P input to agricultural land  kg per ha 

Soil out  P output from agricultural land  kg per ha 

Agricultural efficiency Ratio pf P input and output in agriculture % 

P recovery  P recovered from sewage in WWTP % 

Currently, P flow analyses with detailed data were available from the United 

Kingdom (Cooper and Carliell, 2013), United States of America (Suh and Yee, 2011), 

Australia (Dana and Stuart, 2010), France (Senthilkumar et al., 2012), Japan 

(Matsubae Yokoyama et al., 2009) and Finland (Antikainen et al., 2005). These six 

countries, plus P flows values from the New Zealand, were used to construct a PCA 

model in Matlab software. Twelve P flows and two other factors were selected from 

each country to evaluate the differences between them. The definitions of selected 

flows are summarized in Table 3-4. These data were divided by either population or 

land area to match flow types between countries. Previous work (Cooper and Carliell, 

2013; Cordell et al., 2013) indicated that the P management system in the UK and 

France is more efficient than that of other countries, and they were thus used as 

standard baseline countries (SBC). Any countries far away from UK and France in the 

PCA score plot may be considered having a lower P management efficiency. 
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Combining the PCA score and loading plots, feasible recommendations to improve 

the P management system could be provided. 

3.4 Results and Discussion 

3.4.1 P Flow in New Zealand 

 

Figure 3-1 SFA of P in New Zealand 

(Based on mean values of each flow; unknowns are in bold print and underlined) 
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The results of the calculation for P flows in New Zealand are listed in Table 3-5, 

where flows in the first column are the calculated values of the unknowns. The last 

three flows were assumed as unknown, and the values from literature are shown for 

comparison. 

Table 3-5 Calculated values of the unknown P flows (Units: kt) 

Flow  
Calculatio

n 
Std. 

Literatur

e  
Flow  

Calculatio

n 
Std. 

Literatur

e  

I4 11.1 ±70.2 - W2 37.7 ±42.8 - 

I5 7.1 ±1.6 - F5 191.4 ±65.7 187.5 

F1 148.3 ±32.9 - F11 1.2 ±14.3 1.3 

W1 11.6 ±41.2 - W3 18.1 ±11.5 16.6 

 

As can be seen from Table 3-5, the P flow values calculated from the system mass 

balance compare well with the values obtained from literature; F5, F11 and W3 

estimates are all within 8%. This indicates that the proposed methodology and data 

are reliable, otherwise it would be expected that these values would not match well 

with literature. Thus, the estimates of the other five P flows are likely to be close to 

the true values. Given the results in Table 3-5, the standard deviations of I4, W1, W2 

and F11 are large. This might be caused by sensitivity to the uncertainty in the inputs, 

as it propagates through the system, which is discussed in detail in Section 3.1.3.  

Based on Equation 3-4, the standard deviation (SD) of the unknowns were calculated 

and listed in Table 3-5. P flow values for F5, F11 and W3 were 187.5, 16.6 and 1.3 kt 

from literature, all of which were well within the uncertainty range of each flow. Thus, 

the result can be used for further analysis. Based on these calculations, the P flows in 

New Zealand are plotted in Figure 3-1. The values of the unknowns (I4, I5, F1, W1 

and W2) are presented in bold and underlined. F5, F11 and W3 were assumed to be 

unknowns to solve the system of equations. 

To further check the robustness of the proposed methodology, a consistency check of 

the results was conducted. The different P flows were compared with other 

information from literature, which was insufficient for quantifying flows on its own. 

These comparisons are listed below: 

1) Clark (2012) reported the total P in surface runoff from agricultural land (from 

both plants and livestock) to be around 23.9 kt in New Zealand. The estimate 

of this P flow (WB2) for this research is 23.4 kt very close to this.  
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2) 2.53 million tonnes of municipal waste were landfilled in New Zealand (MFE, 

2010b). The P content of municipal waste is around 0.2% (IFP, 2006). 

Assuming that there is no leachate to the water body, this gives a P flow of 

approximately 5.1 kt from this source. The slaughter industry produces more 

than 15.2 kt waste P and nearly all of it ends up in landfill sites around New 

Zealand (Country Home Meats, 2010). Combining these two flows gives a 

landfilled P of at least 20.3 kt. These two flows should be less than the W2 P 

flow, since they are only a part of it. Therefore, the calculated P flow of W2 of 

37.7 kt is consistent with this.  

3) Palm kernel meal is one of the major animal foods in New Zealand. Nearly 

1374 Mt was imported in 2010 (Indexmundi, 2010). Using an average P 

content around 0.3% (McLeod, 2009), this gives is approximately 4.1 kt of P. 

This value should be smaller than the calculated value (11.1 kt for I4) because 

other feed stocks also account for the P import from this source, for example 

soy and copra (McDowell, 2013). 

4) P imported in food was 6.0 kt in 2010 (Loe, 2012). This value should be 

smaller than I5 of 11.6 kt, which contains both the food and non-food sources 

imported from overseas. 

P accumulation in New Zealand was investigated by looking at the total inputs and 

outputs into and out of the country.  

 
Figure 3-2 P input and output in New Zealand in kt of elemental P 
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Based on Figure 3-1, the total P imported (summation of Ii, i=1,2,…,5) into the 

country was 243.7 kt, the majority of which was from P rock (I1) and fertilizer (I2) 

imports. Total P exported (summation of E1 and E2) was 88.6 kt, in the form of food 

and forestry products. The difference between the total P imports and exports lead to a 

net accumulation of 155.1 kt in 2010.  A breakdown of the overall P imports and 

exports in New Zealand is shown in Figure 3-2, where the percentage is the 

proportion of different flows of the total input or output. The ratio of accumulation to 

total input from Figure 3-2 indicates 63.4% of the total P input was accumulated in 

New Zealand. To examine P accumulation in this country, stocks with accumulated P 

were analyzed using Equation 3-4. The results are shown in Table 3-7. 

Sensitivity analysis can be used to quantify how the uncertainty in the output of a 

system can be apportioned to different sources of uncertainty in the inputs. It is used 

here to indicate how the uncertainty in input data affects the P accumulation on the 

national scale. The model used for the system is linear in nature. Therefore the 

propagation of the uncertainty was calculated directly using Equation 3-4, giving a 

standard deviation of 75.9kt for the total accumulated phosphorus in New Zealand. 

Based on Equation 3-4, all variables affecting the Paccum can be written as a 

percentage of the total variance (Equation 3-8). This then directly shows how much 

each input uncertainty contributes to the final variation of the output,  

2 2

2
1

100%
n

i i

i Q

 



                                     Equation 3-8 

Table 3-6 shows the input flows that accounted for the uncertainty in Paccum, calculated 

using Equation 8 and as can be seen, 85.6% of the variation in Paccum is driven by 

input I4 (animal feedstock imports), which was calculated using the system of 

equations. Given the sub-flows of I4 it was found that F5 was the major contributor to 

its variation, which is the P uptake by animals during grazing. Further analysis shows 

F3 (P uptake by plants) is the most important variable in determining the variance of 

F5, and so its uncertainty propagates into I4 and then into Paccum. F3 was a known 

flow and it was concluded that it was the major source of the large variation in Paccum. 

To reduce the uncertainty in Paccum, more accurate data for input flow F3 is required.  

This shows the sensitivity of the calculated values to uncertainty in the unknowns. 

 



 

42 

 

Table 3-6 Sensitivity analysis of P accumulation in New Zealand 

  Flow  σ σ2 % 

Paccum 

I1 24.8 615.0 10.7 

I2 8.4 70.6 1.2 

I3 2.2 4.8 0.1 

I4 70.2 4928.0 85.6 

I5 1.7 2.9 0.1 

E1 9.6 92.2 1.6 

E2 6.7 44.9 0.8 

Sum  - 5758.4 100.0 

I4 

F7 6.3 39.7 0.8 

F8 23.9 571.2 11.6 

F5 65.7 4316.5 87.6 

Sum  - 4927.4 100.0 

F5 

F3 65.7 4316.5 100.0 

F4 0.7 0.5 0.0 

F6 0.6 0.4 0.0 

Sum  - 4317.3 100.0 

As can be seen from Table 3-7, nearly 58.0% of the P accumulation occurred in 

agricultural land in New Zealand and the rest was distributed between water bodies 

and landfill sites. It should be noted that the P accumulated in water bodies should be 

larger than 27.5 kt (sum of WB1 and WB2), as leachate from landfill sites and 

agricultural land was not accounted for in the analysis. They were omitted in this 

paper due to a lack of data. Large amounts of P accumulation in the agricultural land 

make it necessary to have a more in depth look at the P flows in this stock.  

Table 3-7 P accumulation in different stocks 

Stock  Accumulation (kt) % 

Agricultural land 89.5 58.0 

Water bodies 27.5 17.7 

Landfill 37.7 24.3 

Total  155.1 100.0 

A detailed soil P mass balance sheet is thus established in Table 3-8, where soil 

leaching is omitted. In 2010 89.5 kt P was deposited into the agricultural land, and 

given an agricultural land area of 11.6 million ha, the average P input and output were 

31.4 kg P/ha and 24.0 kg P/ha respectively. The difference between total inputs and 

outputs suggest an annual surplus in agricultural land P of approximately 9.8 kg P/ha. 

It should be noted that this kind of accumulation was likely to be enlarged at intensive 
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livestock farms, due to the challenges of transportation and effective distribution of P 

(Nguyen, 1995; Beukes, 2012).  

Table 3-8 Soil P mass balance sheet (kt P/year) 

Input  Output 

Flow  Value  Flow  Value  

F2:Fertilizer domestic  202.3 F3:Crops and forage 209.0 

I3:Fertilizer import  11.6 F9:Other products  46.5 

F9:Manures  141.0 WB2:Surface runoff  23.4 

F4:Plant residue  13.5 - - 

Total  368.4 Total  278.9 

 

Analysis based on the ‗Animal‘ stock indicates that annual plant grazing and feed 

additive were the primary P inputs for livestock, adding up to 191.4 kt and 11.1 kt P 

respectively. Major P outputs from livestock were manure and animal products. These 

were estimated to be 141.0 kt and 61.5 kt P respectively. The ratio between livestock 

produced and the total input in the ‗Animal‘ stock indicates the efficiency of P 

transformation from inputs to animal products was 27.1%, the rest of which was lost 

to agricultural land.  

From the proposed model, annual P passing through waste treatment facilities in New 

Zealand was approximately 41.8 kt (summation of W1, W3,W4 and W5), and 

approximately 10% (WB1, 4.1 kt) was discharged into water bodies. The other 90% 

(W2) ended up in landfill sites, threatening the environment with potential leachate 

problems. If the wasted P could be recovered from this flow (W2), it would not only 

reduce by around 20% the annual P rock import (I1), but also reduce the P load within 

the whole country (W2 divided by I1).  

Leaching and discharging of P into water streams can cause red tides and 

eutrophication (Young, 1999). In the natural environment pollution sources are often 

classified as either a point or diffuse sources, and in this P flow analysis they are 

represented by WB1 and WB2, respectively. As per the model calculations, the 

agricultural loss (WB2) was around 23.4 kt, which is much larger than the WWTP 

loss of 4.1 kt (WB1). Similarly, the P accumulation in the agricultural land stock was 

89.5 kt, from Table 3-7, and is larger than that in the landfill stock, of 37.7 kt (W2), 

indicating a higher potential amount leachate to the nearby water bodies from 

agricultural land, a diffuse source, than landfills, a point source of pollution. 

Therefore, diffuse sources of pollution would likely be of more concern for water 
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bodies in New Zealand. This conclusion is in accordance with a report from Waikato 

Region City Council (Waikato Regional Council, 2014), stating that diffuse losses of 

P form approximately 61% of all losses to the Waikato and Waihou River, larger than 

point sources. 

The world P rock resource is under risk while nearly all P used in New Zealand is 

from importation. The ratio between total P imports and exports indicates that 37.1% 

of imported P was exported as a secondary product (dairy products, sausages, etc). At 

the same time, nearly 90% of the P in waste treatment facilities ended up in landfill 

sites and little was recycled or reused. Since no literature has reported on P recycling 

in New Zealand, the P recycling rate is assumed to be zero in this country. This in 

turn requires more fertilizer application to meet the daily nutrient requirements of 

plants and animals. Direct livestock manure application is the easiest way for waste 

reuse, however, as reported by Cooper and Carliell (2013), simply reapplying 

livestock manure cannot be considered an effective way of recycling. This is because 

the surface runoff during this process still acts as a secondary pollutant of water 

bodies. Furthermore, natural weathering and P inactivation processes within soil 

reduce P utilization efficiency country wide. Thus management strategies in New 

Zealand to improve utilization efficiency and encourage recycling activities are 

essential to ease the long term risk of eutrophication. However, livestock manure 

recycling should take the current soil P level in the receiving soil into account. This is 

of huge significance when considering P recycling targets on a national scale.  

3.4.2 PCA Analysis 

The calculated New Zealand P flows were compared against six other countries. The 

data were normalized by either population or land area to match flow types between 

countries. The quantitative information could be used to differentiate the structure of 

P consumption within different countries and provide valuable information on how to 

improve P management in New Zealand. A Pareto chart with the percentage of 

variance explained by each principal component is shown in Figure 3-3. It shows that 

more than 78% of the total variance can be represented by the first two principal 

components.  Therefore, the first two principal components provide sufficient 

information for further analysis. 
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Table 3-9 P flows in different countries 

 
1
: Divided by population (Unit: kg/ per person),   

2
: Divided by agricultural land (Unit: kg/ha) 

 
Figure 3-3 Percentage variance explained by different principal components 

Figure 3-4 shows plots of the PCA scores and loadings. The scores plot, Figure 3-4.a, 

shows  that the P consumption structures in New Zealand and Japan are different from 

that of the SBC group (circled in the ellipse), which include France, UK and Australia. 

Whilst New Zealand has a similar PC1 score to the SBC group and Japan has a 

similar PC2 score. The combination of the PCA scores (Figure 3-4.a) and loadings 

(Figure 3-4.b) plots provide effective explanations for the differences described above. 

Within the PCA analysis, loadings (or variables) near the datum (‗Y=0‘) in Figure 

3-4.b have a lower influence on the overall P performance. Therefore the PCA 

loadings plot shows that the large PC2 difference between New Zealand and the SBC 

Flow Type Finland   France         Japan            Australia            USA                 UK          NZ 

Fertilizer Application
1 14.9 10.0 87.0 1.0 4.0 4.0 18.0

Food Consumption
1 1.0 1.8 0.8 2.1 1.2 0.8 2.3

WWTP Effluent
1 0.1 0.7 0.1 0.5 2.6 0.4 0.9

Total Imports
1 41.2 7.5 5.7 25.9 25.3 2.2 54.7

Total Exports
1 3.1 2.7 0.0 6.9 17.6 0.4 20.3

Exported Food
1 0.5 2.1 0.0 5.2 1.3 0.3 10.4

Landfill
1 0.5 0.8 0.7 0.6 1.6 0.3 8.6

Manure Application
2 8.6 10.6 31.6 1.2 1.0 9.7 13.2

Agriculture Loss
2 1.1 1.6 8.6 0.1 2.0 0.8 4.7

Land Accumulation
2 12.7 5.8 81.8 1.7 1.6 2.2 85.6

Total Soil In
2 24.9 26.7 118.8 2.2 7.8 15.6 31.4

Total Soil Out
2 12.2 20.9 37.0 0.5 6.1 13.4 24.0

Agriculture Efficiency (%) 0.5 0.7 0.3 0.1 0.8 0.8 0.7

P Recovery (%) 0.2 0.3 0.5 0.3 0.3 0.4 0.0
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(the more phosphorus utilization efficient countries) is driven by differences in the P 

recovery, total imports, total exports, exported food and landfill. New Zealand has 

significantly higher phosphorus imports and exports, and also a large difference 

between them, compared with the SBC countries. Improvement in P utilization 

efficiency through changes in the ratio between imports and exports would not be 

practical, as New Zealand‘s economy is based mainly on the agricultural industry. 

The remaining key differences from the SBC countries are due to waste landfill and 

resource recovery. Thus, improving P recovery and landfill management would be a 

practical solution. The P recovery ratio from waste in New Zealand is quite low in 

WWTP facilities, and thus point sources of pollution at landfills, as well as WWTP, 

offer an accessible resource for recovery activities. 

It is thus recommended that recovery from both waste treatment facilities and landfill 

sites are worthwhile focusing on. This would not only improve the agricultural 

efficiency (such as that seen in the UK), but also reduce land accumulation and P 

losses, which would in turn decrease the risk of water pollution and eutrophication in 

the country.  

 
Figure 3-4 PCA score (a) and loading (b) plots 

 

A similar method can also be applied to the P flow analysis in Japan. The P flow 

loading at the left end of PC1 score drives Japan further away from the SBC group.  

Thus, reducing fertilizer and manure application can be suggested as appropriate 

strategies for this country.  
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3.4.3 Limitations of Analysis 

● The reliability and completeness of the data used during the analysis is the most 

fundamental influential factor. However, insufficient data make it difficult to compare 

the whole P flow system with that obtained from the SFA analysis. Further 

information for P utilization in waste treatment facilities (W1 and W2), and human 

(I5) and animal feedstock (I4) imports should be collected to improve the accuracy of 

a national scale P analysis. Similarly, measurement of P flow values with large 

uncertainties such as F3, F9, W4 and WB1 (Appendix C) would also be worthwhile 

for national water quality monitoring and data collection. 

● This study was based on the P flow statistics from 2010. Since P flows in New 

Zealand are highly based on commodity imports and exports, uncertainties among 

fertilizer application and export value can be significant.  

●  At the same time, this analysis describes the overall P flow in New Zealand. It may 

thus not be applicable when making P management strategies on a regional scale.  

 

3.5 Conclusions 

A substance flow analysis of P was conducted and it revealed the P consumption 

structure in New Zealand. It was concluded that P consumption in New Zealand is 

heavily dependent on imports and thus is more vulnerable to international market 

changes. The analysis indicates that agriculture is the most P intensive consumption 

sector in New Zealand, and that little phosphorus recovery is carried out at waste 

treatment facilities. It was also concluded that diffuse sources, rather than point 

sources, pose a greater risk of P pollution, which might lead to eutrophication of New 

Zealand‘s water bodies. A PCA comparison between New Zealand and other 

countries suggests that the P consumption structure in New Zealand exhibits lower 

utilization efficiency than other countries. To improve the utilization efficiency, P 

recovery from both waste water treatment facilities and landfill sites should be 

enhanced in the future. This might help the country reduce its annual P rock imports 

by more than 20%.  
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4.1 Foreword 

This chapter was prepared as a full journal paper and was intended to be submitted to the 

Journal of Environmental Management. The format and the layout of this manuscript has 

been adjusted with minor revisions made. The objective of this work was to track the research 

trends in this field and put forward suggestions for better process design. An overview on 

struvite process development, product application and process economics are provided. It can 

be used for engineering process design when struvite crystallization is used in industry. 

 

4.2 Introduction 

Phosphorus (P) is an essential biological element, and thus a key fertilizer constituent. It is a 

one-way flow element without any feasible substitutes. P accumulation in local streams cause 

environmental problems such as eutrophication and red tide (Cordell et al., 2013). 

Furthermore, nearly 90 % of the P currently being used is sourced from P rock (Zhang et al., 

2014, Cooper and Carliell Marquet, 2013), a non-renewable resource predicted to be depleted 

within the next 100-200 years (Vaccari, 2009a, Burt et al., 2013, Mohr and Evans, 2013) . 

The pressure from environmental pollution and the non-renewable nature of the resource has 

been driving the focus on P recovery. Struvite crystallisation is currently being investigated 

as one of the most promising recovery techniques ocurrently being researched (Çelen, 2009, 

Lee et al., 2013, Kuglarz et al., 2015)  

Struvite is also known as magnesium ammonium phosphate (MgNH4PO4.6H2O, MAP in 

short). In nature, struvite is formed through the combination of bird droppings or fish bones 

with undigested animal debris (Le Corre et al., 2009). Struvite in wastewater pipes was first 

observed in 1937 in a multiple-stage sludge digestion system (Tao et al., 2015). Since then, 

struvite deposition control has been widely investigated, to reduce pipeline blockages and 

plant wide nutrient loading (Fischer et al., 2011, Ichihashi and Hirooka, 2012, Sharp et al., 

2013).  

In the past two decades, struvite crystallization has gained significant attention as a method 

for P removal (Le Corre et al., 2009). It can be used to prevent nutrient over-enrichment of 

surface waters and is citrate soluble, and thus bioavailable for plant uptake (Kumar and Pal, 

2015).  Struvite can also be used as a food additive, chemical agent, structural product and 
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Table 4-1 List of published review papers on struvite crystallization 

No. Reference  Review highlights Recommendations for future research  

1 Greaves, 1999 

● P recovery potential from animal manures                      

● Biological treatment plus precipitation is promising        

● Struvite is not economically available on its own right   

●Agriculture value of struvite should be investigated                      

●Nucleation and growth condition should be optimized                

● Purity control under real conditions is suggested                           

2 
de-Bashan, 

2004 
● Summarize and compare techniques for P recovery                                        

● Further economic analysis and fertilizer test is recommended     

● Combination with P solubilisation bacteria can be investigated            

3 Maurer, 2006 
● Review status of urine treatment processes                                          

● Summarize properties of collected urine  

● Simultaneous N/P removal and recovery should be investigated 

● Process optimization should be investigated       

4 Le Corre, 2009 
● Principles of struvite crystallization                                         

● Techniques and processes experimented to date 

●Product quality and quantity should be investigated                    

● Economically feasibility analysis is suggested  

5 Huang, 2011 
●Ammonia removal by struvite precipitation                     

● Influence factors during struvite crystallization  

● Effect of the high salinity (from the struvite precipitation) on 

wastewater post-treatment should be investigated                         

● Solutions reduce process cost should be investigated  

6 Karak, 2011 
●Physical and chemical properties of  urine                           

●Struvite application in agriculture  

●Fate of pharmaceuticals in urine should be investigated             

●Heavy metal and bacterial contamination should be investigated 

● Environmental impact of struvite should be evaluated  

7 Liu, 2013 

● Factors influencing MAP crystallization                                

● Various developments achieved in MAP reactors                       

● Struvite application for fertilizer  

●Improvements in P removal and recovery efficiency                    

● Farm test for MAP used as fertilizers is recommended  

8 Rahman, 2014 
● Principles of struvite nucleation, crystal growth                         

● Factors that affect on the struvite quality 

●Commercial struvite production should be performed                  

● Effective of recovered P as a fertilizer should be investigated  

9 Kumar, 2015 ● Sources of raw materials and chemistry of struvite ● Combination of streams from different industries is suggested  
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fire retardant agent (Johnston and Richards, 2003). Research on P recovery via struvite 

crystallisation is widespread and includes studies on applications in different wastewater 

streams, influence of process variables (temperature, foreign ions, pH etc.), reactor design, 

and product quality assessment (produce purity, particle size, fertility etc.). However, the 

recovery process still has significant hurdles to overcome, such as the large variations in 

influent composition (El Diwani et al., 2007, Plaza et al., 2007, Zhang et al., 2012), 

significant influence of calcium on the product purity (González-Ponce et al., 2009) and poor 

economic feasibility (Yetilmezsoy and Sapci-Zengin, 2009).  

As can be seen in Table 4-1, there are some useful review papers that have focused on P 

recovery from struvite crystallization, however, none of them focused specifically on a 

comprehensive review for better process design. Traditional process design normally targets 

product quality and throughput rate, while taking variation of the economics and environment 

impact into consideration. A review of struvite process development will help to achieve 

optimal design. In order to address economic feasibility, struvite quality control and 

economics were also investigated. Struvite chemistry is not included as it has already been 

well reviewed in past work (Le Corre et al., 2009). The fundamentals of reaction 

thermodynamics and kinetics will be provided in another review: Phosphorus recovery 

through struvite crystallization: Recent development in Thermodynamic and kinetic studies. 

 

4.3 An Overview of Research Activity  

Currently, there is no analysis of the trends on struvite crystallisation as a P recovery 

technique, possibly because the research area is still relatively young and developing, with 

the number of publications only starting to increase in the last 15 years. Furthermore, filtering 

is required in carrying out a research trend analysis, as it appears in both P recovery literature, 

as well as a literature on the struvite human and animal kidney stone medical condition 

(Cerrillo et al., 2015, Uysal et al., 2014). A trend analysis was performed using the Web of 

Science database, where topics related to the medical condition were ignored. Figure 4-1 

shows a holistic overview of publications since 1985 and that the number of publications 

have been steadily increasing since the late 90‘s, with a plateau in the last three years.  

Due to the multi-faceted nature of topics, data have been analysed in two different ways. 

Firstly, papers were grouped according to the wastewater type, as shown in Figure 4-2. 

Secondly, the papers were classified based on the research topics (defined by process 
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component), as shown in Figure 4-3, to understand in which areas research was concentrated. 

Whilst we acknowledge that this is not an exhaustive literature survey, it is a comprehensive 

one, with over 590 papers analysed, and the relative numbers of the papers should be 

indicative of the current research activity. 

 
Figure 4-1 Number of publication each year 

 

 
Figure 4-2 Publications classified by the wastewater used for struvite precipitation 
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Table 4-2 Major ion concentration in different wastewater types from published literature 

Water Type pH Mg Ca 
TP 

(mg/L) 

PO4-P 

(mg/L) 

TKN 

(mg/L) 
NH3-N (mg/L) 

Reference 

Dairy manure  

- - - 220 91 1200 887 (Ueno and Fujii, 2001) 

8.3 150 570 460 450 1550 1060 (Siciliano and Rosa, 2014) 

- 150 373 187 38.5 - 489 (Karak et al., 2015) 

7.8 252 347 - 200 - 2500 (Huang et al., 2011b) 

- - - 38.1 37 145 129 (Qureshi et al., 2006) 

Fresh urine 

6.8 66.6 107.4 - 262 6540 320 (Huang et al., 2014d) 

5.6 45.4 89.2 - 388 - 438 (Huang et al., 2009) 

6.2 100 190 740 - 9200 300 (Türker and Çelen, 2007) 

6.5 36 150 350 
 

7700 330 (Yu et al., 2013b) 

Stored urine 8.9 1.6 16.5 - 197 - 2540 (Yu et al., 2012) 

Ureolysed urine 
9.2 0.76 14 250 

 
7600 6400 (Huang et al., 2015a) 

- 1.77 17.7 187   2720 - (Sakthivel et al., 2012) 

Swine slurry 

7.7 26 153 - 84 - 2,260 (Davis et al., 2015) 

7.44 45.1 163 - 53.1 - 2110 (Schuiling and Andrade, 1999) 

8 - 200 300 - 3700 - (Zorn et al., 2015) 

Swine wastewater 

- 24.5 97 41.5 35.5 - 1320 (Başakçilardan-Kabakci et al., 2007) 

7 131 153 187 89.5 - 535 (Blumberg et al., 2009) 

7.5 28 58 128 - - - (Huang et al., 2014d) 

7.8 6.7 135 182 161 1212 985 (Wagh et al., 2016) 

Landfill leachate 

8 100 53 - 14 - 2350 (Ban and Dave, 2004) 

7.9 387 125 - 12.5 1980 1750 (Huang et al., 2014c) 

7.8 - - 13.8 - - 2800 (Romero-Güiza et al., 2015) 

7.8 172 520 8.5 - 590 530 (Kochany and Lipczynska-Kochany, 2009) 

8 415 245 - 8 2500 2200 (Zhang and Lau, 2007) 
TP: Total Phosphate, TKN: Total Kjeldahl Nitrogen
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Figure 4-2 groups the papers by the wastewater source that is used for the research, as this is 

an important consideration when looking at struvite crystallisation. Almost one quarter of the 

publications utilized synthetic wastewater for struvite crystallization. This may hinder the 

transfer of the process to real world applications, as synthetic wastewater often lacks the 

compositional complexity and thus neglects interactions between various species present in 

the solution. However, the research by Tilley (Tilley et al., 2008) indicated that synthetic 

urine can be used as a proxy for real urine when investigating struvite recovery, since it has 

been shown that the synthetic mixture is sufficiently consistent with the expected 

composition in a specific context (Gell et al., 2011). Struvite crystallization has been tested in 

WWTP effluents, in streams such as anaerobic digestion effluent (ADE), anaerobic digestion 

supernatant (ADS) and digester sludge. Swine wastewater and human urine are two other 

common sources, mainly because of their high nutrient concentration.  

Given the variety of wastewater sources, a standardised solution for P recovery from different 

influents may be infeasible. This is because of the large compositional variations encountered, 

summarised in Table 4-2. For example, human urine has a much higher ionic strength than 

other wastewaters (e.g. landfill leachate (Romero-Güiza et al., 2015)), with its typical values 

between 0.3 and 0.6 Mol/L (Liu et al., 2011b). Human urine contains sodium chloride and 

urea as major constituents, with macronutrients such as calcium, potassium, magnesium, 

sulphate and phosphate as minor constituents. However, it is always lower in hazardous 

chemical compounds and heavy metals (Karak and Bhattacharyya, 2011). Table 4-2 also 

shows that dairy wastewater always has a higher calcium concentration, which affects 

struvite crystallization rate  (Bhuiyan et al., 2007) and the product quality significantly (Hao 

et al., 2009, Li et al., 2013a). This may require additional steps in terms of pre-treatment, 

which could increase the overall process cost. The landfill leachate is always in rich of 

magnesium and other heavy metal content, which might also hinder the struvite 

crystallization (Xie et al., 2014). Therefore, different operational procedures might be 

required to address the variations in influent compositions.  

As can be seen from Figure 4-3, a large number of publications focus on the influence of 

process variables (pH, temperature and mixing etc.) during struvite crystallization. Research 

is also done into combining struvite crystallization with other techniques for waste treatment 

and resource recovery. However, there is little research on struvite crystallization control, 

which is required for maintaining the output of a specific process within a desired range. It 

seems current research is still more on waste treatment for P reduction as required by the 
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water quality legislation, rather than on resource recovery for sustainable P usage. This 

conclusion is drawn from the fact that there is currently little research on the struvite product 

quality and product uses, as shown in Figure 4-3.  

 
Figure 4-3 Research activities on different topics from struvite crystallization 

 

4.4 Development in Process Design  

4.4.1 P Forms in Wastewater 

During struvite crystallization, it is important to be aware of the P forms in the influent. This 

is because this technique only removes the inorganic soluble P, but not the organic P which 

may represent over 50% of the total P in most wastewater streams (Huang et al., 2014b). P 

forms in the liquid can normally be grouped into organically bound P, polyphosphate and 

orthophosphate.  Organically bound P can be settled in primary clarifiers or transformed into 

orthophosphate during anaerobic digestion with the help of microorganisms. Polyphosphate 

is soluble and can be converted into orthophosphate biologically. Orthophosphate is inorganic 

soluble P, it can form floc or precipitate out with the addition of metal salts (Lind et al., 2000).   

Sharpley reported that inorganic P in manure was the majority of the total P (Ban and Dave, 

2004). However, the inorganic P is predominantly particulate-bound (Gerritse and Vriesema, 

1984). Particulate P can be bound in calcium- phosphate compounds with low solubility, due 

to the high calcium content (e.g. in dairy wastewater). This is supported by the research from 

Zhang et al. (2015). To improve struvite crystallization efficiency, P release is required 

(commonly seen in animal wastewater). Among the current P release techniques, thermal 
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treatment, chemical treatment and microwave treatment are the most popular (Tao and Huang, 

2007).   

Higher temperature and lower pH favour P release when using thermal treatment (Zhang and 

Lau, 2007). Zhang et al. (2007) reported that a total P release of about 48.9 mg/L was 

observed at 170°C in 80 min. Tao and Huang (2007) found that 90mg/L P was released when 

sludge is treated at 50°C for 1 hour, therefore, there is significant variability in the process. 

The heat energy needed for thermal treatment could be supplied from flammable gas 

combustion, which is collected from the digestion units in WWTPs (Tao and Huang, 2007). 

Freezing is also used in wastewater treatment (Yilmazel and Demirer, 2013). This is based on 

the fact that when water crystallises into ice it leaves the solutes in the liquid phase, with the 

lower freezing point. Ganrot et al. (2008) optimised P and N recovery from urine using 

freeze-thawing in combination with struvite precipitation. This process showed a positive 

effect on nutrient and toxicity profile of the treated stream.  

Chelating agent, such as ethylenediaminetetraacetic acid (EDTA), can also be used to 

increase the P concentration available for precipitation. For example, Kabdasli et al. (2009) 

used 40 mmol/L EDTA addition before struvite crystallization, the P removal efficiency was 

around 80%. In the presence of 70 mmol/L EDTA, most of the total P (91%) could be 

released (Kabdaşlı et al., 2009).  

Microwave treatment has also been used as a P release method for struvite crystallization, 

with the research being summarised Table 4-3. Experimental work conducted by Zhang 

indicates that soluble P increased by over 50% after microwave treatment (Laridi et al., 2005). 

Jin (Jin et al., 2009) reported that microwave heating combined with different chemicals 

(NaOH, CaO, H2SO4, or HCl) enhanced solubilisation and degradation in dairy manure. This 

process released 20–40% of the P and 9–14% of the ammonium. Chan (Chan et al., 2007) 

developed a two stage P release process and compared with a single stage MW/H2O2/H+- 

treatment process. At a lower temperature (60–80
◦
C), the soluble P was substantially higher 

in a two-stage process than in a single stage process. However, higher soluble P was obtained 

for a single-stage treatment at the higher operating temperature regimes (100–120
◦
C). With 

the inorganic acid addition, a large concentration of soluble P was found at 120
◦
C (Liberti et 

al., 2001).   
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Table 4-3 P release by microwave treatment for struvite crystallization 

Source  
Temperature 

(
o
C) 

 Time 

(min) 
Effect  Reference  

Sewage 

sludge 
60–120 5 

Higher P release than low 

temperature range                                                                                
(Liberti et al., 2001) 

Dairy 

Manure 

170 5 80% P released (Li et al., 2012a) 

60-170 5 Shorter chain acids produced 
(Telzhensky et al., 

2011) 

135 26 
Combination with chemicals 

enhanced P release 
(Lahav et al., 2013) 

96 - 
Suspended solids settle ability 

improved 

(Bohdziewicz and 

Kuglarz, 2013) 

 

4.4.2 Reactor 

Various reactors have been developed for P recovery. Some of the representative ones are 

summarized in Tables 4 and 5.  These reactors can be divided into three categories: i) 

mechanical stirring reactor – MSR (Parsons et al., 2008), ii) fluidized-bed reactor – FBR (Liu 

et al., 2008) and iii) microbial fuel cells – MFC (Tao et al., 2015). Different materials have 

also been tested for reactor construction (Ohlinger et al., 1999), struvite crystal accumulated 

was found to be more rapidly on PVC than on acrylic plastic and most rapidly on stainless 

steel.  

The configuration and operation of an MSR are simple (Shepherd et al., 2009). Stratful et al. 

(2004) combined a continuously stirred tank reactor with a second tank to recover fine 

particles. Shepherd et al. (2007) developed a continuous flow reactor for struvite 

crystallization. The bench scale system reduced 78% - 93% of the dissolved reactive P in 

swine manure slurries. Etter et al. (2011) build a reactor equipped with a spiral pump 

(precipitant dosage), magnetic valves and a process unit, together with an external filtration 

system. The reactor could remove more than 90% of the P with low magnesium addition. 

Although costs for MSR construction are low, the magnesium source is expensive (Etter et al., 

2011). An MSR also consumes a significant amounts of energy for mixing (Doyle and 

Parsons, 2002), which will increase the process cost. Furthermore, the struvite particle size is 

difficult to control because of high mixing speeds required to fluidize the seed (Le Corre et 

al., 2009). 

FBRs are currently the most commonly used reactors for struvite crystallization. Battistoni et 

al. (2002) tested the performance of an FBR in anaerobic supernatants from centrifugation 

sludge. During his experiments, precipitated crystals were removed and replaced by smaller 



  

58 

 

ones once they had reached the desired size. Bowers and Westerman (2005) developed a 

cone‐shaped FBR for swine wastewater treatment. It was suggested to be operated at lower 

flow rates as a continuous process. Modelling of this reactor indicated that the conical zone 

created plug flow conditions for the liquid and improved mixing condition in the reactor 

(Shepherd et al., 2009). Suzuki et al. (2007) and Le Corre et al. (2007b) utilized stainless 

steel meshes in an FBR to reduce the energy demand for mixing and minimize the fine 

particles remaining in solution. 

In a conventional FBR, struvite crystal sizes in the reactor increase overtime. Therefore, Liu 

et al. (2008) designed a new internal recycle seeding reactor, using an internal self-seeding 

mechanism. It thus enhanced P recovery efficiency and reduced the energy required for an 

external recycler. It is reported that FBR performance was unsustainable at low P 

concentration (Adnan et al., 2004). This conflicts with findings from Liu et al. (2008), 

suggesting a 78% P removal efficiency with an initial P concentration of only 21.7 mg/L. 

Therefore, Guadie et al. (2014) designed a novel cone-inserted FBR to evaluate its 

performance at low (12.5 mg/L) and high (120 mg/L) P concentrations. Good struvite 

recovery efficiencies were obtained for both low and high P concentrations, of 75% and 92% 

respectively. However, inserting the cones played a significant role in enhancing the struvite 

recovery.  

Microbial fuel cells are a new technology for simultaneous wastewater treatment and 

electricity production. MFC converts the energy stored in chemical bonds in organic 

compounds to electrical energy by an electrogenic microorganism (Kumar and Pal, 2015). 

MFC reactors are always cost effective. There are no precious metals required when 

compared to a water electrolyzer.  Hydrogen gas recovery can be used to offset energy costs 

(Call and Logan, 2008). Reported MFC configurations to date are summarized in Table 4-5. 

Cusick and Logan (2012) observed that the P removal efficiency ranged from 20% to 40% in 

an MFC, with higher removal rates obtained using mesh cathodes than with flat plates. A 

similar P removal efficiency was reported by Ichihashi and Hirooka (2012), using an air–

cathode single chamber MFC. Tao et al. (2015) compared the P removal efficiency between a 

single chamber MFC and a two-chamber MFC. It demonstrated that the single-chamber MFC 

system and the two-chamber MFC systems could both effectively remove P, but the amount 
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Table 4-4 Summary of struvite crystallization in difference reactors 

Reference  Reactor  Method  Influent Seed  
Reactor size  

pH adjustment  
H(m) D (m) Volume(dm

3
) 

 (Battistoni et al., 1997) FBR Batch ADS Quartz 0.42 0.06         1.1  Aeration 

(Battistoni et al., 2000) FBR Batch ADS Quartz 1 0.09        6.36  Aeration 

(Adnan et al., 2003b) FBR Continuous  Synthetic  - 5 0.04-0.20           - NaOH 

(Ishikawa et al., 2004) FBR Continuous  Dewatering centrate   Struvite  4 0.35- 0.80            - Mg(OH)2 

(Suzuki et al., 2005) Aerated reactor  Continuous  Swine  Metallic 3.64 1.5 4.32  Aeration 

(Rahaman et al., 2008) Modified FBR Batch  ADS Struvite  1.54 0.026 - 0.206     - - 

(Çelen, 2009) Continuous reactor Continuous  Swine  - 0.44 0.06 -0.185   5.6 NaOH 

(Rahaman and Mavinic, 

2009) 
Crystallizer  Batch  - - 1.12 0.1 - - 

(Liu et al., 2011a)  Plexiglass reactor Continuous  Swine  
 

1.05 0.21.4 2.7 - 

(Rahman et al., 2011)  -  Continuous  Animal wastewater 
 

- - 15 - 

(Song et al., 2011) SBR Batch Swine  
 

1 1.5 1 - 

(Jordaan et al., 2013)  FBR Continuous Synthetic  Struvite  - - 12  Aeration 

 (Hutnik et al., 2013a) DT MSMPR Continuous Industry wastewater 
 

0.12 0.12 1.3 - 

(Li et al., 2013b) Modified FBR Continuous  Synthetic  - 1.8 0.02 -0.12 - NaOH 

(Wang et al., 2013a) SBR Batch Pharmaceutical - - - 4 Na2CO3 

 (Bergmans et al., 2014) Batch reactor Batch Digested sludge - 1 0.2 20  Aeration 

(Guadie et al., 2014) Cone-inserted FBR Continuous  Synthetic  - - 0.06-0.1 9.4 NaOH 

 (Liu et al., 2014b) Air-agitated reactor Continuous  Urine - 0.4 0.08 2.6  Aeration 

(Romero-Güiza et al., 

2014) 
Semi-CSTR Continuous  Swine  - - - 2 - 

(Wang et al., 2014) Biofilm Reactor Batch Sludge - 0.25 0.14 3.5 NaOH 

(Zhang et al., 2014) U-shape reactor Continuous ADE Struvite  - - 2 Degasification 

(Kuglarz et al., 2015) Crystallizer Batch ADE - - - 10 NaOH 
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Table 4-5 Summary of MFC reactor for struvite crystallization 

Reference  Anode  Cathode Inner  Flow rate  Influent  

  Material  Size (cm)  Material  Size (cm)    mL/min   

(Fischer et al., 2011) Carbon felt 22.1 × 10.0  Carbon felt 4 × 2.8 - - Sludge 

(Cusick and Logan, 

2012) 
Graphite fiber brush 2.5 Stainless steel 304 mesh 7 cm

2
 - - Synthetic  

(Ichihashi and Hirooka, 

2012) 
Carbon felt 7.7 

 Carbon paper with 

catalyst 
7.7 

Polyester nonwoven 

cloth separator 
20 

Swine 

wastewater 

(Hirooka and Ichihashi, 

2013) 
Carbon felt discs 7.7 

 Carbon paper with 

catalyst 
7.7 

Nonwoven polyester 

cloth separator 
20 Synthetic  

(Tao et al., 2015) Plain carbon paper 2.0 × 2.0 
Carbon cloth with 

catalyst 
3.8 - 20 Sludge  

(You et al., 2015) Plain carbon fibre 2.2 × 1.9 
carbon fibre with  

activated carbon   
4.9 cm

2
 

Ation exchange 

membrane 
1.6 Urine 
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of electrochemically inactive microorganisms involved in the single-chamber MFC was 

higher (Tao et al., 2015). Although the MFC seems to be effective for struvite crystallization, 

the P recovery rate is currently low compared with the other reactors and more research on 

process optimization and cost analysis is required.  

4.4.3 Combinations with other processes 

Struvite crystallization is an effective P recovery method. The technique itself can be easily 

coupled with other processes for advanced wastewater treatment and resource recovery ( 

Process 

name  

Struvite 

Used as  
Effect  On Source  Reference  

Adsorption  

S + N Removal Urine Lind, 2000 

S + P Removal Urine  Ban, 2004 

P +  P Recovery  Urine  Ganrot, 2007 

A +  P Recovery  - Zhang, 2015 

A ++ P Removal Synthetic  Huang, 2014 

Composting  

S - N Loss - Jeong, 2001 

S - N Loss Manure Zhang, 2007 

S - N Loss Manure Ren, 2010 

S + 
Struvite 

Dissolution  
Swine Fukumoto, 2011 

Anaerobic 

Digestion  

S 0 Microorganisms Swine Romero-Guiza, 2014 

S + N Removal Dairy Uludag-Demirer, 2008 

S + P Removal Swine  Romero-Guiza, 2015 

S + P Removal Sludge Demirer, 2013 

Activated 

Sludge  

Multi  + 
Organics 

Removal 
LDFL Kabdasli, 2008 

Multi  + 
Biological 

treatment 
Slaughter  Kabdasli, 2009 

Coagulation  
A - Suspended Solids Swine Laridi, 2005 

P + Crystallization  Synthetic  Corre, 2007 

Ion 

Exchange 

A + N P Removal WWTP Liberti, 2001 

A + P Recovery  Synthetic  Li, 2012 

Nan 

filtration 

A - Cost ADS Telzhensky, 2011 

A - Cost ADS Lahav, 2013 

Reverse 

Osmosis 
A - Heavy Metal ADS Bohdziewicz, 2013 

Dewatering P - Volume Swine Szogi, 2006 

Ionizin 

gradiation 
A - Chemical Usage  Livestock  Kim, 2014 

Micro 

electrolysis 
A - COD emission Antibiotic Zhang, 2015 

Osmotic A + P Recovery  WWTP Qiu, 2014 
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Table 4-6). Pre-treatment techniques are always used to achieve maximum P recovery via 

struvite crystallization. This is not only because organic phosphorus is usually not suitable for 

direct struvite crystallization (discussed in Section 3.0) but also because struvite 

crystallization is limited by high foreign ion (Fe, Ca, Al) concentrations. Bhuiyan et al. (2007) 

documented that anaerobic digestion could promote struvite formation. A similar result was 

also reported by Moody et al. (2009), where an increase of P by 26% in anaerobically 

digested swine wastewater was observed when compared to undigested waste. Li et al. 

(2013a) applied XDA-7 resin for P adsorption and the P desorbed from the resin was 

recovered as struvite. Xie et al. (2014) used a membrane to diffuse proton away from the 

digested sludge, thus creating favourable conditions for struvite formation. Natural zeolite 

modified by magnesium salts was also tested as an adsorbent material for ammonia–nitrogen 

removal from wastewater (Huang et al., 2014b). Mg
2+

 released during the adsorption process 

can be used as the Mg source during struvite crystallization.  

It can also be used as a parallel process during adsorption (Ban and Dave, 2004), composting 

(Fukumoto et al., 2011) and anaerobic digestion (Romero-Güiza et al., 2015). Uludag-

Demirer (2008) tested the feasibility of coupling anaerobic digestion and struvite 

precipitation in the same reactor. The results indicated a 19% and 11% increase in COD and 

NH3 removal compared with the traditional anaerobic reactor (Uludag-Demirer, 2008). Zhang 

and Lau (2007) examined struvite formation during poultry manure composting. It was 

concluded that ammonia emissions were reduced by 40% to 84%, while the nitrogen 

retention in compost was enhanced. This was supported by Ren et al. (2010) and Fukumoto et 

al. (2011).  

Post-treatment flowing struvite crystallization is also helpful. Zhang (Zhang et al., 2012) 

suggested that struvite precipitation as pre-treatment to anaerobic digestion is highly effective 

and advantageous in wastewater. Ryu and Lee (2010) documented that struvite precipitation 

used as the pre-treatment of raw swine wastewater enhanced the nitrification performance in 

Membrane  

Membrane 

Distillation 
S + Crystallization  Sludge Xie, 2014 

Nitrification A + N Removal LDFL Calli, 2005 

Freezing-

Thawing          
Multi  + N P Removal Urine  Ganrot, 2008 

Activated 

carbon  
P + P Removal LDFL Jaafarzadeh, 2010 

BNR P + Nitrification Swine Ryu, 2010 

S: Simultaneous, A: Post-treatment , P: Pre-treatment  
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activated sludge system. The struvite precipitation elicited the biological denitrification 

reaction and thus enhanced the biological TCOD removal. 

Process 

name  

Struvite 

Used as  
Effect  On Source  Reference  

Adsorption  

S + N Removal Urine Lind, 2000 

S + P Removal Urine  Ban, 2004 

P +  P Recovery  Urine  Ganrot, 2007 

A +  P Recovery  - Zhang, 2015 

A ++ P Removal Synthetic  Huang, 2014 

Composting  

S - N Loss - Jeong, 2001 

S - N Loss Manure Zhang, 2007 

S - N Loss Manure Ren, 2010 

S + 
Struvite 

Dissolution  
Swine Fukumoto, 2011 

Anaerobic 

Digestion  

S 0 Microorganisms Swine Romero-Guiza, 2014 

S + N Removal Dairy Uludag-Demirer, 2008 

S + P Removal Swine  Romero-Guiza, 2015 

S + P Removal Sludge Demirer, 2013 

Activated 

Sludge  

Multi  + 
Organics 

Removal 
LDFL Kabdasli, 2008 

Multi  + 
Biological 

treatment 
Slaughter  Kabdasli, 2009 

Coagulation  
A - Suspended Solids Swine Laridi, 2005 

P + Crystallization  Synthetic  Corre, 2007 

Ion 

Exchange 

A + N P Removal WWTP Liberti, 2001 

A + P Recovery  Synthetic  Li, 2012 

Nan 

filtration 

A - Cost ADS Telzhensky, 2011 

A - Cost ADS Lahav, 2013 

Reverse 

Osmosis 
A - Heavy Metal ADS Bohdziewicz, 2013 

Dewatering P - Volume Swine Szogi, 2006 

Ionizin 

gradiation 
A - Chemical Usage  Livestock  Kim, 2014 

Micro 

electrolysis 
A - COD emission Antibiotic Zhang, 2015 

Osmotic 

Membrane  
A + P Recovery  WWTP Qiu, 2014 

Membrane 

Distillation 
S + Crystallization  Sludge Xie, 2014 

Nitrification A + N Removal LDFL Calli, 2005 

Freezing-

Thawing          
Multi  + N P Removal Urine  Ganrot, 2008 

Activated 

carbon  
P + P Removal LDFL Jaafarzadeh, 2010 
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Table 4-6 Summary of struvite crystallization in combination with other processes 

 

4.5 Struvite as a Product 

Major concerns for P recovery via struvite crystallization is the recovered product, which can 

be used as fertilizer, building materials and adsorbent etc. Such applications help overcome 

the process cost. However, there are currently limited studies on uses for the recovered 

struvite, with the majority focused on the fertility when applied as a fertiliser.  

4.5.1 Struvite as Fertilizer 

The most important minerals in struvite are nitrogen (N) and phosphorus (P). However, other 

minerals such as potassium (K) and magnesium (Mg) should also be taken into account (El 

Diwani et al., 2007). Highly soluble fertilizers are undesirable in grasslands and forests, 

where fertilizers are applied once every several years (Rahman et al., 2011). Struvite as 

fertilizer could control nutrient release, reduce the nutrient loss and thus support the plant 

growth in a sustained way (Karak et al., 2015).  A summary of current research on the 

application of struvite as a fertilizer on different plants is shown in Table 4-7. Plaza et al. 

(2007) documented that struvite recovered from anaerobic digester supernatant was as 

effective in increasing the dry matter yield and supplying P to ryegrass as commercial single 

superphosphate. Similar results were reported by Liu et al. (2011b), Antonini et al . (2012) 

and Gell (et al. 2011).  Gonza´lez-Ponce et al. (2009) reported that response of lettuce head 

fresh weight and P uptake exhibited statistically significant quadratic relationships for both 

single superphosphate and struvite recovered by the Spanish Research Council. It was 

mentioned that struvite was more effective than single superphosphate in increasing lettuce 

yield and P up take, which might be caused by the high Mg amount in struvite.  Uysal and 

Kuru (2013), Prabhu and Mutnuri (2014) and Uysal et al. (2014) also reported that struvite 

fertilizer is statistically significantly better than commercial fertilizers. However, Ackerman 

et al. (2013) reported that biomass yield per unit of P uptake was smaller with struvite, which 

was contrary to most of the other research.  The authors believed that the alkaline (pH 7.7) 

soil inhibited nutrient release in struvite. It was suggested that struvite be mixed with soluble 

P fertilizers, such as monoammonium phosphate before application in high alkali soils.  

Overall, struvite has good potential in agriculture as a fertiliser. 

BNR P + Nitrification Swine Ryu, 2010 

S: Simultaneous, A: Post-treatment , P: Pre-treatment  
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Table 4-7 Struvite fertility test from literature 

Type  Species  Time (Days) Source  Quality
a,b,c,d

  Reference  

Pot  Perennial ryegrass - Sewage sludge  0 (Johnston and Richards, 2003) 

Pot  Perennial ryegrass - Synthesised 0 (Johnston and Richards, 2003) 

Pot  Perennial ryegrass - Industry waste liquors 0 (Johnston and Richards, 2003) 

Pot  Chinese  cabbage and Chinese chard 30 Landfill 0 (Li and Zhao, 2003) 

Pot  Water spinach and Water convolvulus 30 Landfill 0 (Li and Zhao, 2003) 

Pot  Broad bean 45 Synthesised + (El Diwani et al., 2007) 

Pot  Perennial ryegrass 115 Anaerobic Digester Supernatant 0 (Plaza et al., 2007) 

Pot  Wheat  50 Sewage Sludge  + (Kern et al., 2008) 

Pot  Maize  50 Sewage Sludge  + (Kern et al., 2008) 

Pot  Lettuce  93 WWTP ++ (González-Ponce et al., 2009) 

Pot  Purslane, Garden cress and Grass 11 Poultry Manure ++ (Yetilmezsoy and Sapci-Zengin, 2009) 

Pot  Maize - Sewage Sludge  ++ (Gell et al., 2011) 

Pot  Maize 60 Swine Wastewater  0 (Liu et al., 2011b) 

Pot  Italian ryegrass and Maize 90 Urine 0 (Antonini et al., 2012) 

Pot  Chinese cabbage 32 Semiconductor Wastewater + (Ryu et al., 2012a) 

Pot  Lettuce 63 Semiconductor Wastewater + (Ryu et al., 2012b) 

Pot  Canola 56 Swine Manure Supernatant - (Ackerman et al., 2013) 

Pot  Tomato and corn 50 Potato Processing Industry ++ (Uysal and Kuru, 2013b) 

Pot  Garden rocket and Dill 15 Poultry Manure + (Yetilmezsoy et al., 2013) 

Pot  Fennel and Parsley 15 Poultry Manure + (Yetilmezsoy et al., 2013) 

Pot  Mung bean 30 Cow Urine ++ (Prabhu and Mutnuri, 2014) 

Pot  Lettuce - Anaerobically Digested Manure 0 (Cerrillo et al., 2015) 

Pot  Maize and Tomato 54 Yeast Industry ++ (Uysal et al., 2014) 

Field Rice - WWTP 0 (Ueno and Fujii, 2001) 

Field Rapeseed and winter barley - Sewage Sludge  0 (Gell et al., 2011) 

Field  Maize 92 Urine and Black water 0 (Gell et al., 2011) 

++: Statistical significantly increased, +: Large improvement, 0: Similar to commercial mineral fertilizer, -: Not as good as commercial mineral fertilizer 
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4.5.2 Struvite for Ammonium Removal 

Although ammonium removal via direct struvite crystallization is technically feasible, it is 

not economically viable because of the high cost of the magnesium and phosphate salts 

(Huang et al., 2011b). To address this problem, the recovered struvite was heated directly or 

in alkali solutions for further ammonium removal (He et al., 2007). Such a process is feasible 

and less costly when compared with struvite precipitation using pure chemicals (Huang et al., 

2014d). A total chemical cost reduction of 48.6% could be achieved (Huang et al., 2009).  

Struvite can be decomposed by direct pyrolysis for ammonia removal. Huang (Huang et al., 

2011b) reported that optimum ammonium removal was achieved when the struvite pyrolysis 

was recycled at the pH of 8.0–8.5. With the increase in recycle times, the performance of 

struvite precipitation progressively decreased (Huang et al., 2011b). This is in agreement with 

the research from Turker and Celen (2007), in the five-time recycle process, ammonium 

removal efficiency decreased from 92% to 77%, which might be caused by the loss of Mg 

and P at each recycle step in the solution.   

Other than direct pyrolysis, different alkali reagents were also tested for struvite pyrolysis. 

Yu et al. (2013) used NaOH during MAP pyrolysis and demonstrated a good ammonium 

removal efficiency. Mg(OH)2 plus NaOH were also tested (Yu et al., 2012).  The ammonia 

removal was more than 80%. The process was proven to be more efficient and stable than 

direct pyrolysis. Struvite can also be effectively decomposed by sodium hypochlorite (Huang 

et al., 2015a). The mechanism was proposed to be simultaneous dissolution and oxidation of 

struvite, with the decomposition product to be newberyite, dissolved HPO4
2-

 , Mg
2+

, and 

magnesium phosphate. During the struvite decomposition, it is reported that small struvite 

crystals with the size of short-axis less than 1 μm are favourable (Masuda et al., 2013). As 

small crystals can be used at least four times repeatedly for ammonia removal.  

4.5.3 Alternative Applications 

Struvite has also found alternative applications. It can be used as a replacement for 

conventional nitrogen and P resources for microalgae cultivation (Davis et al., 2015). It can 

be used as building material (Schuiling and Andrade, 1999) and as an additive in cement. 

Zorn et al. (2015) examined struvite at the whisker–matrix interface and the measured 

strength, reliability and toughness values were correlated. As a result, an increase of the work 

of fracture from 9.5 to 12.9 J/m
2
 was achieved by the addition of 15 vol% CDHA whiskers 

(Zorn et al., 2015).  
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Struvite can help remove pollutants. Başakçilardan-Kabakci et al. (2007) used recovered 

struvite to remove tetracycline. Blumberg et al. (2009) documented rapid TiO2 removal with 

the formation of struvite. Since struvite can form a very hard complex, it entraps TiO2, and 

can be used for building coatings, with simultaneous photocatalytic activity for clean-up of 

surface adsorbed pollutants (Blumberg et al., 2009). Foletto et al. (2013a) reported DB38 dye 

adsorption onto the struvite because of its large surface area. Struvite is also an excellent host 

for radioactive caesium (Wagh et al., 2016), which can overcome the caesium‘s low volatility 

issue.  Furthermore, struvite can increase initial granulation in pharmaceutical wastewater 

treatment (Wang et al., 2013a). This makes it a new-type carrier to promote the formation of 

partial nitrification granular sludge. Although there are a wide variety of potential 

applications for struvite, the majority are still being investigated at the lab scale, with almost 

none being commercially available.  Therefore, more attention should be given to the 

industrialization of existing struvite applications. This could increase the product value and 

thus promote the industrial adoption of this technique.  

4.6 Product Quality 

The principal interest of recycling phosphorus from wastewater as struvite is its potential 

reuse as a commercially viable product, such as fertilizer and absorbent. Therefore, the 

crystallization performance depends not only on the P removal efficiency, but also the 

product quality i.e. size, morphology and purity (Le Corre et al., 2007c). There is currently 

little research on the struvite product quality and the following review will summarize the 

current findings in this field. Improvements, especially concerning quality control and 

production rate should be considered as further areas for development (Le Corre et al., 

2007b). 

4.6.1 Product Purity 

The product purity means the percentage of struvite in the final solid precipitate after struvite 

crystallization, as multiple precipitation reactions occur simultaneously during the process. 

Higher product purity could improve the product fertility and increase its market price, thus 

creating more favourable economics. Because of the complexity of wastewater composition, 

any undesired precipitates will reduce the product purity and may also affect the struvite 

crystal growth (Huang et al., 2006). Potential co-precipitates associated with struvite 

crystallization are summarized in Table 4-8. This information is useful when constructing a 
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chemical equilibrium model in software such as Visual Minteq or PHREEQC, as different 

precipitation reactions can compete for the same ions present in the solution.  

There are currently four methods for measuring struvite purity: 

1) Comparison between the produced solid and a pure struvite control using FTIR or 

XRD spectra. Research from Wang et al. (2005) and Liu et al. (2008) utilized this method;  

2) Comparison between the percentage of each element (magnesium, nitrogen and 

phosphorus) in the solid and the theoretical values for pure struvite as a reference. This 

approach has been used by Huang et al.(2006), Kemacheevakul et al. (2014) and Marchi et al. 

(2015).  

3) Elemental analysis using nitrogen content as a reference (Hao et al., 2009, Li et al., 

2012a, Hao et al., 2013). This is because of the potential co-precipitates nitrogen is a special 

element that is present only in struvite (Table 4-8).  

4) Lu et al. (2016) used XRD for direct purity quantification in his work.  

Existing research does not provide clear information on struvite product purity (Table 4-9). It 

is reported that struvite product purity can be is as high as 90–98% (Forrest et al., 2008), 

when Mg:P ratios vary between 1:1 and 1.3:1 (Jaffer et al., 2002, Britton et al., 2005), within 

a pH range of 7.0–10.0 (Song et al., 2007, Muster et al., 2013). Gadekar and  

Pullammanappallil (2010) documented that a high struvite purity can be achieved by 

controlling the magnesium concentration. Furthermore, low solution pH could also be used to 

improve the struvite purity (Lew et al., 2010, Iqbal et al., 2008). Achievability of high 

struvite purity was challenged by Hao et al. (2013), using elemental analysis to determine the 

product composition (Hao et al., 2009). The product purity was found to be very low. Hao 

thus concluded that struvite precipitation may not be a practical solution for P recovery (Hao 

et al., 2013). Such differences are probably due to differences in the ionic compositions of the 

wastewaters used, which is future discussed in Li‘s work (Li et al., 2015). There are currently 

three struvite purification methods being documented: 

  1) Use of seed materials. Struvite is easily accumulated on the seeding material, this 

accelerates the struvite precipitation and thus improves its final product purity. This is 

extensively discussed in Section 4.1.  
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2) Dissolving the formed solid into acidic solutions. In Rahman‘s (Rahman et al., 

2011) experiments, precipitates were dissolved by H2SO4 to a pH of 2.66. The solution pH 

was then increased to 10.5 to obtain pure struvite crystals. 

3) Precipitate brushite first to remove Ca
2+

, followed by struvite crystallization 

(Muster et al., 2013). Controlled Ca-phosphate removal from wastewater at pH < 6.3 would 

enable remaining soluble phosphates to be precipitated as struvite with higher product purity. 

Table 4-8 Precipitates and corresponding favoured condition from literature 

Name Formula Favour pH Formation speed  Reference 

Struvite MgNH4PO4.6H2O 7 to 11 Qucik  
(Liu et al., 

2013a) 

Newberyite MgHPO4.3H2O <6 Quick  
(Çelen et 

al., 2007) 

Bobierrite  Mg3(PO4)2.8H2O / Extremely slow 

(Crutchik 

et al., 

2013) 

Hydroxyapatite Ca5(PO4)3OH / Extremely slow 
(Lee et al., 

2013) 

Whitlockite Ca3(PO4)2 / Extremely slow 
(Liu et al., 

2013a) 

Octacalcium 

Phosphate  
Ca8(HPO4)2(PO4)4.5H2O 5 to 6 Affected by Mg

2+
 

(Lee et al., 

2013) 

Monenite  CaHPO4 / Quick  
(Çelen et 

al., 2007) 

Brucite  Mg(OH)2 High Quick  
(Çelen et 

al., 2007) 

Calcium 

carbonate 
CaCO3  / Affected by Mg

2+
, P 

(Liu et al., 

2013a) 

Magnesite MgCO3 / / 
(Çelen et 

al., 2007) 

Dolomite CaMg(CO3)2 / Slow  
(Çelen et 

al., 2007) 

Huntite  CaMg3(CO3)4 
Note: Complex mineral with 

hydromagnesite, magnesite and dolomite 

(Çelen et 

al., 2007) 

Hydromagnesite Mg5(CO3)4(OH)2·4H2O Note: High formation temperature (>40 °C) 
(Liu et al., 

2013a) 

Aritinite Mg2CO3(OH)2·3H2O 
Note: Formation on the surface of existing 

magnesite 

(Liu et al., 

2013a) 

4.6.2 Crystal Size 

Particle size is an important characteristic during crystallization. Product particle size 

requirements largely depend on the final application. For example, a larger size is favoured 

when struvite is used as a fertilizer, as it is easier to handle, transport, and apply (Fattah et al., 

2012). However, an increase in size would lead to a slower fertilizer release rate, due to the 

lower surface area/volume ratio (Forrest et al., 2008). The smaller particle size can also be 
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used to promote ammonia uptake when struvite is decomposed for ammonia removal in 

wastewater (Masuda et al., 2013). Studies with a reported struvite product size are 

summarized in Table 4-10. It can be seen that the struvite crystals can be as large as 7mm 

(Latifian et al., 2012), or as small as 0.25 μm (Foletto et al., 2013c). By seeding the reactor 

with 500 g of pre-generated struvite, heterogeneous nucleation allowed a crystal size of 110 

μm (Münch and Barr, 2001). Similar crystal sizes were reported by Le Corre et al. (2007a), 

Stumpf et al. (2008) and Korchef et al. (2011). Struvite with a mean crystal size greater than  



  

71 

 

Table 4-9 Purity measurement from current literature 

Water Source  
Measurement 

Method 
Purity  Remarks Reference  

Synthetic  

1 / Product confirmed by XRD (Wang et al., 2005) 

2 99.70% Average purity is 99.7 % (Bhuiyan et al., 2007) 

3 / Impurities form at pH 8.0 in existence of Ca
2+

 (Hao et al., 2009) 

3 / Neutral pH favours struvite formation (Hao et al., 2013) 

2 >99% Pure struvite produced at low calcium concentration,  (Guadie et al., 2014) 

4 52% - 93% Purity increase when N:P changed from 0.2:1 to 1.2:1 (Lu et al., 2016) 

Swine  

2 95% 95% pure even without washing (Suzuki et al., 2007) 

1+2 / Purest struvite was recovered at pH 7.5 (Jordaan et al., 2010) 

1+2 / pH should be below 10 for higher purity (Ye et al., 2011) 

- / Purity was mainly depended on  pH and Mg:P  ratio (Huang et al., 2014d) 

WWTP 

2 91.2% - 94.1% Some Ca
2+

, CO3
2-

, Fe
2+

 exists  (Huang et al., 2006) 

2 > 91% Some trace metals exists  (Mavinic et al., 2007) 

2 > 85% / (Fattah et al., 2008a) 

2 / Pure struvite formed (Marchi et al., 2015) 

Urine 

1+2 / Similar chemical structures to pure MAP (Zhigang et al., 2008) 

2 / Low purity were observed (Sakthivel et al., 2012) 

2 99.50% 99.5% of the crystals produced were struvite by weight (Liu et al., 2013b) 

2 >99% The purity was very high (Kemacheevakul et al., 2014) 

Sewage sludge 
2 > 65% / (Güney et al., 2008) 

3 97% High struvite purity observed  (Xu et al., 2012) 

Semiconductor 1+2 / Bobierrite is main species when [Mg
2+

]:[PO4
3−

] > 2.5:1  (Liu, 2009) 

Eutropic water 3 75.80% / (Li et al., 2012a) 

 Qualification by 1:  Characterization, 2: Element comparison, 3:  Nitrogen  4: XRD 
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Table 4-10 Summary of struvite particle size from literature 

Water 

Source Size (μm) Reactor  Remarks  Reference  

 

 

 

Synthetic 

 

 

 

 

 

 

1.5 - 4.0  Beaker  

Size decrease from 4 to 1.5 μm as 

pH increase from 8.5 to 10 (Shin and Lee, 1998) 

100 - 3000  Beaker  

Size increase (0.1 to 3 mm) when 

reaction time increased  (Stratful et al., 2001) 

2300 - 3600  Batch Reactor  

Size decreased due to the reactor 

plugging problems (Adnan et al., 2003a) 

<10  Beaker  

Higher Ca concentrations make 

larger size  (Le Corre et al., 2005) 

48 - 79  Other  

Retention time had little effect on 

size, pH have significant impact  

(Le Corre et al., 

2007c) 

18 - 50  Crystallizer 

Ca concentration increase decrease 

the crystal size  (Hutnik et al., 2011) 

15 - 300  Beaker  

Particle size, shape and purity 

affected by Mg or P concentration (Korchef et al., 2011) 

4000 - 7000  Beaker  

Higher crush strength has larger 

size deviation  (Latifian et al., 2012) 

24.7 - 36.8  Crystallizer 

pH increase (8.5 to 10) decrease  

mean crystal size (26.1 to 24.7 μm)                      (Hutnik et al., 2013a) 

300 -850  Crystallizer 

Struvite size could be increased by 

controlling the up-flow velocity (Tarragó et al., 2015) 

Sludge 

 

110  Phosnix 

Size was significantly smaller than 

that in full-scale MAP reactors 

(Münch and Barr, 

2001) 

500 - 1000  FBR 10 days rentension time  

(Ueno and Fujii, 

2001) 

Swine 

16-30  Beaker  

Particle sizes did not increase when 

struvite was used as seed (Burns et al., 2003) 

1000 - 2000 Other  

Longer Submerging period  

produce larger struvite   (Suzuki et al., 2005) 

Urine 

40.0 - 31.7  Other  

Average particle size decreased as 

HRT increased from 1 to 2 h (Liu et al., 2014b) 

34.0  Beaker  

Different Mg sources not influence 

average crystal size  (Liu et al., 2014a) 

ADE 

90-150  Other  

The particle sizes were larger at 

higher air flow rates. (Stumpf et al., 2008) 

6000 FBR 

Up flow velocity and flow patterns 

affect the pellets size and shape  (Fattah et al., 2012) 

Food 

waste 

300 FBR 

The mean particle sizes are 

constant  

(Shimamura et al., 

2003) 

0.25  Beaker  

Quasi-spherical shape, formed by 

agglomeration of nan crystals (Foletto et al., 2013c) 
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Table 4-11  Heavy metal comparison between common fertilizer and struvite 

 

Influent Source Al As Cd Co Cr Cu Fe Hg Li Mn Ni Pb Se Si Sn Sr Ti Zn Reference 

Tomato plants - ND <1 ND <10 102.0 - 1.5 - ND 10.0 25.0 - - - - - <2.5 Uysal, 2014

Sewage sludge - ND 0.3 - 11.0 39.0 - - 210.0 2.0 - - - - - - 100.0 Maaß,2014

Digested pig slurry - - <1 - 7.0 58.0 - - - 6.0 <3 - - - - - 293.0 Cerrillo,2014

Wood Ash - - 0.0 - 0.3 0.3 - - - - 0.0 0.1 - - - - - 0.6 Sakthivel,2012

WWTP - 4.0 0.2 - 3.3 57.5 2770.8 0.1 - - - 2.4 - - - - 79.2 87.1 Latifian.2012

WWTP - 4.0 0.1 97.5 24.0 67527.3 0.0 0.9 15.8 190.0 Latifian.2012

WWTP 100.0 0.3 <0.01 - 4.2 5.3 400.0 <0.01 0.4 236.0 0.3 0.6 - - 9.1 - - 4.0 Fattah,2012

Urine 558.0 <15 <0.2 1.7 <0.2 3.0 14.0 <4.2 2.1 3.3 <0.8 <0.9 <15.0 79.0 <1.4 45.0 - 36.0 Antonini,2012

Urine 410.0 <15 <0.2 <0.3 <0.2 178.0 44.0 <4.2 <1.0 4.1 <0.8 <0.9 <15.0 87.0 <1.4 31.0 - 90.0 Antonini,2012

Urine 37.0 <15 <0.2 <0.3 <0.2 528.0 1050.0 <4.2 <1.0 6.6 2.3 6.3 <15.0 46.0 <1.4 37.0 - 142.0 Antonini,2012

Swine - - 0.0 - 0.0 17.9 - - - - 0.0 0.0 - - - - - 95.5 Liu,2011

Blackwater - 41.5 6.9 - 6.9 231.7 - - - - 3.5 102.0 - - - - - 102.0 Gell,2011

Urine - <15 <0.2 <0.3 <0.2 178.0 44.3 <4.2 <1.0 4.1 <0.8 <0.9 <15 86.8 <1.4 30.6 - 90.2 Antonini,2011

sewage sludge <0.125 - - - <1.35 - - 4.2 - - <1.29 - - - - - - 13.0 Uysal,2010

Landfill - - ND - 15.0 ND - - 80.0 45.0 ND - - - - - 7.0 Iaconi,2010

Swage - <47.5 7.1 - 134.6 332.5 - <2.4 - - 205.8 52.2 - - - - - 2659.9 Abma,2010

Sewage sludge - - <0.6 - 42.0 160.0 - <1 - - 19.0 44.0 - - - - - 340.0 Kern, 2008

WWTP - 0.3 0.7 - 1.8 79.9 307.0 - - 113.0 9.4 - - - - - 3.7 47.1 Forrest,2008

WWTP - 1.0 0.5 - 2.1 67.0 2018.0 - - 145.0 8.7 - - - - - 5.3 29.0 Forrest,2008

Sludge - - <0.2 - 4.4 7.4 1806.0 - - 140.0 11.2 <0.2 - - - - - 18.2 Plaza,2007

Landfill - 0.6 - - ND 2.1 - - - - 0.3 ND - - - - - 20.1 Li,2003

WWTP - 0.5 0.1 - <200 - - ND - - ND 9200.0 - - - - - - Ueno,2001

German Fertilizer Ordinance - - 1.5 - 70.0 1.0 80.0 150.0 - - - - - 1000.0 Kern, 2008

EU standard - 648.4 53.6 - - 3241.8 - 32.9 - - 1296.7 4322.4 - - - - - 12967.3 Abma,2010

Turkey regulations - - - - 270.0 - - 5.0 - - 120.0 - - - - - - 1100.0 Uysal,2010

Moroccob 200.0 5.0 40.0 - 357.0 23.0 1600.0 - - 10.0 67.0 - - - - - 108.0 880.0 Fattah,2012

Superphosphate - 2.4 15.5 - 65.9 51.3 - - - 21.0 36.0 4.0 - - - - - 312.0 Maaß,2014

Triple superphosphate - - 1100.0 - 24000.0 2900.0 - - - - 400.0 600.0 - - - - - 23100.0 Sakthivel,2012

Monoammonium phosphate - - 200.0 - 3000.0 100.0 - - - - 200.0 200.0 - - - - - 2300.0 Sakthivel,2012

Diammonium phosphate - - 200.0 - 35000.0 100.0 - - - - 200.0 400.0 - - - - - 1700.0 Sakthivel,2012

- b a - a a - a - c b b - - - - - a

Unit : mg/kg, ND: not detected, '-' not reported 
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3.5 mm was observed by Adnan et al. (2003b). This is supported by Fattah et al. (2012) and 

Suzuki et al. (2005).  

Such large variations in struvite crystal size is probably due to processing variations, such as 

supersaturation level (Fattah et al., 2008c), phosphorus concentration (Li et al., 2012b), Mg:P 

molar ratio (Fattah et al., 2012), temperature and kinetic factors (Huang et al., 2006). Omar 

and Ulrich (2003) suggested fluid dynamics significantly affect the crystal size in a fluidized 

bed reactor, with higher velocities resulting in higher mass transfer and thus bigger crystal 

sizes. Saidou et al. (2009) reported that particle size was higher in stainless steel reactors than 

those obtained in polyamide and polyvinyl chloride reactors. Carballa et al. (2009) stated that 

different reagents, mainly the magnesium salts (MgO or MgCl2), can affect the final crystal 

size. Hutnik et al. (2011) documented that the presence of calcium ions reduce the struvite 

crystal size. 

Retention time is another important factor for particle size. With longer retention times 

contributing to crystal growth (Ronteltap et al., 2010, Liu et al., 2014a). It should be noted 

that attrition and breakage may take place if the retention time is too long, especially in high 

shear systems (Liiri et al., 2002). There is currently little research on struvite crystal size 

control for the desired product. Le Corre et al. (2007a) used coagulants to increase the size of 

the fine struvite crystals in fluidized beds. Latifian et al. (2012) applied starch and bentonite 

for struvite agglomeration to make struvite easy to distribute over agricultural land. However, 

the relationship between process variables (as mentioned above) and the product size is still 

not clear and the large variations seen in current literature needs to be addressed. Therefore, 

there is more work needed in this area.  

4.6.3 Heavy Metal Content  

Heavy metals (Cu, Hg, Cr, Cd. Se etc.) present in wastewater streams affect the product 

quality, especially when it is applied as a fertilizer (Uysal et al., 2014), as they form toxic 

contaminants. Heavy metal accumulation negatively impacts on animal and human health 

through their incorporation into the food chain or via direct exposure (Khan et al., 2008, 

Smith, 2009). There are currently no legislative requirements with respect to the heavy metal 

content of struvite when it is applied as a fertilizer. A summary of heavy metals content in 

recovered struvite and its comparison with that normally seen in commercial fertilizers can be 

found in Table 4-11.  
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As can be seen in Table 4-11, heavy metal content varies in recovered struvite, since it 

greatly depends on the initial abundance in the wastewater source (Maaß et al., 2014). Under 

most conditions, heavy metal concentrations were lower in recovery struvite than in 

commercial fertilizers (Antonini et al., 2012, Sakthivel et al., 2012). It was noted that Mn 

concentration is always low in commercial fertilizers (Fattah et al., 2012, Maaß et al., 2014) 

but the current research from Plaza et al. (2007)and Forrest et al. (2008) showed that the Mn 

concentration in recovered struvite is high. Mn is a micronutrient and is required by plants in 

the second greatest quantity compared with iron. It can limit plant growth if it is deficient or 

be toxic to plant tissue in high concentrations. However, there is currently little research on 

the effect of excessive Mn in struvite on plant growth. This should be addressed in future 

research.  

4.6.4 Other Characterisations 

Other product characteristics, such as crushing strength and aggregation would also affect the 

struvite product quality. Stronger crushing strengths in struvite crystals are desirable for the 

transportation and application of struvite (Fattah et al., 2012). Higher magnesium 

concentration was able to increase the crushing strength of struvite pellets by as much as 15–

27% (Fattah et al., 2012). Latifina et al. (2012) reported a decrease in the crushing strength 

when struvite size was larger than 2.36mm. Aggregation is another key factor determining 

final particle size and therefore guarantees P recovery efficiency. Low P concentrations (3.0–

5.0 mmol/L) with pH around 9.0–9.5 displayed relatively compact and dense structures and 

high aggregation strength (Ye et al., 2014).  

4.7 Economic Analysis 

As discussed, struvite crystallization reduces P concentration in wastewater treatment 

effluents. Although the product can be used as for commercial applications (fertilizer, 

absorbent etc.) the successful use of this technique depends on its economic sustainability (Le 

Corre et al., 2009), where the production cost and market price of struvite should be 

considered.  

P recovery via struvite crystallization could reduce not only the chemical dosage in tradition 

P removal techniques, but also reduce the sludge landfill cost (Kumar and Pal, 2015). 

Jeanmaire and Evans (2001) claimed that struvite crystallization could save 450,000 UK 

pounds annually if 20 % of the P in sewage was recovered. Munch and Barr (2001) estimated 

an overall profit from 13,000 to 149,000 AUD dollars per year if struvite crystallization was 
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performed at Oxley Creek WWTP (Shu et al., 2006).  However, Shepherd et al. (2009b) 

reported that yearly cost for struvite recovery is around 222,000 US dollars in a swine farm, 

which might be not economically viable. This was supported by Jaffer et al. (2002) and 

Fattah et al. (2008b). 

Jaffer et al. (2002) identified that chemical cost was a major part of the overall struvite 

recovery process. This is supported by Munch and Barr (2001) and Celen (2009). The 

chemical cost varies significantly based on wastewater composition and the chemicals being 

used. For example, Ryu and Lee (2010) documented a total chemical cost of 28 US$ per m
3 

of wastewater, with an NH4-N concentration of 834 mg/L. The added amount of MgCl2, 

K2HPO4, NaOH and HCl was 12.1, 10.4, 6 and 0.6 kg per m
3
 wastewater. Cheaper phosphate 

and alkali sources would help reduce the overall cost (Di Iaconi et al., 2010). A summary of 

the cost of different chemicals used during struvite crystallization is listed in Table 4-12. It 

can be seen that additional P is required when using struvite crystallisation for ammonia 

removal. When focusing only on P recovery, the pH adjustment is more costly than 

magnesium addition. The operating cost could be reduced to at 2–3 EU dollars for per kg P 

being removed when struvite was precipitated along with air stripping and the addition of 

MgCl2 and NaOH (Desmidt et al., 2012). Using magnesit as a Mg source reduced the costs 

from 28.1 to 22.9 US dollar for per m
3
 leachate treated (Gunay et al., 2008). It should be 

noted that P concentration in wastewater would also influence the overall process cost, with a 

potential increase when its concentration is below 200–300ppm (Crutchik and Garrido, 2011).  

Most market price estimations for recovered struvite are based on its application as a fertilizer. 

It is assumed to be 0.57 US dollar per kg dry weight in Ishii‘s (Ishii and Boyer, 2015) 

research, which is slightly less than 0.62 US dollar from that from Liu et al. (2008). Geerts et 

al. (2015)  
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Table 4-12 Summary of economic analysis for chemical used during struvite crystallization 

Reference  
Water 

source  
Item 

pH 

adjustment  
Mg addition  P source  Other  Total cost  Unit  

(Carballa et al., 

2009) 
ADE 

Chemical  NaOH MgCl2   Air stripping 
5.7 - 14.5 

USD/ kg PO4
3-

 

removed Cost  - 2.2 - - 

(Huang and 

Liu, 2014) 
LDFL 

Chemical  NaOH Low-cost MgO Waste H3PO4 Ca(OH)2 6.75 
USD/ m

3
 

leachate  

Cost  1.05 0.3 5.39 0.01   
 

(Huang and 

Liu, 2014) 
LDFL 

Chemical  
 

Low-cost MgO Waste H3PO4  
5.99 

USD/ m
3
 

leachate 

Cost  - 0.6 5.39 - 
  

(Huang and 

Liu, 2014) 
LDFL 

Chemical  NaOH MgCl2 Waste H3PO4   13.99 
USD/ m

3
 

leachate 

Cost  6.57 2.03 5.39 -   
 

(Siciliano and 

Rosa, 2014) 
Dairy  

Chemical  NaOH Seawater bittern Bone meal  H2SO4  
5.89 

USD/ m
3
 

digestate  Cost  2.78 0.56 1.07 1.24 

(Siciliano and 

Rosa, 2014) 
Dairy  

Chemical  NaOH  MgCl2 (Flake) H3PO4  11.12 
USD/ m

3
 

digestate Cost  2.59 2.85 5.65 - 

(Huang et al., 

2015b) 
ADS 

Chemical  NaOH MgCl2     
0.95 

USD/ kg PO4
3-

 

removed Cost  0.29 0.079 - - 

(Huang et al., 

2015b) 
ADS 

Chemical  NaOH Low-cost MgO   Air stripping 
0.38 

USD/ kg PO4
3-

 

removed Cost  0.29 0.016 - 0.1 

(Siciliano, 

2015) 
LDFL 

Chemical  NaOH  Seawater bittern Bone meal  H2SO4  
8.70  

USD/ m
3
 

leachate Cost  4.04  1.17  1.85  1.64  
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mentioned that a selling price of 530 EU dollars per ton is enough to guarantee a 

discounted payback of 10 years in the installation of Leuven. However, because of the 

uncertainties in the chemicals being used it is always difficult to perform a full 

economic analysis.  In conclusion, when only considering the process economics, 

struvite crystallization is not feasible (Molinos-Senante et al., 2011). However, when 

the environmental benefits – eutrophication prevention and an increase the availability 

of a renewable resource is considered, phosphorus recovery is an economically 

feasible process. 

 

4.8 Conclusions  

Phosphate rock is a non-renewable resource that is going to be depleted within the 

next 100 years. Struvite crystallization is a feasible management technique that could 

be implemented to abate this issue. Although struvite has been well studied, gaps and 

shortcomings in this field still exist. Most of current struvite crystallization is 

performed in P rich solutions, and therefore struvite crystallization with low P 

concentrations should be addressed to widen its applicability. More attention should 

be paid to the crystallization of effluent, as very fine crystals are likely to be washed 

out in the effluent, which will reduce not only the amount of recovered struvite, but 

also increase the overall treatment cost because of the P in these fine crystals.  Seed 

material addition can be used to increase particle size and may improve the product 

purity. However, it would also increase the process complexity and cost. Thus, further 

studies should be performed to determine whether seed materials are required for 

struvite crystallization. Further work also needs to be carried out to evaluate the 

product purity and particle size control for better product quality. Overall a 

compromise between nutrient removal, process control, and cost-effectiveness is 

necessary to ensure process viability and sustainability.  
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5.1 Foreword 

This chapter was prepared as a full journal paper and was published online at the 

Journal of Advanced Powder Technology. The format and the layout of this 

manuscript has been adjusted with minor revisions made. This work aims to resolve 

the negative extent of the effect of calcium on struvite crystallizations to establish 

quantitative recommendations around where P recovery using this method is feasible. 

The results indicate that only at high Ca:Mg concentration ratios of more than one did 

the calcium adversely affect the product morphology and the fraction of struvite in the 

final product. There was negligible effect when the calcium concentration was low. 

Furthermore, a high ammoniac nitrogen concentration mitigated the negative impact, 

and therefore has to be taken into consideration when wastewater with both high 

calcium and nitrogen content are considered as feedstock.  

 

5.2 Introduction 

The dairy industry is New Zealand‘s leading export business after tourism and is 

predicted to double in exports by 2025 (Bray et al., 2013). However, wastewater 

generated by farms and dairy processing plants are currently not particularly well 

managed. Dairy wastewater is always rich in phosphorus (P), which is a pervasive 

pollutant, as 90% of the applied P is lost to the environment after primary 

consumption (Cordell et al., 2009, Li et al., 2015b). This results in P enrichment of 

local water bodies and can lead to problems such as red tide and eutrophication (Tu 

and You, 2014). However, P is an essential element for agriculture and human life 

(Elser and Bennett, 2011), and although the  phosphorus rock that is used for P 

fertilizer production is predicted to be depleted within the next 100 years, currently 

there is no feasible substitute (Scholz et al., 2013a).  

Struvite precipitation may be a promising solution for P recovery (Le Corre et al., 

2009), to reduce the P load in wastewater treatment plants and the environment, and 

to produce a useful end product, fertilizer (Shu et al., 2006). This technique has been 

tested using a variety of feed stocks such as urine (Etter et al., 2011), wastewater 

sludge centrifuge supernatant (Lahav et al., 2013), sewage sludge ash (Xu et al., 

2012), landfill leachate (Huang et al., 2014c), swine wastewater (Ichihashi and 

Hirooka, 2012) and dairy manure (Zhang et al., 2015). However, given the variety of 
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wastewater sources, foreign ions (i.e. those other than magnesium, phosphorus and 

nitrogen) can be present during struvite precipitation and affect the reaction rate, 

recovery efficiency, and product morphology and purity (Iqbal et al., 2008, Hutnik et 

al., 2011, Acelas et al., 2015).  

Common foreign ions in wastewater streams include Ca
2+

, Cu
2+

, Zn
2+

, Al
3+

, CO3
2-

 and 

SO4
2-

. But amongst them, calcium is often present at the highest concentration, 

especially in dairy wastewater, and its effect on struvite crystallizations is still in 

dispute. Pastor (Pastor et al., 2008) reported that calcium increased P removal 

efficiency from 58% to 92%, with a similar trend being reported by Lee (Lee et al., 

2013) and Huang (Huang and Liu, 2014). Desmidt (Desmidt et al., 2013) found that 

calcium  increased the P removal efficiency at Ca
2+

:Mg
2+

 molar ratios above 2, but 

did not affect it at ratios below 0.5. Le Corre (Le Corre et al., 2005) also investigated 

the influence of calcium at low magnesium and ammoniacal nitrogen concentrations 

and found that calcium affect significantly the struvite crystal growth and the 

characteristics of the crystals produced. 

It is known that calcium can compete with magnesium during crystallization (Wang et 

al., 2005), affecting the product quality by producing unexpected precipitates such as 

hydroxyapatite (HAP, Ca5(PO4)3OH), whitlockite (TCP, Ca3(PO4)2), octacalcium 

phosphate (OCP, Ca8(HPO4)2(PO4)4•5H2O) and monenite (DCP, CaHPO4) (Çelen et 

al., 2007). For example Hao et al. (2013) found that a high calcium concentration can 

result in low struvite purity. However, the exact ionic species‘ ratios where this effect 

becomes significant is not currently known, as most work has been focused on P 

removal, without any specific focus on the end product quality. Furthermore, end 

product quality also includes the struvite morphology and particle size distribution, as 

these are all important characteristics for the product end-use.  

Particle size is an important characteristic during crystallization as a larger particle 

size is favoured for the application of struvite as a fertilizer, as it is easier to handle, 

transport, and apply (Fattah et al., 2012). However, a larger particle size has the draw 

back of a slower phosphorus release rate, due to the lower surface area to volume ratio 

(Forrest et al., 2008).  

The effect of calcium on these parameters has been overlooked in historical literature, 

especially in wastewater with high ammoniacal nitrogen content, as is typical of dairy 

waste. Therefore, this study investigated the influence of calcium on struvite product 
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purity, particle size and its morphology to both resolve and quantify these outstanding 

literature gaps. 

 

5.3 Methodology and Materials 

5.3.1 Crystallization Experiments 

The experimental conditions were based on the typical composition of real dairy 

wastewater, which tend to have a high concentration of both calcium and magnesium. 

Previous studies have shown that magnesium can compete with foreign ions during 

struvite crystallization, making supplementary magnesium dosing is common (Lahav 

et al., 2013). Thus the anticipated magnesium concentration post-dosing was used for 

the experimental conditions, to more closely mimic a commercialised process. The 

experimental conditions used are summarised in Table 5-1. 

Table 5-1 Experimental conditions (Units: mg/L) 

Ions This work Le Corre, 2005 Ca: Mg ratio 

Mg
2+

 195 39.36 - 

NH4
+
 875 45.9 - 

PO4
3-

 191 321.4 - 

Run 1: Ca
2+

 0 0 0:1 

Run 2: Ca
2+

 158 32.8 1:2 

Run 3: Ca
2+

 215 - 1:1.5 

Run 4: Ca
2+

 316 65.6 1:1 

Run 5: Ca
2+

 370 - 2:1.8 

Run 6: Ca
2+

 500 - 2:1.3 

Run 7: Ca
2+

 640 131.2 2:1 

 

All reagents used were of analytical grade. Four stock solutions containing NH4
+
, 

PO4
3−

, Mg
2+

 and Ca
2+

 were prepared by dissolving NH4Cl, NaH2PO4•2H2O, 

MgCl2•6H2O and CaCl2 respectively into deionized water. The solutions were stored 

at 4 °C and used within three days.  

A 1.2 litre beaker was used as the reactor, with a magnetic stirrer running at a constant 

speed of 100 rpm. The solution pH was adjusted to 9.0 by using drop wise addition of 

1.0 M NaOH at the beginning of each experiment.  All experiments were carried out 

at room temperature (20 °C).  
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5.3.2 Product Purity Analysis 

The product purity is the percentage of struvite in the final solid precipitate, as 

struvite is the target compound. Thus a high product purity would improve both the 

effectiveness of the product for end-use application and the market price. Because of 

the wastewater composition complexity, undesired solids may precipitate 

simultaneously during struvite crystallization affecting the struvite crystal growth 

(Huang et al., 2006). Since the product purity cannot be calculated directly because of 

the complex solid precipitate reactions, the current literature related to the potential 

precipitates is summarized in Table 5-2 and shows that struvite is the only precipitate 

containing ammonia nitrogen. Therefore, ammonia nitrogen can be used as a proxy 

element to calculate the struvite content in the total solid product, which is determined 

by Equation 5-1, 

R
P (%) 100%

N S

P

n M

m


                        Equation 5-1                                                

where    is the moles of nitrogen, calculated from the difference in ammonia 

nitrogen concentration before and after each experiment,    is the molar mass of 

struvite (245.4065 g/mol) and    is the mass of the total precipitates. Although 

ammonia tends to volatilize in solution when the pH exceeds 10.5 (Huang et al., 

2014), this was not expected to have a significant effect on the calculation as the 

struvite crystallization reactions took place at a pH between 8 to10.  

To measure  , the precipitates were re-dissolved in deionized water after the crystal 

characterization was completed. 1ml condensed HCl was added to re-dissolve the 

solid and the sample was then diluted for ammonia nitrogen quantification using flow 

injection analysis (FIA).  
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Table 5-2 Potential precipitates formed during struvite crystallization 

 

5.3.3 Saturation Index Calculation 

The saturation index (SI) is an indicator of how likely a solid is to precipitate at 

particular aqueous phase conditions. Precipitation occurs when the ionic product of a 

salt exceeds the solubility limit (Cusick et al., 2014). An SI<0 means the solid is 

under saturated and this will remain in solution. An SI of 0 marks solid-liquid 

equilibrium condition. An SI>0 means the solid is supersaturated or at potentially 

precipitating conditions. This index is important because the calcium concentration 

variation will change the struvite SI. The SI calculation equations used in this paper 

are from Schneider‘s work (Schneider et al., 2013). The experiments (Runs 1, 2, 4 and 

7) were simulated using EES software (Engineering Equation Solver), with a relative 

residual of around 10
-6

 and a variation step of 10
-15

. Four solids from Table 5-2 were 

considered as potential precipitates (struvite, newberyite, monenite, brucite, from 

Table 5-2). This is because other precipitates require either a higher pH or longer 

reaction time (Liu et al., 2013, Lee et al., 2013) to precipitate, conditions which are 

not met in this work. 

Name Formula 1 2 3 4 5 6 7

Struvite MgNH4PO4·6H2O √ √ √ √ √ √ √

Newberyite MgHPO4.3H20  √ × × × × √ √

Bobierrite Mg3(PO4)2.8H2O × × √ × × √ √

Trimagnesium Phosphate Mg3(PO4)2.22H2O × × × × × √ √

Hydroxyapatite Ca5(PO4)3(OH) × √ × × × × ×

Whitlockite Ca3(PO4)2 × √ × √ × × ×

Oactacalcium Phosphate Ca8(HPO4)2(PO4)5.5H2O × √ × × × × ×

Monenite CaHPO4 √ × × √ √ × ×

Brushite CaHPO4.2H2O √ × × × × × ×

Brucite Mg(OH)2 √ × × √ √ √ ×

Calcium Carbonate CaCO3 × × × √ × × ×

Brucite MgCO3 × × × √ × × √

Calcium Hydroxide Ca(OH)2 × × × √ × × ×

√: Included in the model     ×: Not Included 

Reference: 1: (Çelen et al., 2007), 2:(Lee et al., 2013), 3:(Crutchik et al., 2013), 4:(Harada et al., 2006),    

 5:(Liu et al., 2013), 6:(Gadekar and Pullammanappallil, 2010), 7: (TÜRker and Erdem, 2011)
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5.3.4 Particle Size Analysis 

Four conditions, Runs 1, 2, 4 and 7 listed in Table 5-1, were selected for monitoring 

the particle size change during the reaction. A 5ml sample was taken from the reactor 

every five minutes for the first 15 minutes, followed by samples at 30, 45, 60, 90, 120, 

180 and 240 minutes to give a total of ten results for the duration of the reaction. The 

Malvern Mastersizer 2000 was used for measuring the particle size distribution (PSD) 

with a refractive index of 0.596.  

As the transient PSD is a multi-dimensional measurement principal component 

analysis (PCA) was used to interpret the results.  PCA is a statistical technique 

applied for linear conversion of a multivariable space into a new subspace. It can 

show the similarities of different observations by reducing the dimensionality of 

variables whilst retaining maximum variance from the original. PCA have been 

widely applied in PSD analysis, for example, it was used to identify the change in 

milk powder PSD during dissolution by Zhang et al. (2015) and Sharifi et al. (2015). 

It has also been used for phenacetin bulk powder analysis (Otsuka, 2004). A general 

PCA procedure is described by Jolliffe (Jolliffe, 2002).  

5.3.5 Struvite Characterization 

At the end of each experiment, the precipitates were filtered and dried at 35
o
C for 24 

hours. A Brucker D2 Phaser was used for X-ray diffraction (XRD) analysis, which 

was carried out at room temperature using Cu Kα radiation. The XRD patterns were 

recorded in the 2θ scanning range from 10 to 80°. A small angular step of 2θ = 0.017° 

and a fixed counting time of 4s was used. The precipitate morphology was assessed 

using a Hitachi TM3000 scanning electron microscope (SEM) and the surface 

elemental composition was analysed using energy dispersive spectrography (EDS). 

 

5.4 Results and Discussion 

5.4.1 Influence of Calcium on Product Purity 

Figure 5-1 shows the effect of the calcium to magnesium ratio on the purity of the 

product. The purity showed a non-linear decrease with an increase in the Ca:Mg ratio, 

falling below 60 % when calcium and magnesium were present in equal 

concentrations. This is important for practical applications, as it implies that the P 
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recovery becomes unfeasible at high calcium to magnesium ratios, as excessive 

magnesium dosing may not be economically viable in wastewater with a high calcium 

concentration. 

 

Figure 5-1 Influence of calcium on product purity 

The product was never 100% struvite, even without the presence of calcium (Figure 

5-1), which is probably due to the formation of other magnesium precipitates, such as 

newberyite or brucite.  

Desmidt et al. (2013) documented that calcium reduced the percentage of P in the 

precipitates as struvite and gave rise to amorphous calcium phosphate (ACP) 

formation. Ganort et al. (2008) found that less reaction between nitrogen and 

phosphorus took place at higher Ca:Mg ratios. However, the effect of calcium might 

be overstated. Although similar results were observed when Ca:Mg ratio was larger 

than 0.5, we found the effect of calcium on product purity to be negligible at a 

sufficiently low calcium concentration. This sets a clear limit for industrial 

applications, because if it is not possible to dose sufficient supplemental magnesium 

to compensate for the calcium concentration, then it may not be feasible to produce an 

economically valuable product. 
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Figure 5-2 Effect of the ratio of calcium to magnesium concentrations on the 

saturation index of monenite and struvite. 

The saturation index (SI) was used to understand the influence of calcium on product 

purity from a thermodynamic perspective. A sufficiently high level of supersaturation 

is required for precipitation to occur, and Figure 5-2 shows that the monenite SI 

increases significantly with just a small increase in the ratio of calcium to magnesium 

ions before stabilising. When the SI difference between the two precipitates is larger 

than 0.5, at Ca:Mg ratios between 0-0.5, the product purity was high and stable, as 

shown in Figure 5-1. This is because the struvite precipitation driving force is higher 

than that of monenite. As the Ca:Mg ratio increased up to 0.5-1, the monenite SI 

approached that of struvite, making it more competitive as a precipitate,  and the 

struvite content decreased to 60% at a Ca:Mg ratio of 1. Therefore, the calcium to 

magnesium ratio affects the product purity by changing the relative SI of struvite to 

monenite, and hence the driving force for precipitation.  

5.4.2 Influence of Calcium on Particle Size 

Figure 5-3 shows the change in the PSD at 5, 60 and 240 minutes during the reaction. 

As can be seen, a higher Ca:Mg ratio pushes the mean of the size distribution to the 

left, to a smaller mean particle size. However, the average particle size remained 

small at all conditions, between 6.8 and 16.1 µm.  
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Figure 5-3 Particle size distribution change under difference Ca
2+

 concentrations 

 
Figure 5-4 Mean PSD values under difference calcium concentrations 

The change in the surface volume mean particle size for the different reactions are 

plotted in Figure 5-4, and are within a similar range to the results reported by Le 

Correet al. (2005), Hutnik et al. (2011) and Hutnik et al. (2013). When there is no 

calcium addition, the struvite product particle size is stable during the reaction, with a 

mean of 12.5 ±0.6 µm. A slight increase in the Ca:Mg ratio slightly reduced the 

product particle size at the start of crystallization, followed by size enlargement to a 

mean of 18 ±1.1 µm and then a decrease to 14 ±0.5 µm. The final particle size is 

slightly larger than without calcium addition, although the difference is not of 

practical relevance if the product is to be used for fertilizer application, since it 
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requires further agglomeration.  

The particle size distribution variance is shown in Figure 5-5, and this is effectively a 

measure of the spread of the precipitate size. A Ca:Mg ratio at 1.0 gives the largest 

variance, which is likely due to the formation of different precipitates. Since the 

different precipitates have different typical particle sizes (Section 3.3), this data can 

potentially be used to signal a reduction in the product purity, this is discussed in 

Section 3.3.  

 
Figure 5-5 Variance of particle size under difference calcium concentrations 

PCA was used to differentiate the effect of calcium on the PSD changes, as it can be 

used to analyse multi-dimensional data simultaneously. A Pareto chart with the 

percentage of variance explained by each principal component is shown in Figure 5-6. 

It shows that more than 76% of the total variance can be represented by the first two 

principal components. Therefore, the first two principal components provide 

sufficient information for further analysis and are used below. 
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Figure 5-6 Percentage variance explained by different principal components 

In PCA, the score plot is a projection of the data onto a PC subspace. It is used for 

interpreting relationships amongst observations. The loading plot shows the 

relationship between the original variables and subspace dimensions. Figure 5-7 

shows the PCA score plot for the PSD change over time under different calcium to 

magnesium concentration ratios. As the reaction mechanism changes at the different 

conditions with and without calcium addition, the no calcium case was chosen as the 

reference state for the analysis. As can be seen in Figure 5-7, the projections for the 

highest ratio of Ca:Mg  of two were close to each other, indicating that the PSDs did 

not change significantly during the reaction. Projections for a Ca:Mg ratio of 0.5 were 

also close together, but located in the different quadrants. For a Ca:Mg ratio of 1, the 

projections were sparsely distributed across a large area, indicating larger PSD 

variations during the reaction.  
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Figure 5-7 PCA score plot 

The PCA loading plot is shown in Figure 5-8, with particles in different size 

distributions (from 0.1 to 182 μm) labelled from 1 to 44.  

 
Figure 5-8 PCA loading plot 

PSD for different clusters - A: 0.1-3.8 um, B: 3.9-19.9 um, C: 19.9-79 um, D: >79 um 

Using the PCA loading and score plots together, the reason that the Ca:Mg ratio of 2 

is located in the second quadrant in the score plot is driven mainly by cluster A in the 

loading plot. This means that most particles under this condition are from 0.1 to 3.8 

μm, which reduces the particle size mean value. Similarly, it can be concluded that a 

PSD with a Ca:Mg ratio of 0.5 is rich in particles of around 19.9 to 79 μm, and a PSD 

at a Ca:Mg ratio of 1 is mainly composed of particles ranging from 3.8 to 19.9 μm. It 

is also seen that the main PSD values are inversely proportional to the Ca:Mg ratio 

change, with a non-linear behaviour (shown in Figure 5-7). For example, as the Ca: 
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Mg ratio increased from 0.5 to 1, the PSD moved from the third quadrant to the first 

one (in the score plot), which is caused by the particle size decrease (from the loading 

plot). The fact that the particle size distribution are so well separated on the scores 

plot, shown in Figure 5-7, also means that this information can be used for 

differentiating the purity of the struvite being produced, and hence it may be possible 

to use the PSD for quality control.   

5.4.3 Influence of Calcium on Product Morphology 

Calcium affects struvite product morphology and purity (Iqbal et al., 2008). As 

reported by Song (Song et al., 2014), sharp struvite crystals can be distinguished at a 

low Ca:Mg molar ratio of 0.5, while irregular crystals appear when the calcium 

concentration, with respect to magnesium, increases. The collected precipitates in this 

study were examined using XRD and the results are shown in Figure 5-9 

 
Figure 5-9 XRD patterns of collected samples 

The XRD patterns of the samples without calcium addition matched well with the 

peaks for pure struvite (Le Corre et al., 2005). As the Ca:Mg ratio increased, the XRD 

results showed an increase in the level of noise present, corresponding to a drop in 

crystallinity. The slight difference in the XRD patterns for Ca:Mg ratios of 0 and 1 

may be due to the presence of impurities (e.g. monenite). The XRD result for a Ca:Mg 
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ratio of 2 had substantially more noise, which may be caused by the disappearance of 

macro-crystalline compounds, indicating that struvite may not be the major crystal in 

this case.  

SEM and associated EDS patterns of the collected precipitates are shown in Figure 

5-10. With no calcium addition, the struvite crystals preferred to grow along the 

longitudinal axis and finally formed needle-like particles. These pictures are 

comparable with the previous study (Le Corre et al., 2005). As the Ca:Mg ratio 

increases, some of the needle –like structures remained, but most were mixed with 

crystals of irregular shape and size. Some finer crystals were also observed being 

attached to struvite crystals. With a Ca:Mg ratio of 2, the needle-like crystals almost 

completely vanished and much finer particles were observed from the PSD analysis as 

the mean particle size decreased (Figure 5-4). This was probably due to the 

precipitation of monenite.  

With respect to the EDS analysis, the observed carbon peak was due to the applied 

carbon coating used for the analysis. High peaks for Mg, P, and O were also observed. 

The amount of calcium present increased with the Ca:Mg ratio. This is also direct 

evidence for a decrease in purity with an increasing calcium concentration.  However, 

when the ratio of Ca:Mg is less than 0.5, then the struvite purity is not affected 

significantly and so would not have a strong negative impact. 

This extends the work of Le Corre et al (2005) by showing that the ammonia 

concentration can affect the struvite product purity by changing its surface 

morphology.  As shown in Figure 5-10, plot A-3 is similar to B-2 from Le Corre‘s 

work, where needle-like struvite is observed with a fine solid attached to its surface.  

Photo A-4 is similar to B-3 from Le Corre‘s work, where large aggregates with a 

small amount of struvite were present. However, in this work it seems that the 

morphology change is less sensitive to the increase in the Ca:Mg ratio as compared 

with the work of Le Corre, which is important to distinguish. Whilst similar Ca:Mg 

ratios were used in both studies, this work used a higher ammonia nitrogen 

concentration, which is more typical of dairy wastewater. Thus this work indicates 

that the product morphology is less vulnerable to calcium concentration changes at 

high ammoniacal nitrogen concentrations, which makes it more economically feasible 

and a key consideration point. 
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Figure 5-10 SEM-EDS pictures of collected precipitates 

5.5 Reducing the Effect of Calcium 

There is little research on reducing the influence of Ca during struvite crystallization. 

As documented, chelating agents could prevent Ca3(PO4)2 precipitation, leaving more 

P available to precipitate into struvite (Sabbag et al., 2015). EDTA was found to be an 

effective chelating agent, and with a pH of 8.0–10.0 calcium is expected to be 

chelated before magnesium (Sabbag et al., 2015). An alternative possible approach is 

the precipitation of brushite as a first step, decreasing the Ca content, so that the 

following struvite precipitation could occur without interference (Muster et al., 2013). 
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However, the feasibility of these processes needs to be examined further, especially in 

the context of the additional cost incurred through use of supplemental chemicals.  

Our current research shows that the concentration of ammonia is a key parameter 

during struvite crystallization, as the struvite crystal product is less likely to form 

under higher calcium concentrations when ammonia nitrogen concentration is low. 

Therefore, wastewater streams with high ammonia nitrogen concentration could help 

reduce the influence of calcium on product morphology, and are better sources for 

feedstock for this reaction. However, further studies are needed to investigate the 

ammoniac nitrogen, calcium and phosphorus interactions to identify the optimal 

operating conditions for different wastewater streams. 

 

5.6 Conclusions 

The paper investigated the influence of calcium on struvite crystallization for 

application in dairy wastewaters. It was found that calcium has a strong effect on 

struvite crystallization, which is highly concentration dependent and its effect can be 

quantified using the ratio of calcium to magnesium ions in the wastewater. A calcium 

concentration with a calcium to magnesium ratio of less than one helps increase the 

particle size of the crystals without negatively impacting on the product purity. At 

higher calcium to magnesium ratios (more than one), struvite crystallisation is 

hindered resulting in the formation of undesired precipitates and altering the 

morphology and size of the crystals. Thus, the particle size can potentially be used to 

infer the product purity. However, these affects are less potent at a high ammonia 

nitrogen concentration, which diminishes the negative impact of calcium. This should 

thus be considered as a pathway for improving the purity of the precipitate, and for 

evaluating the feasibility of a wastewater as a source for struvite precipitation. As the 

solution pH and temperature are another two important factors that affect the struvite 

particle size and P removal efficiency, an investigation into the interactions between 

calcium concentration, pH and temperature is recommended for future work. 
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6.1 Foreword 

This chapter was prepared as a full journal paper and was submitted to Journal of Science of 

the Total Environment. The format and the layout of this manuscript has been adjusted with 

minor revisions made. This paper investigates the effect of the wastewater composition on the 

P removal efficiency and struvite purity. Mathematical models for P removal and struvite 

purity were proposed based on the experimental data. The major factors that influence the 

product purity and the P removal efficiency were identified using principal component 

analysis (PCA). The findings show that high P recovery and struvite purity depend on the 

wastewater composition, and in most cases can be improved through the addition of 

magnesium. However, when the wastewater is simultaneously rich in calcium and low in P, 

then struvite crystallisation becomes economically infeasible even with supplementary 

magnesium. The developed model can be used as a preliminary tool to check whether the 

desired product is attainable and if, and how much, magnesium can be used to compensate 

for low product quality. 

 

6.2 Introduction  

Phosphorus (P) is an essential element in biological organisms and is predicted to be depleted 

within the next 100 years (Gilbert, 2009). However, almost 90% of the used P is wasted 

during primary consumption (Li et al., 2015a), accumulating in the environment and resulting 

in problems such as red tide and eutrophication (Cordell et al., 2009, Bennett and Elser, 

2011). Therefore, P removal and recovery techniques such as adsorption, ion exchange, 

membrane filtration, microbial fuel cell precipitation and struvite crystallization are currently 

being widely studied (Tao et al., 2016).  Amongst these methods, together with P removal 

(Hug and Udert, 2013), struvite crystallization has the simultaneous advantages of a faster 

reaction rate (Hutnik et al., 2013a) and the production of a valuable by-product, struvite, that 

can be sold as a slow release fertilizer (Shu et al., 2006).                              

Struvite crystallization has already been tested using different wastewater feed streams, such 

as calf manure (Zhang et al., 2015), human urine (Sakthivel et al., 2012), anaerobic digester 

supernatant liquor (Mudragada et al., 2014) and swine waste (Capdevielle et al., 2013). Along 

with these work, different reactors (Rahaman et al., 2014, Romero-Güiza et al., 2015) and 

operating conditions (Rahaman et al., 2014, Wang et al., 2015, de Luna et al., 2015) have also 
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been investigated. However, there is currently little research on the effect of these feeds on 

the struvite purity. Struvite purity refers to the percentage of struvite in the final solid after 

struvite crystallization, as struvite crystallisation is not the only precipitation reaction that 

occurs during the process. The percentage of struvite in the final product determines it‘s 

viability as a fertilizer, and is thus a key output variable of the crystallisation process.  

Existing research currently does not show a clear overarching picture of this quality variable, 

as most studies have been focused on P removal. For example Song (Song et al., 2011) and 

Mavinic (Mavinic et al., 2007) reported that  the purity of recovered struvite could be as high 

as 90–98%, at Mg:P ratios between 1:1 and 1.3:1 (Jaffer et al., 2002, Adnan et al., 2003b, 

Britton et al., 2005), and a pH range of 7.0–10.0 (Song et al., 2007, Muster et al., 2013). High 

purity struvite could also be achieved by magnesium concentration control (Gadekar and 

Pullammanappallil, 2010). However, this has been challenged by Hao (Hao et al., 2009, Hao 

et al., 2013), who found a high percentage of impurities and concluded that struvite 

precipitation is not a practical solution for P recovery. The lack of consensus seems to be due 

to variations in the wastewater composition, where the exact aspects of the effect of the feed 

stream conditions have not been explored.   

To test this hypothesis, this study investigates the effect of wastewater composition on the 

struvite product purity and P removal efficiency. Response surface methodology was used to 

vary ionic composition and the P removal efficiency and the struvite purity were compared 

with previous studies. Principal component analysis was then used to identify key factors that 

influence the P removal efficiency and product purity. Finally, empirical models were 

developed to investigate the possibility of simultaneous P removal and recovery in different 

wastewater. Thus the key novelty of this paper is clarifying the exact wastewater feed stream 

conditions at which struvite crystallisation is likely to be both technically and economically 

feasible (i.e. at high P recovery rates in the form of high purity struvite). 

 

6.3 Methodology 

6.3.1 Design of Experiments (DoE) 

In statistics, response surface methodology (RSM) explores the relationships between several 

explanatory variables and one or more response variables. The ionic concentrations of 

different species vary significantly depending on the wastewater source. Centre point design 

(a response surface methodology) was used to investigate the individual and interacting 
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effects of different components on the P removal efficiency and the product purity, while 

minimizing unnecessary experiments. The reliability of the design is based on the range of 

components selected.  Previous studies (Song et al., 2007, Hossain et al., 2011) indicated that 

the concentrations of calcium, magnesium, ammonium and phosphate in typical wastewater 

are 10-260 mg/L, 10-320mg/L, 10-1440 mg/L and 5-298 mg/L respectively. Table 6-1 shows 

the concentrations used, along with the coded values for the experimental design; each of the 

high and low concentrations were coded as a 1 or -1 respectively.  

Axial points were included for each component to examine the response behaviour at extreme 

conditions (outside the normal range discussed above). They were placed at ±α, when all 

other factors were equivalent to a zero - coded value. α is the axial spacing and is defined 

using in an orthogonal design, 

0( 2 )

2

c c cm m m m m


   
                        Equation 6-1                                                                                                                                   

where, m is the number of variables, m0 is the number of experiments at the central point and 

mc is the experiment number for the high/low tests. Based on this, axial points were selected 

at coded values of -1.55 and 1.55. The relationships between the coded and actual 

concentration can be calculated using Equation 6-2, 

( ) / 2

( ) / 2

high low

high low

x x x
y

x x

 



                                 Equation 6-2                                                     

where y is the coded value, x is the actual value, xhigh and xlow are the high and low values for 

the experiments respectively. Table 6-1 gives the coded component concentration with 

respect to the actual concentration.  

 

Table 6-1 Component concentration (mg/L) under different coded values 

 
Thus, a central point design with sixteen factorial points, eight axial points, and three centre 

points is shown in Table 6-2. 

 

Coded Value NH4
+
(x1) Ca

2+
(x2) Mg

2+
(x3) PO4

3-
(x4)

Low axial -1.55 0 0 0 0

Low  -1 310 56 69 64

Medium 0 875 158 195 181

High 1 1440 260 320 298

High axial 1.55 1749 316 389 362
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Table 6-2 Centre point design and experiment results 

 

 

6.3.2 Crystallization Experiments 

Four stock solutions containing NH4
+
, PO4

3−
, Mg

2+
 and Ca

2+
 were prepared by dissolving 

NH4Cl, NaH2PO4·2H2O, MgCl2·6H2O and CaCl2 respectively into deionized water. All 

reagents used were of analytical grade. These solutions were stored at 4 °C. For each 

experiment, the wastewater composition was prepared based on the conditions set out in 

Table 6-1. A magnetic stirrer was used, with a constant speed of 100 rpm. The solution pH 

was adjusted to 9.0 by drop wise addition of 1.0 M NaOH at the beginning of each 

experiment. All experiments were carried out at room temperature. A 15 mL sample was 

taken at the end of the reaction, considered complete at four hours. Two drops of condensed 

HCl were added immediately and the sample was then stored in the fridge at 4 °C for 

Run NH4
+
(x 1 )Ca

2+
(x 2 )Mg

2+
(x 3 )PO4

3-
(x 4 )

1 -1.55 0 0 0 33.2 33.1 0.0 0.0

2 -1 -1 -1 -1 69.9 70.1 8.1 8.3

3 -1 -1 -1 1 40.1 39.8 73.2 73.1

4 -1 -1 1 -1 97.5 97.6 98.9 98.7

5 -1 -1 1 1 99.5 99.6 80.9 81.3

6 -1 1 -1 -1 40.1 39.7 34.8 34.9

7 -1 1 -1 1 50.1 49.8 4.9 4.4

8 -1 1 1 -1 95.8 96.3 62.1 62.0

9 -1 1 1 1 97.1 97.2 64.4 65.3

10 0 -1.55 0 0 98.3 98.5 81.2 81.1

11 0 0 -1.55 0 55.2 54.8 0.0 0.0

12 0 0 0 -1.55 0.0 0.0 0.0 0.0

13 0 0 0 0 85.5 85.4 91.1 91.7

14 0 0 0 0 85.4 85.7 90.7 90.7

15 0 0 0 0 85.5 85.3 91.2 91.2

16 0 0 0 1.55 48.2 48.1 81.3 81.2

17 0 0 1.55 0 98.5 98.7 78.6 78.3

18 0 1.55 0 0 97.1 97.5 56.9 57.6

19 1 -1 -1 -1 98.7 98.5 84.8 84.8

20 1 -1 -1 1 97.0 97.1 75.8 75.7

21 1 -1 1 -1 99.6 99.5 88.0 87.8

22 1 -1 1 1 99.0 98.6 88.9 88.5

23 1 1 -1 -1 96.8 96.3 63.7 63.4

24 1 1 -1 1 88.5 88.9 45.6 45.8

25 1 1 1 -1 99.8 99.9 99.9 99.9

26 1 1 1 1 99.9 99.9 87.1 87.8

27 1.55 0 0 0 99.9 99.9 89.4 89.5

Removal (%) /Y Purity (%) /Z
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elemental concentration analysis using flow injection analysis and atomic absorption 

spectroscopy. The experimental error was assessed by carrying out replicate experiments at 

each design condition.  

6.3.3 P Removal Efficiency and Product Purity Calculations 

The P removal efficiency was defined as the percentage of P being removed by precipitation 

with respect to the initial amount present in the model wastewater,  

Re (%) 100%Initial Final
moval

Initial

P P
P

P


                           Equation 6-3 

where PInitial and PFinal are the moles of P present in the wastewater at the start and end of the 

experiment. The recovered struvite is a slow release fertilizer, therefore the higher the 

percentage of struvite in the final precipitate, the higher the value of the product.  

Product purity is often investigated using FTIR, XRD and SEM-EDS, and although these 

techniques were also used in this work, they were found to be inadequate for quantifying the 

percentage of struvite in the final precipitate. The purity is difficult to quantify because of the 

potential precipitation of other compounds during the reaction, as a cornucopia of ionic 

species is present in wastewater. The research to date on the composition of the precipitate 

formed during the reaction is summarized in Table 6-3.  It shows that struvite is the only 

precipitate containing ammoniacal nitrogen. Therefore, nitrogen can be used as a proxy to 

calculate the struvite product purity, which can be defined as,  

                                             P (%) 100%


 
nitrogen struvite

Purity

P

n M

m
                       Equation 6-4                         

where nnitrogen is the total mols of nitrogen in the precipitate, M is the struvite molar mass 

(245.4065 g/mol) and mP is the total mass of the precipitate under different conditions. 

Ammonia nitrogen tends to volatilize when the pH is over 10.5 (Huang et al., 2014b). 

However, this is not expected to have any appreciable effect on the calculation here as the pH 

was below 10 for the experiments. 
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Table 6-3 Potential precipitates formed during struvite crystallization 

  

 
 

6.3.4 Mathematical Model Development   

A n
th

 order polynomial function was used to model the response of the P removal efficiency 

and struvite purity. To make the model solvable and reliable, a polynomial order below three 

is always recommended (Chen et al., 1992). Therefore, second and third order polynomial 

models were tested as shown by Equation 6-5 and 6, respectively. The second order 

polynomial model was written as follows:  

1
2

0

1 1 1 1

( )
n n n n

i i ii i ij i j

i i i j i

Y b b x b x b x x


    

                            Equation 6-5 

where Y is the 2
nd

 order model predicted response (i.e. P removal efficiency or struvite purity), 

bo is the constant coefficient, i and j represent the ionic species (defined in Table 6-1), bii are 

the pure quadratic coefficients, bij are the interaction coefficients and xi, xj are the coded 

values of the variables considered. The third order polynomial model tested was as follows: 

2

1
2 3

0

1 1 1 1 1

1 1 1
2

1 1 1 1 1

( ) ( )


     

  

       

    

 

   

  

n n n n n

i i ii i ij i j ii i

i i i j i i

n n n n n

ijq i j q i ji j
i j i q j i j i

Z b b x b x b x x b x

b x x x b x x

    Equation 6-6 

where, Z is the 3
rd

 order model predictions, bijq and bi
2
j are the interaction coefficients and xq 

are the coded values of the variables considered. To show the goodness of fit of the 

Name Formula Celen et al., 2007 Lee et al., 2013 Crutchik et al., 2013 Krugel et al., 2010 Liu et al, 2013

Struvite  MgNH4PO4·6H2O √ √ √ √ √

Newberyite MgHPO4·3H2O √ - - - -

Bobierrite Mg3(PO4)2·8H2O × - √ × -

Hydroxyapatite Ca5(PO4)3OH × √ - × ×

Tricalcium phosphate Ca3(PO4)2 × √ - × ×

Octacalcium phosphate Ca8(HPO4)2(PO4)4·5H2O × √ - × -

Monenite CaHPO4 √ - - - √

Brushite CaHPO4·2H2O √ - - - -

Calcium carbonate CaCO3 × - - - √ 

Magnesite MgCO3 √ - - - × 

Nesquehonite  MgCO3·3H2O √ - - - -

Dolomite CaMg(CO3)2 √ - - × ×

Huntite (Ca,Mg)3(PO4)2 × - √ - ×

Brucite Mg(OH)2 √ - - - √

√: Formed, ×: Not Formed -: Not Mentioned
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polynomial functions, the co-efficient of determination (R
2
) and the adjusted co-efficient 

(R
2
adj), shown by Equation 6-7 and 8 were used. R

2
 illustrates how much of the observed 

variability in the data is explained by the model.  R
2
adj modifies R

2
 by considering the 

number of predictors in the model.  

         
2

mod

1 residual

el residual

SS
R

SS SS
 


                            Equation 6-7 

2 21
1 (1 )


  


adj

n
R R

n m
                               Equation 6-8 

where SS is the sum of squares, n is the experiment number and m is the number of model 

terms, excluding constants. To select the statistical factors in Equation 6-5 and 6, analysis of 

variance (ANOVA) was used to investigate the relationship between wastewater composition 

and the P removal efficiency and product purity. Factor values with a p-value greater than 

0.05 were not considered to be significant to the final result (Ye et al., 2010). 

 

6.3.5 Principal Component Analysis (PCA) 

PCA method was used to identify the major factors that influence the struvite product purity 

and the P removal efficiency. PCA is a statistical technique that uses a linear conversion of 

the multivariable space into a new subspace. It reduces variable dimensionality, while 

retaining the maximum variance from the original space. A general PCA procedure was 

introduced by Jolliffe  (Jolliffe, 2002). The concentration of ammonia, calcium, magnesium, 

phosphorus, as well as the product purity and P removal efficiency from each experiment 

were used as variables in the PCA model. The 27 experiments were used as observations. 

These observations were sorted from low to high product purity to construct the PCA model.  

 

6.4 Results and Discussion    

The P removal efficiency and the product purity were measured when varying the NH4
+
, 

PO4
3−

, Mg
2+

 and Ca
2+ 

concentrations simultaneously. The experimental results are shown in 

Table 6-2. The observed P removal efficiencies and product purities ranged between 0 and 

97.5% and 0 and 99.9% respectively.  
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6.4.1 Response Surface Method 

Previous research on struvite purity has been limited to specific wastewater compositions, 

and therefore was not directly comparable. The response surface method provides a chance to 

address this problem from a wider point of view. Based on the coefficients of determination, 

a second order model was used to describe the P removal efficiency and a third order model 

was used for the product purity. 

Table 6-4 ANOVA regression terms for P removal efficiency 

Source  Sum of Squares 
Degrees of   

 freedom 

Mean 

Square 

F 

Value 
Probability > F 

NH4
+
 8212.6 1 8212.6 42.7 <0.0001 

Mg
2+

 7277.8 1 7277.8 37.8 <0.0001 

NH4
+
- Mg

2+
 3762.8 1 3762.8 19.6 <0.0001 

Ca
2+

- Ca
2+

 5507.2 1 5507.2 28.6 <0.0001 

Mg
2+

-Mg
2+

 1034.3 1 1034.3 5.4 0.0259 

PO4
3-

- PO4
3-

 5379.7 1 5379.7 28.0 <0.0001 

Residual 7310.4 38 192.4 - - 

Lack of Fit 7310.4 34 215.0 9923.6 <0.0001 

 

Table 6-5 ANOVA regression terms for product purity 

  Coefficient 
Sum of 

Squares 

Degrees of 

freedom 

Mean 

Square 
F Value Probability > F 

Intercept 67.9 - - - - - 

Model - 47602.8 20 2380.1 7.3 < 0.0001 

NH4
+
 28.9 8001.3 1 8001.3 24.7 < 0.0001 

Ca
2+

 -8.3 2858386.0 1 2858.9 8.8 0.0056 

Mg
2+

 25.4 6154.4 1 6154.4 19.0 0.0001 

PO4
3-

 26.3 6601.6 1 6601.6 20.4 < 0.0001 

NH4
+
-Mg

2+
 -5.7 1053.4 1 1053.4 3.3 0.0809 

Ca
2+

- PO4
3-

 -6.0 1168.9 1 1168.9 3.6 0.0666 

Mg
2+

-Mg
2+

 -6.7 1028.3 1 1028.3 3.2 0.0844 

Ca
2+

- Mg
2+

- PO4
3-

 7.0 1545.7 1 1545.7 4.8 0.0364 

NH4
+
- PO4

3-
- PO4

3-
 -27.4 5544.2 1 5544.2 17.1 0.0002 

NH4
+
- Ca

2+
- Ca

2+
 -16.0 1894.1 1 1894.1 5.8 0.0215 

Residual - 10372.3 32 324.1 - - 

Lack of Fit - 10372.8 28 370.5 2497.5 < 0.0001 

 

From the ANOVA analysis, the model F-values for P removal and product purity were 22.03 

and 7.34, respectively, meaning that both models were significant.  There is only a 0.01% 
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chance that ‗model F–values‘ this large would occur due to noise. The p-values were <0.0001 

in both models, indicating the model terms were significant (Table 6-4 and 5). The 

relationships between the P removal efficiency (Y), the product purity (Z) and the NH4
+
, 

Ca
2+ 

, Mg
2+ 

and PO4
3−

 concentrations (x1, x2, x3 and x4 respectively) in terms of the coded 

factors are as follows,   

2 2 2

1 3 1 3 2 3 472.68 14.06 13.23 10.84 15.51 6.72 15.33      Y x x x x x x x        

Equation 6-9    

1 2 3 4 1 3 2 4

2 2 2

3 2 3 4 1 4 1 2

67.85 28.92 8.29 25.36 26.27 5.74 6.04

6.7 6.95 27.43 16.04

      

   

Z x x x x x x x x

x x x x x x x x
     Equation 6-10 

The R
2
 is a measure of the goodness of fit of the model used to explain the data. As can be 

seen from Table 6-6, the R
2
 for the P removal efficiency and product purity responses are 

0.89 and 0.82, respectively. Adequate precision measures the signal to noise ratio of the 

model. A ratio greater than 4 is desirable (Ye, 2010). and the ratios were 10.59 and 8.70 for 

the P removal efficiency and the product purity models respectively. Thus, the developed 

models could be used to navigate the designed space.  

Table 6-6 Statistical parameters from the ANOVA for the regression models 

  Standard Deviation R
2
 Adjusted R

2
 

Adequate 

Precision  

Removal Efficiency  13.87 0.89 0.75 10.59 

Product Purity  18 0.82 0.71 8.7 

 

 

Figure 6-1 Comparison of the response from model prediction and lab results 
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A comparison between model predicted response and experimental results for both P removal 

efficiency and product purity are shown in Figure 6-1. As seen, the predicted response at the 

axial points shows the poorest match to the experimental data (samples R10, R11, R12, 

annotated in Figure 6-1). This might bias underlying distributions of the data, and the model 

assumes that the data comes from a normal distribution. Therefore, a graphical technique 

which determines whether the residue between experimental data and the developed model 

was following a normal distribution was used. A quantile-quantile (Q-Q) plot is shown in 

Figure 6-2, and the data lies approximately in a straight line, indicating that the underlying 

distribution is normal. Thus, the model is able to represent the experimental data. 

 
Figure 6-2 Q-Q plot for the P Removal efficiency and Purity 

To better understand the effects of each variable and the interactions among different ionic 

species, 3D response surface plots and corresponding contour plots are shown in Figure 6-3. 

It can be seen that the P removal efficiency is significantly affected by the P concentration 

and can be promoted by increasing either the magnesium or ammonia concentrations. The 

product purity can be improved by an increase in the ammonium, phosphorus and magnesium 

concentrations, and is hindered by high calcium concentrations. The non-linear nature of the 

3D response surfaces and the respective contour plots demonstrate that there are significant 

interactions amongst the variables. By comparing the response from the same variables 

(Figure 6-3 a and b), it is concluded that the product purity is more sensitive to the 

ammonium and magnesium concentration change than the P removal efficiency. At the same  
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a) Response surface plot and contour plot for phosphate removal 
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Figure 6-3 b) Response surface plot and contour plot for product purity 
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time, the interaction between magnesium and calcium also shows a significant effect on the 

product purity (Figure 6-3-6). Battistoni (Battistoni et al., 2002) documented that the 

influence of calcium could be minimized by adjusting the Ca:Mg ratio.  Song (Song et al., 

2007) reported that an increase in the Ca:Mg ratio could increase P precipitation but decrease 

Mg removal, implying a decrease in the percentage of struvite formed. This is in agreement 

with the findings shown in Figure 6-3–6, indicating that increase in the magnesium 

concentration at a constant calcium level increases the product purity. 

6.4.2 PCA Analysis  

PCA was used to identify the major factors that influence product purity and P removal 

efficiency together. A Pareto chart with the percentage of variance explained by each 

principal component is shown in Figure 6-4. It shows that 57.4% of the total variance can be 

represented by the first two principal components, indicating they provide sufficient 

information for further analysis. 

 
Figure 6-4 Percentage variance explained by different principal components 

As seen in the PCA scores plot (Figure 6-5), the projections for different observations are 

grouped together. The numbers 1 to 27 are not the same as those used in Table 6-2 but rather 

are experimental results arranged in order of increasing purity i.e. 1 representing the 

experiment with the lowest struvite purity and 27 representing the highest. Cluster A in the 

second quadrant groups observations with purities below 45%. Cluster B are observations 

with purities between 45% and 85% and cluster C have a product purity above 85%. It should 

be noted that there was no struvite formed in observation number 3, because no phosphorus 

was added during the experiment. This point was thus ignored for the analysis.   
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Figure 6-5 PCA scores plot 

A PCA loading plot is shown in Figure 6-6.  The calcium concentration and P removal 

efficiency are on the same side of the PC2 axis, indicating that calcium promotes P removal 

efficiency during crystallisation. This is supported by Call and Logan (2008).  Similarly, on 

the PC1 axis, magnesium, nitrogen and phosphorus play positive roles in promoting P 

removal efficiency and also the product purity. A previous study (Iqbal et al., 2008, Desmidt 

et al., 2013) documented that calcium reduced the product purity, and this is in agreement 

with observations from Figure 6-6, as calcium is located on the opposite side of the product 

purity with respect to the PC1 axis.  
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Figure 6-6 PCA loading plot 

When the PCA scores and loadings plots are considered in tandem, it is clear that the low 

purity of cluster A is driven by the higher calcium concentration. A high percentage of 

struvite in the total precipitate favours higher nitrogen and magnesium concentrations, as 

ammonia nitrogen and magnesium appear in the fourth quadrant of the loading plot (Figure 

6-6). Furthermore having both a high purity and high P removal efficiency (cluster D in 

Figure 6-5) falls at the right end of the PC1 axis in Figure 6-5, and at the middle of the PC2 

axis. This means that simultaneous high P removal efficiency and product purity is 

achievable and this is discussed further in Section 4.0.   

Previous research quantifying the purity of struvite formed was summarized in Table 6-7. 

This data was embedded into the PCA model, in order to evaluate if the model captures the 

results obtained in these studies. The past research was well explained by PCA the model. 

Figure 6-7 shows that Hao‘s experiments (point A) lay in the low purity region, as expected, 

driven by the high calcium concentration. Meanwhile the experiments of Suzuki et al. (2007) 

and Huang et al. (2014)‘s could be found in the high purity area, as expected. Therefore, it is 

concluded that the current misunderstanding on the achievability of high purity struvite is 

caused by the variations in feedstock composition. Therefore the PCA model constructed in 

this paper (Figure 6-5 and 7) can be used for preliminary prediction of the expected struvite 

purity and recovery before performing the crystallisation reactions.  

Table 6-7 Feedstock conditions and corresponding purity from literature (Unit: ppm) 

Water Source  Synthetic (A) Swine (B) Swine (C) 

NH4
+
(x1) 270 532 406 
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Ca
2+

(x2) 86.8 80 Around 60 

Mg
2+

(x3) 176.16 Around 70 Around 80 

PO4
3-

(x4) 480 72 128 

Removal (%) 13 around 90 95 

Purity (%) 35 95 90 

pH 9 8.5 9 

Reference  (Hao et al., 2009) (Suzuki et al., 2007) (Huang et al., 2014d) 

 

 

 
Figure 6-7 PCA plot comparing different wastewater compositions 

(A,B,C points represent feedstock conditions in other researchers work) 

 

6.5 Simultaneous P Removal and Recovery  

Having a high P removal rate with high struvite product purity governs the feasibility of 

using struvite crystallisation as a possible P management strategy.  Magnesium is one of the 

ions that can be supplemented to achieve simultaneous removal and high struvite purity. 

Based on the models developed in Section 3.2, the changes in product purity and P removal 

efficiency with an increase in the Mg concentration are shown in Figure 6-8.
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Figure 6-8 a to d at different NH4
+
, Ca

2+
 and PO4

3- 
concentrations 

a and c show that magnesium can be used to compensate for a high calcium concentration to 

achieve high purity and recovery simultaneously. However, b and d show that at some 

conditions, in this case either low ammonia nitrogen or low P concentrations respectively, 

additional magnesium is insufficient for this, and the removal efficiency and purity will 

remain low irrespective of the magnesium concentration. It was at these conditions that Hao 

drew his conclusions (Hao et al., 2013) regarding the infeasibility of the process. At these 

conditions the P concentration is low, and this likely reduces struvite as the dominant 

precipitate formed. For example, other precipitates, such as the brucite or bobierrite (Ariyanto 

et al., 2014) can dominate here and thus reduce the product purity.   

 

Therefore, not all wastewater streams are suitable for direct struvite crystallization. Extra 

attention should be paid when the wastewater has a low phosphorus and high calcium 

concentration. Simultaneous high P removal and high product purity can be achieved under 

some conditions by adjusting magnesium dosage. To evaluate the process feasibility, a 

preliminary check using the proposed model in this paper is recommended. This model can 

help predict the product purity, and also be used to calculate the magnesium dosage required 

to attain a specific recovery and purity at the same time.  
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Figure 6-8 Simultaneous phosphorus removal and recovery 

 

6.6 Conclusions  

This paper investigated the influence of wastewater composition on P removal efficiency and 

product purity during struvite crystallization. Response surface methodology was used to 

build mathematical models representing the composition variation in different wastewater. 

PCA shows explicitly that higher nitrogen and magnesium concentration favour the 

formation of pure struvite. However, not all wastewater are suitable for struvite 

crystallization, due to the formation of alternative precipitates dominating the crystallisation 

process. Under low phosphorus and high calcium concentration, the product purity is low and 

cannot be improved substantially via supplementary magnesium dosing, as commonly 

suggested in literature. The models developed in this work can be used as first pass 

evaluation criteria for the technical feasibility of the process. 
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7.1 Foreword  

This chapter was prepared as a full journal paper and was submitted to Journal of Chemical 

Engineering Science. The format and the layout of this manuscript has been adjusted with 

minor revisions made. Struvite crystallization has drawn great attention in the recent decades 

as a green chemical process for phosphorus removal and recovery. Purity is an important 

parameter for industrial application as it affects the usefulness, and thus price, of the product 

when sold as fertilizer. However, there is currently little research on the purity of the 

produced struvite and thermodynamic models that can predict the effect of wastewater 

composition on the struvite purity. Thus, this paper proposes a new co-precipitation 

thermodynamic model to predict the struvite product purity. It was evaluated against 

experimental data and compared with the standard thermodynamic model used in literature 

used for modelling struvite precipitation. The co-precipitation model was found to be 

significantly better for predicting the struvite purity. It was also found to be more accurate 

than the previously developed empirical model, except when both the ammonium and 

magnesium concentrations were low, a condition not likely to be encountered in industry. 

Therefore, the developed co-precipitation thermodynamic model is recommended for 

predicting the performance of struvite crystallisation under varying wastewater conditions. 

 

7.2 Introduction  

Phosphorus (P) is an essential biological element and is predicted to deplete within the next 

150 years (Bennett and Elser, 2011; Gilbert, 2009). The current phosphorus utilization 

effciency is very low, approximately 10%, which results in P accumulation in natural water 

streams and bodies (Cordell et al., 2009), leading to environmental problems such as 

eutrophication and red tide. Struvite crystallization for P removal and recovery is being 

investigated as a potential management strategy and can be used to reduce the P 

concentration (Huang et al., 2014) and chemical dosage at wastewater treatment plants.  The 

struvite can then be utilsed as a product, a slow release fertilizer (Uysal et al., 2014). Struvite 

crystallization occurs when magnesium, phosphate and ammonia precipitate, following the 

chemical equation below: 

Mg
2+

 +NH4
+
 + PO4

n-3
 + 6H2O → MgNH4PO4.6H2O                 Equation 7-1 

This technique is seen as an alternative to traditional biological and chemical phosphorus 

removal, and has been tested on calf manure (Qureshi et al, 2015), human urine (Ronteltap 
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et al., 2010), anaerobic digester supernatant liquid (Pastor et al., 2010) and swine waste (Le 

Corre et al., 2009). The fraction of struvite in the final precipitate at the end of the reaction, 

or product purity, is an important quality parameter during struvite crystallisation (Shu et al., 

2006). It determines the final functionality of the product. For example if it is to be used as 

fertilizer the EU has a requirement that the solids contain 80 % struvite at a minimum. 

Previous work has shown that competing ions, such as calcium, can have a significant 

negative impact through the formation of co-precipitates, such as monenite (Le Corre et al., 

2005; Lee et al., 2013).  

Existing research has shown that thermodynamics can be used to model the phosphorus 

removal efficiency (Çelen, et al., 2007; Lee et al., 2013), but there is insufficient research to 

show whether it can also be used for modelling the product purity. These models are based 

on the physicochemical equilibrium of the ionic, dissolved, and solid species in the 

wastewater (Hanboun et al., 2011) and thus the complexity of the model depends on the 

number of species under consideration. Having a robust model that can be used for 

predicting the purity, and hence, quality of struvite produced under different experimental 

conditions is important for the adoption of the process by industry. Thermodynamic 

modelling can be implemented in more than one way, which can have an impact on the 

model performance. This work develops a new thermodynamic model, and compares it with 

the standard implementation used in literature. These are compared against experimental 

data, and an empirical model to evaluate if thermodynamic modelling can adequately model 

the product purity. Thus the aim is to fill the literature gap on struvite crystallisation purity 

modelling and determining what modelling approach is best when using it for predicting the 

struvite precipitation reactor performance with different wastewater conditions. 

 

7.3 Methodology  

7.3.1 Thermodynamic Modelling 

Two different implementations of thermodynamic modelling were used to predict the purity 

of the product formed based on the initial feed composition. In order to apply any 

thermodynamic model, potential precipitates have to be determined.  A literature review was 

conducted to investigate the precipitates likely to form given that the ions present in the 

largest concentrations are ammonia, phosphorus, magnesium and calcium. The likely 

precipitates are summarized in Table 7-1, which shows that struvite, newberyite, monenite 
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and brucite are the major precipitates likely to form, and hence these were the ones included 

in the models. 

Table 7-1 Potential precipitates formed during struvite crystallization 

 

The model uses the concentrations of the different ionic species in the feed as the input to 

predict the product purity, phosphorus removal efficiency and mass of recovered precipitate. 

Both thermodynamic models have three components to them, varying in the implementation 

of the last step (shown diagrammatically in Figure 7-1): 

1) An equilibrium model 

2) A saturation index (SI) calculation 

3) A precipitation model 

The equilibrium model describes the relationship between the ionic species in the solution 

and the precipitates being formed, and is used in conjunction with the SI to determine 

whether further solid will precipitate out. The mechanistic details of the models are discussed 

in the subsequent two sections.  

Concentration
Purity/

Removal

Equilibrium 

model
If SI> 0

Precipitation 

model

No

Yes

 

Figure 7-1 Schematic diagram of modelling strategy 

Magnesium, calcium, ammonium, phosphate and sodium are reported to be the major ions 

involved during struvite crystallization (Celen et al., 2007). They participate in a wide range 

Name Formula Celen et al, 2007 Lee et al, 2013 Crutchik, 2013 Uysal, 2010 Liu et al, 2013 This study 

Struvite MgNH4PO4.6H2O √ √ √ √ √ √

Newberyite MgHPO4.3H2O √ × × × × √

Bobierrite Mg3(PO4)2.8H2O × × √ × × ×

Hydroxyapatite Ca5(PO4)3OH × √ × × × ×

Whitlockite Ca3(PO4)2 × √ × × × ×

Octacalcium phosphate Ca8(HPO4)2(PO4)4·5H2O × √ × × × ×

Monenite CaHPO4 √ × × × √ √

Brushite CaHPO4·2H2O √ × × × × ×

Brucite Mg(OH)2  √ × × × √ √

√: Allow to precipitate         ×: Prohibit to precipitate    
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of precipitation reactions, as shown in Table 7-2. The saturation index (SI) is used to quantify 

the precipitation driving force. It can be calculated using the following equation, 

log logSI IAP Ksp                                     Equation 7-2 

where IAP is the ion activity product determined by the concentrations of the ions 

participating in the specific precipitation reaction. Ksp is the equilibrium solubility product 

(listed in Table 7-2). For a given chemical reaction, such as Equation 7-3, the ionic strength, I, 

can be calculated using Equation 7-4. 

aA bB cC dD                                     Equation 7-3                                         

20.5 i iI X Z                                         Equation 7-4 

where X is the component concentration, i is the component in the reaction (A, B, C or D) 

and Z is the valence of the ion.  The ion activity product can be calculated using Equation 7-5,  

[ ] [ ]

[ ] [ ]






c d

i i

a b

i i

C D
IAP

A B

 

 
                                  Equation 7-5 

where, i  is activity coefficient of species i, which can be calculated using Equations 7-6, 7 

or 8 (Brezonik and Arnold, 2011):  

2log 0.5 i iZ I    (when I<0.005mol/L)                    Equation 7-6 

or 
2

log
1

 


i
i

i

AZ I

Ba I
    (when I <0.1mol/L)                  Equation 7-7 

or 
2log ( 0.3 )

1
  


i i

I
AZ I

I
    (when I<0.5mol/L)         Equation 7-8 

where parameters A and B are the Debye–Hückel constants, which are dependent on the 

temperature and ai is the size of hydrated ion. Values of 0.509 mol
-1/2

, 3.281 m
-1/2

 nm
-1

  (at 

25°C) and 0.6 pm (Hanhoun et al., 2011) were used for A, B and ai respectively in this work. 

Equations 7-4 to 7-8 can be applied to the equilibrium reactions listed in Table 7-2 to 

describe the water chemistry states within the solution. These are based on the work of  Çelen 

et al. (2007), Hanhoun et al. (2011) and Schneider et al. (2013).  
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Mass balances were used to account for the conservation of each element (Mg, N, P, Ca, Na) 

during the precipitation,  

, ,

tot

j j i i j k iC l L s S                                  Equation 7-9 

where the total molar amount of each element, in moles, 
tot

jC , is the total molar mass of 

different complexes in the liquid (Li) and solid phases (Si), taking into account the 

stoichiometric proportion of the element j in the complex (lj,i and sj,k), and j and k, are the 

components in the liquid and solid phases of element i.  

Table 7-2 Chemical equilibria considered in this study 

  Chemical reaction pKa Reference  

1 H2O ⇌ H
+
 + OH

-
 14 (Snoeyink and Jenkins, 1980) 

2 HPO4
2-

 ⇌ PO4
3-

 + H
+
 12.35 (Morel and Hering, 1993) 

3 H2PO4
-
 ⇌ HPO4

2-
 + H

+
 7.2 (Morel and Hering, 1993) 

4 H3PO4 ⇌ H2PO4
-
 + H

+
 2.15 (Morel and Hering, 1993) 

5 NH4
+
 ⇌ NH3 (aq) + H

+
 9.25 (Taylor et al., 1963) 

6 NH4
+
 + HPO4

2-
 ⇌ NH4HPO4

-
 1.3 (Schneider et al., 2013) 

7 NH4
+
 + H2PO4

-
 ⇌ NH4H2PO4 0.1 (Schneider et al., 2013) 

8 CaH2PO4
+
 ⇌ Ca

2+
 + H2PO4

-
 1.35 (Montastruc et al., 2003) 

9 CaHPO4 ⇌ Ca
2+

 + HPO4
2-

 2.66 (Montastruc et al., 2003) 

10  CaOH
+
 ⇌ Ca

2+
 + OH

-
 1.3 (Montastruc et al., 2003) 

11 CaPO4
-
 ⇌ Ca

2+
 + PO4

3-
 6.54 (Leng et al., 2004) 

12 MgH2PO4
+
 ⇌ Mg

2+
 + H2PO4

- 
 1.51 (Schneider et al., 2013) 

13 MgHPO4 ⇌ Mg
2+

 + HPO4
2-

 2.91 (Martell and Smith, 1974) 

14 MgOH
+
 ⇌ Mg

2+
 + OH

-
 2.56 (Childs, 1970) 

15 MgPO4
-
 ⇌ Mg

2+
 + PO4

3-
 4.8 (Martell and Smith, 1974) 

16 Na
+
 + H2PO4

-
 ⇌ NaHPO4

-
 + H

+
 6.01 (Schneider et al., 2013) 

17 2Na
+
 + H2PO4

-
 ⇌ Na2HPO4 + H

+
 6.11 (Schneider et al., 2013) 

18 NaH2PO4 ⇌ Na
+
 + H2PO4

-
 0.25 (Schneider et al., 2013) 

19 Na2PO4
-
 ⇌ 2Na

+
 + PO4

3-
 2.56 (Schneider et al., 2013) 

20 NaPO4
2-

 ⇌ Na
+
 + PO4

3-
  1.43 (Schneider et al., 2013)  

 

The last fundamental property of aqueous solutions is electrical neutrality. This means that 

the sum of all the positive charges (cations) must equal the sum of all the negative charges 

(anions) in a solution: 
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m n

m m n n

1 1

C [N ] D [P ]                               Equation 7-10 

where, m is the number of cations, Cm is the charge of cation m, [Nm] is the concentration of 

cation m.   n is the number of anions, Dn is the charge of anions n and [Pn] is the number of 

anions n.  

Using the reactions presented in Table 7-2, the equilibrium model has twenty eight unknowns 

(ten anions, nine cations and seven neutral atoms, ri and I) and twenty eight equations (twenty 

equilibrium expressions, five mass balance equations, a charge balance equation and the 

relationship between ri and I).  

 

Precipitation can occur when the SI of a potential precipitate is greater than zero (Hug and 

Udert, 2013). The precipitation model presented here is a quasi-dynamic model. It is used to 

represent the thermodynamic behaviour of the reactions. The proposed iteration step is to 

calculate the equilibrium state of the reaction, without resorting to reaction rate equations 

with unknown kinetics. It is thus not a proper dynamic model. Precipitation introduces the 

solid phase into the calculation, which reduces the mass of each element in the solution,              

                                                                                                                    Equation 7-11 

0
0

( )


  
n t

p i i t

i

x A t B d                               Equation 7-12                                                                   

where X is the total mass of element i (Mg, N, P, Ca, Na) in the liquid, xl,i, and solid phase, 

xp,i, precipitated at each iteration n of species i (Table 7-3), Ai is the pseudo-reaction rate 

constant for each precipitate, and a value of 0.01 was used for all species to simplify the 

model (hence it does not represent true kinetics). Bi is the initial guess value (in molar mass) 

for each precipitant, which were assumed to be 0.1% of the minimum mole amount of species 

present in the solution.  

It is possible to implement this model in more than one way, and past literature has used 

―preferable‖ precipitation (Çelen , 2007; Lee et al, 2013). This means that the solid with the 

largest positive SI precipitates first and depletes the concentrations of its constituent ions 

before the next solid can precipitate. This continues in a chain until the SI of all the possible 

precipitates has been reduced to zero, i.e. until no more solids of any kind can precipitate.  

This work has developed a new and novel implementation, ―co-precipitation‖ where all of the 

solids with a positive SI precipitate simultaneously, and deplete the common pool of available 

, ,i l i p iX x x 
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ions for the precipitations in tandem. It was expected that this would be more representative 

of the actual precipitation process. 

Table 7-3 Solids formed during precipitation modelling 

Species Name  Reaction pKsp Reference  

1 Struvite  MgNH4PO4 ⇌ Mg
2+

 + NH4
+
 + PO4

3-
 -13.3  Bavic-Ivncic, 2002 

2 Newberyite MgHPO4 ⇌ Mg
2+

 + HPO4
2-

 -5.8 Turker, 2010 

3 Monenite CaHPO4 ⇌ Ca
2+

 + H
+
 + PO4

3-
 -19.7 Gustafsson, 2009  

4 Brucite Mg(OH)2 ⇌ Mg
2+

 + 2OH
-
 -11.6 Gustafsson, 2009 

 

By combining the equilibrium model with one of the precipitation models (Figure 7-1), the 

non-linear algebraic system of equations could be solved using the standard Newton–

Raphson method implemented within the Engineering Equation Solver software (EES). Both 

precipitation pathways were investigated to establish the differences between the 

thermodynamic models. They were then compared with the experimental data, and an 

empirical model described in Section 3.5 to determine the best way to model the precipitation 

process.  

7.3.2 Parameter Tuning (pKsp)  

There is a large range of equilibrium constants of the different precipitation reactions 

reported in literature. The reported values vary due to differences in experimental conditions 

and the assumptions used to determine them. For example the Ksp for struvite is reported as 

9.41 (Borgerding, 1972), 11.84 (Booram et al., 1975), 12.36 (Buchanan et al., 1994) and 

13.36 (Bhuiyan et al., 2007) in different works. This variation will affect the final results of 

the precipitation modelling. Thus, a sensitivity analysis looking at the effect of changes in 

equilibrium constants on the predicted purity was conducted by changing the pKsp values 

(one at a time) by ±10%. This process was used to investigate the importance of the 

equilibrium constants on the models. 

7.3.3 Crystallization Experiments 

All experiments were carried out at room temperature (20 °C) in a 1 litre beaker. Four stock 

solutions containing NH4
+
, PO4

3−
, Mg

2+
 and Ca

2+
 were prepared by dissolving NH4Cl, 

Na2HPO4·2H2O, MgCl2·6H2O and CaCl2 (all ECP, analytics grade) into deionized water. 

These solutions were stored at 4 °C for further experiments. 

Table 7-4 Initial reaction conditions for the experiments (Units: ppm) 

Run NH4
+
 Ca

2+
 Mg

2+
 PO4

3-
 Purity (%) Removal (%) Solid Mass (g) 

1 310 56 320 298 80.9 81.3 99.5 99.6 0.635 0.631 
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2 310 56 320 64 98.9 98.7 97.5 97.6 0.113 0.107 

3 310 260 320 298 64.4 65.3 97.1 97.2 0.610 0.611 

4 310 56 69 64 8.1 8.3 69.9 70.1 0.076 0.080 

5 310 56 69 298 73.1 73.2 99.9 99.6 0.559 0.600 

6 310 260 69 298 4.9 4.4 50.1 49.8 0.548 0.542 

7 310 260 69 64 34.8 34.9 40.1 39.7 0.089 0.090 

8 310 260 320 64 62.1 62.0 95.8 96.3 0.099 0.104 

9 1440 56 69 64 84.8 84.8 98.7 98.5 0.094 0.097 

10 1440 56 320 298 89.2 88.5 99.0 98.6 0.693 0.694 

11 1440 56 69 298 75.8 75.7 97.0 97.1 0.559 0.563 

12 1440 260 320 298 87.1 87.8 99.9 99.9 0.664 0.663 

13 1440 260 320 64 99.9 99.9 99.8 99.9 0.077 0.079 

14 1440 260 69 64 63.7 63.4 96.8 96.3 0.091 0.096 

15 1440 260 69 298 45.6 45.8 88.5 88.9 0.604 0.606 

16 1440 56 320 64 88.0 87.8 99.6 99.5 0.116 0.113 

 

Each experiment was prepared according to the conditions listed in Table 7-4. The solution 

pH was adjusted to 9 by drop wise addition of 1.0 N NaOH / HCl before the start of each 

experiment. A magnetic stirrer was used for mixing at a constant speed of 100 rpm during all 

experiments. The precipitates were collected by filtration and dried in the oven for twelve 

hours at 35°C. These samples were then examined using energy-dispersive x-ray 

spectroscopy (SEM-EDS) for product quality analysis. They were then weighed and 

dissolved into deionized water with 1 mL concentrated HCl and diluted for NH4
+
 and PO4

3-
 

concentration analysis by flow injection analysis (FIA). All experiments were carried out in 

duplicate, after which the average value was used for the model development.  

7.3.4 Determination of Product Purity and Phosphorus Removal Efficiency  

As can be seen from Table 7-1 and 3, struvite is the only precipitate expected to contain 

nitrogen. This was used to predict the percentage of struvite (i.e. purity) in the precipitate:  

                              2P (%) 100%
N Struvite

Purity

precipitate

n M

m


                             Equation 7-13 

where     is the moles of nitrogen in the precipitate and can be determined through FIA. M is 

the molecular weight of struvite (245.4065 g/mol) and m is the total mass of precipitate 

formed under different conditions. The phosphorus removal efficiency was taken as the ratio 

between phosphorus being removed to its initial concentration,  

(%) 100%Initial Final
Removal

Initial

P P
P

P


                            Equation 7-14 
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where, PInitial and PFinal are the phosphorus concentrations at the start and end of the reaction 

respectively. 

7.4 Results and Discussion  

7.4.1 Different Precipitation Pathways 

The proposed precipitation pathways lead to the different ionic species being consumed 

differently (refer to Section 2.1), which impacts on the evolution of SI of the precipitates over 

the course of the crystallisation, as shown in Figure 7-2. With preferable precipitation, 

struvite has the higher SI initially, and is thus precipitated first until the SI is reduced to zero. 

This is then followed by the precipitation of monenite, however, the precipitation of struvite 

has depleted the concentration of some of the ions needed for monenite precipitation, and 

thus the SI for monenite is already zero and it cannot crystallise. This results in the solid 

being predicted to be 100 % struvite.  If the proposed co-precipitation pathway is used instead, 

then struvite and monenite precipitate out in tandem, until their respective SIs reach zero.  

Since both solids precipitate out simultaneously in this case, the predicted purity is 62 %.   

 
Figure 7-2 Saturation index change with iteration under different precipitation conditions 

(Conditions based on Run 3 in Table 7-4) 

 

A comparison between the two precipitation pathways and the experimental results is shown 

in Figure 7-3. It can be clearly seen, as expected, that preferred precipitation results in the 

prediction of almost 100 % purity struvite every time, which does not occur in the 

experiments. Thus this standard implementation of the thermodynamic model cannot be used 

for predicting the product purity. The co-precipitation pathway gives much better 
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performance (specific for purity higher than 60%), although it worsens at low product purity 

(which is discussed in Section 3.6).  

 
Figure 7-3 Comparisons between different precipitation pathways and the experimental 

results 

 

7.4.2 Model Validation 

Other than the comparison between the experimental and modelled product purity (Figure 

7-3), the mass of the collected precipitate and the P removal efficiency during the experiment 

(Figure 7-4) were also used to validate the proposed thermodynamic model implementation.  

 
Figure 7-4 Validation of the proposed thermodynamic model 

A comparison of the experimentally collected precipitate mass and the thermodynamic 

prediction is shown in Figure 7-4 (A), with an R
2
 of 0.99. Since all experiments were 

monitored using pH and a conductivity meter during the reaction, and were stopped at four 

hours, when both of these parameters were stable, the slight over estimation of the model was 

probably due to human and instrument error during the experiment. A comparison of the 
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removal efficiency between the experimental and the thermodynamic modelled result is 

shown in Figure 7-4 (B) with an R
2
 of 0.84. The main divergence of the results occur when 

the calcium concentration is high, which could cause the reaction kinetics change. However, 

when considering the model validation overall, the developed thermodynamic model is in 

agreement with the experimental data and can be used as a guide to evaluate the likely purity 

of the product formed when being applied to wastewater having different compositions.  

7.4.3 Equilibrium Constant Tuning  

The pKsp values in the model were varied by +10 % in order to carry out a sensitivity 

analysis. Variations in the pKsp of struvite and monenite were found to have the most 

significant impact on the predicted purity. They were thus selected for tuning to minimize the 

difference between modelled and experimental results. The pKsp of struvite and monenite 

were tested at different low (-), medium (0) and high levels (+) as shown in Table 7-5.  

Table 7-5 Parameter tuning 

 
Table 7-5 shows a pKsp of 19.7 for monenite always give a better fit between the 

experimental purity data and modelled result, as compared with the other two levels (17.7 and 

21.6). Meanwhile changing the pKsp from 12.4 to 13.3 shows negligible difference on the 

performance of the model. Therefore the thermodynamic model is more sensitive to the 

equilibrium constant for monenite.  

Num Struvite pKsp Monite pKsp R
2

1 12.4 (0) 19.7 (0) 0.62

2 11.2 (-) 17.7 (-) -

3 11.2 (-) 21.6 (+) 0.39

4 13.3 (+) 17.7 (-) -0.14

5 13.3 (+) 21.6 (+) 0.44

6 11.2 (-) -19.7 (0) 0.47

7 13.3 (+) -19.7 (0) 0.52

8 12.4 (0) 17.7 (-) -0.19

9 12.4 (0) 21.6 (+) 0.54
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Figure 7-5 Different ksp of struvite corresponding purity prediction 

The combination of Ksps of 12.4 and 19.7, for struvite and monenite respectively, shows the 

best agreement with the experimental data (R
2
 = 0.62), and was therefore used for the final 

model comparisons. A comparison between the adjusted model (struvite Ksp=12.4, monenite 

Ksp=19.7) and the original one (struvite Ksp=13.3, monenite Ksp=19.7) is shown in Figure 

7-5. Although the adjusted model still shows a relatively low correlation index when taking 

all of the data into consideration, the model shows a high correlation trend with the 

experimental data when the purity is above 40%. This is discussed further in Section 3.5.1. 

7.4.4 Characterizationof the Precipitates 

An SEM – EDS analysis was carried out for runs 10 and 18, with the results shown in Figure 

7-6. It can be seen that at high product purity the precipitate structure is smooth and needle-

like, which is in agreement with the structure observed in previous work (Le Corre, 2005). As 

the purity decreases the structure changes with the appearance of crystals of irregular sizes 

with extra-fine crystals precipitated on the surface to give them a rough appearance. The 

extra fine crystals on the surface are likely to be monenite.  
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Figure 7-6 SEM/EDS pattern of the collected precipitates 

Zoomed in, high resolution images were also taken to investigate the morphology of the fine 

crystals attached on the surface of the larger ones, with the images are shown in Figure 7-7. 

These particles are stacked together and have a morphology similar to that of monenite, 

previously reported by Tas, 2009. This supports the presence of struvite and CaHPO4 in the 

precipitate, which is in agreement with the proposed thermodynamic model pathway. 

With respect to EDS analysis, high intensity peaks for Mg, P, and O were observed, which 

are the key constituents of struvite. The carbon peak observed was due to the signal from the 

carbon used for coating the crystals for analysis. The calcium peak increased with decreasing 

purity and a degradation in crystal structure.  A similar trend was also observed with the 

modelled results, where increase an in the amount of calcium in the wastewater would 

increase the monitre mass and thus decrease the overall struvite product purity. 

 
Figure 7-7 SEM of the extra-fine particles precipitated on the surface of the struvite crystals 
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7.4.5 Comparison with Other Models 

An empirical model was developed previously (Li et al., 2016) based on the experimental 

data. The empirical model can be used as a preliminary tool to check whether the desired 

product purity is feasible and how much magnesium would need to be used to compensate for 

low process performance, if possible. However, this model is limited as it cannot be used 

when wastewater composition is out of the design range. This problem could be addressed by 

thermodynamic modelling, which is grounded in chemical property data. Therefore, to 

evaluate the usefulness and accuracy of the thermodynamic model, a comparison of the purity 

prediction between the empirical and thermodynamic models is shown in Figure 7-8. 

Figure 7-8 shows that the thermodynamic model is inaccurate for product purities below 50%. 

By removing conditions (discussed in Section 3.6) which result in a purity less than 50%, the 

coefficients of determinations are 0.81 and 0.80 for the thermodynamic model and the 

empirical model, respectively. The root-mean-square deviation (RMSD) is a frequently used 

measure of the differences between values (sample and population values) predicted by a 

model and the values actually observed. The RMSD represents the sample standard deviation 

of the differences between predicted values and observed values, with a lower value being 

better. With a recalculated RMSD, the thermodynamic model is more accurate, with an 

RMSD of 6.5 versus 7.8 for the empirical model respectively.  

 

Figure 7-8 Purity predictions from the empirical and thermodynamic model 

Visual MINTEQ is a commercial software package for chemical equilibria modelling for the 

calculation of metal speciation, solubility equilibrium, and sorption of natural waters. It is 

mostly used for chemical speciation (Wang et al., 2005). Due to its stability and accessibility, 
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it has been established as an industry standard, against which most new models being 

developed are validated against. It has been proven to be a cost effective tool for predicting 

the phosphorus removal efficiency during struvite crystallization (Çelen et al., 2007; Lee et 

al., 2013). In Visual Minteq the precipitation process occurs by allowing the solid with most 

positive SI precipitated first.  

The Debye-Huckel method for activity correction was selected because of its frequent use in 

literature (Buj et al., 2009). Struvite (MgNH4PO4.6H2O), newberyite (MgHPO4.3H2O), 

monenite (CaHPO4.3H2O) and brucite (Mg(OH)2) were selected as the key precipitates 

(Section 2.2). The ion concentrations used during the experiments (Table 7-4) were loaded 

for each simulation and the results are presented in the following plot.  

 

Figure 7-9 Purity comparisons: Visual Minteq and Developed model 

Since it follows the same principle as the preferable precipitation model, it is not surprising 

that it shows similar results, as shown in Figure 7-9; predicting approximately 100 % product 

purity across all conditions. Therefore the developed co-precipitation thermodynamic model 

shows better performance for predicting the struvite purity than the commercial software 

package, Visual MINTEQ. Thus this model offers the advantage of being useful for 

modelling two process outputs, the phosphorus removal efficiency and the precipitate 

composition.  
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7.5 Model Applicable range 

As can be seen in Figure 7-8, the co-precipitation thermodynamic model overestimates the 

purity when the experimental purity results are below 50%. However, it is more accurate than 

the previous empirical model at other conditions. The conditions where the co-precipitation 

thermodynamic model did not match the experimental data well are summarised in Table 7-6. 

It shows that both the ammonium and magnesium concentration were low at these points.  

Table 7-6 Conditions with poor agreement between experimental results and co-precipitation 

thermodynamic model predictions 

 

All experiments were run for four hours and were assumed to reach equilibrium at this point. 

However, since reaction rate is proportional to the concentration, this could have resulted to 

longer reaction times under these conditions of low concentrations. However, previous 

literature (Nelson et al., 2003; Hao et al, 2008) has found that struvite crystallization could be 

completed within two hours at concentrations even lower than these. The experiments also 

indicate that a four hours reaction time is sufficiently long for most of the conditions. It is 

thus concluded that the reaction time was not the cause for the mismatch between the 

developed thermodynamic model and the laboratory data.  

The thermodynamic model is not a universal method for predicting struvite purity.  The 

developed thermodynamic model assumes that all solids precipitate at the same time with the 

same rate of reaction (Section 2.1.2).  This is not likely to be true in reality, and may be more 

significant at lower concentrations. A reasonable explanation is that calcium containing 

precipitates have a higher precipitation reaction rate, which could bind more phosphorus than 

the thermodynamic model predicts, thus resulting in a lower struvite fraction. As a result, the 

modelled value would be larger than what would be observed experimentally. Since most of 

the experiments are in agreement with the thermodynamic predictions, the calculation method 

in the model is still reasonable, and it may be possible to tune the input artificial reaction 

rates to obtain a better match with the experimental data for future development of this 

method. However, this would make it a semi-empirical approach.  

Based on the above discussion, the developed co-precipitation thermodynamic model should 

not be used when the concentrations of both ammonium and magnesium are low. However, 

during struvite crystallization, magnesium is always a supplemented component (Hug and 
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Udert, 2013) and thus, the above conditions are unlikely to occur in a real struvite 

crystallization process. If the low ammonium and low magnesium concentration conditions 

are removed from the dataset (Runs 5, 6, 7 and 8), the correlation between the model and 

experimental data have an R
2
 of 0.89, which can be used to reflect the product purity changes 

under various compositional conditions. 

 

7.6 Conclusions  

This paper proposes a co-precipitation thermodynamic model to predict the struvite product 

purity under different wastewater conditions. The proposed co-precipitation model shows 

better agreement with experimental purity data than the standard thermodynamic model used 

in literature. The co-precipitation thermodynamic model is able to predict the struvite product 

purity for most wastewater compositions and is also more accurate than the empirical model 

developed previously, with the exception of when both the ammonium and magnesium 

concentrations are low. The overestimation under these conditions was probably due to the 

different reaction rates for the different precipitates. However, given that the conditions 

where the model performs poorly are unlikely to occur in a real industrial scenario, the 

developed model is very useful for evaluating the potential struvite precipitation performance 

with different wastewater. 
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8.1 Conclusions  

This research work deepens the current understanding of P resource management and 

recovery in New Zealand. It has developed recommendations around the most suitable 

streams for P recovery in New Zealand, resolved the negative impact of the effect of calcium 

on struvite crystallization and developed models to predict the effect of wastewater 

composition on struvite purity. The key achievements of this work are: 

1) A robust P production model considering the P consumption from the demand side 

was proposed. The model was validated using real P rock production data between 

2008 and 2012 and the results indicate that the current P rock reserves will be 

depleted in approximately 70 - 110 years. A conceptual phosphorus management 

system was proposed and the effect of phosphorus recovery was evaluated. It 

indicated that a 50 % waste recovery rate is required to defer phosphorus rock 

depletion by 50 years, which is significant.  

2) A substance flow analysis of P in New Zealand was conducted. It indicates that 

agriculture is the most P intensive consumption sector in New Zealand, and that little 

P recovery is carried out at waste treatment facilities. A PCA comparison between 

New Zealand and other countries suggests that the P consumption structure in New 

Zealand exhibits lower utilization efficiency. To improve the utilization efficiency, P 

recovery from both wastewater treatment facilities and landfill sites should be carried 

out in the future. This would help the country reduce its annual P rock imports by 

more than 20%. 

3) As per the information from the literature review and the substance flow analysis, 

dairy wastewater was identify as the most suitable source for struvite crystallization in 

New Zealand.  The influence of calcium on struvite crystallization for application in 

diary wastewater was investigated. It was found that calcium has a strong negative 

impact on struvite crystallization, depending on the concentration. Low calcium 

concentrations help increase the particle size without changing the product purity and 

the particle size may potentially be used as a simpler analysis method for 

differentiating the purity of the product being formed. High calcium concentration 

hinders struvite crystallization by producing undesired precipitates and altering the 

product morphology. However, these affects are less potent at a high ammoniacal 

nitrogen concentration, which mitigates the negative impact of calcium. 
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4) Response surface methodology was used to mathematically model the effect of 

composition variation on P recovery and product purity. A PCA showed that higher 

nitrogen and magnesium concentrations favor the formation of pure struvite. However, 

not all wastewaters are suitable for struvite crystallization, due to the formation of 

significant quantities of undesired precipitates. Under low phosphorus and high 

calcium concentrations, the product purity is low and cannot be improved 

substantially via supplemental magnesium dosing, as is commonly suggested in 

literature. The models developed in this work can be used as a first pass evaluation 

criteria for the technical feasibility of the process. 

5) A co-precipitation thermodynamic model was developed to predict the struvite 

product purity under wastewater compositions outside of the experimental range 

studied in this work. The proposed co-precipitation model shows better agreement 

with experimental purity data than the standard thermodynamic model used in 

literature. The co-precipitation thermodynamic model is able to predict the struvite 

product purity for most wastewater compositions and is more accurate than the 

empirical model developed previously. 

To summarize, this research work identifies the most suitable streams for economical P 

recovery via struvite crystallization in New Zealand. This provides a route for improving its P 

utilization efficiency and reducing its dependence on P rock imports. The research has shown 

that struvite crystallization is achievable in dairy wastewaters with high calcium 

concentrations, and this should be studied further at the pilot plant scale to evaluate 

scalability. The developed empirical and thermodynamic models can be used to predict the 

struvite purity under various wastewater compositions, and thus can be used as preliminary 

tools for evaluating the economic feasibility of struvite crystallization for specific wastewater 

conditions. 

 

8.2 Recommendations for Future Research 

There are many possible avenues for future research from this work. Firstly, struvite 

crystallization should look at finding more value-added applications of the product, as this 

would drive its economic value and thus process viability.  For example, although there is 

some work on using struvite for building materials and as an adsorbent for pollutant 

abatement, none of it has been tested at the pilot plant scale. Currently, struvite is largely 
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used and researched as a slow release fertilizer, however there should be a focus on product 

quality control (e.g purity) in order to make the product more competitive.  

Secondly, experiments most of the past research has focused on analysing one factor at a time 

on struvite crystallisation, for a localized process optimization. Interactions between different 

variables and their influence on the product quality has been neglected. Future research 

should focus more on analysing the effect of multiple factors simultaneously. 

In this research, a thermodynamic model was developed. The model was able to predict the 

struvite product purity for most wastewater compositions and was more accurate than the 

empirical model, except when both the ammonium and magnesium concentrations were low. 

The overestimation in certain conditions by the thermodynamic model was possibly caused 

by the difference in crystallisation rates of different precipitates. Therefore, a kinetic 

investigation of struvite crystallization is suggested. This would help understand the 

precipitates formation speed and predict the product purity from a kinetic perspective. This 

would address the competition amongst different precipitates during crystallisation more 

accurately. It would also provide a new perspective for product purity prediction when 

multiple solids are to precipitate in the solution. 

The literature review found that commercial chemicals are effective Mg source for struvite 

crystallization. However, their high cost negatively impacts reduce the process feasibility. 

Although sea water is cheap as a magnesium source, the low product purity caused by 

calcium should be considered. Bittern and magnesit are difficult to access when a large 

amount is required. Therefore, a combination of different Mg sources, where both process 

cost and product quality are taken into account should be considered in the future. Very fine 

crystals are likely to be washed out in the effluent which would reduce the mass of recovered 

struvite and also increase the overall treatment cost because of the P in these fine crystals.  

Further work needs to be carried out into product purity and particle size control to make the 

process more economically attractive.  

Lastly, further studies should determine whether seed materials are required for struvite 

crystallization in order to accelerate the process. 

Overall, a compromise between nutrient removal, process control, and cost-effectiveness is 

necessary to ensure the process viability and sustainability. 
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Appendices 

Phosphorus Recovery Through Struvite 

Crystallization: Recent Development in 

Thermodynamic and Kinetic Studies 

 

Abstract  

Phosphorus (P) is an essential element for all living creatures and is predicted to be depleted 

within the next 100 years. Struvite crystallization is a potential P recovery technique and can 

produce a valuable slow release fertilizer. To implement struvite for P recovery, a 

comprehensive understanding on the complex precipitation with various feedstock 

compositions is required. This review provides an overall understanding on the development 

of struvite process variables in recent years. The influence of temperature, seeding material, 

magnesium dosage, foreign ion and organic matters on phosphorus removal efficiency, 

product purity and crystal morphology were addressed. Different models describing the 

crystallization process were also discussed. This review will help identify potential obstacles 

in struvite crystallization and thus help promote the development of this technique.  

Key words: Struvite, phosphorus recovery, process variables, model development 

 

1.0 Introduction  

Phosphorus (P) is an essential element for all living creatures and is predicted to be depleted 

out within the next 100 years (Scholz et al., 2013a). Up to date, no feasible P substitute has 

been found (Cordell et al., 2009).At the same time, the current P utilization efficiency in most 

countries are low, with around 90% being wasted (Li et al., 2015b) and ended up in streams 

such as river, lake and sea. This results in P accumulation in local streams and causes 

environmental problems such as eutrophication and red tide (Vaccari, 2009b).   

The large P content in struvite makes it a good fertilizer (Uysal et al., 2014), while it can also 

be used as a building material (Fan and Chen, 2015) and adsorbent (Foletto et al., 2013a) etc. 
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Struvite has been known as a potential solution to ease the coming P resource crisis, as well 

as to address the environment pollutions in local streams (Le Corre et al., 2009). A large 

amount of research has been carried out for struvite crystallization in different waste streams, 

such as in landfill leachate (Huang et al., 2015a), dairy waste (Zhang et al., 2015), anaerobic 

digestion effluent (Cerrillo et al., 2015), human urine (Liu et al., 2014c) and food waste 

(Wang et al., 2016). Different reactors such as continuous flow reactor (Lahav et al., 2013), 

fluidized bed reactor (Rahaman et al., 2014) and microbial fuel cell (Hirooka and Ichihashi, 

2013) have also been tested.  

However, there are still gaps for scaling up the struvite crystallization. Firstly, understandings 

on the process thermodynamics and kinetics are insufficient. Secondly, the influence of 

foreign ions and organic matters is not well understood, making it difficult to apply this 

technique in industrial streams. Thirdly, the chemical dosages are costly and make the overall 

process uneconomic. Therefore, this review tries to highlight the research development in 

process variables during the struvite crystallization. For example, Iinfluence of magnesium 

sources and seed addition will also be reviewed. At the same time, the influence of foreign 

ions, such as Ca
2+

, Zn
2+

 and Cu
2+

 etc, as well as common organic matters will be included. 

Relevant model developed to describe the crystallization process will also be discussed.  

2.0 Struvite Crystallization: Factors Investigation 

Predicting and controlling struvite crystallization is complex, as the process depends on a 

combination of independent factors (Le Corre et al., 2009). This review summarized most 

commonly focused factors during the struvite crystallization. We define factors that could be 

changed (i.e. pH, temperature, magnesium concentration, mix speed etc.) as controlled 

factors, while that cannot be manipulated in waste streams as independent factors (i.e. organic 

matters, foreign ions etc.).  

2.1 Controlled Factors  

2.1.1 pH 

pH is probably the most important variable during struvite crystallization. It affect solubility 

and supersaturation and thus can be used to control precipitation rate (Xie et al., 2014). A 

great number of researchers investigated the influence of pH during struvite crystallization 

(shown in Table 1).   

As can be seen, pH affects the P removal efficiency (Calli et al., 2005, Szögi et al., 2006). 

When it is over 9, more than 90% P could be removed, when pH is around 7.5, lower P 
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removal efficiencies were observed (Ganrot et al., 2008). It is documented that when pH is 

7.9 and the initial P concentration is 1 mmol/L, nearly no reaction took place, this is probably 

because the solution has a lower solubility product when the initial P concentration is low and 

cannot meet the requirements for struvite precipitation (Ryu and Lee, 2010). By increasing 

the solution pH, the obvious crystal was produced (Hao et al., 2009). When pH increased 

from 9.0 to 10.0, P recovery efficiency increased dramatically.  

At the same time, pH could influence the product purity. Kim (Kim et al., 2014) found that 

magnesium phosphate other than struvite was formed when pH is above 10. When pH is 

higher than 11, magnesium hydroxide was the dominant species. It is also revealed that, as 

the solution pH increases, calcium ions will react with phosphate to precipitate 

hydroxylapatite (HAP) in the metastable zone. This generally occurs when the pH is between 

9.0 and 10.5 (Ryu et al., 2014). Hao (Hao et al., 2008) reported that a neutral pH favours the 

formation of pure struvite, but the precipitation rate is significantly reduced. In order to 

obtain high purity struvite, pH range from 8.0 to 10.5 was recommended  (Zhang et al., 

2012).Furthermore, pH influences the struvite crystal growth rate and the product particle 

size. It was documented that pH improvement increased the supersaturation and thus the 

growth rate. This was responsible for 30% of the growth rate difference between the no 

mixing and moderate mixing, and 9% of the growth rate between the moderate and high 

mixing (Le Corre et al., 2007c). The minimum particle size was observed at around 10.5, 

whereas the largest particles (>100 μm) were obtained when pH is 9.5.  

Because of the slightly acidic nature of most wastewater streams, large amounts of alkali are 

usually used for pH improvement (Liu et al., 2008). It significantly increases the process 

operational cost (Huang et al., 2006). There are currently two ways for solution pH 

improvement: chemical dosage and aeration.  Common chemicals used for pH improvement 

are: MgO, Mg(OH)2, NaOH, KOH and K2CO3 etc. Huang et al. (2014) investigated the 

influence of different chemical on the P removal efficiency, the effectiveness of each 

chemical was: KOH > NaOH > K2CO3 > Na2CO3. When Mg(OH)2 and MgO are used for pH 

improvement, additional Mg
2+

 is involved. However, because of the poor alkaline character 

and low solubility, larger dosage amounts are always required.  

Aeration is another way for pH improvement. It strips CO2 out of the solution and thus 

changes the water carbonate chemistry, leading to an increase pH (Kemacheevakul et al., 

2014). Aeration avoids the solution ionic strength variance when compared to chemical 
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dosage (Fattah et al., 2010). The CO2 removal efficiency depends on influent composition, 

including total alkalinity, temperature and initial dissolved CO2 concentration (Marchi et al., 

2015). Experiments from Korchef et al (2011) shown that P removal efficiency could be 

improved by increasing the aeration rate. It also reduces caustic chemical addition, from 46% 

to 65% depending on the operational conditions (Fattah et al., 2010). As calculated by Fattah 

et al (2010), the aeration cost could be recovered in less than three years.  

pH is also an indicator representing the struvite dissolution and precipitation rates, as well as 

the induction time. Experiments from Le Corre et al. (2007c) showed that pH measurement 

can be used to predict the kinetics of struvite crystallization. Since the drop in pH typically 

observed during struvite precipitation reflects effectively rates at which struvite crystals 

nucleate. Roncal-Herrero and Oelkers (2011) used pH to determine struvite dissolution and 

precipitation rates. Bhuiyan et al. (2008a) used pH to calculate the crystallization induction 

time, this is because of its consistent response as an indicator and its simultaneous response 

with visual observations.   

2.1.2 Temperature  

The temperature difference between day and night, winter and summer time, or different 

latitude and longitude might affect the struvite crystallization. Such effect is summarized in 

Table 1. As can be seen, temperature affects struvite crystal growth and its structure.  As 

reported, the crystal growth rate became faster as the temperature increase (Le Corre et al., 

2009). At higher temperature, the clusters adsorbed onto the crystal surface and were more 

active in causing a higher surface-integration rate (Ariyanto et al., 2014). Liu et al. (2014d) 

documented that higher temperatures usually lead to diffusion-controlled crystal growths, 

whereas low temperatures lead to surface integration controlled growths. High temperature 

(35
◦
C) may also speed up ACP crystallization and lower the amorphous calcium phosphate 

dissolution rate (Capdevielle et al., 2014), this might reduce the struvite product purity 

(Gadekar and Pullammanappallil, 2010). Struvite was found to be more soluble at 38
0
C than 

at 25
0
C (Lew et al., 2010). A study on the anaerobic digestion system of the WWP indicated 

that as temperature increased from 0 to 20 
0
C, struvite solubility increased to its maximum. 

Iqbal et al. (2008) reported that the solubility increased as temperature up to around 60 
o
C. 

Research from Burns et al. (2001) also showed the solubility increase with an increasing 

temperature, in the range of 25 to 45
0
C. The change in struvite crystals structure with 

increasing temperature is believed to be the possible reason for solubility variation. It should 
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be noticed that temperature was often controlled in lab studies, however, it might be not 

economic viable in industrial scale. 

Temperature also affects the P removal efficiency. P removal efficiency increased from 63% 

to 78% when the reaction temperature increased from 5 to 50 
o
C (Lee et al., 2013). This is in 

agreement with findings from Forrest et al. (2008), showing that the lowest residual P 

concentration was obtained at the highest temperature (25 to 70 
o
C) in the digested effluent. 

However, Zeng et al. (2006) concluded that the influence of temperature between 5 and 50 
o
C 

on struvite is less significant, the operation temperature is thus recommended to be set 

between 15 and 35 
o
C. It is also reported that lower temperature (15 ◦C) was more beneficial 

to struvite formation (Adnan et al., 2004). Thus, further analyses are required to understand 

the current differences in the future. 
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Table 1: Influence of process variables (pH, temperature, Mg:P and mixing ) on struvite crystallization 

     

++:Significant positive effect, +: Positive effect, 0: No effect, -: Negative effect, --: Significant negative effect  

Effect On Reference Effect On Reference Effect On Reference Effect On Reference 

-- C Hao et al., 2008 -- C Capdevielle et al., 2013 - E Korchef et al., 2011 -- A Ren et al., 2015

-- A  Kozik et al., 2013 - G Babic-Ivancic et al., 2002 - A Capdevielle et al., 2013 - M Ohlinger et al., 1999

-- A Kozik et al., 2014 - G Hanhoun et al., 2011 - I Zhou et al., 2015 - A Capdevielle et al., 2013

- G Bhuiyan et al., 2007a 0 F Moussa et al., 2011 0 B Guadie et al., 2014 - M Somathilake et al., 2013

- J Le Corre et al., 2007 + F Adnan et al., 2004 + B Song et al., 2007 0 D Lee et al., 2003

- A Ye et al,m 2014 + G Bhuiyan et al., 2007 + A Korchef et al., 2011 0 B Wilsenach et al., 2007

- C Kumar et al., 2015 + F Harrison et al., 2011 + B Korchef et al., 2011 + H Cerrillo et al., 2014

+ F Le Corre et al., 2009 + I Rouff et al., 2013 + B Zhou et al., 2015 ++ A Wang et al., 2006

++ B Su et al., 2015 + F Ariyanto et al., 2014 ++ B Liu bian et al., 2013

+ G Song get al., 2015 ++ B Su et al., 2015

- E Liu et al., 2013b - A Ronteltap et al., 2010 - I Kemacheevakul et al., 2015 0 A Triger et al., 2012

+ D Kemacheevakul et akl., 2011 + G Ronteltap et al., 2007 + B Liu et al., 2014e + B Liu et al., 2013

+ B Harada et al., 2006 + F Tilley et al., 2008 + H Bi et al., 2014 + F Triger et al., 2012

+ B Liu et al., 2013b + H Liu et al., 2014a + B Xiaoning Liu,2013

++ B Dai et al., 2014

+ K Bergmans et al., 2014 + B Arakane et al., 2005 + B Ahmad et al., 2014 - D Cao et al., 2011

+ D Lew et al., 2010 ++ B Morales et al., 2013

ADE ++ B Pastro et al., 2008b - G Rahaman et al., 2006 + F Yoshino et al., 2003

-- A Matynia et al., 2013 ++ B Kim et al., 2009

++ B Ouchah et al., 2014 -- I Kim et al., 2009

Dairy 0 H Uludag-Demirer et al., 2005 + B Zeng and Li, 2006 + I Jin et al., 2009

LDFL + I Fen et al., 2011

Swine -- C Laridi et al., 2005 - L Choi and Eum, 2002 + H Kim et al., 2004 0 D Shen et al., 2016

Swine + B Perera et al., 2007 ++ B Burns et al., 2003

A: Size, B: P Removal effciency, C: Purity, D: Solid mass, E: Morphology, F: Growth rate, G: Solubility, H: N removal effciency, I:Pollutant removal, J: Zeta-potential, K: Dewaterability, L: Nitrification, M: Induction time

Mix Increase 

Other water

Water 

Source 

pH Increase Temperature Increase Mg: P Increase 

Synthitic 

Urine 

Sludge 
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2.1.3 Mg Dosage  

Struvite crystallization occurs spontaneously if Mg: N: P molar ratio was larger than 1:1:1 

(Le Corre et al., 2009). However, most waste streams are lack of Mg
2+

 , where excess Mg 

dosages are required. Most literatures reported that adding Mg
2+

 significantly affects the 

struvite crystallization, by wither competition or interaction with existing ions (Ca
2+ 

, PO4
3-

, 

Cu
2+

, Fe
2+

 etc.) in water streams. 

Magnesium competes with calcium during struvite crystallization, this promotes the 

formation of struvite rather than ACP (Davis et al., 2015), resulting in a higher product purity. 

Capdevielle et al. (2014) documented that Mg
2+

 could stabilize the ACP structure and 

prevents its mineralization into HAP. Another research stated that Mg
2+

 delays HAP 

formation when the Ca:Mg molar rate was over 5. In Iqbal‘s experiment (2008), struvite were 

covered by amorphous substance at a Ca:Mg ratio of 1:2. When the Ca:Mg molar ratio was 

1:3.6, calcium shows no effect on the struvite crystallization. Similar results were also 

reported by other researchers (Burns et al., 2003, Shimamura et al., 2003, Le Corre et al., 

2005, Acelas et al., 2015).  

Magnesium together with PO4
3-

 significantly affects the crystallization, which is shown in 

Table 1. During struvite crystallization, a Mg:P molar ratio over 1 is required (Stumpf et al., 

2008). When this ratio is higher, the struvite saturation degree increase, which help increase 

the P removal efficiency (Adnan et al., 2004, Li et al., 2012b). This is in agreement with 

findings from Tong et al. (2007) and Bi et al. (2014). The additional Magnesium 

consumption might be caused by NaOH addition (Korchef et al., 2011), which sometimes 

produce a quick elevation of solution pH, and thus sharp increase of saturations of undesired 

precipitates such as newberyite, bobierrite and brucite (Çelen et al., 2007, Hutnik et al., 

2013a). It should be noticed that at a certain Mg: P molar ratio, excessive Mg dosage did not 

significantly increase the P removal efficiency (Desmidt et al., 2013). Zeng et al. (2007)(Lee 

et al., 2013)  also reported that the required Mg:P molar ratio was more than five times higher 

than the stoichiometric values in the anaerobically digested and centrifuged manure effluents 

for struvite crystallization. Therefore, Mg dosage control should be considered to reduce the 

process cost. 

During struvite crystallization, 75% of the operational cost is from magnesium dosage (Liu et 

al., 2014a).Therefore, different magnesium sources were tested (Lee et al., 2013, Tarragó et 

al.). Most commonly used Mg sources are commercial chemicals (e.g. MgCl2 and Mg(OH)2, 
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etc.). They have high magnesium content and high purity that could help avoided the 

influence of undesired ions (e.g. Ca
2+

). Summary of these chemicals were shown in Table 2.  

Table 2: Commercial chemicals as Mg source for struvite crystallization 

Mg Source  Remarks Water Source  Reference  

MgCl2 

NH4
+
 removal efficiency was 95% ADE Celen, 2001 

Speed up precipitation, more effective than 

Mg(OH)2 
ADS Wu, 20004 

Higher NH4
+
 removal rate, less Mg

2+
 used than 

Mg(OH)2 
Dairy Demirer, 2005 

Highest P removal efficiency due to its high 

solubility  
Dairy Zeng, 2006 

Ideal magnesium additive for recovering P from 

treated urine 
Urine  Wilsenach, 2007 

Promote homogenous systems, good for crystal 

growth 
ADE Carballa, 2008 

More effective than MgO  Semiconductor  
Warmadewanthi, 

2009 

Significant reduce methane yield  Swine  Güiza, 2015 

MgO 

NH4
+
 removal efficiency was 60 -70% ADE Celen, 2001 

Low solubility, but better than Mg(OH)2 and 

MgCO3 
Dairy Zeng, 2006 

Results in heterogeneous systems, bad for crystals 

formation 
ADE Carballa, 2008 

Mg(OH)2 
Speed up the precipitation ADS Wu, 20004 

Complete breakdown anaerobic digestion process ADE Güiza, 2015 

MgCO3 Lease effective for precipitation  Dairy Zeng, 2006 

 

As can be seen, MgCl2 has been widely used as a magnesium source. It has a high solubility 

and short reaction time. MgCl2 is non-toxic and non-corrosive, thus no special anti-corrosion 

equipment is required, this help reduce the capital cost. However, MgCl2 is expensive. Its 

dosage also reduces the solution pH, where excess alkali addition is required.  MgO and 

Mg(OH)2 can not only provide the magnesium source, but also help increase the solution pH, 

while they are also less expensive. Munch and Barr (2001) added 60% Mg(OH)2 slurry to 

obtain the desired alkaline pH value. The P removal efficiency could reach 94 %. Wu and 

Bishop (2004) documented that Mg(OH)2 could speed up the crystallization process. 

However, these two chemicals have a low solubility, where a larger dosage amount is always 

required. What is more, Mg(OH)2 breakdown the anaerobic digestion process (Uludag-

Demirer, 2008, Schuiling and Andrade, 1999), making it not practical when struvite 

crystallization is used as a pre-treatment technique for the anaerobic digestion process. To 
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compare the effectiveness of different Mg sources, Zeng et al. (2007) kept the digested 

manure effluent at 20
o
C with pH at 9. In terms of the P removal efficiency, the effectiveness 

of different chemicals are: MgCl2> MgSO4> MgO> Mg(OH)2> MgCO3. MgCO3 was the 

least effective one due to its insolubility, where additional hydrochloric acid was used to 

obtain soluble the magnesium (Gunay et al., 2008a).  

Different raw materials and indusial by-product have also been tested as alternative 

magnesium sources (Table 3). Among them,  seawater is an infinite alternative source with 

high magnesium content (Huang et al., 2015a). It is thus a widely available and low-cost 

choice for sustainable struvite crystallization in coastal areas. As reported by Rubio-Rincón 

(Rubio-Rincón et al., 2014), up to 99% P removal was achieved when the seawater-to-urine 

ratios below 3.3. This is in agreement with finding from Dai‘s experiment (2014), where 98% 

of the total P can be precipitated within ten minutes. It is documented that Na
+
 and Cl

-
 in 

seawater increase the effluents‘ salinity, making the obtained struvite less homogeneous thus 

less valuable (Lahav et al., 2013). Liu et al. (2014b) also stated that co-precipitates magesium 

calcite and calcite were observed when seawater is used as a magnesium source. This is 

challenged by Kumashiro et al. (2001), stated that sea water shares advantageous from the 

point of facilities and operation, as well as a little impact on WWTP mainstream operation. A 

similar conclusion was drawn by Gunay et al. (2008)(Gunay et al., 2008), indicating that high 

salt concentration did not inhibit the anaerobic reactor performance. At the same time, Mg: 

Ca ratio in seawater (around 5) tends to stop the crystallization of ACP to HAP completely. 

These differences make it difficult to evaluate the influence of seawater on struvite product 

quality. Therefore, further investigation is recommended in the future.  
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Table 3: Summary of Mg sources for struvite recovery 

Mg Source  Reference  Remarks  Water Source  

Sea water 

 

 

 

Bittern 

(Maaß et al., 2014)  Simplify facilities and operation, reduce cost  WWTP 

(Lahav et al., 2013) Increase salinity, reduce purity Sludge  

(Le Corre et al., 2007a) Magnesium calcite and calcite were observed                                                            Urine  

(Yu et al., 2013b) Effective  for urine P precipitation Urine  

(Fattah et al., 2012) No significant difference with other Mg source Urine  

(Rubio-Rincón et al., 2014) Seawater-to-urine ratio lower than 3.3:1.0  is better  Urine  

(Lee et al., 2003) Nitrogen removal efficiency  lower than  MgCl2  Synthetic  

(El Diwani et al., 2007) E effective on struvite precipitation Synthetic  

(Ye et al., 2011) Inhibit ACP precipitation and produce highly pure struvite  Swine  

(Fattah et al., 2012) Comparable to that of magnesium chloride Urine  

Magnesite 

(Gunay et al., 2008)  High salt concentration has no inhibitory effect on anaerobic LDFL 

(Romero-Güiza et al., 2015) Lower NH3-N removal efficiency than MgCl2                 Coking 

(Kumar and Pal, 2015) Effective and less cost than using pure chemicals Swine  

Brucite 
(Jeanmaire and Evans, 2001) Struvite forms on the surface brucite, rather than in the solution,                 Rare-earth 

(Huang et al., 2012) Significantly minimize treated wastewater salinity and decrease cost ADE 

MgO 

(Ye et al., 2014) Cheap. increase the pH thus require smaller amount of NaOH Sludge  

(Schuiling and Andrade, 1999) Higher dose complete breakdown of the AD  ADE 

(Forrest et al., 2008) Poor solubility  Swine  

Wood ash (Sakthivel et al., 2012) Low P content, not suitable for struvite production Urine  

Bone meal (Siciliano and Rosa, 2014) 90% NH3-N removal, efficient Mg and P recovery  Dairy 

Stabilizing agent (Schuiling and Andrade, 1999) Did not inhibit the AD ADE 
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Bittern is the waste brine remains after salt extraction from seawater. Magnesium 

concentration in bittern ranged from 31 to 64 g/L (Münch and Barr, 2001). This makes it an 

ideal candidate for struvite crystallization. As known, bittern addition help produce struvite in 

a pH range between 9 and 10 (El Diwani et al., 2007). This was also tested by Lee et al. 

(2003), reported that MgCl2 and seawater achieved a similar P removal efficiency. pH was 

found to be a key parameter in this process. When the pH was over 9.5, both ACP and 

struvite was observed. Therefore, a pH (below 9.5) and bittern dosage (over 1% w/w) control 

could help produce high purity struvite (Ye et al., 2011). 

Gunay et al. (2008) dissolved 1M magnesit with 2M HCl and found magnesit was effective 

for ammonium, suspended solid and P removal. Huang et al. (2014) used the pyrolyzated 

magnesite in his experiment, this saved 34% of the operation costs when compared with 

commercial chemicals. Another economic analysis indicated that 18% of the operation cost 

can be reduced by using MgCO3 instead of MgCl2 (Romero-Güiza et al., 2015). Wood ash 

was also tested as a potential magnesium source. However, because of the high heavy metal 

content, the precipitate is more like a soil conditioner rather than an effective P fertilizer 

(Sakthivel et al., 2012).  

From the above discussion, it is concluded that commercial chemicals are effective 

magnesium sources for struvite crystallization. However, their high costs reduce the process 

feasibility. Although seawater is cheap, its influence on produce quality is still unclear. 

Bittern and magnesit are difficult to access when a large amount is required. Therefore, a 

combination of different Mg source, where both process cost and product quality favoured 

should be considered in the future. One example is the work from Warmadewanthi et al. 

(2009), where both MgCl2 and MgO were considered for simultaneous magnesium dosage 

and pH improvement.  

2.1.4 Seeding  

During crystallization, seeding materials act as centers of secondary nucleation and 

subsequent crystallization (Wu and Bishop, 2004). They help overcome the initial energy 

barrier associated with particle nucleation, and help optimize the struvite crystallization.  
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Table 4: Different seed materials and their influence on struvite 

crystallization 
Seeding 

material 
Reactor  Effect On  Sources  Reference  

Lake sediment Other  - - Food waste (Shu et al., 2006) 

Borosilicate 

glass  
Beaker  0  Growth Synthetic (Ali and Schneider, 2005) 

Granite chip - + P removal Synthetic (Jaffer et al., 2002) 

Periclase (MgO) FBR +  CaCO3 Dairy manure (Fattah et al., 2008b) 

Pumice stone Other  + P Removal Synthetic (Çelen, 2009) 

Egg shell powder Beaker  + N Removal LDFL (Desmidt et al., 2012) 

Lignite Beaker  + Porous LDFL (Desmidt et al., 2012) 

Zeolite Other  + Size Urine  (Liu et al., 2014b) 

Molecular sieve Other  + Size Urine  (Liu et al., 2014b) 

Monocalcium 

phosphate 
FBR + P Removal Synthetic (Di Iaconi et al., 2010) 

Magnesium 

phosphate 
FBR + P Removal Synthetic (Di Iaconi et al., 2010) 

Stainless steel 
Other  + P removal Synthetic (Ryu and Lee, 2010) 

CSTR + P removal ADE (Gunay et al., 2008) 

Sand 

FBR + Size ADS (Battistoni et al., 2002) 

Beaker  0 P removal Swine  Burns, 2003 

Beaker  + Growth ADS (Wu and Bishop, 2004) 

FBR + P removal Synthetic  (Jordaan et al., 2013) 

Quartz  

FBR - Sedimentation  ADS (Ryu and Lee, 2010) 

Beaker  0 Growth Synthetic (Ali and Schneider, 2005) 

Beaker  + Size Synthetic (Ali and Schneider, 2006) 

- + P removal Synthetic (Jaffer et al., 2002) 

FBR +  Nucleation Dairy manure (Fattah et al., 2008b) 

Beaker  + Clusters formation  Urine  (Liu et al., 2013b) 

Struvite  

Beaker  + Size Swine Burns, 2003 

FBR 0 Crystal growth Synthetic (Adnan et al., 2004) 

Beaker  + Reaction rate ADE (Wu and Bishop, 2004) 

Beaker  + Reaction rate Synthetic (Ali and Schneider, 2005) 

- ++ P Removal Synthetic (Jaffer et al., 2002) 

Beaker  + Growth LDFL (Kim et al., 2007) 

FBR - Induction time ADS (Carballa et al., 2009) 

FBR + 
Secondary 

nucleation 
Synthetic (Bhuiyan et al., 2008) 

Other  + P Removal Synthetic (Liu et al., 2008) 

Beaker  0 P Removal ADS (Rahaman et al., 2008) 

Beaker  - Induction time Synthetic (Liu et al., 2011c) 

Beaker  + Initial nucleation Synthetic (Ma and Rouff, 2012) 

Beaker  + Size Fertilizer water (Yu et al., 2012) 

Beaker  0 P removal Urine  (Liu et al., 2013b) 
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Beaker  + Crystallization rate Synthetic (Yu et al., 2013a) 

Crystalizer + Surface area Synthetic (Ariyanto et al., 2014) 

Other  -  Sludge volume ADS (Ryu et al., 2014) 

+: Promote the precipitation, -: Inhibit the precipitation, 0: No noticeable effect 

Within the last two decades, various seeding materials (stainless style mesh system 

(Ryu and Lee, 2010), pumice stone (Çelen, 2009) and struvite crystals (Yu et al., 

2013a)) have been tested for struvite crystallization (Table 4). Lignite and egg shell 

powder were also used due to their abundant source and low cost, while the 

porousness of mineral material may be helpful on the absorption of ammonium and 

other organic compounds (Desmidt et al., 2012). Sand was also used to speed up the 

struvite crystallization (Wu and Bishop, 2004), showing that the more surface area 

provided by the seeding material, the faster the crystallization is.  Le Corre et al. 

(2010) demonstrated that metallic surface has stronger adhesion forces than other 

seeding materials (e.g. sand and struvite). Thus, a metallic support to recover struvite 

might be useful (Suzuki et al., 2005). A simple and robust metallic mesh system was 

thus constructed (Ryu and Lee, 2010). It was documented that these meshes were 

capable of accumulating struvite at a rate of 7.6gm
-2

 h
-1

, hence reducing significantly 

fine particles remaining in solution from 302.2 to 12mgL
-1

.  

Pre-generated struvite is a good seeding material. Not only because of the small 

dosage amount requirement (once reaction start, it eventually becomes self-seeding 

(Adnan et al., 2004)), but also the similar crystal structure (Ali and Schneider, 2005). 

At the same time, pre-generated struvite could provide more surface area for 

crystallization (Wu and Bishop, 2004) and also reduce the settled sludge volume by 

less than half of its original volume when add at 5g/L as a seeding materials (Ryu et 

al., 2014). Publications using pre-generated struvite crystal as a seed material are 

summarized in Table 4. Ali (Ali and Schneider, 2005) compared the usefulness of 

quartz sand and struvite as seed material. As a result, both seed promote the crystal 

growth. However, struvite resulted to a larger crystal size, which is believed to be 

caused by the similar crystal structure appearance with its mother solution.   

As can be seen in Table 4, seed addition affects the P removal efficiency. Ohlinger et 

al. (2000) mentioned that the seed surface area might influence P removal efficiency.  

Su et al. (2014) compared the P removal efficiency by using different seed materials, 

where the highest P removal efficiency was achieved by magnesium phosphate (93%), 
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followed by calcium phosphate (88%), and then the no-seed condition (86%). 

However, the comparison between different seeding techniques shows no significant 

difference in Adnan‘s experiment (2004). This is supported by Liu et al. (2014b), 

stating that no significant change was observed after adding seed materials. Other 

researchers also documented that seed materials did not significantly enhance the P 

removal efficiency (Rahaman et al., 2008). A possible explanation is that large 

amount of nuclei formed very quickly and rapidly attained the equilibrium, before 

growth could occur on seed materials surface (Liu et al., 2014b). Seed concentration 

might also influence the struvite crystallization. Kim et al. (2007) reported that when 

the seed concentration is low, struvite precipitation proceeds by two mechanisms, 

namely the nucleation and the crystal growth. When the seed concentration is high, 

crystal growth is preferred.  

Seeding material also help increase the product particle size (Liu et al., 2014b). The 

comparison between egg shell powder and seed free experiment showed that the 

reaction was faster and the particle size was larger when seeding material was used 

(Desmidt et al., 2012). Shimamura et al. (2003) used pre generated struvite as a seed, 

the observed particles growed from 0.79 to 1.18mm in 12 days. In Liu‘s experiment 

(2014b), average crystal size increased from 33.7 to 57.0 μm. It was found that multi-

stage zeolite addition showed the largest effect on the particle size. When struvite is 

used as a seeding material, multi-stage addition might not be required because once 

reaction start, it eventually becomes self-seeding (Adnan et al., 2004). Le Corre et al. 

(2007) illustrated that seed materials could effectively improve growth by enabling 

the agglomeration of fine struvite particles on itself. This is because that seeds act as a 

diffusive medium that enhances crystal growth by allowing layering of newly formed 

crystallites onto its surface (Ali and Schneider, 2006). When selecting a suitable seed 

material, it should be kept in mind that non-isomorphous seeds acted as a diffusive 

body but did not take part in the integration step. Therefore, isomorphous seed 

materials intensify crystallization should be considered (Ali and Schneider, 2005). At 

the same time, the extra pumping and air mixing energy should be considered when 

comparing a non-seeded crystallization reactor (Battistoni et al., 2005). 

2.1.5 Mixing   

Mixing help enhance the mass transfer of solute to the crystals in the process, and thus 

promoting struvite crystallization and crystal growth (Kim et al., 2009). Adequate 
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mixing enhances the P removal efficiency and increase the struvite crystal size. As 

reported, P removal efficiency increased from 93.6 to 96.7% when the mixing speed 

increased from 80 to 160 r / min. When compared to that without mixing, P removal 

efficiency increased from 72.7 to 97.3% (Liu et al., 2013b). However, a further 

increase in mixing speed (160 to 240 r/min) has little impact. This is in agreement 

with finds from Wilsenach (Wilsenach et al., 2007). Such phenomena are probably 

because high mixing speed accelerated the nucleation rate and limited crystal growth, 

and thus reduce the crystallization (Chong and Thai, 2015). Mixing strength could 

also affect the product particle size (Uysal and Kuru, 2013a). This is because low 

turbulences lead to locally higher supersaturation, preferring nucleation over crystal 

growth. This was proven by Wang et al. (2006) and Ronteltap et al. (2010). Thus, the 

crystal growth could be optimized by controlling mixing conditions (Karabegovic et 

al., 2013).  

2.2 Independent Factors 

2.2.1 Foreign Ions 

Wastewater composition varies significantly with time and region, which will affect 

the struvite crystallization. This paper defines ion species other than Mg
2+

, PO4
3-

 and 

NH4
+
 as foreign ions (Ca

2+
, Cu

2+
, Zn

2+
, Al

3+
, CO3

2-
 and SO4

2-
 etc.). It is important to 

understand the roles of these ions, since they affect the reaction speed and crystal 

structure, as well as the product size and purity.   

Calcium is the most common foreign ions during struvite crystallization. As can be 

seen in Table 5, calcium lengthen the induction time (Münch and Barr, 2001), affect 

the growth rate and change the overall P removal efficiency (Huang et al., 2011a). 

Pastor et al. (2008) reported that calcium concentration increase help improve P 

removal efficiency from 58 to 92%. A similar trend was reported by Lee et al. (2013) 

and Huang and Liu (2014). It was documented that such improvement was not totally 

from the struvite formation, while other reactions between P and Ca also take place 

(Call and Logan, 2008). This assumption is tested by Guadie et al. (2008), found that 

less reaction between N and P at higher Ca:Mg ratios.  

Calcium also affects struvite morphology, particle size and purity (Iqbal et al., 2008). 

Song et al. (2014) found that irregular crystals other than struvite was produced when 

the Ca:Mg ratio is over 0.5. A decrease in mean crystal particle size (from 34.2 to 
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18.4 μm) as increase calcium concentration was reported by Hutnik et al. 2011. What 

is more, higher calcium concentrations promote the formation of calcium solid 

compounds rather than struvite in the precipitations (Hao et al., 2009). This reduces 

the product purity, and thus the product price when struvite was sold as fertilizer. 

Similar findings were reported by Pastor et al. (2010) and Desmidt et al. (2013), 

documented that calcium reduce the percentage of P in the precipitates as struvite and 

gave rise to ACP formation.  

 

Table 5: Influence of calcium on struvite crystallization 

Reference  Source  Concentration (ppm) pH Range  Effect  On 

(Mitani et al., 

2003) 
Sludge - 8.8 - Purity  

(Le Corre et al., 

2005) 
Synthetic 3.28 to 13.12 9 - Size and Purity  

(Call and Logan, 

2008) 
Synthetic 40 to 160 7.8 to 10.5 - Purity 

(Yi et al., 2005) Greenhouse 304 to 480  7.6 to 9 - P Removal 

Kabdaszli,2006 Synthetic 10 to 20 8.5 to 9 0 Induction time 

Massey, 2007 Dairy / / - Purity 

(Song et al., 

2007) 
Synthetic 72.2 to 288.8 9.5 - Purity 

(Hao et al., 

2009) 
Synthetic 86.8 6.5 to 11.5 - Purity 

(Iqbal, 2008) ADE / . 0 Quality  

Moerman, 2009 Dairy  / 6.9 to 8 - Purity 

Pastor, 2009 ADS 35 to 160 / - Purity 

Huang, 2011 Synthetic - 9 - P Removal  

Hutnik, 2011 Synthetic 100 to 2000 10.0 to 11.0 - 
Size and 

Morphology   

Yilmazel, 2011 Swine  19 to 128 8.1 - Purity 

Huchzermeier, 

2012 
Dairy 230 9.0 to 11.0 - Purity 

(González-

Ponce et al., 

2009) 

Synthetic / / - Purity 

(Lee, 2013) Synthetic 0 to 200 / + P Removal  

(Huang and Liu, 

2014) 
Swine  0 to 1200 / - N Removal 

Zhu, 2014 Synthetic / 7.5 to 9.5 - Purity 

Acelas, 2015 Synthetic 0 to 54 / - Purity  

+: Promote the precipitation, -: Inhibit the precipitation, 0: No noticeable effect 

 

 



  

153 

 

There is currently little research on reducing the influence of Ca during struvite 

crystallization. As documented, chelating agents could prevent Ca3(PO4)2 

precipitation, leaving more P being available for struvite precipitation (Sabbag et al., 

2015). EDTA was found to be an effective one. When pH is in between 8.0 and 10.0, 

Ca
2+

 is expected to be chelated before Mg
2+

 (Sabbag et al., 2015). An alternative 

possible approach is the precipitation of brushite as a first step, decreasing the calcium 

concentration, so that the following struvite formation could achieve higher purity 

(Muster et al., 2013). However, the feasibility of these processes should be examined 

carefully in pilot plants before its industrial application.  

 

Species  Source  
Concentration 

(ppm) 
pH  Effect  On Reference  

Al
3+

 

Synthetic - - - Purity  Kofina, 2005 

Landfill - 8.0 to 9.0 - N Removal Huang, 2014 

Synthetic 0 to 54 - -- Crystallization Acelas, 2015 

As
3+

, 

As
5+

 
Synthetic - 8.0 to 11.0 + P distortion Ma, 2012 

As
3+

 Synthetic - - + Absorption Lin, 2013 

Cl
-
 Synthetic - - + Induction time  Ariyanto, 2014 

CO3
2-

 

Synthetic 96 to 240 8.5 to 9.0 0 Quality  Kabdaszli,2006 

Synthetic 75 to 300 9.5 - P Removal  Song, 2007 

ADE - - 0 Quality  Iqbal, 2008 

Cr
2+

 
Synthetic 22 to 3030  7.8 -- Morphology Rouff,2012 

Synthetic 0 to 51 - - Crystallization Rouff,b,,2012 

Cr (VI) Synthetic - - 0 Quality  Rouff, 2013 

Cs Synthetic - - - Purity  Wagh, 2015 

Cu
2+

 
Synthetic 0.2 to 0.5  - + Size Hutnik, b, 2013 

Synthetic 1 to 5 - - Rate Muryanto, 2014 

F
-
 

Industrial  600 - - N Removal Ryu,2008 

Industrial  172 9.0 + Absorption Kim, 2009 

K
+
 

Synthetic - 9.0 - N Removal Huang, 2011 

Swine  0 to 1170  - - N Removal Huang, b, 2014 

Na
+
 

Synthetic - 8.5 to 9.0 + Induction time  Kabdaszli,2006 

Swine  0 to 460 - - N Removal Huang, b, 2014 

NO3
-
 Synthetic - - + Crystallization Hutnik, 2013 

SO4
2-

 

Synthetic - 8.5 to 9.0 + Induction time  Kabdaszli,2006 

Synthetic - - + Induction time  
Piotrowski, 

2012 
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Table 6: Influence of Foreighn ion on struvite 
+: Promote the precipitation, -: Inhibit the precipitation, 0: No noticeable effect 

Other than calcium, influence of other foreign ions, Al
3+

 (Huang et al., 2014d, Acelas 

et al., 2015), As
3+

 (Ma and Rouff, 2012, Lin et al., 2013), Cl
-
 (Ariyanto et al., 2014), 

CO3
2-

 (Kabdaszli et al., 2006), Cr
2+

 (Rouff, 2012, Rouff and Ma, 2013), Cu
2+

 

(Muryanto and Bayuseno, 2014, Hutnik et al., 2013b), K
+ 

(Huang et al., 2011a, Huang 

et al., 2014a), Na
+ 

(Huang et al., 2014b), Zn
2+

 (Muryanto and Bayuseno, 2014) and 

SO4
2-

 (Kabdaszli et al., 2006, Piotrowski et al., 2012) were summarized in Table 6. As 

can be seen, most of these ions affect the induction time and the P removal efficiency. 

The existence of Al
3+

 even at a low concentration significantly inhibits the process 

(Acelas et al., 2015), while CO3
2-

 show no noticeable effect (Kabdaszli et al., 2006, 

Iqbal et al., 2008). It should be noticed that most of these researches were conducted 

in synthetic solutions in the lab scale, where struvite crystallization in real 

wastewaters did not document similar effect. Therefore, the influence of these ions 

should be further tested. 

2.2.2 Organic Matters 

Organic matters (e.g. humic acid, acetic acid and oxalate etc.) in most wastewater 

streams (e.g. livestock wastewater, anaerobic supernatant and urine) are always high, 

their influence on struvite crystallization thus cannot be ignored. For example, the 

COD content is usually high in swine wastewater. Itric acid and fumaric acid are 

generally added for improving feed utilization and reducing the diarrhea rate in pig 

farms (Song et al., 2014), which inevitably enter into the swine wastewater.  

During the wastewater treatment, organic matters can be transformed into different 

short chain organic acid (Zhang et al., 2012). Since Humic substances are a major 

fraction of organic matters in P rich wastewater (Foletto et al., 2013b), it's effect on 

struvite crystallization has been investigated by Zhou et al. (2015). The morphology 

analysis proved the struvite crystal transformation from prismatic to pyramid in 

presence of humic substances. The increase of Mg: P could reduce such effect (Zhou 

et al., 2015). Four other commercial scale inhibitors (Ciba‘s Alcyl A64, Nalco‘s L-

Zn
2+

 Synthetic 1 to 5 - - Rate Muryanto, 2014 

TSS 

Sludge - - - Crystallization Mitani,2003 

Swine  - - + 
Initial 

Crystallization 
Dhakal, 2008 

Dairy  - - - Crystallization Shen, 2011 
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9401,Stockhausen‘s Polystabil KWS and Lignotech‘s Kelig 4000) and three chelating 

agents (nitrilotriacetic acid - NTA, acetyl acetone - acic and 

ethylenediaminetetraacetic acid -EDTA) were also tested (Doyle and Parsons, 2002).  

Stockhausen polystabilis and EDTA was found to significant prevented the struvite 

crystallization. They can thus be used to inhibit struvite formation if it is undesired in 

the WWTP.  

EDTA can reduce struvite and carbonate apatite formation in urine (Prywer and 

Olszynski, 2013). Micro-organic pollutants in urine (pharmaceuticals and hormones) 

can disrupt hormonal and feminize the male fish even at concentrations 

(Kemacheevakul et al., 2012). Therefore, 10 commonly seen pharmaceuticals and one 

hormone in urine were tested. The results showed that only tetracycline, erythromycin, 

and norfloxacin remained in struvite, with only tetracycline in a high amount  

Table 7: Influence of organic matters on struvite crystalizaiton 

Reference  Species  Concentration Effect  On Source  

Song, 2014 Acetic acid 0 to10mM - Morphology Synthetic 

Doyle,2003 

Acetyl acetone 

(ACAC) 
0 to 8mM 0 Quality  

WWTP 

Iqbal, 2008 Acetate  1 to 1000 ppm 0 Quality  ADE 

Ronteltap, 2007 Carbamazepine 26.0 ppm 0 Quality  Urine 

Doyle,2003 Ciba‘s Alcyl A64 0 to 30 ppm 0 Quality  WWTP 

Udert, 2003 Citrate 2.6 mM - Precipitation Urine 

Kofina,2007 Citrate 
10 to 40 μM + 

 Induction 

time Synthetic 

Song, 2014 Citric acid 0 to10 mM - Morphology Synthetic 

Ronteltap, 2007 Diclofenac 22.03 pm 0 Quality  Urine 

Doyle,2003 EDTA 0 to 8mM - Morphology WWTP 

Prywer, 2013 EDTA 0 to10 mM - Size  Synthetic 

Sabbag, 2015 EDTA 1.0 to 3.0 ppm - Precipitation ADS 

Zhou, 2015 Humic substances 0 to 40 ppm - Morphology Synthetic 

Ronteltap, 2007 Hormones - 0 Quality  Urine 

Ronteltap, 2007 Ibuprofen 15.4 ppm 0 Quality  Urine 

Doyle,2003 

Lignotech‘s Kelig 

4000 
0 to 30 ppm 0 Mass 

WWTP 

Doyle,2003 Nalco‘s L-9401 0 to 30 ppm 0 Quality  WWTP 

Doyle,2003 

Nitrilotriacetic acid 

(NTA) 
0 to 8 mM - Mass 

WWTP 

Sabbag, 2015 

Nitrilotriacetic acid 

(NTA) 
1.0 to 3.0 ppm - Mass 

ADS 

Capdevielle, 

2015 Organic Matter 
- + Size  

Swine  
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Liu, 2013 

Organic 

Compounds 
- 0 Quality  

Swine 

Udert, 2003 Oxalate 0.23 mM - Rate Urine 

Ronteltap, 2007 Propranolol 8.0 ppm 0 Quality  Urine 

Kofina,2007 Phosphocitrate 
4 to 40 μM  + 

Induction 

time Synthetic 

Song, 2014 Succinic acid 0 to10 mM - Morphology Synthetic 

Kabakci, 2007 Tetracycline - + Absorption  Synthetic 

Kemacheevakul, 

2012 Tetracycline 
- - Absorption  

Urine 

Prywer, 2015 Trisodium citrate 
2 to 60 mM + 

Induction 

time Synthetic 

+: Promote the precipitation, -: Inhibit the precipitation, 0: No noticeable effect 

(Kemacheevakul et al., 2012). Methods to minimize the tetracycline are not 

documented in this research, which should be investigated in the future. Capdevielle 

et al. (2015) reported that organic matters reduced the struvite reaction rate but 

increase the product particle size. This is in agreement with Liu et al. (2012), 

indicated that the organic matter removal during struvite precipitation attributed to the 

co-precipitation of struvite. It is documented that the presence of citrate and 

phosphocitrate inhibited struvite precipitation up to 75–80%, where the decrease in 

initial struvite precipitation and increase in induction times were observed (Kofina et 

al., 2007). Simultaneous organic matters removal was observed during struvite 

precipitation (Qureshi et al., 2008, Foletto et al., 2013b), while the decrease of organic 

matter contents promoted struvite formation (Kim et al., 2014). At the same time, 

organic matters in waste streams might absorb onto produced struvite crystals and 

have an adverse effect on human health and environment (Liu et al., 2011b). Although 

there is currently no micropollutants contents requirement available in fertilizers, the 

introduction of the potential hazardous substance (Organic matters) into the 

environment should be avoided (Maurer et al., 2006). 

3.0 Struvite crystallization: Model Development 

The wastewater composition is always complex and site specific. This makes it 

difficult to predict the conditions under which the struvite precipitation is likely to 

occur. A suitable model could not only help understand the reaction mechanism for 

process scale up, but also help determine the appropriate base and magisterium 

required for the process optimization and struvite quality control. Models in current 

literature describing the struvite crystallization can be classified based on the reaction 

mechanisms: 
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i) Thermodynamic model: the calculation is based on chemical reactions. 

Struvite precipitation is simulated based on the supersaturating ratio of 

different solid species (e.g. struvite, Newberyite and Monenite etc.) in the 

solution.  

ii) Kinetic model: An explanation of the kinetic behaviour of ion or solid 

species during the struvite formation. The model was normally build based 

on the ionic concentrations change overtime. It can be used to illustration 

the influence of foreign on struvite crystallization, or to describe the 

competitions between different ions.  

At the same time, these models could also be classified based on the methodologies 

being used during the model development:  

i) Black box model, or the empirical model, is based on experiment results. 

The reaction mechanism is  not clear in these models and the relationship 

between the process factors and response (i.e. phosphorus removal 

efficiency and struvite purity etc.) can be expressed by some mathematics 

functions (e.g. polynomial equations) 

ii) Grey box model, the relationship between the process factors and the 

model response are restrained (i.e. chemical reactions, nucleation or 

particle size changing). Experiments are always used to estimate the model 

parameters (i.e. reaction rate constants, equilibrium constants etc.).  

3.1 Thermodynamic Model VS Kinetic Model 

A thermodynamic model is always used to describe the struvite solution chemistry 

and related chemical reactions during the crystal formation. A struvite thermodynamic 

model at least requires the incorporation of concentrations of ionic species such as 

NH4
+
, PO4

3-
,Mg

2+
 and solid species MgNH4PO4 (Gadekar and Pullammanappallil, 

2010). However, a large number of other ionic species (e.g. HPO4
2-

, H2PO4
-
, MgOH

+
, 

MgPO4-, Na
+
, and Ca

2+
 etc.), dissolved species (e.g. NH3, H3PO4, HCl and MgHPO4 

(dissolved) etc.), as well as solid species (Table 8) could also be involved. The 

complex of the model depends on the number of soluble ad solid species considered. 

Loewenthal et al. (1994) developed a thermodynamic model to predict the struvite 

precipitation potential in a synthetic solution.  Struvite was considered as the only 

solid specie. Other ionic and dissolved species being considered were: NH4
+
, PO4

3-
, 

HPO4
2-

, H2PO4
-
, and Mg

2+
. In addition, H2CO3, CH3COO

-
. CH3COOH, CO3

2- 
and 
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HCO
3-

 were also considered. The model from Ohlinger et al. (1998) had a similar 

structure, however, MgH2PO4
+
 and MgPO4

-
 were additonally included as they had 

been proved to exert a significant influence on equilibrium conditions. Similar 

thermodynamic models were also used by Harada et al. (2006) and Gadekar and 

Pullammanappallil (2010) to predict the struvite crystallization and the process 

performance (e.g. P removal efficiency) in the literature.  

The kinetics of struvite precipitation process must first be quantified to formulate any 

process model (Galbraith et al. 2014). Kinetic models can not only predict the time-

dependent data, but also the final equilibrium state when multiple precipitates 

compete for the same ion species. Kinetic models were often built based on the 

concentration decay or concentration related desuperasaturation (Ali and Schneider, 

2008). A first order kinetic model for struvite crystallization was documented by 

Nelson (Nelson et al., 2003), based on the phosphorus concentration change. Similar 

models were also constructed by Quintana (Quintana et al., 2005) and Van Rensburg 

(Van Rensburg et al., 2003), using Mg
2+

, NH4
+
 or PO4

3-
 concentration change as 

references. Yoshino et al. (2003) used the struvite product rated to model the process 

kinetics. A three phase (gas, liquid and solid) kinetic model was developed to predict 

struvite crystallization in anaerobic digester effluents (Musvoto et al., 2000), where 

the CO2 stripping by aeration was used to increase the pH.  A similar model was used 

to model the pH increase in Forrest;s work (Forrest et al., 2007).  Another three-phase 

physical and chemical model (Van Rensburg et al., 2003) was proved to produce an 

accurate time-dependent precipitation data for multiple minerals competing for the 

same species. Ali (Ali and Schneider, 2008) developed a crystal growth kinetics 

model, relating to the growth of mean crystal size as a function of thermodynamic 

related solution supersaturation. The model predictions matched well with the 

experimental results within 10% deviation limits.  

Table 8: Possible Precipitates used for struvite modelling in literature 

Name  Formula  1 2 3 4 5 6 7 

Struvite  MgNH4PO4·6H2O √ √ √ √ √ √ √ 

Newberyite MgHPO4.3H20  √ × × × × √ √ 

Bobierrite  Mg3(PO4)2.8H2O × × √ × × √ √ 

Trimagnesium Phosphate Mg3(PO4)2.22H2O × × × × × √ √ 

Hydroxyapatite Ca5(PO4)3(OH) × √ × × × × × 

Whitlockite Ca3(PO4)2 × √ × √ × × × 

Oactacalcium Phosphate  Ca8(HPO4)2(PO4)5.5H2O × √ × × × × × 

Monenite  CaHPO4 √ × × √ √ × × 
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Brushite  CaHPO4.2H2O √ × × × × × × 

Brucite  Mg(OH)2 √ × × √ √ √ × 

Calcium Carbonate CaCO3 × × × √ × × × 

Brucite  MgCO3 × × × √ × × √ 

Calcium Hydroxide Ca(OH)2 × × × √ × × × 

√: Allow to precipitate  ×: Prohibit to precipitate 

  Reference: 1: (Çelen et al., 2007), 2:(Lee et al., 2013), 3:(Crutchik et al., 2013), 4:(Harada et al., 2006),     

 5:(Liu et al., 2013a), 6:(Gadekar and Pullammanappallil, 2010), 7: (TÜRker and Erdem, 2011) 

 

Most current kinetic studies were limited to crystal growth and ignored the particle 

formation. Population balance equations (PBE) have thus been introduced to solve 

this problem. Trigger et al. (2012) and Hanhoun et al. (2013) incorporated the 

nucleation and crystal growth with the PBEs to predict and controlling struvite 

crystallization performance. These models were improved by including the nuclei 

aggregation in Galbraith‗s model (Galbraith et al. 2014), since aggregated struvite 

was more desirable for the fertilizer market.  Mbamba (Mbamba et al., 2015) 

proposed a parallel precipitation kinetic model where precipitates are assumed to form 

simultaneously and independently, which are different from the traditional 

precipitation modelling approach. This approach could also be used to quantify the 

influence of precipitation rate kinetics on final product purity. It is noticed that most 

of the current kinetic models do not consider the struvite dissolution. This should be 

kept in mind when different reaction conditions are considered. 

3.2 Black Box Model VS Grey Box Model 

Black box models are usually based on mathematical algorithms. It defined the 

system explicitly and is usually easy to predict struvite crystallization performance 

under various process conditions. At the same time, the loosely organized data 

structure allows the model to be faulting tolerant (Forrest et al., 2007). Up to date, 

different experiment design techniques, such as central composite design (Kumar and 

Pal, 2013, Chen et al., 2013),   artificial neural networks (Forrest et al., 2007, 

Piotrowski et al., 2013), Taguchi‘s Design of Experiments (Uludag-Demirer, 2008) 

and Box–Behnken design (Uysal et al., 2014) have been applied to develop empirical 

models during struvite cyclization. However, the empirical model requires a large 

experimental data set before accurate predictions. These models are limited to local 

construction and operation conditions, which might be not applicable in a different 

system.  
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Most current struvite process optimization models are based on the black box model. 

Kumar and Pal (2013) applied the central composite design to optimize the effects of 

operating parameters on struvite precipitation. Five process parameters were set up to 

optimize struvite crystals size in a synthetic swine wastewater in Capdevielle‘s 

research (2013). As reported, more than 90% P was recovered as large struvite 

crystals in optimum conditions. In Uysal‘s (2014) experiment, the optimum operating 

conditions were obtained at pH 9.0 and the Mg:N:P molar ratio of 1.5:1:1 by Box–

Behnken design. Luna (2015) developed different quadratic mathematical models 

describing the response behaviour for total phosphate, dissolved phosphate, and fines 

concentration. At P concentration of 300 mg/L, the optimal operating conditions were 

pH around 9.5 and Mg:P ratio at 1.3. 

Black box models can also address the interactions between different ions. For 

example, Castro et al. (2013) documented that Mg:N and P: N, as well their 

interactions, are significant to the N removal during struvite precipitation. Capdevielle 

et al. (2014) identified the interaction between temperature and the initial Mg:Ca 

molar ratio was significant in synthetic biologically treated swine wastewater. What is 

more, empirical models can evaluate the importance of major process parameters 

according to the respective coefficients of the factors in the quadratic model equation 

(Chong and Thai, 2015). As ranked by Chong, the importance of process variables on 

P removal (with their relative scores) in the descending order was pH (11.8), Mg:P 

ratio (6.2), organic content (2.4), mixing speed (1.1), and temperature (0.5). 

Grey models are detailed descriptions on the struvite crystallization, where chemical 

reactions, crystal nucleation, growth and agglomeration are involved. Schneider et al. 

(2013) developed a model incorporating complex solution thermodynamics, dynamic 

conservation relations and a power-law kinetic expression for crystal growth. 

Ohlinger et al. (1999) developed a two-step growth model to describe the particle size 

change during struvite crystallization. This is based on the fact that crystal growth was 

based on diffusion and reaction. A similar model was documented by Bhuiyan et al. 

(2008a). Ali et al. (2008) proposed a struvite growth model, incorporating solution 

chemistry and thermodynamics, growth kinetic and process description of the 

recovery system. An ensemble of experimental data is combined with the dynamic 

model to estimate struvite growth kinetics. Triger et al. (2012) coupled resolution of 

population balance equation and turbidity measurement in both synthetic and real 
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urine.  The mechanisms of struvite crystallization were identified as crystal growth 

and nucleation. Population balance was also combined with dynamic mass balance in 

Galbraith‘s model (2014), where the nucleation rate enabling direct regression of its 

kinetic parameter. It should be noticed that application of grey model maybe limited 

by its complex algorithm, which is difficult to converge. What is more, most model 

parameters are specific site to site, adjustment and tuning are always required.   

3.3 Commercial Software 

Struvite crystallization has also been simulated in commercial softwares.  These 

softwares allow users to create personalized thermodynamic database where desired 

reaction and possible solids phases can be included easily (Liu, 2009). Commercial 

softwares modelling struvte crystallization are normally based on the physicochemical 

equilibrium of the various ionic, dissolved, and solid species. These models performs 

an iterative analysis, using user defined input concentrations to calculate the equilibria 

of the considered complex. The model complexity is based on the number of soluble 

and solid species that have been considered (Wang et al., 2006).  

MINTEQ is equilibrium based software. It is mostly used for chemical speciation 

(Wang et al., 2005). Due to its stability and accessibility, it has been established as an 

industry standard, where most new models being developed are compared for 

validation. Lasted MINTEQ version is Visual MINTEQ ver. 3.0 / 3.1. Ali et al (2003) 

proved that magnesium selective probe was one of the most appropriate real time 

indicators of the struvite kinetics by using Visual minteq. Wu (Zhou and Wu, 2012) 

used Visual MINTEQ to calculate the equilibrium speciation and saturation index in 

aqueous solution and solid phases. Lee et al. (2003) modelled the struvite formation 

for N and P removal by bittern addition in Visual MINTEQ. Lee et al. (2013) also 

predicted the struvite formation with calcium co-precipitation in Visual MINTEQ. 

Furthermore, Turker and Celen (2007) amended Visual Minteq to predict struvite 

precipitation from liquid swine manure. It proved that Visual Minteq can be used to 

determine the amendments required (e.g. magnesium dosage) to maximize struvite 

recovery.  

PHREEQC is based on C and C++, it was used for speciation and saturation-index 

calculations during struvite crystallization (Muster et al., 2013). PHREEQC solves 

sets of nonlinear mole-balance and mass-action equations that define an ion-

association model. A Newton–Raphson formulation is used to iteratively arrive at a 
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solution to the equations (Song et al., 2015). Lahav et al. (2013) assessed the 

theoretical struvite precipitation potential from municipal wastewater using 

PHREEQC. Bhuiyan et al. (2007) used PHREEQC to consider a more complete 

speciation during struvite crystallization. PHREEQC is also used to investigate the 

influence of calcium on struvite formation (Ye et al., 2011), to calculate theoretical 

concentrations in thermodynamic equilibrium between dissolved compounds and 

mineral phases (Sakthivel et al., 2012) and to reveal the effects of solution conditions 

on struvite crystallization (Song et al., 2015).  

4.0 Conclusions  

Struvite crystallization is an effective solution for P removal and recovery. This 

review focused on the recent development in process variables and models. The 

following conclusions can be made:   

1. Commercial chemicals are effective Mg source for struvite crystallization. 

However, their high cost could reduce the process feasibility. Although sea 

water is cheap, the low product purity caused by calcium should be considered. 

Bittern and magnesit are difficult to access when a large amount is required. 

Therefore, a combination of different Mg source, where both process cost and 

product quality favoured should be considered in the future. 

2. The influence of temperature on P removal efficiency is unclear and 

furthermore researches explain the mechanism is required.  

3. Seeding material is important for product quality control. However, the 

selection of seed and seed dosage amount, as well as when a seed dosage is 

required is still not clear. Therefore, more research on the seed selection for 

struvite crystallization is recommended. 

4. Most current model describing the struvite crystallization is based on 

thermodynamics, an advanced process model for reactor design and product 

quality control is required. 

5. Most current research only focus on one factor at a time for a localized process 

optimization, the interactions between different variables and their influence 

on the product quality is ignored. Future research should pay more attention to 

the simultaneously multiple factor control by using models to overcome this 

problem. 

 



  

163 

 

References 

ACELAS, N. Y., FLÓREZ, E. & LÓPEZ, D. 2015. Phosphorus recovery through 

struvite precipitation from wastewater: effect of the competitive ions. 

Desalination and Water Treatment, 54, 2468-2479. 

ACKERMAN, J. N., ZVOMUYA, F., CICEK, N. & FLATEN, D. 2013. Evaluation 

of manure-derived struvite as a phosphorus source for canola. Canadian 

Journal of Plant Science, 93, 419-424. 

ADNAN, A., DASTUR, M., MAVINIC, D. S. & KOCH, F. A. 2004. Preliminary 

investigation into factors affecting controlled struvite crystallization at the 

bench scale. Journal of environmental engineering and science, 3, 195-202. 

ADNAN, A., KOCH, F. A. & MAVINIC, D. S. 2003a. Pilot-scale study of 

phosphorus recovery through struvite crystallization-II: Applying in-reactor 

supersaturation ratio as a process control parameter. Journal of Environmental 

Engineering and Science, 2, 473-483. 

ADNAN, A., MAVINIC, D. S. & KOCH, F. A. 2003b. Pilot-scale study of 

phosphorus recovery through struvite crystallization examining the process 

feasibility. Journal of Environmental Engineering and Science, 2, 315-324. 

ALI, I. & SCHNEIDER, P. A. 2005. Crystallization of struvite from metastable 

region with different types of seed crystal. Journal of non-equilibrium 

thermodynamics, 30, 95-111. 

ALI, M. I. & SCHNEIDER, P. A. 2006. A fed-batch design approach of struvite 

system in controlled supersaturation. Chemical engineering science, 61, 3951-

3961. 

ALI, M. I. & SCHNEIDER, P. A. 2008. An approach of estimating struvite growth 

kinetic incorporating thermodynamic and solution chemistry, kinetic and 

process description. Chemical Engineering Science, 63, 3514-3525. 

ANTIKAINEN, R., LEMOLA, R., NOUSIAINEN, J. I., SOKKA, L., ESALA, M., 

HUHTANEN, P. & REKOLAINEN, S. 2005. Stocks and flows of nitrogen 

and phosphorus in the Finnish food production and consumption system. 

Agriculture, ecosystems & environment, 107, 287-305. 

ANTONINI, S., ARIAS, M. A., EICHERT, T. & CLEMENS, J. 2012. Greenhouse 

evaluation and environmental impact assessment of different urine-derived 



  

164 

 

struvite fertilizers as phosphorus sources for plants. Chemosphere, 89, 1202-

1210. 

ARIYANTO, E., SEN, T. K. & ANG, H. M. 2014. The influence of various physico-

chemical process parameters on kinetics and growth mechanism of struvite 

crystallisation. Advanced Powder Technology, 25, 682-694. 

BAN, Z. S. & DAVE, G. 2004. Laboratory studies on recovery of N and P from 

human urine through struvite crystallisation and zeolite adsorption. 

Environmental technology, 25, 111-121. 

BAŞAKÇILARDAN-KABAKCI, S., THOMPSON, A., CARTMELL, E. & LE 

CORRE, K. 2007. Adsorption and precipitation of tetracycline with struvite. 

Water Environment Research, 2551-2556. 

BATTISTONI, P., BOCCADORO, R., FATONE, F. & PAVAN, P. 2005. Auto-

nucleation and crystal growth of struvite in a demonstrative fluidized bed 

reactor (FBR). Environmental technology, 26, 975-982. 

BATTISTONI, P., DE ANGELIS, A., PRISCIANDARO, M., BOCCADORO, R. & 

BOLZONELLA, D. 2002. P removal from anaerobic supernatants by struvite 

crystallization: long term validation and process modelling. Water research, 

36, 1927-1938. 

BATTISTONI, P., FAVA, G., PAVAN, P., MUSACCO, A. & CECCHI, F. 1997. 

Phosphate removal in anaerobic liquors by struvite crystallization without 

addition of chemicals: preliminary results. Water Research, 31, 2925-2929. 

BATTISTONI, P., PAVAN, P., PRISCIANDARO, M. & CECCHI, F. 2000. Struvite 

crystallization: a feasible and reliable way to fix phosphorus in anaerobic 

supernatants. Water Research, 34, 3033-3041. 

BENNETT, E. & ELSER, J. 2011. A broken biogeochemical cycle. Nature, 478, 29-

31. 

BERGMANS, B. J. C., VELTMAN, A. M., VAN LOOSDRECHT, M. C. M., VAN 

LIER, J. B. & RIETVELD, L. C. 2014. Struvite formation for enhanced 

dewaterability of digested wastewater sludge. Environmental technology, 35, 

549-555. 

BHUIYAN, M. I. H., MAVINIC, D. S. & BECKIE, R. D. 2007. A solubility and 

thermodynamic study of struvite. Environmental technology, 28, 1015-1026. 



  

165 

 

BHUIYAN, M. I. H., MAVINIC, D. S. & KOCH, F. A. 2008. Phosphorus recovery 

from wastewater through struvite formation in fluidized bed reactors: a 

sustainable approach. Water Science and Technology, 57, 175-182. 

BLUMBERG, I., STAROSVETSKY, J., BILANOVIC, D. & ARMON, R. 2009. TiO 

2 P-25 anatase rapid precipitation from water by use of struvite formation. 

Journal of colloid and interface science, 336, 107-110. 

BOHDZIEWICZ, J. & KUGLARZ, M. 2013. Treatment of post-digestion liquors 

with the application of struvite precipitation and reverse osmosis. Desalination 

and Water Treatment, 51, 366-373. 

BOORAM, C. V., SMITH, R. J. & HAZEN, T. E. 1975. Crystalline phosphate 

precipitation from anaerobic animal waste treatment lagoon liquors. 

Transactions of the ASAE, 18, 340-0343. 

BORGERDING, J. 1972. Phosphate deposits in digestion systems. J. Wat. Pollut. 

Control Fed., 44, 813-819. 

BRAY, A. R., FRASER, T. J., KING, W. M., MACKAY, A. D., MOOT, D. J. & 

STEVENS, D. R. Pasture improvement needs and options for New Zealand 

sheep and beef farms.  Proceedings of the 22nd International Grassland 

Congress. Revitalising Grasslands to Sustain our Communities, Sydney, 

Australia. New South Wales Department of Primary Industry, Kite St., Orange 

New South Wales, Australia, 2013. 844-845. 

BRITTON, A., KOCH, F. A., MAVINIC, D. S., ADNAN, A., OLDHAM, W. K. & 

UDALA, B. 2005. Pilot-scale struvite recovery from anaerobic digester 

supernatant at an enhanced biological phosphorus removal wastewater 

treatment plant. Journal of environmental engineering and science, 4, 265-277. 

BUCHANAN, J. R., MOTE, C. R. & ROBINSON, R. B. 1994. Thermodynamics of 

struvite formation. Transactions of the ASAE, 37, 617-621. 

BURNS, R. T., MOODY, L. B., CELEN, I. & BUCHANAN, J. R. 2003. 

Optimization of phosphorus precipitation from swine manure slurries to 

enhance recovery. Water Science & Technology, 48, 139-146. 

BURT, D., DUMAS, M., SPRINGER, N. & VACCARI, D. A. 2013. Global 

Phosphorus: Geological Sources and Demand-Driven Production. Phosphorus, 

Food, and Our Future, 40. 



  

166 

 

CALL, D. & LOGAN, B. E. 2008. Hydrogen production in a single chamber 

microbial electrolysis cell lacking a membrane. Environmental science & 

technology, 42, 3401-3406. 

CALLI, B., MERTOGLU, B. & INANC, B. 2005. Landfill leachate management in 

Istanbul: applications and alternatives. Chemosphere, 59, 819-829. 

CAPDEVIELLE, A., SÝKOROVÁ, E., BÉLINE, F. & DAUMER, M.-L. 2014. 

Kinetics of struvite precipitation in synthetic biologically treated swine 

wastewaters. Environmental technology, 35, 1250-1262. 

CAPDEVIELLE, A., SÝKOROVÁ, E., BISCANS, B., BÉLINE, F. & DAUMER, 

M.-L. 2013. Optimization of struvite precipitation in synthetic biologically 

treated swine wastewater—Determination of the optimal process parameters. 

Journal of hazardous materials, 244, 357-369. 

CARBALLA, M., MOERMAN, W., DE WINDT, W., GROOTAERD, H. & 

VERSTRAETE, W. 2009. Strategies to optimize phosphate removal from 

industrial anaerobic effluents by magnesium ammonium phosphate (MAP) 

production. Journal of chemical technology and biotechnology, 84, 63-68. 

ÇELEN, İ. 2009. Effect of HRT in a continuous flow reactor on orthophosphate 

removal from swine wastewater and the economic evaluation for the land 

application. Water Science & Technology, 60. 

ÇELEN, I., BUCHANAN, J. R., BURNS, R. T., ROBINSON, R. B. & RAMAN, D. 

R. 2007. Using a chemical equilibrium model to predict amendments required 

to precipitate phosphorus as struvite in liquid swine manure. Water Research, 

41, 1689-1696. 

CERRILLO, M., PALATSI, J., COMAS, J., VICENS, J. & BONMATÍ, A. 2015. 

Struvite precipitation as a technology to be integrated in a manure anaerobic 

digestion treatment plant–removal efficiency, crystal characterization and 

agricultural assessment. Journal of Chemical Technology and Biotechnology, 

90, 1135-1143. 

CHAN, W. I., WONG, W. T., LIAO, P. H. & LO, K. V. 2007. Sewage sludge nutrient 

solubilization using a single-stage microwave treatment. Journal of 

Environmental Science and Health Part A, 42, 59-63. 

CHEN, Y., JACKSON, D. A. & HARVEY, H. H. 1992. A comparison of von 

Bertalanffy and polynomial functions in modelling fish growth data. Canadian 

Journal of Fisheries and Aquatic Sciences, 49, 1228-1235. 



  

167 

 

CHEN, Y., ZHENG, X., FENG, L. & YANG, H. 2013. Efficient recovery of carbon, 

nitrogen, and phosphorus from waste activated sludge. Water Science & 

Technology, 68. 

CHILDS, C. W. 1970. Potentiometric study of equilibriums in aqueous divalent metal 

orthophosphate solutions. Inorganic Chemistry, 9, 2465-2469. 

CHONG, N.-M. & THAI, Q.-M. 2015. Optimization and kinetics of nutrient removal 

from wastewater by chemical precipitation of struvite. Desalination and Water 

Treatment, 54, 3422-3431. 

COOPER, J. & CARLIELL-MARQUET, C. 2013. A substance flow analysis of 

phosphorus in the UK food production and consumption system. Resources, 

Conservation and Recycling, 74, 82-100. 

COOPER, J. & CARLIELL MARQUET, C. 2013. A substance flow analysis of 

phosphorus in the UK food production and consumption system. Resources, 

Conservation and Recycling, 74, 82-100. 

COOPER, J., LOMBARDI, R., BOARDMAN, D. & CARLIELL-MARQUET, C. 

2011. The future distribution and production of global phosphate rock reserves. 

Resources, Conservation and Recycling, 57, 78-86. 

CORDELL, D., DRANGERT, J.-O. & WHITE, S. 2009. The story of phosphorus: 

Global food security and food for thought. Global Environmental Change, 19, 

292-305. 

CORDELL, D., JACKSON, M. & WHITE, S. 2013. Phosphorus flows through the 

Australian food system: Identifying intervention points as a roadmap to 

phosphorus security. Environmental Science & Policy, 29, 87-102. 

CRUTCHIK, D. & GARRIDO, J. M. 2011. Struvite crystallization versus amorphous 

magnesium and calcium phosphate precipitation during the treatment of a 

saline industrial wastewater. Water Science and Technology, 64, 2460. 

CRUTCHIK, D., SÁNCHEZ, A. & GARRIDO, J. M. 2013. Simulation and 

experimental validation of multiple phosphate precipitates in a saline 

industrial wastewater. Separation and Purification Technology, 118, 81-88. 

CUSICK, R. D. & LOGAN, B. E. 2012. Phosphate recovery as struvite within a 

single chamber microbial electrolysis cell. Bioresource technology, 107, 110-

115. 

DANA, C. & STUART, W. 2010. Securing a sustainable phosphorus future for 

Australia. 



  

168 

 

DAVIS, R. W., SICCARDI, A. J., HUYSMAN, N. D., WYATT, N. B., HEWSON, J. 

C. & LANE, T. W. 2015. Growth of mono-and mixed cultures of 

Nannochloropsis salina and Phaeodactylum tricornutum on struvite as a 

nutrient source. Bioresource technology, 198, 577-585. 

DE LUNA, M. D. G., ABARCA, R. R. M., SU, C.-C., HUANG, Y.-H. & LU, M.-C. 

2015. Multivariate optimization of phosphate removal and recovery from 

aqueous solution by struvite crystallization in a fluidized-bed reactor. 

Desalination and Water Treatment, 55, 496-505. 

DESMIDT, E., GHYSELBRECHT, K., MONBALLIU, A., RABAEY, K., 

VERSTRAETE, W. & MEESSCHAERT, B. D. 2013. Factors influencing 

urease driven struvite precipitation. Separation and Purification Technology, 

110, 150-157. 

DESMIDT, E., GHYSELBRECHT, K., MONBALLIU, A., VERSTRAETE, W. & 

MEESSCHAERT, B. D. 2012. Evaluation and thermodynamic calculation of 

ureolytic magnesium ammonium phosphate precipitation from UASB effluent 

at pilot scale. Water Science & Technology, 65. 

DI IACONI, C., PAGANO, M., RAMADORI, R. & LOPEZ, A. 2010. Nitrogen 

recovery from a stabilized municipal landfill leachate. Bioresource technology, 

101, 1732-1736. 

DOYLE, J. D. & PARSONS, S. A. 2002. Struvite formation, control and recovery. 

Water research, 36, 3925-3940. 

EL DIWANI, G., EL RAFIE, S., EL IBIARI, N. N. & EL-AILA, H. I. 2007. 

Recovery of ammonia nitrogen from industrial wastewater treatment as 

struvite slow releasing fertilizer. Desalination, 214, 200-214. 

ELSER, J. & BENNETT, E. 2011. Phosphorus cycle: a broken biogeochemical cycle. 

Nature, 478, 29-31. 

ETTER, B., TILLEY, E., KHADKA, R. & UDERT, K. M. 2011. Low-cost struvite 

production using source-separated urine in Nepal. Water Research, 45, 852-

862. 

FAN, S. & CHEN, B. 2015. Experimental research of water stability of magnesium 

alumina phosphate cements mortar. Construction and Building Materials, 94, 

164-171. 



  

169 

 

FATTAH, K. P., MAVINIC, D. S. & KOCH, F. A. 2012. Influence of process 

parameters on the characteristics of struvite pellets. Journal of Environmental 

Engineering, 138, 1200-1209. 

FATTAH, K. P., MAVINIC, D. S., KOCH, F. A. & JACOB, C. 2008a. Determining 

the feasibility of phosphorus recovery as struvite from filter press centrate in a 

secondary wastewater treatment plant. Journal of Environmental Science and 

Health, Part A, 43, 756-764. 

FATTAH, K. P., SABRINA, N., MAVINIC, D. S. & KOCH, F. A. 2008b. Reducing 

operating costs for struvite formation with a carbon dioxide stripper. Water 

Science and Technology, 58, 957. 

FATTAH, K. P., ZHANG, Y., MAVINIC, D. S. & KOCH, F. A. 2008c. Application 

of carbon dioxide stripping for struvite crystallization-I: Development of a 

carbon dioxide stripper model to predict CO2 removal and pH changes. 

Journal of Environmental Engineering and Science, 7, 345-356. 

FATTAH, K. P., ZHANG, Y., MAVINIC, D. S. & KOCH, F. A. 2010. Use of carbon 

dioxide stripping for struvite crystallization to save caustic dosage: 

performance at pilotscale operation Paper submitted to the Journal of 

Environmental Engineering and Science. Canadian Journal of Civil 

Engineering, 37, 1271-1275. 

FISCHER, F., BASTIAN, C., HAPPE, M., MABILLARD, E. & SCHMIDT, N. 2011. 

Microbial fuel cell enables phosphate recovery from digested sewage sludge 

as struvite. Bioresource Technology, 102, 5824-5830. 

FOLETTO, E. L., BATTISTON, S., MAZUTTI, M. A. & JAHN, S. L. 2013a. 

Adsorption of a leather dye on mesoporous struvite obtained from swine 

wastewater. Chemical Engineering Communications, 200, 1027-1038. 

FOLETTO, E. L., SANTOS, W. R. B. D., JAHN, S. L., BASSACO, M. M., 

MAZUTTI, M. A., CANCELIER, A. & GÜNDEL, A. 2013b. Organic 

pollutants removal and recovery from animal wastewater by mesoporous 

struvite precipitation. Desalination and Water Treatment, 51, 2776-2780. 

FOLETTO, E. L., SANTOS, W. R. B. D., MAZUTTI, M. A., JAHN, S. L. & 

GÜNDEL, A. 2013c. Production of struvite from beverage waste as 

phosphorus source. Materials Research, 16, 242-245. 

FORREST, A. L., FATTAH, K. P., MAVINIC, D. S. & KOCH, F. A. 2007. 

Application of artificial neural networks to effluent phosphate prediction in 



  

170 

 

struvite recovery. Journal of Environmental Engineering and Science, 6, 713-

725. 

FORREST, A. L., FATTAH, K. P., MAVINIC, D. S. & KOCH, F. A. 2008. 

Optimizing struvite production for phosphate recovery in WWTP. Journal of 

Environmental Engineering, 134, 395-402. 

FUKUMOTO, Y., SUZUKI, K., KURODA, K., WAKI, M. & YASUDA, T. 2011. 

Effects of struvite formation and nitratation promotion on nitrogenous 

emissions such as NH 3, N 2 O and NO during swine manure composting. 

Bioresource technology, 102, 1468-1474. 

GADEKAR, S. & PULLAMMANAPPALLIL, P. 2010. Validation and applications 

of a chemical equilibrium model for struvite precipitation. Environmental 

modeling & assessment, 15, 201-209. 

GALVEZ-SOLA, L., MORALES, J., MAYORAL, A. M., MARHUENDA-EGEA, F. 

C., MARTINEZ-SABATER, E., PEREZ-MURCIA, M. D., BUSTAMANTE, 

M. A., PAREDES, C. & MORAL, R. 2010. Estimation of phosphorus content 

and dynamics during composting: Use of near infrared spectroscopy. 

Chemosphere, 78, 13-21. 

GANROT, Z., SLIVKA, A. & DAVE, G. 2008. Nutrient Recovery from Human 

Urine Using Pretreated Zeolite and Struvite Precipitation in Combination with 

Freezing ‐ Thawing and Plant Availability Tests on Common Wheat. 

CLEAN–Soil, Air, Water, 36, 45-52. 

GELL, K., DE RUIJTER, F. J., KUNTKE, P., DE GRAAFF, M. & SMIT, A. L. 2011. 

Safety and effectiveness of struvite from black water and urine as a 

phosphorus fertilizer. Journal of Agricultural Science, 3, 67. 

GERRITSE, R. G. & VRIESEMA, R. 1984. Phosphate distribution in animal waste 

slurries. The Journal of Agricultural Science, 102, 159-161. 

GILBERT, N. 2009. Environment: The disappearing nutrient. Nature, 461, 716. 

GONZÁLEZ-PONCE, R., LÓPEZ-DE-SÁ, E. G. & PLAZA, C. 2009. Lettuce 

response to phosphorus fertilization with struvite recovered from municipal 

wastewater. HortScience, 44, 426-430. 

GUADIE, A., XIA, S., JIANG, W., ZHOU, L., ZHANG, Z., HERMANOWICZ, S. 

W., XU, X. & SHEN, S. 2014. Enhanced struvite recovery from wastewater 



  

171 

 

using a novel cone-inserted fluidized bed reactor. Journal of Environmental 

Sciences, 26, 765-774. 

GUNAY, A., KARADAG, D., TOSUN, I. & OZTURK, M. 2008. Use of magnesit as 

a magnesium source for ammonium removal from leachate. Journal of 

Hazardous Materials, 156, 619-623. 

GÜNEY, K., WEIDELENER, A. & KRAMPE, J. 2008. Phosphorus recovery from 

digested sewage sludge as MAP by the help of metal ion separation. Water 

research, 42, 4692-4698. 

GUO, X. & SONG, Y. 2008. Substance flow analysis of copper in China. Resources, 

Conservation and Recycling, 52, 874-882. 

HANHOUN, M., MONTASTRUC, L., AZZARO-PANTEL, C., BISCANS, B., 

FRÈCHE, M. & PIBOULEAU, L. 2011. Temperature impact assessment on 

struvite solubility product: A thermodynamic modeling approach. Chemical 

engineering journal, 167, 50-58. 

HAO, X., WANG, C., VAN LOOSDRECHT, M. C. M. & HU, Y. 2013. Looking 

beyond struvite for P-recovery. Environmental science & technology, 47, 

4965-4966. 

HAO, X. D., WANG, C. C., LAN, L. & VAN LOOSDRECHT, M. C. M. 2008. 

Struvite formation, analytical methods and effects of pH and Ca2+. Water 

Science and Technology, 58, 1687-1692. 

HAO, X. D., WANG, C. C., LAN, L. & VAN LOOSDRECHT, M. C. M. 2009. 

Struvite formation, analytical methods and effects of pH and Ca 2+. Water 

Science & Technology, 59. 

HARADA, H., SHIMIZU, Y., MIYAGOSHI, Y., MATSUI, S., MATSUDA, T. & 

NAGASAKA, T. 2006. Predicting struvite formation for phosphorus recovery 

from human urine using an equilibrium model. Water Science & Technology, 

54, 247-255. 

HATAYAMA, H., YAMADA, H., DAIGO, I., MATSUNO, Y. & ADACHI, Y. 2007. 

Dynamic substance flow analysis of aluminum and its alloying elements. 

Materials transactions, 48, 2518-2524. 

HE, S., ZHANG, Y., YANG, M., DU, W. & HARADA, H. 2007. Repeated use of 

MAP decomposition residues for the removal of high ammonium 

concentration from landfill leachate. Chemosphere, 66, 2233-2238. 



  

172 

 

HEDBRANT, J. & SÖRME, L. 2001. Data vagueness and uncertainties in urban 

heavy-metal data collection. Water, Air and Soil Pollution: Focus, 1, 43-53. 

HERRING, J. R. & FANTEL, R. J. 1993. Phosphate rock demand into the next 

century: Impact on wolld food supply. Nonrenewable Resources, 2, 226-246. 

HIROOKA, K. & ICHIHASHI, O. 2013. Phosphorus recovery from artificial 

wastewater by microbial fuel cell and its effect on power generation. 

Bioresource technology, 137, 368-375. 

HOSSAIN, M. K., STREZOV, V., CHAN, K. Y., ZIOLKOWSKI, A. & NELSON, P. 

F. 2011. Influence of pyrolysis temperature on production and nutrient 

properties of wastewater sludge biochar. Journal of Environmental 

Management, 92, 223-228. 

HUANG, A. H. & LIU, J. C. 2014. Removal of ammonium as struvite from wet 

scrubber wastewater. Water, Air, & Soil Pollution, 225, 1-9. 

HUANG, H., CHEN, Y., JIANG, Y. & DING, L. 2014a. Treatment of swine 

wastewater combined with MgO-saponification wastewater by struvite 

precipitation technology. Chemical Engineering Journal, 254, 418-425. 

HUANG, H., HUANG, L., ZHANG, Q., JIANG, Y. & DING, L. 2015a. Chlorination 

decomposition of struvite and recycling of its product for the removal of 

ammonium-nitrogen from landfill leachate. Chemosphere, 136, 289-296. 

HUANG, H., LIU, J. & DING, L. 2015b. Recovery of phosphate and ammonia 

nitrogen from the anaerobic digestion supernatant of activated sludge by 

chemical precipitation. Journal of Cleaner Production, 102, 437-446. 

HUANG, H., MAVINIC, D. S., LO, K. V. & KOCH, F. A. 2006. Production and 

basic morphology of struvite crystals from a pilot-scale crystallization process. 

Environmental technology, 27, 233-245. 

HUANG, H., SONG, Q., WANG, W., WU, S. & DAI, J. 2012. Treatment of 

anaerobic digester effluents of nylon wastewater through chemical 

precipitation and a sequencing batch reactor process. Journal of environmental 

management, 101, 68-74. 

HUANG, H., XIAO, D., PANG, R., HAN, C. & DING, L. 2014b. Simultaneous 

removal of nutrients from simulated swine wastewater by adsorption of 

modified zeolite combined with struvite crystallization. Chemical Engineering 

Journal, 256, 431-438. 



  

173 

 

HUANG, H., XIAO, D., ZHANG, Q. & DING, L. 2014c. Removal of ammonia from 

landfill leachate by struvite precipitation with the use of low-cost phosphate 

and magnesium sources. Journal of environmental management, 145, 191-198. 

HUANG, H., XU, C. & ZHANG, W. 2011a. Removal of nutrients from piggery 

wastewater using struvite precipitation and pyrogenation technology. 

Bioresource technology, 102, 2523-2528. 

HUANG, H., YANG, J. & LI, D. 2014d. Recovery and removal of ammonia–nitrogen 

and phosphate from swine wastewater by internal recycling of struvite 

chlorination product. Bioresource technology, 172, 253-259. 

HUANG, H. M., XIAO, X. M. & YAN, B. 2009. Recycle use of magnesium 

ammonium phosphate to remove ammonium nitrogen from rare-earth 

wastewater. Water Science & Technology, 59. 

HUANG, H. M., XIAO, X. M., YANG, L. P. & YAN, B. 2011b. Removal of 

ammonium from rare-earth wastewater using natural brucite as a magnesium 

source of struvite precipitation. Water Science & Technology, 63. 

HUG, A. & UDERT, K. M. 2013. Struvite precipitation from urine with 

electrochemical magnesium dosage. Water research, 47, 289-299. 

HUTNIK, N., KOZIK, A., MAZIENCZUK, A., PIOTROWSKI, K., 

WIERZBOWSKA, B. & MATYNIA, A. 2013a. Phosphates (V) recovery 

from phosphorus mineral fertilizers industry wastewater by continuous struvite 

reaction crystallization process. Water research, 47, 3635-3643. 

HUTNIK, N., PIOTROWSKI, K., WIERZBOWSKA, B. & MATYNIA, A. 2011. 

Continuous reaction crystallization of struvite from phosphate (V) solutions 

containing calcium ions. Crystal Research and Technology, 46, 443-449. 

HUTNIK, N., WIERZBOWSKA, B., PIOTROWSKI, K. & MATYNIA, A. 2013b. 

Effect of Copper (II) Ions on Quality of Struvite Produced in Continuous 

Reaction Crystallization Process at the Magnesium Ions Excess. Advances in 

Chemical Engineering and Science, 3, 1. 

ICHIHASHI, O. & HIROOKA, K. 2012. Removal and recovery of phosphorus as 

struvite from swine wastewater using microbial fuel cell. Bioresource 

technology, 114, 303-307. 



  

174 

 

IQBAL, M., BHUIYAN, H. & MAVINIC, D. S. 2008. ASSESSING STRUVITE 

PRECIPITATION IN A PILOT ‐ SCALE FLUIDIZED BED 

CRYSTALLIZER. Environmental technology, 29, 1157-1167. 

ISHII, S. K. L. & BOYER, T. H. 2015. Life cycle comparison of centralized 

wastewater treatment and urine source separation with struvite precipitation: 

focus on urine nutrient management. Water research, 79, 88-103. 

ISHIKAWA, H., SHIMAMURA, K., SAWAI, K. & TANAKA, T. A 2-Tank Type 

Fluidized Bed Map Crystallization Reactor for Effective Phosphorus Recovery.  

International Conference: Struvite-Its Role in Phosphorus Recovery and Reuse, 

2004. 17-18. 

JAFFER, Y., CLARK, T. A., PEARCE, P. & PARSONS, S. A. 2002. Potential 

phosphorus recovery by struvite formation. Water Research, 36, 1834-1842. 

JEANMAIRE, N. & EVANS, T. 2001. Technico-economic feasibility of P-recovery 

from municipal wastewaters. Environmental technology, 22, 1355-1361. 

JIN, Y., HU, Z. & WEN, Z. 2009. Enhancing anaerobic digestibility and phosphorus 

recovery of dairy manure through microwave-based thermochemical 

pretreatment. Water research, 43, 3493-3502. 

JOHNSTON, A. E. & RICHARDS, I. R. 2003. Effectiveness of different precipitated 

phosphates as phosphorus sources for plants. Soil use and management, 19, 

45-49. 

JOLLIFFE, I. 2002. Principal component analysis, Wiley Online Library. 

JORDAAN, E. M., ACKERMAN, J. & CICEK, N. 2010. Phosphorus removal from 

anaerobically digested swine wastewater through struvite precipitation. Water 

Science & Technology, 61. 

JORDAAN, E. M., REZANIA, B. & ÇIÇEK, N. 2013. Investigation of chemical-free 

nutrient removal and recovery from CO 2-rich wastewater. Water Science & 

Technology, 67. 

KABBE, C. 2013. The Limited Resources of Phosphorus and How to Close the 

Phosphorus Cycle. Factor X. Springer. 

KABDAŞLı, I., TÜNAY, O. & ÖZCAN, P. 2009. Application of struvite 

precipitation coupled with biological treatment to slaughterhouse wastewaters. 

Environmental technology, 30, 1095-1101. 



  

175 

 

KABDASZLI, I., PARSONS, S. A. & TÜNAYA, O. 2006. Effect of major ions on 

induction time of struvite precipitation. Croatica chemica acta, 79, 243-251. 

KARABEGOVIC, L., ULDAL, M., WERKER, A. & MORGAN-SAGASTUME, F. 

2013. Phosphorus recovery potential from a waste stream with high organic 

and nutrient contents via struvite precipitation. Environmental technology, 34, 

871-883. 

KARAK, T. & BHATTACHARYYA, P. 2011. Human urine as a source of 

alternative natural fertilizer in agriculture: A flight of fancy or an achievable 

reality. Resources, Conservation and Recycling, 55, 400-408. 

KARAK, T., SONAR, I., NATH, J. R., PAUL, R. K., DAS, S., BORUAH, R. K., 

DUTTA, A. K. & DAS, K. 2015. Struvite for composting of agricultural 

wastes with termite mound: Utilizing the unutilized. Bioresource technology, 

187, 49-59. 

KEMACHEEVAKUL, P., CHUANGCHOTE, S., OTANI, S., MATSUDA, T. & 

SHIMIZU, Y. 2014. Phosphorus recovery: minimization of amount of 

pharmaceuticals and improvement of purity in struvite recovered from 

hydrolysed urine. Environmental technology, 35, 3011-3019. 

KEMACHEEVAKUL, P., OTANI, S., MATSUDA, T. & SHIMIZU, Y. 2012. 

Occurrence of micro-organic pollutants on phosphorus recovery from urine. 

Water Science & Technology, 66. 

KERN, J., HEINZMANN, B., MARKUS, B., KAUFMANN, A. C., SOETHE, N. & 

ENGELS, C. 2008. Recycling and assessment of struvite phosphorus from 

sewage sludge. Agricultural Engineering International: CIGR Journal. 

KHAN, S., CAO, Q., ZHENG, Y. M., HUANG, Y. Z. & ZHU, Y. G. 2008. Health 

risks of heavy metals in contaminated soils and food crops irrigated with 

wastewater in Beijing, China. Environmental pollution, 152, 686-692. 

KIM, D., KIM, J., RYU, H.-D. & LEE, S.-I. 2009. Effect of mixing on spontaneous 

struvite precipitation from semiconductor wastewater. Bioresource technology, 

100, 74-78. 

KIM, D., RYU, H.-D., KIM, M.-S., KIM, J. & LEE, S.-I. 2007. Enhancing struvite 

precipitation potential for ammonia nitrogen removal in municipal landfill 

leachate. Journal of Hazardous Materials, 146, 81-85. 



  

176 

 

KIM, T.-H., NAM, Y.-K. & LIM, S. J. 2014. Effects of ionizing radiation on struvite 

crystallization of livestock wastewater. Radiation Physics and Chemistry, 97, 

332-336. 

KOCHANY, J. & LIPCZYNSKA-KOCHANY, E. 2009. Utilization of landfill 

leachate parameters for pretreatment by Fenton reaction and struvite 

precipitation—a comparative study. Journal of Hazardous Materials, 166, 

248-254. 

KOFINA, A. N., DEMADIS, K. D. & KOUTSOUKOS, P. G. 2007. The effect of 

citrate and phosphocitrate on struvite spontaneous precipitation. Crystal 

Growth and Design, 7, 2705-2712. 

KORCHEF, A., SAIDOU, H. & AMOR, M. B. 2011. Phosphate recovery through 

struvite precipitation by CO 2 removal: effect of magnesium, phosphate and 

ammonium concentrations. Journal of hazardous materials, 186, 602-613. 

KUGLARZ, M., GRŰBEL, K. & BOHDZIEWICZ, J. 2015. Chemical precipitation 

and ammonia air stripping as effective pre-treatment methods before 

membrane filtration of co-digestion effluents. Desalination and Water 

Treatment, 55, 1672-1682. 

KUMAR, R. & PAL, P. 2013. Turning hazardous waste into value-added products: 

production and characterization of struvite from ammoniacal waste with new 

approaches. Journal of Cleaner Production, 43, 59-70. 

KUMAR, R. & PAL, P. 2015. Assessing the feasibility of N and P recovery by 

struvite precipitation from nutrient-rich wastewater: a review. Environmental 

Science and Pollution Research, 22, 17453-17464. 

KWONPONGSAGOON, S., BADER, H.-P. & SCHEIDEGGER, R. 2007. Modelling 

cadmium flows in Australia on the basis of a substance flow analysis. Clean 

Technologies and Environmental Policy, 9, 313-323. 

LAHAV, O., TELZHENSKY, M., ZEWUHN, A., GENDEL, Y., GERTH, J., 

CALMANO, W. & BIRNHACK, L. 2013. Struvite recovery from municipal-

wastewater sludge centrifuge supernatant using seawater NF concentrate as a 

cheap Mg (II) source. Separation and Purification Technology, 108, 103-110. 

LARIDI, R., AUCLAIR, J. C. & BENMOUSSA, H. 2005. Laboratory and pilot-scale 

phosphate and ammonium removal by controlled struvite precipitation 

following coagulation and flocculation of swine wastewater. Environmental 

technology, 26, 525-536. 



  

177 

 

LATIFIAN, M., LIU, J. & MATTIASSON, B. 2012. Struvite-based fertilizer and its 

physical and chemical properties. Environmental technology, 33, 2691-2697. 

LE CORRE, K. S., VALSAMI-JONES, E., HOBBS, P., JEFFERSON, B. & 

PARSONS, S. A. 2007a. Agglomeration of struvite crystals. Water Research, 

41, 419-425. 

LE CORRE, K. S., VALSAMI-JONES, E., HOBBS, P., JEFFERSON, B. & 

PARSONS, S. A. 2007b. Struvite crystallisation and recovery using a stainless 

steel structure as a seed material. Water research, 41, 2449-2456. 

LE CORRE, K. S., VALSAMI-JONES, E., HOBBS, P. & PARSONS, S. A. 2005. 

Impact of calcium on struvite crystal size, shape and purity. Journal of Crystal 

Growth, 283, 514-522. 

LE CORRE, K. S., VALSAMI-JONES, E., HOBBS, P. & PARSONS, S. A. 2007c. 

Impact of reactor operation on success of struvite precipitation from synthetic 

liquors. Environmental technology, 28, 1245-1256. 

LE CORRE, K. S., VALSAMI-JONES, E., HOBBS, P. & PARSONS, S. A. 2009. 

Phosphorus recovery from wastewater by struvite crystallization: A review. 

Critical Reviews in Environmental Science and Technology, 39, 433-477. 

LEE, S.-H., YOO, B.-H., LIM, S. J., KIM, T.-H., KIM, S.-K. & KIM, J. Y. 2013. 

Development and validation of an equilibrium model for struvite formation 

with calcium co-precipitation. Journal of Crystal Growth, 372, 129-137. 

LEE, S. I., WEON, S. Y., LEE, C. W. & KOOPMAN, B. 2003. Removal of nitrogen 

and phosphate from wastewater by addition of bittern. Chemosphere, 51, 265-

271. 

LENG, S.-H., LU, F.-E. & XU, L.-J. 2004. Therapeutic effects of berberine in 

impaired glucose tolerance rats and its influence on insulin secretion. Acta 

Pharmacologica Sinica, 25, 496-502. 

LEW, B., PHALAH, S., SHEINDORF, C., KUMMEL, M., REBHUN, M. & LAHAV, 

O. 2010. Favorable operating conditions for obtaining high-value struvite 

product from sludge dewatering filtrate. Environmental Engineering Science, 

27, 733-741. 

LI, B., BOIARKINA, I., YOUNG, B. & YU, W. 2015a. Substance Flow Analysis of 

Phosphorous in China. International Journal of Environmental Science and 

Development, 6, 9. 



  

178 

 

LI, B., BOIARKINA, I., YOUNG, B. & YU, W. 2015b. Substance flow analysis of 

phosphorus within New Zealand and comparison with other countries. Science 

of the Total Environment, 527, 483-492. 

LI, H., YE, Z., LIN, Y. & WANG, F. 2012a. Phosphorus recovery as struvite from 

eutropic waters by XDA-7 resin. Water Science & Technology, 65. 

LI, N., REN, J., ZHAO, L. & WANG, Z.-L. 2013a. Fixed bed adsorption study on 

phosphate removal using nanosized FeOOH-modified anion resin. Journal of 

Nanomaterials, 2013, 7. 

LI, W., DING, X., LIU, M., GUO, Y. & LIU, L. 2012b. Optimization of process 

parameters for mature landfill leachate pretreatment using MAP precipitation. 

Frontiers of Environmental Science & Engineering, 6, 892-900. 

LI, X. Z. & ZHAO, Q. L. 2003. Recovery of ammonium-nitrogen from landfill 

leachate as a multi-nutrient fertilizer. Ecological Engineering, 20, 171-181. 

LI, Y., LIU, M., YUAN, Z. & ZOU, J. 2013b. Struvite pellet crystallization in a high-

strength nitrogen and phosphorus stream. Water Science & Technology, 68. 

LIBERTI, L., PETRUZZELLI, D. & DE FLORIO, L. 2001. REM NUT ion exchange 

plus struvite precipitation process. Environmental Technology, 22, 1313-1324. 

LIIRI, M., KOIRANEN, T. & AITTAMAA, J. 2002. Secondary nucleation due to 

crystal–impeller and crystal–vessel collisions by population balances in CFD-

modelling. Journal of crystal growth, 237, 2188-2193. 

LIN, J., CHEN, N. & PAN, Y. 2013. Arsenic incorporation in synthetic struvite 

(NH4MgPO4· 6H2O): A synchrotron XAS and single-crystal EPR study. 

Environmental science & technology, 47, 12728-12735. 

LIND, B.-B., BAN, Z. & BYDÉN, S. 2000. Nutrient recovery from human urine by 

struvite crystallization with ammonia adsorption on zeolite and wollastonite. 

Bioresource Technology, 73, 169-174. 

LIU, B., GIANNIS, A., ZHANG, J., CHANG, V. W. C. & WANG, J.-Y. 2013a. 

Characterization of induced struvite formation from source-separated urine 

using seawater and brine as magnesium sources. Chemosphere, 93, 2738-2747. 

LIU, J. C. 2009. Recovery of phosphate and ammonium as struvite from 

semiconductor wastewater. Separation and Purification Technology, 64, 368-

373. 



  

179 

 

LIU, X., HU, Z., MU, J., ZANG, H. & LIU, L. 2014a. Phosphorus recovery from 

urine with different magnesium resources in an air-agitated reactor. 

Environmental technology, 35, 2781-2787. 

LIU, X., HU, Z., WANG, J. & WEN, G. 2014b. Effect of hydraulic retention time and 

seed material on phosphorus recovery and crystal size from urine in an air-

agitated reactor. Water Sci Technol, 69, 1462-1468. 

LIU, X., HU, Z., ZHU, C., WEN, G., MENG, X. & LU, J. 2013b. Influence of 

process parameters on phosphorus recovery by struvite formation from urine. 

Water Science & Technology, 68. 

LIU, X., HU, Z., ZHU, C., WEN, G., MENG, X. & LU, J. 2014c. Effect of contact to 

the atmosphere and dilution on phosphorus recovery from human urine 

through struvite formation. Environmental technology, 35, 271-277. 

LIU, Y. & CHEN, J. N. 2006. [Substance flow analysis on phosphorus cycle in 

Dianchi basin, China]. Huan jing ke xue= Huanjing kexue/[bian ji, Zhongguo 

ke xue yuan huan jing ke xue wei yuan hui" Huan jing ke xue" bian ji wei yuan 

hui.], 27, 1549-1553. 

LIU, Y., KWAG, J.-H., KIM, J.-H. & RA, C. 2011a. Recovery of nitrogen and 

phosphorus by struvite crystallization from swine wastewater. Desalination, 

277, 364-369. 

LIU, Y., RAHMAN, M. M., KWAG, J.-H., KIM, J.-H. & RA, C.-S. 2011b. Eco-

friendly production of maize using struvite recovered from swine wastewater 

as a sustainable fertilizer source. Asian-Australasian Journal of Animal 

Sciences, 24, 1699-1705. 

LIU, Z., ZHAO, Q., LEE, D.-J. & YANG, N. 2008. Enhancing phosphorus recovery 

by a new internal recycle seeding MAP reactor. Bioresource technology, 99, 

6488-6493. 

LIU, Z., ZHAO, Q., WEI, L., WU, D. & MA, L. 2011c. Effect of struvite seed crystal 

on MAP crystallization. Journal of Chemical Technology and Biotechnology, 

86, 1394-1398. 

LU, X., SHIH, K., LI, X.-Y., LIU, G., ZENG, E. Y. & WANG, F. 2016. Accuracy 

and application of quantitative X-ray diffraction on the precipitation of struvite 

product. Water research, 90, 9-14. 

LUTZ, W., SANDERSON, W. & SCHERBOV, S. 2001. The end of world population 

growth. Nature, 412, 543-545. 



  

180 

 

MA, N. & ROUFF, A. A. 2012. Influence of pH and oxidation state on the interaction 

of arsenic with struvite during mineral formation. Environmental science & 

technology, 46, 8791-8798. 

MAAß, O., GRUNDMANN, P. & UND POLACH, C. V. B. 2014. Added-value from 

innovative value chains by establishing nutrient cycles via struvite. Resources, 

Conservation and Recycling, 87, 126-136. 

MARCHI, A., GEERTS, S., WEEMAES, M., WIM, S. & CHRISTINE, V. 2015. 

Full-scale phosphorus recovery from digested waste water sludge in Belgium–

part I: technical achievements and challenges. Water Science and Technology, 

71, 487-494. 

MARTELL, A. E. & SMITH, R. M. 1974. Critical stability constants, Springer. 

MASUDA, T., OGINO, I. & MUKAI, S. R. 2013. Immobilization of magnesium 

ammonium phosphate crystals within microchannels for efficient ammonia 

removal. Water Science & Technology, 67. 

MATSUBAE YOKOYAMA, K., KUBO, H., NAKAJIMA, K. & NAGASAKA, T. 

2009. A material flow analysis of phosphorus in Japan. Journal of Industrial 

Ecology, 13, 687-705. 

MAURER, M., PRONK, W. & LARSEN, T. A. 2006. Treatment processes for 

source-separated urine. Water research, 40, 3151-3166. 

MAVINIC, D. S., KOCH, F. A., HUANG, H. & LO, K. V. 2007. Phosphorus 

recovery from anaerobic digester supernatants using a pilot-scale struvite 

crystallization process. Journal of Environmental Engineering and Science, 6, 

561-571. 

MBAMBA, C. K., BATSTONE, D. J., FLORES-ALSINA, X. & TAIT, S. 2015. A 

generalised chemical precipitation modelling approach in wastewater 

treatment applied to calcite. Water research, 68, 342-353. 

MITANI, Y., SAKAI, Y., MISHINA, F. & ISHIDUKA, S. 2003. Struvite recovery 

from wastewater having low phosphate concentration. Journal of Water and 

Environment Technology, 1, 13-18. 

MOHR, S. & EVANS, G. 2013. Projections of Future Phosphorus Production. 

MOLINOS-SENANTE, M., HERNÁNDEZ-SANCHO, F., SALA-GARRIDO, R. & 

GARRIDO-BASERBA, M. 2011. Economic feasibility study for phosphorus 

recovery processes. Ambio, 40, 408-416. 



  

181 

 

MONTASTRUC, L., AZZARO-PANTEL, C., BISCANS, B., CABASSUD, M. & 

DOMENECH, S. 2003. A thermochemical approach for calcium phosphate 

precipitation modeling in a pellet reactor. Chemical Engineering Journal, 94, 

41-50. 

MOREL, F. M. M. & HERING, J. G. 1993. Principles and applications of aquatic 

chemistry, John Wiley & Sons. 

MUDRAGADA, R., KUNDRAL, S., CORO, E., MONCHOLI, M. E., LAHA, S. & 

TANSEL, B. 2014. Phosphorous removal during sludge dewatering to prevent 

struvite formation in sludge digesters by full scale evaluation. Journal of 

Water Process Engineering, 2, 37-42. 

MÜNCH, E. V. & BARR, K. 2001. Controlled struvite crystallisation for removing 

phosphorus from anaerobic digester sidestreams. Water research, 35, 151-159. 

MURYANTO, S. & BAYUSENO, A. P. 2014. Influence of Cu 2+ and Zn 2+ as 

additives on crystallization kinetics and morphology of struvite. Powder 

Technology, 253, 602-607. 

MUSTER, T. H., DOUGLAS, G. B., SHERMAN, N., SEEBER, A., WRIGHT, N. & 

GÜZÜKARA, Y. 2013. Towards effective phosphorus recycling from 

wastewater: quantity and quality. Chemosphere, 91, 676-684. 

NELSON, N. O., MIKKELSEN, R. L. & HESTERBERG, D. L. 2003. Struvite 

precipitation in anaerobic swine lagoon liquid: effect of pH and Mg: P ratio 

and determination of rate constant. Bioresource Technology, 89, 229-236. 

OTSUKA, M. 2004. Comparative particle size determination of phenacetin bulk 

powder by using Kubelka–Munk theory and principal component regression 

analysis based on near-infrared spectroscopy. Powder Technology, 141, 244-

250. 

PASTOR, L., MANGIN, D., BARAT, R. & SECO, A. 2008. A pilot-scale study of 

struvite precipitation in a stirred tank reactor: conditions influencing the 

process. Bioresource Technology, 99, 6285-6291. 

PIOTROWSKI, K., HUTNIK, N. & MATYNIA, A. 2012. Effect of sulphate (VI) 

ions on CSD of struvite–neural network model of continuous reaction 

crystallization process in a DT MSMPR crystallizer. Procedia Engineering, 42, 

521-531. 



  

182 

 

PIOTROWSKI, K., MATYNIA, A. & HUTNIK, N. 2013. Gas-liquid Jet Pump 

Crystallizer in Phosphorus Recycling Technology–neural Network Model. 

Procedia Environmental Sciences, 18, 756-765. 

PLAZA, C., SANZ, R., CLEMENTE, C., FERNÁNDEZ, J. M., GONZÁLEZ, R., 

POLO, A. & COLMENAREJO, M. F. 2007. Greenhouse evaluation of 

struvite and sludges from municipal wastewater treatment works as 

phosphorus sources for plants. Journal of agricultural and food chemistry, 55, 

8206-8212. 

PRABHU, M. & MUTNURI, S. 2014. Cow urine as a potential source for struvite 

production. International Journal of Recycling of Organic Waste in 

Agriculture, 3, 1-12. 

PRYWER, J. & OLSZYNSKI, M. 2013. Influence of disodium EDTA on the 

nucleation and growth of struvite and carbonate apatite. Journal of Crystal 

Growth, 375, 108-114. 

QURESHI, A., LO, K. V. & LIAO, P. H. 2008. Microwave treatment and struvite 

recovery potential of dairy manure. Journal of Environmental Science and 

Health Part B, 43, 350-357. 

QURESHI, A., LO, K. V., MAVINIC, D. S., LIAO, P. H., KOCH, F. & KELLY, H. 

2006. Dairy manure treatment, digestion and nutrient recovery as a phosphate 

fertilizer. Journal of Environmental Science and Health Part B: Pesticides, 

Food Contaminants, and Agricultural Wastes, 41, 1221-1235. 

RAFTERY, A. E., LI, N., Å EVÄ•ÃKOVÃ¡, H., GERLAND, P. & HEILIG, G. K. 

2012. Bayesian probabilistic population projections for all countries. 

Proceedings of the National Academy of Sciences, 109, 13915-13921. 

RAHAMAN, M. S. & MAVINIC, D. S. 2009. Recovering nutrients from wastewater 

treatment plants through struvite crystallization: CFD modelling of the 

hydrodynamics of UBC MAP fluidized-bed crystallizer. Water Science and 

Technology, 59, 1887. 

RAHAMAN, M. S., MAVINIC, D. S. & ELLIS, N. 2008. Phosphorus recovery from 

anaerobic digester supernatant by struvite crystallization: model-based 

evaluation of a fluidized bed reactor. Water Science and Technology, 58, 1321. 

RAHAMAN, M. S., MAVINIC, D. S., MEIKLEHAM, A. & ELLIS, N. 2014. 

Modeling phosphorus removal and recovery from anaerobic digester 



  

183 

 

supernatant through struvite crystallization in a fluidized bed reactor. Water 

research, 51, 1-10. 

RAHMAN, M. M., LIU, Y., KWAG, J.-H. & RA, C. 2011. Recovery of struvite from 

animal wastewater and its nutrient leaching loss in soil. Journal of hazardous 

materials, 186, 2026-2030. 

RAHMAN, M. M., SALLEH, M. A. M., RASHID, U., AHSAN, A., HOSSAIN, M. 

M. & RA, C. S. 2014. Production of slow release crystal fertilizer from 

wastewaters through struvite crystallization–A review. Arabian Journal of 

Chemistry, 7, 139-155. 

RAWASHDEH, R. & MAXWELL, P. 2011. The evolution and prospects of the 

phosphate industry. Mineral Economics, 24, 15-27. 

ROMERO-GÜIZA, M. S., ASTALS, S., CHIMENOS, J. M., MARTÍNEZ, M. & 

MATA-ALVAREZ, J. 2014. Improving anaerobic digestion of pig manure by 

adding in the same reactor a stabilizing agent formulated with low-grade 

magnesium oxide. Biomass and Bioenergy, 67, 243-251. 

ROMERO-GÜIZA, M. S., ASTALS, S., MATA-ALVAREZ, J. & CHIMENOS, J. M. 

2015. Feasibility of coupling anaerobic digestion and struvite precipitation in 

the same reactor: Evaluation of different magnesium sources. Chemical 

Engineering Journal, 270, 542-548. 

RONTELTAP, M., MAURER, M., HAUSHERR, R. & GUJER, W. 2010. Struvite 

precipitation from urine–influencing factors on particle size. Water research, 

44, 2038-2046. 

ROUFF, A. & MA, N. 2013. Interactions of Arsenic and Chromium with Struvite 

During Mineralization. Mineralogical Magazine, 77. 

ROUFF, A. A. 2012. Sorption of chromium with struvite during phosphorus recovery. 

Environmental science & technology, 46, 12493-12501. 

RUBIO-RINCÓN, F. J., LOPEZ-VAZQUEZ, C. M., RONTELTAP, M. & 

BRDJANOVIC, D. 2014. Seawater for phosphorus recovery from urine. 

Desalination, 348, 49-56. 

RYU, H.-D., CHOO, Y.-D., KANG, M.-K. & LEE, S.-I. 2014. Integrated Application 

of Struvite Precipitation and Biological Treatment in Treating Autothermal 

Thermophilic Aerobic Digestion Supernatant Liquid. Environmental 

Engineering Science, 31, 167-175. 



  

184 

 

RYU, H.-D. & LEE, S.-I. 2010. Application of struvite precipitation as a pretreatment 

in treating swine wastewater. Process Biochemistry, 45, 563-572. 

RYU, H.-D., LIM, C.-S., KANG, M.-K. & LEE, S.-I. 2012a. Evaluation of struvite 

obtained from semiconductor wastewater as a fertilizer in cultivating Chinese 

cabbage. Journal of hazardous materials, 221, 248-255. 

RYU, H.-D., LIM, C.-S., KIM, Y.-K., KIM, K.-Y. & LEE, S.-I. 2012b. Recovery of 

struvite obtained from semiconductor wastewater and reuse as a slow-release 

fertilizer. Environmental Engineering Science, 29, 540-548. 

SABBAG, H., BRENNER, A., NIKOLSKI, A. & BOROJOVICH, E. J. C. 2015. 

Prevention and control of struvite and calcium phosphate precipitation by 

chelating agents. Desalination and Water Treatment, 55, 61-69. 

SAKTHIVEL, S. R., TILLEY, E. & UDERT, K. M. 2012. Wood ash as a magnesium 

source for phosphorus recovery from source-separated urine. Science of the 

Total Environment, 419, 68-75. 

SAMPLE, D. J., GRIZZARD, T. J., SANSALONE, J., DAVIS, A. P., ROSEEN, R. 

M. & WALKER, J. 2012. Assessing performance of manufactured treatment 

devices for the removal of phosphorus from urban stormwater. Journal of 

environmental management, 113, 279-291. 

SCHNEIDER, P. A., WALLACE, J. W. & TICKLE, J. C. 2013. Modelling and 

dynamic simulation of struvite precipitation from source-separated urine. 

Water Science and Technology, 67, 2724-2732. 

SCHOLZ, R. W., ULRICH, A. E., EILITTÄ, M. & ROY, A. 2013a. Sustainable use 

of phosphorus: a finite resource. Science of the Total Environment, 461, 799-

803. 

SCHOLZ, R. W., ULRICH, A. E., EILITTÃ¤, M. & ROY, A. 2013b. Sustainable use 

of phosphorus: A finite resource. Science of The Total Environment. 

SCHUILING, R. D. & ANDRADE, A. 1999. Recovery of struvite from calf manure. 

Environmental Technology, 20, 765-768. 

SENTHILKUMAR, K., NESME, T., MOLLIER, A. & PELLERIN, S. 2012. 

Conceptual design and quantification of phosphorus flows and balances at the 

country scale: The case of France. Global Biogeochemical Cycles, 26. 

SHARP, R., VADIVELOO, E., FERGEN, R., MONCHOLI, M., PITT, P., 

WANKMULLER, D. & LATIMER, R. 2013. A theoretical and practical 



  

185 

 

evaluation of struvite control and recovery. Water Environment Research, 85, 

675-686. 

SHEPHERD, T. A., BURNS, R. T., MOODY, L. B., RAMAN, D. R. & STALDER, 

K. J. 2009. Development of a bench-scale air sparged continuous flow reactor 

for struvite precipitation from two different liquid swine manure storage 

systems. Applied Engineering in Agriculture, 25, 425-430. 

SHIMAMURA, K., TANAKA, T., MIURA, Y. & ISHIKAWA, H. 2003. 

Development of a high-efficiency phosphorus recovery method using a 

fluidized-bed crystallized phosphorus removal system. Water Science & 

Technology, 48, 163-170. 

SHIN, H. S. & LEE, S. M. 1998. Removal of nutrients in wastewater by using 

magnesium salts. Environmental Technology, 19, 283-290. 

SHU, L., SCHNEIDER, P., JEGATHEESAN, V. & JOHNSON, J. 2006. An 

economic evaluation of phosphorus recovery as struvite from digester 

supernatant. Bioresource Technology, 97, 2211-2216. 

SICILIANO, A. 2015. Assessment of fertilizer potential of the struvite produced from 

the treatment of methanogenic landfill leachate using low-cost reagents. 

Environmental Science and Pollution Research, 1-11. 

SICILIANO, A. & ROSA, S. D. 2014. Recovery of ammonia in digestates of calf 

manure through a struvite precipitation process using unconventional reagents. 

Environmental technology, 35, 841-850. 

SINDING-LARSEN, R. & WELLMER, F.-W. 2012. Non-renewable resource issues: 

geoscientific and societal challenges: an introduction. Non-Renewable 

Resource Issues. Springer. 

SMITH, S. R. 2009. A critical review of the bioavailability and impacts of heavy 

metals in municipal solid waste composts compared to sewage sludge. 

Environment international, 35, 142-156. 

SNOEYINK, V. L. & JENKINS, D. 1980. Water chemistry, John Wiley. 

SONG, Y.-H., QIU, G.-L., YUAN, P., CUI, X.-Y., PENG, J.-F., ZENG, P., DUAN, 

L., XIANG, L.-C. & QIAN, F. 2011. Nutrients removal and recovery from 

anaerobically digested swine wastewater by struvite crystallization without 

chemical additions. Journal of hazardous materials, 190, 140-149. 

SONG, Y., DAI, Y., HU, Q., YU, X. & QIAN, F. 2014. Effects of three kinds of 

organic acids on phosphorus recovery by magnesium ammonium phosphate 



  

186 

 

(MAP) crystallization from synthetic swine wastewater. Chemosphere, 101, 

41-48. 

SONG, Y., QIAN, F., GAO, Y., HUANG, X., WU, J. & YU, H. 2015. PHREEQC 

program-based simulation of magnesium phosphates crystallization for 

phosphorus recovery. Environmental Earth Sciences, 73, 5075-5084. 

SONG, Y., YUAN, P., ZHENG, B., PENG, J., YUAN, F. & GAO, Y. 2007. Nutrients 

removal and recovery by crystallization of magnesium ammonium phosphate 

from synthetic swine wastewater. Chemosphere, 69, 319-324. 

STRATFUL, I., SCRIMSHAW, M. D. & LESTER, J. N. 2001. Conditions 

influencing the precipitation of magnesium ammonium phosphate. Water 

Research, 35, 4191-4199. 

STUMPF, D., ZHU, H., HEINZMANN, B. & KRAUME, M. 2008. Phosphorus 

recovery in aerated systems by MAP precipitation: optimizing operational 

conditions. Water Sci. Technol, 58, 1977-1983. 

SUH, S. & YEE, S. 2011. Phosphorus use-efficiency of agriculture and food system 

in the US. Chemosphere, 84, 806-813. 

SUZUKI, K., TANAKA, Y., KURODA, K., HANAJIMA, D. & FUKUMOTO, Y. 

2005. Recovery of phosphorous from swine wastewater through crystallization. 

Bioresource technology, 96, 1544-1550. 

SUZUKI, K., TANAKA, Y., KURODA, K., HANAJIMA, D., FUKUMOTO, Y., 

YASUDA, T. & WAKI, M. 2007. Removal and recovery of phosphorous from 

swine wastewater by demonstration crystallization reactor and struvite 

accumulation device. Bioresource Technology, 98, 1573-1578. 

SZÖGI, A. A., VANOTTI, M. B. & HUNT, P. G. 2006. Dewatering of phosphorus 

extracted from liquid swine waste. Bioresource technology, 97, 183-190. 

TAO, Q., ZHOU, S., LUO, J. & YUAN, J. 2015. Nutrient removal and electricity 

production from wastewater using microbial fuel cell technique. Desalination, 

365, 92-98. 

TAO, W., FATTAH, K. P. & HUCHZERMEIER, M. P. 2016. Struvite recovery from 

anaerobically digested dairy manure: A review of application potential and 

hindrances. Journal of environmental management, 169, 46-57. 

TAO, X. U. E. & HUANG, X. 2007. Releasing characteristics of phosphorus and 

other substances during thermal treatment of excess sludge. Journal of 

Environmental Sciences, 19, 1153-1158. 



  

187 

 

TARRAGÓ, E., PUIG, S., RUSCALLEDA, M., BALAGUER, M. D. & COLPRIM, J. 

Using the up-flow velocity as a parameter to control struvite particles‘ size. 

TARRAGÓ, E., PUIG, S., RUSCALLEDA, M., BALAGUER, M. D. & COLPRIM, J. 

2015. Using the up-flow velocity as a parameter to control struvite particles‘ 

size. 1st Resource Recovery Conference RR2015. Ghent, Belgium. 

TAYLOR, A. W., FRAZIER, A. W. & GURNEY, E. L. 1963. Solubility products of 

magnesium ammonium and magnesium potassium phosphates. Transactions 

of the Faraday Society, 59, 1580-1584. 

TELZHENSKY, M., BIRNHACK, L., LEHMANN, O., WINDLER, E. & LAHAV, 

O. 2011. Selective separation of seawater Mg 2+ ions for use in downstream 

water treatment processes. Chemical engineering journal, 175, 136-143. 

TILLEY, E., ATWATER, J. & MAVINIC, D. 2008. Recovery of struvite from stored 

human urine. Environmental technology, 29, 797-806. 

TU, Y.-J. & YOU, C.-F. 2014. Phosphorus adsorption onto green synthesized nano-

bimetal ferrites: equilibrium, kinetic and thermodynamic investigation. 

Chemical Engineering Journal, 251, 285-292. 

TÜRKER, M. & ÇELEN, I. 2007. Removal of ammonia as struvite from anaerobic 

digester effluents and recycling of magnesium and phosphate. Bioresource 

technology, 98, 1529-1534. 

TÜRKER, M. & ERDEM, İ. Ç. 2011. Chemical equilibrium model of struvite 

precipitation from anaerobic digester effluents. Turkish Journal of 

Engineering and Environmental Sciences, 35, 39-48. 

UENO, Y. & FUJII, M. 2001. Three years experience of operating and selling 

recovered struvite from full-scale plant. Environmental Technology, 22, 1373-

1381. 

ULUDAG-DEMIRER, S. 2008. A study on nutrient removal from municipal 

wastewater by struvite formation using Taguchi's design of experiments. 

Environmental Engineering Science, 25, 1-10. 

UYSAL, A., DEMIR, S., SAYILGAN, E., ERASLAN, F. & KUCUKYUMUK, Z. 

2014. Optimization of struvite fertilizer formation from baker‘s yeast 

wastewater: growth and nutrition of maize and tomato plants. Environmental 

Science and Pollution Research, 21, 3264-3274. 

UYSAL, A. & KURU, B. 2013a. Examination of nutrient removal from anaerobic 

effluent of the dairy processing industry by struvite precipitation using the 



  

188 

 

response surface methodology. Fresenius Environmental Bulletin, 22, 1380-

1387. 

UYSAL, A. & KURU, B. 2013b. Magnesium Ammonium Phosphate Production from 

Wastewater through Box–Behnken Design and Its Effect on Nutrient Element 

Uptake in Plants. CLEAN–Soil, Air, Water, 41, 447-454. 

VACCARI, D. 2009a. Phosphorus: a looming crisis. Scientific American Magazine, 

300, 54-59. 

VACCARI, D. A. 2009b. Phosphorus: a looming crisis. Scientific American, 300, 54-

59. 

VACCARI, D. A. 2011. Sustainability and the phosphorus cycle: inputs, outputs, 

material flow, and engineering. Environ.Eng, 29-38. 

VAN RENSBURG, P., MUSVOTO, E. V., WENTZEL, M. C. & EKAMA, G. A. 

2003. Modelling multiple mineral precipitation in anaerobic digester liquor. 

Water Research, 37, 3087-3097. 

VAN VUUREN, D. P., BOUWMAN, A. F. & BEUSEN, A. H. W. 2010. Phosphorus 

demand for the 1970–2100 period: a scenario analysis of resource depletion. 

Global environmental change, 20, 428-439. 

WAGH, A. S., SAYENKO, S. Y., SHKUROPATENKO, V. A., TARASOV, R. V., 

DYKIY, M. P., SVITLYCHNIY, Y. O., VIRYCH, V. D. & ULYBKINA, Е. 

2016. Experimental study on cesium immobilization in struvite structures. 

Journal of hazardous materials, 302, 241-249. 

WANG, G., WANG, D., XU, X. & YANG, F. 2013a. Partial nitrifying granule 

stimulated by struvite carrier in treating pharmaceutical wastewater. Applied 

microbiology and biotechnology, 97, 8757-8765. 

WANG, J., BURKEN, J. G., ZHANG, X. & SURAMPALLI, R. 2005. Engineered 

struvite precipitation: Impacts of component-ion molar ratios and pH. Journal 

of Environmental Engineering, 131, 1433-1440. 

WANG, J., SONG, Y., YUAN, P., PENG, J. & FAN, M. 2006. Modeling the 

crystallization of magnesium ammonium phosphate for phosphorus recovery. 

Chemosphere, 65, 1182-1187. 

WANG, X., SELVAM, A., CHAN, M. & WONG, J. W. C. 2013b. Nitrogen 

conservation and acidity control during food wastes composting through 

struvite formation. Bioresource technology, 147, 17-22. 



  

189 

 

WANG, X., SELVAM, A. & WONG, J. W. C. 2016. Influence of lime on struvite 

formation and nitrogen conservation during food waste composting. 

Bioresource Technology. 

WANG, X., ZHANG, X., WANG, Y., DU, Y., FENG, H. & XU, T. 2015. 

Simultaneous recovery of ammonium and phosphorus via the integration of 

electrodialysis with struvite reactor. Journal of Membrane Science, 490, 65-71. 

WANG, Y., ZHENG, S.-J., PEI, L.-Y., KE, L., PENG, D.-C. & XIA, S.-Q. 2014. 

Nutrient release, recovery and removal from waste sludge of a biological 

nutrient removal system. Environmental technology, 35, 2734-2742. 

WARD, J. 2008. Peak phosphorus: quoted reserves vs. production history. Energy 

Bulletin, Available: http://www.energybulletin.net/node/46386. 

WILSENACH, J. A., SCHUURBIERS, C. A. H. & VAN LOOSDRECHT, M. C. M. 

2007. Phosphate and potassium recovery from source separated urine through 

struvite precipitation. Water research, 41, 458-466. 

WU, Q. & BISHOP, P. L. 2004. Enhancing struvite crystallization from anaerobic 

supernatant. Journal of Environmental Engineering and Science, 3, 21-29. 

XIE, M., NGHIEM, L. D., PRICE, W. E. & ELIMELECH, M. 2014. Toward resource 

recovery from wastewater: extraction of phosphorus from digested sludge 

using a hybrid forward osmosis–membrane distillation process. Environmental 

Science & Technology Letters, 1, 191-195. 

XU, H., HE, P., GU, W., WANG, G. & SHAO, L. 2012. Recovery of phosphorus as 

struvite from sewage sludge ash. Journal of Environmental Sciences, 24, 

1533-1538. 

YE, Z.-L., CHEN, S.-H., LU, M., SHI, J.-W., LIN, L.-F. & WANG, S.-M. 2011. 

Recovering phosphorus as struvite from the digested swine wastewater with 

bittern as a magnesium source. Water Science & Technology, 64. 

YE, Z.-L., CHEN, S.-H., WANG, S.-M., LIN, L.-F., YAN, Y.-J., ZHANG, Z.-J. & 

CHEN, J.-S. 2010. Phosphorus recovery from synthetic swine wastewater by 

chemical precipitation using response surface methodology. Journal of 

hazardous materials, 176, 1083-1088. 

YE, Z., SHEN, Y., YE, X., ZHANG, Z., CHEN, S. & SHI, J. 2014. Phosphorus 

recovery from wastewater by struvite crystallization: Property of aggregates. 

Journal of Environmental Sciences, 26, 991-1000. 

http://www.energybulletin.net/node/46386


  

190 

 

YETILMEZSOY, K. & SAPCI-ZENGIN, Z. 2009. Recovery of ammonium nitrogen 

from the effluent of UASB treating poultry manure wastewater by MAP 

precipitation as a slow release fertilizer. Journal of Hazardous Materials, 166, 

260-269. 

YETILMEZSOY, K., TURKDOGAN, F. I., GUNAY, A., YILMAZ, T., KALELI, M. 

& DAVUTPASA, E. 2013. Medicinal plants grown in soil amended with 

struvite recovered from anaerobically pretreated poultry manure wastewater. 

Journal of Animal and Plant Sciences, 23, 261-270. 

YI, W., LO, K. V., MAVINIC, D. S., LIAO, P. H. & KOCH, F. 2005. The effects of 

magnesium and ammonium additions on phosphate recovery from greenhouse 

wastewater. Journal of Envirnomental Science and Health, 40, 363-374. 

YOU, J., GREENMAN, J., MELHUISH, C. & IEROPOULOS, I. 2015. Electricity 

generation and struvite recovery from human urine using microbial fuel cells. 

Journal of Chemical Technology and Biotechnology. 

YU, R., CHENG, S., REN, H., WANG, Y., DING, L., GENG, J., XU, K. & ZHANG, 

Y. 2013a. Ammonium removal from wastewater via struvite pyrolysate 

recycling with Mg (OH) 2 addition. Water Science & Technology, 68. 

YU, R., GENG, J., REN, H., WANG, Y. & XU, K. 2012. Combination of struvite 

pyrolysate recycling with mixed-base technology for removing ammonium 

from fertilizer wastewater. Bioresource technology, 124, 292-298. 

YU, R., REN, H., WANG, Y., DING, L., GENG, J., XU, K. & ZHANG, Y. 2013b. A 

kinetic study of struvite precipitation recycling technology with NaOH/Mg 

(OH) 2 addition. Bioresource technology, 143, 519-524. 

ZHANG, D.-M., CHEN, Y.-X., JILANI, G., WU, W.-X., LIU, W.-L. & HAN, Z.-Y. 

2012. Optimization of struvite crystallization protocol for pretreating the 

swine wastewater and its impact on subsequent anaerobic biodegradation of 

pollutants. Bioresource technology, 116, 386-395. 

ZHANG, H., LO, V. K., THOMPSON, J. R., KOCH, F. A., LIAO, P. H., LOBANOV, 

S., MAVINIC, D. S. & ATWATER, J. W. 2015. Recovery of phosphorus 

from dairy manure: a pilot-scale study. Environmental technology, 36, 1398-

1404. 

ZHANG, T., LI, P., FANG, C. & JIANG, R. 2014. Phosphate recovery from animal 

manure wastewater by struvite crystallization and CO2 degasification reactor. 

Ecological Chemistry and Engineering S, 21, 89-99. 



  

191 

 

ZHANG, W. & LAU, A. 2007. Reducing ammonia emission from poultry manure 

composting via struvite formation. Journal of Chemical Technology and 

Biotechnology, 82, 598-602. 

ZHIGANG, L. I. U., QINGLIANG, Z., KUN, W., DUUJONG, L. E. E., WEI, Q. I. U. 

& JIANFANG, W. 2008. Urea hydrolysis and recovery of nitrogen and 

phosphorous as MAP from stale human urine. Journal of Environmental 

Sciences, 20, 1018-1024. 

ZHOU, S. & WU, Y. 2012. Improving the prediction of ammonium nitrogen removal 

through struvite precipitation. Environmental Science and Pollution Research, 

19, 347-360. 

ZHOU, Z., HU, D., REN, W., ZHAO, Y., JIANG, L.-M. & WANG, L. 2015. Effect 

of humic substances on phosphorus removal by struvite precipitation. 

Chemosphere, 141, 94-99. 

ZORN, K., VORNDRAN, E., GBURECK, U. & MÜLLER, F. A. 2015. 

Reinforcement of a Magnesium‐Ammonium‐ Phosphate Cement with 

Calcium Phosphate Whiskers. Journal of the American Ceramic Society, 98, 

4028-4035. 

 

 


	coversheet.pdf
	General copyright and disclaimer




