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ABSTRACT 

 

Magnesium, ammonium and phosphate ions are present during anaerobic 

digestion of sewage sludge and also during dewatering operations. Under certain 

conditions, these dissolved wastewater constituents can combine to form struvite. 

In response to struvite formation problems in wastewater treatment plants 

(WWTP), this kinetic study of struvite (MgNH4PO4.6H2O) crystallisation was 

undertaken to provide a comprehensive understanding of the process and thereby 

will assist in better control of struvite in wastewater treatment plants. 

The solubility of struvite was determined at different initial solution pH, 

temperature and in the presence of chloride salt solutions (NaCl, KCl, and CaCl2). 

The solubility of struvite decreases slightly with increase in initial solution pH 

from 3 to 7 while solubility of struvite increases with increasing solution from pH 

9 – 11. The solubility of struvite reached a minimum point at initial solution pH 7 

– 9. The minimum Ksp value was found to range              –             

at pH 7 – 9. The effect of temperature on solubility of struvite between 20 – 50
O
C 

showed that increasing Ksp value was found between 20 – 35
O
C. The Ksp value 

decreased subsequently with increase in temperature 35 – 50
O
C. Maximum 

solubility occurred at 35
O
C with KSP             . A phase transition occurred 

at 35
O
C. Based on the KSP value and temperature, the dissolution energy of 

struvite crystal was found to be 100.9 kJ/mol in temperature range of 35 – 50
O
C 

and 85.5 kJ/mol for temperature range of 20 – 35
O
C. The solubility of struvite was 

determined in the presence of excess chloride salt (KCl, NaCl and CaCl2) 

solutions at 25
O
C and pH 7. It was observed that solubility, in pure water and in 

aqueous chloride salts solution, increased with increase in chloride salt 

concentrations. The standard molar Gibbs energies of transfer of struvite from 

pure water to the chloride salts solution have been calculated from the solubility 

data.  The chloride salts effect can be correlated to a ∆G decreasing order at 25
O
C, 

i.e., KCl > NaCl > CaCl2. A study was also made to investigate how the 

morphology of the struvite crystals was affected when they were exposed to 

solutions at different initial pH values. The original struvite crystals and other 

residual crystals after the solubility test were examined by both SEM and EDS. It 
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was found that the shapes of crystals were amorphous, rhombohedral, and 

hexagonal for initial pH 3, 7, and 11, respectively and for pH 5 and 9 platelets and 

spherical resulted, respectively. 

The effect of various physico-chemical parameters such as supersaturation, 

temperature, pH and presence of foreign ion on the nucleation of struvite 

formation were studied experimentally. Mechanism of nucleation kinetics of 

struvite (MgNH4PO4.6H2O) formation has been identified by thermodynamic 

parameters study. The time taken for nucleation to occur (often indicated by the 

induction time) is a measure of struvite nucleation. It was found that induction 

time decreased with an increase in supersaturation, temperature, pH but increased 

with presence of excess chloride (Cl
-
) ion. Interfacial energy of two nucleation 

mechanisms (       and       ), homogeneous and heterogeneous, increased with 

an increase in solution pH for all temperatures whereas interfacial energy of 

crystals increased with decrease in temperature. Thermodynamic parameters such 

as activation energy and interfacial energy were calculated based on rate of 

nucleation for both homogeneous and heterogeneous crystallisation. The 

activation energy for struvite nucleation was calculated as 30.1 kJ.mol
-1

 and 24.9 

kJ.mol
-1

 at pH 8 and 8.5, respectively. The activation energies in the presence of 

NaCl and KCl were higher (64.5 and 51.7 kJ/mol, respectively) at pH 8. The 

interfacial energy between struvite crystals and supersaturated solution decreased 

with increase in pH but increased in the presence of either NaCl or KCl. 

Struvite crystal growth kinetics were studied under different physico-chemical 

process parameters such as supersaturation (        
     

  ), solution pH, 

stirrer speed, temperature, impurities and presence of seeds. To measure the 

growth rate of struvite crystals and to identify its various dependencies on system 

parameters, laboratory measurements were conducted in an isothermal batch 1 L 

stirred seeded crystalliser.  

The pseudo-first and pseudo-second order kinetic models were employed to 

analyse the rate of decay of supersaturation data of solution pH, temperature and 

stirrer speed and much useful kinetic information are revealed. The experimental 

results agreed with the first-order kinetic model prediction. The obtained rate 

constant, k, can be used to explain the struvite precipitation behaviour. 
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Supersaturation and pH were found to be most influential parameters for struvite 

crystallisation. The rate of change of supersaturation in the bulk solution increases 

with increasing supersaturation. It was also found that growth rate increased with 

an increase in solution pH in the pH range of 8 to 9. The fitted rate constants (k1) 

for first-order kinetic model were 3.0, 4.3 and 5.8 hr
-1

 for a solution pH of 8.0, 8.5 

and 9.0, respectively. The increasing stirred speeds influenced growth rate of 

struvite crystal. The rate constants resulting from different stirrer speeds at 

supersaturation 2.04 are 2.6, 3.7 and 5.8 h
-1

 for 50, 100, and 120 rpm, 

respectively. The constants, KG and KL increased with higher stirrer speed. The 

growth rate increased with increase in temperature. The growth rate constant 

increased between        and           m/s with increase in temperature 

from 20 to 30
O
C. The value of activation energy of growth of struvite crystals of 

55.42 kJ.mol
-1

 were obtained by fitting the data to the Arrhenius equation. The 

presence of impurities (NaCl) in the solution was also investigated on growth of 

struvite crystal. It was found that NaCl addition in a system can have a significant 

effect on the growth of struvite crystals. The growth constant (KG) and overall 

mass transfer coefficient (KL) increased with increasing NaCl addition. However, 

at NaCl concentration exceeding 100 ppm, the growth rate of struvite remained 

constant.  

The dissolution kinetics of struvite crystals (MgNH4PO4.6H2O) in deionized water 

was investigated in a batch crystallizer. The effects of stirrer speeds, temperature 

and crystals size on the dissolution rate were determined. The results showed an 

increase of struvite dissolution rate with increasing stirring speed. Struvite 

dissolution occurred via a diffusion-controlled mechanism in the range of stirrer 

speeds 120 – 400 rpm but became interfacial-reaction-controlling at over 400 rpm. 

The influence of temperature on dissolution kinetic of struvite crystals was 

investigated at stirrer speeds of 200 and 500 rpm. The overall mass transfer 

coefficient increased from            to           m/s with increase in stirrer 

speeds 120 – 400 rpm and remained relatively constant above 400 rpm. The 

dissolution rates increased with an increase in the temperature for both stirrer 

speeds (200 and 500 rpm). The activation energies derived from these curves were 

found as 17.92 kJ/mol and 54.56 kJ/mol for the stirrer speed of 200 and 500 rpm, 
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respectively. The change in activation energies as a function of stirrer speeds 

confirms the change of dissolution mechanism from a diffusion-controlled 

mechanism under low stirrer speeds to an interfacial-reaction-controlled 

mechanism at higher stirrer speeds. The dissolution rate of struvite crystals 

increased with smaller crystal sizes. The values of volumetric mass transfer 

coefficient (KLa) are given as follows;         ,          and         for 

initial size of 24.3, 43.5, and 84.5 µm, respectively. The values of KLa decreased 

with increase in crystal size, indicating that smaller crystals dissolve more rapidly 

than large crystals. However, the KL values are almost the same within a margin 

of error of 2 %. This result indicates that the rate of dissolution of struvite from 

the crystal surface does not depend on the size of crystals, at least for those 

crystals with L in the range from 24 to 85 µm. 
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CHAPTER 1  

INTRODUCTION 

 

 

1.1 Background Information 

Crystallization is an important unit operation in chemical industries for separating 

mixture or solution by forming solids with the desired physical properties. The 

applications of crystallization techniques are used in a wide range of industries 

such as pharmaceuticals, fertilizers, catalysts, sugar, and specialty chemicals. The 

definition of crystallization is a phase change in which a crystalline product is 

obtained from a solution. In general, crystalline product from solution can be 

produced through a two-step process. The first step is the nucleation process in 

which birth of new crystals appears in the solution, and the crystals grow to larger 

crystals as a second-step process. The second-step of crystal growth process can 

be simply produced in a supersaturated solution in which seed crystals are placed, 

and the solution will eventually reach equilibrium. The decreasing concentration 

mechanism of the solution reaching the equilibrium point can be quantitatively 

calculated based on the rate of crystallisation kinetics. Crystallization kinetics is 

the fundamental information which governs the performance of a crystallization 

process, together with the governing conservation laws of mass, energy, and 

population balance (Nývlt, 1992) 

Crystallisation involves the separation of a solid component from a homogeneous 

liquid or gas phase. However, in most system of interest it is the separation of a 

soluble salt from its aqueous solution. Typically, the term solution has come to 

mean a liquid, and a solute, which is the dissolve solid, at the condition of interest. 

The solution for crystallisation must be supersaturated. A solution in which the 

solute concentration exceeds the equilibrium (saturated) solute concentration at a 

given temperature is known as a supersaturated solution. An appreciable 

supersaturated solution may be achieved for many solutions by proper 

manipulation of operating conditions. There are four main methods to generate 

supersaturation in solution (Myerson, 2002):  
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1. Temperature change 

2. Evaporation of solvent 

3. Chemical reaction 

4. Changing the solvent composition. 

A solute dissolves in solution until a sufficiently high level of supersaturation has 

been developed to induce spontaneous nucleation. The extent of this 

supersaturation is referred to as the metastable zone width. The metastable zone 

width depends on many process parameters such as temperature, rate of 

supersaturation generation, impurities, mixing, and solution history (Nyvlt et al., 

1985). 

The method of generating supersaturation through chemical reaction is called 

precipitation. In this case, two or more reactants are added together to form a solid 

product insoluble in the reaction mixture. For a compound with a very high 

solubility, it is possible to create a high supersaturation with chemical reaction 

methods (Giulietti et al., 2001). Moreover, concentration of reactants can be 

varied to obtain any desirable supersaturation and manipulating the pH may also 

create the same outcome (Myerson, 2002). Crystalline produced by chemical 

reaction methods can generally be controlled for increasing crystal size, shape, 

yield and purity with lower energy consumption compared to either evaporation 

or cooling methods. The shape and size of crystals often are influenced by both 

growth and nucleation processes interacting in a crystallizer. Control of the 

quality and physical form of the product is primarily concerned with control of the 

crystal size distribution (CSD). A good quality of CSD can be influenced by 

properties of the solution and operating mode such as supersaturation, 

temperature, impurities, ionic strength, pH and stirrer speed (Mullin, 2001). 

Reactive crystallisation is often called a “precipitation” process because it is a 

combination of both crystallisation and chemical reaction mechanisms. The 

driving force for reactive crystallisation is different from traditional 

crystallisation. In a reactive crystallisation, supersaturation is caused not only by 

changes to the physical properties of a solution, but it is also influenced by a 

chemical reaction between two soluble components leading to a less soluble 
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product which then crystallises. Reactive crystallisation is more difficult to study 

than classical crystallisation because the crystal generation depends on various 

factors, all of which have their own kinetics, such as chemical reaction kinetics, 

crystallisation kinetics, and mixing mechanisms.  

 

1.2 Research Direction and Overall Objectives 

Magnesium, ammonium, and phosphate ions are released as the result of solids 

degradation in an anaerobic digestion of wastewater treatment plant. Under certain 

physico-chemical conditions, these dissolved wastewater constituents can 

combine to form struvite which causes scale deposition on pipe walls, pump and 

equipment surfaces of anaerobic digestion and post-digestion processes. The 

blockage of pipes leads to an increase of pumping cost and also reduces plant 

capacity. It is not only pipes that are affected by struvite deposits, centrifuges, 

pumps, heat exchanger and aerators are also prone to fouling by struvite. Due to a 

problem to eliminate or inhibit struvite formation (Doyle and Parsons, 2002), 

struvite also offers itself as a fertilizer which encourages wastewater treatment 

companies to study its possible recovery (Le Corre et al., 2007). Predicting 

struvite precipitation potential is critical to designer and operators for anticipating 

potential struvite formation. Struvite precipitation can be separated into two basic 

stages: nucleation and growth. Nucleation occurs when ions combine to form 

crystal embryos that can act as the foundation for growth into detectable crystals 

(Ohlinger et al., 1999). Crystal growth continues until equilibrium is reached 

(Doyle and Parsons, 2002). Predicting and controlling of these two stages are 

complex as they are controlled by a combination of factors including 

thermodynamics of liquid-solid equilibrium, phenomena of mass transfer between 

solid and liquid phases and kinetics of reaction (Myerson, 2002). There are also 

various physico-chemical parameters such as solution pH, supersaturation (i.e. 

combined concentrations of Mg
2+

, NH4
+
, and PO4

3-
 exceeding the struvite 

solubility limit), temperature, interfacial energy, agitation energy and presence of 

other interfering ions (Uludag-Demirer et al., 2005, Ohlinger et al., 1998, Le 

Corre et al., 2005, Bhuiyan et al., 2008)  strongly influence the mechanism of 

crystal nucleation of struvite. Increases in temperature or supersaturation, or a 
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decrease in the interfacial energy are expected to produce an increased nucleation 

rate (Mullin, 2001, Judge et al., 1999). For those reasons, it has become important 

to study the principles of solubility, nucleation, growth and dissolution of struvite 

crystal to assess the various controlling physico-chemical parameters on struvite 

crystallisation.  

 

1.3 Thesis Overview 

This thesis contains eight chapters, in which the four chapters of the experimental 

work are successively presented in Chapters 4 to 7. Each chapter opens with a 

brief introduction section which conveys the motivation and structure of 

individual chapters. The main points and findings are captured in a summary 

section at the end of each chapter. 

 

Chapter 1: Introduction 

In this chapter the background and purpose of the present study, the contribution 

of previous researchers in this area of research, the presence state of knowledge 

about the study topic, and the sequence of approach taken for this study are all 

discussed.  

 

Chapter 2: Literature review 

This chapter describes the general background of this study including the basic 

processes of struvite crystallization, such as the mechanism of nucleation, crystal 

growth and solubility of crystals. The discussion of this chapter starts with the 

fundamental theory of crystallization in solution, the effect of solution pH, the 

effect of foreign ions, the effect of temperature on the nucleation and crystal 

growth. A detailed description of solubility, nucleation and growth of struvite is 

clearly described in this chapter. 

 

Chapter 3: Experimental studies of struvite solubility, nucleation, growth, 

and dissolution in aqueous solution 

To reduce the errors in the results from crystallization experiment, accurate, and 

reliable analytical techniques must be established. The various analytical 



 

5 
 

 

laboratory techniques adopted in this study are detailed in this chapter. The details 

of the experiment studies are presented, which includes the preparation of the 

crystallising solutions and seed preparation, followed by techniques employed the 

determining the solution concentration and particle size distribution.  

 

Chapter 4: Effect of initial solution pH, temperature and salts on solubility of 

struvite crystals 

This chapter discusses systematically some of the research data on the solubility 

of struvite crystals. This study investigates some valuable issues on solubility of 

struvite, such as the effect of initial solution pH, temperature, and foreign ions. 

The effect of initial solution pH is investigated in detail on crystal morphology. 

The results show that the initial solution pH can affect a change in crystal 

morphology, which is not available in the literature. 

 

Chapter 5: Impact of various physico-chemical parameters on spontaneous 

nucleation of struvite (MgNH4PO4.6H2O) in water: kinetics and nucleation 

mechanism   

This chapter demonstrates the operation of the batch crystallization system. Batch 

crystallization system is used to observe nucleation of struvite crystals. This study 

was undertaken to estimate nucleation rate parameters of struvite formation in a 

stirred batch crystalliser while examining the influence of pH, temperature, 

supersaturation, and salt (NaCl and KCl) impurities on nucleation. From the 

experimental results, the activation and interfacial energies during struvite 

formation could be determined so that a better understanding of the phenomenon 

can be obtained. 

 

Chapter 6: The influence of various physico-chemical process parameters on 

struvite crystallization in water: crystal growth kinetics 

This chapter demonstrates the operation of the batch crystallization system. Batch 

crystallization system is used to observe metastable zone width and growth of 

struvite crystals. Observation of metastable zone width uses three variable 

hydrodynamic condition (50, 100 and 200 rpm). Furthermore, a detailed study on 
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the effect of hydrodynamic condition on kinetics and growth of struvite crystals 

are discussed in this chapter. The effect of foreign ions, pH and temperature on 

the growth of crystals are also studied and discussed in this chapter. This chapter 

also describes in detail the effect of temperature, supersaturation, NaCl addition 

and pH on growth study. From this growth study, the activation energy of struvite 

crystals is calculated. 

 

Chapter 7: Effect of various process parameters on the dissolution kinetics of 

struvite crystals in wastewater treatment plant 

This chapter demonstrate the operation of the batch crystallisation system. This 

chapter focus on the dissolution kinetics of struvite crystals in deionized water 

(pH 7). An analytical equation describing the relationship between the solute 

concentration and the dissolution time was obtained. Therefore, this study was 

attempted to explore the effect of stirrer speeds, temperature and crystal size on 

the struvite dissolution. Moreover, activation energies from either diffusion-

controlled or interfacial-reaction-controlled were accounted by using dissolution 

rate equations. 

 

Chapter 8: Conclusions and recommendations 

In this Chapter, the conclusions from this research study, the practical implication 

from the results and the recommendations for future directions for research in this 

area are summarised.  
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CHAPTER 2  

LITERATURE REVIEW 

 

2.1 Introduction 

This chapter provides a brief literature review relevant to this study. It includes 

some of the theoretical aspects of crystallisation including basic crystallisation, 

solubility, crystal growth mechanisms, effect of impurities on nucleation and 

growth, and a review on struvite crystals growth rate, nucleation and dissolution 

available in the literature. 

The chapter ends with a conclusion section, which captures the essence and gaps 

of the literature review resulting in the proposed study. 

 

2.2 Fundamentals of Crystallisation from Solution 

Crystallisation from solution is widely utilized in the chemical and process 

industry (Jancic and Grootscholten, 1984, Söhnel and Garside, 1992). 

Crystallisation techniques are widely employed in the separation and purification 

of solid to produce a variety of materials of high purity at low cost (De Jong, 

1984, Myerson and Toyokura, 1990). A crystallisation process, furthermore, 

results in a particulate product which is usually easy to handle, store, transport and 

apply. Crystals are produced in varying sizes ranging from as small as a few tens 

nanometres to several millimetres or more, both as discrete particles and as 

structured agglomerates. Crystallisation products include bulk and fine chemicals 

and their intermediates, such as sugar, sodium chloride, sodium carbonate, zeolite 

catalysts, adsorbents, detergents, fertilizers, pharmaceuticals and pigments (Jones, 

2002). 

Crystallisation from supersaturated solution can be considered as a two-step 

process, namely nucleation and crystal growth. Nucleation is the formation of the 

solid phase or “birth” of new crystals and crystal growth is the growth of the 

crystallisation phase into larger sizes. These two processes continue to occur 

simultaneously only if the solution is supersaturated; hence the rate of nucleation 

and growth is governed by the level of supersaturation. The following sections 

will discuss the supersaturation and the crystallisation kinetics in detail.  
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2.3 Solubility and Supersaturation 

Crystallisation may be defined as a phase change in which a crystalline product is 

obtained from a solution. Crystallisation occurs through two basic steps, namely 

formation of nuclei and growth of crystals. A solution is a mixture of two or more 

species that form a homogeneous single liquid phase.  

Three characteristics of solutions in crystallisation are saturated, supersaturated, 

and undersaturated solution. The solution that attains constant concentration after 

prolonged contact with the solid solute in a system which is at constant 

temperature or pressure is called a saturated solution. Saturated solution can be 

represented by curve D – G called solubility curve in Figure 2.1 and for the 

majority of cases solubility increases with increasing temperature. For some 

solutes, their solubilities can also decrease with increasing temperature (Myerson, 

2002). If a solution is capable of dissolving more solids it is considered to be 

undersaturated with respect to that solute. Such solutions are represented in Figure 

2.1 by the area below the solubility curve.   

 

Figure 2.1 Solubility curve for a typical substance 

If the solution happens to contain solute in excess of that prescribed by the 

equilibrium condition, then the solution is supersaturated and it can be represented 

by point A in Figure 2.1. Such a solution may adjust to its equilibrium value by 
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releasing the excess solute partly through the deposition on crystals that are 

already formed, and partly through the formation of new crystals. The level of 

supersaturation may be expressed in term of temperature, by the difference 

between A and B, or in term of concentration, by difference between A and D. 

The supersaturation, A, as indicated in Figure 2.1, can be achieved by cooling the 

solution at constant composition along CA; or by concentrating the solution by 

isothermal evaporation along EA. The intermediate path FA corresponds to 

adiabatic evaporation. 

 

2.3.1 Solubility 

Solubility is a measure of the amount of a solid chemical substance called solute 

that dissolves in a liquid to form a homogeneous solution of the solute in the 

solvent at a certain temperature. The solubility of a substance fundamentally 

depends on the solvent as well as on temperature and pressure. The extent of the 

solubility of a substance in a specific solvent is measured as the saturation 

concentration, where adding more solute does not increase the concentration of 

the solution. 

The solubility is measured in terms of concentration of ion that is present in a 

smaller ratio in solution. On the other hand, solubility equilibrium refers to the 

equilibrium between the dissolved salt (ions) and undissolved salt that usually 

exists in a saturated solution or a solution of a sparingly soluble salt. The 

solubility of a sparingly soluble electrolyte in water is called solubility product. 

The solute (i.e; MxAy) dissolves in the solvent and dissociates into cations (   ) 

and anions (   ) according to the reaction, 

       
              (2.1) 

where z
+
 and z

-
 are the valencies of the ions. 

So, solubility product in term of concentration is  

   , 
  -  ,   -         (2.1) 

And the solubility product in term of ion activity can be written as follows; 

        , 
  -      , 

  -       (2.2) 

Therefore,  

∏    
   

  

 
                                             (2.3) 
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2.3.2 Supersaturation 

Supersaturation is the key variable in any crystallisation. The supersaturation 

evaluated in term of solution concentration influences the kinetic rate of 

crystallisation.  The kinetic rate of crystal growth and nucleation depends on the 

thermodynamic driving force for transferring solute in the supersaturated solution 

(state 1) to the crystalline form (state 2) (Loehe and Donohue, 1997). The 

difference between the chemical potential of the given substance in the 

transferring and transferred states can be written as follows; 

                  (2.4) 

where   is chemical potential in solution,   is chemical potential in the crystal 

The chemical potential, , is defined in terms of the standard potential, 0, and the 

activity, a, by 

                    (2.5) 

where R is the gas constant and T is the absolute temperature. 

The fundamental dimensionless driving force for crystallisation may therefore be 

expressed as 

  

  
   .

 

  
/              (2.6) 

Where a
*
 is the activity of a saturated solution and S is the fundamental 

supersaturation.  

Since the solute activity is somewhat difficult to measure, concentration can be 

used. Supersaturation in term of concentration is defined as a difference between 

the concentration c of a supersaturated solution and c
*
, the concentration of a 

saturated solution at the given temperature, 

   
 

  
 
 

  
            (2.7) 

The most common expressions of supersaturation are the concentration driving 

force, 

                (2.8) 

Alternatively, supersaturation can be expressed by the relative supersaturation, : 

  (    )   ⁄      ⁄         (2.9) 

So, the supersaturation ratio, S: 
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            (2.10) 

Therefore, for a saturated solution S = 1, an undersaturated solution is denoted by 

S<1 and S>1 indicates a state of supersaturation.   

Supersaturation in aqueous solution of sparingly soluble electrolytes is best 

expressed in term of the solubility product, so, 

  (
   

   
)          (2.11) 

where IAP is the ion activity product of the lattice ions in solution and Ksp is the 

activity solubility product of salts. 

The logarithmic of Eq. (2.12) can results saturation index correlation, 

      (
   

   
)        (2.12) 

 

2.4 Metastable Zone Width 

The Metastable Zone Width is defined as the zone between the solubility curve 

and the metastable limit curve (Figure 2.2) and provides essential information for 

developing well-controlled crystallisation processes. Solubility and Metastable 

Zone Width curves are critical parameters for the definition of the operational and 

optimal design space for a crystallisation process. The illustration of Figure 2.2 

describes supersaturation in metastable zone, which constitutes the allowable 

supersaturation level during crystallisation process. 

From Figure 2.2, the diagram can be distinguished in terms of three distinct zones: 

1. The stable zone is the undersaturated zone, where no nucleation or crystal 

growth is possible. In this zone, existing crystals can still be dissolved into 

solution until the solubility of solute is reached.  

2. The supersaturated metastable zone, between the solubility and supersolubility 

curve, where growth may occur but spontaneous nucleation does not occur. 

However, if a seed crystal was placed in such a metastable solution, growth 

would occur on it.  

3. The labile zone is where spontaneous and rapid nucleation can occur 

Point A on Figure 2.2 represents a solution which is undersaturated. If this solution is 

cooled without loss of solvent to point B the solution will be saturated and if the 

solution is cooled further past point C into the labile zone crystallisation may take 
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place rapidly in order to relieve the highly supersaturated conditions so it can return 

back to equilibrium or it may be induced by seeding, agitation or mechanical shock. 

Further cooling to point D may be necessary before crystallisation can be induced, 

especially with very soluble substances since the solution may have become highly 

viscous and could even set to glass preventing crystallisation. As previously 

mentioned, supersaturation can also be achieved by solvent evaporation, which is 

represented by the path AB‟C‟ at constant temperature. In practice, a combination of 

cooling and evaporation is employed which is represented by the path AB”C”. All the 

above conditions only apply to homogeneous solutions since if a crystal of the solute 

was placed in the metastable region, growth would occur on it (Mullin, 2001). 

The metastable zone width is an essential parameter in the design, control and 

optimization of crystallisation processes, such as for the growth of large size 

crystals from solution. The metastable zone width is affected by various process 

parameters, such as supersaturation generation rate (Barrett and Glennon, 2002), 

agitation speed (O'Grady et al., 2007) and the presence of impurities (Myerson 

and Jang, 1995, Sayan and Ulrich, 2001).  

 

Figure 2.2 The solubility – supersolubility diagram (Mullin, 2001) 

Metastable zone width in primary nucleation is important in crystallisation of 

unseeded and highly supersaturated solutions. The unseeded crystallizers are 

commonly used in the chemical industry to control product qualities like crystal 
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size, crystal size distribution and crystal shape. It is, however, very difficult to 

estimate the qualities for product crystals obtained from unseeded crystallizers. In 

spite of this, unseeded crystallisation is applied widely in chemical production 

such as explosive materials (Kim and Ryu, 1997), emulsion latex (Hansen and 

Ugelstad, 1978), nano particle production (Song et al., 1997), etc. In the case of 

unseeded batch crystallizer spontaneous nucleation must be considered.  

 

2.5 Nucleation Study 

Nucleation occurs when solid crystals, called nuclei, are produced in specific 

supersaturated solution. There are different mechanisms that produce nuclei. 

Nucleation that involves either homogeneous or heterogeneous is primary 

nucleation. Secondary nucleation occurs in the presence of crystals of the same 

material being crystallized. Possibilities of secondary nucleation can be caused by 

dust on dry seeds (initial breeding type), breakage of dendritic growth on parent 

crystals (Dendritic type), breakage of agglomerates (polycrystalline breeding 

type), fluids shear on crystal face (shear nucleation type), and collision breeding 

(contact type) (Wilsenach et al., 2007).  

Generally, the difference between primary and secondary nucleation is that 

primary nucleation is the initial formation of crystals in the absence of other 

similar crystals, whereas secondary nucleation occurs in the presence of crystals 

of the same material. Primary nucleation needs higher supersaturation while 

secondary nucleation needs much lower supersaturations (Wilsenach et al., 2007, 

Jones, 2002)    

 

2.5.1 Primary nucleation 

Primary nucleation can be classified into homogenous and heterogeneous 

nucleation. The formation of a crystal that is not influenced by other crystals is 

called homogenous nucleation. Heterogeneous nucleation occurs when solid 

particle of any substance cause an increase in the rate of nucleation that would 

otherwise not be seen without the existence of these foreign particles. 

Heterogeneous nucleation occurs more often than homogeneous nucleation since 

it is not easy to prepare systems free from impurities, and physical equipment 
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such as vessel walls, stirrer and baffles (Kim et al., 2009) are required for 

crystallisation process. Homogeneous nucleation requires a much higher level of 

supersaturation and in most situations heterogeneous nucleation takes place before 

reaching conditions suitable for homogeneous nucleation.     

      

2.5.1.1 Homogeneous nucleation 

The classical theory of nucleation assumes that clusters are formed in solution 

according to following scheme; 

                 (2.13) 

                  (2.14) 

           (Critical cluster)      (2.15) 

Homogeneous nucleation occurs purely due to supersaturation. High 

supersaturation provides ions or molecule to produces nuclei that is called 

embryo.  If the embryos grow to exceed a particle size, called critical nuclei, then 

thermodynamics predicts that this aggregate would be stable and grow in size 

spontaneously. Further molecular addition to the critical size reached would result 

in nucleation and subsequent growth into crystals. Similarly, ions or molecules in 

a solution can interact to form short-lived clusters. Short chains may be formed 

initially or flat monolayer, and eventually a crystalline lattice structure is built up. 

The construction process, which occurs very rapidly, can only continue in local 

regions of very high supersaturation, and many embryos or „sub-nuclei‟ fail to 

achieve maturity; they simply redissolve because they are extremely unstable. If, 

however, the nucleus grows beyond a certain critical size, as explained below, it 

becomes stable under the average condition of supersaturation obtaining in the 

bulk of the fluid. 

The structure of assembly of molecule or ions which we call a critical nucleus is 

not known, and it is too small to observe directly. It could be a miniature crystal, 

nearly perfect in form. On the other hand, it could be a rather diffuse body with 

molecules or solvated ions in a state not too different from that in the bulk fluid, 

with no clearly defined surface.  

The classical nucleation theory is based on the condensation of a vapour to a 

liquid; these phenomena can be applied to crystallisation from melts and solution 



 

15 
 

 

(Mersmann, 2001). The thermodynamic consideration for homogeneous 

nucleation may be predicted as follows: 

The change in overall free energy of formation is the sum of the surface free 

energy     and the volume free energy (   ) (see in Figure 2.3). The change in 

positive free-surface energy increases with the interfacial tension ( ) between the 

surface of the particle and the surrounding solution, and the change in free-

volume energy is proportional to the volume of particle (   ) and increases 

energy of solute in solution.  

                        (2.16) 

                      (2.17) 

Here,   is the interfacial tension,   and   are the area and volume shape factor, 

respectively,   is characteristic length. Under the assumption that these clusters or 

nuclei are spherical, the equation becomes 

         
 

 
              (2.18) 

According to Figure 2.3, in which the free-surface energy      and the free-

volume energy     and total free energy    are plotted against the nucleus 

radius. The change in overall free energy of formation with respect to the nucleus 

size   passes through a maximum value. The critical size result in decrease in free 

energy of the particle and will participate in the nucleation process.  

Differentiation of overall free-energy formation against size of nucleus (Eq. 2.19) 

and equating to zero will result in a thermodynamically stable nucleus. The 

critical size can be calculated by minimizing the free energy function with respect 

to the radius.  

 (  )

  
           

             (2.19) 

    
  

   
          (2.20) 

Substituting for     from Eq. (2.21) in Eq. (2.20) we get 

       
    
  

 
         (2.21) 

The behaviour of newly created crystalline lattice structure in a supersaturated 

solution depends on its size where the crystalline lattice can either grow or 



 

16 
 

 

redissolve. The crystalline lattice can continue to grow if critical size of lattice 

becomes bigger than its critical size,   .  

The Gibbs-Thompson equation can be used to calculate growth of clusters 

  
 

  
     

   

    
             (2.22) 

where c is the solution concentration, c
*
 is the equilibrium saturation at given 

temperature T and   is molecular volume. Substituting for    from Eq. 2.23 into 

Eq. 2.22 we get 

       
       

 (     ) 
         (2.23) 

The rate of nucleation, J, e.g. the number of nuclei formed per unit time per unit 

volume, by primary homogeneous nucleation mechanism can be expressed in the 

form of the Arrhenius reaction equation (Kim et al., 2009, Wilsenach et al., 2007, 

Jones, 2002) 

       .
   

  
/         (2.24) 

where A is the pre-exponential factor and has a theoretical value of 10
30

 

nuclei/cm
3
s (Jones, 2002), k is the Boltzmann constant, ∆G is the free energy 

change between a small particle of solute and solute in solution, and T is the 

temperature in Kelvin.   

The nucleation rate can now be obtained from Eq. 2.25 

       0
        

     (   ) 
1        (2.25) 

   
        

     
          (2.26) 

  
 

    
         (2.27) 

where M is the molar mass,    is the crystal density and NA is the Avogadro 

number. 

       0
  

(   ) 
1         (2.28) 

where B is a constant. 

It is clear that increasing supersaturated solution and temperature can increase 

nucleation rate. And nucleation rate decreases with an increase in surface energy.  

As discussed by Nielsen (2010), Nyvlt (2012), and Shonel and Garside (2003), 

over limited ranges of supersaturation, Eq. (2.29) may be simplified to 
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          (2.29) 

where    is the nucleation rate constant and n is the kinetic order of nucleation. 

 

Figure 2.3 Free energy diagrams for nucleation explanation against clusters size 

(Mullin, 2001). 

 

2.5.1.2 Heterogeneous nucleation 

As mentioned previously homogeneous nucleation is thought to occur quite rarely 

in real life situation since the presence of foreign particles are difficult to avoid in 

the supersaturated solution. Generally, heterogeneous nucleation takes place more 

quickly since the foreign particles act as a catalyst for the crystal growth (Figure 

2.4), thus eliminating the necessity of creating a new surface and the incipient 

surface energy requirements. The decrease in free energy depends on the contact 
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(or wetting) angle between the crystalline deposits and the foreign solid surface. 

The relationship is formulated in Eq. (2.31) 

                         (2.30) 

   
 

 
(      )(      )       (2.31) 

 

 

Figure 2.4 Nucleation on a foreign particle for different wetting angles 

(Mersmann et al., 2002) 

 

The contact angle equals to zero (Eq. (2.32)), complete wetting, and the energy 

consideration show that spontaneous nucleation would occur for the system. 

 

2.5.1.3 Induction time 

The rate of nucleation can be determined by observing induction time. Induction 

time is defined as the amount of time elapsed between the creation of 

supersaturation and the point at which crystals are first detected. The appearance 

of the first visible crystals can be observed by changing in properties of the 

solution (for example, an increase in turbidity, a decrease in conductivity, a 

change in pH solution, and a concentration decrease). 

The induction time is divided into three periods as shown in Figure 2.5. At the 

beginning, the solution requires a time to achieve a quasi-steady state distribution 

of molecules. This period is called a certain „relaxation time‟, tr. Then time is 

required for the formation of a stable nucleus, tn, and then for the nucleus to grow 

to a detectable size, tg. So the induction time, tind, may be written as  

                      (2.32) 
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Figure 2.5 A desupersaturation curve (Mullin, 2001) 

 

It is difficult to isolate these separate quantities. The relaxation time depends to 

great extent on the system viscosity and hence diffusivity. The nucleation time 

depends on the supersaturation which affects the size of the critical nucleus. The 

growth time depends on the size at which nuclei are detectable and the growth rate 

applicable to this early stage of development.  

Figure 2.5 shows a typical desupersaturation curve. At point A, the initial 

supersaturation is created when time is zero and after a certain time, at point B', 

the solution form critical sized nuclei at which crystals can not be visually 

detected. This point is called the critical nuclei time (tn). At point B, a certain 

induction time tind elapses and crystals are first detected. However, at point B, no 

significant changes in the solution may be detected until, at point C, sometimes 

referred to as the end of the latent period, tlp, followed by rapid decay of 

supersaturation (D). Crystal growth in predominant during the decay of 

supersaturation region. Growth will slow down near equilibrium concentration at 

point E. At very high supersaturation, the induction time and latent period can be 

extremely short and virtually indistinguishable.  
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The presence of seed crystals generally reduces the induction time. A measurable 

of induction time when seed crystal is introduced in the system is defined as 

secondary nucleation. Factors that can influence the induction time, latent periods, 

and rate of desupersaturation are temperature, agitation, heat effect during 

crystallisation, seed size, seed surface area, and the presence of impurities 

(Mullin, 2001) 

Based on the assumption that nucleation time is much greater than growth time 

during the induction period (      ), and using the statistical concept of 

nucleation (Ohlinger et al., 1999), the  induction time has frequently been used as 

a measure of the nucleation rate. It can be considered to be inversely proportional 

to the rate of nucleation (Mullin, 2001, Sohnel and Graside, 1992): 

     
 

 
         (2.33) 

Combining Eq. (2.34) and (2.29) provides an expression for homogenous 

nucleation induction time. 

                  0
 

      (   ) 
1      (2.34) 

Plotting data between log(tind) and  log(S)
-2

 should result in a straight line but two 

straight lines having different slopes are usually obtained, illustrating the change 

of nucleation mechanism at specific supersaturations (Figure 2.6). At lower 

supersaturation, heterogeneous nucleation is effective while at higher 

supersaturation homogeneous nucleation dominates.  

The Eq. (2.35) can be used to estimate the mechanism of nucleation. The 

empirical dependence of log tind versus (log S)
-2

 results in different slopes which 

has two distinctive regions (Figure 2.6): Region I is for low supersaturation, 

characteristic of heterogeneous nucleation mechanism; Region II for high 

supersaturation where homogeneous nucleation mechanism dominates (Stumm 

and Morgan, 1995). 

The induction period      has become an experimental basis to determine the 

nucleation rate J, using a simple relationship. 

  
 

    
         (2.35) 

By combining Eq. (2.30) and (2.36) one obtains 

     (   ⁄ ) 
          (2.36) 
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          (2.37) 

Or, 

        
           (2.38) 

 

Figure 2.6 Empirical dependence of induction period on supersaturated solution. 

 

In similar manner, the activation energy is calculated in terms of induction time 

by combining Eq. (2.34) and Eq. (2.25): 

         .
  

  
/        (2.39) 

Or 

         .
    

  
/        (2.40) 

   
 

    
      

    

         
       (2.41) 

where A is a constant, Eact is the activation energy (J mol
-1

) for the process, and R 

is the gas constant (8.314 J/K.mol). 

The slope of a straight line plot of log(1/tind) versus T
-1

 can evaluate the activation 

energy of system. Activation energy represents the minimum energy that is 

required for change of phase to take place. 
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2.5.2 Secondary nucleation 

Secondary nucleation is a nucleation process resulting from the presence of seed 

crystals in the solution. The size of seed crystals influences secondary nucleation. 

For example, large seed crystals generate more secondary nuclei in agitation 

system than do small seed crystals because of their greater contact probabilities 

and collision energies. Furthermore, the small crystals (less than about 10 m) 

probably grow much more slowly than do macrocrystals. And the small crystals 

may breakup in agitation system and it may not be capable of growing at all. The 

secondary nucleation phenomena can be caused by several different mechanisms 

(Söhnel and Garside, 1992). 

1. Apparent secondary nucleation when the nuclei are brought into the system 

along with inoculating crystals. The type of apparent nucleation are: 

- Seeding with crystal dust (dust breeding), which occurs when a 

supersaturated solution is seeded with untreated crystals. The seed crystals 

are covered with tiny crystallites formed during drying of the adhering 

mother liquor after their preparation, or electrostatically captured 

crystalline dust formed by rubbing together of the crystals during storage 

(Jancic and Grootscholten, 1984, Myerson, 2002, Rousseau et al., 1976). 

When introduced into the solution, the crystallites act as nucleation sites 

(Ting and McCabe, 1934, Strickland-Constable and Mason, 1963). Thus 

these nucleation sites are not formed in situ but were introduced into the 

solution.  

- Polycrystalline breeding, here, at high supersaturations crystals do not 

grow regularly but form polycrystalline aggregates.  

- Macroabrasion, it can become important during intense stirring of 

suspensions, probably together with other mechanism of secondary 

nucleation (Denk Jr and Botsaris, 1972). The rate of nucleation does not 

depend on the supersaturation (Asselbergs and De Jong, 1972). The rate of 

nucleation of this type is dependent on the number nuclei formed by 

macrobrasion, the mean retention time of the solution and the rate constant 

of macrobrasion (Nyvlt et al., 1985).  
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2. True secondary nucleation where new nuclei are formed by interaction 

between the crystal and solution. The type of true secondary nucleation is 

shear nucleation caused by fluid shear. This type can be divided into three 

groups; 

- Formation of nuclei from the solid phase, i.e. from a seed crystal; 

- Formation of nuclei from a dissolved substance in solution; 

- Formation of nuclei from a transition phase at the crystal surface 

3. Contact nucleation, this mechanism is probably most predominant in any 

stirred crystallizer. Nucleation is caused by; 

- crystal-crystal collision 

- crystal-stirrer collision 

- crystal-crystallizer wall collision 

Collisions in a liquid medium can initiate complex behaviour. Break-up of 

the crystals is difficult to predict and it is hard to avoid, but substantial 

hydrodynamic forces can operate over the surface in the vicinity of the 

point of contact, giving rise to plastic and elastic deformation in the parent 

crystal. Due to energy adsorption, a small fragment broken off a crystal by 

collision could be in a considerably disordered state, with many 

dislocations and mismatch surfaces.  

The rate of secondary nucleation is governed by three processes; (1) the 

generation of secondary nuclei on or near a solid phase; (2) removal of the 

clusters, and (3) growth to form a new solid phase (Myerson, 2002). Several 

factors influencing these processes are supersaturation, rate of cooling, agitation, 

temperature and presence of impurities.  

The degree of supersaturation is the critical parameter to control the rate of 

nucleation. At higher supersaturation, the adsorbed layer is thicker and results in a 

large number of nuclei. The size of the critical nucleus decreases with increase in 

supersaturation. Thus, the probability of the nuclei surviving to form crystals is 

higher. As the supersaturation increased, the microroughness of the crystals 

surface also increase, resulting in a larger nuclei population.  

For several systems, the nucleation rate declined with increasing temperature for a 

given supersaturation (Söhnel and Garside, 1992). This could be attributed to the 
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faster rate of incorporation of the absorbed layer on to the crystal surface at higher 

temperatures. Since the thickness of the absorbed layer was reduced, the 

nucleation rates also decline with increasing temperature. A few contradictory 

results exist where an increase was found with increasing temperature for a 

potassium nitrate system and increasing rates with increasing temperature for a 

potassium chloride system (Genk and Larson, 1972).  

Intuitively, the crystals in a solution will require agitation to keep them 

suspended, which generate crystal-crystal and crystal-impeller contacts. These 

contacts are most likely to influence the extent of secondary nucleation and 

increase nucleation rate (Sikdar and Randolph, 1976). Stirring the solution leads 

to a thinning of the absorbed layer and hence should lead to lower nucleation rate. 

The relative hardness of the contacting bodies is also a factor to consider, for 

example a metal impeller gives a much higher nucleation rate than one coated 

with a soft material such as polyethylene (Shah et al., 1973, Randolph and Sikdar, 

1974). The numbers of blade impeller are also a factor that must be considered in 

secondary nucleation. At the same rotation speed, 6-blade impeller causes higher 

axial velocity than 4-blade impeller (Liri et al., 2002). Increasing axial velocity 

decreases impact velocity in collisions of crystals with pitched blade impeller. 

Decrease in impact velocity decreases secondary nucleation rate.  

Small amounts of impurity can profoundly affect the nucleation rate. The presence 

of additive can either enhance or inhibit the solubility of a substance. Enhanced 

solubilities would lead to lower supersaturation and lower nucleation rate. If it is 

postulated that the impurity adsorbs on the surface crystals then two opposing 

effects come into play. The presence of additive would lower the surface tension 

and lead to higher nucleation rate, however, the impurity adsorption blocks 

potential growth sites and lower nucleation rate. Thus, the effect of impurities is 

complex and unpredictable. 

  

2.6 Crystal Growth Study 

The birth of new crystals which is formed from nucleation process refers to the 

starting point of solid formation from the solution. The next stage of the 

crystallisation process is for these nuclei to grow larger by the addition of solute 
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molecules from the supersaturated solution. This part of crystallisation process is 

known as crystal growth. Crystal growth, along with nucleation, controls the final 

particle size distribution obtained in the system. In addition, the conditions and 

rate of crystal growth have a significant impact on the product purity and crystal 

habit (Nývlt, 1992). An understanding of the crystal growth theory and 

experimental techniques for examining crystal growth from solution are important 

and very useful in the development of industrial crystallisation processes.  

Various crystal growth theories have evolved spanning from atomic to 

microscopic scale(Myerson, 2002). Crystal growth theoretically involves either 

diffusion controlled or surface integration controlled (Mullin, 2001). The basic 

mechanisms of crystal growth can be seen in Figure 2.7. A possible mechanism 

for growth of a crystal from a liquid phase involves the following stages: (i) 

adsorption of growth unit (depicted as a cube) onto the crystal surface (A), (ii) 

surface diffusion of the molecules from the surface of the crystal towards a step, 

(B), and (iii) incorporation of the molecules absorbed onto the step to the kink 

site, (C). The most favourable energetically is called a kink site and is depicted by 

C. A less favourable energetically is simply a step and is depicted by B. As growth 

rate increases, the growth units fit into less energetically favourable sites and the 

crystal typically grows imperfectly. Thus, slow growth generally leads to perfect 

crystals, while fast growth leads to crystals with many more imperfections 

(Mullin, 2001, Myerson, 2002, Nyvlt et al., 1985, Hartel, 2001) 

 

Figure 2.7 Idealization of a growing crystal surface (Myerson, 2002) 
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The growth rate of a crystal is often described by the change in some dimension 

of the crystals with time. The change of crystal dimension can be indicated by 

increasing mass of a crystal and the change in size. The increase in mass and size 

with time is often used and can be directly related to the overall linear growth 

velocity through the relation. 

  
  

  
          (2.42) 

where G is a linear crystal growth velocity (length/time); dL is changing size of 

crystal; and dt is time.  

For engineering purpose in crystallizer design and assessment, the simple 

empirical power-law relationship expressing specific rate of mass deposition as 

given by 

      
          (2.43) 

where KG is overall growth rate constant, g is the order of the overall growth 

process, and S is supersaturation.  

The overall growth rate constant depends on temperature, crystals size, 

hydrodynamic situation, and presence of impurities (Mayerson, 2002, Mullin, 

1992, and Mersmann, 2001). The effect of temperature on the overall growth rate 

constant may generally be expressed by an Arrhenius relation. So, the overall 

growth rate constant on Eq. (2.44) is function of temperature, size, stirrer speed 

and impurities, or; 

    (          )        (2.44) 

The growth of crystals from solution consist of least three stages (Jancic and 

Grootscholten, 1984); 

1. The transport of solute from the bulk of the solution to the crystal surface 

by volume, or convection or a combination of both mechanisms.  

2. Some process at the crystal surface, probably involving adsorption into the 

surface layer followed by orientation of the molecules into the crystal 

lattice. This stage is often referred to as the surface integration process. 

3. Dissipation of the heat of crystallisation liberated at the crystal surface.  

The three stage process can be seen in Figure 2.8 which illustrates a crystal face 

growing in a supersaturated solution of concentration, C. The transport of solute 
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from the bulk to the crystal surface is affected by diffusion and convection across 

the thickness of the mass transfer boundary layer, δEM. The thickness of boundary 

layer would obviously depend on the relative solid-liquid velocity, i.e. on the 

degree of agitation of the system. The driving forces will rarely be of equal 

magnitude, and the concentration drop across the thickness of boundary layer is 

not necessary linear. The concentration drop by diffusional transfer is followed by 

a second-order reaction at the crystal solution interface. Hence, the corresponding 

driving forces will be for transport to the interface, (C – Ci), and for the surface 

integration process, (Ci – C
*
).  

After the solution molecule has been incorporated into the crystals lattice, the heat 

of crystallisation will be liberated and must be conducted through the surface film 

to the bulk of solution. Generally, therefore, the surface temperature, Ti, and hence 

the equilibrium saturation concentration at the crystal surface will be slightly 

higher than bulk of solution (Figure 2.8). This effect will decrease the driving 

forces available for crystallisation. However, the rate of heat removed from the 

crystal surface to the bulk of the solution is usually neglected as an overall 

crystallisation rate controlling factor. Consequently, transport of solute to the 

interface and surface integration stage, govern the crystallisation rate and 

therefore requires careful consideration.  
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Figure 2.8 Concentration and temperature profile adjacent to crystal surfaces 

(Myerson, 2002) 

 

These two stages, occurring under the influence of different concentration driving 

forces, can be represented by the equation; 

a) Solute molecules diffuse from bulk liquid to the solid surface 

    (     )  (diffusion step)    (2.45) 

b) Solute molecules are integrated into the crystal surface 

    (    
 )  (reaction or integration step)   (2.46) 

where kd is coefficient of mass transfer by diffusion, kr is rate constant for surface 

reaction (integration) process, r is order of reaction, Ci is solute concentration in 

the solution at crystal-solution interface, C
*
 is equilibrium saturation 

concentration, and C is bulk solute concentration.   

A general equation for crystallisation based on this overall driving force can be 

written as 

    (    
 )  (Overall growth)     (2.47)  

Equation 2.46 and 2.47 are not easy to apply in practice because they involve 

interfacial concentration that is difficult to measure. The term Ci is usually 
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eliminated by considering an overall concentration driving force, C – C
*
, which is 

quite easy to measured. From Eq. (2.46), Ci can be simplified, 

        ⁄         (2.48) 

so equation 2.47 representing the surface integration step, may be written 

    (      ⁄ )
         (2.49) 

where ∆C = C – C
*
= S  and r ≥ 1,  If r = 1 Eq. (2.50) is simplified to be 

  
 

   ⁄      ⁄
           (2.50) 

Many inorganic salts crystallizing from aqueous solution give an overall growth 

rate order, g, in the range 1 to 2. If    , and Eq. (2.48) is substituted with Eq. 

(2.51), so 

 

  
  
 

  
  
 

  
         (2.51) 

or  

   
    

      
         (2.52) 

Looking at Eq. (2.48) and (2.50), the crystal growth rate will be diffusion 

controlled, if coefficient of mass transfer is higher than rate constant of reaction 

step (kd >> kr) and overall rate constant is equal coefficient of mass transfer (kg = 

kd). And if rate constant of reaction step is higher than coefficient of mass transfer 

(kr >> kd), the crystal growth rate will be controlled by the reaction or integration 

step.     

If r =2 in Eq. (2.47), Eq. (2.50) is written as follows 

 

√  
 
 

√  
 
√  

√  
        (2.53) 

Thus, the mass-transfer coefficient, kd, and surface-reaction coefficient, kr, are 

calculated from the slope of the plot,  √  ⁄  versus √  .  

However, for a surface-reaction order r = 2, the following expression of crystal 

growth rate can be used (Mullin, 2001). 

     [.  
  

     
/  √.  

  

     
/
 

  ]      (2.54) 
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2.6.1 Crystal growth theories 

Crystal growth is a major stage of a crystallisation process. The successive growth 

of the critical nuclei of microscopic size leads to the formation of a crystal. In 

order to understand the mechanism and the kinetics of growth, several theories 

have been developed, which includes surface energy theory, adsorption theory, 

kinematic theory, diffusion-reaction theory and birth and spread theory (Mullin, 

2001).  

 

2.6.1.1 Surface energy theory 

The surface energy theories are based on the thermodynamic treatment of 

equilibrium (Gibbs, 1948). This experiment compared the growth of crystals with 

the formation of water droplets in mist. The principles of surface energy theory 

are: the total free energy of a crystal in equilibrium with its surrounding at 

constant temperature and pressure would be a minimum for a given volume 

(Gibbs, 1948).  

A liquid droplet is very different from a crystalline particle; in the former the 

constituent atoms or molecules are randomly dispersed, whereas in the latter they 

are regularly located in a lattice structure (Mullin, 2001).  

The velocity of growth of a crystal face can be described in Figure 2.9. The 

velocity of growth will vary from face to face depending on faster or slower 

growing each faces. Figure 2.9(a) shows the growth of a crystal on each face with 

maintaining the same geometry of every face. Such a crystal is called “invariant”. 

Invariant crystal has three A faces with the same growth rate resulting from the 

same surface energy. The growth rate of B faces is smaller than A faces. And C 

face grows fastest of all. The differences of the growth rate of each face are 

caused by random deployment of atoms or molecules forming a crystal face. 

In practice, a crystal does not always maintain geometric similarity during growth; 

the smaller, fastest-growing faces are often eliminated, and this mode of crystal 

growth is known as “overlapping”. Figure 2.9(b) shows the various stages of 

growth of such a crystal. The smaller B faces, which grow much faster than the A 

faces, gradually disappear from the pattern. 
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(a) (b) 

Figure 2.9 Velocity of crystal growth faces: (a) invariant; (b) overlapping  

(Mullin, 2001) 

  

2.6.1.2 Adsorption theory 

The concept of a crystal growth mechanism based on the existence of an adsorbed 

layer of solute atoms or molecule on a crystal face was first suggested by Volmer 

(1939). The thermodynamic treatment suggested by Volmer was later extended 

and modified by a number of researchers. A brief description of the adsorption 

layer theory developments will be described below.  

Volmer‟s theory describes how ions or molecules of a substance arrive at crystal 

face where they are not immediately integrated into lattice, but merely lose one 

degree of freedom and it continues to migrate over the crystal face (surface 

diffusion) (Mullin, 2001). The greatest of the attractive forces will act as a link 

between the crystallizing substance and the lattice to be placed in a position, and 

under ideal conditions this step-wise build-up will continue until the whole layer 

is completed (Figure 2.10(a) and (b)). Before a new layer can begin to grow on 

the surface a “centre of crystallisation” must be created, and Volmer theory 

suggested that monolayer island nucleus is formed on the surface, often called a 

two-dimensional nucleus. 
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Figure 2.10 Two-dimensional nucleus; (a) migration toward desired location; (b) 

completed layer; (c) surface nucleation (Mullin, 2001) 

 

Kossel (1934) also developed a model based on the theory that an apparently flat 

crystal surface actually consists of moving layer of monatomic height which may 

contain one or more kinks. On the crystal surface there will also be loosely 

adsorbed growth unit (atoms, molecule, or ions) which can easily be incorporated 

into the crystal at the kink. The kink will move along the surface until the layer is 

complete. A new step can be created by surface nucleation. One flaw associated 

with this model due to the dependence on high level of supersaturation for surface 

nucleation since it is known that many crystal faces can grow at quite high rates at 

low supersaturation levels (Mullin, 2001).  

A solution to this problem was presented by Frank (1949). Frank (1949) argued 

that few crystals grow in the ideal layer-by-layer fashion without developing 

imperfections. During crystal growth in the solution, molecules adsorb on the 

crystal surface and diffuse to the top step of the planes of dislocation. The most 

common type of dislocation is screw dislocation. The screw dislocation can be 

seen in Figure 2.11. Furthermore, a screw dislocation continuously grows on the 

surface of crystal and it could be a spiral staircase formation. The interesting of 

Frank‟s idea was that these dislocations promote the growth of crystals without 



 

33 
 

 

depending on surface nucleation and that growth could occur at a fine rate at low 

supersaturation.  

 

Figure 2.11 Screw dislocation during crystal growth (De Yoreo et al., 1996) 

  

Another theory of adsorption theory is Burton-Cabera-Frank (BCF) theory. The 

concept of BCF's theory was when atoms or molecules or ions of crystallizing 

substance transfer to crystal surface and diffuse along the surface. Then they are 

joined into the sites of the crystal (such as, ledge site, step site, or kink site).  

The BCF theory offers a concept in a growth model in which surface diffusion 

was considered to be the rate-controlling step so the model is called the BCF 

surface diffusion model. The BCF theory predicts that the growth rate is 

proportional to the second power of the supersaturation for low supersaturation, 

changing to a linear dependence at higher supersaturations. 

 

2.6.1.3 Kinematic theory 

The kinematic theory, developed by Frank (1958), involves two processes of 

crystal growth on the crystal surface in which the generation of step on the surface 

followed movement of surfaces across the face. The step velocity, u, depends on 

the closeness of other step since all steps are competing units (Figure 2.12). 
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Figure 2.12 Two-dimensional nucleus of steps on a crystal face (Frank, 1958) 

  

2.6.1.4 Diffusion-reaction theory  

Diffusion theory was first proposed by Noyes and Whitney (1897) and Nernst 

(Nernst, 1904). The diffusion-reaction theory considers that the deposition of solid 

on the face of a growing crystal is essentially a diffusion process. Noyes and 

Whitney (1897) assumed that crystallisation was reverse of dissolution, and that 

the rates of both processes were calculated by the difference between 

concentration at the solid surface, C, and in the bulk of the solution, C
*
. They 

proposed an equation as below;  

  

  
    (    

 )        (2.55) 

where m is mass of solid deposited in time t, km is diffusion-reaction coefficient  

and A is surface area of the crystals.   

Nernst (1904) modified equation 2.56, with an assumption that a thin stagnant 

film on the growing crystal face in which molecules of the solute would have to 

diffuse: 

  

  
 
 

 
 (     )         (2.56) 

where dm is the mass of the solute deposited over the crystal surface of area A 

during time dt, D is coefficient of diffusion of the solute, and δ is the thickness of 

the stagnant layer adjacent to the crystal surface.  

The theory proposed by both the above authors fails to be consistent with 

experimental observations. In agitation system, the concept of diffusion film 

would not clarify the rate of crystal growth because of the thickness of the 

stagnant film depending on the degree of agitation. In addition, crystallisation is 

not necessarily the reverse of dissolution (Mullin, 2001). 
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2.6.1.5 Birth and spread theory 

Birth and spread theory was first observed by Keller (1986). The surface diffusion 

on birth and spread theory may be described by three different models shown 

schematically in Figure 2.13. The mechanism of crystal growth based on birth and 

spread theory is when the newly formed nuclei, formed by ions, atom, or 

molecules, located on the crystal surface (Figure 2.13(a)). The nucleus is called 

two-dimensional nucleus. Before the previous layer is completed the new nuclei 

will form on the surface crystal (Figure 2.13 (b)). In Figure 2.13(c) the new 

crystal layer is formed by linking of many two-dimensional nuclei which spread 

on the crystal surface. New nuclei and further layers begin to form on previously 

formed incomplete layers.    

 

 (a)     (b)          (c) 

Figure 2.13 Crystal growth develops from crystal surface; (a) mononuclear model, 

(B) Polynuclear in one crystal step, (C) Polynuclear in multi steps (Ehrlich et al., 

2009). 

 

2.6.2 Factors influencing crystal growth 

The crystal growth theories described above are based on the assumption that 

crystal growth occurs in pure solution and the system is not affected by external 

factors. Crystal growth rate is affected by various parameters such as 

supersaturation, temperature of the system, impurities, solution pH, and stirrer 

speed.  

The supersaturation is one of the most important parameters affecting rate of 

crystal growth. Temperature can change the relative rates of diffusion and surface 

integration steps for crystal growth. At higher temperatures the growth may be 

controlled by diffusion steps while at lower temperature growth it may be 
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controlled by integration step (Jones, 2002). The growth rate also increases when 

temperature increases (Garside et al., 1982, Maiwa et al., 2006) while the crystal 

size, shape and crystalline modification may all change with temperature (Ma et 

al., 2010).   

A crucial factor influencing crystal growth is the presence of impurities in the 

solution. Some impurities can suppress growth entirely; some may enhance 

growth, while others may exert a highly selective effect, acting only on certain 

crystallographic faces and thus modified the crystal habit (Mullin, 2001).   

The presence of impurities can influence crystal growth rate in a variety of ways; 

a. Changing the properties of solution, the equilibrium saturation 

concentration, and the supersaturation. 

b. Changing the characteristics of the adsorption  layer at the crystal-solution 

interface,  

c. It may be built into the crystals surface. 

Impurities are often adsorbed on to crystal surfaces and retard the crystal growth. 

The mechanism of impurities being adsorbed onto the crystal surface is shown in 

Figure 2.14.  As can be seen in Figure 2.14 there are three sites in which 

impurities are possibly adsorbed across the faces, at a kink, and at a step or ledge 

between steps.   

When the seed crystals grow, the impurities are absorbed on the crystal surface. 

The impurities can block the growth sites. The blockage of the growth site 

depends on the amount of adsorption of the impurities on the crystal surface. 

According to Sung at al., (2002) the blockage of the growth site, caused by 

adsorption of impurities on the crystal surface, can inhibit surface integration. 

They found that increasing impurities can decrease the total surface integration 

coefficient because the adsorption of the impurities on the crystal surface 

increased. In contrast, the total mass transfer coefficient in the crystal growth was 

not seriously affected by the impurities because the impurities concentration in the 

solution was sufficiently diluted. 
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Figure 2.14 Sites for impurity adsorption on a growing crystal (Kubota et al., 

1996) 

 

In some cases, the solution pH influences the rate of crystal growth (Tai et al., 

2006b). The crystal size, shape and crystalline modification may all change with 

solution pH (Ma et al., 2010). Effect of solution pH on crystal growth can change 

the relative rate of diffusion and surface integration steps (Tai et al., 2006a).  

Generally, stirring has been adopted as an efficient method for crystallisation so 

as to maintain crystals in suspension, to assure an adequate rate of energy transfer, 

and to achieve uniformity of suspension properties throughout the crystallizer. 

Stirring the solution may help to attenuate the absorption layer so it can influence 

mass transfer between solution and crystal. Accordingly, the crystal growth rate 

increase with an increases in stirrer speed (Sung et al., 2002). However, increasing 

the stirrer speed introduce higher fluid velocity and more violent crystal-impeller 

collision. 

 

2.6.3 Crystal size distribution analysis 

The population balance serves as the basis for characterising the crystal size 

distribution (CSD) in any crystallisation system. For a batch crystallizer with no 

net inflow or outflow of crystal, the population balance can be written as 

(Randolph and Larson, 1988) 

 (  )

  
   

  

  
          (2.57) 
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where N is the total number of crystals and F is the cumulative size distribution on 

a crystal number basis.  

The presenting CSD is through the use of a crystal population density plots as 

depicted in Figure 2.15. This curve represents the dependence between the 

number of crystal per unit volume and crystal size. It is assumed that, in a 

suspension of growing crystals, at time t the number of crystals between size L1 

and L2 can be found from the cumulative distribution as N1 – N2. After a certain 

time ∆t, crystals with the original size L1 have grown to size L1 + L2. The average 

growth rate of crystals will be 

 (   )   
     

(    )  
 
  

  
       (2.58) 

 

Figure 2.15 Determination of growth rate from cumulative size distribution. 

 

2.7 Dissolution Study 

Crystal dissolution plays a key role in many industrial applications and an 

understanding of the dissolution process allows for the optimization of design and 

processing conditions, as well as selection of a suitable solvent.  

Dissolution is a process in which solids dissolve and enter into the solvent to 

produce a solution. Dissolution process is controlled by the affinity between the 

solid and solvent. The Nernst-Brunner stagnant film theory states that dissolution 

of a solid in a liquid can be described as the transfer of solute from the solid 

surface into the surrounding solvent (Figure 2.16). The dissolution process based 
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in Figure 2.16 is described as one where a solid particle is suspended in a liquid 

which is continuously exposed to the solid surface at a certain relative velocity.  

 
Figure 2.16 Dissolution of particle according to diffusion layer model by Nerst 

and Brunner (Banakar, 1992) 

 

The dissolution process is assumed in steady state conditions and Fick's first law 

of diffusion can be applied. 

    
  

  
            (2.59) 

where   is the amount of substance passing perpendicularly through a unit surface 

area per unit time (mg.cm
-2

.s
-1

),   is the diffusion coefficient, and 
  

  
 is the 

concentration gradient. 

In Figure 2.16, the concentration gradient, 
  

  
, is assumed linear, so      at the 

surface (x = 0), and if      is the bulk concentration at the interface between 

the bulk solution and the film (x = 1), then     ⁄  (     ).  For a mass of 

substance dissolved in a given volume V of dissolution medium with a surface 

area A of dissolving solid particle. Eq. (2.56) can be written as 

 

 
 
  

  
 
  (     )

 
 
 (     )

 
        (2.60) 

  

  
 
   (    )

   
          (2.61) 

D/L is dissolution rate of Kd, and Eq. (2.16) can be written  
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   (    )

 
         (2.62) 

where Kd is the dissolution rate constant (m/s), A is surface area of suspended 

crystal (m
2
), V is volume of liquid (m

3
), CS is saturation concentration or 

solubility in the dissolution medium (mol), Cb is mount dissolved or concentration 

of drug in solution (dissolution medium) at time t (mol). 

If A/V is surface area of crystals per unit volume of solution, a, the Eq. (2.63) can 

be simplified, 

  

  
    (     )        (2.63) 

 

2.7.1 Methods to increase the dissolution rate 

2.7.1.1 Presence of mixing 

The Nernst-Brunner stagnant film theory indicates that increasing the thickness of 

the diffusion layer decreases the dissolution rate. According to Kawashima (2006) 

the thickness of the diffusion layer is a function of the stirring rate. The various 

theories of dissolution states that the stirring condition can significantly affect 

diffusion-controlled dissolution, because the thickness of the diffusion layer is 

inversely proportional to stirrer speed (Banakar, 1992). According to Masuda et 

al., (2006), the dissolution rate is correlated with the stirring rate, 

   ( )          (2.64) 

where N is the stirring rate, K is the dissolution constant, and a and b are constant. 

For b = 1, the dissolution process is diffusion-controlled. The interfacial-reaction-

controlled is independent of stirring rate when b = 0.  

 

2.7.1.2 Interfacial surface area 

Increasing effective surface area in contact with solvent effectively increases the 

dissolution rate. Eq. (2.63) may be modified according to the Nerst-Burnner 

diffusion model, where k in Eq. (2.63) become equivalent to the diffusion layer 

thickness, denoted by h, and divided by the diffusion coefficient of the solute D, 

and the equation may then be rewritten as: 

  

  
 
  

 
(    )        (2.65) 

For a constant surface area A and under condition (Cs >> C), Eq. (2.66) becomes: 
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         (2.66) 

or 

    ⁄

   
 
 

 
         (2.67) 

According to Eq. (2.68), the dissolution rate is proportional to both solubility and 

the surface area.  

 

2.7.1.3 Temperature 

Temperature influences the dissolution performance. Further crystal solubility is 

temperature dependent. So controlling temperature during the dissolution process 

is crucial. The effect of temperature variations of the dissolution system depends 

mainly on temperature-solubility curves of the crystal. Increasing temperature of a 

solvent increases the internal energy of both solvent and solute molecules. As a 

result, solute particles break loose and dissolve faster and thus generally higher 

temperatures result in higher dissolution rates, as reported magnesium oxide 

(MgO) (Fedoročková and Raschman, 2008), ulexite or sodium–calcium–borate 

hydrate (Na2O·2CaO·5B2O3·16H2O) (Demirkiran, 2008), Probertite  

(NaCaB5O9·5H2O) (Mergen and Demirhan, 2009).  

 

2.7.1.4 Solution pH 

Dissolution rate of crystal can be influenced by solution pH. In most cases there is 

a change in pH of the dissolution medium associated with the addition or deletion 

of the constituents to the dissolution medium. Dissolution of solid in aqueous 

acidic solutions have been widely studied (Blesa et al., 1994, Demirkiran, 2008, 

Bhuiyan et al., 2009, Amram and Ganor, 2005).  They all showed that decreasing 

pH in acidic solutions increases rate of dissolution. Faster disintegration and thus 

enhanced dissolution rates which was observed due to the higher acidity of the 

dissolution medium. Due to corrosive action of the acidic fumes, however, it is 

currently a general practice to use distilled water unless investigative studies show 

a specific need for an acidic solution in order to generate meaningful dissolution 

data. Such corrosive effect can be avoided by replacing hydrochloric acid with 

acidic buffers, such as sodium acid phosphate, to maintain low pH.  
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The effect of NaOH solution used in the dissolution of gibbsite (Al(OH)3) showed 

that increasing the concentration of NaOH was not significantly increasing its 

dissolution rate (Pereira et al., 2009).  

 

2.8 Struvite Study 

2.8.1 Struvite Potential from Wastewater in Western Australia 

Domestic wastewater can be classified in two categories namely greywater and 

blackwater (Babin, 2005). Greywater is wastewater from bathrooms, laundries, 

and kitchen sinks. Blackwater is the wastewater expelled through toilets, urinals 

or bidets that is characterized by a high level of human excrement and requires an 

intense treatment process before it is able to be reused. According to Water 

Corporation of Western Australia (2006), 150 to 200 liters of wastewater is  

discharged daily per person. According to Babin (2005) approximately 390 litres 

is produced per day per average household in Western Australia.  

The three main sources of greywater are; 

1. Bathroom greywater, makes up approximately 55% of the greywater produced 

by an average household. The dominant contaminants consist of soaps, 

shampoos, hair dyes, toothpaste, lint, body fats and cleaning products.  

2. Laundry greywater, amount to 34% of household greywater. Contaminants 

consist of lint, oils, greases, chemicals, soaps, nutrients and other compounds.  

3. Kitchen greywater, amount to 11% of household greywater originates. This 

wastewater is contaminated with food particles, cooking oils, grease, detergents 

and dishwashing powders.  

Table 2.1 shows that the production of phosphorous and ammonia per day is about 

3 grams per person and 9 grams per average household (assumed 3 persons). The 

population of Western Australia in 2009 was 2,224,300 people (Statistics, 2009). 

So, the amount of ammonia and phosphorous in 1 day is 6,600 tons, and 2,400 

tons a year. This amount offers a potential in recovering struvite as a fertilizer. If 

the recovery of struvite is 95%, about 2,300 tons per year would be recovered. 

On the other hand, the properties of domestic greywater lead to problems of scale 

formation in wastewater treatment plants where crystallisation occurs under 

natural conditions. Accumulation of struvite deposit in pipes and pumps increases 
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in maintenances, control and labour costs to remove struvite scale in wastewater 

treatment plants. The control of struvite deposition has been widely investigated, 

including the dilution of struvite concentration with effluent water (Borgerding, 

1972), prevention action by chemical dosing of iron salts (Mamais et al., 1994), or 

addition of chemical inhibitors (Doyle et al., 2003, Snoeyink and Jenkins, 1980). 

Struvite is chemically known as magnesium ammonium phosphate hexahydrate 

(MgNH4PO4.6H2O). Struvite usually precipitates as stable white crystals in a 

1:1:1 molar ratio according to the following reaction (Le Corre et al., 2005) where 

n can be 0, 1 or 2: 

        
        

                           
      (2.68) 

Its composition (i.e., nitrogen, phosphor, and magnesium ion in equal molar 

concentrations) makes it a potentially marketable product for the fertilizer 

industry, provided that its nucleation and the quality of crystals recovered can be 

controlled (Booker et al., 1999). Phosphorus recovery methods have been 

successfully applied in several bench and pilot scales such as in Japan (Ueno and 

Fujii, 2001), Netherland (Giesen, 1999), and Italy (Battistoni et al., 2005, Cecchi 

et al., 2003). Application of struvite crystals as fertilizer for agriculture showed 

that the Chinese cabbage growth rate increased as struvite dosage increased and 

the optimum dosage was 1.6 g struvite/kg soil (Ryu et al., 2012).   

 

Table 2.1 Greywater composition compared with Raw Sewage (Babin, 2005) 

Parameter Unit Greywater Raw Sewage 

Suspended Solids mg/L 45 – 330 100 – 500 

Turbidity NTU 22 – >200 NA 

BOD mg/L 90 – 290 100 – 500 

Nitrite mg/L <0.1 – 08 1 – 10  

Ammonia mg/L <0.1 – 25.4 10 – 30  

Total Phosphorous mg/L 0.6 – 27.3 5 – 30  

Sulphate mg/L 7.9 – 110 25 – 100  

pH  6.6 – 8.7 6.5 – 8.5  

Conductivity mS/cm 325 – 2240 300 – 800  

Hardness (Ca & Mg) mg/L 15 – 55 200 – 700  

Sodium mg/L 29 – 230 70 – 300  
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2.8.2 Struvite Characteristic 

The chemical formula of struvite crystals is MgNH4PO4.6H2O with molecular 

weight of 245.43 g/mol and density of 1.711 g/cm
3
 (Borgerding, 1972). The 

solubility of struvite in deionized water at 25
O
C is 169.2 mg/l (Bhuiyan et al., 

2007). Its solubility constant is 10
-13.26

  (Ohlinger et al., 1998). The struvite 

morphology is an orthorhombic structure with cell dimensions a0 = 6.941 ± 0.002 

Å, b0 = 6.l37 ± 0.002 Å,c0= ll.199 ± 0.002 Å (Abonna and Boistelle, 1979). Figure 

2.17 describes a struvite structure consisting of regular PO4
3-

 tetrahedra, distorted 

Mg(H2O)6
2+

 octahedra, and NH4
+
 groups where they are held together by 

hydrogen bonding. The experiment conducted by Whitaker and Jeffery (1970) 

showed that the structure of struvite may be thought as a tri-dimensional 

framework of hydrogen bonding having an ionic character.  

 

Figure 2.17 The struvite crystal structure (Whitaker and Jeffery, 1970) 

 

2.8.3 Solubility of Struvite 

Struvite production from wastewater containing phosphorous, ammonium and 

magnesium has gained substantial interest and progress in recent time. However, 

discrepancies continue to exist between reported values of some of the most 

important operating parameters for struvite crystallisation. The solubility of 

struvite can be investigated by studying its dissolution in water; 

             ( )    
       

      
           (2.69) 
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One such parameter is the solubility product, Ksp. This parameter is important in 

the determination of supersaturation (S), the parameter that determines if struvite 

formation is possible or not. Solubility can be calculated from the total molar 

concentration of ions (Kc), or ion activity (Ksp) in the solution (Bouropoulos and 

Koutsoukos, 2000, Bhuiyan et al., 2007).  Supersaturation is defined as the ratio 

of ion activity product (IAP) to the equilibrium solubility product of struvite (Ksp) 

Ksp and Kc values are given by the following general expressions: 

    {  
  }{   

 }{   
  }       [  

  ]     
 [   

 ]     
  [   

  ] (2.70) 

   ,  
  -,   

 -[   
  ]      (2.71) 

                    (2.72) 

  
   

   
         (2.73) 

where γ is activity co-efficient of the ion. 

  

Table 2.2 Reported Solubility Products for Struvite 

Authors Ksp pKsp Solution 

Borgerding (1972) 

Abbona et al. (1982) 

Buchanan et al. (1994) 

Webb and Ho (1992) 

Burns and Finlayson (1982) 

Aage et al. (1997) 

Taylor et al. (1963) 

Ohlinger et al. (1998) 

Bavic-Ivancic et al. (2002) 

Bhuiyan et al. (2007) 

9.41 

9.94 

12.36 

12.76 

13.12 

12.93 

13.15 

13.27 

13.36 

13.36 

             

             

             

             

             

             

             

             

             

             

Wastewater 

Aqueous solution 

Simulation 

Water 

Water 

Aqueous solution 

Aqueous solution 

Synthetic supernatant 

Aqueous solution 

Water 

 

Solubility product, Ksp, is highly dependent upon solution pH. The solution pH 

influences the component concentrations. So, new equilibrium solubility is 

reached at each solution pH. If supersaturation is used as a control variable, it is 

essential to know the true value of Ksp for the pH range that the systems are 

expected to operate in. Although extensive studies on struvite solubility have been 
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reported in Table 2.2, there still exists significant variation between reported of 

pKsp values:                       (Ksp from 9.41 to 13.36). This 

variation may be related to the large range of experimental methodologies. The 

standard method for the experimental determination of a Ksp value is dissolution 

of struvite using distilled water as solvent. In addition, the presence of common-

ion, such as Cl
-
 ion, influences solubility product. The presence of common-ions 

in water is important in understanding ionic equilibrium, ion-solvent and ion-

interaction in natural water. Accurate and reliable data on solubility of struite on 

common-ion system are necessary for many industrial processes where these 

systems are used as feed. Therefore, the study of the solubility of struvite in 

aqueous electrolyte solutions may help in the understanding of the solubility 

behaviour of struvite. The proposed studies are conducted under a range of 

solution pH, temperature, and Cl
-
 ions as impurities. 

Solubility of struvite is influenced by several factors such as pH, temperature, 

degree of supersaturation, and the presence of other ions (Bouropoulos and 

Koutsoukos, 2000). 

  

2.8.3.1 Effect of Temperature  

Solubility usually increase with increasing temperature, though there are some 

materials whose solubilities constant or even decrease with increase of 

temperature. As can be seen in Figure 2.18, struvite solubility increases with 

temperature from 10 to 35
O
C, but declines with increasing temperature above 35 

O
C. Bhuiyan et al., (2007) proposed that in the 10 – 35

O
C, dissolution of struvite 

is endothermic whereas above 35
O
C, the crystallisation  become exothermic.   
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Figure 2.18 Various of solubility (mg/l) and Ksp of struvite with temperature 
(Bhuiyan et al., 2007) 

 

2.8.3.2 Effect of solution pH 

The solubility of struvite crystals is at a minimum at pH of about 10.5 (Figure 

2.19). Figure 2.19 is a plot of several struvite solubility limit curves, at 25
O
C, 

presented to illustrate the cumulative effects on the work of Stumm and Morgan 

(1995), including ionic strength (Snoeyink and Jenkins, 1980), magnesium 

phosphate complexes, and pKSO 13.26 (Ohlinger et al., 1998).  
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Figure 2.19 Struvite solution products versus pH, where u is ionic strength. 

(Ohlinger et al., 1998) 

 

The conditional solubility product reached its minimum at pH = 10.7. In principle, 

a crystallisation  is possible within the pH range 9 – 10 (Stumm and Morgan, 

1995).  

Solubility of struvite crystals depends on the ion activity product (IAP) of Mg
2+

, 

NH4
+
, and PO4

3-
. The equilibrium IAP is            (Nelson et al., 2003). 

Struvite is formed in solution if the IAP from solid phase is greater than 

thermodynamic solubility product (Ksp). The IAP can be controlled by solution 

pH. The solution pH influences the activities of both NH4
+
 and PO4

3- 
ions. 

Influence of solution pH on PO4
3- 

ions has greater influence on the formation of 

struvite than NH4
+
 ions. Because concentration of NH4

+
 ions decreases 
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significantly from 99 to 64 % when the solution pH increases from 7 to 9, while 

PO4
3-

concentration increases 250 fold in the same range of pH change (Stumm 

and Morgan, 1995). The maximum ammonium ions is formed at pH < 9.4, and 

when pH > 9.4 ammonia will be formed (Weiner, 2008). The same results were 

also obtained by Zang, et al. (2009). Their experiments were done by using the 

coking wastewater resulting in maximum NH4
+
 removal at pH 9.5. In general, 

solubility of struvite crystals decreases with increasing solution pH.  

 

2.8.3.3 Effect of impurities 

Pure solutions are rarely encountered outside the analytical laboratory, and even 

then the impurity levels are usually well within detectable limits. Industrial 

solutions, on the other hand, are almost invariably impure, by any definition of 

them, and the impurities present can often have a considerable effect on the 

solubility characteristic of the main solute, such as ionic equilibrium, ion-solvent 

and ion-ion interaction.  

Addition of NaCl in water increases the solubility of struvite crystals while its 

ionic strength decreases (Bhuiyan et al., 2007). Decreasing ionic strength is 

caused by a complex formation on bulk solution during dissolution of crystals. 

The experimental study conducted by Ronteltap et al., (2007) used urine, which 

has characteristic a high amounts of sodium, ammonium, carbonate and sulphate, 

to investigate its effect on solubility of struvite. The calculation of solubility 

showed that complex formation ([MgCO3]aq, [MgHCO3]
+
, [MgPO4]

-
, [NH4HPO4]

-

, and [NaHPO4]
-
) has a substantial influence on the number of free ions that 

participate in struvite formation. 

 

2.8.4 Nucleation of Struvite Crystals 

Struvite nucleation occurs when the activities of solution containing Mg
2+

, NH4
+
, 

and PO4
3-

 ions exceed the respective solubility product. The majority of published 

works related on struvite nucleation were mostly conducted with reaction-

controlled in aqueous solution at constant temperature and various initial solution 

pH (Bhuiyan et al., 2008, Bouropoulos and Koutsoukos, 2000). The 

supersaturated solution was made at constant temperature and pH (Kofina and 
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Koutsoukos, 2005, Bouropoulos and Koutsoukos, 2000) and nucleation studies 

resulted in two linear parts (homogeneous and heterogeneous nucleation). This 

beheviour may be impacted by stability of the solution because of solution pH, so 

the charge polarity of solution may be different (Degan and Kosec, 2000). 

However, fundamental nucleation theory states that both homogeneous and 

heterogeneous nucleation can occur.   

The extent of struvite nucleation and characteristics of the precipitating solid 

depends on solution conditions such as, supersaturation, solution pH, temperature, 

and presence of foreign ions. 

 

2.8.4.1 Effect of supersaturation 

The driving force for the formation of struvite in aqueous supersaturated solution 

is difference between the chemical potentials,  , of the salt in the supersaturated 

solution    and its corresponding value at equilibrium,   : 

          [  
       .                  
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]      (2.74) 

Assuming that the chemical potentials of the standard states in the supersaturated 

solution and at equilibrium are equal, the difference in chemical potential is 
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        (2.75) 

where k is the Boltzmann‟s constant and T is the absolute temperature. The 

logarithmic term is supersaturation ratio   given by 

   
 
    

  
    
  
   
  

   
          (2.76) 

where     is the thermodynamic solubility product of struvite. 

                (2.77) 

Saturation index (SI) is a measure of the deviation of the system from equilibrium 

and a measure of the driving force for the crystallisation. For SI = 0, the solution 

is saturated (equilibrium), for SI > 0 the solution is supersaturated and 
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crystallisation  may occur, while for SI < 0 the solution is undersaturated and 

dissolution may take place.  

A number of computer models to calculate saturation index based on chemical 

equilibrium models have been developed and used by previous researchers, such 

as STRUVITE, MINTEQ+, MINTEQA2, and MINEQL+. Several researchers 

have also been used Phreeqc (Bouropoulos et al., 2004, Md. Ali and Schneider, 

2005). PhreeqC is a computer program designed base on an ion-association 

aqueous model for simulating chemical reaction in polluted water (Parkhurst and 

Appelo, 1999). Moreover, PhreeqC provides well-established thermodynamic 

databases which can be used depending on user specification (Bhuiyan et al., 

2007). The calculation of saturation index of struvite involves chemical 

equilibrium constant at 25
O
C, collected from other sources. Major equilibria 

involved in the computation of solution species are shown in Table 2.3. 

The supersaturation is one of the most important factors to control struvite 

formation. If supersaturation is too high, primary homogeneous nucleation can 

occur in the solution.   

 

2.8.4.2 Effect of solution pH 

The supersaturation is a function of pH, as well as the concentrations of 

magnesium, ammonium, and phosphate. For struvite crystallisation, magnesium, 

ammonium and phosphate ion concentration are equally important, so the 

supersaturation takes account all three struvite constituent ion concentrations at a 

given pH.  

Several authors have studied the effect of pH on struvite crystallisation. For 

instance, Booker et al. (1999) and Stratful et al. (2001) suggested an optimum pH 

range for the crystallisation  of struvite is 8.5 – 9.5. They could precipitate up to 

85 % of the theoretical yield. However at pH 7, no struvite was produced in any 

detectable quantities and at pH 7.5 only a minute amount of very small crystals 

were produced.  
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Table 2.3 Equilibria involved in the computation of the solution specification 

Equilibrium Log K    
 (kJ/mol) 

2H+ + HPO4
2-

 = H3PO4 

H+ + PO4
3-

 = HPO4
2-

 

H+ + HPO4
2-

 = H2PO4
-
 

Mg
2+

 + OH
-
 = MgOH

+
 

H
+
 + OH

-
 = H2O 

H2PO4
-
 + Mg

+2 
= MgH2PO4

+
 

HPO4
-2

 + Mg
+2

 = MgHPO4 

Mg
+2

 + PO4
-3

 = MgPO4
-
 

H
+
 + NH3 = NH3H

+
 

Mg
+2

 + NH3 = MgNH3
+2

 

Mg
+2

 + 2NH3 = Mg(NH3)2
+2

 

Mg
+2

 + 3NH3 = Mg(NH3)3
+2

 

Mg
+2

 + SO4
-2

 = MgSO4 

CO3
-2

 + Mg
+2 

= MgCO3 

HCO3
-
 + Mg

+2
 = MgHCO3

+
 

Cl
-
 + Mg

+2
 = MgCl

+
 

Mg
+2

 + NH3H
+
 + PO4

-3
 = MgNH4PO4 

9.37 

12.37 

7.2 

2.6 

14 

0.45 

2.87 

4.8 

9.24 

0.24 

0.2 

-0.3 

2.37 

2.98 

1.07 

-0.135 

** 

3.744 

-14.769 

-4.205 

 

-55.906 

14.225 

13.807 

12.97 

-51.92 

19.037 

0 

0 

0 

11.351 

3.305 

-0.586 

-23.62 

(**)                 
     

 
            

     

  
(Bhuiyan et al., 2007) 

 

2.8.4.3 Effect of Temperature 

Temperature has a direct influence on the solubility of struvite and its 

thermodynamic properties (Wang et al., 2006). The experiment conducted by 

Bhuiyan (2009) clearly showed that the variation of solubility product increase 

with increasing temperature between 20 and 30 C, and reached its maximum 

value at 35
O
C, thereafter it decreases. These results will directly impact on 

supersaturation where the relative supersaturation increases with increasing 

temperature until 35
O
C and then decreases.  

From classical nucleation theory, one of the variables that affects the nucleation 

rate is temperature (Eq. (2.79)) (Mullin, 2001).  

          0
  

  (    ) 
1        (2.78) 

According to classical nucleation theory in Eq. (2.79) indicates that the decreasing 

induction time is not only caused by higher temperature but higher supersaturation 

and smaller interfacial energy of crystals.  
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2.8.4.4 Effect of Impurities  

In the case of struvite crystallisation from wastewater sludge, foreign compound 

are numerous (amongst them potassium, chloride, calcium, carbonate) and could 

be adsorbed on to crystal surface and retard struvite formation.   

Impurity effect on struvite crystallisation have been studied, such as the addition 

of calcium ions (Le Corre et al., 2005, Bouropoulos and Koutsoukos, 2000), 

carbonate ions (Le Corre et al., 2005),    calprotection (Asakura et al., 1998), 

fluoride (Ryu et al., 2008), HCO3
-
 (alkalinity) (Bhuiyan et al., 2008) and 

ethylenediaminetetraacetic acid (EDTA) (Doyle et al., 2003). 

The effect of high impurities concentration clearly inhibited sturvite formation. 

According to Ryu et al (2005), with initial fluoride concentration below 592 

mg/L, the NH4–N and PO4–P removal efficiencies increased by over 70% and 

80%, respectively. However, initial fluoride concentration increased to over 600 

mg/L, the NH4–N and PO4–P removal efficiencies decreased. In addition, the 

presence of impurities, such as calcium, can affect the shape, size and crystal 

purity (Mersmann, 2001). On the other hand, impurities can also be used to 

dissolve struvite crystals, as Doyle et al. (2003) showed that more struvite crystals 

can be dissolved 90% by EDTA. 

A few studies have investigated the influence of impurities on nucleation of 

struvite crystals. The presence of impurities in the system can lengthen the 

induction time preceding the first occurrence of crystals (Bouropoulos and 

Koutsoukos, 2000, Kofina and Koutsoukos, 2005).  

When impurity molecules adsorb onto the nucleus surface, interfacial tension ( ) 

and nucleation rate (J) can be affected. Therefore, an impurity in the solution can 

either promote nucleation through a decrease in   as a result of adsorption on the 

nucleus or has no effect on J when there is no adsorption. 

For those reasons, it becomes important to study the nucleation of struvite crystals 

in the absence and presence of impurities. The induction times were 

experimentally determined as function of initial pH by pH measurement. It is 

possible it has been possible to estimate the activation energy and to evaluate the 

interfacial tension between struvite crystals and the surrounding aqueous solution. 
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2.8.4.5 Measurement techniques on nucleation struvite 

Various indicators have been used to detect the induction period which is a 

common measure of nucleation: light scintillations (Ohlinger et al., 1999), 

conductivity (Cheng and Li, 2010, Loewenthal et al., 1994), turbidity (Münch and 

Barr., 2001, Perera et al., 2009), pH monitoring (Suzuki et al., 2007, Rajesh et al., 

2009), fourier transform infrared spectroscopy (Lindenberg and Mazzotti, 2009). 

Each method has a different sensitivity and indicated a different “end” for the 

induction period. The advantages of using pH monitoring for induction period 

measurements over more sophisticated methods are the low cost, availability, ease 

to use and more sensitive than visual detection of crystals.  

Mixing speed can also influence nucleation. Ohlinger et al., (1999) showed that 

induction time is only marginally affected for agitation speeds speed from 360 to 

1060 rpm. However, at lower stirrer speed ranged from 50 to 120 rpm, the 

induction time was more significant. In addition, Abonna and Boistelle (1985) 

showed that the induction time of struvite at a S = 2.5 was of 24 h without 

agitation.  

Table 2.4 gives a hit of different induction time measurement for struvite. 
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Table 2.4 Induction times reported for struvite nucleation 

 Crystallisation  method 
Induction time 

measurement method 

Condition Supersaturation 

S 

Induction 

time 
Agitation 

Ohlinger et 

al., (1999) 

Spontaneous crystallisation  

(MgCl2.7H2O + NH4H2PO4) 

Visual observation of 

light scintillations 

pH 6.3–7.9; 

 22
O
C 

S = 1.6 

S = 2.1 

S = 3.1 

33 min 

1 min 

0.33 min 

570 rpm 

Boistelle and 

Abonna 

(1985) 

Spontaneous crystallisation  

(MgSO4.H2O + NH4H2PO4) 

pH measurement  Various initial pH 

solution;  25
O
C 

S = 1.4 

S = 2.5 

12 < S < 25 

24 hr 

24 hr 

1 min 

No agitation 

Bouropoulos 

and 

Koutsoukos 

(2000) 

Spontaneous crystallisation  

(MgCl2.7H2O + NH4H2PO4 in 

0.15 M NaCl) 

pH Measurement  pH 8.25; 25
O
C S = 1.13 

S = 2.27 

S = 3.33 

 

125 min 

42 min 

6 min 

Magnetic 

stirrer 

Kofina and 

Koutsoukos 

(2005) 

Spontaneous crystallisation  

(MgSO4.7H2O + NH4H2PO4) 

pH measurement  pH 8.5; 25
O
C S = 2.1 

S = 3.3 

S = 4.3 

24.7 min 

11.8 min 

4.2 min 

Magnetic 

stirrer 

Kabdasli et 

al., (2006) 

Spontaneous crystallisation  

(MgCl2.6H2O + NH4H2PO4) 

Light scattering, pH 

measurement, turbidity, 

absorbance and particle 

size measurement  

Various initial pH 

solution (8.5 – 9.0); 

25
O
C 

S = 2.35 

S = 3.21 

 

 

14 min 

3.5 min 

Magnetic 

stirrer 

Bhuiyan et 

al., (2008) 

Spontaneous crystallisation   

(NH4)2HPO4 + NH4Cl + 

MgCl2.6H2O) 

pH measurement   8.2 ≤ pH ≤ 8.51;  

25
O
C 

SI = 1.38 

SI = 1.52 

SI = 1.83 

8.33 min 

2.08 min 

0.2 min 

120 rpm 

This study Spontaneous crystallisation  

(MgCl2.7H2O + NH4H2PO4 in 

excess Cl
-
 solution) 

pH Measurement  pH 8 and 8.5; 20, 25 

and 30
O
C  

1.2 < SI < 2 

 

- Magnetic 

stirrer 

SI = Saturation index (See Eq. 2.13)  

5
5
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2.8.5 Growth of Struvite Crystals 

Struvite crystallisation from wastewaters occurs when the concentration of Mg
2+

, 

NH4
1+

 and PO4
3-

 exceed its solubility limit (Li and Zhao, 2003). Predicting and 

controlling struvute nucleation and growth from wastewater is fundamental for 

crystalliser design and is complex as it is controlled by a combination of 

thermodynamic and mass transfer properties along with various physico-chemical 

factors, such as solution pH, supersaturation, mixing, crystal sizes and the 

presence of foreign impurities.  

Knowledge of the effect of solution pH, temperature, impurities, seed and 

hydrodynamic condition on the struvite crystallisation is very important for 

struvite formation. Despite the great interest of struvite formation mechanism, 

knowledge of struvite cyrstallisation and its kinetics is complex. Therefore, this 

study seeks to explore the effect of solution pH, impurities, crystal size and 

hydrodynamic condition on the struvite crystallisation especially on the kinetics of 

struvite crystal growth. Struvite crystallisation kinetics was studied under different 

condition to find out the kinetic rate constant.  

 

2.8.5.1 Effect of Stirrer Speed 

A large number of studies on struvite crystallisation is limited on the application 

oriented thermodynamics such as struvute solubility and much less on the kinetics 

(Matynia et al., 2006). The crystal growth kinetic is greatly influenced by 

hydrodynamic condition. In industrial practice, there is always a stirrer or other 

device in places that not only ensure homogeneity between crystals and solution 

but also accelerates the growth of crystals. There are few reported results a stirrer 

speed effect, the interrelationship between hydrodynamics and crystallisation is 

complex and poorly understood and, hence, a better understanding of the 

hydrodynamic influences on crystallisation processes is of significant industrial 

importance. 

It is a well-known fact that the crystal growth kinetics is greatly influenced by 

hydrodynamic condition. Several authors have studied the crystal growth of 

struvite in different crystallizers such as stirred vessel (Matynia et al., 2006, 

Pastor et al., 2008, Wilsenach et al., 2007), stirrer with circulated liquid (Le Corre 
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et al., 2007), continuous draft tube (Koralewska et al., 2009), fluidized bed reactor 

(Bhuiyan et al., 2008), and aeration reactor (Suzuki et al., 2007).  

A common crystallizer is a stirred batch reactor where an impeller is placed 

centrally in the vessel and to prevent swirling flow is added four baffles. 

Moreover, the baffles do not only serve to improve mass transfer, suspends 

crystals, but also produces a more uniform crystalline product and reduces batch 

time (Jones, 2002).  

Uludag-Demirer and Othman (2009) showed that effect of stirring speed was not 

significant for struvite crystallisation . Stirrer speed can create segregation and 

attrition which influence the spontaneous nucleation rate, resulting in a change in 

crystals number, size, and thus final CSD (Triger et al., 2012). According to Jones 

(2002) the stirrer speed influences nucleation and growth of crystals. Nucleation 

of struvite investigated by Ohlinger et al. (1999) and Wang et al. (2006) showed 

that mixing could shorten induction period. Investigation conducted by Kim et al. 

(2009) showed that high mixing intensity (u) and mixing duration (td) at above 

       was effective for the removal of 80 % nitrogen and 70 % phosphorous. 

This indication shows that mixing not only accelerate nucleation but also effective 

in the removal of nitrogen and phosphorus.  

The    
  removal efficiency was 44% and 38% at 400 and 160 rpm after 10 

minutes reaction time, respectively (Zhang et al., 2012). There is no significant 

change with reaction time over 10 minutes and the optimum stirrer speed is 

around 160 rpm (Zhang et al., 2012). Some of authors studied struvite formation 

used stirrer speed range between 10 – 100 rpm (Rahaman et al., 2008, Capdevielle 

et al., 2013). Higher mixing intensity with uniform suspension favours crystal 

growth (Akrap et al., 2010). The lowest growth rate of 1.8 g/m
2
.d occurred in the 

quiescent zone, but at high mixing speed, growth rate increases to be 22.4 g/m
2
.d 

(Ohlinger et al., 1999). Higher mixing speed causes more attrition of crystal. In 

this case, it is caused by collisions amongst crystals and the wall of the 

crystallizer, baffle, impeller or other crystals (Akrap et al., 2010). Moreover, at 

low mixing speed, homogeneity of the slurry may not be achieved (Shimamura et 

al., 2003).   
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2.8.5.2 Effect of impurities 

Any foreign substance other than the crystallizing compound is considered as an 

impurity. Thus, a solvent used for growth and any other compound deliberately 

added to the growth medium or inherently present in it is an impurity. Influence of 

impurities in growth media has been recognized in changing growth habits of 

crystal. Adsorption of impurities onto crystal faces changes the relative surface 

free energies of the faces and may block sites essential to the incorporation of new 

solute into the crystal lattice. These effects may results in changes in growth 

kinetics and hence inhabit modification of the crystalline phase. 

Main wastewater contains many ionic species (e.g., Cl
-
, K

+
, etc.) that can 

influence the supersaturation of struvite by reacting with its component ions, 

Mg
2+

, PO4
3-

, and NH4
+
. Moreover, the presence of impurities in solution can block 

or inhibit struvite growth. The presence of impurities can increase or decrease 

crystal size (Jones, 2002). The presence of impurities, such as calcium and 

carbonates ions (Le Corre et al., 2005), in solution affected the struvite growth 

rate, The study conducted by Kabdasli et al. (2006) showed that the effect of 

sodium, calcium, sulphate and carbonate-bicarbonates ions influenced induction 

time, struvite crystal morphology, and crystal sizes. 

 

2.8.5.3 Effect of solution pH 

Supersaturation and pH have been found to be the most influential parameters for 

struvite crystallisation (Mehta and Batstone, 2013). Struvite is highly soluble at 

acidic pH and highly insoluble in alkaline pH (Matynia et al., 2006, Münch and 

Barr., 2001). Increasing solution pH from 8 to 10 can achieve higher degree of P-

removal through struvite crystallisation (Battistoni et al., 2001, Celen and Türker, 

2001, Münch and Barr., 2001, Ohlinger et al., 1999, Stratful et al., 2001). 

According to Mavinic at al.,  (2003) 90% P-removal was achieved at pH of 8.3. 

Besides PO4 removal, the NH4 removal is also influenced by pH.  Under fixed 

molar ratio of Mg:NH4:PO4, the NH4 removal trend reflected that if pH values 

were maintained below 9.0, the removal efficiency increased with increase of pH, 

but decreased for pH values greater than 9.5 (Kumar and Pal, 2013).  



 

59 
 

 

In term of thermodynamic equilibrium, hydrogen ion are released in to solution 

during the struvite crystallisation. The crystallisation of struvite was inhibited due 

to low pH of solution ( 7) as ionic activity of     
   decreases and favour 

greater    
  formation, whereas high pH values (≥ 11) strongly promotes NH3 

volatilization and result in other precipitates like Mg3(PO4)2 and Mg(OH)2 

(Philippe et al., 2011, Kumar and Pal, 2013). When solution pH rises above 10.0 

the following reactions take place easily (Maekawa et al., 1995). 

          
      (   )       (2.79) 

            (  )    
       (2.80) 

pH control is one of the main factors influencing the crystallizing process to 

remove nutrients such as nitrogen and phosphorus from solution to form struvite 

crystals (Perera et al., 2009, Münch and Barr., 2001). A small pH variation may 

reduce surface area available to the growth unit caused by changes significantly in 

the zeta potential of the particle leading to the eventual destabilization of 

suspension by aggregation (Bouropoulos and Koutsoukos, 2000).  

Struvite formation will be favoured to precipitate if the ion activity product (IAP) 

of Mg
2+

,    
 , and    

   is greater than its solubility product (KSP). The IAP is 

controlled by solution pH. The both of NH4
+
 and PO4

3- 
ion activities are pH 

dependent. The pH effect on    
  activity has lower influence on the formation of 

struvite than does the pH effect on    
   

activity (Stumm and Morgan, 1981). 

Nelson et al. (2003)  studied the effect of pH on struvite crystallisation  in 

anaerobic swine lagoon wastewater. They have reported that the rate constant 

based on fitting first order kinetic model of phosphorous concentration, and it is 

increased with increase in pH from 8.4 to 9.0. However, Nelson et al., (2003) 

study showed that the increasing rate of struvite crystallisation  kinetic was 

affected by difference of supersaturation due to pH changing. Thus, for assessing 

the influence of pH on the kinetics of struvite crystallisation, this study was 

undertaken for the same supersaturation with varying solution pH. 

 

2.8.5.4 Effect of temperature  

Although temperature has a lower impact on sturvite crystallisation than other 

parameters, such as pH and supersaturation (Durrant et al., 1999), it influenced  
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solubility of struvite. Studies conducted by Aage et al., (1997) and Burns and 

Finlayson (1982) showed solubility product of struvite increased with increase in 

temperature. However, Bhuiyan et al., (2007) found that the solubility of struvite 

increased with temperature, until 35
O
C, and then it decreases. The solubility 

product increased from            to             between 10
O
C and 35

O
C 

in the Bhuiyan et al., (2007) study. The solubility product is determined from the 

concentration of solution at equilibrium concentration. The solubility product is 

linked to the supersaturation in which crystals may occur. The temperature range 

between 20
O
C and 35

O
C is used by the author for this study.  

Various temperatures are used for crystal growth study as it is possible to 

determine crystal growth mechanism. High temperature of crystallisation usually 

leads to diffusion-controlled growth, while low temperatures leads to surface 

integration controlled growth (Jones, 2002). Moreover, increase in temperature 

often increases the rate of crystal growth and it can affect crystal size shape and 

type.     

 

2.8.5.5 Crystal Growth Kinetic of Struvite Crystal Using the Two-Step Growth 

Model 

Struvite crystals can be formed by feeding magnesium ion solution to a 

crystallizer containing ammonium and phosphate ion solution. Then magnesium 

ions react with ammonium and phosphate ions to form struvite and to grow on 

struvite seeds suspended in the crystallizer.  

Several combination factors that affect nucleation and crystal growth of struvite 

were reported, such as the phenomena of mass transfer between solid and liquid 

phases, thermodynamic of liquid-solid equilibrium (Mullin, 2001, Jones, 2002), 

kinetic of reaction (Ohlinger et al., 1999) and physico-chemical parameters, 

including pH (Bouropoulos and Koutsoukos, 2000, Nelson et al., 2003, Pastor et 

al., 2008), supersaturation (Doyle et al., 2002), mixing energy (Ohlinger et al., 

1999), temperature (Bhuiyan et al., 2007), and the presence of foreign ions in the 

crystallisation solution (Le Corre et al., 2009). 

Crystal growth rate data of struvite were not further analysed on the possible 

effect of physico-chemical parameters on two-step growth model. Bhuiyan et al. 
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(Bhuiyan et al., 2008) successfully investigated and applied the two step crystal 

growth model on struvite crystal growth to estimate mass-transfer and surface-

reaction coefficients. The mass-transfer and surface-reaction coefficients were 

predicted at pH 8.07, mean particle size of 1.25 mm and superfacial velocity of 

380 cm/m. According to Tai et al. (1999) the effect of mass-transfer and surface-

reaction coefficient on two-step model crystal growth was influenced by crystal 

size and superficial velocity. In an agitated crystallizer, stirrer speed significantly 

affects the increase in mass transfer coefficient until the crystals become fully 

suspended in the solution, after which the rate of increase with further increases in 

stirrer speed is reduced considerably. Besides, the two-step model plays an 

important role to reveal the kinetic phenomenon of crystals formation in solution 

(Tai, 1997). Therefore, struvite crystal growth studies using two-step model will 

further investigated to see how the physico-chemical parameters of solution will 

impact on the mass-transfer and surface-reaction coefficients.  

 

2.8.6 Dissolution of struvite crystals 

Struvite dissolution reaction can be described using 

                  
      

      
          (2.81) 

The dissolution kinetic of struvite in aqueous solution has important implications 

in industrial crystallisation process. Many studies on the dissolution of struvite 

crystals in various media have been found in literature. Bhuiyan et al., (2009)  

investigated the dissolution rate of struvite crystals in acid solution by kinetic 

model. In acid solution, the effect of pH showed that the dissolution rates for 

struvite were found to increase with decrease in pH due to proton promoted 

dissolution (Bhuiyan et al., 2009)  The following species in the system involving 

Mg
2+

,    
  ,    

 aqueous solution can be formed when the pH is varied, such as 

H3PO4,      
 ,     

  ,      , MgNH4PO4,      
 ,        

 , and MgHPO4 

(Mijangos et al., 2004). The acid solution pH is widely used as solvent to dissolve 

crystals, however, it can have a negative impact such as its corrosive effect and 

making pH control more difficult (Hausmanns et al., 1996). The dissolution of 

struvite was investigated by Doyle et al., (2003) in aqueous 

ethylenediaminetetraacetic acid (EDTA) solution. Doyle et al., (2003) examined 
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the EDTA : magnesium ratio and found the greater the ratio the more rapid the 

dissolution of struvite over a 5 min period. Moreover, there are some concerns 

about its poor biodegradation in conventional wastewater treatment plants and 

natural environments (Sýkora et al., 2001). Roncal-Herrero and Oelkers (2011) 

have done a dissolution experiment of struvite crystals with pH ranged from 7.76 

– 10.65. The pH range of experiment corresponded to the condition where struvite 

is most stable (Ohlinger et al., 1998). In experimental study at initial pH 7.8 

showed that the concentration of Mg and PO4 in the bulk solution against with 

time was consistent with their stoichiometric release from the struvite crystals. 

However, at pH 9.35, Mg ion was released from 3 to 8 times faster than PO4 ions 

(Roncal-Herrero and Oelkers, 2011).  

According to Appelo and Postma, (1999) the dissolution rate is influenced by the 

amount of crystals present, the change in their shape during dissolution and the 

composition of the solution. During dissolution of struvite crystals, the effect of 

amount of crystals present can influence rate of dissolution where increasing 

dissolution of struvite was inversely proportional to the amount of crystal present 

in solution (Bhuiyan et al., 2009). 

According to Nerst-Burnner theory, the surface area of crystal is directly 

proportional to the dissolution rate. Since higher dissolution rate may be achieved 

through the increase in surface area, the surface area increases with decrease in 

crystal size (Banakar, 1992). The experimental study of different crystal size 

showed that the dissolution rate constant increased with decrease in crystal size 

(Shan et al., 2002, Mergen and Demirhan, 2009).  

However, the dissolution mechanism cannot be predicted only by means of a 

kinetic model; the rate determining mechanism is also important. Diffusion-

controlled mechanism is slightly dependent on temperature, while interfacial-

reaction-controlled mechanism are strongly dependent on temperature 

(Demirkiran, 2009). Therefore, the value of the activation energy of a dissolution 

reaction may be used to predict the rate-controlling step. Bavic-Ivancic et al., 

(2002) have investigated dissolution mechanism of struvite by calculating 

activation energy at three different temperatures, and it can be concluded that 

dissolution rate mechanism is the process of desorption of the integrating ions. 
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Moreover, the dissolution can be illustrated as mass transfer of ions from crystal 

to solution, firstly, crystals are disintegrated at the crystals surface, and then the 

solute diffuses from the surface to the bulk solution. The thickness of diffusion 

layer is influenced by stirrer speed, so the dissolution rate mechanism is correlated 

with the stirring rate (Masuda et al., 2006). The change in activation energy as a 

function of stirring speed represents a change from a diffusion-controlled 

mechanism under lower stirring speed to a surface-controlled mechanism at high 

stirring speed (Metz and Ganor, 2001). Furthermore, the increase of rotary forces 

of impeller of agitator could enhance the dispersion and solubility (Qin et al., 

2012).    

 

2.9 Summary 

 Crystallisation is widely utilized in the chemical and process industry. 

Crystallisation techniques are widely employed in the separation and 

purification of solid to produce a variety of materials of high purity at low 

cost. The crystallising solution is key variable influencing product of 

crystallisation because the rate of nucleation and growth is dependent on 

particular level of supersaturation. The supersaturation is achieved when 

concentration of solution is higher than its solubility of solute. The existing 

knowledge about nucleation is extensive and nucleation process occurs when a 

new crystal is produced in specific supersaturated solution known as the 

metastable supersaturation. There are two different mechanisms that produce 

nuclei such as primary and secondary nucleation. The next stage of the 

crystallisation process is for these nuclei to grow larger by the addition of 

solute molecules from the supersaturated solution. 

 Solubility, being the key factor in the crystallisation process, is highly 

dependent on solution pH. Although there had been several studies on 

solubility of struvite, the standard method for the experimental determination 

of a Ksp value was dissolution of struvite using distilled water as solvent. As 

described in some literature, the solution pH influenced the changing 

component concentration. So, new equilibrium solubility is reached by each 

solution pH. If supersaturation is used as a variable control, it is essential to 
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know the true value of Ksp for the pH range that the systems are expected to 

operate in. 

 Pure solutions are rarely encountered outside the analytical laboratory, and 

even then the impurity levels are usually well within detectable limits. The 

impurities present can often have a considerable effect on the solubility 

characteristic of the main solute, such as ionic equilibrium, ion-solvent and 

ion-ion interaction. Some literatures showed that the presence of impurities 

influence ionic strength of struvite crystals. The changing ionic strength is 

caused by a complex formation on bulk solution during dissolution of crystals. 

Accurate and reliable data on solubility of struvite on impurities system are 

necessary for many industrial processes where these systems are used as feed. 

Therefore, the study of the solubility of struvite in aqueous electrolyte 

solutions is vital before proper crystallisation studies can be performed. 

 Predicting and controlling struvite nucleation and growth from wastewater is 

fundamental in crystalliser design. Information on nucleation of struvite is 

also limited in the literature. The majority of published works related on 

struvite nucleation were mostly conducted with reaction-controlled in aqueous 

solution at constant temperature and supersaturation. Supersaturation was 

calculated with various initial solution pH. However, the supersaturation 

calculated based on various solution pH may not be accurate. The different 

solution pH may cause change in charge polarity of solution. The present 

studies used calculation of supersaturation based on constant pH. The effect of 

pH, temperature, and impurities on the nucleation of struvite formed part of 

this study.  

 The growth of struvite in various literature showed that solution pH is most 

important on growth of struvite. Nelson et al. (2003)  studied the effect of pH 

on struvite crystallisation with first order kinetics based on phosphorous 

concentration. However, their study showed that increasing rate of struvite 

crystallisation kinetic was affected by difference of supersaturation due to pH 

changing. Thus, for assessing the influence of pH on the kinetics of struvite 

crystallisation, this study was undertaken for the same supersaturation at 

various solution pH. The effects of solution pH, temperature, impurities, seed 



 

65 
 

 

and hydrodynamic condition on struvite growth kinetic are part of the 

proposed study. 

 Many studies on the dissolution of struvite crystals in various media have been 

found in literature. However, the dissolution process mechanism cannot be 

predicted only by means of a kinetic model; the rate determining mechanism 

is important. The dissolution kinetics of struvite crystals in deionized water 

was studied and the effect of stirrer speeds, temperature and crystal loading on 

dissolution was also studied. 
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CHAPTER 3  

EXPERIMENTAL STUDIES OF STRUVITE 

SOLUBILITY, NUCLEATION, GROWTH, AND 

DISSOLUTION IN AQUEOUS SOLUTION 

 

 

 

3.1 Introduction 

In determining operating conditions for solubility, nucleation, growth and 

dissolution of struvite crystals to efficiently generate the required product crystals, 

it is necessary to consider complex interacting variables between solution, heat 

and population balances of the system with its strong dependence on fluid and 

particle dynamics (Mullin, 2001, Randolph and Larson, 1988, Jancic and 

Grootscholten, 1984). It is well known that the solution condition, such as 

temperature, solution pH, and salt effects may strongly influence the solubility of 

struvite. The development and design of solubility set-up and batch crystallisation 

with special specifications to study struvite solubility is presented in this chapter. 

The solubility unit was developed by Safaeefar (2007) using 5 small reactors. 

Next, the solubility unit was used to determine metastable zone width and 

nucleation of struvite crystals.  

Batch crystallizer is commonly used to prepare a wide variety of crystalline 

products. Batch crystallizer is relatively simple and flexible, and requires a 

relatively low level of maintenance. Batch crystallizer which has been developed 

was used to study rate of crystallisation, crystal growth, and dissolution and to 

measure the effect of process conditions. Next preliminary preparation of 

experiments is presented, which includes the preparation of crystallising solution, 

and seed preparation.         
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3.2 Analytical Techniques  

3.2.1 Gravimetric analysis 

Gravimetric analysis is defined as a set of methods in analytical chemistry for the 

quantitative determination of substances based on the mass of a solid. The 

gravimetric analysis uses an analytical balance (Sartorius Model 1601 MP8). 

In gravimetric methods for drying wet samples, the wet sample is heated in an 

oven at temperature of 25 – 35
O
C for 24 hours and allowed to cool to room 

temperature in a desiccator. It is then weighed, and heated again for about 30 

minutes. The sample is cooled and weighed a second time. The procedure is 

repeated until successive weighing resulted in no further weight losses. For 

struvite crystals the drying of these crystals must be below 40
O
C. If the crystals 

are heated above 40
O
C,    

  will volatilise (Bhuiyan et al., 2007). 

 

3.2.2 Microscopy 

The imaging of struvite crystallisation was taken based on microscopic methods. 

The advantages of microscopy are that individual particles may be observed while 

measuring or assessing their size, shape and composition. The images can be 

reviewed directly in a microscope, or scanning electron microscopy (SEM).  

 

3.2.2.1 Scanning electron microscopy (SEM) 

The SEM has a larger depth of field compared to optical microscopy that permits 

a large amount of the sample to be in focus at one time. The SEM also produces 

images of high resolution, which means that closely spaced features can be 

examined at high magnification. Figure 3.1 show a schematic representation of 

SEM. An electron gun projects a stream of monochromatic electron, which passes 

through apertures and lenses before it hits the sample. When the beam strikes the 

sample, secondary electrons are produced and are detected: this gives information 

on the topology of the sample. Before the beam moves to its next dwelling point 

the measurement count the number of interactions and displays a pixel on a CRT 

(cathode ray tube) whose intensity is determined by this number (the more 

reactions the brighter the pixel). This process is repeated until the grid scan is 

finished and then repeated, the entire pattern can be scanned 30 times per second. 



 

68 
 

 

 

Figure 3.1 Schematic representation of a SEM (Hafner, 2013) 

 

3.2.2.2 Optical microscopy  

Optical microscopy uses for magnifying small objects. The first lens, called the 

objective, has a short focal length (a few mm), and creates an image of the object 

in the intermediate image plane. This image in turn can be looked at with another 

lens, the ocular or eye-piece, which can provide further magnification.  

This microscopy method can be tedious and time-consuming. Microscopic 

observations were made using a Nikon eclipse ME600 metallurgical microscope 

(Figure 3.2), with automated video image capture (Nikon DXM1200F digital 

camera). Crystals were observed using reflected light. The images of the growing 

crystals were analysed using the Image Pro software. A calibration was first 

established by taking pictures of a graticule (x and y directions) using the 20, 50 

and 150 times magnification lens on the optical microscope and the calibration 

information was applied to each of the images. 
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Figure 3.2 Optical microscope set up 

 

3.2.3 Determination of crystal size distribution 

Crystal size distributions (CSD) can be measured directly when samples of 

crystals can be sampled representatively from bulk crystals. One of the most 

popular analytical techniques for determination of crystal size distribution is laser 

light scattering method. Laser light scattering is a technique that can be used to 

determine the size distribution of any crystals. The advantages of this method are; 

- Fast (individual measurements typically take only a few minutes) 

- Wide range (0.5 to 1000 microns or more in one scan) 

- Medium resolution 

- Direct measurement (not related to fluid properties, etc.) 

The only qualification of the technique is that each phase must be distinct 

optically from the other and the medium must be transparent to the laser 

wavelength. A Malvern Mastersizer with normal Fourier Optics was used for the 

determination of the crystal size distribution. A schematic diagram depicting the 

main features of the Malvern Mastersizer measuring system is given in Figure 3.3 

which showed the relative position of the spray nozzle, detector plane, 

measurement electronic and the computer.  
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Figure 3.3 Schematic diagrams of the Malvern Mastersizer (Safaeefar, 2007) 

 

The Mastersizer uses the Mastersizer‟s optical unit to capture the actual scattering 

pattern from a field of particles. Then, it can predict the size of particles from the 

pattern created.  

The procedure for analysing CSD of struvite is as follows; 

- Instrument preparation; the computer, optical unit and dispersion unit are 

connected and switched on. The flow cell is fitted and the pipes are connected 

to the dispersion unit according to the instructions. Setup size of measurement 

was in the range 0.02 – 10,000 m and refractive index (RI) was 1.495.  

- Add saturated solution into spray nozzle (Figure 3.3). Saturated solution was 

made by dissolution of struvite crystal for 24 hours.   

- Add the sample; the correct amount of sample added to the system was 

until obscuration of 10 – 30%.  For example an obscuration of 30% means 

that 30% of the analyser beam (recorded during the background 

measurement step) has been lost to either scattering or absorption. The 

obscuration is simply the fraction of light “lost” from the analyser beam 

when the sample is introduced. Before the sample is added to the system 

it is usually best to pre-disperse the sample within a little of the dispersant 

to form a slurry. 
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- Measure the sample; the capture of the scattering pattern from sample results 

in raw data for the crystal size distribution of the sample. 

 

Figure 3.4 The Crystal Size Distribution Graph 

Once the data has been analysed the information can be displayed in various 

ways. Usually the display will show a graph of the result and a table showing the 

same information in a tabular form. Figure 3.4 shows four of the more common 

graphical displays of the results. 

The histogram (4) displays the result in the form of “in band” percentages. i.e. 

each bar in the graph represents a size band of particles (52 - 59 microns for 

example) and the height of the bar represents the percentage of the sample that is 

within that  and. The histogram graph uses the left scale. 

The “undersize” plot (1) displays the result in the form of “% of sample below a 

certain size of particle”. For example by reading the values from Figure 3.4 may 

be able to determine that 10% of the sample is under 23 microns etc. (the exact 

value can be read from the table that will accompany the graph). The undersize 

plot is read from the right hand scale on the graph. The undersize plot is 

calculated from the initial size bands by fitting a curve to the analysis data so that 

values within a size band may be read. 

The oversize plot (2) is similar to the undersize plot except that the result is in the 

form “% of sample above a certain size of particle”. For example by reading the 
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values from Figure 3.4 may be able to determine that 90% of the sample is above 

23 microns. 

The correct amount of sample has to be passed through the laser beam to allow a 

good measurement to take place. Too little sample and there will not be enough 

scattered light to be detected. Too much sample and the light scattered from an 

individual particle will itself be scattered by other particles - this is known as 

multiple scattering. 

The frequency curve (3) is calculated by differentiating the undersize curve. The 

frequency curve is particularly useful for displaying the results to show the 

“modes” or peaks in the graph. Several peaks in the graph indicate that there are 

distinct sizes of particles within the sample. This “at a glance” inspection of the 

results will be difficult if the result was shown as an undersized or oversize plot. 

 

3.2.4 Methodology for analysis of Mg
2+

, NH4
+
 and PO4

3-
 

3.2.4.1 Mg Analysis with Atomic Absorption Spectrometry 

 

Figure 3.5 The standard calibration curve of the absorbance as a a function of 

Mg
2+

 concentration 

Magnesium was measured by using an Atomic Absorption Spectrometry (AA 

220FS model). The Atomic Absorption Spectrometry (AAS) was first calibrated 

by using samples of known Mg
2+

 concentration. A stock solution containing 100 

mg/L of magnesium was first prepared. The optimum concentration range for the 

AAS to work for Mg
2+

 is 0.02 – 2 mg/L. A standard calibration curve was 
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prepared using 5 sample 0, 0.5, 1.0, 1.5 and 2 mg/L of Mg
2+

. The absorbances 

were plotted as shown in Figure 3.5. This curve was used for the determination of 

Mg
2+

 ion concentration in the present study.    

 

3.2.4.2 NH4
+
 Analysis with UV-Spectrometry  

Ammonium was measured by phenate method using an UV-Spectrometry (V-670 

model) (Warmadewanthi and Liu, 2009, Ohlinger et al., 1998). The UV-

Spectrometry (UVS) was first calibrated by using samples of known NH4
+
 

concentration at a wavelength of 630 nm. A stock solution containing 100 mg/L 

of ammonium was first prepared. The optimum concentration range for the UVS 

to work for NH4 is 0.1 – 0.5 ppm. A standard calibration curve was prepared using 

5 samples 0, 0.1, 0.2, 0.3, 0.4 and 0.5 ppm of NH4. The absorbances were plotted 

as shown in Figure 3.6. This curve was used for the determination of NH4
+
 ion 

concentration for the present study. 

 

Figure 3.6 The standard calibration curve of the absorbance as a a function of 

NH4
+
 concentration 

 

3.2.4.3 Phosphorous Analysis with UV-Spectrometry 

Phosphorous was measured by phenate method using an UV-Spectrometry (V-

670 model). The wave length was at 880 nm. The UV-Spectrometry (UVS) was 

first calibrated by using samples of known PO4
3-

 concentration. A stock solution 

containing 100 mg/L of Phosphorous was first prepared. The optimum 
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concentration range for the UVS to work for PO4 is 0.3 – 2.0 ppm. The 

absorbances were plotted as shown in Figure 3.7. This curve was used for the 

determination of PO4
3-

 ion concentration for the present study. 

 

Figure 3.7 The standard calibration curve of the absorbance as a a function of 

PO4
3- 

 

3.3 Determination of Struvite Solubility 

There are many techniques available for the measurement of the solubility of solid 

in liquid. However, no single method can be identified as being generally 

applicable to all possible types of systems. The choice of the most appropriate 

method has to be made in the light of the system properties, the availability of 

apparatus and analytical techniques, the skill and experience of the operator and 

the precision required and so on  (Mullin, 2001). To avoid large errors, solubility 

must always be measured at a constant isothermal temperature with agitation 

employed. The agitation generally brings the liquid and solid phases into intimate 

contact and facilitates equilibrium. Equilibrium solubility is usually achieved after 

several hours, and in some cases days or even weeks.  The long period of 

equilibrium is necessary because dissolution rates become very slow near 

saturation, and if shorter periods of time is used (one hour or less), the solubility 

will generally be underestimated (Mullin, 2001). 
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3.3.1 Experimental set-up 

In this study, solubility measurements were conducted in a solubility unit that 

consists of five reactors and the process flow diagram of the set-up is the same as 

designed and used by Safaeefar (2007) (see Figure 3.8). 

A magnetic stirrer was used to stir the solution in each of the reactors. Water bath 

was used to maintain isothermal conditions in the solubility unit. Two centrifugal 

pumps located at the input and outputs of the tank were used to circulate the water 

from the water bath to the solubility unit and from solubility unit to water bath. 

Valve was used to adjust input and output of water flow from the solubility unit 

and water bath. To avoid flooding and maintaining a stable water level, a bypass 

hose was fitted. The volume of glass solubility unit is 40 litres, which is capable 

of withstanding temperature up to 100
O
C and is reinforced by silicon. The tank 

usually needs to hold water of about ~ 6 cm from tank bottom to avoid flooding 

when the electricity is turn off. 

The holder of five small reactors (Erlenmeyer) is made out of stainless-steel 

equipped with a top retainer spring capable of firmly retaining glassware, which 

are held in place at the bottom of the tank by silicon. 

 

Figure 3.8 Solubility Experimental set up (Safaeefar, 2007) 

 

3.3.2 Solubility experiment 

The solubility of struvite at various initial solution pH and temperature were 

determined by equilibrating crystals and solution in the solubility unit. The initial 

solution pH investigated were at pH 3, 5, 7, 8, 9, and 11. Temperatures used were 

20, 25, 30, 35, 40, 45, 50, 55, and 60
O
C. An experimental solution of 100 ml 
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volume containing 0.45 g struvite, placed in a flask, was taken at various initial 

solution pH. Variation of initial solution pH was made by the addition of HCl and 

NaOH solution. pH measurements were made with a portable digital pH meter 

(WP-80 Model). After the temperature and solution pH reached the desired 

operating condition, the flasks, numbered 1, 2, 4 and 5 in solubility unit, were 

each sealed with a paraffin film to prevent evaporation of solvent. To identifying  

solution temperature in a flask within range of ± 0.1
O
C, to a flask containing only 

water was placed in the middle of solubility unit (number 3), a thermometer was 

inserted to measure solution temperature (Figure 3.9). During the experiments, 

there were temperature differences between solution in flask and circulating water 

in solubility unit (Table 3.1). 

 

Figure 3.9 Temperature monitoring of the solutions 

 

Table 3.1 The temperature difference between solution in flask and water in 

solubility unit 

Temperature of 

experiment, 
O
C 

solution temperature in 

flask, 
O
C 

water temperature in 

solubility unit, 
O
C 

25 

30 

35 

40 

45 

50 

55 

60 

25 ± 0.1 

30 ± 0.1 

35 ± 0.1 

40 ± 0.1 

45 ± 0.1 

50 ± 0.1 

55 ± 0.1 

60 ± 0.1 

25.9 

31.2 

35.7 

40.6 

45.5 

50.7 

55.8 

60.8 
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The solution were continuously stirred for 24 h to ensure saturation of the 

solution. Undissolved solid was allowed to settle without stirring, and after a 

further 2 hours samples of clear solution were checked for pH at equilibrium and 

the slurry filtered through a 0.22 µm membrane paper filter. The residue was dried 

overnight in an oven at 35
O
C. The dried samples were weighed by using an 

analytical balance. The difference between the residue mass and the initial mass of 

struvite gave the solubility. The filtrate was then analysed for magnesium, 

ammonia, and phosphates. Analyses for ammonium and phosphate were made 

using UV-spectrometry as described in Section 3.2.4.2 and 3.2.4.3, respectively, 

Magnesium analysis was performed by atomic absorption spectrophotometry (see 

Section 3.2.4.1). 

The impurities effect of chloride was studied by using NaCl, KCl, and CaCl2. The 

aqueous chloride salts solutions with different concentrations were prepared by 

dissolving known amount of chloride salts in deionized water. The experimental 

procedure remained the same as above.    

A small piece of the dried filter paper with magnesium ammonium phosphate 

precipitate on its surface was carefully cut and sputtered with coating carbon for 

field emission scanning electron microscopic analysis. 

 

3.3.3 Solubility studies of struvite in the presence of chlorides  

The effect of chloride salts on struvite solubility was studied using NaCl, KCl, 

and CaCl2. The stock solutions were prepared by dissolving known amounts of 

NaCl, KCl, and CaCl2 in deionized water. A range of solutions with different 

concentrations of chloride salts were made by diluting the stock solutions. A 

range of solutions was prepared between 0.3 – 1.5 M. The resulting chloride salt 

solutions were placed in the solubility unit by controlling temperature at 25
O
C. 

The mixtures were continuously stirred for 24 h to ensure saturation of the 

solution. Undissolved solid was allowed to settle without stirring, and after a 

further 2 hours samples of clear solution were checked for pH at equilibrium and 

the slurry filtered through a 0.22 µm membrane paper filter. The residue was dried 

overnight in the oven at 35
O
C. The dried samples were weighed by using an 

analytical balance. The difference between the residue and the initial mass of 
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struvite gave the solubility. The filtered samples were then analysed for 

magnesium, ammonia, and phosphates (see section 3.2.4.1, 3.2.4.2 and 3.2.4.3, 

respectively).    

 

3.4 Determination of Metastable Zone Width 

The experiments were conducted in Erlenmeyer flasks under constant temperature 

of 25
O
C at different stirrer speeds. The experimental set-up can be seen in Figure 

3.10. The synthetic solutions used in a series of batch experiments were 0.003, 

0.004, 0.005 and 0.007 M (equimolar) of magnesium, ammonium and phosphate. 

The chemical of MgCl2.6H2O was used as Mg
2+

 provider and NH4H2PO4 was as 

NH4
+
 and PO4

-
 provider.  100 ml volumes of solution in the absence of seeds were 

used for each of the experiments. Metastable zone width was determined with 

different stirrer speed of 50, 100, and 120 rpm. In each batch experiment, the 

solution pH was slowly adjusted using 0.01 M of NaOH solution. And then the 

pH drop and visually detectable crystallisation took place simultaneously. The 

time elapsed between pH adjustment and the first pH changes were defined as 

induction time. The rapid induction time was identified as metastable zone. pH 

measurements used portable digital pH meter (WP-80 Model).  

 

3.5 Struvite Nucleation Studies 

3.5.1 Synthetic liquor preparation 

In this study, synthetic supernatant containing the constituent ions of struvite was 

used. The reagent salts used to prepare the synthetic liquor were analytical grade 

magnesium chloride (MgCl2) and ammonium dihydrogen phosphate (NH4H2PO4). 

Chloride salts, used as impurities, were sodium chloride (NaCl) and potassium 

chloride (KCl) and sodium hydroxide (NaOH) was used to adjust solution pH. 

MgCl2 was obtained from Sigma and NH4H2PO4 was obtained from Perth 

Scientific. All chemicals were of analytical grade and were used without further 

treatment. Double distilled water was used for all solution preparation. pH was 

measured by Orion pH meter. 
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Figure 3.10 The experimental set-up; (a) water bath, (b) magnetic rotor, (c) 

magnetic stirrer, (d) pH electrode, (e) thermometer, (f) pH meter, (g) 

cryothermostat, (h) Erlenmeyer flask, (i) inlet for NaOH dosing, and (j) inlet for 

Magnesium dosing. 

 

3.5.2 Batch experimental procedure 

The experimental apparatus used in the study is shown in Figure 3.10. An 

Erlenmeyer flask of 250 ml was placed in the water bath containing circulating 

water. A stainless steel holder was used to keep the flask in place and a magnetic 

stirrer was used to stir the solution inside the flask. The water bath was 

maintained at a constant temperature by recirculating water through a pump which 

formed part of the cryothermostat. Water was heated at a given temperature in the 

cryothermostat. 

In each experiment, the supersaturated solution was prepared by mixing 

equimolar quantities of Mg
2+

, NH4
+
, and PO4

3-
. The desired quantity of 

NH4H2PO4 solution were poured into an Erlenmeyer flask (working volume = 100 

ml), and mixed by a magnetic stirrer. To avoid evaporation the Erlenmeyer flask 

was closed by using rubber stopper, and sealed with paraffin film. After the 

solution has achieved the desired temperature (within ± 0.01 C), a required 

quantity of MgCl2 solution at the same temperature was added into the 

Erlenmeyer flask. 0.01 M solution of NaOH was slowly added by using a syringe 

to achieve the desired pH. The time that elapsed between pH adjustment, and the 
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first pH observed change is defined as the induction time. The experiment was 

stopped after the pH attained a new constant value. The experiments were 

conducted at initial pH of 8 and 8.5.  

For studying impurities effect, the same procedure was used except that a desired 

concentration of chloride salts was added into the Erlenmeyer flask before the 

addition of MgCl2. The solution condition was kept at pH 8. The concentration of 

chloride salts in the Erlenmeyer flask was varied between 8.06 – 16.38 mM after 

mixing of MgCl2 and NH4H2PO4, therefore the concentration of Cl
-
 ranged from 

12.54 – 25.48 mMol. The excess Cl
-
 ion is defined as follows: 

   
,   - [     

 ]

[     
 ]

        (3.1) 

Where Cl
-
 is the molar concentration of chlorine in solution and Cl

-
eqm is the 

chlorine introduced in solution through the equimolar feed as MgCl2.  The 

impurities effect studies have been carried out for a fixed value of excess chloride 

added as NaCl and KCl, namely E = 0.4.   

The range of supersaturation was varied in between 1.02 and 1.45 for all 

experiments. Three temperature levels (20, 25 and 30
O
C) were used for struvite 

nucleation study. The PhreeqC model was used for calculating the supersaturation 

of struvite in 0.00 – 16.38 mMol Cl
-
 ions solution at 20 – 30

O
C. The calculated 

results are tabulated in Table 3.2 – 3.3.  

The Phreeqc model calculation can be seen in Appendix B 
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Table 3.2 The supersaturation of struvite without the addition of NaCl, E = 0. 

MgCl2 

(mM) 

NH4H2PO4 

(mM) 
SI 

MgCl2 

(mM) 

NH4H2PO4 

(mM) 
SI 

pH 8 pH 8.5 

T = 20
O
C 

4.35 

4.55 

4.65 

4.85 

5.10 

5.50 

5.95 

6.35 

6.75 

4.35 

4.55 

4.65 

4.85 

5.10 

5.50 

5.95 

6.35 

6.75 

1.02 

1.06 

1.09 

1.13 

1.18 

1.25 

1.33 

1.39 

1.45 

2.65 

2.75 

2.83 

2.93 

3.10 

3.32 

3.60 

3.82 

4.06 

2.65 

2.75 

2.83 

2.93 

3.10 

3.32 

3.60 

3.82 

4.06 

1.02 

1.06 

1.09 

1.13 

1.18 

1.25 

1.33 

1.39 

1.45 

T = 25
O
C 

5.10 

5.30 

5.50 

5.70 

6.00 

6.50 

7.00 

7.50 

8.00 

5.10 

5.30 

5.50 

5.70 

6.00 

6.50 

7.00 

7.50 

8.00 

1.02 

1.06 

1.09 

1.13 

1.18 

1.25 

1.33 

1.39 

1.45 

3.10 

3.23 

3.32 

3.45 

3.63 

3.90 

4.24 

4.50 

4.80 

3.10 

3.23 

3.32 

3.45 

3.63 

3.90 

4.24 

4.50 

4.80 

1.02 

1.06 

1.09 

1.13 

1.18 

1.25 

1.33 

1.39 

1.45 

T = 30
O
C 

5.60 

5.85 

6.00 

6.30 

6.60 

7.15 

7.75 

8.30 

8.80 

5.60 

5.85 

6.00 

6.30 

6.60 

7.15 

7.75 

8.30 

8.80 

1.02 

1.06 

1.09 

1.13 

1.18 

1.25 

1.33 

1.39 

1.45 

3.42 

3.56 

3.68 

3.84 

4.05 

4.35 

4.70 

5.00 

5.30 

3.42 

3.56 

3.68 

3.84 

4.05 

4.35 

4.70 

5.00 

5.30 

1.02 

1.06 

1.09 

1.13 

1.18 

1.25 

1.33 

1.39 

1.45 
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Table 3.3 The supersaturation of struvite with the addition of NaCl and KCl at pH 

8, E = 0.4. 

MgCl2 

(mM) 

NH4H2PO4 

(mM) 

NaCl or KCl 

(mM) 
SI 

T = 20
O
C 

4.48 

4.65 

4.80 

5.00 

5.30 

5.68 

6.20 

6.55 

7.00 

4.48 

4.65 

4.80 

5.00 

5.30 

5.68 

6.20 

6.55 

7.00 

8.06 

8.37 

8.64 

9.00 

9.54 

10.22 

11.16 

11.79 

12.60 

1.02 

1.06 

1.09 

1.13 

1.18 

1.25 

1.33 

1.39 

1.45 

T = 25
O
C 

5.25 

5.50 

5.65 

5.90 

6.20 

6.70 

7.25 

7.75 

8.25 

5.25 

5.50 

5.65 

5.90 

6.20 

6.70 

7.25 

7.75 

8.25 

9.45 

9.90 

10.17 

10.62 

11.16 

12.06 

13.05 

13.95 

14.85 

1.02 

1.06 

1.09 

1.13 

1.18 

1.25 

1.33 

1.39 

1.45 

T = 30
O
C 

5.80 

6.00 

6.20 

6.50 

6.85 

7.35 

8.00 

8.55 

9.10 

5.80 

6.00 

6.20 

6.50 

6.85 

7.35 

8.00 

8.55 

9.10 

10.44 

10.80 

11.16 

11.70 

12.33 

13.23 

14.40 

15.39 

16.38 

1.02 

1.06 

1.09 

1.13 

1.18 

1.25 

1.33 

1.39 

1.45 

 

3.6 Crystal Growth Experimental Study in Batch Crystallisation. 

The dimensions and arrangement of vessel, impellers, and baffles are factors that 

influence the amount of energy required for achieving a needed amount of 

agitation or quality of mixing.   

 

3.6.1 Batch crystallisation apparatus 

The schematic diagram of the batch experimental set-up is shown in Figure 3.11. 

The batch crystallizer was made of a cylindrical glass vessel (internal diameter ID 
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= 130 mm) covered with a double-jacket with a round bottom. The working 

capacity of the vessel was 1 litre.  

In order to preclude the possibility of swirling and maximize the vertical 

movement of fluid in the crystallizer it was necessary to place four vertical baffles 

spaced at right angles to one another into the crystallizer wall.  

The crystallizer was covered with a steel plate to minimize evaporation of 

solution. Temperature control within the crystallizer was achieved by pumping 

water from water bath enclosed in a cryothermostat with PID regulator for 

temperature control.   

 

Figure 3.11 Batch crystallizer of struvite study 

 

3.6.2 Baffle  

In turbulent mixing, solid body rotation or central surface vortices may occur. 

Baffles were installed in the batch crystallizer to overcome this.  

The use of baffles results in a circulation without aeration due to vortexing or 

severely unbalanced fluid forces on the impeller shaft. According to Couper et al., 

(2005) the optimum size of baffle width is one-twelfth the crystallizer diameter 

and a length extending from one half the impeller length. The size of baffle was 

10 mm x 83 mm. To maximize and ensure particles suspended in all parts of 
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crystallizer the impeller was located at one-third the working liquid level from the 

crystallizer bottom and four baffles were placed on the wall of crystallizer with 

equal distance. Detailed dimensions are illustrated by Figure 3.12.  

 

Figure 3.12 Crystallizer and impeller geometry 

 

Baffles mounted at the crystallizer wall are to avoid dead zone where liquid is 

seldom exchanged and where impurities accumulate. Moreover, baffles are also 

needed to provide adequate mixing and suspension. Furthermore, baffles convert 

the tangential velocity imparted by impellers to axial flow which is needed both 

for crystal suspension and micromixing. Figure 3.13 shows typical flow patterns 

in baffled crystallizer with the baffle mounted at the wall.  
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Figure 3.13 Baffle arrangement (Couper et al., 2005) 

 

 

3.6.3 Impeller 

Impeller is designed to circulate the liquid axially and to achieve primarily radial 

circulation. A rotating impeller in fluid results in flow and shear. The shear results 

from flow of one portion of the fluid pass another. For achievement of suspended 

solid in fluid, the impeller has to be considered flow pattern of fluid and friction 

from crystallizer surface, baffle and other internals. Because the performance of a 

particular shape of impeller usually cannot be predicted quantitatively, impellers 

are designed for two different types of turbulent flow (Couper et al., 2005). In this 

study, batch crystallizer was placed a 45
O
 pitched blade turbine constructed with 

four blades (Figure 3.14). Axial flow is produced by a 45
O
 pitched blade turbine. 

This type of impeller produces flow parallel to the impeller shaft and is usually 

used to blend liquids and to suspend solid in liquid, especially to sweep solids off 

the tank bottom when the discharge from the impeller is downward.     
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Figure 3.14 Representative 45
O
 pitched blade turbine constructed with four blades 

(Couper et al., 2005) 

 

3.6.4 Batch crystallisation experiments 

3.6.4.1 Solution preparation 

The reagent salts used to prepare the synthetic liquor were analytical grade 

magnesium chloride (MgCl2) to provide Mg
2+

 ions and ammonium dihydrogen 

phosphate (NH4H2PO4) to provide NH4
+
 and PO4

3-
 ions. Chloride salts, used as 

impurities, were sodium chloride (NaCl) and sodium hydroxide (NaOH) was used 

to adjust solution pH. Both solutions were stored separately and only mixed just 

prior to any experimental run. Extreme care was taken to keep the solution away 

from dust, insoluble matter, etc. In addition, all solutions were filtered before they 

were used for the experiments. 

The concentrations of Mg
2+

, NH4
+
, and PO4

3-
 ions were prepared based on 

concentration in metastable zone. Calculation of saturation index (SI) of 

concentration in metastable zone can be seen in section 2.7.4.1.  

 

3.6.4.2 Seed preparation 

These seeds were prepared by immersing synthetic crystals of specific amount in 

a supersaturated solution and agitated gently in order to reduce agglomeration. 

Crystals that have been separated from agglomerate crystals were taken using a 
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plastic pipette to be placed and kept in a petri dish. The crystals were dried at 

room temperature in a desiccator. The dried crystals were transferred into a small 

weighed container. Next, the crystals were left in the container for 24 hours at 

room temperature. Then they were taken out, rinsed with two drops of deionized 

water, and dried immediately with filter paper. Their size distribution and 

morphology were determined by using a Malvern Master Sizer 2000 and 

microscope, respectively. The Fourier transform infrared spectroscopy (FTIR) 

was used to analyse potential changes in the inner structure of struvite crystals. 

These dried seed crystals were used for crystal growth experiments. 

 

3.6.4.3 Experimental set-up 

The experimental setup is shown schematically in Figure 3.11. All experiments 

were performed in the laboratory-scale jacketed stirred batch crystallizer with a 

working volume of 1 liter.  

The study was conducted in the batch crystalliser with pH control at 25
O
C. The 

operating conditions are listed in Table 3.4. One liter of supersaturated solution 

was introduced into the crystalliser. The crystallizer was covered with a steel plate 

to minimize evaporation of solution. After the supersaturated solution reached the 

desired temperature and pH, the supersaturated solution was allowed to settle at 

constant temperature and pH and no visible turbidity was observed for 20 

minutes. Seed crystals of struvite were added into the crystallizer containing 

supersaturated solution maintained at 25
O
C. The pH was maintained by addition 

of NaOH solution. Before operation the electrode was standardized with buffers 

of pH 4, 7 and 10, respectively. pH and temperature measurements were measured 

by using a portable digital pH meter (WP-80 Model). The experiment was 

conducted for 120 min with 1, 5, 10, 15, 20, 30, 40, 60, 80 and 120 min sampling 

times. Sample volumes of 2 ml were withdrawn from the crystalliser by a syringe 

and filtered with a 0.22 m filter. After crystallisation for a definite time, the 

crystals were filtered from the residual slurry, and dried overnight in the oven at 

temperature 35
O
C in order to measure crystal size distribution, weight, and FTIR 

analysis. The filtered were then analysed for magnesium, ammonia, and ortho-

phosphates. Analyses for ammonium and ortho-phosphate were done in an UV-
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spectrometry as described in Section 3.2.4.2 and 3.2.4.3, respectively. Magnesium 

analysis was performed by atomic absorption spectrophotometry (see Section 

3.2.4.1). The crystal size distributions were measured by laser diffraction with a 

Malvern Master Sizer 2000 at the end of crystallisation (see Section 3.2.3).  

 

Table 3.4 Operating condition of crystalliser experiments conducted in this work 

Working temperature (
O

C) 25 

pH range 

Supersaturation, SI 

Stirrer speed, rpm 

Seed size, m 

Impurities (NaCl), ppm 

8 – 9 

0.34 – 1.00 

50 – 120 

24.3 – 106  

50 – 200  

 

Investigation of stirrer effect was carried out at temperature 25
O
C and pH 8 with 

stirrer speeds varying from 50 – 120 rpm. The stirrer speed was selected to ensure 

that seed crystals introduced would be well suspended in the crystallizer.  

  

3.6.5 Effect of agitation speed on attrition  

It was possible that struvite seed crystals might break into smaller crystals through 

collisions with the stirrer. For this reason, it was important to determine if 

prolonged agitation of the seed crystals in a saturated solution would result in seed 

attrition. Tests for the crystal attrition were conducted with stirrer speeds of 50, 

100, 120 rpm in the batch crystallizer for 15 minutes. The saturated solution was 

prepared by dissolving struvite crystals for 24 hours. The analyses of attrition of 

crystals were measured before and after the agitation period, using a Melvern 

Master Sizer.  

The resulting CSD for this test is depicted in Figure 3.15. The CSD for the seed 

sample agitated for 15 minute closely resembled, indicating that agitation did not 

cause attrition to occur.    
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Figure 3.15 CSD of struvite seeds in saturated solution at different stirrer speeds. 

 

3.7 Experimental Dissolution Study in Batch Crystallisation 

The dissolution of struvite crystals was studied in the same crystallizer as shown 

in Figure 3.11. Struvite crystals (1000 mg) were added to 1000 ml of deionized 

water in the crystallizer at a given stirrer speed of between 120 and 400 rpm. At 

regular 5 minutes intervals, samples were withdrawn using a syringe, for 1 hour, 

and immediately filtered through a membrane filter (pore size 0.2 m), and the 

concentration of filtrate was determined. For the temperature effect, the 

dissolution of struvite crystals was investigated using stirrer speed of 200 rpm at a 

given temperature between 20 and 35
O
C. The effect of crystals size was carried 

out at 200 and 500 rpm and 25
O
C. To see the dissolution pattern for a longer 

period of time, a similar set-up was also used to carry out the experiment for 50 

hours.  

Analyses for ammonium and phosphate were made using UV-spectrometry as 

described in Section 3.2.4.2 and 3.2.4.3, respectively, Magnesium analysis was 

performed by atomic absorption spectrometry (see Section 3.2.4.1). During the 

experimental runs, the system was continuously stirred at a constant rate. The 

temperature and pH of the system was measured using a WP-80 digital pH meter 

equipped with a thermometer probe. The size distribution of struvite crystals was 

determined during the dissolution by Malvern Mastersizer (see Section 3.2.3). 
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3.8 Summary 

The development and design of the batch crystallisation systems used to 

investigate solubility, nucleation, growth and dissolution of struvite crystals is 

presented in this chapter. 

 Solubility cell which has been designed with five small reactors was used to 

investigate struvite solubility. The method of solubility study is dissolution of 

struvite crystals agitated by a magnetic stirrer for 24 hours. Various solution 

pH, temperature and Cl
-
 ion were variables used for studying struvite 

solubility. Furthermore, solubility cell was also used to determine nucleation 

studies and, metastable zone width. 

 Crystal growth was studied in a batch crystallizer equipped with an impeller 

and baffles. Seed crystals were uniformly suspended in the batch crystallizer. 

Effect of solution pH, seed loading, stirrer speed, temperature and presence 

impurities on crystal growth were investigated. Moreover, batch crystallizer 

was also used to measure kinetics of dissolution of struvite. 

 Phosphate and ammonium concentration were determined with an UV-

spectrometry, magnesium concentration was determined with an atomic 

absorption spectrophotometry. The size distribution of struvite crystals was 

determined by using a Malvern Mastersizer and crystals morphology through 

microscopy.  
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CHAPTER 4  

EFFECT OF INITIAL SOLUTION pH, 

TEMPERATURE AND SALTS ON SOLUBILITY OF 

STRUVITE CRYSTALS 

 

 

4.1 Introduction 

Struvite is a white crystalline substance formed from magnesium, ammonium and 

phosphorous in equal molar concentrations (MgNH4PO4.6H2O) according to the 

general reaction as shown below: 

         
     

                         (4.1) 

The morphology of struvite is orthorhombic. The shapes of struvite are mostly in 

geometric form of spherical and cubic shapes. Struvite is known to form a hard 

scale in specific areas of wastewater treatment plants such as in sludge liquor 

pipes, centrifuges, belt presses, and heat exchangers (Doyle and Parsons, 2002). 

Besides causing process problems, struvite can also be used as a fertilizer. 

The predominant parameters of controlling solubility of struvite crystals are 

temperature and pH. Elworthy et al.(1968) identified changes affected by 

temperature such as a change in the aqueous solubility properties of the crystal. 

The effect of temperature on the solubility of a substance is determined by the 

dissolution reaction characteristics of either exothermic or endothermic 

dissolution (Bhuiyan et al., 2007). Endothermic dissolution when energy is 

needed to dissolve the solid particles, while exothermic dissolution occurs when 

energy is given off by interaction of these particles with solvent (Bhuiyan et al., 

2007). According to Bhuiyan et al. (2007), solubility of struvite increases with 

increasing temperature until it reaches the maximum solubility at 35
O
C and then 

declined. 

Several studies show that solubility of struvite is highly dependent on pH. 

Solubility decreases with increasing pH until about 9 after which it will increase 

(Doyle and Parsons, 2002). The apparent pH of minimum struvite solubility is 

documented in the range of 9 to 11 (Ohlinger et al., 1998, Nelson et al., 2003). In 
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principle, a crystallisation of struvite is possible in the pH range of 9-10 (Stumm 

and Morgan, 1981). In general, struvite solubility is a minimum at pH of about 9. 

It was reported in the literature that the low solubilities in water of some solutes 

can be modified by the presence of co-solutes such as salts or by increasing the 

temperature. Two phenomena related to changes in the solubility can be observed: 

salting-in and salting-out effects (Singh et al., 2004, Soto et al., 2004). 

Experimental measurement of the solubility of struvite in NaCl solution has been 

studied by Bhuiyan et al (2007). The results revealed that the presence of NaCl 

solution changes the solubility of struvite and increases it. This phenomenon is 

known as salting-in effect.  

This chapter is devoted to studying the impact of initial solution pH, temperature, 

and some chloride salts (NaCl, KCl, and CaCl2) on solubility of struvite in water. 

 

4.1.1 Solubility Product Calculation 

The ionic strength is obtained from the Debye-Huckel theory to be 

  
 

 
∑     

 
            (4.2) 

where Ci in mol/L represents the concentration of every ion, zi is the ionic charge 

that is present in the solution. 

The theory of interaction of ions in a solution incorporates both the electrostatic 

interaction between ions and the thermal motion of the ions. The basic theory is 

called the Debye-Hukel theory (Myerson, 2002). The Debye-Huckel theory can be 

calculated by using activity coefficients for single ions, so 

            
              (4.3) 

where zi is the valance of ion i.  

Solubility product (Ksp) was determined:. 

         ,  
  -      

,   
 -       

[   
  ]     (4.4) 

                   (4.5) 

The calculation of solubility product was calculated by Excel program (see Figure 

A2.1 in Appendix A) 
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4.2 Materials and Methods 

The solubility of struvite at various pH and temperature was determined by 

equilibrating crystals and solution in a solubility unit. The experimental set-up is 

described in Section 3.3.1. The unit consisted of five flasks; each of 200 ml 

capacity closed by a round glass stopper and the contents of each was kept stirred 

by a submersible magnetic stirrer. The flasks were sealed with a paraffin film to 

prevent evaporation of solvent. The flask was immersed in a thermostatic bath, 

capable of maintaining the temperature to within ± 0.1
O
C. 

The solubility of struvite-water system was determined within the temperature 

range of 25 to 40
o
C and initial solution pH between 3 and 11. The mass of crystals 

added to solution of 100 ml volume was 0.40 g struvite. The mixtures were 

continuously stirred for 24 h. The slurry was filtered through a 0.22 µm 

membrane paper filter. The residue was dried overnight in the oven at 35
O
C. The 

experimental solubility study in water system is described in Section 3.3.2. A 

small piece of the dried filter paper with magnesium ammonium phosphate 

precipitate on its surface was carefully cut and sputtered with carbon for field 

emission scanning electron microscopic analysis. 

The effect of chloride salts in this study used NaCl, KCl, and CaCl2. The aqueous 

chloride salt solutions with different concentration were prepared by dissolving 

known amounts of chloride salts in deionized water. The experimental procedure 

is presented in Section 3.3.3. 

The filtered samples were then analysed for magnesium (see Section 3.2.4.1), 

ammonium (see Section 3.2.4.2), and phosphates (see Section 3.2.4.3). Analyses 

for phosphate and ammonia were made by using UV-spectrophotometer, 

Magnesium analysis was performed with an atomic absorption spectrophotometer. 

Thermal decomposition of struvite was analysed on a thermogravimetric analyser 

instrument (series Q500) under flowing nitrogen atmosphere and different heating 

rates. The conversion of the TGA curve to its derivative mode (DTA) was 

undertaken from the rate of mass loss curve as a function of temperature. 
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4.3 Results and Discussions 

4.3.1 Effect of initial solution pH on struvite solubility 

Struvite solubility study was carried out by dissolving the struvite crystals in 

water. Figure 4.1 shows the variation of pH at 25
O
C for various initial pH values 

used. One of the factors that influence changes in pH during struvite dissolution 

process are the activity of phosphate ions (Nelson et al., 2003). When the initial 

solution pH was varied and the equilibrium pH is reached, the element Mg
2+

, 

NH4
+
, and PO4

3-
 can form ion complexes, such as NH3, NH4

+
, H3PO4, H2PO4

-
, 

HPO4
2-

, MgOH
+
, MgNH4PO4,  MgPO4

-
, MgH2PO4

+
 and MgHPO4 in the system 

(Bouropoulos and Koutsoukos, 2000, Ohlinger et al., 2000).  

Experiments conducted at initial pH of 3 resulted in an equilibrium pH of 8.3. The 

equilibrium time was reached at approximately 20 minutes as clearly shown in 

Figure 4.1. At initial pH 3, activity of phosphate ions  in  solution follow the 

sequence H3PO4, H2PO4
-
, HPO4

-2
, PO4

-3
 resulting in increase of pH in the system 

(Mijangos et al., 2004).  

When the initial solution pH was adjusted to 5 and 7, the temporal evaluation of 

pH shows that the equilibrium pH around 9.3 was reached in only 4 minutes 

(Figure. 4.1). At this point, H2PO4
-
 and HPO4

2-
 are the prevalent phosphate 

species in the solution phase. The equilibrium time is faster than for the solution 

at initial pH 3 due to the H2PO4
-
 from decomposition of struvite crystal reacts with 

magnesium to form Mg3(PO4)2, formation of Mg3(PO4)2 reaches a maximum 

condition at pH 9 (Mijangos et al., 2004). 

At initial solution pH of 9, the experiment showed that the pH is relatively stable. 

As can be seen in Figure 4.1, the pH increases slightly and gradually decreases to 

reach the equilibrium conditions at pH 9. At this condition the presence of 

phosphorous ion is predominantly HPO4
2-

. 

Similarly, at initial solution pH of 11 only a slight decrease of pH was observed. 

Stability of the pH is influenced by the high content of HPO4
2-

 in solution 

(Mijangos et al., 2004). According to Ali (2005), for solution condition at pH 11, 

NH4
- 
has potential to transform NH3. 
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Figure 4.1 Variation of solution pH with time at 25
O
C 

 

The struvite solubility study in aqueous solution at different initial pH value is 

shown in Figure 4.2 which shows that solubility increased in acid solution going 

down from pH 7 to 3. This indicates that the acid solution, such as at pH 3, can 

decompose the struvite constituent ions into the solution. According to Mijangos 

et al., (2004), if acid was added into the solution, some of the PO4
-
 ions become 

protonated and transformed into H2PO4
-
, and HPO4

-2
 base on the following 

equilibria reaction; 

      
       

  
        (4.6) 

        
        

 
        (4.7) 

As a result, the concentration of PO4
3-

 ion is reduced. In accordance with Le 

Chatelier‟s principle, the system will respond to this reduction by trying to 

produce more phosphate ion. So solid struvite would dissolve and the equilibrium 

will be shifted to the right based on struvite decomposition reaction. According to 
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Shukla et al., (2008) increasing the solubility at low pH values may be because H
+
 

ions provide localized acidification to dissolve the mineral and also because of the 

higher hydration of ions.  

A similar behaviour was identified by solubility of struvite involving base 

solution where increase in initial solution pH from 8 to 11 increase in solubility of 

struvite crystal (Figure 4.2). The increasing solubility was caused by the following 

reaction 

   
         

          (4.8) 

       
         

          (4.9) 

        
    (     ) 

  
       (4.10) 

        
    (     ) 

  
       (4.11) 

           (  )        (4.12) 

At initial solution pH of 11, the ammonium ion can be transformed to ammonia 

(NH3) which can react with Mg to form       
  , (     ) 

  
 and 

(     ) 
  

. So the amount of Mg
2+

 and NH4
-
 are reduced in the solution at pH 

11. On the other hand, Mg
2+

 ions in bulk solution could react with OH
-
 ion to 

form Brucite (Mg(OH)2) 

It can be concluded that, if either enough acid or base is added, the phosphate and 

ammonium and magnesium ion concentration in the solution can be reduced so as 

to make the ion activity product smaller than the solubility product, KSP, so that 

more struvite dissolves.  

Figure 4.2 shows the variation of solubility in mg/L with different initial solution 

pH at temperature range 25 – 40
O
C. The experimental data can be seen in 

Appendix A1. Figure 4.2 illustrates that the minimum solubility of struvite 

crystals occurred at range pH 7 – 9 for all temperatures. This result agrees with 

results published by several other authors (Buchanan et al., 1994, Ohlinger et al., 

1998, Taylor et al., 1963, Loewenthal et al., 1994, Abbona et al., 1982, Nelson et 

al., 2003). A minimum solubility is reached at 174 mg/L of initial pH solution 7 – 

9 at 25
O
C. For all temperature studies shown in Figure 4.2 it can be concluded that 

the minimum solubility occurred at an initial pH of 8.5.        
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Figure 4.2 Solubility of Struvite for Various Initial Solution pH at Different 

Temperatures. 

 

The variation of solubility of struvite in mg/L and KSP values with different initial 

solution pH at 25
O
C are shown in Figure 4.3. The minimum KSP value was found 

to be around                          (pKa value from 12.54 – 12.49) at 

pH 7 – 9 (in detail see Table A2.1 in Appendix A), while the solubility of struvite 

reaches a minimum value of 174 – 180 mg/L. The pKa value of this study 

compares very well with other studies (around 12.36 – 12.93) (Aage et al., 1997, 

Loewenthal et al., 1994, Webb and Ho, 1992, Snoeyink and Jenkins, 1980).  
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Figure 4.3 Variation of solubility (mg/L) and Ksp of struvite with initial solution 

pH at 25
O
C 

 

Figure 4.4 shows the concentration of NH4
+
, Mg

2+
 and PO4

3-
 as a function of 

initial solution pH at 25
O
C (In detail see Table A2.1, Appendix A). Figure 4.4 

shows that the effect of initial pH used in the experiment is in the range 3-11. In 

acid condition or pH 3, struvite more easily dissolves than initial solution pH 9. 

So when initial pH of 3 used, ion formation of struvite will decompose and 

transfer to the solution. Decomposition of the formation struvite ions continue and 

become stable when the pH of the solution reached equilibrium at pH 8.5-9. 

Struvite is less soluble in the solution when the initial pH of 9 is used in the 

experiment. And the solution more easily reach saturation point. At initial solution 

pH 3, the concentration of PO4
3-

 ion (             ) in solution was higher 

than Mg
2+

 (              )  and NH4
+
 (             )  after 24 hours 

agitation in solubility unit. Molar ratio of NH4
+
: Mg

2+
: PO4

3-
 was 1:1.1:1.4. At 

initial solution pH 7, 8, and 9, the molar ratio of NH4
+
:Mg

2+
:PO4

3-
 was 1:1:1. 

Furthermore, the concentration of NH4
+
 ions was higher than others when initial 
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solution pH was increased between 10 and 11. It indicated that ammonium ion 

easily dissolved or decomposed from struvite crystals under basic solution 

conditions. Moreover, the concentration of Mg
2+

 ions was surprisingly lower than 

other ions at initial solution pH 10 and 11. In these latter cases, Mg
2+

 ions reacted 

with OH
-
 ion to formed Mg(OH)2. Generally, constituent ions forming struvite 

crystals dissolved at 25
O
C decreased with increase in initial solution pH and 

reached a minimum solubility at pH 7 – 9.  

 

Figure 4.4 The effect of initial solution pH on soluble magnesium, ammonium and 

phosphate concentration at 25
O
C. 

 

4.3.2 Effect of temperature on struvite solubility 

The temperature effect on the solubility of struvite crystals in water was studied in 

the temperature range 20 – 50
O
C and initial pH 7. The results are given in Figure 

4.5 Struvite solubility at 25
O
C is 174 mg/L, compares very well with those 

reported by Bhuiyan et al., (2007) and Andrade and Schuiling (2001), 169 and 

160 mg/L, respectively. The experimental results can be seen in Table A2.2 of 

Appendix A.    
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Figure 4.5 also shows the solubility increased with increasing temperature from 

20
O
C to 35

O
C and then it decreases. The Ksp values of struvite crystal increased 

from             to            with increase in temperature. The Ksp value 

decreased from             to              with temperature range 35 – 

50
O
C. 

The maximum solubility temperature of 35
O
C found possibly indicated a phase 

transition with             of Ksp value. Temperature of solution exceeded 

35
O
C, it is possible that phase change of struvite to magnesium ammonium 

phosphate monohydrate (MgNH4PO4.H2O) (Bridger et al., 1962).  

 

Figure 4.5 Solubility of Struvite of solution at different temperature at pH 7 (This 

work and Other Studies) 
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The phase change of struvite is followed by a change in structure, which is likely 

to affect the solubility of the compound (Bhuiyan et al., 2007). According to 

Bridger et al., (1962) struvite crystal in the hexahydrate or higher water presence 

makes it more soluble than monohydrate. Figure 4.5 shows that struvite solubility 

product was found to be higher at 40
O
C (229 mg/L) than at 25

O
C (174 mg/L). In 

these cases, struvite solubility was also found to be more soluble at 40
O
C than at 

25
O
C. 

 

Figure 4.6 TGA and DTGA curve of Synthetic Struvite for Heating 1
o
C min

-1
 

 

The thermogravimetric analysis (TGA) and derivative thermogravimetric analysis 

(DTGA) curve for synthetic struvite are shown in Figure 4.6. The TGA of struvite 

was under nitrogen gas and at different heating rate. These data indicate that mass 

loss begins at a temperature around 40
o
C and is essentially complete when the 

temperature reached above 250
o
C. At this point, 50.65 % of the original mass loss 

occurred. The mass losses correspond to the following decomposition reaction for 

struvite are as follows (Paulik and Paulik, 1975) 
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                          (4.15) 
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According to reaction (Eq. 4.13), when struvite crystals were heated above 35
O
C 

in water, crystallized water of struvite crystal was transfer to bulk solution. So, 

struvite crystals transform from hexahydrate to monohydrate.   

Figure 4.7 shows the concentration of NH4
+
, Mg

2+
 and PO4

3-
 as a function of 

temperature in deionized water. The experimental results can be seen in Table 

A2.2 of Appendix A. At temperature 20
O
C the concentration of NH4

+
 ion in 

solution was lower than Mg
2+

 and PO4
3-

 after 24 hours agitated in cell. 

Furthermore, the concentration of NH4
+
 ions was higher than others when 

temperature was increased above 25
O
C. It is possible that Mg3(PO4)2 may be 

formed in solution. Generally, constituent ions forming struvite crystals dissolved 

in deionized water increased with increase in temperature and reached a maximum 

solubility at 35
O
C, and then the concentration ions of NH4

+
, Mg

2+
 and PO4

3-
 

decreased.  

 

Figure 4.7 The effect of temperature on soluble magnesium, ammonium and 

phosphate concentration at deionized water  
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According to Bhuiyan et al., (2007) the effect of temperature on solubility of 

struvite was an indication of the quantity of heat released or absorbed. The heat 

released or absorbed depends on the energy needed to decompose the component 

ions of struvite crystals. The endothermic process describes a process for more 

energy required to decompose the component ions of struvite from crystals into 

the solvent. While energy released from the system is an exothermic energy.  

The most general way to determine the effect of temperature on solubility is to 

calculate the value of solubility product at different temperatures (Myerson, 

2002). An alternative approach is based on the estimated value of the enthalpy 

(∆Hr
o
) of the equilibrium over the studied temperature range. In fact, assuming 

that all saturated solutions have an ideal dilute behaviour, the influence of 

temperature on struvite solubility can be quantitatively described by the Van‟t 

Hoff equation as (Myerson, 2002): 

       
    

 
.
 

 
/            (4.16) 

where R is ideal gas constant (8.314 J/mol.K). 

The enthalpy of struvite solubility in deionized water can be determined by 

plotting –ln KSP as a function of 1/T. The Ksp values can be seen in Table A2.2 of 

Appendix A2. The results are shown in Figure 4.8. The results are summarised in 

Table 4.1. The endothermic energy value of this study agrees favourably with 

Bhuiyan et. al., (2007) value and the text book values of 83.7 kJ/mol
-1

 (Faure, 

1991). 

Based on the KSP value, the dissolution of struvite is accompanied by endothermic 

energy of 95.1 kJ/mol in range temperatures of 10 – 35
O
C. In this condition, the 

solubility increases with increase in temperature and reaches the maximum 

solubility at 35
O
C. After that, the dissolution of struvite releases an amount of heat 

(exothermic) of 76.5 kJ/mol; this results in a decrease in the solubility as the 

temperature increases. 
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Table 4.1 Standard molar enthalpies of struvite solubility calculated from Van‟t 

Hoff plots (∆H
O
 in kJ/mol) 

 
            
(exothermic) 

            
(endothermic) 

This study 

Bhuiyan et al., (2007) 

95.1 

91.9 

-76.5 

-76.9 

 

 

Figure 4.8 Struvite solubility in deionized water as a function of temperature 
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CaCl2 within a range of 0.25 – 1.5 mM at 25
O
C. Figure 4.9 shows that the 

presence of KCl, NaCl, and CaCl2 has a significant effect on the solubility of 

struvite which may lead to increase with increasing Cl
- 

ion concentration in 

solution. Increasing solubility of struvite was caused by reacted Cl
-
 ion in solution 

with Mg
2+

 ions derived from dissolution of struvite which produce MgCl
- 
ion. The 

reaction can be seen as listed in Eq. (4.17).  

                        (4.17) 

Excess Cl
-
 ion influenced the increase in solubility of an ionic precipitate when a 

soluble compound added to the solution in equilibrium with the precipitate 

combines with one of the ions of the precipitate. The Mg
2+

 ion continuously 

dissolves until ionic activity product (IAP) is equal to the solubility product of 

struvite (KSP).  

 

Figure 4.9 Solubility of Struvite in the presence of NaCl, KCl, and CaCl2 at 25
O
C. 
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concentration of Cl
-
 ion added in the solution increased solubility of struvite. At 

any given molar concentration of salts, the solubility of struvite in CaCl2 solution 

is the highest followed by NaCl and KCl, respectively. Solubility values are 302, 

284, and 262 mg/L for CaCl2, NaCl and KCl at 0.001 mMol of salt concentration, 

respectively. Core et al (2005) reported that the presence of Ca
2+

 ions may interact 

effectively with phosphate. Solubility of struvite in KCl solution increased from 

174 to 289 mg/L (pKa = 12.54 – 12.09) at salt concentration 0 to 0.0015 mMol. 

The experimental results can be seen in Table A3.1, A3.2 and A3.3 of Appendix 

A. 

The composition dependence of struvite solubility in aqueous KCl, NaCl, and 

CaCl2 solution of various concentrations was correlated by means of a polynomial 

type equation: 

 ( )        ( )     ( )
        (4.18) 

Where Q represents solubility of struvite and X is the concentration (mol) of salts 

in the solution. The values of the parameters Ai (I = 0 to 2) were evaluated by the 

least-square methods. The parameters Ai are given in Table 4.2.  
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Figure 4.10 Mean ionic activity coefficient of struvite at different concentrations 

of salts at 25
O
C 

 

Estimated values of mean ionic activity coefficient (γ±) are calculated based on 

Eq. (4.3). Figure 4.10 shows that the γ± values decrease with increase in the salt 

concentration. The γ± value of NaCl present in solution is similar to KCl values 

while CaCl2 values decreased more sharply.    
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Table 4.2 Parameters Ai of Eq. (14) for the system of struvite + salts at 25
O
C 

 A0 A1 A2 R
2
 

Solubility product, pKa 

KCl 

NaCl 

CaCl2 

12.541 

12.526 

12.505 

-567.54 

-690.01 

-594.13 

176800 

206612 

164092 

0.98 

0.98 

0.97 

Mean ionic activity coefficient, γ± 

KCl 

NaCl 

CaCl2 

0.9296 

0.9294 

0.9234 

-126.93 

-129.87 

-244.19 

34426 

36043 

79961 

0.99 

0.98 

0.98 

 

 

Figure 4.11 Solubility product of struvite at different ionic strength in aqueous 

salts solution at 25
O
C 

 

The pKa values presented in Figure 4.11 as a function of struvite ionic strength in 

aqueous salts solution decrease with an increase in the salt concentration. At any 

11.9

12.0

12.1

12.2

12.3

12.4

12.5

12.6

0.000 0.001 0.002 0.003 0.004 0.005

p
K

a
 

Ionic Strength, I 

KCl

NaCl

CaCl2

Poly. (KCl)

Poly. (NaCl)

Poly. (CaCl2)



 

109 
 

 

given pKa value, the ionic strength of struvite solubility in CaCl2 solution were 

higher than KCl and NaCl.   

Given the ideal diluted behaviour of all the saturated solutions, the standard molar 

Gibbs free energy of transfer from pure water to aqueous solution of chloride 

salts, ∆G, can be expressed by: 

        (
     

   
)         (4.19) 

where Saq and Ssalt are solubility of struvite in pure water and in aqueous chloride 

solution of a given concentration, respectively. 

 

Figure 4.12 Standard molar Gibbs free energy of transfer of struvite from water to 

chloride solutions, as a function of salt molality, at 25
O
C. 

 

The standard molar Gibbs energy in chloride salts were calculated using Eq. 

(4.19). The ∆G of struvite at 25
O
C as a function of chloride salts molality is 

represented in Figure 4.12. The general trend of all the struvite studies showed a 

∆G increase with increasing chloride salts concentration. The general trend 

obtained for the salting-in effect showed a ∆G decrease in the following order: 

KCl > NaCl > CaCl2.  
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These results confirm that the addition of CaCl2 results in higher solubilities of 

struvite in water compared to that of KCl and NaCl. In general, the study observed 

increases in  struvite solubility in the presence of metal chloride and consequently 

negative values of ∆G are obtained. 

 

4.3.4 Effect of Initial Solution pH on Morphology of Struvite Crystal 

Solid precipitates were characterized by scanning electron microscope (SEM) and 

XRD analysis. The struvite crystal before subjecting them to solubility studies is 

shown in Figure 4.13.  

The difference between images in Figure 4.13(a) and 4.14 are influenced by the 

use of coating type. Carbon coating type was used in Figure 4.13 (a) while gold 

coating type was used in Figure 4.14. The gold coating can produce a clear image 

compared with carbon coating. XRD data indicated single–phase struvite 

(orthorhombic) space group with the experimental lattice parameters of a = 

11.215, b = 6.954, c = 6.141. In Figure 4.13(b), the patterns confirmed that 

orthorhombic struvite was dominant crystal phase. 

The formation of struvite crystals can be formed in the pH range of 7-11. In this 

range pH, a few crystals can possibly form as trimagnesium phosphate 

[Mg3(PO4)2.6H2O], magnesium hydrogen phosphate [MgHPO4.3H2O], and 

bobierrite [Mg3(PO4)2.8H2O] (Musvoto et al., 2000). These three kinds of the 

crystals formed are influenced by solution pH and concentration of magnesium 

and phosphate. 
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(a) 

 

                                               (b) 

Figure 4.13 SEM Image and XRD trace of Struvite Before Solubility Study 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4.14 Typical SEM morphologies for the struvite crystals at different pH values at 25
0
C (a, 3; b, 5; c, 7; d, 9 and e, 11) 
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In this study, the morphology was investigated at different solution pH. When 

struvite crystals dissolved in solution, struvite crystals decompose to produce 

three component ions, namely Mg
2+

, PO4
3-

, and NH4
+
. This decomposition was 

followed by a process of change in crystal morphology. At initial pH 3, the 

equilibrium pH was 8.4 after allowing 24 hours for the dissolution process. The 

SEM images are shown in Figure 4.14(a) where the crystals were formed after the 

dissolution process at 25
O
C and initial pH 3. The solids remained at pH 3 were 

amorphous when observed by SEM. The amorphous condition may be influenced 

by phosphate ions. In acid conditions, phosphate species (H2PO4
-
) decomposed 

from struvite was approximately 95% of phosphate (Mijangos et al., 2004), so that 

the crystals were amorphous. 

At initial pH 5, the equilibrium conditions were reached at pH 9.2. Crystals 

produced on initial pH 5 in Figure 4.14(b) were platelets and spherical due to 

phosphate species of H2PO4
-
 was less than the initial pH 5. Figure 4.14(c) was 

rhombohedral for initial pH of 7. According to Mijangos et al (2004), total H2PO4
-
 

and HPO4
2-

 is 10 % of total concentration of phosphate. The crystals at pH 5 

looked more crystalline. Figure 4.14(d) was platelets and spherical for initial pH 

9. Owing to the decomposition of the species phosphate   (HPO4
2-

) from struvite 

was only approximately 5 % of total concentration of phosphate. Figure 4.14(e) 

shows hexagonal platelets and smaller crystals. The morphology of crystals not 

only was affected by species of phosphate but also base condition. Hexagonal 

crystals produced at pH 11 is possibly influenced by the reaction of Mg
2+ 

and OH
- 

to form brucite (Mg(OH)2). 

The characteristic precipitate produced by various initial solution pH is shown in 

Figure 4.15. There were strong peaks of struvite in precipitates formed at different 

initial solution pH. Figure 4.15(a)(b) shows that the magnesium peak was higher 

than phosphorous peak. It can be indicated that phosphorous more dissolves than 

magnesium. According to EDS analysis at Figure 4.15(c)(d), the phosphorus 

atomic concentration is equal to magnesium concentration. Furthermore, the 

magnesium peak was higher than phosphorous peak when initial solution pH 11 

was used to dissolves struvite for 24 hour (Figure 4.15(e)). The highest 

magnesium pH due to OH
-
 ion reacted with Mg

2+
 to form Mg(OH)2. 
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(d) (e) 

Figure 4.15 EDS data for dissolution of struvite crystals with different initial pH 

solution; (a) pH 3; (b) pH 5; (c) pH 7; (d) pH 9; (e) pH 11 

 

4.4 Summary 

The solubility of struvite was studied at different initial solution pH, temperature 

and the presence of different chloride salts. Based on the experimental data, the 

following conclusions can be made:  

 The solubility of struvite at different initial solution pH increases with 

decrease in pH from 7 to 3. In the alkaline region, solubility increases with 

higher initial solution pH from 9 – 11. 

 A similar behaviour was observed with temperature where the solubility was a 

maximum at 35
O
C. It is possible that a phase transition occurs at 35

O
C 

indicating that at lower than 35
O
C,  struvite exists as one crystallisation form 

but transforms to another form above 35
O
C.   
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 Based on the KSP value, the dissolution of struvite is accompanied by 

endothermic energy of 95.1 kJ/mol in temperatures range of 10 – 35
O
C. After 

that, the dissolution of struvite releases an amount of heat (exothermic) of 76.5 

kJ/mol; this results in a decrease in the solubility as the temperature increases. 

 The study observed increases in struvite solubility in the presence of chloride 

(Cl
-
) ions. Interestingly, in CaCl2 solution the solubility of struvite was the 

highest compared to KCl and NaCl. The chloride salts effect can be correlated 

to a ∆G decreasing order, i.e., KCl > NaCl > CaCl2. 

 Morphology of product crystals was affected by phosphorous ions at various 

solution pH. The acidic solution decomposes more of phosphorus ions 

resulting in amorphous crystals at initial pH of 3.  
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CHAPTER 5  

IMPACT OF VARIOUS PHYSICO-CHEMICAL 

PARAMETERS ON SPONTANEOUS NUCLEATION 

OF STRUVITE (MgNH4PO4.6H2O) IN WATER: 

KINETICS AND NUCLEATION MECHANISM 

 

 

5.1 Introduction 

Struvite (MgNH4PO4.6H2O) usually precipitates as stable white crystals in a 1:1:1 

molar ratio of Mg
2+

, NH4
+
 and PO4

-3
 according to the following reaction (Le 

Corre et al., 2005) where n can be 0, 1 or 2: 

        
        

                           
      (5.1) 

Magnesium, ammonium, and phosphate ions are released as the result of solids 

degradation in an anaerobic digestion of wastewater treatment plant. Under certain 

physico-chemical conditions, these dissolved wastewater constituents can 

combine to form struvite according to Eq. (5.1) which causes scale deposition on 

pipe walls, pump and equipment surfaces of anaerobic digestion and post-

digestion processes. The blockage of pipes leads to an increase of pumping cost 

and also reducing plant capacity (Doyle and Parsons, 2002). It is not only pipes 

that are affected by struvite deposits, centrifuges, pumps, heat exchanger and 

aerators are also prone to fouling by struvite. Primarily as a problem to eliminate 

or inhibit struvite formation (Doyle and Parsons, 2002), struvite also offers itself 

as a fertilizer which encourage wastewater treatment companies to study its 

possible recovery (Le Corre et al., 2007). For those two reasons, it has become 

important to study the principles of struvite nucleation and to assess the various 

controlling physico-chemical parameters on struvite crystallisation. Predicting 

struvite crystallisation potential is critical to designers and operators for 

anticipating potential struvite formation problems. Struvite crystallisation can be 

separated into two basic stages: nucleation and growth. Nucleation occurs when 

ions combine to form crystal embryos that can act as the foundation for growth 

into detectable crystals (Ohlinger et al., 1999). Crystal growth continues until 
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equilibrium is reached (Doyle and Parsons, 2002). Predicting and controlling of 

these two stages is complex as they are controlled by a combination of factors 

including thermodynamics of liquid-solid equilibrium, phenomena of mass 

transfer between solid and liquid phases and kinetics of reaction. There are also 

various physico-chemical parameters such as solution pH, supersaturation (i.e. 

combined concentrations of Mg
2+

, NH4
+
, and PO4

3-
 exceeding the struvite 

solubility limit), temperature, interfacial energy, agitation energy and presence of 

other interfering ions (Uludag-Demirer et al., 2005, Ohlinger et al., 1998, Le 

Corre et al., 2005, Bhuiyan et al., 2008, Chien et al., 1999) which strongly 

influence the mechanism of crystal nucleation of struvite. Increases in temperature 

or supersaturation, or a decrease in the interfacial energy are expected to produce 

an increased nucleation rate (Mullin, 2001, Judge et al., 1999).  

Homogeneous nucleation occurs spontaneously, whereas heterogeneous 

nucleation takes place due to presence of impurity particles and secondary 

nucleation occurs in the presence of seed crystals. The time taken for nucleation to 

occur where duration from the achievement of supersaturation to the appearance 

of crystal nuclei (often termed the induction time) has been reported to dictate the 

formation of a precipitate and hence scaling formation (Doyle and Parsons, 2002). 

Söhnel and Garside (1992) presented the development of a fundamental model to 

describe crystal nucleation and growth during the induction period, which, they 

reported, accurately predicts the observed behaviour of many moderately and 

sparingly soluble crystal precipitates. Various indicators have been used for the 

determination of crystallisation induction period: observation of light scintillations 

(Ohlinger et al., 1999, Galbraith and Schneider, 2009), conductivity measurement 

(Kabdasli et al., 2006), pH monitoring (Kofina and Koutsoukos, 2005, Bhuiyan et 

al., 2008) and absorbance measurements (Kabdasli et al., 2006). Each and every 

method has their own advantages and limitations. However, little is known about 

its tendency to nucleate and precipitate. Bouropoulos and Koutsoukos (2000) and 

Ohlinger et al., (1999) reported that struvite nucleation is proportional to the 

supersaturation. The pH, agitation energy, supersaturation and the presence of 

foreign ions are the important factors affecting induction time (Bhuiyan et al., 

2008). The reduction of induction time with an increase in solution pH and 
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temperature was also reported by Bhuiyan et al. (2008). Temperature has a direct 

influence on the solubility of struvite and thermodynamics properties (Ronteltap 

et al., 2010) and hence nucleation rate. The pH range within which struvite can 

precipitate was identified as 7-11 (Matynia et al., 2006). The influence of pH and 

supersaturation on the crystallisation rate and crystal characteristics of struvite has 

been demonstrated by several investigators (Le Corre et al., 2005, Bhuiyan et al., 

2008, Doyle and Parsons, 2002) but as yet little interest has been given to the 

influence of foreign ions on struvite nucleation and crystallisation. Theoretically, 

impurities in solution can affect the nucleation and growth rate of crystals due to 

blocking of active growth sites inhibiting the increase of crystal size (Le Corre et 

al., 2005). In the case of struvite crystallisation from wastewater sludge, foreign 

compounds such as potassium, chloride, calcium carbonate, zinc are numerous. 

There are few reported results on the effects of impurities such as chloride ion 

(Bouropoulos and Koutsoukos, 2000, Le Corre et al., 2005), carbonate ions (Le 

Corre et al., 2005), fluoride ion (Ryu et al., 2008), and ethylenediaminetetraacetic 

acid (EDTA) (Doyle et al., 2003) on struvite crystallisation from synthetic 

supersaturated solution. Impurity molecules adsorbed onto the nucleus surface can 

result in change of interfacial energy and nucleation rate. To further examine the 

nucleation behaviour, this study was undertaken to estimate nucleation rate 

parameters of struvite formation in a stirred batch crystalliser while examining the 

influence of pH, temperature, supersaturation, and salt (NaCl and KCl) impurities 

on nucleation. From the experimental results, the activation and interfacial 

energies during struvite formation could be determined so that a better 

understanding of the phenomenon can be obtained. 

 

5.2 Experimental Nucleation Studies 

Struvite nucleation studies were done in 250 ml Erlenmeyer flask agitated by 

magnetic stirrer and conditions described in Section 3.5.2. Two series of 

experiments were carried out. Firstly, nucleation of struvite was studied without 

Cl
-
 ion addition as impurities. Secondly, nucleation struvite crystal study was 

conducted with Cl
-
 ion addition. NaCl and KCl was used to Cl

-
 ion addition. 

These experiments permitted comparison to be made between two methods when 
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using the same levels of supersaturation with regard to different pH and 

temperature. 

Supersaturation was created by mixing equimolar quantities of Mg
2+

, NH4
+
, and 

PO4
3-

 ions based on PhreeqC model. The preparation of Mg
2+

, NH4
+
, and PO4

3-
 

ions solution can be seen in Section 3.5.1.  The PhreeqC calculation results can be 

seen in Table 3.2 and Table 3.3 of section 3.5.2. Supersaturated solutions were 

agitated at 120 rpm for all the experiments. 

 

5.2.1 Theory on calculation of the saturation index. 

Saturation index (SI), see Eq. (5.6), of solution values were calculated by the 

PhreeqC model. The supersaturation ratio   is given by 

   
 
    

  
    
  
   
  

   
        (5.2) 

where a is the activities of the species.  

According to Bhuiyan et al (2009), the thermodynamic solubility product of 

struvite on equilibrium with pure and solid phase struvite is;  

    *  
  +*   

 +{   
  }       (5.3) 

         ,  
  -      

,   
 -         

[   
  ]    (5.4) 

   ,  
  -,   

 -[   
  ]       (5.5) 

where *    +, *   
 + and *   

  + are ion activity of magnesium, ammonium and 

phosphate, respectively, ,    -, ,   
 - and ,   

  - are concentration of the ion 

magnesium, ammonium and phosphate, respectively, and      ,       and         

are activity coefficient of the ion magnesium, ammonium and phosphate, 

respectively,     is solubility product in terms of ion activity,    is solubility 

product in terms of concentration.  

The SI value for struvite is used as an indication of supersaturation. If the SI is 

negative, the system is undersaturated with respect to struvite. If the SI is positive, 

the solution is supersaturated (Appelo and Postma, 1999). The SI values were 

calculated for all the experiments using the PheerqC model.  

           
[    ][   

 ][   
  ]

   

 
    

  
   
      
   
  

      (5.6) 
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Effect of temperature on solubility product can be calculated as below (Bhuiyan et 

al., 2007): 

                       
     

 
            

     

  
  (5.7)  

The equilibria and the corresponding stability constants used for supersaturation 

calculation are summarized from Martell et al., (Martell et al., 1998) and Bhuiyan 

et al., (Bhuiyan et al., 2007) (see Table 2.3 in Section 2.8.4.2). Supersaturations 

were calculated by PhreeqC model (see Appendix B1). 

 

5.3 Results and Discussions 

5.3.1 Effect of pH on spontaneous nucleation of struvite crystals  

pH is one of the important driving forces controlling the formation of struvite 

(Doyle and Parsons, 2002). The initial experiments undertaken used pH as an 

indicator of struvite nucleation. As the struvite precipitates, it triggers a release of 

proton ions in solution and hence a change in pH occurs during the nucleation 

process. The drop in pH is characteristic of the onset of nucleation at which the 

first time crystals of struvite occurs and is linked to the rate of struvite nucleation. 

 

Figure 5.1 Variation of induction time with initial pH and SI at 25
O
C 
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The effect of the initial solution pH on induction time was investigated at the 

same initial supersaturation with a molar ratio of Mg, NH4 and PO4 ion 

concentration in solution of 1:1:1. Figure 5.1 shows the variation of induction 

time with initial solution pH for various selected initial supersaturations. It was 

found that induction time decreased with increase in solution pH (Figure 5.1).  

Figure 5.1 also shows the effect of excess Cl
-
 in the form of NaCl addition. For 

any given solution pH, the presence of NaCl resulted in higher induction time 

(Figure 5.1). The presence of Cl
-
 ions may affect equilibrium solubility, solution 

structure, and complex formation (Mullin, 2001) and hence interference on 

nucleation. Similar observation was reported by Söhnel and Mullin (1988) and it 

was found that an increase in the crystal-solution interfacial energy is due to the 

presence of foreign ions.   

 

5.3.2 Effect of supersaturation on spontaneous nucleation of struvite 

crystals 

To study the effect of supersaturation, experiments were conducted with changes 

of supersaturation index (SI = 1.02 to 1.33) at a constant temperature of 25 
0
C. 

Figure 5.1 also shows the effect of supersaturation and initial solution pH on 

induction time. It was found that induction time decreased with increase in 

supersaturation at any particular initial solution pH. The rapid induction time for 

higher supersaturation is due to a higher driving force for mass transfer from 

liquid to crystal phase. 

 

5.3.3 Effect of temperature on kinetics of struvite nucleation 

The induction time is strongly affected by both the temperature and 

supersaturation of the solution. Batch experiments were investigated for 

temperatures of 20, 25, and 30
O
C. Table 5.1 represents the variation of induction 

times obtained at various levels of initial supersaturation and temperatures at pH 

8. It was found that increase in supersaturation substantially decreases the 

induction period for all temperatures. For a given supersaturation, the induction 

time decreased with increase in temperature. According to the classical nucleation 

theory, the decrease in induction time at higher solution temperature is caused not 
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only by the effect of temperature but also by the lower interfacial energy of 

crystals (Mullin, 2001, Tai and Chien, 2002 ).  

 

Table 5.1 Induction time on spontaneous nucleation of struvite crystals with 

various temperature and SI at pH 8 

Temperature 
Induction time, s 

SI = 1.02 SI = 1.18 SI = 1.33 

20 432 261 139 

25 343 223 110 

30 271 173 96 

 

For the effect of temperature on any rate processes, such as nucleation, Arrhenius 

equation is commonly used. The activation energy of nucleation, Eact, can be 

calculated by the following Arrhenius equation; 

     

  
 
     

   
         (5.8) 

where kN is empirical constant.  

By the integration of Eq. (5.8), 

         .
     

  
/        (5.9) 

This empirical equation has been simplified by Cheng and Li (2010), so: 

          .
     

  
/        (5.10) 

   
 

    
      

    

         
                   (5.11) 

Where tind is the induction time, τ is a constant, Eact is the activation energy           

(J mol
-1

) for the process, and R is the gas constant (8.314 J/K.mol). Activation 

energy represents the minimum energy that is required for a chemical reaction to 

take place. Figure 5.2(a) and 5.2(b) is a plot of log (1/tind) versus 1000/T for three 

different initial levels of supersaturation. From the slope of these straight lines, the 

average values of Eact of 30.1 kJ.mol
-1

 and 24.9 kJ.mol
-1

 were obtained at pH 8 

and 8.5, respectively. The finding Eact shows that energy required ions of struvite 

formation to react to produce a crystal at solution pH 8 were higher than pH 8.5. It 

can be indicated that struvite nucleation occurred on pH 8.5 was faster than pH 8. 

Similar range of values of activation energy for nesquehonite (MgCO3·3H2O) and 
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ammoniumsilicate was also reported by Cheng and Li (2010) and Zang et al 

(2003), respectively.   
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(a) (b) 

Figure 5.2 Dependence of induction time on temperature; (a) pH = 8; (b) pH = 8.5 
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An equation developed by Nielsen (1964), Nyvlt (1971) and Sohnel and Garside 

(1992) for calculation of homogeneous nucleation rate is: 

      
                (5.12) 

where kN is the nucleation rate constant and n is the kinetic order of nucleation. 

A simplifying assumption was used that the induction time may be considered to 

be inversely proportional to the rate of nucleation. So induction period (tind) may 

be used to determine the nucleation rate (J) (Chien et al., 1999). 

  
 

    
          (5.13) 

Combining Eq. (5.12) and (5.13) results in Eq. (5.14) 

     (   ⁄ )  
                    (5.14) 

 

  
                      (5.15) 

where K is empirical constant 

The semi empirical correlation of induction time on supersaturation (Eq. 5.14) can 

be simplified into Eq. (5.16) below and the data plotted in Figure 5.3.  

                                   (5.16) 

where K and n are empirical constants obtained via straight line fitting to 

experimental data in Figure 5.3. And      is equal to SI (See Eq. 5.6) 

The dependence of the induction time on supersaturation is shown in Figure 5.3(a) 

and 5.3(b) for pH 8 and 8.5, respectively. The fitting parameters from Figure 

5.3(a) and 5.3(b) are presented in Table 5.2.  

The various calculated nucleation kinetic parameters are tabulated in Table 5.2. It 

can be seen that the empirical constants, K, are higher at lower temperatures. The 

order nucleation kinetic of struvite decreased with increase in temperature. When 

compared with the nucleation kinetic parameters between pH 8 and pH 8.5 on 

without Cl
-
 addition in Table 5.2, the effect of solution pH can decrease empirical 

constant K values. On the other hand, nucleation order n was not affected by 

increasing solution pH.   
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(a) (b) 

Figure 5.3  Induction time as a function of initial supersaturation and at different temperatures; (a) pH 8, (b) pH 8.5. 

 

1.5

1.7

1.9

2.1

2.3

2.5

2.7

2.9

1 1.1 1.2 1.3 1.4 1.5

lo
g
 t

in
d

 

SI 

T 20 C

T 25 C

T 30 C
1.5

1.7

1.9

2.1

2.3

2.5

2.7

2.9

1 1.1 1.2 1.3 1.4 1.5

lo
g
 t

 i
n

d
 

SI 

T 20 C

T 25 C

T 30 C

1
2

6
 

 



 

127 
 

 

 

  

(a) (b) 

Figure 5.4 Induction time as a function of initial supersaturation and at different temperatures; (a) pH 8 with and without NaCl addition and 

(b) pH 8 with and without NaCl and KCl addition at only 25
O
C. 
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Table 5.2 The various kinetic parameters on struvite nucleation 

T (C) K n R
2
 

pH 8.0 without Cl
-
 ion addition 

20 24320 1.7 0.96 

25 15600 1.6 0.98 

30 7450 1.4 0.97 

pH 8.5 without Cl
-
 ion addition 

20 22800 1.7 0.96 

25 14500 1.6 0.97 

30 7420 1.3 0.97 

pH 8 with NaCl addition 

20 189850 2.2 0.98 

25 43740 1.8 0.97 

30 20240 1.7 0.97 

pH 8 with KCl addition 

20 61720 1.9 0.98 

25 21880 1.7 0.97 

30 16200 1.6 0.98 

 

 

 

5.3.4 Inhibition of spontaneous nucleation of struvite due to presence of 

excess chloride ions   

In this study, the excess Cl
-
 ions were obtained in a batch experiment at pH 8 by 

adding sodium chloride (NaCl) or potassium chloride (KCl). The experimental 

data of induction time obtained at different supersaturations with and without the 

addition of excess Cl
-
 ions at pH 8 are shown in the log tind - SI plots of Figure 

5.3(a)(b) and 5.4(a)(b) for E = 0 and 0.4, respectively. The results showed that the 

induction time continuously decreased with increasing supersaturation. The effect 

of excess CI
-
 ions in a solution showed that induction time increased in the 

presence excess Cl
-
 ions. Figure 5.4(b) shows that the effect of excess Cl

-
 ions on 

the induction time is more significant at lower supersaturations. In general, the 

effect of excess Cl
-
 ions in a solution may affect the induction time considerably 
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(Mullin, 2001). This may be due to adsorption or chemisorption of foreign ions on 

nuclei or heteronuclei, by changing the equilibrium solubility or by the solution 

structure, by chemical reaction or by complex formation in the solution (Mullin, 

2001).  

The various calculated nucleation kinetic parameters (K and n) are tabulated in 

Table 5.2. It can be seen that the empirical constants, K, are larger at lower 

temperatures. When compared with the data at pH 8 without presence of excess 

Cl
-
 in Table 5.2, the effect of excess Cl

-
 can significantly increase empirical 

constant K values and nucleation order n.  

For comparison purpose, two forms of excess Cl
-
 ions, in the form of either NaCl 

or KCl were used. Figure 5.4(b) shows the effect of KCl and NaCl on the 

induction time. It can be seen that, for fixed value of supersaturation, the presence 

of excess chloride ions in solution has a strong retarding effect on induction time, 

Na
+
 ions having a more significant inhibition than K

+
. This is because of different 

ionic charges. Figure 5.5 gives the effect of Na
+
 and K

+
 on the induction time for 

SI = 1.02. It can be seen that the presence of Na
+
 and K

+
 ions in solution affects 

the behaviour of the induction time, increasing with NaCl and KCl concentration 

up to a maximum at about E of 0.1 to 0.3, and reduces thereafter at higher E 

values. A comparison between Na
+
 and K

+
 ion for the same range of excess Cl

-
 

ions shows that the influence of Na
+
 in increasing the induction time is stronger 

than that of K
+
 over all concentration ranges.   
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Figure 5.5 Effect of Na
+
 and K

+
 on the induction time for SI = 1.02 at 25

O
C and 

pH 8. 

 

Furthermore, the plotting of Eq. (5.11) for three different levels of supersaturation 

is shown in Figure 5.6 for the effect of the presence of excess chloride. The same 

linear relationship was compared with those shown in Fig. 5.3(a), and reproduced 

in Figure 5.6. The slope of the straight line is higher when excess chloride is 

present, suggesting that with excess chloride ions of either NaCl or KCl, there is 

more inhibition for nucleation than in the case of equimolarty (Pokrovsky, 1998) 

where no NaCl or KCl was added. From the slope of these straight lines, the 

average activation energies are 64.5 and 51.7 kJ.mol
-1

 for NaCl and KCl addition, 

respectively. These values are much higher than the case with no NaCl and KCl 

added (30.1 kJ.mol
-1

). This shows that foreign ions increase the activation energy 

for struvite nucleation, showing that primary nucleation of struvite can be 

inhibited by the presence of excess chloride ions such as NaCl and KCl. The 

activation energy in the presence of NaCl was higher than in the presence of KCl.  
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Figure 5.6 Dependence of the induction time on the inverse of temperature at pH 8 and with and without the presence of NaCl and KCl. 
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5.3.5 Mechanism of nucleation and thermodynamic parameters. 

The nucleation rate based on classical homogeneous nucleation theory can be 

expressed as 

      [ 
    
    
    

(  )  (   ) 
]                 (5.17) 

where J is nucleation rate (cm
-3

 s
-1

), A is the frequency constant, β the geometric 

factor (for cube is 32), NA the Avogadro number, R the gas constant, Vm the molar 

volume, S activity-based supersaturation ratio, T the absolute temperature,    the 

interfacial energy 

The induction time can be related to the supersaturation by 

           
 

(    ) 
                 (5.18) 

where A and B are constants according to the nucleation classical theory 

  
    
    
    

(       ) 
                   (5.19) 

where υm is the molecular volume of struvite (= molar volume/(Avogadro‟s 

number x density x number of ions in formula unit) =                   ), β 

is a shape factor (=32 for cubes), so 

  
    
    
 

(       ) 
                   (5.20) 

The interfacial energy γS is 

        .
 

    
 /
 
 ⁄

                  (5.21) 

The validity of Eq. (5.18) is based on the assumption that nucleation time is much 

longer than the growth time (tn>>tg) (Söhnel and Mullin, 1988). Then the 

induction period can be used to represent the time needed for critical nuclei 

formation. To verify whether this was the case for struvite, log tind was plotted 

versus (log S)
-2

 as shown in Figure 5.7. It can be seen that the measured induction 

time for struvite crystallisation is followed by a linear relationship given by Eq. 

(5.18). Figure 5.7 illustrates two characteristics of nucleation. Region II for low 

supersaturation is characteristic of heterogeneous nucleation mechanism; Region I 

for high supersaturations indicates homogeneous nucleation mechanism 

dominates. 
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The data resulted in two distinct linear parts showing the dependence of 

nucleation on different nucleation mechanisms. Homogeneous nucleation region 

has higher slope and occurred at higher supersaturations and the region of lower 

slope occurred at lower supersaturations due to heterogeneous nucleation (Söhnel 

and Garside, 1992). The value of the slope of Bhom is higher than Bhet as given in 

Table 5.3. The nucleation is largely homogeneous at high supersaturation, while 

heterogeneous nucleation prevails at relative supersaturation up to 1.5 for all 

temperature and pH ranges studied. Figure 5.7 showed mechanism of nucleation 

at three levels of temperatures on solution pH 8 and 8.5 and Figure 5.8 showed 

mechanism of nucleation at three levels of temperatures on solution pH 8 for 

different excess of Cl
-
 ion. From the experimental data shows that the transition 

point between homogeneous and heterogeneous nucleation changed at 

supersaturation 1.6 when chloride ions was added. It was indicated that change of 

slope (Bhom or Bhet) necessarily resulted the change of nucleation mechanism. 

From the experimental value Table 5.3 shows addition chloride ions increased 

Bhom or Bhet. This transition from homogeneous to heterogeneous nucleation is 

affected by the presence of excess chloride ions. Their calculated corresponding 

values are listed in Table 5.3. 

The value of Bhom is consistently higher than Bhet for all experimental data. 

Calculated results of interfacial energy for two nucleation mechanisms 

(      and        ) in Table 5.3 indicate that interfacial energies decrease with 

higher solution pH and for higher temperatures. For any given solution pH, 

interfacial energy of crystals increases with decrease in temperature. This is 

consistent that interfacial energy impacts on induction time. The effect of excess 

chloride shows that interfacial energy increases with its presence at all 

temperatures. The inhibition effect of added NaCl and KCl may be due to 

complex ion formation or due to foreign ion adsorbed onto nuclei surface.  

A comparison of the interfacial energy derived from this study compares very 

well with results of  Bouropoulus and Koutsoukos (2000) but much larger than 

reported results of Bhuiyan et al., (2008), Kofina and Koutsoukos (2005) and 

Ohlinger et al., (1999). 
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Table 5.3 Interfacial energy on struvite nucleation 

T (C) Calculated from Eq. (5.18) Calculated from Eq. (5.21) 

Bhet Bhom γhet 

(mJ m
-2

) 

γhom 

(mJ m
-2

) 

pH 8.0 without Cl
-
 ion addition 

20 0.98 2.14 15.67 20.37 

25 0.83 1.97 15.08 20.13 

30 0.77 1.66 14.97 19.33 

pH 8.5 without Cl
-
 ion addition 

20 0.86 1.92 15.05 19.62 

25 0.82 1.83 15.04 19.65 

30 0.76 1.71 14.89 19.54 

pH 8 with NaCl addition 

20 1.26 2.86 18.74 22.42 

25 1.01 2.43 16.14 21.60 

30 1.07 2.11 16.71 20.95 

pH 8 with KCl addition 

20 1.12 2.38 16.41 21.09 

25 0.98 2.02 15.96 20.31 

30 0.90 1.90 15.77 20.23 
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a b 

Figure 5.7  Induction period as a function of supersaturation at three levels of temperature at different solution pH; (a). pH 8 and (b). pH 

8.5 without excess Cl
-
 ions 
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a b 

Figure 5.8  Induction period as a function of supersaturation at three levels of temperature at different excess Cl
-
 ion; (a). NaCl and (b) KCl 
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5.3.6 Crystal morphology at different solution pH with and without NaCl 

and KCl addition. 

The micro-pictures of crystals, shown in Figure 5.9, obtained in the experiments 

were investigated by using an optical microscope. The crystal morphologies for 

pH 8 and 8.5 without excess Cl
-
 ion showed similar needle-like crystal shapes and 

dimensions (see Figure 5.9(a) and 5.9(b), respectively). The crystals in the 

presence of NaCl and KCl (Figure 5.9(c) and 5.9(d)) were similarly needle-like 

shape. Thus, the morphology in all the different cases, different pH and the 

presence or absence of excess Cl
-
 ions remain similar for all. 

 

(a) 
 

(b) 

 

(c) 

 

(d) 

Figure 5.9  Morphology of struvite crystals obtained in experiments based on the 

same magnification; (a) pH 8 without Cl
-
 addition, (b) pH 8.5 without Cl

-
 

addition, (c) pH 8 with NaCl addition, (d)  pH 8 with KCl addition 
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5.4 Summary 

The impact of various physico-chemical parameters, such as solution pH, 

supersaturation, temperature and presence of foreign ion, on spontaneous 

nucleation of struvite crystals are reported here.  

 The results show that the induction time decreased with an increasing pH, 

temperature, and supersaturation. The presence of excess chloride in the form 

of NaCl and KCl has an inhibitory effect on the nucleation of struvite.  

 The classical nucleation theory is applicable to explain the effect of various 

physico-chemical parameters on struvite nucleation. The activation energy for 

struvite nucleation was calculated as 30.1 kJ.mol
-1

 and 24.9 kJ.mol
-1

 at pH 8 

and 8.5, respectively. The lower activation energy at pH 8.5 accounts for the 

shorter induction time obtained at pH 8.5.  

 The classical nucleation theory is applicable to explain the effect of various 

physico-chemical on struvite nucleation. The activation energy for struvite 

nucleation was calculated as 30.1 kJ.mol
-1

 and 24.9 kJ.mol
-1

 at pH 8 and 8.5, 

respectively. The lower activation energy at pH 8.5 accounts for the shorter 

induction time obtained at pH 8.5. The activation energies in the presence of 

NaCl and KCl were higher (64.5 and 51.7 kJ/mol, respectively) at pH 8. The 

higher activation energy with NaCl and KCl addition can account for their 

inhibitory effect.   

 The interfacial energy between struvite crystals and supersaturated solution 

decreased with increase in pH but increased in the presence of either NaCl or 

KCl.  

 The morphology at different pH and the presence or absence of excess Cl
-
 ions 

is similar, being needle-like in structure. 
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CHAPTER 6  

THE INFLUENCE OF VARIOUS PHYSICO-

CHEMICAL PROCESS PARAMETERS ON 

STRUVITE CRYSTALLISATION IN WATER: 

CRYSTAL GROWTH KINETICS 

 

 

6.1 Introduction 

Magnesium, ammonium and phosphate are released during anaerobic digestion of 

wastewater sludge and also during dewatering operation (Nelson et al., 2003). 

Under certain conditions, these dissolved wastewater constituents can combine to 

form struvite, an orthorhombic crystalline minerals as per the following chemical 

reaction  

         
      

                          (6.1) 

Accumulation of struvite on pipe walls and equipment surface associated with 

anaerobic digestion system and post digestion processes is well known problem 

that plagues the wastewater treatment (WWTP) industry (Matynia et al., 2006, 

Bhuiyan et al., 2008, Ohlinger et al., 1999, Le Corre et al., 2007, Le Corre et al., 

2005). Remediation is often impractical and not cost effective. 

In general, struvite formation can be divided into stages: nucleation and growth, 

both of which have been discussed in detail in Section 2.8.4 and Section 2.8.5, 

respectively. Crystal formation primarily occurs by nucleation from combination 

of constituent ions called embryos and nuclei growth in sequence, i.e. enlargement 

of crystal until equilibrium (Jones, 2002, Myerson, 2002, Söhnel and Garside, 

1992, Mersmann, 2001). Predicting and controlling struvite nucleation and growth 

from wastewater is fundamental in crystalliser design. Predicting struvite 

formation potential is not only critical to struvite problem. However, predicting or 

controlling these stages is complex as it is controlled by a combination of 

thermodynamic and mass transfer properties along with various physico-chemical 

factors, such as solution pH, supersaturation, mixing, crystal sizes and the 

presence of foreign impurities. The crystals growth rate depends on 



 

140 
 

 

supersaturation, solution pH, impurities and hydrodynamic condition in the 

crystallizer.  

Knowledge of the effect of solution pH, temperature, impurities, seed and 

hydrodynamic condition on struvite crystallisation is very important for control of 

struvite formation. Despite of the great interest of struvite formation mechanism, 

knowledge of struvite crystallisation and kinetics measurements are scarce in the 

literature. Therefore, this study attempted to explore the effect of solution pH, 

temperature, impurities, crystal size and hydrodynamic condition on the struvite 

crystallisation especially on the kinetics of struvite crystal growth. Struvite 

crystallisation kinetics was studied under different condition to find out the kinetic 

rate constant.  

 

6.2 Materials and Methods  

6.2.1 Chemicals 

Struvite crystallisation was carried out by using the following chemicals: 

magnesium chloride hexahydrate (MgCl2.6H2O), and dihydrogen ammonium 

phosphate (NH4H2PO4). Stock solution of MgCl2, as Mg
2+

 provider, is made by 

dissolving crystals of MgCl2
.
6H2O in distilled water. The stock solution of 

NH4H2PO4, as NH4
+
 and H2PO4

-
 provider, prepared in the same manner. Both 

solutions were stored separately and only mixed just prior to any experimental 

run. Extreme care was taken to keep the solution from dust, insoluble matter, etc. 

In addition, all solutions were filtered before they were used for the experiments. 

The solution was adjusted at pH 8, 8.5 and 9 using 0.1 M sodium hydroxide 

(NaOH) solution. 

Supersaturated solutions used in this experiment were prepared based on 

concentrations within the metastable zone width. The metastable zone width 

experiment was conducted in Erlenmeyer flask under constant temperature of 

25
O
C at different stirrer speed. The experimental set-up can be seen in Figure 3.10 

(Section 3.5.2). The synthetic solutions used in a series of batch experiments were 

0.003, 0.004, 0.005 and 0.007 M (equimolar) of magnesium, ammonium and 

phosphate. The detailed determination of metastable zone width is in Section 3.4.  
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6.2.2 Seed preparation 

Seeds were prepared by dissolving synthetic crystals of specific amount in a 

supersaturated solution and agitated gently in order to prevent the agglomerate. 

Crystals that have been separated from agglomerate crystals was taken using a 

plastic pipette and kept into a petri disk. Crystals were then dried to reduce the 

water content at room temperature. The dried crystals were transferred into a 

small container and the crystals were rinsed with two drop of deionized water, and 

dried immediately with the filter paper. Seed crystal size was determined by 

Malvern Master Sizer 2000 and morphology was measured by scanning electron 

microscope. The Fourier transform infrared spectroscopy (FTIR) was used to 

analyse potential changes in the inner structure of struvite crystals. These dried 

seed crystals were used to crystal growth experiments. The seed preparation is 

described in detail on Section 3.6.4.2. 

 

6.2.3 Experimental set-up and procedure 

The experimental setup is shown schematically in Figure 6.1. All experiments 

were performed in the laboratory-scale jacketed stirred batch crystallizer with a 

working volume of 1 liter. The crystallizer consisted of a cylindrical glass vessel 

with a round bottom and 130 mm internal diameter. The vessel was fitted with 

four vertical equidistant baffles (15 mm x 83 mm) which were placed along the 

wall of the crystallizer (details in Section 3.6.2). The solution was stirred by an 

impeller (number of blades 4; blade length 20 mm; blade width 20 mm). The 

impeller was located at one-third the working liquid level from the crystallizer 

bottom (details in Section 3.6.3). The crystallizer was covered with a steel plate to 

minimize evaporation of solution. Temperature control within the crystallizer was 

achieved by pumping water from a water bath enclosed in a cryothermostat with 

PID regulator for temperature control through the water jacket. The operating 

conditions are listed in Table 6.1. The detailed experimental growth procedure is 

described in Section 3.6.4.3.  

After crystallisation for a definite time, the crystals were filtered from the residual 

solution, and dried overnight in the oven at temperature 35
O
C in order to measure 

crystal size distribution, weight, and FTIR analysis. The filtrates were then 
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analysed for magnesium, ammonium, and orto-phosphates. Analyses for 

ammonium and ortho-phosphate were analysed by UV-spectrophotometer (see 

Section 3.2.4.2 and 3.2.4.3, respectively). Magnesium analysis was performed by 

atomic absorption spectrophotometry (see Section 3.2.4.1). The crystal size 

distributions were measured by laser diffraction with a Malvern Master Sizer 

2000 at the end of crystallisation (see Section 3.2.3). 

For the effect of stirrer speed, it was essential to ensure that no serious breakage 

of crystals occurred during the crystallization process. Test for crystal attrition in 

the seed feed tank were conducted at agitator speeds of 50, 100, 120 rpm for 15 

minutes. The experimental study is detailed in Section 3.6.5 and it showed that 

there was no significant attrition caused by the agitator. 

 

 
 

Figure 6.1 Laboratory Batch Crystalliser 

 

Table 6.1 Operating conditions of crystalliser experiments used in this study 

Working temperature (
O
C) 25 – 30  

pH range 

Supersaturation, SI 

Stirrer speed, rpm 

Seed size, m 

Impurities (NaCl), ppm 

8 – 9 

0.34 – 1.00 

50 – 120 

24.3 – 106  

50 – 200  
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6.2.4 Crystal Growth Calculations 

Crystal growth calculations were done through the use of crystal size distribution 

plots as shown in Figure 6.2. This curve represents the dependence between the 

number of crystals per unit volume and crystal size. It is assumed that, in a 

suspension of growing crystals (seed crystals) at time t the number of crystals at 

size L1 is indicated on y-axis of Figure 6.2. After a certain time, the seed crystal 

grew to size L2. The average growth rate of crystals will be  

 (   )   
     

(    )  
 
  

  
       (6.2) 

Calculation of crystal growth from Figure 6.2 was done by using three to four 

points along the size distribution curves.  

 

Figure 6.2 Determination of growth rate from cumulative size distribution 

 

6.2.5 Supersaturation calculation 

The supersaturation was calculated using the specification PhreeqC program 

(Parkhurst and Appelo, 1999). The saturation index (SI) value for struvite is used 

as an indication of supersaturation. If the SI is negative, the system is 

undersaturated with respect to struvite. If the SI is positive, the solution is 

supersaturated. The SI values were calculated for all the experiments using the 

PheerqC model. The SI values calculated based on PhreeqC model can be seen in 

Appendix B. 
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From Eq. (6.3) the relative supersaturation is given by 
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        (6.4) 

According to Bhuiyan et al (2009), the thermodynamic solubility product of 

struvite on equilibrium with pure and solid phase struvite is;  

         ,  
  -      

,   
 -         

[   
  ]    (6.5) 

where     is solubility product in terms of ion activity and   is activity coefficient 

of the ion i.  

The supersaturation concentration of Mg
2+

, NH4
+
 and PO4

3-
 was determined based 

PhreeqC model (see Appendix B) 

 

6.2.6 Kinetic Study and Theory 

The rate of kinetic was determined by fitting our experimental data with first and 

second-order kinetic models. The general equation can be written simply as 

follows; 

     ⁄   (    )
         (6.6) 

where k is rate constant, n is order of reaction, C is the reactant concentration at 

time t, CS is the reactant concentration at equilibrium and      ⁄  is the rate of 

phosphate disappearance of a reactant. 

The first-order kinetic model was applied to the experimental kinetic as per 

method by Nelson et al., (2003), Quintana et al., (2005) and Rahaman et al., 

(2008). The linearized form of first-order kinetic model Eq. (6.6) can be written 

as. 

  (     )         (     )      (6.7) 

where Ct is the reactant concentration at time t, Ci is initial concentration, t is 

reaction time and k1 is first-order constant.    

  .
  

  
  /         .

  

  
  /      (6.8) 

where        ⁄  and        ⁄  

  (    )         (    )      (6.9) 
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where St is supersaturation at time t and Si is supersaturation at time t=0. A plot of 

  (    ) against time should give a straight line with slope -k1.  

Similarly, the linearized form of a second-order kinetic model can be written as   

 (     )⁄    (     )⁄             (6.10) 

 (    )⁄    (    )⁄              (6.11) 

where k2 is second-order constant. A plot of   (    ) against time should give a 

straight line with slope –k2.  

 

6.2.7 Diffusion-Reaction Theory of Struvite Crystal Growth Mechanism: 

Effect of Various Process Parameters 

There are also two major steps in series which are involved in the growth of a 

crystal (Dutta, 2007); 

(i) Convective transport of the solute from the bulk of the supersaturated 

solution to the surface of a crystal and 

(ii) Surface integration or accumulation of the solute molecules in the 

growing layers of a crystal 

The crystal growth rate can be calculated based on the resistance offered by the 

above two steps. Second step followed first order kinetics and depends on the 

degree of supersaturation (C – CS) at the crystal surface. Basically, crystals growth 

mechanism can be the combination of diffusion and reaction processes and hence 

called diffusion-reaction theory of crystal growth (Dutta, 2007, McCabe et al., 

2005). The rate of increase in the mass of a single crystal can be written as; 

   

  
     (    )        (6.12) 

where KL is the overall mass transfer coefficient for the growth process which 

combines the above two resistance, mc is mass of a single crystal, Ac is area of a 

single crystal, C is bulk solute concentration and Cs is saturation concentration of 

the solute at the given temperature. 

Alternatively, growth rate can also be expressed as the rate of change of the 

“characteristic size” of a crystal. The characteristic size (L) is related to the mass 

(mc), area (Ac) and volume (Vc) of a crystal through a “shape factor” as follows, 

        
 ;       

  and       
      (6.13) 
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where c is crystal density (for struvite 1.7 g/cm
3
) (Mijangos et al., 2004, Doyle 

and Parsons, 2002), v is volume shape factor (for cube 6) and a is area shape 

factor (for cube 1) 

Hence the crystal growth rate can also be expressed as 

  
  

  
 (         ⁄ )(    )    (    )   ⁄       (6.14) 

where G is a measure of the crystal growth rate and 

              ⁄         (6.15) 

Eq. (6.15) depends on the various system parameters such as supersaturation, 

solution pH, temperature and impurities NaCl addition. If the process is 

integration or accumulation of solute molecule on the surface of seed crystal, the 

above second step follows nonlinearity and hence the crystal growth can also be 

written as power law equation (Myerson, 2002) 

     
           (6.16) 

or 

                       (6.17) 

where KG is growth constant, g is order of the crystal growth rate and S is 

supersaturation. 

The above mechanistic power law growth rate equation was fitted with our batch 

struvite crystalliser experimental data. The overall mass transfer coefficient (KL) 

can be obtained from the value of KG at various physico-chemical process 

parameters. The slope of plot between log G versus log S gives the value of 

crystal growth order (g) parameter and intercept give KG value at different 

physico-chemical parameters. 

 

6.3 Results and Discussion    

6.3.1 Metastable zone 

The solubility data, measured over the initial concentration of Mg, PO4 and NH4 

range between 0.001 and 0.006, are plotted in Figure 6.3. The solubility curve was 

calculated by PhreeqC model. Supersaturation curves at 50, 100 and 120 rpm was 

predicted when primary nucleation occurred rapidly. As shown in Figure 6.3, the 
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solubility of struvite depends strongly on solution pH. At lower solution pH, the 

solubility of struvite was higher. 

The variations of metastable zone width with initial concentration for all the 

stirrer speeds examined are also presented in Figure 6.3. It can be seen that at 

higher speeds, 120 rpm, primary nucleation of struvite occurred more readily. The 

experimental results confirm the well-known effects of stirrer speed on metastable 

zone width . It is evident that higher agitation speeds can cause more turbulence 

of the system which narrows the metastable zone width.         

 

 
Figure 6.3 Metastable zone width measured as an initial concentration of Mg, PO4 

and NH4 at different stirrer speeds and 25
O
C. 

 

 

6.3.2 Effect of seed loading and size on crystal growth 

The effect of seed loading on the decay of supersaturation in solution is shown in 

Figure 6.4. The experimental results can be seen in Table C1.1 of Appendix C. It 

can be seen from the plot that the increasing seed loading increased rate of struvite 

formation. Increasing mass of seeds provides more surface area of crystals 

available for crystal growth, more solute molecules may attach onto these 

surfaces, enhancing the growth rate and thus weakening the nucleation rate 
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accordingly. However, in the case of lower seed loading, the contribution of 

newly generated secondary nuclei to the decay of supersaturation becomes 

significant (Frawley et al., 2012, Huang et al., 2010).  

Results of decay of supersaturation measurement versus supersaturation for 

struvite of different size of seed crystals are presented in Figure 6.5. The 

experimental results can be seen in Table C2.1 of Appendix C. As can be seen in 

Figure 6.5 the growth rate increases with decrease in seed size. Increasing crystal 

growth rate growth was caused by increase in total area available for growth in 

which the smaller seed crystals providing a larger surface area compared to larger 

seed crystals of the same mass (Frawley et al., 2012). 

 

Figure 6.4 Effect of seed size on the decay of supersaturation. pH 8, temperature 

25
O
C, seed size 24.3 m and agitator speed 120 rpm. 
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Figure 6.5 Effect of average seed size on the decay of supersaturation for a 

solution temperature, pH and seed loading of 25
O
C, 8 and 100 mg, respectively. 

 

6.3.3 Effect of solution pH and supersaturation on struvite crystal growth 

kinetic  

Solution pH control is one of the important factors for removal of nutrients such 

as nitrogen and phosphorus from solution by struvite crystallisation (Perera et al., 

2009, Münch and Barr., 2001). Controlling solution pH during struvite 

crystallisation not only could increase struvite formation (Perera et al., 2009) but 

also could accelerate growth rate (Omar and Ulrich, 2003). A small changing of 

solution pH may reduce available surface area to the growth unit. It was caused by 

changes significantly in the zeta potential of the particle leading to the eventual 

destabilization of suspension by aggregation (Bouropoulos and Koutsoukos, 

2000).  

To investigate the effect of supersaturation on the formation of struvite, the 

disappearance of ortho-phosphate ions were monitored during the experimental 

run. As shown in Figure 6.6, the percentage removal of PO4 increased with 
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increase in supersaturation at a constant solution pH of 8 and it is more significant 

at higher supersaturation.   

 

Figure 6.6 Effect of supersaturation on the removal of PO4 under constant solution 

pH 8, agitator speed 120 rpm and temperature 25
O
C for 2 hours process 

 

Figure 6.6 shows different results obtained for the percentage PO4 removal at 

constant pH experiments. The percentage PO4 removal was always higher for 

constant pH (at pH 8) experiments and more significant at higher supersaturations.  

The change of solution pH was an indicator of struvite nucleation (see Chapter 5). 

As struvite precipitates, it triggers a release of proton ions in solution and hence a 

change in pH occurs during the nucleation process. The drop in pH is 

characteristic of the speed at which the first crystals of struvite occurs and is 

linked to the rate of struvite formation. Figure 6.7 shows the change in solution 

pH with time for range of supersaturation 2.2 – 10. It was found that the increase 

in supersaturation leads to an increase in the change of solution pH and a 

reduction in induction time (Figure 6.7).  
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Figure 6.7 Change of solution pH with time at various supersaturation 

 

From this experiment, the PO4 concentration of 2 mMol/L (189.9 mg/L) was 

chosen for conducting experiments on the effect of solution pH on     removal 

by struvite crystallisation (Figure 6.8). The decay of supersaturation of PO4 

concentration in bulk solution reached steady state at 30, 40, and 60 min after the 

addition of seed crystal at a pH of 8.0, 8.5 and 9.0 respectively. For solution pH 8, 

12.6% of PO4
 
was removed from the solution. Percentage removal of PO4 

increased significantly with higher solution pH. Increasing solution pH from 8 to 

9 increased PO4 removal to 58.9 %. It can be seen that operating the crystallizer at 

pH 9.0 becomes imperative for higher PO4 removal (Adnan et al., 2004). On the 

other hand, the low pH may be an option to prevent scale formation of struvite 

crystals in wastewater treatment.  
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Figure 6.8 Effect of solution pH on PO4 removal 

 

Figure 6.9 shows that the higher PO4 removal efficiency occurred at higher 

solution pH with faster rate. The kinetic experimental data were plotted as ln (Ct – 

CS) versus time (t) generates straight line with different slopes which are shown in 

Figure 6.9(a), 6.9(b) and 6.9(c), respectively. Further, the values of linear 

regression coefficients (R
2
) indicate the applicability of first-order kinetic model 

to the experimental observation. The estimated rate constants were 3.7, 5.1 and 

6.9 hr
-1

 for solution pH of 8.0, 8.5 and 9.0, respectively. The results indicate that 

increasing solution pH increases the rate of struvite crystallisation. However, the 

increasing rate of crystallisation was indicated by increasing supersaturation due 

to change in solution pH. Based on calculation by using PhreeqC model, the 

changing initial solution pH increased supersaturation from 1.23 to 10.23.   
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a b c 

Figure 6.9 Plot of ln (C – Ce) versus time for pH 8.0, 8.5, and 9.0 at 25
O
C and 120 rpm 
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Further investigation, in the present study, predicted rate of struvite crystallisation 

at the same supersaturation. This investigation was to identify the rate of struvite 

crystallisation at different solution pH. The supersaturation was chosen at S of 

2.04 which is close to solubility of struvite crystals. Thus, rate of struvite 

crystallisation is slow and easily identified as secondary nucleation. Based on 

PhreeqC model calculation, the concentration of Mg, PO4 and NH4 conducted in 

batch crystalliser was 1.03 mMol/L, 1.54 mMol/L and 2.5 mMol/L for a solution 

pH 9.0, 8.5 and 8.0, respectively. The supersaturation was monitored during the 

experimental run by monitoring concentration of Mg, PO4 and NH4 over the 

period of time. The PhreeqC model was used to calculate decreasing 

supersaturation. The experimental results can be seen in Table C2.1 of Appendix 

C and the results are presented in Figure 6.10. 

The effect of solution pH on the decay of supersaturation in solution is shown in 

Figure 6.10. It can be seen from the plots that with increasing solution pH, the 

supersaturation decreases faster. The marked dependence of growth rate on pH 

values is probably due to the change of surface charge on crystal surface (Tai et 

al., 2006b, Stubičar et al., 1993). Similar observations were reported by Rahaman 

et al., (2008) for different system. 

 

Figure 6.10 Effect of pH on the decay of supersaturation curve for 

supersaturation, temperature and stirrer speed of 2.04, 25
O
C and 120 rpm, 

respectively. 
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Subsequently the experimental data were fitted with both first-order (Eq. (6.9)) 

and second-order kinetics (Eq. (6.11)) and these are shown in Figure 6.11(a) and 

11(b), respectively. The higher value of linear regression coefficient (R
2
) showed 

that the decay of relative supersaturation followed first order kinetics which also 

confirms the high dependence of growth observed at higher stirrer speeds. The 

fitted rate constants (k1) for first-order kinetic model were 3.0, 4.3 and 5.8 hr
-1

 for 

a solution pH of 8.0, 8.5 and 9.0, respectively. Similar trend was observed by 

Nelson et al. (2003). The obtained first order rate constant from this study was 5.8 

hr
-1

 at a solution pH of 9.0 which comparatively lower value with 12.3 hr
-1

 

reported by Nelson et al., (2003). This lower value in rate constant is 

advantageous for crystalliser design. The lower rate constant reported in the 

present study is most likely a result of different supersaturation in the 

measurement. 

 



 

156 
 

 

  

  

(a) (b) 

Figure 6.11 Comparison of the kinetic equation between (a) first-order kinetic and (b) second order kinetic (b) at supersaturation = 2.04 

25
O
C and 120 rpm 

R² = 0.98 

R² = 0.97 

R² = 0.98 
-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

0 10 20 30 40 50 60 70

ln
 (

S t
 - 

1
) 

 

Time, t (min) 

pH 8 pH 8.5

pH 9.0

R² = 0.8673 

R² = 0.7586 

R² = 0.7062 

-10

0

10

20

30

40

50

0 10 20 30 40 50 60 70

1
/(

S t
 - 

1
) 

 

Time, t (min) 

pH 8

pH 8.5

pH 9.0

1
5

6
 

 



 

157 
 

 

The struvite growth rate at various supersaturation, S, from 2.04 to 10.00, were 

measured for three different solution pH, i.e., 8.0, 8.5 and 9.0 conducted in batch 

crystallizer at 120 rpm and 25
O
C. The seed crystals suspended in the solution was 

100 mg with an average size of 43.5 µm. During the experimental run, the 

solution was maintained at constant pH by addition of NaOH. The experimental 

results can be seen in Table C2.2 of Appendix C. Based on power law expression 

(Eq. 6.17), results of crystal growth measurement versus supersaturation for 

struvite are presented in Figure 6.12. It can be observed that the growth rate 

increases with increase in supersaturation for all solution pH range. This is 

because of increasing concentration driving forces. Furthermore, at given 

supersaturation, increasing solution pH increased growth of struvite crystals. For 

supersaturations from 2.04 to 10.00, the growth of struvite crystals increased with 

increase in solution pH. The growth rate constants were estimated from model 

fitting Eq. (6.17) (Figure 6.12) and the fitted kinetic parameters are presented in 

Table 6.2.  

 

Table 6.2 Fitted growth mechanistic model fitted parameters for different solution 

pH  

Solution 

pH 

Mean saturation 

concentration 

(CS), mMol/L 

Growth Parameters 

(Eq. 6.17) 

Overall Mass 

Transfer Coefficient 

(Eq. 6.15) 

g      
  , 

m/s 

R
2 

     
  

, m/s 

8.0 

8.5 

9.0 

1.9 

1.2 

0.8 

1.1 

1.2 

1.3 

1.1 

2.3 

3.3 

0.96 

0.95 

0.97 

0.2 

0.7 

1.4 

 

High linear regression coefficient (R
2
) indicates the applicability of power law 

struvite kinetics model. According to Nielsen and Toft (1984) the growth 

mechanism from surface integration (n = 2) to controlled diffusion  (n = 1) was 

observed as the supersaturation of the solution increased, which was explained 

due to the increase of the mass transfer rate (KL). In the present study, the growth 

kinetic order indicated that the crystallisation induced by struvite seed crystals 

indicated the process is controlled by the diffusion step for all solution pH. The 

rate constants were found to be a function of solution pH (Table 6.2). The rate 
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constant (KG) value increases with increasing solution pH. The value of KG under 

various process condition (Table 6.2) is very much comparative to the value 

reposted by many other investigation for different struvite formation system 

(Mehta and Batstone, 2013, Matynia et al., 2006, Koralewska et al., 2007, Hutnik 

et al., 2013). The increase in the rate of crystal growth was attributable by increase 

in rate of desupersaturation. The increased decay of supersaturation rate would 

give more mass transfer (KL) in which crystal growth could take place. Further, 

Table 6.2 also shows the overall mass transfer coefficient (KL) which is calculated 

by Eq. (6.15) increased with increase in solution pH. 

 
Figure 6.12 Crystal growth rate of struvite as a function of supersaturation for 

three levels of constant pH at 25
O
C and 120 rpm 

 

 

6.3.4 Effect of stirrer speed 

The range of stirrer speeds selected to ensure homogeneous suspension and no 

significant breakage of the crystals were 50, 100, and 120 rpm. Seed sizes were 
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analysing the resultant crystals for their size distribution (Figure 6.13). Figure 

6.13 clearly shows that crystal size distribution for seed crystals and stirrer speed 
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were not significantly changed. Thus the selected stirrer speeds were in the range 

50 to 120 rpm.    

In this study, the solution supersaturation was calculated by adjusting the 

concentration of Mg, PO4 and NH4 at constant pH. The solutions of Mg:NH4:PO4 

were made in a theoretical equimolar ratio of 1:1:1 To investigate the effect of 

stirrer speed on the formation of struvite, the supersaturation was monitored 

during the experimental run by measuring concentrations of Mg, PO4 and NH4. 

 

Figure 6.13 Crystal size distribution conducted with saturated solution at different 

stirrer speeds for 15 minutes 

 

According to plotting Table C3.1 of Appendix C, the decay of supersaturation 

during crystallisation is shown in Figure 6.14. The decay of supersaturation 

curves for different stirrer speeds show that decay of supersaturation is a strong 

function of the stirrer speed. It can be observed that the induction period is 

significantly affected by stirrer speed. The decay of supersaturation curves show 

that the induction time of secondary nucleation at low stirrer speed of 50 rpm was 

10 min but dropped to about 1 min for 100 and 120 rpm. This shorter induction 

time indicated higher rates of secondary nucleation at higher stirrer speeds. Higher 

speeds caused higher fluid and seed velocities, increasing the frequency of crystal-

crystal, crystal-impeller, and crystal-crystallizer surface collisions, thereby 

causing higher rates of secondary nucleation as reported by Frawley et al., (2012). 
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After the induction time, crystal growth continued until equilibrium is reached. 

The equilibrium time of struvite crystallisation was determined when the 

supersaturation did not change anymore with time. For the three stirrer speeds 

studied, 50, 100, and 120 rpm, the equilibrium time was 60, 45, and 40 minutes, 

respectively, from the point of seed introduction into the crystallizer. Figure 6.14 

also showed that more growth occurred at higher stirrer speeds as the slope of the 

supersaturation curve was steeper for higher stirrer speeds. 

 
Figure 6.14 Decay of supersaturation curves of struvite crystallisation at 

supersaturation 2.04 for different values of stirrer speeds at pH 9 and temperature 

25
O
C. 

 

The experimental data were fitted with both first-order (Eq. 6.5) and second-order 

kinetics (Eq. 6.7) and these are shown in Fig. 6.15(a) and 6.15(b), respectively. 

The value of linear regression coefficient (R
2
) resulting from Figure 6.15(a) 

showed that the decay of supersaturation followed first order kinetic model. It 

confirmed that the high dependence of growth observed at higher stirrer speeds. 

The experimental results agreed with the first-order kinetic model prediction. 

Similar trend in the variation of the rate constant was observed by Nelson et al., 

(2003) and Quintana et al., (2005)  The rate constants resulting from different 
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stirrer speeds at supersaturation 2.04 are 2.6, 3.7 and 5.8 h
-1

 for 50, 100, and 120 

rpm, respectively. A significant increase in value of k is caused by higher 

turbulence level in the system resulted by agitation (Uludag-Demirer et al., 2005). 

In addition, the higher agitation resulted in a thinner boundary layer as growth is 

mass transfer controlling.  
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a b 

Figure 6.15 Comparison of the kinetic equation between (a) first-order kinetic and (b) second order kinetic at supersaturation 2.04, pH 9, 

25
O
C, 100 mg of seed loading and 43.5 µm seed size 
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Experiments were also conducted for different stirrer speed, namely, 50, 100, and 

120 rpm, at solution pH 9 in the crystallizer loaded with an appropriate amount of 

100 mg of 43.5 µm struvite seeds. The plotting from Table C3.2 of Appendix C 

are shown in Figure 6.16. The crystal growth rates increased with increase in 

supersaturation for all stirrer speeds. For a given supersaturation, the crystal 

growth rates increase with increase in stirrer speed. At higher supersaturations, the 

crystal growth rates significantly increased with increase in stirrer speed. 

However, an increasing stirrer speed is not always advantageous in an operation, 

since increasing stirrer speed can cause crystal breakage and consume more 

energy. In this case, it is caused by collisions amongst crystals, collision of crystal 

with wall of the crystallizer, baffle and impeller surface. On the other hand, at 

lower stirrer speed, during the experiment runs, not much crystals mass was 

visible in suspension zone. In suspension zone, having higher supersaturation, is 

favourable for the faster growth of the small crystals. When the small crystals 

grow to larger crystals, the larger crystals have higher settling velocities and need 

larger stirrer speed to stay in solution. As a result, the relative speed, resulted by 

stirrer, between the crystals and the solution will increase with increasing crystal 

size and leads to a faster mass transfer step in the case of larger crystals, i.e. faster 

growth (Bhuiyan et al., 2008).  

The fitted growth model parameters are shown in Table 6.3 which indicates that 

the crystal growth rate increased with increase stirrer speeds. The growth rate at 

different stirrer speed was predicted by using power law expression of Eq. (6.17). 

The growth rate order changes between 1.2 and 1.3 with increased stirrer speed in 

struvite system (Table 6.3). These values indicate that crystal growth of struvite is 

controlled either by a combination of controlled diffusion step I and surface 

integration at step II. Moreover, the constant value of KG and KL increased with 

higher stirrer speed (Table 6.3). It is evident that growth rate of struvite crystal 

increased with stirrer speed. In this case, it is caused by collisions amongst 

crystals, collision of crystal with wall of the crystallizer, baffle and impeller 

surface. On the other hand, at lower stirrer speed, during the experiment runs, not 

much crystals mass was visible in suspension zone. Higher supersaturation is 

favourable for the faster growth of the small crystals. When the small crystals 
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grow to large crystals, the large crystals have higher settling velocities and need 

larger stirrer speed to be stay in solution. As a result, the relative speed, resulted 

by stirrer, between the crystals and the solution will increase with increasing 

crystal size and leads to a faster mass transfer step in the case of larger crystals, 

i.e. faster growth rate (Bhuiyan et al., 2008). 

 
Figure 6.16 Crystal growth rate of struvite as a function of supersaturation for 

three levels of stirrer speeds at 25
O
C and pH 9 

 

Table 6.3 Fitted growth mechanistic model fitted parameters for different stirrer 

speed  

Stirrer 

Speed, 

(RPM) 

Mean saturation 

concentration 

(CS), mMol/L 

Growth Parameters (Eq. 6.17) 

Overall Mass 

Transfer Coefficient 

(Eq. 6.15) 

g 
     

  , 

m/s 
R

2      
  

, m/s 

50 

100 

120 

0.8 

0.8 

0.8 

1.21 

1.36 

1.36 

0.5 

1.6 

3.3 

0.98 

0.97 

0.98 

0.2 

0.7 

1.4 

 

 

In order to investigate the effect of the stirrer speed on overall crystal growth rate, 

samples were withdrawn and analysed by a Malvern Analyser at different time 
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intervals during the crystallisation. The time evaluation of the crystal size 

distribution obtained are shown in Figure 6.17.  

Figure 6.17 indicates that the seed crystals (0 minute) in the batch crystallisation 

grew to larger crystals, as indicated by the CSD moving towards the larger sizes 

with time. However, the overall crystal growth rates are different for different 

agitator speeds. At lower agitator speed (Figure 6.17.A), crystal growth rate 

decreased when compared with higher stirrer speeds (Figure 6.17.A.B). During 

the experimental run, it was observed that at lower agitator speeds the crystals 

were more located at the bottom half of the crystallizer. In this case, the complete 

suspension was not achieved, so the seed crystals were not suspended in an 

environment of higher supersaturation resulting in lower growth rate. 

The CSD move towards coarser fraction as impeller speed increased. It indicates 

that at higher stirrer speeds the hydrodynamic conditions are more suitable for 

crystal growth. In this case, the agitation condition provided the state of complete 

suspension of crystals particle and the maximum surface area of the crystals is 

exposed to the solution for mass transfer. Therefore, at higher speed it could cause 

crystal breakage, which is by collision between crystals and wall of the 

crystallizer, impeller or other crystals. 
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A 

 

B 

 

C 

 

Figure 6.17 Crystal size distribution of struvite crystals at different growth times 

for various stirrer speeds: (A) 50 rpm; (B) 100 rpm; and (C) 120 rpm 
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6.3.5 Effect of temperature on struvite crystal growth kinetics 

The effect of solution temperature on the decay of supersaturation of struvite was 

investigated in this study at 20, 25 and 30
O
C. The struvite growth rates were 

measured in the supersaturation range under the influence of three levels of 

temperatures of 20, 25 and 30
O
C with operating condition fixed as follows: pH 9, 

120 rpm and 43.5 µm of seed size. Figure 6.18 show that increasing temperature 

from 20
O
C to 30

O
C greatly enhances the growth rate of struvite from solution. 

This study showed contradictory results to the results from the experiment 

conducted by Moussa et al., (2011) where the decreasing growth rate of struvite 

was caused by different supersaturation used in temperatures range. So the 

decreasing growth rate was practically caused by difference in supersaturation. In 

present study the same supersaturation was used. The increasing growth rate may 

be caused by increasing activity of ions. At higher temperatures, the cluster 

adsorbed onto the crystal surface were more active in causing a higher surface-

integration rate (Chang and Tai, 2010).  

The data results of Table C4.1 of Appendix C which are plotted by Eq. (6.17) 

were in Figure 6.19. The plotting results which are presented in Table 6.4 shows 

that the growth rate constant (KG) increased with increase in temperature. Based 

on the cluster transformation mechanism, activation of constituent ion in higher 

temperature may provide more available clusters for growth and it is possible that 

the transformation became more significant at higher temperature (Chang and Tai, 

2010). Thus, it can be indicated that the KL values increased with increase in 

temperature (Table 6.4). 
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Table 6.4 Fitted growth mechanistic model fitted parameters for struvite crystal at 

different temperature 

Temperature 

(
O
C) 

 

Mean 

saturation 

concentration 

(CS), 

mMol/L 

Growth Parameters (Eq. 6.17) 

Overall Mass 

Transfer 

Coefficient 

(Eq. 6.15) 

g 
     

  , 

m/s 
R

2      
  

, 

m/s 

20 

25 

30 

0.7 

0.8 

0.9 

1.05 

1.36 

1.47 

2.5 

3.3 

5.2 

0.98 

0.97 

0.98 

1.2 

1.4 

2.0 

 

Figure 6.18 Decay of supersaturation curves of struvite crystallisation at initial 

supersaturation 2.04 for different temperature at pH 9 and 120 rpm. 
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Figure 6.19 Crystal growth rate of struvite as a function of supersaturation for 

three levels of temperature 

 

In order to estimate the activation energy of the growth of struvite, the activation 

energy of crystals growth, Eact, was calculated by the following Arrhenius 

equation; 

         .
     

  
/        (6.18) 

This empirical equation has been simplified: 

            
    

         
       (6.19) 

where K0 is a constant, Eact is the activation energy (J mol
-1

) for the process, and R 

is the gas constant (8.314 J/K.mol). Activation energy represents the minimum 

energy that is required for a growth struvite crystal to take place. Figure 6.20 is a 

plot of log KG versus 1000/T for growth of struvite crystal obtained in temperature 

ranged examined, and the value of activation energy of growth of struvite crystals 

Eact of 55.42 kJ.mol
-1

 were obtained by fitting the data the Arrhenius relation at 

pH 9. 
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Figure 6.20 A plot of Arrhenius Eq. (6.19) for struvite crystal 

 

6.3.6 Effect of Impurities NaCl Salts Addition on Crystals Growth Kinetics 

The presence of impurities or foreign ions in a system may enhance or suppress 

the growth. In this present study, NaCl was used as impurity in struvite system. 

Experiments were conducted for various NaCl concentrations of 0, 50, 100, 200 

and 600 ppm in aqueous solution of struvite. The experimental results can be seen 

in Table C4.2 of Appendix C. The linearized struvite kinetics plots based on 

power law expression of Eq. (6.17) were plotted with observation and are 

presented in Figure 6.21. However, fitting parameters are presented in Table 6.5. 

It was found (Table 6.5) that NaCl addition in a system can have a significant 

effect on the growth of struvite crystal. The growth rate (KG) increased with 

increase in range NaCl 50 – 600 ppm. In this situation, the NaCl addition may not 

only change the properties of solution but also alter the characteristic of the 

adsorption layer at the crystal-solution interface (Mullin, 2001). According to Tai 

et al. (2006b), the increased presence of NaCl in the system decreased the double-

layer thickness between solution and crystal, so the adsorption of growth unit on 

the crystals surface was easier under such a smaller double layer thickness. 

However, at 600 ppm NaCl obtained in the experimental study showed decreasing 
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growth rate (KG). Decreasing growth rate was caused by adsorbed NaCl on the 

crystal surface. So the crystal growth rate may inhibit. 

 

Figure 6.21 Crystal growth rate of struvite as a function of supersaturation for 

three levels of NaCl concentration at 25
O
C, pH 8.5 and 120 rpm. 

 

From Table 6.5 the growth rate order (g) was between 1.2 and 1.4. Moreover, for 

the NaCl concentration-dependent growth rate of struvite shown in Figure 6.22. 

Thus from Figure 6.22, the crystal growth process of struvite is diffusion 

controlled for NaCl addition below 100 ppm. As NaCl addition increases form 50 

– 200 ppm, the mass transfer becomes significant (KL). After the NaCl addition 

exceeds around 300 ppm, the growth rate decrease. 
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Table 6.5 Fitted growth mechanistic model fitted parameters for struvite crystal at 

different concentration NaCl 

NaCl 

addition 

(ppm) 

 

Mean 

saturation 

concentration 

(CS), mMol/L 

Growth Parameters (Eq. 6.17) 

Overall Mass 

Transfer Coefficient 

(Eq. 6.15) 

g 
     

  , 

m/s 
R

2      
  

, m/s 

0 

50 

100 

200 

600 

0.8 

0.8 

0.8 

0.8 

0.8 

1.22 

1.27 

1.33 

1.38 

1.24 

3.3 

4.8 

9.0 

10.0 

7.6 

0.97 

0.96 

0.98 

0.97 

0.97 

1.4 

2.1 

3.9 

4.3 

2.2 

 

 
 

Figure 6.22 Plots of growth rate constant versus NaCl concentration addition for 

struvite crystals. 

 

6.3.7 Struvite crystal product characteristics 

Scanning electron microscope with EDS analysis at seed and struvite product 

crystals at a solution pH of 8.0, 8.5 and 9.0 and temperature 25
O
C are shown in 

Figure 6.23(a) and Figure 6.23(b)(c),(d), respectively. The product crystals have a 

similar shape (Figure 6.23(b),(c) and (d)) to the seed crystals (Figure 6.23(a)) 

indicating there was no phase transformation during growth. Further struvite 
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crystals have a distinctive orthorhombic structure and also cube needle like 

structure shown in Figure 6.23(a) and 6.23(b),(c) and (d).  

According to EDS analysis, the phosphorus atomic concentration is equal to 

magnesium concentration. Figure 6.23(a) shows that the seed struvite crystals 

formed as no trace of other compounds have been found. The product struvite 

crystals from EDS analysis matches with seed struvite crystals. It also showed a 

composition at P, Mg and O. Struvite product when crystallisation was occurred at 

pH 9 shows that phosphorus peak was higher than magnesium peak. The 

formation of this precipitate at the surface of crystals would thus explain the 

multitude of background peak observed on FTIR pattern while struvite peak are 

identified. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

Figure 6.23 Scanning Electron Microscopy of struvite; (a) Seed crystals; (b) 

product crystal at pH 8; (c) product crystal at pH 8.5 (d) product crystal at pH 9, at 

25
O
C and 120 rpm 
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Figure 6.24 FTIR spectra of struvite crystals. (a) seed crystals; (b) product crystal 

at pH 9, 120 rpm and 25
O
C 

 

The Fourier transform infrared spectroscopy (FTIR) was used to analyse potential 

changes in the inner structure of struvite crystals. Figure 6.24 shows the FT-IR 

spectrum of struvite seed and product struvite crystal. The absorptions occurring 

at 3421, 3424.5 cm
-1

 are due to O-H and N-H stretching vibration. This also 

suggests the presence of water of hydration. The absorption occurring at around 

2921 and 2914.5 cm
-1

 is due to NH4
+
 ion (Chauhan et al., 2008). The weak bands 

appeared at 2341 cm
–1

 in the spectrum can be assigned due to H–O–H stretching 

vibrations of cluster of water molecules of crystallization. The absorption 

occurring around 1472.5 and 1434 cm
-1

 have been attributed to N-H bending 

vibration (Banks et al., 1975). The absorptions taking place at around 1057.5 and 

975.5 cm
-1

 are due to ionic phosphate (Suguna et al., 2012). A medium absorption 

band at around 771 and 778 cm
–1

 indicates the wagging modes of vibration of the 

coordinated water and the Metal–Oxygen bond in the complex. 

According to FTIR spectra patterns, as shown in Figure 6.24(a) and 6.24(b), it 

was confirmed that no substantial crystalline change was found between seed 

crystals and crystal product. However, the minor differences in the relative 
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intensities of their peaks might be attributed to differences in the degree of 

crystallinity of the samples.  

The images of the final crystals of struvite at various stirrer speeds produced by 

optical microscope are shown in Figure 6.25. There is clear evidence that stirrer 

speed has a significant influence on the final product size of struvite crystals. At 

50 rpm (Fig. 6.25(A)), the image crystals appear to be smaller, and gradually 

increase in size with higher stirrer speed (Fig. 6.25(B)(C)).   
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A 

 

B 

 

C 

 

Figure 6.25 The images of struvite crystals obtained at various stirrer speeds; (A) 

50 rpm, (B) 100 rpm, (C) 120 rpm 
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The measured CSD for the seeds and the final distribution using Malvern 

Mastersizer are shown in Figure 6.26. The results are shown in volume %, as 

obtained from the instrument and on a logarithmic size scale, to better distinguish 

the particular features of the size distributions. Figure 6.26 clearly shows that 

during the crystallization the crystals become larger with increase in relative 

supersaturation (S). Increasing final product size distribution was due to increase 

in driving force of solution.  

 

Figure 6.26 Effect of supersaturation on final product size distribution of struvite 

crystal at 25
O
C, solution pH of 8.5 and 120 rpm with seed loading 100 mg and 

mean size 24.3 µm 

 

The size distributions of final crystal products obtained at different impeller 

speeds are presented in Figure 6.27. The curves of successive cumulative 

distribution presented, clearly show that during the crystallization the crystals 

become larger with increase stirrer speed. As can be seen on Figure 6.27, it can be 

indicates that at 120 rpm the hydrodynamic condition are more suitable for crystal 

growth than 50 rpm and 100 rpm. In this case, the agitation condition of 120 rpm 

provided the state of complete suspension of sturvite crystals and the maximum 

surface area of the crystals is exposed to the solutions for mass transfer.  On the 

other hand, 120 rpm, it was not occurred crystal breakage which is caused by 

collision between crystals and walls of the crystallizer, impeller or other crystal. 

However, at 50 and 100 rpm, secondary nucleation was occurred. The 
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photographs of the final crystals of struvite obtained at various agitation speeds 

made by optical microscope are given in Figure 6.25. 

 

Figure 6.27 Effect of stirrer speed on final product size distribution of struvite 

crystal at 25
O
C, solution pH of 8.5 and relative supersaturation 2.04 with seed 

loading 100 mg and mean size 24.3 µm 

 

XRD data indicated single–phase struvite (orthorhombic) space group with the 

experimental lattice parameters of a = 11.215, b = 6.954, c = 6.141. In Figure 

6.28, the patterns confirmed that orthorhombic struvite was dominant crystal 

phase and no difference in the XRD pattern observed for seed crystals and product 

crystal. Similar observation was reported by many investigators (Mehta and 

Batstone, 2013, Bouropoulos and Koutsoukos, 2000, Bhuiyan et al., 2008). 
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Figure 6.28 XRD trace for seed crystals and struvite product at different pH 

 

6.4 Summary  

 The impacts of physico-chemical process parameters such as seed loading, 

temperature, solution pH, stirrer speed, and impurities on struvite crystal 

growth mechanism have been successfully investigated.  

 The kinetic rate of decay of supersaturation was identified by using 

supersaturation 2.04 which is close to solubility curve. Seed loading may 

increase rate of struvite precipitation.  

 The pseudo-first order and pseudo-second order kinetic models were 

employed to analyse the rate of decay of supersaturation data of solution pH, 

temperature and stirrer speed and much useful kinetic information are 

revealed.  

 The experimental results agreed with the first-order kinetic model prediction. 

The obtained rate constant, k, can be used to explain the struvite precipitation 

behaviour. In the batch stirrer crystalliser, struvite precipitation was strongly 

dependent of solution pH, temperature and stirrer speed.  
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 A classical diffusion-reaction mass transfer crystal growth mechanism is 

applicable under various physico-chemical parameters. Several process 

variables were investigated such as solution pH (8 – 9), temperature (20 – 

30
O
C) stirrer speeds (50 – 120 rpm) and presence of impurities (50 – 200 ppm 

NaCl). The various growth kinetic parameters and overall mass transfer 

coefficients under various process conditions have been determined. However, 

the NaCl addition exceeds 100 ppm, the growth rate of struvite was constant.  
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CHAPTER 7  

EFFECT OF VARIOUS PROCESS PARAMETERS ON 

THE DISSOLUTION KINETICS OF STRUVITE 

CRYSTALS IN WATER 

 

7.1 Introduction 

Struvite (MgNH4PO4.6H2O) is a crystal that is often found in wastewater 

treatment plant. Struvite crystals are often found in wastewater treatment plant 

and the deposit increases operating cost of industrial equipment, such as pump, 

aerator, centrifuge, and other equipment in the wastewater treatment plant. On the 

other hand, struvite has economic value that can be used as fertilizer.  

Dissolution of struvite has been studied from different point of view and its 

chemical and physical properties have been clearly described (Bavic-Ivancic et 

al., 2002). Struvite dissolution reaction can be described using 

                  
      

      
          (7.1) 

Many studies on the dissolution of struvite crystals in various media have been 

found in literature. As described in Section 2.8.6.   

In this study, the dissolution kinetics of struvite crystals in deionized water (pH 7) 

was studied. An analytical equation describing the relationship between the solute 

concentration and the dissolution time was determined. Effect of stirrer speeds, 

temperature and crystal size was also studied. Activation energies, from either 

diffusion-controlled or interfacial-reaction-controlled were accounted for by using 

dissolution rate equations.  

 

7.2 Mass transfer theory on dissolution kinetic of struvite seed crystals 

Dissolution process is controlled by the affinity between the solid and solvent. 

The Nernst-Brunner stagnant film theory noticed that dissolution of a solid in a 

liquid can be described as the transfer of solute from the solid surface into the 

surrounding solvent (Banakar, 1992). The dissolution kinetics is described in 

Section 2.7. The kinetics of dissolution can be predicted by using Eq. (7.2) and 

Eq. (7.3) 
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    (     )        (7.2) 

where KL is mass transfer coefficient for crystal dissolution (m/s) and a is surface 

area of crystal (m
2
/m

3
). If KL.a is volumetric mass transfer coefficient, it is equal 

to K, so Eq. (7.2) can be written as below 

   
  
⁄   (     )       (7.3) 

   
(     )
⁄            (7.4) 

which on integration yield 

  (     )                 (7.5) 

Where K is appearant dissolution rate constant (s
-1

) 

The above mechanistic power law dissolution rate equation was fitted with our 

batch struvite crystalliser experimental data. The slope of plot between log (CS –

Cb)  versus t gives the value of  K value at different physico-chemical parameters. 

The value of KL can be predicted from K value.  

 

7.3 Experimental 

Struvite crystals were first prepared by crystallisation from aqueous 

supersaturated solution using a jacketed glass batch crystallizer with a working 

volume of 1000 ml at 25
O
C and pH 9. The reagent salts used to prepare the 

supersaturated solution were analytical grade magnesium chloride (MgCl2) and 

ammonium dihydrogen phosphate (NH4H2PO4). Sodium hydroxide (NaOH) was 

used to adjust solution pH. MgCl2 was obtained from Sigma and NH4H2PO4 was 

obtained from Perth Scientific Australia. All chemicals were used without further 

treatment. Double distilled water was used for all solution preparation. pH was 

measured by an Orion pH meter. After the solutions were mixed in the 

crystallizer, seed crystals were introduced to produce larger crystals that were 

used for dissolution studies. The crystals were dried at room temperature for 24 

hours. The crystals sizes were measured by laser diffraction with a Malvern 

Master Sizer 2000 at the end of crystallisation. These crystals were used with an 
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average size L for dissolution studies. The Fourier transform infrared 

spectroscopy (FTIR) was used to analyse potential changes in the inner structure 

of struvite crystals. 

The dissolution of struvite crystals was studied in the same crystallizer used to 

crystal growth study. The experimental study is described in Section 3.8. Analyses 

for ammonium and phosphate were made using UV-spectrophotometer (see 

Section 3.2.4.2 and Section 3.2.4.3, respectively). Magnesium analysis was 

performed by atomic absorption spectrophotometry (see Section 3.2.4.1). 

 

 

7.4 Results and Discussion 

7.4.1 Dissolution of struvite crystals in deionized water  

The dissolution rate of struvite seed crystals was investigated as a function of time 

by changing the concentration of ions of struvite in deionized water at a solution 

pH of 7 which is shown in Figure 7.1. The dissolution rate was evaluated by 

measuring three different ion concentrations Mg
2+

,    
  and    

  in bulk solution 

with different time interval. The total concentration of struvite in solution was 

evaluated by calculating the average of these three ion concentrations (see Table 

D1.1 in Appendix C). It can be seen in Figure 7.1(a) and 7.1(b) that the dissolved 

struvite concentration systematically increased with time. Figure 7.1(a) shows that 

the ion concentrations did not reach equilibrium after only 1 hour (= 60 min). 

Figure 7.1(b) shows that equilibrium was reached after 24 hours. The equilibrium 

indicated that dissolution of struvite reached a solubility limit about 24 hours. The 

dashed line indicates the solubility limit. Figure 7.1(a) and 7.1(b) also shows that 

the concentration of three component of struvite ions in bulk solution are in a 

molar ratio Mg:NH4:PO4 of 1:1:1.    
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a 

 

b 

Figure 7.1 Ion concentration in deionized water during dissolution of struvite 

crystals at 25
O
C, 120 rpm, loading mass of 1000 mg and crystal size of 24.3 m  

(a) 60 min, (b) 50 h 
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7.4.2 Effect of Stirrer Speeds 

The dissolution of struvite were carried out at stirring speeds of 120, 200, 300, 

400, 500 and 800 rpm using deionized water for 60 minutes of dissolution time. 

The experiments were all conducted at 25
O
C with average seed crystals size of 

24.3 µm. The plotting data of Table D1.1 and D.22 in Appendix D are described 

in Figure 7.3. It can be observed from Figure 7.3 that increasing stirrer speeds 

consistently increases dissolution of constituent ions of struvite crystals up to 400 

rpm. Figure 7.2 drawn for the mean of total concentration of Mg, PO4 and NH4, 

shows that dissolution rate increased with increasing stirrer speed up to 400 rpm, 

but the dissolution rate was relatively stable when the stirrer speed was in excess 

of 400 rpm. This is because of convective mass transfer and decrease in boundry 

layer thickness (L).  

Figure 7.3 shows the dissolution rate mechanistic plot of Eq. (7.5) at different 

stirrer speed. The values of overall mass transfer coefficient (kL) for crystal 

dissolution of struvite determined are presented in Table 7.1. Accordingly, the 

overall mass transfer coefficient increased from            to           m/s 

with increase in stirrer speeds from 120 to 400 rpm. The dissolution rate reached a 

stable point around            m/s when stirrer speed was up to 400 rpm. The 

obtained value of KL from            to            m/s are in the standard 

range of values of liquid phase mass transfer coefficient in the range of 10
-5

 m/s 

(Dutta, 2007). The rapid increase in KL values presented in Figure 7.3 for lower 

stirrer speed up to 400 rpm can be explained by mass transfer strongly influencing 

the dissolution. At higher than 400 rpm, the boundary layer became thinner and 

dissolution rate is controlled by surface integration.     
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Figure 7.2 Concentration in deionized water during dissolution of different stirrer 

speeds at 25
O
C, 1000 mg, and 24.3 m 

 

 

Figure 7.3 Agreement of experimental data with Eq. (7.5) model for different 

stirrer speed 
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Table 7.1 The overall mass transfer coefficient (KL) for crystal dissolution of 

struvite on different stirrer speed at 25
O
C 

Stirrer Speed 
     

   
(m/s) 

R
2
 

120 1.6 0.99 

200 2.4 0.99 

300 4.4 0.98 

400 5.4 0.98 

500 5.6 0.97 

600 5.8 0.99 

800 6.0 0.98 

 

The various theories of dissolution state that the stirring condition can 

significantly affect diffusion-controlled dissolution, because the thickness of the 

diffusion layer is inversely proportional to stirrer speed (Banakar, 1992). 

According to Masuda et al., (2006), the dissolution rate can be correlated with the 

stirring rate, 

    ( )
          (7.6) 

where N is the stirring rate, KL is the dissolution rate constant, and a and b are 

constant. For b = 1, the dissolution process is diffusion-controlled. The interfacial-

reaction-controlled is independent of stirring rate when b = 0. The plotting 

experimental data between KL and N can clearly be seen from Figure 7.4. It can be 

seen in Figure 7.4 that the b value was 1.1 and 0.1 for range stirrer speeds of 120 

– 400 rpm and over 400 rpm, respectively. It can be concluded that diffusion-

controlled mechanism occurred at stirrer speeds of 120 - 400 rpm and changed to 

a surface integration-controlled mechanism at over 400 rpm.   
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Figure 7.4 The relationship between the KL value and stirrer speed with 5 % error 

bar 

 

7.4.3 Temperature Effect 

The dissolution rate of struvite in deionized water at different temperatures from 

20 – 35
O
C was investigated as a function of time at 200 and 500 rpm. The seed of 

struvite crystals added in crystallizer was 1000 mg with average crystals size of 

24.3 µm. The plotting data of Table D1.3 in Appendix D are shown in Figure 7.5. 

The dissolution of struvite crystals at various temperatures showed that rate of 

dissolution increased as the temperature increased from 20
O
C to 35

O
C at 200 rpm 

(Figure 7.5). Increased temperature of solvent provides energy to the crystal to 

break the bonds holding the molecules in the solid. So, the dissolution rate 

increases with an increase in the temperature. Furthermore, the increasing 

dissolution rate causes more solvent molecules to interact with the solute 

molecules. 
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Figure 7.5 The dissolution of struvite at different temperatures at 200 rpm, loading 

mass of 1000 mg and crystal size of 24.3 m. 

 

Figure 7.6 shows the dissolution rate mechanistic plot of Eq. (7.5) at different 

temperature at 200 rpm. The fitted dissolution mechanistic various temperatures 

are presented in Table 7.2. 

 

Table 7.2 The overall mass transfer coefficient (kL) for crystal dissolution of 

struvite on various temperatures 

Stirrer speed, 

RPM 

Temperature, 
O
C 

     
   

(m/s) 
R

2
 

200 

20 2.3 0.98 

25 2.4 0.99 

30 2.9 0.98 

35 3.2 0.98 

500 

20 3.4 0.98 

25 5.6 0.98 

30 7.1 0.98 

35 9.6 0.97 
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(a) (b) (c) (d) 

 

Figure 7.6 Agreement of experimental data with Eq. (7.5) model for different temperature at 200 rpm. a. 20
O
C; b. 25

O
C; c. 30

O
C; d. 35

O
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The activation energy of dissolution process was determined from the Arrhenius 

equation: 

         (    ⁄ )       (7.7) 

            
 

     
       (7.8) 

where KL  is overall mass transfer coefficient, k0 is a pre-exponential factor, E is 

activation energy, R is gas constant (8.314 J/K.mol) and T is temperature (K). A 

plot of the logarithm of dissolution rate at various temperatures against the 

reciprocal of the absolute temperature is shown in Figure 7.7. It can be seen that 

the dissolution rate, k, increased with increasing temperature at both stirrer speeds 

of 200 rpm and 500 rpm.  

Typical values of activation energy indicate the dissolution mechanism. An 

activation energy value of between 10 and 25 kJ/mol indicates the dissolution to 

controlled by diffusion (Bavic-Ivancic et al., 2002, Demirkiran, 2009), while 

surface integration-controlled has activation energies value of above 40 kJ/mol 

(Bavic-Ivancic et al., 2002, Demirkiran, 2008, Demirkiran, 2009). According to 

Eq. 7.8, the slope of curve between log k versus 1000/T should give a straight line 

whose slope equals to –E/2.303R. Figure 7.7 shows the Arrhenius plots for 

dissolution of struvite at two stirrer speeds in deionized water. The activation 

energies derived from these curves were found as 17.92 kJ/mol and 54.56 kJ/mol 

for the stirrer speed of 200 and 500 rpm, respectively. Babic-Ivancic et al., (2002) 

studied dissolution of struvite in water using high stirrer speeds found an 

activation energy of 44.8 and 37.6 kJ/mol for rod-like and dendrites crystals, 

respectively. These high values of present study (500 rpm) may be due to 

difference types of seed crystals. The value of the activation energy in the present 

study indicates that the mechanism of struvite dissolution is controlled by 

diffusion at 200 rpm. At 500 rpm, the mechanism was controlled by surface 

integration. 

Figure 7.8 is a theoretical plot based on Eq. (7.8) describing the effect of 

temperature on dissolution rate of a surface integration-controlled mechanism 

with activation energy 54.56 kJ/mol and a diffusion-controlled mechanism with 

activation energy of 17.92 kJ/mol. The extrapolation data calculated by using both 
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activation energies were set arbitrarily so the crossing temperature would be 

around 11
O
C. Temperature of 11

O
C is a temperature transition when surface 

integration-controlled mechanism intercept with diffusion-controlled involved an 

increase in activation energy from 17.92 kJ/mol to 54.56 kJ/mol.   

 

Figure 7.7 Arrhenius plot of struvite dissolution as a function of the reciprocal of 

the absolute temperature for 200 and 500 rpm and loading mass of 1000 mg and 

crystal size of 24.3 m. 

 

Figure 7.8 Arrhenius plots of two mechanisms 
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7.4.4 Effect of crystal sizes 

Different crystal sizes were produced by seed crystals in different supersaturated 

solutions. By adjusting the concentrations of Mg
2+

,    
  and    

  ion, seed 

struvite crystals grew to produce struvite crystals of different sizes were obtained. 

The crystal size distribution profiles of each crystal suspension are shown in 

Figure 7.9. The morphology of struvite crystal produced in different concentration 

of Mg
2+

,    
  and    

  ion with low stirrer speed are shown in Figure 7.10. From 

the optical images, it was found that the crystals were the same shape, being 

needle-like in structure. The Fourier transform infrared spectroscopy (FTIR) was 

used to analyse potential changes in the inner structure of struvite crystals. 

According to FTIR spectra patterns, as shown in Figure 7.11 it was confirmed that 

no substantial crystalline change was found in the different crystal sizes. 

However, the minor differences in the relative intensities of their peaks might be 

attributed to differences in the degree of crystallinity of the samples. From these 

analyses of struvite crystals at different sizes, these crystals can be used for further 

study on effect of crystal size on dissolution of struvite.  The absorptions 

occurring at 3426 and 3430 cm
-1

 are due to O-H and N-H stretching vibration. 

This also suggests the presence of water of hydration. The absorption occurring at 

around 2921.6 cm
-1

 is due to NH4
+
 ion (Chauhan et al., 2008). The weak bands 

appeared at 2341 cm
–1

 in the spectrum can be assigned due to H–O–H stretching 

vibrations of cluster of water molecules of crystallization. The absorption 

occurring around 1472.5 and 1434 cm
-1

 have been attributed to N-H bending 

vibration (Banks et al., 1975). The absorptions taking place at around 1055.5 and 

975.5 cm
-1

 are due to ionic phosphate (Suguna et al., 2012). A medium absorption 

band at around 773 and 780 cm
–1

 indicates the wagging modes of vibration of the 

coordinated water and the metal–oxygen bond in the complex.    
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Figure 7.9 Crystals size distribution profile of struvite crystals used in the 

experiments 

 

 

 

 (a)  (b)  (c) 

Figure 7.10 Optical images of struvite crystal: (a) 24.3µm, (b) 43.5 µm and (c) 

84.8 µm 
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Figure 7.11 FTIR spectra of struvite crystals grown to different sizes 
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The effect of crystal size on dissolution rate was studied using average size 

fractions: 24.3, 43.5 and 84.8 µm. The temperature and stirring speed were kept 

constant at 25
O
C and 200 rpm, respectively. The plotting data of Table D1.4 in 

Appendix D are presented in Figure 7.12. It can be seen that the dissolution of 

struvite improved at lower crystal sizes. Struvite concentration of          

mMol/L resulted for crystal size of 24.3 m dissolved in 1 hour. In the case of the 

largest crystal fraction of 84.8 m, struvite concentration of only          

mMol/L was attained an hour. This enhance dissolution rate for smaller crystals 

can be attributed to the tremendous increase in surface area of struvite crystals 

available for dissolution and the reduced diffusion layer thickness because smaller 

crystals have higher relative velocities while suspended in the crystallizer (Hintz 

and Johnson, 1989). 

 

Figure 7.12 Effect of initial crystal size on dissolution of struvite crystals in 

deionized water at 25
O
C, 200 rpm and 1000 mg mass loading. 

 

In Figure 7.13, the solid curves show the calculated values obtained by fitting 

with Eq. (7.5), which trace well the experimental values. The fitting results can be 
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         and         for initial size of 24.3, 43.5, and 84.8 µm, respectively. 

The values of KLa decreased with an increase in crystal size, indicating that 

smaller crystals dissolve more rapidly than large crystals. However, the KL values 

are almost the same within a margin of error of 2 %. This result indicates that the 

rate of dissolution of struvite from the crystal surface does not depend on the size 

of crystals, at least for those crystals with L in the range from 24 to 85 µm. 

Similarly results have been reported by Shan et al., (2002). The experimental 

study conducted by Bhuiyan et al., (2009) on crystal size of 0.5 – 2.0 mm and pH 

6.05 the dissolution constant,           m/s. The highest value of KL (  

    m/s) due to different size of seed crystal and pH solution. Moreover, seed 

crystal size of present study was higher than Bhuiyan et al., (2009) study.  

Moreover, the KL value of present study are in the standard range of KL value of 

liquid phase reported by Dutta (2007) 

 

Figure 7.13 Agreement of experimental data with Eq. (7.5) model for different 

seed crystal size at 200 rpm and 25
O
C 
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Table 7.3 The mass transfer parameters determined from dissolution of struvite 

crystals  

Size, L       
   

Specific Surface 

Area, m
2
/g 

     
  ,(m/s) 

24.3 3.0 2.03 2.4 

43.5 2.3 1.66 2.3 

84.8 2.0 1.40 2.4 

 

 

7.5 Summary  

In this study, the dissolution rate of struvite seed crystals in deionized water was 

investigated under various process parameters. 

 The effect of stirrer speeds, temperature and crystal size on the dissolution rate 

were examined and evaluated. When struvite crystals of a given size were 

dissolved under different stirrer speeds, the dissolution rate increased with an 

increase in the stirrer speed, but reached a maximum with a stirrer speed of 

400 rpm.  

 The stirrer speed of 400 rpm is the transition point at which the dissolution 

mechanism changes from diffusion control to surface integration controlling. 

 The effect of temperature showed that dissolution rate increased with increase 

in temperature.  

 The change in activation energies as a function of stirrer speeds showed that 

the activation energy increased with increase in stirrer speed. Temperature 

transition, 11
O
C is a temperature transition when diffusion-controlled 

mechanism at 200 rpm intersects to chemical-reaction-controlled at 500 rpm 

involved an increase in activation energy from 17.92 kJ/mol to 54.56 kJ/mol.  

 The smaller the crystals, the faster the dissolution rate. This was mainly due to 

higher surface area available for dissolution with smaller crystal sizes used. 

The overall dissolution mass transfer coefficient under different physico-

chemical process parameters are obtained and are applicable for struvite 

crystallization design. 
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CHAPTER 8  

CONCLUSIONS AND RECOMMENDATIONS 

 

 

8.1 Introduction 

The solids degradation in an anaerobic digestion of wastewater treatment plant 

releases magnesium, ammonium, and phosphate ions. Under certain conditions, 

these dissolved wastewater constituents can combine to form struvite.  

Accumulation of struvite on pipe walls and equipment surface associated with 

anaerobic digestion system and post digestion processes is a well-known problem 

that plagues the wastewater treatment (WWTP) industry. Primarily, as a problem 

to eliminate or inhibit struvite formation, struvite also offers itself as a fertilizer 

which encourages wastewater treatment companies to study its possible recovery. 

For those two reasons, it has become important to study the principles of 

solubility, nucleation, growth and dissolution of struvite crystals under various 

physico-chemical parameters. 

 

8.2 Overall Conclusion 

8.2.1 Solubility Studies (Chapter 4) 

Solubility products of struvite (Ksp) were determined by using activity coefficient 

model calculated based on the Debye-Huckel theory. The Ksp values decreased 

with increase in initial solution pH from 3 to 9 with minimum Ksp value      

      at initial pH 9 and temperature 25
O
C. Ksp values increased for pH > 9. The 

effect of temperature on Ksp value in deionized water (pH 7) showed that the 

solubility increased with increasing temperature from 20
O
C to 35

O
C (Ksp values  

            to            , respectively) and then it decreases from 7.99  

       to              with temperature range 35 – 50
O
C. Based on the KSP 

value, the endothermic energy was 95.1 kJ/mol in range temperatures of 10 – 

35
O
C and exothermic energy was 76.5 kJ/mol in range temperature 35 – 50

O
C. 

The effect of common-ion on struvite solubility was conducted at various 

concentrations of NaCl, KCl and CaCl2 within a range of 0.25 – 1.5 mM at 25
O
C. 

The solubility of struvite in CaCl2 solution is the highest followed by NaCl and 
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KCl, respectively. The Gibbs free energy obtained for the salting-in effect showed 

a ∆G decrease in the following order: KCl > NaCl > CaCl2. 

 

8.2.2 Spontaneous nucleation studies (Chapter 5) 

Spontaneous nucleation was identified based on changing solution pH between 

initial solution pH and the first observed pH change. The effect of the initial 

solution pH showed that induction time decreased with increase in initial solution 

pH from 8 to 9. The rate of nucleation increased with increase in supersaturation, 

it is due to a higher driving force for mass transfer from liquid to crystal phase.  

The effect of temperature showed that the spontaneous nucleation rate increased 

with increase in temperature. The increasing nucleation rate was due to decreasing 

interfacial energy of crystals. The various calculated nucleation kinetic parameters 

resulted in decreasing nucleation constant, K, and order, n with increase in 

temperature. Activation energy calculated from experimental data was 30.1 

kJ.mol
-1

 and 24.9 kJ.mol
-1

 at pH 8 and 8.5, respectively.  

Mechanism of nucleation and thermodynamic parameters was predicted based on 

classical nucleation theory. The data resulted in two distinct linear parts showing 

the dependence of nucleation on different nucleation mechanisms such as region I 

(homogeneous nucleation mechanism) for high supersaturations and region II 

(heterogeneous nucleation mechanism) for low supersaturation.  

Effect of Cl
-
 ion in a solution by adding sodium chloride (NaCl) or potassium 

chloride (KCl) may affect the induction time. The presence of excess chloride 

ions in solution has a strong retarding effect on induction time, Na
+
 ions having a 

more significant inhibition than K
+
. The average activation energies are 64.5 and 

51.7 kJ.mol
-1

 for NaCl and KCl addition, respectively. 

The crystal morphologies for pH 8 and 8.5 without excess Cl
-
 ion showed similar 

needle-like crystal shapes and dimensions. The crystals in the presence of NaCl 

and KCl at pH 8 were similarly needle-like shape. 

 

8.2.3 Growth of struvite crystal studies (Chapter 6) 

The supersaturation used in the study was kept in the metastable zone. The growth 

of struvite crystals was conducted in a stirred seeded batch crystallizer in which 
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the effects of solution pH, temperature, impurities, crystal size and hydrodynamic 

condition on the kinetics of struvite crystal growth were investigated. All 

experimental studies showed that the kinetic rate of the decay of supersaturation 

followed first order kinetics. The growth rate of struvite crystals increased with 

increase in seed loading (40 – 100 mg), solution pH (8 – 9), temperature (20 – 

35
O
C), stirrer speed (50 – 120 rpm) and NaCl addition (50 – 200 ppm) but 

decreases with crystal size (24.3 – 84.8 m). From the growth rate order data, 

these values indicate that crystal growth of struvite is predominantly controlled by 

diffusion. 

     

8.2.4 Dissolution of struvite crystal studies (Chapter 7) 

To determine the mechanisms of dissolution process in batch crystallizer system, 

the dissolution kinetics of struvite was studied at different stirrer speeds, 

temperatures and crystal loadings. Increasing stirrer speeds consistently increases 

dissolution of constituent ions of struvite crystals up to 400 rpm and the 

dissolution rate remained relatively constant above 400 rpm. Diffusion-controlled 

mechanism occurred at stirrer speeds of 120 - 400 rpm and changed to a surface 

integration-controlled mechanism at over 400 rpm. Furthermore, the activation 

energies for both stirrer speeds 200 and 500 rpm indicate that the mechanism of 

struvite dissolution is controlled by diffusion at 200 rpm and surface integration at 

500 rpm with activation energies of 17.92 kJ/mol to 54.56 kJ/mol, respectively.  

 

8.3 Recommendations 

As is the nature of research, the present study generated some research questions 

that could not be addressed within the time allocated or were beyond the scope of 

this research work. The following recommendations are made for future research 

and include: 

 

8.3.1 Solubility of struvite crystals 

 From experimental solubility data of present study, it could be recommended 

to be simulated by using Non-random two liquid (NRTL) model. The NRTL 

model could be used for predicting the activity coefficient of electrolytes in 
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aqueous system. And this model allows the minimisation of the required 

experimental work and significantly facilitates interpolation and extrapolation 

in the range of operating conditions. 

 Analysed product crystals by using XRD are require to know characterise the 

crystallinity. At initial solution pH 11 showed that the shape of product crystal 

was hexagonal form. According to reaction (Eq. 4.12) shows that initial 

solution pH 11 may produces brucite (Mg(OH)2). So XRD analysis is needed 

to answer this question.  

 The present study showed that effect of common-ion of Cl
-
 derived from 

NaCl, KCl and CaCl2 can increase solubility of struvite. On the other hand, the 

present common-ions present in water is not only Cl
-
 but also the others, such 

as Fe, Mg, etc. So it could be recommended on the future work. Moreover, the 

combination common-ions mixtures in water are important to studied in 

understanding ionic equilibrium, ion-solvent and ion-ion interaction in natural 

waters. Accurate and reliable data on physicochemical properties of aqueous 

salt systems are necessary for many industrial processes where these systems 

are used as feed. Further work is recommended for solubility of struvite study 

with using multicomponent electrolyte mixtures in water.  

 

8.3.2 Spontaneous nucleation of struvite crystals 

 Spontaneous nucleation of struvite crystals was influenced by solution pH, 

temperature and impurities. The raw materials of present study used synthetic 

solution. Further work is recommended to investigate spontaneous nucleation 

of struvite by using real wastewater from a wastewater treatment plant.    

 

8.3.3 Growth of struvite crystals 

 The growth of struvite crystal study was attempted to explore the effect of 

solution pH, temperature, impurities, crystal size and hydrodynamic condition 

on the struvite crystallisation especially on the kinetics of struvite crystal 

growth. All experimental studies showed that crystal growth of struvite is 

predominantly controlled by diffusion based on the first order growth rate 

results obtained. For further investigation, the morphology of the struvite 
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crystals grown is also observed by in-situ optical microscopy, scanning 

electron microscopy (SEM) and atomic force microscopy (AFM) to elucidate 

the crystal growth mechanism to verify if crystal growth is diffusion or surface 

integration controlled.  

 The effect of other impurities present in the waste water such as calcium, 

potassium and others in a stirred batch crystallizer at different condition (such 

as temperature, supersaturation and solution pH) should be investigated. 

 

8.3.4 Dissolution of struvite crystals 

 Dissolution of struvite crystals has been investigated by using water at 

different conditions, such as stirrer speed and temperature. Previous 

dissolution study used hydrochloric acid (HCl) to investigate dissolution of 

struvite (Bhuiyan et al., 2009). On the other hand, HCl has a high corrosive 

effect. Further work is recommended by using various ammonium salts of 

inorganic acid (such as ammonium acetate) or organic acids (acetic acid and 

citric acid).  
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Nomenclature 

Greek Notation 

     : ion activity 

     : chemical potential difference per solute molecule 

       : area and volume shape factor 

     : interfacial tension/energy 

γhet   : heterogeneous interfacial energy 

γhom   : homogeneous interfacial energy 

    : wetting angle 

  

  
    : concentration gradient 

a    : area shape factor 

v    : volume shape factor 

c    : crystal density 

υm    : the molecular volume of struvite  

(= molar volume/(Avogadro‟s number x density x number 

of ions in formula unit) =                   ) 

 

 

General Notation 

 

A    : frequency constant 

A    : surface area of suspended crystal (m
2
) 

Ac    : area of a single crystal 

B   : constants according to the nucleation classical theory 

Bhom   : constants according to the nucleation classical theory  

  (homogeneous nucleation) 

Bhet   : constants according to the nucleation classical theory  

  (heterogeneous nucleation) 

C    : bulk solute concentration 

  medium (mol)  

Cb    : concentration of drug in solution (dissolution medium) at  
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  time t.   

Ci    : solute concentration in the solution at crystal solution  

  interface 

CS    : saturation concentration or solubility in the dissolution  

C
*
    : equilibrium saturation concentration 

Cl
-
    : molar concentration of chlorine in solution  

Cl
-
eqm    : chlorine introduced in solution through the equimolar feed 

c    : solution concentration 

c
*
    : equilibrium saturation at given temperature T 

dL    : changing size of crystal 

dt    : changing time 

  

  
   : changing concentration per time 

    : excess ion 

       : activation energy (J/mol) 

    : linear crystal growth velocity (length/time) 

g    : order of the overall growth process 

     : Gibbs free energy 

      : volume free energy 

      : surface free energy 

        : gibbs free energy for homogeneous nucleation 

        : gibbs free energy for heterogeneous nucleation 

 

      : ion activity product of the lattice ions in solution 

J   : rate of nucleation 

k    : rate constant 

k1    : first-order constant 

k2    : second-order constant 

n    : order of reaction 

     : solubility product in term of concentration 

KG    : overall growth rate constant 

      : solubility product in term of ion activity 

KL    : overall mass transfer coefficient 
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Kd    : dissolution rate constant (m/s) 

kd    : coefficient of mass transfer by diffusion 

      : nucleation rate constant  

kr    : rate constant for surface reaction (integration) process 

mc    : mass of a single crystal 

NA    : Avogadro number 

n    : the kinetic order  

    : gas constant (8.314 J/K.mol) 

     : critical size of lattice 

    : supersaturation 

     : saturation index 

Si    : supersaturation at time t=0 

Saq    : solubility of struvite in pure water  

Ssalt    : solubility of struvite  in aqueous chloride 

St    : supersaturation at time t  

    : absolute temperature 

tg    : time required  nucleus to grow to a detectable size 

       : induction time 

tn    : formation of a stable nucleus time  

tr    : relaxation time 

V    : volume of liquid (m
3
) 

Vc   : volume of singe crystal 

Vm    : molar volume 

z
+
 and z

-
  : valencies of the ions 

,    -  : magnesium ion concentration  

,   
 -  : ammonium ion concentration 

[   
  ]  : phosphate ion concentration 

       : enthalpy energy  

 

 

  



 

224 
 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix A: Solubility Studies 
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A1. Solubility data in various solution pH and temperature 

 Example of Solubility Calculation 

Weight of Initial sturvite before solubility process
d)

  = 0.0403 g 

Weight of filter paper
a)

     =  22.0341 g 

Struvite crystals were agitated for 24 hours into water of 100 ml. After 24 hours 

sturvite was filtered and dried.  

Weight of crystal and filter paper after drying
b)

 = 22.0453 g 

Weight of struvite crystal left on filter paper
c)

 = 22.0453 g  – 22.0341 g  

= 0.0112 g 

Solubility of struvite      = 0.0403 g – 0.0112 g  

= 0.0291g/100ml or 

= 0.291 mg/ml or 

= 291 mg/l 

 

Table A1.1: Solubility data of struvite at 25
O
C 

Solution 

pH 

Solubility 

(mg/100ml) 

Solubility 

(mg/l) 

Mean of 

Solubility 

(mg/l) 

3.1 

29.2 292 

292 29.1 291 

29.3 293 

5.0 

21.3 213 

212 21.2 212 

21.1 211 

6.5 
18.7 187 

185.5 
18.4 184 

7.0 

17.2 172 

174 17.8 178 

17.3 173 

8.5 

17.6 176 

175 17.6 176 

17.3 173 

9.0 
18.2 182 

180 
17.8 178 

10.0 18.9 189 189 

11.0 
25.9 259 

257 
25.5 255 
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Table A1.2: Solubility data of struvite at 30
O
C 

Solution 

pH 

Solubility 

(mg/100ml) 

Solubility 

(mg/l) 

Mean of 

Solubility 

(mg/l) 

3.1 
31.6 316 

315.5 
31.5 315 

5.0 
25 250 

249 
24.8 248 

7.0 
21.8 218 

218 
21.8 218 

8.5 21.5 215 215 

9.0 
22.7 227 

227.5 
22.8 228 

10.0 23.8 238 238 

11.0 
30.7 307 

305 
30.3 303 

 

 

Table A1.2: Solubility data of struvite at 35
O
C 

pH 
Solubility 

(mg/100ml) 

Solubility 

(mg/l) 

Mean of 

Solubility 

(mg/l) 

3.1 
32.7 327 

329.5 
33.2 332 

5.0 
29.3 293 

290 
28.7 287 

7.0 
24.7 247 

247 
24.7 247 

8.5 
25.6 256 

253 
25.0 250 

9.0 
26.2 262 

261.5 
26.1 261 

10.0 
28.6 286 

283 
28.0 280 

11 
33.5 335 

332.5 
33.0 330 
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Table A1.3: Solubility data of struvite at 40
O
C 

Solution 

pH 

Solubility 

(mg/100ml) 

Solubility 

(mg/l) 

Mean of 

Solubility 

(mg/l) 

3.0 
32.1 321 

324 
32.7 327 

5.0 
26.9 269 

266 
26.3 266 

7.0 
23.1 231 

229 
22.7 227 

8.5 
23.6 236 

232 
22.8 228 

9.0 
24.1 241 

237 
23.3 233 

10.0 
25.5 255 

254 
25.3 253 

11.0 
32.0 320 

318 
31.6 316 
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A2. Solubility product calculation  

 

Figure A2.1 Solubility product and ionic strength calculation by excel program 

 

Table A2.1 Ion concentration of struvite after 24 hour solubility process at 25
O
C 

Solution 

pH 

Mg
2+

 

(mg) 

Mg
2+

, 

(x 10
-5

 Mol) 

PO4
3-

 

(mg) 

PO4
3-

, 

(x 10
-5

 Mol) 

NH4
+
, 

(mg) 

NH4
+
, 

(x 10
-5

 

Mol) 

Ksp, 

(x 10
-13

) 
pKa 

3.1 2.45 10.08 12.24 12.89 1.65 9.15 9.24 12.03 

5.0 2.00 8.23 8.45 8.90 1.4 7.76 4.52 12.34 

7.0 1.78 7.32 6.72 7.08 1.25 6.93 2.89 12.54 

8.5 1.81 7.45 6.74 7.10 1.19 6.60 2.81 12.55 

9.0 1.73 7.12 6.98 7.35 1.39 7.71 3.25 12.49 

10.0 1.68 6.91 7.01 7.38 1.89 10.48 4.28 12.37 

11.0 1.85 7.61 9.62 10.13 2.92 16.19 9.77 12.01 

 

Table A2.2 Ion concentration of struvite after 24 hour solubility process at 

different temperature and pH 7 

Temp, 

C 

Solubility, 

mg/L 

Mg
2+

 

(mg) 

Mg
2+

, 

(x 10
-5

 Mol) 

PO4
3-

 

(mg) 

PO4
3-

, 

(x 10
-5

 Mol) 

NH4
+
, 

(mg) 

NH4
+
, 

(x 10
-5

 Mol) 

Ksp, 

(x 10
-13

) 
pKa 

20 145 1.43 5.95 5.66 5.96 1.02 5.65 1.63 12.79 

25 174 1.78 7.32 6.72 7.07 1.25 6.93 2.89 12.54 

30 218 2.13 8.84 8.40 8.84 1.67 9.26 5.65 12.25 

35 247 2.39 9.83 9.55 10.05 1.88 10.42 8.01 12.10 

40 229 2.12 8.72 9.1 9.58 1.58 8.74 5.78 12.24 

45 189 1.86 7.65 7.2 7.58 1.52 8.43 3.91 12.41 

50 173 1.6 6.58 6.74 7.10 1.34 7.43 2.82 12.55 

 



 

229 
 

 

A.3. Effect of common-ion on Solubility 

 

Table A3.1 Solubility product data of struvite crystal in different KCl 

concentration 

KCl 

(mMol) 

Solubility 

(mg/l) 

Ionic 

Strength 

Ion Activity 

Product (IAP) 
Ksp (x 10

-13
) pKa 

0.00 174 0.000177 0.9324 2.88 12.54 

0.25 201 0.000455 0.8963 3.92 12.41 

0.50 219 0.000727 0.8730 4.91 12.31 

0.75 236 0.001001 0.8548 6.15 12.21 

1.00 262 0.001267 0.8391 7.01 12.15 

1.25 278 0.001533 0.8261 7.95 12.10 

1.50 289 0.001789 0.8148 8.10 12.09 

 

Table A3.2 Solubility product data of struvite crystal in different NaCl 

concentration 

NaCl 

(mMol) 

Solubility 

(mg/l) 

Ionic 

Strength 

Ion Activity 

Product (IAP) 
Ksp (x 10

-13
) pKa 

0.00 174 0.000177 0.9324 2.88 12.54 

0.25 209 0.000463 0.8955 4.39 12.36 

0.50 243 0.000748 0.8711 6.32 12.20 

0.75 259 0.001014 0.8533 7.15 12.15 

1.00 284 0.001289 0.8379 8.88 12.05 

1.25 301 0.001557 0.8250 1.00 12.00 

1.50 319 0.001825 0.8135 1.14 11.94 

 

Table A3.3 Solubility product data of struvite crystal in different CaCl2 

concentration. 

CaCl2 

(mMol) 

Solubility 

(mg/l) 

Ionic 

Strength 

Ion Activity 

Product (IAP) 
Ksp (x 10

-13
) pKa 

0.00 174 0.000177 0.9324 2.88 12.54 

0.25 225 0.000979 0.8555 4.73 12.33 

0.50 258 0.001763 0.8161 6.10 12.21 

0.75 279 0.002534 0.7881 6.85 12.16 

1.00 302 0.003308 0.7659 7.87 12.10 

1.25 326 0.004082 0.7474 9.07 12.04 

1.50 358 0.004865 0.7313 1.11 11.95 
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Appendix B: PhreeqC Model 
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B1. Supersaturation calculation with using Phreeq Model 

B1.1. Major equilibria reaction involved in the computation of solution 

SOLUTION 1 

    temp      25 

    pH        8 

    pe        4 

    redox     pe 

    units     mmol/l 

    density   1 

    P         2.63 as PO4+3 

    N(-3)     2.63 

    Mg        2.63 

    -water    1 # kg 

SOLUTION_SPECIES 

2H+ + HPO4-2 = H3PO4 

    log_k     9.37 

    delta_h   3.744 kJ 

H+ + PO4-3 = HPO4-2 

    log_k     12.37 

    delta_h   -14.769 kJ 

H+ + HPO4-2 = H2PO4- 

    log_k     7.2 

    delta_h   -4.205 kJ 

H2O + Mg+2 = MgOH+ + H+ 

    log_k     -11.44 

    delta_h   66.743 kJ 

H+ + OH- = H2O 

    log_k     14 

    delta_h   -55.906 kJ 

H2PO4- + Mg+2 = MgH2PO4+ 

    log_k     0.45 

    delta_h   14.225 kJ 

HPO4-2 + Mg+2 = MgHPO4 

    log_k     2.87 

    delta_h   13.807 kJ 

Mg+2 + PO4-3 = MgPO4- 

    log_k     4.8 

    delta_h   12.97 kJ 

H+ + NH3 = NH3H+ 

    log_k     9.24 

    delta_h   -51.92 kJ 

Mg+2 + NH3 = MgNH3+2 

    log_k     0.24 

Mg+2 + 2NH3 = Mg(NH3)2+2 

    log_k     0.2 

Mg+2 + 3NH3 = Mg(NH3)3+2 

    log_k     -0.3 

Cl- + Mg+2 = MgCl+ 

    log_k     -0.135 

    delta_h   -0.586 kJ 

 

PHASES 

Struvite 

    MgNH4PO4:6H2O = 6H2O + Mg+2 + NH3H+ + PO4-3 

    delta_h   23.62 kcal 
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    -analytical_expression -1157.45 -0.784 -63.86 

556.83 19.54 0 

End 

 

B1.2. Output from PhreeqC model 

------------------ 

Reading data base. 

------------------ 

 

 SOLUTION_MASTER_SPECIES 

 SOLUTION_SPECIES 

 PHASES 

 EXCHANGE_MASTER_SPECIES 

 EXCHANGE_SPECIES 

 SURFACE_MASTER_SPECIES 

 SURFACE_SPECIES 

 RATES 

 END 

------------------------------------ 

Reading input data for simulation 1. 

------------------------------------ 

 

 SOLUTION 1 

     temp      25 

     pH        8.5 

     pe        4 

     redox     pe 

     units     mmol/l 

     density   1 

     P         2.63 as PO4+3 

     N(-3)     2.63 

     Mg        2.63 

     water    1 # kg 

 SOLUTION_SPECIES 

 2H+ + HPO4-2 = H3PO4 

     log_k     9.37 

     delta_h   3.744 kJ 

 H+ + PO4-3 = HPO4-2 

     log_k     12.37 

     delta_h   -14.769 kJ 

 H+ + HPO4-2 = H2PO4- 

     log_k     7.2 

     delta_h   -4.205 kJ 

 H2O + Mg+2 = MgOH+ + H+ 

     log_k     -11.44 

     delta_h   66.743 kJ 

 H+ + OH- = H2O 

     log_k     14 

     delta_h   -55.906 kJ 

 H2PO4- + Mg+2 = MgH2PO4+ 

     log_k     0.45 

     delta_h   14.225 kJ 

 HPO4-2 + Mg+2 = MgHPO4 

     log_k     2.87 

     delta_h   13.807 kJ 
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 Mg+2 + PO4-3 = MgPO4- 

     log_k     4.8 

     delta_h   12.97 kJ 

 H+ + NH3 = NH3H+ 

     log_k     9.24 

     delta_h   -51.92 kJ 

 Mg+2 + NH3 = MgNH3+2 

     log_k     0.24 

 Mg+2 + 2NH3 = Mg(NH3)2+2 

     log_k     0.2 

 Mg+2 + 3NH3 = Mg(NH3)3+2 

     log_k     -0.3 

 Cl- + Mg+2 = MgCl+ 

     log_k     -0.135 

     delta_h   -0.586 kJ 

 PHASES 

 Struvite 

     MgNH4PO4:6H2O = 6H2O + Mg+2 + NH3H+ + PO4-3 

     delta_h   23.62 kcal 

     analytical_expression -1157.45 -0.784 -63.86 556.83 

19.54 0 

 End    

------------------------------------------- 

Beginning of initial solution calculations. 

------------------------------------------- 

 

Initial solution 1.  

 

-----------------------------Solution composition-----------------

------------- 

 

 Elements           Molality       Moles 

 

 Mg               2.631e-003  2.631e-003 

 N(-3)            2.631e-003  2.631e-003 

 P                2.631e-003  2.631e-003 

 

----------------------------Description of solution---------------

------------- 

 

                                       pH  =   8.500     

                                       pe  =   4.000     

       Specific Conductance (uS/cm, 25 oC) = 238 

                          Density (g/cm3)  =   0.99723 

                        Activity of water  =   1.000 

                           Ionic strength  =  7.782e-003 

                       Mass of water (kg)  =  1.000e+000 

                 Total alkalinity (eq/kg)  =  2.788e-003 

                    Total carbon (mol/kg)  =  0.000e+000 

                       Total CO2 (mol/kg)  =  0.000e+000 

                      Temperature (deg C)  =  25.000 

                  Electrical balance (eq)  =  2.474e-003 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  27.38 

                               Iterations  =   6 

                                  Total H  = 1.110254e+002 

                                  Total O  = 5.551675e+001 

 

----------------------------Distribution of species---------------

------------- 
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                                                   Log       Log         

Log  

   Species                 Molality    Activity  Molality  

Activity     Gamma 

 

   OH-                   3.477e-006  3.165e-006    -5.459    -

5.500    -0.041 

   H+                    3.433e-009  3.162e-009    -8.464    -

8.500    -0.036 

   H2O                   5.551e+001  9.999e-001     1.744    -

0.000     0.000 

H(0)            1.413e-028 

   H2                    7.067e-029  7.079e-029   -28.151   -

28.150     0.001 

Mg              2.631e-003 

   Mg+2                  1.661e-003  1.166e-003    -2.780    -

2.933    -0.153 

   MgHPO4                9.557e-004  9.574e-004    -3.020    -

3.019     0.001 

   MgPO4-                1.206e-005  1.099e-005    -4.919    -

4.959    -0.040 

   MgOH+                 1.469e-006  1.339e-006    -5.833    -

5.873    -0.040 

   MgNH3+2               5.872e-007  4.059e-007    -6.231    -

6.392    -0.160 

   MgH2PO4+              2.001e-007  1.824e-007    -6.699    -

6.739    -0.040 

   Mg(NH3)2+2            1.072e-010  7.412e-011    -9.970   -

10.130    -0.160 

   Mg(NH3)3+2            6.790e-015  4.694e-015   -14.168   -

14.328    -0.160 

N(-3)           2.631e-003 

   NH4+                  1.224e-003  1.111e-003    -2.912    -

2.954    -0.042 

   NH3H+                 1.207e-003  1.100e-003    -2.918    -

2.958    -0.040 

   NH3                   1.999e-004  2.002e-004    -3.699    -

3.698     0.001 

   MgNH3+2               5.872e-007  4.059e-007    -6.231    -

6.392    -0.160 

   Mg(NH3)2+2            1.072e-010  7.412e-011    -9.970   -

10.130    -0.160 

   Mg(NH3)3+2            6.790e-015  4.694e-015   -14.168   -

14.328    -0.160 

O(0)            1.660e-036 

   O2                    8.301e-037  8.316e-037   -36.081   -

36.080     0.001 

P               2.631e-003 

   HPO4-2                1.602e-003  1.107e-003    -2.795    -

2.956    -0.160 

   MgHPO4                9.557e-004  9.574e-004    -3.020    -

3.019     0.001 

   H2PO4-                6.086e-005  5.549e-005    -4.216    -

4.256    -0.040 

   MgPO4-                1.206e-005  1.099e-005    -4.919    -

4.959    -0.040 

   PO4-3                 3.440e-007  1.494e-007    -6.463    -

6.826    -0.362 
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   MgH2PO4+              2.001e-007  1.824e-007    -6.699    -

6.739    -0.040 

   H3PO4                 2.591e-011  2.595e-011   -10.587   -

10.586     0.001 

 

------------------------------Saturation indices------------------

------------- 

 

 Phase               SI log IAP  log KT 

 

 H2(g)           -25.00  -28.15   -3.15  H2 

 H2O(g)           -1.51   -0.00    1.51  H2O 

 NH3(g)           -5.47   -3.70    1.77  NH3 

 O2(g)           -33.19  -36.08   -2.89  O2 

 Struvite          0.86  -12.72  -13.57  MgNH4PO4:6H2O 

 

------------------ 

End of simulation. 

------------------ 

 

------------------------------------ 

Reading input data for simulation 2. 

------------------------------------ 

 

----------- 

End of run. 

----------- 
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Appendix C: Crystal Growth Studies 
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C1. Effect of seed on struvite crystals growth 

Table C1.1 Effect of seed loading on the decay of supersaturation. pH 8, 

temperature 25
O
C, seed size 24.3 m and agitator speed 120 rpm. 

Time 
Concentration (mG/L) 

SI S 
Mg PO4 NH4 

Seed Loading 100 mg 

0 2.50 2.50 2.50 0.31 2.04 

5 2.47 2.48 2.46 0.30 2.00 

10 2.43 2.45 2.40 0.28 1.91 

15 2.35 2.34 2.35 0.25 1.78 

20 2.24 2.25 2.24 0.20 1.58 

25 2.14 2.16 2.16 0.16 1.45 

30 2.10 2.12 2.11 0.13 1.35 

35 2.03 2.03 2.02 0.10 1.26 

40 1.97 1.97 1.96 0.07 1.17 

45 1.93 1.93 1.93 0.05 1.12 

50 1.90 1.90 1.91 0.04 1.10 

55 1.90 1.89 1.90 0.04 1.10 

60 1.89 1.91 1.89 0.03 1.07 

Seed Loading 40 mg 

0 2.50 2.50 2.50 0.31 2.04 

5 2.50 2.47 2.40 0.30 2.00 

10 2.47 2.48 2.35 0.28 1.91 

15 2.40 2.40 2.30 0.27 1.86 

20 2.35 2.35 2.30 0.24 1.74 

25 2.28 2.27 2.22 0.21 1.62 

30 2.32 2.21 2.20 0.18 1.51 

35 2.18 2.15 2.14 0.15 1.41 

40 2.10 2.12 2.11 0.13 1.35 

45 2.05 2.05 2.05 0.11 1.29 

50 2.00 1.98 2.00 0.09 1.23 

55 1.98 1.98 1.98 0.08 1.20 

60 1.95 1.95 1.95 0.06 1.15 
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Table C2.1 Effect of average seed size on the decay of supersaturation for a 

solution temperature, pH and seed loading of 25
O
C and 100 mg, 

respectively. 

Time 
Concentration (mMol/L) 

SI S 
Mg PO4 NH4 

24.3 µm 

0 2.50 2.50 2.50 0.31 2.04 

5 2.38 2.38 2.37 0.26 1.82 

10 2.25 2.25 2.25 0.21 1.62 

15 2.12 2.12 2.12 0.15 1.41 

20 2.02 2.02 2.02 0.10 1.26 

25 1.95 1.95 1.95 0.06 1.15 

30 1.90 1.90 1.90 0.03 1.07 

35 1.98 1.98 1.98 0.02 1.05 

40 1.85 1.85 1.85 0.01 1.02 

45 1.85 1.85 1.85 0.01 1.02 

50 1.90 1.90 1.90 0.02 1.05 

55 1.85 1.85 1.85 0.01 1.02 

60 1.90 1.90 1.90 0.02 1.05 

43.5 µm 

0 2.50 2.50 2.50 0.31 2.04 

5 2.45 2.45 2.45 0.29 1.95 

10 2.38 2.37 2.37 0.26 1.82 

15 2.30 2.30 2.30 0.23 1.70 

20 2.23 2.23 2.23 0.20 1.58 

25 2.15 2.15 2.15 0.16 1.45 

30 2.08 2.08 2.08 0.13 1.35 

35 2.05 2.05 2.05 0.11 1.29 

40 2.00 2.00 2.00 0.09 1.23 

45 1.96 1.96 1.96 0.07 1.17 

50 1.94 1.94 1.94 0.06 1.15 

55 1.93 1.93 1.93 0.05 1.12 

60 1.90 1.90 1.90 0.03 1.07 

24.3 µm 

0 2.50 2.50 2.50 0.31 2.04 

5 2.50 2.47 2.40 0.30 2.00 

10 2.45 2.45 2.45 0.29 1.95 

15 2.36 2.36 2.36 0.26 1.82 

20 2.34 2.34 2.34 0.25 1.78 

25 2.25 2.25 2.25 0.21 1.62 

30 2.20 2.20 2.20 0.18 1.51 
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35 2.13 2.13 2.13 0.15 1.41 

40 2.08 2.08 2.08 0.13 1.35 

45 2.02 2.02 2.02 0.10 1.26 

50 2.00 2.00 2.00 0.09 1.23 

55 1.96 1.96 1.96 0.07 1.17 

60 1.91 1.91 1.91 0.04 1.10 

 

C2. Effect of solution pH on struvite crystal growth kinetic 

Table C2.1 Effect of pH on the decay of supersaturation curve for supersaturation, 

temperature and stirrer speed of 2.04, 25
O
C and 120 rpm, respectively. 

Time 
Concentration (mMol/L) 

SI S 
Mg PO4 NH4 

pH 8.0 

0 2.50 2.50 2.50 0.31 2.04 

5 2.50 2.47 2.40 0.30 2.00 

10 2.47 2.48 2.35 0.28 1.91 

15 2.40 2.40 2.30 0.27 1.86 

20 2.35 2.35 2.30 0.24 1.74 

25 2.28 2.27 2.22 0.21 1.62 

30 2.32 2.21 2.20 0.18 1.51 

35 2.18 2.15 2.14 0.15 1.41 

40 2.10 2.12 2.11 0.13 1.35 

45 2.05 2.05 2.05 0.11 1.29 

50 2.00 1.98 2.00 0.09 1.23 

55 1.98 1.98 1.98 0.08 1.20 

60 1.95 1.95 1.95 0.06 1.15 

pH 8.5 

0 1.54 1.54 1.54 0.31 2.04 

5 1.49 1.49 1.49 0.28 1.91 

10 1.47 1.47 1.47 0.26 1.82 

15 1.40 1.40 1.40 0.21 1.62 

20 1.32 1.32 1.32 0.15 1.41 

25 1.27 1.27 1.27 0.11 1.29 

30 1.22 1.22 1.22 0.07 1.17 

35 1.20 1.20 1.20 0.05 1.12 

40 1.18 1.18 1.18 0.03 1.07 

45 1.17 1.17 1.17 0.02 1.05 

50 1.17 1.17 1.17 0.02 1.05 

55 1.17 1.17 1.17 0.02 1.05 

60 1.17 1.17 1.17 0.02 1.05 
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pH 9.0 

0 1.03 1.03 1.03 0.31 2.04 

5 0.97 0.97 0.97 0.26 1.82 

10 0.93 0.93 0.93 0.21 1.62 

15 0.88 0.88 0.88 0.15 1.41 

20 0.84 0.84 0.84 0.10 1.26 

25 0.81 0.81 0.81 0.06 1.15 

30 0.79 0.79 0.79 0.03 1.07 

35 0.78 0.78 0.78 0.02 1.05 

40 0.77 0.77 0.77 0.01 1.02 

45 0.77 0.77 0.77 0.01 1.02 

50 0.77 0.77 0.77 0.02 1.05 

55 0.77 0.77 0.77 0.01 1.02 

60 0.77 0.77 0.77 0.01 1.02 

 

Table C2.2 Effect of pH on crystal growth at 25
O
C and 120 rpm 

Supersaturation, S SI=log S G, (x 10
-9

 m/s) 

pH 8.0 

1.95 0.29 2.07 

2.19 0.34 2.80 

3.16 0.45 4.29 

4.47 0.65 6.05 

6.03 0.78 10.04 

10 1.00 17.50 

pH 8.5 

1.95 0.29 4.10 

2.19 0.34 9.12 

3.16 0.45 13.05 

4.47 0.65 23.19 

6.03 0.78 18.03 

10 1.00 43.00 

pH 9.0 

1.95 0.29 8.11 

2.19 0.34 15.20 

3.16 0.45 30.05 

4.47 0.65 50.19 

6.03 0.78 80.75 
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C3. Effect of stirrer speed on struvite crystal growth kinetic at pH 9 

Table C3.1 Decay of supersaturation curves of struvite crystallisation at initial 

supersaturation 2.04 for different stirrer speeds at pH 9 and 25
O
C. 

Time 
Concentration (mMol/L) 

SI S 
Mg PO4 NH4 

120 rpm 

0 1.03 1.03 1.03 0.31 2.04 

5 0.97 0.97 0.97 0.26 1.82 

10 0.93 0.93 0.93 0.21 1.62 

15 0.88 0.88 0.88 0.15 1.41 

20 0.84 0.84 0.84 0.10 1.26 

25 0.81 0.81 0.81 0.06 1.15 

30 0.79 0.79 0.79 0.03 1.07 

35 0.78 0.78 0.78 0.02 1.05 

40 0.77 0.77 0.77 0.01 1.02 

45 0.77 0.77 0.77 0.01 1.02 

50 0.77 0.77 0.77 0.02 1.05 

55 0.77 0.77 0.77 0.01 1.02 

60 0.77 0.77 0.77 0.01 1.02 

100 rpm 

0 1.03 1.03 1.03 0.31 2.04 

5 1.01 1.01 1.01 0.30 2.00 

10 0.97 0.97 0.97 0.26 1.82 

15 0.93 0.92 0.93 0.21 1.62 

20 0.89 0.89 0.89 0.17 1.48 

25 0.87 0.87 0.87 0.13 1.35 

30 0.83 0.83 0.83 0.09 1.23 

35 0.81 0.81 0.81 0.06 1.15 

40 0.79 0.79 0.79 0.04 1.10 

45 0.77 0.77 0.77 0.02 1.05 

50 0.77 0.76 0.77 0.01 1.02 

55 0.76 0.76 0.77 0.02 1.05 

60 0.77 0.76 0.77 0.01 1.02 

50 rpm 

0 1.03 1.03 1.03 0.31 2.04 

5 1.02 1.02 1.02 0.31 2.04 

10 1.00 1.00 1.00 0.29 1.95 

15 0.98 0.97 0.97 0.26 1.82 

20 0.93 0.93 0.93 0.23 1.70 
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25 0.90 0.90 0.90 0.18 1.51 

30 0.87 0.87 0.88 0.15 1.41 

35 0.87 0.87 0.87 0.13 1.35 

40 0.84 0.84 0.84 0.10 1.26 

45 0.82 0.82 0.82 0.08 1.20 

50 0.81 0.81 0.81 0.06 1.15 

55 0.79 0.79 0.79 0.04 1.10 

60 0.79 0.79 0.79 0.04 1.10 

 

Table C3.2 Effect of stirrer speeds on crystal growth at 25
O
C and pH 9 

Supersaturation, 

S 
SI=log S G, (x 10

-9
 m/s) 

50 rpm 

1.95 0.29 0.99 

3.16 0.50 2.09 

4.47 0.65 2.52 

6.03 0.78 4.50 

8.13 0.91 6.09 

10.00 1.00 7.09 

100 rpm 

1.95 0.29 3.43 

3.16 0.50 6.73 

4.47 0.65 9.54 

6.03 0.78 12.81 

8.13 0.91 22.17 

10.00 1.00 29.27 

120 rpm 

1.95 0.29 8.10 

3.02 0.48 15.14 

5.25 0.72 25.02 

8.13 0.91 50.12 

10.23 1.01 70.17 
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C4. Effect of temperature on struvite crystal growth kinetic at pH 9 and 120 rpm 

Table C4.1 Decay of supersaturation curves of struvite crystallisation at initial 

supersaturation 2.04 for different temperature at pH 9 and 120 rpm. 

Time 
Concentration (mMol/L) 

SI S 
Mg PO4 NH4 

20
O

C 

0 0.87 0.87 0.87 0.31 2.04 

5 0.83 0.83 0.84 0.27 1.86 

10 0.81 0.80 0.80 0.23 1.70 

15 0.77 0.77 0.77 0.18 1.51 

20 0.74 0.74 0.74 0.14 1.38 

25 0.71 0.71 0.71 0.09 1.23 

30 0.69 0.69 0.69 0.06 1.15 

35 0.68 0.67 0.68 0.04 1.10 

40 0.68 0.67 0.67 0.02 1.05 

45 0.66 0.66 0.66 0.01 1.02 

50 0.67 0.66 0.66 0.02 1.05 

55 0.66 0.66 0.66 0.01 1.02 

60 0.66 0.66 0.66 0.01 1.02 

25
O

C 

0 1.03 1.03 1.03 0.31 2.04 

5 0.97 0.97 0.97 0.26 1.82 

10 0.93 0.93 0.93 0.21 1.62 

15 0.88 0.88 0.88 0.15 1.41 

20 0.84 0.84 0.84 0.10 1.26 

25 0.81 0.81 0.81 0.06 1.15 

30 0.79 0.79 0.79 0.03 1.07 

35 0.78 0.78 0.78 0.02 1.05 

40 0.77 0.77 0.77 0.01 1.02 

45 0.77 0.77 0.77 0.01 1.02 

50 0.77 0.77 0.77 0.02 1.05 

55 0.77 0.77 0.77 0.01 1.02 

60 0.77 0.77 0.77 0.01 1.02 

30
O

C 

0 1.14 1.14 1.14 0.31 2.04 

5 1.06 1.06 1.06 0.24 1.74 

10 1.00 1.00 1.01 0.18 1.51 

15 0.95 0.95 0.95 0.12 1.32 

20 0.91 0.91 0.92 0.08 1.20 

25 0.89 0.89 0.89 0.05 1.12 
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30 0.87 0.86 0.87 0.02 1.05 

35 0.86 0.86 0.86 0.01 1.02 

40 0.86 0.86 0.86 0.01 1.02 

45 0.86 0.86 0.86 0.01 1.02 

50 0.86 0.86 0.86 0.02 1.05 

55 0.86 0.86 0.86 0.01 1.02 

60 0.86 0.86 0.86 0.01 1.02 

 

 

Table C3.2 Effect of temperature on crystal growth at pH 9 and 120 rpm 

Supersaturation, 

S 
SI=log S G', (x 10

-9
 m/s) 

20
O

C 

1.95 0.29 4.70 

3.02 0.48 9.01 

5.25 0.72 13.08 

8.13 0.91 20.13 

10.23 1.01 31.46 

25
O

C 

1.95 0.29 8.10 

3.02 0.48 15.07 

5.25 0.72 30.17 

8.13 0.91 50.24 

10.23 1.01 80.47 

30
O

C 

1.95 0.29 16.19 

3.02 0.48 23.30 

5.25 0.72 60.71 

8.13 0.91 100.21 

10.23 1.01 190.12 

 

 

 

 

 

 



 

245 
 

 

C4. Effect of NaCl addition on crystal growth  

Table C4.1 Effect of NaCl addition on crystal growth at pH 8.5, 120 rpm and 

25
O
C 

Supersaturation, 

S 

SI=log S G', (x 10
-9

 m/s) 

0 ppm NaCl 

1.91 0.28 4.10 

2.95 0.47 9.01 

3.80 0.58 13.18 

4.79 0.68 18.17 

6.45 0.81 27.21 

9.77 0.99 43.95 

50 ppm NaCl 

1.91 0.28 10.14 

2.95 0.47 18.71 

3.80 0.58 29.07 

4.79 0.68 32.41 

6.45 0.81 56.02 

9.77 0.99 80.16 

100 ppm NaCl 

1.91 0.28 18.53 

2.95 0.47 36.02 

3.80 0.58 50.17 

4.79 0.68 69.09 

6.45 0.81 87.56 

9.77 0.99 140.26 

200 ppm NaCl 

1.91 0.28 24.09 

2.95 0.47 48.16 

3.80 0.58 65.71 

4.79 0.68 85.07 

6.45 0.81 120.16 

9.77 0.99 241.04 
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Appendix D: Dissolution Studies 
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D1. Dissolution of struvite crystals in deionized water  

Table D1.1 Ion concentration in deionized water during dissolution of struvite 

crystals at 25
O
C, 120 rpm, loading mass of 1000 mg and crystal size 

of 24.3 m  (a) 1 hour (3600 s), (b) 50 h 

Time, S 
PO4, 

(x 10
-5

 mMol/L) 

NH4, 

(x 10
-5

 mMol/L) 

Mg, 

(x 10
-5

 mMol/L) 

Mean 

Concentration,  

(x 10
-5

 mMol/L) 

0 0.0 0.0 0.0 0.0 

10 1.6 0.8 1.1 1.2 

15 1.7 1.5 1.2 1.5 

20 2.5 2.1 1.9 2.2 

25 3.2 3.5 2.9 3.1 

30 4.4 3.5 3.5 3.9 

35 5.0 4.4 4.5 4.7 

40 5.7 5.1 5.5 5.3 

45 6.6 5.7 6.1 6.1 

50 6.8 6.1 6.4 6.4 

55 7.3 6.7 6.8 6.9 

60 7.8 7.3 7.5 7.5 

     

Time, 

hr 

PO4, 

(x 10
-4

 mMol/L) 

NH4, 

(x 10
-4

 mMol/L) 

Mg, 

(x 10
-4

 mMol/L) 

Mean 

Concentration, 

(x 10
-4

 mMol/L) 

0 0.0 0.0 0.0 0.0 

1 0.8 0.7 0.8 0.8 

2 1.3 0.9 1.1 1.1 

4 2.0 1.6 1.6 1.7 

5 2.5 2.1 2.4 2.3 

6 3.3 3.0 3.1 3.2 

8 4.0 3.6 3.8 3.8 

10 4.5 4.1 4.1 4.3 

15 5.7 5.3 5.5 5.5 

24 7.6 7.0 7.1 7.2 

36 7.5 7.3 7.6 7.5 

50 7.8 7.2 7.4 7.5 
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Table D1.2 Ion concentration in deionized water during dissolution of struvite 

crystals on different stirrer speed at 25
O
C, loading mass of 1000 mg 

and crystal size of 24.3 m  

time, 

(min) 

PO4, 

(x 10
-5

 mMol/L) 

NH4, 

(x 10
-5

 mMol/L) 

Mg, 

(x 10
-5

 mMol/L) 

Mean Concentration, 

(x 10
-5

 mMol/L) 

200 rpm 

0 0.0 0.0 0.0 0.0 

10 2.3 1.7 1.8 1.9 

15 2.9 2.8 2.8 2.8 

20 4.3 3.6 3.7 3.9 

25 5.4 4.9 5.3 5.2 

30 6.0 5.4 6.0 5.8 

35 6.5 6.4 6.5 6.5 

40 7.4 6.9 7.1 7.1 

45 8.2 8.1 8.1 8.1 

50 8.6 8.5 8.5 8.5 

55 8.9 9.3 8.4 8.9 

60 9.6 9.4 9.2 9.4 

300 rpm 

0 0.0 0.0 0.0 0.0 

10 4.2 3.7 3.8 3.9 

15 6.3 5.8 5.4 5.8 

20 7.9 7.7 7.7 7.8 

25 8.4 7.9 8.0 8.1 

30 11.6 10.6 10.4 10.9 

35 13.7 11.9 12.6 12.8 

40 14.2 13.7 13.3 13.7 

45 16.7 15.1 14.9 15.6 

50 17.3 16.4 16.2 16.4 

55 18.2 17.3 17.1 17.5 

60 19.9 18.5 18.4 18.9 

400 rpm 

0 0.0 0.0 0.0 0.0 

10 6.5 4.8 4.4 5.2 

15 7.9 6.7 6.6 7.1 

20 9.4 8.6 8.7 8.9 

25 11.4 9.7 10.6 10.6 

30 13.6 13.1 13.0 13.1 

35 15.9 15.4 15.7 15.7 

40 17.4 16.5 16.4 16.8 
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45 18.2 17.7 17.6 17.8 

50 19.4 18.8 18.6 18.9 

55 21.6 20.4 20.5 20.8 

60 24.1 23.6 23.4 23.7 

500 rpm 

0 0.0 0.0 0.0 0.0 

10 5.5 3.8 3.7 4.3 

15 6.5 5.3 5.4 5.7 

20 9.6 7.9 7.9 8.5 

25 11.6 10.4 9.3 10.4 

30 13.9 12.9 12.4 13.1 

35 15.5 14.3 14.3 14.7 

40 16.4 15.7 15.3 15.8 

45 18.6 17.8 17.0 17.8 

50 22.4 22.6 22.2 22.4 

55 23.8 23.4 22.7 23.3 

60 24.5 24.7 23.1 24.1 

800 rpm 

0 0.0 0.0 0.0 0.0 

10 5.3 5.6 5.1 5.2 

15 7.5 8.6 7.3 6.7 

20 9.8 10.4 9.6 9.7 

25 12.4 13.6 12.0 11.5 

30 14.1 15.5 13.4 13.4 

35 15.7 16.6 15.3 15.3 

40 17.8 18.5 17.4 17.5 

45 19.4 20.8 18.9 18.6 

50 22.3 23.7 21.8 21.4 

55 23.9 24.8 23.5 23.4 

60 25.1 25.9 24.8 24.7 
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Table D1.3 The dissolution of struvuite at different temperatures at 200 rpm, 

loading mass of 1000 mg and crystal size of 24.3 m. 

time, 

(min) 

Mean Concentration, (x 10
-5

 mMol/L) 

200 RPM 500 RPM 

20
O
C 

0 0.0 0.0 

10 1.2 1.9 

15 2.1 3.1 

20 2.9 4.1 

25 3.5 5.6 

30 4.1 6.3 

35 5.2 7.4 

40 5.9 7.9 

45 6.5 9.3 

50 7.3 10.0 

55 7.9 11.5 

60 8.3 12.0 

25
O
C 

0 0.0 0.0 

10 1.9 4.3 

15 2.8 5.7 

20 3.9 8.5 

25 5.2 10.4 

30 5.8 13.1 

35 6.5 14.7 

40 7.1 15.8 

45 8.1 17.8 

50 8.5 22.4 

55 8.9 23.3 

60 9.4 24.1 

30
O
C 

0 0.0 0.0 

10 2.9 7.9 

15 4.2 10.2 

20 3.9 15.1 

25 5.9 18.9 

30 7.3 20.3 
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35 8.1 22.3 

40 8.9 26.4 

45 9.6 28.8 

50 10.5 30.0 

55 11.5 32.5 

60 12.4 35.1 

35
O
C 

0 0.0 0.0 

10 4.1 9.4 

15 5.8 14.2 

20 6.9 20.0 

25 8.2 23.8 

30 9.4 30.3 

35 10.2 35.3 

40 10.9 39.4 

45 12.2 43.8 

50 13.1 48.0 

55 13.5 51.5 

60 14.1 54.5 

 

 

Table D1.4 Effect of initial crystal size on dissolution of struvite crystals in 

deionized water at 25
O
C, 200 rpm and 1000 mg mass loading. 

Time, (min) 
Mean Concentration, (x 10

-5
 mMol/L) 

24.3 m 43.5 m 84.8 m 

0 0.0 0.0 0.0 

10 1.9 1.3 1.2 

15 2.8 2.1 1.9 

20 3.9 2.9 2.4 

25 5.2 3.8 3.1 

30 5.8 4.5 3.8 

35 6.5 5.2 4.4 

40 7.1 6.3 5.2 

45 8.1 6.9 6.0 

50 8.5 7.7 6.8 

55 8.9 8.3 7.2 

60 9.4 8.7 7.8 

 


