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SUMMARY 
The aim of this TFG is to implement a laboratory-scale experimental procedure to obtain 

struvite. The work is made of two parts: a literature review and experimental synthesis of 
struvite. The first part of the work deals with a bibliographic review about struvite precipitation. 
The second part deals with the experimental synthesis of struvite based on a scientific article 
from the bibliographic review. The results of the article have been successfully reproduced. 

The bibliographic review indicates that currently fluidized-bed reactors and stirred reactors 
are the most used. However, other sort of reactors are also used, e.g. ion exchange reactor or 
electrochemical precipitation reactor. 

According to the material readily available in the research laboratory to perform the 
experiments, a discontinuous stirred reactor has been chosen for struvite precipitation. The 
experiments in this kind of reactors are simpler to model and easier to operate than fluidized-
bed reactors. 

Many researchers have performed struvite precipitation experiments in discontinuous stirred 
reactors. Not all of them are performed in the same operating conditions. After reading carefully 
several articles, the following paper has been chosen as reference model: Lee et al. (2016). 
This article claims a high recovery of phosphorus (> 90 %) and provides a quite well defined 
methodology and experimental data to be replicated. 

White solid crystals are collected and observed at microscopy. Nevertheless, the X-ray 
diffraction analysis (XRD) shows that the crystals collected are amorphous. Two key concepts 
justify this fact: the ageing and the decomposition of struvite. These concepts are not included in 
the methodology of most of the articles consulted, but they are of paramount importance. The 
ageing allows the crystals growth, meanwhile the crystals formed could decompose to other 
products, depending on the drying process. 
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A cyclic feedback between experiments and bibliographic review provides the answer to the 
unexpected amorphous XRD results. Drying the solid struvite at an oven at 50 ºC under vacuum 
decomposes the struvite (partially or totally) to amorphous magnesium phosphate. 

In order to verify this assumption, two experiments more are performed drying the solid at 
ambient temperature and keeping it in a desiccator with silica gel. Unfortunately, XRD results 
has not arrived in time to add them to this report. 
 

Keywords: Struvite, crystallization, wastewater, phosphorus recovery. 
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RESUM 
L’objectiu del TFG és implementar un procediment experimental a escala laboratori que 

permeti obtenir estruvita. El treball esta composat per dues parts: una revisió bibliogràfica i una 
realització experimental per fabricar estruvita. La primera part del treball tracta de una revisió 
bibliogràfica sobre la precipitació de l’estruvita. La segona part del treball tracta de la síntesis 
d’estruvita basat en un article científic de la revisió bibliogràfica. 

S’ha trobat a la revisió bibliogràfica que actualment el reactors llit fluïditzat i els reactors 
tanc agitat son els més utilitzats. No obstant, també s’ha vist que s’utilitzen altres tipus de 
reactors; com el de intercanvi iònic o el de precipitació electroquímica.  

D’acord amb el material disponible al laboratori de recerca per realitzar els experiments, es 
va escollir un reactor discontinu tanc agitat per realitzar la precipitació d’estuvita. Els 
experiments en aquest tipus de reactors son senzills de modelitzar i l’operació és molt més fàcil 
que els reactors llit fluïditzat. 

Molts autors han dut a terme els seus experiments de precipitació d’estruvita en els reactors 
discontinus tanc agitat, però no tots ells s’han realitzat a les mateixes condicions d’operació. 
Després de llegir amb cura diversos articles, es va escollir el següent com a model de 
referencia: Lee el al. (2016). Aquest article assegura obtenir una alta recuperació de fosfats 
(> 90 %) i proporciona una metodologia suficientment definida com per reproduir els resultats 
experimentals. 

Es van recollir uns cristalls blancs i es van observar al microscopi. No obstant, els anàlisis 
amb difracció de rajos X (XRD) van mostrar que els cristalls recollits eren amorfs. Dos 
conceptes claus justificant aquests fets: l’envelliment i la descomposició de l’estruvita. Aquests 
dos conceptes no estan inclosos en la metodologia de la majoria dels articles consultats, però 
tenen una gran importància.  L’envelliment permet créixer els cristalls, mentre que els cristalls 
formats es poden descomposar en altres productes, depenent del procés d’assecatge.  
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En la anàlisis entre dels resultats experimentals i la recerca bibliogràfica es va trobar la 
explicació als inesperats resultats dels XRD. Assecant l’estruvita sólida en un forn a 50 ºC i fent 
vuit descomposa l’estruvita (parcialment o totalment) a fosfat de magnesi amorf. 

Per tal de verificar aquesta hipòtesis, es van realitzar dos experiments més, assecant-los a 
temperatura ambient i dintre d’un dessecador amb silicagel. Malauradament, els resultats dels 
XRD no van arribar a temps per incloure-ho dintre de la memòria.  

 
 
Paraules clau: Estruvita, cristal·lització, aigües residuals, recuperació de fosfor.  
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1. INTRODUCTION 
This study deals with the recovery of phosphate from anaerobic digester centrate, which 

contains nitrogen and phosphorus, via crystallization as struvite (MgNH4PO4·6H2O). A review 
about experimental methods for struvite crystallization is performed. The recovery of phosphate 
is desired because nowadays agriculture is highly dependent on phosphate fertilizers. Most 
fertilizers are produced from non-renewable phosphate ores. 

Nowadays phosphorus is obtained by exploitation of geological sources, and this is 
gradually diminishing these supplies. Current reserves are estimated to run out within the next 
50 to 100 years. Due to that, sustainable recovery and recycling techniques are essential to 
preserve this vital element. 

Struvite could be used as fertilizer. Moreover, with the struvite precipitation, the ammonium 
is removed together with the phosphates from wastewater. On the other hand, legislation and 
numerous policies are being implemented to obligate wastewater treatment plants to remove 
phosphates from their effluent streams. 

Mainly there are two benefits for struvite precipitation in wastewater treatment plants. Firstly, 
the consumption of phosphate rocks decreases, which is a necessity due to the shortage of this 
resource. Secondly, being able to control struvite crystallization prevents spontaneous 
crystallization of struvite and its deposition within the plant infrastructure (Pastor et al., 2010). 
These depositions can cause operational problems such as pipe blockage or accumulation on 
the surface of different devices (Barat et al., 2007). 

In recent years, several studies about this issue have been conducted by various 
researchers, however currently only exist few full-scale struvite crystallization plants. The 
studies include process identification and the performance assessment in both laboratory and 
pilot scale operation. The technology has also been validated in some full-scale wastewater 
treatment plants, operating in different parts of the world. The largest ones are operated in 
Japan: Shimane Prefecture (500 m3/day), Fukuoka Prefecture (170 m3/day); and at Osaka 
South Ace Center (266 m3/day). The Shimane Prefecture reactor has been found to remove 
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90 % of PO4-P from the treated supernatant (Rahaman, 2009). A full-scale struvite 
crystallization plant has been installed in Italy to remove PO4-P from anaerobic digester 
supernatant (Battistoni et al., 2001). Currently there are studies about different liquors, apart 
from wastewater, which can be used for struvite precipitation (Table 1). 

 
Table 1. Reported liquors for struvite precipitation (Rahman et al. (2014) and Kataki et al. (2016)) 

Liquor Reference 
Agroindustry wastes Moerman et al., 2009 

Anaerobically digested municipal sludge liquor Gonzalez-Ponce et al., 2009 
Dairy manures Demirer et al., 2005 

Landfill leachates Kim et al., 2006 
Piggery wastewater Huang et al., 2011 

Poultry manure Yetilmezsoy and Sapci-Zengin, 2009 
Swine manure Ackerman et al., 2013 

Urine Barbosa, S. et al., 2016 
Wastewater Pastor el al., 2010 

Yeast industry wastewater Uysal et al., 2014 
 

Magnesium ammonium phosphate hexahydrate (MAP), which is commonly known as 
struvite, is a white Orthorhombic crystal (Figure 1). 

 

 
Figure 1. Struvite’s shape (Matynia et al., 2011) 

 

Struvite precipitation takes place according to the following equation: 

Mg#$ + NH($ + PO(+, + 6	H#O → 	MgNH(PO( · 6	H#O 
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Therefore, the molar ratio of Mg:N:P is 1:1:1 and it is strongly depending on the pH, 
because ammonium and phosphate ions only exists in a basic solution. 

Struvite precipitation occurs when the combined concentration of magnesium (Mg2+), 
ammonium (NH4+) and phosphate (PO43-) exceed the equilibrium solubility of struvite (Ksp) 
(Table 2). The solubility product Ksp is defined as the equilibrium constant of a reaction where a 
precipitate and its constituent ions are involved: 

K23 = Mg#$ · NH($ · PO(+,  

On the other hand, struvite will dissolve in solution if the product is lower than equilibrium 
solubility. 

Table 2. Reported pKsp values for struvite at 25 ºC (Farhana, 2009) 

pKsp = - Log10Ksp Reference 
13.15 Taylor et al., 1963 
13.26 Ohlinger et al., 1998 
13.36 Babic-Ivancic et al., 2002 
13.36 Bhuiyan et al., 2007 
13.68 Koutsoukos et al., 2007 
13.47 Lobanov et al., 2013 

 

The crystals grow up in the supersaturated solution on several tiny solid bodies: embryos, 
seeds or nucleus in the solution. They act as centers, nucleus of crystallization. Embryos and 
seeds are tiny solids of third compounds introduced to solution so that act as nucleus and 
nucleation occurs when centers of crystallization of struvite appear spontaneously in the 
supersaturated solution. After nucleation, and as soon as the first nucleus become stable, these 
begin to grow to become crystals of visible size. 

Agglomeration and aggregation, breakage and wear and Ostwald maturation are secondary 
processes that can occur once crystals have formed and grown (Pastor, 2008). Agglomeration 
and aggregation usually take place at the precipitation processes. Small sized particles could 
collide in solution and stick on forming larger particles. The main difference between these 
process is the cohesion strength. Aggregates are crystal masses softly linked, meanwhile 
Agglomerates are strongly linked. Breakage and wear occurs when crystals tear forming several 
pieces because of the collision between itself or with other crystallizer elements. Ostwald 
maturation is a process where the small sized particles disappear and the large sized grow up. 
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This process occurs as the solubility of solid particles decreases with the solids size since the 
solid tends to achieve a minimum superficial free energy. 

Struvite formation depends also on the presence of calcium, in particular on the interaction 
between magnesium ions and calcium ions. A low concentration of calcium is beneficial for 
crystal growing, but an excess of calcium is harmful since decreases its purity (Demmestere et 
al., 2001). Calcium ions are useful as seed material. This interaction must be considered 
because calcium ions are present in many wastewater and other liquors.  

The increase of solution saturation is obtained by: increasing the reactant concentration or 
increasing the solution pH. Increasing the reactants concentration is not so simple as increasing 
the solution pH to start crystallization. The apparent pH of minimum struvite solubility is 
documented in the range of 9.0 to 11.0. However, struvite precipitation occurs at lower pH 
values, e.g. 7.5 (Ali, 2005). Experimental investigations show that struvite precipitation can 
proceeds over a sufficiently wide range of pH, from 7 to 11 (Mijangos et al., 2004). 
Nevertheless, the optimal range is in a pH between 8.8 and 9.4 (Booker, 1999). An excess of 
ammonium ions contributes to the formation of crystals of struvite with a higher purity. (Stratful 
et al., 2001). 

Once struvite crystals are formed, they are prone to decompose to other crystals depending 
on temperature. For example: Struvite is thermally unstable above 50 ºC (Pastor et al., 2008), 
but it could lose part or all of ammonium molecules, depending on the temperature and the time 
of exposure. When struvite loses some water molecules it becomes into struvite-monohydrated, 
known as dittmarite. 
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2. OBJECTIVES 
The aim of this work is to perform a bibliographic review about the different methods and 

types of crystallizer used for struvite precipitation. Afterwards, a series of experimental proves 
are performed to replicate the literature to obtain struvite. 

Regarding the bibliographic review, the work is focuses on finding information about struvite 
properties and the crystallizers which are currently used to obtain struvite. 

Regarding the experimental part, several experiments are performed (36), based on a 
scientific article (Lee et al., 2016) to prove the reproducibility of the results. The analysis of the 
struvite crystals is performed by XRD (X-ray diffraction). 
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3. LITERATURE REVIEW 

3.1. APPLICATION OF STRUVITE AS FERTILIZER  
In the past decades, the formation of struvite has gained much attention for the recovery of 

both phosphorus and ammonium from wastewater effluents. This has opened a new horizon 
towards finding more sustainable methods of obtaining phosphorous for agriculture compared to 
the current phosphorous rock mining.  

However, there exist some technical barriers preventing their wider scale production as a 
fertilizer alternative. One such barrier is the struvite crystal size. The resulting products of most 
crystallization processes are fine struvite crystals and when dried are in the form of powder, 
which is difficult to spread on land using normal farm equipment since it is too light (Latifian et 
al., 2012). To produce large size struvite pellets is required to have the right supersaturation 
ratio (Bhuiyan et al., 2008.a). In addition, struvite pellet formation is highly influenced by the 
reactor type and design.  

The effectiveness of struvite as phosphorous fertilizer has been evaluated and has been 
proved to be as efficient as single superphosphate and triple superphosphate (Cabeza et al., 
2011). Furthermore struvite-based fertilizers have a low salt index, and thus a low risk of 
burning plant roots. They also have a significantly lower content of heavy metal ions than 
commercial fertilizers, much below the regulation (Latifian et al., 2012). It is found that the 
optimum dosage was 0.5 g struvite/kg soil and any additional dosage over the optimum amount 
does not cause more growth of the crop (Ryu and Lee, 2016).  
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3.2. OTHER PRECIPITATES  
In a solution with species of Mg2+, NH4+ and PO43- other magnesium phosphates could be 

formed apart from struvite (MgNH4PO4), depending on the solution characteristics. Other 
precipitates such as newberyite (MgHPO4·3H2O), bobierrite (Mg3(PO4)2·8H2O), cattite 
(Mg3(PO4)2·22H2O) or amorphous magnesium phosphate (MgHPO4) (Bhuiyan et al., 2008.b) 
(Figure 2). When there are calcium ions in solution, calcite (CaCO3) and amorphous calcium 
phosphate (ACP) could be formed too. Figure 2 and Figure 3 shows that the pH of the solution 
for struvite formation must be between 7 and 11. 

 
Figure 2. Conditional solubility curves of newberyte, bobierrite and struvite (Shih et al., 2017) 

 
Figure 3. Magnesium speciation in ammonium phosphate media versus pH at 25 ºC. Total concentration 

each species 0.100 M. Using MINEQL+ version 3.01 (Ortueta et al., 2008) 
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When the pH is increased from slightly acidic to slightly basic values, there is a change in 
predominant solid species from newberyite to struvite to cattiite (Bhuiyan et al., 2008.b). It is 
suggested that, for a pH between 6.4 and 7.7, both newberrite and struvite are 
thermodynamically stable, while both struvite and bobierrite are stable phases for alkaline pH. It 
is also reported that at room temperature, cattiite is stable in air but unstable in water, in which it 
reverts to bobierrite.  

 

3.3. THERMAL STABILITY OF STRUVITE  
One of the issues of struvite crystals is its stability. Besides the formation of other 

magnesium phosphates, when struvite crystals are formed, the structure of that crystals could 
change due to phase transition and decomposition of the products. It is proved by X-ray 
diffraction analysis that struvite is stable at 55 ºC. However, struvite partially decomposes, 
losing five molecules of water, to dittmarite (MgNH4PO4·H2O) at 100-200 °C, and formed an 
amorphous phase at 250-300 °C (Ramlogan and Rouff, 2016) (Table 3). However, other 
authors mention that struvite could decompose at temperature near to 55 ºC (Figure 4). 

 
Table 3. Thermal decomposition products as identified using implemented techniques for samples heated 
from 55 to 300 ºC (Ramlogan and Rouff, 2016) 

Temperature 
 [ºC] XRD TG FTIR ICP-OES/UV-Vis Total phases 

55 Struvite Struvite Struvite 
Dittmarite Struvite Struvite > Dittmarite 

100 Dittmarite Dittmarite Dittmarite MgHPO4 Dittmarite > MgHPO4 

150 Dittmarite Dittmarite Dittmarite MgHPO4 Dittmarite > MgHPO4 

200 Dittmarite Dittmarite Dittmarite 
MgHPO4 

Dittmarite 
MgHPO4 MgHPO4 > Dittmarite 

250 - MgHPO4 MgHPO4 
Mg2P2O7 

MgHPO4 
Mg2P2O7 MgHPO4 > Mg2P2O7 

300 - MgHPO4 MgHPO4 
Mg2P2O7 

MgHPO4 
Mg2P2O7 Mg2P2O7 > MgHPO4 
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Figure 4. TGA and DTGA curves of: (a) Synthetic struvite for heating rate 1, 2, 5 and 20 °C/min (b) struvite 

pellets for heating rate 1 and 5 °C/min (Bhuiyan et al., 2008.b) 
 

The thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTGA) 
curves for synthetic struvite and struvite pellets, at different heating rates are shown in Figure 4. 
These data indicate that mass loss begins at a temperature around 55 °C and is essentially 
complete when the temperature reached above 250 °C. At this point, 51 % of the original mass 
loss occurred. This mass loss corresponds to the following decomposition reaction for struvite to 
amorphous magnesium phosphate:  

 

5678(9:( · 6	8#: → 5689:( + 78+ ↑ +	6	8#: ↑ 

 

Moreover, according to Gibbs free energy values (Table 4), this reaction is spontaneous 
since the standard Gibbs free energy of the reaction is < 604.85 kJ/mole. 
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Table 4. Standard Gibbs free energy of struvite, ammonium phosphate, ammonia and water at 25ºC 

Component ΔG [kJ/mole] Reference 

MgNH4PO4·6H2O -3052.27 Konigsberger and Konigsberger, 2006 

MgHPO4 -1059.55 Alberti, 2006 

NH3 -16.45 Atkins and De Paula, 2017 

H2O -228.57 Atkins and De Paula, 2017 

 

The decomposition of struvite, under dynamic temperature conditions depends on the 
heating rate: the decomposition occurs faster for a slower heating rate. The simultaneous loss 
of both ammonia and water molecules from the struvite structure occurs gradually as a function 
of temperature, not in a step. The resultant decomposition product of struvite is X-ray 
amorphous and chemically corresponds to MgHPO4, as determined by the mass loss 
measurement (Bhuiyan et al., 2008.b).    Therefore, struvite crystals could change its structure 
with the temperature and heating. A scheme of the possible transformation of struvite is shown 
in Figure 5. 

 

 
Figure 5. Schematic of the possible transformation mechanisms of various phases associated with struvite 

(Bhuiyan et al., 2008.b)	 	
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3.4. EXPERIMENTAL APPARATUS AND PROCEDURES FOR STRUVITE 
PRECIPITATION  

The experimental apparatus and procedures reported for struvite precipitation are presented 
in this section. The classification is made based on the type of reactor, different influents are 
feasible for each kind of reactor. 

The most commons are: fluidized-bed reactor and stirred reactor. However, there are other 
type of reactors available, such as electrochemical precipitation reactor, airflow reactor, ion 
exchange reactor or fluidized-bed cathode microbial electrolysis cell reactor. 

3.4.1. Fluidized-bed reactor  

Fluidized-bed reactors (FBRs) are the most commonly used for crystallized phosphate 
recovery because produces uniform sized large crystals (Rahaman, 2009). At this type of 
reactors, the reagents streams and reflux stream are added continuously to the reactor at the 
bottom of the bed and the effluent is collected at the head (Figure 6). Table 5 shows some 
fluidized-bed reactors experiments and their main features.  

 

 
Figure 6. Scheme of fluidized-bed reactor (Su et al., 2014) 
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Table 5. Main features of fluidized-bed reactors 

Main 
author/s 

Source of 
reagents Flow rate Precovery 

[%] pH Retention 
time Scale Reference 

Battistoni Synthetic 
wastewater 

1.8-5 
L/min 80 - - Laboratory 

Battistoni 
et al., 
1997 

Battistoni Anaerobic 
supernatants 1-8 m3/h 58-72 7.8-8.2 6-8 days Full 

Battistoni 
et al., 
2006 

Fang Wastewater - 92 Change-
able 1-6 h Laboratory Fang et 

al., 2016 

Guadie Synthetic 
wastewater 

Change-
able 75-92 7.5-10 1-10 h Pilot Guadie et 

al., 2014 

Huang Anaerobic 
supernatants 

Change-
able 85 8-8.2 10 days Laboratory Huang et 

al., 2006 

Shih Synthetic 
wastewater 12 mL/min 95.8 8.5-10 - Laboratory Shih et al., 

2017 

Su Synthetic 
wastewater 

6.39 
mL/min 86-93 8 21 h Laboratory Su et al., 

2014.a 

Su Synthetic 
wastewater 

1.7 
mL/min - 9-10 - Pilot Su et al., 

2014.b 

Ueno/Fujii Centrate 500 
m3/day 90 8.2-8.8 10 days Full Ueno and 

Fujii, 2001 

Zhang Daily 
manure 0.5 L/min 95 Change-

able - Pilot Zhang et 
al., 2015 

Zamora Urine 3-7 
mL/min 85-99 9-9.5 16 days Pilot Zamora et 

al., 2017.b 
 

This kind of reactors is studied at the three scales: laboratory, pilot and full. Therefore, 
currently is one of the most important, since is one of the few reactors which has been 
implemented at full-scale. The recovery is high, more than 75 % (except for Battistoni et al. 
(2006) which is a full-scale reactor), the pH is between 7.5 and 10 and the retention time is from 
a few hours to some days.  

3.4.2. Continuous stirred reactor  

At this type of reactors, the reagents are added continuously to the reactor and it remain 
stirred during all the experiment. The pH is monitored (in this case by a computer program: 
Fuzzy Logic, described in Chanona et al., 2006) and keep constant by the addition of sodium 
hydroxide or potassium hydroxide (Figure 7). 
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Figure 7. Scheme of continuous stirred reactor - pilot plant (Pastor et al., 2009)	

The crystallization takes place is a stirred tank reactor which is composed by two parts: a 
reaction zone and a settling zone. The reaction zone was designed according to the typical 
dimensions of a perfectly mixed reactor. Table 6 shows some continuous stirred reactors 
experiments and their main features. 

 
Table 6. Main features of continuous stirred reactors 

Main 
author/s 

Source of 
reagents 

Volume 
[L] 

Precovery 
[%] pH Residence 

time [h-1] Scale Reference 

Desmidt Wastewater 3 87 7.8-8.4 6-7 Laboratory Desmidt et 
al., 2013 

Hutnik Wastewater - - 9-11 0.25-1 Pilot Nutnik et, 
al., 2016 

Kumar/ 
Pal 

Raw 
wastewater 30 - 9-9.5 - Laboratory 

Kumar 
and Pal, 

2013 

Martí Sludge 
treatment - 70-85 - 2.5 Pilot  Martí et 

al., 2010 

Pastor Centrate - 78-95 8.7 2.5 Pilot Pastor et 
al., 2010 

Piotrowski Synthetic 
wastewater - - 9-11 0.25-1 Laboratory 

Piotrowski 
et al., 
2012 

All these experiments were carried out at room temperature, about 25 ºC. This type of 
reactors has a short residence time (except for Desmidt et al. (2013)). The pH is between 7.8 
and 11 and the phosphates recovery is quite high, between 70 % and 95 %. 
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3.4.3. Discontinuous stirred reactor  

This type of reactors operates similarly to continuous stirred reactors. They consist mainly 
of a stirred beaker reactor where struvite crystallization is produced. Table 7 shows some 
discontinuous stirred reactors experiments and their main features. Most of these experiments 
were carried out at room temperature, about 25 ºC. Except for Turker and Celen, 2007 who 
work at 37 ºC (temperature of anaerobic digester). 
 
Table 7. Main features of discontinuous stirred reactors 

Main 
author/s 

Source of 
reagents 

Volume 
[L] 

Precovery 
[%] pH Operation 

time [h] Scale Reference 

Barbosa Urine - 99 8.6 Change-
able Laboratory Barbosa et 

al., 2016 

Capdevielle 
Synthetic 

swine 
wastewater 

0.8 > 90 - 24 Laboratory Capdevielle 
et al., 2013 

Escudero Anaerobic 
digester 0.1 - 7.8-9.4 - Laboratory Escudero 

et al., 2015 

Latifian Synthetic 
wastewater - - 8.5-9  Laboratory Latifian et 

al., 2012 

Lee Synthetic 
wastewater - > 90 8.7-9.7 3 Laboratory Lee et al., 

2013 

Stolzenburg Synthetic 
wastewater 8 - 11 - Laboratory 

Sotlzenbur
g et al., 
2015 

Sutiyono Synthetic 0.5 - 10 1.1 Laboratory Sutiyono et 
al., 2016 

Turker/ 
Celen 

Anaerobic 
digester 0.2 - 8.5 - Laboratory 

Turker and 
Celen, 
2007 

Uysal Synthetic 
wastewater 0.4 95 8-9 3 Laboratory Uysal et al., 

2010 

Wilsenach Synthetic 
urine 0.25 95 9.4 48 Laboratory Wilsenach 

et al, 2007 

Zhang Synthetic 0.5 Change-
able 7.7-9 1.2 Laboratory Zhang et 

al., 2016 
 

Discontinuous stirred reactors are only used at laboratory scale, because of the high 
flow/volume of influents, it is not used at pilot or full scale. Generally, it works with a small 
volume (except for Soltzenburg et al., (2015)), less than 1 L. The operation time is between 
1.1 hours and 48 hours. As the operation in continuous mode, the pH is between 7.8 and 11, 
and it could reach a higher recovery (> 90 %) of phosphates.  
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3.4.4. Electrochemical precipitation reactor  

In this kind of reactors, an electric current is applied causing the struvite precipitation 
(Figure 8). There are two variations of electrochemical precipitation: electrochemical 
precipitation using a sacrificial anode (Figure 9) and microbial electrolysis cell (Figure 10). At 
sacrificial anode experiments, a magnesium bar is used as anode and it provides magnesium 
ions for struvite precipitation. Table 8 shows some electrochemical precipitation reactors 
experiments and their main features. 

 

 
Figure 8. Scheme of electrochemical precipitation reactor (Wang et al., 2010) 

 

 
Figure 9. Scheme of sacrificial anode reactor (Hug and Udert, 2013)	
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Figure 10. Scheme of microbial electrolysis cell (Almatouq and Babatunde, 2017) 

 

Table 8. Main features of electrochemical precipitation reactors 

Main 
author/s 

Source of 
reagents 

Volume 
[L] 

Precovery 
[%] pH Voltage 

[V] Scale Reference 

Aguado Synthetic 
urine 22.88 > 80 - - Pilot Aguado et 

al., 2016 

Huang Raw 
wastewater 1.5 99 7.8 12 Laboratory Huang et 

al., 2016 

Wang Synthetic 0.3 - 7-7.5 3-12 Laboratory Wang et 
al., 2010 

Sacrificial anode 

Hug/Udert Urine 1 80-100 8.9 1-1.8 Laboratory 
Hug and 
Udert, 
2013  

Kruk WAS 
supernatant 1 98 6.5-9.5 - Laboratory Kruk et al., 

2014 
Microbial electrolysis cell 

Almatouq/ 
Babatunde 

Synthetic 
wastewater 0.3 + 0.3 95 7 0.4-1.2 Laboratory 

Almatouq 
and 

Babatunde, 
2017 

Zamora Urine 2.5 + 2.5 96 - 0.5-0.8 Pilot Zamora et 
al., 2017.a 

 

By means of these kinds of reactors, higher recovery is reached. However, the operating 
costs are high due to the consumption of electricity or the consumption of the anode (in the case 
of sacrificial anode precipitation). It has been studied both at laboratory and at pilot scale. 
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3.4.5. Ion exchange reactor  

This type of reactors uses multiple fixed bed ion exchange scheme and works in ion 
exchange isothermal supersaturation (IXISS) conditions (Figure 11). Table 9 shows some ion 
exchange reactors experiments and their main features. 
 

 
Figure 11. Scheme of ion exchange reactor (Mijangos et al., 2013) 

 
Table 9. Main features of ion exchange reactor 

Main 
author/s 

Source of 
reagents Flow rate Precovery 

[%] pH Resin Scale Reference 

Mijangos Synthetic 
wastewater 1 mL/min - 8 Polyacrylate Pilot 

Mijangos 
et al., 
2004 

Mijangos  Synthetic 
wastewater 

1-10 
mL/min  - 9.5 Microporous 

carboxylic Pilot 
Mijangos 

et al., 
2013 

Ortueta Synthetic 
wastewater - - 8-10.7 Changeable Pilot Ortueta et 

al., 2015 

Williams Wastewater - 84 7.7-8.7 Activated 
alumina Laboratory Williams et 

al., 2015 
 

The main problem of this type of reactors is the low flow rate it could treat (high flows 
produce a fast saturation of the resin). Nevertheless, it could be solved by the addition of more 
ion exchange columns. The pH is between 7.7 and 10.7 and it uses different kind of resins as 
ion exchange material. 
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3.4.6. Airflow reactor  

At this kind of reactors compressed air was added at the bottom of the reactor in order to 
keep the solution mixed (Figure 12). Table 10 shows some airflow reactors experiments and 
their main features. 

 

 
Figure 12. Scheme of Airflow reactor (Saidou et al., 2009) 

 
 

Table 10. Main features of airflow reactors 

Main 
author/s 

Source of 
reagents 

Volume 
[L] 

Precovery 
[%] pH Airflow 

rate Scale Reference 

Crutchik Synthetic 
wastewater 2.4 63.5-88 8-8.4 11 L/h Laboratory Crutchik et 

al., 2013 

Le Corre Synthetic 
wastewater 10 79-80 9 3-4 L/min Pilot 

Le Corre 
et al., 
2007 

Matynia Synthetic 
wastewater 1.2 - 9-11 0,37 L/s Laboratory Matynia et 

al., 2011 

Saidou Synthetic 
wastewater 1 78 6.5 10-40 

L/min Laboratory Saidou et 
al., 2009 

 
This kind of reactors has been studied mostly at laboratory scale. However, Le Corre et al. 

(2007) have made a modification of these method that allows it to work at pilot scale. Generally, 
the phosphate recovery is quite high (78-88 %) and it uses reaction volume between 1 L and 
2.4 L . 
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3.4.7. Fluidized-bed cathode microbial electrolysis cell reactor  

This type of reactor is a combination of fluidized-bed reactor and electrolysis cell reactor 
(Figure 13). Table 11 shows a fluidized-bed cathode microbial electrolysis cell reactor 
experiment and its main features. 
 

 
Figure 13. Scheme of fluidized-bed microbial electrolysis cell reactor (Cusick et al., 2014) 

 
 
Table 11. Main features of fluidized-bed cathode microbial electrolysis cell reactor 

Main 
author/s 

Source of 
reagents 

Flow 
rate 

Precovery 
[%] pH Voltage 

[V] Scale Reference 

Cusick Raw 
digestate 

0.4-1 
mL/min - 8.5 0.8-1.4 Laboratory Cusick et 

al., 2014 
 

Unfortunately, the authors performing their studies using this type of reactor do not mention 
the phosphate recovery. It is a recent discovery and maybe it will become more common in 
future. 
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3.5. STRUVITE IMAGES  
Struvite crystals have orthorhombic geometry; however, their shape may be spherical or 

dendritical, and cubic shapes of struvite crystal are also known (Ali, 2005) (Figures 14 to 17). 

 

 
Figure 14. SEM microphotographs of struvite (Crutchik et, al., 2013) 

 

 

 Figure 15. SEM images of the different morphologies according to precursor and molar ratio 
(Stolzenburg et, al., 2013) 
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Figure 16. Photomicrograph of crystals exiting the Poiseuille flow crystallizer, comparing in-line and 

sonicated samples from both Roughton and impinging jet mixer apparatus at salt index (SI)  
of 0.8, 1.0 and 1.4 (Stolzenburg et, al., 2013) 

 

 

 
Figure 17. Scanning electron micrograph of struvite particles growth in a digester medium  

(Romero et, al., 2015) 
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4. EXPERIMENTAL METHODOLOGY  
This part of the work deals with the experimental procedure for struvite precipitation at 

laboratory scale, specifically using a discontinuous stirred reactor and synthetic wastewater.  

After analyzing several scientific articles, it has been decided to use as reference model the 
study of Lee et al. (2016) which claims that a high recovery of phosphorus (> 90 %) is 
attainable. Moreover, the experimental method is quite easy and all the equipment necessary to 
carry out the experiments are readily available in the laboratory where the present study is 
performed. Additionally, Lee et al. (2016) provide more specifications that allow to replicate the 
experiment, which is an important aspect since the main issue in replicating an experimental 
procedure is the lack of specifications in the methodology. 

For instance, many articles do not mention the sources of phosphates, ammonium or 
magnesium, others do not mention the concentration of each reagent (Turker and Celen, 2007), 
many do not mention how long is the stirring time (Latifian et al., 2012), others do not mention 
the velocity of the stirring (Heraldy et al., 2017) and others do not mention the recovery it could 
reach (Sutiyono et al., 2016). 

Another issue it has been that most of the articles do not use a synthetic wastewater, 
instead it uses directly liquors such as anaerobic treated effluents (Escudero et al., 2015) or 
centrate (Uysal et al., 2010), hence these could not be replicated because these reagents are 
not available in the laboratory. 

4.1. OPERATING CONDITIONS  
The chosen article, i.e. Lee et al. (2016), uses disodium hydrogen phosphate as source of 

phosphate, ammonium chloride as source of ammonium and magnesium chloride as source of 
magnesium. It also uses calcium chloride as source of calcium in some experiments. 

All the experiments are carried out at room temperature, at about 22 ºC and it last three 
hours. Three solutions were prepared. The main solution contains phosphate and ammonium 
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ions and the secondary contains magnesium ions in one and calcium ions in another. The 
experiment starts by adding the secondary solutions (both or just the one which contains 
magnesium) to the main solution.  

4.1.1. Stirring  

Regarding the stirring, according to Lee et al. (2016) the stirring is performed using a Jar 
test stirrer (Figure 18), with an uniform stirring speed of 125 rpm during three hours. 
Additionally, magnetic stirring was also used (Figure 19) with an uniform stirring speed of 
300 rpm during three hours in order to check the influence of the agitation. The Experiments 0 

to 26 are carry out in the Jar test stirrer and the Experiments 27 to 36 take place in the magnetic 
stirrer. 
 

 
Figure 18. Jar test stirrer reactor used in the present study 

 

 
Figure 19. Magnetic stirrer reactor used in the present study 
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4.1.2. pH  

These experiments start from an initial pH of 8.7 or 9.7, because it has been observed from 
previous studies of the same authors (Lee et al., 2013) that these are the optimum conditions, 
and then it is let to evolve freely. The main solution is adjusted to the wanted pH by means of a 
solution of sodium hydroxide 5 M. 

 
Figure 20. pH evolution with an initial pH of 9.7 and 8.7 (Lee et al., 2016) 

 

There is an initial drop of pH during the first minutes of the experiment (Figure 20), then it 
remains buffered, only with a little drop of 0.2-0.3 for the rest of the experiment. In the case of 
the initial pH of 8.7 the initial drop is between 0.7 and 1.0 and in the case of the initial pH of 9.7 
the initial drop is between 0.3 and 0.4. 

The Experiments 0, 1, 2, 3, 7, 8, 13, 14, 18, 21, 22, 25, 26, 29, 30, 33, 34, 35 and 36 it 
started with an initial pH of 9.7 and the Experiments 4, 5, 6, 9, 10, 12, 15, 16, 17, 19, 20, 23, 24, 

27, 28, 31 and 32 it started with an initial pH of 8.7. 

4.1.3. Concentrations  

Regarding the initial concentrations, Lee et al. (2016) test three different concentrations, all 
of theme close to the optimal conditions achieved by Ye et al. (2010). Table 12 shows the three 
concentration categories: Low, Intermediate and High. 
 
Table 12. Initial concentrations 

 Reagent PO43- NH4+ Mg2+ Ca2+ 
Source Na2HPO4·12 H2O NH4Cl MgCl2·6H2O CaCl2 

Concentration 
[mM] 

Low 0.97 7.14 0.82 0.75 
Intermediate 3.23 21.4 2.88 0.75 

High 9.68 71.4 10.3 0.75 
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The Experiments 0 to 12, 23 to 26, 35 and 36 it has carried out with high concentration, the 
Experiments 13 to 18 and 31 to 34 it has used intermediate concentrations and the Experiments 

19 to 22 and 28 to 31 it was made with low concentrations. 

In all three cases, it has been used the same concentration of calcium. Calcium ions are 
used as seed material. Seed material provides the nucleus which facilities the growing of 
struvite crystals (Battistoni et al. 1997).  

In order to test the influence of calcium at struvite crystal growth, it has been added calcium 
to the half of the experiments (Experiments 0, 1, 3, 4, 6, 7, 9, 11, 12, 13, 15, 19, 21, 23, 25, 27, 

29, 31, 33 and 35) and half without adding calcium, (Experiments 2, 5, 8, 10, 14, 16, 17, 18, 20, 

22, 24, 26, 28, 30, 32, 34 and 36). 

4.1.4. New aspects  

There are some aspects that Lee et al. (2016) do not mention, these specifications it has 
been inferred from other literature sources and a compromise value is chosen or a general 
reasonable value has been proposed or calculated. 

Although the initial overall concentration on the reactor is provided (Table 12), how this 
concentration is reached is not provided. The concentration of the initial solutions to be mixed to 
obtain the required concentration is not provided.  

It neither indicates how the solutions are mixed (addition order, fast initial stirring to 
homogenize the mixture, how fast are introduced the reactants, etc), but according to 
Perwitasari et al. (2016), the solution of magnesium and the solution of calcium are added to the 
solution of phosphate and ammonium.  

In the first experiments (Experiments 0 to 22), the main solution and both two secondary 
solutions were mixed fastly, but in this way, it might appear gradients of concentration in the 
solution that could be harmful for the struvite crystallization. For this reason, in the Experiments 

23 to 36 the secondary solutions are added drop by drop to the main solution and the solution 
remains stirred during the process. 

The volume of the reaction is not specified, but in other articles such as Uysal et al. 
(2010)/Turker and Celen (2007)/Zhang et al. (2016) mention that the volume of the reaction for 
their experiments are 250 mL, 200 mL and 500 mL respectively. Therefore, the experiments 
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have been carried out with a volume of reaction of 250 mL. It also made few experiments, 
Experiments 3 and 6, with 500 mL of volume of reaction so that to check the effect of the 
volume of reaction at struvite crystallization. 

As mentioned previously at point 4.1.1. Stirring, a magnetic stirrer has been used in several 
experiments instead of the Jar test stirrer. Although Lee et al. (2016) only uses Jar test stirrer, it 
has been observed in other articles that magnetic stirrer is also used as stirrer, e.g. Sutiyono et 
al. (2016)/Latifian et al. (2012). In fact, most of the articles use magnetic stirrer.  

Hence, it has been decided to carry out some experiments with magnetic stirrer, therefore it 
could prove which stirrer provides the best results: Jar test or magnetic stirrer (or if the stirring 
does not affect the struvite crystallization). 

The stirring speed for magnetic stirrers are higher than in Jar test stirrer. As it is seen in 
other articles, the speed is 200 rpm in the experiments of Stolzenburg et al. (2015) and 250 rpm 
in the experiments of Uysal et al. (2010). Hence, a stirring speed of 300 rpm is chosen to carry 
out the experiments with the magnetic stirred reactors. 

Another aspect that Lee et al. (2016) does not mention is the ageing. The first experiments 
(Experiments 0 to 10) are performed without solution ageing. However, the importance of the 
ageing for crystal growth cannot be neglected, in the literature review identifying several studies 
that mention ageing. For instance, Ye et al. (2014) let the solution ageing during 45 minutes, 
according to Heraldy et al. (2017) the ageing lasts one night and according to Battistoni et al. 
(1997) the ageing last 3 days. Therefore, for the Experiments 11 to 22 the ageing had lasted 
one day and for the Experiments 23 to 36 the ageing had lasted three days.  
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4.2. EQUIPMENT AND REAGENTS  
To carry out the experiments, the required equipment is showed at Table 13. The reagents 

necessary to prepare the solutions and their respective supplier are provided in Table 14. 

 
Table 13. Equipment 

Stirrers 

Jar test stirrer Magnetic stirrer  
(x 6) 

Volumetric instruments 
400 mL Beaker  

(x 6) 
600 mL Beaker  

(x 6) 
25 mL Pipette 

(x 3) 
50 mL Pipette 

(x 3) 

300 mL Test tube 1 L Volumetric flask 100 mL Volumetric flask 
(x 3) 

250 mL Volumetric flask 
(x 2) 

Filtration equipment 

Filter plate 0,45 µm Membrane 
(x 36) Kitasato Vacuum pump 

Others 

Dropper 100 mL Glass bottle 
(x 3) 

250 mL Glass bottle 
(x 2) 1 L Glass bottle 

Petri dishes 
(x 12) Microscopy pH-meter Scale1 

 
 
Table 14. Reagents 

Reagent Supplier 
Na2HPO4·12H2O Panreac, 131678.1211, Spain 

NH4Cl Prolabo, 21 236.291, CE 
MgCl2·6H2O Panreac, 201396.0416, Spain 

CaCl2 Panreac, 211221.1211, Spain 
NaOH Fluka Chemika, 71692, Switzerland  

 
  

                                                
 
1 Precisa XT 620M: max = 620 g; min = 0.2 g; detection limit = 0.001 g 
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4.3.  EXPERIMENTAL PROCEDURE  
First of all, the solutions are prepared, by adding distilled water to reagents according to the 

required concentrations. Along the experiments, 12 main solutions, 8 solutions of magnesium 
chloride, 4 solutions of calcium chloride and 1 solution of sodium hydroxide are prepared. The 
detailed quantities used to prepare every solution are provided in Appendix 1. Once the main 
solutions are prepared, the desired pH is adjusted to the value of 8.7 or 9.7 by adding NaOH 
5 M, depending on the experiment. 

The experimental procedure consists of the following steps: 

- 200 mL of the main solution are poured to a 400 mL Beaker (400 mL of the main 
solution to 600 mL Beaker)2 and it stars the stirring with an uniform speed of 120 rpm 
at Jar test stirrer experiments and 300 rpm at magnetic stirrer experiments. 

- Then 25 mL (50 mL)2 of calcium chloride are added drop by drop to the main solution 
for the experiments with calcium. In case of the experiments without calcium, 25 mL 
(50 mL)2 of distilled water is added instead of calcium chloride. 

- After that, 25 mL (50 mL)2 of magnesium chloride are added drop by drop to the main 
solution and at this moment it remains stirred for three hours. 

- The pH is measured after 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100, 120, 150 and 180 
minutes.  

- After three hours of stirring, the solution is let ageing (except for the Experiments 0 to 

10). 

- Then, the solution is filtered using 0.45 µm membrane with a vacuum pump and it 
measures the wet weight of the solid. The wet solid is let in the oven, at 50 ºC and 
under vacuum (100-200 mbar) until the weight of the solid is constant. 

- Finally, the weight of the dried solid is measured.  

 

                                                
 
2 In the case of the experiments with 500 mL of volume of reaction. 
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4.4. EXPERIMENTS SUMMARY 
The experimental planification is presented in Table 15. 

 
Table 15. Experimental conditions  

Experiment Volume [mL] [PO43-]0 [mM] [NH4+]0 [mM] [Mg2+]0 [mM] [Ca2+]0 [mM] pH0 Stirrer Ageing 
0 250 7.84 57.5 10,6 0.81 9.80 Jar test - 
1 250 7.84 57.5 10.6 0.81 9.80 Jar test - 
2 250 7.84 57.5 10.6 - 9.80 Jar test - 
3 500 7.84 57.5 10.6 0.81 9.80 Jar test - 
4 250 7.84 57.5 10.8 0.81 8.73 Jar test - 
5 250 7.85 57.5 10.8 - 8.73 Jar test - 
6 500 7.85 57.5 10.8 0.81 8.73 Jar test - 
7 250 9.82 72.3 10.8 0.81 9.71 Jar test - 
8 250 9.82 72.3 10.8 - 9.71 Jar test - 
9 250 9.82 72.3 10.8 0.81 8.69 Jar test - 

10 250 9.82 72.3 10.8 - 8.69 Jar test - 
11 250 9.82 72.3 10.6 0.81 9.78 Jar test 1 day 
12 250 9.82 72.3 10.6 0.81 8.75 Jar test 1 day 
13 250 3.41 21.4 2.89 0.80 9.76 Jar test 1 day 
143 250 3.41 21.4 10.6  - 9.76 Jar test 1 day 
15 250 3.27 21.6 2.89 0.80 8.78 Jar test 1 day 
163 250 3.27 21.6 10.6 -  8.78 Jar test 1 day 

                                                
 
3 At these experiments, it has made a mistake, instead of adding a solution of Intermediate concentration of MgCl2, it has added High concentration. Due to 
that, the experiments have been replicated at the experiments 17 and 18. 
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Table 15. Experimental conditions (Continuation) 

Experiment Volume [mL] [PO43-]0 [mM] [NH4+]0 [mM] [Mg2+]0 [mM] [Ca2+]0 [mM] pH0 Stirrer Ageing 
17 250 3.41 21.4 2.89 - 8.78 Jar test 1 day 
18 250 3.27 21.6 2.89 - 9.76 Jar test 1 day 
19 250 0.994 7.16 0.824 0.80 8.85 Jar test 1 day 
20 250 0.994 7.16 0.824 - 8.85 Jar test 1 day 
21 250 0.994 7.18 0.824 0.80 9.67 Jar test 1 day 
22 250 0.994 7.18 0.824 - 9.67 Jar test 1 day 
23 250 9.87 71,8 10.7 0.81 8.87 Jar test 3 days 
24 250 9.87 71,8 10.7 - 8.87 Jar test 3 days 
25 250 9.87 71,8 10.7 0.81 9.73 Jar test 3 days 
26 250 9.87 71,8 10.7 - 9.73 Jar test 3 days 
27 250 0.972 7,16 0.828 0.81 8.81 Magnetic  3 days 
28 250 0.972 7,16 0.828 - 8.81 Magnetic 3 days 
29 250 0.972 7,16 0.828 0.81 9.75 Magnetic 3 days 
30 250 0.972 7,16 0.828 - 9.75 Magnetic 3 days 
31 250 3.23 21,5 2.88 0.81 8.73 Magnetic 3 days 
32 250 3.23 21,5 2.88 - 8.73 Magnetic 3 days 
33 250 3.23 21,5 2.88 0.81 9.74 Magnetic 3 days 
34 250 3.23 21,5 2.88 - 9.74 Magnetic 3 days 
35 250 9.82 71,8 10.7 0.81 9.73 Magnetic 3 days 
36 250 9.82 71,8 10.7 - 9.73 Magnetic 3 days 
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5. RESULTS 
In all the experiments, struvite precipitation starts immediately after the addition of 

magnesium chloride to the main solution (the solution turned turbid instantly) (Figure 21). 
 

 
Figure 21. Solution after 1 minute of mixing 

 

Experiment 0 

This experiment is the first trial. It is useful to get acquitted to the method and to observe 
that the precipitation really takes place. The pH has been monitored by a pH-meter and the 
results are presented in Figure 22. In agreement with Lee et al (2016) (Figure 20), an initial drop 
of pH (0.2) during the first minutes of the experiment is observed and then the pH only 
decreases 0.35 during the rest of the experiment.  

 
Figure 22. pH evolution – Experiment 0 
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Right after the experiment, the solution is filtered. A white solid and a clear supernatant are 

collected. The weight of the solid (humid weight) is recorded and then the sample is dried in an 
oven at 50 ºC during 20 hours.  

When the solid is dry, the weight of the solid is recorded again and the recovery of 
phosphate, ammonium and magnesium is calculated (Table 16). 
 
Table 16. Struvite precipitation and recovery – Experiment 0  

Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

0.322 1.31 67.0 9.13 49.3 
 

 
Figure 23. Solid obtained – Experiment 0 

It is obtained a white agglomerated solid with struvite aspect (Figure 23). The Experiment 0 
is not part of the results, only the Experiments 1 to 36 are considered for the discussion of 
results and conclusions. The results are divided into different groups depending on the 
experimental conditions. 

 

Experiments 1 to 3:  

These experiments are carried out in Jar test stirrer, using high concentration of reactants 
and with an initial pH of 9.80. 

The difference between these experiments are: 

- The Experiment 1 has a reaction volume of 250 mL and with calcium  

- The Experiment 2 has a reaction volume of 250 mL and without calcium 
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- The Experiment 3 has a reaction volume of 500 mL and with calcium  
 

The evolution of pH is similar to the Experiment 0, although with more fluctuations 
(Figure 24). The fluctuations could be related to some problem of the used pH-meter in this 
experiment. Right after the experiment, the solutions were filtered. Then, the solids have been 
put in the oven at 55 ºC during 20 hours. 
 

 
Figure 24. pH evolution – Experiments 1 to 3 

 

Table 17. Struvite precipitation and recovery – Experiments 1 to 3 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

1 0.292 1.19 60.7 8.28 44.7 
24 0.158 0.644 32.9 4.48 24.2 
3 0.597 2.43 62.1 8.47 45.2 

 

 The recovery of the Experiments 1 and 3 are very similar (Table 17). It indicates that the 
volume of reaction does not affect significantly the struvite precipitation. The mass and recovery 
result of the Experiment 2 are disregarded because some sample is lost. A sample of each 
experiment are analyzed by X-ray diffraction analysis (XRD) but all the samples are amorphous. 

 

                                                
 
4 It has lost material at the filtration 	
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Experiments 4 to 6 

These experiments are carried out in Jar test stirrer, using high concentration of reactants 
and with an initial pH of 8.73. 

The difference between these experiments are: 

- The Experiment 4 has a reaction volume of 250 mL and with calcium  

- The Experiment 5 has a reaction volume of 250 mL and without calcium 

- The Experiment 6 has a reaction volume of 500 mL and with calcium  

 

 
Figure 25. pH evolution – Experiments 4 to 6 

 
 In these cases, the pH evolution (Figure 25) is also the same as showed Lee et al. (2016) 

(Figure 20) with an initial pH drop of 0.7-0.8. As the Experiments 1 to 3, the solutions were 
filtered right after the experiment and the solids have been put in the oven at 55 ºC during 
20 hours. Table 18 shows the recovery of these experiments. A sample of each experiment is 
collected and analyzed by X-ray diffraction obtaining amorphous material too. 

 
Table 18. Struvite precipitation and recovery – Experiments 4 to 6 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

4 0.241 0.982 50.0 6.84 36.5 
5 0.262 1.07 54.4 7.43 39.7 
6 0.524 2.14 54.4 7.43 39.7 
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All the Experiments 1 to 6 are amorphous. The first hypothesis for this fact was that the solid 
might be still humid. Apart of that, literature studies indicate that above of 50 ºC struvite is not 
stable and it could partially decompose to dittmarite, but it is not until 200 ºC that it decomposes 
to amorphous magnesium phosphate5. Therefore, Experiments 1, 2, 4 and 5 were replicated 
changing the way of heating during the drying process. As reaction volume does not affect the 
struvite precipitation, no other experiment is carried out with 500 mL of reaction volume.  

 

Experiments 7 to 10 

These experiments are carried out in Jar test stirrer, using high concentration of reactants. 

The difference between these experiments are: 

- The Experiment 7 has an initial pH of 9.71 and with calcium 

- The Experiment 8 has an initial pH of 9.71 and without calcium 

- The Experiment 9 has an initial pH of 8.69 and with calcium 

- The Experiment 10 has an initial pH of 8.69 and without calcium 

 

 
Figure 26. pH evolution – Experiments 7 to 10 

 

                                                
 
5 At a posterior literature review, it has found that amorphous magnesium phosphate could be formed at 
55 ºC 
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The evolution of pH is again as expected (Figure 26). Right after the experiments, the 
solution was filtered. Then, the solids were put in the oven at at 50 ºC and with vacuum (100-
200 mbar) until the weight of the solids remains constant. In this case during 60 hours. 
 

Table 19. Struvite precipitation and recovery – Experiments 7 to 10 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

7 0.379 1.54 62.9 8.54 57.4 
8 0.370 1.51 61.4 8.34 56.1 
9 0.324 1.32 53.8 7.30 49.1 

10 0.324 1.32 53.8 7.30 49.1 
 

According to the results of Table 19, it is attained a higher recovery with an initial pH of 9.7 
than with an initial pH of 8.7. The presence of calcium increases slightly the recovery. It is 
collected a sample of each experiment for XRD but the results showed that all of them are 
amorphous again. 

Then, after searching a reason for this phenomenon it is found in a few articles the 
importance of ageing. Ageing allows the crystals to grow, and the first 10 experiments are 
without ageing. Experiments 7 and 9 are replicated with one day of ageing. 

 

 

Experiments 11 and 12 

These experiments are carried out in Jar test stirrer, using high concentration of reactants 
and with calcium. 

The difference between these experiments are: 

- The Experiment 11 has an initial pH of 9.78 

- The Experiment 12 has an initial pH of 8.75 
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Figure 27. pH evolution – Experiments 11 and 12 

 

The pH evolution (Figure 27) and recovery (Table 20) are consistent with previous results. 
When the experiments are finished, one day ageing is performed. 

 

Table 20. Struvite precipitation and recovery – Experiments 11 and 12 

Experiment Struvite Recovery [%] 
Mass [g] Moles PO43- NH4+ Mg2+ 

11 0.365 1.49 60.6 8.23 55.9 
12 0.331 1.34 54.9 7.46 50.7 

 

    
Figure 28. Left: Photograph of the solids - Experiment 11 

Right: Micrographic photography of the solids (x900) - Experiment 12  
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This time the solid collected instead of being an agglomeration, it had an aspect of individual 
fine particles (Figure 28). It has been seen at the microscopy that the solid has a similar shape 
(orthorhombic) to the bibliographic images of struvite (point 3.5. STRUVITE IMAGES). However, 
after several weeks, the results of XRD arrived and all of them are amorphous again. Meanwhile 
the arrival of the results of XRD, other concentrations are tested. 

 

Experiments 13, 14 and 18 

These experiments are carried out in Jar test stirrer, using intermediate concentration of 
reactants and with an initial pH of 9.76. 

The difference between these experiments are: 

- The Experiment 13 with calcium 

- The Experiments 146 and 18 without calcium 

 

 
Figure 29. pH evolution – Experiments 13, 14 and 18 

 

The initial drop of pH has been less than with high concentrations (Figure 29). This is 
because initially the concentration of ammonium is lower than with high concentrations and 
when the ions ammonium are removed from the solution, the pH decreases, but not so much 

                                                
 
6 This experiment has an excess of magnesium, instead of adding a solution of Intermediate concentration 
of MgCl2, it has added High concentration 
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than with high concentration. When the experiment is over, it remains ageing for a day. Then, it 
is filtered. The solids are put in the oven at 50 ºC and with vacuum (100-200 mbar) until the 
weight of the solids remains constant. In this case during 48 hours. In the Experiments 13 and 

18, the recovery has been lower than in the Experiment 11 (Table 21). 
 

Table 21. Struvite precipitation and recovery – Experiments 13, 14 and 18 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

13 0.106 0.432 50.7 8.06 59.7 
147 0.139 0.566 66.4 10.6 21.3 
18 0.103 0.420 51.3 7.76 58.1 

 

It is observed at the microscopy that the solid collected has orthorhombic geometry 
(Figure 30). 

 

 
Figure 30. Micrographic photography of the solids (x400) - Experiment 13  

 

Experiments 15 to 17 

These experiments are carried out in Jar test stirrer, using intermediate concentration of 
reactants and with an initial pH of 8.78. 

The difference between these experiments are: 

- The Experiment 15 with calcium 

- The Experiments 167 and 17 without calcium 

                                                
 
7 This experiment has an excess of magnesium, instead of adding a solution of Intermediate concentration 
of MgCl2, it has added High concentration 
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Figure 31. pH evolution – Experiments 15 to 17 

 
The pH evolution indicates that at the experiment with an excess of magnesium it has 

precipitated more struvite since there is a greater drop of pH (Figure 31). The reduction of pH at 
the Experiments 15 and 17 are lower than the reduction at the Experiment 12. The same as the 
Experiments 13, 14 and 18, it has been allowed to ageing for a day and the solids have been 
put in the oven during 48 hours. 
 

Table 22. Struvite precipitation and recovery – Experiments 15 to 17 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

15 0.076 0.310 37.9 5.73 42.8 
168 0.109 0.444 54.3 8.22 16.7 
17 0.080 0.326 38.2 6.08 45.1 

 

In the Experiments 15 and 17, the recovery has been lower than in the Experiment 12 

(Table 22). Besides, the recovery has been lower than with an initial pH of 9.7 (Experiments 13 

and 18). Orthorhombic geometry is observed in the microscopy (Figure 32). 

 

 

                                                
 
8 This experiment has an excess of magnesium, instead of adding a solution of Intermediate concentration 
of MgCl2, it has added High concentration 

7,5

7,7

7,9

8,1

8,3

8,5

8,7

0 20 40 60 80 100 120 140 160 180

pH

t [min] 

Exp.15

Exp.16

Exp.17



Revisió bibliogràfica de cristal·litzadors d’estruvita i realització d’algunes primeres proves experimentals 43 

	

 

 
Figure 32. Micrographic photography of the solids (x900) - Experiment 16 

 
 

Experiments 19 and 20 

These experiments are carried out in Jar test stirrer, using low concentration of reactants 
and with an initial pH of 8.85. 

The difference between these experiments are: 

- The Experiment 19 with calcium 

- The Experiment 20 without calcium 

 

 
Figure 33. pH evolution – Experiments 19 and 20 
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The initial drop of pH has been even less than with intermediate concentrations (Figure 33). 
The same as the previous Experiments 13 to 18, it has been allowed to ageing for a day and the 
solids have been put in the oven during 36 hours. In these cases, the recovery has been lower 
than the experiment with an intermediate concentration (Experiments 15 and 17) (Table 23). It is 
noted that the recovery of the experiment with calcium has been slightly higher than without 
calcium. 

 
Table 23. Struvite precipitation and recovery – Experiments 19 and 20 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

19 0.022 0.090 36.1 5.01 43.5 
20 0.021 0.086 34.4 4.78 41.5 

 

 

Experiments 21 and 22 

These experiments are carried out in Jar test stirrer, using low concentration of reactants 
and with an initial pH of 9.67. 

The difference between these experiments are: 

- The Experiment 21 with calcium 

- The Experiment 22 without calcium 
 

 
Figure 34. pH evolution – Experiments 21 and 22 
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The calcium does not affect too much the pH evolution (Figure 34). The same as the 

previous Experiments 13 to 18, it has been allowed to ageing for a day and the solids have 
been put in the oven during 36 hours. In these cases, the recovery has been lower than the 
experiment with an intermediate concentration (Experiments 13 and 18) too and the recovery of 
the experiment with calcium has been higher than without calcium (Table 24). In order to check 
the influence of the ageing, three days of ageing were proved instead of one. 
 

Table 24. Struvite precipitation and recovery – Experiments 21 and 22 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

21 0.025 0.102 41.0 5.68 49.4 
22 0.022 0.090 36.1 5.00 43.5 

 
 
Experiments 23 and 24 

These experiments are carried out in Jar test stirrer, using high concentration of reactants 
and with an initial pH of 8.87. 

The difference between these experiments are: 

- The Experiment 23 with calcium 

- The Experiment 24 without calcium 

 

 
Figure 35. pH evolution – Experiments 21 and 22 
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The pH evolution is similar to the previous experiments (Figure 35). In these experiments, 

the ageing lasted for three days, followed by filtration. The solids have been introduced in the 
oven at 50 ºC and with vacuum until the weight of the solids remained constant. In this case 
during 46 hours. It is noticed that the recovery has been higher (Table 25) than the experiments 
with only one day of ageing (Experiment 12) or without ageing (Experiment 4 and 5). 
Furthermore, the crystals seem slightly bigger too (Figure 36). 
 

Table 25. Struvite precipitation and recovery – Experiments 23 and 24 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

23 0.359 1.46 59.3 8.15 54.6 
24 0.360 1.47 59.4 8.17 54.8 

 

 
Figure 36. Micrographic photography of the solids (x400) - Experiment 24 

 

Experiments 25 and 26 

These experiments are carried out in Jar test stirrer, using high concentration of reactants 
and with an initial pH of 9.73. 

The difference between these experiments are: 

- The Experiment 25 with calcium 

- The Experiment 26 without calcium 

The same as the Experiments 23 and 24 it has been allowed to ageing for three days and 
the solids have been put in the oven during 46 hours. Comparing these results to the 
experiment with one day of ageing (Experiment 11), the recovery of struvite increased with 
almost 10 % (Table 26).  
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Table 26. Struvite precipitation and recovery – Experiments 25 and 26 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

25 0.427 1.74 70.5 9.69 65.0 
26 0.406 1.65 67.0 9.22 61.8 

 
In order to check the influence of the agitation, a magnetic stirrer is used instead of Jar test 

stirrer.  

 

Experiments 27 to 30 

These experiments were carried out using magnetic stirrer, at low concentration of reactants 
and with 3 days of ageing. 

The difference between these experiments are: 

- The Experiment 27 has an initial pH of 8.81 and with calcium 

- The Experiment 28 has an initial pH of 8.81 and without calcium 

- The Experiment 29 has an initial pH of 9.75 and with calcium 

- The Experiment 30 has an initial pH of 9.75 and without calcium 

 
Table 27. Struvite precipitation and recovery – Experiments 27 to 30 

 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

27 0.025 0.102 41.9 5.69 49.2 
28 0.024 0.098 40.3 5.46 47.2 
29 0.036 0.147 60.4 8.19 70.8 
30 0.034 0.139 57.0 7.74 66.9 

 
The experiments with an initial pH of 9.7 provided a higher struvite recovery than the ones 

with an initial pH of 8.7 (Table 27). Besides, in the experiments with calcium, the struvite 
recovery is slightly higher than in the e experiments without calcium. 
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Experiments 31 to 34 

These experiments are carried out using magnetic stirrer, with intermediate concentration of 
reactants and with and with 3 days of ageing. 

The difference between these experiments are: 

- The Experiment 31 has an initial pH of 8.73 and with calcium 

- The Experiment 32 has an initial pH of 8.73 and without calcium 

- The Experiment 33 has an initial pH of 9.74 and with calcium 

- The Experiment 34 has an initial pH of 9.74 and without calcium 

 
 

Table 28. Struvite precipitation and recovery – Experiments 31 to 34 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

31 0.088 0.359 44.4 6.68 49.8 
32 0.088 0.359 44.4 6.68 49.8 
33 0.127 0.518 64.1 9.65 71.8 
34 0.126 0.513 63.6 9.57 71.3 

 

The same as the Experiment 27 to 30, the experiments with an initial pH of 9.7 has 
recovered more than with an initial pH of 8.7 and the experiments with calcium has recovered 
more a little more than the experiments without calcium (Table 28). 

 

Experiments 35 and 36 

These experiments were carried out using magnetic stirrer, with high concentration of 
reactants, with an initial pH of 9.73 and with and with 3 days of ageing. 

The difference between these experiments are: 

- The Experiment 35 with calcium 

- The Experiment 36 without calcium 
 

Table 29. Struvite precipitation and recovery – Experiments 35 and 36 

Experiment Struvite Recovery [%] 
Mass [g] Moles [mmole] PO43- NH4+ Mg2+ 

35 0.436 1.78 72.3 9.90 66.3 
36 0.437 1.78 72.5 9.92 66.5 
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Comparing these results to the experiment with Jar test stirrer (Experiments 25 and 26) it is 
recovered slightly more phosphorus (Table 29). Crystals are observed by microscopy 
(Figure 37).  

 

 
Figure 37. Micrographic photography of the solids (x300) - Experiment 36 
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6. DISCUSSION  
Although the crystals observed by microscopy do not correspond to struvite crystals 

according to the X ray diffractogram but to amorphous material, it is assumed that the solids 
collected from the crystallizer are struvite. The amorphous material would not appear as crystal 
shape in the microscope. The crystallinity of the collected crystals is lost during the drying 
process. According to literature, although drying at 50 ºC and with vacuum, the struvite could 
decompose to amorphous magnesium phosphate (Bhuiyan et al., 2008.b): 

!"#$%&'% · 6	$+' → !"$&'% + #$. ↑ +	6	$+' ↑ 

This is the reason why the X-ray diffraction analysis indicates that the solids are amorphous. 

6.1. CONCENTRATIONS 
In Table 30, each row represents experiments performed in the same operating conditions, 

the concentration being the only variation.  

 
Table 30. Comparison of experiments changing the concentration 

Low Intermediate High 
Experiment PO43- recovery [%] Experiment PO43- recovery [%] Experiment PO43- recovery [%] 

21 40.1 13 50.7 11 60.6 
19 36.1 15 37.9 12 54.9 
22 36.1 18 51.3 - - 
20 34.4 17 38.2 - - 
27 41.9 31 44.4 - - 
28 40.3 32 44.4 - - 
29 60.4 33 64.1 35 72.3 
30 57.0 34 63.6 36 72.5 
 

With a high concentration, it is recovered more phosphate than with an intermediate 
concentration and this is recovered more than with a low concentration. This is because the 
lower is the concentration, less mass of solid is collected. A lower amount of solid is easier to 
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dry and to decompose. After drying, all the struvite has decomposed to amorphous magnesium 
phosphate in the case of low concentration. Figure 38 shows that the crystals are not any more 
present after drying. While with a high concentration, only part of the struvite is decomposed to 
amorphous magnesium phosphate by drying, that is why are observed remaining crystal shapes 
by microscopy (Figure 39). 

 

 
Figure 38. Micrographic photography of the solids (x300) - Experiment 30 

 

 

 
Figure 39. Micrographic photography of the solids (x100) - Experiment 36 
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6.2. PH 
Starting at pH 9.7 provides a higher recovery of phosphorus than at pH 8.7. At the Table 31, 

in order to check the effect of the initial pH, it is represented in each row experiments with the 
same operating conditions, only changing the initial pH.  

 
 

Table 31. Comparison of experiments changing initial pH 

pH0 = 8.7 pH0 = 9.7 
Experiment PO43- recovery [%] Experiment PO43- recovery [%] 

4 50.0 1 60.7 
6 54.4 3 62.1 
9 53.8 7 62.9 

10 53.8 8 61.4 
12 54.9 11 60.6 
15 37.9 13 50.6 
17 38.2 18 51.3 
19 36.1 21 41.0 
20 34.4 22 36.1 
23 59.3 25 70.5 
24 59.4 26 67.0 
27 41.9 29 60.4 
28 40.3 30 57.0 
31 44.4 33 64.1 
32 44.4 34 63.6 

 

   In all the cases, the recovery has been higher for the experiment with an initial pH of 9.7. 
This is because in the experiments at initial pH of 9.7, pH values remain above to 9.2 
meanwhile in the experiments at initial pH of 8.7, pH values drop to 7.5 or below. The 
bibliography review indicates that the optimal range for struvite precipitation is between 8.8 and 
9.4 (Booker, 1999). According to Figure 3, when the pH drop below 8 it is formed less struvite. 
Therefore, in order to get a higher recover, it is better starting with an initial pH of 9.7. 
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6.3. CALCIUM IONS 
In order to check the effect of the calcium ions, Table 32 represents in each row 

experiments with the same operating conditions, only changing the addition or not of calcium. It 
is observed that for most of the cases it is recovered slightly more phosphorus in the 
experiments with calcium. However, it could not be stated that it is better adding calcium since 
these little differences might be caused by experimental errors. 

 
Table 32. Comparison of experiments adding calcium or no adding calcium 

With Ca2+ Without Ca2+ 
Experiment PO43- recovery [%] Experiment PO43- recovery [%] 

4 50.0 5 54.4 
7 62.9 8 61.4 
9 53.8 10 53.8 

13 50.6 18 51.3 
15 37.9 17 38.3 
19 36.1 20 34.4 
21 41.0 22 36.1 
23 59.3 24 59.4 
25 70.5 26 67.0 
27 41.9 28 40.3 
29 60.4 30 57.0 
31 44.4 32 44.4 
33 64.1 34 63.6 
35 72.3 36 72.5 

 

6.4. STIRRING 
In order to check the effect of the stirrer, Table 33 represents in each row experiments with 

the same operating conditions, only changing the stirrer. 

 
Table 33. Comparison of experiments changing the stirrer 

Jar test Magnetic 
Experiment PO43- recovery [%] Experiment PO43- recovery [%] 

25 70.5 35 72.3 
26 67.0 36 72.5 
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The magnetic stirrer provided a slightly higher recovery than the Jar test stirrer. The 
difference is not related to the way of agitation, but simply because with the Jar test, part of the 
solid remains sticked on the pales. After the experiment, Jar test pales are covered by solid, 
which contributes to the loss of mass. The small Teflon bar of the magnetic stirrers does not 
generate that problem. Hence, the experiments could be performed either in Jar test stirrer or 
using a magnetic stirrer. 

 

6.5. AGEING 
In order to check the effect of ageing, Table 34 represents in each row experiments with the 

same operating conditions, only changing the ageing. 

 
Table 34. Comparison of experiments changing the ageing 

Without 1 day 3 days 
Experiment PO43- recovery [%] Experiment PO43- recovery [%] Experiment PO43- recovery [%] 

1 60.7 11 60.6 25 70.5 
4 50.0 12 54.9 23 59.3 
5 54.4 - - 24 59.4 

 
It was seen that it is recovered more phosphorus with the ageing, comparing the 

Experiments 4, 12 and 23, it has recovered almost 5 % more with one day of ageing than 
without ageing, and it has recovered almost 4.5 % more with three days of ageing than with one 
day. This is because the ageing allows the crystals growth and with the crystal growth it could 
recover more phosphate. Figure 40 shows that the crystals with ageing have a bigger size than 
without ageing. It was also seen that without ageing an agglomerated solid was obtained 
meanwhile, with one day ageing several individual fine particles were obtained (Figure 41). 
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Figure 40. Left: Micrographic photography of the solids (x100)- Experiment 7 (without ageing) 

Right: Micrographic photography of the solids (x100) - Experiment 12 (one day ageing) 
 

 

 
Figure 41. Solid structure. 7 without ageing, 12 one day ageing 
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7. FUTURE WORK 
As a continuity to the experimental work performed so far, drying at room temperature and 

using desiccator with silica gel is the next step to do to avoid the struvite decomposition to 
amorphous magnesium phosphate. In fact, this work has been performed but, the X-ray 
diffraction analysis results are not still available. Once a crystalline solid identified as struvite is 
obtained, XRD it could check if the solids obtained adding calcium present the same structure 
as the ones without adding calcium. The influence of calcium on struvite recovery and struvite 
purity must be checked. Finally, the influence of the concentration of reactants on the recovery 
of struvite is another important issue to evaluate, identifying whether there is an optimum 
concentration of reactants that would yield a higher phosphorous recovery. 
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CONCLUSIONS 
This work provides an extensive literature review about struvite crystallization and shows 

the difficulties encountered to replicate published paper results.  

At the beginning of the work, the study was focused on finding an experimental method to 
produce struvite which can be easily replicable. Among all the methods, the discontinuous 
stirred reactors were chosen due to the simplicity of that type of reactors. 

The literature review allowed the identification of the characteristics and properties of these 
methods. Concepts such as pH, reactants concentrations, volume of reaction or agitation come 
up. After analyzing these concepts, the characteristics of the experimental method were chosen 
and the experiments were carried out.  

However, along the experimental work, several problems have showed up. According to X-
ray diffraction analysis, the solid obtained is amorphous. This allowed the identification of new 
concepts to be taken into account: the ageing and the decomposition of struvite. These 
concepts have not been considered by most of the methods reviewed and are of paramount 
importance being essential for struvite crystallization and its stability. 

Regarding the results of the experiments, the following conclusions were obtained: 

- A higher recovery of phosphates is reached when the initial pH has been 9.7 because 
the pH values remain near the optimal value of pH for struvite precipitation. 

- The experimental work can be carried out both in Jar test stirrer or using magnetic 
stirrer, as similar results were obtained in both cases. 

- The ageing is an essential process for the crystal growth, it has seen that with ageing 
more phosphorus can be recovered and the crystals turn out to have a bigger size. 

- Using an oven at 50	ºC and with vacuum to dry the solids has been a wrong 
procedure. In these conditions, the struvite has decomposed partially or completely to 
amorphous magnesium phosphate. This is the reason why the solids end up being 
amorphous by XRD. 
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- Due to the decomposition of struvite to amorphous magnesium phosphate, the 
calculated recovery rates are lower than the real recovery. Struvite structures loss 
both ammonia and water molecules simultaneously during the drying process.	

Therefore, the lack of information and specifications missing in most of reviewed articles are 
an impediment for replicating the literature results obtaining the crystals of struvite. 
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APPENDIX 1: SOLUTIONS PREPARATION  
 
Table 35. Preparation of the main solution  

Solution A B C D E F G H I J K L 
Volume [mL] 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 
Na2HPO4 [g] 3.508 3.514 4.396 4.397 1.527 1.465 0.445 0.445 4.420 0.435 1.445 4.398 

NH4Cl [g] 3.842 3.841 4.836 4.835 1.433 1.446 0.479 0.480 4.801 0.479 1.435 4.802 
 
Table 36. Preparation of magnesium chloride solution 

Solution A’ B’ C’ D’ E’ F’ G’ H’ 
Volume [mL] 100 250 250 250 250 250 250 250 

MgCl2 [g] 2.165 5.466 5.405 1.470 0.419 5.446 0.421 1.465 
 
Table 37. Preparation of calcium chloride solution 

Solution A’’ B’’ C’’ D’’ 
Volume [mL] 100 250 250 250 

CaCl2 [g] 0.090 0.225 0.223 0.226 
 
Table 38. Preparation of sodium hydroxide 5 M solution 

Solution A’’’ 
Volume [mL] 100 

NaOH [g] 20.621 
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APPENDIX 2: VOLUME USED FOR EACH EXPERIMENT 
 
 
 
Table 39. Volume of the main and the secondary solutions used in each experiment 

  Experiment 
Solution Category 0 1 2 3 4 5 6 7 8 9 10 11 12 

Main [mL] 

A 200 200 200 400                   
B         200 200 400             
C               200 200     200   
D                   200 200   200 

 MgCl2 [mL] 
A' 25 25 25                     
B'       50 25 25 50 25 25 25 25     
C'                       25 25 

CaCl2 [mL] A'' 25 25                       
B''       50 25   50 25   25   25 25 
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Table 39. Volume of the main and the secondary solutions used in each experiment (Continuation) 

  Experiment 
Solution Category 13 14 15 16 17 18 19 20 21 22 23 24 

Main [mL] 

E 200 200     200               
F     200 200   200             
G             200 200         
H                 200 200     
I                     200 200 

MgCl2 [mL] 

C'   25   25                 
D' 25   25   25 25             
E'             25 25 25 25     
F'                     25 25 

CaCl2 [mL] C'' 25   25       25   25       
D''                     25   

 

Table 39. Volume of the main and the secondary solutions used in each experiment (Continuation) 

  Experiment 
Solution Category 25 26 27 28 29 30 31 32 33 34 35 36 

Main [mL] 

I 200 200                     
J     200 200 200 200             
K             200 200 200 200     
L                     200 200 

MgCl2 [mL] 
F’ 25 25                 25 25 
G’     25 25 25 25             
H’             25 25 25 25     

CaCl2 [mL] D’’ 25   25   25   25   25   25   
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APPENDIX 3: PH EVOLUTION  
 

Table 40. pH evolution 

 Time [min] 
Experiment 0 5 10 15 20 25 30 40 50 60 80 100 120 150 180 

0 9.80 9.57 9.57 9.56 9.56  9.54 9.51 9.48 9.47 9.40 9.39 9.29 9.23 9.23 
1 9.80 9.59 9.58 9.57 9.56  9.53 9.55 9.53 9.48 9.45 9.41 9.27 9.35 9.19 
2 9.80 9.60 9.56 9.56 9.50  9.49 9.53 9.52 9.47 9.47 9.35 9.26 9.29 9.20 
3 9.80 9.59 9.55 9.55 9.45  9.49 9.45 9.53 9.52 9.52 9.50 9.41 9.46 9.40 
4 8.73 7.56 7.56 7.56 7.50  7.32 7.30 7.55 7.53 7.31 7.44 7.24 7.39 7.38 
5 8.73 7.48 7.45 7.44 7.44  7.33 7.34 7.41 7.37 7.37 7.28 7.21 7.38 7.34 
6 8.73 7.46 7.44 7.42 7.40  7.33 7.37 7.40 7.40 7.23 7.27 7.31 7.38 7.37 
7 9.71 9.63 9.61 9.60 9.52  9.53 9.51 9.51 9.46 9.48 9.41 9.35 9.28 9.23 
8 971 9.59 9.59 9.55 9.56  9.52 9.52 9.52 9.50 9.45 9.42 9.34 9.25 9.20 
9 8.69 7.81 7.77 7.71 7.75  7.73 7.73 7.74 7.73 7.72 7.70 7.67 7.63 7.62 

10 8.69 7.73 7.79 7.73 7.75  7.68 7.75 7.69 7.74 7.71 7.63 7.65 7.65 7.53 
11 9.78 9.62  9.65 9.57  9.55 9.58 9.55 9.49 9.47 9.41 9.35 9.29 9.21 
12 8.75 7.88  7.78 7.72  7.74 7.73 7.74 7.71 7.73 7.69 7.68 7.67 7.66 
13 9.76 9.61  9.54 9.53  9.54 9.53 9.51 9.47 9.43 9.36 9.35 9.23 9.21 
14 9.76 9.59  9.57 9.53  9.52 9.51 9.48 9.45 9.41 9.34 9.35 9.29 9.24 
15 8.78 8.63  8.36 8.27  8.14 8.05 8.06 8.02 7.94 7.90 7.90 7.89 7.83 
16 8.78 8.36  7.88 7.73  7.68 7.67 7.66 7.67 7.63 7.65 7.61 7.62 7.63 
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Table 40. pH evolution (Continuation) 

 Time [min] 
Experiment 0 5 10 15 20 25 30 40 50 60 80 100 120 150 180 

17 8.78 8.65  8.43 8.24 8.23 8.07 8.08 8.09 8.04 7.95 8.01 8.03 7.98 7.94 
18 9.76 9.67  9.55 9.51 9.52 9.46 9.48 9.48 9.45 9.44 9.40 9.37 9.30 9.25 
19 8.85 8.73  8.67 8.67 8.69 8.64 8.60 8.58 8.49 8.37 8.38 8.35 8.26 8.24 
20 8,85 8.76  8.73 8.72 8.71 8.69 8.64 8.61 8.55 8.40 8.37 834 8.28 8.25 
21 9.67 9.47  9.45 9.44 9.42 9.42 9.40 9.40 9.33 9.29 9.27 9.22 9.19 9.18 
22 9.67 9.47  9.47 9.45 9,46 9.44 9.43 9.42 9.38 9.35 9.30 9.27 9.22 9.20 
23 8.87 7.95 7.92 7.93 7.92 7.91 7.90 7.89 7.89 7.86 7.80 7.77 7.76 7.74 7.71 
24 8.87 7.96 7.93 7.92 7.92 7.92 7.87 7.88 7.90 7.86 7.83 7.73 7.76 7.79 7.72 
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APPENDIX 4: MICROSCOPY IMAGES  
	

Table 41. Microscopy images 

 Increases 

Sample X 96-144 X 300-450 X 600-900 

7 

 

  

9  

 

 

12 
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Table 41. Microscopy images (Continuation) 

 Increases 

Sample X 96-144 X 300-450 X 600-900 
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Table 41. Microscopy images (Continuation) 

 Increases 

Sample X 96-144 X 300-450 X 600-900 
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