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Abstract

Influence of Magnesium in the Formation of Phosphate
Spheres

Camilla Berg

Calcium phosphates and recently also magnesium phosphates, are used
for medical applications, due to their biocompatibility and
bioactivity. These properites makes spherical particles of calcium
and magnesium phosphate suitable for carrier materials for drug
delivery applications. By creating porous and/or hollow particles it
is possible to load the particles with a drug and control the
release of the active substance.

In this work, an ion-induced method for the synthesis of spherical
calcium and magnesium phosphates was developed. A simple
precipitation reaction was used, where substituting magnesium ions
could replace the function of templates, such as surfactants or
micelles, to induce the formation of spheres of a certain size and
morphology.

Experimental results showed that magnesium had an inhibitory effect
on the nucleation and crystal growth of calcium phosphates. By using
substituting ions as a structural regulator, it was possible to
alter the size, morphology and phase composition of the spheres. At
low magnesium concentrations, the spheres had a smooth surface and
were between 200 nanometer to 1 micrometer in diameter and composed
of hydroxyapatite and/or magnesium-substituted beta-TCP. At higher
magnesium concentrations, the spheres were about 10-50 micrometer
with a rough, flaky surface. Results also proved that calcium ions
have the same effect on the crystallisation and self-assembly of
magnesium phosphates. Apart from the magnesium concentration,
reaction temperature proved to have a high influence on the sphere
formation, whereas Ca/P ratio and reaction times above three hours
did not affect the sphere formation to the same extent.
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Populärvetenskaplig sammanfattning på svenska 
Dagens samhälle står inför stora utmaningar i och med problem relaterade till 

antibiotikaresistens. Det finns ett stort behov att minska användandet av läkemedlet och att för 

de tillfällen där användande är nödvändigt, minska på den givna dosen utan att förlora dess 

effekt. Samma typ av resonemang kan även föras för andra typer av läkemedel. Som det ser ut 

idag så är det enbart en liten andel av det läkemedel som man ger som verkligen når den plats i 

kroppen som man vill behandla samtidigt som resterade del går till spillo och ofta orsakar 

oönskade sidoeffekter.  

Ett sätt att ta sig runt denna problematik är genom att använda sig av så kallade bärarsystem. 

Ett bärarsystem är ofta någon slags partikel i storleken mellan några få nanometer till tiotalet 

mikrometer. Genom att kontrollera de kemiska och fysikaliska egenskaperna hos partiklarna 

och materialen som de är gjorda av, kan det vara möjligt att ladda dem med läkemedel. 

Bärarsystemet kan sedan vara utvecklat på sådant sätt att det frisätter läkemedel långsamt under 

en viss tidsperiod, eller på sådant sätt att det går att styra var i kroppen som det ska frisättas. 

Detta gör det möjligt att minska risken för biverkningar, samtidigt som man kan höja dosen 

läkemedel på just den plats som man vill behandla.  

Det finns många olika sorters material som har blivit undersökta inom området för 

bärarmaterial. Vilken typ av material, storlek och form som är lämpligt att använda beror på 

vilket läkemedel som man vill ladda partikeln med och var i kroppen som man vill att 

läkemedlet ska frisättas.  

I detta projekt har ihåliga sfärer av kalcium- och magnesiumfosfat studerats som möjliga 

alternativ som bärarsystem. Kalciumfosfater är lämpliga att använda då det liknar mineraldelen 

i mänsklig benvävnad samtidigt som de enskilda komponenterna också finns i blodet. 

Tillverkningen av kalciumfosfatsfärer är dock inte helt problemfri då det är svårt att kontrollera 

storlek och strukturen på ytan hos sfärerna. Vanligast är att man kringgått detta problem genom 

att använda sig av så kallade templates som är molekyler som kan styra riktningen och 

hastigheten för hur sfärerna bildas. I slutändan måste man dock på något sätt avlägsna dessa 

molekyler vilket medför en risk att förstöra sfärerna.  

För att försöka hitta ett alternativ till att använda templates, har magnesium använts i detta 

projekt för att styra storleken och ytstrukturen hos sfärerna. Magnesium är fördelaktigt att 

använda eftersom att ämnet, likt kalciumfosfat, också finns naturligt i benvävnaden och 

dessutom är väldigt lik kalcium. Detta gör att magnesium kan ersätta kalcium i materialets 

kristallstruktur, det vill säga det ordnade mönster som materialet är uppbyggt av. Egenskaperna 

hos materialet kommer då förändras genom att kristallerna som bygger upp materialet blir 

mindre och kristallstrukturen kan byta karaktär. Förändringarna kan göra det möjligt att få 

kalciumfosfaten att bilda sfärer istället för kristaller i former av skivor, stavar eller fibrer som 

det normalt skulle göra. Är andelen magnesium tillräckligt hög kommer ett nytt ämne bildas 

istället för kalciumfosfat; magnesiumfosfat. Detta material har inte använts lika länge för 

medicinska tillämpningar men materialet har likväl lovande egenskaper.   

Detta projekt syftade alltså till att undersöka hur andelen magnesium, förhållandet mellan 

kalcium och fosfat samt hur temperatur och tid påverkade sfärernas utseende. Den viktigaste 

slutsatsen som kunde dras i projektet var att storleken och ytstrukturen på sfärerna främst 

berodde på vilken typ av förening som bildats. Detta påverkade i sin tur kristallstrukturen och 
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storleken hos kristallerna i materialet. Vid låga koncentrationer av magnesium var kristallerna 

små och arrangerade sig på ett sådant sätt att sfärer, runt 200 nanometer stora, med en slät yta 

bildades. Vid högre magnesium koncentrationer hade fler kalciumjoner blivit utbytta mot 

magnesium vilket gjorde att en ny kristallstruktur hade bildats. Sfärerna var fortfarande runt 

500 nanometer i diameter, med en slät yta och alla visade tecken på att de var ihåliga. Vid de 

högsta koncentrationerna av magnesium bildades magnesiumfosfat istället för kalciumfosfat, 

det vill säga ett helt nytt ämne och ny kristallstruktur.  Detta gjorde att sfärerna blev bra mycket 

större, mellan 10 till 50 µm med en ruff yta sammansatt av mindre skivformade kristaller.  

Utöver magnesiumkoncentrationen så var även temperaturen avgörande för utseendet hos 

sfärerna. Temperaturen behövde vara minst 80 ºC för att sfärer skulle bildas överhuvudtaget 

men en skillnad noterades även vid jämförelse av 80 och 100 ºC. Övriga testade parametrar, det 

vill säga kvoten mellan kalcium och fosfat samt tiden för reaktionen (förutsatt att den var längre 

än tre timmar) visade sig inte vara lika viktiga för utseendet hos sfärerna.  

Detta projekt ska ses som en introduktion till en fullständig metod för tillverkning av 

fosfatsfärer genom att använda magnesium istället för en strukturguide i form av templates . 

Vidare tester behövs göra för att kunna bestämma mekanismen bakom bildandet av de ihåliga 

sfärerna. Detta inkluderar vidare utvärdering av de parametrar som redan undersökts men även 

andra tester. Detta skulle kunna innebära att undersöka om det på ett effektivt sätt går att ladda 

sfärerna med läkemedel och hur läkemedlet i fråga frisätts från materialet. Utöver detta skulle 

det även vara viktigt att undersöka hur materialen skulle bete sig i kroppen. Detta innebär att 

man bör testa hur snabbt sfärerna löses upp, hur celler i kroppen reagerar på materialet och om 

materialet i sig kan ha antibakteriella egenskaper.  
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List of abbreviations 
 

ACP – Amorphous Calcium Phosphate 

BET surface- Brunauer Emmett Teller Specific Surface Area 

CaP – Calcium Phosphate 

CPS- Calcuim Phosphate Spheres 

DDS – Drug Delivery System 

DLS – Dynamic Light Scattering 

FTIR  - Fourier Transform Infrared Spectroscopy 

HA – Hydroxyapatite   

ICP-OES – Inductively Coupled Plasma Optical Light Emission Spectroscopy 

MgP – Magnesium Phosphate 

MPS – Magnesium Phosphate Spheres 

SAED – Small Area Electron Diffraction 

SBF – Simulated Body Fluid 

SEM – Scanning Electron Microscopy 

TCP – Tricalcium Phosphate 

TEM – Transmission Electron Microscopy  

TMPA – Trimagnesium Phosphate Anhydrous 

XRD – X-ray Diffraction 
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1. Introduction 
In modern healthcare, there is an increasing demand for refined drug delivery systems to 

optimize the effects of the active substances in drugs, and minimize the unwanted side effects. 

Thus, it is of great interest to lower the total dose of drug at the same time as the concentration 

of the drug at the area of treatment could be increased. This could potentially be achieved by 

using new carrier materials that can ensure an even drug concentration over a fixed period of 

time and at specific places in the body. 

A great variety of materials and morphologies has been studied within the field of drug delivery. 

This includes organic materials like liposomes and polymeric micelles, but also inorganic 

materials such as ceramics and metals [1]. Spherical calcium phosphates are interesting 

candidates for drug delivery materials since the morphology allows a high loading capacity [2, 

3] at the same time as the material is non-toxic and can be produced at a low cost [4]. 

Magnesium phosphates could also be an alternative as a carrier material since they possess 

many of the good characteristics of calcium phosphates such as biodegradability and 

cytocompatibility [5]. 

The morphology and size of spherical particles intended for drug delivery are important features 

when designing a carrier material. The size of the particles will determine which route of 

administration that is possible for the system. Larger particles (in micrometre range) are suitable 

for bulk materials such as bone fillers, whereas smaller particles (20-200 nm) can be used for 

intravenous administration. [6, 7] The morphology of the spheres will determine the loading 

capacity of the particle where a hollow structure with a porous shell would be preferred to 

maximize it. 

Most of the self-assembling processes that are used to synthesize calcium phosphate spheres 

(CPS) involves the use of templates such as surfactants, polymers or biomolecules [8]. 

Dependent on the method, synthesised spheres could be either dense or hollow and there is also 

a possibility to alter the appearance in terms of porosity. The use of templates makes the 

manufacturing process complicated and post treatment and the removal of the templates 

imposes a risk of breaking the structures of the carrier materials. Thus, a template-free 

technology for controlling the self-assembly of ceramic particles, like calcium phosphate 

spheres, is more convenient and it would reduce the risk of destroying the structures. 

Incorporation of strontium and/or magnesium ions has shown to be one way to influence the 

assembly during the mineralization of bioceramics, although mechanism behind this finding it 

is not known in detail [9, 10]. 

The purpose of this project was to develop a novel and simple technology, for the synthesis of 

ion induced, self-assembled nano- to micro-scaled bioceramics, which could be used as carrier 

materials when treating musculoskeletal diseases and disorders. The project aimed towards 

controlling the mineralization and self-assembly during the synthesis of the spheres by using 

magnesium ions. More specifically the project aimed at determining how the magnesium ions 

affect the morphology, size and phase composition of the spheres and to identify the mechanism 

behind the formation. 
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2. Background 

2.1 Biomaterials 
The general definition of a biomaterial is that it is “a material intended to interface with 

biological systems to evaluate, treat, augment, or replace any tissue, organ or function in the 

body” [11]. This includes different materials, such as metals, alloys, polymers, ceramics and 

composite materials [1]. 

2.2 Calcium phosphates 
Calcium phosphates (CaP) are the main mineral component in several biological systems such 

as human tissue like teeth and bone [12]. There are several types of calcium phosphates, which 

most commonly consist of calcium and orthophosphate ions (PO4
3-), along with other 

compounds such as hydroxide (OH-) and carbonate (CO3
-). Some calcium orthophosphates, 

relevant for this project, are listed in Table 1. Common for all calcium orthophosphates is that 

the lower calcium-to-phosphate ratio (Ca/P), the more water soluble the material is. This is an 

important feature when choosing a material for the use within the field of biomaterials [13]. 

Applications for synthetic calcium phosphates include repair and replacement of damaged hard 

tissues, chromatography support and drug delivery among others [2, 14, 15]. 

By incorporating other ions in the crystal structure of CaP, there is a possibility to change the 

properties of the material. Ion substitution will alter the kinetics and thermodynamics of the 

crystallization process, which affects the degree of crystallinity, crystal size, solubility, and 

morphology of the materials [13]. Ca2+ can be substituted by other anions such as Mg2+ or Sr2+, 

but also by other compounds such as copper and zinc. PO4
3- and OH- could be replaced by CO3

- 

or a sulphate ion [16]. 

Table 1. Different types of CaP and their chemical composition and molar ratio between calcium and phosphate ions in the 

structure.[13] 

Compound Abbreviation Chemical formula Ca/P 

Dicalcium phosphate dihydrate DCPD CaHPO4 · 2H2O 1.00 

Amorphous calcium phosphate ACP CaxHy(PO4)z ·nH2O 1.2-2.2 

Octacalcium phosphate OCP Ca8H2(PO4)6 · 5H2O 1.33 

Tricalcium phosphate TCP Ca3(PO4)2 1.5 

Calcium Deficient Hydroxyapatite CDHA Ca10-x(PO4)6-x(OH)2-x 1.5-1.67 

Hydroxyapatite HA Ca10(PO4)6(OH)2 1.67 

 

2.2.1 Amorphous calcium phosphates 

Amorphous calcium phosphate (ACP) is a collection name given to CaPs with a lack of a long-

range order, which can exist in different stochiometric compositions. ACP particles synthesised 

via a precipitation process, are most commonly small spheres with a diameter of 20-200 nm. 

Due to the small size the material is said to be “XRD-amorphous”, which makes it difficult to 

determine the phase composition [13]. Posner et al. suggested that the particles consists of so 

called “Posner clusters” which are clusters of several Ca9(PO4)6-units where a Ca2+ is 

surrounded by six phosphate ions which in turn is surrounded by eight further Ca2+ [17]. Other 

theories states that the ACP particles could be built up by even smaller apatite crystals [18]. 
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ACP is the first solid phase that forms in the synthesis of other calcium phosphate phases. The 

chemical composition is determined by the pH and the concentrations of the mixing solutions 

[13]. ACP is unstable in wet conditions and pH, initial concentrations of ions,  temperature and 

concentration of eventual macromolecules, influences the lifetime of ACP particles in a solution 

[19]. The transformation from the amorphous state to a crystalline phase can occur by 

dissolution and re-precipitation, rearrangements in the internal structure, formation of 

crystalline areas both within or on the surface of the ACP or by surface reactions [13]. 

2.2.2 Tricalcium phosphates 

There are two types of tricalcium phosphates (TCP) with the same chemical composition; α-

TCP and β-TCP. α-TCP has a monoclinic space group and β-TCP a rhombohedral, with 

different lattice parameters and bond angles. Both polymorphs are stable at room temperature 

during dry conditions, but α-TCP is more reactive in physiological environments due to a more 

loosely packed crystal structure, which makes it more prone to react with water and form 

calcium deficient hydroxyapatite. This makes α-TCP suitable for applications with a need for 

bio-resorbable materials whereas β-TCP is used for bone replacement ceramics and polishing 

agent in toothpaste [13]. 

Temperatures above 1125 ºC are needed to synthesize α-TCP, which means that the material 

never occurs in biological calcifications [20]. Pure β-TCP never occurs in biological systems 

and cannot be prepared from aqueous solutions, except if the temperature reaches above 800 

ºC. This temperature limit can, however, be lowered if other ions are incorporated in the crystal 

lattice. The structure of β-TCP contains ion vacancies of a size suitable to accommodate ions 

smaller than the Ca2+ itself, such as Mg2+. This stabilizes the structure, and allows for the 

formation of a magnesium substituted form, whitlockite (Ca3-xMgx(PO4)2) [13]. 

2.2.3 Hydroxyapatite and calcium deficient hydroxyapatite 

Hydroxyapatite (HA) is the main component of bone and teeth. It never occurs in its pure form 

in nature, but due to the chemical similarities to those of bone it is the most investigated calcium 

phosphate. HA crystallises in a monoclinic space group at temperatures below 250 ºC. At higher 

temperatures, a hexagonal phase is formed which, dependent on distortion of OH-groups in the 

lattice, results in a higher probability of ion substitution. HA is used for coatings on orthopaedic 

implants such as artificial hip joints and dental implants, and also as bone fillers and bone grafts 

[14]. 

Calcium deficient hydroxyapatite (CDHA) has the same crystal structure as HA, but as the 

name implies there is a lack of Ca2+ in the structure. This results in a negative charge, which 

can be compensated for by incorporation of water in the structure, via protonation of an OH- 

ion or a phosphate group close to the Ca-vacancy in the lattice. CDHA can easily be prepared 

by aging of ACP, which results in particles with poor crystallinity of submicron dimension with 

Ca/P ratios ranging from 1.5 to 1.67. As for HA, CDHA never occurs naturally in biological 

systems, instead the ion-substituted form is the one present in biological tissues. This makes 

CDHA promising for bone substitutes and drug delivery applications [13]. 

2.2.4 Effect of substituting Mg2+ in calcium phosphates 

Mg2+ is an interesting alternative as a substituting ion in calcium phosphates since it is abundant 

within cells and is one of the main substitutes in bone mineral [21]. The crystal structure and 

morphology of a calcium phosphate can be altered by adding Mg2+ due to its inhibitory effect 

in precipitation of HA and stabilization of β-TCP and ACP [22]. 
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Hydroxyapatite spontaneously grows like flakes, fibers or rods due to its hexagonal symmetry 

and lattice parameters which favours growth along the c-axis [23]. A typical precipitation 

reaction of hydroxyapatite would involve formation of ACP, stabilization of ACP, 

transformation of ACP into HA via dissolution and crystallization, classical crystal growth and 

HA aging. Mg2+ can regulate the phase transformation between ACP and HA by either being 

incorporated in the ACP structure or adsorbed on the surface and thereby delay the 

transformation between ACP to HA [22]. Substitution of ions in the HA structure has been 

reported at levels up to 10 %, which leads to a decrease in crystallinity and reduction of lattice 

parameters due to the size difference between Mg2+ and Ca2+ [24]. 

The inhibitory effect on the formation of HA will favour the formation of β-TCP when the Mg2+ 

content is high enough. β-TCP will be stabilized by incorporation of Mg2+. Substitution ions 

could be incorporated at Ca2+-sites in the lattice up to a level of 13 % [25, 26]. If the amount of 

Mg2+ reaches above this limit it is possible that magnesium phosphate is formed as an additional 

phase. 

To summarize, Mg2+: 

- Stabilizes ACP by inhibiting the formation and crystal growth of HA 

- Favours the formation of β-TCP over HA 

2.3 Magnesium phosphates 
Although calcium phosphates have excellent biocompatibility, the use of the material comes 

with some drawbacks. These are mainly related to their low resorption rate and sometimes poor 

mechanical properties, especially over short time periods. This can limit their use in non-load-

bearing applications [27]. Due to these issues, magnesium phosphates (MgP) have gained 

interest during the last decades, as a possible substitute material [28]. MgPs are reported to have 

more rapid degradation, higher injectability and higher mechanical strength compared to CaPs 

[5]. This makes the material suitable for applications such as drug delivery. Some common 

magnesium phosphates are presented in Table 2. 

Table 2. Different types of magnesium phosphates and their chemical composition and molar ratio between magnesium and 

phosphate ions in the structure [5]. 

Type Abbreviation Chemical formula Mg/P 

Trimagnesium phosphate TMPA Mg3(PO4)2 1.5 

Bobierrite TMPO Mg3(PO4)2 ·8H2O 1.5 

Catteite Ct Mg3(PO4)2 ·22H2O 1.5 

Magnesium hydrogen phosphate MHP MgHPO4 1.0 

Holtedahlite Ho Mg2(PO4)(OH) 1.0 

 

2.4 Self assembly 
Self-assembly is a spontaneous process where molecules, polymers, colloids, or macroscopic 

particles, organize into ordered structures held together by non-covalent interactions. The 

process is driven by specific, local interactions among the components without any external 

direction [29]. Self-assembly is one of the key components in the natural fabrication of 

composite materials and biominerals. Materials found in biological tissues can exhibit complex 

morphologies with hierarchical structures that seem to have no direct relationship between the 

unit cell of the crystal structure and the macroscopic form.  This has proven to be challenging 
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when attempting to mimic the biomineralization processes, e. g. in the fabrication of hollow 

spherical particles [30]. 

2.5 Synthesis of calcium and magnesium phosphate spheres 
Several techniques have been used for the synthesis of calcium and magnesium phosphates 

spheres (CPS and MPS).  They can be divided in categories dependent on reagents, eventual 

dispersion tools, types of reactions, resulting particle size and crystal phases. The methods 

include use of reagents such as solutions, slurries and powders with dispersion medias such as 

gases, liquids and plasmas. The particles vary in size between 10 nm to 400 µm [4]. 

Precipitation reactions from solutions are among the simplest methods to use when preparing 

spherical particles, especially for smaller particle sizes. The mechanism behind the process is, 

however, rather complicated and different stages in the process, such as nucleation, crystal 

growth and agglomeration needs to be controlled to be able to produce monodisperse particles 

with desired characteristics [31]. 

Control of size and morphology of CPS and MPS is one of the biggest challenges when using 

precipitation reactions. Until now, most methods have involved different templates or structural 

guiders to overcome this issue. Collagen, micelles and surfactants have successfully been used 

to create hollow spherical particles, but the use of templates is problematic since it involves 

some kind of post treatment, like calcining or ripening in an aqueous media, which imposes the 

risk of breaking the structures [8, 32, 33]. A template free method would therefore be preferred 

in order to simplify the synthesis, to lower the cost, and to improve the quality of the product. 

As stated above, incorporation of substituting ions can affect the size distribution and 

morphology of synthesised particles. The concept with ion substitution will therefore be used 

in this project in an attempt to control the crystallization process and self-assembly of spherical 

and possibly hollow, phosphate particles. 

2.5 Calcium and magnesium phosphate spheres as drug delivery systems 
When designing a carrier material intended for use as a drug delivery system (DDS), it is crucial 

that it is possible to load the material with a sufficient amount of drug. This can be done by 

either using a porous material that can adsorb it on to its surface or by using a hollow particle 

where the active substance can be stored within the actual sphere. A combination of the two 

methods could be an alternative to maximize the loading capacity. 

The specific application for a carrier material, such as CPS and MPS, sets different demands 

on material properties like solubility, acidity and nanostructure [34]. Regardless of applications, 

all materials need to be biocompatible, have an even size distribution and a low release rate or 

externally controlled release of active substance. Choice of administration route sets some 

different demands on the material. If it is intended for use as a bulk material, for bone graft 

substitutes or drug carriers for bone applications, materials need to be injectable and the spheres 

should be in micrometre range. A porous morphology is also preferred to allow for ceramic 

resorption and bone formation [6]. If the spheres are supposed to be intravenously 

administrated, particles need to have a uniform size in a nano-meter range (10-200 nm), phase 

homogeneity and they need to be colloidally stable in physiological conditions. The specific 

size is determined by the bio-distribution of the particles so it is suitable for the specific 

application. As an example, particles need to be smaller than 150 nm if they should cross the 

endothelial barrier [7, 35].  
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3. Experimental 

3.1 Materials 
Calcium chloride was bought from Honywell, Riedel de Haen (Germany) and magnesium 

chloride hexahydrate, potassium phosphate and sodium phosphate from Sigma Aldrich (USA). 

All chemicals were of analytical grade and used as received. 

3.2 Preparation of spheres 
The precipitation method used within this project does not include the use of buffer solution 

that has been used in similar experiments [9]. The reason for this was that the aim was to 

evaluate which ions that are needed to form the desired spheres and which role each compound 

plays for the morphology, size and phase composition of the spheres. 

Two solutions of equal volumes (500 ml), one containing the constituent anions for the material 

and one the cations, were prepared separately. Two types of phosphate ions, HPO4
2- and H2PO4

- 
were used in a fixed ratio throughout all experiments. Solutions containing the anions were 

added dropwise into the cations (Ca2+ and Mg2+) during stirring at room temperature, to form a 

clear solution. If no precipitation occurred at room temperature, the solutions were put into 

glass vessels with tightly covered lids and set into an oven at 100 ºC for 24 hours. Precipitates 

formed during heating were separated from the solutions by filtering or centrifugation, they 

were thereafter washed with ethanol three times and dried at 40 ºC overnight. A schematic 

picture of the synthesis is shown in Figure 1.   

 

Experiments were performed by varying the concentration of the different elements and the 

ratio between them. Concentrations of ingoing ions was similar to the concentrations of Ca2+ 

and Mg2+, in simulated body fluid (SBF), which resulted in a pH between 6-8. A number of 

samples were chosen for further testing. Samples chosen for evaluation of temperature during 

synthesis were selected to cover different phase compositions of the spheres. Evaluation of 

reaction time (dynamic testing) was done on sample M1.06 (Table 3) due to its interesting 

morphology and phase composition. This sample was also representative for the morphology 

and phase composition of sample M1.05 and M1.07 (Table 3).  

3.2.1 Influence of Mg2+ 

Four sets of experiments were carried out to determine how the Mg2+ concentration influenced 

the morphology, size and phase composition of the precipitates.  Table 3 shows a summary of 

used concentrations and atomic ratios between the ions. A sample without Mg2+ (C01) and one 

without Ca2+ (C02) was prepared to work as control samples. The remaining three groups (M1, 

M2 and M3) were prepared with three different Ca/P ratios (0.0045, 0.09 and 2.5) with varying 

Mg2+ concentrations within the groups. Mg2+ concentrations for the prepared solutions varied 

between 0.05-5.5 mM. This allowed for an evaluation of the critical concentration of Mg2+ for 

the formation of spheres and an evaluation of how the concentrations affected their properties. 
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Table 3. Ion concentrations in solutions prepared for evaluating the influence of Mg2+. The letter C denotes control 

samples whereas M indicates samples with varying Mg2+ concentrations. 

Sample Ca [mM] P [mM] Mg [mM] Ca/P Mg/Ca Mg/P 

       

C01 0.9 10 0 0.09 - - 

C02 0 10 3.25 - - 3.61 

M1.01 0.9 10 0.05 0.09 0.056 0.005 

M1.02 0.9 10 0.25 0.09 0.28 0.025 

M1.03 0.9 10 0.5 0.09 0.56 0.05 

M1.04 0.9 10 1.0 0.09 0.9 0.10 

M1.05 0.9 10 2.5 0.09 2.78 0.25 

M1.06 0.9 10 3.25 0.09 3.61 0.33 

M1.07 0.9 10 5.5 0.09 6.11 0.55 

M2.01 0.9 200 0.5 0.0045 0.56 0.0025 

M2.02 0.9 200 2.5 0.0045 2.78 0.013 

M2.03 0.9 200 5.5 0.0045 6.11 0.028 

M3.01 0.9 0.36 0.5 2.5 0.56 1.38 

M3.02 0.9 0.36 2.5 2.5 2.78 6.94 

M3.03 0.9 0.36 5.5 2.5 6.11 15.3 

 

3.2.2 Influence of Ca/P ratio 

Three sets of experiments (C/P1, C/P2 and C/P3) were carried out to determine how the Ca/P 

ratio affected the properties of the spheres. In the first group, the Ca/P ratio was altered by 

changing the Ca2+ concentration whereas it was changed by altering the phosphate 

concentration in the second group. Sample C/P3.01 was prepared in an attempt to increase the 

amount of synthesised spheres per litre solution. A summary of the experiments is presented in 

Table 4. Sample M1.02, M2.01 and M3.01 can also be used for evaluation of how the Ca/P 

ratio influence the spheres since they were synthesised with the same Mg2+ concentration and 

varying Ca/P ratio.  

Table 4. Ion concentrations in solutions prepared to evaluate the influence of the Ca/P ratio with a fixed Mg-

concentration.  

Sample Ca [mM]  P [mM] Mg [mM] Ca/P Mg/Ca Mg/P 

C/P1.01 2  10 0.5 0.25 0.20 0.05 

C/P1.02 5  10 0.5 0.10 0.50 0.05 

C/P1.03 10  10 0.5 0.050 1.0 0.05 

C/P2.01 0.9  25 0.5 0.036 0.56 0.02 

C/P2.02 0.9  50 0.5 0.018 0.56 0.01 

C/P3.01 10  10 5 0.5 0.10 0.50 

 

3.2.3 Evaluation of reaction temperature 

Reaction temperature has proven to be an important parameter when synthesising calcium and 

magnesium phosphate spheres [9, 10]. It could affect the morphology, phase composition and 

size of the particles, but it could also determine if precipitation will occur at all. Evaluation of 

the reaction temperature was therefore performed on selected samples, see Table 5,  by using 

the same procedure to synthesise spheres but with a reaction temperature of 60 and 80 ºC.   
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Table 5. Samples chosen for synthesis at 60 and 80 ºC. 

Sample Ca [mM] P [mM] Mg [mM] 

M1.01 0.9 10 0.05 

M1.03 0.9 10 0.50 

M1.06 0.9 10 2.25 

M1.12 0.9 0.36 2.5 

C/P2.01 0.9 25 0.5 

 

3.2.4 Evaluation of reaction time (dynamic testing) 

Dynamic testing was done to evaluate how the reaction time influenced the morphology of the 

spheres. It was also done in an attempt to determine the mechanism behind the formation of 

hollow spheres and crystal growth under the influence of Mg2+. 

Testing was done by analysing samples taken from the reaction vessel at different time points 

during 24 hours. A clear solution containing the ingoing anions and cations was prepared as 

described earlier. The time when precipitation first occurred was monitored closely and part of 

the solution was taken out. The solution was centrifuged, and precipitates were washed with 

DI-water and three times with ethanol and dried at 40 ºC overnight. After that, parts of the 

solution were taken out after 10 min, 20 min, 30 min, 1 hour, 3 hours, 6 hours and 24 hours. 

 
Figure 1. Description of the synthesis of CPS and MPS with a simple precipitation reaction at 100 ºC for 24 hours. Temperature 

and time was altered in some experiments to evaluate the influence of those reaction parameters.  
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3.4 Characterization 

3.4.1 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

The morphologies and sizes of the precipitates were analysed with field emission scanning 

electron microscopy (FE-SEM) with a LEO 1550 and LEO 1530. To increase the conductivity 

of the samples and avoid charging, the samples were sputtered with Au and Pd before analysis. 

Some samples, with a divergent phase composition, were also analysed with energy dispersive 

spectroscopy (EDS) in SEM to exclude the occurrence of contamination. Analysis was 

performed with a LEO 1550 equipped with a EDS spectrometer.  

3.4.2 X-ray Diffraction 

The crystal structure and phase composition of completely spherical samples were analysed 

with X-ray Diffraction (XRD) with a Bruker D8 Advanced using Cu Kα radiation (λ = 1.5418 

Å). Samples were prepared by dispersing the powder in ethanol, dropping them onto zero 

background single crystal silicon sample holders and the solvent was then evaporated. Resulting 

patterns were analysed using the software DIFRACplus EVA, Bruker. 

3.4.3 Inductively Coupled Plasma Optical Emission Spectroscopy 

The atomic composition of some selected interesting samples was analysed with Inductively 

Coupled Plasma Optical Emission Spectroscopy (ICP-OES) with a PerkinElmer, Avio 200. 

This was done by dissolving the precipitates in 1 M HNO3. Solutions from before and after 

reactions were analysed to determine the initial and final ion concentrations and to evaluate the 

amount of ions that were consumed during the reaction. All samples were centrifuged and 

filtered before analysis to remove eventual undissolved precipitates or contaminations. 
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4. Results 
Precipitation was visible in all samples after heating at 100 ºC for 20 minutes. The time was 

slightly shorter for samples with higher concentrations of Mg2+. The amount of precipitation in 

the reactions was estimated to be between 10-40 mg precipitation per litre solution.  

SEM images were captured at high magnification to examine the morphology and to estimate 

the size of the particles. Presented figures are representative for the sphere morphology in 

synthesised samples. XRD was performed on those samples where the amount of precipitation 

was enough to allow for a reliable analysis. ICP-OES was performed on five selected samples 

that covered all morphologies and phase compositions of synthesised materials.   

4.1 Influence of Mg2+ 

When adding Mg2+ it was clear that spheres were formed, and that the addition of ions affected 

both the phase composition, size and morphology of the spheres (Figure 2-5). Three sets of 

experiments (M1-3) were performed using three different Ca/P ratios, fixed within each group, 

and varying the Mg2+ concentration. 

Figure 2 shows the diffractograms for samples C01 and M1.01-04, with a Mg2+ concentration 

ranging from 0.05 to 1.0 mM. The CaP-phase was the main phase in all samples, which can be 

compared to samples with a higher Mg2+ concentration (M1.05-07) that consisted of MgP. The 

control sample (C1) crystallised as HA which remained as the main phase when adding Mg2+ 

to a concentration of 0.05 mM (sample M1.01). This was indicated in the diffractogram, by the 

strong peaks around 26 and 32 degrees, representing the (002) and (211) planes in the crystal 

structure of HA (Figure 2).  

When the Mg2+ concentration was 0.25 mM (sample M1.02), new peaks appeared around 16 

and 34 degrees (Figure 2). This indicates that the main phase had shifted to Mg-substituted β-

TCP. It was, however, not possible to exclude that some HA remained in the sample, due to 

broad peaks and some peak overlap between the two different phases. When the Mg2+ 

concentration was further increased to 0.5 and 1.0 mM (sample M1.03-04), Mg-substituted β-

TCP remained the main phase in the samples. The detected peak was, however, decreasing as 

the same time as the peaks broadened (Figure 2).  

When the Mg2+ concentration substantially exceeded the Ca2+ concentration in the reaction 

solutions (sample M1.05-07), the main phase shifted from CaP to MgP (Figure 3). No 

difference in phase composition was noted when the Mg2+ was higher than 2.5 mM. All samples 

consisted of Trimagnesium phosphate (TMPA).  
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Figure 2. X-ray diffraction patterns for samples with an increasing Mg2+ concentration (0.05-1.0 mM). The main phase in the 

samples changed from HA to Mg-substituted β-TCP when the Mg2+ concentration was increased. 

     

Figure 3. X-ray diffraction pattern for samples with a varying Mg2+ concentration (2.5-5.5 mM). All concentrations resulted 

in TMPA as the main phase.  
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The amount of precipitation in sample M2.02, M3.02 and M3.03 was not sufficient to be able 

to perform analysis with XRD. The yield in the reactions were much lower compared to other 

samples. 

Measurements with ICP-OES gave the ratio between Ca2+, Mg2+ and phosphate in the 

synthesised spheres, which could be compared to the results from XRD and literature values 

for the Ca/P ratios for the phases. It also indicated how much Mg2+ that it was possible to 

incorporate in the structure (Table 6). The (Ca+Mg)/P ratio decreased with an increasing Mg2+ 

concentration in sample M1.01-03, which indicates that more Mg2+ was incorporated in the 

structure. In sample M1.01 about 3 % of the Ca2+ had been substituted with Mg2+ compared to 

sample M1.02, M1.03 and M1.04 where the substitution was 9, 14 and 19 %. In sample M1.06 

the amount of Mg2+ was 82 % of the cations were Mg2+ confirming that the main phase was 

MgP.   

Table 6. Element analysis of the products using ICP-OES showing the atomic ratios between the elements.  

Sample Ca/P Mg/Ca Mg/P (Ca+Mg)/P 

M1.01 1.81 0.029 0.053 1.86 

M1.02 1.47 0.096 0.14 1.61 

M1.03 1.36 0.16 0.22 1.58 

M1.04 1.27 0.24 0.30 1.57 

M1.06 0.245 5.74 1.16 1.41 

 

Additional ICP-OES measurements on sample M1.06 was performed on the solutions from 

before and after. The results showed that there were only small deviations from the expected 

concentrations of Ca2+, Mg2+ and phosphate (comparing Table 3 with Table 6). The 

measurements on the solutions before and after reaction, showed that roughly 60-65 % of the 

Mg2+ and Ca2+ were consumed during reaction. This can be compared with the phosphate ions, 

where only 2 % remained in the solution after reaction.  

Table 7. Atomic composition and ion concentrations in the solutions before and after reaction in sample M1.06, 

determined with ICP-OES.  

Sample Ca [mM] P [mM] Mg [mM] Ca/P Mg/Ca Mg/P 

Precipitation - -  - 0.245 5.74 1.16 

Solution before reaction 0.642 5.73 1.81 0.056 6.53 0.316 

Solution after reaction 0.252 0.126 0.648 0.029 5.13 5.14 
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Analysis with SEM showed that the sample without any Mg2+ precipitated as nano-flakes with 

a random assembly (Figure 4. C01), which is typical for HA prepared from aqueous solution. 

The control sample without any Ca2+, formed sheets of sizes in the micrometer range. Some of 

them assembled into sphere like shapes with a diameter around 20 µm (Figure 4. C02).    

 

Figure 4. SEM images showing the morphology for the control samples (C01-02) without Mg2+ or without Ca2+.  

When adding Mg2+ to a concentration of 0.05 mM with a Ca/P ratio of 0.09 (sample M1.01), 

crystals assembled into spheres with a smooth surface (Figure 5. M1.01), with a particle size 

around 500 nm.  For Mg2+ concentrations between 0.25-1.0 mM (sample M1.02-04), the size 

of the particles remained unchanged around 500 nm. The surface was smooth on all samples 

except for sample M1.03, where some spheres had a rough surface. All three samples showed 

clear signs of being hollow, which can be seen in the pictures with higher magnification (Figure 

5. M1.02-04). The thickness of the shells surrounding the hollow cores, varied with the Mg2+ 

concentration. At a low concentration (0.25 mM), they were about 100 nm thick, to become 

only a few nm thin in somewhat higher concentrations (0.5 mM), to finally grow thicker to 30 

nm in the sample with the highest concentration (1.0 mM).  

When the concentration of Mg2+ was substantially higher compared to the Ca2+ concentration 

(sample M1.05-07), a great morphological change was noted (Figure . M1.05-07). When the 

concentration was equal to 2.5 mM (sample M1.05), the precipitates consisted of microspheres 

with a rough, flaky surface. The size distribution of the particles was quite wide.  Most of the 

particles were around 20 µm in diameter, but some of them reached up to 50 µm.  

Further increase of the Mg2+ concentration up to 3.25 and 5.5 mM (sample M1.06-07), led to 

even bigger particles, with a size of 20-40 µm (Figure 5. M1.06-07). Both samples consisted of 

spheres with a rough surface with flakes, but there were also signs of small spherical particles 

on the surface of the larger spheres (Figure 5. M1.07). Some broken spheres revealed that the 

spheres had a hollow core. The shells of the spheres, on those that where obviously hollow, was 

about 10 µm thick. 

C01 – 0 mM C01 – 0 mM 

C02 – 3.25 mM C02 – 3.25 mM 
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Agglomeration of the particles was most common  for samples with a low Mg2+ concentration. 

There were two types of aggolomeration visible for the synthesised spheres. One where the 

cores of the spheres had fused together (Figure 5 M1.04) and another where it seemed like it 

was mostly the shells that were connected (Figure 5 M1.03) .  

 

 

 

 

 

M1.01 – 0.05 mM M1.01 – 0.05 mM 

M1.02– 0.25 mM M1.02 – 0.25 mM 

M1.03 – 0.5mM M1.03 – 0.5mM 

M1.04 – 1.0 mM M1.04 – 1.0 mM 
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Figure 5. SEM images showing the morphologies of the samples (M1.01-07) with a varying Mg2+concentration (0.05-5.5 mM) 

and a Ca/P ratio fixed to 0.09. Low Mg2+concentrations (0.05-1.0 mM) resulted in spheres around 500 nm in diameter with 

smooth surfaces whereas higher concentrations (2.5-5.5 mM) resulted in spheres between 10-40 µm with a rough surface.  

In a second set of experiments (M2), in which the phosphate concentration was set to 200 mM, 

spherical particles were obtained for the sample with a Mg2+ concentration of 2.5 mM (Figure 

6 M2.02).  The size of the particles was in the same range as for the M1 group. When the 

concentration was lower, at 0.5 mM (sample M2.01), the particles were not completely 

spherical, and some non-spherical particles with a flaky morphology were present (Figure 6). 

At a concentration of 5.5 mM (sample M2.03), some spheres were present, but fibre like 

structures and aggregates of nano-flakes appeared (Figure 6 M2.03). 

  

M1.05 – 2.5mM M1.05 – 2.5mM 

M1.06 – 3.25mM M1.06 – 3.25mM 

M1.07 – 5.5mM M1.07 – 5.5mM 
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Figure 6. SEM images representing the samples (M2.01-03) with a fixed Ca/P ratio (0.0045) and a varying Mg2+ concentration 

(0.5-2.5 mM).  

In a last set of experiments (M3), when the phosphate concentration was set to 0.36 mM, the 

amount of precipitation was only sufficient for analysis when the Mg2+concentration was 0.5 

mM (sample M3.01). This sample showed a spherical shape, with smooth surface and a size 

around 200 nm (Figure 7). This was slightly smaller compared to previous samples with a lower 

Ca/P ratio.   

 

Figure 7. SEM images for the sample (M3.01) with a Mg2+ concentration of 0.05 mM and a Ca/P ratio of 2.5.  

  

M2.02 – 2.5 mM M2.02 – 2.5 mM 

M2.03 – 5.5 mM M2.01 – 0.5 mM 

M3.01 – 0.5 mM M3.01 – 0.5 mM 
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4.2 Influence of Ca/P ratio 

Three groups of samples were prepared with different Ca/P ratios, with a Mg2+ concentration 

fixed at 0.5 mM in all three groups. In the first group, the ratio was altered by changing the Ca2+ 

concentration. In the second set, it was achieved by altering the phosphate concentration. The 

last sample was prepared in an attempt to increase the amount of spheres per litre solution, 

where both the Ca2+, Mg2+ and phosphate concentration was increased.  

XRD showed that samples with a Ca/P ratio between 0.5-0.018 consisted of Mg-substituted β-

TCP as the main phase (Figure 8). As for the samples with a varying Mg2+ concentration it was, 

however, not possible to eliminate if any HA was present in the samples due to weak peaks and 

possible peak overlap. At a Ca/P ratio of 0.036 resulted in a formation of new phases (Figure ). 

No clear matches could be found for the diffraction patterns of the sample, but it was most 

likely composed of several phases such as HA, Holtedahlite (Ho) and possibly a calcium 

hydroxide phase. No contaminations of other ions could be found when analysing the 

composition of the sample with EDS in SEM.  

 

Figure 8. X-ray diffraction patterns for samples with a varying Ca/P ratio. All samples consisted mainly of Mg-substituted β-

TCP except for sample with a Ca/P ratio set at 0.018 which consisted of several other phases.  

The sample with an Ca/P ratio set at 0.25 (sample C/P1.01), assembled into spherical particles 

with a size of 200-300 nm (Figure 9. C/P1.01). Most of the spheres had a smooth surface but 

parts of them had a rough surface like the those present in sample M1.02. The size of the spheres 

was roughly the same when decreasing the Ca/P ratio to 0.10 and 0.036 (Figure 9.C/P1.02 and 

C/P2.01). A drastic change was noted at a ratio of 0.018 when the precipitates assembled into 

microspheres (Figure 9. C/P2.02). The morphology was similar to those observed for sample 

M1.05-07. The size varied between 10-30 µm. At the highest Ca/P ratio (0.5), which also 

represented the sample with highest total concentration of ions, the spheres had a smooth 

surface and sizes between 500 nm to 1 µm.  
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Figure 9. SEM images collected for samples (C/P1.01-02, C/P2.01-02 and C/P3.01) with an increasing Ca/P ratio (0.0018-

0.5).  

Ca/P3.01 - 0.5 Ca/P3.01 - 0.5 

Ca/P1 - 0.25 Ca/P1.01 – 0.25 

Ca/P1.02– 0.10  Ca/P1.02 – 0.10  

Ca/P2.01 – 0.036 Ca/P2.01 – 0.036 

Ca/P2.02 – 0.018 Ca/P2.02 – 0.018 
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4.3 Influence of reaction temperature 
Two additional reaction temperatures (as a complement to 100 ºC), 60 and 80 ºC, was used for 

synthesis of a couple of samples, to evaluate its influence on the morphology. 60 ºC was not 

sufficient to form precipitation. At least not for a reaction time of 24 hours. 

At a reaction temperature of 80 ºC, precipitates formed for all five samples. Compared to 

synthesis at 100 ºC, a difference was noted for some of the samples. Spherical particles were 

obtained for all samples except for M1.01, which showed a random morphology (Figure 10 

M1.01). Compared to samples synthesised at 100 ºC, the spheres seem to have become slightly 

smaller, between 200 and 400 nm, and all spherical samples had a smooth surface structure. 

Large sheets of smaller agglomerated particles appeared in sample M2.02 (Figure 10 M1.02-

05).  

 

Figure 10. SEM images showing the morphology of samples synthesised at 80 ºC.  

4.4 Influence of reaction time (dynamic testing) 
Evaluation of reaction time was performed on sample M1.06 due to its interesting morphology 

and phase composition. The first sign of precipitation was visible after a reaction time of 11 

minutes. Thereafter, samples were taken from the reaction solution at 10 min, 20 min, 30 min, 

1 hour, 3 hours, 6 hours and 24 hours.  

The amount of precipitation in the sample after 10 minutes was not enough to allow for any 

characterisation. After 20 to 30 minutes, small spheres between 50-100 nm were formed (11. 

20 min and 30 min). After 1 hour, the spheres still had a smooth surface structure, but some 

spheres had grown larger resulting in a broad size distribution with sphere diameters ranging 

from a few nm to 200 nm (Figure 11. 1 h).  

When reaching 3 hours, the morphology and size of the spheres had changed drastically. 

Microspheres with a flaky surface with sizes ranging from 10-40 µm, had formed. Small 

spheres, with a diameter around 50-100 nm was also present on the surface of the larger spheres. 

Some spheres that had a broken shell, and others that had been growing on the walls of the 

reaction vessel, made it possible to notice that the spheres were hollow. The thickness of the 

shells enclosing the hollow core, was around 10 µm thick (Figure 11. 3h).  

C/P2.01 – 0.5 mM 

M1.06 – 3.25 mM 

M2.02 – 2.5 mM 

M1.01 – 0.05 mM M1.02 – 0.5 mM 
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After 6 hours to 24 hours, the morphology and size of the spheres were almost the same as after 

3 hours (Figure. 6 h and 24 h). The number of smaller spheres on the surface seemed, however, 

to have been reduced over time. The shells enclosing the hollow core was still around 10 µm, 

but the porosity of the shells had changed. The shells were denser closer to the core, whereas 

the porosity and size of the flakes increased towards the surface of the spheres.  

 

Figure 11. SEM images showing how the sphere morphologies changes during the reaction time. Images were taken of 

precipitates collected between 20 minutes and 24 hours.  

1 h 1 h 

3 h 3 h 

6 h 6 h 

24 h 24 h 

20 min 20 min 

30 min 30 min 
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5. Discussion 

The results from the experiments with varying reaction parameters showed that it was possible 

to alter the size, morphology and phase composition of synthesised spheres. The influence of 

Mg2+ and temperature seemed to be most important when trying to control the synthesis of 

spheres with the desired characteristics. The reaction time was also important, i.e. reaction times 

over 3 hours were needed to reach equilibrium.  

5.1 Influence of Mg2+ 

Results showed that by using Mg2+ as a substituting ion it was possible to form spherical 

particles. Characterisation with SEM, XRD and ICP-OES indicated that the concentration of 

Mg2+ used during synthesis, was correlated to the phase composition, size and morphology of 

the synthesised spheres. The critical concentration of Mg2+ for the formation of spheres was 

somewhere between 0.05 and 0.25 mM. Spheres were obtained for the sample with a Mg2+ 

concentration of 0.05 mM, but the system was quite unstable. Efforts to reproduce spheres with 

the same morphology and size at that concentration, were only successful in two out of six 

experiments.  The stability of the systems seemed to increase together with an increasing Mg2+ 

concentration.  

The results also indicated that a varying Mg2+ affected the size and morphology of obtained 

spheres. The appearance of the spheres was correlated to the phase composition. Smaller 

particles obtained at low concentrations consisted of HA or Mg-substituted β-TCP, whereas 

larger particles consisted of TMPA. The morphology of the spheres followed the same pattern. 

At low concentrations, the spheres had a smooth surface, whereas the higher concentrations 

resulted in a rough flaky surface. 

5.1.1 Phase composition 

Sample C1, without any Mg2+, consisted of HA. The main phase remained unchanged when 

adding 0.05 mM Mg2+. The transformation from HA to Mg-substituted β-TCP, at 

concentrations from 0.25-1.0 mM (Sample M1.02-04), can be explained by that Mg2+ inhibit 

the crystal growth of HA [22]. The diffraction patterns for those samples had peaks slightly 

shifted towards higher 2θ in the diffractograms, compared to pure β-TCP. This might indicates 

that Mg2+ had substituted some of the Ca2+ in the structure, which led to a decrease in lattice 

parameters due to the size difference of the ions [26].  

The broadening of the peaks and decrease in peak intensity for the β-TCP samples indicates 

that the crystallinity of the material, and the crystal size decreased due to a higher level of ion 

substitution of Mg2+ at concentrations of 0.5 and 1.0 mM (sample M1.03 and M1.04). The 

increase in substitution was confirmed with the measurements with ICP-OES. The percentage 

substitution for Mg2+ concentrations of 0.25 and 0.5 mM seemed to be in the range of previously 

reported values [13]. 19 % substitution which was determined for sample M1.04 was, however, 

higher than the values reported in literature.  

A slight difference in intensity between the diffraction peaks could also depend on the amount 

of powder used during the XRD measurements. Since the results from XRD and ICP-OES 

indicates that the Mg2+ substitution increases it was, however, unlikely to believe that this would 

be the main reason for the decrease in intensity.  
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The (Ca+Mg)/P ratios were higher compared to literature values for HA and β-TCP (1.67 and 

1.5). This indicates that ACP probably also was present in the samples. ACP can have a Ca/P 

ratio as high as 2.2 which would influence the total ratio between the elements [36]. The 

(Ca+Mg)/P ratios, for those samples consisting of β-TCP as a main phase (M1.02-04), were 

decreasing from 1.61-1.57 when the Mg2+ concentration increased. This indicates that a higher 

Mg2+ concentration enables further transformation of ACP to β-TCP during the reaction.  

The crystallinity for the HA and β-TCP samples were in general quite poor. It is, however, 

likely that the samples also contained a lot of water. To facilitate the analysis with XRD, it 

would be beneficial to evaporate the water and thereby get more distinct peaks in the 

diffractogram.  

When the concentration of Mg2+ exceeded 2.5 mM, TMPA became the main crystal phase. 

More intermediate concentrations between 1.0-2.5 mM needs to be evaluated to find the critical 

concentration for the phase transition. The detected signal in for the TMPA samples was higher 

compared to the CaPs, showing narrow peaks, indicating higher crystallinity and larger crystal 

size.   

Ca2+ was detected with ICP-OES in sample M1.06 (Table 6). It could, however, not be detected 

in any of the diffraction patterns (Figure 3) for samples M1.05-07, neither as a substitution in 

TMPA or as a pure CaP-phase. However, by comparing the morphology for the control sample 

without Ca2+ (sample C02) and sample M1.06, it is possible to tell that Ca2+ ions probably have 

similar effects in the crystallisation of MgP, as Mg2+ has for CaP. This means that the ion can 

affect the reactivity of different crystal faces and inhibit the growth of TMPA. This was also 

determined in similar studies reported by Qi et al. [10].   

To more closely determine how substituting ions, affect the crystal growth of CaPs and MgPs, 

it might be useful to use TEM with selected area electron diffraction (SAED). When using 

powder XRD, as in this project, the diffraction patterns will represent the crystal structure for 

all crystals in the sample. By using SAED in TEM it would be possible to select certain crystals 

in the polycrystalline samples, and determine the crystal phase of those. This might be useful 

when trying to determine how the self-assembly of the spheres are affected by the phase 

composition of the sample. The analysis technique is, however, rather time consuming and the 

sample preparation might be challenging. There might also be a risk of damaging the delicate 

structures on the CAPs by using high energy electrons in the TEM.  

A good complement to analysis with different diffraction techniques, would be to use Fourier 

transform infrared spectroscopy (FTIR). This technique would allow for determination of the 

chemical bonds within the structure and would give a good indication how the ions are placed 

in relationship to each other within the structure.  

5.1.2 Size of the spheres 

The size of the spheres increased along with an increasing Mg2+ concentration for those samples 

with a Ca/P ratio set at 0.09. At low concentrations (0.05-1.0 mM), the spheres were about 500 

nm in diameter, compared to higher concentrations (2.5-5.5 mM), where they were between 10-

40 µm. In contrast, earlier studies have shown that the particle size should decrease with an 

increasing Mg2+ concentration [10].  

The size of the spheres could be coupled with the crystal sizes and resulting in self-assembly, 

in the samples, which in turn were dependent on the phase composition and the degree of Mg2+ 
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substitution. Samples containing TMPA consisted of large crystals which also lead to assembly 

of large spherical porous particles. The same argument should work on particles consisting of 

β-TCP where the crystal size decreased with the Mg2+ concentration. No size difference could, 

however, be noticed for those samples. It might be possible to do so, if an explicit and more 

precise method for size determination, e. g. dynamic light scattering (DLS), is used.  

Particle agglomeration decreased with an increasing amount of Mg2+. For particles with lower 

Mg2+ concentrations, where the particle agglomeration was substantial, it would be hard to do 

perform measurements with DLS. It would also be hard to use those particles as a DDS since it 

is hard to control the shape and size of the particles when agglomeration occurs, hence the 

process is rather unpredictable. Agglomeration could possibly be avoided if the reaction time 

is decreased or if it is possible to find a method that prevents small particles to merge during 

the initial stage of reaction. For other material categories, agglomeration has been avoided by 

either using surface charge or polymers on the surface, such as Poly ethylene glycol (PEG), that 

would cause steric hindrance. If applying this in the synthesis of the CAPs, agglomeration might 

be reduced, but the simplicity of the synthesis would be partly lost.  

5.1.3 Morphology  

The morphology of the samples changed throughout the series of the performed experiments. 

At low Mg2+ concentrations (0.05-1.0 mM), when the spheres consisted of either HA or Mg-

substituted β-TCP, the surface on the spheres tended to be smooth. This surface morphology 

most likely was a result from assembly of small HA or β-TCP crystals, creating a surface that 

looked smooth at the magnifications used in the SEM. The sample with a Mg2+ concentration 

of 0.25 mM (sample M1.02), however, had some spheres with a rough surface (similar to the 

morphology of pure HA). If this was exclusively dependent on the changing Mg2+ concentration 

is, however, hard to tell. Small deviations from the desired concentration, or an uneven heating 

rate in the reaction vessel could also have caused these morphological changes on the surface 

of the spheres.  

At higher concentrations (2.5-5.5 mM), when the main phase had shifted to MgP, all samples 

had a rough surface. This means that the flaky structures that were seen on the surface of the 

microspheres, most likely were made of TMPA. Similar morphologies have been reported for 

MgP particles in an earlier study [10]. The small spheres on the surface of the larger spheres, 

could be ACP particles that remained in their amorphous state throughout the reaction. This 

could, apart from possible Ca2+ substitution in TMPA, be another reason for detection of Ca2+ 

in ICP-OES analysis on sample M1.06.  

Some of the synthesised spheres showed signs of being hollow. To determine if all spheres were 

hollow and eventually find the underlying reason for this, further analysis is needed. This could 

be done with e.g. imaging of cross-sections of the spheres by transmission electron microscopy 

(TEM), possibly together with energy dispersive spectroscopy (EDS). As stated for SAED in 

TEM, sample preparation and risk for breaking the fine structures on the CAPs, might be 

challenging fact when using this technique. The reason for the formation of the hollow cores 

remains unknown. It could either be a result from crystals nucleating on a surface that 

disappears or dissolves during the reaction time, and/or that it is a process that is exclusively 

driven by self-assembly.  
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5.2 Influence of Ca/P ratio 

Different Ca/P ratios during reaction did not seem to cause as big differences in morphology 

and size, as for the variation in the Mg2+ concentration. It should be noted, that even though the 

Mg2+ concentration was fixed throughout all experiments, the Mg/Ca and Mg/P ratio still varied 

somewhat. New experiments, where these ratios are fixed, should be performed to be able to 

draw more detailed conclusions about the effect of the Ca/P ratio.   

Generally, the same arguments about the influence of Ca/P ratio on size, morphology and phase 

compositions can be stated, as for the influence of the Mg2+ concentrations. No drastic changes 

in morphology or particle size occurred if the phase composition was unchanged. The particle 

size was, however, slightly increased within each phase when the Ca/P ratio decreased. Xia et 

al. has reported similar patterns [9].  

If a change in phase composition occurred, as for the sample with a Ca/P ratio of 0.018 

(C/P2.02), the size of the spheres increased at the same time as the surface became rough, 

composed of flaky structures similar to the ones noted on samples M1.06-07. The change in 

morphology can be explained by the change in crystal size which, in this case, resulted in larger 

diameters and a different assembly of the crystals. Further analysis and repeated experiments 

are needed for this sample to be able to determine how the phase composition affected the 

morphology.  

5.3 Influence of reaction temperature  
The reaction temperature showed to be crucial for the formation and morphology of the spheres. 

60 ºC was not enough to induce precipitation for the given concentrations and at a reaction time 

of 24 hours. Other experiments, with comparable concentrations but with the use of a buffer 

solution, resulted in spheres after 7 days [9]. So, it might be possible that spheres had been 

formed at 60 ºC if the reaction time was extended.  

At 80 ºC, spheres were formed after 24 hours for all samples, except for the one with the lowest 

Mg2+concentration. The yield was however, much lower compared to synthesis at 100 ºC. An 

increase of reaction time or reaction volume might be alternatives to increase the amount of 

synthesised spheres, and allow for analysis in e. g. XRD.  

A change in morphology was also noted for samples synthesised at 80 ºC. All samples that were 

spherical were slightly smaller compared to the samples at 100 ºC, and formation of 

microspheres did not occur in sample M1.06. This is most likely because the temperature 

affected the kinetics of the reaction which provoked a decrease in crystallinity resulting in 

smaller particles, see also [37].   

5.4 Influence of reaction time 
The influence of reaction time was evaluated for sample M1.06 with a Mg2+ concentration of 

3.25 mM and a Ca/P ratio of 0.09. Morphological changes were noted between 20 minutes and 

3 hours. After that, the morphology and size of the precipitates remained roughly the same. This 

indicates that 3 hours is enough to form spherical particles and to reach the equilibrium of the 

system, and to form crystalline TMPA.  

Spheres with a size under 200 nm, that is precipitates formed after 20 min, 30 min and 1 hour, 

are most likely amorphous MgP and possibly ACP, indicated by their small size and the fact 
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that amorphous precipitates often are the first solid product formed in precipitation reactions 

[13]. The flakes covering the spheres are most likely TMPA crystals that where formed between 

1 and 3 hours.  

Additional intermediate samples need to be analysed to track the morphological transformation 

between the amorphous phase, with small spheres, to the TMPA phase with flakes assembling 

into microspheres. It would also be useful to perform in-situ measurements with XRD to allow 

for better opportunities to track the crystallization process and phase transitions during the 

reaction. Different ion concentrations of the initial reaction solutions should also be tested to 

get a better picture over how time affects the formation of spheres consisting of HA or Mg-

substituted β-TCP as well.  

5.5 Other parameters that could affect the formation of spheres 
Apart from the tested parameters there are other factors that could affect the formation of 

spheres. As mentioned above, small deviations from the desired concentrations could result in 

morphological changes. Concentration differences could also cause small changes of pH in the 

solutions, which in turn can affect the appearance of the products due to changes in solubility 

[13]. It is therefore of importance to avoid, or at least be aware of the effect of, deviations from 

the targeted concentrations. Measurements with ICP-OES, for all solutions before reaction, 

would therefore be beneficial.  

As stated above it is also of importance that the heating rate and pressure is constant during the 

reaction and kept fixed in between reactions. An uneven heating rate or variations in pressure 

could cause polydisperse particles with a variety of morphologies [38]. A purpose-built reactor 

would therefore be beneficial to ensure that the pressure and heating rate could be closely 

controlled.  

There is a slight possibility that carbonates were present in the synthesised spheres since a 

carbon dioxide free environment was not used during synthesis. The presence itself would not 

be problematic for the use within biomedical applications, since carbonate ions normally are 

present in biological phosphates, but it might however affect the formation of the spheres. 

Presence of carbonates could easily be determined by using FTIR.  

Proper cleaning of the reaction vessels was noted to be very important. If some residues or 

contamination remain on the walls of the reaction vessel, sites of nucleation will be offered, 

which will affect the precipitation reaction and thereby the morphology and size of the particles.  

 

  



 

26 

 

6. Future outlooks  
Some suggestions for further characterisation and proceedings of existing experimental 

parameters were mentioned in the discussion. These are, however, mostly needed to fill in the 

gaps for the existing experiments. It would also be interesting to investigate if other ions, like 

Sr2+, could work as a structural guider like Mg2+ proved to do in this project. Apart from that, 

further testing of the properties of the spheres is needed to determine if spheres, synthesised 

with the presented method, could be used as a DDS.  

The loading capacity should be examined to determine if it is possible to load the spheres with 

a sufficient amount of therapeutic agent. The loading capacity might be correlated to the 

porosity of the material why BET-surface analysis also might be interesting to evaluate. 

Evaluation of drug release from the materials should also be performed in order to determine 

the rate and kinetics behind the release mechanism related to the material.  

Degradation properties of the materials should be evaluated in different types of media, e.g.  

PBS and serum. This is needed to evaluate how fast the material degrades and how it affects 

the properties of the materials and how it would function as a DDS over time. Biological testing, 

such as cytotoxicity and anti-bacterial properties, should also be performed to evaluate the 

biocompatibility of the material. The degradation properties and biological testing will together 

give a good indication how the material would function in vivo.  
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6. Conclusions 

In this project a novel technology, for the synthesis of spherical phosphate particles, has been 

developed for the fabrication of materials intended for drug delivery. Spherical hollow particles 

of CaP and MgP were prepared with a simple precipitation method where Mg2+ was used 

instead of the templates that previously have been used to control the formation of spheres. The 

results indicated that sphere formation was possible without the use of a buffer solution, which 

suggested that introduction of Mg2+ was the key-factor to obtain spherical particles of CaP. 

Experimental results also proved that Ca2+ had the similar effects on the crystallisation process 

of MgP. This suggests that it might be possible to use other substituting ions to create spherical 

particles.  

By changing different parameters during the synthesis, such as the atomic ratio between the 

ions, reaction temperature and reaction time, it was possible to determine that both morphology 

and size of the spherical particles was closely related to the phase composition. The Mg2+ 

concentration and reaction temperature seemed to be the most crucial factors to control to obtain 

the desired characteristics of the spheres. A higher temperature (100 ºC compared to 80 ºC) 

increased the formation rate of the Mg-substituted spheres whereas a lower temperature (60 ºC) 

was not sufficient for sphere formation during the reaction time of 24 hours.  

The morphology of synthesised spheres was diverse. Both solid, porous, and hollow particles 

were obtained with sizes between 100 nm to 50 µm. The phase composition and the degree of 

ion substitution, seemed to affect the size of the crystals, which in turn affected the assembly 

and morphology of the spheres. Spheres consisting of HA or Mg-substituted β-TCP resulted in 

spheres with sizes between 100 nm to 1 µm. A higher Mg-content in the β-TCP, resulted in a 

decrease of crystallinity and smaller crystals due to distortion of the crystal lattice. Spheres 

consisting of TMPA had higher crystallinity and larger crystal sizes compared to the CaPs, 

which resulted in particles that assembled into larger, porous spheres with diameters between 

10 to 50 µm. 

This work should be seen as an introduction towards a more developed technique for an ion 

induced self-assembly of hollow phosphate spheres. Further work is needed to determine the 

mechanism behind the crystallization process and self-assembly, since this could not be 

determined in this project. 
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