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ABSTRACT. Due to the ions in its structure, that have a variety of important 
roles in bone metabolism, forsterite (FS, Mg2SiO4) is a promising candidate for 
orthopedic and dental applications. This paper studies forsterite synthesized 
through two methods, namely sol-gel (FSsg) and precipitation (FSpp), based on 
a thermodynamic approach. Therefore, the precursor gel and precipitate were 
analyzed through thermal gravimetric (TG), differential thermal gravimetric 
(DTG) and differential scanning calorimetric (DSC) analysis. The FSsg and 
FSpp powders were characterized by X-ray powder diffraction (XRD) and 
atomic force microscopy (AFM). XRD reveals that the synthesized forsterite is 
of high crystallinity. As is evidenced by AFM, the average size of the 
nanoparticles is around 40 nm for FSsg and 30 nm for FSpp. The potential 
reaction mechanisms for the two synthesis routes were also established.  

 
Keywords: forsterite, sol-gel, precipitation method, synthesis mechanisms, 
thermodynamic approach  

 
a Babes-Bolyai University of Cluj-Napoca, Research Center in Physical Chemistry, Faculty 

of Chemistry and Chemical Engineering, 11 Arany J. Str., RO-400028, Cluj-Napoca, Romania 
b Iuliu Hatieganu University of Medicine and Pharmacy, Orthopedics and Traumatology Department, 

47 Traian Mosoiu Str., RO-400132 Cluj-Napoca, Romania 
c Academy of Romanian Scientists, 3 Ilfov Str., RO-050044, Bucharest, Romania 
d Department of Chemistry and Chemical Engineering, Hungarian Line of Study, Faculty of 

Chemistry and Chemical Engineering, Babeş-Bolyai University, Cluj-Napoca, Romania 
* Corresponding author: mcotisel@gmail.com, maria.tomoaia@ubbcluj.ro 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mcotisel@gmail.com
mailto:maria.tomoaia@ubbcluj.ro


A. AVRAM, D. FLOREA, F. GOGA, M. GOREA, A. MOCANU, G. TOMOAIA,  
I. PETEAN, A.-Z. KUN, O. HOROVITZ, M. TOMOAIA-COTISEL 

 

 
38 

INTRODUCTION  
 
Through various factors such as an inability to produce the optimal 

amount of bone material, an excessive resorption and an inadequate response 
during the bone remodelling process, the skeleton can acquire a fragility 
leading to various pathologies such as osteoporosis. Considering that the 
inorganic part of the bone includes hydroxyapatite and various phosphates, 
their highly biocompatible synthetic variants are very often used for orthopaedic 
applications, with a special emphasis on synthetic hydroxyapatite [1-17]. 
However, an orthopaedic implant also needs to withstand the pressures and 
heavy wear of regular use. Forsterite is a suitable candidate as an implant 
for load bearing applications due to its superior mechanical properties [18-
23]. Its high biocompatibility and bioactivity – related to Mg2+ and SiO44- ions 
in its composition, ions that are involved in various processes regarding bone 
formation [24-30] – would ensure an advantageous host-implant connection. 
There are a variety of studies concerning the ability of FS to produce HAP 
once immersed in SBF [31-35], its interaction with cells [36-39] as well as 
some, though few in vivo studies [33, 40].  

 Forsterite has been synthesized through various methods, such as 
solid-state synthesis [41, 42], sol-gel [43, 44], precipitation [45, 46], spray-
drying [47] or mechanical activation [48, 49]. Opting for the right method is 
critical in the synthesis of materials as it can limit the precursors that can be 
used, impose certain temperature requirements for thermal treatments which 
can have an effect on particle dimensions, surface properties and the overall 
microarchitecture of the final product. For instance, an intrinsic antibacterial 
property has been reported for forsterite though the intensity of the effect 
may vary with the employed synthesis method. While a bactericidal effect 
was reported for precipitation-derived forsterite (10 mg/mL) a lack of activity 
was registered for sol-gel-derived one in the case of S. aureus [50]. Various 
degrees of inhibition (depending on FS concentration and pathogen) were also 
observed for both Gram positive and Gram negative strains for FS synthesized 
through a combustion method with glycine and urea [51]. Conversely, FS 
synthesized through mechanical activation was unable to have any effect at 
much larger concentrations (25-200 mg/mL) [52]. This discrepancy in results for 
the same material infers that differences among synthesis conditions could alter 
the final application. Therefore, a better understanding of synthesis mechanisms 
is needed to properly tailor a material for a specific application.  

Accordingly, this work investigates the effects of synthesis conditions 
on obtained forsterite nanopowder. The purpose of this study is to synthesize 
FS by two different methods, namely sol-gel and precipitation and characterize 
the forsterite nanopowders in terms of phase purity, and powder morphology. 
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While both sol-gel and precipitation methods are widely used, to the best of 
our knowledge, current literature does not discuss the formation mechanism 
for forsterite synthesized specifically through these two methods. Therefore, 
considering the importance of having a deep understanding of the course of 
reaction we propose reaction pathways for both methods. For this purpose, 
as to keep the comparison of the two methods accurate, both samples (FSsg 
and FSpp) were synthesized using the same reagents and submitted to 
appropriate thermal treatment conditions.  

The effects of the synthesis conditions on the physico-chemical properties 
were evaluated by X-ray powder diffraction (XRD) and atomic force microscopy 
(AFM).  
 
 
RESULTS AND DISCUSSION 

 
The choice of synthesis route is quite important as it can affect the 

characteristics of the final FS powder, namely the shape and size of 
nanoparticles, NPs, distribution and tendency of NPs agglomeration which in 
turn affect the structural homogeneity thus limiting FS potential applications. 
Different preparation methods of forsterite powder for medical applications 
are investigated in this work on the thermodynamic approach and it is found 
that the sol-gel and co-precipitation are appropriate procedures for this purpose. 
These fabrication methods are selected as they offer a better control of the 
process and the properties of the final product.  

The sol-gel type of synthesis is very versatile due to the many 
parameters involved (type of precursors, type of solvents, pH, temperature), 
leading to a large array of nanostructured materials. However, in the case of 
multi-cation materials, there has to be a good control over the hydrolysis and 
condensation so as to avoid segregation. Co-precipitation on the other hand 
has the advantage of readily leading to homogenous materials with particles 
that are small in size by controlling nucleation through pH and temperature. 
However, the problem comes with ensuring the suitable conditions to secure 
the simultaneous precipitation of all species in the solution. 

 
 
Thermal behaviour of forsterite precursor mixtures 

 
 Thermal analysis was performed on dried mixtures to define the 
minimum temperature needed for the nucleation of a forsterite phase. 
Figures 1 and 2 show the DSC curves (upper panels) and TG-DTG curves 
(lower panels) for the dried gel and dried precipitate respectively. 
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 The thermal curves in Figure 1 show the processes that occur during 
the heating of the dried gel obtained after hydrolysis and condensation of 
precursors, followed by further drying. The removal of water remnants in the 
dried gel is characterized by an endothermic process up to around 230oC 
accompanied with a mass loss of around 22%. The following two exothermic 
processes, one between 233oC and 381oC and the second between 381oC 
and 465oC relate to the oxidation of organic components. 
 

 
Figure 1. DSC (up) and TG/DTG (down) curves for FSsg dried gel (exo ↑, endo↓) 

 
The volatile compounds formed lead to a mass loss of around 11.2% 

for the first exothermic process and 38.2% for the second one. Between around 
500oC and 1000oC a slow mass loss of around 3% can be observed on  
the TG curve. This can be attributed to some remnants of organic volatile 
components. The smaller exothermic process without any significant mass 
loss that is observed at around 830oC can be assigned to the crystallization 
of Mg2SiO4. 

The potential mechanism in the sol-gel synthesis of forsterite is given 
in Scheme 1:  
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Scheme 1. The mechanism in the sol-gel synthesis of forsterite, starting from 

precursors up to forsterite, FSsg, powder. Between Eq. (2) and Eq. (3), two similar 
steps of hydrolysis of the second and the third -OC2H5 group were not represented 
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When magnesium nitrate is dissolved in water, the Mg2+and NO3
- ions 

are set free (Eq. 1). Tetraethyl orthosilicate hydrolysis in acid catalysis (pH 1) 
proceeds in several stages, the four -OC2H5 groups being replaced in turn with 
-OH groups, according to Eq. (2) for the first group and Eq. (3) for the last. The 
silicic acid thus formed undergoes a polycondensation process to a gel of 
poly(silicic acid) as shown in Eq. (4). Mg2+ ions substitute H+ from OH groups 
of poly(silicic acid) as observed in Eq. 5 and bind HO- ions from water (Eq. 6). In 
step (5) and step (6) the acidity of medium is progressively increased. At increased 
temperature (T1), by elimination of HO- in acid medium, Mg bridges are formed 
between oxygen atoms bonded to Si (Eq. 7), and finally, by dehydration the 
solid Mg2SiO4 powder results at higher temperature (T2, Eq. 8).  

 

 
Figure 2. DSC (up) and TG/DTG (down) curves for FSpp dried precipitate  

(exo ↑, endo↓) 
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The thermal curves specific to the heating of the dried precipitate are 
presented in Figure 2. The removal of water remnants in the dried precipitate 
is characterized by two endothermic processes that occur up to 360oC. The 
mass loss attributed to these processes is of around 16% for the first and 
16.2% for the second. Dehydroxylation of the -SiOH and -MgOH groups can 
be assigned to the next two endothermic processes, between 366oC and 
582oC for –MgOH and at a higher temperature, up to 800oC for –SiOH.  

The mass loss that accompanies these two endothermic effects is of 
around 10% for the first process and 13.6% for the second one. The overall 
mass loss for the sample is 55.8%.  

A potential mechanism for the precipitation synthesis route is given 
in Scheme 2:   
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Scheme 2. The mechanism in the precipitation synthesis of forsterite, starting from 

precursors up to the formation of forsterite structure during thermal treatment 
 
 

Eq. (1) is the same as in Scheme 1. The hydrolysis of TEOS proceeds in 
basic medium, the first step leading to triethyl orthosilicate Eq. (2). Condensation 
reactions may occur between tetraethyl orthosilicate molecules with ethanol 
elimination Eq. (3), or between tetraethyl orthosilicate and triethyl orthosilicate 
molecules with water elimination Eq. (4). The eventually resulted poly(silicic acid) 
binds Mg2+ ions as indicated in Eq. (5), which are subsequently hydroxylated 
in basic medium (NH4OH), as shown in Eq. (6). By dehydroxylation at T1 as 
illustrated in Eq. (7) and through calcination at higher temperature T2 as 
given in Eq. (8), finally, the forsterite structure (Mg2SiO4: FSpp) is formed.   

Our results are a novelty on the mechanisms in FS synthesis, in both 
sol-gel and precipitation methods. The structure of intermediate products, 
during these syntheses, is shown in Scheme 1 and Scheme 2 and it is in 
accord with the findings obtained using Raman spectroscopy [45]. 
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X-ray powder diffraction 
 
Forsterite crystallizes in the orthorhombic system (space group 

Pbnm), having the following cell parameters: a = 4.75 Å, b = 10.20 Å and  
c = 5.98 Å. The diffraction patterns for both forsterite materials, FSsg and 
FSpp, are presented in Figure 3. Clearly, the obtained powders have a well-
defined crystallinity, more so in the case of FSsg.   
 

 
 a                       b 

Figure 3. X-ray diffraction patterns for FSsg (a) and FSpp (b) 
 
 

 As it can be observed from the diffraction pattern in Figure 3a, forsterite 
is the only phase in the FSsg sample, indicating a complete reaction. On the 
other hand, in the case of FSpp, forsterite is present at around 98% (Figure 3b), 
the sample also containing traces of shistovite (around 1%, PDF 86-2333) and 
quartz (around 1%, PDF 83-0542). This can be explained by the higher reaction 
rate leading to an incomplete reaction for FSpp. A difference can also be 
observed in terms of crystallite sizes, around 54 nm for FSsg and 28 nm for 
FSpp. Again, this may be attributed to the fact that precipitation occurs more 
rapidly than the reactions involved in the sol-gel process. This result can also 
correlate with the particles size evidenced by AFM (Figure 4 for FSsg, and 
Figure 5 for FSpp) where the nanoparticles for FSpp are smaller (around 30 
nm) than those for FSsg (around 40 nm).  
 
 

Atomic force microscopy 
 
The FSsg and FSpp nanoparticles exhibit the formation of a smooth 

adsorbed layer on glass as observed in Figures 4 and 5, particularly illustrated 
by low values of surface roughness (RMS). The nanoparticles are very well 
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individualized, even having a significant distance between them (Figures 4a 
and 5a). Their shape is rather spherical but, in some places, they tend to be 
slightly ovalized. The phase images given in Figure 4b for FSsg and in Figure 
5b for FSpp show also the good individualization of both FSsg and FSpp 
nanoparticles, in total agreement with amplitude images (Figure 4c and 
Figure 5c) and 3D images (Figures 4d and 5d).    

 
 

 
Figure 4. AFM images for FSsg nanoparticles adsorbed on glass: 

a) 2D topography image, b) phase image, c) amplitude image, d) 3D image, and  
e) cross section profile on the arrow in image (a). Scanning area: 1 µm x 1 µm.  
Particle size 43 ± 6 nm; surface roughness (RMS, root mean square) 3 ± 1 nm. 

 
 
The profiles given in Figures 4e and 5e show the relatively rounded 

shape of the successively aligned nanoparticles of both FSsg and FSpp. The 
size of nanoparticles is bigger for FSsg (about 43 nm) than for FSpp (around 
29 nm) in accord with the values found in XRD investigation. The standard 
deviation is determined on at least 3 independent scanned areas.  

Further, in the case of sol-gel method, all material is kept in dispersion, 
first in the sol, then in the gel and dried gel. Thus, the transport of material is 
better, leading to a well-formed final FS structure without any other secondary 
phases (see Figure 3a). Also, this method leads to a better consolidation of 
the crystallites, so that the size of the particles is larger (as observed through 
AFM investigation, Figure 4). 
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Figure 5. AFM imaging for FSpp nanoparticles adsorbed on glass: 

a) 2D topographic image, b) phase image, c) amplitude image, d) 3D image, 
and e) cross section profile on the arrow in image (a). Scanning area:  

1 µm x 1 µm.  Particle size: 29 ± 4 nm; RMS about 4±2 nm. 
 
 

Furthermore, in the FS synthesis by precipitation method, the precipitate 
obtained during the thermal treatment has a higher density, not being aerated 
as in the case of the sol-gel method. Thus, the transport of material is slower 
and as such traces of secondary phase might appear (see Figure 3b). Also, the 
forsterite particles are smaller, as observed through AFM approach (Figure 5).  
 
 
CONCLUSIONS 

 
The choice of synthesis route is quite important as it can affect the 

characteristics of the final powder – shape and size of nanoparticles, distribution 
and tendency of agglomeration which in turn affect the microstructural 
homogeneity of a ceramic and thus limit potential applications. The reaction 
mechanisms for both sol-gel and precipitation methods were proposed on 
the thermodynamic approach. Forsterite was successfully synthesized through 
both sol-gel (FSsg) and precipitation (FSpp) method, leading to smaller 
nanoparticles (30 nm) through precipitation method when compared to 
nanoparticles (40 nm) obtained by sol-gel method.  
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EXPERIMENTAL SECTION 

 
Synthesis of forsterite  
 
Forsterite nanopowder was synthesized through both a sol-gel (FSsg) 

and a precipitation (FSpp) method. 
FSsg was synthesized following a molar ratio of Mg:Si=2:1 and using 

magnesium nitrate hexahydrate (Mg(NO3)2 • 6H2O, 99.5% purity, Merck) and 
tetraethyl orthosilicate (C8H20O4Si-TEOS, 99% assay, Merck) as precursors. An 
aqueous solution of magnesium nitrate was prepared to which TEOS was added, 
followed by a concentrated sucrose solution. After vigorous homogenization 
on a magnetic stirrer, nitric acid was added to the mixture until a pH=1 was 
achieved. Gel maturation was reached in normal conditions and the dried gel 
underwent a thermal treatment at 1000oC with a 2hour plateau at maximum 
temperature to ensure the formation of the forsterite phase.   

FSpp was synthesized using the same molar ratio and precursors as 
for the sol-gel synthesis. A pH of 12 was reached adding ammonium hydroxide 
(Merck) to facilitate precipitation. The final precipitate was separated from 
the supernatant, washed with ultrapure water followed by a drying period. 
The dried precipitate was then thermally treated at 1000oC for 2h to form 
forsterite.   

 
Analysis methods 
Atomic force microscopy (AFM) was carried out on thin forsterite powder 

films deposited on glass substrates [53-58]. The analysis was performed 
using an AFM JEOL 4210 equipment operated in tapping mode with silicon 
nitride tip cantilevers (resonance frequency in the range 265-410 kHz and 
spring constant 20-75 N/m). Prior to AFM analysis, forsterite samples were 
ultrasounded with a Sonics Vibra-Cell, model VCX 750 (Sonics & Material 
Inc., Newtown, CT, USA equipment. 

Thermal analysis (TG-DSC) of precursor gels was performed using a 
SDTQ600 TA Instruments thermal analyzer equipped with alumina crucibles. 
The analysis was carried out in air with a heating rate of 10°C / min for a 
temperature interval of 30-1000°C. [9, 50] 

X-ray diffraction (XRD) spectra of the synthesized forsterite powders 
were acquired by using a Bruker D8 Advance diffractometer (Cu Kα1 = 
1.5406 Å, operated at 35 kV and 40 mA). The spectra were collected on  
a 20-80 °2θ with a 0.02 °/sec step [59, 60].  
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All graphs were realized in OriginPro. All chemical equations were 
obtained using ChemDraw Professional.  
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