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Abstract: Biphasic calcium phosphate (BCP), containing β-tricalcium phosphate and hydroxyapatite, 

was synthesized by co-precipitation method to obtain a biomimetic artificial bone-like composite using 

calcium nitrate tetrahydrate [Ca(NO3)∙4H2O] as calcium precursor and ammonium dihydrogen 

phosphate (NH4H2PO4) as phosphorous precursor, maintaining Ca/P ratio of 1.67. The synthesized 

biphasic calcium phosphate mixture was dispersed in a sodium alginate (Alg) matrix dissolved in 

distilled water and lyophilized. The chemical structure, possible interactions between components and 

morphology of the obtained powder and scaffolds were studied through Fourier transform infrared (FT- 

IR) spectroscopy, X-ray diffraction (XRD) thermogravimetric analysis (TGA) and scanning electron 

microscopy (SEM) in order to observe the interactions between BCP and the polymer. The particle size 

of the powder was also analyzed using the dynamic light scattering (DLS) analysis. Calcined powder 

had a particle size of 1.8 µm. In addition to the low crystalline hydroxyapatite (HA), as the main phase 

in the dried samples, β-tricalcium phosphate (β-TCP) was formed after the thermal treatment of 1000˚C 

as shown by XRD and FT-IR. The obtained composite material presented a highly porous microstructure 

with interconnected layers where the BCP particles were well dispersed. The micro-structure of the 

scaffolds was influenced with the change in pore dimensions and rearrangement of the layers due to the 

incorporation of the BCP particles and by the treatment of the scaffolds with CaCl2.  
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1. Introduction 
Tissue engineering (TE) has become a promising technique for repairing damaged tissues and it 

requires suitable biocompatible materials that can be used as scaffolds for the seeding with cells for the 

growth of new tissue.  

Research suggests that nano-structured composites using biodegradable polymers and bioactive 

ceramics such as hydroxyapatite (HA), and Ca5(PO4)3OH, possess the ability to simulate the surface and 

chemical properties of bone [1, 2]. 

Hydroxyapatite, which constitutes a major component of the bone, consisting 70% by weight of the 

human bone, has become a very studied material with great implications in the areas of biomaterials and 

tissue engineering, especially in bone regeneration due to its high bioactivity and osteo-conductive 

properties [3, 4]. It also exhibits proprieties that find applications as a drug carrier [5], as a filler for bone 

repairing and replacement [6] and as a coating for prosthetic implants [7]. Hydroxyapatite is a natural 

occurring mineral that can be synthesized using different methods, such as: wet chemical precipitation 

[8], sol-gel method [9], solid-state reactions [10] and high-temperature methods as combustion or 

pyrolysis [11, 12]. 
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Taking into consideration all the properties required in scaffolds in order to have applications in bone 

regeneration, such as: biocompatibility, cell proliferation and growth, biodegradability, mechanical 

integrity and flexible processing methods, the optimum system seems to be polymer matrix composites 

containing hydroxyapatite [2]. Due to the use of the scaffolds in the medical field, it is important to take 

into consideration the effect of sterilization on the characteristics of the material. It was reported that 

exposure to radiation alters the physical and chemical properties of the polymer. Depending on the 

method of sterilization used, the polymer can be degraded, undergo crosslinking, or change charge, thus 

affecting the required properties for bone regeneration. Also, the phase composition of hydroxyapatite 

can change due to sterilization. As reported in a recent study by Predoi et al., exposure to gamma 

irradiation induced the transformation of hydroxyapatite in β-TCP [13], this kind of irradiation being 

one of the most used in medical applications [14, 15]. Hydroxyapatite can also produce intercalated 

structures with polymers [16, 17]. Tsiourvas et al. reported the development of porous composite 

scaffolds consisting of chitosan or N-acetylated chitosan and HA at high content (75% w/w) successfully 

obtaining complex three-dimensional shapes [18]. Usually, β-TCP is present beside hydroxyapatite, and 

it is one of the most known calcium phosphates. It is more biodegradable than hydroxyapatite and 

provides a source of calcium and phosphorus for bone formation [19]. During degradation it stimulates 

the osteoblastic function and promotion of bone formation [20, 21]. A biphasic calcium phosphate 

mixture can be obtained when calcium-deficient apatite is thermally treated at or above 700oC and the 

calcium deficiency can be influenced by the synthesis method used, the pH of the reaction or 

temperature. If the calcium deficiency of the apatite is low, the percentage of hydroxyapatite in the 

biphasic mixture is higher. By adjusting the HA/ β-TCP ratios in the BCP mixture, it’s properties and 

biological activity can be tailored to achieve a specific application in tissue engineering [18]. 

Sodium alginate (Alg) meet the properties required to be used as matrices for scaffolds with 

applications in tissue engineering. Sodium alginate (Alg) is a naturally occurring polysaccharide 

polymer derived from brown sea algae. In the presence of a low concentration of divalent cations it will 

form a stable hydrogel as a result of the ionic interaction between carboxylic groups in the alginate 

structure chain and the divalent cations. Alginate exhibit hydrophilic features and tend to be degradable 

under physiological environments. It presents biocompatibility and low toxicity, making it suitable for 

biological applications [22]. Various methods for preparation of hydroxyapatite/polymer composites 

were described in literature such as freeze-drying [23], thermally induced phase separation [24], melt 

extrusion [23], electrospinning method [25], layer-by-layer technique [26] or uniaxial hot-pressing [27]. 

In this study, we focused on using the co-precipitation method to obtain biphasic calcium phosphate. 

Because of the synthesis method used, the powder obtained contained amorphous hydroxyapatite that 

suffered a phase transformation after the thermal treatment of the samples. By analyzing the results, an 

indebt characterization of the samples is presented with the aim to explain the properties that are affected 

by the presence of BCP in the alginate matrix.  

The study led to the fabrication of highly porous scaffolds containing biphasic calcium phosphates. 

The particularity of this type of scaffolds is given by a higher pore dimension compared to similar 

scaffolds. The pore dimension and the interconnectivity of the layers makes them suitable for usage in 

bone tissue regeneration, with an emphasis on the osteogenic effect. The addition of the biphasic calcium 

phosphate mixture, containing hydroxyapatite and β-TCP, can give enhanced properties to the final 

materials. 

 

2. Materials and methods 
2.1. Materials 

Materials used for synthesis of biphasic calcium phosphate mixture were Ca(NO3)∙4H2O (KEBO 

Lab), NH4H2PO4 (Sigma Aldrich), and NH3 aq. (Sigma Aldrich). For the polymer matrix sodium alginate 

(VWR, Prolabo) was used. The preparation method implied the treatment with CaCl2 (Sigma Aldrich) 

of the obtained scaffolds. All reagents were of analytical grade and deionized (DI) water was used in all 

experiments. 
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2.2. Synthesis of biphasic calcium phosphate mixture 

To synthesize HA, the method described by Ghosh and Sarkar was used by dissolving Ca(NO3)∙4H2O 

in distilled water and adding in the phosphorous precursor solution dropwise under stirring, maintaining 

the Ca/P ratio at 1.67. Beforehand, the pH of each solution was adjusted to 10. The synthesis protocol 

used was based on the next reaction: 

 

    ( ) ( ) ( )3 4 2 4 4 10 4 4 3 22 6 2
10 Ca NO +6 NH H PO +14 NH OH Ca PO OH +20 NH NO +12 H O⎯⎯→  

 

The pH of the mixture was adjusted at 10 and stirred for 2h, while checking the pH of the mixture 

and correcting it if needed. After the first 2h, the mixture was left to age for 24h. 

After aging, the slurry mixture was filtered under vacuum and dried at 120oC. To obtain a crystalline 

form, the resulted powder was calcined at 1000oC for 12h [28]. 

 

2.3. Synthesis of alginate/BCP scaffolds 

The preparation method of the scaffolds was adapted from the protocols used by Tsiourvas et al. and 

Li et al. [18, 29]. Alg was dissolved in deionized (DI) water until a homogenous 1 wt.% sodium alginate 

solution was obtained. 

After the complete dissolving of the polymer, the solution was split into two parts. One part of the 

polymer solution was used to obtain reference scaffolds. Into the other part of the polymer solution, 

calcined BCP was dispersed at a weight ratio of 1:1 (HA/Alg), stirred at room temperature for 6h, and 

sonicated for 30 min. After the sonication, the resulting solution was cast in 24-well cell culture plates, 

froze, and lyophilized using a ScanVac Coolsafe 110-4 freeze dryer until complete water evaporation. 

The reference scaffolds, containing only sodium alginate, were subjected to the same preparation 

method, without BCP. 

The scaffolds with BCP were defined as Alg-BCP and the reference scaffolds without BCP were 

defined as Alg.  

Some scaffolds were analyzed as obtained and some were treated to observe how the treatment affect 

certain properties of the obtained scaffolds. The scaffolds containing sodium alginate were cross-linked 

with Ca2+ ions by immersing the scaffolds in a 5 % (w/v) CaCl2 solution for 12h, washed thoroughly 

with deionized water, and lyophilized. 

 

2.4. Characterization 

FT-IR analysis was conducted using a Perkin-Elmer Spotlight 400+ Spectrum 100 FT-IR 

spectrometer. The spectra were recorded over a range of 4000-500 cm-1 at 2 cm-1 resolution. XRD 

analysis was performed using a PANalytical diffractometer, with Cu-Kα radiations (λ = 0.15406 nm) in 

a 2θ range from 10 to 90o. Thermal properties were determined using a Mettler Toledo TGA/DSC 1 

analyzer from 30 to 900°C at a heating rate of 10°C ∙ min-1 under nitrogen atmosphere (50 mL/min). The 

morphology of the scaffolds was observed with a Hitachi S4800 field emission scanning electron 

microscope at an accelerating voltage of 1 kV and a Cressington 208HR used for sputtering. The average 

particle size of the powders was measured using a Malvern Zetasizer Nano ZS with a He-Ne laser (633 

nm) as a source of the incident light. 

 

3. Results and discussions 
3.1. Characterization of synthesized BCP  

3.1a. FT- IR spectroscopy  

Figure 1 shows the FT-IR spectra of biphasic calcium phosphate mixture after the filtration under 

vacuum and drying at 120oC. The IR bands at 960 cm−1, 1025 cm−1, and 1090 cm−1 are attributable, 

respectively, to the symmetric and asymmetric stretching of PO4
3− groups of the hydroxyapatite 

structure. The bands at 3573 cm−1 and 633 cm−1 are attributable to the symmetric stretching of HO−, 
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respectively the lattice HO-. The broad band around 3400 cm-1 and the band around 1636 cm-1 

correspond to the water molecules adsorbed on the powder surface. Besides, the two bands located at 

870 and 1454 cm-1 were assigned to the CO3
2- groups due to CO2 adsorption from atmosphere during 

synthesis. At 1332 and 824 cm-1, the bands observed correspond to NO3
- as synthesis residue [30, 31].  

 

 
Figure 1. FT-IR spectra of BCP powder dried at 120oC 

 

After thermally treating the sample at 1000oC for 12 h it can be observed (Figure 2) that the bands 

corresponding to CO3
2- and NO3

- disappear completely, alongside with the bands attributed to water 

adsorption. It can be observed that a sharp band at 3570 cm-1 was maintained after the thermal treatment, 

a band belonging to the symmetric stretching of HO-. The band at 633 cm-1 band can be observed. Beside 

the band characteristic for hydroxyapatite, a band at 970 cm-1 can be distinguished. It could be suggested 

that a second phase could be present in traces in the calcined powder [32]. 

 

 
Figure 2. FT-IR spectra of BCP powder calcined at 1000oC 
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3.1b. Thermal analysis 

Figure 3 illustrates the results of thermogravimetric analysis (TGA) and differential thermal analysis 

(DTA) for the precursor precipitated at pH= 10 and dried at 120oC.  

     
Figure 3. TGA and DTA curves for BCP dried at 120oC 

 

The weight loss of the sample is taking place in three stages. The sample has an endothermic peak 

in the range of 30-100oC with a 2% weight loss corresponding to the loss of physically absorbed water 

molecules. A secondary endothermic peak at ~240oC is shown by the removal of crystallized water, 

characterized by an 8% weight loss. 

A continuous weight loss of 4% mass till around 750oC is observed. Above this temperature a sharp 

endothermic peak appears at 770oC accompanied by a 1% weight loss, attributed to the decomposition 

of non-stoichiometric hydroxyapatite to β–TCP and H2O [33, 34]. 

 

3.1c. X-ray diffraction 

The phase of the dried precursor at 120 and 1000oC has been studied using XRD (Figure 4). The 

pattern of the dried sample shows broad peaks and the phase identified in the sample was low crystalline 

hydroxyapatite. X-ray diffractogram of the sample treated at 1000oC shows sharp peaks which indicates 

the increase of the sample crystallinity. The phases present in the sample were identified and are 

summarized in Table 1. Two phases were identified in the diffraction patterns and the composition of 

the two samples indicates to be a mixture of HA and β–TCP, containing 45% HA and 55% β–TCP.  

 
Figure 4. Powder X-ray diffraction pattern of the sample dried 

at 120oC (blue) and calcined at 1000oC (red) 
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Table 1. Phases and mass fraction of the synthesized  

samples thermally treated at 1000oC 

Sample 
Phase mass fraction (%) 

HA β–TCP 

BCP 1000oC 45.04 54.96 

 

3.1d. DLS analysis 

A 15 mL suspension of 10 mg of each sample dried at 120oC and thermally treated at 1000oC was 

prepared in deionized water by ultrasonication followed by centrifugation. From that 2 mL of the 

suspension was taken in a cuvette and used for the measurement of particle size. Each sample was 

measured three times at a scattering angle of 173o.  

The PDI (polydispersity index) read by the instrument for the samples dried at 120oC shows a mid-

range polydispersity. After the thermal treatment of the samples, PDI increases showing a polydisperse 

system and indicating that more agglomerates are forming after the thermal treatment. Since the PDI 

ranging from 0.1-0.5 is suitable for measurements and has a good quality of the colloidal suspensions, 

the results in Table 2 indicate that the samples can be well dispersed in water and form a stable and 

uniform aqueous suspension [33, 34]. 

The average particle size of the samples dried at 120oC ranges was 2.1 µm. After the thermal 

treatment, the sample showed a decrease of the average particle size almost by 15% of the initial size as 

shown in Table 2. 

Table 2. DLS analysis results of sample dried at 120oC 

and thermally treated at 1000oC 
Sample Z-Ave 

(d.µm) 

PDI 

120oC 1000oC HA 120oC 

BCP 2.1 1.8 BCP 2.1 

 

3.1e. Scanning electron microscopy 

Figure 5 shows the SEM images of the dried precursor and the powder obtained after thermal 

treatment at 1000oC for 12 h. The dried powder at 120oC appear to be highly agglomerated, with 

agglomerates up to 7-8 µm and the smaller particles ranging between 2.5-4 µm (Figure 5a). The powder 

obtained after the thermal treatment at 1000oC for 12 h exhibits the morphology of sintered platelets as 

shown in Figure 5b. It appears that fine particles (400-800 nm) have been sintered during the thermal 

treatment, alongside particles that have around 4-5 µm. 

 

  
(a) (b) 

Figure 5. SEM images of sample dried at 120oC (a) and sample thermally treated at 1000oC (b) 
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The data observed from the XRD correlates with the results observed from FT- IR spectroscopy and 

thermal analysis and, as confirmed by the XRD analysis, biphasic calcium phosphate resulted after the 

thermal treatment of the samples 

 

3.2. Characterization of synthesized scaffolds 

The obtained scaffolds after dispersion of the calcined BCP particles were characterized using FT-

IR spectroscopy, thermal analysis, and scanning electron microscopy. 

 

3.2a. FT- IR spectroscopy  

The spectrum for the sodium alginate powder used in scaffold preparation is presented in Figure 6 

and showed a large absorption band in the range of 3600 - 3000 cm-1 due to the stretching vibration band 

of OH group and the CH vibration bands at 2941 cm-1. The intense bands observed at 1593 cm-1 and 

1410 cm-1 were correlated to the asymmetric and symmetric stretching of C=O in the -COO- groups 

indicating the presence of the carboxylic acid group in the alginate. The bands measured at 1068 and 

1033 cm-1 may be attributed to C-O stretching vibrations and C-C stretching vibrations of pyranose rings. 

Moreover, the stretching vibration bands observed around 950-810 cm-1 are specific to the guluronic and 

mannuronic acids present in the structure alginate structure. 

The FT-IR spectra of scaffolds tend to be consistent with each other and the specific bands of the 

components are overlapping, as seen in Figure 7. The treatment with CaCl2 was applied to avoid the 

dissolution of the alginate scaffolds in water and because of to the well-known crosslinking effect of 

bivalent cations on the alginate chain. When exposed to multivalent cations, the alginate chains begin to 

interact with the ions that form crosslinks with other nearby chains. It is indicated in literature that the 

interactions of Ca2+ ions are located at the -COO- groups and can be observed in the FT-IR spectra by 

the shift to lower wavenumbers of the asymmetric and symmetric stretching of C=O [35, 36]. In the 

spectra of the treated scaffolds the bands from 1593 and 1410 cm-1 shift to 1570 and 1400 cm-1, 

respectively. Also, the shoulder at 1068 cm-1 relating to the C-O stretching strengthens and can be 

distinguished in the spectra treated samples and is an indication of crosslinking [37]. 

 

 
Figure 6. FT-IR spectrum of sodium alginate  

powder (VWR, Prolabo) 
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3.2b. Thermal analysis 

The results of thermogravimetric analysis (TGA) and differential thermal analysis (DTA) for the 

scaffolds are presented in Figure 8. Due to the high thermal stability of hydroxyapatite, the curves 

indicate the thermal behavior of the used polymers in powder and scaffold form. Sodium alginate depicts 

weight loss in three stages. The first stage appears in the range of 50-110oC and is associated with the 

loss of physically absorbed water molecules and is characterized by an endothermic peak with a weight 

loss of 5%. The second stage takes place in the range of 180-300oC and was associated with the exo-

thermic decomposition of the alginate carbon chains with a weight loss of 38%. In case of Alg powder 

and Alg untreated, sodium carbonate (Na2CO3) is formed as an intermediate product that decomposes 

exothermically in the range of 600-850oC [35]. The total weight loss of the thermal treatment was 81%. 

Treated scaffold and, also, Alg-BCP untreated did not show a third stage of de-composing in the range 

of 600-850oC after the treatment with CaCl2 or the dispersion of BCP in the matrix concluding that no 

Na2CO3 was formed after crosslinking with Ca2+ ions. DTA curves indicate that crosslinking with Ca+2 

ions and addition of BCP did not significantly change the temperature of the degradation process. It can 

be noted that the second stage of degradation ends at a higher temperature (~350oC) which can be 

considered an increase in the thermal stability of the scaffolds [35, 38]. 

          
Figure 8. TGA and DTA curves of alginate powder (Alg powder), alginate scaffold untreated 

(Alg untreated), alginate scaffold treated with CaCl2 5% (Alg treated), alginate scaffold containing 

BCP untreated (Alg-BCP untreated) and alginate scaffold containing BCP treated with 

CaCl2 5% (Alg-BCP treated)3.2c. Scanning electron microscopy 

Figure 7. FT-IR spectra of alginate 

scaffold untreated (Alg untreated), alginate 

scaffold treated with CaCl2 5% (Alg 

treated), alginate scaffold containing BCP 

untreated (Alg-BCP untreated) and alginate 

scaffold containing BCP treated with 

CaCl2 5% (Alg-BCP treated) 
 

https://revmaterialeplastice.ro/


MATERIALE  PLASTICE                                                                                                                                                                
https://revmaterialeplastice.ro 

https://doi.org/10.37358/Mat.Plast.1964 

Mater. Plast., 61 (2), 2024, 15-27                                                                    23                                       https://doi.org/10.37358/MP.24.2.5716                                                              
 

 

The morphology of the scaffolds was investigated using field emission scanning electron micro-

scopy. Prior to surface analysis, the samples were Pt/Pd coated with a layer thickness of approximately 

7 nm through sputtering. As shown in the SEM images provided in Figure 9, the cross-sectional 

morphology of the alginate scaffolds showed that the three-dimensional porous microstructure was 

formed by the freeze-drying step, with the pores being the result of ice crystal formation. An open-pore 

microstructure with a high degree of interconnectivity was observed in all samples. A highly porous with 

interconnected layers microstructure can be observed in the alginate sample that isn’t treated (Figure 

9a). The alginate microstructure shows more individual pores with diameter of 100 to 200 µm after 

lyophilization. The crosslinking with CaCl2 rearranges the microstructure and the distance between the 

interconnected layers increases from an average of 200 µm up to 500-700 µm (Figure 9b). With the 

addition of BCP in the scaffold composition the pore size decreases (Figure 9c) and it can be noticed 

that bigger hollow regions in the scaffold microstructure appear.  

 

                         
Figure 9. SEM images of alginate scaffold untreated (a), alginate scaffold treated (b), alginate  

scaffold containing BCP untreated (c), alginate scaffold containing BCP treated (d) all at x50 

magnification and alginate scaffold containing BCP treated at x700 magnification (e) 
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A similar decrease in pore size was observed by Luo et al. by fabrication of porous hydroxyapatite–

sodium alginate nanocomposite scaffolds and the decrease of pore size was attributed to hydroxyapatite 

acting as a ceramic filler [38]. After the treatment of the alginate scaffold containing BCP with CaCl2 a 

more compact and layered microstructure is seen with an average distance between layers of around 100 

µm (Figure 9d), with the BCP particles dispersed uniformly on the surface of the interconnected layers 

(Figure 9e). 

As stated in other studies, cell adhesion, exchange between nutrients and bone regeneration are 

affected by the size of the pores and the connectivity between them. Investigations on the bone ingrowth 

derived by using porous materials showed an optimum pore size of 100-400 µm. Also, incorporation of 

a BCP mixture containing HA and β-TCP into a matrix with pores above 80 µm stimulates osteogenesis. 

High porosity of the scaffolds and a pore size between 100-350 µm make them usable for bone tissue 

engineering by facilitating cell binding and cell proliferation [32, 39-42]. 

Unabia et al. found that thermal treatment above 900oC of hydroxyapatite precursors obtained by co-

precipitation resulted in phase transition of hydroxyapatite to β-TCP and formation of a product 

containing biphasic calcium phosphates [43]. Others stated that co-precipitation method would form 

calcium deficient hydroxyapatite and at a thermal treatment between 900-1100oC, β-TCP would form 

[44-46].  

 

4. Conclusions 
Using FT-IR spectroscopy and X-ray diffraction to characterize the powder after thermal treatment 

at 1000˚C concluded that the powders contained different phases and the resulted product was biphasic 

calcium phosphate consisting of hydroxyapatite and β-TCP due to the calcium deficient apatite, obtained 

initially. The X-ray diffraction confirmed that the co-precipitation method used led to synthesis of low 

crystalline hydroxyapatite and the thermal treatment gave a mixture of HA and β–TCP. The results were 

in accordance with the thermal analysis applied to the precursors precipitated at pH=10 and points to 

how the effect of the reagents used can influence the results.  

Porous composite scaffolds were successfully obtained through freezing and lyophilization 

technique. The morphology of the microstructure indicated the formation of highly porous with inter-

connected layers materials where the BCP mixture consisting of HA and β-TCP was well dispersed. The 

influence on the microstructure caused by the incorporation of the BCP mixture and the applied 

treatment was observed through the changes of pore dimensions and microstructure rearrangement. The 

addition of BCP decreases the pore size and bigger hollow regions in the scaffold microstructure appear. 

These modifications can be influenced by the water content of the initial polymer solution and freezing 

conditions of the samples applied prior of lyophilization. The FT-IR and thermal analysis indicated that 

the additional treatment of the polymer scaffolds and the incorporation of the BCP mixture into the 

matrices increase the stability and influence the structure of the samples. 

Characterization of the microstructure indicated that the treated scaffolds containing BCP are suitable 

for bone tissue engineering because they can assure infiltration, binding and proliferation of cells. 
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