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Abstract 

In the present work, Fe3+ and Zn2+ co-substituted β-tricalcium phosphate (β-TCP) has been 

synthesized by wet co-precipitation method. Co-substitution level in the range from 1 to 5 mol% has 

been studied. Thermal decomposition of as-prepared precipitates was shown to be affected by 

introducing of foreign ions, which decreases precursor decomposition temperature. It was determined 

that partial substitution of Ca by Fe3+ and Zn2+ ions leads to the change in lattice parameters, which 

gradually decrease as doping level increases. Lattice distortion was also confirmed by means of 

Raman spectroscopy, which showed gradual change of the shape of the spectra. Rietveld refinement 

and electron paramagnetic resonance study confirmed that Fe3+ ions occupies only one Ca 

crystallographic site until Fe3+ and Zn2+ substitution level reaches 5 mol%. All co-substituted samples 

revealed paramagnetic behavior, magnetization of powders was determined to be linearly dependent 

on concentration of Fe3+ ions. Cytotoxicity of the synthesized species was estimated by in vivo assay 

using zebrafish (Danio rerio) and revealed non-toxic nature of the samples. Preparation of ceramic 

bodies from the powders was performed, however the results obtained on Vickers hardness of the 

ceramics did not show improvement in mechanical properties induced by co-substitution. 

 

Keywords: beta-tricalcium phosphate, TCP, Fe3+ and Zn2+ co-substitution, structural analysis, 

cytotoxicity. 
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1. Introduction 

Calcium phosphates (CPs) are the main inorganic part of biological hard tissues such as bones and 

teeth. This reason makes synthetic CPs widely used in medicine for repair and reconstruction of 

diseased or damaged parts of bone. For these purposes CPs can be used in different forms varying 

from thin coatings on metallic implants, used to aid implant fixation into bone, to sintered 

bioceramics, to be used as synthetic bone graft substitutes [1-3]. Despite the fact that inorganic part 

of bones mainly consists of calcium hydroxyapatite (HAp, Ca10(PO4)6(OH)2), other CPs are also 

widely used for biomedical purposes. One of the most frequently used CP used for the fabrication of 

bioceramics is tricalcium phosphate (TCP, Ca3(PO4)2), which attracts practical interest due to several 

reasons such as excellent biocompatibility, osteoconductivity and chemical composition similar to 

natural bone [4]. Low-temperature β-TCP polymorph crystallizes in the rhomgohedral crystal sistem 

with the space group R3c. For the fabriication of bioceramics it is usually used in its pure form or as 

a mixture with HAp, resulting in biphasic bioceramics [5].  

Partial substitution of Ca by other biologically active ions has been proposed as a promising tool to 

the superior biological performance of CP-based materials [6]. Moreover, it can drastically affect 

physiochemical, mechanical, and anti-bacterial properties. Importance of this approach has been 

underlined in a number of recent reviews [7-9]. Substitution-induced extra properties allow to 

combine biocompatibility of CPs with other properties resulting in specific application such as 

bioimaging, drug delivery... 

 

 in recent years, CPs have been strategically integrated with imaging contrast agents and therapeutic 

agents for various molecular imaging  

modalities including fluorescence imaging, magnetic resonance imaging, ultrasound imaging or 

multimodal imaging, as well as for varioustherapeutic  approaches including  chemotherapy, gene 

therapy, hyperthermia therapy, photodynamictherapy, radiation therapy, or combination therapy, 

even imaging-guided therapy [10].  
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This approach goes hand in hand with morphological and compositional modification of CPs by 

partial substitution of Ca with other functional ions.  

 

When multiple ions are doped into hydroxyapatite they alter the atomic structure synergistically. 

Dopants cause changes in morphology, density, strength, solubility and ion release kinetics of 

hydroxyapatite.[11] 

 

In the present work, Fe3+ and Zn2+ were chosen due to the significant performance enhancement that 

these elements can deliver. Fe is an essential element. It can be found in the structure of many 

enzymes, which are involved in oxygen trasport, electron trasport, oxidation-reduction and other 

biological processes in human body [12]. Moreover, as a trace element Fe is also present in natural 

bones and teeth [13]. Additional interest Fe causes because of its magnetic properties. Previous 

studies demonstrated that partial substitution of Ca by Fe ions in synthetic CPs can result in materials 

with multifunctional properties. Superparamagnetic Fe-doped CPs were successfully utilized in vivo 

as imaging agents for magnetic resonance and nuclear imaging [14]. Moreover, feasibility of 

applilication of Fe3+-doped HAp and iron oxide nanoparticles coated whith amorphous CP for the 

intracellular hyperthermia of cancers of bone and brain was shown [15]. Another work demonstrated 

that Fe-doped HAp could be used as functional nano-carriers for the magnetically assisted delivery 

of bioactive molecules [16].  

Zinc is the second most abundant trace element in the human body, which is required for the 

functioning of many enzymes [17]. Zn-containing CPs have shown enhanced bioactivity and 

promotion of growth of adipose-derived mesenchymal stem cells [18]. Moreover, antibacterial 

properties of Zn-substituted CPs were reported in a number of previous works showing inhibitory 

effect towards pathogenic microorganisms [19].  

Despite the fact that different CPs were doped with a huge variety of ions, co-doping of CPs still 

remains relatively new approach, which aims to use the synergistic effect of multi-element dopants. 
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Since single doping brings so many opportunities for applications of CPs, it makes sense to combine 

different dopants for multifunctioning of CP-based materials [11].  

 

The main goal of the present work was to synthesize and characterize β-TCP bioceramics with 

magnetic and antibacterial properties. Due to this reason β-TCP partially substituted with Fe3+ and 

Zn2+ was chosen and series of products with different substitution level was investigated in details.  

 

 

 

 

Co-doped Hap, antibacterial properties [20] 

Calcium-based biomaterials for diagnosis, treatment, and theranostics [10] 

Cationic Substitutions in Hydroxyapatite: Current Status of the Derived Biofunctional Effects and 

Their In Vitro Interrogation Methods [8] 

Fabrication, Properties and Applications of Dense Hydroxyapatite: A Review [21] 

Apie metalus pacituoti, Zn ir Fe [22] 

Sintering, hardness [23] 

  



6 

 

2. Materials and methods 

2.1. Synthesis 

β-TCP powders substituted with equal amounts of Fe3+ and Zn2+ ions were synthesized by simple 

co-precipitation method. Series of compounds containing Fe3+ and Zn2+ ions in the range from 0 to 

5 mol% with a step of 1 mol% were studied in the present work. For the synthesis calcium nitrate 

tetrahydrate (Ca(NO3)2 ∙ 4H2O, ≥99%, Roth), iron(III) nitrate nonahydrate (Fe(NO3)3 ∙ 4H2O, ≥98%, 

Alfa Aesar), zinc(II) nitrate hexahydrate (Zn(NO3)2 ∙ 4H2O, ≥98%, Chempur) and diammonium 

hydrogen phosphate ((NH4)2HPO4, ≥98%, Roth) were used as starting materials. Firstly, an 

appropriate amount of (NH4)2HPO4 was dissolved in deionized water to obtain a 0.5 M solution, to 

which concentrated ammonia solution (NH4OH, 25%, Roth) was added under constant stirring, pH 

of the obtained solution was adjusted to 9. Next, an aqueous solution containing appropriate amounts 

of Ca, Fe and Zn nitrates (total metal ions concentration was 0.75 M) was rapidly added to the above 

mixture resulting in the instantaneous formation of precipitates. The obtained precipitates were stirred 

in the reaction mixture for 10 minutes, afterwards filtered, washed with deionized water and dried at 

50 °C overnight in the oven. Finally, dry powders were ground in agate mortar and annealed in a 

furnace at 800 °C temperature for 5 h in air atmosphere with a heating rate of 5 °C/min. For the 

preparation of β-TCP ceramics polyvinyl alcohol was used as a binder. Powders were uniaxially 

pressed in 15 mm die and sintered at 1100 °C for 5 h in air atmosphere.  

2.2. Characterization 

Thermal decomposition of the as-prepared precipitates was analyzed through thermogravimetric (TG) 

analysis using Perkin Elmer STA 6000 Simultaneous Thermal Analyzer. Dried samples of about 

10 mg were heated from 25 to 900 °C with a heating rate of 10 °C/min in a dry flowing air 

(20 mL/min). Powder X-ray diffraction analysis was performed using Ni-filtered Cu Kα radiation on 

Rigaku MiniFlex II diffractometer working in Bragg-Brentano (θ/2θ) geometry. The data were 

collected within 2θ range from 10 to 110° at a step width of 0.01° and speed of 1°/min. Lattice 

parameters were refined by the Rietveld method using the FullProf suite in the profile matching mode. 
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Fourier transform infrared spectra (FTIR) were taken in the range of 3000-400 cm-1 with Perkin Elmer 

Frontier ATR-FTIR spectrometer equipped with a liquid nitrogen cooled MCT detector. Raman 

spectra were recorded at room temperature using combined Raman and scanning near field optical 

microscope (SNOM) WiTec Alpha 300 R equipped with 532 nm excitation laser source. 

Morphological features of the synthesized products were analyzed with a Hitachi SU-70 field-

emission scanning electron microscope (FE-SEM). Quantitative elemental analysis of the samples 

was carried out using Perkin Elmer Optima 7000DV inductively coupled plasma optical emission 

spectrometer (ICP-OES). The analyzed powders were dissolved in nitric acid (HNO3, Rotipuran® 

Supra 69%, Carl Roth) and diluted with deionized water. Room temperature electron paramagnetic 

resonance (EPR) spectra were measured with Bruker ELEXSYS-II E500 CW-EPR spectrometer. 

Power of 9.46 GHz microwaves was set at 0.6325 mW. The magnetic field was modulated at 100 kHz 

with 0.4 mT modulation amplitude. EPR signal intensities have been normalized to the sample mass. 

Dependence of magnetization of samples on the strength of magnetic field were recorded using 

magnetometer consisting of the lock-in amplifier SR510 (Stanford Research Systems), the 

gauss/teslameter FH-54 (Magnet Physics) and the laboratory magnet supplied by the power source 

SM 330-AR-22 (Delta Elektronika). Mössbauer spectra were measured in transmission geometry 

using 57Co(Rh) source and Mössbauer spectrometer (Wissenschaftliche Elektronik GmbH) at room 

temperature and low temperature (>10 K) applying closed cycle He cryostat (Advanced Research 

Systems). Density of the sintered pellets was measured by Archimedes’ method in water. Vickers 

hardness of the prepared β-TCP ceramics was measured using Future-Tech Vickers hardness tester 

FV-310e. Ten indentations of a single load of 1 N were used for the pellets of each composition.  

Cytotoxicity 
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3. Results and discussion 

Thermogravimetric analysis of pristine and Fe/Zn co-substituted as-prepared precipitates was 

performed in order to investigate thermal behavior of precursor powders and estimate minimal 

required annealing temperature. TG/DTG curves corresponding to non-substituted sample and 

sample co-substituted with the highest content of Fe and Zn ions are shown in Fig. 1 as representative.  
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Fig. 1. TG/DTG curves of dried as-prepared precipitates with 0 and 5:5 mol% of Fe and Zn. 

 

It is seen that for both samples thermal decomposition occurs in a very similar way, however it is 

obvious that presence of foreign ions reduces final decomposition temperature of precursors. For 

pristine precipitates residual mass is constant at above 775 °C, whereas for substituted sample this 

temperature is lowered by approximately 50 °C, which is clearly seen from DTG curves. Total weight 

loss, attributed to the removal of adsorbed and crystalline water and possible residuals of ammonium 

nitrate, was determined to be 8.8 and 10% for pure and substituted precipitates, respectively. Based 

on the results of thermal analysis an identical annealing temperature of 800 °C was chosen for all 

samples. 
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The phase crystallinity and purity of annealed powders were characterized by XRD analysis. The 

XRD patterns of the powders containing different amounts of substituent ions and annealed at 800 °C 

are given in Fig. 2.  
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Fig. 2. XRD patterns of β-TCP powders with different amounts of Fe and Zn. 

 

Regardless of chemical composition all synthesized products crystallized to β-TCP phase. All 

diffraction peaks match very well standard XRD data of rhombohedral Ca3(PO4)2 (ICDD 00-070-
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2065) and no reflections assigned to potential secondary crystal phases such as Fe or Zn phosphates 

were detected. Closer look at the diffraction patterns reveals gradual shift of diffraction peaks towards 

higher 2θ values. Displacement of the particular peak is illustrated in Fig. S1 as representative. Such 

changes in the XRD patterns are explained by the mismatch in size between Ca and foreign ions and 

can be considered as an evidence of successful incorporation of substituent ions into β-TCP crystal 

lattice. Ionic radius of Ca2+ in six-fold coordination is 0.1 nm, and ionic radii of both Fe3+ and Zn2+ 

ions are significantly smaller – 0.65 and 0.74 nm, respectively [24]. Dependence of calculated lattice 

parameters on substitution level in β-TCP powders is depicted in Fig. 3.  
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Fig. 3. Lattice parameters of TCP powders with different amounts of Fe and Zn. 

 

It is evident that lattice parameters a and b gradually decrease as substitution level increases. The 

decrease is linear, what is in line with R2 values of linear fit of experimental data being close to unity. 

Slightly different behavior was observed for parameter c, which shows linear decrease only for 

samples with Fe and Zn content level ranged from 1 to 5 mol%, while parameter c of pristine β-TCP 

is out of this trend. This suggests that initially cell volume reduces mostly due to the changes of 

crystal lattice in a and b directions. Similar change in lattice parameter c was previously reported by 

Mellier et al. for Ga-substituted β-TCP [25]. Rietveld refinement showed that foreign ions preferably 

occupy Ca(5) site in crystal lattice up to 4 mol% co-substitution level. Occupation of this site is in 



11 

 

good agreement with previously reported theoretical and experimental studies on substituted β-TCP, 

which is characterized by low defect formation energies for small guest cations on octahedral Ca(5) 

site [26-28]. With the highest substitution level part of foreign ions also occupy Ca(4) site, which is 

also in good agreement with previously reported data for highly doped β-TCP [29, 30]. 

Vibrational spectroscopy was also employed to investigate the effect of substitution and check the 

presence of neighboring amorphous or crystalline materials, which are hardly detectable by XRD 

analysis in the presence of major β-TCP phase. Raman spectra of the synthesized β-TCP powders are 

depicted in Fig. 4.  
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Fig. 4. Raman spectra of TCP powders with different amounts of Fe and Zn. 

 

Four main groups of signals are clearly seen for all analyzed compounds. All obtained spectra are 

dominated by ν1 vibration mode located in the range of 930-1000 cm-1. Other groups are seen in the 

range of approximately 385-500, 540-655 and 1015-1130 cm-1 and attributed to ν2, ν4, and ν3 modes, 

respectively [31, 32]. It is obvious that shape of Raman spectra is gradually changes as content of Fe 

and Zn ions increases. The splitted peak assigned to ν1 vibration mode for highly substituted samples 

is broadened and transformed into the single peak indicating lattice distortion induced by 

incorporation of foreign ions. Other signals with increase of substitution level also lose their well-
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defined shape and broadened. Week signal at around 785 cm-1 is assigned to calcium pyrophosphate 

secondary phase, which is frequently found as an impurity in β-TCP powders prepared by 

precipitation method [33, 34]. 

Fig. 5 shows FTIR spectra of the synthesized powders. The wavenumber range of 1500-400 cm-1 was 

selected to demonstrate the absorption bands of representative functional groups. 

1400 1200 1000 800 600 400

T
ra

n
s

m
it

ta
n

c
e

Wavenumber (cm
-1
)

5:5% Fe:Zn

4:4% Fe:Zn

3:3% Fe:Zn

2:2% Fe:Zn

1:1% Fe:Zn

0% Fe:Zn







P
2
O

4-

7







 

Fig. 5. FTIR spectra of TCP powders with different amounts of Fe and Zn. 

 

All FTIR spectra show vibrational modes characteristic to phosphate groups in β-TCP crystal 

structure. Four groups of absorption bands are clearly visible and distinguishable. Broad bands 

located at 1150-990 and 645-515 cm-1 are assigned to phosphate ν3 stretching mode and ν4 bending 

mode, respectively. Two absorption bands located at 970 and 940 cm-1 are ascribed to ν1 mode and 

weak absorption band centered at around 432 cm-1 corresponds to ν1 mode [31]. Additional weak 

absorption band located at 729 cm-1 was observed in FTIR spectra of pristine β-TCP and β-TCP 

substituted with 1 mol% of foreign ions, however it is not seen in FTIR spectra of the samples with 

higher substitution level. This band corresponds to P2O7
4- group and confirms the presence of 

negligible amount of calcium pyrophosphate [35]. Another clearly visible band can be seen at 

873 cm-1. Appearance of this signal is obviously caused by substitution of Ca by foreign ions, since 
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intensity of this band monotonically increases as substitution level increases. Similar appearance of 

absorption band was observed in FTIR spectra of other substituted β-TCP powders [28, 36] and 

potentially could be attributed to HPO4
2- group [37]. 

Deviation of the actual chemical composition of final products from the target stoichiometry is a well-

known issue for the synthesis of multicomponent compounds by co-precipitation method. In order to 

confirm chemical composition of the synthesized powders, elemental analysis by means of ICP-OES 

was performed. The results of the analysis are summarized in Table 1. 

 

Table 1. Results of the elemental analysis of the samples performed by ICP-OES. 

Sample 
𝐧(𝐙𝐧) ∙ 𝟏𝟎𝟎%

𝐧(𝐂𝐚 + 𝐙𝐧 + 𝐅𝐞)
 

𝐧(𝐅𝐞) ∙ 𝟏𝟎𝟎%

𝐧(𝐂𝐚 + 𝐙𝐧 + 𝐅𝐞)
 

1:1% Fe:Zn 1.03 0.966 

2:2% Fe:Zn 1.93 1.81 

3:3% Fe:Zn 3.27 2.86 

4:4% Fe:Zn 4.01 3.71 

5:5% Fe:Zn 5.26 4.68 

 

Determined molar percentage of the substituents is in good agreement with nominal values and 

monotonically increases as theoretical substitution level increases. On the other hand, there is a 

notable trend, that for all samples amount Fe is regularly lower than theoretical, however, this 

mismatch is not significant and does not exceed 10%. In combination with XRD, Raman and FTIR 

data, elemental analysis indicates that suggested synthetic approach is suitable for the preparation of 

Fe and Zn co-substituted β-TCP powders with good phase purity and controllable composition. 

Room temperature EPR spectra of the investigated samples are depicted in Fig. 6.  
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Fig. 6. EPR spectra of TCP powders with different amounts of Fe and Zn. 

 

A relatively low intensity Lorentzian-shape signal with peak-to-peak linewidth of around 50 mT 

centered at g ≈ 2.00 is present in the spectrum of non-substituted sample. It indicates the presence of 

a small ammount of paramagnetic centers, which are not related to Fe3+ impurities. Moreover, Zn 

only containing β-TCP powders did not reveal any EPR signals different from that arised from pristine 

β-TCP. The Fe-containing samples expectedly exhibited EPR spectra characteristic to the Fe3+ 

valence state. The electron spin of Fe3+ is S = 5/2, thus, in addition to the Zeeman effect, zero field 

splitting (ZFS) of the ground state is also expected. If the magnitude of ZFS is large, it is reflected in 

an EPR signal, which spans a wide magnetic field range [38]. EPR signal intensities scale with Fe 

content in the samples, which suggests that regardless of the substitution level Fe3+ is the preferrable 

charge state in this matrix. The shape of the signal becomes broader and there is a systematic shift in 

the major peak position as the Fe content increases. The additional broadening is most likely a 

consequnce of increased dipole-dipole interactions of nearby paramagnetic centers [39]. The EPR 

resonance positions of high S systems are determined by the values of ZFS parameters, therefore a 

shift in peaks of powder spectra indicates variations in the parameter values and their distributions 

[40]. This, in turn, implies concentration-dependent distortions in the Fe3+ local structure from site to 

site, which could be associated with slight changes in Fe-O distances and bond angles as well as 
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increased long-range disorder in the β-TCP crystal structure. No significant changes are observed in 

the relative intensities of the spectral features up to 5 mol% co-substitution. It indicates that Fe3+ ions 

either occupy one unique position in the crystal structure or are distributed across several site 

positions in similar proportions regardless of Fe3+ content. Taking into account previous 

investigations, which suggested that incorporation of Fe3+ ions in β-TCP occurs via substitution in 

Ca(5) and Ca(4) sites of the crystal lattice [41, 42] and results of XRD analysis, the most plausible 

explanation is that the observed EPR signals originate from Fe3+ ions in the Ca(5) position. An 

additional weaker signal at g ≈ 2.03 can be observed in the sample with 5 mol% substitution level 

and could be related to Fe3+ ions substituting Ca2+ ions in Ca(4) position, however at high doping 

levels formation of more complicated paramagnetic structures cannot be ruled out. Recent studies of 

Fe-doped β-TCP system [28, 30] have presented EPR spectra, which consisted of two major features 

located at g = 4.27 and 2.08. The reported spectra bear resemblance to Fe3+ EPR spectra in glasses 

[43-45] and are quite different from our obtained results. While it is difficult to comment on the 

specifics of the spectra, it clearly demonstrates that incorporation of Fe3+ ions in the β-TCP structure 

is sensitive to the substitution level as well as synthesis conditions. 

Room temperature dependence of magnetization of β-TCP powders of all compositions on applied 

magnetic field strength is illustrated in Fig. 7.  
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Fig. 7. Magnetization dependence on magnetic field strength for TCP powders with different 

amounts of Fe and Zn. 
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Different magnetic behavior of β-TCP samples depending on the presence of foreign ions is evident. 

Pristine sample shows weak diamagnetic properties, wich is in agreement with previously reported 

data on magnetic properties of undoped HAp and β-TCP [46-48]. Different behavior is observed for 

Fe and Zn-containing powders, which clearly exhibit paramagnetic behavior. Magnetization values 

are linearly proportional to applied magnetic field strength, moreover magnetization obviously 

increases as Fe content in the samples increases. No saturation of magnetization was observed 

regardless of chemical composition of the samples in studied magnetic field range. 

Mössbauer spectra of selected Fe-containing β-TCP samples measured at different temperatures and 

magnetic fields are presented in Fig. 8.  
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Fig. 8. Mössbauer spectra of 5:5% Fe:Zn-TCP (a,b,c), 4:4% Fe:Zn-TCP (d), 3:3% Fe:Zn-TCP (e), 

5:5% Fe:Zn-TCP measured at 11 K (a) and room temperature (b-f) at applied magnetic field 

B=0 T (a,b,e) and B=0.42 T (c,d,f). 

 

Broadened magnetic structure of Mössbauer spectra shows that Fe3+ spins experience dynamics, 

which characteristic time is within 10-7-10-9 s time range, where Mössbauer spectroscopy is sensitive 



17 

 

to hyperfine interactions changes. Hyperfine magnetic structure of Mössbauer spectra of 

paramagnetic Fe3+ is observed when paramagnetic ions are diluted [49]. It was observed that 

Mössbauer spectra of β-TCP samples at low temperature and room temperature are quite similar. The 

shape of Mössbauer spectra can be explained by the influence of spin-spin relaxation which has weak 

dependence on temperature whereas the spin-lattice relaxation is obviously temperature-dependent. 

Fe3+ spin Hamiltonian is a sum of contributions of interactions with crystal field, Zeeman interaction 

with magnetic field, and magnetic dipole interactions [49]. Exchange interactions between spins 

which could result in the magnetic ordering are not present when Fe ions are diluted in a non-magnetic 

matrix. The application of magnetic field may have considerable influence on spectra and can help to 

simplify the analysis of Mössbauer spectra if the interaction with magnetic field would become 

stronger than with existing crystal field. However, the applied magnetic field of 0.42 T 

(perpendicularly the gamma rays) was not sufficient to fully distinguish the magnetic structure of 

Mössbauer spectra.  

Influence of relaxation on Mössbauer spectra was expressed in simplified form using multistate 

relaxation model [50, 51] when nuclear Hamiltonian is diagonal for all stochastic spin states 

considering that magnetic hyperfine interaction is much stronger than quadrupole one. The line shape 

was separately expressed for each nuclear transition defining the static line positions of spectrum vi: 

      1WIP 
1

2Re2 ivviI    (1) 

Probabilities of stochastic spin states which were defined by vector P components were taken to be 

equal. I was diagonal unit matrix and 1 is column vector with all components equal to unity. 

Tridiagonal matrix W defined transition probabilities between stochastic states. The transition 

probability from i to j state was given by matrix element Wij and the diagonal element 






ij

ijii WW  [50]. 

The spin relaxation can be sufficiently well characterized by Fe3+ spin states 
2

1
;

2

3
;

2

5
zS  when 

sextets have splitting ratios of approximately 5:3:1 [49]. Positions of the lines of sextets 
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corresponding to the hyperfine field of 50.5 T and Sz values are shown in Fig. 8. The probability 

corresponding to Sz – Sz±1 transition is      RSSSSW zzSzSz  111  where R is relaxation rate. With 

increase in relaxation rate in the range of 107-1010 s-1 the shape of Mössbauer spectrum lines changes 

causing rise of intensity at the center of spectrum. 

As observed, smaller part of Mössbauer spectra, up to 19% of all area (see Table 2), can be attributed 

to Fe spins, which relax with slower rates in comparison to Mössbauer spectroscopy sensitivity limit 

(R<107 s-1) and gives expressed hyperfine magnetic structure of spectra attributable to Sz states. The 

clearly observed sextet with hyperfine field Bh50 T is attributed to 
2

5
zS . The isomer shift 

0.4 mm/s relatively to -Fe is characteristic of Fe3+. Spin-spin relaxation is explained by cross 

relaxation processes [49] when the increase in Zeeman and crystal field energies of one spin is 

accompanied by almost equal decrease in energy of another spin. The results obtained by fitting 

Mössbauer spectra (see Table 2) indicate that the application of magnetic field of 0.42 T causes 

considerable decrease in relaxation rate R. It can be noted that applied magnetic field determines 

changes in energy related to spin states depending on the magnetic field direction relatively to the 

main axis of crystal field. 

 

Table 2. Parameters of fitting of Mössbauer spectra measured at temperature T and applied magnetic 

field Bappl. R is relaxation rate, S is relative area of spectrum attributed to slow relaxation (R=0).  is 

isomer shift relatively to -Fe, 2 is quadrupole shift and Bh is hyperfine field. 

Sample T, K Bappl, T R, 108 s-1 S,% ±1 , mm/s Bh, T 2, mm/s 

5:5% Fe:Zn 11 0 2.7±0.4 19 0.41±0.03 51.6±0.7 0.13±0.1 

5:5% Fe:Zn 296 0 2.9±0.3 19 0.52±0.03 50.8±0.3 0.08±0.06 

5:5% Fe:Zn 296 0.42 1.14±0.15 15 0.40±0.04 50.5* 0.0* 

4:4% Fe:Zn 296 0.42 0.73±0.15 19 0.44±0.03 52.0±0.03 0.07±0.04 

3:3% Fe:Zn 296 0 2.3±0.3 4 0.45±0.05 50.5* 0.0* 

3:3% Fe:Zn 296 0.42 0.46±0.09 13 0.49±0.1 48.6±1.6 -0.08±0.08 

2:2% Fe:Zn 296 0.42 0.33±0.06 11 0.38±0.05 50.5* 0.0* 

1:1% Fe:Zn 296 0.42 0.51 16 0.38* 50.5* 0.0* 

* fixed value 
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In β-TCP crystal structure Fe3+ ions substitute Ca ones [42] while in Fe-doped hydroxyapatite the 

differently coordinated Fe3+ interstitial sites can be found to be located in the hexagonal channel [41]. 

Mössbauer spectra of hydroxyapatite consist of doublets and hyperfine magnetic structure is not 

observed at Fe content as low as in Ca10Fe0.15(PO4)6(OH)1.55O0.45. However, relaxation rate should 

depend on local Fe concentrations. Properties of Fe sites are also possibly important determining rates 

of spin-spin and spin-lattice relaxations.  

SEM was employed in order to investigate influence of foreign ions and their concentration on 

morphological features of β-TCP samples. SEM micrographs of pristine β-TCP powders and powders 

substituted with the highest amount of Fe and Zn are shown in Fig. 9 as representative.  

  

Fig. 9. SEM images of pristine TCP and TCP powders co-substituted with 5 mol% of Fe and Zn. 

 

It is seen that non-substituted β-TCP powders consist of mostly uniform particles of irregular shape, 

which are highly connected to each other and form porous aggregates. The grain size varies from 

approximately 200 to 500 nm. Substitution with Fe and Zn does not change porous nature of the 

aggregated powders, however it obviously affects the grain size, which was reduced significantly. 

The observed particles showed prolonged irregular shape with thickness of around 150-200 nm and 

length up to 1 µm.  

In order to determine toxicity of the synthesized products, in vivo cytotoxicity assay was performed 

in solutions containing 1 wt% of β-TCP powders using zebrafish embryos. Digital photographs of 

zebrafish embryos taken at different time of presence in TCP-containing solutions are demonstrated 
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in Fig. 10. Evidently, embryos grown in different media visually do not differ from control zebrafish 

embryos, there are no visible hybridizations or anomalies caused by interaction with pristine or 

co-substituted β-TCP. Detailed data on hatching rate, survival rate and body length of zebrafish 

embryos grown in solutions with β-TCP powders for 72 h are summarized in Table 3. It is seen that 

hatching and survival rate for all samples vary in the range of 80 to 100%, which is very close to the 

values obtained for control species, which are 90% for both parameters. Moreover, there are no trends 

which could be associated with amount of Fe and Zn in investigated samples. On the other hand there 

is a visible trend in the body length of the embryos. With the only exception for β-TCP with 1 mol% 

of Fe and Zn, mean values of the body length of the embryos monotonically increases as a 

concentration of foreign ions in β-TCP powders increases and exceeds body length of control 

embryos. Such behavior of zebrafish embryos in TCP-containing media together with an absence of 

visible anomalies indicate non-toxic nature of the synthesized powders. 

 

Fig. 10. Digital photographs of zebrafish embryos at different stages of growth in solutions 

containing TCP powders with different amount of Fe and Zn. 
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Table 3. Hatching rate, survival rate and body length of zebrafish embryos grown in solutions 

containing TCP powders for 72 h (N=10). 

Sample Hatching Rate (%)  Survival Rate (%)  Body Length (mm) 

E3 Median* 90 90 3.26±0.21 

0% Fe:Zn 80 80 3.42±0.24 

1:1% Fe:Zn 90 90 3.27±0.42 

2:2% Fe: Zn 80 80 3.50±0.27 

3:3% Fe: Zn 100 100 3.55±0.24 

4:4% Fe: Zn 90 90 3.55±0.13 

5:5% Fe:Zn 100 90 3.61±0.17 

*E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, and 0.1% (w/v) 

methylene blue) for Zebrafish embryos. 

 

All synthesized β-TCP powders were pressed into pellets and sintered in order to prepare ceramic 

bodies. The XRD patterns of the sintered pellets are shown in Fig. S3. After sintering procedure 

analyzed samples remained single-phase β-TCP and no additional phases such as high-temperature 

α-TCP polymorph were observed. Reflection peaks became sharper indicating higher crystallinity 

and grain growth in ceramic discs in comparison to powders. Fig. 11 represents SEM images of 

polished and thermally etched surface of pristine β-TCP pellet and β-TCP pellet substituted with 5 

mol% of Fe and Zn.  

  

Fig. 11. SEM images of polished and thermally etched surface of pristine TCP pellet and sample 

co-substituted with 5 mol% of Fe and Zn and sintered at 1100 °C. 
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Surface of pure β-TCP pellet is composed of the grains varying in size in the range of approximately 

1.5 to 7 µm. No cracks, holes or other clearly visible defects were observed. Substitution with foreign 

ions did not suppress or promote grain growth, which remained nearly the same in terms of size. 

Unfortunately, the highest substitution level resulted in formation of some visible cracks, moreover 

some deposits were observed in the grain boundaries. Linear shrinkage, densities and Vickers 

hardness of sintered β-TCP pellets are given in Table 4.  

 

Table 4. Linear shrinkage, density and Vickers hardness of TCP ceramics. 

Sample Linear shrinkage (%) Density (%) Vickers hardness (GPa) 

0% Fe:Zn 13 95 4.05±0.27 

1:1% Fe:Zn 11 93 3.08±0.18 

2:2% Fe: Zn 8 91 1.82±0.05 

3:3% Fe: Zn 14 94 2.66±0.06 

4:4% Fe: Zn 15 102 2.87±0.11 

5:5% Fe:Zn 16 102 2.60±0.06 

 

It was observed, that linear shrinkage of the sintered pellets did not correlate with substitution level. 

Linear shrinkage was determined to be the highest for powders with 5 mol% of foreign ions and the 

lowest for powders with 2 mol% of Fe and Zn. Measured densities of the sintered species based on 

theoretical density of β-TCP (3.07 g/cm-3 [4]) also did not reveal any trends and varied in the range 

from 88 to 102% with the highest value for pellets with the highest substitution level. Vickers 

hardness measurements did not reveal improvement in mechanical properties of the prepared 

ceramics induced by substitution of Ca ions. Determined average Vickers hardness ranged from 1.81 

to 4.05 GPa, however the highest value was observed for pristine β-TCP ceramics and was in good 

agreement with previously reported values [23, 52, 53]. The obtained results indicate, that while 

partial substitution of Ca with Fe and Zn resulted in phase pure, non-toxic and magnetic powders, 

this approach did not lead to superior mechanical properties.  
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4. Conclusions 

Series of β-TCP powders co-substituted with equal amounts of Fe3+ and Zn2+ ions in the range of 

1-5 mol% have been successfully synthesized by simple and reliable co-precipitation method. 

Structural analysis revealed gradual decrease in lattice parameters of the synthesized samples with 

increase of substitution level. XRD and EPR studies showed that both foreign ions preferably occupy 

octahedral Ca(5) site and Ca(4) at the highest substitution level. Raman spectroscopy confirmed 

lattice distortion of co-substituted samples by gradual change in shape of the obtained spectra. All 

substituted samples exhibited paramagnetic behavior, magnetization values were found to be 

proportional to Fe percentage in the synthesized powders. In vivo cytotoxicity assay did not reveal 

toxic behavior of the synthesized powders even with the highest content of foreign ions. Mechanical 

properties of sintered β-TCP pellets were not improved by substitution of Ca by foreign ions. Vickers 

hardness values were determined to be lower for substituted samples in comparison to those of 

pristine β-TCP ceramics. 
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Fig. S1. XRD patterns of β-TCP powders with different amounts of Fe and Zn. 

 

Table S1. Lattice parameters of β-TCP powders with different amounts of Fe and Zn. 

Sample 
Lattice 

parameter a (Å) 

Lattice 

parameter b (Å) 

Lattice 

parameter c (Å) 
Cell volume (Å3) 

0% Fe:Zn 10.42273 10.42273 37.33308 3512.268 

1:1% Fe:Zn 10.4035 10.4035 37.32911 3498.945 

2:2% Fe: Zn 10.3788 10.3788 37.28103 3477.868 

3:3% Fe: Zn 10.35913 10.35913 37.23379 3460.304 

4:4% Fe: Zn 10.34491 10.34491 37.17521 3445.384 

5:5% Fe:Zn 10.32327 10.32327 37.13673 3427.431 
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Fig. S3. XRD patterns of β-TCP ceramics with different amounts of Fe and Zn sintered at 1100 °C. 
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Fig. S4. XRD patterns of β-TCP ceramics with different amount of Fe3+ and Zn2+ ions sintered at 

1100 °C. 

 


