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Abstract 
The characterization of a mixture consisting of four of outmost biologically significance 
calcium phosphates (hydroxyapatite, octacalcium phosphate, dicalcium phosphate 
dihydrate and dicalcium phosphate anhydrous) was attempted. The difficulty in this task 
lies in the similarity of their chemical and crystal structure. For the identification three 
spectroscopic techniques were applied: Raman spectroscopy, IR spectroscopy and X-ray 
powder diffraction (XRPD). Based on careful examination of the spectra, three 
approaches are proposed depending on instrument availability. One requires combination 
of IR and Raman information, the second IR and XRPD and the third only XRPD 
patterns before and after the heating the mixture at 850 oC.  
 

Introduction 
Calcium phosphates play a major role in many disciplines like chemistry, biology, 
agriculture etc. In the field of biochemistry, they are the most important inorganic 
constituents of hard tissues (bones and teeth). Hydroxyapatite (Ca10(PO)4(OH)2), HAP), 
is the most stable and less soluble of all calcium orthophosphates and has been extremely 
applied as biomaterial, due to its similarity to calcium deficient hydroxyapatite, the actual 
mineral phase of bone and teeth. However, various in vitro experiments on the preci-
pitation of HAP revealed that there are always involved some intermediate phases, the so-
called “precursors” [1,2]. The most significant phases are dicalcium phosphate dihydrate 
(CaHPO4

.2Η2Ο, DCPD), and octacalcium phosphate (Ca8(HPO4)2(PO4)4
.5H2Ο, OCP). 

The same compounds are suggested as the precursors to in vivo bone [1] and teeth [3] 
formation. On the other hand, during the precipitation of DCPD the co-precipitation of 
dicalcium phosphate anhydrous (CaHPO4, DCPA) is possible. Consequently, during the 
preparation of these compounds the co-existence of all calcium phosphates in the 
precipitate is possible.   

Although calcium phosphates have been studied extensively, there are very few 
reports dealing with identification and the analysis of their mixtures probably due to the 
difficulty imposed by the similarity of their chemical and crystal structure. Tasis et al. [4] 
characterized a mixture of HAP and OCP, using IR spectroscopy. The same biphasic 
mixture was also analyzed by Dorozhkina et al. [5] by the means of XRD and IR and Xin 
et al. [6] investigated it by TEM. Concerning the triphasic mixture consisting of DCPD-
OCP-HAP, little has been done since now. Mikroulis et al. [7] used IR, XRPD and SEM 
for the elucidation of a sample consisting of DCPD-OCP-HAP and Leng et al. 
investigated the composition of the same mixture by TEM [8]. As it is implied from the 
above there are not many studies for the analysis of triphasic mixtures of calcium 
phosphates while for a mixture consisting of four materials (DCPA-DCPD-OCP-HAP) 
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no literature has been found. Thus, the purpose of this study is the development of a 
methodology for the qualitative analysis of a mixture comprising of these four 
compounds by the means of the spectroscopic techniques Raman spectroscopy, Infra-red 
spectroscopy (IR) and X-ray powder diffraction (XRPD). 
 

Materials and methods 
Preparation 
Hydroxyapatite powder was synthesized according to the third preparation provided by 
Koutsopoulos [9], using 0.5M Ca(NO3)2 and 0.3M H3PO4. Octacalcium phosphate was 
prepared according to LeGeros [10] by mixing 0.04M NaH2PO4

.H2Ο and 0.04M 
Ca(CH3COO)2

.xH2O while dicalcium phosphate dihydrate was obtained by the mixture 
0.06M CaCl2

.2H2O and 0.06M NaH2PO4
.H2Ο [11]. Finally, dicalcium phosphate 

anhydrous was purchased by Sigma-Aldrich. 
Mixtures of the calcium phosphates consisting of equiponderant quantities of each 

one of the four materials were prepared by weighing equal quantities of each material 
was and mixing in a mortar in order to achieve as better as possible homogenization. 
 
Characterization  
Each one of the synthesized material (HAP, OCP, DCPD) and the DCPA which was 
commercially obtained, as well as the mixture of them, were characterized by the three 
analytical techniques: XRD, Raman spectroscopy and Infrared spectroscopy (IR).  
Raman Spectroscopy: Raman spectra from the pure compounds and the deposits formed 
were recorded with a FRA 106/S FT-Raman (Bruker). The laser excitation line used was 
the 1064 nm line of a Nd:YAG laser. The power of the incident laser was about 250 mW. 
The recorded region of all the spectra was 0-4000 cm-1 and the typical spectral width was 
2 cm-1.  
Infra-Red Spectroscopy: All spectra were recorded from 4000–400 cm−1, using the 
EQUINOX 55 (Brucker) FT-IR spectrometer. Each spectrum was the average of 200 
scans using a spectral resolution of 2 cm−1. The IR spectra were recorded and stored 
using a spectroscopic software (OPUS, Version 2.0). 

The samples for the FT-IR analysis were in the form of pellets. About 15 mg of 
the under characterization material were mixed with 200 mg KBr in a mortar and ground 
with a pestle. The pellets obtained by compression of the powdered mixtures in a 
stainless die at 10 tons for about 20 sec. 
X-Ray Diffraction: For the XRD experiments, was used an X-ray diffractometer of the 
type Enraf-NONIUS FR590 with the following characteristics. The source of the X-rays 
was Cu and the filter Ni while the detector type was: INEL Curve Position Sensitive 
covering 120o 2 theta (CPS 120). Measurement method was continuous and the slits were 
0.4mm x 0.4mm. The accumulation time was 30 min for each material and 1 hr for the 
mixture. 
 

Results and discussion 
Figure 1 presents the Raman spectra of DCPA, DCPD, OCP, HAP and the equipo-
nderant mixture of them. It can be observed that the spectrum is characterized by the two 
very strong peaks at 961 cm-1 and 986 cm-1, which are characteristic vibrations of HAP 
and OCP, the first one, and DCPA and DCPD the second and correspond to the 
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symmetric stretching mode (ν1) of the tetrahedral PO4 group (P-O bond) [9,12]. 
Therefore, using this information the existence of HAP and/or OCP and DCPD and/or 
DCPA can be ensured. Concerning DCPA and DCPD, their discrimination is possible by 
a doublet peak at 880 cm-1 (DCPD) and 897 cm-1 (DCPA) belonging to the P-O(H) 
stretching mode. The slight shift of these vibrations of DCPD and DCPA in the mixture, 
in relation to their respective vibrations as individual materials (878 cm-1 and 901 cm-1) is 
attributed to the grinding imposed for the better mixing of the four materials. 
Furthermore, there are some other weak peaks which could be used in addition to the 
above-mentioned vibrations for verification purposes. The presence of DCPD is apparent 
by a group of peaks at low Raman shifts (141 cm-1, 174 cm -1, 207 cm-1, 380 cm-1) and by 
two other weak peaks at 1082 cm-1 and 1115 cm-1. The existence of DCPA in the mixture 
van be verified by vibrations which appear as peaks at 396 cm-1, 1092 cm-1 and 1129 cm-

1. Regarding OCP and HAP, things are more complicated because there is an extended 
overlapping in the peaks of these two materials. Actually, there is only a shoulder at 1024 
cm-1 which is attributed to OCP while for HAP all of its peaks are overlapped by the 
peaks of the other materials and especially by OCP’s, making impossible its 
identification.  
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Figure 1. Raman spectra of a mixture containing 25% w/w HAP, 25% w/w OCP, 25% w/w DCPA, 25% 

w/w DCPD and of the pure materials 
 

Figure 2 presents the IR spectra of each material and of their mixture. Comparing 
the spectrum of the mixture to the corresponding spectra of the pure substances, we can 
identify three of the four materials in the mixture. These are HAP, OCP and DCPD. The 
existence of HAP can be proved by two distinct peaks at 632 cm-1 and 3572 cm-1 

corresponding to vibrations of hydroxyl group- and one more at 1090 cm-1 which is 
attributed to P-O stretching mode [9]. On the other hand, OCP is distinguished by two 
weak peaks at 913 cm-1 and 1124 cm-1 (P-(OH) stretching of HPO4) [9]. Finally, the 
presence of DCPD can be recognized by many peaks. The most intense of them are 
possessed at 790 cm-1 and 1648 cm-1 (H2O bending, at 873cm-1 and 985 cm-1(P-(OH) 
stretching), 3487 cm-1 and 3541 cm-1 (O-H stretching of water) [9,12]. A slight shift in 
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some peaks, comparing to bibliographical data is probably attributed to the different 
pressure imposed during the formation of KBr pellets, as it has mentioned by J. Xu et al. 
[12]. Therefore, infrared spectroscopy is capable to distinguish three of the four faces, 
DCPD, OCP and HAP, which exist in the mixture.  
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Figure 2. Infrared spectra of a mixture containing 25% w/w HAP, 25% w/w OCP, 25% w/w DCPA, 25% 

w/w DCPD and of the pure materials.  
 

Figure 3 presents the XRPD pattern for each material and the mixture of them. 
The spectra of all the materials are in good agreement with those of the A.S.T.M. cards 
(DCPA: 9-80, DCPD: 9-77, OCP: 26-1056, HAP: 9-432). The very few reflections of 
HAP are attributed to its low degree of crystallinity. Observing the pattern of the mixture, 
the presence of OCP can be verified by a very intense peak at 4.84o (the most intense 
peak of OCP) which corresponds to the (100) reflection (according to Miller’s indices). 
Furthermore, the identification of DCPA is feasible by the peak at 30.09o, which 
corresponds to the (112) reflection. Finally, with X-Ray powder diffraction we can verify 
the existence of DCPD from the peaks at 11.68o and 20.80o which are characteristic 
reflections of (020) and (021) planes of DCPD.  

As mentioned above, from the XRPD pattern the identification of DCPA, DCPD 
and OCP is possible. The only constituent which cannot be discerned is HAP. This 
mainly happens because there is considerable overlapping between the peaks of OCP and 
HAP. Another drawback is the fact that the peaks of OCP and HAP are broad, due to 
their poor crystallinity, therefore causing more extensive overlapping. So, by improving 
the crystallinity of the constituents of the mixture a separation of HAP reflections may be 
possible. It is known that the crystallinity of hydroxyapatite increases by heating at high 
temperatures [13]. HAP of poor crystallinity was heated at 850oC for 2 hours and a 
remarkable increase in crystallinity was observed, producing an XRD spectrum with very 
sharp peaks. The same procedure was followed for the other materials too by heating 
them at high temperature in order to investigate the influence of heating on their 
structure. The spectroscopic (IR, Raman) and XRD results showed that OCP was 
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transformed to a new material, whose dominant crystalline phase was b-TCP (b-
Ca3(PO4)2), a result which is in good agreement with bibliography [14]. DCPA and 
DCPD was also transformed to a new phase which was b-calcium pyrophosphate (b-CPP, 
b-Ca2P2O7), as other researchers have already found [15]. Therefore HAP is the only 
constituent of the mixture which does not undergo phase transformation. Figure 4 
presents the XRPD pattern of the mixture after heating at 850oC for 2 hours and the 
spectra of each material after heating each one separately at the same conditions. 
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Figure 3. X-Ray diffraction pattern of a mixture containing 25% w/w HAP, 25% w/w OCP, 25% w/w 

DCPA, 25% w/w DCPD and of the pure materials 

 
Figure 4. X-Ray diffraction pattern of the mixture containing 25% w/w HAP, 25% w/w OCP, 25% w/w 

DCPA, 25% w/w DCPD after heating at 850oC for 2 hours. 
Between octacalcium phosphate and hydroxyapatite there is an extensive 

overlapping –as mentioned above– especially in the region 31o-33o. As OCP and also 
DCPD and DCPA are transformed to other materials, whose main peaks are not in the 
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region between 31o-33o, the peaks of HAP –which are presented in this region– are 
revealed. Consequently, it is possible the identification of HAP by its three most 
characteristic peaks which appear at 31.62o, 32.08o and 32.75o. 
 

Conclusion 
From the study of a HAP, DCPD, DCPA and OCP mixture using XRPD, IR, and 

Raman spectroscopy it seems that there are three different methodologies that can be 
used for the identification of the calcium phosphates. The first solution suggests the 
combination of Raman and IR. Raman verifies the existence of DCPD, DCPA and 
probably OCP. IR identifies DCPD, OCP and HAP. The second approach uses the IR 
spectra and the XRPD patterns. IR is used for the identification of DCPD, OCP and HAP 
while XRPD verifies the presence of DCPD, DCPA and OCP. The third way is possible 
by recording the XRPD patterns of the mixture before and after its heating at 850oC. As 
with the previous approach, the presence of DCPD, DCPA and OCP can be easily 
verified from the XRPD pattern obtained before the heating of the mixture while 
identification of HAP is feasible only in the pattern recorded after the heating of the 
mixture. 
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