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Abstract
The environment model is used to describe the location of carbonate in nine carbonated apatites 

containing varied percentages of carbonate and Na+, K+, or NH4
+ ions. Unlike the traditional model for 

carbonate substitution, which identifies different locations and orientations of the carbonate ion in the 
apatite structure, the environment model utilizes the different structural surroundings to describe the 
different types of carbonate. The A-type carbonate environment is assigned to channels lined only with 
calcium ions (A-channel configuration = Ca6) or to channels containing one Na+ or a vacancy (A′-
channel configuration = Ca5Na or Ca5o), and the B-type carbonate environment is the surroundings 
of the replaced phosphate ion. The assignments are made by peak-fitting the carbonate asymmetric 
stretch region (ν3) of the IR spectrum, following previously published criteria. These assignments lead 
to the conclusion that the percentage of channel carbonate (A- and A′-environments) is greater than 
that of B-type for each of these carbonated apatites. In general, the use of triammonium phosphate 
as the phosphate source in the synthesis produces apatites with larger amounts of channel carbonate 
(A- and A′-environments), while the use of sodium-containing phosphate reagents produces smaller 
amounts of channel carbonate.

The environment model provides explanations for the differences within IR and NMR spectra 
obtained for apatites containing a range of total carbonate content. The B-type appearance of the 
carbonate ν3 region of the IR spectrum is found primarily in apatites containing sodium, which al-
lows increased amounts of carbonation via co-substitution of Na+ with carbonate and creation of 
A′-environments with populations equal to that of B-type carbonate. The presence of ammonium or 
alkali metal salts with cations larger than Na+ results in the utilization of a charge-balance mechanism 
that produces vacancies rather than cation substitution in the channel. The carbonated apatites formed 
with primary utilization of the vacancy mechanism generally contain greater percentages of carbonate 
in the A-environment and carbonate IR spectra that contain an obvious high-frequency peak at about 
1550 cm–1. The multiple peaks in the solid state 13C NMR spectra previously observed for carbonated 
apatite are attributed to substitution in the A-, A′-, and B-environments rather than different stereo-
chemical orientations of the carbonate ion.
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Introduction
The applications of the apatite family of minerals are well 

known (Rakovan and Pasteris 2015): orthopedic bone and tooth 
restoration, remediation of heavy metals, fertilizer production, 
and radioactive waste encapsulation. The use of apatite in bone 
and tooth restoration often relies on a close analog of the mineral 
portion of bones and teeth—carbonated apatite. The structure 
of this biomaterial (Pasteris 2016) has been studied since the 
1950s when it was recognized (McConnell 1952; LeGeros et 
al. 1968, 1969) that the carbonate in apatite can take the place 
of either phosphate (B-type substitution) in the apatite matrix or 
hydroxide (A-type substitution) in the apatite channel. B-type 
substitution was believed to be dominant in bones and teeth and 
in synthetic apatite prepared in aqueous solution at T < 100 °C. 
Figure 1 shows the channel motif that punctuates the nearly 
close-packed arrangement of calcium and phosphate ions in 
apatite [Ca10(PO4)6(OH)2].

When B-type substitution of carbonate occurs, the –3 phos-

phate ion is replaced by a –2 carbonate ion, which requires a de-
crease in the positive charge remaining in the apatite matrix. This 
charge-balance can occur by several mechanisms (De Maeyer et 
al. 1996; Montel et al. 1981; Pan and Fleet 2002): co-substitution 
of Na+ along with carbonate, with the sodium replacing a Ca2+ 
ion in the channel (Eq. 1), or simultaneous removal of a calcium 
ion and a hydroxide ion from the channel, leaving vacancies for 
both ions (Eq. 2).

Na+ + CO3
2– → PO4

3– + Ca2+ (1)
CO3

2– + o + o → Ca2+ + OH– + PO4
3– (2)

When Na+ is present in sufficiently high concentrations in 
the synthesis mixture, for example, as a counter ion of one of 
the synthesis reagents, Equation 1 represents the balance of 
charges. Regardless of which mechanism dominates, the channel 
composition is changed by B-type substitution: co-substitution 
(Eq. 1) changes the six channel cations in one unit cell from 
a configuration of Ca6 to the configuration Ca5Na, whereas 
Equation 2 produces vacancies for hydroxide ions within the 
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