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Abstract: There are two types of carbonate substitution in carbonated hydroxyapatite(CHA), including Type-A(OH~
was substituted by CO:*) and Type-B(PO,*~ was substituted by CO5?. But there is an uncertainty about the stability
between Type-A and Type-B substitution. Four kinds of carbonated hydroxyapatites were prepared with different
reagents (with and without Na salt) and methods(CO;*~ was added into the solution during or after the process), in
order to research the possible site of carbonate substitution in CHA and the stability of both carbonate substitution.
The data were refined, fitted and calculated with Jade 6.5, Materials Studio 4.0 and Origin 7.0. The results showed
that lattice distortion in the structure of the carbonated hydroxyapatite has occurred, resulting in lower crystallinity.
Type-B carbonate substitution had less crystal energy but better stability than Type-A. Among the type-B substituent
CO;* in the crystal structure, COs/Na processed the most stable structure, and the substituent Na took the place of
Ca(Il). It was also found that the incorporation of Na* would decrease the lattice distortion of carbonate hydroxyapatite

1

and improve its crystallinity. Fitting spectrum of the characteristic peak of CO;*~ at 870 cm™ showed that more
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type-B CO5> substitution was present in the carbonate hydroxyapatite than Type-A COs* substitution. The type-B

substitution/Type-A substitution ratios have also been calculated according to the IR fitting spectrum.

Key words: hydroxyapatite; CO;* substitution; XRD refinement; IR fitting
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Fig.1 XRD patterns of different samples
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Table 1 Lattice parameters and cell volumes of different samples with Standard Deviation

Lattice parameters Sample 1 Sample 2 Sample 3 Sample 4 Standard HA
a=b/nm 0.944 168 0.941093 0.943 685 0.944 620 00448
(S.D.) (0.0083296) (0.0027129) (0.0026213) (0.0021223)
¢/nm 0.692220 0.700741 0.692 137 0.691098 06884
(SD) (0.006698 1) (0.0020178) (0.0016363) (0.0013082)
o= 90° 90° 90° 90° 90°
y 120° 120° 120° 120° 120°
Cell volume / nm’ 0.530110 0.532235 0.530263 0.529489 0.5288
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Fig.2  Structure of carbonated hydroxyapatite with

Type-A carbonate substitution

B3 B BRI I kR 50 A 8 A 1 5 4 s R T
Fig.3  Structure of carbonated hydroxyapatite with

Type-B carbonate substitution
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Table 2 Crystal energy of different samples

Energy / (kJ-mol™) Type-A defect Type-B defect ~Standard HA

Total energy 4 060 933.013 63 353.112 63 280.878
Valence energy 53 610.414 56 580.162 56 454.833
Van der Waals 4 007 322.599 6 772.950 6 826.045

R T WA R A BT 20 A5 B R 2 il K A vh
COZ U 1 BLARA &, FH Materials Studio 4.0 4351
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XF 43 B4 47 (0.237820,0.134309,0.126730) B 3 | 3X
AR5 P(1)I A2 45 (0.398300,0.368300,0.250000)
PO AT | BCIE S T B R 4 B 5 K A1 T COL2 A AR,
FEZEUL PO B BEUR . CO2 X PO HUR
231 A R S DT 5 R JE LB H(4),0(3),0(5),
0(11),P(5), Ca(4) iy 4 b5 % A8 4k
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Table 3 Fractional coordinates of all atoms in HA and CHA

HA CHA
Element Atom Fractional coordinates of atoms Flement Atom Fractional coordinates of atoms
Number u v w Number u v w
H 1 0.000000  0.000000  0.060 800 H 1 0.000000  0.000000  0.060800
H 2 0.000000  0.000000  0.560800 H 2 0.000000  0.000000  0.560800
H 3 0.000000  0.000000 -0.060800 H 3 0.000000  0.000000 —0.060800
H 4 0.000000  0.000000  0.439200 H 4 0.003468  0.007563  0.450986
0 1 0.343301  0.257900  0.070400 C 1 0.237820  0.134309  0.126730
0 2 -0.257900  0.085400  0.070400 0 1 0.343301  0.257900  0.070400
0 3 -0.085400 -0.343301  0.070400 0 2 -0.257900  0.085400  0.070400




%2 ) 5 0 25 5 A R BT 6 0 15407 27
4i% 3

(0] -0.343301 -0.257900  0.570400 (0] 3 -0.032314 -0.2343432  0.068443
0 0.257900 -0.085400  0.570400 (0] 4 -0.343301 -0.257900  0.570400
0 0.085400  0.343301  0.570400 0 5 0243131 -0.083213  0.583245
0 -0.343301 -0.257900 -0.070400 0 6 0.085400  0.343301  0.570400
0] 0.257900 -0.085400 -0.070400 0 7 -0.343301 -0.257900 -0.070400
0] 0.085400  0.343301 -0.070400 0] 8 0.257900 -0.085400 -0.070400
0] 0.343301  0.257900  0.429 600 0] 9 0.085400  0.343301 -0.070400
0] -0.257900  0.085400  0.429 600 0 10 0.343301  0.257900  0.429600
0] -0.085400 -0.343301  0.429600 0] 11 -0.273212  0.083131  0.410432
0] 0.328200  0.484600  0.250000 (0] 12 -0.085400 -0.343301  0.429600
0] 0.587600  0.465200  0.250000 (0] 13 0.328200  0.484600  0.250000
(0] -0.484600 -0.156400  0.250000 (0] 14 0.587600  0.465200  0.250000
0] -0.465200  0.122400  0.250000 (0] 15 -0.484600 -0.156400  0.250000
0] 0.156400 -0.328200  0.250000 (0] 16 -0.465200  0.122400  0.250000
(0] -0.122400 -0.587600  0.250000 (0] 17 0.156400 -0.328200  0.250000
(0] -0.328200 -0.484600  0.750000 (0] 18 -0.122400 -0.587600  0.250000
(0] -0.587600 -0.465200  0.750000 (0] 19 -0.328200 -0.484600  0.750000
(0] 0.484600  0.156400  0.750000 (0] 20 -0.587600 -0.465200  0.750000
(0] 0.465200 -0.122400  0.750000 (0] 21 0.484600  0.156400  0.750000
-0.156400  0.328200  0.750000 (0] 22 0.465200 -0.122400  0.750000
0.122400  0.587600  0.750000 0] 23 -0.156400  0.328200  0.750000
0.000000  0.000000  0.197801 0 24 0.122400  0.587600  0.750000
0.000000  0.000000  0.697801 0 25 0.000000  0.000000  0.197801
0.000000  0.000000 -0.197801 0] 26 0.000000  0.000000  0.697801
0.000000  0.000000  0.302199 0] 27 0.000000  0.000000 -0.197801
0.398300  0.368300  0.250000 0] 28 0.000000  0.000000  0.302199
2 -0.368300  0.030000  0.250000 P 1 0.398300  0.368300  0.250000
3 -0.030000 -0.398300  0.250000 P 2 -0.368300  0.030000  0.250000
4 -0.398300 -0.368300  0.750000 P 3 -0.030000 -0.398300  0.250000
5 0.368300 -0.030000  0.750000 P 4 -0.398300 -0.368300  0.750000
6 0.030000  0.398300  0.750000 p 5 0353111 -0.032131  0.731231
1 0.246500  0.993101  0.250000 p 6 0.030000  0.398300  0.750000
2 -0.993101 -0.746601  0.250000 Ca 1 0.246500  0.993101  0.250000
3 0.746601 -0.246500  0.250000 Ca 2 -0.993101 -0.746601  0.250000
4 -0.246500 -0.993101  0.750000 Ca 3 0.746601 -0.246500  0.250000
5 0.993101  0.746601  0.750000 Ca 4 -0.245322  -0.93325 0.734 543
6 -0.746601  0.246500  0.750000 Ca 5 0.993101  0.746601 0.750000
7 0.333333  0.666667  0.001300 Ca 6 -0.746601  0.246500  0.750000
8 -0.333333 -0.666667  0.501300 Ca 7 0333333 0.666667  0.001300
9 -0.333333  -0.666667 -0.001300 Ca 8 -0.333333  -0.666667  0.501300
10 0333333 0.666667  0.498 700 Ca 9 -0.333333  -0.666667 —0.001 300
— — — Ca 10 0333333  0.666667  0.498700

% 4 2 Materials Studio 4.0 I8 H 19 AR AL
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Table 4 Changes of fractional coordinates of some atoms in all samples

Sample 1 Sample 2

Sample 3 Sample 4

H4) (0.002128,0.007214,0.567121)  (0.003 468,0.007 563,0.450 986)
€ (0.1345200,0.190605,0.130642) (0.237820,0.134309,0.126 730)
0(3) (-0.043564,-0.293575,0.079320) (~0.032314,-0.2343432,0.068 443)

) (0.243131,-0.083213,0.583245)

0(11) (-0.250249,0.083 054,0.426 170) (-0.273212,0.083131,0.410432)

) (0.353111,-0.032131,0.731231)

0(5) (0.248539,-0.081 576,0.601 394

P(5) (0.359734,-0.032 154,0.760 510

(0.001 621,0.002639,0.452101) (0.001470,0.003245,0.573 002
(0.145236,0.205 645,0.092315) (0.145738,0.264 157,0.103 564
(-0.044706,-0.304 581,0.164 510) (=0.053 610,-0.290 540,0.076 2152)
0.297547,-0.072315,0.591 154)  (0.234875,-0.076 294,0.572 152)
-0.262591,0.084 154,0.425162)  (-0.253160,0.083 487,0.435 450)
(0.360218,-0.031 540,0.753 164)  (0.361 384,-0.031 506,0.751 281)

)
)

( (
( (

Ca(4) (-0.250911,-0.931457,0.761048) (—0.245322,-0.93325,0.734 543) (-0.243 187,-0.978 140,0.750 106) (-0.243770,-0.973 187,0.743 105)
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NH,HCO; 1 53 fiff i BE A 7E 35~60 CZ[H],80 C R

PP A L SR 0E T NHLHCO, BI43#, HhT5
ff¥ER , WO COZMRBEAHXT AR 3 /N TIRZ
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Ry PO, S OREFRLATP M, S EE AR 1
A OH(Eq.(2)); & 2 14 CO& 5 1 A~— & & i
B M*(Na*, KY)PRAE ] — B BUCHE KA ey 14>
PO H1 1 4> Ca*(Eq.(3)), AT M HL A P-4, 2 Ff i
By s 7 R
Cax(PO,)(OH), + CO + OH™ —
Cax(PO,)(CO;)(OH)s + PO (2)
Cax(PO,)(OH), + CO + M*—
Ca o M(PO,)(CO5)(OH), + PO> + Ca®*  (3)
2% 5 J& F Materials Studio 4.0 43 % % CO/OH
Hl COyNa 2 FIE A B B CO2 U T 0 K A1 1)
PR RE TR AL, b cOyNa JEX B
B COLHUAR S A32h 2 A 1 A2 Na BUIC Ca(Df &
1) Ca B ¥, 1 A& Na BUC Ca()fi & 1Y Ca B, A
F4alLLE N COyOH IEX M B 4 OBy
FREEE KA AR BE L E K T COy/Na JE Y B 7Y
COX U B BB A 1 SRR o, R AR A i 1
ik, AiRgityEe e, Wi, COyNa JEX 1 B A
COZ U COyOH JE X B B CO2 LR B 5 5K
B, T LAAER A Na 5 COPHEAAM AT JFERL 1P
) B 4 CO> UL LL COyNa BRI BUAR o 32, XF
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Table 5 Crystal energy of different samples

Energy / (kJ+mol™) COyOH COy/Na — Ca(l) COyNa — Ca(ll)
Total energy 4060933.013 1587421.650 1587377.451
Valence energy 53610.414 7650.069 7650.069
Van der Waals 4007 322.599 1579771.581 1579727.382

COyOH M HUL, BT CO2H OH- A K1 1y R
#L /N T PO, B BRI [CO;OH] Y 1 45 74t 5 /)N |
DAL 3 AR =X B SR s Bt I A it B AE o TR b il
N e Bl B BEAT M, X T COyNa JE R
COZ A1 RF/NF PO, fH Na 921 42(0.102 nm)
5 Ca*H1LL(0.100 nm)™, It COy/Na JE X1 CO2-
B GE f A% S BN A A K T L COy/Na A7
FEM B B CO2HUAR 51 1 i 4% 8 B fb 22/ F
COyOH TE AR, BHIIE Natiy 5| A 0T LA /NG iR
HA B9 ks S | T4 i 25 AR B2 B’ 1 HoAR TR
FESL Y XRD B RIESE T X —25 5%

M 4 ik el LIS 2 FASTRDE X COy/Na
RUECAR, B Na B Ca(D)f7 #19 Ca B 1 F1 NatHU
Ca(IDPi & 1Y Ca B F , AR BE AR FLAR /N, M fig i
FAEE FoR U, Nati 2 FRFOE AR AT REAAAE , H2
Ca(DPLE M Ca BT 5IEIE M Ca B T R8P B &
1) Ca —ff , AR5 Na 85U, HILTE COyNa Y
B Na i B 2 202 Call)fr & Bt H Ik
FIAT K& Na 8 F 0 1 EZH CaD A /Y
COy/Na &3 B BUICAR ; MiAE & 3 (9 i 25 2 7 v R G
—WE&EHE TR, EZH COyOH EXM B
R,
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Bl 4 SEASTRRE S FTIR B BARFE & 0
HLEAN, AL 4 F S E IR BIE b3y n] 78
1090~1 040 cm™ B3 & 2 PO A XT FR i 47 9% 20
U ,963~960 cm™ Fff I K PO (1) X B A 45 4 2 0 |
1470 em™ F1 870 em™ FfFIT 19 W W e U] 4y O 1Y ¢
FEUENS19 - Roy 1 Elliot!™A S B4l A BURAHY CO>
JIT A 1% 7 B R y(884 em™)Fl iy(43 Z4N -1 534
em™ Fl iy ,-1465 em™); 4l B B COP FTib i
WAALE N y(864 em™)FH thy(73 2N )3 51455 em™ F
W34-1430 em™), I, 1470 F1 870 em™ Ay WL WU m]
B2 A BV HN B RUAR O IRy &, 38 2o bR
BAUA, nDE o i it A BB ANl B AL IR Y
CO2 W, B S FE 6 S0 S AR i 1 FTEE§y 3 R
870 cm™ BAFIT M ST FR 005 45 SR sk X L AL S

(d)
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Wavenumbers / cm™!

(a) Sample 1; (b) Sample 2; (¢) Sample 3; (d) Sample 4
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Fig.4 FTIR spectra of different samples
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Fig.5 Fitting spectrum for sample 1
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Fig.6  Fitting spectrum for sample 3
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Table 6 Type-B substitution/Type-A substitution ratios of carbonate for different samples

Sample

Sample 1

Sample 2 Sample 3 Sample 4"

Type-B substitution/Type-A substitution ratio

3.4785

3.6094 3.5227 N/A

“The calculated ratio for sample 4 is naught due to the abhsence of character peak at 870 cm™.

fift e i A BVIBCRC AT B AL IRAR COL M AT 06 Ty i i |
LA ERE S R A B B BUEU O T o 1 L
ol AR TR 6, K 6 B B, BT & T
SN, R 1.2 M3 AR BRELIC Y A/B IR G
AL HARLL B A COX UL N |

Kl 4 R AL 2 Z A0 HiA 3 S L AE 3570
em™ BT B OH- A 4 iR s i | 352 IR R
2 G5k COP MU BRI 2, HREBE KA1 (1) OH -
COS MR B2 | DT B JK A 2544 h OH- %t
MU/, BEAMEE fh 2 TP 55 45 i RS R OH A
M R R R 22—,

3 & it

ACEH R Jade 6.5, Materials Studio 4.0 LA
Py Origin 7.0 AR FF T T B IR 32 L K A /Y A
IRZEKy ) TR T LA FBIR AT T A
SN NP AN ) 5 0 2 500 % e K A i A 5 7 1 52
M, (1)FRIE Al AR RE B 1T H 345 R 3R] | B AL IR B AR
HA 544 HA EA MR R e IReA, 1m A B
22 HA S50 & REANER 5 (2) U CO> I 77 7E 1 B
BRIR HA A A ks A2 | AT B3 AIG L 45 5 B2 5 (3) Bk iz
TR 1 AN TR S 25 SR 2 ) T RN VTR BSOS
(R BE | DTS T Bk TR HLAL 17 5 5 I A8 AR B v Wit
B T2 Tk I3 5 | 7S 1) it 4 G 722 O 5 (4)COy/Na JTE Y B 2
IR 1 1R BB Gz G /N T COy/OH B 3K 11 it 14 g
i, UG AT R Na B 5 00 ik IR % 5 6 K
A FZH CalDF B COyNa B B BIEAL, Wi —
e B HE 5l AR T 2 a2 F 24 5 COyOH B
A B B B 2 2 FE Wl K A 5 (5)£L MU 43 #r AT
AW R R BR U R L A £ A/B IRA R
HULB & cOHU 3,
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