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Behavior of Rare Earth Elements in Synthetic Fluorapatites
Revealed by Rietveld Structure Refinement Data

E-£3] (Yong Hee Moon) - A (Jin Beom Choi) + ©|® Y (Byeong-Im Lee)
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(Department of Earth and Environmental Sciences, College of Natural Sciences,
Gyeongsang National University, Jinju 660-701, Korea, E-mail: jbchoi@nongae.gsnu.ac.kr)

Qok: o HE IEF Y42 X3H 4FFo TAES3]) M (synthetic fluorapatite) (Ap49: La+Gd, Ap50:
Ce+Dy, Ap51: Pr+Er, Ap54: EutLu; Cajor2,NaREEy(P1:Six0a)sFs, x=0.13~0.21, y=0.26~0.42)& o4
o2 X-A FAEAL B Dol ARE o]&3le dEEE FREASL AT ATE JEFLL
9 AFS dZAgNes A Axe) Hlw - BAEAT JEYE FRENE AEEQ1S4L
72 Péym, B TE FFste] a=9.3906(1) A, c=6.8924(1) A, V=527.36 A’Y] FH< Ztit} T2
W2 1}EE R X8 28 Ry -8 1729~18.800] 1 S(GofF) Fhe 1.44~1.68% A2E ) £3)
01542 9719 Mg wYste Cal A 6719 4 shie] Bavl vi9lste Ca2 A7t doH
Cal-0¢] BHFATE 2.563 A0]T Ca2-09] BHAE 2460 ASE Cal Xg7} Ca2 AR} thhk =
ot FxAE XBHoME Ca¥ AEE el REET=Z Uste] Aatade 2AF7 8N O 7
&7} 87 #ols g (REET+Si"=Ca™+P™: Ca2, REE*+Na'=2Ca"": Cal). A2E S EFUL =g
A& (REE-Ca2/REE-Cal)e QAU F7}F Z718e e Y43A Fadhe 4TS BTy, oz JE
2940 AFo] LREEE =77} AR oz 2L Ca2 #de] $4 X$= 3 HREEE =77 & Cal
Azle] ¢4 A85E AL AA P

oX, GH

F20]: B, HEMEY, o|JE JEF X, AdHFE, ABAT

ABSTRACT : The binary-REE-substituted synthetic fluorapatites (Ap49: Lat+Gd, ApS50: Cet+Dy, Ap51:
Pr+Er, Ap54: BEutLu; CajoxzyNayREE«y(P14SixO4)sF2, x=0.13~0.21, y=0.26~0.42) are studied by the
Rietveld structural refinement, and REE substitutional behavior in Ca cation sites is compared with that
obtained by the single crystal method. Unit cell parameters of fluorapatite, space group P6s;/m, are
approximately a=9.3906(1) A, ¢=6.8924(1) A, V=527.36 A, and Rietveld index indicates that Rz and
S(GofF) are 17.29~18.80 and 1.44~1.68, respectively. There are two distinct Ca sites in fluorapatite. Cal
is coordinated with nine neighboring oxygens and Ca2 is connected with six oxygens, and one
phosphorous. Average bond distance of Cal-O (2.563 A) is larger than that of Ca2-O (2.460 A).
Substitution of REE®" for divalent Ca™* in fluorapatite is principally compensated as follows: REE3++Si4+<:':
Ca*+P™" for Ca2, REE™+Na"=2Ca™ for Cal. The site occupancy ratio of REE in two Ca sites
(REE-Ca2/REE-Cal) decreases with increase of binary-REE 4f electrons, indicating that larger LREE
preferentially occupies smaller Ca2 site, whereas smaller HREE occupies larger Cal site.

Keywords : synthetic fluorapatite, Rietveld method, binary-REE, site occupancy, substitutional behavior.
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AAFY NAEAS osfster W o
g @) REEE 4f Aol 3479z A=
F(IREE) A FIEFMHREE)ECZ ZGyH
A} HA Foldr] WEge] AU (La
L7k 2748455 AAue] Fashe 548
7FA a1 It MceKay, 1989; Miyawaki and Naki,
1993). 44 o 748 REESS 948 74
st BEe] 33 9258 ABN 245
B, Ao ofE REESY 2AF 383
A&(behavior)& FE o] Caol F+x7 =}
£ FE A&tk tgA CaE e FE
Sof Y@ REES] Hu% AR 7 JE
TxU 9 Caztele] Z7)o) #F-9-Hrh & LREE

= & CaxlglE Zi= FE(9, allanite)dl] &
¥ MREE= $7t27]9 Catel g 2te #&

(o, ©A}3)A), 183 HREE:E 28 Caxbgl=

ZE FEC), AFA)S F2 FE

3] A (apatite)> A<, WAL, ¥ FHAHL

qM iAo m RAEFJER iEHH IE
AL WA FLT WAEER IoIA
Atk o= 34 o] 270 Ca FEAE
S5k Trokgl REEZ} A87k5el7] wEolch,
g REEZE 37 34 e gopHor 3-8
Hol #HolA v g EH Az o|g&HATh
(Mackie and Young, 1973; Gunawardane er al.,
1982).

Q1341 9] AukAQl 3}8F42 Cas(POs):A (A=F,
O, ChoZ ol Ael A ue} 227}
H7He B3935 Y (fluorapatite, FAp), &7}
M $4kskR1 3] A (hydroxylapatite), 12|31 A
A7) 7 493 3] X (chlorapatite) 2 1 ©]
A olE Fol&ol met FHT(Pos/m E=
P2i/b)e] @} tiSudarsanan and Young, 1978).
o Aol AHEH FAARE BA7L A7
E2:913) 4)(F7HT=P6s/m)o|t}t. Fig. 19]4 H
So] FBAFH TN Ca A2 E 27} 9
7N B Sfeke Cal AE|9h 24 6719 B4 @A
7b il Sehe Ca2 AR wrolAm T oA
M 41, 2, +37}9] Fol 259 Aol 457
o|t}(Hughes et al., 1991). A Fleet and Pan
(1995, 1997)9] A7rol] oJshd A B3}l 4
o] REEE ofehs] A7 Ca® @3n 4

Fig. 1. Structure of fluorapatite(sample : Ap49) show-
ing interrealtions of Cal and Ca2 polyhedra: equi-
valent Ca2-O3 bonds overlap in c-axis projection.
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P Si¢8] X0z Hate] #¥E o]FE why
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Ca lo_zyNayREEy(PO4)GA2 :
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Table 1. Chemical composition of synthetic REE-bearing fluorapatite.

Sample No. AP49 AP50 AP51 AP54
Chemical composition(wt.%)*
Ca0O 47 4(7) 47.8(6) 49.6(5) 50.3(9)
P,0s 38.8(5) 39.1(6) 39.5(5) 39.1(9)
Si0, 1.24(1) 0.69(3) 0.75(3) 0.78(2)
Na,O 1.23(8) 1.12(8) 0.98(2) 0.76(5)
REE,03 La4.83(4) Ce 5.21(4) Pr 5.50(2) Eu 5.88(3)
Gd 4.98(2) Dy 2.86(1) Er 2.25(7) Lu 1.03(8)
F 3.25(5) 4.01(2) 3.32(1) 3.11
O=F 1.36 1.69 1.40 1.31
Total 1004 98.8 100.5 99.7
Chemical formula based on 16 cations
Ca 8.98 9.11 9.25 9.42
P 5.80 5.88 5.81 5.78
Si 0.20 0.21 0.13 0.14
Na 0.42 0.39 033 0.26
REE La0.31 Ce 0.34 Pr0.35 Eu 0.35
Gd 0.29 Dy 0.16 Er 0.12 Lu0.05
F 1.81 2.25 1.83 1.72
O 24.08 23.87 24.01 24.02
OH 0.19 - 0.17 0.28
Formula used in X-ray structure refinement
Ca 8.97 9.11 9.20 9.34
P 5.80 5.88 5.87 5.86
Si 0.20 0.12 0.13 0.14
Na 0.42 0.39 0.33 0.26
REE La0.31 Ce 0.34 Pr0.35 Eu 0.35
Gd 0.29 Dy 0.16 Er0.12 Lu 0.05
F 2.00 2.00 2.00 2.00
0 24.00 24.00 24.00 24.00

* Obtained by EPMA analysis (Fleet and Pan, 1997).
Note : OH calculated by difference.

TEE st stk ElE Y =
At A2 Yehl= RAG(R-index)¢} IAHE
(parameters) Table 29 & <Fsl4dtt.

23t 2 £of

B34 A R(AP49: LatGd)ol o s
X-A 3" 2BAE(observed)st T EHE A 4
A} E (calculated), 2&] 3l F & AEE AlolY
Apo)(residuals)E Fig. 29 WYEMSITE Fig. 29|
N HEo|, RE FHAMNEo] R glo] &
dA S it A7) N FAG vREE i
H oA FEe] e 7 FdAE9] AAE YE
doh, & g4 AF5E Atele AeolE vehge

residuals patterno| = A& zFol7t e A
2 Hol WAHo2 HEUE AWHHL o
A 2 olola Aoz Aztan. PewE
Z At 235 vehdis 7284 A9 (Sakata
and Cooper, 1979)E 41 & H(Table 2), A4 &
o o]Z2H o7 o AEE A (expected R, Rexp)l
tf gk A A| 7} A A 4(weighted pattern R, Rop) gk
2 13.10~14.33%/11.19~12.08%°] S (goodness
of fitness)2] zH-& 1.27~1.49, Bragg R (Rp)3t<
ZV7Z} 6.24~8.49% & HolF) Szko] 1.5¢)8}
o] Rpgto] 100]3}9] g 7MAe AQLE 1
o} AEWE FrALS] BE Ao AZEG,
ol e AN HAL BajA ESAI AL
FHRARZN FT Peyme] FxF (Fig )&

L
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Table 2. Experimental details and final parameters of structure refinements for X-ray powder diffraction.

Sample No. AP49 AP50 AP51 . AP54
Equipment HR Transmitted X-ray Diffractometer(SIEMENS D5000)
Radiation/Monoch. CuK ,/Graphite(40 kV/25 mA)
Sample Preparation Thin film coating with spray
Rietveld Software WYRIET V3.0
Starting model Fleet and Pan, 1997
Space group P63/m
2 @ scan range 10°~100°
Step size/time 0.02°2 @/ 30sec
No. of steps 4501
Max. intensities 3462 4026 4586 4844
No. of unique reflection 494 494 494 492
N-P 4446 4428 4410 4410
Rp(%0) 13.33 13.23 13.10 14.33
Ryp(%0) 17.41 17.56 17.29 18.80
Rexp(%0) 12.07 12.08 11.60 11.19
Rp(%) 8.48 8.49 8.32 6.24
S(GofF) 1.44 1.45 1.49 1.68
D-W 1.42 1.44 1.40 1.27
Esd. To be mutip. by* 1.695 1.622 1.649 1.678
U 0.024(3) 0.016(3) 0.011¢2) 0.010(2)
v -0.002(3) -0.003(2) 0.006(2) 0.005(2)
W 0.0051(6) 0.0059(5) 0.0047(5) 0.0038(4)
*Correction for local correlations (Bérar and Lelann, 1991).
oL
L
E:
« i
E LALM ’
8 ‘“j‘\AgL_,LLJLMN Calculated
o
Observed
O¥wwj~&«JLiLuU d fesmrenoddit LLVLM}JLMLM -1 A WLM_WM}\ 1 N b
H N T N IR RN AR lllII[lIHIIIIIIIIIHH THRNT B II lIlIIlIIH!HI I g«
T bmm v ‘HIWA }III SO0 IVUET MO0 OO G OO0 A0 TN A R S I AV RARIURRE T IﬂIIMI\IIIIII\IIIIlI!lI c
A o hn ks | Residuals
ettt ey Fr LA -
\rvv\r\HMurllvlllullluwluuuw||M\llllux\|H11|||v!un||||Muun!ulrlllllllL
20 30 40 50 60 70 80 90 100

2 Theta(degree)

Fig. 2. Observed and calculated X-ray powder diffraction and residuals for binary-REE-substituted fluorapatite
(sample AP49). (vertical bars indicate Bragg reflections for separated mineral phases.) (A: fluorapatite, B:

fluorite, C: cuspidine).
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o]lR1 HFA TYEY AVE a=9.3906(1)
A, c=6.8924(1)A, V=52736A°02 A=Y
0. =% HEWE A Anz 73 F24
2 s #x9 T4 €74F IABe)
i A e 471 Ay 2 AEE
7}7} Table 37} Table 4] A 3gc}h. YEHE
B4 A7 Fleetd) Pan(1997)0] o3t B2
A} 8(2=9.3868(9) A, c=6.8914(3)A, V=527.83A°%)
st A FAGE & RAFETh $A3Y ot
o Aole FxIAA] WHE Aold o3
AR Fu.

B398 FRE Fig. 194 BHEo] F 7}
A Ca AT Fol(Cays FH2E 6719
AFAa7h w98k slow] AbEA Ao 2(P)

o] Akaot dZAH St AdFez & Cal
AHFHWA 3)= NG ez AZF gl
Cal A& wiglste 9749 Ab29 A$ 6749
A Cadle] AFATF 245 A 10.040]%
w3 A 3749 ARk 9] A¢E 2.81 A+0.01
S Ta 31 fHelth AN 979 vt B
T ol (Cayell AFE F7] Wil old 7
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and Pan, 1994). ¥t o] Ca2 A=[(H A m)=
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o] HAEFULRE XHF 4T 7 FHE
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Table 3. Atomic positions and site occupancies of fluorapatite determine by the Rietveld structural refinement.

Sample No. AP49 AP50 Ap51 Ap54 End-FAp
Cal X 2/3 2/3 2/3 2/3 2/3
y 1/3 1/3 1/3 1/3 1/3

z 0.0007(8) 0.0010(7) -0.0012(6) -0.0001(6) 0.0012(1)

B 0.81 0.81 0.81 0.81 - 0.81

n 0.891(2) 0.903(2) 0.912(2) 0.909(2) ) 0.999

Ca2 X 0.9916(5) 0.9915(4) 0.9924(4) 0.9927(4) 0.2415(1)
y 0.2413(4) 0.2409(4) 0.2409(3) 0.2421(4) 0.0071(1)

z 1/4 1/4 1/4 1/4 1/4

B 0.703 0.703 0.703 0.703 0.703

n 1.0 1.0 1.0 1.0 1.0

| X 0.3689(6) 0.3690(5) 0.3694(5) 0.3692(5) 0.3982(1)
\ 0.3982(6) 0.3985(6) 0.3987(5) 0.3979(5) 0.3689(1)

z 1/4 1/4 1/4 1/4 1/4

B 0475 0.475 0475 0.475 0.475

n 0.834(4) 0.845(4) 0.868(3) 0.890(5) 1.0

01 X 0.481(1) 0.481(1) 0.4802(9) 0.484(1) 0.3268(1)
y 0.324(1) 0.324(1) 0.3231(9) 0.324(1) 0.4850(1)

z 1/4 1/4 1/4 1/4 1/4

B 0.93 0.93 0.93 0.93 0.93

n 0.5 0.5 0.5 0.5 0.5

02 X 0.463(1) 0.466(1) 0.464(1) 0.464(1) 0.5881(1)
y 0.581(1) 0.583(1) 0.582(1) 0.584(1) 0.4668(1)

z 1/4 1/4 1/4 1/4 1/4

B 1.11 1.11 1.11 1.11 1.11

n 0.5 0.5 0.5 0.5 0.5

03 X 0.2585(8) 0.2543(7) 0.2526(7) 0.2541(8) 0.3415(1)
y 0.3429(8) 0.3418(7) 0.3400(7) 0.3403(7) 0.2569(1)

z 0.0716(8) 0.0746(8) 0.0735(7) 0.0715(8) 0.0704(2)

B 1.31 1.31 1.31 1.31 : 1.31

n 1.0 1.0 1.0 1.0 1.0

F X 0 0 0 0 0
y 0 0 0 0 0

z 1/4 1/4 1/4 1/4 1/4

B 2.46 2.46 2.46 2.46 2.46

n 0.1667 0.1667 0.1667 0.1667 0.1667
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Table 4. Interatomic bond distance( A ) and angles(’) in fluorapatite determined by the Rietveld réfinement.

Sample No. AP49 AP50 AP51 AP54
Distance
Cal
Cal-01 2.420(5) X3 2.418(6) X3 2.430(5)%3 2.397(5) X3
-02 2.467(4) X3 2.476(4) X3 2.463(6) X3 2.450(6) X3
-03 2.804(5)%3 2.805(5)%3 2.812(5) %3 2.810(5)x3 "
Mean(P) 2.564 2.566 2.568 2.552
Mean(C) 2.562 2.558 2.558 2.554
Ca2 ‘
Ca2-01 2.66(1) X1 2.656(10)x 1 2.658(9) 2.668(10)
-02 2.42(1) X1 2.395(10) X 1 2.409(10) 2.399(10)
-03 2.515(8)x2 2.472(7) X2 2.458(7) 2.473(7)
-04 2.361(6)%x2 2.381(6)x2 2.372(5) 2.355(6)
Mean(P) 2.472 2.459 2.455 2.454
Mean(C) 2.461 2.460 2.457 2456
Angles
Cal
01 -0l 75.1(3) X3 75.2(3) X3 74.8(2) X 3 74.1(3) X3
- -02 92.7(3) X 3 92.3(3)X3 92.4(3)X3 93.3(3) X3
-02' 122.3(3) X3 122.5(3) X3 122.2(2) X3 123.0(3) X3
-03 87.2(3)X3 88.0(3)X3 88.0(2) X3 87.8(3) X3
-03' 68.5(2) X 3 68.5(2) X3 68.0(2) X3 68.4(2) X3 :
02 -02 76.3(3) X3 76.6(3) X3 76.9(3) X3 76.13)X3
-03 54.5(4) X3 55.0(3)%3 552(3)X3 55.5(3)%X3
-03. 69.0(3) X3 67.6(3)X3 68.1(3) X3 68.2(3)x3 .
-0O3" 124.4(4) X 3 124.4(4) X3 - 125.03) X3 124.7(4) X3
03 -03 116.9(2) X 3 116.6(2) X3 116.9(2) X3 117.0(2) X 3 ‘
Ca2 ‘
o1 -02 100.2(4)x 1 100.2(3) X 1 99.8(3)X 1 100.0(3) X 1
-03 71.9(3)x2 71.6(2)X2 71.5(2) X2 T1.5(2) X2
-f 106.8(3)x 1 106.8(3)x 1 106.7(2) X 1 107.1(3) X 1
02 -03 74.8(3) X2 74.7(3) X 2 75.2(3) X2 749(3)x2.
03 -03 85.0(2)x2 85.8(2) %2 86.0(2) X2 86.2(2)X2: -
-03' 58.6(3) X2 58.6(3)x2 59.3(3)x2 59.6(3)x2
-03" 78.0(2) X2 78.3(2)X2 78.1(2)X2 78.0(2) X2
-f 81.7(3)x2 81.9(2)x2 81.92) <2 81.6(2) <2
-f 103.1(3) X2 102.5(2) X2 102.2(2) X2 102.2(2) X2 .
P : Rietveld method, C : single crystal method.
2715 Table 49 JEIRT 2T o4E  25F s A7 Solur] AR A4
REE 9 4f 2729 §ol U@ 99¥9 55 FLeoLwrt 374855 AR07e] gaste
EAQS AT Q7] Fo|tHMcKay, 1989;

Z Fig. 39 BASETH o774 fEME ZAx
E Qe AAAFoR HAF vlaEy] 95k
D AA M9 ZA7(Fleet and Pan, 1997)= 3 Al
8oz AT Fig. 3¢] <3tw Ap49d
X Apsadlo s 7542 9 ¥ Byl dA s
A #Aadte AFgE RAFt ol JEFIAL
7} 4fAo)Z£A 92 LREEo|A HREEZO 2

Miyawaki and Naki, 1993).

Eg YraAxze 2gAY% 294 4
W X H(Table 4), Cas} 249 HFAE] 7} Fleet
and Pan(1997)8] @4ZA A5 9 AL FAMe 2
#g mojFd. 53 $3% P Cal A
g A7)7) 256 A0)a Ca2 A#lel Ha=Y]

— 227 —



528.0

LaGd
5275 ®

527.0

Q

Cell Volume(A)

5265 M,

526.0 PrEr

5255 [m]

Eulu
525.0

524.5

524.0 . : . :

3 4 5 6 7 8
4Af Electrons per REES*

Fig. 3. Variation of unit cell volume for binary-

REE-substituted fluorapatite (full square : Rietveld

method, open square: single crystal method).
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Table 5. Cell parameter, bond valence and site occupancy fluorapatite.

Sample No. AP49 AP50 AP51 AP354
Cell Parameters
a(() 9.3983(1) 9.3916(1) 9.3898(1) 9.3827(1)
(D) 6.8976(1) 6.8940(1) 6.8922(9) 6.8858(1)
v 527.62 526.6 526.25 524.98
Bond Valence® Ideal
Ca”"-Ca(1) 1.960 1.950 1.945 1.940 2.0
Ca*'-Ca(2) 1.833 1.869 1.927 1.880 2.0
Site Occupancy”
REE-Ca(1) 0.03594 0.03242 0.0295 0.03016
REE-Ca(2) 0.08300 0.07766 0.0664 0.05533
Ratio* 2.27 2.38 2.249 1.83

a: Calculated by Brown, L.D (1981).

b: REE-Ca(2)/REE-Ca(1) site occupancy ratio determined by charge balance calculation.
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