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ABSTRACTS OF THE LITERATURE ON SYNTHESIS OF
APATITES AND SOME RELATED PHOSPHATES

By Elizabeth B. Jaffe

INTRODUCTION

The apatite group of minerals has been studied from
the point of view of the physiologist, biochemist, or
solls scientist, as well as from that of the geologist
or mineralogist. Although all these people have had
the same problems, they have not always been sufficiently
acquainted with each other's work; the present collection
of selected abstracts is intended to clear the way for
those who are concerned with the synthesis of apatites
and related phosphates. Following tables 1, 2, and 3,
which give a brief summary of the syntheses of apatite
attempted by previous workers, is a short discussion of the
problems encountered in the synthesis of the minerals of
the apatite group.

This work was completed as part of a program under-
taken by the Geological Survey on behalf of the Atomic
Energy Commission. The author is indebted to T. Botinelly
(T.B.) and Z. S. Altschuler (Z.S.A.), of the Geological
Survey for their aid in compilation of abstracts, and to
Earl Ingerson, Michael Fleischer, and Jane Titcomb, also of
the Geological Survey, and Z. 3. Altschuler, for their
careful review of this paper.

In table 1, 1like varieties of apatite, Tfor
example chlor-, fluor-, carbonate- are grouped

together. Within each group, apatites synthesized



by wet methods precede those synthesized by dry methods, and calcium
apatites precede those of other metals. Beyond this ,‘ syntheses are
listed in chronologieal order, beéinnﬁing with the most recent., This
relatively simple classification was used because d.a'ba. in the original
papers were too often inadequate for a more elaborate one. Ths-nethod
and reagents used for each synthesis aré briefly summarized. Data on
vhich identification of apatites is based are give# thus: opt = optical
identification; chem = partial or complete chemical analysis; X-ray =
examination of the solid product by X-ray diffraction methods; pH =
measurement of the pH of the liquid phase, either during or after pre-
cipitation, or both; spec = gqualitative or semiquantitative spectro-
graphic analysis; pption = precipitation by metathesis; hydrol = pre-
cipitation by hydrolysis; formulas of the apatites and mineral and
element names are given throughout as in the original papers, as, for
example, "pi® (didymium), which has been shown to consist of the elements
neodymium and preesiodymium. The initials preceding the year at the

end of each listing are those of the authors whose papers are summarized.
Papers on apatite synthesis which appeared in the 19th and early 20th
centuries have not been abstracted; the more important ones are reported
in the Data of Geochemistry, whose section on apatite :fs quoted here on
the first page of Abstracts. RNone of the syntheses reported in the Data

of Geochemistry has been included in the table.



Table l.--Apatites synthesized by previous workers.

Mineral Method Reagents Time and Checked by | Reference
temp in °C
Hydroxylapatites
Wet methods
Ca hydroxylapatites

Hydroxylapatite pption Ca acetate, iNH )aPO4, NH4 acetate chemX-ray JA 50
Hydroxylapatite pption HgPO4 and Ca 0332 sols (dried at 1100°) 100° X-ray CW 50
Hydroxylapatite pption | HePO4 and Ca(OH)z sols. 100° X-ray oW b9
Hydroxylapatite Ca4Pz0sClz and steam | 900°,4 hre X-ray K b
Hydroxylapatite Ca4P20gClz, 1 N NeOH, in closed tube 100°,10 days | X-ray K W
iiydroxy]ra.papi_te_ pption HgPO4 and Ca(OH)2 sols. _ chu,x-ray,aj r 37
Hydroxylapatite pption | Ca0 in HgPO,, Ca(OH)z sol. 25%, slowly |chem,X-ray,pH Ka 37
T4 . e e o tes N e e .._‘ mxed ’
Hydroxylapatite hydrol Cag(PO4)z in water chem SH 33
Hydroxylapetite? hydrol | Calif04 in warm water 500 hrs X-ray SSK 32
Hydroxylapatite? hydrol | CasP0s in water X-ray SSK 32
Hydroxylapatite? hydrol | Cag(PO4)z, KOH, water, COz atmosphere chem,X-ray | SSK 32
Hydroxylapatite? hydrol | B or 7 Cag(POs)z X-ray BFF 32
R \
Hydroxylapatite NagPO4, Ca(NOg)a, excess of NH4OH chem,X-ray | KT 32

hydrol chem,X-ray HEJJ 31

ﬁydroxylapatite

Cag(PO4)2 in neutral ammonium citrate sol.




Table l.--Continued

Reference

‘Mineral Method Reagents Time and Checked by
temp in °C :

3Cag(P0¢)2+Ca(0H)z | hydrol | (Cag(P04)z in water, or 0.5M or 0.05M NaOH chem LTW 29
Hydroxylapatite pption - chem B 17
Fluor-hydroxylapatite pption | HgPO4, Ca(OH)z, NaF. or HF sols. 25° chem,opt Ka 50

Ca~Pb hydroxylaspatites
(Ca,Pb)31o(P04)e(0H)2| hydrol (Ca,Pb) (NOg )2, KH2PO, , NaOH boiling chem,X-ray | M 47
from Cajpo to Pbio : 15 hrs

Sr hydroxylapatites
Sr hydroxylapetite | hydrol | SrHPO4 in N/10 NaOH koo chem,X-ray | K 39
Sr hydroxylapatite hydrol SrHPO4 in phosphate buffer sol. of pH 11.0 hoe chem,X-ray K 39
Sr hydroxylapatite pption NaOH, NagPO4, SrClp boiling chem,X-ray K 39
38rg (P04 )2°Sr(0H)2 Sra(PO4)z, SrCOs, steam 7 hrs,1150° chem,X-ray | K 39
35rs(P04)2°Sr(0H)z | hydrol | Srs(POs)z in water or 0.5M or 0.05N NeOH chem LTW 29

Ca hydroxylapatites
Hydroxylapatite brushite and Ca0 900° X-ray, opt.| DBM 49
-Hydroxyla.pa’bite’ fusion | Cag(PO4)2, CasPz0g, humidity of air 1100° X-ray,chem | KT 32
Hydroxylspatite fusion | CasPa0p in air X-ray r 32
Hydroxylapatite fusion | a Cag(PO4)2, Ca0, humidity of air X-ray = | BFF 32
TyApnvylanatite fugion | 0o 4,?-}33 (mads from Naz(P0,), and Can) X-rayv

88K 32



Table 1.--Continued

Mineral Method Reagents Time and Checked by | Reference
temp in °C
Oxynpatites
Dry methods
Ca okyapatites
Hydroxyl-oxyapatite | fusion Ca4Pp0g, deficiency of water 1400° X-ray,chem BFF 33
3CagP20g+Ca0 4-685{P04)z and Ca0 dried at 950° X-ray BD 49
Oxyapatite 3(3Ca0*P20s) and Cal X-ray CW 49
Oxyapatite CapP07 and Cal reheated X-ray CW L9
‘ at 600°
Oxyapatite ignition| Hydroxylapatite or bone 900° X-ray " HIM 32
Fluor-oxyapatite fusion CagPz0g and deficiency of water 1k00° X-ray BFF 33
Other oxyapatites -

3CagPz0g*Bal Cag(PO4)2 and Bal dried at 950° X-ray "BD 49
3CagP20g+Sr0 Cag(POg)z and Sro dried at 950° X-ray BD 49
3CagPp0g-Ni0 Cag(PO4)2 and NiO dried at 950° X-ray BD 49
3CaszP0g PbO Caz(PO4)s and PbO dried at 950° X-ray BD 49

' ' ' Fluorapatites

Wet methods _

Fluorapatite pption HsPO4, Ca(OH)z, NaF or HF sols. - 25° chem,opt Ka 50

' ’ Dry methods

Ca fluorapatites

Fluorapatite 800° X-ray CW 50

B Cag(PO4)z and CaFp

—

"

poar s e T




Table l.--Continued

Method

Time and

“neral Reagents temp in °C Checked by | Reference
: luorapatite chlorapatite and CaFa 800° X-ray CW 50
s suorapatite hydroxylapatite and CaFs» 8o0° X-ray CW 50
+ luorapatite B Caa(PO4)2 and CaFz 500° X-ray oW b9
Pluorapatite o Cag(PO4)2 and CaFa 600° X-ray oW k9
~luor-chlorapatite CaFo, CaClz, and Cag(POg)2 X-ray CW b9
Fluor-;chlorapatite chlorapatite and CaFg X-ray CW 49
Chlorepatites
“Wet methods
5CegPo0g+CaCly pption? | NagHPQ4, CaCly, NaOH, and Hz0 chem LTW 29
‘ Dry methods
- Ca chlorapatites
Chlorapatite B Cag(PO4)2 and CaCle 800° X-ray CW 50
Chlorapetite hydroxylapatite and CaCla in nitrogen 800° X-ray CW 50
atmosphere
Chlorapatite Caa(P0s)2 and CaClp X-ray,opt DBM 49
Chlorapatite Cag(PO4)2 2nd CaCly in nitrogen atmosphere  X-ray cW b9
Chlorapatite fusion | Cag(POs)z and CaClg 1200°,3 hrs opt P W7
Chlorapatite fusion | Cas (Po;)g and CaClg 1100° chem,opt Mk
Chlorapatite fusion CaCla‘é.nd anhydrous Cag(P0g)> in { 1hoo°® { X-ray | HIM 32



Table 1l.--Continued

lineral Method Reagents Time and Checked by Reference
' temp in °C
‘hlorapatite fusion | Cas(PO4)2, CaCla ‘ opt,chem Z 16
Ré.re-earth and related chlorapatites

3.63% Sm fusion | SmPOs4, dry CaCls, washed with Hs0 1100° chem c 25
shlorapatite :

% Ce chlorapatite fusion Cag(P04)z, CePOy, CaCly 1150° opt,chem Z 23
..6% Ce chloraspatite | fusion | Cag(PO4)2, CePO4, and CaCla 1200° opt, chem 7z 23
3% Ce chlorapatite fusion Cag(P04)2, CePO4, and CaCls 1100° opt,chem Z 23
3% Ce chlorapatite |fusion | Cag(POs)z, CePO4, and CaClo 1100° opﬁ,chem Z 23
5% "Di" chlorapatite |fusion | Cag(PO4)z, "Di"PO4, end CaCla 1180° opt,chem 7z 23
5.3% Y chlorapati'l;e fusion Cas(P04)2, YPO4, CaClp 1100° opt,chenm Z 23
“hlorapatite (Na?) fusion Cag(P04)2, excess NaCl opt,chem Z 16

| ~ Cr chlorapatites
).38% Cr chlorapatite|fusion Cas(P04)2, CaCly and CaCrOg 1100° chem,opt M i
).8% Cr chlorapatite |fusion 033(204)2, CaCls and CaCrOg 1100° chem,opt M bl
1.47% Cr chlorapatite|fusion | Cag(P04)z, CaCly and CaCrog 1100° chem,opt M
3.06% Cr chlorapatite|fusion Cas(PO4,) 2, CaClz and CaCrOg 1100° ch;m, opt, Mk
-ray
0.06% Cr chlorapatite|fusion 1100° chem, opt M 1

Cag(PO4)2, CaClz and CrPO4




Table 1l.-~Continued

Time and

Mineral Method‘ Reagents temp 13 °C. Checked by Reference
2.74% Cr, 0.39% Na | fusion | CaClz, Cag(PO4)2, and NepCroO 1100° chem, opt M h
chlorapatite
Z ﬁzgag:éig Na fusion CaClz, Cag(PO4)2, and NagCrOg 1100° chem,opt M W
Fe chlorapatites

Fe-Cl-apatite fusion | Ca-Fe-phosphate, CaClaz opt,chem P 47
F'e-cn.-a.patitg fusion | Fe phosphate,Ca phosphate, CaCla hg ig:rs opt P 47

90 min

% hours

6 houre

Pb chlorapstites
3CagP20g*FbCla Cag(POg)z and PbClz dried at 930° X-ray BD &9
Pb-Cl-aj:a.tite fusion Ca ﬁhosphate s CaClz, Fb phosphate 1100°, 1 hr chem,opt, P ;""T
Other chlorapatites | e
Sr apatite fusion Sr3(P0g)2, SrClz, HgClo | 1000° X-ray,chem,| C 50
‘. S opt,spec

3CagP20g*BaClz Cag(P04)z and BaCls dried at 950° X-ray BD 4o
3CaaP20s MeCla Cas (P04 )2 and MgCla aried st 950°| X-ray | ED 49
3CesP20s'FiCla | Cag (P04 )2 and NiCls o drted st §50°| X-ray | BD M9
0.01% Mo chlorapatite fusion | Ca molybdate, CaClz, Ca j:hosphate spec P W7

P
R



" Table 1l.-«Continued

Minéral

Method Reagents Time and Checked by | Reference
temp in °C
Carbonate-a titeg

— Dry m mﬁ"‘

Ca carbonate apatites
Carbonate-apatite a Cag(PO4)2 and CaClOs 900° X-ray,opt DBM 49
Carbonate-apatite fusion? |CaCOs, Ca(OH)z, NaHCOs, and NagPO, X-ray “ BFF 33
Carbonate-apatite esrbonate-apatite produced by BFF T00°-800° X-ray BFF 33

reheated in dilute HzCOa ‘

Caxbomtg;apatite fusion |Cag(PO4)z and NazCa(COz)z 1100° opt,chem E 2k
Carbonate;apatite fusion | Cag(P04)a, CaClg, and N&gCa(éoa)a 1150° opt,chem E 24
Carbonate;apatite fusion |Cas(PO4)a, CaCls | 1196° opt,chem E o4

Ba carbonate apatites
3CagPz0g°BaCls Cag(POg)z and iaacoa dried at 950° X-ray BD kg
Ba-carbonate-spatite| fusion | BaCOs, Bas/PO4)a, and NagCOs 1050° opt,chen E ok
. Sr carbonate apatites
3CagP20g-5rC03 C%(P%)a and SrCOs dried at 950° X-ray BD 49
Sr-carbonate-apatite| fusion Srcf)s ,‘ Srs(P04)2, and NagCOs 10ko° opt,chem E 2

' " Other cé,rbona‘he;apatites

3CagP20g*PbC0s Cas(PO4)z and PbCOs dried at 950° X-ray BD 49
3GagP20g-ZnC0s Cag(P0s)2 and ZnCOs |aried st 950°| X-ray BD k9



Table l.~--Continued

Mineral Method Reagents t:::e i:n‘;'c Checke‘:d by | Reference
Other apatites
3CasPz0g - CaPp Cag(PO4)2 and CaPp dried at 950° X-ray BD h9
Al-apatite fusion | Al-phosphate, Caa(PO4)z, CaCla 1100°, 1 hr chem,opt P 4T
Ellestadite sintering | Ca silicate, CaSO4 and CaFs 1100;’ X-ray KD b2
Hydroxyl-ellestadite ellestadite and steam 1100° X-ray KD k2
Ca3051P4S024F2 same as ellestadite 1100° X-ray ko
CaloSigPasaoa.‘Fg same as ellestadite 1100° X-ray KD k2
NeeCa4Se024F2 fusion | Na and Ca sulfates and CaFp 800° X-ray ik g
Nagcagr4sgoa4pa made as above | 800° X-ray | m ko
KuCa;P§S4024fg made as above 800° X-ray KD 42
Hydroxy compounds made by treatment with steam of the 1100° X-rey XD k2
. of above above compounds synthesized by KD
Ellestadite fusion? X-ray KD 41
Hydroxyl-ellestadite | ellestadite and steam 1000° X-ray KD 41
NaaCaq (S04 )eF2 fusion? X-ray KD k1
Aluminate-apatite Cag(PO4)2, Ca0, Alo0s X-ray BFF 33
Gysnimid-spatite Cag (P04 )2 and CaCla X-ray | EFF 33
Ferri-apatite Caa(PO4)a, Ca0, and Fea0s X-ray BFF 33




Table 1l.--Continued

Mineral

Time and

Method Reagents temp in °C Checked by Reference
Sulfide-apatite fusion Cag (P04 )2 and CaSO4 in closed iron bomb 1250° X-ray |BFF 33
of Ca or Fe ‘ ‘

Disordered apatites
(apatites with 9 or metal ions)
Dry methods
Caio,551P5024F2 fusion 1100°, T hrs X-ray KD h2
Cag sP5S024F2 fusion 1100°, 7 hrs X-ray KD 42
Ca;o.ssupasomra fusion 1100°, 7 hrs X-ray KD k2
Cag.s51PsSe024F2 fusion 1100°, T hrs X-ray KD ke
NazCagSiP¢S04F2 fusion 1250°, 6 hrs X-ray KD k2
- " Hydrate_@_%g_ié-ﬁ:;%gogphatee
: Tricé.lcium phosphates _

(509.0-1’205)-1:1120 pption NagHPO4 and CaClz in ammoniated medium X-ray CW 49
béaé-iiéog)-o'.ﬁonzo | Above'rroduc'b heated 600° X-ray CW b9
Metastable hydrated |pption |HgPO4, Ca(OH)2, and water chem,X-ray,pH| F 37
_‘tricalcium phosphate » : ' '
CagPz0g°0.5H20 pption Cao » HaPO4, Ca(OH)2, and water, mixed slowly 25° chem,X~-ray,pH| Ka 37
Ca;(PO;)a - hydrol | brushite in wa‘éer chem? SH 33

pption SH 33

Cag (P04 )2

Ca(NOs )2, NaHPO,, excess of ammonia

chenm




Table l.-~Continued

Mineral Method Reagents LZ;“F“‘ i:nf-c Checked by | Reference

Cag(P04)2 pption 0.1N CaHPO4, Ca(OH)z sol. chem CB 33

CagP20g +Hz0 hydrol? | B or 7 CagPz0s X-ray BFF 32

Tricalcium phosphate| pption NagPO4 sol. added slowly to sol. with X-ray HIM 31

excess Ca(NOs)2 .

Cas (P04 )2 hydrol | CaHy(POs)z'Hz0 and NH(OE chem LTW 29

caa(Po4,)2-Hgo pption NagHPO4°12Ho0, CaClz, NH4OH 65°-T70° chem,X-ray L 35

CasPaoa | pption chem B 17

(probably hydrated)

. Tristrontium and triberium phosphates

Srg(P0g)2 SrzPg07, SrCOs in stoichiometric proportions 1000° chem,X-ray K 39

Sre(P04)2 hydrol | Sriy(PO4)zHz0 and NHLOH chem LTV 29
pption | BaCla, NagHPO,, NeOH, and water chem LW 29

Bﬂs(’ﬁ’%)a_
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Table 2.--Lattice constants of synthetic apatites

y Natural apatite for purposes of comparison

Mineral s ¢ c:a %;?2%&1 Ref.
%ﬁi‘éﬁiﬁig/ 9.36 | 6.89 0.7366 BD k9
Hydroxylapatite
- (Holly Springs)l/ 9.43 .| 6.89 | 0.7311 BD k49
Cay0(P04 )6 (0H)2 9.50 | 6.95 | 0.737 K 39
Ca10(P04)e(0H)2 9.ho | 6.92 M AT
CasPbs(P04)e(0H)2 9.62 | 7.08 M b7
Pb1o(PO04)e(0H)2 9.39 1 T.28 M 47
Pbyo (P04 )e(0H)2 9.88 | 7.32 | o.M K 39
Sr10(P04)e(0H)2 9.7 | 7.20 | 0.7%9 K 39
B&J_Q(PO4)3(OH)2 10.19 7.70 | 0.756 K 39
3CagP20g- Ca0 9.474 | 6.889 | 0.730 BD 49
~ 3CagP20g°FPbO 8.45 | 6.889 | 0.729 BD k9
3CagPz0g* Sr0 9.45 | 6.89 | 0.7295 BD 49
3CagP20g *Bald 9.45 | 6.89 | 0.7295 BD k9
3CagP20g*N10 9.434k | 6.889 | 0.730 BD 49
Cay0(P04)eF2 9.36 | 6.88 | 0.732 Kk
1% Ce chlorapatite | 3,165 | z 23
8% Ce chlorapatite 5..5-3.18 Z 23
3%"Di"chlorapatite 3.315- | 2 23
3.170
3.06% Cr chlorapatite | 9.56 | 6.73 | 0.70% | 3.22 3.21 M bl
3CagP20g+BaClz 9.66 | 6.88 | 0.7126 BD 49 ’



Table 2.-«-Continued

1k

Mineral

R R - il
3CagP20g*PbClz 9.66 | 6.88 | 0.7126 BD b9
5CagP20g-MgCla 9.62 6.889 0.7161 B k9
3CagP20g NiClp 9.61 6.889 | 0.7169 "BD W9
3CagP20g*BaCls 9.55 | 6.91 | 0.T317 BD k9
3CagP20g°PhCOs 9.55 | 6.80 | o0.7311 ED 49
336.31’20’3’81’003 9.%5 | 6.90 | 0.7306 BD &9
3CasPz0g *ZnC0s 9.470 | 6.889 | 0.730 BD 49
Staffelite (Staffel)l/ | 9.39% | 6.889 | 0.7333 BD k9
3CagPz0g+CaPp 9.%0 | 6.889 | 0.7329 BD k9
Ca1051P¢8024F2 9.k5 | 6.96 | 0.736 | 3.09 3.13 | KD 42
Ca30S81iP4S024 (0H)2 9.4 | 6.96 | 0.73%6 | 3.08 3.01 | KD k2
CayoSiaB304F2 9.54 | 6.99 | 0.732 3.00 3.06 | KD 42
Ca1051553024 (O)2 9.5% | 6.99 | 0.2 | 3.00 | 3.07 | KD k2
RagCasSg024F2 - 9.k9 | 6.87 | o.72k | 2.81 2,81 | KD k2
FeoCagPeS2054F2 9.52 | 6.90 | 0.725 | 2.98 2.97 | K» b2
Cai,551P5024F2 9.35 | 6.79 | 0.726 | 3.19 3.2 KD k2
Cag,s5P55024F2 9.46 | 6.91 | o.T31 | 3.05 3.08 | KD k2
Ca10.551zP35024F2 9.5%0 6.81 | 0.T2% | 3.25. 3.20 | KD k2
Cag.s551PaSz04F2 9.46 | 6.91 | 0.731 | 3.0% 3.0 | KD 42
NaoCagSiPeS024F2 6.89 | o.73% 3.2#'”" 3216%“b;x96¥2"

9.39

_J;/ Ratural apatite for purposes of comparisom
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Table 3.--Optical comstants of synthetic apatites

Mineral nOyq nEy, nola.v - nEyg Ref.
Chlorapatite 0.005-0.0056 Z 16
Chlorapatite 1.667* Ml
1% Ce chlorapatite Z 23
1.6% Ce chlorapatite z 25
8% Ce chlorapatite 1.6705 z 23
13% Ce chlorapatite 1.666- 1.665- Z 23
1.673 1.672
6.3% Y chlorapatite 1.669 Z 23
0.38% Cr chlorapatite 1.668% 1.666% Mk
0.8% Cr chlorapatite 1,676.“ 1.67u% M
1.47% Cr chlorapatite 1.682% 1.680% M
3.06% Cr chlorapatite 1.710% 1.707% Ml
2.74% Cr, 0.39% Na chlorapatite 1.693 1.690 Ml
3.14% Cr, 7% Na chlorapatite 1.701  1.698 M 41
Fe-Cl-apatite 1.6745- 1.6711- P b7
1.6738 1.6704
Pb-Cl-apatite 1.6693 P k7
Mo-Cl-apatite 1.6640 1.6615 P b7
Sr apatite 1.658 1.664 C 50
Ca-carbonate-apatite 1.635  1.626 gf.oo9-:,».01o E 24
Ba-carbonate-apatite 1.691 1.685 s .0086 E 24
Sr-carbonate-apatite 1.64% 1.638 0065 E 2k
Al apatite 1.6681 1.6643 .0038 P W7
@ Cag(P04)2 1.572 DBM 49

* Determined by yellow light
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DISCUSSION AND SUGGESTIONS

Each group of scientists concerned with the apatite minerals has
its own problem which it has attempted to solve in its own way. The
80ils scientist is mainly interested in the availaﬁility of Px0s to
plants; the physiologist, in the prevention of dental caries, or the
mechanism of various types of metal poisoning; the geologist, in the
mode of formation of phosphorite deposits; the chemist, in equilibrium
studies and analytical methods; and the mineralogist, in the crystal
chemistry of the entire group. Yet all these workers have engountered
the same problems. |

The problem of carbonate-apatite, under as yet unresolved dis-
cussion, is especially interesting to the physiologist,b&fasse mineral
matter of bone is knmown to belong to the apatite group and contains
some COp. Carbonate-apatite apparently does not precipitaté in aqueous
systems. Eitel (1924) claims to have crystallized carbonate-apatite
from a melt, but he determined COp only qualitatively and on a saz@le
that may have been impure. The structure of carbonate-apatite is not
known.

Hydroxylapatite is very difficult to dehydrate, even at high
temperatures. As a consequence of this, many workers have mistaken
it for oxyapatite.' The strucﬁure of oxyapatite is not known and is
difficult to visualize.

Triealciun phosphate, whose existence is questioned by some chemists,
gives an apatite group X-ray diffraction pattern and is called hydro-
apatite by some workers. It tends to precipitate as a gel and may

absorb enough excess Ca0 to give the Ca0:Pz0s ratic of apatite om
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chemical analysis. Dallemagne, Brasseur, and Melon (see DBM 49) claim
that it can be distinguisheﬁ from hydroxylapatite only by optical methods.

Previous workers in the field of apatite synthesis too often have
used only one or two methods to check the product of their synthesis,
Unless optical methods are used, one na;n's apatite may be another man's
tricalcium phosphate; unless air is rigidly excluded from the system
and water is driven off at a very high temperature, hydroxylapatite will
be mistaken for oxyapatite. The produect of any synthesis should be
checked chemically, as well as by X-ray and mineralogic methbé.s.

In addition to the.prob;ems mentioned above, there are many others
waiting to be solved by a comprehensive program of apatite synthesis,
such as, the effects of othex_' ions on the stability field of hydroxyl-
apatite; the mechanisms of absorption by and hydrolysis of precipitated
basic phosphates; the mode of ocecurrence of rare elements associated
with phosphoritesr.

Elements and radicals that have been substituted synthetically in
apatites are: Ba, Pb, Mg, Ki, Sr, Zn, OH, F, Cl, COs, O, S, CN, Al, Fe,
Si, Sm, Na, S04, Cr*3, cr*6, Ce, "Di", and Y. Elements that have been
observed spectrographically in natural phosphorites, though they are
not necessarily present in the apatite structure, are: Pb, Cu, Fe, Cr,
Ti, Mn, Mg, Si, Na, K, Li, As, Sn, Zn, Cd, Sb, V, Zr, Sr, Mo, Rb, Au,
Ge, Pt, P4, T1, Ta, Ba, Ce, and other rare earths.

Synthesis of apatite may be useful in solving the problems connect-

ed with the apatite group, and may be approached in these various ways:



18

1. Determination of the conditions of precipitation and
stability of phosphorites, not only in the simple system Ca0-Pz0s-Hz0,
but also in quaternary systems, the fourth component of which would
be some element normally present in ground water or sea water, such
as F, C1, Na, Al, to name only a few of the many possibilities.

2. Theoretical and experimental studies of the possible
substitutions in the apatite lattice. Many of the possibilities are
already known; some are only imperfectly known; and many have not
been tried.

3. Study of the effects of alteration on phosphorites,
especially with respect to adsorption of ions not normally present
in the lattice in large amounts.

L, Synthesis of pure end members of the various isomorphous
series as standards for the opticalg and X-ray identification of
natural apatites.

In order to avoid the difficulties encountered by previous
authors the following procedure is tentatively suggesteds

1. Synthesis by dry methods of the desired apatites: the
products should be checked chemically, opticaliy, by X-ray, differential
thermal analysis, electron microscopy, and electron diffraction.

2. Synthesis by wet methods of apatites corresponding to those
made by dry methods: if necessary, the speed of crystallization may be
increased by seeding with the corresponding apatite made by the dry

methods. The product again should be completely checked.
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ABSTRACTS

Clarke, Frank Wigglesworth, The data of geochemistry: Phosphates,
Apatite: U. S. Geol. Survey Bull. 770, PP. 357-358, 1924 - quoted
directly.

The first synthesis of apatite was effected by A. Daubree,® who
obtained it in erystals by passing the vapor of phosphorus trichloride
over red-hot lime. N. S. Manross’ fused sodium phosphate either with
caleium chloride, calcium fluoride, or both together, and so obtained
chlorapatite, flnorapa.tite » or a mixture of the two, resembling natural
apatite, at will, This process, slightly modified., was also adopted by
H. Briegleb successfully. &G. Forchhamner® yrepared chlorapatite by
fusing calcium phosphate with sodium chloride. When bone ash or marl
was used instead of the artificial ealcium phosphate, a mixed apatlte was
formed. Similar results were reported by Deville and Ca.ron, who fused
bone ash with amonium chloride and either calcium chloride or fluoride,
and also by A. Ditte,? »° who repeated Forchhammer's experiment. By heat-
ing calcium phosphate with ealcium chloride and water, under pressure,
at 250°, H. Debray” prepared chlorapatite. E. Weinschenk* also produced

it by heating calcium chloride, ammonium phosphate, and ammonium chloride
at temperatures of 150° to 180° in a sealed tube. F. K. Cameron and
W. d. McCs,ughey5 prepared fluorapatite by dissolving calcium fluoride

in fused disodium phosphate and lixiviating the cooled melt. Chlorapatite
was formed when dicalcium phosphate was added in excess to molten calcium
chloride., When precipitated calcium phosphate was used, chlorspodiosite
was obtained, Cag(PO4)2°CaClz. R. Nacken,® by fusing caleium fluoride

or chloride with calcium phosphate, obtained both species of apatite, and
also mixed crystals. 3&. tite has heen reported as present in lead-furnace
slags by W. M. Hutchins’ and J. H. L. Vogt.® The composition of these
slag products, however, seems not %o have been verified by analysis.

LAY

Footnotes (p. 33, )

6. Compt. Rend., vol. 32, 1851, p. 625.

7. Liebig's Annalem, vol. 82, 1852, p. 353.
8. Idem, vol. 97, 1856, p. 95

9. Idem, vol. 90, 1854, pp. 7’!, 322,

“Footnotes “tp, 358)

1. Compt. Rend., vol. 47, 1858, p. 985.

2, Idem, vol. 94, 1882, p. 1592.

3. Compt. Rend., vol. 52, 1861, p. bk,

b, Zeitschr. Kryst. Min., vol. 17, 1890, p. 489.

5. Jour. Phys. Chem., vol. 15, 1911, p. L6k,

6. Centralbl. Min., Geol. u. Pal., 1912, p. 545. Similar results were
obtained by J. R. Mourelo (Chem. Abst., vol. 9, 1915, p. 2749;
from Rev. gen. sci., vol. 26, 1915, p. 394).

7. Nature, vol. 36, 1867, p. 460.

8. Mineralbildung in Schmelzmassen, ». 263.



19a

A 50

Arnold, P. W., The nature of precipitated calcium phosphates: Faraday
Soc. Trans. 336, vol. 46, part 12, pp. 1061-1072, 1950.

Solutions of HgPO4 or CaHPO4 were treated with Ca(OH)g solutions
under COp-free conditions, and the liquids analyzed for Ca and P after
& week. From mixtures with the same initial Ca:P ratios, different
precipitates were formed depending on the absolute concentrations of
the initial solutions: precipitates corresponded to hydroxylapatite,
Cas(P04)30H, in more dilute solutions, to brushite; CaHPO4-2Hz0, in
more concentrated solutions. (This suggests that equilibrium con-
ditions may not always have been attained in one week. E. B. J.)
Hydroxylapatite was prepared by simultaneous addition of calcium
acetate and ammonium phosphate to COz-free ammonium acetate; the
mixing continued over 8 hr. The solid was left in contact with the
solution for 2 days, and chemical analysis showed it to have a CasP
atomic ratio equal to 1.66. A dehydration curve of this material
flattens out between T50°C and 1230°C. Weight loss of 2.07 percent
between 1230°C and 1400°C is ascribed to the break up of hydroxyl
groups in the lattice. Octocalcium phosphate, Ca4H(PO4)3, was made
by adding CaClz to NaHPO, solution; precipitates equilibrated for
a longer time had a higher Ca:P ratio than the formula reqﬁires.
Gelatinous precipitates were prepared by rapid mixing of Ca(OH)z and
HgPO4 solutions and separated by ceﬁtrifuging; some of these pre-
cipitates were examined by X-ray diffraction. Materials more basic

than hydroxylapatite were prepared in this way. X-ray diffraction
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patterns of the materials with the Ca:P ratio of octoclacium phosphate
were similar to those of hydroxylapatite with the strongest brushite

lines; additional lines (d = 2.31, %60, 5,86, 9.33, 11, and 22 A)
present in one pattern, and one liné at 9.34 A in another pattern,

are supposed by the author to correspond to a possible sheet structure
of octOcalcium'phosphate. The solids more basic than hydroxyﬂapatiﬁe
gave diffuse lines corresponding to an apatite pattern. A structure 7
for octocalcium phosphate is suggested in which "column" calciums |
(as opposed to"hexagonal screw" calciums) and F and OH ions of the
apatite sctructure are omitted, and calcium phosphate sheets are
bound in pairs by hydrogen and calcium ions; water molecules bind
these sheet pairs to each other. Calcium added to this structure
would replace the hydrogen bind#ing the sheets: this could account .
for the complete range of compositions from Ca:P = 1.33 to

Ca:P = 1.67. Solids more bakic than hydroxylapatite may be accounted
for by the large specific surface of these precipitates. Column
calciums may be exposed on the surface. Thus in a poorly crystalline,
fine-grained pfecipitate, where the surface is large, the Ca:P ratio
will be higher. This large specific surface may also account for the
excess hydroxyl and fluorine found in many phosphate rocks. Eprsed

column calciums may produce a surface with a charge which could be

compensated by an ionically bound layer of F or OH ions.
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Bassett, H., The system Ca0-Pz05~H20 at 25°: Chem. Soc. London Jour,
III, pp. 620-642, 1917.

In the basic part of the system Ca0-P205-Hz0, two eompounds are
precipitated: CagPz0g and 3(CagPzOg)+Ca(OH)2. Bassett calls the
apatite phase oxyapatite, although he gives it the formmla of hydroxyl-
apatite; in order to make up analytical deficiency, he must assume th;a.t
water is present, "so firmly held that it eould not be driven off even
by very strong ignition."  Quick mixing of liquid reagents and consequent
gel formation led to great difficulty in attaining equilibrium, even
after one and a half years. Because Bassett used solid reagents, which
are metastable, his equilibrium data do not agree with Kazakov (see K
37). COz is not always successfully excluded from the system: 0.5 to
1.0 percent COz is present in both solid phases. Some of the oxyapatite
obtained was pinkish; qualitative tests showed the presence of traces of

Cu., Bassett finally suggests that the apatite phase might be hydroxylapatite.

BD k9

Brasseur, Henri A, L., and Dallemagne, Marcel J., La synthdse des apatites:
Soc. chim. France Bull., fasec. 3-I, mars-avril pp. 135-137, 1949.

CagPz0g and chlorides, fluorides, oxides, carbonates, and sulfates
of various metals were mixed (wet) in stoichiometric proportions and
the mixture oven-dried at 900-950°C. for several houfs 3 the products
were studied by the Bragg-Brentano (?) powder method., The discussion
of synthetic apatites includes a listing of c:a ratios calculated from

powder patterns (see below). All of the oxyapatites have similar ¢ and
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& axes; those of Pb and Ba have alightly larger ones; intensity variations
for the same lines are imperceptible. Carbonate-apatites have a larger
c:a ratio than oxyapatites. The ¢ axeé of chlorapatites and oxyapatites
are equal; the a axis is larger in chlorapatites than in oxyapatites.
Sulfapatites were not successfully synthesized. In the carbonate-apatite
syntheses, the crucible containing the tricalcium phosphate was placed

in a closed crucible containing the carbonate. Hendricks, Jefferson

and Moosley (sic) are quoted as saying that larger ions substituting for
F are placed half way along ¢ between F positionms, coordinated with 6

instead of 3 Ca.

3CagP20g *BaClz 9.6k 6.87 0.7126
3CagPz0g*PbCla 9.64 6.87 . 0.7126
3CagP20g°MgCla 9.60 6.875 0.7161
3CagP20g NiClo 9.59 6.875 0.T169
3CagP20g *PbO 8.43 6.875 0.729
3CagP20g°ST0 9.43 6.88 0.7295
3CagPz0g*Bao 9.43 1 6.88 0.7295
3CaaP20g *Cal 9.455 ) 6.875 0.730
3CagP20g*Ni0 9.415 6.875 0.730
3CagP20g *ZnC0s 9.451 6.875 0.730
3CagP20g *SrC0s 9.43 6.89 0.7306
3CagPa0s-FbCOs ' 9.1 6.88 0.7311

3CagPa0g°BaCls 9.43 6.90 0.7317



Apatite & in kx ¢ in kx - _e:ws
3CagPz0g-CaPz  ~  9.38 6.875 0.7329
Os Gabriel«CaClpz (sic) 9.61 6.875 0.7154
H{gﬁﬁlggﬁz) 9.1 6.88 0.7311
Staffelite (Staffel) 9.375 6.875 0.7333
H{gzgzpi:*gs 9.34 6.88 0.7366

Bredig, M. A,, Franck, H. H., and Fuldner, H., Beitrage zur Kenntnis
der Kalk-Phosphorsfure-Verbindungen: Zeitschr. Elektrochemie 38,

p. 158, 1932,

This paper presents date on the system Ca0«P205. Three different ,
forms of CagPz0g were found; the alpha form is stable from 600‘-800‘@.
and gives an apatite pattern; the beta form is stable from 800“. to
1180°; the gamma form is stable from 1180° to the melting point at
1500°, Bete and gamma forms can invert to the alpha foﬁ only by
heating in water. The mechanism of this inversion is either the form-
ation of a hydrate (CagP20g+¢nEz0) or, by hydrolysis, a hydroxylepatite.
On heating with an excess of Ca0, the alpha pattern persists to high
temperatures, because of the formation of oxyapatite. c;.o in excess
of that demanded by the apatite formula can enter into the apatite
lattice at higher temperatures; the Ca0/CasPz0g ratio rises to 2:3
at 1550°, and can be almost as high as 1l:1. Excess CaFz up to 35 mol
percent can also enter into the apatite lattice. Because the present

writers have found enough excess Ca to satisfy this excess F, they
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objJect to the hypothesis of Hemdricks, Hill, Jacob, and Jefferson

(see HHJJ 31) that this excess F is coordinated with P, substituting ‘

for O. Heating %(m4)2 with less than enough Ca0 to form oxyapatite

gave a mixture of @ + B or y CegPz0g, but no mix-crystals. Heating

CagP20g with 20 mol percent Ca0 for 120 hours at 1000°C. produced a

mixture of mmech B CagPz0g, but little of the a form; heating the same

mixture at 1000°C. for 500 hours gave a mixture of little of the beta

form, much of the alpha form. The authors explain this apparent anomaly

by the relative rapidity of the reactions of water loss and the entry

of Ca0 into the lattice to form apatite. Oxyapatite, heated at about

100°C. below its melting point, dissociates to a mixture of 7 Cas(POs)a

and CasPo0g. There is a eutectic point at 1325°C. for y Cag(PO4)e and

CagP20g. At 1550°C. Ca0 and CaygPz0g form, their proportions depending

on the composition of the mixture. CayPz0g is prevented from forming

by 2 percent CaFp; when this is present, the apatite paitem persists

~at high temperatures, because of the formation of oxy- and fluorapatites.
Criticism following paper: it is actually a phase diagram of the

ternary system lime-phosphate~water, as partial pressure of water vapor

at room temperature and pressure is enough to form, not oxy-, but hydroxyl-

apatite. In a water-free system, y tricalcium phosphate and tetracalcium

phosphate might form at lower temperatures.
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Bredig, M. A., Franck, H. H., Fuldner, H., Beitrage zur Kenntnis der
Kalk-Phosphorsﬂure Verbindungen: Zeitschr. Elektrochemie, 39, p.

959, 1933.
I. Structural chemistry of the apatite group

a) Phase diasgram of the water-free system Ca0-CagP20g--Apatite
oceurs only in the field previously occcupied by 7 Cag(PO4)2; CasP20g
appears throughout at 50 mol percemt Ca0; 7 Cag(PO4)z does nbfh appear.

b) Powder patterns are given for hydroxyl-oxy- and flnor-oxyapaﬁites
synthesized by heating with less than stoichiometric water; these melt
to either CayPz0g or CasP-0g + CaFz above 1400°C.

¢) Precipitated tricalcium phosphate contains excess adsorbed Pz0s.

d) Other apatites with bivalent radicals

1) ‘The patural carbonate-apatites are usué.l]_.y more fine~
grained than apatites with less or no carbonate 'coﬁtenf. Carbonate
apatite was synthesized by these authors from CaCOs + Ca(OH)2 + KaHCOg +
NagPO4 heated for a long time. The product gave an apatite pattern;
erystal size was improved by heating at 700-800°C. in weak HxCOs.

2) Sulfate- and sulfide-apatite were produced by heating
Cag(PO4)z + CaSO4 in a small closed iron bomb (reducing condition).

It is not yet known whether this is & Ca or an Fe sulfide-apatite.

3) Cyanimidapatite was produced by heating together Cas(PO4)2 +
CaCNz. The authors suggest that N is in the F position.

4) Aluminate- and ferri-apatite were produced by heating
Cag(POs)z + Ca0 and Fepo0s or AlOs. The authors suggest here the

general formala:
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Cayo(PO4)eXopYn where X is OH,F,Cl; m and n are equal to one, Y is R'Y,
II. The reversible inversion of tricalcium phosphate from the beta to
the alpha form is affected by the presence of excess Ca0 and water (also

perhaps by CaFs, CaClp, or even CaCNs).

BESS 31
Belopol'skii, A. P., Taperova, A. A., Serebremnikova, M. T., Shul'gina,
M. K., Physicochemical analysis in the field of sulfuric acid treat-
ment of phosphates: I. The ternary system calcium oxide~phosphorus
rentoxide-water at 80°: Jour. Chem. Ind. URSS, vol. 14, pp. 504-
507, 1937.

This paper deals with the system between 0.13 and 48.9 percent
P05, and gives equilibrium data for Ca(HazPO4)s. Therefore its subject

matter is not germane to the presemt colleetion of abstracts.

c25
Carobbi, G., Richerche sulle relazioni d'isomorfismo fra i composti del
samario e quelli corrispomdenti del calcio, dello stromzio, del bario,
e del piombo: R. accad. Napoli Fis. Mat., pp. 83-95, 1925.
The compounds SmCly, and SmI, are known, where Sm is divalent;
Zambonini has investigated substitutionms of the rare earths for the
: - alkaline earths, and the role of samerium is here investigated further.
Compounds synthesized in this study are:
Smz(Mo0O4 )3 and Smp(MoOy)s+15H20
Mix crystals from 90% Smo(MoO4)a-10% PhMoOs to 10% Sma(MoO4)s-
90% PbMoO4 (9 experiments).
_ Mix crystals up to a maximm of 68,826 Sma(Mo0s)s=31.8% CaMoOs
(4 experiments).
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Mix crystals of 46.56% Smp(MoO4)s-53.l4t4% SrMo0, (1 experiment)
SmPO,+2Hz0 vas prepared from hot and cold solutions of Sm(NOs)s
and NagPO4.

Samariferous chlorapatite was prepared by fusing for 3 hours at
1100°C. a mixture of 0.5126 g SmPO4, 3 g %(m4)a, and 6 g CaClz. The
product of this fusion was washed with water. Very small crystals. with
(101I0) and (10I1) faces were obtained. They were uniaxial (-), clear
and colorless, and had weak birefringence; they contained 13.63% SmPOg,
equivalent to $.67% SmgOs. According to the results of all these syntheses

it should be possible to synthesize apatites containing even more samarium.

¢ 50

Carobbi, Guido, Celestina e apétite di stronzio contenenti piceole
quantita di mercurio: Accad. Nazionale dei Lincei Atti, series 8,
vol. 8, fase. 2, pp. 87-93, 1950.

Mercury is widely diffused in nature, generally in the order of

10-8 grams per 100 grams. Trace elements in such minerals as sphalerite

and apatite are a guide to their conditions of formation and genesis,

The ionic radii of divalent mercury and stromtium are similar, indicating

the possibility of mutual substitution; mereury is known _1;9 oceur in

natural strontian celestite and apatite in the order cf‘ 1x 19"‘1' to

17 x 10~% percent, and in natﬁral and synthetic barite.

Celestite was synthesized by adding 15 cc of concentrated HzS804 and

100 cc of SrClp solution (40 g per liter) to 100 cc of a concentrated

solution of HgClp. The precipitate was left in contact with the liquid

for some days, filtered, and washed with dilute HaSO4. The crystals
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were rhon'bic , about 0.01 mm in size, and were both tabular a.nd prismatic
in habit, with refractive indices nX = 1.620, nY = 1.622, nZ = 1.629.
Mercury was determined by the dithizone method: the crystals were dis-
solved in KaCOs and HNOas, and neutralized with NH4OH; a 0.005-percent
solution of dithizone in CCly was added, and the resulting solution was
titrated against a similar solution of pure dithizone by adding Hg(NOs)z.
The obtained result of 0.002 percent Hg was checked spectrographically
by electrolyzing the solution and checking the lines obtained on inter-
mittent sparking against Mg lines., Under the microscope the erystg).s
were not homogeneous, but had very small inclusions of higher index.

Two other syntheses were attempted by similar methods using HgSO4
treated with HNOs to oxidize all the mercury. Although X-rsy diffraction
patterns showed nothing but celestite lines in the precipitate, micro=-
scopic examination showed that the crystals were aot homogeneous.

Strontian apatite was crystallizeé from a mixture of Sra (P04)2,
SrCls, and HgClpy fused at 1000°C.; the crystals were washed with water
and acetic acid. Hg escaped and sublimated during the fusion, but the
crystals still contained 0.001 percent Hg. The crystals were mostly
tabular, but a few were elongated along the prism; the prismatic erystals
were C.Cl mm long, the tabula.r crystals, 0,05 mm in diameter. They had
refractive indices n0O = 1.658, nE = 1.66%. Mieroscopic examination
showed that no mix-crystals had been obtained, but that the crystals

contained small diffused inclusions of higher refractive index.
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CB 35
Clarens, J., and Bruneton, M., Contribution & 1'étude des reactions
matuelles des phosphates et des sols; premiere note: action de la
chaux sur le phosphate monocalcique: Soc. chim. France Bull. 53,
PP. 1431-1435, 1933.

The authors mixed solutions 0.1 N in CaHPO4 with solutions of
Ca(OH)2 of various concentrations. The solutions were mixed rapidly,
either at room temperature or intermittently heated over steam. After
precipitation, the solutions were analyzed for HaPO4 by titration with
uranyl nitrate. The solid products are interpreted from the composi-

tion of the solutions to be mono- and triecalcium phosphates.

¢35

Clark, N. A., The system Ca0-Pz0g-Ez0: Jour. Physical Chemistry, vol.
35, pp. 1232-1238, 1931.

This paper gives equilibrium data for mono~ and di-calcium phos-
phate. The material presented here has no direct bearing on the synthesis

of apatite.

oW 49

Chaudron, G., and Wallseys, R., Syntﬁese des apatites par réaction dans
1l'¢tat solide: Soe. chim. France Bull. fasc. 3-4, mars-avril, pp.

132-13k4, 19k9.

The authors prepared o Cag(PO4)z (uncertain hydration) by reaction
of NapHPO4 and CaClz in an smmoniated medium. This compound loses water
gradually to 600°C., where only 0.5 molecules of water remain for 3
" molecules of the anhydrous phosphate. This last water is rapidly lost

on further heating, and the phosphate inverts to the beta form. At
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temperatures above 1200°C., the phosphate inverts to the gamma form,
and can be turned back to the beta form by heating at 600-800°C.
@ Cag(PO4)2 has a structure not far removed from that of apatite; it
does not give a good X-ray diffraction pattern unless it is heated at
400°C, as it is very poorly crystallized. Preparation of apatites:

1) Fluorapatite was made from a dry mixture of @ Cag(POs)2 and
CaFp heated above 600°; differential thermsl curves of this reaction
show a rapid but progressive water loss; the authors therefore postu-
late the substitution of F for OHE. Fluorapatite was also produced by
mixing dry B Cag(PO4)2 with CaFp: this reaction takes place abruptly
at 500°C,

2) Hydroxyl- and oxyapatite were produced by saturating HaPO4
with Ca(OH)2 at 100°C. A mixture of B Cag(POs)2 and Cal0 (3ry) reacted
incompletely, resulting in a mixture of B Cag(PO4)2 and apatite. Fusion
of CagPx07 and Ca0 in oxyspatite proportions resulted in an unstable
phase, which, reheated at 600°C., gave a good oxyapatite diagram.
(If air was not excluded, this is probably hydroxylepatite. EBJ)

3) Chlorapatite was produced by heating Ces(P04)z and CaClz in
& nitrogen atmosphere. If these compounds are mixed wet or in air,
their product gives a pattern which may indicate partial substitution
of Cl for Cal; the powder pattern is then between those of oxyapatite
and chlorapa.ti‘be.

h) Mixed chlor-fluor-apatites were produced either by action of
CaFz on chlorapatite, or by heating & mixture of CaFp, CaClp, and Cag(PO4)a.
These mixed apatites prove that there is a contimucus isomorphous series

between chlor- and fluorapatites.
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Chaudron, Georges, end Wallaeys, Robert, Etude de la substitution, dams
lt'hydroxyapatite, du radical hydroxyle par le chlor ocu le fluor, et
dans la chlorapatite, du chicre par le fluor: AKecag.SciprPafis Cdmptes
PEndusy: vok. 230, guithée .21, May 1950.

Chlorapatite and fluorapatite were prepared by adding CaFp or CaCly
toanhydrous triealcium phosphate at about 800°C. Eydroxylapatite was
prepared by saturating phospkoric acid with milk of lime at 100°C., and
heating the precipitate at 1100°C. to eliminate adsorbed water. All
products were checked by X-ray diffraction methods.

When chlorapatite is heated at about 800°C. with caicium fluoride,
its powder pattern changes to that of flucrapetite, and water-soluble
caleium chloride is set free. When hydroxylapatite is heated at about
800°C. with calcium chloride ir & nitrogen atmosphere, the following
reaction takes place:

3(3Ca0°P205)Ca(0H) 2 + CaClz —»3{3Ca0+P205)CaCly + Ca0 + Hz0
A similar reaction takes place between hydroxylapatite and CaFp to
form fluorapatite. In the latter case, fhe Xeray diffraction patterns
of fluorapatite and hydroxylapatit: are very similar but may be distine-
guished by a difference of 0.05 A in the g dimeasiom of the unit cell.
Thermal analysis of the reactior between hydroxylapatite and CaFs shows
that there is a quantitative water loss as the temperature rises above
600°C.; hydroxylapetite heated by itsslf is stable at temperatures above
1o00°C.

The substitutions described sbove may be partial as well as complete.
Under the conditions of these experiments, the compounds may be arranged
in order of increasing stability: hydroxylapatite, chlorapatite, fluer-

apatite,
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I k9
Dallemagne, M. J., Brasseur, H., Melon, J., La constitution de la sub-
stance minérale de 1'os et la synthese des apatites: Soc. chim.
France Bull. fasc. 3-&, mars-avril pp. 138-145, 1949,

In trying to resolve the question of the mineral composition of
bone, the authors discuss the reactions between @ and B Cag(PO4)z,
hydroxylapatite, brushite, and oxyapatite. They give X-ray powder
patterns for all products.

1. Bome freed of organic substances has the same COp elimimation curve
as 10:1 mixture of Cag(P04)2 and CaCOs. Wh?n most of the CaCOs is
dissolved out of bone, leaving most of the phosphate, the Ca/P ratio is
1.94, which is equal to that of Caz(PO.)2. |Bone alone gives a poor
powder pattern; when caleined at 900°C., it|gives an apatite pattern;
this was previously interpreted as improvauint of crystallization due
4o heating. -
2. «a Cag(PO4)2 has two molecules of water and gives a powder pattern
similar to that of hydroxylapatite.
Cag(POs)2°H2(0E)2 (@ triealcium phosphate)
Cag(POs)2Ca(0H)2 (hydroxylapstite)
When @ Cag(PO4)z is heated to T00°C., it inverts to the beta form. This
inversion is distinctive of a Cag(P04)>. Bonme, when treated with acid,
gives an o Cag(P04)> pattern; after calcining at T00°C., it gives a
B Cag(PO4)2 pattern., Apatite (type not specified-EBJ) treated in this
way does not change its pattern.
3. a Cag(PO4)2 mixed with CaCOs 966:100 and heated to 900°C. gives anm

apatite pattern. Thermal analysis shows that the reaction CO2-P20s5 takes
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place within 670°-800°C. Complete dehydration of & Cag(PO4)2 takes
Place at T00°C.; therefore COz replaces HOH in the alpha lattice.
The same replacement of this water is possible by Cl, O, and F, and
Mg may replace Ca, The imversion temperature of CaCOs is 884°C.
Once fixed in the phosphate lattice, COz cannot be driven off below
1050°.
4k, fThe index of refraction measured with light of 599.1 A (siec)
using the Becke line method and an Abbe refractometer is used as a
control, The refractive index of ox~bone mineral substance is 1.590;
that of a Cag(P04)z is 1.572; tﬁe difference is due to 10 percent adsorb-
ed carbonate. Bone calcined at 900°C. bas a refrective index of 1.645;
the refractive index of B Cag(P04)> is 1.619.
5. The authors answer objections to their thesis on the basis of
adsorption of Ca0 by bone in exeess of stoichiometric proportions;
this mixture, on heé,ting, produces hydroxylapatite by the following
reaction: |

3Cag(P04)2°E2(0H)2 + Cad —» 3Cag{P04)2°Ca0 + 2E0 (sic).
The authors min'hain that combinztion of phosphate and lime to form
hydroxylapatite occurs only at high temperatures.

The tentative resulis of another experiment are:

CaCls + o Cag(POs)z —> chiorapatite
CaCly + hydroxylapatite —> no change in patte‘rn

A mixture of brushite and lime heated to 900°C. gives either B Cas{PO4)2

or apatite, depending on the proportions of the mixture.



"Conclusions:

1. Tricalcium phosphate does exist inm the hydrated form which we
bave described, 'Imt its preparation requires definite conditiens.
Prepared in too acid a medium, it encloses crystals of brushite.
Prepared in too alkaline a medium, it adsorbs lime. Left in the
solution from which it was prepared, it decomposes. Prepared be-
g€inning with Ca0, it adsorbs Ca0, even if it forms im a fipally
reutral medium.

2. Tricalcium phosphate combines with adsorbed lime at 900°C, to
form an apatite.

" 3. This apatite may be decomposed by brushite if the reaction
proceeds at a high enough'teupemture.

k, Heating of brushite with lime gives rise to beta tricaleium
phosphate or apatite depending on the relative amounts of the rea-

gents."”

E 24

Eitel, Wilhelm, Uber Karbonatphosphate der Apatitgruppe: Schr. Kanigs-
berger Gelehrter Gesell. Naturwiss. K1, Jahrb. 1, Heft &, pp. 159~
177, 192k,

A. Calcium-carbonate-apatite--3Cag(PO4)2°CaCls

I. Investigatioms in the system Cag(PO4)z~~FazCa(C0s)2
1. 1.000 g Cag(PO4)z + 5.5000 g NazCa(COs)z under 31-32
kg/cm? CO» were heated at 1000°C. for 90 minutes and cooled very
slowly; the first crystallization occurred at 840°, the second at

T76°, ending é.t T70°Cs The product showed two gemerations of carbonate-
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epatite; at the bottom of the melt were stubby prisms of the first
generation, at the top were thin prisms eutectically crystallized
with NazCa(COs)z. The crystals of the first generation have a central
£illing of NagCa{COs)a2.

2, 2,000 g Cag(POs)a + 3.000 g NazCa(COg)z, under 2% kg/em?
COz, were held at 1000-1010°C. for 30 minmutes, and at 1050-1060°C. for
30 minutes, to complete melting. A reaction occurred at T55°C.; the
product was similar to that of (1), but the intergrowth of carbonate~
apatite and NaoCa(COs)> was poikilitie.

3. 3.000 g Cag(PO4)z + 2.102 g NA2Ca(coa)2 under 40-43
kg/cm® COp were heated to 1100° + 15° for one and a half hours to
complete melting. On cooling (from 1020° to T50°C. in six and a
quarter hours) erystallization occurred at 755-750°C.; the product
consisted of long inclusion-free ci'ystals of carbonate-apatite in
a groundmasss of NazCa(COs)z crystals.

II. Investigations in the ternary system Cas(PO4)z~NasCa(COs)z-
Cacoso

k, 2,000 g Cag{P0g)2 + 1.500 g CaC0s + 1.5 g NazCa(COg)z.
The first reaction took place at 770-T780°C., the entire mass melted
at 970°C. The melt was held at 1050°C. for 10 minutes, and raised
briefly to 1220°C. under 48 kg/cm® C0s. Unfortunately, slow cooling
was impossible. The product corsisted of skeletal carbomate-apatite
erystals in a groundmass of Hach(cos)g.

5. 2.000 g Cag(PO4)o + 2 g CaClg + 0.505 g NazCa(COsz)2
on heating showed a first reaction at 820°C.; heating was continued

o0 1150°C. under 54 kg/cm® COp. The product consisted of carbonate-
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Figures 18 and 19 from Eitel, Wilhelm, 1924, P./69
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spatite and calcite, with very little NazCa(COs)z.

6. 1.000 g Cag(PO4)2 + 3.003 g CaCOs + 1.011 g NagCa(COs)e
under 49 kg/cw® CO2 began melting at 760-770°, was held at 850-870° for
one and a half hours then heated to 1090°C. to complete melting. The
product was similar to that of experiment 5, but had a great deal of
Primary caleite,

III. Investigations in the system Cag(P0O4)2-CaCOg

T. 3.000 g Cag(PO4)2 + 3.000 g CaCOs were heated to 1152°C.,
the temperature of the eutectic. The melt was held at this temperature
for half an hour, then raised to 1202°C. The pressure was raised from
55-60 kg/em® COz to 81 kg/em2 COp. The apatite produced had inclusions
of calcite parallel to the ¢ axis. | A

| 8. b g CaCOg + 2 g Cag(P04)2 under 92 kg/mn2 COa were heated
to 1148-1150°, then to 1220°C. On slow cooling there was a veak thermal
effect at 1130°. Again, the central hollows of the apatite crystals
parallel to the ¢ axis were filled with calcite.

9. 6.2 g Cag(POg)z + 2 g CaCOs under 98-100 kg/cm? COp were
heated at 1130° f;r Lo minutes and at 1000°C. for 75 minutes. The mix-
ture showed & weak thermal reaction at 1140°. The produet consisted of
carbonate-apatite crystals in a groundmass of caleite. Some of the
caleite reacted with the platinum,

10. 4 g Cag(P04)2 + 2 g CaCOs under a pressure of 89 kg/cn2
COz were heated to 1140°, then to 1215°C. for 20 minutes, at which
temperature melting wvas still incomplete, The maximum pressﬁre was
97 kg/em® COs. The melt was then held at 1050° under 80 kg/cm? for

Al
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50 minutes, and slowly cooled. The product was sinila’; to that of
experiment 9, but contained more caleite. The ecalcite again reacted
with the platinum, |

1. 2.5 g Cag(PO4)z + 3.5 g CaCls, under 95 kg/en” COp
were heated to the eutectic temperature (1130°), and om further heating
showed & last weak melting at 1170°C. The maximm temperature was 1190°,
from which the melt was slowly cooled. The product consisted of
coarse crystals of both calecite and carbonate-apatite. |

e R
The system %(P@dﬁ%@g%ﬁ‘

ey

carbonate-apatite eutectic is at 1140°C., 18 mol percent Cas(PO4)z.
Carbonate-apatite melis incongruently to éas(PO4)é and liquid at about
1k75°C,
Some parts of the ternary sfs‘tem CaC0s-NazC0s~Cag(PO4)2 are
_still unkmown: invariant points yet to be determined are:
CaC0s + liquid =—=carbonate-apatite + NaoCa(COs)2
liquid == earbonate-apatite + NazCa(COsz)z + NazCOg-mix-crystals.
IV. The physiography (sié) of carbonate-apatite
The synthetic crystals of carbonate-apatite ;fere typically
long or short prisms with 1010, 1011, and 0001 faces; the skeletal
erystals had inclusions along central canals parallel to the c axis.
The refractive indices were found to be: |
nEg, = 1.626, nOg, = 1.635, nOg,-nEg, = 0.009-0,010.
Microchemical tests showed the presence of COz.
| The synthetie carbonate-apatite is eompared to natural carbonate-
apatites from Tonopah, and the calcite~filled ‘;skeletal erystals are

similar to those from the Fenno-Scandian pegmatites.
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B, Carﬁona.t'e-apatites of strontium and barium

Fa2C0s and 8rC0s form no double salt similar to NagCa(COs)z, but
have a eutectic at about 715°C. SrCOg inverts from the alpha to the
beta form (the beta form 1s the high-temperature form) at about 926°C.

BaCOs and NazCOs form no double salt similar to NazCa(COs)z, and
have a eutectic at about 705°C. BaCOg inverts from the beta to the
gamma form at about 811°C. (the beta form is the high-temperature
form).

a. A mixture of Bag(P0Os)z + BaCOg + NazCOs in the molecular
proportion of 1:1:2 was heated under atmospheric pressure for one hour,
then slowly cooled. The mixture was completely melted at 1040°C. The
apatite produced occurred as sttzﬁpy prisms with a typical 0001 cleavage,
nONa - nEyg = 0.0086, nEyg = 1.683, nOgg = 1.691. The crystals had central
ineclusions of the carbonate-apaetite groundmass.
| b. A mixture of Srg(POg)2 + SrC0g + Naglls in the molecular
propertion 1:1:2 was heated at atmospheriec pressure to 1050°C. and held
there for two hours, then slowly cooled. The melt was dark because of
the presence of a little free Sr0. The apatite had characteristic cleav-

age and prismatic habit, with n0 = 1.6kk, nE = 1.638, nO-nE = 0.0065.

EF 40

Elmore, Kelly L., and Farr, Thad D., Equilibrium in the system calcium
oxide-phosphorus pentoxide-water: Ind. and Eng. Chemistry, Anal. Ed.
32, no. 4, pp. 580-586, 1940.

Solubility and equilibrium data are givemn for momocalcium phosphate
(monohydrate and anhydrous) and dicalcium phosphate (dihydrate and an-

hydrous). This material ha.s no direct bearing on the s;mtheéis of apatite.
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ET 4o
Eisenberger, Sidney; Lehrman, Alexander; and Turner , William D.; The
basic calcium phosphates and related systems. Some theoreticel and
practical aspects: Chem. Rev., vol. 26, pp. 257-296,‘19h0.
A review of the literature wiﬁh 230 references, Material applicable
to the synthesis of apatite is abstracted elsewhere in this paper.
Part I. Calcium phosphate systems ’
I. The binary system Ca0-Px0s
II. The basic region of the system Odc-Pgos-BzQ
A. 'The phase diagfam
B. The phase diagram for calcium arsenates
C. The nature of precipitated basic calcium phosphate
D. Reaction rates
IIT. The stability of the apatite lattice
A. Mineralogical studies
B. Basic phosphates of other metals
Part II. Practical applications
Y. Phosphatic fertilizers
A. Calcined phosphate
B. Thomas meal
II. The removal of the fluoride ion from water
III. The inorganic constituents of bone
A. Carbonate apatite versus hydroxylapatite
B. Minor constituents
C. Crystal orientation
D. Physicochemical considerations

Conclusion
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L1

Fouretier, Georges, lLa précipitation du phosphate tricalcique et 1‘'hydroxy-
apatite: M#emsi scienPariso@gmptes’ rendus 205, 7pp. 413-415, 1937.

Precipitates produced by rapid mixing .of more or less dilute HgPO4
and Ce(OH)z were studied by chemical analysis of the liquid, X-ray of
the so0lid, and determination <'>f pH. The author theorizes that the ob-
served fluctuation in pH is produced _bj metastable tricalcium phosphate
slovly going over to apatite; he draws a parallel between this and the

hydrolysis of brushite.

Greenwald, Isidor, Anomalous effects in the titration of.phosﬁhoric
acid with calcium hydroxide: Am. Chem. Soc. Jour. 66, pp. 1305-
1306, 194k,

The anomalous effect in question is, that after one equivalent
Ca(OH)2 has been added to a solution of HgPO4, further addition lowers
the pH; pH rises upon standing. Previous authors explained thié
effect by the conversion of CaHPO4 to Cag(PO4)z; the present author
finds that this does not explain the return to a higher pH after
standing.

Greenwald believes that the precipitate is not apetite or Cag(PO4)2,
but CaHPO4 and Ca(OH)2 or a ecompound having a Ca:P ratio greater than
1.5. The first precipitate is CaHPQO4, which on standing mm
Ca(OH)2°CaP04. If & crystal of Cag(PO4)2 is added, that compound

crystallizes; otherwise the above metastable precipitate remsins.



Hébert, Claude, Contribution & 1'étude de la chimie des phosphates de
calcium: Annales des mines Mém. 136, mo. 4, pp. 5-93, 1947.
I. Qualitative spectrographic analysis of impnritiésin natural pﬁosphates.
The phosphates were separated into about 10 f:actions by means of
specially purified reagents; the Fery speétrograph was used fbr,the
2500-4600 A region, the Cojan spectrograph for the 3500-6800 A region.
The following elements were common to natural phosphorites, ox
bones, and apatite: Pb, Cu, Fe, Cr, Al, Ti, Mn, Mg, Si, Na, K, Li, As,
'8n, Zn. Cd, Sb, V, Zr, Sr were found in natural phosphorites but not
in bone. Au, Ga, W, Pt, Pd, Tl, Ta, Ba were rarely found; Mo was fre-
gquently found. Rb was found in Tennessee, Lorraine, and Nassau phos-

phorites. Radioactivity was present as shown below; it is expressed as

mg of equivalent U/g phosphate.

Morocco 0.203 Carolins, 0.82
Moroceo | 0.3%6 Oceania ‘0.252
Gafsa 0.23 Lorraine 0.157
Constantine 0.202 Nassau 0.101
Constantine 0.262 Narlu (Somme) | 0.27
Kosseir (Egypt) 0.1k « Cuesmes (Belg) 0.3

' Kola 0.173 Crystalline apatite 0.37 -

Florida  0.69 Flat ox bone 0.036
Tennessee 0.038 Long ox bone 0.029

The radioactivity is concentrated especislly in fraction IV (precipitate

of ammoniacal magnesian phosphate from citric acid medium), in fraction
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V (precipitate of iron sulfide), and in fraction I (insoluble in
hydrochloric acid).
II. Methods of measurement, analysis, énd preparations.
Discussion on pH measurements and on calcium sulfite. CagHa(PO4)2
anhydride and hydrate were prepared by mixing slightly acid solutions
of Ca(0H)z and HsPé4, acid in slight excess, and agitating for 48 hours.
The hydrate was prepared from cold solutions, the anhydride from boil-
ing solﬁtions ; the inversion point is about 80°C. CaHg(PO4)z is stable
from pE 3.5 to pH 5.0; CazHo(PO4)o hydrate, from pH 6.5 to bH 7.5.
III. The attack of strong acids on the calcium phosphates.
Cag(PO4)2 was precipitated from 12 N solutions of Ca(OH)z and
' HsP94 and has one molecule of water. Apatite and natural phosphates are
generally less attacked than is Cag(PO4)z. Acids used here are: oxalic,
perchlorie, nitric, sulfuric, and hydrochloric.
IV. The attack of medium acids (phosphoric, acetic, citrie) on the
calcium phosphates is similar, but less marked, than that of strong
acids.
V. The attack of weak acids (borie, sulfurous) on the calcium phosphates.
Boric acid has no effect on the calcium phosphates; sulfurous acid
attacks them, but the calcium sulfite oxydizes and gives an abnormal

curve.
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Hendricks, S. B., Hill, W. L., Jacob, K. D., and Jefferson, M. E.,
Structural characteristics of apatite-like substances, and compo~
sition of phosphate rock and bone as determined from microscopic
and X-ray diffraction examination: Iad. and Eng. Chemistry 23,
no. 12, pp. 1413-1418, Deec. 1931. :

Various minerals have been thought to exist in phosphorites by
lacroix, Schaller, Rogers, and others; the mineral substance of bone
has been thought to be either & carbonate-spatite or hydroxylapatite
-with calcite or hydrous tricalecium phosphaté. An explanation of
Mehmel's and Naray-Szabo's interpretations of the apatite structure
follows. Hydrated tricalcium phosphate changes to the beta form by
heating to constant weight at 900°C.; the hydrated form is believed
to have an apatite structure and to form a complete solid solution
with hydroxylapatite. . Bone has +#> CaO:Pgls ratio »: greater than
thé.t required for hydréted tricalcium phosphate, and it also contains
CO2. As no crystalline impurities greater than 2 percent exist even
after heating, carbonate-aspatite must be the essential constituent
o‘f bone. The COg groups could substitute for F ioms, although the
carbonate-apatite structure is probably closer to that of mimetite
than that of fluorapatite. The X-ray diffraction patterns of 0, OH,
and COg apatites can be distinguished in mixtures. Cas(P04)2 vas
made by adding NaHPO4 solution slowly to a solution containing ex-
cess of Ca(NO3 )2, and hydroxylapatite was prepareé. by hydrolysi‘s of
this Cag(PO4)z with neutral ammonium citrate soltxtion.. F is preéént

in excess in many phosphorites and euerystalline apatite; it may be

present as submicroscopic fluorite, or perhaps replacing O in POg
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groups. Excess Na is also believed to be structural. Chlorine is
usually less than 0.03 percent. In aging of recen;t phosphorites
(Curagao, Cenozoic deposits) both hydrated tricalcium phosphate and
hydroxylapatite are changing to fluorapatite. In the fossilization
of bone, carbonate-apatite also changes to fluorgpatite, whose amount
increases with the age of the bone. According to the rates of these
changes, Pleistocene deposits should consist chiefly of fluorapatite.

Z. 3. A.

HIM 32

Hendricks, S., Jefferson, M. E., Mosely, V. M., The crystal structure
of some natural and synthetic apatite-like substances: Zeitschr.
Kristallographie 81, pp. 352-369, 1932.

Apatite, chlorapatite, pyromorphite, mimetite, and vanadinite

all have atomic arrangements derivable from space group Céh2 -— 063 fue

Pyromorphite, mimetite, and vanadinite form an extensive though in-

complete solid solution series. Polysphaerite , kampylite, hed.ypha.ne;

and endlichite are also members of this series. Chlor- and fluor-
apatite form a complete solid solution series, as do fluor- and hydroxyl-
apétite. The occurrence of many other minerals of similar composition
suggests that F in flucrapatite can also be replaced by COs, S04, Siz04,

0, Br ,v or I. |

Artificial preparations:

Hydrated tricalcium phosphate was prepared by adding a solution
of NagPO4 slowly to a solution with excess Ca(NQOz)z. The precipitate

was washed with a satursted solution of Cag(PO4)z until the filtrate
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was free. of nitrates; the salt was then dried at 50°C.

Hydroxylapatite was prepared by hydroljgzing Cas(PO4)z with
neutral smmonium citrate. |

Oxyapatite was prepared by igniting hydroxylapatite or bone to
constant weight at 50°C.

Chlorapatite was prepared from CaCls anﬂ anhydrous Cag(PO4)2
fused together in platinum in stoichiometric propo¥tions at 1koo°C.

In nature chlorine seldom replaces more than “half the F in
fluorapatite, although chlorapatite and fluorapatite form a complete
solid solution. The a/c ratioc decreases with increasing Cl. The
reason for this limited replacement is that the iomlce radius of Cl
is 1.81 A, vhereas that of F is 1.36 A. The authors suggest that
this situation is analogous to that of dolomite and caleite, and that
the structure may even be similar , With C1 and F. atoms in an ordered
arrangement. Pyromorphite, mimetite, vanadinite, and chlorapatite
have structures similar to Mehmel's fluorapatite; fluorapatite and

hydroxylapatite have Naray-Szabo's fluorapatite structure.
Z. S. A.

Kazako%r-, A. V., The fluorapatite system of equilibrium in the comditions
of formation of sedimentary rocks: Akad. Nauk U.R.S.5., Geol. ser.,
vel. 144, no. %0, pp. 1-21, 195C.

Data on the goechemistry of fluorine are presented. The fluorine-
phosphorus ratio of the earth's erust and of solls is near that of fluor-
apatite (percent F/percent P = 0.0893); it rises to 2.0 in fresh waters,
8.0 in ocean waters, and attains still higher values in drying relict

basins. The system Ca0-PoOs-HEF-HzO was studied principally by the
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method'of slow crystallization from solution. Reagents were mixed during
30 to 50 hr at a rate of about 5 mg P50s per liter per hour, and the
resulting phases left in contact for one to two ﬁonths, The reagents
used were: Ca(OH)z, HsPO4, and NaF (sometimes HF). All solid phases
were checked chemically and optically, and some solid phases were
checked by X-ray and thermal analysis. The fields of stability of and

transition points between solid phases are shown in the following table:

Field of stability
Solid phases Composition of the liquid phase at equilibrium
Ca0 (mg/l) | Po0s (mg/l) | F (mg/1) pH
CaHPO4* 2Ho0 4o 82 -—- 6.5
CagPo0g°Ho0 12-40 82-5 - 6.5-7.1
Cas (P04 )30H 6-1200 5-0.001 - 7.1
Cas (P04 )5 (F,0H) 6-1200 5-0.001 0-9 7.1
Cas(PO4)aF 9-1210 5-0.001 1.5-17 7.1
CaFo 9-1210 5-0.001 2.5-18 -—
Ca(OH)2 1212 0 0 -—-
CagPs0g-Hz0 +
Cas(P04)s(F,0H) 12 5 7.1
Cas (P04 )30H +
Ca(OH)o 1210 0.005 0 -—
Cas (P04 )sF +
CaF> + Ca(OH)» 1200 0.001 2.5 _—
CaFs + Ca(OH)o 1213 0 2.5-3.0 —
Ka 37

Kazakov, A. V., The system Ca0-Po0Os5-H20 in the field of low concentration
(synthesis of tricalcium phosphate and hydroxylapatite): Sci. Inst.
Fertilizers and Insectofungicides Trans. 139, pp. 3-73, Leningrad, 193T.

Phosphoric acid in solution in sea water at depth is brought, under

certain conditions, to a shallow zone where partial pressure of COz

diminishes enough to allow precipitation of apatite. Work on precipita-
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tion of hydroxylapatite at the isotherm 25° gave the appended diagram.
Crystallization was accomplished by mixing solutions very slowly,
maintaining a constant composition, and mixing constantly (the longest
mixing took 17 days, at the rate of 2 mg Pz0s per litre per hour).
The entire experiment was conducted with liquid reagents--Ca0 in HgPOg4,
and Ca{OH)z. The solutions took one to three months to come to
equilibrium; pH of the solutions was checked periodicall&. Kazakov
c;'it/icize»s Bassett for his use of solid reagents, and for mixing the
reagents too quickly. Solid pheses produced were: hydroxvlapatite P
brushite, tricalcium phosphate [given as Cag(POg )2-0.51120'] . See
disgrams following. |

The data were obtained by: X-ray of solid phases; determination
of pH of liquid; chemical analysis of liquid and solid phases; differ-
ential thermal analysis of solid phases; and optical examination of

solid phases.

£
Klement, R., Basische Phosphate zweiwertigen Metalle. IV. Strontium-
Hydroxylapatite: Zeitschr. anorg.u.allg. Chemie 21&2, pp. 215-221,
1939. o
Experiments were conducted in the hydrolysis of secondary Sr
phosphate (SrHPO.).
Hydrolysis for two weeks in water had no effect.
Hydrolysis in N/10 NaOH at 40°C. gave Sr hydroxylapatite; results |
were checked by chemical and X-ray methods.

Hydrolysis at %0°C. in fpﬁosphate buffer solutions of pH 6.8 and
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8.3 had no effect on the stromtinmm salt. Klement compares this with
the similar behavior of the Ba phosphate and con@rasts it with the
hydrolysis of Ca and Pb phosphates to apatite. Hydrolysis in a phos-
phate buffer solution of pH 11.0 at 40°C. resultea in incomplete con-
version to Sr hydroxylapatite in four weeks. Sr hyﬂroiﬁiapatite was
precipitated from a boiling solution of NaOH, NagPO4, and SrClz.
Chemical analysis of the product gave the rétio Sr:PO4 = 1:0.67.
Ca, Pb, and Ba hydroxylapatites may also be precipitated in this
way. Adsorption of excess PQOg4 throws off the Sr:PO4 ratio. Purei
Sr3(P04)2 may be made by mixing stoichiometric proportions qf SrngO7
and SrCOs, and heating at 1000°C. |

Pure 3Srg(P04)2°Sr(0H)2 may be made from a stoichioﬁeﬁric mixture
of Sr3(PO4)z and SrCOg, heated for seven hours in a current of steam
at 1150°C. and cooled at 300°C. in a current of steam.

The unit cell of Sr hydroxylapatite is compared with those of
Ca, Pb, and Ba hydroxylapatites.

Ionic radius a c c:a

Cay0(P04)e(0H)2 1.06 9.k 6.93 0.737
8710(P04)e(0H)2 1.27 9.74 7.20 0.739
Pbyo(P04)e(0H)2 1.32 9.88 7.32 0.7

Bajo(P04)e(0H)2 1.43 0.1  7.70 - 0.756
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Kb

Klement, R., Versuche ?ﬂ:er Isomorphie in der Wagneritgruppe: Naturwiss,
Berlin, Jahrg. 29, Heft 20, pp. 301-302, 1941.

Synthesis by fusion of Mgs(Si,P,S)20gF2 is impossible; but mix-
crystals may be made by substituting Li or Na for ome Mg, S for one P;
the powder diagrams still give a wagnerite pattern (rhombohedral (sic)).
CayP20gCly is monoclinic, and is not isomorphous with wagnerite. It
may be made by fusing CagPz0g with CaCly; the arsenic analog may be
simllarly synthesized (CasAsz0gClz) and has essentially the same powder
pattern. By heating CayP20gCle in steam at 900°C. for 4 hours, or with
NaOH in a closed tube at 100°C. for 10 days, hydroxylapatite was synthe-
'sized. The author concludes that basic phosphates and arsenates tend

to erystallize as apatites rather than as wagnerites.

KD M1

Klement, R., and Dihn, P., Isomorphe Apatitarten: Naturwis&y Bérdin,
Jehrg. 29, Heft 20, p. 301, 1941.

Synthetic ellestadite CajoSiaSsOz4F= has a = 9.54, ¢ = 6.99,

c:a = 0.732, d(cale) = 3.00, d(meas) = 3.06. Hydroxyl-ellestadite
produced by treating ellestadite with steam at 1000°C. has similar
lattice constants. Hydroxyl-ellestadite cannot be made directly by
fusion. On heating, hydroxyl-ellestadite loses water ‘and. lime and
ghanged  to a high-temperature sodium celcium phosphate structure.
Fluorellestadite retains its gpatite strueture on heating. Synthetic
sodium calcium sulfate apatite--Naglas(SO4)eFo--, though it might be

expected to have a smaller structure than fluorapatite, actually has



a larger structure.

a c c:a d(calc) d(meas)
FagCag(S04)eF2z ~  9.%9 6.87 0.T2k 2.81 2.81
Ca10(PO4g )eF2 9.36 6.88 0.7%2
KD 42
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Klement, R., and Dihn, P., Isomorphe Apatitarten: Zeitschr. Elektro-
chemie 48, pp. 334-336, 19k2.

The authors synthesized apatite-type minerals afth Si and 8 replac-
ing P by fusing stoichiometric mixtures of the various nate;'ialu. The
products were X-rayed and the lattice constants calculated. (.See table
1,) fThe various fluorine compounds were converted %o hydroiyl gompounds
by treatment with stéa.m at 1100°C. Most of‘ the compounds tend t6 form
the hydroxyl compound with the water vapor in the reactioh mixture.
Ellestadite must be treated with steam at 1100°C. to form the hydroxyl
compound from the fluorine compound.

Table 1

Lattice constants, apatite material

a b c:a calc. meas.
CayoPg024F2 apatite 9.36  6.88 0.732 e -
Ca10SiPeS024F2 9.k5  6.96  0.736 3.09 3.13
Ca105iP45024(0H)2 9.4 6,96 0.737 - 3.08 3.01
Ca1051s98024F ellestadite  9.5%  6.99  0.732  3.00  3.06
?aiggriz%gﬁﬁnega tite 9.5%  6.99  0.732 3.00 | 3.07
NagCa4Se024F2 NaCa-sulfapatite9.k9  6.87  0.72h 2.81 2.81

NasCagP4S2024F2 9.52 6.90 0.725 2.98 2.97
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The addition of Si and S to the lattice lowers the melting point
and the stability of the compound. .

When Si and S are substituted for P, there must be other substi-
tutions to balance the valences of the formmlas; when Na and S sub-
stitute for Ca and P, the lattice should shrink but there is a small
increase in the a axis.

Table 2

Lattice constants, apatite material,
composition different from ideal formula

a b ¢:a calc. meas.

CayoPe0z4F2 apatite 9.36 6.88 0.732 3.19 3.2
Ca10.551P5024F2 9.35 6.79 0.726 3.29 3.2
Cag,sPsS024F2 9.4  6.91 .0.TL  3.05 3.08
Ca10.5512P35024F2 9.4%0 6.81 0.72k4 3.23 320 |
Cag,sSiPsSz024F2 ; 9.86 6.91  0.731 = 3.0  3.10
NazCagSiP4S024F2 | , 9.39 6.89 0.734+ 3.2  3.10

Minerals with a disordered apatite structure were synthesized by
fusion of the appropriate components. X-ray examination of the products
indicated that the material had lattice constants similar to those
of apatite. (See table 2.) Structures with 1 é,nd with 9 metal ions
were synthesized. |

Phosphorus can be replaced in the gpatite lattice partiy or
wholly by S and/or Si without changing the lattice type; however,
the metal ion must be balanced according to the charges. Therefore,

the synthesis of a Na-Ca-sulfapatite is possible. The corresponding
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hydroxylapatites can be prepared with the exception of the above-
mentioned Ha-Ca-sulfapatite. |
The apatite lattice can also in certain circumstances show dis-

orders, with excess or lack of metal ioms.
E. B.

KHK L2

Klement, R., Huter, F., and Kbhrer, K., Bildet sich Carbonatepatit in
Wasserigen Systemen: Zeitschr. Elektrochemie, Band 48, nr. 6, pp.

334-336, 1942,

The authors discuss the work of previous investigators and the
role of the COg ion in the apatite structure. Hatnr#.l a.patites my
contain up to 10 percent COz, bones and teeth have less. The authors
feel that C cannot substitute for P as suggested by McConnell because
this substitution implies an unknown coordination (&%) for carﬁon.

The authors precipitated calcium phosphate in the presence of
sodimnib.icarbonate and analyzed their results. From the lack vof 8
stoichiometric ratio of CaCOsz to P05 and the d.irecﬁ corresponaence
of the amount of COz in the precipitate with the amount of NaHCOg
added, they conclude that carbonate apatite does not form in this
manner.

They X-rayed the various precipitates and, by compa.rison of the
reflection angles of various lines, concluded that the apatite lattice
had not been changed and therefore that no carbona;te had been added

to the lattice. Tables of analyses and X-ray angles are given.
| T. B.
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Korber, F., and Tromel, H., Untersuchungen aber KaJ.k-Phesphorsaare und
Kalk-Phosphorsaure-Kleselsb.ure Verbindungen: Zeitschr. Elektrochemie
38, 8a, pp. 578-582, 1932.

The authors criticize the oxyapatite concept on the ground that
only one P position would be occupled; they suggest tﬁa‘b both F posi-
tions may be taken by 0, and the valence balanced by substitution of
rare earths for calcium. Such a product bmay be made by fusion and
may give an apatite pattern with intensi‘hies‘ differing slightly from
a normal apatite pa‘!:ter:;. No other data. on this synthesis are given.

A melt of Cag(PO4)2 and CayPz0g at about 1100°C. gives an apatite
pattern; the product of this is hydroxylapatite made by reaction with
the humidity of the air. Hydroxylapatite was also made by mixing
FagPO4 + Ca(NOg)z with excess NH4,OH. This hydroxylapatite contained
adsorbed PO4 which gave it a CaQ:Pp0s ratio smaller than th,e ratio
characteristic of pure hydroxylapatite. The authoi’s present the same

objections to the carbonate-apatite concept as to oxyapetite.

L 35
Larson, H. W. E., Preparation and properties of mono-, di-, and tri-
calcium phosphates: Ind. end Eng. Chemistry, Anal. Ed., 7, no. 6,
Ppo )"'Ol-L"O6, 19550

Monocalcium phosphate monohydrate (CaHy(PO4)z*Hz0) was prepared

from a 5:1 = Pa0s:Ca0 mixture (as Ca(OH)2 and HgPO4 solutions). The
solutions were evaporated slowly and the supernatant liguid deéa.nted. 3
the crystals were filtered, then washed with alcohol and ether, The

yield was 66 percent of the kheoretical yield. The Ca0 and Pp0s. content
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of the crystals was within 0.5 percent of that required by thef fomla.
The crystals were white, rhomboidal s and finely twinned; pet;/égraphic
study showed that they were opticelly (-), 2V = 70°, and had the follow-
ing refractive indices by sodium light: nG = 1.5292, nM = 1.5176, nP =
1.4392. Optical and X-ray study showed that the crystals were triclinie.
When the crystals were heated at 100°C. for a long time, they lost 1 mol
H20; heating at 200-205°C. for 10 weeks caused a loss of 2.5 mols Hz0,
vhich the author sccounts for by the following reaction: |
2CaHy (P04 )2+H20 —> CagPo07 + 2HPOg + S5H20
Other dissociations take place under varying temperature conditions.
Solubility data for this salt in COp-free and COp-~saturated water aré
given. |

Dicalcium phosphate tetrahydrate (CaHPO4°4¥Hz0) was prepared by

recrystallizing commercial dicalcium phosphate. Analysis for Cal0 and
P20 checked within 0.5 percent of the amount required by the formula.
The crystals were pale-yellow rhomboidal plates, monoelinie, optically
(-), with refractive indices by sodium light nG = 1.5516,. oM = 1.5457,
nP = 1.539%. One mol Hz0 was lost at 108°C., one more at 150°, and
two more from 150° to 185°. Solubility data are given for this salt
in COz-free and COp-saturated water. |

Tricalcium phosphate monchydrate (Csg(PO4)z2+Hg0) was prepared from

solutions of NapHPO4-12H50 and Callp, mixed with constant stirring over
48 hours at 65-70°C.; pH was kept between 7 and 8 by addition of dilute
NH4OH. The precipitate was filtered, washed free of chlorid:es with a
small amount of water, air-dried, and ground. Ca0 and Pz0g 'were within
0.5 vercent of the amount reguired by the formula. The crystals were

too small for petrographic study; X-ray diffraction patterns of the
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freshly prepared salt and of the salt". heated at 950-970°C. showed
that the lines of the heated salt were cioseé together and more
prominent than those of the freshly prepared salt; both patterns
differed from those of oxy- and hydroxylapatite. The crystals ics’s
very little water on heating between 65 and 100°C.; heating between
950° and 9T0°C. drove off one molecule of water. Solﬁbility data

for this salt in COz-free and COp-saturated water are given.

LTW_29
Lorgh, J. R., Tarter, H. V., Wood, L., A basic phosphate of calcium
and strontium and the absorption of calcium phosphate by tricalcium
phosphate: Am. Chem. Soc., Jour. 51, pp. 1097-1106, 1929.
_Tricalcium phosphate was prepared from CaHg(PO4)2°H20 by adding
carbonate~free ammonia until the solution was alkaline; the precipitate
was washed with water.
Tricalcium phosphate prepared in this way contained small amounts
'of a more basic phase. Tristrontium phosphate was prepared in the same
way. Tribarium phosphate was prepared by dropping BaCls into a solution
of NagHPOs, and alkalizing with carbonate-free Kaéﬂ.
Hydrolysis: the hydrolysis of Caz(PO4)z in water or 0.5 or 0.05
M FaOH produced hydroxylepatite after several days of carbonaté-’-frée_ ]
boiling with removal of supernstant liquid. A similar but slower reac-
tion occurred with Srg(PO4)z. |
Ba or CaClg + NagHPO4 + Ho0 + HaOH produced apatite plus tri'barivm
or tricalcium phosphate. -

Adsorption: Apatite prepared by hydrolysis of Cag(PO4)z was placed
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in contact with Ca(OH)> solution for 3 days to 6 months; it showed a

normal adsorption curve, except that after 6 months it showed grea.tef?'ﬁhan-

usual adsorption. The authors suggest that this may be ‘due either to

slow penetration of Ca(OH)2 into the interstices of colloidal apatite,

or to solid solution (agreeing with Bassett, Cameron, and Bell).
Adsorption experiments with Cag(POs)2 were limited to 16 nouré, to

prevent formation of aspatite. The adsorption curye'wé.s"normi and sﬁrong-

er than that of the more basic salt. The authors conclude that equilib-

rium between the two "basic" phosphates is on the acid side of neutrality.

M

Minguzzi, Carlo, Apatiti sintetiche con cromo trivaslente ed esavalente:
Periodico Miner. anno 12, no. 3, pp. 343-378, 1941.

I. History of the study of substitutions in the apatite @0@. Borgstrom
(1931) found a complete series from chlorapatite to 3Cag(PO4)z°NaCl with
2.91 percent Nag0 (by synthesis from Cag(PO4)z + CaClz + NaCl).

Larsen and Shamon (1931) found %.34-7.11 percent Hag0 in lewiston-
ite, dehrnite, (crandallite?). |

K substitution is possible only in very small amounts.

Substitution of rare earths is possible, and occurs in natural
apatites up to 5 percent. |

MgO substitution is possible in limited quantities, pr.obably
around 2 percent. |

There may be complete substitution of Sr0; there is more Sro in |

pegmatitic than in magmatic apatites.
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Substitution of BaQ is possible; its limits are unknowm,

The;re is probably very limited solid solution of apatite and
pyromorphite.

There is more MnO in pegmatitic than in magmatic apatites. Its
oxidation state in apatite is uncertain.

Fe and Al may substitute in very small quantities.

Cd, Be, Sh, are present in spectrographically perceﬁtible ‘amounts
in natural apatites. |

The substitution of COs in apatites is STA3  upder
diseussion. |

The substitution of V and of As is possible, as is that of S
and Si. SOg may substitute in small quantities. |

In britholite, Ce and Si substitute for Ca and P. MO4 and WO4
mey substitute in mimetite, vemadinite, and pyromorphite; their
substitution in apatite may therefore be possible. F &and Cl can
substitute freely for each other; traces of Br and I have also bgen
found.

OH is a well-established substitution; the possible subétitation
of 0 is under diseussion.

The possibility of substituting Crz0g, Cr0s, or both, has been
described in natural apatites and demonstrated for synthetic mimetite,
vanadinite, and pyromorphite. |
II. Synthesis

In the first four syntheses, simple chromo-chlorapatites crystal-

lized at the top of the melt as long fragile needles, at the bottom as
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shorter prisms with bipyremids; maximum length of needles was 2 cm.
The erystals are green, the color intensifying to blue green with
increase in chromium; the deepest-colored crystals have a very slight
biaxial character. Pleochroism of chromo-chlorapatites is E = clear
yellow green, 0 = deep blue. The trivalent chromium in the apatites
was formed by reduction of hexavalent chromium by HC1l from the com-
bination of CaCly with absorbed water. It was nof possible, even in‘.
the presence of NH(NO3, to form crystals free of Cr+++. Pfocédﬁrev
of erystallization in all cases was to fuse reagentg for 6 hours at
1100°C., cool slowly, and wash with water and dilute acetic‘aéiﬁ,
in which excess of reagents dissolved. In an attempt to form cryétals
containing only Cr'*t a mixture of 18 g CaClz, 8 g Cas(P04)g,4and 1 g
CrPO4 was fused; this produced some colorless, transparent crystals |
with 0.06 percent Crt™, indices by red light n0 = 1.670, nE = 1.669,
by yellow light n0 = 1.667, nE = 1.666, by green light n0 = 1.653,
nE = 1.651; some very fine green crystals were also formed, due to
partial oxidation of trivalent chromium. A complete analysis of the
crystals formed in experiment IIT led to the formuila
Calo(P,Cr+3,Cr*6)5024012.
Unit-cell dimensions calculated from powder patterns of producéé of
experiment IV are: ¢ = 6.73, a = 9.56, c:a = 0.0k, Calculated from
this cell and from the molecular weight derived from the analysis of
the product of experiment III is the specific gravity 3.22; the measufed

specific gravity is 3.21,
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The soda-éhromo-chlerapatites resembled the'hhrcno$§h1§r-ngaﬁites
except for being a little more yellow green. Chemical analysis of them
showed an excess of Ca over the theoretical formula. Substitution of Cr
in apetites might be accounted for by: 3P0 = 20r*6 + »Crﬂ;' this is not
borne out by the variable crt3:cr*6 ratios dbtainéd.V Thé suthor suggests
that, where crtbiortd is greater than 2:1, some oxygpatité forms to

compensate the excessive charges.



Experiment Reagents (grams) crtd | cr+b Red light Yellow lighﬁ Green light Na light
number CaClz | Cag(PO4)z | CaCrOg |NaoCrOsl ¢ % no nE | nO nE | no nE | n0 nE
Chlorapatite | --- - —— - | —ee -—- 1.670 --- | 1.667 - | 1.653 | ——- -
I 27 12 1 - l0.20 | 0.18 |1.672|1.670 | 1.668 |1.666 | 1.655 1.652 | =-m -
11 27 12 3 - |0.1% | 0.66 1.683|1.681 | 1.676 | 1.67% | 1.665 | 1.663 | --- ——
111 27 10 5 --- 10.51 | 0.96 |1.688)1.686 | 1.682|1.680 | 1.670 | 1.668 | --- -—
v 27 7 5 === 10.1% | 2,92 | --- --= | 1.720 |1.707 | =--- ———| - —
VIII 27 9 - 3 |0.54 | 2,20 | === | ~-- el ~=- | 1.693] 1.690
X 27 6 - 6 l0.30 | 2.84 | --- ——— | --- el === | 1.701| 1.698

8%
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Miller , Mercel, Die Fé.llung und die rgntgenographiscﬁe Untersuchuné
des Mischkristallsystems Ca;o(PO4)s(0H)2 =- Pbyo(PO4)e(0H)2: Helv.
Chim. Acta, vol. 30, fasc. T, Pp. 2069-2080, 1947.

A series of hydroxylepatites ranging in composition from 100 percent
Ca10(P04)s(0H)2 to 100 percent Pbyo(P04)e(0H)2 was synthesized by pre-
cipitation followed by hydrolysis according to the method described
below.

Ca or Pb nitrates (or a mixture of the two), KHzPO4, and 0.1
normal NaOH(COp-free) were dropped together from 3 burettes in stoi-
chiometric proportions, and reacted in this way:

10MeXz + 6 KHaPO4 + 2HOH o—>3Meg(PO4)2°Me(OH)z + 6KX + 14HX,
where Me is a divalent metal and X is a monovalent anion.

100 cm? of KHoPO4 solution were dropped into one liter of boiling
vater containing 10 cm’ of bromo-cresol purple (0.1%). This excess of
phosphate was added first so that Pb(0H)s would not precipitate. Then
0.5 em’ of Ca or Pb solutions (or mixture) and more KHoPO, were added,
and the solution neutralized with NaOH to red violet (pH about 6.5).
After stirring for one minuvte, the solution was again neutralized.
This process was repeated until the desired amounts of Mett and PO,
ions were in sdlution. The volume of the solution was kept at one
liter by addition of distilled water. Precipitates were filtered out,
hydrolyzed for 15 hours in one liter of boiling water, filtered out,
and dried at 110°C. COz-free water was used throughout.

The prod.ucfs of these syntheses were a.naiyzed_” for Ca, Pb, and PO4.

X-ray diffraction patterns show a progressive change in spacings from
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100 percent Ca to 100 percént Pb, proving that actual »mix-.crystals

were formed. Crystal size was improved by heating the products at

600°C. for 4 hours, and cooling quickly. Spacings of crystallographic
planes were calculated for the pure end members, and for CasPbs(PO4)e(OH)z,

as well as the following lattice dimensions.

lim. [2/ o2 a c
©~>90° :
Cayo(P04)e(0H)2 2.680 9.40 - 6.92
CagPbs (P04 )e(0H)2 2.650 9.62 7.08
Pb1o(P04)e(0H)2 2.425 7 9.89 | 7.28

In general, the lines on thé X-ray diffraction patterns broaden
as the réfléction angle iﬁcrea.ses. In the series from PbsCas(PO4)e(0H)2
to Pb1o(P04)e(OH)2, the splitting of the Ky doublet can be seen with
difficulty, but from CasPbg(PO4)e(0H)2 to Caio(POs)e(OH)2 it disappears
completely. In the last instance, the broadening of lines with
increasing reflection angles is so great that only lines with feflec-
tion angles of 25°-33° can be measured, whereas in the séries
CasPbs (P04 )g(0H)2 to Pbyp(P04)e(0H)2, the lines with reflection angles
greater than 41° can be measured preci_sely. This broadening mey be
caused by the variation in lattice constants owing to iﬁhomogeneity
in the chemical composition of these apetites. It is possible that
homogeneous single layers of different composition may precipitate one
above the other, or that a‘ single mix-crystal may have some such in-
‘homogeneity as a zonal structure. As fhis broadening of the lines is
apparent to the same extent in the pure end-members as it is in the

intermediate members of this series, the broadening may be explained.



Uranium in bone ash
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Fig.l. The adsorption of uranium on bone ash

(Neuman, Neuman, Main and Mulryan, 1949, p. .
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by variation of lattice comstants owing to defective structure in
microcrystals, and'especially by the very small size of the individual
crystallites. The d spacings of the same lines decrease with increasing

Pb.

NEMM b9

Neuman, W. F., Neuman, M. W., Main, E. R., and Mulryan, B. J., The
deposition of uranium in bone., IV. Adsorption studies in vitro:
Jour. Biol. Chemistry 179, pp. 325-334, 1949,

The first three papers of this series are concerned vith in vivo
studies of uranium metabolism in rats.b

Adsorption studies described in this paper weré carried out on
bone ash, prepared from the shafts of long bones (of rabbits) boiled ’
in a three percent solution of KOH in ethylene glycol, and on fresh
bone, ground and dried to constant weight. Particle size had no
perceptible effect on the adsorptive capacity of fresh bone or bone
ash. The fluid medium was 0.025 M HaHCOg; its pH remained between

7.2 and 7.3 throughout the experiments. The solutions were prepared

by diluting aliquots of a saturated stock solution of U containing

equimolar amounts of UOz(CHsCOO)2 and sodium acetate with a concentrated
solution of NaHCOg. The final solutions were equilibrated at atmos-
pheric pressure with a mixture of 5 percent COz, 95 percent Oz; one

ml of solution was added to 2 mg of bone ash, reequilibrated with

the CO2-0z mixture, and shaken for 48 hours to equilibrium. The sol-

utions were then analyzed for U, Ca, and P. The initial U concentra-

tion was varied from 5 to 1500 7 per ml. See figure l.
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Eighty to 400 7 per ml of uranyl acetate were added to uranium-
free sélutions saturated with bone ash. Precipitation was erratic;
the solutions were therefore salted out with NaCl. The precipitates
thus obtained had a molecular ratio of U:P = 1l:1. Assuming 3 molecules
of water per molecule of U, their composition corresponded to a mix-
1:.ure of Na(UOz)(POy), Ca(U02)2(PO4)2, Mg(UO2)2(POs)2 in the molecular
ratio 23:2.7T:1.

Synthetic bone ash solutions were prepared using 67/ml each of
CaClz and NaHPO4 in 0.025 M NaHCOs. 80 to 4007U/ml were added to this
solution. The solutions were equilibrated as before with the COg2-0g2
mixture, centrifuged after standing, and the supernatant liquid analyzed.
U remained soluble up to 80 y/ml, but exchanged for Ca; from 80 to
about 450 y/ml, uranyl phosphate precipitated on bone. Above 450 7,
both the U and P present in solution show an apparent increase, probably
due to the formation of colloidal uranyl phosphates.

All the processes described above are shown to be reversible. It
is shown that fresh bone has less adsorptive capacity than bone ash.

| Below 80 7/ml, U remains soluble under the conditions described
above; however, the U content of bone increases. As the amount of U
fixed by bone depends on the relative amounts of the phases present,

a surface-limited reaction is suggested. Particle size does not affect
the adsorptive capacity of bone, because the surface of bone ash is not
a function of particle size. A plot of U initially in solution against
U finally present in bone ash suggests a dissociation reaction. The
uranyl group, therefore, probably replaces Ca, and is bound by phosphate,

the only group present on the surface in large enough concentration.
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Neuman, W. F., Neuman, M. W., Main, E. R., and Mulryan, B. J., The
deposition of wranium in bone. V. Ion exchange studies: Jour.
Biol. Chemistry 179, pp. 335-340, 1949,

The bone used in these experiments consisted of: bone ash, boiled
in alkaline glycol; fresh bbne dried and ground; and glycol ash heated
in a muffle furnace at 400°C. for 6 hours and at 700°C. for 6 hours.
Solutions were prepared as described in the preceding article. Ex-
change capacity of bone relative to Ca and P was studied by means of
P32 and Ca5. Bone ash prepared by boiling in alkaline glycol showed
a greater exchange and adsorption capacity than fresh bone, but glycol
ash heated in a muffle furnace had practically no exchange or adsorp- |
tion capacity. Saturating glycol-ashed bone with U reduced its capacity
to exchange Ca and P; the adsorption of 1 mol of U reduced exchangeable
Ca and P each by 2 mols. '

About twice as much cé as P is exchangeable, indicating a surface
concentration of Ca in bone. Non-phosphate anions must therefore be
associated with surface Ca. (Heating bone ash at a high temperature
may convert it to a different structure, and thus inhibit or prevent

adsorption by exchange of Ca. EBJ)

FEMM k9
Neuman, W. F., Neuman, M. W., Main, E. R., and Mulryan, B. J., The
deposition of uranium in bone. VI. Ion competition studies:
Jour. Biol. Chemistry 179, pp. 341-348, 1949.
Bone ash prepared by heating in alkaline glycol at 200°C. was
used for these experiments. Using 87 7U/ml and increasing concentra-

tions of NaHCOs, the capacity of bone ash to adsorb U fell off with
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increasing pH. Using 45 7 U/ml and an 0.025 M solution of NaHCOg,
concentrations of CaClp or NaHPO, were varied. BExcess Ca reduced
the concentration of P in solution and the adsorption of U. The '
concentrations of Ca and P in solution showed an inverse relation-
ship. At pH 8, addition of EI. to the system increased the Ca in
solution but did not decrease P; +therefore at pH 7.3 the effect of
varying Ca:P ratios on U adsorption are due to variations in the
Ca ion. Varistions in the P ion may be due to the limiﬁed solubility
of some compound of Ca and P. There is a linear relationship between
Ca and U present in solution at equilibrium, and an inverse relation-
ship between Ca in solution and U in bone; these facts show that there
is direct cémpetition between Ca and U for the surface phosphate groups
of bone,

A discussion of uranium metabolism follows.

Uranium might be fixed in the skeleton in thrée'different
ways: by binding with protein carboxyl groups, with carbcnate
groups, or with phosphate groups. There are too few protein car-
bo;yl groups in bone to account for its adsorptive capacity relative
to U; these groups are not present in bone ash, which shows a higher
adsorptive capacity than fresh bone; protein-bound U is highly
dissociated. There are likewise too few carbonate groups in bone;
the complexes U0z~0-CO-R are too highly dissociated; although the
groups UOa(Cos)éuand an(cos)g form in solutions with excess carbon-
ate or bicarbonate, they are too large for tﬂe apatite lattice.

There is a good correlation between exchangeable phosphate groups
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and their affinity for U. Uranyl pyrophosphate is only slightly
dissociated. As one mol U inactivates two phosphate groups, it

1s possible thst U combines with two adjacent PO, @0@8 to form

a structure similar to uranyl pyrophosphate. The maximum capacity
of uranium adsorption by bone is equivalent to 40 percent of the
surface PO4 groups. There is direct competition of Ca and U for
these positions. At high KaHCO;«, concentrations, both the bicarbon-
ate and POy groups eompete for U; At 8 high pH, OH and PO4 groups

compete for U.

~ Pallu, R., ftude du s;gsf.éme HgP04--Ca(0H)2--C02--H20: ~Aebdi: podiiuei
Comptes .réndus-19ky n 55008, 456-461, 1932,

The author plotted a curve of conductivity against composition

in ‘the system Hapo,,--Ca.(QH)a--cogJ-ago. He obtained the curve by
measuring the conductivity at equilibrium at 15° of a series of mix-
tures of CaCOg in an 0.5 N solution of HgPO4, bubbling COz ‘through

the solution until equilibrium was reached. The curve had a single
break at the mixture 0.587 P20s, 0.46k Ca0, where the solid phase

had the composition CaHPO4-2HZ0. In more basic mixtures, CaCOa also
precipitated out. In the absence of COg, wmixtures of 0.5 N HgPOg

with 0.5 N Ca(0OH)2 in various proportions showed a bresk in the curve
at the composition CaHPO.°Z2Hz0, at the composition Pz0s/Ca0 = 0.30-0.28
(for the liquid phase). The precipitate at this second break wes
colloidal » and the xfesult is therefore uncerta.in; The author suggests
that the rise of conductivity at the basic end may imply that either a
more basic phase than Cag(P0O4)2 has formed, or that excess Ca0 has been

absorbed by Cas(P04)2.
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Pieruccini, R., Sulla possibilita di imtrodurre alluminio, ferro, piombo
o molibdeno nel reticolo delle apatiti: Soc. toscana sci. nat. Atti

54, pp. 256-67, 1947,

The author discusses the various substitutions reported to take
place in apatites and apatite-like minerals, The possibility of in-
troducing Al, Fe, Pb, and Mo into the apatite lattice was investigated;
these elements were expected to substitute only in small quantities.

The minerals were synthesized in all cases by fusion of salts at
high temperatures and checked by measuring the refractive indices of
the resulting material. In all cases small crystals were formed.

Auminian spatite was synthesized with 1.88 percent Alz0g;l/ its
composition was checked by chemical analysis: Ca0 = 53.7T0 peréent,
Alo0g = 1.88, P20s = 39.73, Cl = 5.76, Hz0 = 0.33, total = 101.40,

less (0 for Clz = 1.30) = 100.10. = 1.6681, nE = 1.6643,

noNa

noNa.“nENa. = 0.0038. Maximum amount of AlgOs is probably 2 percent.
Ifon-bea.ring apatite was synthesized in a closed metal tube. _/ ‘

The product obtained was never homogeneous; some of the crystals weré

clear; some were violet colored. With slow cooling magnetite was formed.

The uncolored crystals had nOgg = 1.6720, 1.6745; uniformly colored

areas of violet crystals gave nOp, = 1.6715;, 1.6736, 1.6738, nEg, =

1.6711, 1.670%, 1.6705. Fes0s determined by visual spectrograph was

1/ By fusing a mixture of aluminum phosphate, calcium phosphate,
and calcium chloride at 1100° for one hour and cooling slowly.

_2_/ By fusing mixi:ures of iron phosphate, calcium phosphate, and
calcium chloride for 45 minutes to 6 hours and cooling slowly.



0.03 - 0.05 percent; violet crystals contained about 2 percent F62°3;

As Ca substitutes ‘for Pb in some minerals, a mixture of Fb phosphate,
Ca phosphate, and Ca chloride was fused at 1100°C for one hour and
treated to remove other products. Elongate crystals gave n0 = 1.6693.
Other mixtures containing lead were fused and indices measured. Elongate
crystals contained 0.07 percent PbO.

An attempt was made to synthesize Mo apatite. Caléium molybdate

was one of the fusion products; some apatite with 0.0l percen
determined spectrographically, and nO = 1.6640, nE = 1.6615, was ob-
tained by fusing calcium phosphate, calcium chloride, and calcium

molybdate.

Rivi\ere ) André » Recherches expérimenta.les sur la sédimentation phosphatée
en milieu marin: Acad. sci. Paris Comptes rendus, vol. 212, pp. 1038-
1041, 19h1. .

(NH4)3PO4 liberated from decayed organic matter can coprecipitate
with carbonates as calcium diphosphate and ammonium magnesium phosphates;
this can happen only in concentrated solutions and with a pH of about 6.
The first precipitate is rich in ammonium magnesium phosphate. In the
presence of CalOs this salt produces phospho-carbonates in equilibrium
with mono- and di-phosphates in solution, the relative amounts depending
on the pH. Precipitation is almost complete at pH 8(normal alkalinity
of sea water). The solubility of Cag(PO4)z is also linked to the pH.

This salt dissolves mostly as dicelcium phosphate.
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The following expefiments were performed at atmospheric pressure
and room temperature.

1) Seawater was shﬁken for several hours with excess dicalcium
phosphate, then filtered; the pH fell from 7.7 to T.%, the P05 in
solution increased sharply. The dicalcium phosphate substitutes for
the bicarbonates normally present in seawater, whereas the COp thus
liberated lowers the pHE. Ko diealcium phosphate can precipitate in
seawater unless more than 1000 times the normal concentration is present.
: 2) The preceding experiment was carried out with COz bubbling
through the solution; the amount of phosphate in solution increased
as the pH fell to 5.8.

3) Some of the solution from experiment 2 was filtered and freed
of COz2 by bubbling COp-free air through it; there was an gbundant
Precipitate of calcium and magnesium diphosphate plus a small amount
of carbonate (probably as a phosphocarbonate). The filtrate had a
PH of 7.2. 1In such an environment, a rise of pH would cause precip-
itation of diphosphates, which would then convert to tricalcium.phbs-
phate by diagenesis..

) Another part of the solution from experiment 2 was filtered
and left in contact with excess CaCOg in a closed system. The pH
rose to 6.2 without any perceptible change in the amount of Pg0s in
solﬁtion. CO2 was then eliminated as in experiment 3. After filtra-
%ion, the solution had a pH of T7.32, and the phosphate in solution
had diminished. The phosphate probably precipitated on the excess
CaCOs as "tricalcium phosphocarbonate (dahllite)". Thus, phosphatic

solutions can phosphatize CaCOg if the pH rises because of algal
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activity or simple ag_itation.’ This replacement can take place with

mch less phosphate in solution than can simple precipitation.
Variations of pressure seem to have little influence on the

reactions described above; varistions in temperature affect the sol-

ubility of COz and thus affect these reactions.

iﬁ
Sanfourche, A., Recherches sur l'acide phbsphorique et les phosphates.
I. La formation des phosphates alecalino-terreux basiques: Soec.
chim. France Bull. 53, pp. 951-963, 1933.
Experiments were made with 0.1 N HgPO4, plus basic solutions of
Ba, Sr, and Ca.
In the case of Ca, the author used a saturated solution at 20°C.
(0.4 N) -- crystallization was much slower than with the Ba or Sr
salt. The author postulates é. series of more and more basic phosphates,

tending towards CayP20g (purely chemical study of precipitates-EBJ).

SH 33
Sanfourche, A., and Henry, J., Recherche5 sur l'acide phosphorique et

les phosphates. V. Les réactions d'hydrolyse des phosphates di-
calcique et tricalcigue: Soc. chim. France Bull. 53, pp. 1210-1217,

1933.
The hydrolysis of brushite is guestionsble, because, according to

these authors, it must be seeded with Ceg(PO4)z2. Once started, it
proceeds until Cag(PO4)z is present as a solid phase, and hydrolysis
of this last ensues., For large quantities of brushite relative to
water, equilibrium is rapidly attained. The discontinuity in the tem-

perature curve at T5°C. means that the solid phase inverts here to
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monetite. Cae(PG‘)a'_!gvas ‘prepared from Ca(l0s)z and NaghPO, with excess
of ammonia. During %rashihg to remove ammonia, hydrolysis began, giving
& more basic produci:"". According to these authors, the normal products

of this hydrolysis hre apatite and brushite.

ssc 2 .

Schleede, A., Schmidt, W., and Kindt, H., Znr Kemntnis der Calciumphosphate
und Apatite: Zeitschr. Elektrochemie, Band 38, Nr. 8a, 1932.

Experiments: ‘

1) Brushite, hydrolyzed in warm water for 500 hours, gave a
hydroxylapatite pattern. | |

2) Commercial triphosphate (sic) gave a —hyaroxylmtif;e pa:étern
and, in one case, brushite lines, before hydrolysis; after hydrolysis
it gave a hydroxylapatite pattern only.'

3) ‘Petracalcium phosphate made by fusing a mixture of commercial
triphosphate and Ca0 gave a pattern close to but not exactly like apatite.
On heating, this gave apatite and Ca0 lines'; on hydrolysis, it gave a
simple apatite pattern. .

4) Silicocalciumphosphate was made by fusing commercial triphos-
phate, Ca0, and quartz. When this was hydrolyzed in cold water, the pat-
tern changed only slightly. These authors believe that no real tri-
calcium phosphate exists. They synthesizéd hydroxylapatite from 30 g
phosphate (tricalcium 7 EBJ) and 500 cc KOH (.5 §) boiled for 67 hours
in 12 days in CO> atmosphere; the product was decanted to neutrality
with water, washed with ether and alcohdl, dried in gir; it gave an

apatite pattern. This product was then dried at 1050°C. for analysis;
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if.s Ca0:P205 ratio was too low and water too high for apatite; when

' ﬁea.teﬁ to fusion, the Ca0:P20g ratio approached that of apatite, but
vater was lost gradually. At about 900°C. the amount of water and the
Ca0:P205 mtié eorresponded to those of hydroxylapaﬁite ré.thef than to
those of the oxyapatite which has been supposed by previous authors to
exisf at this temperature. These authors do not believe in the existence
of carbonate- or sulfate-apatites, and are doubtful sbout chlorapatites.
At temperatures above 1500°C., hydroxylapatite dissociates to a mixture

of tricalcium and tetracalcium phosphate.

T 32
Tromel, Gerhard, Untersuchungen Yber aie Biidung eines halogenfreien
Apatits aus basischen Caleiumphosphaten: Zeitschr. physikal.
Chemie, Band 158, Abt. A, pp. 422-%32, 1932.

Oxyapatite is not likely to exist, because it is at the eutectic
Ce,QkoP‘.aos and 4Ca0.P205, and beeause of the substitution of 1 oxygen
for 2 F. Nevertheless, an apatite does exist in the system Ca0-Pz0s
below 1%00°C. When 4Ca0:P20s5 was heated under a pressure of 0.3 - 0.5
mm Hg, no apatite formed; however, when this same compound was heated
in air, hydroxylapatite formed. When it was heated in dry air or
oxygen, no apatite formed. X-ray diffraction patterns suggest that

4Ca0+P505 may have a deformed apatite structure.
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Zambonini, .Ferrucio, Quelgues obéemtions sur la composition des apatites:
Acad: sci. Paris Comptes wendus 162; pp. 919-921, 1916.

Fusion of Cag(PO4)2 and CaClp produced a chlqraﬁatite with very
weak birefringence. Fusing Ceg(PO,)z with excess NaCl gave crystals
with & birefringence of 0.0050-0.0058, averaging 0.0053, analysis of
vhich gave the formula 4.3k Cag(PO.)2°CaClp (but these cryétels had
1.56 percent Na, 4.85 percent C1). The author lists other apatite
analyses leading to the formula mCag(PO4)2-Ca[0,(0H)2, Fa,Clz,C0s)
vhere m is greater than 3; but all tﬁese analyses show an excess of

Ca0.

Z23
Zambonini, Ferrucio, Uber die Mischkristalle, welche die Verbindungen
des Caleciums, Strontiums, Bariums, und Bleis mit jenen der seltemen
Erden bilden: Zeitschr. Kristallographie Band 58, pp. 226-292, 1923.
The author discussés histories of syntheses of vai'ious compounds,
and substitutions of Ca, Sr, Ba, Pb, for some of the "rare earfhs"(sic).
Synthesis was attempted from the Pollowing mixtures with the results
noted:
BaCl,*2H20 and CeClg - successful
Ca(NOs)z and Y(NOs)s - mix with difficulty
Sr(NOg)z and Y(NOg)s - with difficulty
PbSO4 and "Diz"(S04)a - unsuccessful
Cex(MoO4)s and PbMoO, - successful
Cez(MoO4)s and CaMoOgq - successful

Cea(Mo0g)s and SrMoO4 - successful



Nd2(MoOy)s and m - successful
Pra(Mo0s)s and Pbllcé; « suecessful
*"DiZ(Mo0s)s and P%;M; - sueccessful
lax(MoO4)s and P!ﬂoO. - successful
Laz(MoO4)s and 3%04 - suecessful
laz(MoO4)s and S.:Koo‘., - successful
1az(MoO,)s and Bano(u - successful
Ya(MoO4)s and PbMoO4 ~ successful
Y2(MoO4)s and CaMoO4 - successful
Y2(MoO4)g and CaMoOg and '082(3004)3 - successful
Cez(W04)s and PbWO4 -~ successful
Cez(W04)a and CaWOq4 - successful
CePO4 and Pﬁs(PO4)g - successful
Pure Pbs(P04)2 was opt. (-), had no anomalies; (1010):(6110) had
an average value of 60°1'; it was uniaxial and melted at 1015°C.
The maximum mixture contained 3-5 percent CePO4 by weight: at
5 percent CePOg, av eutectic occurred at 1008°C.
Mix-crystals with 2 percent CePO4 resembled the pure Pbg(PO4)2
erystals, but had a slightly lower nE, and higher birefringence;

dispersion was anomalous in yellow and green.

Indices of refractiom: no nk nO~-nE
Pure Pbg(PO4)2 1.9549-1.9994 1.9232-1.9618 0.0317-0.0376
Mix-crystals with 1.9587-1.9999 1.9227-1.9600 ©.0360-0.0399

2 percent CePO4
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Cerium-bearing apatije

1.37 g Cas(P04)2 and 3 g CaCls were fused at 1150°C., washed with
wvater after slow qéoling; the crystals were 1.5 X 0.3 mm in size,
colorless to greexg;.sh, opt. (-); they had a birefringence of 0.0008
(Ha) and sp. gr. = 3.1%. 4 g Caa(P04)= and 9 g CaCly were heated 6
hours at 1100°c.;' the crystals were 2.5 X 1.0 mm in size, colorless
or sky blue; a:c was 1:0.7038; tﬁe birefringence was 0.0009-0.0006;
crystals were zoned parallel and perpendicular to ¢; nO was 1.6642-
1.6747.

2 g Cag(P04)- and excess NaCl were heated 5 hours at 900°C.; the
birefringence was 0.0053 and analysis led to the formula 4.34 Cag(PO4)2°
CaClp; the author suggesté solid solution with Cas(PO¢)z.

A mixture of Cag(PO4)2, CePOy, and NaCl was heated for 5 hours
but the product showed only traces of Ce; however, mixtures made
with excess CaCly instead of NaCl were successful.

1.37 g Caa(POs)2 and 0.08 g CePO4 and 3 g CaClp were heated to
1150°C., cooled slowly, and washed with Hz0. fhis produced a mixture
of chlorapatite with minor amounts of chlorspoéiosite and monazite,
The chlorapatite was uniaxial (-), biréfringence = 0.0005, sp. gr. =
3.165, waterclear, homogeneous, and contained 1 percent CePO4, Mix-
ing 5.48 g Cag(P04)2, 0.8 g CePO4 and 12 g CaClp and heating to 1200°C.
gave a colorless chlorapatite with a birefringence of 0.001 containing
1.6 percent CePO4.

A mixture of 1.37 g Cag(PO4)2, 0.49 g CePO4, and 3 g CaClp heated
to 1400°C. produced a mixture of violet needles and short crystals;



™

the birefringence was 0.001, aﬁd n0g, = 1.6672. The crystals richest

in CePQ4 had a sp. gr. of 3.166--all the above products had, in addition,
crystalline CePOs. A mixture of 3 g Caas(POg)a and 2 g CePO, o.nd 6g
CaClg heated for 6 hours at 1100°C. produced small colorless apatite
crystals, birefringence = 0.00k, nona=l.6703, sp. gr. = 3.3-3.18, and
containing 8 percent CePO,.

A mixture of 2 g CePOq and 3 g Cag(POg)2 and 6 g CaClp heated at
1100°C. for 24 hours produced bcolorlesa apatite crystals with n0 =
1.666-1.673, nE = 1.665-1.672, and 13 percent CePO4. Apatite:l con-
taining 8 percent and 13 percent CePOg turn yellow on heating. '

"Didymium"-bearing chlorapatite and chlorspodiosite

1.37 g Cag(POg)2, 0.1 g "Di"Pdg,, and 3 g CaClz heated to 1180°C.
produced a mixture of chlorapatite and chlorspodiosite. The apatite
was transparent, colorless, sp. gr. = 3.13%-3.170, contained 3 percent
"Di"PO4, and had the same optics as the pure synthetic chloraﬁatite.

1.37 g Cag(POg)2, 0.2 g "Di"PO,4 and 12 g CaClp keated to 1000°C.

' produced pale-violet crystals of chlorspodiosite.

3 g Cag(POs)2, 2 g "Di"PO4, and 6 g CaClo heated 6 hours at 1100°C.
gave "Di"PQg, la little chlorapatite, and chlorspodiosite with 9 percent
”D.inPe" ’

Yttrium-bearing chlorapatite

3 g Caa(PO4)g, 0.7 g YPO4, and 6 g CaClp heated for 15 hours at
1100°C. after washing with water produced chlorapatites with n0 = 1.669
(therefore yttrium-bearing), and yellowish crystals (not investigated)

with 6.3 percent YPO4.
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Theoretical discussion

Wheﬁ absolute differences in molecular volume are considered,
most of these iscmorphous substitutions are not permissible, but
when the difference in molecular volume is taken relative to the
smallest molecular volume in question, this relative difference
does not exceed that in certain natural series. This difference
can further be reduced by considering the compound of smallest
molecular volume as a double or triple salt--e.g. CaClaz--(LiCl)g;
(SnS)g--Sbzss. |

The change in interfacial angles is not & straightline function

of percent substitution.
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