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S T U D I O R U M  P R O G R E S S U S  

Hydroxyapat i t e  : Prepara t ion  and Proper t i e s  

The  p rope r t i e s  of h y d r o x y a p a t i t e  (Cal0(PO,)B(OH)2), 
b o t h  n a t u r a l  a n d  syn the t i c ,  v a r y  widely.  T he  l e n g t h  of 
par t ic les  c an  be  f rom 102 to  106 nm,  t h e  Ca /P  mole  r a t i o  
f rom 1.2 to  2.0 a n d  so lub i l i ty  p r o d u c t  c o n s t a n t s  m a y  v a r y  
over  a r ange  of 101L 

I n  order  to  i n t e r p r e t  e x p e r i m e n t s  i n v o l v i n g  h y d r o x y -  
a p a t i t e  i t  is necessa ry  to  h a v e  i n f o r m a t i o n  on  t he  be-  
h a v i o u r  of p u r e  h y d r o x y a p a t i t e s  w i t h  wel l -def ined  
proper t ies .  Slow progress  in  t h i s  f ield is t a k i n g  place  all  
t h e  t i m e  a n d  t h e  pu rpose  of th i s  p a p e r  is to  c o m p a r e  
t h e  p rope r t i e s  of a h y d r o x y a p a t i t e  p r e p a r e d  acco rd ing  
to  a m e t h o d  w h i c h  ha s  been  used in  t h i s  l a b o r a t o r y  
(LRS)  for some years  w i t h  a more  r ecen t  m e t h o d  sug- 
ges ted  b y  worker s  a t  t h e  N a t i o n a l  B u r e a u  of S t a n d a r d s  
(NBS)  (MORENO et  al.1). T he  m e t h o d s  a n d  p r e p a r a t i o n s  
will  be  des igna t ed  L R S  a n d  N B S  respec t ive ly .  

Experimental.  The  L R S  h y d r o x y a p a t i t e  was  p r e p a r e d  
acco rd ing  to  a n  a d a p t a t i o n  of t he  m e t h o d  of ~,VARINGTON Z. 
(NH4)zHPO 4 so lu t ion  (42 g/l) was  s lowly a d d e d  to  a 
so lu t ion  of Ca(NO3)~.4H20 (19.3 g/l) a t  70°C. T h e  p H  
of t he  r e a c t a n t s  was  m a i n t a i n e d  in t h e  r ange  9.0-9.5 
b y  a d d i t i o n  of c o n c e n t r a t e d  NH4OI-I. T he  p r e c i p i t a t e d  
h y d r o x y a p a t i t e  was  w a s h e d  b y  d e c a n t a t i o n  w i t h  glass- 
d is t i l led  w a t e r  a n d  t h e n  e t h a n o l  p r io r  to  a i r  d ry ing .  

The  N B S  h y d r o x y a p a t i t e  was  p r e p a r e d  as desc r ibed  
b y  MORENO et  al. 1, in  w h i c h  (NH4)~HPO 4 (9.6 g/l) a n d  
Ca(NO3)z .4H20 (31.4 g/l) so lu t ions  are r e ac t ed  a t  100°C 
in t h e  p resence  of a c e t a t e  ions. P r e c a u t i o n s  were  t a k e n  
aga in s t  CO 2 c o n t a m i n a t i o n  a n d  t h e  h y d r o x y a p a t i t e  
fo rmed  was  w a s h e d  w i t h  a so lu t ion  of H3PO 4 (pH 3) a n d  
t h e n  as in t h e  L R S  m e t h o d .  

T h e  h y d r o x y a p a t i t e s  were c h a r a c t e r i z e d  b y  t h e  fol- 
lowing m e t h o d s :  a) Chemica l  ana lys i s  a f t e r  d i s so lu t ion  
in a d i lu te  so lu t ion  of HC1; P b y  t h e  co lo r imet r i c  m e t h o d  
of FOGG a n d  WILKINSON 3, Ca b y  a t o m i c  a b s o r p t i o n  
s p e c t r o p h o t o m e t r y ,  b) Degree  of c r y s t a l l i n i t y  b y  X - r a y  
d i f f rac t ion  ana lys i s ,  c) Specific surface  areas  b y  t h e  
c o n t i n u o u s  f low t e c h n i q u e  of NELSEN a n d  EGGERTSEN4. 
d) E l e c t r o n  mic roscopy  a t  m a g n i f i c a t i o n s  u p  to  50,000. 
e) So lub i l i t y  m e a s u r e m e n t s  ove r  t h e  p H  r ange  6-7  b y  
a d d i t i o n  of H z P O  4 to a p a t i t e  suspens ions  a n d  equ i l ib ra -  
t i on  for 20 d a y s  before  d e t e r m i n i n g  P a n d  Ca in solut ion.  
f) I so ionic  p h o s p h a t e  e x c h a n g e  (NEUMAN a n d  NEUMAN 5) 
b y  p r e - e q u i l i b r a t i n g  0.25 a n d  0.5 g a p a t i t e  in  700 m l  
glass-dis t i l led  w a t e r  for  4 days  p r io r  to  t he  a d d i t i o n  of 
car r ie r - f ree  Hz32pO4. g) Sur face  e x c h a n g e a b l e  P (OLSEN 6). 

Results and discussion. Chemical analysis. Chemica l  
ana lyses  of t h e  2 p r e p a r a t i o n s  (Tab le  I) show t h a t  t h e  
L R S  p r e p a r a t i o n  c o n t a i n e d  s o m e w h a t  less Ca a n d  P 
t h a n  t he  t h e o r e t i c a l  a m o u n t  for  p u r e  h y d r o x y a p a t i t e ,  
p r o b a b l y  because  of t h e  inc lus ion  of w a t e r  a n d  c a r b o n  
d iox ide  in t h e  la t t ice .  T he  P c o n t e n t  of t h e  N B S  p r e p a r a -  
t i on  was  a l m o s t  iden t i ca l  to  t h e  t heo r e t i c a l  P c o n t e n t  a n d  

t he  Ca c o n t e n t  was  s l igh t ly  h ighe r  t h a n  t he  t heo re t i c a l  
va lue .  The  ca l cu la t ed  C a : P  mole  r a t i o s  are  s l igh t ly  
h ighe r  t h a n  t h e  theore t ica l ,  v a l u e  b u t  t h e y  are b o t h  
well  be low the  u p p e r  l i m i t  of 2.0 for  h y d r o x y a p a t i t e  
sugges ted  b y  ARNOLD r. 

X-ray  di//raction analysis. T h e  X - r a y  d i f f r ac t ion  pa t -  
t e r n s  of t he  2 p r e p a r a t i o n s  were  b o t h  cha r ac t e r i s t i c  of 
h y d r o x y a p a t i t e  a n d  no  e x t r a n e o u s  peaks  were  obse rved .  
The  p a t t e r n  for t h e  N B S  p r e p a r a t i o n  was  c o n s i d e r a b l y  
s h a r p e r  t h a n  t h a t  for t h e  L R S  p r e p a r a t i o n  (F igure  1), 
i n d i c a t i n g  a h ighe r  degree of c ry s t a l l i n i t y .  

Sur/ace area. The  specific su r face  a reas  b y  t h e  con-  
t i n u o u s  f low m e t h o d  were f o u n d  to  be  32.0 a n d  11.9 n # / g  
r e spec t ive ly  for  the  L R S  a n d  N B S  p r e p a r a t i o n s .  MO- 
RENO et  al. x r e p o r t  a specific su r face  a rea  of 6 m~/g for 
t h e i r  p r e p a r a t i o n  b u t  t h e y  used t h e  B E T  m e t h o d  based  
on  n i t r o g e n  as t he  a d s o r b a t e  (YouNG a n d  C~OWELL"). 

Electron microscopy. The  e lec t ron  m i c r o g r a p h s  of t h e  
2 p r e p a r a t i o n s  (Figure  2) show t h a t  t h e  c ry s t a l s  o b t a i n e d  
b y  t h e  N B S  m e t h o d  are  more  r egu l a r l y  cy l ind r i ca l  in 
shape  a n d  m u c h  la rger  t h a n  those  f rom t h e  L R S  m e t h o d .  
However ,  in  b o t h  cases the  c rys ta l s  are  r od - shaped .  

T h e  m e a n  d imens ions  of t he  c rys t a l s  were,  r espec t ive ly ,  
L R S  h y d r o x y a p a t i t e  240 × 34 nm,  N B S  h y d r o x y a p a t i t e  

Rs 

24 
I I t t i I I I I I r 

~,6 3O ~4 
Diffraction angle ?, 0 

Fig. 1. X-ray diffraction patterns of the 2 hydroxyapatite prepa- 
rations. 

Table I. Chemical analysis and theoretical composition of hydroxy- 
apatite 

Preparation Ca P Ca: P 
(%) (%) (mole ratio) 

LRS 38.5 16.9 1.77 
NBS 41.1 18.4 1.73 
Theoretical value 39.8 18.5 1.67 

a E. C. MORENO, T. M. GREGORY and W. E. BROWN, J. Res. natn. 
Bur. Stand. 72A, 773 (1968). 

2 R. WARX~rGTOt¢, J. chcm. Soc. 26, 983 (1873). 
D. N. FOGG and N. T. Wn.KINSON, Analyst, Lond. 83, 406 (1958). 

4 F. 5L NELSEN and F. T. EGGERTSEN, Analyt. Chem. 30, 1387 
(1958). 
W. F. NEU~tAN and M. W. NEUMAN, The Chemical Dynamics o/ 
Bone Mineral (University of Chicago Press, Chicago, Illinois 1958). 

s S. R. OLSEN, J. phys. Chem., Ithaca 56, 630 (1952). 
P. W. ARNOLD, Trans. Faraday Soe. 46, 1061 (1950). 

s D. M. YOUNG and A. D. CROWELL, Physical Adsorption o/Gases 
(Butterworth and Co. Publishers Ltd., London 1962). 
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1900 × 140 nm.  The  f a s t e r  g r o w t h  r a t e  a t  t h e  end  of t h e  
N B S  c rys ta l s  is p r o b a b l y  caused  b y  less c o n t a m i n a t i o n  
w i t h  CO s in  t h i s  p r e p a r a t i o n  (LEGERoS e t  al.9). 

T h e  specific sur face  a reas  ca lcu la ted  f rom t h e  e lec t ron-  
m i c r o g r a p h s  are  g iven  in T a b l e  I I .  The  ca lcu la t ion  was  
b a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  c rys t a l s  were  cy l indr ica l  
a n d  t h a t  t h e  specific g r a v i t y  of h y d r o x y a p a t i t e  is 3.2. 

LRS 

NB8 

I = 10 ~nm 

Cons ider ing  these  a p p r o x i m a t i o n s  a n d  t h e  u n c e r t a i n t i e s  
assoc ia ted  w i t h  surface  d e t e r m i n a t i o n s  t h e  a g r e e m e n t  
b e t w e e n  t h i s  m e t h o d  of d e t e r m i n i n g  t h e  specif ic  sur face  
a rea  a n d  t h e  c o n t i n u o u s  f low t e c h n i q u e  is excel lent .  

Solubility. T h e  so lub i l i ty  p r o d u c t  expressed  as 10 pCa + 
6 p P O  4 + 2 p O H  (Table  I I I )  shows t h a t  t h e  L R S  h y d r o x y -  
a p a t i t e  was  c o n s i d e r a b l y  more  so luble  t h a n  t h e  N B S  
h y d r o x y a p a t i t e .  MOREIqO e t  al.  z f o u n d  t h a t  t h e  v a l u e  
for  t h e  so lub i l i t y  p r o d u c t  of t h e i r  p r e p a r a t i o n  expressed  
as pK@ of Calo (PO4)e(OH)9 decreased  f rom 116.2 to  
111.2 w h e n  t h e  p H  was  inc reased  f r o m  4.74 to  7.45. 
Our  r e su l t s  i n d i c a t e d  a s imi l a r  r e l a t i o n s h i p  b e t w e e n  p H  
a n d  so lub i l i t y  p r o d u c t  b u t  t h e  so lub i l i t y  of our  N B S  
p r e p a r a t i o n  was  c o n s i d e r a b l y  less t h a n  t h a t  of MORENO 
et  al. T h e  r ea son  for  t h i s  m a y  be  f o u n d  in  t h e  sol id :  
so lu t ion  ra t io  w h i c h  was  0.36, 0.71 a n d  1.00 g/1 in  our  
e x p e r i m e n t  a n d  41.7 g/1 in t h e i r  e x p e r i m e n t .  I t  is wel l  
e s t ab l i s h ed  t h a t  t h e  so lub i l i t y  of h y d r o x y a p a t i t e  c an  
increase  m a r k e d l y  w i t h  s lu r ry  d e n s i t y  (DEITZ e t  al.l°). 

T h e  obse rved  C a : P  mole  r a t ios  in  t h e  so lu t ion  p h a s e  
(Table III) are  s o m e w h a t  h i g h e r  t h a n  t h e  t h e o r e t i c a l  
r a t i o  of 1.67 for  a so lu t ion  s a t u r a t e d  w i t h  h y d r o x y -  
apa t i t e .  T h e  excess c a l c i u m over  p h o s p h o r u s  in  so lu t ion  
is c o n s i s t e n t  w i t h  t h e  s l igh t  excess of ca l c ium in t h e  solid 
as s h o w n  b y  c h e m i c a l  ana lyses  (Table  I). T h e  m u c h  

Table II. Surface area measurements of hydroxyapatite 

Preparation Method of measurement (area in mS/g) 

Continuous Electron 9=p 
flow microscopy exchange 

LRS 32.0 42.0 33.6 
NBS 11.9 12.3 3.3 

I I = lOanm 

Fig. 2. Electron micrographs of the 2 hydroxyapatite preparations. 
(Please note different scales and units; 1 nanometre ( n m ) =  10 -3 m.) 

9 R. Z. LEGEEOS, O. R. TRAUTZ, E. KLEIN and J. P. LEGEROS, 
Experientia 25, 5 (1969). 

lo V. R. DEITZ, H. M. ROOTARE and F. G. CARPENTER, J. Colloid 
Sci. 19, 87 (1964). 
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Fig. 3. The relationship between the logarithm ot 
percent z*p remaining in solution and the logarithm 
of time. 
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Table III. Solubility measurements 
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Suspension Solid: solution pH Solubility (ppm solution) Ca: P pK sp of 
identification ratio Ca P mole ratio hydroxy- 

g/1 of dissolution apatite* 

LRS 0.36 7.34 4.05 1.46 2.10 111.0 
LRS 0.71 7.39 4.55 1.39 2.58 110.1 
NBS 0.36 7.15 2.65 1.06 1.94 115.6 
NBS 0.71 7.14 3.00 1.26 1.85 114.8 
LRS + HaPO 4 1.0 6.55 8.10 7.95 113.0 
LRS + HaPO 4 1.0 6.26 13.54 16.66 112.8 
NBS + H3PO ~ 1.0 6.23 7.66 9.47 117.0 
NBS -I- HaPO a 1.0 5.88 13.10 18.04 117.9 

Calculated according to CHAVERRI and BLACK 11. 

g r ea t e r  C a : P  r a t i o s  in  t h e  so lu t ion  t h a n  in  t h e  sol id  
sugges t  t h a t  t h e  excess  c a l c i um  in  t h e  sol id was  g r e a t e s t  
on  or  nea r  t h e  surface  of t h e  h y d r o x y a p a t i t e  c r y s t a l s : : .  

Isoionic exchange. T he  resu l t s  of t h e  isoionic e x c h a n g e  
d e t e r m i n a t i o n s  are  g iven  in F igu re  3 in  w h i c h  t h e  loga- 
r i t h m  of p e r c e n t a g e  82p r e m a i n i n g  in  so lu t ion  is p l o t t e d  
as a f u n c t i o n  of t h e  l o g a r i t h m  of t ime.  

I n  t h e  case of N B S  h y d r o x y a p a t i t e ,  on ly  one  l inea r  
r e l a t i onsh ip  b e t w e e n  log 8 ,p  in  so lu t ion  a n d  log t i m e  
was  o b s e r v e d  d u r i n g  t h e  e x p e r i m e n t a l  pe r iod  of 90 h. 
T h e  n e g a t i v e  s lope of t h i s  r e l a t i o n s h i p  was  0.027 a n d  
0.019 r e spec t ive ly  for  0.5 a n d  0.25 g h y d r o x y a p a t i t e  p e r  
700 m l  of so lu t ion .  I n  t h e  case of t h e  L R S  h y d r o x y -  
apa t i t e ,  two  l i nea r  r e l a t i o n s h i p s  were  o b s e r v e d  in  t h e  
s ame  period.  The  n e g a t i v e  s lopes of these  were  0.127 (I), 
0.076 (II)  a n d  0.108 (I), 0.053 (II)  r e spec t ive ly  for  0.5 
a n d  0.25 g h y d r o x y a p a t i t e  pe r  700 m l  so lu t ion .  Thus ,  
on ly  one  r eac t i on  m e c h a n i s m  seems to  be  i n v o l v e d  in t h e  
e x c h a n g e  of p h o s p h a t e  ions  b e t w e e n  t h e  N B S  h y d r o x y -  
a p a t i t e  a n d  t h e  b a t h i n g  so lu t ion  whi le  t w o  r eac t i on  
m e c h a n i s m s  a p p e a r  to  be  o p e r a t i n g  in t h e  case  of t h e  
L R S  h y d r o x y a p a t i t e .  

' S u r f a c e - e x c h a n g e a b l e  P '  c a l c u l a t e d  acco rd ing  to  OL- 
SEN e was  8.25 a n d  8.40 m g  P i g  r e s pec t i ve l y  for  0.5 a n d  
0.25 g/700 m l  suspens ions  of  L R S  h y d r o x y a p a t i t e  a n d  
0.80 a n d  0.83 m g  P / g  for  s imi l a r  suspens ions  of t h e  N B S  
h y d r o x y a p a t i t e .  T h e  L R S  h y d r o x y a p a t i t e  a p p e a r e d  to  
h a v e  a b o u t  10 t i m e s  more  ' su r f ace -exchangeab l e  P '  t h a n  
t h e  N B S  h y d r o x y a p a t i t e ,  b u t  t he  so l id / so lu t ion  r a t i o  
h a d  l i t t l e  or  no  effect  for e i t h e r  ma te r i a l .  

OLSEN'S conve r s ion  fac to r  of 4.20 was  used  to  t r a n s -  
f o rm  s u r f a c e - e x c h a n g e a b l e  P to  specific surface  a rea  
(Tab le  I I ) .  Good  a g r e e m e n t  b e t w e e n  t h e  specif ic  sur face  
a r ea  m e a s u r e d  b y  t h e  c o n t i n u o u s  f low t e c h n i q u e  a n d  
t h e  82p m e t h o d  was  o b t a i n e d  for  t h e  L R S  h y d r o x y -  
a p a t i t e  b u t  n o t  for  t h e  N B S  ma te r i a l ,  sugges t ing  t h a t  
t h e  f a c t o r  d i f fers  b e t w e e n  p r e p a r a t i o n s .  

M e a s u r e m e n t s  of t h e  sur face  a rea  of f ine ly  d i v ided  
solids are,  however ,  no t o r i ous l y  u n r e l i a b l e  a n d  too  m u c h  

s igni f icance  shou ld  no t  be  a t t a c h e d  t o  t h e m .  T h e  r e l a t i ve  
sur face  areas,  i.e. t h e  specific su r face  a r ea  of t h e  L R S  
h y d r o x y a p a t i t e  d iv ided  b y  t he  specif ic  surface  a rea  of 
t he  N B S  h y d r o x y a p a t i t e  could be  more  i n f o r m a t i v e .  
Th i s  r a t i o  is 2.7, 3.4 a n d  10.2 w h e n  d e t e r m i n e d  respec-  
t i v e l y  f rom t h e  c o n t i n u o u s  gas f low t e c h n i q u e ,  e l ec t ron  
m i c r o g r a p h s  a n d  t h e  a ,p  exchange  m e t h o d .  The  m u c h  
h i g h e r  r a t i o  o b t a i n e d  b y  t h e  las t  m e t h o d  sugges ts  t h a t  
t h e  i so topic  e x c h a n g e  process  d i f fe red  b e t w e e n  t h e  2 
p r e p a r a t i o n s .  I t  is p r o b a b l e  t h a t  m u c h  more  c r y s t a l  
g r o w t h  would  occur  in  t h e  suspens ion  of t h e  less pe r fec t  
L R S  c rys t a l s  t h a n  in  t h e  suspens ion  of  t h e  nea r -pe r f ec t  
N B S  crys ta l s .  T h u s  i n  t h e  case of t h e  L R S  h y d r o x y -  
apa t i t e ,  loss of s , p  is l ike ly  to  resu l t  f r om r ec rys t a l l i z a t i on  
as wel l  as f rom surface  exchange  whi le  in  t h e  N B S  
p r e p a r a t i o n  on ly  t h e  second m e c h a n i s m  would  be  
i m p o r t a n t .  

Zusammen/assung. Es  w u r d e n  sowohl  /~ltere als  a u c h  
neuere  V e r f a h r e n  zur  F~ l lung  y o n  K a l z i u m h y d r o x y -  
a p a t i t  aus  w~ssr iger  L6sung  ve rg l e i chend  i iberpr i i f t  u n d  
die  e r h a l t e n e n  P r ~ p a r a t e  m i t t e l s  c h e m i s c h e r  u n d  phys i -  
ka l i sche r  M e t h o d e n  c h a r a k t e r i s i e r t ,  wobei  s ich ergab ,  
dass  da s  v o m  N a t i o n a l  B u r e a u  of S t a n d a r d s  en tw icke l t e  
V e r f a h r e n  die a m  b e s t e n  de f i n i e r t en  Kr i s t a l l e  l iefert .  
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P R O  E X P E R I M E N T I S  

Enzymatic Sulfation of 4-Methylumbelliferone 

E n z y m a t i c  su l f a t ion  of a r o m a t i c  h y d r o x y  c o m p o u n d s  
is m o s t l y  i n v e s t i g a t e d  b y  us ing  p - n i t r o p h e n o l  as  t h e  
su l fa te  acceptor .  T h i s  m e t h o d ,  desc r ibed  b y  RoY x m a k e s  
use of t h e  so lub i l i ty  of t h e  m e t h y l e n e b l u e  com pl ex  of 
t h e  sul fur ic  ac id  ester .  W e  deve loped  a m e t h o d  for  t h e  

d e m o n s t r a t i o n  of s u l f a t i n g  a c t i v i t y  us ing  one  of t h e  m o s t  
f luo rescen t  molecu les  known ,  4 - m e t h y l u m b e l l i f e r o n e ,  
4 - m e t h y t - 7 - h y d r o x y - c o u m a r i n  (MU). Var ious  d e r i v a t i v e s  
of M U  are  in  use  for  t h e  a s say  of hydro lases ,  bu t ,  so fa r  
as  we know,  no  a t t e m p t  h a s  been  m a d e  to  use  t he  p a r e n t  


