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Summary  

The theoretical considerations presented here explain the experimentally known proportionality between the crushing strength 
and internal specific surface area of lactose compacts. The theoretical model permits the calculation of coordination numbers of 
spherical isometric particles, which form a compact held together by dispersion forces. The mean particle size was calculated on the 
basis of the internal specific surface area. The results depend on the experimental method used, i.e. mercury intrusion porosimetry, 
BET-nitrogen adsorption or gas permeametry. 

I n t r o d u c t i o n  

One of  the most  striking results in Vromans '  
thesis (1987) is the experimentally found relation- 
ship between the crushing strength of  different 
types of  lactose tablets (anhydrous  a-lactose, a-  
lactose monohydra te ,  roller-dried fl-lactose) and 
the internal specific surface area. Vromans  et al. 
(1985) and Vromans  (1987) assume that the num-  
ber of  binding sites is propor t ional  to the specific 
surface area determined. This proport ional i ty  is 
shown to be valid using a theoretical approach  to 
calculate the tensile strength of  the tablet on the 
basis o f  Van der Waals '  dispersion forces. 

Correspondence: H. Leuenberger, School of Pharmacy, Univer- 
sity of Basel, Toteng'~isslein 3, CH-4051 Basel, Switzerland. 

Theory 

The potential  energy per unit  area E resulting 
f rom dispersion forces acting between two per- 
fectly flat surfaces in contact  is given by Fowkes  
(1971) and Hiestand (1985): 

A 
E = - -  ( 1 )  

12~rz02 

Where  A is the Hamaker  constant  and z o is the 
closest approach  distance of  the surface molecules. 
This should be equal to the loss of  specific surface 
energy 2y n, resulting f rom dispersion forces (su- 
perscript d),, when the surfaces are brought  to- 
gether. Thus  the Hamaker  cons tant  A can be 
calculated as follows: 

A = 24~rz0Zv d (2) 
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Rumpf (1970) developed, based on statistical con- 
siderations, a general equation for the tensile 
strength of an agglomerate, where the strength is 

caused by adhesion forces F acting at the coordi- 
nation points of the particles forming the ag- 
glomerate. Assuming that the particles which form 

TABLE 1 

Experimental results for different types of lactose and different particle size fractions of a-lactose monohydrate. 

Type of lactose Compaction Porosity Crushing Surface area Tablet 

pressure (Hg) strength S m thickness 
(MPa) (%) (N) (m2/g)  (mm) 

a-Lactose monohydrate (32-45/~m) 55 24.5 16.7 0.62 3.237 

a-Lactose monohydrate (100-125/~m) 

a-Lactose monohydrate (125-160 #m)  

a-Lactose monohydrate (315-400 #m)  

Anhydrous a-lactose (100-125 #m)  

Roller-dried fl-lactose (100-125 #m) 

100% Amorphous spray-dried lactose 

DClac to se  11 "spray-dried lactose" 

150 13.5 72.6 1.24 2.845 

225 11.1 98.1 1.59 2.729 

75 16.8 20.6 0.49 3.001 
112.5 15.6 33.4 0.79 2.920 
150 12.2 42.2 0.83 2.770 

225 10.0 62.8 1.26 2.710 
300 7.4 83.4 1.51 - 

55 18.6 10.8 0.46 3.021 
112.5 14.9 39.2 0.81 2.855 

150 12.4 51.0 0.88 2.778 
185 11.1 61.8 0.98 2.760 

225 9.7 71.6 1.14 2.710 

55 16.4 9.8 0.34 2.933 

112.5 13.6 22.6 0.60 2.840 

150 11.6 37.3 0.65 2.751 

185 10.2 48.1 0.81 2.712 
225 9.3 55.9 0.96 2.680 

37.5 20.7 34.3 0.79 3.185 

75 18.5 72.6 1.24 2.933 
112.5 15.3 110.9 1.64 2.865 
150 12.3 147.2 2.12 2.754 

225 9.5 - 216 3.14 2.641 

37.5 25.8 24.5 0.53 3.312 
75 21.2 52.0 0.86 3.019 

112.5 16.4 69.7 1.21 2.873 

150 13.2 104.0 1.46 2.765 

37.5 22.6 - 10 0.53 - 
55 21.3 67.7 0.64 - 
75 19.1 106.9 0.66 - 

95 18.9 169.7 0.55 - 
115 12.5 - 196 0.61 - 

150 8.3 > 200 0.56 - 

225 4.3 :~ 200 0.54 - 

37.5 29.5 37.3 0.55 - 
75 20.4 73.6 0.58 - 

112.5 17.0 110.9 0.87 - 
150 13.9 147.2 1.10 - 
225 10.1 - 220 1.50 - 

The specific surface area was determined by mercury intrusion porosimetry. 



t h e  a g g l o m e r a t e  a r e  o f  u n i f o r m  size  ( p a r t i c l e  d i a m -  

e t e r  = x ) ,  t h a t  k is t h e  a v e r a g e  c o o r d i n a t i o n  n u m -  

b e r  a n d  c is t h e  p o r o s i t y  o f  t h e  a g g l o m e r a t e ,  

t e n s i l e  s t r e n g t h  o t c a n  b e  a p p r o x i m a t e d  as  fo l lows :  

tl t = ( 3 )  
¢r x 2 

T h e  a d h e s i o n  f o r c e  F is a l w a y s  p r o p o r t i o n a l  to  

t h e  p a r t i c l e  d i a m e t e r  x a n d  i n v e r s e l y  p r o p o r t i o n a l  

to  t h e  s q u a r e d  m i n i m u m  d i s t a n c e  z 2. F o r  t h e  

m o d e l  s p h e r e / p l a n e  ( s p h e r i c a l  p a r t i c l e  w i t h  d i a m -  

e t e r  x )  t h e  a d h e s i o n  fo rce  F *  is e q u a l  to  

A x  
F * = ( 4 a )  

1 2 z  2 

T h u s  f o r c e  F *  is e x e r t e d  o n  a n  i s o l a t e d  p a r t i c l e  

a t t a c h e d  to  t h e  p l a t e ,  i.e. p l a t e  one .  T h e  n e x t  

n e i g h b o u r i n g  p a r t i c l e  ( w i t h  e q u a l  d i a m e t e r )  is a 

p a r t  o f  p l a t e  one .  I f  t h i s  p a r t i c l e  is i s o l a t e d  a n d  

TABLE 2 

Specific surface values S= determined by nitrogen gas adsorption 
for different types of lactose compacts compacted at 3Z5 MPa 

Type of lactose Size Crushing Surface 
fractions strength area 
(/~m) (N) S m 

(m2/g) 
Anhydrous a-lactose 24-32 55.9 1.48 

32-63 48.1 1.15 
63-100 43.2 0.98 

100-160 40.2 0.91 
160-200 39.2 0.86 
250-315 32.4 0.72 

a-Lactose monohydrate 24-32 18.6 0.70 
32-63 17.7 0.52 
63-100 11.8 0.48 

160-200 8.8 0.36 
250-315 7.8 0.34 

Roller-dried fl-lactose 32-63 32.4 0.83 
63-100 29.4 0.72 

100-160 23.5 0.61 
250-315 25.5 0.62 

Crystalline fl-lactose 32-63 15.7 0.57 
63-100 14.7 0.42 

160-200 9.8 0.35 
250-315 6.9 0.33 
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TABLE 3 

Specific surface values S m determined by gas permeametry for 
compacts of a-lactose monohydrate 

Size fractions Compaction Crushing Surface area 
(~ m) pressure strength Sm 

(MPa) (N) (m2/g) 

24-32 50 24.0 0.29 
75 40.4 0.38 

100 52.4 0.53 
125 72.0 0.64 
150 98.6 0.83 

32-63 50 - 0.21 
75 23.0 0.26 

100 40.8 0.34 
125 52.2 0.44 
150 62.4 0.65 

63-100 50 10.5 0.15 
75 25.0 0.22 

100 35.4 0.29 
125 47.1 0.35 
150 56.9 0.43 

100-160 50 8.7 0.13 
75 20.0 0.20 

100 27.1 0.22 
125 - - 
150 45.5 0.39 

160-200 50 - 0.10 
75 17.5 0.16 

100 23.4 0.21 
125 34.0 0.30 
150 40.6 0.36 

200-250 50 12.0 0.09 
75 19.6 0.13 

100 27.8 0.22 
125 34.1 0.31 
150 42.6 0.32 

250-315 50 11.5 0.07 
75 13.2 0.12 

100 18.4 0.18 
125 27.3 0.25 
150 32.0 0.35 

a t t a c h e d  t o  a s e c o n d  p l a t e  t h e  i d e n t i c a l  f o r c e  F *  

wi l l  ac t .  T h e  s u p e r p o s i t i o n  o f  t h e s e  f o r c e s  y i e l d s  

a x  
F =  ( 4 b )  6z~ 

I f  E q n s .  3, 4 b  a n d  2 a r e  c o m b i n e d ,  t h e  f o l l o w i n g  
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TABLE 4 

Specific surface values Sm determined by gas permeametry for 
compacts of crystalline fl-lactose 

Size fractions Compaction Crushing Surface area 
(# m) pressure strength S m 

(MPa) (N) (m2/g) 

32-63 75 34.4 0.31 
100 46.8 0.41 
125 58.6 0.74 
150 63.6 0.81 

100-160 75 25.4 0.15 
100 36.8 0.24 
125 46.8 0.33 
150 57.2 0.45 

160-200 75 16.4 0.12 
100 24.2 0.20 
125 - - 
150 45.2 0.33 

200-250 75 13.8 0.13 
100 24.0 0.17 
125 34.1 0.26 
150 44.0 0.30 

250-315 75 18.6 0.14 
100 28.8 0.19 
125 38.8 0.28 
150 44.2 0.34 

re la t ionsh ip  for  tensi le  s t rength  o t is ob ta ined :  

o t = k : ( 1  " ~ )  47d (5) 
X 

In  Eqn.  5 the  coo rd ina t i on  n u m b e r  ~:, the cri t ical  
specif ic  surface energy 7 a and  the d i ame te r  x of  
the  par t ic les  fo rming  the agg lomera te  ( table t )  are  
unknown.  I t  is poss ib le  to measure  the in te rna l  
specif ic  surface a rea  S v. F r o m  this value  a m e a n  
pa r t i c l e  d i ame te r  ~ can  be de te rmined :  by  e.g. 
mercu ry  in t rus ion  poros imet ry ,  BET gas adsorp -  
t ion or  gas pe rmeamet ry .  The  exper imenta l  results  
a re  compi l ed  in Tab les  1 -4 .  

6 6 
- S,, - SmP (6)  

Thus  inser t ing  Eqn. 6 in Eqn. 5 the  fo l lowing 
re la t ionship  is ob ta ined :  

2~:(1 - , )  
°t 3 YOSmO = cSm (7) 

This  shows the p r o p o r t i o n a l i t y  be tween  tensi le  
s t rength  and  the in te rna l  specific surface  area  S m 
of  the agg lomera te  or  tab le t  tested.  The  p r o p o r -  
t iona l i ty  cons tan t  c is equal  to 

2 :(1 - , ) y a p  
c = 3 ( 8 )  

F o r  the cri t ical  specific surface energy .yd the 
fol lowing value was a d o p t e d  f rom Lerk  et al. 
(1976) as a rough es t imate :  ya ( l a c t o s e ) =  71.6 
m J / m  2. 

Thus  it is poss ib le  to ca lcula te  the  c oo rd ina t i on  
n u m b e r  k of  our  ideal ized i somet r ic  spher ica l  
par t ic les  wi th  mean  d i ame te r  ~, which are  in con-  
tact  with each other :  

2(1 - , )  ~dSmP (9) 

It  is advan tageous  to take  in to  account  the equa-  
t ion for r ad ia l  tensi le  s t rength  

2Fo 
o , -  ~rDd (10) 

with F c = crushing s t rength  ( N ) ,  D = d i ame te r  of  
the tablet ,  d =  thickness  of  the tablet ,  and  the 
fol lowing re la t ions  

dot) 
d = 1 - ,  (11) 

~rD 2 = m ( 1 2 )  
v = T a ° ~  0 

with d ~  = tab le t  th ickness  for  po ros i t y  c = 0, m := 
tab le t  mass,  p = t rue specif ic  dens i ty  of  the 
mate r ia l  compac ted ,  V = vo lume  of  the  tab le t  wi th  
thickness  d ~ .  Eqns.  1 0 - 1 2  can  be  app l i ed  to s im- 
p l i fy  Eqn. 9: 

~ _  3D Fc 
47 d Sm m (13) 
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Fig. 1. Mean particle diameter ~ as a function of compaction 
pressure for compacts of a-lactose monohydrate with different 
initial particle size (see Table 7): (*), 32-45 ttm;( + ), 100-125 

/~m; (o), 125-160/~m, (×), 315-400/~m. 

Eqn. 13 is eva lua ted  on the bas is  of  the exper i -  
men ta l  results  o b t a i n e d  by  Vromans  (1987). 

M a t e r i a l s  and  M e t h o d s  

The  mate r i a l s  and  me thods  are  descr ibed  in 
de ta i l  by  V r o m a n s  et al. (1985, 1987a and  b)  and  
V r o m a n s  (1987). C o m p a c t i o n  of  table ts  was car-  
r ied out  us ing a hydrau l i c  press  ( H y d r o  M o o i  
A u t o m a t i o n ,  A p p i n g e d a m ,  The  Nether lands) .  A 
weighed quan t i t y  of  500 mg was compressed  at  
55% relat ive h u m i d i t y  in a p re lub r i ca t ed  die  wi th  
f la t - faced  punches ,  having  a d i ame te r  of  13 mm,  
at  a compress ion  speed of  2 k N / s .  The  crushing  
s t rengths  of  the tab le ts  were measu red  15 min  
af ter  compac t i on  with  a d i ame t r a l  compress ion  
test  appa ra tu s  (Schleuniger  2E). Tab le t  d imen-  
s ions were de t e rmined  using an  e lect ronic  mi-  
c rome te r  (Mi tu toyo ,  J apan)  wi th  an  accuracy  of  
0.001 mm. The  mean  tensile fai lure force F~ was 
app l i ed  to ca lcula te  the radia l  tensi le  s t rength  o t 
wi th  Eqn. 10. 

The  ca lcu la ted  po ros i ty  of  the tab le t  was de-  
r ived f rom da t a  of  i ts  weight,  vo lume and  mate r i a l  
dens i ty  ( a - l ac tose :  1.54 g / c m  3, f l- lactose:  1.59 
g / cm3) .  The  specif ic  surface areas  and  Hg-poros i -  
ties were o b t a i n e d  by  mercury  in t rus ion  po ros ime-  
t ry  (Car lo  E r b a  series 200 poros imeter ) .  The  tab le ts  
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Fig. 2. Mean coordination number k as a function of compac- 
tion pressure for compacts of different types of lactose (see 
Table 6): (*), a-lactose monohydrate 100-125 /Lm; (+), 
anhydrous a-lactose 100-125 /~m; (o), roller-dried fl-lactose 
100-125/zm; (x),  100~ amorphous spray-dried lactose; (#),  

DC lactose 11 "spray-dried lactose". 

were evacua ted  at  abou t  10 Pa  p r io r  to the mea-  
surements  for at  least  hal f  an  hour .  The  exper i -  
men ta l  results  are  compi l ed  in Tab le  1. 

In  a d d i t i o n  to the d e t e r m i n a t i o n  of  specif ic  
surface area  by  mercury  in t rus ion  poros imet ry ,  4 
lots  of  table ts  of  the ma in  lac tose  types  of  Tab le  1 
compressed  at 37.5 M P a  were ana lysed  by  the 
BET ni t rogen adso rp t ion  technique  (Quan taso rb ) .  
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Fig. 3. Mean coordination number k as a function ~)f compac- 
tion pressure for compacts of a-lactose monohydrate with 
different initial particle size (see Table 7): (*), 32-45 pm; (+), 

100-125 pm; (o), 125-160 pm; ( x ), 315-400 pm: 
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T h e  r e s u l t s  o f  t h e  s p e c i f i c  s u r f a c e  a r e a s  a r e  c o m -  

p i l e d  i n  T a b l e  2. 

T a b l e t s  o f  d i f f e r e n t  p a r t i c l e  s i z e  f r a c t i o n s  o f  

a - l a c t o s e  m o n o h y d r a t e  a n d  c r y s t a l l i n e  f l - l a c t o s e  
w i t h  a d i a m e t e r  o f  11 .3  m m  a n d  a m a s s  o f  3 5 0  m g  Case Geometrical arrangement Coordination 

number  
w e r e  p r e p a r e d  a t  d i f f e r e n t  c o m p a c t i o n  p r e s s u r e s  

a n d  a n a l y s e d  b y  g a s  p e r m e a m e t r y  a c c o r d i n g  t o  t h e  (1) Cubic 6 
(2) Orthorhombic 8 

m e t h o d  d e s c r i b e d  b y  A l d e r b o r n  e t  al .  ( 1 9 8 5 ) .  T h e s e  (3) Tetragonal-spheroidal 10 

p e r m e a m e t r y  s u r f a c e  a r e a s  a r e  c o m p i l e d  i n  T a b l e s  (4) Rhombobedral  12 

3 a n d  4.  

TABLE 5 

Coordination numbers and geometrical arrangement of isometric 
spherical particles (Sherrington and Oliver, 1981) 

TABLE 6 

Values for lactose compacts 

Type of lactose Compact ion Porosity Crushing Surface area /¢ k * .~ 
pressure (Hg) strength S m (~m)  
(MPa) (%) (N) (m2/g)  

a-Lactose 75 16.8 20.6 0.49 11.4 18.7 8.0 
monohydra te  112.5 15.6 33.4 0.79 11.5 20.1 4.9 
(100-125/xm) 150 12.2 42.2 0.83 13.8 - 4.7 

225 10.0 62.8 1.26 13.6 - 3.1 
300 7.4 83.4 1.51 15.0 - 2.6 

Anhydrous  37.5 20.7 34.3 0.79 11.8 15.2 4.9 
a-lactose 75 18.5 72.6 1.24 15.9 17.0 3.1 
(100-125/~m) 112.5 15.3 110.9 1.64 18.4 20.5 2.4 

150 12.3 147.2 2.12 18.9 - 1.8 
225 9.5 - 216 3.14 18.7 - 1.2 

Roller-dried 37.5 25.8 24.5 0.53 12.6 12.2 i 7.1 
fl-lactose 75 21.2 52.0 0.86 16.5 14.8 4.4 
(100-125/~m) 112.5 16.4 69.7 1.21 15.7 19.2 3.1 

150 13.2 104.0 1.46 19.4 - 2.6 

100% Amorphous  37.5 22.6 - 10 0.53 5.1 13.9 7.4 
spray-dried lactose 55 21.3 67.7 0.64 28.8 14.7 6.1 

75 19.1 106.9 0.66 44.1 16.4 5.9 
95 18.9 169.7 0.55 84.0 16.6 7.1 

115 12.5 - 196 0.61 87.5 - 6.4 
150 8.3 > 200 0.56 > 97 - 7.0 
225 4.3 :~  200 0.54 > 100 - 7.2 

DC lactose 11 37.5 29.5 37.3 0.55 18.5 10.6 I 7.1 
"spray-dried 75 20.4 73.6 0.58 34.6 15.4 6.7 
lactose" 112.5 17.0 110.9 0.87 34.7 18.5 4.5 

150 13.9 147.2 1.10 36.4 - 3.5 
225 10.1 - 220 1.50 39.9 - 2.6 

1 Eqn. 14 valid (~ > 0.25). 
Mean  coordination number  lc calculated according to Eqn. 13, k*  according to Eqn. 14 and mean  particle diameter ~ according to 
Eqn. 6 for lactose compacts  with 500 mg  mass  and a diameter of 13 mm.  The surface area was determined by mercury intrusion 
porosimetry. 



TABLE 7 

Values for a-lactose monohydrate compacts 
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Size fractions Compaction Porosity Crushing Surface area Tablet ~: ~ o t lit* 
(/~m) pressure (Hg) strength S m thickness (/Lm) (MPa) (MPa) 

(MPa) (%) (N) (m2/g) (mm) 

32-45 55 24.5 16.7 0.62 3.237 7.3 6.3 0.25 0.41 
150 13.5 72.6 1.24 2.845 15.9 3.1 1.25 0.95 
225 11.1 98.1 1.59 2.729 16.8 2.5 1.76 1.25 

100-125 75 16.8 20.6 0.49 3.001 11.4 8.0 0.34 0.36 
112.5 15.6 33.4 0.79 2.920 11.5 4.9 0.56 0.59 
150 12.2 42.2 0.83 2.770 13.8 4.7 0.75 0.64 
225 10.0 62.8 1.26 2.710 13.6 3.1 1.13 1.00 
300 7.4 83.4 1.51 - 15.0 2.6 - 1.23 

125-160 55 18.6 10.8 0.46 3.021 6.4 8.5 0.18 0.33 
112.5 14.9 39.2 0.81 2.855 13.2 4.8 0.67 0.61 
150 12.4 51.0 0.88 2.778 15.8 4.4 0.90 0.68 
185 11.1 61.8 0.98 2.760 17.2 4.0 1.10 0.77 
225 9.7 71.6 1.14 2.710 17.1 3.4 1.29 0.91 

315-400 55 16.4 9.8 0.34 2.933 7.8 11.5 0.16 0.25 
112.5 13.6 22.6 0.60 2.840 10.3 6.5 0.39 0.46 
150 11.6 37.3 0.65 2.751 15.6 6.0 0.66 0.51 
185 10.2 48.1 0.81 2.712 16.2 4.8 0.87 0.64 
225 9.3 55.9 0.96 2.680 15.9 4.1 1.02 0.77 

Mean coordination number ~: calculated according to Eqn. 13, mean particle diameter ~ according to Eqn. 6, tensile strength o t 
according to Eqn. 10 and at* according to Eqn. 7 for the maximum coordination number k = 12 for compacts of a-lactose 
monohydrate with different initial particle size with 500 nag mass and a diameter of 13 mm. The surface area was determined by 
mercury intrusion porosimetry. 

Results and Discussion 

Specific surface areas 
According to the resolution power of the ap- 

plied methods as well as possible systematic er- 
rors, different values for the specific surface areas 
are obtained. The critical evaluation of the meth- 
ods used are not within the scope of this paper. A 
different value of specific surface area corresponds 
to a different mean size of a set of isometric 
equivalent spherical particles. A discussion of rea- 
sonable values for the specific surface area is 
difficult and only possible on a basis of hypotheti- 
cal models concerning the compaction process and 
the properties of the powder compacted. An at- 
tempt is made using Eqn. 13 and applying the 
concept of coordination numbers. 

Coordination numbers 
The coordination number of isometric spherical 

particles depends on their geometrical packaging. 
Thus the coordination number is a discrete value 
and varies between 6 and 12 (see Table 5 and Fig. 
18b, cases 1, 2, 5 and 6 in Sherrington and Oliver, 
1981). 

In case of a multidisperse powder system of 
porosity c a mean coordination number k*  can be 
calculated substituting the powder system by 
monodisperse spherical particles with equivalent 
mean diameter ~: 

q? 
k * = - -  with 0 . 2 5 < c < 0 . 5  (14) 

c 

In case of compacts with c < 0.25 the above rela- 
tion is not valid. Based on the geometrical model 
of a system of mean isometric spheres compacted, 
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TABLE 8 

Values for lactose compacts 

Type of lactose Size fractions Crushing Surface area ~: 
(# m) strength S m ( # m) 

(N) (m2/g) 

Anhydrous a-lactose 24-32 55.9 1.48 10.3 2.6 
32-63 48.1 1.15 11.4 3.4 
63-100 43.2 0.98 12.0 4.0 

100-160 40.2 0.91 12.0 4.3 
160-200 39.2 0.86 12.4 4.5 
250-315 32.4 0.72 12.3 5.4 

a-Lactose monohydrate 24-32 18.6 0.70 7.3 5.6 
32-63 17.7 0.52 9.3 7.6 
63-100 11.8 0.48 6.8 8.2 

160-200 8.8 0.36 6.7 10.9 
250-315 7.8 0.34 6.2 11.5 

Roller-dried fl-lactose 32-63 32.4 0.83 10.6 4.5 
63-100 29.4 0.72 11.1 5.2 

100-160 23.5 0.61 10.5 6.2 
250-315 25.5 0.62 11.2 6.1 

Crystalline fl-lactose 32-63 15.7 0.57 7.5 6.6 
63-100 14.7 0.42 9.5 9.0 

160-200 9.8 0.35 7.6 10.8 
250-315 6.9 0.33 5.7 11.5 

Mean coordination number ~: calculated acording to Eqn. 13 and mean particle diameter .~ according to Eqn. 6 for lactose compacts 
with 500 mg mass and a diameter of 13 mm. The specific surface area was determined by nitrogen gas adsorption. 

r easonab le  values  for  ~: should  vary  be tween  ca. 5 
and  ca. 15. A dev ia t ion  f rom these results  indi-  
ca tes  a lack of  fit  of  the  theoret ica l  mode l  (13) 
a n d / o r  an incorrec t  de t e rmina t i on  of  the experi-  
men ta l  values  used  such as cr i t ical  specific surface 
energy 7 d o r  in te rna l  specif ic  surface area.  In  
add i t ion ,  the  e s t ima t ion  of  the mean  size ~ of  the  
par t ic les  and  the coo rd ina t i on  n u m b e r  k as a 
func t ion  of  c o m p a c t i o n  pressure  give a va luab le  
ins ight  in to  the conso l ida t ion  p r o c e s s ( s e e  Figs.  
1 -3) .  The  ca lcu la ted  values  for ~ and  k are com-  
p i l ed  in the  Tab les  6 -10 .  In  Tab le  6 the  coo rd ina -  
t ion  number s  were also ca lcu la ted  accord ing  to 
Eqn. 14, b u t  us ing c-values be tween  0.15 and  0.3 
for  c o m p a r i s o n  purposes .  

C o n c l u s i o n s  

The  resul ts  of  Tables  6 - 1 0  show tha t  the calcu-  
la ted  values  of  the  coo rd ina t i on  n u m b e r  k d e p e n d  

cr i t ical ly  on the value  of  the specif ic  surface area  
used. Reasonab le  values are o b t a i n e d  on the bas is  
of  specific surface area  de t e rmine d  by  gas adso rp -  
t ion (BET-method)  and  mercu ry  in t rus ion  po ro -  
s imet ry  for  the lots  of  lac tose  types  which  show 
br i t t le  f rac ture  dur ing  compress ion .  The  lower  val- 
ues for  the specific surface  a rea  de t e rmine d  b y  gas 
p e r m e a m e t r y  yield c oo rd ina t i on  numbe r s  exceed-  
ing the  value  of  15. The  resul ts  do  no t  a l low to 
d i sc r imina te  which of  the  me thods  of  the  de-  
t e rmina t ion  of  specific surface a rea  have  to be  
preferred.  The  mode l  (7) which  was der ived,  takes 
in to  account  on ly  L o n d o n  d i spers ion  forces  as 
well as the  fact  that  the c o m p a c t  is f o rmed  b y  
discrete  par t ic les .  I t  is ev ident  tha t  the  la t te r  con-  
d i t ion  is on ly  fulf i l led for  br i t t le  subs tances  which  
do  not  show an  i m p o r t a n t  p las t ic  de fo rma t ion .  

The  mean  equiva lent  pa r t i c le  size ~ of  the 
par t ic les  c o m p a c t e d  de pe nds  on  the reso lu t ion  
power  of  the me thod  of  de t e rmina t i on  of  specific 
surface area.  As  the j unc t i ons  be tween  the indiv id-  



TABLE 9 

Values for ct-lactose monohydrate compacts 

Size Compaction Crushing Surface k .2 
fractions pressure strength area (/xm) 
(/~m) (MPa) (N) Sm 

(m2/g) 

24-32 50 
75 

100 
125 
150 

32-63 50 
75 

100 
125 
150 

63-100 50 
75 

100 
125 
150 

100-160 50 
75 

100 
125 
150 

160-200 50 
75 

100 
125 
150 

200-150 50 
75 

100 
125 
150 

250-315 50 
75 

100 
125 
150 

24.0 0.29 28.0 13.4 
40.4 0.38 36.0 10.3 
52.4 0.53 33.4 7.4 
72.0 0.64 38.0 6.1 
98.6 0.83 40.2 4.7 

- 0 . 2 1  - 18.6 
23.0 0.26 29.9 15.0 
40.8 0.34 40.6 11.5 
52.2 0.44 40.1 8.9 
62.4 0.65 32.5 6.0 

10.5 0.15 23.7 26.0 
25.0 0.22 38.4 17.7 
35.4 0.29 41.3 13.4 
47.1 0.35 45.5 11.1 
56.9 0.43 44.8 9.1 

8.7 0.13 22.6 30.0 
20.0 0.20 33.8 19.5 
27.1 0.22 41.7 17.7 

45.5 0.39 39.5 10.0 

- 0.10 - 39.0 
17.5 0.16 37.0 24.4 
23.4 0.21 37.7 18.6 
34.0 0.30 38.3 13.0 
40.6 0.36 38.1 10.8 

12.0 0.09 45.1 43.3 
19.6 0.13 51.0 30.0 
27.8 0.22 42.7 17.7 
34.1 0.31 37.2 12.6 
42.6 0.32 45.0 12.2 

11.5 0.07 55.6 55.7 
13.2 0.12 37.2 32.5 
18.4 0.18 34.6 21.6 
27.3 0.25 36.9 15.6 
32.0 0.35 30.9 11.1 

Mean coordination number/¢ calculated according to Eqn. 13 
and mean particle diameter .2 according to Eqn. 6 for com- 
pacts of a-lactose monohydrate with different initial particle 
size with 350 mg mass and a diameter of 11.3 mm. The specific 
surface area was determined by gas permeametry. 

ua l  p a r t i c l e s  s i m u l a t e  v e r y  f ine  po re s ,  t h e  m e t h o d s  

w i t h  h i g h  r e s o l u t i o n  p o w e r  (e.g. n i t r o g e n  gas  ad -  

s o r p t i o n )  m a y  l ead  to  a n  o v e r e s t i m a t i o n  o f  t he  

99 

s u r f a c e  area ,  b e c a u s e  they  c a n n o t  d i s t i n g u i s h  be -  

t w e e n  i n t e r p a r t i c u l a r  a n d  i n t r a p a r t i c u l a r  p o re s .  

In  ca se  o f  t he  gas  p e r m e a m e t r y  n o  i n t r a p a r t i c u -  

la r  p o r e s  a re  m e a s u r e d .  H o w e v e r ,  it  m a y  b e  p o s s i -  

b l e  t h a t  t he  p o w e r  o f  r e s o l u t i o n  is n o t  h i g h  e n o u g h  

a n d / o r  t h a t  t he  r e su l t s  a re  b i a s e d  d u e  to  sys-  

t e m a t i c  e r ro r s  i n v o l v e d  in  t h e  c a l c u l a t i o n  o f  t he  

spec i f i c  s u r f a c e  area.  I t  c a n n o t  b e  e x c l u d e d  t h a t  

t h e  s u r f ace  a r eas  d e t e r m i n e d  b y  gas  p e r m e a m e t r y  

a re  t he  o n l y  c o r r e c t  o n e s  a n d  t h a t  t h e  c r i t i ca l  

spec i f i c  s u r f a c e  e n e r g y  "t d t a k e n  f r o m  the  l i t e ra -  

t u re  ( L e r k  et  al., 1976) is a n  u n d e r e s t i m a t i o n .  

T h e  t h e o r e t i c a l  m o d e l  p r e s e n t e d  e l u c i d a t e s  

c l ea r ly  t h e  p r o p o r t i o n a l i t y  b e t w e e n  c r u s h i n g  

s t r e n g t h  o f  b r i t t l e  l a c t o s e  t a b l e t s  a n d  t h e  i n t e r n a l  

spec i f i c  s u r f a c e  a r ea  (see  Fig .  4). T h e  m a t h e m a t i -  

TABLE 10 

Values for crystalline fl-lactose compacts 

Size Com- Crushing Surface k .2 
fractions paction strength area ( t~ m) 
(/~m) pressure (N) S m 

( M P a )  ( m 2 / g )  

32-63 75 34.4 0.31 37.5 12.2 
100 46.8 0.41 38.6 9.2 
125 58.6 0.74 26.8 5.1 
150 63.6 0.81 26.6 4.7 

100-160 75 25.4 0.15 57.3 25.2 
100 36.8 0.24 51.9 15.7 
125 46.8 0.33 48.0 11.4 
150 57.2 0.45 43.0 8.4 

160-200 75 16.4 0.12 46.2 31.4 
100 24.2 0.20 40.9 18.9 
125 . . . .  
150 45.2 0.33 46.3 11.4 

200-250 75 13.8 0.13 35.9 29.0 
100 24.0 0.17 47.7 22.2 
125 34.1 0.26 44.4 14.5 
150 44.0 0.30 49.6 12.6 

250-315 75 18.6 0.14 44.9 27.0 
100 28.8 0.19 51.3 19.9 
125 38.8 0.28 46.9 13.5 
150 44.2 0.34 44.0 11.1 

Mean coordination number k calculated according to Eqn. 13 
and mean particle diameter .2 according to Eqn. 6 for com- 
pacts of crystalline fl-lactose with different initial particle size 
with 350 mg mass and a diameter of 11.3 ram. The specific 
surface area was determined by gas permeametry. 
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Fig. 4. a. Plot of tensile strength o t vs surface area S m and ot* vs Sm for compacts of a-lactose monohydrate 100-125/~m (see Table 
7): (o), 06 slope = 1.04 MPa/m2/g, intercept = - 0.18 MPa, correlation coefficient = 0.9832; (*), or*: slope = 0.86 MPa/mE/g, 
intercept = -0.07 MPa, correlation coefficient = 0.9995. b. Plot of tensile strength o t vs surface areas S m and or* vs S m for 
compacts of a-lactose monohydrate 315-400/~m (see Table 7): (o), or: slope = 1.46 MPa/m2/g,  intercept = -0.36 MPa, correlation 

coefficient = 0.9749; ( * ), or*: slope = 0.84 MPa/m2/g, intercept = - 0.04 MPa, correlation coefficient = 0.9998. 

cal model presented is not valid for substances 
which deform plastically during compaction such 
as amorphous spray-dried lactose. 

The calculation of coordination numbers on the 
basis of a compact formed by equivalent spherical 
isometric (brittle) particles with the mean particle 
size ~ according to Eqn. 13 yield the right order of 
magnitude. The calculated values do not differ 
very much from the ones calculated by Hiestand 
(1985) using a different approach. 
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