
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Solubility Product

T h e  p rec ip ita ted  su rfactan t can  b e  in eq u ilib r iu m  w ith  d ifferen t ratios  
o f  su rfactan t and c o u n ter io n  (c a lc iu m , so d iu m , or h y d r o g e n ) b e lo w  th e  C M C  
as lo n g  as th e  so lu b ility  p rod u ct is sa t is f ie d . I f  d is t ille d  w a ter  is eq u ilib ra ted  
w ith  a p u re io n ic  su rfactan t cry sta l, th e su rfactan t ion  and th e c o u n te r io n  (e .g ..  
ca tio n  for a n io n ic  su rfactan t) w il l  b e  p resen t in so lu tio n  at th eir  s to ic h io m e tr ic  
p ro p o rtio n s. T h is  su r fa c ta n t/co u n ter io n  ratio  c o u ld  b e d iffe r e n t  if. for 
e x a m p le , hard w a ter  w ere  eq u ilib ra ted  w ith  an a n io n ic  su rfactan t cry sta l. In 
th is  s tu d y , a c t iv ity  c o e f f ic ie n ts  w e r e  ig n o red  in c a lc u la t in g  and u s in g  apparent 
or c o n c e n tr a tio n -b a se d  K S|> v a lu es; th ere fo re , in th e  ra n g e  o f  h ig h  salt 
c o n c e n tr a t io n s , th e ap p aren t K Sp v a lu e s  for th e so lu t io n s  in th is  s tu d y  are not 
c o m p a r a b le  to  a c t iv ity -b a se d  v a lu e s  from  th e literature. f o r  d iv a len t  
c o u n ter io n  c a lc iu m , th e K Sp is d e fin e d  as

K sp =  [C a 2+] [ร -]2 (4 .1 )
and for m o n o v a le n t  so d iu m :

K sp =  [N a +] [ร -] (4 .2 )
for th e so lu t io n  in e q u ilib r iu m  w ith  th e p rec ip ita te  w h e r e  [S'J is su rfactan t  
a n io n  co n c e n tr a tio n . T h e se  ap p aren t co n c e n tr a tio n -b a se d  I<S|. v a lu e s  are 
sh o w n  in fa b le  4 .1 .
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Table 4.1 K Sp v a lu e s  for so d iu m  and c a lc iu m  sa lts  o f  a lk y l su lfa te s , c a lc iu m  

o c ta n o a te . an d  c a lc iu m  d o d e c a n o a te  at 30 c
S u rfactan t K S|. (c o n c e n tr a t io n -b a se d )
N a D S  (so d iu m  d o d e c y l su lfa te ) 2 .6 3  X 1()'4 v F

C a D S  (c a lc iu m  d o d e c y l su lfa te ) 2 .6 5  X 10 '"  M'1
N a T S  (so d iu m  te tra d eey l su lfa te ) 2 .5 9  X 1 ( โ ,’ M r
C a T S  (c a lc iu m  te tra d eey l su lfa te ) 6 .3  X 10'T2 M ;

N a O S  (so d iu m  o c ta d e c y l su lfa te ) 7 .8 2  X 1()”8 M r
C a O S  (c a lc iu m  o c ta d e c y l su lfa te ) 1 .09 X 1 0 '13 M '
C aC s (c a lc iu m  o c ta n o a te ) 4 .5 3  X l o ' - ^ 3

C aC  1 2  ( c a lc iu m  d o d e c a n o a te ) 1.43 X 10‘I2M '

4.2 Effect of Surfactant Structure and Counterion Type

I lie  v a lu e s  o f  th e a d v a n c in g  co n ta c t a n g le s  ( 0 A) are sh ow  n in T a b le
4 .2 . T h e  co n ta c t  a n g le s  o f  so d iu m  and c a lc iu m  sa lts  o f  a lk y l su lfa te s  ( C | 2 - c  14 

and C 1X) are in th e range o f  4 6 °  to  9 6 °  and in crea se  w h en  the a lk y l ch a in  
len g th  in c r e a se s , p articu larly  w h en  th e a lk y l ch a in  len g th  is a b o v e  14. T h e  
a lk v l tr im e th y la m m o n iu m  b ro m id es  ( C 1 4 - C |(, and c  1 x) h a v e  c o n ta c t a n g le s  
b e tw e e n  0 °  to  3 4 °  w ith  little  d e p e n d e n c e  on  the a lk y l ch a in  len g th . T h e  
co n ta c t a n g le s  for C |8T A B  are not very  a ccu ra te  s in c e  th ere  w a s  p en etra tio n  
from  th e  so lu t io n  in to  the p recip ita ted  su r fa ce  w h ic h  re d u c e s  the co n ta c t  a n g le . 
T h ere fo re , th e  co n ta c t a n g le s  o f  th is su rfactan t sh o w n  in T a b le  4 .2  are the  
a p p ro x im a te  v a lu e s  p ro v id ed  in ord er to  se e  th e trend w ith  v a r y in g  a lk y l ch a in  
len g th s  o f  th e se  se r ie s  o f  c a t io n ic  su rfactan ts, f  igu re  4.1 s h o w s  p lo ts  o f  
a d v a n c in g  co n ta c t a n g le s  v s  carb on  ch a in  le n g th s  o f  th e su rfactan t  
h y d ro p h o b e .
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Table 4.2 T h e  co n ta c t a n g le s  o f  th e  satu rated  su rfactan t so lu t io n s  on  
p rec ip ita ted  su rfa cta n ts at 2 0 -7 0  pL  drop v o lu m e s

S u rfactan t A v e r a g e  0 A (d e g r e e )
N a D S 56
N a T S 56
N a O S 72
C a D S 4 6
C a T S 4 7
C aO S 9 6
C 1 4 T A B  (te tra d ecy l tr im eth y l a m m o n iu m 0 -2
b ro m id e )
C 1 6 T A B  (h e x a d e c y l tr im eth y l a m m o n iu m 16
b ro m id e )
C l S T A B  (o c ta d e c y l tr im eth y l a m m o n iu m 34
b ro m id e )

C arbon  ch a in  len g th  (ท)

Figure 4.1 T h e  a d v a n c in g  co n ta c t a n g le  o f  ( ♦  ) so d iu m  a lk y l su lfa te . 
(■ ) c a lc iu m  a lk y l su lfa te . (A) a lk y l tr im e th y la m m o n iu m  b ro m id e
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T h e  c o n ta c t a n g le s  o f  th e  so d iu m  and c a lc iu m  sa lts  o f  a lk y l su lfa te s  
are h ig h  c o m p a red  to  th o se  o f  a lk y l tr im e th y ia m m o n iu m  b r o m id e s  w ith  
s im ila r  h y d r o p h o b ic  s iz e s . C a tio n ic  su rfa cta n ts (e .g . .  qu atern ary  a m m o n iu m  
h ead  g ro u p s) g e n e r a lly  h a v e  a h ig h er  C M C  than a n io n ic  su rfa c ta n ts  (e .g ..  
su lfa te  h ead  g ro u p s) w ith  th e sa m e  h y d r o p h o b ic  grou p  s iz e , e v e n  i f  the  
c a tio n ic  and a n io n ic  su rfa cta n ts are co m p a red  on  th e b a s is  on  s im ila r  critica l 
m ic e lle  c o n c e n tr a tio n  v a lu e s  ( C |8T A B  is ro u g h ly  e q u iv a le n t  to  a so d iu m  a lk y l 
su lfa te  w ith  15 ca rb o n s b a sed  on  th e C M C ). T h is  m a y  b e rela ted  to  th e larger  
h y d r o p h ilic  grou p  o f  the tr im e th y ia m m o n iu m  g rou p  co m p a red  to  th e su lfa te  
group .

4.3 Non-Stoichiometric Ratio of Surfactant and Counterion

F rom  e q u a tio n s  4.1 and 4 .2 .  the so lu b ility  p rod u ct can  b e  sa t is f ie d  at 
d ifferen t ra tio s o f  co u n ter io n /su r fa c ta n t ion for a g iv e n  co u n ter io n  and  
su rfactan t. T a b le  4 .3  s h o w s  a d v a n c in g  co n ta c t a n g le s  for so d iu m  and c a lc iu m  
sa lts  o f  a lk y l su lfa te s , c a lc iu m  o c ta n o a te  and c a lc iu m  d o d e c a n o a te . T h e  

resu lts  sh o w  that 0 A has little  sy s te m a tic  d e p e n d e n c e  on  su r fa c ta n t/co u n ter io n  
ratio  for all sy s te m s . H o w e v e r , for th e m o st w a ter  so lu b le  su rfactan t s tu d ied  
(N a D S ) .  th e  co n ta c t a n g le  w a s  le s s  r e p ro d u c ib le  (m o r e  data sca tter ) than le ss  
so lu b le  su r fa c ta n ts . T h e se  resu lts  in d ic a te  that th e p r e c ip ita tin g  co u n ter io n  
c o n c e n tr a tio n  (e .g . .  w a ter  h a rd n ess) w ill  h a v e  little  e f fe c t  on  w e tta b ility  as  
lo n g  as th e K Sp is a tta in ed  or e x c e e d e d  for th e se  sy s te m s .

T a b le  4 .3  A d v a n c in g  co n ta c t a n g le s  for n o n -s to ic h io m e tr ic  satu rated  
so lu t io n s

Surfactan t A v e r a g e  0 A (d e g r e e )
N a D S
ID S '! 1 .44  X KF4 M . 1 N a  J =  4 .0 5 7  M 6 7
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[ อ ร ' ] =  1 . 5 4 X 10'4 M . [N a ๆ  =  1 .5 0 9  M 54
[ อ ร ' ]  = 1 . 7 2 x 1 0 '4 M . [N a +] =  1 .3 2 6  M 54
[ อ ร ' ]  =  1.85 X 10 '4 M . [N a +] =  2 .5 4 3  M 56
เ อ ร ' ]  =  2 .1 0  X 10'4 M . |N a +] =  1 .2 5 2  M 50
[ อ ร ' ]  =  2 .3 9  X 10'4 M . [N a +] =  2 .8 3 9  M 58
C a D S
[ ช ร ']  =  1.94  X 10'4 M . [C a 2+] =  9 .2 3  X 10'4 M 45
ID S '] =  2 .1 1  X 10'4 M . [C a 2+] =  4 .4 9  X 10'4 M 4 9
เ อ ร ' ]  =  3 .6 4 .x  I0 '4 M . [C a 2+] =  2 . 0 0 x  10'4 M 4 6
เ อ ร ' 1 =  4 .7 2  X 10'4 M . [C a 2+] =  8 .3 8  X 10'4 M 43
[ อ ร ' ]  =  5 .6 0  X 10'4 M . |C a 2' ]  =  7 .0 6  X 10"4 M 47
[ อ ร ' ]  =  1.01 X 10'3 M . [C a 2+] =  8 .7 3  X 10'4 M 4 8
N a T S
L I S ] =  6 .5 1  X 10'4 M . [N a +] =  5 .6 5  X 10'3 M 58
[ไ ร ']  =  6 .6 6  X 10'4 M . [N a +] =  7 .8 3  X 10'3 M 56
['โร ' 1 =  8 .5 4  X 10 '4 M . [N a +] =  2 . 1 7 x 1 0 '3 M 54
[ไ ร '] =  8 .6 5  X 10'4 M . [N a +] =  1.48  X 10'3 M 5 4

[ T S ]  =  1 .06  X 10 '3 M . [N a +] =  1.13 X 10"3 M 67
[T S '] =  1 .10  X 10'3 M . [N a +] =  2 .0 9  X 10'3 M 50
C a T S
[T S '] =  9 .5 8  X 10'5 M . [C a 2+] =  7 .8 8  X 10"4 M 4 4
[ไ 'ร '] =  1 .02  X 10'4 M . |C a 2+] =  3 .2 9  X 10'4 M 4 8
[ไ'ร '] =  1 .08  X 10'4 M . [C a 2+] =  2 . 9 9 x  10'4 M 53
[T S '] =  1 .10  X 10 '4 M . [C a 2+] =  1 .22  X 10'3 M 45
| 1 S ' ] =  1 .12  X 10'4 M . |C'a2+] =  6 .11  X 10'4 M 44
|T S ' ] =  1 .26  X 10"4 M . [C a 2+] =  6 .0 9  X 1()'4 M 51

N a O S
[O S '] =  5 .0 4  X 10'5 M . |N a  ] =  1 .96  X 10'3 M 95
[O S 'I =  5 .1 6  X I0 '5 M . |N a +] =  3 .5 0  X 10'3 M 9 6



22

[O S ']  =  5 .9 9  X 10'5 M . [N a"] =  6 .2 6  X 10'4 M 9 4
[O S ’] =  6 .9 7  X 10'5 M . [N a +] =  5 .7 4  X 10'4 M 9 4
[O S '] =  7 .5 4  X 10'5 M . |N a + 1 =  1 .17  X 10'- M 95
[O S '] =  9 .3 6  X 10'5 M . [N a +] =  2 .61  X 10'4 M 9 9
C a O S
[O S '] =  1 .87  X 10'5 M . [C a 2+] =  3 .5 4  X 10'4 M 72
[O S '] =  2 .0 0  X 10'5 M . [C a 2+] =  3 .4 6  X 10'4 M 6 9
[O S '] =  2 .4 2  X 10'5 M . [C a 2+] =  9 .9 8  X 10'5 M 74
[O S '] =  2 .8 7  X 10'5 M . [C a 2+] =  1 .70 X 10'4 M 72
[O S '] =  2 .9 3  X 10 '5 M . |C a 2+] =  8 . 8 6  X 10'- M 71
[O S ']  =  3 .1 6  X 10'5 M . [C a 2+] =  1 .17 X 10'4 M 75
CaC's
[C,ร']  =  0 .0 0 6 8  M . [C a 2+] =  2 .7 4  X 10'3 M 93
|C,ร ']  =  0 .0 0 9 1  M . [C a 2+] =  4 .6 4  X 10'3 M 92
[C V ] =  0 .0 1 0 3  M . [C a 2+] =  5 .31 X 10'3 M 94
[C V ] =  0 .0 1 3 2  M . [C a 2+] =  4 .8 6  X 10'3 M 92
CaC  12
[ C ,2'] =  4 .4 9  X 10'5 M , [C a 2+] =  5 .7 4  X 10'4 M 85
[ C 12'] =  4 .7 9  X 10'5 M , [C a 2+] =  3 .4 9  X 10'4 M 83
1 c  12'] =  5 .81  X 10'5 M . |C a 2+] =  3 .2 4  X l ( f 4 M 85
[ C 12'] =  1 .04  X 10'4 M . |C a 2+] =  2 .4 4  X It)'4 M 82

4.4 Effect of pH of Fatty Acid Solutions

The contact angles for saturated fatty acid solutions (C12- C|f,). with 
pi I from 4.0 to 10.0. onto its own precipitate surface are shown in figure 4.2. 
The dodecanoic acid has a contact angle 77° to 81°. whereas the contact angle 
of hexadecanoic acid varies from 82° to 84°. According to Drelich et al. 
(1994). the extent of dissociation of carboxylic groups depends on the pll of



23

th e  a q u e o u s  p h a se , and it can  b e e x p e c te d  that s ig n if ic a n t  d is s o c ia t io n  o f  
c a r b o x y lic  g ro u p s o ccu rs  in the so lu tio n  u n d er th e a lk a lin e  c o n d it io n s . T h e  
pK-, o f  so d iu m  o c ta n o a te  is 5 .3  (R o d r ig u e z  el ai. 1 9 9 8 ) and sh o u ld  d ep en d  
little  on  th e h y d ro p h o b e  ch a in  len g th  o f  th e  su rfactan t. T h e r e fo r e , th e  ran ge o f  
pi I v a lu e s  s tu d ied  here (4 -1 0 )  co rresp o n d s  to  a lm o st  c o m p le te l}  p ro ton ated  
(n eu tra l) su rfactan t to  a lm o st c o m p le te ly  a n io n ic  su rfactan t. S in c e  th e so lid  
p rec ip ita te  m u st be a lm o st e le c tr ic a lly  n eu tra l, th ere  is o n e  h y d r o g e n  (or  
h y d r o n iu m ) ion  p er su rfactan t an ion  in th e c r y s ta llin e  so lid . H o w e v e r , as pH  
v a r ie s , th e  ratio  o f  io n iz e d  su rfactan t/n eu tra l (p ro to n a ted ) su rfactan t in so lu tio n  

c h a n g e s . T h ere fo re , the fact that th e v a lu e  o f  0 A had a lm o st  n o  pH  
d e p e n d e n c e  for th e fatty a c id  in F igu re  4 .2  in d ic a te s  that th e p ro to n a ted  and  
u n p ro to n a ted  su rfa cta n ts h a v e  a p p r o x im a te ly  th e  sa m e  su r fa c e  a c t iv ity  at the  
s o lid /l iq u id  and liq u id /v a p o r  in ter fa ces .

CD 60 - 
40 - 
2 0  -

2 4 6 8 10 12

pH  o f  so lu tio n

Figure 4.2 T h e  a d v a n c in g  co n ta c t a n g le  o f  ( ♦  ) d o d e c a n o ic  a c id . 
(■ ) h e x a d e c a n o ic  acid
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4.5 Effect of Second Subsaturated Surfactant

T h e  co n ta c t a n g le s  o f  satu rated  c a lc iu m  d o d e c a n o a te  so lu t io n s  
c o n ta in in g  a se c o n d  su b satu rated  su rfactan t (N a D S ) .  are sh o w n  in f  igu re 4 .3 .  
C o n c e n tr a tio n s  o f  0 .5 . 1. 10. 5 0 , 1 00  and 2 0 0  in M  N a D S  w e r e  u sed  in th ese  
e x p e r im e n ts . T h e  resu lts  sh o w  that th e c o n ta c t a n g le  d e c r e a se s  s ig n if ic a n t ly  
w ith  in c r e a s in g  N a D S  co n cen tra tio n  from  0  to  10 m M  and rem a in ed  co n sta n t  
after  10 m M . T h e  N a D S  is a c t in g  as a c la s s ic a l w e tt in g  agen t re d u c in g  co n ta c t  
a n g le s  b y  p resu m a b ly  a d so rb in g  o n to  th e p rec ip ita ted  su rfactan t su r fa ce  from  
so lu tio n  and at th e so lu tio n /a ir  in terfa ce  m o re  e f f ic ie n t ly  than the p rec ip ita tin g  
su rfactan t a lo n e .

90  ไ 80 i;

0 20 40 60 80 100 120 140 160 180 2(X)

N a D S  co n cen tra tio n  (m M )

Figure 4.3 T h e  a d v a n c in g  co n ta c t a n g le  o f  satu rated  c a lc iu m  d o d e c a n o a te  
so lu t io n  w ith  v a r y in g  N a D S  c o n c e n tr a tio n s

A b o v e  th e  C M C . a d so rp tio n  o f  th e su rfactan t m ix tu re  at th e so lid /liq u id  
and liq u id /g a s  in ter fa ces  is a p p ro x im a te ly  co n sta n t, so  in terfa c ia l ten sio n  
a b o v e  th e C M C  is a p p ro x im a te ly  co n sta n t. T h ere fo re , it is not su rp r is in g  that 

the v a lu e  o f  0 A b e c o m e s  co n sta n t at h ig h er  N a D S  c o n c e n tr a tio n s . T h is
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le v e l in g  o f f  o f  su r fa ce  ten s io n  a b o v e  th e  C M C  is o fte n  se e n  (R o s e n . 1 9 8 9 ). 
T h ere fo re , it w a s  p o stu la ted  that for th e m ix e d  su rfactan t so lu t io n  C M C  is in 
th e  c o n c e n tr a tio n  ran ge from  1 n iM  to  10 m M  in F igu re  4 .3 .  a b o v e  w h ic h  the  
co n ta c t a n g le  le v e ls  o ff . It is not p o s s ib le  to  e s t im a te  th e C M C  b e c a u se  o f  the  
m ix tu re  o f  c o u n te r io n s  p resen t (c a lc iu m  and so d iu m ) w ith  th e  m ix tu re  o f  
su rfa c ta n ts  (d o d e c a n o a te  and d o d e c y l su lfa te ) .

4.6 Feel/Appearance of Surfactants

T h e  fatty  a c id s  and c a lc iu m  sa lts  o f  the fatty  a c id s  are g r e a sy  to  the 
to u ch . T h e  so d iu m  sa lts  o f  th e fatty a c id s  are g rea sy  as w e ll ,  but le s s  than  
th o se  o f  fatty  a c id s  and c a lc iu m  sa lts  o f  th e fatty  a c id s . S o d iu m  and c a lc iu m  
sa lts  o f  a lk y l su lfa te s  are s lip p e r y , but d o  not fee l g r e a sy . T hat is. th e su r fa ce  
is s lic k  and e x h ib its  low  fr iction  w h e n  s lid in g  a lin g e r  o v e r  it. but th e la y ers  o f  
th e c r y sta ls  d o  not s lid e  o v e r  ea ch  o th er  e a s i ly , so  it is not g rea sy .

Table 4.4 T h e  a v era g e  a d v a n c in g  co n ta c t a n g le s  o f  so d iu m  and c a lc iu m  sa lts  
o f  a lk y l su lfa te s  fatty a c id s , so d iu m  and c a lc iu m  sa lts  o f  fatty  a c id s

C h e m ic a ls A v e r a g e  9 A (d e g r e e )

c  12 f  14 c  IS
S o d iu m  a lk y l su lfa te 56 56 72
C a lc iu m  a lk y l su lfa te 4 6 4 7 9 6
S o d iu m  so a p - 50 6 9
C a lc iu m  so a p 82 83 92
F atty  a c id 82 87 91

* data from  literature (L u a n g p iro m  et al.. 2 0 0 0 )

T h e  su r fa ce  o f  the p rec ip ita te  is  m o re  h y d ro p h o b ic  as the len g th  o f  the  
h y d r o p h o b ic  grou p  in crea se s  (T a b le  4 .4 ) .  P o ss ib le  e x p la n a t io n s  are red u ced
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adsorption of surfactant at the air/water and/or the solid/vvater interface due to 
decreased surfactant concentration in the water (due to lower solubility since 
solutions are saturated) as the hydrophobe size increases. Reduced surfactant 
adsorption could result in increased surface or interfacial tensions and the 
higher contact angle. So. the greater antifoam behavior of the higher 
molecular weight soaps may be due to wetting effects as well as lower 
solubility.

As seen in Table 4.5. both the surfactant type (sulfate or carboxylate) 
and the counterion type have important effects on wetting. The highest 
contact angles were observed with the largest hydrophobic groups studies, 
consistent with large hydrophobes being used industrially in fatty acid 
antifoams. Greasiness is not necessarily related to hvdrophobicity as 
illustrated by the high contact angle of the CaOS of 96 . a surfactant which is 
slipper), but not greasy. There have not had any literature measurements of 
contact angle on soap scum (or any precipitated surfactant), so the common 
attribution of soap scum as hydrophobic (high contact angle) commonly 
encountered seems to be presumptive based on its greasy feel and appearance. 
A greasy feel may be due to an ease of precipitate layers to slide past each 
other. This increased lubricity may be due to less structured hydrophobic 
regions compared to e.g.. the sodium salt of an alkyl sulfate, while the surface 
exposed to a liquid droplet may be ordered.

Table 4.5 Feel/appearance of various surfactants
Surfactant Feel/Appearance
Fatty acids Greasy
Sodium salts of fatty acids Greasy
Calcium salts of fatty acids Greasv
Sodium salts of alkyl sulfates Slippery
Calcium salts of alkyl sulfates Slippery
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Some of the soap scums here are hydrophobic, but the contact angle 
barely exceeds 90 . Also, other high molecular weight surfactants are also 
hydrophobic. Even i 1' the dewetting mechanism of a soap's antifoam behavior 
is correct, then is there some special characteristic besides wetting which 
makes a fatty acid a particularly effective defoamer and antifoam? Future 
work will address this.

4.7 Kinetics of Wetting for Cycling Experiment

The advancing contact angles for 11C|(, with time for cycling 
experiments are shown in Figure 4.4. It was found that the advancing contact 
angles decrease slightly with time, but reach equilibrium after first minute for 
even cycle. The relationship between the receding contact angles and time 
for different drop volumes for HCIf, is shown in Figure 4.5. The receding 
contact angles are constant when the drop volumes are 50 pi. -  70 pL. and the 
receding contact angles decrease substantially (9-10°) with time for small drop 
volumes (40 pL).
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Figure 4.4 Advancing contact angle of hexadecanoic acid as a function of 
time for cyclic experiments. ( ♦  ) Ist cycle. ( ■  ) 2ml cycle. ( A  ) 3ul cycle.
(*) 4lh cycle
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Time (min.)

Figure 4.5 Receding contact angle of hexadecanoic acid as a function of 
time for different drop volumes. (♦ HO pL. (■ ) 50 pL. (A) 60 pL. (*) 70 
pi.
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