
RESULTS AND DISCUSSION
C H A PT E R  IV

4.1 Synthesis o f Protected Glycerol (Solketal) from Glycerol

G ly c e r o l  a n d  a c e t o n e  a re  th e  r a w  m a t e r ia ls  u s e d  f o r  p r o d u c in g  p r o t e c t e d  

g ly c e r o l  ( s o lk e t a l )  b y  c o n d e n s a t io n  r e a c t io n .  S o lk e t a l  o r  i s o p r o p y l id e n e  g ly c e r o l  

c o n t a in s  th e  c e n t e r  o f  g ly c e r o l  b a c k b o n e  w h i c h  a n  i s o p r o p y l id e n e  g r o u p  b o u n d  t o  

t w o  n e ig h b o r in g  h y d r o x y l  g r o u p  s h o w n  in  F ig u r e  4 .1 .

G l y c e r o l  A c e t o n e  S o l k e t a l  W a t e r

Figure 4.1 C o n d e n s a t io n  r e a c t io n  to  p r o d u c e  s o lk e t a l .

S o lk e t a l  h a s  b e e n  u s e d  in  m a n y  in d u s t r ie s  f o r  e x a m p le :  d r u g  a n d  

p h a r m a c e u t ic a l ,  f u e l  a d d it iv e s  in  g a s o l i n e  ( C la u d io  et al., 2 0 1 0 )  a n d  b i o d i e s e l  

( G a r c ia  et a l ,  2 0 0 8 )  a n d  s y n t h e s i s  m o n o - ,  d i -  a n d  t r ig ly c e r id e  ( M a k k a m .,  2 0 1 0 ) .

4 .1 .1  T h e  E f f e c t  o f  C a t a ly s t  S y s t e m s  o n  C o n v e r s i o n  o f  G ly c e r o l  to  S o lk e t a l  

T h e  r e a c t io n  o c c u r s  u n d e r  a t m o s p h e r ic  p r e s s u r e  a n d  r e f lu x in g  

te m p e r a tu r e  w i t h  a c id  c a t a ly s t .  I n i t ia l ly ,  th e  g ly c e r o l  to  a c e t o n e  m o la r  r a t io  i s  1 :2  

w it h  l % w t  / M o l u e n e s u l f o n i c  a c id  a s  a n  a c id  c a t a ly s t  in  b a t c h  r e a c t io n  s y s t e m  w i t h  

to ta l  r e f lu x .  G a s  c h r o m a t o g r a p h y  is  u s e d  fo r  th e  q u a n t i t a t iv e  a n a ly s i s .  T h e  a n a ly s i s  

p r o c e d u r e  a n d  d e t a i l  a r e  r e p o r te d  in  s e c t i o n  3 .3 .5 .  T h e  s a m p le  i s  d i lu t e d  b y  

i s o p r o p a n o l  fo r  in te r n a l  s ta n d a r d . T h e  r e la t io n s h ip s  b e t w e e n  c o n v e r s i o n  o f  g ly c e r o l  

a n d  t im e  in  th e  s y s t e m  th a t  c o n t a in  c a t a ly s t  a n d  m o le c u la r  s i e v e  3 A ,  o n ly  c a t a ly s t  

a n d  o n ly  m o le c u la r  s i e v e s  3 A  a re  s h o w n  in  F ig u r e  4 .2 .
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F i g u r e  4 .2  C o n v e r s io n  o f  g ly c e r o l  t o  s o lk e t a l  a t d i f f e r e n t  t im e :  (♦ ) w i t h  a c id  

c a t a ly s t ,  ( o )  w i t h  a c id  c a t a ly s t  a n d  M o l3 A  a n d  ( T )  w i t h  M o l3 A .

A f te r  th e  r e a c t io n , th e  p r o d u c t  m ix t u r e  i s  c le a r  a n d  c o l o r l e s s  ( F ig u r e  4 .3 ) .  
T h e  c o n v e r s i o n  i s  s l i g h t ly  in c r e a s e d  u p  t o  8  h o u r s .  A f t e r  8  h o u r s ,  t h e  c o n v e r s i o n  

in c r e a s e d  m o d e r a t e ly .  A t  th e  e n d  o f  1 2  h o u r s ,  t h e  c o n v e r s i o n  i s  o n l y  5 4 .9 % . T h e  

f in a l  c o n v e r s io n  i s  v e r y  l o w  b e c a u s e  o f  e q u i l ib r iu m  l im it a t io n .

F i g u r e  4 .3  T h e  p r o d u c t  m ix t u r e  o b t a in e d  fr o m  t h e  r e a c t io n  u s i n g  a c id  c a t a ly s t .

To increase the conversion, the use o f molecular sieve 3A (Mol3A) is
proposed. The molecular sieve 3A can adsorb water. This can shift the reaction
forward (Figure 4.1) and increase the conversion. The dash line is shown for using
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a c id  c a t a ly s t  a n d  m o le c u la r  s i e v e  3 A  ( F ig u r e  4 .2 ) .  T h e  p r o d u c t  m ix t u r e  i s  t r a n s lu c e n t  

y e l l o w  c o l o r  ( F ig u r e  4 .4 A ) .  B u t  a f te r  s e d im e n t a t io n ,  th e  m ix t u r e  i s  c le a r  a n d  

c o l o r l e s s  ( F ig u r e  4 .4 B ) .  T h e r e  a re  s o m e  y e l l o w  c o l o r  s o l i d  s e t t l in g s  b e c a u s e  th e  

m a g n e t i c  s t ir r e r  c r u s h e d  t h e  m o le c u la r  s i e v e  3 A  in t o  s m a l l  p i e c e s  d u r in g  th e  

r e a c t io n .  A s  o b s e r v e d  in  F ig u r e  4 .2 ,  c o n v e r s io n  in c r e a s e s  s ig n i f i c a n t ly  t o  8 6 .8 %  a t  

1 2  h o u r s  w h i c h  i s  m u c h  h ig h e r  th a n  th e  c o n v e r s i o n  w h e n  u s in g  o n l y  a c id  c a t a ly s t .  In  

t h is  c a s e ,  r e m o v in g  o f  w a t e r  fr o m  r e a c t io n  b y  u s in g  m o le c u la r  s i e v e  3 A  c a n  s h i f t  th e  

r a c t io n  to  th e  r ig h t  h a n d  s id e .
A s  s h o w n  in  F ig u r e  4 .2 ,  th e  lo n g - d a s h e d  l in e  i s  r e fe r r e d  to  th e  r e a c t io n  w i t h  

m o le c u la r  s i e v e  3 A  o n ly .  It c a n  b e  o b s e r v e d  th a t , w h e n  o n l y  m o le c u la r  s i e v e  3 A  i s  

u s e d ,  th e  r e a c t io n  d o e s  n o t  ta k e  p la c e .  T h is  c o n c lu d e d  th a t  m o le c u la r  s i e v e  3 A  a c t s  

a s  a d s o r b e n t  fo r  w a t e r  o n ly .

Figure 4.4 ( A )  T h e  p r o d u c t  m ix t u r e  w i t h  a c id  c a t a ly s t  a n d  m o le c u la r  s i e v e  3 A .  a n d  

( B )  T h e  p r o d u c t  m ix t u r e  a f te r  s e d im e n t a t io n .

4 .ไ. ไ. 1 The E ffect o f  G lycerol to A cetone M olar Ratio
T o  in c r e a s e  th e  c o n v e r s io n  o f  t h is  r e a c t io n ,  t h e  in c r e a s in g  

a c e t o n e  c o n c e n t r a t io n  s h o u ld  d r iv e  th e  r e a c t io n  to  th e  r ig h t  h a n d  s id e  o f  th e  r e a c t io n  

f r o m  L e  C h â t e l l i e r ’s  P r in c ip le .  T h e  e f f e c t s  o f  1 :2 , 1 :4  a n d  1 :6  g ly c e r o l : a c e t o n e  m o la r  

r a t io  w i t h  l % w t  p - t o lu e n e s u l f o n i c  a c id  a s  a c id  c a t a ly s t  a re  s e l e c t e d  fo r  th e  r o le  

m o d e l s  in  th is  w o r k . A s  s h o w n  in  F ig u r e  4 .5 ,  th e  in c r e a s in g  o f  m o la r  r a t io  in c r e a s e s  

th e  c o n v e r s i o n  o f  g ly c e r o l  t o  s o lk e t a l .  F o r  1 :2  m o la r  r a t io , th e  c o n v e r s i o n  i s  s l i g h t ly  

in c r e a s e d  u p  t o  8 h o u r s  ( 1 6 % ) .  A f t e r  8  h o u r s ,  th e  c o n v e r s i o n  i n c r e a s e s  m o d e r a t e ly
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( 5 4 .9 % ) .  F o r  1 :4  m o la r  r a t io ,  th e  c o n v e r s io n  i s  s l i g h t ly  in c r e a s e d  u p  to  1 0  h o u r s  

( 5 6 .7 % ) .  A f t e r  1 0  h o u r s ,  th e  c o n v e r s i o n  in c r e a s e s  m o d e r a t e ly  ( 7 0 .9 % ) .  B u t  fo r  1 :6  

m o la r  r a t io ,  th e  c o n v e r s i o n  i s  o n ly  s l i g h t ly  in c r e a s e d  fo r  1 2  h o u r s  ( 8 2 .7 % ) .  T h e  c a u s e  

o f  s l i g h t ly  in c r e a s in g  c o n v e r s i o n  i s  f r o m  th e  w a t e r  w h i c h  is  b y - p r o d u c t .  T h e  e f f e c t  o f  

w a te r  i s  th e  e q u i l ib r iu m  c o n v e r s io n  w h i c h  d r o v e  s o lk e t a l  b a c k  to  g ly c e r o l .  M o r e o v e r  

w a t e r  s l o w s  d o w n  th e  r e a c t io n .  A t  th e  e n d  o f  1 2  h o u r s , 1 :6  m o la r  r a t io  g a v e  th e  

h ig h e s t  c o n v e r s i o n  ( 8 2 .7 % )  f o l l o w i n g  b y  1 :4 m o la r  r a t io  ( 7 0 .9 % )  a n d  1 :2 m o la r  r a tio  

( 5 4 .9 % )  r e s p e c t i v e ly .  In  c o n c lu s io n ,  th e  in c r e a s in g  o f  m o la r  r a t io  in c r e a s e s  th e  

c o n v e r s i o n  o f  g l y c e r o l  a n d  th e  o p t im u m  c o n d i t io n  fo r  t h is  e f f e c t  is  1 :6  

g l y c e r o l : a c e t o n e  m o la r  r a t io .

Figure 4.5 T h e  e f f e c t  o f  in c r e a s in g  g ly c e r o l  to  a c e t o n e  m o la r  r a t io  w i t h  l % w t  a c id  

c a ta ly s t :  (♦ ) 1 :2 m o la r  r a t io , ( o )  1 :4 m o la r  r a t io  a n d  ( T )  1 :6  m o la r  r a t io .

4.1.1 .2  The E ffect o f  A dd ing  M olecular S ieve 3A (M ol3A)
In  o r d e r  to  in c r e a s e  th e  c o n v e r s i o n ,  th e  u s e  o f  m o le c u la r  s i e v e  

3 A  ( M o l 3 A )  i s  p r o p o s e d .  M o l3 A  c o u ld  a d s o r b  w a te r  in t o  i t s  p o r e s  fo r  2 0 % w t  o f  

M o l3 A .  T h is  c a n  r a p id ly  s h i f t  th e  r e a c t io n  t o  th e  r ig h t  h a n d  s id e  to  in c r e a s e  th e  

c o n v e r s i o n .  In  t h is  c a s e ,  th e  c o m b in a t io n  o f  M o l 3 A  a n d  h ig h  c o n c e n t r a t io n  o f
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a c e t o n e  c o u ld  b e  a b le  t o  s h i f t  th e  r e a c t io n  to  c o m p l e t e  th e  c o n v e r s i o n .  T h e  e x c e s s  o f  

M o l 3 A  a n d  l % w t  o f  c a t a ly s t  a r e  f i x e d  fo r  th e  r o le  m o d e l  in  t h is  e f f e c t .  T h e  r e s u lt s  

a re  s h o w n  in  F ig u r e  4 .6 .  A s  e x p e c t e d ,  th e  1 :2  m o la r  r a t io  w i t h  s u r p lu s  M o l3 A  

in c r e a s e s  th e  c o n v e r s i o n  to  8 6 .8 %  a t 1 2  h o u r s  w h i c h  i s  m u c h  h ig h e r  th a n  th e  

c o n v e r s i o n  w h e n  u s i n g  o n ly  a c id  c a t a ly s t  ( F ig u r e  4 .5 ) .  T h e  1 :4  m o la r  r a t io  w i t h  

s u r p lu s  M o l 3 A  c o m p l e t e s  1 0 0 % c o n v e r s io n  in  8  h o u r s . M o r e o v e r  th e  1 :6  m o la r  r a tio  

w it h  s u r p lu s  M o l 3 A  c o m p l e t e s  1 0 0 % c o n v e r s io n  in  6  h o u r s .  T h u s  th e  c o m b in a t io n  o f  

a c id  c a t a ly s t ,  in c r e a s in g  m o la r  r a t io  a n d  M o l 3 A  g i v e s  th e  h ig h  e f f i c i e n c y  t o  c o n v e r t  

g ly c e r o l  to  s o lk e t a l .  T h e  1 :6  g l y c e r o l : a c e t o n e  m o la r  r a t io  w i t h  s u r p lu s  M o l 3 A  is  

s u g g e s t e d  fo r  t h e  o p t im u m  c o n d i t io n .

Tune (hr)
Figure 4.6 T h e  e f f e c t  o f  in c r e a s in g  g ly c e r o l  to  a c e t o n e  m o la r  r a t io  w i t h  l % w t  a c id  

c a t a ly s t  a n d  s u r p lu s  M o l 3 A: (♦ ) 1 :2  m o la r  r a t io , ( o )  1 :4 m o la r  r a t io  a n d  (  ▼  )  1 :6  

m o la r  r a tio .

4.1.1 .3  The E ffect o f  A m ount o f  M ol3A w ith  A c id  C atalyst
F r o m  F ig u r e  4 .7 ,  th e  c o m b in a t io n  b e t w e e n  a c id  c a t a ly s t  a n d  

M o l 3 A  i s  a b le  to  in c r e a s e  th e  c o n v e r s io n .  F o r  th e  o p t im u m  c o n d i t io n  f o r  u s in g  

M o l 3 A ,  th e  e f f e c t  o f  a m o u n t  o f  M o l 3 A  i s  in v e s t ig a t e d  ( s h o w n  in  F ig u r e  4 .7 ) .  1 :4 

g ly c e r o l  to  a c e t o n e  m o la r  r a t io  a n d  l% w t  o f  / M o l u e n e s u l f o n i c  a c id  a s  a c id  c a t a ly s t
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a re  f i x e d  in  th is  c a s e .  T h e  a m o u n t  o f  w a t e r  in  th e  r e a c t io n  a n d  t h e  a m o u n t  o f  M o l 3 A  

in  t h e  b a tc h  a r e  c a lc u la t e d  b y  m a s s  b a la n c e .  W it h o u t  M o l 3 A ,  th e  c o n v e r s i o n  is  j u s t  

s l i g h t ly  in c r e a s e d  t o  7 0 %  fr o m  th e  b e g in n in g  to  1 2  h o u r s  b e c a u s e  o f  t h e  e q u i l ib r iu m  

w it h  w a te r .  F r o m  F ig u r e  4 .7 ,  th e  a d d in g  M o l3 A  =  0 .5  w a t e r  e q u iv a le n t  r e f e r s  t o  th e  

5 0 % w t  o f  th e  a m o u n t  o f  w a te r  w h i c h  o c c u r s  in  th e  c o m p l e t e  r e a c t io n  e q u iv a le n t  to  

th e  a m o u n t  o f  M o l 3 A  f o r  a d s o r b e d  th e  5 0 %  o f  w a t e r  in  t h e  r e a c t io n .  I f  0 .5  w a te r  

e q u iv a le n t  o f  w a t e r  i s  r e m o v e d ,  t h e  c o n v e r s i o n  d o e s  n o t  in c r e a s e  m u c h  f r o m  th e  

b e g in n in g  t im e  t o  2  h o u r s  ( 5 5 .5 % ) .  T h e n  th e  c o n v e r s io n  i s  m o d e r a t e ly  in c r e a s e d  to  

7 4 .1 %  a t t h e  e n d  o f  1 2  h o u r s  w h i c h  i s  b e t t e r  th a n  w i t h o u t  M o l3 A .  F o r  0 .7 5  w a t e r  

e q u iv a le n t  r e m o v e d  w a te r ,  th e  c o n v e r s i o n  is  in c r e a s e d  to  6 3 .9 %  at 2  h o u r s .  A n d  th e n  

it  in c r e a s e d  m o d e r a t e ly  t o  8 1 .2 %  at 1 2  h o u r s .  T h e  0 .5  w a t e r  e q u i v a l e n t  a n d  0 .7 5  

w a t e r  e q u iv a le n t  d o  n o t  in c r e a s e  th e  c o n v e r s i o n  a s  m u c h  a s  e x p e c t e d  b e c a u s e  th e  

m a g n e t i c  s t ir r e r  c r u s h e d  th e  m o le c u la r  s i e v e  3 A  in t o  s m a l l  p i e c e s  d u r in g  th e  

r e a c t io n .  In  o r d e r  t o  a v o id  t h is  s i t u a t io n ,  th e  s u r p lu s  o r  e x c e s s  a m o u n t s  o f  M o l 3 A  i s  

i n v e s t ig a t e d .  T h e  c o n v e r s i o n  i s  in c r e a s e d  t o  c o m p l e t e  1 0 0 %  c o n v e r s i o n  a t th e  e n d  o f  

8  h o u r s . T h e r e f o r e  t h e  c o n d i t io n  f o r  a m o u n t  o f  M o l3 A  i s  t h e  e x c e s s  M o l3 A .

Figure 4.7 T h e  e f f e c t  o f  in c r e a s in g  a m o u n t  o f  M o l 3 A  w i t h  l % w t  a c id  c a ta ly s t :  (♦ ) 
w it h o u t  M o l 3 A ,  ( ๐ )  a d d in g  M o l 3 A = 0 .5  w a t e r  e q u iv a le n t ,  ( T )  a d d in g  M o l 3 A = 0 .7 5  

w a t e r  e q u iv a le n t ,  a n d  ( A )  a d d in g  M o l 3 A = 1 .2 5  w a t e r  e q u iv a le n t  ( e x c e s s  M o l3 A ) .
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4.1.1.4 Use o f  Ion-E xchange Resin  as H eterogeneous C atalyst
T h e  h o m o g e n e o u s  a c id  c a t a ly s t  c a n  p r o d u c e  s o lk e t a l  fr o m  

g ly c e r o l  a n d  a c e t o n e .  B u t  th e  d r a w b a c k  i s  th e  w a s t e  s a lt  f r o m  n e u t r a l iz a t io n  b y  

s o d iu m  c a r b o n a te  a n d  t h e  c a t a ly s t  c o u ld  n o t  b e  r e g e n e r a t e d  o r  r e u s e d .  In  t h is  c a s e ,  
th e  h e t e r o g e n e o u s  c a t a ly s t  i s  s u g g e s t e d  a n d  i n v e s t ig a t e d .  T h e  a d v a n t a g e s  o f  th e  

h e t e r o g e n e o u s  c a t a ly s t  a r e  a b i l i t y  t o  b e  r e c y c le d ,  e a s y  s e p a r a t io n  a n d  l e s s  w a s t e .  T h e  

h e t e r o g e n e o u s  c a t a ly s t  w h i c h  i s  s u i t a b le  fo r  t h is  r e a c t io n  s h o u ld  c o n t a in  s t r o n g  a c id  

c a t io n .  T h e  o n e  o f  t h e  c o m m e r c i a l ly  a v a i la b le  h e t e r o g e n e o u s  c a t a ly s t  fo r  th is  

r e a c t io n  i s  D o w e x  m o n o s p h e r e  M -3 1  io n  e x c h a n g e  ( D o w e x  M - 3 1 )  f r o m  D o w  

c h e m ic a l  c o m p a n y .  T h e  s p e c i f i c a t i o n  fo r  D o w e x  M - 3 1  i s  s h o w n  in  T a b le  4 .1 .

Table 4.1 S p e c i f i c a t i o n  fo r  D o w e x  m o n o s p h e r e  M - 3 1  c o m m e r c ia l  c a t a ly s t

T y p e M a tr ix F u n c t io n  g r o u p

S t r o n g  a c id  c a t io n S t y r e n e - D V B , S u l f o n i c  a c id
M a c r o p o r o u s

T y p ic a l  p h y s ic a l  a n d U n it s
c h e m ic a l  p r o p e r t ie s

P h y s ic a l  fo r m H a r d  o p a q u e  b e a d s
T y p ic a l  s u r f a c e  a r e a m 2/g 3 0
A v e r a g e  p o r e  d ia m e te r A n g s t r o m s 2 2 0
P o r e  V o lu m e % 3 3
W a te r  r e t e n t io n  c a p a c i t y % 5 0 - 5 4  b y  w t .

P a r t ic le  s i z e  d is t r ib u t io n M ic r o n s 5 7 5 ± 5 0

4 0 0 - 6 5 0  m ic r o n s % >  9 5
W e t  v o lu m e  a c id  c a p a c i t y m e q /m L , m in . 1 .8 5
D r y  w e i g h t  a c id  c a p a c i t y m e q /m L , m in . 5

T h e  r e a c t io n  c o n d i t io n  i s  th e  s a m e  a s  th e  c o n d i t io n  w h e n  u s in g  

h o m o g e n e o u s  c a t a ly s t .  T h e  m o la r  r a t io  i s  1 :4  g ly c e r o l  t o  a c e t o n e  m o la r  r a t io  w i t h  7 5  

° c  fo r  t h e  m o d e l  o f  t h is  e f f e c t .  T h e  c o m p a r i s o n  o f  c o n v e r s i o n  b e t w e e n  l % w t  p -  
t o l u e n e s u l f o n i c  a c id  a s  h o m o g e n e o u s  c a t a ly s t  a n d  l% w t  D o w e x  M -3 1  a s
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h e t e r o g e n e o u s  c a t a ly s t  i s  s h o w n  in  F ig u r e  4 .8 .  D o w e x  M - 3 1  i s  a b le  to  c o n v e r t  

g ly c e r o l  a n d  a c e t o n e  t o  s o lk e t a l .  T h e  c o n v e r s i o n  o f  u s in g  D o w e x  M -3 1  i s  4 5 .2 %  a t 2  

h o u r s .  T h i s  c o n v e r s i o n  i s  l e s s  th a n  th e  /7 - t o lu e n e s u l f o n ic  a c id  a t t h e  s a m e  t im e  

( 5 4 .6 % ) .  B u t  a f te r  4  h o u r s  t o  1 0  h o u r s  th e  c o n v e r s i o n  o f  u s i n g  D o w e x  M -3 1  is  

c l o s e d  to  th e  c o n v e r s i o n  o f  u s i n g  / ? - t o lu e n e s u l f o n ic  a c id  b e c a u s e  th e  r e a c t io n  o f  

s o lk e t a l  i s  r e a c h e d  th e  e q u i l ib r iu m  c o n v e r s i o n  w i t h  w a te r .  F o r  1 2  h o u r s ,  th e  D o w e x  

M -3 1  i s  c o m p le t e d  th e  c o n v e r s i o n  a t  6 0 .3 %  w h i c h  l e s s  th a n  th e  u s e  o f  p -  
t o l u e n e s u l f o n i c  a c id .  H o w e v e r  t h e  D o w e x  M - 3 1  c a n  n o t  b r e a k  t h e  e q u i l ib r iu m  

b e c a u s e  o f  th e  w a te r .  In  c o n c lu s io n ,  D o w e x  M - 3 1  c a n  b e  u s e d  t o  p r o d u c e  s o lk e t a l .  
M o r e o v e r  th e r e  a re  s e v e r a l  a d v a n t a g e s  o f  u s i n g  D o w e x  M - 3 1 .  F ir s t ,  t h e  p H  o f  th e  

p r o d u c t  m ix t u r e  i s  7  w h i c h  i s  m o r e  s u i t a b le  th a n  / 7 - t o lu e n e s u l f o n ic  a c id  ( p H = 5 ) .  
A n d ,  it  i s  e a s y  t o  s e p a r a te  t h e  D o w e x  M -3 1  c a t a ly s t .  B u t  th e  r a te  o f  r e a c t io n  is  

s lo w e r  th a n  u s in g  th e  / 7 - t o lu e n e s u l f o n ic  a c id  a t t h e  b e g i n n i n g  o f  r e a c t io n .

Time (hr)
Figure 4.8 T h e  c o m p a r i s o n  o f  c o n v e r s i o n  b e t w e e n  p - t o l u e n e s u l f o n i c  a c id  a n d  

D o w e x  M - 3 1  io n  e x c h a n g e  r e s in  : (♦ ) l % w t  jD - to lu e n e s u I fo n ic  a c id  a n d  ( o )  l% w t  

D o w e x  M -3 1  io n  e x c h a n g e  r e s in .



34

4.1.1 .5  The E ffect o f  A m ount o f  D ow ex Ion E xchange Resin
F r o m  th e  p r e v io u s  s e c t i o n ,  th e  D o w e x  io n  e x c h a n g e  s h o w s  a  

p o t e n t ia l  t o  b e  u s e d  a s  a  c a t a ly s t  t o  p r o d u c e  s o lk e t a l .  T h e n  t h e  o p t im u m  o f  a m o u n t s  

o f  D o w e x  io n  e x c h a n g e  r e s in  i s  s tu d ie d . T h e  1 :4  m o la r  r a t io  o f  g ly c e r o l  t o  a c e t o n e  a t  

7 5  ๐ c  is  th e  r o le  m o d e l  in  th is  e f f e c t .  T h e  e f f e c t  o f  t h e  a m o u n t  o f  D o w e x  io n  

e x c h a n g e  r e s in  i s  s h o w n  in  F ig u r e  4 .9 .  F o r  0 .1 %  w t  o f  D o w e x  i o n  e x c h a n g e  r e s in ,  
T h e  c o n v e r s i o n  i s  o n ly  4 1 %  at 2  h o u r . A n d  t h e n  th e  c o n v e r s i o n  i s  m o d e r a t e ly  

in c r e a s e d  to  5 0 %  a t 6  h o u r . T h e  c o n v e r s i o n  i s  r e a c h e d  t h e  e q u i l ib r iu m  a r o u n d  5 6 %  

c o n v e r s io n  a t t h e  e n d  o f  t h e  r e a c t io n . F o r  0 .5 % w t ,  T h e  r e a c t io n  i s  r a p id ly  in c r e a s e d  

t h e  c o n v e r s io n  t o  5 5 %  a t 2  h o u r . B u t  th e  r e a c t io n  i s  s l i g h t ly  in c r e a s e d  b e c a u s e  o f  th e  

e q u i l ib r iu m . H o w e v e r ,  th e  c o n v e r s io n  i s  r e a c h e d  6 0 %  c o n v e r s i o n  a t 1 2  h o u r . F o r  

l% w t ,  th e  c o n v e r s i o n  is  in c r e a s e d  t o  4 5 %  a t  2  h o u r . A n d  t h e n  t h e  c o n v e r s i o n  is  

s l i g h t ly  in c r e a s e d  t o  6 0  %  at 1 2  h o u r  b e c a u s e  o f  th e  e q u i l ib r iu m . T h e  la s t  c o n d i t io n  

i s  in c r e a s in g  th e  a m o u n t s  o f  D o w e x  i o n  e x c h a n g e  r e s in  to  3 % w t  D o w e x  i o n  

e x c h a n g e  r e s in .  U n f o r t u n a t e ly ,  3 % w t D o w e x  i o n  e x c h a n g e  d o e s  n o t  i n c r e a s e  th e  

c o n v e r s io n  b e c a u s e  o f  i t s  e q u i l ib r iu m  r e a c t io n .  M o r e o v e r  t h i s  c o n v e r s i o n  a r e  l o w e r  

th a n  0 .5 %  w t  D o w e x  io n  e x c h a n g e  r e s in .  T h u s ,  th is  e f f e c t  c o n c lu d e d  th a t  t h e  s u r p lu s  

D o w e x  io n  e x c h a n g e  r e s in  d id  n o t  h e lp  t o  in c r e a s e  th e  c o n v e r s i o n  p a s s e d  t h r o u g h  th e  

e q u i l ib r iu m . T h e  o p t im u m  c o n d i t io n  fo r  a m o u n t  o f  D o w e x  i o n  e x c h a n g e  r e s in  is
0 .5 % w t  D o w e x  i o n  e x c h a n g e  r e s in .
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T im e (hr)
Figure 4.9 T h e  e f f e c t  o f  in c r e a s in g  a m o u n t  o f  D o w e x  io n  e x c h a n g e  r e s in :  (♦ ) 3 % w t  

D o w e x  io n  e x c h a n g e  r e s in ,  ( o )  l% w t  D o w e x  io n  e x c h a n g e  r e s in ,  ( T )  0 .5 % w t  

D o w e x  io n  e x c h a n g e  r e s in ,  a n d  ( A )  0 .1  % w t D o w e x  io n  e x c h a n g e  r e s in .

4.1.1 .6  The E ffect o f  D ow ex Ion Exchange R esin  w ith  M ol3A
T h e  D o w e x  io n  e x c h a n g e  r e s in  h a s  a  p o t e n t ia l  t o  p r o d u c e  

s o lk e t a l .  F r o m  F ig u r e  4 . 1 0  (♦ ), th e  e q u i l ib r iu m  l im i t a t io n  i s  a l s o  th e  m a in  p r o b le m  o f  

t h is  h e t e r o g e n e o u s  c a t a ly s t .  In  t h is  c a s e ,  th e  u s e  o f  m o le c u la r  s i e v e  3 A  c a n  b e  

c o m b in e d  w i t h  D o w e x  io n  e x c h a n g e  r e s in .  F r o m  th e  p r e v io u s  e f f e c t ,  th e  M o l 3 A  h a s  

th e  p o t e n t ia l  fo r  a d s o r b e d  w a te r  a n d  b r o k e n  th r o u g h  th e  e q u i lb ir iu m  l im it a t io n .  T h e  

1 :4  g ly c e r o l  to  a c e t o n e  m o la r  r a t io  w i t h  l% w t  o f  D o w e x  io n  e x c h a n g e  a n d  s u r p lu s  

M o l3 A  i s  u s e d  fo r  th e  m o d e l  o f  th is  e f f e c t .  A s  s h o w n  in  F ig u r e  4 .1 0  ( o ) ,  T h e  

c o m b in a t io n  o f  D o w e x  io n  e x c h a n g e  r e s in  a n d  M o l3 A  r e s u lt  i s  lo o k e d  p r o m is in g .  
T h e  c o n v e r s io n  i s  l i f t e d  t o  7 8 %  at 2  h o u r s .  A n d  it  c o n t in u o u s ly  i n c r e a s e s  t o  9 9 %  a t 8  

h o u r . T h e n , th e  c o n v e r s i o n  c a n  b e  c o m p le t e d  a f te r  8  h o u r s .  In  c o n c lu s io n ,  t h is  

c o m b in a t io n  i s  m o r e  e f f i c i e n c y  th a n  u s e  o n l y  D o w e x  io n  e x c h a n g e  r e s in .  M o r e o v e r ,  
th e  u s e  o f  D o w e x  io n  e x c h a n g e  r e s in  a n d  M o B A  h a s  a  p o t e n t ia l  to  c o m p l e t e  th e  

r e a c t io n  a s  s a m e  a s  th e  u s e  o f  h o m o g e n e o u s  c a t a ly s t  a n d  M o l 3 A  fr o m  t h e  p r e v io u s  

p art a n d  it h a s  m o r e  a d v a n t a g e  th a n  th e  u s e  o f  h o m o g e n e o u s  c a t a ly s t .

‘พ b 1 V ารLA
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T im e (hr)

Figure 4.10 T h e  e f f e c t  o f  D o w e x  io n  e x c h a n g e  r e s in  w i t h  M o l3 A :  (♦ ) l % w t  D o w e x  

i o n  e x c h a n g e  r e s in ,  a n d  ( o )  l % w t  D o w e x  io n  e x c h a n g e  r e s in  w i t h  M o l3 A .

4 .1 .2  C h a r a c t e r iz a t io n  o f  P r o d u c t s  M ix t u r e  b y  F o u r ie r  T r a n s fo r m  In fr a r e d  

S p e c t r o s c o p y  ( F T - I R  S p e c t r o s c o p y )  a n d  M a s s  S p e c t r o s c o p y
F o r  q u a l i t a t iv e  a n a ly s i s ,  F T - I R  s p e c t r o s c o p y  i s  u s e d  fo r  

c h a r a c t e r iz in g  t h e  p r o d u c t s .  M o r e o v e r  th is  in s tr u m e n t  a l s o  a n a ly z e s  th e  f u n c t io n a l  

g r o u p s  o f  th e  s a m p le  b y  c o m p a r e d  w i t h  th e  r e f e r e n c e .  T h e  s p e c tr a  a s  s h o w n  in  

F ig u r e  4 .1 0  c o n f ir m e d  th a t  s o lk e t a l  i s  o c c u r r e d  a s  a  p r o d u c t  in  t h is  r e a c t io n .
A s  s h o w n  in  F ig u r e  4 . 1 1 ,  th e  s o l i d  l in e  a n d  t h e  d a s h  l in e  p r e s e n t  th e  

F T - I R  o f  th e  p r o d u c t  m ix t u r e  a t 1 2  h o u r  w i t h  a c id  c a t a ly s t  a n d  s ta n d a r d  s o lk e t a l ,  
r e s p e c t i v e ly .  T h e  p r o d u c t  m ix t u r e  h a s  % tr a n s m it ta n c e  a t w a v e n u m b e r  a r o u n d  3 4 0 0  

c m ' 1 t o  3 6 0 0  c m ' 1 h ig h e r  th a n  th e  s ta n d a r d  s o lk e t a l .  T h is  w a v e n u m b e r  r e fe r s  t o  th e
O - H  s t r e t c h in g .  T h u s  th e  m ix t u r e  h a s  h y d r o x y l  g r o u p  f r o m  g ly c e r o l  m o r e  th a n  

s o lk e t a l  s ta n d a r d . T h is  e v id e n t  s h o w s  th a t  th e  p r o d u c t  s t i l l  h a s  th e  u n r e a c te d  g ly c e r o l  

in  th e  m ix t u r e  p r o d u c t .  M o r e o v e r  th e  w a v e n u m b e r  a t 1 7 0 0  c m ' 1 r e p r e s e n t s  t o  c = 0  

s t r e c t h in g  in  k e t o n e  w h ic h  i s  e x c e s s  a c e t o n e .  T h is  F T -I R  r e s u lt  a l s o  c o r r e s p o n d s  w it h  

G C  r e s u lt .
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------------S t a n d a r d  S o lk e ta l
-------------  P r o d u c t  m ix tu r e  12 h o u r s

F i g u r e  4 .1 1  F T - I R  s p e c tr a  o f  s o lk e t a l  p r o d u c t  m ix t u r e  w i t h  a c id  c a t a ly s t .

F ig u r e  4 .1 2  r e p r e s e n t s  th e  F T - I R  s p e c tr a  o f  p r o d u c t  m ix t u r e  w i t h  a c id  

c a t a ly s t  a n d  m o le c u l a r s i e v e  3 A .  T h e  s o l i d  l in e  a n d  th e  d a s h  l in e  p r e s e n t s  th e  F T -I R  

o f  th e  p r o d u c t  m ix t u r e  1 2  h o u r  w i t h  a c id  c a t a ly s t  a n d  m o le c u la r  s i e v e  3 A  a n d  

s ta n d a r d  s o lk e t a l .  T h e  p r o d u c t  m ix t u r e  l o o k s  s im i la r  t o  t h e  s ta n d a r d  s o lk e t a l .  B u t  at 

w a v e n u m b e r  a r o u n d  3 0 0 0  c m ' 1 t o  2 8 0 0  c m ' 1 r e fe r s  t o  C -H  s t r e c t h in g  in  C F F  a n d  

C F F . T h e  s ta n d a r d  h a s  m u c h  % tr a n s m it ta n c e  th a n  th e  p r o d u c t  m ix t u r e .  A n d  

w a v e n u m b e r  a t 1 7 0 0  c n f ' o f  th e  p r o d u c t  m ix t u r e  r e p r e s e n t s  to  c = 0  s t r e c t h in g  in  

k e t o n e .  T h e s e  é v i d e n t s  s u g g e s t  to  e x c e s s  a c e t o n e  in  t h e  p r o d u c t . M o r e o v e r  t h e  O - H  

s t r e t c h in g  a t w a v e n u m b e r  a r o u n d  3 4 0 0  c m ' 1 to  3 6 0 0  c m ' 1 s e e m s  to  a lm o s t  g ly c e r o l  

c o n v e r t  t o  s o lk e t a l .  T h is  r e s u lt  a ls o  c o r r e s p o n d s  w i t h  G C  r e s u lt  w h i c h  i s  h ig h e r  

c o n v e r s i o n  th a n  a c id  c a ta ly s t .
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----------S t a n d a r d  s o lk e ta l
---------- P r o d u c t  m ix tu r e  w i th  a c id  c a t a ly s t  a n d  M o l3 A

Figure 4.12 F T -I R  s p e c tr a  fo r  a c id  c a t a ly s t  a n d  m o le c u la r  s i e v e  3 A .

S o lk e t a l  p r o d u c t s  i s  th e n  fu r th e r  a n a ly z e d  b y  G C x G C  t im e  o f  f l ig h t  

M a s s  s p e c t r o s c o p y  ( G C - T O F ) .  T h e  M S  r e s u lt  c o n f ir m s  th e  s tr u c tu r e  o f  s o lk e t a l .  T h e  

a d v a n t a g e  o f  th is  in s tr u m e n t  i s  th a t  it  c o m b i n e s  th e  a n a ly s i s  o f  b o th  G C  t e c h n iq u e  

a n d  M a s s  s p e c t r o s c o p y  ( M S )  t e c h n iq u e .  M o r e o v e r  t h is  in s tr u m e n t  c a n  s e p a r a te  th e  

p e a k  w h i c h  a p p e a r s  a t  th e  s a m e  t im e  b y  2 D  a n a ly s i s .  T h e  M S  o f  s o lk e t a l  i s  s h o w n  in  

F ig u r e  4 .1 3 .  S o lk e t a T s  m o le c u la r  w e i g h t  is  1 3 2 . In  th e  M S  r e s u lt ,  th e  f ir s t  n u m b e r  is  

1 1 7 .  T h is  n u m b e r  i s  d u e  t o  th e  io n i z a t io n  b y  l o s i n g  o n e  m e t h y l  g r o u p  f r o m  th e  

p r o t e c t in g  g r o u p . T h e  la s t  n u m b e r  is  4 3 .  T h is  n u m b e r  i s  d u e  t o  th e  lo s t  o f  d io x o la n e  

g r o u p  o r  o p e n in g  p r o t e c t in g  g r o u p  o f  s o lk e t a l .
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Figure 4.13 M a s s  s p e c t r o s c o p y  r e s u lt  o f  s o lk e t a l .

4.2 Synthesis of Benzyl Solketal Ether by Etherification between Solketal and 
Benzyl Alcohol

S o lk e t a l  i s  v e r y  u s e f u l  c o m p o n e n t .  T h e  a d v a n t a g e s  o f  t h is  c h e m ic a l  a re  fu e l  

a d d i t iv e s ,  p h a r m a c e u t ic a l  a n d  f in e  c h e m ic a l s .  T h e  f a m o u s  u s e  o f  s o lk e t a l  i s  to  

s y n t h e s i z e  m o n o - ,  d i - ,  t r ig ly c e r id e  b y  e s t e r i f i c a t io n  w i t h  fa t ty  a c id .  B e n z y l  a lc o h o l  is  

a  n a tu r a l ,  c o l o r l e s s  a n d  p le a s a n t  a r o m a t ic  o d o r . T h is  u s e f u l  a l c o h o l  d e r iv a t iv e  h a s  

b e e n  f o u n d  in  fr u it s  a n d  e s s e n t ia l  o i l s  s u c h  a s  j a s m in e  a n d  h y a c in t h .  B e n z y l  a lc o h o l  

h a s  b e e n  u s e d  in  m a n y  a p p l ic a t io n s  s u c h  a s  t e x t i l e s ,  p h a r m a c e u t ic a l ,  p e r f u m e s  a n d  

f l a v o r  in d u s tr ie s  a n d  c o a t in g  p r o c e s s .  B e n z y l  s o lk e t a l  e th e r  i s  th e  p r o t e c t e d  f u n c t io n  

g r o u p  b y  e t h e r i f i c a t io n  b e t w e e n  s o lk e t a l  a n d  b e n z y l  a lc o h o l .  B e n z y l  s o lk e t a l  e th e r  is  

a ls o  u s e d  in  f u e l  a d d it iv e s .  M o r e o v e r  b e n z y l  s o lk e t a l  e th e r  i s  a b le  t o  b e  d e p r o t e c t e d  

th e  p r o t e c t e d  g r o u p  to  p r o d u c e  l in e a r  b e n z y l  g ly c e r o l  e th e r .  In  g e n e r a l ,  b e n z y l  

s o lk e t a l  e th e r  i s  s y n t h e s i z e d  b y  r e a c t in g  b e n z y l  c h r o l id e  o r  b e n z y l  b r o m id e  a n d  

s o lk e t a l  w i t h  s o lv e n t  ( M e r in o  et a l., 2 0 0 3 ) .  B u t  th e r e  a re  m a n y  d is a d v a n t a g e s  fr o m  

t h i s  o r g a n ic s  s y n t h e s i s  f o r  e x a m p le :  a  lo t  o f  w a s t e  fr o m  u s e d  s o lv e n t .  In  t h i s  w o r k ,  
th e  e t h e r f ic a t io n  r e a c t io n  b e t w e e n  s o lk e t a l  a n d  b e n z y l  a l c o h o l  w i t h o u t  s o lv e n t  is  

in v e s t ig a t e d  ( F ig u r e  4 .1 4 ) .
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Figure 4.14 E t h e r i f i c a t io n  b e t w e e n  s o lk e t a l  a n d  b e n z y l  a l c o h o l .
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4 .2 .1  S y n t h e s i s  o f  B e n z y l  S o lk e t a l  E th e r  a n d  th e  M e t h o d  t o  a n a ly z e  

P r o d u c t  M ix t u r e
A c c o r d in g  t o  d a  S i l v a ’ , s y n t h e s i s  (d a  S i l v a  et al., 2 0 0 9 ) ,  th e  r e a c t io n  

o c c u r r e d  u n d e r  a t m o s p h e r ic  p r e s s u r e  a n d  1 1 0  ๐ c  fo r  te m p e r a tu r e  w i t h  a c id  c a ta ly s t .  
I n i t ia l ly ,  th e  g ly c e r o l  p e r  b e n z y l  a l c o h o l  m o la r  r a t io  i s  1:1 w i t h  2 .2 % w t  p -  
t o l u e n e s u l f o n i c  a c id  a s  a n  a c id  c a t a ly s t  in  b a t c h  r e a c t io n  s y s t e m  w i t h  to ta l  r e f lu x  fo r  

1 2  h o u r s . U n f o r t u n a t e ly ,  a  t y p ic a l  G C  c a n n o t  i d e n t i f y  th e  c o m p o n e n t  in  t h is  p r o d u c t  

m ix t u r e  b e c a u s e  th e  r e s u lt  h a s  m a n y  p e a k s  w i t h o u t  c o m p a r in g  s ta n d a r d . T h is  

p r o b le m  c o u ld  b e  s o lv e d  b y  u s i n g  G C x G C  t im e  o f  f l ig h t  M a s s  s p e c t r o s c o p y  ( G C -  

T O F ) .  T h e  a d v a n t a g e  o f  t h is  in s tr u m e n t  i s  th a t  it  c o m b i n e s  th e  a n a l y s i s  o f  b o th  G C  

t e c h n iq u e  a n d  m a s s  s p e c t r o s c o p y  ( M S )  t e c h n iq u e .  M o r e o v e r  th is  in s tr u m e n t  c a n  

s e p a r a te  th e  p e a k s  w h i c h  a p p e a r  a t th e  s a m e  t im e  b y  2 D  a n a ly s i s .  T h e  

c h r o m a t o g r a p h  o f  t h is  s a m p le  i s  s h o w n  in  F ig u r e  4 .1 5 .  T h e  p e a k s  a t 2 0 0 ,  7 6 0 ,  8 5 5 ,  
1 2 9 6 ,  1 3 0 2 ,  1 3 6 4  a n d  1 8 2 0  s e c o n d s  a r e  a c e t o n e ,  s o lk e t a l ,  b e n z y l  a l c o h o l ,  b e n z y l  

s o lk e t a l ,  b e n z y l  g ly c e r o l ,  d ib e n z y l  e th e r  a n d  g ly c e r o l  r e s p e c t i v e ly .  T h e  m a s s  

s p e c t r o s c o p y  r e s u l t s  a re  s h o w n  in  c h a r a c t e r iz a t io n  s e c t io n .
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Figure 4.15 T h e  c h r o m a t o g r a p h  fo r  p r o d u c t  m ix t u r e .

F r o m  t h e s e  b y - p r o d u c t s ,  th e  r e a c t io n s  a r e  s u g g e s t e d  in  F ig u r e  4 .1 6 .  
T h e  m a in  r e a c t io n  i s  th e  r e a c t io n  b e t w e e n  s o lk e t a l  a n d  b e n z y l  a l c o h o l  t o  p r o d u c e  

b e n z y l  s o lk e t a l  e th e r  a n d  w a te r  ( 1 ) .  F r o m  th e  a c id  c a t a ly s t ,  s o lk e t a l  c o u ld  b e  a b le  to  

d e p r o te c t  t o  p r o d u c e  a c e t o n e  a n d  g ly c e r o l  ( 2 ) .  B e n z y l  a l c o h o l  i s  a l s o  r e a c t e d  w i t h  

e a c h  o th e r  t o  p r o d u c e  d ib e n z y l  e th e r  a n d  w a te r  ( 3 ) .  G l y c e r o l  f r o m  th e  d e p r o t e c t io n  i s  

a b le  to  r e a c t  w i t h  b e n z y l  a lc o h o l  t o  p r o d u c e  b e n z y l  g ly c e r o l  e t h e r  ( 4 ) .  F o r tu n a te ly ,  
th e  d i a n d  tri b e n z y l  g ly c e r o l  e th e r  a re  n o t  o b s e r v e d  f r o m  t h e  G C x G C  t im e  o f  f l ig h t  

m a s s  s p e c t r o s c o p y .  In  t h is  c a s e ,  g ly c e r o l  r e a c te d  w i t h  a c e t o n e  b a c k  to  p r o d u c e  

s o lk e t a l  t o  p r o t e c t e d  g ly c e r o l  b e f o r e  r e a c te d  w i t h  o t h e r  b e n z y l  a l c o h o l .  T h e  la s t  

s u g g e s t e d  r e a c t io n  i s  b e n z y l  s o lk e t a l  e t h e r  i s  d e p o t e c t e d  b y  th e  w a t e r  in  th e  s y s t e m  to  

p r o d u c e  b e n z y l  g ly c e r o l  e th e r  ( 5 ) .  T h e  m a in  p r o b le m  in  a n a ly z in g  is  th e  la c k  o f  

s ta n d a r d s  c h e m ic a l s  fo r  b e n z y l  s o lk e t a l  e th e r , b e n z y l  g ly c e r o l  e t h e r  a n d  d ib e n z y l  

e th e r . L u c k i ly ,  th e  c a l ib r a t io n  c u r v e  o f  d ib e n z y l  e th e r  i s  a b le  t o  m a k e  f r o m  th e  

r e a c t io n  o f  b e n z y l  a lc o h o l  w i t h  a c id  c a ta ly s t .  T h e  a s s u m p t io n  fo r  th e  c a l c u la t io n  o f
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s e l e c t i v i t y  i s  a r e a  r a t io  o f  b e n z y l  g ly c e r o l  e th e r  t o  b e n z y l  s o lk e t a l  e t h e r  e q u a le d  to  

m a s s  r a t io  o f  b e n z y l  g ly c e r o l  e th e r  to  b e n z y l  s o lk e t a l  e th e r .  M o r e o v e r  th e  c a lc u la t e d  

c o n v e r s io n  i s  b a s e d  o n  b e n z y l  a lc o h o l  c o n v e r s i o n .  F o r  t h is  r e a s o n ,  t h i s  t h e s i s  

c o n c e r n s  a b o u t  th e  s e l e c t i v i t y  o f  b e n z y l  s o lk e t a l  e th e r ,  b e n z y l  g ly c e r o l  e th e r  a n d  

d ib e n z y l  e th e r .

S o lk e ta l

CATALYST
+  H c j y

B e n z y l a lco h o l

+  H 2 0  - -------- *-

W a te r

B e n z y l so lk e ta l e th e r

" ° \ A / 0H
G ly c e ro l

+  h 2 o  ( 1 )

W a te r
o

H3C ch3 
A c e to n e

( 2 )

2

B e n z y l a lco h o l

H° x X / 0H + H t t j O
G ly c e ro l B e n z y l a lco h o l

D ib e n z y l e th e r

+  h 2 o

W a te r

H o J C o X î  + H z °

B e n z y l g ly c e ro l e th e r  W a te r

( 3 )

( 4 )

B e n z y l so lk e ta l e th e r  W a te r  B e n z y l g ly c e ro l e th e r  A c e to n e

Figure 4.16 T h e  o v e r a l l  r e a c t io n  f o r  p r o d u c e d  b e n z y l  s o lk e t a l  e th e r .

( 5 )

4.2.1.1 The E ffect o f  So lketa l to B enzyl A lcoho l M olar R atio
T h e  s o lk e t a l  to  b e n z y l  a l c o h o l  m o la r  r a t io  i s  f ir s t  s e t  a t 1:1 

s o lk e t a l  to  b e n z y l  a lc o h o l  m o la r  r a t io . F ig u r e  4 . 1 7  s h o w s  th e  r e la t io n s h ip s  b e t w e e n  

b e n z y l  a lc o h o l  c o n v e r s io n ,  s e l e c t i v i t y  a n d  t im e .  T h e  b e n z y l  a l c o h o l  c o n v e r s i o n  l o o k s  

p r o m is in g .  T h e  b e n z y l  a lc o h o l  c o n v e r s io n  r a p id ly  c o n v e r t s  a t 2  h o u r  ( 5 7 .5 % )  a n d  

th e n  c o n t in u o u s ly  c o n v e r t s  to  9 2 .9 %  a t 12  h o u r s . T h e  s e l e c t i v i t y  o f  d i b e n z y l  e th e r  is  

v e r y  h ig h  a t 2  h o u r  ( 5 9 .4 % ) .  A n d  th e n  it s  s e l e c t i v i t y  is  d e c r e a s e d  u n t i l  t h e  e n d  o f  

r e a c t io n  t im e .  T h is  c a n  b e  e x p la in e d  b y  th e  d ib e n z y l  a lc o h o l  r e a c t io n  ( F ig u r e  4 .1 6
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( 3 ) ) .  T h e  d ib e n z y l  e th e r  r e a c t io n  is  fa s te r  th a n  b e n z y l  s o lk e t a l  e t h e r  a n d  b e n z y l  

g ly c e r o l  e th e r . B u t  a f te r  2  h o u r s ,  th e  s e l e c t i v i t y  d r o p s  d r a m a t ic a l ly  b e c a u s e  d ib e n z y l  

e t h e r  r e a c t s  w i t h  w a t e r  a n d  c o n v e r t s  b a c k  to  b e n z y l  a l c o h o l .  A n d  t h e n  t h e  b e n z y l  

a lc o h o l  r e a c t s  w i t h  g ly c e r o l  a n d  s o lk e t a l  t o  p r o d u c e  m o r e  b e n z y l  g ly c e r o l  e th e r  a n d  

b e n z y l  s o lk e t a l  e th e r . T h e  s e l e c t i v i t y  o f  b e n z y l  g ly c e r o l  e t h e r  i s  2 1 %  a t  2  h o u r . T h e  

s e l e c t i v i t y  o f  b e n z y l  g ly c e r o l  e th e r  i s  c o n t in u o u s l y  in c r e a s e d  d u e  t o  t h e  r e a c t io n  

t im e .  T h is  b e h a v io r  e x p la in e d  th a t  s o lk e t a l  is  d e p r o t e c t e d  f r o m  th e  w a t e r  in  s y s t e m  to  

c o n v e r t  b a c k  t o  g ly c e r o l  a n d  a c e t o n e .  T h e  r e m a in in g  g ly c e r o l  i s  a l s o  r e a c te d  w i t h  

b e n z y l  a lc o h o l  to  p r o d u c e  m o r e  b e n z y l  g ly c e r o l  e th e r . F o r  t h is  1:1 m o la r  r a t io ,  
s o lk e t a l  h a s  c o n v e r t e d  b a c k  to  s o lk e t a l  m o r e  th a n  c o n v e r t e d  t o  p r o d u c e  b e n z y l  

s o lk e t a l  e th e r . T h e  s e l e c t i v i t y  o f  b e n z y l  s o lk e t a l  e th e r  i s  1 9 .6 %  at 2  h o u r . A n d  th e n  it  

s l i g h t ly  d e c r e a s e s  t o  1 1 .6 %  s e l e c t i v i t y  a t 1 0  h o u r . A f t e r  th a t  t h e  c o n v e r s i o n  s l ig h t ly  

in c r e a s e s  u p  to  1 5 .9 %  s e l e c t i v i t y  a t 12  h o u r s . In  th is  c a s e ,  th e  s e l e c t i v i t y  o f  b e n z y l  

s o lk e t a l  e th e r  i s  v e r y  lo w .  T h e  r e a c t io n  c o u ld  b e  e x p la in e d  b y  F ig u r e  4 .1 6  ( 5 ) .  T h e  

c o n v e r s i o n  i s  d e c r e a s e d  fr o m  2  h o u r  to  1 0  h o u r  b e c a u s e  b e n z y l  s o lk e t a l  e th e r  i s  

d e p r o t e c t e d  b y  w a t e r  t o  p r o d u c e  b e n z y l  g ly c e r o l  e th e r . In  c o n c lu s io n ,  t h e  1:1 s o lk e t a l  

t o  b e n z y l  a lc o h o l  i s  s u i t a b le  t o  p r o d u c e  b e n z y l  g ly c e r o l  e th e r  ( 4 8 .6 %  a t  1 2  h o u r )  

c o m p a r e d  to  o th e r  p r o d u c t s .  O n  th e  o th e r  h a n d , t h i s  m o la r  r a t io  d id  n o t  in c r e a s e  th e  

s e l e c t i v i t y  o f  b e n z y l  s o lk e t a l  e th e r  ( 1 5 .9 % ) .
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T u n e  (h r)

F i g u r e  4 .1 7  B e n z y l  a lc o h o l  c o n v e r s i o n  a n d  s e l e c t i v i t y  o f  p r o d u c t  m ix t u r e  a t  

d i f f e r e n t  t im e  fo r  1:1 g ly c e r o l  t o  b e n z y l  a lc o h o l  m o la r  ra tio :  ( T )  S e l e c t i v i t y  o f  

d ib e n z y l  e th e r ,  ( o )  S e l e c t iv i t y  o f  b e n z y l  g ly c e r o l  e th e r ,  (♦ ) S e l e c t i v i t y  o f  b e n z y l  

s o lk e t a l  e th e r ,  a n d  ( A )  B e n z y l  a lc o h o l  c o n v e r s io n .

A c c o r d in g  t o  in c r e a s in g  th e  b e n z y l  a lc o h o l  c o n v e r s i o n ,  th e  1 :2  

s o lk e t a l  t o  b e n z y l  a l c o h o l  m o la r  r a t io  i s  in v e s t ig a t e d  in  t h is  p a r t . T h e  in c r e a s in g  o f  

m o la r  r a t io  s h i f t s  t h e  r e a c t io n  to  th e  r ig h t  h a n d  s id e  o f  th e  r e a c t io n  f r o m  L e  

C h â t e l l i e r ’ s  P r in c ip le .  T h e  r e s u lt  i s  s h o w n  in  F ig u r e  4 .1 8 .  A s  e x p e c t e d ,  th e  b e n z y l  

a lc o h o l  c o n v e r s i o n  i s  in c r e a s e d  s ig n i f ic a n t ly  to  7 2 %  fr o m  th e  b e g i n n i n g  to  2  h o u r s  

a n d  c o n t in u o u s  in c r e a s e d  to  9 2 .3 %  at th e  e n d  o f  r e a c t io n .  A l t h o u g h ,  th e  in c r e a s e d  o f  

b e n z y l  a l c o h o l  m o la r  i s  in c r e a s in g  th e  r a te  o f  b e n z y l  a lc o h o l  c o n v e r s i o n  a t th e  

b e g i n n i n g  t im e .  T h e  s e l e c t i v i t y  o f  d ib e n z y l  e th e r  is  in c r e a s in g  f r o m  th e  b e g in n in g  

t im e  t o  4  h o u r s  ( 6 0 .5 % ) .  F r o m  4  h o u r  t o  1 2  h o u r , th e  s e l e c t i v i t y  o f  d ib e n z y l  e t h e r  is  

d e c r e a s in g  t o  5 2 .5 %  w h i c h  i s  s t i l l  h ig h e r  th a n  th e  s e l e c t i v i t y  o f  b e n z y l  g ly c e r o l  e th e r  

a n d  b e n z y l  s o lk e t a l  e th e r .  T h e  s e l e c t i v i t y  o f  b e n z y l  g ly c e r o l  i s  in c r e a s e d  m o d e r a t e ly  

fr o m  th e  b e g i n n i n g  to  1 0  h o u r s  ( 3 9 .8 % ) .  A f t e r  th a t , th e  s e l e c t i v i t y  i s  s l i g h t ly  d r o p p e d  

to  3 5 .8 %  at t h e  e n d  o f  r e a c t io n .  T h is  b e h a v io r  i s  th e  s a m e  a s  1:1 s o lk e t a l  to  b e n z y l  

a lc o h o l  m o la r  r a t io  b e c a u s e  s o lk e t a l  is  d e p r o t e c t e d  t o  g ly c e r o l  a n d  th e n  g ly c e r o l  is
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a ls o  r e a c te d  w i t h  th e  e x c e s s  b e n z y l  a lc o h o l  to  p r o d u c e  b e n z y l  g ly c e r o l  e th e r  ( F ig u r e  

4 .1 6  ( 2 ) ) .  T h e  s e l e c t i v i t y  o f  b e n z y l  s o lk e t a l  i s  in c r e a s e d  f r o m  th e  b e g i n n i n g  t o  2  

h o u r . T h e n ,  th e  s e l e c t i v i t y  is  s l i g h t ly  d e c r e a s e s  t o  9 .8 %  a t 1 0  h o u r s . A f t e r  th a t  th e  

c o n v e r s i o n  is  s l i g h t ly  in c r e a s e d  t o  1 1 .8 %  at 1 2  h o u r s . T h is  b e h a v io r  e x p l a i n s  b y  

F ig u r e  4 .1 6  ( 5 ) .  B e n z y l  g ly c e r o l  i s  p r o t e c t e d  b y  a c e t o n e  to  p r o d u c e  b e n z y l  s o lk e t a l  

e th e r . In  c o n c lu s io n ,  th e  1 :2  s o lk e t a l  t o  b e n z y l  a lc o h o l  m o la r  r a t io  is  s u i t a b le  fo r  

p r o d u c e d  d ib e n z y l  e th e r  ( 5 2 .5 %  s e l e c t i v i t y ) .  T h is  m o la r  r a t io  d o e s  n o t  h e lp  to  

in c r e a s e  th e  s e l e c t i v i t y  o f  b e n z y l  s o lk e t a l  e th e r  ( 1 1 .8 % ) .

F i g u r e  4 .1 8  B e n z y l  a lc o h o l  c o n v e r s i o n  a n d  s e l e c t i v i t y  o f  p r o d u c t  m ix t u r e  a t  

d i f f e r e n t  t im e  fo r  1 :2  g ly c e r o l  t o  b e n z y l  a lc o h o l  m o la r  r a t io :  ( T )  S e l e c t i v i t y  o f
d ib e n z y l  e th e r ,  ( o )  S e le c t iv i t y  o f  b e n z y l  g ly c e r o l  e th e r ,  (♦ ) S e l e c t i v i t y  o f  b e n z y l

s o lk e t a l  e th e r ,  a n d  (A) B e n z y l  a lc o h o l  c o n v e r s io n .

T h e  in c r e a s in g  o f  b e n z y l  a lc o h o l  m o la r  r a t io  d o e s  n o t  e n h a n c e  th e  

s e l e c t i v i t y  o f  b e n z y l  s o lk e t a l  e th e r .  T h e  in c r e a s in g  s o lk e t a l  m o la r  r a t io  a ls o  s h i f t s  th e  

r e a c t io n  t o  th e  r ig h t  h a n d  s id e  o f  th e  r e a c t io n  a s  s a m e  a s  t h e  in c r e a s in g  b e n z y l  

a lc o h o l  m o la r  r a t io . T h u s  th e  2 :1  s o lk e t a l  to  b e n z y l  a l c o h o l  m o la r  r a t io  is  s t u d ie d  in  

th is  p a rt. T h e  r e s u lt  i s  s h o w n  in  F ig u r e  4 .1 9 .  T h e  b e n z y l  a lc o h o l  c o n v e r s i o n  is
in c r e a s e d  s ig n i f i c a n t ly  t o  9 8 .5 %  a f te r  12  h o u r s  o f  r e a c t io n .  T h e  s e l e c t i v i t y  o f
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d ib e n z y l  e th e r  i s  6 0 %  at 1 h o u r . A f t e r  th a t  th e  s e l e c t i v i t y  o f  d i b e n z y l  e th e r  is  

c o n t in u o u s l y  d e c r e a s e d  t o  2 0 .4 %  a t 1 2  h o u r s . T h e  b e h a v io r  a l s o  c o n f ir m e d  th e  

s e l e c t i v i t y  o f  d ib e n z y l  e th e r  f r o m  th e  1:1 s o lk e t a l  t o  b e n z y l  a lc o h o l  m o la r  r a t io  

w h i c h  e x p la in e d  b y  e q u a t io n  ( 3 )  in  F ig u r e  4 .1 6 .  B e n z y l  a l c o h o l  i s  in i t ia l ly  c o n v e r t e d  

to  d ib e n z y l  e th e r .  A f t e r  th e  e q u i l ib r iu m , th e  d ib e n z y l  e th e r  is  c o n v e r t e d  b a c k  to  

b e n z y l  a lc o h o l  b y  r e a c te d  w i t h  w a t e r  in  t h e  s y s t e m .  T h e  s e l e c t i v i t y  o f  b e n z y l  

g ly c e r o l  e th e r  i s  a l s o  d o n e  w i t h  t h e  s a m e  b e h a v io r  c o m p a r e d  to  th e  1:1 s o lk e t a l  to  

b e n z y l  a lc o h o l  m o la r  r a t io . T h e  s e l e c t i v i t y  h a s  b e e n  in c r e a s e d  f o r  4  h o u r s  ( 4 8 .7 % ) .  
A f t e r  th a t , th e  s e l e c t i v i t y  i s  l e v e l e d  o f f  u n t i l  1 2  h o u r s  ( 4 9 .7 % ) .  T h e  s e l e c t i v i t y  o f  

b e n z y l  s o lk e t a l  e th e r  i s  in c r e a s e d  f r o m  th e  b e g i n n i n g  t o  2  h o u r s  ( 2 0 .3 % ) .  T h e n  th e  

s e l e c t i v i t y  is  d e c r e a s e d  t o  1 4 .3 %  a t 4  h o u r  b e c a u s e  o f  th e  in c r e a s in g  o f  b e n z y l  

g ly c e r o l  e th e r . A f t e r  th a t , th e  s e l e c t i v i t y  o f  b e n z y l  s o lk e t a l  e t h e r  i s  m o d e r a t e ly  

in c r e a s e d  to  2 6 .9 %  a t  1 2  h o u r s .  In  t h is  c a s e ,  th e  s e l e c t i v i t y  o f  b e n z y l  s o lk e t a l  e th e r  

in c r e a s e d  d u e  t o  th e  d e c r e a s in g  s e l e c t i v i t y  o f  d ib e n z y l  e th e r .  In  c o n c l u s i o n ,  th e  2:1  

s o lk e t a l  to  b e n z y l  a lc o h o l  m o la r  r a t io  e n h a n c e s  th e  s e l e c t i v i t y  o f  b e n z y l  s o lk e t a l  

e t h e r  ( 2 6 .9 % )  w h i c h  i s  h ig h e r  th a n  th e  p r e v io u s  p a r ts . In  t h e  o th e r  h a n d , th e  m o la r  

r a t io  a l s o  p r o d u c e s  t o o  m u c h  o f  b e n z y l  g ly c e r o l  e th e r .
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Figure 4.19 Benzyl alcohol conversion and selectivity of product mixture at 
different time for 2:1 glycerol to benzyl alcohol molar ratio: (T ) Selectivity of 
dibenzyl ether, (o) Selectivity of benzyl glycerol ether, (♦ ) Selectivity of benzyl 
solketal ether, and (A) Benzyl alcohol conversion.

The 2:1 solketal to benzyl alcohol molar ratio is able to increase the 
selectivity of benzyl solketal ether. In this part, the solketal molar is doubled the 
solketal to benzyl alcohol molar ratio to 4:1. Moreover this molar ratio is able to 
shift the reaction to the right hand side. The result is shown in Figure 4.20. As 
expected, the benzyl alcohol conversion is lifted to 96.6% at 2 hours because of the 
limiting reactant. After that the benzyl alcohol conversion leveled off around 98.0% 
to 99.0% until the end of reaction. The selectivity of dibenzyl ether has been 
increased to 23.6% for 4 hours. After that, the selectivity of dibenzyl ether is 
decreased and leveled off around 10% during 4 hours to 12 hours. This selectivity is 
the lowest selectivity compared to the other effects. This behavior explains by Figure 
4.16 (3). The rate of dibenzyl ether is slower than the rated of benzyl solketal ether 
and benzyl glycerol ether because benzyl alcohol molar is extremely less than 
solketal molar. Moreover the opportunity of benzyl alcohol reacted with itself would 
less than the reacted solketal and glycerol in the system. The selectivity of benzyl
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glycerol ether is increased moderately to 51.0% from the beginning to 6 hours. And 
then the selectivity is decreased to 39.9% at 12 hours. The Figure 4.16 (5) explains 
this decreasing selectivity of benzyl glycerol ether. The remaining acetone from the 
deprotected solketal reacts benzyl glycerol to produce benzyl solketal ether. The 
selectivity of benzyl solketal ether is increased to 40.2% at 2 hours. Then the 
selectivity is dropped at 4 hours (31.8%) because the rate of benzyl glycerol ether is 
faster than the rate of benzyl solketal ether. Nevertheless the selectivity moderately 
increased to 52.2% from 4 hours to 10 hours. There are two main reasons for 
increased selectivity. Firstly, dibenzyl ether conversed back to benzyl alcohol which 
reacted with solketal to produce benzyl solketal. Lastly, the benzyl glycerol ether is 
reacted with acetone to produce more benzyl solketal ether. At the end of reaction 
time the selectivity is slightly decreased (50.1%) because of the slightly increased 
benzyl glycerol ether. In conclusion, the 4:1 solketal to benzyl alcohol molar ratio 
gives the highest efficiency to produce the benzyl solketal ether which the selectivity 
of benzyl solketal ether is higher than the other effects around two times. Moreover 
this molar ratio is also decreased the selectivity of benzyl glycerol ether and dibenzyl 
ether.
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Figure 4.20 Benzyl alcohol conversion and selectivity of product mixture at 
different time for 4:1 glycerol to benzyl alcohol molar ratio: (▼ ) Selectivity of 
dibenzyl ether, (o) Selectivity of benzyl glycerol ether, (♦ ) Selectivity of benzyl 
solketal ether, and (A) Benzyl alcohol conversion.

4.2.2 Characterization of Products Mixture by Fourier Transform Infared 
Spectroscopy (FT-IR Spectroscopy) and Mass Spectroscopy (MS Spectroscopy)

The FT-IR spectroscopy and GCxGC TOF MS are the two main 
instruments for qualitative analysis. FT-IR spectroscopy analyzed the functional 
group of products mixture. The MS spectroscopy from the GCxGC TOF MS is also 
confirmed the molecular weight of the chemicals.

The FT-IR specrtroscopy is shown in Figure 4.21. The solid line 
presented the products mixture with /?-toluenesulfonic acid after 12 hours. This FT- 
IR result is compared to the standard benzyl solketal ether (Figure4.21). It looks 
similar to the standard. The wavenumber around 1200 cm'1 to 1000 cm'1 represents 
the C-0 strecthing from the ether product which is also agreed with the standard. But 
at wavenumber around 3500 cm'1 to 3200 cm"1 refers to the O-H stretching which 
represents the remaining benzyl glycerol ether and glycerol from deprotected
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solketal. Moreover the wavenumber around 1700 cm'1 represents to c = 0  strecthing 
in ketone which is the remaining acetone.

Figure 4.21 FT-IR spectra for benzyl solketal ether production.

Aldrich 40,616-3 CAS [15028-56-5]4-(BenzyIoxymethyl)-2,2-dimethyl-1,3-dioxo1ane,
99%
NEAT

013แ ไ8๐ 3FW 222.28bp 89 - 91 °c (0.1 mm)
ช 1.051 
ท2p1.4940 
Fp >230°F

NfCOLET 20SX FT-lfl

Figure 4.22 FT-IR spectra for standard benzyl solketal ether. (Sigma-Aldrich., 
1 9 9 7 ).

After the Benzyl alcohol is reacted itself with 2 .2 %  by weight of p- 
toluenesulfonic acid for the standard dibenzyl ether. The FT-IR result is also 
confirmed the functional group of dibenzyl ether as shown in Figure 4 .2 3  compared 
to the standard (Figure 4 .2 4 ) .  The result looks similar to the standard. But at
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w a v e n u m b e r  arou n d  3 5 0 0  c m '1 to  3 2 0 0  c m '1 re fers  to  th e  O -H  stre tc h in g  w h ic h
r e p resen ts  th e  r e m a in in g  b e n z y l a lc o h o l. T h is  re su lt  c o m fir m s  th e  fu n c tio n a l grou p
o f  d ib e n z y l e th er  fro m  th e  sy n th e s is .

Aldrich 10,801-4 CAS[103-50-4]Benzyl ether, 99% C14H14o FW 198.27 mp 2 - 4°c
bp 298°c d 1.043 ng31.5620 ร ฺร ฺะ แ  2,48 VP-FT-IR: 3, 991 อ

Figure 4.24 FT-IR spectra for standard dibenzyl ether. (Sigma-Aldrich., 1997).
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The MS result is also confirmed the molecular weight of chemicals. 
The results is shown in Figure 4.24. Benzyl solketal ether MS results is Figure 4.25 
(A). The molecular weight of benzyl solketal ether is 222. In the MS result, the first 
number is 164. This number is due to the ionization by losing two alkyl groups and 
opening the C-0 of dioxolane group from the protected side. The next number is 91. 
This number is due to the lost of the remaining solketal side. And the last number is 
43. This number is due to the lost of the benzene ring. Benzyl glycerol ether MS 
result is represented by Figure 4.25 (B). The molecular weight is 182. The first 
number is 107, This number is due to the ionization by losing the glycerol side. The 
next number is 91. This number is also due to the lost of the C-0 ether bond. The 
last number is 65. This number is caused by losing the branch of benzyl alcohol side. 
The number 65 is also referred to the remaining of benzene ring. Figure 4.25 (C) is 
shown the MS result for dibenzyl ether. The molecular weight of dibenzyl ether is 
198. The First number is 92. This number is also due to the ionization by losing the 
one side of benzyl group. The last number is 65. This number is also caused by 
losing the branch of remaining benzyl group.
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Figure 4.25 The MS results: (A) Benzyl solketal ether, (B) Benzyl glycerol ether 
and (C) Dibenzyl ether.
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