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3 2 3 - 3 2 8 .

พ น ,  X .L . ,  X ia o ,  M . ,  M e n g ,  Y .Z . ,  a n d  L u , Y . x .  ( 2 0 0 5 ) .  D ir e c t  s y n t h e s i s  o f  d im e t h y l  

c a r b o n a te  o n  I I 3 P O 4  m o d i f i e d  V 2O 5. J o u r n a l o f  M o le c u la r  C a t a ly s i s  A :  

C h e m i c a l . 2 3 8 ,  1 5 8 - 1 6 2 .
พ น ,  X .L . ,  M e n g ,  Y .Z . ,  a n d  L u , Y . x .  ( 2 0 0 6 ) .  D ir e c t  s y n t h e s i s  o f  d im e t h y l  c a r b o n a te  

( D M C )  u s i n g  C u - N i / V S O  a s  c a t a ly s t .  J o u r n a l o f  M o le c u la r  C a t a ly s i s  A :  

C h e m i c a l . 2 4 9 ,  9 3 - 9 7 .
Y a n g ,  c., L a i, LL, L iu , z., a n d  M a , p . ( 2 0 0 6 ) .  D e n s i t y  a n d  v i s c o s i t y  o f  b in a r y  

m ix t u r e s  o f  d ie th y l  c a r b o n a te  w i t h  a lc o h o l s  a t ( 2 9 3 .1 5  t o  3 6 3 .1 5 )  K  a n d  

p r e d ic t iv e  r e s u lt s  b y  U N I F A C - V I S C O  g r o u p  c o n t r ib u t io n  m e t h o d .  J o u r n a l  
o f  C h e m ic a l  E n g in e e r in g  D a t a , 5 1 ,  1 3 4 5 - 1 3 5 1 .

Z h a o ,  T . ,  H a n , Y . ,  a n d  รน ท , Y . ( 2 0 0 0 ) .  N o v e l  r e a c t io n  r o u t e  fo r  d im e t h y l  c a r b o n a te  

s y n t h e s i s  f r o m  C O 2 a n d  m e t h a n o l .  F u e l  P r o c e s s in g  T e c h n o l o g y , 6 2 ,  1 8 7 -  

1 9 4 .
‘ฯ . 2 .3  O x y g e n a t e s  in  g a s o l i n e .” 1 .2 - M T B E  in  g a s o l in e :  E u r o p e a n  F u e l  O x y g e n a t e s  

A s s o c ia t io n :  th e  r e f e r e n c e  fo r  M T B E  a n d  f u e l  o x y g e n a t e s .  2 7  M a y  2 0 1 0  

< h t t p : / / w w w .e f o a .o r g / m t b e g a s o l i n e .h t m l> .

http://www.efoa.org/mtbegasoline.html


APPENDICES

Appendix A Carbon Dioxide: Pressure-Enthalpy Diagram of CO2 Mixture 
(CO2 mol fraction at 0.5 and EtOH mol fraction at 0.5) 
(http://www2.questconsult.com/cgi-bin/jrm_enthpres)

E n t h a lp y  ( k J / k g )

http://www2.questconsult.com/cgi-bin/jrm_enthpres
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Appendix B Calculations for Catalyst Preparation

F ir s t  o f  a l l ,  th e  d e s ir e d  m o la r  r a t io s  o f  th e  c a t a ly s t  w e r e  c a lc u la t e d  fr o m  

E q u a t io n  B . l .  T h e  u n k n o w n s  p a r a m e t e r s  a re  A  a n d  B . T h e r e f o r e ,  a n o th e r  e q u a t io n  

m u s t  b e  u s e d  t o  s o l v e  th e  e q u a t io n  s im u l t a n e o u s ly .

—  =  r a t io  ( B . l )

w h e r e  A

B

r a tio

a

b

=  W e ig h t  o f  C e ( N 0 3 ) 3* 6 H 20 , g  

=  W e ig h t  o f Z r O ( N 0 3) 2* 8 H 20 ,  g  

=  m o la r  r a t io  o f  C e /Z r

=  M o le c u la r  w e i g h t  o f  C e(N C > 3)3» 6 FI20 , 4 3 4 .2 2  g /m o l  ( A c r o s )

=  M o le c u la r  w e i g h t  o f  Z r 0 ( N 0 3 )2* 8 H 20 , 2 3 1 .2 3  g /m o l  ( A c r o s )

E q u a t io n  B .2  i s  r e p r e s e n t e d  th e  a m o u n t  o f  C e 0 2- Z r 0 2 c a t a ly s t  a t d e s ir e d  

m o la r  r a t io .

c  +  D  =  E ( B .2 )

w h e r e  c  =  W e ig h t  o f  C e 0 2, g  

D  =  W e ig h t  o f  Z r 0 2, g
E  =  W e ig h t  o f  C e 0 2- Z r 0 2 c a t a ly s t  a t d e s ir e d  m o la r  r a t io , g

T h e  m o le  o f  C e  in  C e 0 2 a n d  C e ( N 0 3 ) 3« 6 H 20 , a n d  th e  m o l e  o f  Z r  in  Z r 0 2 

a n d  Z r O ( N 0 3 ) 2* 8 H 20  a r e  e q u a l  (1  m o l )  a s  w r i t t e n  in  E q u a t io n s  B .3  a n d  B .4 .

C ' = A '  ( B .3 )
D ' =  B ' ( B .4 )

w h ere  A ’ =  M o le  o f  C e (N 0 3 )3*6H 20 , m ol
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B ’ =  M o le  o f  Z r 0 ( N 0 3 ) 2* 8 H 2 0 , m o l  

C ’ =  M o l e  o f  CeC>2, m o l  

D’ =  M o l e  o f  ZrC>2 , m o l

T h e r e f o r e ,  p a r a m e t e r s  c a n d  D a re  r e a r r a n g e d  a n d  e x p r e s s e d  a s  E q u a t io n
B . 5 .

( À ) . ( B  ไc  X —  + d x —น  J U  J =  E ( B .5 )

w h e r e  c  =  M o le c u la r  w e i g h t  o f  CeC>2, 1 7 2 .1 2  g /m o l  

( h t t p : / / e n .w i k i p e d i a .o r g / w i k i / C e 0 2 ) 

d =  M o le c u la r  w e i g h t  o f  Z K > 2, 1 2 3 .2 2  g /m o l
( h t t p : / / e n .w i k i p e d i a .o r g / w i k i /Z ir c o n i u m _ d i o x id e )

E q u a t io n s  B . l  a n d  B .2  a r e  s o lv e d  s im u l t a n e o u s ly  to  f in d  th e  w e i g h t  o f  th e  

p r e c u r s o r s  fo r  th e  d e s ir e d  m o la r  r a t io  o f  th e  c a t a ly s t .

http://en.wikipedia.org/wiki/Ce02
http://en.wikipedia.org/wiki/Zirconium_dioxide
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Appendix c  Equilibrium Conversion Calculations

In  t h i s  w o r k ,  th e  r e a c t io n s  a s  s h o w n  in  E q u a t io n s  c . l  to  C .3  w e r e  o c c u r r e d .

2 C H 3C H 2O H ( l )  +  C 0 2(1) 
C H 3C H 2O H ( l )  ---------

— — ►  ( C H 3C H 20 ) 2C 0 ( 1 )  +  h 20 ( 1 )
►  C H 3C O H ( l )  +  H 2( g )  

C H 3C O H ( l )  +  2 C H 3C H 2O H ( l )  — ►  ( C H 3C H 2(ว )2C C H 3(ไ) +  H 20 ( 1 )

( C . l )
( C .2 )
( C .3 )

T o  d e t e r m in e  th e  e q u i l ib r iu m  c o n v e r s i o n  o f  th e  r e a c t io n s ,  th e  f ir s t  s t e p  i s  to  

c a lc u la t io n  G i b b ’s  f r e e  e n e r g y  a t th e  r e a c t io n  te m p e r a tu r e .  T h e  r e f e r e n c e  s ta te  is  

2 9 8 .1 5  K  a n d  1 a tm . E q u a t io n s  C .4  a n d  C .5  s h o w  th e  r e la t io n s h ip  e q u a t io n  b e t w e e n  

e n t h a lp y  e q u a t io n  a n d  G i b b ’s  f r e e  e n e r g y  e q u a t io n ,  r e s p e c t iv e ly .

A H t  =  J ■ + (A a )T  +  ( A b /2 ) T 2 +  ( A c / 3 ) T 3 +  ( A d /4 ) T 4 c .4 1
A G t /R T  =  J /R T  -  ( A a /R ) ln T  -  ( A b /2 R ) T  -  ( A c /6 R ) T 2 -  ( A d / 12 R ) T 3 +  I c . 5 1

w h e r e  A H r  =  th e  c h a n g e  o f  h e a t  o f  f o r m a t io n  a t T  K  ( k J /k m o l) ;
J =  th e  c o n s t a n t  v a lu e  f o u n d  b y  u s in g  a  k n o w n  n u m e r ic a l  v a lu e ;
T  =  te m p e r a tu r e  (K );

A G t  =  t h e  c h a n g e  o f  G i b b ’s f r e e  e n e r g y  a t T  K  ( k J /k m o l) ;
I =  t h e  c o n s t a n t  v a lu e ;
R  =  g a s  c o n s t a n t  ( 8 .3 1 4  k J /k m o le - K ) ;

A a , A b , A c , a n d  A d  =  th e  c h a n g e  o f  th e  h e a t  c a p a c i t y  c o e f f i c i e n t  ( k J /k m o le - K ) .

T h e  t h e r m o d y n a m ic  p r o p e r t ie s  r e q u ir e d  fo r  th e  c a lc u la t io n  a re  s h o w n  in
T a b le s  c . l  a n d  c . 2 .



Table c . l  B a s i c  c h e m ic a l  p r o p e r t ie s 2

Components
Molecular

Weight v c Tc Pc Zc
Liquid density at 

298.15 K
Specific volume of 
liquid at 298.15 K

Vapor pressure at 
298.15 K

Unit m3/kmol K kPa - kmol/m3 m3/kmol Pa
E th a n o l 4 6 .0 7 0 .1 6 7 5 1 3 .9 2 6 1 4 8 0 .2 4 1 7 .0 5 9 6 9 8 2 7 0 . 0 5 8 6 1 7 6 8 4 7 9 2 7 . 7 2 1 1 9 4

C 0 2 4 4 .0 1 0 .0 9 4 3 0 4 .2 1 7 3 8 3 0 .2 7 4 1 6 .2 1 3 1 9 2 8 1 0 . 0 6 1 6 7 8 1 6 6 6 4 4 7 8 9 0 . 5 2 6
D E C 1 1 8 .1 3 0 .3 5 6 5 7 6 3 3 9 0 0 .2 5 2 8 .2 1 5 1 1 5 7 5 5 0 .1 2 1 7 2 6 8 3 1 4 4 3 .5 4 6 6 7 7

A c e t a ld e h y d e 4 4 .0 5 0 .1 5 4 4 6 6 5 5 5 0 0 .2 2 1 1 7 .5 7 8 4 7 3 4 0 .0 5 6 8 8 7 7 6 1 1 1 6 6 4 3 .0 2 9 1
A c e t a l 1 1 8 .1 7 0 .4 0 2 5 4 1 2 9 8 0 0 .2 6 6 6 . 9 5 1 2 7 8 9 9 8 0 .1 4 3 8 5 8 4 1 8 4 4 9 8 . 0 3 4 7 0 7

h 2 2 .0 2 0 . 0 6 4 1 4 7 3 3 .1 9 1 3 1 3 0 .3 0 5 - - -

h 20 1 8 .0 1 0 .0 5 5 9 4 8 6 4 7 .1 3 2 2 0 5 5 0 .2 2 9 5 5 .2 2 7 2 5 4 8 0 .0 1 8 1 0 7 0 0 2 3 1 7 0 . 3 8 5 7 7 5



Table C.2 E n th a lp y , G ib b s  f r e e  e n e r g y ,  a n d  h e a t  c a p a c i t y  c o e f f i c i e n t  o f  th e  c h e m i c a l s 2

Components AH at 298.15 K and 1 atm A G  at 298.15 K and 1 atm a b c d
Unit kJ/kmol kJ/kmol

E th a n o l - 2 7 7 5 0 1 . 8 7 - 1 7 4 1 6 1 - 2 6 .1 6 5 0 . 3 0 8 8 9 - 0 . 0 0 1 0 0 7 5 0.000001
C 0 2 - 4 0 3 9 2 3 . 2 1 2 - 3 8 4 4 6 6 0 .2 6 6 6 3 0 .0 0 2 9 7 6 - 0 .0 0 0 0 0 4 1 0 . 0 0 0 0 0 0 0 0 2

D E C - 6 8 4 1 0 4 . 1 7 7 - 4 7 5 1 7 7 - 2 1 . 4 2 0 .1 7 4 7 2 - 0 . 0 0 0 4 2 6 9 0 .0 0 0 0 0 0 3
A c e t a ld e h y d e - 1 9 2 0 3 7 . 4 8 8 - 1 3 2 7 5 2 0 .9 2 3 1 1 - 0 .0 0 0 7 1 0 .0 0 0 0 0 8 7 - 0 . 0 0 0 0 0 0 0 0 8

A c e t a l - 4 9 1 7 0 7 . 1 8 8 - 2 5 2 7 0 7 - 5 3 . 1 7 6 0 .4 4 5 5 - 0 . 0 0 1 1 8 3 8 0.000001
h 2 0 0 1 1 .8 1 2 0 .0 1 4 6 5 5 - 0 . 0 0 0 0 2 5 9 0.00000001

h 20 - 2 8 5 6 8 2 . 8 8 6 - 2 3 7 1 7 6 - 2 1 4 .5 5 5 1 .7 9 3 4 - 0 . 0 0 4 8 1 4 2 0 . 0 0 0 0 0 4 2
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A f te r  th e  c a lc u la t io n s  to  f in d  I a n d  J c o n s t a n t  a r e  p r e c e d e ,  G ib b s  fr e e  e n e r g y  

in  e a c h  r e a c t io n  a n d  r e a c t io n  te m p e r a tu r e  c a n  b e  fo u n d .  G ib b s  f r e e  e n e r g y  o f  th e  

r e a c t io n  at th e  r e a c t io n  te m p e r a tu r e  is  u s e d  to  c a l c u la t e  th e  e q u i l ib r iu m  c o n s t a n t  a s  

s h o w n  in  E q u a t io n  C .6 .

- A G j /R T  =  ln ( K )  C .6 1

w h e r e  K  =  e q u i l ib r iu m  c o n s ta n t .

T o  f in d  th e  c h e m ic a l  c o m p o s i t io n s  a t th e  o p e r a t in g  c o n d i t io n ,  t h e  r e la t io n  o f  

e q u i l ib r iu m  c o n s t a n t  to  c o m p o s i t io n  in  g a s  a n d  l iq u id  p h a s e  r e a c t io n s  a r e  s h o w n  in  

E q u a t io n s  C .7  a n d  C .8 , r e s p e c t iv e ly .

n(y,<t>,)V| =  ( P /P ° ) - VK

n(x,y,)v' = Kexp[[(P°-P)/RT]S(ViVj)]

w h e r e  yj 

<f>i
p o

V,
Xj
Y.
V ,

=  f r a c t io n  o f  c o m p o n e n t  in  g a s  p h a s e ;

=  f u g a c i t y  c o e f f i c i e n t ;
=  s ta n d a r d  p r e s s u r e  (1  a tm );

=  s t o ic h io m e t r ic  n u m b e r ;

=  f r a c t io n  o f  c o m p o n e n t  in  l iq u id  p h a s e ;  

=  a c t iv i t y  c o e f f i c i e n t ;
=  s p e c i f i c  v o lu m e  o f  l iq u id  ( m 3/ m o l ) .

C .7 3

C .8 3

In th is  c a lc u la t io n ,  id e a l  s o lu t io n  i s  a s s u m e d ,  s o ,  a c t iv i t y  c o e f f i c i e n t  i s  u n ity .  
N e x t ,  to  e v a lu a t e  th e  c h e m ic a l  c o m p o s i t io n  a t e q u i l ib r iu m , m o le  b a la n c e s  o f  th e  

m u lt ip l e  r e a c t io n s  a s  s h o w n  in  T a b le  C .3  a re  c o n v e r t e d  to  th e  f r a c t io n  o f  e a c h  

c o m p o n e n t .
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Table C.3 M o le  b a la n c e s  o f  th e  m u lt ip le  r e a c t io n s

Component Mole input Mole output
EtOH A A - 2 X - Y - 2 Z

CO2 B B - X

DEC - X

Acetaldehyde - Y - Z

Acetal - z
h 2 - Y

h 2o - x+ z
Total A+B A+B-X+Y-Z

w h e r e  A  

B  

X  

Y
z

=  a n  in i t ia l  m o le  o f  e t h a n o l  (1  m o le ) ;
=  a n  in i t ia l  m o le  o f  C O 2 (1  m o le ) ;
=  r e a c t io n  c o o r d in a t e  o f  th e  E q u a t io n  c. 1 ; 
=  r e a c t io n  c o o r d in a t e  o f  th e  E q u a t io n  C .2 ;  

=  r e a c t io n  c o o r d in a t e  o f  th e  E q u a t io n  c.3.

F in a l ly ,  w h e n  a ll  p a r a m e te r s  a re  fo u n d ,  u s in g  th e  S o lv e r  in  M ic r o s o f t  E x c e l  

2 0 0 7  t o  f in d  t h e  v a lu e s  o f  X ,  Y ,  a n d  z  s im u l t a n e o u s ly  in  e a c h  r e a c t io n  t e m p e r a tu r e .  * 2 3

’E i l l i o t t ,  J .R .,  a n d  L ir a , C .T . I n tr o d u c to r y  C h e m ic a l  E n g in e e r in g  T h e r m o d y n a m ic s ,  
C h a p te r  1 4 , P r e n t ic e  H a l l ,  1 9 9 9 .

2P ro II  s im u la t io n  s o f t w e r e .
3S m it h ,  J .M .,  V a n  V e s s ,  H .C . ,  a n d  A b b o t t ,  M .M . I n tr o d u c t io n  to  C h e m ic a l  

E n g in e e r in g  T h e r m o d y n a m ic s ,  7 th e d i t io n ,  C h a p te r  1 3 , M c G r a w  H i l l ,  2 0 0 5 .
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Appendix D Calculations for Chemical Compositions from Experimental Data

A f t e r  o b t a in  th e  a r e a  o f  D E C , a c e t a ld e h y d e ,  a n d  a c e t a l  f r o m  th e  G C , th e  

a r e a  i s  c o n v e r t e d  t o  th e  a m o u n t  o f  th e  c o m p o n e n t  b y  th e  c a l ib r a t io n  c u r v e  in  e a c h  

c o m p o n e n t  a s  s h o w n  in  A p p e n d ix  E . T h is  a m o u n t  c o n v e r t e d  f r o m  a r e a  is  a n  a m o u n t  

in  1 p L . T h e  a m o u n t  o f  e th a n o l  c a n  b e  c a l c u la t e d  a s  s h o w n  in  E q u a t io n  D . l .

1 p L  =  V , -  a A  -  b B  -  c C  -  d (Ô D ) ( D . l )

w h e r e  V | =  v o lu m e  o f  e th a n o l  in  a  s y r in g e  ( p L ) ;

A  =  m a s s  o f  D E C  c o n v e r t e d  fr o m  it s  a r e a  ( g ) ;
B  =  m a s s  o f  a c e t a ld e h y d e  c o n v e r t e d  f r o m  it s  a r e a  ( g ) ;
C  =  m a s s  o f  a c e ta l  c o n v e r t e d  fr o m  it s  a r e a  (g ) ;
D  =  m a s s  o f  w a te r  b a s e d  o n  th e  m o le  o f  w a te r  e q u i l ib r iu m  in  e a c h

r e a c t io n  te m p e r a tu r e  ( 2 .7 ,  8 .2 7 ,  a n d  1 0 .2  t i m e s  o f  D E C  m o l e  at 

1 1 0 , 1 4 0 ,  1 7 0  ๐c ,  r e s p e c t iv e ly ) ;  

a  =  d e n s i t y  o f  D E C  a t 2 9 8 .1 5  K  ( 0 .9 7 5  g /m L );
b  =  d e n s i t y  o f  a c e t a ld e h y d e  a t 2 9 8 .1 5  K  ( 0 .7 8 8  g /m L ) ;
c  =  d e n s i t y  o f  a c e ta l  a t 2 9 8 .1 5  K  ( 0 .8 2 8  g /m L ) ;
d  =  d e n s i t y  o f  w a te r  a t 2 9 8 .1 5  K  ( 0 .9 9 7  g /m L )

A f t e r  th e  a m o u n t  o f  e t h a n o l  in s id e  th e  s y r in g e  is  k n o w n ,  th e  c o n v e r s i o n  o f  

e t h a n o l  c a n  b e  c a lc u la t e d  a s  s h o w n  in  E q u a t io n  D .2 .  N e x t ,  th e  r e a l  a m o u n t  o f  e t h a n o l  

in s id e  th e  a u t o c la v e  c a n  b e  f o u n d  a s  s h o w n  in  E q u a t io n  D .3 .  F in a l ly ,  th e  a m o u n t  o f  

D E C , a c e t a ld e h y d e ,  a n d  a c e ta l  in s id e  th e  a u t o c la v e  a r e  c a l c u la t e d  in  E q u a t io n  D .4 .

E tO H  c o n v .  (% 1 0 0 x [ I - R ] / I ( D .2 )

w h e r e  I =  in i t ia l  m a s s  o f  E tO H  in  1 p L ;
R  =  m a s s  o f  E tO H  c a lc u la t e d  fr o m  th e  a b o v e .
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R | =  [E tO H  c o n v x l n i t a l  m a s s  o f  E tO H  in  th e  a u t o c la v e  ] / 1 0 0

w h e r e  R i =  m a s s  o f  e t h a n o l  in s id e  th e  a u t o c l a v e  d u r in g  th e  e x p e r im e n t .

z  =  ( R ,x A  o r  B  o r  C)/Vi

w h e r e  z  =  th e  m a s s  o f  D E C  o r  a c e t a ld e h y d e  o r  a c e t a l  in  th e  a u t o c la v e .

( D .3 )

( D .4 )



Appendix E The Calibration Curves of DEC, Acetaldehyde, and Acetal

Mass of DEC in 1 pL Solution of EtOH (g) 

Figure E .l T h e  c a l ib r a t io n  c u r v e  o f  D E C .

Mass of Acetaldehyde in 1 pL Solution of EtOH (g)
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Figure E.2 T h e  c a l ib r a t io n  c u r v e  o f  a c e t a ld e h y d e .

0 0.000000 0.000000 0.000000 0.000000 0.000001 0.000001 
Mass of Acetal in 1 fiL Solution of EtOH (g)

Figure E.3 T h e  c a l ib r a t io n  c u r v e  o f  a c e ta l .
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