
T H E R M O D Y N A M I C S  C O N S I D E R A T I O N S
CHAPTER III

It is  k n o w n  th a t  a ll c h e m ic a l  r e a c t io n s  a r e  g o v e r n e d  b y  t h e r m o d y n a m ic s  

( i . e . ,  A G , A H , A S ) ,  p r o p e r t ie s  a s s o c ia t e d  w i t h  te m p e r a tu r e , p r e s s u r e , a n d  

c o m p o s i t io n .  T h e r e f o r e ,  t h e r m o d y n a m ic s  is  a  p r im a r y  c o n c e p t  in  s tu d y in g  th e  n a tu r e  

o f  a c h e m ic a l  " r e a c t io n , s u c h  th a t th e  f e a s ib i l i t y  o f  r e a c t io n  a n d  e q u i l ib r iu m  

c o n v e r s i o n / y i e ld  c a n  b e  e s t im a te d . T h e  e q u i l ib r iu m  c o n v e r s io n  o f  a r e a c t io n  is  

s o m e t i m e s  a g o a l  fo r  a c c o m p l i s h in g  th e  r e a c t io n  ( e .g . ,  W G S ) ,  a lt h o u g h  in  m a n y  

c a s e s  o n e  a d ju s ts  th e  r e la t iv e  r a te s  o f  s u r f a c e  r e a c t io n s  s o  th at th e  m o s t  

t h e r m o d y n a m ic a l ly  f a v o r e d  p r o d u c t  i s  m in im iz e d  ( e .g . ,  C H 4). In th is  s tu d y , th e  

f e a s ib i l i t y  o f  th e  m é t h y la t io n  o f  b e n z e n e  w it h  m e t h a n e  w a s  e x p lo r e d  a n d , m o r e o v e r ,  
th e  e f f e c t s  o f  r e a c t io n  c o n d i t io n s ,  s u c h  a s  te m p e r a tu r e , p r e s s u r e , a n d  in i t ia l  

c o m p o s i t io n ,  o n  th e  e q u i l ib r iu m  c o n v e r s io n  w e r e  a l s o  c a lc u la te d .  B o th  n o n - o x id a t iv e  

b e n z e n e  m é t h y la t io n  a n d  o x id a t iv e  b e n z e n e  m é t h y la t io n  r e a c t io n s  w e r e  

d e m o n s tr a te d .  F u r th e r m o r e , b a s e d  o n  th e  l ite r a tu r e , p r e s u m e d  s id e  r e a c t io n s  s u c h  a s  

t o lu e n e  d i s p r o p o r t io n a t io n ,  m e th a n e  c o u p l in g ,  a n d  to lu e n e  m é t h y la t io n ,  w e r e  a l s o  

ta k e n  in to  a c c o u n t  in  th e  c a lc u la t io n s .

3 .1  D e f in i t io n  o f  th e  E q u il ib r iu m  C o n s ta n t

T h e  g e n e r a l  e q u i l ib r iu m  c o n s t a n t  ( S m it h  e t  a h , 2 0 0 5 ) :

W h e r e  K a is  th e  e q u i l ib r iu m  c o n s ta n t ,  / 1 a n d  f °  a re  th e  f u g a c i t y  o f  a  s p e c ie s  at s ta te  

o f  in te r e s t  a n d  at s ta n d a r d  s ta te , r e s p e c t iv e ly ,  a n d  Vi i s  a s t o ic h io m e t r ic  c o e f f i c i e n t  o f  

e a c h  s p e c i e s  in  th e  in t e r e s t e d  r e a c t io n .
A t  e q u i l ib r iu m , Ka i s  e x p r e s s e d  b y  th e r m o d y n a m ic  te r m s  a s  f o l lo w i n g :

( 3 .1 )

( 3 .2 )

Suppose for gas-phase reaction at 1 bar ( f °  — p  = 1 b a r ) .  .
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In  g a s - p h a s e  r e a c t io n  at l o w  p r e s s u r e , g a s  m ix t u r e  c a n  b e  s im p l i f i e d  a s  id e a l  s o lu t io n ,

f t 5 =  y iV iP -
F o r  g a s - p h a s e  id e a l  s o lu t io n ,  s u b s t i tu t io n  y ie ld s ,

( I \ ( p ? ) ( . n y p ) p l v i  =  e x p [ 3 r) = ( 3 .4 )

N o t e  th at i f  id e a l  g a s ,  (Pi =  1 fo r  a ll i, th e n

( 1ไ  y p ) P ^ v‘ =  e x p  ( ( 3 .5 )

3 .2  G ib b s  F r e e  E n e r g y  o f  R e a c t io n

G ib b s  fr e e  e n e r g y  is  th e  e n e r g y  a s s o c ia t e d  w ith  a  c h e m ic a l  r e a c t io n .  
T h e r e f o r e ,  it m u s t  b e  f ir s t  e v a lu a t e d  in  o r d e r  to  d e s c r ib e  th e  b e h a v io r  o f  a n y  s p e c i e s  

in  th e  r e a c t io n  a t e q u i l ib r iu m  c o n d i t io n .  T h e  fr e e  e n e r g y  o f  a  s y s t e m  i s  th e  s u m  o f  i t s  

e n th a lp y  ( H )  s u b tr a c t  th e  p r o d u c t  o f  th e  te m p e r a tu r e  ( K e lv in )  a n d  th e  e n tr o p y  ( ร )  o f  

th e  s y s t e m  ( S m it h  e t  a h , 2 0 0 5 ) :
G = H - T S  ( 3 .6 )

F r e e  e n e r g y  c h a n g e  (A G ) i s  th e  c h a n g e  in  th e  e n th a lp y  (A H )  o f  th e  s y s t e m  m in u s  th e  

p r o d u c t  o f  th e  te m p e r a tu r e  ( K e lv in )  a n d  th e  c h a n g e  in  th e  e n tr o p y  ( A S )  o f  th e  

s y s t e m :
A G =  A H  -  T A S ( 3 .7 )

A n d  th e  f r e e  e n e r g y  c h a n g e  a t s ta n d a r d -s ta te  c o n d i t io n  is  d e f in e d  b y :
A G °  =  A H 0 — T A S 0 (3 r 8 )

T h e  s ta n d a r d -s ta te  is  b a s e d  o n  th e  te m p e r a tu r e  a n d  p r e s s u r e ,  h e n c e  A G ° , A H ° , a n d  

A S °  c a n  b e  v a r ie d  w ith  th e  c o n d i t io n s  o f  in te r e s t .
T h e  s ta n d a r d  h e a t  o f  r e a c t io n  r e la te d  to  te m p e r a tu r e :

A พ 0 =  A HS + R j ^ d T  ( 3 .9 )

w h e r e  A H °  a n d  A H °o  a re  s ta n d a r d  e n t h a lp y  c h a n g e s  o f  r e a c t io n  a t te m p e r a tu r e  T  a n d  

at r e fe r e n c e  te m p e r a tu r e  T o (n o r m a l ly  a t 2 5  °c, 1 b a r ) , r e s p e c t iv e ly .
T h e  s ta n d a r d  e n tr o p y  o f  r e a c t io n  r e la te d  to  te m p e r a tu r e :

A S ๐ =  A S q +  R f T ACp dT 
To R T ( 3 .1 0 )
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w h e r e  A S 0 a n d  A S °o  a re  s ta n d a r d  e n th a lp y  c h a n g e s  o f  r e a c t io n  at te m p e r a tu r e  T  a n d  

at r e fe r e n c e  te m p e r a tu r e  T o r e s p e c t iv e ly .
C o m b in in g  e q . ( 3 .8 ) ,  ( 3 .9 ) ,  a n d  ( 3 .1 0 )  to  y ie ld :

A C »  =  A แ ร  +  R ! r o l f dT-  ™ 0 °  -  R T  f r o l T l -  

H o w e v e r ,  A ช ุ1' =  - ( Â - '

F in a l ly ,  d iv id e d  b y  R T  y ie ld s :
_  A G S - A H l  1 r T  A c £  d 7, _  ç T  A c £ d r  , 3 1  n

R T  ~  R T o  R T  " r - ' T o  R  h o  R  T  \  ■  )

3 .3  C a lc u la t io n  o f  E q u il ib r iu m  C o n v e r s io n

F o r  m é t h y la t io n  o f  b e n z e n e  w it h  m e th a n e , th e r e  a re  2  d i f f e r e n t  r e a c t io n  

r o u t e s ,  w h ic h  a re  th e  m é t h y la t io n  o f  b e n z e n e  w ith  m e th a n e  in  th e  a b s e n c e  o f  o x y g e n  

( n o n - o x id a t iv e  b e n z e n e  m é t h y la t io n )  a n d  th e  m é t h y la t io n  o f  b e n z e n e  w it h  m e th a n e  

in  th e  p r e s e n c e  o f  o x y g e n  ( o x id a t iv e  b e n z e n e  m é t h y la t io n ) .  T h e  c a lc u la t io n s  w e r e  

c o n d u c t e d  w i t h  th e  c o n d i t io n s  ( e .g . ,  te m p e r a tu r e ,  p r e s s u r e ,  a n d  f e e d  m o la r  r a t io )  

r e p r e s e n te d  in  th e  o p e n  lite r a tu r e , s o  th at a  c o m p a r is o n  b e t w e e n  th e  c a lc u la t e d  v a lu e s  

a n d  th e  e x p e r im e n t a l  v a lu e s  c o u ld  be. s h o w n .  M o r e o v e r ,  th e  e f f e c t s  o f  t e m p e r a tu r e ,  
p r e s s u r e ,  a n d  f e e d  m o la r  r a t io  o n  e q u i l ib r iu m  c o n s ta n t  a n d  c o n v e r s io n  w e r e  a l s o  

c a lc u la t e d .

3 .3 .1  M é th y la t io n  o f  B e n z e n e  w it h  M e th a n e  in  th e  A b s e n c e  o f  O x y g e n  

( N o n - o x i d a t i v e  B e n z e n e  M é t h y la t io n )

R e a c t io n :

C o n d it io n :  te m p e r a tu r e  =  3 7 0 ° c  , p r e s su r e  =  1 b ar,
b e n z e n e /m e t h a n e  ( B /M )  fe e d  m o la r  r a tio  =  1 :9

f a x  V O  5 6
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Table 3.1 Thermodynamic properties of all relevant species

Substance

Thermodynamic properties 

@ 298 K Heat capacity o f gas (Cp=A+BT+CT2+DT3+ETl)(J/mol-K)

AG°f

(k.l/mol)

AH°f

(kJ/mol)

AS°r

(J/mol-K)
A B c D E

Methane -50.84 -74.85 -80.53 3.49E+0I -3.99E-02 1.92E-04 -1.53E-07 3.93E-11

Benzene 129.66 82.93 -156.73 -3.I4E+0I 4.75E-01 -3.1 IE-04 8.52E-08 -5.05E-12

Toluene 122.01 50.00 -241.52 -2.4IE+0I 5.22E-0I -2.98E-04 6.I2E-08 1.26E-I2

Hydrogen 0 0 0 2.54E+0I 2.02E-02 -3.86E-05 3.19E-08 -8.76E-12

C a lc u la t io n :
T h e r m o d y n a m ic s  p r o p e r t ie s  

A H °ก (J /m o l) AS°o (J /m o iK )  A G °o(J /m o l)  
4 3 ,1 9 0  4 .2 6 0  4 1 ,9 2 0

E q u il ib r iu m  c o n v e r s io n s
B a s i s  1 m in  o f  to ta l  m o la r  f l o w  ra te  o f  2  m o l /m in .
S u b s ta n c e M ole  in M ole  rea c t M o le  ou t y
M e th a n e 1 . 8 - s 1 . 8 - 8 ( 1 . 8 -  e ) / 2

B e n z e n e 0 . 2 - 8 0 .2 - 8 <0 . 2  -  e ) / 2

T o lu e n e 0 ร 8 e / 2

h 2 0 8 8 8 / 2

B y  a s s u m in g  th e  r e a c t io n  i s  g a s  p h a s e  id e a l  s o lu t io n ,  r e c a l l  e q . ( 3 .5 )

( ท 7 |> £ ',‘ =  e x p  =  K  1.

K„ =  ( n y î ‘) P Z v ‘
w h e r e  X  V j  =  0 ,

T h e n , Ka y  t o l uen ey  h ydrogen  
y  b e n z e n e y  me t hane

Ka = E2

(0.2 —e) (1 .8—e) '  ( ๆ
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C a lc u la t in g  Ka fr o m

Ka =  e x p  ( ๆ ^ )

F o r  T  =  3 7 0  ° c  =  6 4 3  K . th e  te r m  ~ ~ ~  i s  c a lc u la t e d  b y  u s in g  e q . ( 3 . 11 )

-A G °  

RT
=  - 7 . 9 4 0 4

H e n c e , Ka =  e x p ( —7 . 9 4 0 4 )

=  3 . 5 6 0 8  X  I Q - 4

S u b s t i t u t in g  Ka =  3 . 5 6 0 8  X  1 0 ~ 4 in to  e q . ( * ) ,  s o  th at
1- 2

3 . 5 6 0 8  X  1 0 -4 _
(0 .2 - £ ) ( 1 .8 - £ )  

£ =  0 . 0 1 0 9 7

ท _ ก , 1,  ____  0.01097X100S o ,  %  B e n z e n e  c o n v e r s i o n  = ------- ----------

=  5 .4 8 7 %
%  M e t h a n e  c o n v e r s i o n  =  0 .6 1  %

T h is  r e a c t io n  is  h ig h ly  e n d o t h e r m ic  a n d  n o n - s p o n t a n e o u s  a t 2 5  ° c .  W ith  th e  

g iv e n  c o n d i t io n s ,  th e  e q u i l ib r iu m  c o n v e r s io n s  o f  b e n z e n e  a n d  m e th a n e  a re  q u ite  lo w .  
T h e  c a lc u la t io n  r e s u lt  is  in  g o o d  a g r e e m e n t  w it h  th at o f  L u k y a n o v  a n d  V a z h n o v a ,  
w h o  r e p o r te d  b o th  e q u i l ib r iu m  c o n v e r s io n s  a n d  e x p e r im e n ta l  c o n v e r s io n s .  U s in g  

P t /H - M F l  a s  a c a t a ly s t ,  th e  r e a c t io n  c a n  b e  a c h ie v e d  vvith a  b e n z e n e  a n d  m e th a n e  

c o n v e r s io n  o f  4 .5  m o l%  a n d  0 .5 3  m o l% . r e s p e c t iv e ly ,  th at a re  c l o s e  to  th e  

e q u i l ib r iu m  v a lu e s ;  5 .6  m o l%  a n d  0 .6 2  m o l%  c o n v e r s io n s  o f  b e n z e n e  a n d  m e th a n e  

r e s p e c t iv e ly ,  u n d e r  th e  s a m e  c o n d i t io n  (L u k y a n o v  e t  a h , 2 0 0 9 ) .
T h e  e f f e c t s  o f  te m p e r a tu r e  a n d  f e e d  m o la r  r a t io  o f  b e n z e n e  to  m e th a n e  

o n  th e  e q u i l ib r iu m  c o n v e r s io n  o f  b e n z e n e .

T h u s ,

a n d
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T e m p e r a t u r e  ( ° C )

F i g u r e  3 .1  C o n v e r s io n  o f  b e n z e n e  a s  a  fu n c t io n  o f  te m p e r a tu r e  a t 8 d i f f e r e n t  v a lu e s  

o f  m e t h a n e  to  b e n z e n e  ( M /B )  f e e d  m o la r  ra tio .

D u e  to  th e  h ig h ly  e n d o t h e r m ic  n a tu re  o f  th e  r e a c t io n , th e  c o n v e r s io n  o f  

b e n z e n e  in c r e a s e s  w i t h  in c r e a s in g  te m p e r a tu r e  a s  s h o w n  in  F ig u r e  3 .1 ;  h o w e v e r ,  
b e n z e n e  c o n v e r s io n  is  s t i l l  q u i t e  l o w  at h ig h  te m p e r a tu r e . M o r e o v e r ,  F ig u r e  3 .1  

s h o w s  th e  e f f e c t  o f  B /M  fe e d  m o la r  ra tio  th a t th e  h ig h e r  th e  M /B  m o la r  r a t io , th e  

h ig h e r  th e  b e n z e n e  c o n v e r s io n .  T h is  r e su lt  c a n  b e  d e s c r ib e d  b y  L e  C h a te lie r 's  
p r in c ip le .

C o n s id e r a t io n  o f  s id e  r e a c t io n  o c c u r r in g  w ith  th e  m é t h y la t io n  o f  

b e n z e n e  w ith  m e th a n e  to  t o lu e n e .
T y p ic a l ly ,  th e  d e s ir e d  r e a c t io n  d o e s n 't  ta k e  p la c e  a s  a s in g le  r e a c t io n  b u t is  

a c c o m p a n ie d  b y  o th e r  s id e  r e a c t io n s .  H o w e v e r ,  s e l e c t i v i t y  to  d e s ir e d  p r o d u c t  c a n  b e  

c o n t r o l le d  b y  a n  a p p r o p r ia te  c a ta ly s t .  In th e  c a s e  o f  u s in g  Z S M - 5  b a s e d  c a t a ly s t ,  th e  

m o s t  c u r r e n t ly  a p p r o p r ia te  c a t a ly s t  r e p o r te d , th e r e  a re  f i v e  p o s s ib le  s id e  r e a c t io n s :  

t o lu e n e  d i s p r o p o r t io n a t io n ,  t o lu e n e  m é t h y la t io n ,  b e n z e n e  m é t h y la t io n  to  x y le n e s ,  
b e n z e n e  m é t h y la t io n  to  e th y l b e n z e n e ,  a n d  m e t h a n e  c o u p l in g  to  e th a n e , a s  p r o p o s e d  

in  th e  l ite r a tu r e . In th is  p art, th e  c a lc u la t io n  r e l ie d  o n  a c o u p le  o f  r e s e a r c h  w o r k s ,  
i n c lu d in g  ( 1 )  th e  r e a c t io n  o v e r  P t /H -M F I  s u g g e s t e d  b y  L u k y a n o v  a n d  V a z h n o v a
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( L u k y a n o v  e t  a l . .  2 0 0 9 )  a n d  ( 2 )  th e  r e a c t io n  o v e r  A g - e x c h a n g e d  Z S M - 5  p r o p o s e d  b y  

B a b a  a n d  S a w a d a  ( B a b a  e t  a l . ,  2 0 0 2 ) .

F ir s t ,  th e  r e a c t io n  r o u te s  c o n s i s t  o f  b e n z e n e  m é t h y la t io n  to  t o lu e n e ,  x y le n e s ,  
a n d  e t h y lb e n z e n e ,  a n d  m e th a n e  c o u p l in g  to  e th a n e , a s  s h o w n  b e lo w .  T h e s e  r e a c t io n s  

are p r o p o s e d  to  o c c u r  o v e r  P t /H -M F I  c a t a ly s t  ( L u k y a n o v  a n d  V a z h n o v a ) .

(r x n . 1 ) 

( r x n .2 )

( r x n .3 )

( r x n .4 )

( r x n .5 )

( r x n .6 )
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T e m p e r a t u r e  ( ° C )

F ig u r e  3 .2  E q u i l ib r iu m  c o n s t a n t s  o f  a ll  6  r e a c t io n s  a s  a f u n c t io n  o f  te m p e r a tu r e .

T h e  e q u i l ib r iu m  c o n s t a n t s ,  K a’s , o f  a ll  s ix  r e a c t io n s  w e r e  c a lc u la t e d  at  

d if fe r e n t  te m p e r a tu r e s  a n d  th e  r e s u lts  a re  i l lu s tr a te d  in  F ig u r e  3 .2 .  T h e  re su lt s h o w s  

c le a r ly  th at K a o f  r e a c t io n  1 is  m u c h  h ig h e r  th an  t h o s e  o f  o th e r  r e a c t io n s  a n d  th a t  

d i f f e r e n c e s  in  v a lu e s  c a n  b e  o b v io u s ly  s e e n  at h ig h  te m p e r a tu r e . T h is  im p l ie s  th a t  

r e a c t io n  1 , b e n z e n e  m é t h y la t io n  to  t o lu e n e ,  d o m in a t e s  in  th is  r e a c t io n  s y s t e m ,  th u s  

t o lu e n e  is  e x p e c t e d  to  b e  a  m a jo r  p r o d u c t  w it h  e th a n e , x y le n e s ,  a n d  e t h y lb e n z e n e  a s  

m in o r  p r o d u c ts .  T h is  is  in  g o o d  a g r e e m e n t  w it h  th e  e x p e r im e n t a l  r e s u lt s  o f  L u k y a n o v  

a n d  c o - w o r k e r s  ( L u k y a n o v  e t  a l . ,  2 0 0 9 ) .
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S e c o n d ,  th e  r e a c t io n  r o u te s  c o n s i s t  o f  b e n z e n e  m é t h y la t io n  to  t o lu e n e ,  
t o lu e n e  d is p r o p o r t io n a t io n ,  a n d  t o lu e n e  m é t h y la t io n  to  x y le n e s ,  a s  s h o w n  b e lo w .  
T h e s e  r e a c t io n s  a re  s u g g e s t e d  to  o c c u r  o v e r  A g - e x c h a n g e d  Z S M - 5  (B a b a  a n d  

S a w a d a ) .

cn3

( r x n . l )

( r x n .2 )

( r x n .3 )

( r x n .4 )

( r x n .5 )

( r x n .6 )

(rxn.7)
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T e m p e r a t u r e  ( ° C )

F i g u r e  3 .3  E q u i l ib r iu m  c o n s ta n t  o f  a ll 7 r e a c t io n s  a s  a  f u n c t io n  o f  te m p e r a tu r e .

T h e  e q u i l ib r iu m  c o n s t a n t s ,  K ;i's. o f  a l l  s e v e n  r e a c t io n s  w e r e  c a lc u la t e d  a s  a  

f u n c t io n  o f  te m p e r a tu r e .  F ig u r e  3 .3 ( A )  s h o w s  a  c o m p a r is o n  b e t w e e n  K a v a lu e s  o f  th e  

b e n z e n e  m é t h y la t io n  to  t o lu e n e  r e a c t io n , a n d  th e  t o lu e n e  d is p r o p o r t io n a t io n  

r e a c t io n s .  F ig u r e  3 .3 ( B )  p r e s e n ts  a  c o m p a r is o n  b e tw e e n  th e  K ;1 v a lu e s  o f  th e  b e n z e n e  

m é t h y la t io n  to  t o lu e n e  r e a c t io n  a n d  th e  t o lu e n e  m é th y la t io n  to  x y le n e s  r e a c t io n s .  It 
in d ic a t e s  th a t t o lu e n e  d is p r o p o r t io n a t io n  r e a c t io n s  ( r e a c t io n s  2 , 3 , a n d  4 )  a re  

t h e r m o d y n a m ic a l ly  fa v o r a b le  c o m p a r e d  to  o th e r  r e a c t io n s ,  e s p e c ia l l y  th e  r e a c t io n  to  

m -x y le n e .  T o  a c h i e v e  th e s e  r e a c t io n s ,  r e a c t io n  1 m u st  h a v e  f ir s t  o c c u r r e d  a s  a  s o u r c e
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of toluene; unfortunately, the reaction to toluene is quite difficult. However, as 
xylenes can be obtained, Ag-exchanged ZSM-5 is still an interesting catalyst system 
to study.

3.3.2 Méthylation of Benzene with Methane in the Presence of Oxygen 
(Oxidative Benzene Méthylation)

c h 3

+  h 2o

Conditions: temperature = 370°c , pressure = 1 bar,
benzene/methane/oxygen(B/M/0)/ molar feed ratio = 1:1:0.5

Table 3.2 Thermodynamic properties of all relevant species:

S u b s ta n c e

T h e r m o d y n a m ic  p r o p er tie s  
@ 2 9 8  K

I le a l  c a p a c ity  o f  g a s  (C 'p = A + B T  c ( ' 4 ะ * โ')r ' - F T 4) 
(J /m o l-K )

AG f
(kJ/niol)

A H °f
(k.l/m ol)

A S ° f
(J/m ol-K )

A B c D E

M e th a n e - 5 0 .8 4 - 7 4 .8 5 - 8 0 .5 3 3 4 .9 4 - 0 .0 4 0 1 .9 2 E -0 4 - 1 .5 3 E - 0 7 3 .9 3  E - 11
B e n z e n e 1 2 9 .6 6 8 2 .9 3 - 1 5 6 .7 3 - 3 1 .3 7 0 .4 7 -3 .1 1  E -0 4 8 .5 2 E -0 8 - 5 .0 5 E - I 2
T o lu e n e 122 .01 5 0 .0 0 - 2 4 1 .5 2 - 2 4 .1 0 0 .5 2 -2 .98E -T I4 6 .1 2 E -0 8 1 .2 6 E - I 2
H jO - 2 2 8 .6 0 - 2 4 1 .8 0 - 4 4 .2 7 3 3 .9 3 - 0 .0 0 8 4 2 .9 9 E -0 5 -1 .7 8 E -0 8 3 .6 9 E - 1 2
02 0 0 0 2 9 .5 3 - 0 .0 0 8 9 3 .8 1 E -0 5 -3 .2 6 E -0 8 8 .8 6 E -1 2

Calculation:
Thermodynamics properties

AH ° 0 (J /m o l) A5° 0 ( J /m o lK )  \ G °  ก (J/m ol)  
-199880 -48.53 -185410
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Equilibrium conversions
Basis 1 min of total molar flow rate of 2.5 mol/min.

S u b s ta n c e M o le  in M o le  rea c t M o le  ou t y
Methane 1.0 -8 1.0-8 (1.0 -e)/(2.5-0.58)
Benzene 1.0 -8 1.0-8 (1 .0- e)/(2.5-0.5e)
Oxygen 0.5 -0.5s 0.5-0.58 (0.5-0.5e)/(2.5-0.5e)
Toluene 0 +8 ร 8/(2.5-0.5e)
Water 0 +8 8 8/(2.5-0.58)

The calculation algorithm is similar to that of previous part. 
Finally, -  -  £' <2-5-°'5£)1'2

^ a ~  ( 1 - e ) 2 ( 0 .S - 0 .5 £ ) 122

7.2426 X 10

Thus, S o , % Benzene conversion =

14 _  £2(2.5—0.5e)1/2
(l-e)z(0.5-0.5e)1/2

£ = 0.9999
0.9999X100

= 99.99%

Although this reaction route can theoretically provide benzene conversion 
close to 100%, there is no experimental evidence to support such a conversion. The 
most relevant work is that of Adebajo and co-workers (Adebajo et ah, 2005), who 
devoted themselves to the study of oxidative benzene méthylation, but their results 
are still not practical with high benzene conversion as well as toluene selectivity 
corresponding to this equilibrium. Moreover, the formations of C 02 or CO can also 
take place in a system containing methane and oxygen at high temperature (Miao et 
ah, 2004).
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