
CHAPTER V

RESULTS AND DISCUSSION

In this chapter, the results and discussion are divided to three sections; i.e. 
characterization of Beta zeolites, catalyst selection, kinetic study and reactive 
distillation study. Details are as follows.

5.1 Catalyst Characterization

5.1.1 X-ray Diffraction (XRD)

Synthesized Beta zeolite was analyzed by X-ray diffraction for identifying 
crystal structure. The X-ray diffraction pattern of H form of Beta zeolite (Si/Al = 30) 
is illustrated in Figure 5.1. The pattern was corresponding well with those reported by 
Ramesh e t a l. (1992). This indicated that the synthesized catalysts had the same 
structure as Beta zeolite.

Figure 5.1 X-ray diffraction pattern of H-Beta zeolite (Si/Al = 30)
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5.2 Catalyst selection and kinetic study

5.2.1 Comparison between catalysts

Two types of catalysts; i.e. commercial Amberlyst-15 and Beta zeolite were 
tested to compare the performance on the synthesis of ETBE from EtOH and TBA. 
The experiments were carried out at the following condition; i.e. 4 grams of 
Amberlyst-15 or Beta zeolite were used as catalyst at 338 K and the initial molar 
concentration of ethanol and TBA was 0.5 and 0.5 mol, respectively. The reactions 
taking place in the reactor can be summarized as follows

Figure 5.2 shows the number of moles of TBA, EtOEl, ETBE and H2O at 
different time on stream for Ambrlyst-15 and Beta zeolite. It should be noted that the 
side-product, IB was mainly present in the gas phase. The results show that the 
disappearance of. TBA for Amberlyst-15 was greater than that of Beta zeolite. 
However, when considering the formation of ETBE, it is obvious that the yields to 
ETBE of Beta zeolite and Amberlyst-15 were almost the same. Previous investigation 
by Yin e t al. (1995) compared the performance between Amberlyst-15 and 
Heteropoly acid (HPA). It was found that eventhough HPA yielded superior activity, 
it was significantly inhibited by the presence of water, compared with Amberlyst-15. 
It can be concluded that Beta zeolite is much more attractive, consequently, the 
following studies will focus on the use of Beta zeolite.

TBA + EtOH «  ETBE + H20 (1)

(2)

(3)
TBA <=> IB + H20  

IB + EtOH «  ETBE

X 1 q q T 0 î 2 6
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Figure 5.2 Comparison between different catalysts 0:Amberlyst-15, O.’Beta zeolite 
(Catalyst weight = 4.0 g, TBAp= 0.5 mol, EtOHo = 0.5 mol and T =  338 K)

5.2.2 The effect of external mass transfer

The effect of external mass transfer of catalyst was studied by varying speed 
levels of the magnetic stirrer. Figure 5.3 shows the relationship between conversion of 
ethanol at 8 hours and the speed level. It was found that the conversion increased with 
increasing speed level and, finally, it leveled off at the speed level of 540 rpm. This 
can be concluded that the effect of external mass transfer can be neglected when the 
speed level is higher than 540 rpm. In the subsequent studies the maximum speed of 
660 rpm will be used to ensure negligible external mass transfer resistance.
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Figure 5.3 The effect of speed level on the conversion (Catalyst =Beta zeolite, 
catalyst weight = 5.0 g, TBAô O.5 mol, EtOHo=0.5 mol, T=333 K and time= 8 hours)

5.2.3 Development of mathematical model

Since the operating pressure in this study was at atmospheric pressure, only 
small amount of IB can be dissolved in the liquid. This was also confirmed by our 
experimental results. Consequently, the reverse reaction in Eq. (2) and the reaction in 
Eq. (3) are small. Therefore, they were not considered in this study. The expressions 
of the rate of reactions in Eqs. (1) and (2) can be expressed as shown in Eq. (4) -  (5), 
respectively (Yin e t a l ,  1995).

7, = k ] (a  TBA ,a B10 H - a ETBE-aHlo ฯ) (4)
7*2 = k 2o TBA (5)

where kj and k l are reaction rate constants, a, is activity of species i and K  is the 
equilibrium constant. The expression of K l is given as follow (Jensen and Datta, 
1995).



38

( 6 )
T h e  ra te  c o n s ta n t can  be w r i t te n  b y  ta k in g  in to  a c c o u n t th e  e f fe c t  o f  w a te r  in h ib i t io n ,

as

K, = exp(\ 140.0-14580/ r  +  232.9 InT  + 1.0877’ -1 .1 14xl0~3r 2 + 5.538xl0~7 r 3 ;

k .  = JO
1 +  K wa H10 j  =  1 o r  2 (7)

B y  p e r fo r m in g  th e  te r ia l b a la n c e  fo r  th e  b a tc h  re a c to r , th e  f o l lo w in g  

e x p re s s io n s  a re  o b ta in e d .

d m TBA dm  1120
d t d t =  พ (kโ, (a TBA ,a E10H -  CIETBE .aH 0 /  K  1)  +  k 2a TBA )

^ m EiQH _  d ’m ETBE
d t d t -  W kx ( a JHA .aE10H — a ETBE -CIH20 ! K \ )

(8)

(9)

A c t iv i t y  c o e f f ic ie n ts  ca n  be c a lc u la te d  u s in g  th e  U N IF A C  m e th o d  (G m e h lin g  e t a l . , 
1 9 8 2 ).

A  se t o f  e x p e r im e n ts  w a s  c a r r ie d  o u t a t th re e  te m p e ra tu re  le v e ls  to  in v e s tig a te  

th e  re a c t io n  k in e t ic s .  T h e  re s u lts  o f  T =  3 2 3 , 333  a n d  3 3 8  K  a re  s h o w n  in  F ig u re s  5 .4 ,

5 .5  a n d  5 .6 , re s p e c t iv e ly .  I t  can  be seen th a t th e  p ro d u c t io n  o f  E T B E  b e co m e s  less  

w ith  th e  d e c rease  o f  te m p e ra tu re  as e x p e c te d  in  th e  A r r h e n iu s ’ s e q u a tio n .
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F ig u r e  5 .4  M o le  ch a n g e s  w i t h  t im e  (C a ta ly s t= B e ta  z e o lite ,  c a ta ly s t w e ig h t= 3 0 .0  g, 

T B A o - 0 .9 7  m o l,  E tO H o  =  0 .5 0  m o l,  T =  3 2 3  K )

F ig u r e  5 .5  M o le  ch a n g e s  w i t h  t im e  (C a ta ly s t= B e ta  z e o lite ,  c a ta ly s t w e ig h t= 3 0 .0  g, 

T B A o= 0 .9 2  m o l,  E tO H o= 0 .5 2  m o l,  T =  333  K )
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T I M E  [h ]

F ig u r e  5 .6  M o le  ch a n g e s  w i t h  t im e  (C a ta Iy s t= B e ta  z e o lite ,  c a ta ly s t w e ig h t= 3 0 .0  g, 

T B A o= 0 .9 2  m o l,  E tO H o= 0 .5 2  m o l,  T =  3 3 8  K )

A  c u rv e  f i t t in g  m e th o d  w a s  e m p lo y e d  to  f in d  th e  k in e t ic  p a ra m e te rs , &io, lc2o 
a n d  K w f o r  th e  re s u lts  s h o w n  in  F ig u re s  5 .4 , 5 .5  a n d  5 .6 . H o w e v e r ,  th e  in i t ia l  guess  

v a lu e s  o f  th e  p a ra m e te rs  k \0 a n d  k2o w e re  o b ta in e d  b y  u s in g  th e  in i t ia l  ra te  m e th o d  

(F o g le r ,  1 9 9 2 ) in  w h ic h  th e  in i t ia l  re a c t io n  ra tes w e re  m e a s u re d  a t d i f fe r e n t  in i t ia l  

c o n c e n tra t io n s . T h e  s o lid  l in e s  in  th e  f ig u re s  re p re s e n t th e  s im u la t io n  re s u lts  u s in g  th e  

c o r re s p o n d in g  p a ra m e te rs . F ig u re s  5 .7  a n d  5 .8  s h o w  th e  A r rh e n iu s  p lo ts  o f  k\o a n d  &20 

a n d  th e  v a n ’ t  H o f f  p lo t  o f  Kv,, re s p e c t iv e ly .
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F ig u r e  5 .8  V a n ’ t  H o f f  p lo t
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T h e  f o l lo w in g  e q u a tio n s  w e re  d e te rm in e d  f o r  th e  p lo ts

* 10 e x p (2 7 .2 9 7  - H 2 3 3 / T ) (1 1 )

k 20 =  e x p (7 7 .4 8 6  -  2 9 4 5 1  /  T) (1 2 )

K w ะะะe x p ( - 3 8 .7 5 6  +  1 4 1 2 7 / r ) (1 3 )

w h e re  th e  v a lu e s  o f  th e  a c t iv a t io n  e n e rg y  o f  th e  re a c tio n s  in  E q . (1 )  a n d  E q . (2 )  

are 93  a n d  2 4 4  k J /m o l,  re s p e c tiv e ly .
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5.3 Reactive Distillation Study

5.3.1 Standard condition

Figure 5.9 shows the performance of the reactive distillation at the standard 
condition; i.e. continuous operation, Beta zeolite weight=50 g, feed molar ratio 
TBA:Et0H:H20=l:l:38, feed flow rate=l cm3/min, heat duty=0.073 kw and reflux 
ratio=l. The temperature profile inside the column shown in figure 5.9(a) decreases 
from the bottom (374 K) to the top (368 K). However, the temperature was almost 
constant at 371 K in the reactive distillation zone. This behavior was indicated earlier 
in Chapter III. Figure 5.9(b) shows the mole fraction profiles of the distillate and 
bottom products represented by empty and filled symbols, respectively. It was found 
that the steady state can be attained after approximately 3 hours. At steady state, the 
mole fraction of distillate was about 57 mol % ETBE, while the residue consisted of 
mostly water and slight amount of ethanol. Both the mole fraction of ethanol and 
TBA in the distillate were about 20 mol %, while water was negligible.

0 10 20 30 40 50 60 70

HEIGHT[m]
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Figure 5.9 Performance of reactive distillation at the standard condition (a) The 
temperature profile of a reactive distillation column, (b) the concentration profile of 
the distillate and the residue, o  :distillate ,* :bottom. (Catalyst=Beta zeolite, catalyst 
weight=50 g, molar ratio of TBA:Et0H:H20=l:l:38, feed flow rate=l cm3/min, heat 
duty=0.073 kw, reflux ratio=l)

The performance of the reactive distillation can be represented as conversion 
and selectivity. The conversion and selectivity in the study were defined as follows:

Conversion of ethanol = Molar flow rate of EtOH reacted X 100 %
Feed molar flow rate of EtOH

Selectivity = Molar flow rate of ETBE in distillate X 100 %
Molar flow rate of EtOH reacted

The corresponding conversion and selectivity at the standard condition are 61 % and 
almost 100 %, respectively. It is noted that the high selectivity is due to use of the 
highly selective Beta zeolite. Previous study by Quitain e t a l. (1999) reported the 
selectivity of 35.9 % for the same reaction with Ambelyst-15 catalyst.
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The effects of heat duty for both batch and continuous reactive distillation 
operations were investigated. For the batch reactive distillation, three experiments 
were carried out at the condition summarized as Runs 1, 2 and 3 in Table 4.4. The 
mole fraction profiles of distillates are shown in Figure 5.10. It was found that the 
mole fraction of ETBE decreases with increasing heat duty, while the mole fractions 
of unconverted ethanol and TBA increased with increasing heat duty. However, when 
considering the molar flow rate of ETBE and EtOH shown in Figures 5.11 and 5.12, 
respectively, it was noticed that eventhough the mole fraction of ETBE was high at 
the lowest heat duty of 0.040 kW rate was extremely low. Increasing the heat duty 
resulted in higher amount of reactant vaporization and the ETBE production. It should 
be noted that for the batch operation, the production rate of ETBE decreased with 
time due to the reduced amount of reactants in the system.

5.3.2 The effect o f  heat duty

TIME [h]
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Figure 5.10 The concentration profiles of distillated for (a) heat duty=0.057 kw, (b) 
heat duty=0.048 kw, and (c) heat duty=0.040 kw. (Catalyst=Beta zeolite, catalyst 
weight=50 g, molar ratio of TBA:Et0H:H20=l:l:38, reflux ratio=5, feed flow rate=0 
cm3/min)



47

Figure 5.11 Effect of heat duty on the molar flow rate of ETBE in distillate. 
(Catalyst=Beta zeolite, catalyst weight=50 g, molar ratio of TBA:Et0H:H20=l:l:38, 
reflux ratio=l, feed flow rate=l cm3/min)

Figure 5.12 Effect of heat duty on the molar flow rate of EtOH in distillate. 
(Catalyst=Beta zeolite, catalyst weight=50 g, molar ratio of TBA:Et0H:H20=l:l:38, 
reflux ratio=l, feed flow rate=l cm3/min)
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F o r  th e  c o n t in u o u s  re a c tiv e  d is t i l la t io n ,  F ig u re  5 .1 3  s h o w s  th e  e f fe c t  o f  hea t 

d u ty  o n  c o n v e rs io n  and  y ie ld .  I t  w a s  fo u n d  th a t th e  y ie ld  a n d  th e  c o n v e rs io n  w e re  v e ry  

c lo s e  to  e a ch  o th e r. T h is  e m p h a s iz e d  th a t B e ta  z e o lite  w a s  s u ita b le  f o r  th is  sys te m . In  

a d d it io n ,  i t  w a s  fo u n d  in  th e  ra n g e  o f  th is  s tu d y  th a t th e  c o n v e rs io n  a n d  th e  y ie ld  

in c re a s e d  w i t h  d e c re a s in g  h e a t d u ty . T h e  m a x im u m  c o n v e rs io n  o f  9 2  %  w a s  o b ta in e d  

at th e  h e a t d u ty  o f  0 .0 4 8  k W . T h is  re s u lt  c a n  be  e x p la in e d  b y  c o n s id e r in g  th e  f lo w  

ra te s  o f  th e  d is t i l la te  w h ic h  w e re  0 .2 5 , 0 .4 0  a n d  0 .8 5  c m 3/m in .  f o r  th e  h e a t d u ty  o f

0 .0 4 8 , 0 .0 7 3  a n d  0 .1 0 5  k W , re s p e c tiv e ly . I t  w a s  o b v io u s  th a t  in c re a s in g  th e  h e a t d u ty  

re s u lte d  in  th e  in c re a s e d  v a p o r  lo a d  in  th e  c o lu m n  a n d , c o n s e q u e n tly , th e  f lo w  ra te  o f  

th e  d is t i l la te .  D u e  to  th e  l im ite d  a m o u n t o f  c a ta ly s t b e d  in  th e  c o lu m n , m o re  

u n c o n v e r te d  re a c ta n ts  s h o u ld  be  p re s e n t in  th e  d is t i l la te  a n d , as a re s u lt ,  the  

c o n v e rs io n  decreased . H o w e v e r ,  i t  s h o u ld  be  n o te d  th a t a t v e ry  lo w  h e a t d u ty  the  

c o n v e rs io n  a n d  th e  y ie ld  s h o u ld  be s m a ll d u e  to  th e  in s u f f ic ie n t  h e a t to  v a p o r iz e  th e  

re a c ta n ts  a n d  to  ke e p  th e  c o lu m n  te m p e ra tu re  a t h ig h  v a lu e . A s  a re s u lt ,  th e re  s h o u ld  

be a n  o p t im u m  h e a t d u ty  f o r  th e  s y s te m  a lth o u g h  i t  w a s  n o t  in d ic a te d  in  th e  s tu d y .

Figure 5.13 Effect o f heat duty on the conversion and yield o f reactive distillation. 

(Catalyst=Beta zeolite, catalyst weight=50 g, molar ratio o f TBA:E t0H :H 20= l:l:38, 

reflux ratio=l, feed flow rate=l cm3/min)
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F ig u re  5 .1 4  s h o w s  th e  e f fe c t  o f  fe e d  f lo w  ra te  o n  th e  c o n v e rs io n  o f  e th a n o l a n d  

th e  y ie ld  o f  E T B E  a t th re e  d i f fe r e n t  fe e d  f lo w  ra te s  o f  1, 2 a n d  4  c m 3/m in .  I t  w as  

fo u n d  th a t th e  h ig h e s t c o n v e rs io n  o f  e th a n o l a n d  th e  y ie ld  w e re  o b ta in e d  a t th e  

o p t im u m  fe e d  f lo w  ra te  o f  2 c m 3/m in .  C o n s id e r in g  th is  case th a t th e  h e a t d u ty  and  th e  

a m o u n t o f  c a ta ly s t re m a in e d  c o n s ta n t, in c re a s in g  th e  fe e d  f lo w  ra te  o b v io u s ly  red u ce s  

th e  c o lu m n  te m p e ra tu re  a n d  th e  c o n v e rs io n , re s u lt in g  in  th e  d e c lin e  o f  th e  c o n v e rs io n .  

H o w e v e r ,  i t  w a s  n o t ic e d  th a t f r o m  th e  o p t im u m  fe e d  f lo w  ra te , d e c re a s in g  th e  fe d  

f l o w  ra te  lo w e re d  th e  c o n v e rs io n  a n d  th e  y ie ld .  T h is  ca n  be  e x p la in e d  b y  c o n s id e r in g  

th e  v a p o r iz a t io n  o f  th e  re a c ta n ts , a t lo w  fe e d  f lo w  ra te  th e  re a c ta n ts  ca n  be  e a s ily  

v a p o r iz e d  a n d  p re s e n t in  th e  d is t i l la te  as u n c o n v e rte d  re a c ta n ts . C o n s e q u e n tly , the  

c o n v e rs io n  w a s  decreased .

5.3.3 The effect o f  feed flow  rate

Figure 5.14 E f fe c t  o f  fe e d  f lo w  ra te  o n  th e  c o n v e rs io n  a n d  y ie ld  o f  re a c tiv e  

d is t i l la t io n .  (C a ta ly s t= B e ta  z e o lite ,  c a ta ly s t w e ig h t= 5 0  g, r e f lu x  r a t io = l ,  m o la r  ra t io  o f  

T B A : E t 0 H : H 20 = l : l : 3 8 ,  h e a t d u ty = 0 .0 7 3  k W )
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F ig u re  5 .1 5  sh o w s  th e  e ffe c t o f  r e f lu x  ra t io  o n  th e  c o n v e rs io n  o f  e th a n o l and  

th e  y ie ld  o f  E T B E . I t  w a s  fo u n d  th a t  th e  c o n v e rs io n  a n d  th e  y ie ld  in c re a s e d  w i th  

in c re a s in g  r e f lu x  ra t io .  B ecause  th e  u n c o n v e rte d  re a c ta n ts  w e re  re f lu x e d  in to  the  

c o lu m n ,  m o re  re a c t io n  can  ta k e  p la c e  in  th e  re a c t io n  z o n e . In  a d d it io n ,  a t h ig h  r e f lu x  

r a t io  th e  s e p a ra tio n  o f  E T B E  in  th e  d is t i l la t io n  p a r t b e ca m e  m o re  e f f ic ie n t .  I t  s h o u ld  

be n o te d  th a t  in c re a s in g  th e  r e f lu x  ra t io  ca n  be  c o n s id e re d  as in c re a s in g  th e  re s id e n ce  

t im e  o f  th e  re a c ta n ts  in  th e  re a c ta n ts  a n d  th e  c a ta ly s ts  a re  e f f ic ie n t ly  u t i l iz e d .

5.3.4 The effect o f  reflux ratio

0 1 2 3 4 5 6

REFLUX RATIO

Figure 5.15 E f fe c t  o f  r e f lu x  ra t io  o n  th e  c o n v e rs io n  a n d  y ie ld  o f  re a c t iv e  d is t i l la t io n .  

(C a ta ly s t= B e ta  z e o lite ,  c a ta ly s t w e ig h t= 5 0  g , m o la r  ra t io  o f  T B A : E t 0 H : H 2 0 = l : l : 3 8 ,  

h e a t d u ty = 0 .0 7 3  k w ,  fe e d  f lo w  r a te = l c m 3/m in )
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F ig u re  5 .1 6  s h o w s  th e  e f fe c t  o f  th e  fe e d  m o la r  ra t io  o f  w a te r , th e  fe e d  m o la r  

r a t io  o f T B A : E t O H : H 20  w a s  1:1 :x  w h e re  X is  th e  ra t io  o f  w a te r . T h re e  v a lu e s  o f  X o f  

10, 2 0  a n d  38  w e re  in v e s t ig a te d . I t  w a s  fo u n d  th a t a t th e  c o n s ta n t fe e d  f lo w  ra te  and  

h e a t d u ty ,  th e re  w a s  an  o p t im u m  fe e d  c o m p o s it io n  p r o v id in g  th e  m a x im u m  

c o n v e rs io n . A t  h ig h  a m o u n t o f  w a te r  in  th e  fe e d  h e a t w a s  m a in ly  u t i l iz e d  to  ra ise  th e  

w a te r  te m p e ra tu re , re s u lt in g  in  th e  lo w e r  c o lu m n  te m p e ra tu re  a n d  th e  re a c t io n  ra te . 

T h u s , th e  c o n v e rs io n  a n d  th e  y ie ld  d ro p p e d . H o w e v e r ,  a t th e  o p t im u m  c o m p o s it io n  

w h e n  th e  e x te n t o f  w a te r  d e creased , th e  c o n v e rs io n  a n d  th e  y ie ld  a g a in  decreased . 

T h is  m a y  be  b e cause  m o re  re a c ta n ts  w e re  v a p o r iz e d  a n d  p re s e n t in  th e  d is t i l la te  as 

u n c o n v e r te d  re a c ta n ts . T h is  m a y  be s im i la r  to  th e  case o f  th e  d e c re a s in g  o f  f lo w  ra te .

5.3.5 The effect o f  feed m olar ratio o f  w ater

100
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Figure 5.16 E f fe c t  o f  fe e d  m o la r  r a t io  o f  w a te r  o n  th e  c o n v e rs io n  a n d  y ie ld  o f  re a c tiv e  

d is t i l la t io n .  (C a ta ly s t  = B e ta  z e o lite ,  c a ta ly s t w e ig h t= 5 0  g , h e a t d u ty = 0 .0 7 3  k w ,  r e f lu x  

r a t io = l ,  fe e d  f lo w  r a te = l c m 3/m in )
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