
R E SU L T S A ND  D ISC U SSIO N S
CHAPTER IV

4.1 C atalyst C haracterization

This research studied the biodiesel production in a batch reactor using 
heterogeneous basic catalyst. In order to investigate the optimum conditions for this 
reaction, the catalyst preparation were varied with many parameters, such as the 
amount of K loading and calcination temperature. In addition, the catalysts were 
characterized by several techniques in order to explain the catalytic activity of the 
prepared catalyst. For measuring the basic properties of catalyst, the temperature- 
programmed desorption of CO2 (CO2-TPD) was used. XRD analysis was 
investigated. Moreover, reusability was studied and XRF was used to determine the 
amount of active species on the prepared and spent catalysts.
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4.1.1 X-ray Diffraction (XRD)
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F igure 4.1 XRD patterns of bentonite and K/bentonite catalysts: bentonite (a),
15%K/bentonite (b), 20%K/bentonite (c), 25%K/bentonite (d), 30%K/bentonite (e).

The XRD patterns of fresh bentonite and KOH/bentonite catalysts 
with different potassium loadings are shown in Figure 4.1. The XRD pattern of 
bentonite shows diffraction peaks at 5°, 17°, 19°, 21°, 22°, 26°, 28°, 29°, 31°, 34°, 
36°, 48°, 54°, and 62°, which contain quartz and bentonite clay. Reflections relative 
to the planes (001), (003), (130-200), and (060-033) confirmed the presence of 
montmorillonite jn the raw bentonite sample (Soetaredjo et al-, 2010). The dioo 
value for raw bentonite was 1.43 nm. As the K loading ratio increased, the 
crystallinity of the catalyst decreased. When the loading amount of K was increased 
to 15 wt%, the XRD pattern of the catalyst was still quite similar to that of the raw 
bentonite sample. The structure of bentonite still could be observed and the dioo
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value was shifted from 1.43 to 1.67 nm. Reflections at around 20=31°, 39°, 51 ๐, 55°
and 62° attributed to the K2O phase (Noiroj e t  a l . ,  2009) are not observed in this
work.
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Figure 4.2 XRD patterns of uncalcined 25%K/bentonite catalyst and calcined 
catalyst at different temperatures: 25%K/bentonite uncalcined (a), 25%K/bentonite 
calcined at 400°c (b), 25%K/bentonite calcined at 500°c (c), 25%K/bentonite 
calcined at 600°c (d).

Figure 4.2 illustrates the XRD patterns of 25%K/bentonite at different 
calcination temperatures (400, 500, and 600 °C). The calcined bentonite is seen to be 
thermally less stable at temperatures over 400°c. The external components weaken 
the interaction between the bentonite and thus, thermal instability is induced prior to 
the complete cleavage o f the mesoporous texture (Tabak et a l ,  2007). When the 
catalysts were calcined at high temperatures (400 to 600°C), the XRD patterns show 
the slight reduction of crystallinity due to the collapse of layer.
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Figure 4.3 XRD patterns of fresh 25%Kybentonite catalyst and spent 
25%K/bentonite catalysts: fresh 25%K/bentonite (a), spentlst 25%K/bentonite (b), 
spent2nd 25%K/bentonite (c).

Figure 4.3 shows the XRD patterns of fresh 25%K/bentonite, spentlst 
25%K7bentonite and spent2nd 25%K/bentonite. When the catalysts were tested for 2 
cycles: l strun and 2ndrun, the crystallinity of the catalyst slightly increased.

/
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4.1.2 Surface Area Analyzer 

Table 4.1 Surface area and pore volumn of catalysts

Sample BET surface area (m2/g) Pore Volume (cm3/g)

Raw bentonite 48.06 0.111

15%K/bentonite 26.07 0.099

20%K/bentonite 5.86 0.072

The BET surface areas of the catalysts decreased with increasing K 
loading (Table 4.1). During the impregnation, the KOH molecules filled in the 
available pores of the bentonite, leading to a decrease o f the surface area of the 
catalyst. By increasing the %wt loading of K, the number of KOH molecules that 
occupy the available pores in the bentonite also increased, and this phenomenon 
significantly decreased the BET surface area of the catalyst. Narrowing of the 
hysteresis curve of the adsorption isotherm (Figure 4.4) indicated that the change in 
pore structure o f bentonite from a mesoporous material to a nonporous structure after 
loading with K (Soetaredjo et a l , 2010).

The nitrogen sorption isotherms of raw bentonite and its modified 
form are depicted in Figure 4.4. Raw bentonite, 15%K/bentonite, and 
20%K/bentonite possess mesoporous structure as indicated by the presence of 
hysteresis that lies between adsorption and desorption isotherm curve at relative 
pressures above 0.5. The raw bentonite and its modified form exhibit type IV 
isotherms characteristic of mesoporous materials. The hysteresis loop is small and 
possesses feature  ̂ reminiscent of both the H3 and HI type. The fact that adsorption 
appears to be limiting at high P/PO suggests that the latter classification is a more 
valid description. Type HI hysteresis is usually associated with solids consisting of 
nearly cylindrical channels or agglomerates or compacts of near uniform spheres 
(Shumaker et a l ,  1997). In each case, the hysteresis loop is narrow, with almost
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p a r a l le l  a d s o r p t io n  a n d  d e s o r p t io n  b r a n c h e s .  T h is  i s  in d ic a t i v e  o f  p o r e s  w i t h  r e g u la r  

g e o m e t r y ,  w h i l e  th e  s t e e p  d e s o r p t io n  b e h a v io r  i n d ic a t e s  th a t  t h e  d i m e n s io n s  o f  th e  

p o r e s  fa l l  in  a  n a r r o w  r a n g e . T h i s  i s  c le a r ly  s e e n  in  t h e  c o r r e s p o n d in g  p o r e  s iz e  

d is t r ib u t io n  w h i c h  s h o w  a  v e r y  n a r r o w  d is t r ib u t io n .  T h e  B E T  s u r f a c e  a r e a  o f  r a w  

b e n t o n it e ,  1 5 % K /b e n t o n i t e ,  a n d  2 0 % K /b e n t o n i t e  a r e  4 8 . 0 6 ,  2 6 . 0 7 ,  a n d  5 .8 6  m 2/g ,  
r e s p e c t i v e ly .  T o t a l  p o r e  v o lu m e  fo r  r a w  b e n t o n i t e  i s  0 .1 1 1  c m 3/ g ,  w h i l e  th e  

15 % K /b e n t o n i t e  a n d  2 0 % K /b e n t o n i t e  h a v e  l o w e r  p o r e  v o l u m e  ( 0 .0 9 9  a n d  0 .0 7 2  

c m 3/ g ) .

0 .0  0 .2  0 . 4  0 . 6  0 . 8  1 .0

p/po

Figure 4.4 N i t r o g e n  s o r p t io n  i s o t h e r m s  o f  b e n t o n it e  a n d  K / b e n t o n i t e  c a t a ly s t s .

T h e  h ig h e r  p o r e  v o lu m e  o f  r a w  b e n t o n i t e  c o m p a r e d  to  

1 5 % K /b e n t o n i t e  a n d  2 0 % K /b e n t o n i t e  w a s  d u e  t o  t h e  in t e r c a la t io n  o f  r a r a s a p o n in  

m o le c u l e s  in t o  t h e  s tr u c tu r e  o f  b e n t o n it e  a n d  c a u s i n g  t h e  e x p a n s io n  o f  in te r la y e r
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s p a c in g  o f  b e n t o n it e .  T h e  p o r e  s i z e  d is t r ib u t io n  o f  r a w  b e n t o n i t e  a n d  i t s  m o d i f i e d  

fo r m  w a s  d e t e r m in e d  b y  H K P  (H o r v a th  K a w a z o e  P o r e  s i z e s )  a n a l y s i s .  T h e s e  

c a t a ly s t s  h a v e  p o r e  w id t h  th a t  d is t r ib u te  m a in ly  f r o m  1 5  to  8 0  A D  w h i c h  c o n f ir m e d  

th e  m e s o p o r o u s  n a tu r e  o f  a d s o r b e n ts .  T h is  r e s u lt  w a s  in  a g r e e m e n t  w i t h  o th e r  

p r e v io u s  w o r k s  ( K u m ia w a n  et a l ,  2 0 1 0 ) .

4 .1 .3  S c a n n in g  E le c t r o n  M ic r o s c o p e  ( S E M )  w i t h  E n e r g y  D i s p e r s i v e  

S p e c t r o m e t e r  ( E D S )

R a w  b e n t o n it e



3 0

2 0 % K /b e n t o n i t e

2 5 % K /b e n t o n i t e

3 0 % K /b e n t o n i t e

X 1 .0 0 kI ►  < xlOOk ►
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2 5 % K /b e n t o n i t e  C a lc in e d  a t 400°c

2 5 % K /b e n t o n i t e  C a lc in e d  a t 500°c

2 5 % K /b e n t o n i t e  C a lc in e d  a t 600°c

X 1 . 0 0 kf -x lO O k -

Figure 4 .5  S E M  m ic r o g r a p h s  o f  b e n t o n it e  a n d  m o d i f i e d  b e n t o n i t e  c la y s .
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S c a n n i n g  e le c t r o n  m i c r o s c o p e  h a s  e x t e n s i v e l y  b e e n  u s e d  t o  e x a m in e  

th e  m o r p h o lo g y  a n d  p a r t ic le  s i z e  o f  c a t a ly s t s .  F ig u r e  4 .5  s h o w s  th e  S E M  

m ic r o g r a p h s  o f  t h e  p u r e  s u p p o r t  a n d  K O H /b e n t o n i t e  c a t a ly s t s .  T h e  p a r t ic le  s i z e s  o f  

r a w  b e n to n ite , 1 5 % K /b e n to n ite , 2 0 % K /b e n to n ite , 2 5 % K /b e n to n ite ,  a n d  3 0 % K /b e n t o n i t e  

a re  1 1 .7 1 ,  1 9 .5 ,  2 2 . 7 0 ,  3 6 .2 5 ,  a n d  9 5  p m , r e s p e c t i v e ly .  S o ,  t h e  p a r t ic le  s i z e  o f  th e  

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

p o t a s s iu m  s p e c i e s  w a s  h i g h l y  d i s t r ib u te d  u p o n  t h e  s u r f a c e  a n d  a g g r e g a t e d  t o  fo r m  th e  

h ig h e r  p a r t ic le  s i z e .  T h is  r e s u lt  c o r r e s p o n d e d  t o  th e  p o t a s s iu m  c o n t e n t  m e a s u r e d  b y  

E D S .

4 . 1 .4  E n e r g y  D i s p e r s i v e  s p e c t r o m e t e r  ( E D S )
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( b )  1 5 % K /b e n t o n i t e



( c )  2 0 % K /b e n t o n i t e

( d )  2 5 % K /b e n t o n i t e

Figure 4.6 E D S  m ic r o g r a p h s  o f  p u r e  s u p p o r t s  a n d  lo a d in g  c a t a l y s t s  a t 5 0 0  X 

m a g n i f i c a t io n .
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E D S  a n a l y s i s  o n  th e  c o m p o s i t io n  o f  b e n t o n it e  a n d  1 5 % K /b e n t o n it e ,  
2 0 % K /b e n t o n i t e ,  2 5 % K /b e n t o n i t e ,  a n d  3 0 % K 7 b e n to n it e  i s  s h o w n  in  F ig u r e  4 .6 .  
T a b le  4 .2  in d ic a t e s  t h e  m a jo r  c o m p o s i t io n  o f  b e n t o n it e .  T h e  p o t a s s iu m  c o n t e n t  w a s  

p a r t ia l ly  id e n t i f i e d  b y  t h e  E n e r g y  D i s p e r s i v e  S p e c t r o m e t e r  ( E D S ) .

Table 4.2 C o m p o s i t io n  o f  b e n t o n it e  f r o m  E D S

Element Bentonite
( % )

15%K/bent
( % )

20%K/bent
( % )

25%K/bent
( % )

c 0 .6 5 0 .5 4 0 .4 0 2 .7 5

o 4 7 .8 9 5 1 .3 2 4 5 .2 7 4 6 .0 2

Na 0 .9 5 1 .1 9 0 .6 6 0 .6 0

Mg 1 .3 0 0 .9 5 0 .8 5 0 .8 3

A 1 7 .7 7 4 .6 6 4 .7 0 4 .7 2

Si 3 8 .0 9 2 3 .7 3 2 4 .3 1 2 3 .4 5

K 0.95 15.70 22.44 24.83
Ca 0 .9 8 1 .0 3 0 .9 5 0 .8 9

Fe 2 .7 3 0 .8 8 1 .2 2 1 .4 3

Total 1 0 0 1 0 0 1 0 0 1 0 0

f
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4 .1 .5  H a m m e t t  I n d ic a t o r

Table 4 .3  B a s i c  s t r e n g t h  a n d  b a s i c i t y  o f  t h e  p r e p a r e d  c a t a ly s t s

Catalyst Basic strength 
(H J

Basicity
(mmol/g)

B e n t o n i t e 7 .2  <  H _  < 9 .8 2 .7 3 0
1 5 % K /b e n t o n it e 1 1 .0  < H _ <  1 5 .0 3 .2 7 7
2 0 % K /b e n t o n i t e 1 1 .0  < H  < 1 5 . 0 3 .7 5 4
2 5 % K /b e n t o n i t e 1 1 .0  < H _  < 1 5 . 0 5 .0 6 7
3 0 % K /b e n t o n i t e 1 1 .0  < H  < 1 5 . 0 4 .0 4 5

T a b le  4 .3  i l lu s t r a t e s  t h e  b a s ic  s t r e n g t h  a n d  b a s i c i t y  o f  t h e  p r e p a r e d  

c a t a ly s t s  a n d  a s - r e c e i v e d  b e n t o n it e .  B a s i c  s t r e n g th  o f  t h e  c a t a ly s t s  (7 7 _ ) w a s  

d e t e r m in e d  b y  u s i n g  t h e  f o l l o w i n g  H a m m e t t  in d ic a to r s :  b r o m t h y m o l  B l u e  (H_= 7 .2 ) ,  
p h e n o lp h t h a le in  (H _= 9 .8 ) ,  T r o p a e o l in  ( 7 / _ = H ) ,  2 ,4 - d i n i t r o a n i l in e  ( 7 7 = 1 5 ) ,  a n d  4 -  

n i t r o a n i l in e  ( 7 7 _ = 1 8 .4 ) .  B e n t o n i t e  p o s s e s s e d  t h e  w e a k  b a s i c  s t r e n g th  in  a  r a n g e  o f  

( 7 .2  <  H _ < 9 .8 ) .  A f t e r  l o a d in g  p o t a s s iu m  f r o m  15  to  3 0 % , t h e  m o d i f i e d  c a t a ly s t  

g a v e  a  h ig h e r  b a s i c  s t r e n g t h  in  th e  r a n g e  o f  ( 1 1 .0  <  H _  < 1 5 . 0 ) .  N e v e r t h e l e s s ,  it 

r e q u ir e d  o th e r  t i t r a t io n  m e t h o d s  t o  d i s t i n g u i s h  t h e  d i f f e r e n c e  o f  b a s i c i t y  o f  th e m .  
T a b le  4 .3  a l s o  s h o w s  th e  b a s i c i t y  f r o m  a c id  t i t r a t io n  t e c h n i q u e  o f  a s - r e c e iv e d  

b e n t o n it e  a n d  K O H /b e n t o n i t e  c a t a ly s t s  w i t h  v a r io u s  p o t a s s iu m  lo a d in g s .  T h e  r e s u lt s  

r e v e a le d  th a t  t h e  b a s i c i t y  o f  p r e p a r e d  c a t a ly s t  i s  h ig h e r  th a n  th a t  o f  t h e  a s - r e c e iv e d  

b e n t o n it e  c la y ,  a n d  t h e  h ig h e s t  o f  b a s i c i t y  o f  c a t a ly s t  w a s  o b t a in e d  a t 2 5 %  p o t a s s iu m .  
T h e r e f o r e ,  i t  in d ic a t e d  th a t  th e  b a s ic  s t r e n g th  a n d  b a s i c i t y  o f  t h e  p r e p a r e d  c a t a ly s t  

in c r e a s e d  w i t h  a n  in c r e a s e  o f  p o t a s s iu m  lo a d in g .

I

ไV 'โ
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Table 4.4 A c t i v i t y  o f  f r e s h  a n d  s p e n t  c a t a ly s t s

Sample
Basic strength 

i H )
Basicity

(mmol/g) Si A1 Si/Al
K

leaching
( % )

F r e s h
2 5 % K /b e n t o n i t e 1 1 .0  < H  < 1 5 . 0 5 .0 6 7 2 0 .7 3 5 4 .1 9 8 4 . 9 3 9
S p e n t 15'
2 5 % K /b e n t o n i t e 1 1 . 0 < / /  < 1 5 . 0 5 .0 0 4 2 4 . 4 4 6 4 .8 2 5 5 .0 6 6 2 3 .8 4 8
S p e n t 2nd
2 5 % K /b e n t o n i t e 1 1 .0  <  / /  < 1 5 . 0 4 .0 7 7 2 6 . 0 0 4 4 . 7 8 4 5 .4 3 6 6 2 .7 4 4
S p e n t 3 rd
2 5 % K /b e n t o n i t e 1 1 .0  <  H  < 1 5 . 0 5 .0 6 4 2 0 .2 5 6 4 .1 3 1 4 .9 0 3 1 7 .8 9 2

T a b le  4 .4  s h o w s  th e  b a s ic  s t r e n g th  a n d  b a s i c i t y  o f  t h e  f r e s h  

2 5 % K /b e n t o n i t e  a n d  2 5 % K /b e n t o n i t e  c a t a ly s t s  t e s t e d  b y  r e p e a t  t h e  r e a c t io n  2  t im e s :  

l str u n , 2 ndru n . A f t e r  th e  r e u s a b i l i t y  w a s  t e s t e d  b y  r e p e a t  t h e  r e a c t io n  2  t i m e s ,  th e  

c a t a ly s t  l stru n  a n d  2 ndru n  g a v e  a  h ig h e r  b a s ic  s t r e n g t h  in  t h e  r a n g e  o f  ( 1 1 . 0  <  H  
< 1 5 .0 )  c o m p a r e d  to  th e  b a s ic i t y  f r o m  a c id  t i t r a t io n  t e c h n iq u e  o f  f r e s h  

2 5 % K /b e n t o n it e ,  s p e n t lst 2 5 % K /b e n t o n it e  a n d  s p e n t2nd 2 5 % K /b e n t o n i t e  c a t a ly s t s  w i t h  

v a r io u s  ru n  t i m e  o f  r e a c t io n  a re  m e a s u r e d .  T h e  r e s u l t s  r e v e a l e d  th a t  t h e  b a s ic i t y  o f  

f r e s h  2 5 % K /b e n t o n i t e  c a t a ly s t  i s  h ig h e r  th a n  t h o s e  o f  t h e  s p e n t lst 2 5 % K /b e n t o n i t e  

a n d  s p e n t2nd 2 5 % K /b e n t o n i t e  c a t a ly s t s .  T h e r e f o r e ,  i t  in d ic a t e d  th a t  t h e  b a s i c  s t r e n g th  

a n d  b a s ic i t y  o f  t h e  s p e n t  c a t a ly s t  d e c r e a s e d  w i t h  a n  in c r e a s e  o f  r u n  t i m e  o f  r e a c t io n .
T h e  d i f f e r e n t  S i / A l  r a t io s  in d ic a t e d  th a t  t h e  s tr u c tu r e  o f  c a t a ly s t  w a s  

c h a n g e d .  T h e  l e a c h i n g  o f  p o t a s s iu m  w a s  in v e s t i g a t e d  b y  X R F .  T h e  o p t im u m  

c o n d i t io n s  f o r  2 5 % K /b e n t o n i t e  w e r e  3  h  r e a c t io n  t im e ,  1 5 :1  m e t h a n o l  to  o i l  m o la r  

r a t io , 3  g  o f  c a t a ly s t ,  3 0 0  r p m  s tir r e r  s p e e d ,  a n d  60°c. A t  t h e  o p t im u m  c o n d i t io n s ,  a  

b i o d i e s e l  y i e ld  o f  9 4 .1 3 %  w a s  o b t a in e d .  B y  u s i n g  t h e  o p t im u m  c o n d i t io n s ,  a b o u t  

2 3 .8 5  a n d  6 2 .7 4 %  o f  th e  K  w a s  le a c h e d  f r o m  s p e n t lst 2 5 % K /b e n t o n i t e  a n d  s p e n t 2nd 

2 5 % K /b e n t o n i t e ,  j - e s p e c t iv e ly .  P o t a s s iu m  le a c h in g  w a s  l o s s  w h e n  t h e  s p e n t  c a t a ly s t  

w a s  r e t e s t e d  a n d  it  w a s  f o u n d  th a t b i o d i e s e l  y i e l d  w a s  d e c r e a s e d .  It c o u ld  b e  

s u g g e s t e d  th a t  p o t a s s iu m  w a s  d i s s o lv e d  in  r e a c t io n  m ix t u r e  a n d  l e a c h e d  o u t .
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4 . 1 .6  F o u r ie r  T r a n s fo r m  I n fr a r e d  s p e c t r o p h o t o m e t e r  ( F T - I R )

(d )

(c)

(b)

Wave number (cm 1)

F igure 4 .7  F T I R  s p e c t r a  o f  2 5 % K /b e n t o n i t e  ( a ) ,  2 5 % K /b e n t o n i t e  c a l c i n e d  a t  400°c 
(b ) ,  2 5 % K /b e n t o n i t e  c a l c i n e d  a t 500°c ( c ) ,  a n d  2 5 % K /b e n t o n i t e  c a l c i n e d  a t  600°c 
(d ) .

T h e  p o t a s s iu m  lo a d e d  o n  b e n t o n it e  a n d  p o t a s s iu m  lo a d e d  o n  b e n t o n it e  

c a l c i n e d  a t d i f f e r e n t  t e m p e r a tu r e s  w e r e  c o m p r e s s e d  in t o  a  d i s c  u s i n g  K B r  a n d  

s c a n n e d  th r o u g h  in fr a r e d  s p e c t o m e t e r  fr o m  4 0 0 0  c m ' 1 t o  4 0 0  c m ' 1 t o  o b t a in  in fr a r e d  

a b s o r p t io n  s p e c tr a ,  a s  s h o w n  in  F ig u r e  4 .7 .  It r e v e a l s  t h e  p r e s e n c e  o f  f u n c t io n a l  

g r o u p s  s u c h  a s  A l ( M g ) - 0 - H  s t r e t c h in g  ( 3 6 1 4  c m -1 ) ,  H - O - H  s t r e t c h in g  ( 3 3 6 0  c m  !) ,  
H - O - H  b e n d in g  ( 1 6 7 0  c m ” 1) ,  S i - O - S i  s t r e tc h in g  ( 1 0 6 1  c m ” 1) ,  O H  b e n d in g  b o u n d e d  

F e 3+ a n d  A l 3+ ( 9 2 1  c m ” 1) ,  a n d  S i - O s t r e t c h in g  ( 7 8 9  c m ” 1) .  F T I R  a n a l y s i s  s h o w e d  th a t  

th e  a d d it io n  o f  k 6 h  a f f e c t e d  th e  s tr u c tu r e  o f  th e  b e n t o n it e  n e t w o r k .  A  b a n d  a t  a b o u t  

3 4 3 0  c m ” 1 in d ic a t e s  th e  p r e s e n c e  o f  th e  s t r e t c h in g  v ib r a t io n  o f  t h e  A l - O - K  g r o u p  

( X i e  a n d  L ie ,  2 0 0 6 ) .
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T h e  p e a k  a t 1 0 6 1  c m ” 1 c a n  b e  S i - O - S i  s t r e t c h in g  a n d  p e a k  a t 3 3 6 0  

c m ” 1 c a n  b e  H - O - H  s t r e t c h in g  g r o u p  d u e  t o  p o t a s s iu m  h y d r o x id e  lo a d e d  o n  

b e n t o n it e .  T h is  F ig u r e  r e p r e s e n t e d  th a t  th e  p e a k  o f  H - O - H  s t r e t c h in g  g r o u p , w h ic h  

o b t a in e d  f r o m  c a l c i n e d  c a t a ly s t s ,  i s  r e m o v e d  d u e  t o  t h e  a d s o r b e d  w a t e r  m o le c u l e  in  

th e  c a t a ly s t s  w o u l d  b e  e v a p o r a t e d  w h e n  p e r fo r m  t h e  c a lc in a t io n .  W h e r e a s  t h e  p e a k  o f  

S i - O - S i  s t r e t c h in g  te n d  d e c r e a s e d  a s  a  c a l c i n e d  t e m p e r a tu r e  in c r e a s e d .  T h is  

p h e n o m e n a  im p l ie d  th a t  th e  S i - O - S i  s t r e t c h in g  b o n d  c a n  b e  d e s t r o y e d  b y  c a lc in a t io n  

t e m p e r a tu r e .

(d)

c=0 C=H

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm 1)

Figure 4.8 F T I R  s p e c tr a  o f  f r e s h  2 5 % K /b e n t o n i t e  ( a ) ,  s p e n t 1 st 2 5 % K /b e n t o n i t e  (b ) ,  
s p e n t 2nd 2 5 % K /b e n t o n i t e  ( c ) ,  s p e n t 3rd 2 5 % K /b e n t o n i t e  (d ) .

W h e n  th e  2 5 % K /b e n t o n i t e  c a t a ly s t  t e s t e d  f o r  2  c y c l e s  w a s  t e s t e d  b y  

F T I R , it  w a s  f o u n d  th a t  th e  n e w  p e a k  a t 2 8 5 0  c m ' 1 c a n  b e  C - H  s t r e t c h in g ,  p e a k  1 7 4 5  

c m ' 1 c a n  b e  c=0 s t r e t c h in g ,  1 5 7 0  c m ' 1 c a n  b e  c=c s t r e t c h in g ,  a n d  p e a k  a t 1 4 6 3  c m ' 1 
c a n  b e  C = H  s t r e t c h in g  w h i c h  o b t a in e d  m e t h y l  e s t e r ,  d e a c y la t e d  c a r b o n y l  g r o u p ,  
a r o m a t ic  c o m p o u n d ,  a n d  a lk y l  g r o u p , r e s p e c t i v e ly .  W h e r e a s  th e  p e a k  o f  C -H
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s t r e t c h in g ,  c=0 s t r e t c h in g ,  c=c s t r e t c h in g ,  a n d  C = H  s t r e t c h in g  t e n d  to  in c r e a s e  a s  

th e  t im e s  o f  r u n  in c r e a s e d .  T h e  p h e n o m e n a  im p l ie d  th a t  t h e  a m o u n t  o f  C - H , c=0, 
c=c, a n d  C = H  s t r e t c h in g  in c r e a s e d  w h e n  th e  c a t a ly s t  w a s  t e s t e d  f o r  2  t im e s .

4 .1 .7  T e m p e r a t u r e - P r o g r a m m e d  D e s o r p t io n  o f  C O ?  ( C C b - T P D )

Temperature (°C)

Figure 4.9 T P D  p r o f i l e s  o f  C O 2 o n  b e n t o n it e  ( a ) ,  15 % K /b e n t o n i t e  ( b ) ,  
2 0 % K /b e n t o n i t e  ( c ) ,  2 5 % K /b e n t o n i t e  (d ) ,  a n d  3 0 % K /b e n t o n i t e  ( e ) .

T h e  b a s ic  s i t e s  fo r  K O H /b e n t o n it e  i s  e v i d e n t  f r o m  t h e  p r e s e n c e  o f  

th r e e  T P D  s ig n a l s  w i t h  T  m a x  a t 1 7 8 , 4 4 8 ,  a n d  775°c. T h e  a m o u n t  o f  e v o l v e d  C O 2 

c o r r e s p o n d in g  t o  e a c h  b a n d  w a s  o b t a in e d  b y  in t e g r a t io n .  I n c r e a s e d  K  lo a d in g  a re  

k n o w n  t o  p o s s e s s  b a s i c  s i t e s  o f  w e a k ,  m e d iu m  a n d  h ig h  s t r e n g th ,  c o r r e s p o n d in g  to  

th e  a m o u n t  o f  C O 2 a d s o r p t io n  (S h u m a k e r  et a l ,  2 0 0 8 ) .  T  m a x  a t  1 7 8 , 4 4 8 ,  a n d  

775°c p o s s e s s e d  b a s ic  s i t e s  o f  w e a k ,  m e d iu m  a n d  h ig h  s t r e n g th , r e s p e c t i v e ly .  T h e
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2 5 % K /b e n t o n i t e  p o s s e s s e d  is  th e  h ig h e s t  c o n c e n t r a t io n  o f  s t r o n g  b a s ic  s i t e s  a t 775°c. 
T h e  h i g h  b a s i c i t y  o f  2 5 % K /b e n t o n i t e  a t 775°c e x p l a i n s  t h e  h ig h e s t  a c t i v i t y  fo r  

t r a n s e s t e r i f ic a t io n .  It c a n  b e  c o n c lu d e d  th a t  p o t a s s iu m  h y d r o x id e  c a n  in c r e a s e  b o th  

b a s ic  s t r e n g th  a n d  b a s i c i t y  o f  t h e  c a t a ly s t s .  M o r e o v e r ,  b a s i c  s t r e n g th  h a s  t h e  s a m e  

tr e n d  c o m p a r e d  t o  H a m m e t t  in d ic a t o r  r e s u lt s .

(d)

(c)

(b )

Temperature (๐C)

Figure 4.10 C C ^ G T P D  s p e c tr a  o f  c a l c i n e d  c a t a ly s t  a n d  u n c a l c in e d  c a ta ly s t :  

2 5 % K /b e n t o n i t e  u n c a lc in e d  (a ) ,  2 5 % K /b e n t o n i t e  c a l c i n e d  a t 400°c ( b ) ,  

2 5 % K /b e n t o n i t e  c a l c i n e d  500°c ( c ) ,  2 5 % K /b e n t o n i t e  c a l c i n e d  600°c (d ) .

T h is  f ig u r e  s h o w s  b a s i c  s t r e n g th  a n d  b a s i c  s t r e n g t h  o f  c a l c i n e d  a n d  

u n c a lc in e d  c a t a ly s t s .  It i s  c le a r ly  s e e n  th a t  w h e n  t h e  c a l c i n a t i o n  te m p e r a tu r e  w a s  

in c r e a s e d ,  th e  b a s ic  s t r e n g th  d e c r e a s e d .  It c o u l d  b e  s u g g e s t e d  th a t  c a lc in a t io n  p r o c e s s  

r e d u c e  t h e  b a s ic  s t r e n g th  o f  c a t a ly s t .  H o w e v e r ,  c a l c i n a t i o n  i n c r e a s e  b a s ic i t y  o f  w e a k  

b a s ic  s tr e n g th .
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4.2 Transesterification Reaction

K O H /b e n t o n i t e  w a s  u s e d  a s  h e t e r o g e n e o u s  c a t a l y s t  in  t r a n e s t e r i f ic a t io n  

r e a c t io n .  T o  s t u d y  th e  o p t im u m  c o n d i t io n  o f  t h e s e  c a t a l y s t s  in  t r a n s e s t e r i f ic a t io n  o f  

p a lm  o i l .  T h e  s ta r in g  c o n d i t io n  o f  t r a n s e s t e r i f ic a t io n  r e a c t io n  in  K O H /b e n t o n it e  

c a t a ly s t  w a s  60°c o f  th e  r e a c t io n  te m p e r a tu r e  a t 3 0 0  r p m  o f  s t ir r e r  s p e e d ,  2 5  w t%  

K /b e n t o n it e ,  1 5 :1  m o la r  r a t io  o f  m e t h a n o l  t o  o i l ,  a m o u n t  o f  c a t a ly s t  3  w t%  ( b a s e d  o n  

w e i g h t  o f  v e g e t a b l e  o i l ) .

4 .2 .1  E f f e c t  o f  w t%  L o a d in g  o f  K  o n  B e n t o n i t e  S u p p o r t  o n  B i o d i e s e l  Y i e ld  

T o  i n v e s t ig a t e  t h e  e f f e c t  o f  K O H  l o a d in g  o n  b i o d i e s e l  y i e ld ,  th e  

c a t a ly s t s  w e r e  p r e p a r e d  w i t h  d i f f e r e n t  p o t a s s iu m  l o a d in g s  in  th e  r a n g e  o f  1 5 - 3 0  w t%  

o f  K  o n  b e n t o n it e  s u p p o r t . A t  te m p e r a tu r e  o f  60°c, th e  r e a c t io n  t im e  w a s  3  h , 1 5 :1  o f  

m o la r  r a t io  o f  m e t h a n o l  to  o i l ,  a m o u n t  o f  c a t a ly s t  3  w t% , a n d  3 0 0  r p m  o f  s t ir rer  

s p e e d .  T h e  r e s u l t s  a re  p r e s e n t e d  in  F ig u r e  4 . 1 1 ,  th e  b i o d i e s e l  y i e ld  i n c r e a s e d  w i t h  a n  

in c r e a s e  o f  K  l o a d in g .  T h e  m a x im u m  o f  b i o d i e s e l  y i e l d  o f  9 4 .1 3 %  w a s  o b t a in e d  fr o m  

2 5  w t%  lo a d in g  o f  K  o n  b e n to n it e .  H o w e v e r ,  w h e n  t h e  a m o u n t  o f  p o t a s s iu m  w a s  

o v e r  2 5  w t% , t h e  b i o d i e s e l  y i e l d  d e c r e a s e d .  It i s  b e l i e v e d  th a t  th e  a g g lo m e r a t io n  o f  

t h e  a c t i v e  K O H  p h a s e  o r  th e  c o v e r i n g  o f  th e  b a s ic  s i t e s  b y  th e  e x c e s s  K O H  r e s u lt e d  

in  a  l o w e r  s u r f a c e  a r e a  o f  th e  c a t a ly s t  w h i c h  c o u l d  e x p l a i n  t h e ir  l o w e r  a c t iv i t y .
In  a d d it io n ,  th e  p r o d u c t  d i s t r ib u t io n  in  t h e  e s t e r ic  p h a s e  f o r  th e  ru n  

p e r f o r m e d  a t  60°c in  th e  p r e s e n c e  o f  K O H /b e n t o n i t e  w a s  d e t e r m in e d  b y  GC 
a n a ly s i s .  W h e n  t h e  m e t h y l  e s t e r  in c r e a s e d ,  th e  m o n o - ,  d i - ,  a n d  t r i - g l y c e r i d e s  w e r e  

d e c r e a s e d  b e c a u s e  t h e s e  th r e e  t y p e s  o f  g ly c e r id e  a re  c o n v e r t e d  t o  m e t h y l  e s t e r  

( N o ir o j  et a l ,  2 0 0 9 ) .

I
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Loading of K (พt%)

Figure 4.11 E f f e c t  o f  w t%  lo a d in g  o f  K  o n  b e n t o n i t e  s u p p o r t  o n  b i o d i e s e l  y ie ld .  
R e a c t io n  c o n d i t io n s :  60°c o f  r e a c t io n  te m p e r a tu r e ,  3 h  o f  r e a c t io n  t i m e ,  1 5 :1  o f  

m o la r  r a t io  o f  m e t h a n o l  t o  o i l ,  a m o u n t  o f  c a t a ly s t  3 w t% , a n d  300 r p m  o f  s t ir r e r  

s p e e d .

4 . 2 .2  E f f e c t  o f  C a lc in a t io n  T e m p e r a tu r e  o n  B i o d i e s e l  Y i e l d
T o  in v e s t i g a t e  th e  e f f e c t  o f  c a l c in a t io n  t e m p e r a tu r e  o n  th e ir  c a t a ly t ic  

a c t iv i t y ,  t h e  r e a c t io n  w a s  f i x e d  a t  th e  r e a c t io n  te m p e r a tu r e  o f  60°c, 3 0 0  r p m  o f  stir r e r  

s p e e d .  T h e  r e a c t io n  t i m e  w a s  3  h , a n d  w t%  lo a d in g  o f  K  w a s  o b t a in e d  f r o m  4 .1 .1 .  
T h e  c a l c i n a t i o n  te m p e r a tu r e  o f  K O H /b e n t o n it e  w a s  v a r ie d  f r o m  4 0 0  t o  600°c. T h e  

r e s u l t s  a re  p r e s e n t e d  in  F ig u r e  4 .1 2 .  It w a s  f o u n d  th a t  t h e  b i o d i e s e l  y i e l d  d e c r e a s e d  

w h e n  th e  c a l c i n a t i o n  te m p e r a tu r e  w a s  in c r e a s e d .

I
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9 4 .1 3  0 .6  ๆ ° ^ 6

u n c a lc in e d  4 0 0  5 0 0  6 0 0
Calcination temperature (๐C)

Figure 4.12 E f f e c t  o f  c a lc in a t io n  t e m p e r a tu r e  o n  b i o d i e s e l  y i e ld .
R e a c t io n  c o n d i t io n s :  2 5 % K /b e n t o n i t e ,  60°c o f  r e a c t io n  t e m p e r a t u r e ,  3  h  o f  r e a c t io n  

t im e ,  1 5 :1  o f  m o la r  r a t io  o f  m e t h a n o l  t o  o i l ,  a m o u n t  o f  c a t a l y s t  3  w t%  a n d  3 0 0  r p m  

o f  s t ir r e r  s p e e d .

4 .2 .3  R e u s a b i l i t y  o f  C a t a ly s t
T o  f in d  a n  e f f e c t i v e  o f  c a t a ly s t ,  t h e  c a t a ly s t  w a s  k e p t  t o  ru n  r e a c t io n  

a g a in , r e u s a b i l i ty  a re  v e r y  im p o r ta n t  c r ite r ia  f o r  in d u s tr ia l  a p p l ic a t io n  o f  

K O H /b e n t o n it e  a s  a  h e t e r o g e n e o u s  c a t a ly s t  f o r  b i o d i e s e l  p r o d u c t io n  ( S o e t a r e d j o  e t  

a l . ,  2 0 1 0 ) .  T h e  f r e s h  c a t a ly s t  o r  th e  f ir s t  c y c l e s  r u n  t r a n e s t e r i f ic a t io n  r e a c t io n .  T h e  

s p e n t 1 st c a t a ly s t  w a s  o b t a in e d  f r o m  t h e  f ir s t  c y c l e s  w i t h o u t  p r e tr e a tm e n t .  T h e  s p e n t 2nd 

c a t a ly s t  w a s  o b t a in e d  f r o m  th e  s e c o n d  c y c l e s  w i t h o u t  p r e tr e a tm e n t .  A n d  th e  

r e im p r e g n a t e d  c a t a ly s t  w a s  o b t a in e d  f r o m  th e  s p e n t 2nd c a t a ly s t  r e im p r e g n a t io n  o r  th e  

th r e e  c y c l e s .  In  t h i s  s t u d y  th e  r e u s a b i l i t y  o f  K O H /b e n t o n i t e  c a t a l y s t  w a s  e x a m in e d  b y  

c a r r y in g  o u t  th r e e  r e a c t io n  c y c l e s .  F o r  f r e s h  c a t a l y s t  ( 2 5 % K /b e n t o n i t e )  th e  m a x im u m  

c o n v e r s i o n  w a s  (8 7 .7 7 % . A f t e r  s e p a r a t io n  f r o m  th e  l iq u id  m ix t u r e  ( b io d ie s e l ,  
g ly c e r in ,  m e t h a n o l ,  a n d  w a t e r ) ,  t h e  c a t a ly s t  w a s  t e s t e d  b y  r e p e a t  th e  f o u r  r e a c t io n  

c y c l e s .  A  s u b s e q u e n t  c y c l e  w a s  s ta r te d  w i t h  f r e s h  r e a c ta n t s .  F o r  t h e  s e c o n d ,  th e  th ir d  

c y c l e s ,  a n d  th e  fo u r th  c y c l e s ,  t h e  m a x im u m  y i e l d  o f  b i o d i e s e l  w a s  l e s s  th a n  8 7 .7 7  

( F ig u r e  4 .1 3 ) .  It i m p l i e s  th a t  d e a c t iv a t io n  o f  b a s i c  s i t e s  o c c u r r e d  o r  s o m e  o f  th e

100 า
9 0  -

?  8 0  - 
2  7 0  -
t  6 0
I  5 0  - 
I  4 0  - 
1  3 0
I  20 - 

10 -  

0 -
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p o s s i b l e  b a s ic  s i t e s  w e r e  p o i s o n e d  d u r in g  th e  t r a n s e s t e r i f ic a t io n  r e a c t io n .  T h e s e  

r e s u l t s  a re  s im i la r  t o  t h o s e  o b t a in e d  b y  S o e t a r e d j o  et a l ,  2 0 1 0 .
T h e  f r e s h  c a t a ly s t  o r  th e  f ir s t  c y c l e s  g a v e  b i o d i e s e l  y i e l d  o f  8 7 .7 7 % .  

H o w e v e r ,  it w a s  f o u n d  th a t fo r  th e  s e c o n d  c y c l e s  a n d  t h e  th ir d  c y c l e s  t h e  b i o d i e s e l  

y i e l d  w a s  d e c r e a s e d  f r o m  th e  f ir s t  c y c l e s  a n d  g a v e  b i o d i e s e l  y i e l d  o f  3 5 .4 %  a n d
0 .8 3 % , r e s p e c t i v e ly .  B u t ,  th e  fo u r th  c y c l e s ,  th e  c a t a ly s t  w a s  r e im p r e g n a t e d ,  w a s  

t e s t e d ,  b i o d i e s e l  y i e ld  in c r e a s e d  fr o m  t h e  s e c o n d  c y c l e s  a n d  t h e  th ir d  c y c l e s ,  a n d  

g a v e  th e  b i o d i e s e l  y i e ld  o f  5 9 .3 1 % . T h e  r e s u lt s  a r e  s h o w n  in  F ig u r e  4 .1 3 .

—♦ — F r e s h
2 5 % K /B e n t o n i t e

2 5 % K 7 B e n t o n it e
— S p e n t 2 n d

2 5 % K /B e n t o n i t e
—• — R e im p r e g n a t e d  

1 2  3 4  5  6  7  8  9  1 0  c a t a l ï s '

reaction time (h)

Figure 4.13 M u lt ip le  c y c l e  t e s t  o f  c a t a ly s t  d e a c t iv a t io n .  R e a c t i o n  c o n d i t io n s :  

2 5 % K /b e n t o n i t e ,  60°c o f  r e a c t io n  te m p e r a tu r e ,  3 h  o f  r e a c t io n  t im e ,  1 5 :1  o f  m o la r  

r a t io  o f  m e t h a n o l  to  o i l ,  a m o u n t  o f  c a t a ly s t  3 w t%  a n d  300 r p m  o f  s t ir r e r  s p e e d .

It c o u ld  b e  s u g g e s t e d  th a t  th e  a c t iv e  c o m p o n e n t  d i s s o l v e  in  th e  l iq u id  

p h a s e  d u r in g  t h e  r e a c t io n  s o  th a t  in  th e  n e x t  r u n  th e  c a t a ly s t  h a s  l e s s  a c t iv e  

c o m p o n e n t  to  c a t a ly z e  th e  r e a c t io n .
T h e  m e t h y l  e s t e r  y i e l d  o f  f r e s h  2 5 % K /b e n t o n i t e  r e a c t io n  w a s  a n a ly z e d  

b y  G C . T h e  m e t h y l  e s t e r  y ie ld  o f  b i o d i e s e l  a s  a  f u n c t io n  o f  t i m e  i s  s h o w n  in  F ig u r e
4 . 1 3 .  T h e  m e t h y l  e s t e r  w a s  in c r e a s e d  w h e n  t h e  r e a c t io n  t i m e  w a s  in c r e a s e d  a n d  th e  

m e t h y l  e s te r  is  th e n  c o n s t a n t .  T h e  h ig h e s t  m e t h y l  e s t e r  y i e l d  o f  8 7 .7 7  w t%  w a s  

o b t a in e d .
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Figure 4.14 M e t h y l  e s t e r  y i e ld ,  m o n o - ,  d i - ,  a n d  t r i - g l y c e r i d e s  o f  b i o d i e s e l  a s  a  

f u n c t io n  o f  r e a c t io n  t im e .  R e a c t io n  c o n d i t io n s :  2 5 % K /b e n t o n i t e ,  60°c o f  r e a c t io n  

t e m p e r a tu r e ,  3  h  o f  r e a c t io n  t im e ,  15: 1  o f  m o la r  r a t io  o f  m e t h a n o l  t o  o i l ,  a m o u n t  o f  

c a t a ly s t  3  พ t%  a n d  3 0 0  r p m  o f  stir rer  s p e e d .

In  th e  s a m e  w a y ,  th e  p r o d u c t  d is t r ib u t io n  in  t h e  e s t e r i c  p h a s e  o v e r  o f  

f r e s h  2 5 % K /b e n t o n i t e  w a s  d e t e r m in e d  b y  H P L C  a n a ly s i s .  T h e  m e t h y l  e s t e r  y i e ld ,  
m o n o - ,  d i - ,  a n d  t r i - g ly c e r id e s  o f  b i o d i e s e l  a s  f u n c t io n  o f  t im e  i s  s h o w n  in  F ig u r e
4 .1 4 .  It w a s  f o u n d  th a t  m e t h y l  e s t e r  in c r e a s e d  w h e n  th e  r e a c t io n  t i m e  w a s  in c r e a s e d  

a n d  th e  h i g h e s t  m e t h y l  e s t e r  y ie ld  o f  8 4 .6 3 %  w a s  o b t a in e d .  B u t  m o n o - ,  d i -  a n d  tr i­
g ly c e r id e s  c o n t e n t  d e c r e a s e d  w h e n  in c r e a s in g  th e  r e a c t io n  t im e  s in c e  t r a n s e s t e r i f ic a t io n  

c o n s i s t s  o f  a  s e q u e n c e  o f  th r e e  c o n s e c u t i v e  a n d  r e v e r s ib le  r e a c t io n s .  In  th e  f ir s t  s t e p ,  
t r i - g ly c e r id e  i s  c o n v e r t e d  to  d ig ly c e r id e .  In  th e  s e c o n d ,  d i g l y c e r i d e  i s  c o n v e r t e d  to  

m o n o g l y c e r i d e ,  a n d  th e n  m o n o g l y c e r i d e  i s  c o n v e r t e d  t o  g ly c e r o l .  F o r  e a c h  s t e p ,  o n e  

m o le c u l e  o f  m e t h y l  e s t e r  i s  l ib e r a te d , s o  w h e n  th e  m e t h y l  e s t e r  in c r e a s e d ,  th e  m o n o - ,  
d i -  a n d  t r i - g l y c e r i d e s  w e r e  d e c r e a s e d  b e c a u s e  t h e s e  th r e e  t y p e s  o f  g ly c e r id e  a re
c o n v e r t e d  t o  m e t h y l  e s te r .
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