
RESULTS AND DISCUSSION
C H A P T E R  IV

4.1 Fresh Catalyst Characterization

4.1.1 Brunauer-Emmett-Teller Method (BET)
Textual properties of AI2O3 support and Cu-Zn0 /Al2 0 3  catalyst 

(surface area, total pore volume, and mean pore diameter) obtained from the 
Brunauer-Emmett-Teller surface area analyzer are shown in Table 4.1. The surface 
area and pore volume of Cu-ZnO/AECE catalyst were lower than those of alumina 
support, this loss of pore volume could be due to the high amount of metal loading. 
However, the pore diameter remained invariant indicating that the loaded metal 
particles may partially block the pores.

Table 4.1 Textural properties of the catalysts

Catalyst BET surface 
area(m2/g)

Total pore 
volume(cm3/g)

Mean pore 
diameter(nm)

AI2O3 256 0.834 8.94
CU-Z11O/AI2O3 130 0.394 8.92

4.1.2 Atomic Absorption Spectroscopy (AAS)
Atomic absorption spectroscopy (AAS) was employed to determine 

the actual metal loading of the Cu and Zn supported A I 2 O 3  catalysts.The AAS results 
are summarized in Table 4.2. The results indicated that the amount of Cu and Zn 
loading on A I 2 O 3  support lower to expected metal loading amount due to metal 
precursor impurities.
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T a b le  4.2 The actual and expected metal loading of the catalysts

Cu-Zn0/Al20 3 Cu (wt. %) Zn (wt. %)
Expected loading 1 0 .0 0 41.38
Actual loading 8.43 31.28

4.1.3 Temperature Programmed Reduction (TPR)
The TPR profile of the fresh catalyst is shown in Figure 4.1. The fresh 

catalyst showed the reduction peaks at temperature below 623 K, indicating the 
reduction of highly dispersed copper oxide clusters on the catalyst, while the 
reduction of pure CuO used as a reference appeared at 667 K. This result is in good 
agreement with the Cu-Zn0/Al20 3 prepared by co-precipitation investigated earlier 
in literature The catalyst exhibited a main reduction peak at 523 K represents the 
small uniform of CuO grains. While the shoulder peak at 543 K represents the larger 
grains of CuO, which correspond to the reaction of bulk CuO. From TPR result, the 
suitable reduction temperature is 623 K (Panyad, ร., 2011).

T e m p e ra tu re ,  K

F ig u re  4.1 TPR profile of fresh Cu-Zn0/Al20 3 catalyst.
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4.2 Feed Characterization

T y p es o f  g ly ce ro l vary  d ep en d  on  the  p ro p e rtie s  o f  fe ed s to ck s  in  b io d iese l 
p ro d u c tio n  and  c a ta ly s t u sing  in  b io d iese l p ro d u c tio n . In  th is  w ork , g lycero l 
feed sto ck s  w ere  c h a rac te riz ed  for th e ir  g ly cero l co n ten t by g as  ch ro m a to g rap h  and 
th e ir  im p u ritie s  co n te n ts  IC P -O E S  tech n iq u e .

4.2.1 G as C h ro m a to g ra p h  (F lam e  Io n iza tio n  D e tec to r)
T h e  a m o u n t o f  g ly ce ro l in each  feed sto ck  w as an a ly zed  by gas 

ch ro m a to g rap h  e q u ip p e d  w ith  a flam e  io n iza tio n  de tec to r. T h e  a m o u n ts  o f  g ly cero l 
co n ten t w ith  d iffe ren t feed sto ck s  are  sh o w n  in T ab le  4 .3 . R e fin ed  g ly ce ro l w ith  95 .58  
%  w as u sed  as re fe ren ce . T he resu lt sh o w ed  th a t re fin ed  g ly ce ro l h ad  m o re  g lycero l 
co n ten t as co m p ared  to  y e llo w  g rad e  g ly cero l, te ch n ica l g rad e  g ly ce ro l, and  crude  
g ly cero l, resp ec tiv e ly .

Table 4 .3  T he a m o u n ts  o f  g ly cero l co n ten t w ith  d iffe ren t fe ed s to ck s

F eed sto ck s G ly ce ro l co n ten t (w t. % )

R efin ed  g lycero l 99.58

Y e llo w  g rad e  g ly cero l 79.85

T ech n ica l g rade g ly cero l 80 .44

C ru d e  g lycero l 58 .14

4 .2 .2  In d u c tiv e ly  C o u p led  P la sm a  O p tica l E m iss io n  S p e c tro m e try  (IC P - 
O E S )

T h e  in d u c tiv e ly  co u p led  p la sm a  o p tica l e m is s io n  sp ec tro m e try  (IC P - 
E O S ) w as used  to  d e te c t the a m o u n t o f  trace  m e ta ls  in  feed s to ck s . T he  m eta ls 
in v estig a ted  in  th is  w o rk  are  M g, N a , p , C a, and  K . T h e  a m o u n t o f  m e ta ls  in  each  
feed sto ck s  are  sh o w n  in  T ab les  4 .4  an d  4 .5 . T h e  re su lts  sh o w e d  th e  am o u n t o f  M g, 
C a, and  p  in  crude  g ly ce ro l feed sto ck  w as s lig h tly  d iffe re n t as c o m p a re d  to  rap eseed
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crude  g ly ce ro l fro m  lite ra tu re  (T h o m p so n , J .C ., 2006). H o w ev er, th e  am o u n t o f  N a  in 
crude  g ly ce ro l is m u c h  lo w er th an  th o se  from  lite ra tu re  (T h o m p so n , J.C ., 2006). 
M o reo v er, th e  a m o u n t o f  K  in  c ru d e  g ly cero l is m uch  h ig h e r  th an  th o se  from  
lite ra tu re . S ince , d iffe re n t ca ta ly s t w as u sed  in  b io d iese l p ro d u c tio n . T h e  re su lts  a lso  
show ed  th a t the  a m o u n t o f  m etal im p u ritie s  in  c rude  g ly ce ro l w as h ig h e r than  
tech n ica l g rad e  g ly c e ro l, y e llo w  g ly cero l, and  refined  g ly c e ro l, resp ec tiv e ly . 
E sp ec ia lly , the  a m o u n t o f  N a  and  K  in  crude  g ly cero l and  te c h n ic a l g lycero l are 
m u ch  h ig h e r th an  y e llo w  g lycero l an d  refined  g ly cero l. In a d d itio n , the a m o u n ts  o f  
im p u ritie s  in p ro d u c ts  a re  lo w er th an  g lycero l feed sto ck s  d u e  to  so m e im p u ritie s  
d ep o s ited  on  the  ca ta ly s ts .

Table 4.4 C o n c e n tra tio n  o f  im p u ritie s  in feed sto ck s  a n a ly z e d  by IC P -O E S  
co m p ared  w ith  lite ra tu re

F eed sto ck M g (ppm ) N a  (ppm ) K (ppm ) C a  (p p m ) p  (ppm )

R efin ed  g ly cero l <  1 4 < 1 16 < 1

Y ello w  g rad e  g ly cero l <  1 1 < 1 16 < 1

T ech n ica l g rade  g ly ce ro l 2 1,034 4,853 24 24

C ru d e  g ly cero l 6 1,054 10,180 51 35

C rude  g ly cero l, R ap eseed 4 10,600 < 4 0 24 65

(T h o m p so n , J .C ., 2 0 0 6 )

Table 4.5 C o n cen tra tio n  o f  im p u ritie s  in  p ro d u c ts  an a ly zed  by  IC P -O E S

F eed sto ck M g (p p m ) N a  (ppm ) K  (p p m ) C a  (p p m ) p (p p m )

R efin ed  g ly cero l 3 6 2 2 2  6

Y ello w  g rad e  g ly ce ro l 2 8 < 1 16 7

T ech n ica l g rade  g ly ce ro l 14 410 4,005 24  7

C ru d e  g lycero l 2 1,438 5 ,024 51 13
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4.3 Catalytic Activity Testing

4.3 .1  S tan d ard  A n a ly sis
T he ch em ica l s tandard  su ch  as p ro p an o l, ace to l, p ro p y le n e  g lycol, and  

g lycero l w ere  an a ly zed  by  gas ch ro m a to g rap h  e q u ip p e d  w ith  an  F ID  d e tec to r 
(A g ilen t 6 8 9 0 ) to  id en tify  p eaks o f  c o m p o sitio n s  o f  feed s to ck s , in te rm ed ia te s , and 
p ro d u c ts . A  c h ro m a to g ram  o f  g lycero l d eh y d ro x y la tio n  to  p ro p y le n e  g lyco l an a ly zed  
is sh o w n  in  F ig u re  4 .2 . T h e  re ten tio n  tim e  and  re sp o n se  fac to r fo r th e  stan d ard s are 
sh o w n  in  T ab le  4.5.
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M e th a n o l, Is o -p ro p a n o l

Figure 4.2 T yp ica l G C  ch ro m a to g ram  o f  liq u id  p ro d u c ts  o b ta in e d  from  the  
d eh y d ro x y la tio n  to  p ro p y le n e  glycol.
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Table 4.6 R eten tio n  tim es and re sp o n se  fac to rs o f  s tan d ard  ch e m ic a ls  an a ly zed  by a 
G C /F ID  (A g ilen t G C  6 890)

Standard chemical Retention time (min) Response factor
H ex an e 0.96 1

M eth an o l 1 . 0 0 0 .7 4

A ce to n e 1.19 1.64

P ro p an o l 1.45 1.78

A ceto l 4.72 1 . 1 1

P ro p y len e  g lyco l 8 . 6 6 0 .80

G ly ce ro l 17.94 0 .83

4 .3 .2  C a ta ly tic  A ctiv ity  T estin g
4. ร. 2.1 E ffect o f  F e e d  P u rity

P rio r to  c a ta ly s t te stin g , b lan k  test w ith  pu re  A I2 O 3 w as 
in v es tig a ted  u n d er th e  id en tica l c a ta ly s t te s tin g  co n d itio n s . N o  g lycero l co n v ers io n  
w as o b se rv ed  o v e r th e  pu re  su b stra te . T h e re fo re , co n v e rs io n  o f  g ly cero l o b se rv ed  
o v er the  ca ta ly s ts  is d u e  to  th e  p re sen ce  o f  C u -Z n O /A fiC fi ca ta ly st. T h e  m ajo r 
p ro d u c ts  o b se rv ed  in th is  study  w ere  p ro p y len e  g ly co l, ace to l an d  p ro p an o l. T he 
p lo ts  o f  g lycero l c o n v e rs io n , p ro p y len e  g lyco l se lec tiv ity , ace to l se lec tiv ity  and 
p ro p an o l se lec tiv ity  as a  fu n c tio n  o f  tim e  on  s tream  w ith  th e  d iffe ren t g ly cero l 
feed sto ck s— refin ed  g ly ce ro l, y e llo w  g rad e  g ly ce ro l, te ch n ica l g rad e  g ly cero l and  
cru d e  g ly cero l are  illu s tra ted  in  F ig u res  4 .3 -4 .6 , re sp ec tiv e ly . T h e  re su lts  sh o w ed  tha t 
the  re fin ed  g ly cero l ex h ib ited  h ig h e r co n v e rs io n  and  se lec tiv ity  as co m p ared  to 
y e llo w  g rad e  g ly ce ro l, tech n ica l g rad e  g lycero l and  c rude  g ly ce ro l, re sp ec tiv e ly . 
M o reo v er, c a ta ly tic  a c tiv ity  o f  re fin ed  g ly cero l an d  y e llo w  g rad e  g ly cero l ex h ib ited  
h igh  an d  a lm o st co n s ta n t d u rin g  th e  te s t bu t c a ta ly tic  a c tiv ity  o f  tech n ica l g rade  
g lycero l and  c ru d e  g ly cero l is m o d era te  at the  b eg in n in g , and  th en  d ro p p ed  
co n sid erab ly . A s th e  co n v e rs io n  d ec reased , th e  p ro p y len e  g lyco l se lec tiv ity
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d ec rea sed  w ith  in c reas in g  ace to l and  p ro p an o l se lec tiv ity . T h e  re su lts  ag reed  w ell 
w ith  th e  m e c h a n ism  p ro p o sed  by  D asari e t al. (D asari, M .A ., 2 0 0 5 ) as  sh o w n  in 
F ig u re  4 .7 . T h e  re su lt a lso  in d ica ted  the h ig h e r the  im p u ritie s  (N a  and  K ) d eposited  
on  th e  ca ta ly s t th e  lo w er the ca ta ly tic  ac tiv ity  and  coke fo rm a tio n .

Figure 4.3 T h e  p lo t o f  g ly cero l co n v ers io n  as a  fu n c tio n  o f  tim e  on  s tream  w ith  the 
d iffe ren t g ly ce ro l feed sto ck s (reac tio n  co n d itio n s: T  =  523 K , p  =  3 .2 M P a, 
H 2:g lycero l =  4 :1 , an d  W H S V =  3 h " 1).
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Figure 4.4 T he p lo t o f  p ro p y len e  g lyco l se lec tiv ity  as a fu n c tio n  o f  tim e  o n  stream  
w ith  th e  d iffe ren t g ly ce ro l feed sto ck s  (reac tio n  co n d itio n s: T  =  523 K , p  =  3.2 M Pa, 
H 2:g ly cero l =  4 :1 , an d  W H S V =  3 IT 1).

Figure 4.5 The plot of acetol selectivity as a function of time on stream with the
different glycerol feedstocks (reaction conditions: T = 523 K, p = 3.2 MPa,
H2:glycerol = 4:1, and WHSV= 3 IT1).
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Figure 4.6 T h e  p lo t o f  p ro p an o l se lec tiv ity  as  a  fu n c tio n  o f  t im e  on  s tream  w ith  the 
d iffe ren t g ly ce ro l feed sto ck s  (reac tio n  co n d itio n s: T  =  523 K , p  =  3 .2 M P a, 
H 2:g lycero l =  4 :1 , and  W H S V =  3 h " 1).
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Figure 4.7 T h e  g ly ce ro l co n v e rs io n  m ech an ism  by C u -Z n 0 /A l2 0 3  c a ta ly s t (D asari, 
M .A ., 2005).
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4 .3 .2 .2  E ffect o f  N a  a n d  K
F ro m  IC P -O E S  and  ca ta ly tic  a c tiv ity  w ith  d iffe re n t feed sto ck s 

resu lts , th e  h ig h e r  im p u ritie s  (N a  and  K ) co n ta in ed  in  g ly cero l, th e  lo w er ca ta ly tic  
activ ity . T h e re fo re , th e  e ffec t o f  N a  an d  K  w ere  in v estig a ted . T h e  p lo ts  o f  g lycero l 
co n v e rs io n  as  a  fu n c tio n  o f  tim e  on  s tream  w ith  the  d iffe ren t purity  
g ly ce ro ls— re fin ed  g ly cero l, re fin ed  g ly cero l m ix ed  w ith  0 .1 %  N a  and  refined  
g lycero l m ix ed  w ith  0 .1 %  K  are illu s tra ted  in F ig u re  4 .8 . T h e  re su lts  show ed  tha t 
re fined  g ly ce ro l ex h ib ited  h ig h e r co n v e rs io n  co m p ared  to  th e  o n e  m ix ed  w ith  0 . 1 %  
N a and  w ith  0 .1 %  K, re sp ec tiv e ly . T he  resu lts  rev ea led  th a t N a  and  K  d ep o sited  on  
ca ta ly s t lo w e re d  co n v e rs io n  th e  g ly ce ro l co n v ersio n . T h e  resu lts  in d ica ted  th a t N a  
and  K  m ay  p o iso n  th e  a c tiv e  s ite  o f  ca ta ly s ts  so th a t the  co n v e rs io n  o f  g lycero l 
d ecreased . H o w ev e r, K  had  m o re  in flu en ce  on  c o n v e rs io n  o f  g ly cero l th a n  N a. S ince 
the  a to m  ra d iu s  o f  K  (220  p m ) is h ig h e r than  N a  (1 9 0  pm ). So K. a to m  m ig h t be 
b lo ck in g  th e  p o re s  o f  th e  c a ta ly s t e as ie r th an  N a  (S la te r  J .C ., 1964).

Figure 4.8 The plot of glycerol conversion as a function of time on stream with the
different glycerol impurities (reaction conditions: T = 523 K, p = 3.2 MPa,
H2:glycerol = 4:1, and WHSV= 3 h"1).
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T he p lo ts  o f  p ro p y len e  g lyco l se lec tiv ity , a ce to l se lec tiv ity , and  
p ro p an o l se lec tiv ity  as  a  fu n c tio n  o f  tim e  on  s tream  w ith  th e  d iffe ren t g rades 
g lycero l— refin ed  g ly cero l, re fin ed  g lycero l m ix e d  w ith  0 .1 %  N a  and  refined  
g ly cero l m ix ed  w ith  0 .1 %  K are  illu s tra ted  in  F ig u re s  4 .9 -4 .1 1 . T he resu lts  show  
refined  g ly ce ro l ex h ib ited  h ig h er co n v ers io n  and  se lec tiv ity  as  co m p ared  to  refined  
g ly cero l m ix ed  w ith  0 .1 %  N a, and  re fin ed  g ly cero l m ix ed  w ith  0 .1 %  K , respective ly . 
A s the  co n v e rs io n  d ec reased , th e  p ro p y len e  g ly co l se lec tiv ity  d ec reased  w ith  
in c reas in g  ace to l an d  p ro p an o l se lec tiv ity . T h e  re su lts  ag reed  w ell w ith  the 
m ech an ism  p ro p o sed  by  e t al. (D asari, M .A ., 2 0 0 5 ) as sh o w n  in  F ig u re  4.7.

T he  re su lts  in d ica ted  tha t N a  an d  K  co n ta in ed  in  g ly cero l m ay 
d ecrease  ac tiv e  s ite  o f  d eh y d ra tio n  o f  g lycero l an d  b asic ity  p ro p e rty  o f  N a  an d  K  can 
a lte r d e h y d ra tio n  o f  p ro p y le n e  g lyco l to p ropano l o r  ace tone . T h e re fo re , co n v ers io n  
and  se lec tiv ity  to  p ro p y len e  g ly cero l d ec reased  an d  the  se le c tiv ity  o f  ace to l and 
p ro p an o l inc reased . N a  seem ed  to  h av e  m ore  in flu en ce  to  se le c tiv ity  th an  K. S ince 
m o la r o f  N a  is h ig h e r th a t it o f  K  ev en  am o u n t o f  N a  and  K  a re  eq u a l as 0.1 w t. % . 
M o reo v er, N a  has s tro n g e r basic ity  th an  K.

Figure 4.9 The plot of propylene glycol selectivity as a function of time on stream
with the different glycerol impurities (reaction conditions: T = 523 K, p = 3.2 MPa,
H2:glycerol = 4:1, and WHSV= 3 IT1).
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Figure 4.10 T h e  p lo t o f  ace to l se lec tiv ity  as a  fu n c tio n  o f  tim e  o n  stream  w ith  the  
d iffe ren t g ly ce ro l im p u ritie s  (reac tio n  co n d itio n s: T  =  523 K , p  =  3 .2 M Pa, 
IlM glycero l =  4 :1 , an d  W H S V =  3 h ') .

Figure 4.11 The plot of propanol selectivity as a function of time on stream with the
different glycerol impurities(reaction conditions: T = 523 K, p = 3.2 MPa,
P^glycerol = 4:1, and WHSV= 3 h ’).
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4.4 Spent Catalyst Characterization

4.4.1 In d u c tiv e ly  C o u p led  P lasm a O p tica l E m iss io n  S p ec tro m etry  (IC P- 
O E S )
T he in d u c tiv e ly  co u p led  p lasm a o p tica l e m iss io n  sp ec tro m e try  (IC P - 

O E S ) w as u sed  to  d e te rm in e  the  am o u n t o f  m e ta l im p u ritie s  in  sp en t ca ta ly sts . T he 
im p u ritie s  in v estig a ted  in  th is  w o rk  w ere  M g, N a , p , C a  and  K . T h e  co n cen tra tio n  o f  
m etal im p u ritie s  on  sp en t c a ta ly s ts  is show n in  T a b le  4 .6 . T h e  re su lts  sh o w ed  that 
sp en t ca ta ly s ts  u s in g  re fin ed  g ly cero l and  y e llo w  grade  g ly ce ro l as feed sto ck s 
co n ta in ed  lo w er a m o u n ts  o f  im p u rities . Spent c a ta ly s ts  u sing  te c h n ic a l g rad e  g lycero l 
and  c ru d e  g ly cero l as  feed s to ck s  co n ta in ed  h ig h e r am o u n ts  o f  im p u ritie s , e sp ec ia lly  
N a  and  K. T h ese  im p u ritie s  m ay  co m e from  th e  feed sto ck s  w h ic h  co n ta in ed  som e 
a m o u n t o f  N a  and  K . T h e  resu lts  in d ica ted  th a t N a  and  K  d e p o s ite d  on  th e  spen t 
ca ta ly s ts  had  n eg a tiv e  e ffec t on  g ly cero l c o n v e rs io n , e sp ec ia lly  K. T h e  re su lts  also 
in d ica ted  th a t N a  an d  K  d ep o s ited  on  the sp e n t ca ta ly s ts  n e g a tiv e ly  a ffec ted  the 
p ro p y len e  g lyco l se lec tiv ity  w h ile  ace to l se lec tiv ity  and  p ro p a n o l se lec tiv ity  w ere  
in c reased . H o w ev er, N a  seem ed  to  hav e  m ore in flu en ce  to  se le c tiv ity  th an  K.

Table 4.7 C o n c e n tra tio n  o f  m eta l im p u rities  o n  sp en t c a ta ly s ts  an a ly zed  by IC P- 
O ES

F eed sto ck M g (p p m ) N a  (p p m ) K  (ppm ) C a  (p p m ) p  (ppm )

R efin ed  g ly cero l 1 7 4 14 <  1

Y e llo w  g rad e  g ly ce ro l 1 1 1  6 15 <  1

T ech n ica l g rad e  g ly ce ro l 1 191 1,105 17 20

C ru d e  g lycero l 1 198 1,028 16 31



53

4 .4 .2  T em p era tu re  P ro firam m ed  O x id a tio n  (T P O )
T h e  T P O  p ro file s  and  ca lcu la ted  am o u n ts  o f  c a rb o n  d ep o s itio n  on  the  

sp en t C u -Z n O /A fO s  c a ta ly s ts  (a fte r 7 h tim e  o n  stream ) w ith  d iffe ren t 
feed sto ck s— re fin ed  g ly ce ro l, tech n ica l g rad e  g ly cero l, y e llo w  g ly ce ro l, and  c rude  
g lycero l are  sh o w  in F ig u re  4 .12 . It w as found  th a t th e  sp en t c a ta ly s t o f  re fined  
g ly cero l as fe e d s to c k  co n ta in ed  the  h ig h e s t am o u n t o f  c o k e  co m p ared  to  the spen t 
c a ta ly s t o f  y e llo w  g rad e  g ly ce ro l, te ch n ica l g rad e  g ly c e ro l, and  c ru d e  g lycero l. T he 
re su lts  sh o w ed  th a t m eta l co n tam in a ted  in  feed sto ck s  m ay  p o iso n  the  ac tiv e  s ite  o f  
th e  ca ta ly sts , th u s  lo w erin g  ca ta ly tic  a c tiv ity  and  co k e  fo rm atio n .

Figure 4.12 T P O  p ro file s  o f  th e  sp en t C u - Z n O /A fO s  c a ta ly s ts  w ith  d iffe ren t 
feed sto ck s  (re fin e d  g ly ce ro l, tech n ica l g rad e  g ly ce ro l, y e llo w  g ly ce ro l, and  c ru d e  
g lycero l).
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T h e  T P O  p ro files  and  ca lcu la ted  am o u n ts  o f  c a rb o n  d ep o s itio n  o n  the 
spen t C u -Z n O /A ftO j ca ta ly s ts  (a fte r 7 T O S ) w ith  d iffe ren t feed s to ck s— refin ed  
g ly cero l, re f in e d  g ly ce ro l m ixed  w ith  0 .1%  N a, an d  re fin ed  g ly ce ro l m ixed  w ith  
0 .1%  K  a re  sh o w n  in  F ig u re  4 .13 . It w as found  th a t th e  sp en t c a ta ly s t o f  re fin ed  
g lycero l as  fe e d s to c k  co n ta in ed  th e  h ig h es t am o u n t o f  co k e  c o m p a re d  to  th e  spen t 
ca ta ly s t o f  re fin ed  g ly ce ro l m ix ed  w ith  0 .1%  N a, an d  re fin ed  g ly ce ro l m ix ed  w ith  
0 .1%  K. T h e  re su lts  sh o w ed  th a t N a  and  K  m eta l c o n ta m in a te d  in  feed sto ck s 
p o iso n ed  th e  ac tiv e  s ite  o f  the  ca ta ly s ts , thus lo w erin g  ca ta ly tic  ac tiv ity  and  co k e  
fo rm ation .

Temperature (K)

Figure 4.13 T P O  p ro files  o f  th e  sp en t C u -Z n O /A ftO s  c a ta ly s ts  w ith  d iffe ren t 
feed sto ck s  (re fin ed  g ly ce ro l, re fin ed  g ly cero l m ix ed  w ith  0 .1 %  N a , and  re fin ed  
g lycero l m ix e d  w ith  0 .1 %  K ).
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