
CHAPTER III 
EXPERIMENTAL

3.1 Materials

3 .1 .1  C h e m ic a ls
•  G ly c e r o l w a s  ob ta in ed  from  P T T  C h em ica l P u b lic  C o m p a n y  L im ited  

(C 3 H 5 (O H )3, P h arm aceu tica l grade, 9 9 .9 9  % purity)
•  G a m m a  a lu m in u m  o x id e  w a s  ob ta ined  b y  S a in t-G o b a in  N orP ro  

C orp oration  (Y-AI2 O 3 , 9 9  % purity)
•  A lu m in u m  (III) nitrate non ah yd rate w a s  ob ta in ed  from  A ja x  F in ech em  

P ty  L td. ( A 1(N 0 3) 3 -9 H 2 0 , >  9 8  % purity)
•  A lu m in iu m  iso p r o p o x id e  (A IP ) w a s  ob ta in ed  from  S ig m a -A ld r ic h  

(A l(O C H (C H 3 ) 2 )3, >  9 8  % purity)
•  C o p p er  (II) nitrate w a s  ob ta ined  from  A ja x  F in e c h e m  P ty  Ltd. 

(C u (N 0 3 )2 ’3 H 2 0 , Lab grade >  9 9  % purity)
•  Z in c (II)  nitrate w a s  ob ta in ed  from  A ja x  F in ech em  Pty Ltd. 

(Z n (N 0 3 )2 ’6 H 2 0 , R ea g en t G rade, 9 8  % purity)
•  E th y len e  g ly c o l w a s  ob ta in ed  from  A ja x  F in e c h e m  P ty  Ltd. 

(C 2 H 4 (O H )2, R ea g en t G rade)
•  N itr ic  acid  w a s  ob ta in ed  from  A ja x  F in e c h e m  P ty  Ltd. (H N O 3 , 70 %

v /v )
• Ammonia solution was obtained from BDH Laboratory Supplies

(NH3, 35% v/v)
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3 .1 .2  G a ses
•  H y d ro g en  w a s  ob ta in ed  from  T h ai Industria l G as P u b lic  C o m p an y  

L im ited  (H 2, H P grad e, 9 9 .9 9  % purity)
•  H e liu m  w a s  ob ta in ed  from  T h ai Industrial G as P u b lic  C o m p an y  

L im ited  (H e , H P grad e, 9 9 .9 9  % purity)
•  N itro g en  w a s  ob ta in ed  from  T h ai Industria l G as P u b lic  C o m p an y  

L im ited  (N 2, H P grad e, 9 9 .9 9  % purity)
•  A ir  w a s  ob ta in ed  from  T hai Industria l G as P u b lic  C o m p a n y  L im ited  

(H P  grad e, 9 9 .9 9  % purity)

3 .2  E q u ip m e n t

•  C o n tin u o u s f lo w  p a ck ed  bed  reactor
•  R igak u  D m a x  X -R a y  d iffra cto m eter , R IN T -2 2 0 0
•  X -ray  f lu o r e sc e n c e  sp ectro m eter , P h ilip s  m o d e l P W  2 4 0 0
•  M icro m eritic  T P R  2 9 0 0  eq u ip p ed  w ith  therm al c o n d u c tiv ity  d etec to r
•  T h erm o F in n ig an  T P D R O  11 0 0  eq u ip p ed  w ith  f la m e  io n iz a tio n  d etector
•  Q u an ta ch rom e/A u to so rb  1 su rface  area a n a lyzer
•  A g ile n t  T e c h n o lo g ie s  m o d e l 6 8 9 0 N  g a s  ch rom atograp h  eq u ip p ed  w ith  f la m e  

io n iza tio n  d etector

3 .3  M e th o d o lo g y

3 .3 .1  C a ta ly st P reparation
T h e C u -Z n O /A l2C>3 ca ta ly sts  w er e  prepared  b y  v a r io u s  m e th o d s, in c lu d in g  

in c ip ien t w e tn e ss  im p reg n a tion , co -p rec ip ita tio n , and so -g e l p rep aration .
3 .3 .1 .1  Incipien t W etness Im pregnation

Im p regn ated  C u -Z n 0 /A l20 3 ca ta ly sts  w e r e  p repared  u s in g  y- 
A120 3 as a support. T h e  y -A l20 3 w a s  first ground  and s ie v e d  to  th e  s iz e  b e tw e e n  2 0  and
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4 0  m esh  (4 2 5 -8 5 0  (am). T h e  cop p er and z in c  w er e  d ep o sited  b y  im p reg n a tion  o f  y -A l2 0 3 

support w ith  aq u eo u s so lu tio n  o f  cop p er nitrate and z in c  nitrate. T h e  required  am ou n ts  
o f  cop p er  lo a d in g  w a s  7 .1 4  w t%  and th e C u:Z n ratio w a s  1:4. A fte r  im p regn ation , th e  
ca ta ly sts  w e r e  dried at 11 0  ° c  o v ern igh t and su b seq u en tly  c a lc in e d  at 5 0 0  ° c  for 6  h.

3 .3 .7 .2  C o-precip ita tion
T h e aq u eo u s so lu tio n  w h ich  h o m o g e n e o u s ly  co n ta in s  th e  d esired  

am ou n ts o f  cop p er  nitrate, z in c  nitrate, and a lu m in u m  nitrate w a s  stirred at room  
tem peratu re. T h e a q u eo u s  so lu tio n  o f  N H 3 w a s  ad d ed  drop w is e  to  th e  m ix e d  n itrate  
so lu tio n  w ith  stirring un til the pH  7 w a s  atta ined . A fte r  that, th e  e x c e s s  so lu tio n  w a s  
rem ov ed  b y  filtration . T h e p recip ita te  w a s  w a sh ed  rep ea ted ly  b y  d is t ille d  w ater , 
fo llo w e d  b y  d ry in g  at 11 0  ° c  ov ern igh t and c a lc in in g  at 5 0 0  ° c  for 6  h. T h e  ob ta in ed  
ca ta ly st w a s  p a lle tiz e d , grou n d , and fin a lly  s ie v e d  to  th e  s iz e  b e tw e e n  2 0  and 4 0  m esh .

3 .3 .7 .3  S o l-G e l M eth od
T h e appropriate am o u n ts o f  a lu m in u m  iso p r o p o x id e  w a s  grou n d  

and ch arged  in h ot w a ter  o f  8 0  ° c  b y  v a ry in g  A IP  to  w a ter  m o la r  ratio from  1 :10 0 , 
1:15 0 , to  1 :20 0 . T h e m ix tu re  w a s  stirred to  d isp erse  a lu m in u m  iso p r o p o x id e  o v ern ig h t  
and then cop p er  n itrate, z in c  nitrate, and e th y len e  g ly c o l w er e  ad d ed . A fte r  that, th e  
m ixtu re w a s  stirred at 8 0  ๐c  for 1 h. T h en , n itric a c id /a m m o n ia  so lu tio n  w a s  ad d ed  to  
acce lera te  h y d r o ly s is , and co n tro lled  the so lu tio n  pH  to  th e  e x p e c te d  v a lu e . N e x t ,  th e  so l 
w a s evap ora ted  at 8 0  ° c ,  ob ta in in g  a g e lle d  so lid  and then  c a lc in e d  at d ifferen t 
c a lc in a tio n s  tem peratu re (4 0 0 -7 0 0  °C ). T h e  ob ta in ed  ca ta ly st w a s  grou n d ed  and f in a lly  
s ie v e d  to  th e  s iz e  b e tw een  2 0  and 4 0  m esh .

3 .3 .2  C ata ly st C h aracteriza tion
T h e prepared  ca ta ly sts  w ere  ch aracterized  b y  v a r io u s  m eth o d s d escr ib ed

as fo llo w s .
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3 .3 .2 .1  X -ra y  D iffraction  (XRD)
T h e cry sta llin e  p h ase  o f  ca ta lyst w a s  a n a lyzed  b y  a R iga k u  D m a x  

X -R a y  d iffra cto m eter , R IN T -2 2 0 0  w ith  C u tu b e for g en era tin g  C u K a  rad iation  (1 .5 4 0 6  
Â ). T h e sy ste m  c o n s is ts  o f  a v o lta g e  gen erator o f  4 0  k v .  T h e 2 0  is  in th e  ran ge b e tw e e n  
2 0  and 8 0  w ith  a scan n in g  rate o f  5 °/m in . T h is  a n a ly sis  is g en era lly  p erform ed  b ased  on  
th e  fact that an x -ray  d iffra ction  pattern is  u n iq u e for each  cry sta llin e  su b stan ce . T h u s, i f  
an e x a c t  m atch  can  b e fou n d  b e tw een  the pattern o f  an u n k n o w n  and sa m p le , ch em ica l 
id en tity  can  b e  assu m ed . It is a lso  p o ss ib le  to  m ak e a r e la tiv e ly  q u an tita tive  a n a ly s is  b y  
co m p a rin g  th e in ten sity  o f  the d iffraction  lin e s . W h en  com p a rin g  th e  sa m e  cry sta llin e  
su b stan ce  o f  d ifferen t sa m p les , th e  h igh er in ten sity  in d ica tes  th e  h ig h er  co n ten t.

3 .3 .2 .2  X -ra y  F luorescence S p ec tro sco p y  (XRF)
X -ray  f lu o r e sc e n c e  sp ec tr o sc o p y  w a s  u sed  to  d eterm in e  th e  

actu al C u and Z n co n ten t o f  th e  ca ta ly sts . W ith  a p rim ary X -ray  ex c ita tio n  so u rce  from  
an X -ra y  tu b e , th e  X -ra y  can  b e  ab sorbed  b y  th e a tom , and transfer a ll o f  its en erg y  is  
transferred  to  an in n erm ost e lec tro n . D u rin g  th is p r o cess , i f  th e  p rim ary X -ray  h as  
su ff ic ie n t  e n erg y , e lec tro n s  are e jec ted  from  the inner sh e lls , crea tin g  v a c a n c ie s . T h e se  
v a c a n c ie s  p resen t an u n stab le  co n d itio n  for th e  atom . A s  th e  atom  returns to its stab le  
co n d it io n , e lec tro n s  from  the ou ter sh e lls  are transferred to  th e  inner sh e lls , and th is  
p r o c e ss  g iv e s  o f f  a ch aracteristic  X -ray , w h o s e  en erg y  is th e  d ifferen ce  b e tw e e n  th e  tw o  
b in d in g  e n e r g ie s  o f  th e  corresp o n d in g  sh e lls . B e c a u se  ea ch  e le m e n t h a s a u n iq u e se t o f  
e n e r g y  le v e ls , each  e le m e n t p rod u ces X -ra y s at a u n iq u e se t o f  en er g ie s , a l lo w in g  o n e  to  
n o n -d e str u c tiv e ly  m easu re  the e lem en ta l c o m p o s itio n  o f  a sam p le . T h e  in te n sitie s  o f  
o b serv ed  lin e s  for a g iv e n  atom  vary  a cco rd in g  to  the am ou n t o f  that atom  p resen t in th e  
sp ec im en .

3 .3 .2 .3  T em perature P ro g ra m m ed  R eduction  (TPR)
T em p eratu re p rogram m ed  red u ction  w a s  e m p lo y e d  for  ev a lu a tin g  

th e  nu m ber and q u an tity  o f  the red u cib le  sp e c ie s  p resen t in the prepared  ca ta ly st and th e  
tem peratu re, at w h ich  the red u ction  i t s e lf  tak es p la ce  as a fu n ction  o f  tem peratu re. 5 0  m g  
o f  ca ta ly st w a s  p la ced  in a quartz reactor, and h eated  (1 0  ° c /m in )  under a N 2  f lo w  up to
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150 ° c ,  and held  at th e  tem perature for 1 h in order to  re m o v e  m o istu re  from  th e  ca ta ly st  
su rfa ce . T h e sa m p le  w a s  then  c o o le d  d ow n  to  3 0  ๐c .  T h en , th e  sa m p le  w a s  e x p o se d  to  a 
stream  o f  5%  H 2/A r  w ith  a f lo w  rate o f  10 m l/m in . A fte r  that, th e  sa m p le  w a s  h eated  to  
8 0 0  ° c  w ith  a ram p ing rate o f  10 ๐c /m in .  T h e am ou n t o f  h y d ro g en  co n su m e d  w a s  
m on itored  o n -lin e  by an SR I m o d el 110 T C D  d etec tor  as a fu n ctio n  o f  tem peratu re.

3 .3 .2 .4  T em perature P ro g ra m m ed  O xidation  (TPO )
T h is  tech n iq u e  w a s  e m p lo y e d  to  a n a ly z e  th e  a m o u n t and  

ch ara cter istics o f  th e  c o k e  d ep o sited  on  the ca ta ly s ts  d u rin g  rea c tio n . T P O  o f  th e  sp en t  
ca ta ly s ts  w a s  p erform ed  in a c o n tin u o u s f lo w  o f  2%  0 2 in H e  w h ile  the tem p era tu re w a s  
lin early  in creased  w ith  a h eatin g  rate o f  10 ° c /m in . T h e o x id a tio n  w a s  co n d u cted  in a 
1 /4 ” quartz f ix ed -b ed  reactor after th e  sp en t ca ta ly st w a s  dried  at 110  ° c  o v ern ig h t, 
w e ig h e d  (3 0  m g ), and p la ced  b e tw een  tw o  layers o f  quartz w o o l. T h e  sa m p le  w a s  further 
p u rged  at room  tem peratu re b y f lo w in g  2%  0 2 in H e  for 3 0  m in u te  to  s ta b iliz e  th e  s ig n a l 
b efo re  starting a run. T h e  C 0 2 p rod u ced  b y  th e o x id a tio n  o f  th e  c o k e  s p e c ie s  w a s  
co n v erted  to  m eth an e u s in g  a m eth a n izer  f illed  w ith  15%  N i /A l2C>3 and op era ted  at 4 0 0  
° c  in th e  p resen ce  o f  H 2. T h e e v o lu tio n  o f  m eth a n e w a s  an a ly zed  u s in g  an F ID  d etector .

3 .3 .2 .5  B runauer-E m m ett-T ellet M eth o d  (BET)
T h e su rface  area o f  th e  ca ta ly sts  w a s  m easu red  b y  B E T  su rfa ce  

area a n a lyzer  (Q u a n tach ro m e/A u tosorb  1). T h e  sa m p le  w a s  first o u tg a sse d  to  r e m o v e  th e  
h u m id ity  and v o la tile  ad sorb en ts ad sorbed  on  su rface  under v a cu u m  at 15 0  ° c  for 6  h 
prior to  the a n a ly s is . T h en , N 2 w a s  purged  to  adsorb  on  su rfa ce , m ea su r in g  th e  q u an tity  
o f  g a s  adsorbed  o n to  or d esorb ed  from  their  so lid  su rface  at s o m e  eq u ilib r iu m  va p or  
p ressu re b y  sta tic  v o lu m etr ic  m eth o d . T h e so lid  sa m p le  w a s  m a in ta in ed  at a con stan t  
tem perature o f  the sa m p le  ce ll until the eq u ilib r iu m  w a s  e sta b lish e d . T h is  v o lu m e -  
p ressu re data w a s  u sed  to  ca lcu la te  th e  B E T  su rfa ce  area.

3 .3 .2 .6  A tom ic A bsorp tion  S p ec tro sco p y  (AAS)
A to m ic  ab sorption  sp ec tr o sc o p y  (V arian  S p ec trA A  3 0 0 )  w a s  

u sed  to  d eterm in e the C u con ten ts  in the liqu id  p rod u cts. M eta ls  w ill  absorb  u ltrav io le t 
lig h t w h en  th ey  are e x c ite d  by h eat. E ach  m eta l h a s a ch ara cter istic  w a v e le n g th  that w ill
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b e ab sorb ed . T h e A A S  in strum en t se e k s  for a particu lar m eta l by fo c u s in g  a b ea m  o f  u v  
lig h t at a sp e c if ic  w a v e le n g th  through  a fla m e and in to  a d etector . T h e  sa m p le  o f  in terest  
is  asp irated  in to  the f la m e . I f  that m eta l is p resen t in th e  sa m p le , it w i l l  ab sorb  so m e  o f  
the ligh t, th u s red u cin g  its in ten sity . T h e  in strum en t m ea su res th e  ch a n g e  in in ten sity . A  
com p u ter  data sy stem  co n v erts  th e  ch an g e  in in ten sity  into an ab so rb a n ce . A s  a 
co n cen tra tio n  in crea ses , an ab sorb an ce in crea ses . A  standard ca lib ra tio n  cu rve  is  
co n stru cted  b y  standard so lu t io n s  at v a r io u s con cen tra tion s.

3 .3 .3  C a ta ly tic  A c t iv ity  M ea su rem en t
T h e p erfo rm an ce  and sta b ility  o f  C u -Z n 0 /A l 2 0 3  ca ta ly sts  p repared  b y  

im p reg n a tion , c o -p r e c ip ita t io n , and s o l - g e l  m eth o d  is  ev a lu a ted  b y  th e  g ly c e r o l  
d eh y d ro x y la tio n  reaction .

3.3 .3 .1  D eh ydroxyla tion  o f  G lycero l
T h e ca ta ly tic  a c tiv ity  w a s  e x a m in ed  u sin g  a 3 /4 ” O .D . co n tin u o u s  

f lo w  s ta in le ss  stee l p ack ed  bed  reactor. T h e ca ta ly st w a s  p la ced  at th e  cen ter  o f  reactor  
b e tw een  tw o  layers o f  g la ss  b ead  and g la ss  w o o l . T h erm o c o u p le  w a s  p la ced  
c o n c e n tr ic a lly  in th e  reactor to  m easu re  th e  tem perature in th e  c a ta ly s t  b ed . T h e  reactor  
w a s p ressu r ized  b y h y d ro g en  to a red u ction  p ressu re. A ll ca ta ly sts  w e r e  red u ced  at 4 0 0  
° c  for 1 h in h yd ro gen  f lo w  prior to  th e  a c tiv ity  e v a lu a tio n . A fter  that, th e  reactor  w a s  
c o o le d  to th e  w o rk in g  tem perature (2 5 0  °C ), and th e h yd ro gen  p ressu re  w a s  ad ju sted  to  
5 0 0  p s ig . A n  a q u eo u s so lu tio n  o f  8 0  w t%  g ly cero l w a s  c o n tin u o u s ly  su p p lied  to  the  
reactor v ia  a h igh  p ressu re  p um p to g eth er  w ith  a f lo w  o f  h yd ro gen  c o n tro lled  b y  a m a ss  
f lo w  co n tro ller . T h e W H S V  (W H S V  is g iv e n  as th e  ratio  b e tw een  th e  h ou r ly  m a ss  f lo w  
rate o f  liq u id  (g /h ) and w e ig h t o f  th e  ca ta ly st (g ))  w a s  f ix e d  at 2 .7 8  h '1. A fte r  the  
reactio n , th e  p rod u ct w a s  c o lle c te d  in a s ta in le ss  s te e l cy lin d er  trap im m ersed  in an ice  
bath. T h e f lo w  d iagram  o f  the sy stem  u sed  for d eh y d ro x y la tio n  o f  g ly c e r o l is  sh o w n  in  
F ig u re  3 .1 .
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F ig u r e  3 .1  F lo w  d iagram  o f  th e  sy stem  u sed  for d eh y d ro x y la tio n  o f  g ly cero l.

3 .3 .3 .2  P ro d u ct A n alysis
T h e p rod u cts ob ta in ed  from  th e  reaction  w e r e  a n a ly zed  b y  an 

A g ile n t  m o d e l 6 8 9 0 N  g a s  ch rom atograp h  eq u ip p ed  w ith  a f la m e  io n iza tio n  d etec tor . A  
S tib ilw a x ®  ca p illa ry  c o lu m n  (d iam eter , 0 .5 3  m m ; len g th , 3 0  m ) w a s  u sed  for prod u ct 
sep ara tion . T h e  G C  op era tin g  co n d itio n s  are su m m arized  as fo llo w s :

In jectio n  tem perature: 
O v en  tem perature:

C arrier gas:
Carrier g a s  f lo w  rate: 
Carrier g a s  v e lo c ity :  
C o lu m n  type: 
D etec to r  tem perature:

2 2 0  ° c
8 0  to  2 0 0  ° c  w ith  a  h ea tin g  rate o f  
10 ° c /m in ,  and h o ld  at 2 0 0  ๐c  for  
10 m in .
H ig h  purity  h e liu m  
7 m L /m in  
5 2  c m /se c
C a p illary  c o lu m n  (Stab ilw ax® )
2 5 0  ° c
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For each  data p o in t, c o n v ers io n  o f  g ly c e r o l and s e le c t iv ity  o f  
p rod u ct w ere  ca lcu la ted . C o n v ersio n  o f  g ly c e r o l is d e fin ed  as th e  ratio o f  n u m b er o f  
m o le s  o f  g ly c e r o l co n su m ed  in th e  reaction  to  th e  tota l m o le s  o f  g ly c e r o l in itia lly  
p resen t, as sh o w n  in E quation  6.

moles o f  glycerol usedGlycerol conversion (%) =  ------------------------------------------  X 100 (6 )moles o f  glycerol input

S e le c t iv ity  is  d efin ed  as the ratio o f  th e  n u m b er o f  m o le s  o f  the  
p rod u ct form ed  to  that o f  the g ly c e r o l co n su m ed  in th e  reaction , tak in g  in to  a cco u n t th e  
s to ich io m etr ic  c o e ff ic ie n t , as sh o w n  in E q u ation  7.

m oles o fp rod u ct obtained
S electiv ity  (%) =  — — — ' . [ 1 1—  X 100 (7 )m oles o f  g lycero l used

3 .3 .3 .3  C om parison  o f  C a ta ly tic  P erform ance
T h e co m p a riso n  o f  ca ta ly tic  p erfo rm a n ce  o f  C u -Z n 0 /A l 2 0 3  

ca ta ly sts  prepared  from  va rio u s m eth o d s for the d e h y d ro x y la tio n  o f  g ly c e r o l to  
p ro p y len e  g ly c o l w a s  a lso  ex a m in ed  in a p lu g  f lo w  reactor at 2 5 0  ๐c ,  5 0 0  p s ig  under  
h yd ro g en  atm osp h ere , 8 0  w t%  g ly c e r o l feed , and W H S V  =  2 .7 8  h '1. T h e  g ly c e r o l  
co n v e r s io n , th e  stab ility , and th e se le c t iv ity  w er e  u sed  as th e  p aram eter to  d eterm in e  the  
p erform an ce.

3 .3 .4  C ata ly st R eg en era tio n
A fte r  th e  reaction , th e  sp en t C u -Z n 0 /A l 2 0 3  c a ta ly s ts  w er e  p u rged  b y  inert 

N 2 b efore  regen era tin g  in -situ  at 4 9 0  ° c  w ith  a h ea tin g  rate o f  5 ° c /m in  and air f lo w  rate 
o f  10 m l/m in  w ith  the step s o f  in crea sin g  tem peratu re from  reactio n  tem p era tu re to  3 0 0  
๐c ,  4 0 0  ๐c ,  4 5 0  ° c ,  and end up at 4 9 0  ° c  b y  h o ld in g  for an hour at each  step  and 3 h in 
th e  last step  b e fo re  c o o lin g  d o w n  to  the room  tem perature. T h en , th e  regen era ted  C u -  
Z n O /A l2 0 3  ca ta ly sts  w ere  used  for ac tiv ity  te stin g  at th e  sa m e co n d it io n  as th e  fresh  
cata lyst.
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