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CHAPTER V

5.1 A b stra c t

T h e  ca ta ly tic  co n v e rs io n  o f  P F A D  (p a lm  fa tty  ac id  d is tilla te )  to  a rom atics  
has b een  s tu d ie d  o v e r  H Z S M -5 , G a /H Z S M -5 , an d  Z n /H Z S M -5  ca ta ly sts . The 
p re sen ce  o f  b o th  G a  an d  Z n  p rom o ted  th e  a ro m a tiz a tio n  o f  P F A D . T he h igher 
a ro m a tic s  y ie ld  o f  Z n /H Z S M -5  w as ach iev ed  b y  th e  p re se n c e  o f  tw o  z in c  species; 
ex c h a n g e d  Z n 2+ p ro m o tin g  th e  d eh y d ro g en a tio n  o f  p a ra ffin s  an d  Z n O  p ro m o tin g  the 
d e c a rb o x y la tio n  o f  o x y g en a te s . T he sh iftin g  fro m  d e c a rb o n y la tio n  o v e r B ronsted  
ac id  s ite  o f  th e  p a ren t H Z S M -5  to d eca rb o x y la tio n  o v e r  Z nO  p re se rv e d  the  B ronsted  
ac id  s ite  fo r th e  a ro m a tiz a tio n , th us in c reasing  a ro m a tic s  y ie ld .

K ey w o rd s: R eac tio n  p a th w ay , Z n /Z S M -5 , G a /Z S M -5 , P F A D , A ro m a tic s

5.2 In tro d u c tio n

A ro m a tic s , in c lu d in g  benzene , to lu en e , e th y lb e n z e n e  an d  x y len e  (B T E X ), 
are  w id e ly  u sed  as feed s to ck s  in pe tro chem ica l in d u stry . G en e ra lly , the  cata ly tic  
re fo rm in g  o f  h eav y  n a p h th a  and  the a ro m a tiza tio n  o f  ligh t p a ra ffin s  are  the m ain 
ro u tes  for p ro d u c in g  a ro m a tic s  [1], H o w ev er, as th e  d e p re c ia tio n  o f  c ru d e  pe tro leum  
re se rv es  an d  th e  rap id  g ro w th  o f  a ro m a tic s  d em an d , a lte rn a tiv e  rou tes from  
su s ta in ab le  so u rce s  b e c o m e  a ttrac tive  [2], T h ere  a re  n u m ero u s  a lte rn a tiv e  sou rces, 
rep o rted  as  feed s to ck s  to  p ro d u ce  a ro m atics , in c lu d in g  b u t n o t lim ited  to  m ethanol 
[3], e th an o l d e r iv ed  fro m  b iom ass [4], iso b u ty l a lco h o l [5 ], an d  g lycero l [6], 
N e v e rth e le ss , d u e  to  th e ir  h ig h  oxygen  co n ten ts  in  th e  m o lecu le s , th e  feasib ility  to 
e c o n o m ic a lly  ap p ly  th is  p ro cess  is still a m a tte r  o f  d isp u te .
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P a lm  fa tty  ac id  d is tilla te  (PF A D ) is a b y -p ro d u c t  fro m  th e  s team  d istilla tion  
o f  c ru d e  p a lm  o il [7], T o  av o id  the soap fo rm atio n  d u rin g  th e  tran se s te rif ic a tio n  in 
b io d iese l p ro d u c tio n , th e  d eac id ific a tio n  is req u ired  to  re m o v e  th e se  free  fa tty  acids 
firs t [8 ]. T h e  c o n v e rs io n  o f  P F A D  to v a lu ab le  p ro d u c ts  has g a in ed  increasing  
a tten tio n  b e c a u se  n o t o n ly  a llo w ed  b iod iesel c o m p e te d  e c o n o m ic a lly  w ith  pe tro leum  
d iesel b u t a lso  p ro v id e d  th e  a lte rn a tiv e  low  co s t fe e d s to c k  fo r p ro d u c in g  renew ab le  
fuels. P F A D  h as  been  rep o rted  as a feed s to ck  fo r p ro d u c in g  b io d iese l [9], 
h y d ro ca rb o n s  in d ie se l ran g e  [ 1 0 ], and hy d ro g en  [ 1 1 ].

H ere in , w e  rep o rted  the  transfo rm atio n  o f  P F A D  to  a ro m a tic s . It sho u ld  be 
no ted  th a t c o m p a re d  w ith  o th e r renew ab le  fe ed s to ck s , P F A D  h as  s ig n if ic an t low er 
o x y g en  c o n te n ts , n o n  fo o d  com p etition , and  su s ta in a b le  am o u n t in th e  future. In 
o rder to  a tta in  th e  se lec tiv e  fo rm ation  o f  a ro m atic s , H Z S M -5  zeo lite  w as  se lec ted  as 
the  ca ta ly s t. B y  th e  u n iq u e  th ree -d im e n s io n a l m ic ro p o re  sy s tem  th a t con sists  o f  
s tra ig h t an d  z ig zag  ch a n n e ls  cou p led  w ith  a su ita b le  sh ap e  se le c tiv ity  and  acid 
p ro p ertie s , H Z S M -5  is a ccep ted  as the su p e rio r  c a ta ly s t fo r  a ro m a tiza tio n  o f  
b io m a ss -d e r iv e d  feed s to ck s  [12-14],

It w as  p ro v e d  th a t th e  in co rpo ra tion  o f  d e h y d ro g e n a tio n  m e ta ls  on  H Z S M -5  
ca ta ly s ts  s ig n if ic a n tly  im p ro v ed  arom atics y ie ld  [15 -19 ]. B y  th e  rec e n t in fra red  study  
[20], g a lliu m  lo ad ed  on  H Z S M -5  ca ta lyst w as ex p e c te d  to  b e  th e  a c tiv e  s ite  for light 
pa ra ffin s  a c tiv a tio n  d u e  to  th e  h igh  ac tiv ity  in h e te ro ly tic  d is so c ia tiv e  ad so rp tio n  and 
h igh  a c tiv ity  in  d e h y d ro g e n a tio n  o f  e thane. H o w ev er, L . Y u  an d  c o -w o rk e rs  reported  
that by  sh iftin g  th e  feed s to ck  from  light h y d ro ca rb o n  to  b io m a ss  d e riv ed  a lcoho l, 
am on g  th e  d e h y d ro g e n a tio n  m eta ls  (Zn, G a, M o, La, N i. A g , and  P t), Z n  exh ib ited  
the h ig h es t a c tiv ity  in a ro m a tiza tio n  [5]. T h ere fo re , in  o rd e r to  c o m p are  the  ca ta ly tic  
ac tiv ity  in  tra n s fo rm a tio n  o f  P F A D  to a ro m atics , th e  sam e am o u n t o f  b o th  m etals 
(G a, and  Z n ) w a s  im p re g n a te d  on  H Z S M -5  ca ta ly s ts . T h e  e ffec ts  o f  m e ta l spec ies  on 
the ca ta ly tic  a c tiv ity  w ere  a lso  investigated .

5 .3  E x p e r im e n ta l

5.3.1 C a ta ly s t P rep a ra tio n
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T h e  N H 4Z S M - 5  z eo lite s  w ith  S iC V A ^ C ^  ra tio s  o f  23 , 30 , and  50 
w ere  o b ta in ed  fro m  Z e o ly s t In te rn a tio n a l, U SA . In o rd e r  to  c o n v e r t to  p ro to n  form , 
the  c a ta ly s ts  w e re  ca lc in e d  in  a ir  a t 550  ° c  for 5 h  a fte r  th a t g ro u n d  an d  s iev ed  to  the 
size b e tw een  2 0 M 0  m e sh  (4 5 0 -8 5 0  pm ). T he Zn(NC>3)2 o r  G a (N 0 3 ) 3  p recu rso rs  
w ere  lo ad ed  o n  3 g H Z S M -5  (SiCU/AUC^ =  30) by  in c ip ie n t w e tn e ss  im p reg n a tio n  
(IW I) m e th o d . A fte r  th a t, th e  ca ta ly s ts  w ere d ried  at 110 ๐c  o v e rn ig h t and  then 
ca lc ined  in  a ir  a t 550  ° c  fo r 5 h. T h e  resu lting  ca ta ly s ts  are  d en o ted  as x M /H Z S M -5 , 
w h ere  X re p re se n ts  am o u n t o f  ex p ec ted  m etal lo ad ing  an d  M  re p re se n ts  G a  o r Z n.

5 .3 .2  C a ta ly tic  C h a rac te riz a tio n
T he  p rep a red  ca ta ly s ts  w ere  ch a rac te rized  b y  v a r io u s  te ch n iq u es . T he 

a tom ic  a b so rp tio n  sp e c tro sc o p y  (P a r ia n  S pectrA A  3 0 0 ) w a s  u sed  to  d e te rm in e  the 
Z n and  G a  c o n te n ts  in  th e  p re p a re d  catalysts. S u rface  a re a  an d  m ic ro p o re  v o lu m e  o f  
the  p rep a red  ca ta ly s ts  w ere  m e a su re d  by  B runauer E m m e t-T e l le r  (B E T ) m e th o d  on  a 
Q u a n ta c h ro m /A u to so rb  1 -M P  in stru m en t. T he te m p e ra tu re  p ro g ra m m e d  d eso rp tio n  
o f  iso p ro p y lam in e  ( IP A -T P D )  w as  perfo rm ed  in a  h o m e m a d e  ap p a ra tu s  u s in g  a 
qu arte r in ch  q u a rtz  tu be  re a c to r  co n n ec ted  to an  o n lin e  M S  d e te c to r  (M K S  C irrus 
series 903). T h e  ca ta ly s ts  w ere  p re trea ted  by hea tin g  u n d e r  th e  H e  flo w  a t 500  ° c  for 
1 h and  c o o lin g  d o w n  to ro o m  tem p era tu re . IPA  w as p u lse d  u n d e r  th e  H e flo w  until 
sa tu ra tio n  w as  reach ed . T h e  IP A -T P D  w as ca rried  o u t in  th e  ran g e  o f  3 0 -8 0 0  ๐c  
w ith  a  h ea tin g  ra te  o f  10 ๐c /m in . T he  re la tive  c ry s ta llin itie s  o f  th e  H Z S M -5  zeo lite s  
befo re  and  a f te r  lo ad in g  m eta l w ere  analyzed by  a R ig a k u  X - ra y  d iffrac to m e te r  
(X R D ) w ith  C u  tu b e  fo r g en e ra tin g  C u K a ra d ia tio n  (k=  1 .5418 Â ) at room  
tem p era tu re . U V -v is  sp ec tra  w e re  reco rded  by U V -2 5 5 0  u n d e r  a ir  a tm o sp h e re . T he 
data  w as re c o rd e d  in the  ran g e  o f  3 0 0 -6 0 0  nm  by u s in g  H Z S M -5  (30 ) as a blank. 
The X - ra y  p h o to e le c tro n  sp ec tro sco p y  (X PS) w as c o n d u c te d  u s in g  a K ra to s  U ltra  X -  

• ray  p h o to e le c tro n  sp ec tro m e te r. T h e  m on ochrom atic  A lK a  w a s  u sed  as  an  X -ra y  
sou rce  (an o d e  H T  =  15 kV ). T h e  b in d in g  energy  o f  c  ( I s )  at 285  eV  w a s  u sed  as a 
reference .

5 .3 .3  C a ta ly tic  A c tiv ity  T estin g
P a lm  fa tty  ac id  d is tilla te  (P F A D ) w a s  o b ta in ed  fro m  T hai 

O leo ch em ica ls  C o m p a n y  L im ited  (T O L ), T hailand . T h e  re a c tio n  a c tiy ity  w as tested  
in a c o n tin u o u s  f lo w  fix ed  b ed  reac to r. The reac tio n  w as  c a rrie d  ou t at 500  ° c  under
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a tm o sp h eric  p re ssu re . N 2 w as  u sed  as a  c a rrie r  gas w ith  th e  f lo w  ra te  o f  55 m L /m in . 
T he  P F A D  w as  m e lte d  by  p re h e a tin g  at 80 ° c  befo re  fe e d in g  to  th e  reac to r. T he  gas 
p rod ucts  w ere  a n a ly z e d  o n - l in e  by  u s in g  an  A g ile n t M o d e l 5 8 9 0  gas 
ch ro m ato g rap h y  e q u ip p e d  w ith  a  c ap illa ry  H P -P L O T /A I2O 3 “ ร ” d ea c tiv a te d  co lu m n  
fo r FID  and  P o ra p a k  N , 8 0 -1 0 0  c o lu m n  for T C D  d e tec to rs . T h e  liq u id  p ro d u c ts  w ere  
analyzed  by  u s in g  an  A g ilen t M o d e l 68 90  gas c h ro m a to g ra p h y  eq u ip p e d  w ith  a 
cap illa ry  H P -IN N O W A X  co lu m n .

5 .4  R e s u lts  a n d  d is c u s s io n

XT
5.4.1 P ro p o se d  R eac tio n  P a th w ay  for C o n v ertin g  P F A D  to  A ro m a tic s

In o rd e r  to  s tu d y  th e  reac tio n  pa thw ay , th e  p ro d u c t d is tr ib u tio n  o f  
palm  fa tty  ac id  d is tilla te d  (P F A D ) con versio n  to  a ro m a tic s  o v e r  H Z S M -5  
(S K V A ^ C b  =  3 0 ) c a ta ly s t as a  fu n c tio n  o f  space tim e  (W /F ) w a s  in v es tig a ted  as 
show n in F ig . 5 .1a .

F ig u r e  5 .1  (a) P ro d u c ts  y ie ld  o f  P F A D  co n v ers io n  o v e r  H Z S M -5  as a  fu n c tio n  o f  
space tim e  (W /F ). R e a c tio n  co n d itio n s : 500  ° c ,  a tm o sp h e ric  p re ssu re , and  T O S  =  3 
h. (b) P ro p o sed  re a c tio n  p a th w a y  fo r th e  tran sfo rm a tio n  o f  p a lm  fa tty  a c id  d is tilla te  
(P F A D ) to  a ro m a tic s .
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T a b le  5.1 F a tty  a c id  c o m p o s itio n  o f  p a lm  fatty  acid  d is til la te  (P F A D )

P F A D  c o m p o s it io n w t  %

M y ris tic  (C i4;o) 1 . 2

P a lm itic  (C i6:o) 55.1

S tea ric  ( C |8:o) 3 .7
O le ic  (C i8;i) 34 .0

L in o len ic  ( C l 8:2) 6 .1

F ro m  th e  feed  an a ly s is  (T ab le  5 .1), P F A D  w as  m a in ly  c o m p rise d  o f  
pa lm itic  ac id  (55.1 w t % ) and  o le ic  acid  (34 .0  w t % ). A s th e  firs t s tep , the  
d eo x y g en a tio n  o f  fa tty  ac id  co u ld  p ro ceed  v ia  d e c a rb o x y la tio n , d e c a rb o n y la tio n , or 
d irec tly  c rack in g  o f  fa tty  ac id  m o lecu les , resu lting  in lo n g  c h a in  h y d ro c a rb o n s  (C l 1— 
C 17) [21, 22], W h ile , th e  d e o x y g e n a tio n  o f  resu lted  o x y g e n a te s  p ro d u c e d  C O , w ate r, 
and  C O 2 fo llo w in g  th e  d e c a rb o n y la tio n  and  d e ca rb o x y la tio n  re a c tio n s  [23], T h e  C l 1— 
C 17 h y d ro ca rb o n s  w e re  fu rth e r c rack ed  at the ex te rn a l a c id  s ite s  o f  P IZ S M -5 , 
gen era tin g  a lip h a tic  h y d ro c a rb o n s  in  th e  range o f  C ô-C io- T h e  Cft-C io h y d ro ca rb o n s  
w ere  then  c ra c k e d  an d  d iffu sed  in to  the  H Z S M -5  p o res  [24], A s the  space  tim e 
increased  to  0 .0 9  h, the  fo rm a tio n  o f  C 1- C 5 p a raffin s an d  o le fin s  w ere  s ig n if ic a n tly  
im proved. It w a s  b e lie v e d  th a t the  o lig o m eriza tio n  o f  lig h t o le fin s  p ro d u c e d  a 
m ix tu re  o f  h e a v ie r  o le fin s  an d  p a ra ffin s , passing  th ro u g h  a lk y la tio n , iso m eriza tio n , 
and  a ro m a tiza tio n  to  p ro d u ce  a ro m atic s  [25], A s c o n firm e d  by  th e  p ro d u c t 
d is trib u tio n  at W /F  =  0 .1 4  h , th e  ra is in g  in a ro m atics  y ie ld  w a s  ach ie v e d  b y  d ec lin in g  
o f  ligh t o lefins. A s  a c o n seq u en ce , cok e  w as also  g en e ra ted  by  p o ly m e riz a tio n  o f  the 
resu lting  a ro m a tic s  o r  d irec t co n d en sa tio n  o f  P F A D . T h e  re a c tio n  p a th w a y  for 
tran sfo rm atio n  o f  P F A D  to  a ro m a tic s  is p rop osed  in F ig . 5 .1b .

5 .4 .2  T ra n s fo rm a tio n  o f  P F A D  ov er H Z S M -5 , G a /H Z S M -5 , and  
Z n /H Z S M -5  C a ta ly s ts
T h e  e ffe c ts  o f  S iC V A F C b ra tios in  H Z S M -5  on  the  co n v e rs io n  o f  

PFA D  to a ro m a tic s  w e re  s tu d ied  by  v ary in g  the S iC F /A F C ^ ra tio s  (23 , 30, and  50).
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T he  su rface  a rea  an d  th e  B r0 n sted  ac id ity  o f  the ca ta ly s ts  a re  sh o w n  in T ab le  5.2. 
C o m p ared  to  th e  o th e rs , H Z S M -5  (30) p rov id ed  the h ig h es t su rface  a rea  w h e rea s  
H Z S M -5  (23) sh o w ed  th e  h ig h es t B ro n s ted  acid ity . It w as a c c e p te d  th a t th e  in c rease  
in S i0 2/A l20 3  ra tio s  re su lts  in  lo w er th e  B ron sted  acid  site  o f  th e  zeo lite , lead in g  to 
the  lo w er ca ta ly tic  a c tiv e  s ite  fo r th ese  reac tio n s .

T a b le  5 .2  A n a ly s is  o f  Z n  lo ad in g , tex tu ra l p roperties, and  a c id ity  o f  p a ren t H Z S M -  
5, G a /H Z S M -5 , an d  Z n /H Z S M -5  c a ta ly s ts

C ata ly st S i 0 2/A l20 3 M eta l lo ad in g  a
(w t % )

S bet

(m 2/gcat)
B ro n s ted  ac id ity  b 

(pm ol/gcat)

H Z S M -5 23 — 334.2 435
H Z S M -5 30 - 375.7 377
H Z S M -5 50 - 356.3 261
3 G a /H Z S M -5 30 2 .75 333.8 307
1 Z n /H Z S M -5 30 0.91 334 .0 234
3 Z n /H Z S M -5 30 2 .92 309.6 141
5 Z n /H Z S M -5 30 4.83 295 .6 104
7 Z n /H Z S M -5 30 6 .38 283.5 82

a T he  actual m eta l lo ad in g  o f  G a and  Z n  w ere  con firm ed by  A A S  m eth o d . 
b T he  ac id ity  w as d e te rm in e d  from  IP A -T P D . T he m ass m o n ito re d  w as  p ro p y len e  
{ m / e  = 4 1 ) .

H o w ev e r, w e  b e liev ed  th a t du ring  the re a c tio n  th e  s tro n g  B ro n s ted  
acid  sites o f  H Z S M -5  (2 3 ) led  to  fo rm a tio n  o f  coke, b lo ck in g  th e  p o re  o-f th e  ca ta ly s t 
an d  resu lting  in lo w er ca ta ly tic  ac tiv ity . A s a  resu lt (F ig. 5 .2 a ), H Z S M -5  (30 ) w h ich  
p ro v id ed  bo th  th e  h ig h e s t su rface  a rea  an d  su itab le  B ro n s ted  ac id  s ite  sh o w ed  th e  
h ig h e r a ro m atics  y ie ld  (3 6  w t % ) th an  H Z S M  (23) (29 w t % ).
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Figure 5.2 (a) P F A D  c o n v e rs io n  and  p ro d u c ts  y ield  ov er p a re n t F IZ S M -5  as a 
fu n c tio n  o f  S iC V A h O a ra tio s , (b) P ro d u c ts  y ie ld  o f  P F A D  co n v e rs io n  o v e r p a ren t 
H Z S M -5 , 3 G a /H Z S M -5  an d  3 Z n /H Z S M -5  ca ta ly sts , and  (c) P ro d u c ts  y ie ld  o f  
P F A D  co n v ers io n  o v e r  p a re n t H Z S M -5 , lZ n /H Z S M -5 , 3 Z n /H Z S M -5 , 5 Z n /H Z S M - 
5 an d  7 Z n /H Z S M -5  ca ta ly s ts . R eac tio n  co n d itio n s: a tm o sp h eric  p re ssu re , 500 °c, 

W H S V  =  5 h '!, T O S  =  3 h.

In o rd e r to  e n h an ce  the a ro m a tic s  y ield , tw o ty p es  o f  d eh y d ro g e n a tio n  
m e ta l, G a  and Z n , w ere  im p reg n a ted  on  H Z S M -5  (30) ca ta ly st. A s sh o w n  in T ab le
5 .2 , the  p resen ce  o f  G a  an d  Z n  d ec reased  th e  surface  a rea  o f  th e  p a re n t H Z S M -5  
ca ta ly s t from  375 .7  to  3 3 3 .8  and  309 .6  m 2/g cat. T he B ronsted  a c id ity  w as  in v estig a ted  
by  u s in g  tem p e ra tu re  p ro g ra m m e d  d eso rp tio n  o f  iso p ro p y lam in e  ( IP A -T P D ). T he 
d e co m p o sitio n  o f  iso p ro p y la m in e  to p ro p y len e  and  am m o n ia  o v e r  B ro n s ted  ac id  site  
a llo w s  us to do the  q u a n tita t iv e  an a ly sis  o f  the  B ronsted  a c id ity  v ia  th e  H o fm an n  
e lim in a tio n  reac tio n  [26].
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F ig u r e  5 .3  I so p ro p y la m in e -T P D  ( IP A -T P D )  p ro file s  o f  p a ren t H Z S M -5 , 
3 G a /H Z S M -5 , lZ n /H Z S M -5 , 3 Z n /H Z S M -5 , 5 Z n /H Z S M -5 , and  7 Z n /H Z S M -5  
ca ta ly s ts . T he  m ass m o n ito red  w as p ro p y len e  (m /e  =  41).
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T ab le  5.2 and  F ig . 5.3 sh o w  th e  d ec re a se  o f  s tro n g  B ro n s ted  ac id  site  
(3 5 0  ๐C ) fro m  377  ov er p a ren t H Z S M -5  to  3 0 7  an d  141 pmol/gcat o v e r  3 G a /H Z S M - 
5 an d  3 Z n /H Z S M -5  c a ta ly s ts  re sp ec tiv e ly . T h e  n e w  tw o peak s o f  Z n /H Z S M -5  
c a ta ly s t a t h ig h e r  tem p era tu re  m ig h t be in d u ced  by  th e  co n tam in a ted  w a te r  in  IPA . 
A g re e d  w ith  th e  p rev io u s  w o rk  by  E l-M a lk i an d  c o -w o rk e rs , the  h y d ro ly s is  o f  Z n  at 
e x c h a n g e  site  resu lted  in  th e  re c o v e ry  o f  B ro n s te d  ac id  s ites [27]. H o w ev er, u n d er 
th e  re a c tio n  tem p era tu re , th e  d e h y d ro x y la tio n  o f  d isso c ia ted  w a te r  m o lecu le  
su g g e s te d  to  e lim in a te  th ese  re c o v e ry  B ro n s ted  ac id  s ites, led to  th e  rem a in in g  o f  
o n ly  ac id  s ite  at 350  °c (141 pm ol/gcat). It w as im p o rtan t to no te  th a t ev en  at the  
sam e  a m o u n t o f  m etal lo ad in g , th e  s ig n if ic an t d iffe re n c e  o f  the  rem a in in g  B ro n sted  
ac id ity  w a s  o b se rv ed . In  th e  case  o f ^ G a /H Z S M - S  ca ta ly st, the  im p reg n a tio n  o f  
g a lliu m  n itra te  p recu rso r led  to th e  fo rm a tio n  o f  G a 20 3  c lu s te r  as a  d o m in an t species. 
W ith o u t th e  red u c tio n  p ro cess , th is  sp ec ies  te n d e d  to  be  s tab le  and  d id  n o t ex ch an g e  
w ith  B ro n s te d  ac id  site  [28 , 29 ], O n  the  o th e r  h an d , o v e r  3 Z n /H Z S M -5  ca ta ly s t m ore  
th an  h a l f  o f  B ro n sted  acid  s ite  w as  ex ch an g ed  w ith  Z n 2+ ca tion s and  fo rm ed  th e  Z n at 
e x c h a n g e  site  species. T h is  h y p o th es is  w as  co n firm e d  by  X P S , sh o w n  in  F ig. 5.4a. 
A g re e d  w e ll w ith  IP A -T P D  re su lts , the  X P S  sp ec tru m  o f  3 G a /H Z S M -5  sh o w ed  on ly  
G a2Û 3 sp e c ie s  at 1118.3 eV  [30], T he f ittin g  o f  Z n  2p3/2 X PS sp ec tru m  sh o w ed  tw o 
ty p e s  o f  Z n  sp ec ies  (F ig. 5 .4b ). T h e  lo w er b in d in g  en e rg y  (1022 .3  eV ) w as Z nO  
c lu s te r  w h e re a s  the  h ig h e r b in d in g  en e rg y  (1 0 2 3 .3  eV ) w as d ed ica ted  to  Z n  a t 
e x c h a n g e  site  spec ies. T h e  sh iftin g  to  h ig h e r  b in d in g  energy  w as in d u ced  b y  the  
h ig h e r  e le c tro n e g a tiv ity  o f  la ttice  o x y g en  in th e  z e o lite  fram ew o rk  [3].

A ll the th ree  c a ta ly s ts , H Z S M -5 , 3 G a /H Z S M -5 , and  3 Z n /H Z S M -5  
w ere  te s te d  fo r th e ir  ca ta ly tic  a c tiv ity  in the  tra n s fo rm a tio n  o f  P F A D  to a ro m a tic s , as 
sh o w n  in  F ig . 5.2b. E ven  th o u g h , th e  in co rp o ra tio n  o f  bo th  Z n  and  G a  in c reased  the  
a ro m a tic s  y ie ld , th e  s ig n ific an t in c rease  w as  fo u n d  o v e r  3 Z n /H Z S M -5  ca ta ly s t. T he 
in tro d u c tio n  o f  Z n  in c reased  th e  a ro m a tic s  y ie ld  to  51 w t %  w h ile  3 G a /H Z S M -5  
g av e  a lo w e r  y ie ld  at 41 w t % . It sh o u ld  be e m p h a s iz e d  th a t no t o n ly  a ro m a tic s  y ie ld  
b u t a lso  C O  an d  C 0 2 fo rm a tio n  w ere  a ffec te d  by  Z n  lo ad ing . S ta rtin g  w ith  th e  p a ren t 
H Z S M -5  c a ta ly s t, the  B ro n s ted  ac id  s ite  ra th e r  en h a n c e d  the d e ca rb o n y la tio n  m ore  
th an  d e c a rb o x y la tio n  reac tio n s , re su ltin g  in h ig h  am o u n t o f  C O  (20  w t % ) and  lo w er
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Binding Energy (eV)

Figure 5.4 XPS spectra; (a) Ga (2p3/2) o f 3Ga/HZSM -5 and (b) Zn (2p3/2) of
lZn/H ZSM -5, 3Zn/HZSM -5, 5Zn/HZSM -5, and 7Zn/HZSM -5 catalysts.
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a m o u n t o f  C O 2 (7 w t % ) [31]. S im ila r  to  th e  p a re n t H Z S M -5 , 3 G a /H Z S M -5  
ca ta ly s ts  g av e  th e  do m inan t am o u n t o f  C O  (14  w t % ) w ith  a  sm all am o u n t o f  C O 2 (6 
w t % ). A c c o rd in g  to  the  IP A -T P D  and  X P S  re su lts , th e  s ta b le  fo rm  o f  G a 2Û 3 spec ies  
led  to  th e  p re se rv in g  the B ronsted  ac id  s ite  th a t c o u ld  p e rfo rm  th e  d eca rb o n y la tio n  
reac tio n . O n  th e  con trary , the d iffe ren t p h e n o m e n o n  w a s  fo u n d  ov er 3 Z n /H Z S M -5  
c a ta ly s t, th e  fo rm a tio n  o f  C O  w as d e c re a se d  to  7 w t %  w h e rea s  C O 2 fo rm ation  
s ig n if ic a n tly  in c rea sed  to  11 w t % . It is p o ss ib le  th a t th e  in tro d u c tio n  o f  z in c  m ig h t 
sh ift th e  d e o x y g e n a tio n  pa thw ay  fro m  d e c a rb o n y la tio n  to  d e ca rb o x y la tio n  reac tio n s . 
In  o rd e r  to  e x p la in  th e  ro les o f  Z n  to  th e  a ro m a tiz a tio n  an d  d e o x y g en a tio n  reac tio n s , 
th e  p ro d u c ts  d is tr ib u tio n  as a  fu nc tion  o f  Z n  lo ad in g  w e re  in v estig a ted .

5 .4 .3  T ran sfo rm atio n  o f  P F A D  to A ro m a tic s  o v e r  x Z n /H Z S M -5  C ata ly s ts  
T h e  e ffec ts  o f  Z n  on  th e  ca ta ly tic  a c tiv ity  w e re  s tu d ied  by  v a ry in g  

am o u n t o f  Z n  lo ad in g s  (1, 3, 5, and  7 w t % ). T he  ac tu a l m e ta l lo ad in g s  and  tex tu ra l 
p ro p e rtie s  a re  illu s tra ted  in T ab le  5 .2 . T h e  X R D  re su lts  sh o w  th a t the zeo lite  
s tru c tu re s  w e re  p re se rv ed  even  at th e  h ig h e s t am o u n t o f  m e ta l lo ad in g  (no t sho w n ). 
A s sh o w n  in F ig . 5 .4b , X PS rev ea led  tw o  ty p es  o f  Z n  sp ec ies  as p rev io u sly  
m en tio n ed . M o reo v er, it w as im p o rtan t to  n o te  th a t b y  in c rea s in g  Z n lo ad ing , the  
Z n O  sp ec ie s  ( lo w e r b ind ing  energy  p eak )  b eca m e  th e  d o m in a n t peak . E ven  th o u g h , 
X P S  is on e  o f  th e  m o st po w erfu l te c h n iq u e s  to  s tu d y  th e  m e ta l spec ies; th e  p ro v id ed  
in fo rm a tio n  is o n ly  on  the su rface  o f  th e  c a ta ly s ts . In ad d itio n , IP A -T P D  w as a lso  
p e rfo rm e d  to  do  th e  bu lk  analysis  o f  Z n /H Z S M -5  ca ta ly s ts  (F ig . 5.3 and  T ab le  5.2). 
In co n tra s t w ith  the strong  B ron sted  ac id ity  (3 5 0  °C ), th e  n ew  peak s at h ig h er 
te m p e ra tu re  w h ich  are  rep resen ted  to  th e  Z n  at e x ch an g e  s ite s  in c reased  w ith  am o u n t 
o f  Z n lo ad in g . T h e  resu lts  im p lied  th a t n o t o n ly  Z n O  b u t a lso  Z n  at ex ch an g e  site  w as 
in creased .

T h e  effec ts o f  Zn lo ad in g  on  th e  ca ta ly tic  a c tiv ity  are sho w n  in F ig. 
5 .2c . T he  co n tin u ed  increase in Z n  lo a d in g  s ig n if ic a n tly  im p ro v ed  the  a ro m atic s  
y ie ld  w ith  th e  d ec lin e  o f  light p a ra ffin s . T h e  h ig h es t a ro m a tic s  y ie ld  w as ach iev ed  
o v e r  5 Z n /H Z S M -5  ca ta lyst w ith  64 w t %  w h ile  ligh t p a ra ff in s  reach ed  th e  m in im u m  
at 7 w t % . A g re e d  w ith  p rev ious w o rk s , th e  ex ch an g e  o f  s tro n g  B ro n sted  ac id  site  
w ith  Z n 2+ c a tio n s  led to the su p p re ss io n  o f  the  c ra c k in g  and  h y d ro g en  tran sfe r  
re ac tio n s  to  the  fo rm ation  o f  ligh t p a ra ffin s . In a d d it io n , the  h igh  ac tiv ity  in
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d e h y d ro g e n a tio n  o f  th e  Z n at ex ch an g e  site  a lso  im p ro v ed  th e  fo rm atio n  o f  o lefins, 
p re c u rso r  fo r  p ro d u c in g  arom atics [5]. O n  th e  co n tra ry , it w as  n o ticed  th a t th e  fu rther 
in c rea se  in  Z n  lo a d in g  to  7 w t %  (7 Z n /H Z S M -5  ca ta ly s t)  d id  n o t im p rov ed  a ro m atics  
y ie ld  as  e x p ec ted . O n e  m ig h t su g g est th a t th e  in c rease  in  m e ta l lo ad ing  can lead  to 
the  b lo ck  o f  the  p o re  an d  low er the ac tiv e  s ite  fo r  a ro m a tiza tio n . N o tw ith s tan d in g , 
th e  B E T  su rfa c e  a rea  (T ab le  5 .2) and  X R D  re su lts  co n firm e d  the  in sign ifican t 
d iffe re n c e  b e tw e e n  5 Z n /H Z S M -5  and  7 Z n /H Z S M -5  c a ta ly s ts . T hese  resu lts  im p lied  
th a t b e s id e s  th e  Z n  a t exchange site  th e re  m u st be  o th e r  fac to rs  e ffec tin g  the  
co n v e rs io n  o f  P F A D  to arom atics.

W avelength  (nm )

F ig u r e  5 .5  U V -v is  abso rp tio n  sp ec tra  o f  lZ n /H Z S M -5 , 3 Z n /H Z S M -5 , 
5 Z n /H Z S M -5 , an d  7 Z n /H Z S M -5  ca ta ly s ts .
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F o c u s in g  on  the  b y -p ro d u c ts  from  d e o x y g e n a tio n  reac tio n  w h ich  are 
sh o w n  in F ig . 5 .2c , th e  y ie ld  o f  C O  o b v io u s ly  d e c rea sed  w h ile  C O 2 in c reased  w ith  
am o u n t o f  Z n . It sh o u ld  be em p h asized  ag a in  th a t th e  in c rea se  in  Z n  lo ad in g  n o t on ly  
led  to  th e  in c rea se  in  Z n  a t exch ang e  site  b u t a lso  Z n O  sp ec ies . S u g iy am a et al. 
il lu s tra te d  th a t Z n O  p e rfo rm ed  the su p e rio r  c a ta ly tic  a c tiv ity  in  d eca rb o x y la tio n  o f  
ace tic  ac id , g en e ra te d  a lm o st 100%  C O 2 [32], T he  sh iftin g  o f  d e o x y g e n a tio n  p a th w ay  
fro m  d e c a rb o n y la tio n  on  B ron sted  acid  s ite  to  d e c a rb o x y la tio n  on  Z nO  species  m ig h t 
re su lt in  p re se rv in g  th e  B ro n sted  acid  site  fo r th e  a ro m a tiz a tio n  reac tio n .

D e o x y g e n a iio n

C O 2, C O , H ; 0  *  C i r C , -  h y d r o  :arb on s. 
' " ^ - O x y g e n a t e s C ra c k in g

C O ;, C O , H : 0  

'C j-C V j h y d r o c a r b o n s

D e c a r b o m k tu o n  
a  f i - C S c i s s io n

C n - C r  h y d ro ca rb o n s  
-  C O ;

D e c a r b o x y la tio n
C r a c k in g

C ra c k in g

P F A D C j-C ;  h y d r o c a r b o n s

O lig o m e r iz a t io n
C o n d e n s a tio n

A r o m a tiz a t io n
P o ly m e r iz a tio n  ' S r i  ทะ u d  ae id
iSrerci-zd x:d>

C o k e  «-----------— ------------ A r o m a t ic  H y d r o c a r b o n s

C r C j p a r a ffin s

F ig u r e  5 .6  P ro p o sed  the  e ffec t o f  Z n sp ec ie s  on  Z n /H Z S M -5  c a ta ly s t to  the reac tio n  
p a th w a y  fo r the  tran s fo rm a tio n  o f  palm  fa tty  ac id  d is tilla te  (P F A D ) to  a rom atics .

A s sh o w n  in Fig. 5.5, the  ban d  at 370  nm  o f  U V -v is  sp ec tra  
co rre sp o n d e d  to Z n O  c ry s ta llite s  [33], A lth o u g h , th e  in c rease  in  Z n  lo ad in g  led  to the 
d e v e lo p m e n t o f  th is  ban d , the  in ten sive  b an d  w as  c lea rly  o b se rv e d  on  7 Z n /H Z S M -5  
ca ta ly s t in d ica tin g  to  th e  fo rm ation  o f  la rge  Z n O  c ry sta llite s . It h as  b een  rep o rted  th a t 
th e  h ig h  am o u n t o f  Z n  im p regn ated  on  H Z S M -5  ca ta ly s t led to  th e  fo rm ation  o f  
la rge  Z n O  c ry s ta llite s  [34, 35], T his h y p o th es is  w as  a lso  co n firm e d  by  th e ir p ro d u c t
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d is tr ib u tio n s  in  F ig . 5 .2c . T h e  reason  th a t th e  c o n tin u e d  in c re a se  in  Z n  lo ad ing  to  7 
w t %  d e c re a se d  C O 2 y ie ld  w as  due to  the  lo w er av a ila b le  a c tiv e  Z n O  site , decreasin g  
the  d e c a rb o x y la tio n  reac tiv ity . T hese  re su lts  p la u s ib ly  e x p la in e d  th a t the  s ig n ifican t 
in c rea se  in  a ro m a tic s  y ie ld  over Z n /H Z S M -5  ca ta ly s ts  w as  a  re su lt from  the 
c o m b in a tiv e  e ffec ts  b e tw e e n  th e  d eh y d ro g en a tio n  o f  Z n  a t e x ch an g e  site  and 
d e c a rb o x y la tio n  o f  Z n O  species . T o co n c lu d e  the  e ffe c ts  o f  Z n  sp e c ie s , the  ro le  o f  Z n 
sp ec ie s  to  th e  re a c tio n  p a th w ay  for th e  tra n s fo rm a tio n  o f  P F A D  to  a ro m atics  is 
p ro p o se d  in  F ig .5.6.

5.5 Conclusions
■Cf

F lerein , w e  re p o rte d  the sing le  s tep  tra n s fo rm a tio n  o f  p a lm  fatty  acid  
d is tilla te  (P F A D ) to  a ro m a tic s  over m o d ified  H Z S M -5  ca ta ly s ts . T he  reac tio n  
p a th w a y  w a s  p ro p o se d  by  sta rtin g  w ith  the d e o x y g e n a tio n  o f  fa tty  ac id , gen era tin g  
h eav y  h y d ro c a rb o n s  an d  ox yg enates. O v er B ro n s ted  ac id ic  H Z S M -5 , the  further 
c ra c k in g  o f  h eav y  h y d ro ca rb o n s  gen era ted  ligh t p a ra ffin s  an d  o le fin s , passing  
th ro u g h  o lig o m e riz a tio n  and  arom atiza tio n  to  p ro d u ce  a ro m a tic s . M ean w h ile , the 
o x y g e n a te d  c o m p o u n d s  w ere  d eo xy gen ated  v ia  d eca rb o x y la tio n /d e c a rb o n y la tio n  
rea c tio n , g e n e ra te d  C O 2 , C O , and  H2O. T he in tro d u c in g  o f  b o th  G a  an d  Z n im proved  
a ro m a tic s  y ie ld  due  to  th e ir  deh y d ro g en a tio n  ac tiv ity . H o w e v e r, as  co m p ared  w ith  
Z n /H Z S M -5 , G a /H Z S M -5 , m ain ly  co m p rised  o f  G a 2 0 3  sp ec ie s , sh o w ed  the low er 
a ro m a tic s  y ie ld . T he  rem a rk a b ly  high a ro m a tiza tio n  ac tiv ity  o f  Z n /H Z S M -5  w as 
re su lte d  fro m  th e  p re sen ce  o f  tw o zinc sp ec ies ; ex c h a n g e d  Z n 2+ p ro m o tin g  the 
d e h y d ro g e n a tio n  o f  p a ra ffin s  and  Z nO  p ro m o tin g  th e  d e c a rb o x y la tio n  o f  o xygenates. 
T h e  sh if tin g  from  d ec a rb o n y la tio n  over B ron sted  ac id  s ite  o f  th e  p a re n t F IZ S M -5  to 
d e c a rb o x y la tio n  o v e r Z n O  preserv ed  the B ro n s te d  ac id  s ite  fo r  th e  a ro m atiza tio n , 
th u s  in c re a s in g  a ro m a tic s  y ie ld .
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