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2.1 Palm  F atty  Acid D istillate (PFAD)

P F A D  is  a  b y -p ro d u c t  fro m  the p h ysica l re fin in g  o f  c ru d e  p a lm  oil. In o rder 
to  av o id  th e  so ap  fo rm a tio n  d u ring  the  tra n se s te rif ic a tio n , th e  free  fa tty  acid  
c o n ta in ed  in  c ru d e  p a lm  o il w as separa ted  by  p h y s ica l re fin in g  p ro cess . G en era lly , its 
ap p e a ra n c e  is a  lig h t b ro w n  se m i-so lid  at room  te m p e ra tu re  an d  c o n ta in s  m ore  than 
90 w t %  o f  free  fa tty  a c id  (P in g  et a l ,  2009 ). T he  feed  a n a ly s is  sh o w e d  th a t m ore 
th an  80  w t %  o f  fa tty  ac id  in  P F A D  w as c o m p rised  w ith  p a lm itic  an d  o le ic  acid 
(T ab le  2 .1 ). D u e  to  th e  lo w  o x y g en  con ten t in  th e ir  m o lecu le , n o n - fo o d  co m p etitiv e  
re so u rce , an d  lo w -c o s t  ra w  m ate ria l, P F A D  w as  s tu d ied  as  an  a lte rn a tiv e  feedstock  
for p ro d u c in g  b io d ie se l, h y d ro ca rb o n  in d iesel ran g e , an d  h y d ro g en .

T h e  h y d ro tre a tin g  o f  c  18 fatty  acid s to  b io fu e ls  w as  s tu d ie d  in  fixed  bed 
reac to r  o v e r  N iW /S iC ^ A F C b  ca ta lyst. T he  re su lts  sh o w ed  th a t th e  h y d ro trea tin g  
tem p e ra tu re  is th e  m o s t d o m in a n t op era tin g  p a ra m e te r  th a t a ffec ts  th e  d eo x y g en a tio n  
ac tiv ity . B y  v a ry in g  th e  reac tio n  co n d itio n s  it w as c o n c lu d e d  th a t the 
h y d ro d e o x y g e n a tio n  to  d eca rb o n y la tio n /d e c a rb o x y la tio n  ra tio  in c reases  w ith  
d ec re a s in g  te m p e ra tu re  a n d /o r  in c resasing  p re ssu re . W h ile , lo w  tem p e ra tu re  and 
h igh  W H S V  w ill p ro m o te  th e  iso m eriza tio n  reac tio n  to  cau se  m o re  iso -p a ra ffin s  in 
the p ro d u c ts  (Y a n g  et a l ,  2 0 13 ).

Table 2.1 F ree  fa tty  ac id  co m p o s itio n  o f  pa lm  fa tty  a c id  d is tilla te

PFAD composition wt %

Myristic (Ci4;c) 1.2
Palmitic (Ci6:o) 55.1
Stearic (C;S:0) 3.7
Oleic (C:S:0 34.0
Linolenic (C;S:2) 6.1
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2.2 G lycerol from  Biodiesel

G ly c e ro l h as  th re e  h y d ro x y l g roups in  th e  m o le c u le  th a t a re  re sp o n s ib le  for 
its so lu b ility  in  w a te r. Its ap p ea ran ce  is a  co lo rle ss , o d o rle ss , an d  v isco u s  liquid. 
N o w ad ay s , g ly ce ro l is m a in ly  su p p ly  as a b y -p ro d u c t from  o le o c h e m ic a ls  in du stry . It 
w as e s tim a te d  th a t e v e ry  g a llo n  o f  b iod iesel p ro d u ced  ap p ro x im a te ly  1.5 po u n d s o f  
g lycero l (K a r in e n  e t ฝ . ,  20 0 6 ). T he  b y -p ro d u c t g ly ce ro l w as  g en e ra ted  fo llo w in g  the 
reac tio n  in  F ig u re  2 .1 . H o w ev e r, th e  rap id  g ro w in g  o f  o le o c h e m ic a ls  in d u s try  in the 
last ten  y e a rs  re su lte d  in  th e  e x ce ss  am ou n t o f  g ly cero l in  th e  m ark e t, th u s  lo w er its 
price. T o so lv e  th is  p ro b le m , m an y  research ers  h av e  b een  s tu d ied  on  th e  con versio n  
o f  g ly ce ro l to  v a lu ab le  ch em ica ls .

0 0II
CM: - Ü - c  - R| CH3 - 0 -C - R|
! C) Cl I; - Oil
1 1 II 1

Cl 1 -Ü -C -  IÇ t 3 CThOH -* OH - 0  - C - 1Ç + CH - OH

?

(catalyst)
0 C1F - 011

CH2 - Ü - c  - R;,
1

C TU - o  - c  - R.1

Triglyceride Methanol Mixture of fatty esters Glycerin

Figure 2.1 T ra n se s te r if ic a tio n  reaction .

F ig u re  2 .2  su m m a riz e s  the d iffe ren t p o ss ib le  re a c tio n  p a th w ay s  and 
p ro d u c ts. M o s t o f  th e  s tu d ie s  focused  on  the  d e h y d ra tio n  o f  g ly ce ro l in to  acro le in  
(p ro p en a l), th e  sy n th e s is  o f  a lcoho ls, p a r tic u la r ly  1 ,2 -p ro p a n e d io l, and  the 
p ro d u c tio n  o f  a d d itiv e s  fo r fue ls .

T su k u d a  an d  c o -w o rk e rs  stud ied  the  sy n th esis  o f  a c ro le in  fro m  g lycero l. 
T he a im  o f  th e  s tu d y  w as  to  o p tim ize  the co m p o s itio n  o f  th e  c a ta ly s t. It w as found 
that by  u s in g  th e  h ig h e s t tem p era tu re  and  Q 1 0 - S IW -3 0  (H4SiW i2O40*24H2O) 
ca ta ly s t th e  h ig h e s t a c ro le in  w as  ob ta ined  (T su k u d a  et a l ,  20 0 7 ). C o rm a  a lso  stud ied
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the  co n v e rs io n  o f  g ly ce ro l to  a c ro le in  in tw o d iffe ren t re ac to rs : a  flu id ized  bed 
reac to r s im ila r  to  an  F C C  an d  a  f ix e d -b e d  reac to r. It w as  fo u n d  th a t lo w er 
tem p era tu res  fa v o r  th e  co n v e rs io n  in to  acro le in  (y ie ld  o f  55 to  62 % ) w h ile  the 
h igher te m p e ra tu re s  fav o r th e  c o n v e rs io n  into ace ta ld eh y d e  (C o rm a  et a l ,  20 08 ).

G u o  and  c o -w o rk e rs  in v estig a ted  the re d u c tio n  o f  g ly cero l in to  1 ,2 -  
p rop aned io l w ith  a  b ifu n c tio n a l C o /M g O  ca ta ly s t. T h e  m a x im u m  g lycero l 
con versio n  w as  a b o u t 55 %  an d  th e  se lec tiv ity  for the  d e s ire d  p ro d u c t ap p ro x im a te ly  
42 %  (G uo  et a l ,  2 0 0 9 ). A k iy a m a  a lso  stud ied  the  c o n v e rs io n  o f  g ly ce ro l in to  1 ,2 -  
p rop aned io l (1 ,2 -P D O ). A  g ly ce ro l con versio n  o f  100 %  w as o b ta in ed  w ith  cop per 
cata ly sts  (CU/AI2O3) (A k iy a m a  et a l ,  2009).

F ru ste ri an d  c o -w o rk e r  s tu d ie d  the e th e rific a tio n  o f  g ly ce ro l w ith  tert-b u ty l  
a lcoho l by  u s in g  m o d ifie d  so lid  ac id s catalysts. T he  re su lts  sh o w ed  th a t th e  m ore 
accessib le  ac id  s ite s  an d  la rge  p o re  o f  cata ly sts  p lay  a  k ey  ro le  in p ro m o tin g  the 
cata ly tic  ac tiv ity , th u s  g ly ce ro l co n v ers io n  and se le c tiv ity  w e re  ex c e e d e d  93 % 
(Frusteri et a l ,  20 0 9 ).

F ig u re  2.2 M e th o d s  fo r th e  c o n v e rs io n  o f  g lycero l in to  u se fu l p ro d u c ts  
(S te lm ach o w k i et a l ,  20 11 ).
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2.3 P ro d u c tio n  o f  A ro m a t ic s

2.3.1 C a ta ly tic  R e fo rm in a
T h e  a ro m a tic  h y d ro c a rb o n s  are m ain ly  p ro d u ced  fro m  crude  o il by 

cata ly tic  re fo rm in g  o r h y d ro re fo rm in g  o f  heavy  n ap h th a , n ap h th a  py ro ly sis , and  
cata ly tic  c rack in g  F C C  (T o p so e  et al., 1988). T he use  o f  C a ta ly tic  n a p h th a  re fo rm in g  
as a p rocess to  p ro d u c e  h ig h -o c ta n e  g aso lin e  is as im p o rtan t n o w  as it has been  fo r 
abou t h a lf  c en tu ry  o f  its c o m m erc ia l use . T he ca ta ly tic  re fo rm e r  o ccu p ie s  a key  
po sition  in  a re fin e ry , p ro v id in g  h ig h  v a lu e -a d d e d  re fo rm a te  fo r  th e  g aso lin e  po o l; 
hydrogen  for fe ed s to c k  im p ro v e m e n t by  the  h y d ro g e n -c o n su m in g  h y d ro trea tm en t 
p rocesses; and  f req u en tly  b en zen e , to lu en e , and xy len e  a ro m a tic s  fo r p e tro ch em ica l 
uses. N ap h th a  is tra n s fo rm e d  in to  re fo rm a te  by ca ta ly tic  re fo rm in g . T h is  p ro cess  
invo lves reco n s tru c tio n  o f  lo w -o c ta n e  hy d rocarbo ns in  th e  n ap h th a  in to  m o re  
v a luab le  h igh  o c tan e  g aso lin e  c o m p o n e n ts  w ith o u t c h an g in g  th e  b o ilin g  p o in t range. 
N ap h th a  and  re fo rm a te  are  c o m p le x  m ix tu res o f  p a ra ffin s , n ap h th en es, and  
a rom atics  in the  C5-C12 range . T h e  rea c tio n s  take p lace  on  b ifu n c tio n a l ca ta ly s ts  for 
con verting  the  h y d ro ca rb o n s  c o n ta in ed  in n ap h th a  frac tio n s  to  m o n o cy c lic  
arom atics. T o  a rch iev ed  th a t th e  F C C  ca ta ly s t con ta in s fo u r im p o rtan t co m p o n en ts ; 
c rysta lline  zeo lite , m a trix , b in d er, an d  filler. N o rm ally , F C C  ca ta ly s t w as zeo lite  
w ith  fau jasite  to p o lo g y  becau se  its s tro n g  B ronsted  ac id  s ite s  w as  req u ired  fo r th e  
hy drocarbo n  c rack in g . M o reo v er, the  m atrix  co m p o n e n t, c o n ta in in g  am o rp h o u s 
a lu m in a  a lso  p ro v id ed  th e  m ild  ca ta ly tic  active  site  an d  fo rm  a d iffu se  m ed iu m  
(larg er po res) th a t a llo w  la rg e r h y d ro ca rb o n s  to  enter. A s a re su lt, a  large  n u m b er o f  
reac tio ns o ccu r in ca ta ly tic  re fo rm in g  over b ifu n c tio n a l ca ta ly s ts , su ch  as 
d eh y d ro g en a tio n  an d  d eh y d ro iso m e riz a tio n  o f  n a p h th e n e s  to  a ro m atic s , 
d eh y d ro g en a tio n  o f  p a ra ffin s  to  o le fin s , d eh y d ro cy c liza tio n  o f  p a ra ffin s  and  o le fin s  
to a rom atics . A ll re ac tio n s  are  d e s ira b le  excep t h y d ro c rack in g , w h ich  o ccu rs  to  a 
g rea te r ex ten t at h ig h  tem p e ra tu re  and  co n v erts  v a lu ab le  c+ m o le c u le s  (re fo rm ate ) 
in to ligh t g ases, an d  co k e  fo rm a tio n  th a t w ill ev en tu a lly  d e a c tiv a te  the  ca ta lyst. 
S om e ex am p les  o f  th e se  re ac tio n s  are  sh o w n  in F igure 2.3 .
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D eh yd ro g e n a tion  o f  a lk y lc yc lo h e xa n e s Iso m e riza tio n  o f  a lk y lc y c lo p e n ta n e s

Iso m e riza tio n  o f  p a ra ffin s

Cl I,

c i i j - n i . - r iM ’i r - c i i i ------- ►  (•Hj-CH-CHJ.CH;
CHj

CH}-CH>-('H.-OH>-OH -CH.-OHj------CH.-CH.-OHj-C-CH
ï

C oke  fo rm a tio n

C Ii ,-C H 2-C H 2- C H r C H r C l l r C U , - C H j ----------- ►  c *  t !>H

tr
D e h yd ro iso m e riza tio n  o f  a lk y lc y c lo p e n ta n e s H yd rocra ck in g  o f  p a ra ffin s

C , 0H „  + H_ ----------*๒- c fiu,.|

C-.-ffio * If2 ---------- C.iUtfi
c ,11,0

C M  i s

F ig u r e  2.3 M ajo r re a c tio n s  in  ca ta ly tic  re fo rm in g  o f  nap h tha .

2 .3 .2  c v e la r  P ro cess
C y c la r  c a ta ly tic  p ro cess  is o n e  o f  the m o st im p o rta n t p ro cesses  fo r 

p ro d u c in g  a ro m atic s . T h is  p ro cess  w as b a sed  on  U n iv ersa l O il P ro d u c tio n  (U O P ) 
co n tin u o u s ca ta ly s t reg e n e ra tio n  (C C R ) te ch n o lo g y  and  a  c a ta ly s t fo rm u la tio n  
e s tab lish ed  by BP. D u e  to  th e  p ro p o se  o f  co n v ert the ligh t a lk a n e s  (b y -p ro d u c t from  
F C C  unit) to B T X  a ro m a tic s , the  c a ta ly s t have  to  av a ila b le  in  o lig o m eriza tio n , 
c rack in g , and  a ro m a tiz a tio n . T h ere  are  th ree  m ain  c o m p o n e n ts  n am e ly  zeo lite , 
ga lliu m , and b ind er. It w a s  rep o rted  th a t the  B ronsted  ac id  s ite  o f  z eo lite  w as 
resp o n sib le  for th e  c ra c k in g , o lig o m eriza tio n , a ro m atiza tio n  w h ile  th e  p ro m o ted  G a 
p lay  a key ro le  as  a  d e h y d ro g e n a tio n  m e ta l, co n v ertin g  lig h t a lk an es  to  a lk en es, 
p recu rso r for p ro d u c in g  a ro m a tic s . T h e  b in d e r co m p o n e n t p ro v id e s  m ech an ica l 
in teg rity  and  sp h erica l sh ap e  to  the  ca ta ly s t.
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Reactor Section
Hydrogen fuelProduct Gas

F ig u r e  2 .4  S chem atic  re p re se n ta tio n  o f  U O P  C y c la r  P rocess.

T he C y c la r  p ro c e ss  can  be  d iv id ed  in to th ree  m a in  sec tio n s; (i) 
R eac to r, (ii) R eg en era to r, and  (iii) P ro d u c ts  R eco very . B ecau se  th e  n e t reac tio n  is 
en d o th e rm ic , the  in te rs ta te  reh ea tin g  w as ap p lied  to  a c h iev e  h ig h  per pass 
co n v e rs io n s  w h ile  m a in ta in in g  h ig h  a ro m a tic s  se lec tiv ity . T h e  lim ita tio n  o f  the 
c a ta ly s t is the  fast d eac tiv a tio n , th u s  req u irin g  it to  be re g en e ra ted  co n tin u o u s ly . T o 
so lv e  th is  p rob lem , th e  C y c la r  p ro cess  u se  U O P ’s C o n tin u o u s C a ta ly s t R eg en era tio n  
(C C R ) tech n o lo g y . T he  c a ta ly s t re g e n e ra tio n  is p e rfo rm ed  by  b u rn in g  o f f  th e  cok e  in 
th e  f lu id ized  bed  and  m o v in g  the  d e a c tiv a ted  ca ta ly s t to the  re g e n e ra to r  and  th e  re­
a c tiv a te d  ca ta ly s t to th e  reac to r. A s a  re su lt, th e  a ro m atic  y ie ld  is s tab le  in  lo ng  te rm  
o p e ra tio n .

2 .4  A r o m a t iz a t io n

O n e o f  the m o st im p o rta n t re ac tio n s  to  ob ta in  h ig h  v a lu e  ad d ed  p ro d u c ts  
fro m  n ap h th a  feed s to ck  is  th e  a ro m a tiz a tio n  o f  n -a lk a n e  w h ic h  is o f  co n sid e rab le  
th eo re tic a l and  in d u stria l im p o rtan ce . T h is  re a c tio n  is h ig h ly  c o m p le x  reac tio n  w h ich  
in v o lv e s  tran sfo rm a tio n  o f  v a r io u s  h y d ro c a rb o n s  in to  d iffe ren t re ac tio n  steps. T he 
a ro m a tiz a tio n  o f  n -a lk a n e s  o v e r  so lid  acid  ca ta ly s t such  as Z S M -5  can  be ex p la in ed
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v ia  a  tw o -s te p  m ech an ism  w h ich  firs t in c lu d es  d e h y d ro g en a tio n  an d  c rack in g  o f  
p a ra ffin s  to  form  an o le fin ic  in te rm ed ia te  an d  th e n  d e h y d ro cy c liz a tio n  o f  th e  o le fin ic  
in te rm e d ia te  to  form  a ro m atic s .

T he  tw o reac tio n s  d irec tly  re sp o n s ib le  fo r en rich in g  a ro m a tic s  are  the  
d eh y d ro g e n a tio n  o f  n ap h th en es  and  the  d e h y d ro c y c liz a tio n  o f  p a ra ffin s .

2.4.1 D eh y d ro g en a tio n
T he  firs t re a c tio n  can  be re p re se n te d  by  th e  d e h y d ro g e n a tio n  o f  

c y c lo h e x a n e  to  ben zene  in  F ig u re  2.5 .

1̂ 1
+ 3 H , AH =  +  221 K J/m ol

Kp = 6X105 @ 500°c

t*-

F ig u r e  2 .5  S chem atic  o f  cy c lo h ex an e  d e h y d ro g e n a tio n  to  ben zene .

T h is reac tio n  is fast; it re a c h e s  eq u ilib riu m  q u ick ly . T h e  reac tio n  is 
a lso  rev e rs ib le , h ig h ly  en d o th e rm ic , an d  th e  eq u ilib r iu m  co n stan t is  q u ite  large. It is 
e v id e n t th a t the  y ie ld  o f  a ro m a tic s  (b en zen e) is fav o red  at h ig h e r te m p e ra tu re s  and 
lo w er p ressu res . T he  e ffec t o f  d ec re a s in g  H 2 partia l p re ssu re  is ev en  m ore 
p ro n o u n c e d  in  sh iftin g  th e  eq u ilib r iu m  to th e  righ t. H o w ev er, แ 2 is s till n eed ed  to 
re ta rd  th e  coke  fo rm ation .

2 .4 .2  D eh y d ro cy c liz a tio n
T he seco n d  p ro cess  is th e  d eh y d ro cy c liz a tio n  o f  p a ra ffin s  to  

a ro m a tic s . F o r ex am p le , i f  /7 -h exan e  re p re se n ts  th is  reac tio n , th e  f irs t s tep  w o u ld  be 
th e  d eh y d ro g en a tio n  o f  h e x an e  m o lecu le  o v e r  th e  p la tin u m  surface , g iv in g  7 -h e x e n e  
( 2 -  o r  3 -h e x e n e s  are a lso  p o ss ib le  iso m ers) a f te r  th a t passed  th ro u g h  th e  cy c liza tio n  
to  cy c lo h e x a n e  ring  th en  d eh y d ro g e n a te s  to  b e n z e n e  in F igure  2.6.
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CH3(CH2)3CH=CH2 .^ . ,■ ,-^ AH = + 266 KJ/mol 
^  = 7.8X 1๙  @ 500°c

F igure 2 .6  S ch em atic  o f  « -h e x a n e  d eh y d ro c y c liz a tio n  to  ben zene .

T h is  is  a lso  an  en d o th erm ic  reac tio n , and  th e  eq u ilib r iu m  p ro d u c tio n  o f  a ro m a tic s  is 
fav o red  a t h ig h e r  tem p era tu res  and  lo w er p re ssu re s . H o w ev er, the  re la tiv e  ra te  o f  th is  
re a c tio n  is m u ch  lo w er th an  th e  d eh y d ro g e n a tio n  o f  cy c lo h ex an es .

F ro m  F ig u re  2 .7 , a  s tep w ise  d eh y d ro c y c liz a tio n  w ith  g rad u a l lo ss  o f  
h y d ro g e n  to  form  a  co n ju g a ted  tr ien e  fo llo w e d  by  r in g  c lo su re  an d  fu rth er 
d e h y d ro g e n a tio n  m ay  acco u n t fo r  a ro m a tic s  fo rm a tio n .

F igure 2 .7  A  step w ise  d e h y d ro c y c liz a tio n  o f  /7 -hexane .

D eh y d ro cy c liz a tio n  o f  /7 -octane can  p ro d u ce  e th y lb e n z e n e  an d  0-  
x y len e  b y  a  m ech an ism  th a t in v o lv es  th e  d irec t fo rm a tio n  o f  a s ix -m e m b e r  ca rb o n  
rin g  as sh o w n  in F igure  2.8.

1..............1. ................  [ ^ ^ c c
C - C - C - C - C - C - C - C  —

(EB)

(OX)

F igure 2 .8  A  m ech an ism  o f  /7 -o c tan e  d eh y d ro cy c liz a tio n .
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2.5 Lewis and  Bronsted Acid Concepts

G en e ra lly , th ree  ty p es  o f  d e f in itio n  hav e  b een  p ro p o sed  to  c la ss ify  th e  acid  
p ro p e rtie s . T h e  first d e f in itio n  w as  e x p la in ed  by  A rrh en iu s , A n  A rh e n iu s  ac id  is a 
su b s ta n c e  th a t in c reses th e  co n c e n tra tio n  o f  h y d ro n iu m  ions w h en  a d d ed  to  w ate r, 
re su lt in g  in  H ;,0 + ions.

A c id  +  H 2O -+ แ 3<ว+ +  C o n ju g a te  base
M o re  gen era l co n c e p t w as  la te r d ev e lo p e d  by  B ron sted  an d  L o w ry . T he  

B ro n s te d  ac id  is a p ro to n  d o n o r  an d  a B ro n sted  b ase  is a  p ro ton  a ccep to r . T h e  th ird  
d e f in itio n  w as  defin ed  by  G .N . L ew is. D u e to  th e  fac t th a t th ere  are  sev e ra l reac tio n s  
th a t se e m  to  be  o f  the  a c id -b a s e  n a tu re  w ith o u t in v o lv in g  in p ro to n  tran sfe r. T he  key  
p h e n o m e n o n  in  th is  th eo ry  b eca m e  th e  in te rac tio n  o f  a  p a ir  o f  e lec tro n s  o f  one 
m o ie ty  w ith  an  em p ty  o rb ita l o f  an o th e r. T he  L ew is  ac is  is de fin ed  as  an  e le c tro n -  
p a ir  a c c e p to r  and  L ew is base  is an  e le c tro n -p a ir  d o n o r. A s agree  w ith  B ro n s ted  and 
L o w ry  d e f in itio n , any  su b stan ce  th a t ac ts  as a p ro to n  d o n o r sho u ld  be  c la ss if ie d  as an  
ac id  an d  a n y  su b stan ce  th a t a ccep ts  a  p ro to n  sh o u ld  be  c lass ified  as a base .

In  zeo lite s  b o th  L ew is  and  B ro n sted  ac id  can ex ist. D u e  to the 
c o m p e n sa tio n  o f  neg a tiv e  ch a rg e  la ttic  A1 a to m  w ith  p ro ton , B ro n s ted  ac id  site  is 
fo rm e d  in s id e  the  zeo lite  vo id s . N o rm a lly , th e  n e g a tiv e  charge  co u ld  be  co m p en sa ted  
by  in tro d u c in g  m etal ca tio n s  in  th e  ex tra fra m e w o rk  p o s itio n  o f  zeo lite s . T he  ca tion s 
m e ta l c o u ld  b in d  to  one  o r m o re  o x y g en  a to m s c lo se  to  the  zeo lite  f ra m e w o rk  A l3+ 
an d  m a y  ac t as an  e le c tro n -p a ir  a ccep to r, in o th e r w o rd s  as a  L ew is ac id  site .

2.6 Zeolite

Z e o lite  are w a te r-c o n ta in in g  c ry s ta llin e  a lu m in o s ilic a te s  w ith  h igh ly  
o rd e red  s tru c tu re s  co n s is tin g  o f  S i 0 4 and  AIO4 te trah ed ro n  unit. A c tu a lly  a lu m in u m  
has a  s ta b le  co o rd in a tio n  n u m b e r o f  th ree . H o w e v e r  w ith in  the  zeo lite  s tru c tu re , the 
p re se n c e  o f  AIO4 te trah ed ra  in  th e  fu lly  s ilic e o u s  zeo lite  fram w o rk  re su lte d  in a 
n e g a tiv e  ch a rg e  on  the  o x y g en  a to m s su rro u n d in g  th e  la ttice  A1 ion . N o rm a lly , the  
n e g a tiv e  ch a rg e  w ill be co m p e n sa te d  by  p ro to n s , m etal ca tio n s, o r N H 4+. T he 
a d v a n ta g e  o f  zeo lite  s tru c tu re  o v e r  o th e r  so lid  m a te ria l w as illu s tra ted  as fo llo w e ;
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W ell defin ed  c ry s ta llin e  s tru c tu re , g o o d  rep ro d u c ib ility  in  p ro d u c tio n . 
W ell defin e  in n e r p o res  in  w h ich  a c tiv e  sp ec ie s  can  be resided . 
A d ju s tab le  f ram ew o rk  c o m p o s itio n  an d  cations a sso c ia ted  w ith  
d iffe ren t acid  p ro p ertie s  an d  stab ility .
V ario u s  s truc tu res th a t can  be u sed  as sh a p e -se le c tiv ity  ca ta ly s ts  fo r 
d iffe ren t reac tio n .
Z eo lite  ca ta ly sts  are th e rm a lly  s tab le  in  h ig h  tem p era tu re  an d  can  be 
reg en era ted  b y  c o m b u s tio n  o f  c a rb o n  d ep o sits .

2 .6 .1  Z S M -5  Z eo lite
Z S M -5 , Z eo lite  S o co n y  M o b il-5  (M F I F ram ew o rk ) is o n e  o f  the  m o st 

im p o rta n t z e o lite  u sed  in p e tro lem  and  p e tro ch em ica l in du stry . T he Z S M -5  stru c tu re  
is sh o w n  in  f ig u re  2 .9 , has 1 0 -m e m b e re d  o x y g en  rin g  w h ich  co m p o se  o f  5 - r in g s  as 
seco n d a ry  b u ild in g  un its. T h ese  s o -c a lle d  5 -1  u n its  are  s truc tu ra lly  an a lo g o u s  to  
m e th y c y c lo p e n ta n e . It has tw o  ty p e  o f  ch an n e ls : s tra ig h t chan nels  (5 .3 x 5 .6 Â ) and  
s in u so id a l ch a n n e ls  (5 .1 x 5 .5  Â ). T h ese  tw o  c h a n n e ls  a re  p e rp en d icu la r  to  each  o th e r 
an d  g en e ra te  in te rsec tio n s  w ith  d iam ete rs  o f  8.9 Â . T h e  absen ce  o f  large  cag es  w ith  
sm a ll w in d o w s  leads to th e  spec ia l c o k e -re s is ta n t p ro p ertie s  o f  H Z S M -5  zeo lite  
(C h en  et a i ,  1979).

T e tra h e d ra

F ig u r e  2 .9  S tru c tu re  o f  Z S M -5  zeo lite .

2 .6 .2  Z eo lite  A cid ity
T h e  acid  p ro p ertie s  o f  z eo lite  re su lte d  from  the p resen ce  o f  A IO 4 

te tra h e d ra  in  th e  fu lly  siliceou s zeo lite  fram ew o rk . Its n eg a tiv e  charge  on  th e  o x y g en  
a to m s su rro u n d in g  th e  la ttice  A1 ion  can  be c o m p e n sa te d  by  ex ch an g eab le  ca tio n s
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su ch  as (e .g . N a +, K +, M g2+, e tc). H o w ev er, th e  p o ss itiv e  ions can  read ily  be 
d isp lace d  b y  c o n ta c tin g  w ith  so lu tio n  o r o th e r  ch em ica l trea tm en ts . T h ese s  tio n s  are 
u su a lly  re fe rre d  to  as ex tra fram ew o rk  ca tio n s. T h e  im p o rta n t fo rm , H  fo rm s zeo lite , 
in  w h ic h  th e  n eg a tiv e  charge  is co m p e n sa te d  by  f ra m e w o rk -b o u n d  p ro to n s, g ive  rise  
to  v e ry  h ig h  a c id ity  o f  zeo lite  m a te ria ls . T h e  ac id  s tren g th  o f  zeo lite  m a in ly  d ep en d s  
on  S i/A l ra tio . A s th e  S i/A l d ec rease , th e  n u m b er o f  n e ig h b o rin g  A1 a to m s a ro u n d  the  
h y d ro x y l g ro u p  in crease: th e re fo re , th e  a c id ity  in c rea se  bu t acid  s tren g th  d ecrease . 
T h e  s tro n g e s t B ro n s ted  acid  site  c an  b e  o b ta in ed  u p o n  co m p le te ly  iso la ted  A1 in 
fra m e w o rk  d u e  to  the  h ig h e r e le c tro n e g a tiv ity  o f  Si c o m p a re d  to Al.

H Z S M -5  is the p ro to n ic  ty p e  o f  Z S M -5  zeo lite  that have  b een  u sed  in 
ac id  c a ta ly z e d  reac tio n . T y p ica lly , H Z S M -5  zeo lite  can  be  deriv ed  by  fo llo w in g  
step s:

i) C a lc in a tio n  to  d eco m p o se  th e  o rg an ic  am in e  tem p la te
ii) Ion ex ch an g e  o f  z eo lite  in so d iu m  fo rm  w ith  N H 4N O 3 so lu tio n  to 

be N H 4+ form
iii) C a lc in a tio n  o f  N H 4+ fo rm  in to  p ro to n ic  form
In  p rin c ip le , the  a c id ity  and  acid  s tren g th  are  the key  p ro p e rtie s  o f  

z eo lite  w h ic h  p lay  an  im p o rtan t ro le  in  th e  se lec tiv ity  an d  ac tiv ity  o f  zeo lite . T h e  ac id  
p ro p e rtie s  o f  z eo lite s  can  be ch a ra c te r iz e d  by  u s in g  a lk an e  crack in g , tem p era tu re  
p ro g ra m m e d  d eso rp tio n , m ic ro -c a lo r im e te r , IR  sp ec tro sco p y  and M A S  N M R  
o b se rv a tio n s . T w o  d iffe ren t ty p e  o f  ac id  site  a re  B ro n s ted  and L ew is ac id  sites. 
T y p ica lly , IR  sp ec tro sco p y  o f  p y rid in e  ad so rp tio n  can  be u sed  to  d iffe ren tia te  and  
m easu re  ra tio  o f  B ron sted  p er L ew is  ac id  sites. B ro n s ted  ac id  site  are  re la ted  to 
a lu m in u m  lo ca ted  in  the  fram ew o rk  o f  zeo lite s . L low ever, L ew is acid  site  are re la ted  
to  th e  e x tra - f ra m e w o rk  a lu m in u m  (E F A L ) o r d is to rted  a lu m in u m  in th e  fram ew o rk . 
E F A L  is u su a lly  g en era ted  d u rin g  th e  sy n th esis , c a lc in a tio n  o r/and  ion  ex ch an g e  
p ro cess  (F a rn e th  et a i ,  1995).

T h e  co n cen tra tio n  o f  th e  ac id  s ites lo ca ted  on  th e  ex tern a l su rface  and  
in  th e  p o re  m o u th  reg ion  o f  z eo lite s  c an  be  d e te rm in e d  u s in g  p robe m o lecu le s  w ith  
la rg e r k in e tic  d iam ete rs  co m p ared  to  th e  en tran ce  o f  th e  zeo lites and  th u s  th ese  
m o lecu le s  are  be liev ed  to  in te rac t o n ly  w ith  the  ac id  s ite s  located  on  the ex te rn a l 
su rface  an d  in  the  pore  m o u th  reg io n . In 1998 , W eb er et al. m easu red  the
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c o n c e n tra tio n  o f  th e  ac id  sites o f  s ily la te d  H Z S M -5  ze o lite s  using  tem p era tu re  
p ro g ra m m e d  d e so rp tio n  (T P D ) o f  4 -m e th y l-q u in o lin e . A s th e  k ine tic  d iam ete r o f  4 -  
m e th y l-q u in o lin e  (7 .3  Â ) is larger th an  th e  p o re  o p e n in g s  o f  H Z S M -5  zeo lite s  (5 .6  
X 5.3 Â ), th is  m o le c u le  is in capab le  o f  co m p le te ly  e n te rin g  in to  the p o res  and , 
th e re fo re , th e  a c id  s ite s  on the ex te rn a l su rface  o f  H Z S M -5  can  be q u an tita tiv e ly  
d e te rm in e d  (W e b e r  et a l ,  1998).

2 .6 .3  S h ap e  S e lec tiv ity  o f  H Z S M -5  Z eo lite
It is  b e liev ed  that th e  a c tiv e  s ite  o f  the  z e o lite  m o stly  lo ca ted  in  the  

p o re s  o f  th e  z eo lite . G en era lly , th e re  a re  se v e n  fu n d a m e n ta l s tep s , in vo lved  in th e  gas 
p h a se  re a c tio n  u s in g  zeo lite  cata lsy t. ^

i) D iffu s io n  o f  the  s ta rtin g  m a te ria ls  th ro u g h  the  b o u n d ary  lay e r to  
th e  ca ta ly st su rface .

ii) D iffu s io n  o f  the  s ta r tin g  m a te r ia ls  in to  th e  p o res  (pore  d iffu sio n ).
iii) A d so rp tio n  o f  the  re a c ta n ts  on  th e  in n e r  su rface  o f  the po res.
iv ) C h em ica l reac tio n  o n  th e  c a ta ly s t su rface .
v) D eso rp tio n  o f  th e  p ro d u c ts  fro m  the  c a ta ly s t surface .
v i)  D iffu s io n  o f  the  p ro d u c ts  o u t o f  the  po res .
v ii)  D iffu s io n  o f  th e  p ro d u c ts  aw a y  fro m  th e  ca ta ly s t th ro u g h  the  

b o u n d a ry  layer an d  in to  th e  gas ph ase .
T h e  sh ap e  se lec tiv ity  o f  the z e o lite  fo r  a  sp ec ific  re a c tio n  m ay  be in v o lv ed  in  

s tep  2, 4 o r /a n d  6 . B ased  on d iffe ren t co n tro llin g  s tep s , th e  shape se lec tiv ity  o f  
z eo lite  can  be c la ss if ie d  in to  th ree  ty p es; re a c ta n t se lec tiv ity , p ro d u c t se lec tiv ity , and  
re s tric ted  tra n s i tio n  s ta te  slectiv ity .

2 .6 .3 .1  R eactan t S e lec tiv ity
In th is case  o n ly  s ta rtin g  m a te r ia ls  w ih t ce rta in  s ize  and  shap e  

can  p e n e tra te  in to  th e  pore  o f  th e  zeo lite  an d  u n d erg o  re a c tio n  a t the ca ta ly tic  ac tive  
s ites . T he  b u lk ie r  re ac tan t w h ich  is la rg e r th an  th e  d ia m e te r  o f  th e  zeo lite  pore  w ill be 
lim ited . H en ce  th e  te rm  m o lecu la r s iev e  is ju s tif ie d . T a b le  2 .2  show ed  th e  p o re  
d ia m e te r  o f  so m e  zeo lite s  w ith  the  k in e tic  m o lu c u la r  d ia m e te rs  o f  som e reac tan t. 
F ro m  th is  d a ta , o n e  can  ju s tif ied  a su itab le  z e o lite  fo r a  p a r tic u la r  sta rting  m ate ria l.
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H o w ev e r, it sh o u ld  be  n o ted  th a t the  m o le c u le s  a re  n o t r ig id  o b jec ts  and  th a t the 
k in e tic  d ia m e te r  g iv es  o n ly  a  roug h  es tim a te  o f  th e  m o le c u la r  size .

Table 2.2 K in e tic  d iam e te rs  o f  som e re a c ta n ts  an d  p o re  s iz e s  d iam e te r o f  zeo lite  
(C y b u lsk i et a l , 20 01 ).

Molecule Kinetic diameter 
[nm]

Zeolite, pore size 
[nm]

He 0.25 KA 0.3
NIC 0.26 LiA 0.40
IbO 02 8 NaA 0 41
N>. SO: 0 36 Ca.A 0.50
Propane 043 Erionite 0 38x0 .52
«-Hexane 0.49 ZSM-5 0.54 X  0.56/0.51 X  0.55
Isobutane 0.50 ZSM-12 0 57x0 .69
Benzene 0.53 C'aX 0 69
//-Xylene 0.57 Mordenite 0.67-0.70
ecu 0.59 NaX 0.74
Cyclohexane 0.62 A1PO-5 0.80

/«-Xylene 0.63 VPI-5 1.20
Mesitylene 0.77
(CjHijhN 0.81

G en era lly , to s tu d y  th e  ca ta ly tic  c h a ra c te r iz a tio n  o f  zeo lite , 
th e  te s t re a c tio n  is c a rrie d  out. T he co n s tra in t in d ex  C l is th e  p a ram e te r , p resen ted  the 
re la tiv e  ra te  o f  c ra c k in g  o f  a  1:1 m ix tu re  o f  /7- h e x a n e  (k in e tic  d ia m e te r  o f  0 .49  nm ) 
an d  3 -m e th y lp e n ta n e  (k in e tic  d iam ete r o f  0 .5 6  nm ). T h is  v a lu e  is s tro n g ly  d ep en d en t 
on  th e  p o re  s ize  o f  th e  zeo lite . T he zeo lite  w ith  la rge  p o re  d ia m e te r, w h ich  is little  or 
no  sh ap e  se lec tiv ity , w ill resu lt in lo w  C l n u m b e r, b e tw e e n  ze ro  and  tw o. W hile  the 
m ed iu m  p o re  zeo lite  p o sses  ap p ro x im a te ly  tw o  to  1 2 , an d  v a lu e s  h ig h e r than  1 2  

re p re se n t th e  h ig h  sh ap e  se lec tiv ity  zeo lite  (sm a ll p o re  zeo lite ).
2 .6 .3 .2  P ro d u c t S elec tiv ity

P ro d u c t se lec tiv ity  c o rre sp o n d s  to  th e  c av ity  o f  the  zeo lite , 
o n ly  th e  ce rta in  s ize  an d  shape that can  ex it fro m  the  p o re  sy s tem . O n e o f  the  m o st 
w id e ly  s tu d ied  is th e  m é th y la tio n  and  th e  d isp ro p o rtio n  o f  to lu en e  ov er H Z S M -5
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zeo lite . B o th  re a c tio n s  lead  to  the fo rm a tio n  o f  O -, m -,  an d  p -x v le n e .  U n der the  
th e rm o d y n a m ic  e q u ilib r iu m , a  p -x y le n e  f ra c tio n  is lim ited  to  o n ly  24% . T h is is 
e x p la in e d  by  th e  fac t th a t fo r the sm alle r m o le c u le  p - x y le n e  h a s  d iffu s io n  ra te  h ig h er 
th a n  104 as co m p a re d  w ith  o th e r tw o iso m ers . D u e  to  th e  h ig h  d em an d  o f  p -x y le n e , 
its se le c tiv ity  o v e r  H Z S M -5  ca ta ly st can  be  in c re a se d  by , fo r  e x am p le ;

- Increasing  the  s ize  o f  th e  z e o lite  c ry s ta ls
- Inco rp o ra tio n  o f  c a tio n s  o r o th e r  o rg a n ic  m a te ria ls  in the 

p o re  s tructure
- C lo sin g  som e o f  th e  p o re  a p e r tu re s

2 .6 .3.3 R estric ted  T ran s itio n  S ta te  S e lec tiv ity
T h is  form  o f  shap e  se le c tiv ity  d e p e n d s  on  th e  chem ica l 

re a c tio n  o ften  p ro c e sd  v ia  in term ed ia tes . D u e  to  th e  z e o lite  cav ity , on ly  the 
in te rm e d ia te s  th a t h av e  a geom etrica l fit to  th e  zeo lite  p o re  can  be  fo rm ed  d u ring  the  
reac tio n . T h is  s e le c tiv ity  occu rs  p re fe re n tia lly  w h en  b o th  m o n o m o le c u la r  and  
b im o le c u la r  re a rra n g e m e n ts  are possib le . A n  e x a m p le  is th e  d isp ro p o rtio n a tio n  o f  เท- 
x y len e  to  to lu en e  an d  tr im e th y l-b e n z e n e s  in  th e  la rge  p o re d  zeo lite  Y. In case o f  
la rge  p o re  sy stem , th e  d ip h en y lm eth an e  c a rb é n iu m  ion  tra n s itio n  sta tes can  be 
fo rm ed  as p re c u rso rs  fo r  m ethy l g roup  rea rra n g e m e n t. T h u s  th e  reac tio n  p ro d u c t 
co n s is ts  m a in ly  o f  th e  u n sy m m etrica l 1 ,2 ,4 -tr im e th y lb e n z e n e  ra th e r  th an  m esity lene . 
O n  th e  co n tra ry , o v e r  m ed ium  pore  s iz ed  H Z S M -5 , m o n o m o le c u la r  xy len e  
iso m e riz a tio n  d o m in a te s  and  the fo rm er m e n tio n e d  d isp ro p o rtio n a tio n  is no t 
o b se rv e d  as a s ide  reac tio n .

2 .6 .4  P ro d u c tio n  o f  Z eolites
T h e  sy n th esis  o f  zeo lite  w as ach ie v e d  in  a lk a lin e  a q u eo u s  m ix tu res o f  

a lu m in u m  an d  s ilic o n  com p oun ds. T he  re a c tio n  co u ld  tak e  p lace  bo th  un der 
a tm o sp h e ric  p re ssu re  an d  h igh  presure  a u to c lav e . T h e  c ry s ta lliz a tio n  o f  a p articu la r  
z eo lite  w as ca re fu lly  co n tro lled  by co n c e n tra tio n  o f  th e  re a c ta n ts , th e  tem p era tu re , 
an d  th e  sh e a r in g  e n e rg y  o f  the  stirrer. T he  m ix in g  o f  liq u id  p h ase  re su lted  in  the  
fo rm a tio n  o f  gel, a  tra n s tio n  o f  the gel p h ase  in  to  th e  liq u id  a q eo u s  ph ase  occu rs , 
w h e re b y  c ry s ta llin e  z e o lite s  are form ed fro m  th e  a m o rp h o u s  p a rtic le s . T em p la tes  
su ch  a s  te tra p ro p y la m m o n iu m  h y drox ide  are  u sed  in  the  sy n th e s is  o f  silicon  rich
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p e ta s il z eo lite . T h e  c ,  H , an d  N o f  the  te r tia ry  a m m o n iu m  ca tio n  is rem o v ed  in  the 
su b se q u e n t c a lc in a tio n  o f  th e  m ic ro c ry sta llin e  p ro d u c t.

T h e  m o d ific a tio n  o f  the zeo lite  c o u ld  b e  d o n e  a f te r  th e  syn thesis. T he 
s im p le s t m e th o d  is th e  ex ch an g e  o f  e x tra - f ra m e w o rk  sp ec ies . T h e  S i/A l ratio  can be 
a d ju s t by  d e a lm u n a tio n  m e th o d , in vo lv ing  s team in g , a c id  tre a tm en t, and  am m onium  
e x ch an g e . T h e  in tro d u c in g  o f  o th e r m eta ls  su ch  as B, G a, F e  an d  T i in to  the zeo lite  
f ra m e w o rk s  has b een  w id e ly  pub lished . F o r e x a m p le , T ita n iu m -S il ic a te  (T S -1 ) , 
sy n th esized  h v d ro th e rm a lly  from  the m ix in g  o f  te trae th y l o r th o titan a te , te traethyl 
o r th o s ilic a te  w ith  S i:T i ra tio  o f  3 0 -5 0 , te tra p ro p y la m m o n iu m  h y d ro x id e , and w ater. 
T h e  re a c tio n  w as c a rried  o u t at 1 6 0 -1 8 0  °c  an d  ca lc in e d  a t 55 0  ๐c . T o ensures that 
T i a to n s  o ccu p y  la ttic e  s ite s  w ith  no near n e ig h b o u r  T i a to m s, th e  h ig h  S i:T i ra tios is 
reco m m en d ed .

2.7 The Catalytic Activity of HZSM-5 Catalysts

T h e  re a c tio n  p a th w ay  for ca ta ly tic  c ra c k in g  o f  p a lm  o il o v e r H Z S M -5  
c a ta ly s t w as  p ro p o sed  by  L en g  and  c o -w o rk e rs  (L en g  et a l ,  1999). F irstly , palm  oil 
u n d e rg o e s  th e rm a l an d  ca ta ly tic  c rack in g  on  th e  e x te rn a l su rface  o f  ca ta lyst to 
p ro d u ce  h e a v y  h y d ro c a rb o n s  and  ox y g en a tes. It w as  a ssu m e d  th a t the heavy  
h y d ro c a rb o n  w as  c ra c k e d  by  the  ex ternal ac id  s ite  re su ltin g  in  lig h t paraffin s and 
o le fin s , d u ffu sed  in to  th e  po re  o f  H Z S M -5 . W h ile  the  d e o x v g e n a tio n  o f  the 
o x y g e n a te s  fo rm ed  w a te r, ca rbon  d io x id e , an d  ca rb o n  m o n o x id e . L ig h t o lefins 
p a ssed  th ro u g h  th e  o lig o m eriza tio n  to p ro d u ce  h e a v ie r  a lk en es  an d  a lk an es in the 
ran g e  o f  g a so lin e , d ie se l, and  kerosen e  frac tio n s . T h e  a ro m a tic s  h y d ro ca rb o n s w as 
fo rm ed  by  th e  a ro m a tiz a tio n , a lky la tion  and  iso m e riz a tio n  o f  h e a v ie r  o lefins and 
p a ra ffin s .

T h e  co n v e rs io n  o f  g lycero l to  g a so lin e—ra n g e  a lk y l-a ro m a tic s  has been  
s tu d ied  o v e r  a  se rie s  o f  z e o lite s  (H Y , M o rd en ite , H Z S M -2 2 , an d  H Z S M -5 )  by  T ru ng  
an d  c o -w o rk e rs . T he  re su lts  sho w ed  th a t th e  p o re  s tru c tu re  o f  th e  zeo lite  p lays a key 
ro le  o n  th e  fina l p ro d u c t d istribu tion . W h ile  u s in g  o n e -d im e n s io n a l zeo lite  
M o rd en ite  and  H Z S M -2 2 , the  m ain p ro d u c ts  w a s  o x y g en a te s  (p ro p en a l and aceto l) 
w ith o u t th e  fo rm a tio n  o f  arom atics. In co n tra s t, o v e r  th ree  d im en s io n a l H Y  and
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H Z S M -5  ca ta ly s ts , it w a s  fo u n d  th a t g lycero l can  be  c o n v e r te d  to  h ig h  y ie ld  o f  C s -  
Cio a ro m a tic s . B y  v a ry in g  the  con tac t tim e , te m p e ra tu re , an d  p re ssu re , they  
su m m arized  th a t th e  lo n g er co n tac t tim e, h ig h e r te m p e a ra tu re , an d  p re ssu re  favor the 
a ro m a tic s  fo rm a tio n  (H o an g  et a l ,  2010).

T h e  e ffec t o f  H Z S M -5  ac id ity  to th e  a ro m a tiz a tio n  o f  a lco h o l w as stud ied  
by  v a ry in g  S i/A l ra tio s . V a sa n t and c o -w o rk e rs  c o n c lu d e d  th a t as S i/A l ratios 
d ec reased , th e  co n v e rs io n  o f  e th ano l and  m e th an o l to  a ro m a tic s  are  in c reased . It w as 
rea so n ab le  to  c o n c lu d e  th a t th e  a ro m atiza tio n  ac tiv ity  w as  d ep e n d e d  on  th e  ac id ity  o f  
the  c a ta ly s t (C h o u d h a ry  et a l ,  1985). E v en th o u g h , th e  e ffe c t o f  S i/A l ra tio s  w as also 
rep o rted  to  th e  h y d ro p h o b ic ity  o f  the cata lyst. A s re p o r te d  b y  Y o n g  an d  c o -w o rk e rs , 
by  s tu d y in g  th e  d eh y d ra tio n  o f  g lycero l, the  d e c ra se  in  S i/A l ra tio s  re su lted  in the 
s tro n g  a b so rp tio n  o f  w a te r, b lo c k e d  the  acid  s ites fro m  b e in g  a c e ss ib le  fo r reactan ts, 
thus lo w e r th e  ca ta ly tic  a c itiv ity  (K im  et a l ,  2011 ).

In  2 0 0 8 , C o rn a  an d  co w o rk er in v es tig a ted  th e  re a c tio n  p a th w a y  for the 
ca ta ly tic  c o n v e rs io n  o f  g ly ce ro l to acro le in  o v e r  Z S M -5  c a ta ly s t in  a fixed 
m ic ro ac tiv ity  te s t (M A T ) re a c to r  (C orm a et a l ,  2 0 0 8 ). T h e y  fo u n d  th a t, a c ro le in  w as 
o b ta in ed  b y  reac tin g  g a s -p h a s e  g ly ce ro l/w a te r  m ix tu re s  w ith  zeo lite  catalysts. 
G lycero l w a s  c o n v e rted  th ro u g h  a series o f  re a c tio n s  in v o lv in g  d eh yd ra tion , 
c rack in g , an d  h y d ro g en  tra n s fe r  and ca ta ly zed  by  th e  ac id  s ites  o f  the  zeolite . 
A cro le in  w as  the  m a jo r  p roduct; sho rt o le fin s , a ro m a tic s , ace ta ld eh y d e , 
h y d ro x y a c e to n e , ac id s, an d  ace to n e  also  w ere  fo rm e d  th ro u g h  a  c o m p lex  reaction  
ne tw o rk .

In 2 0 1 2 , T he  co n v e rs io n  o f  g lycero l to o le fin s  w as  s tu d ied  b y  Z ak a ria  and 
c o -w o rk e rs  (Z a k a ria  et a l ,  20 12 ). T hey  p ro p o se d  th a t, o v e r  H Z S M -5  cata lyst, 
g lycero l w a s  f irs t d eh y d ra ted  to form  3 -h y d ro x y p ro p a n a l . E v e n th o u g h  the 
d e h y d ra tio n  o f  g ly ce ro l can  p reced e  v ia  the fo rm a tio n  o f  a ce to l, 3 -h y d ro x y p ro p a n a l 
is a m o re  fea s ib le  o p tio n  d u e  to  its tendency  to  b re a k  up  fu rth e r  to  a c e ta ld eh y d e  and 
fo rm a ld eh y d e ; an d  v in y l a lco h o l and  fo rm ald eh y d e . V in y l a lco h o l u n d e r  th e  ca ta ly tic  
re ac tio n  c o n d itio n  w ill u n d e rg o  deo x y g en a tio n  p ro c e ss , re le a s in g  o x y g e n  to  form  
e th y len e . A t th e  sam e tim e , o th e r side reac tio ns in v o lv in g  a c e ta ld e h y d e  w ill trig ger 
the  fo rm a tio n  o f  p ro p y len e  and  bu ty lene. A c e ta ld e h y d e  w ill u n d e rg o  ca rb o n y l bond 
spec ific  d is so c ia tio n  fo rm  p ro p y len e . A t the sam e  tim e  p ro to n a te d  ace ta ld e h y d e  w ill
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co u p le  w ith in  i ts e lf  to  u n d e rg o  red u c tiv e  co u p lin g  to  fo rm  b u ty len e . F ro m  the 
ex p e rim en t, th e  p ro d u c tio n  o f  b u ty len e  w as a lm o st n e g lig ib le  an d  th is  can  be 
e x p la in ed  b y  th e  c ra c k in g  o f  b u ty len e  to form  e th y len e . D esp ite  th e  fo rm a tio n  o f  
e th y len e , p ro p y le n e  and  b u ty le n e , con tinuo us h e a tin g  e x p e rie n c e d  by  o lefin  
rem a in in g  in  th e  h y d ro c a rb o n  p o o l o f  zeo lite  n e tw o rk  w ill re su lt to  g rad u a l C -H  
bond e v e n tu a lly  b ro k en , v ia  d eh y d ro g en a tio n  p ro cess , th u s  re su lte d  to coke 
fo rm atio n  o n  c a ta ly s t su rface . F u rth erm o re , coke p re c u rso rs  p re fe r  to  fo rm  on  surface 
w ith  m o d e ra te  to  s tro n g  ac id  s ites, w h ich  th e n  f in a lly  lead  to  th e  ca ta ly st 
d eac tiv a tio n .

2.8 The Roles of Zn Species on Zn/HZSM-5 Catalysts

T h e  e ffe c t o f  in tro d u c in g  Z n on H Z S M -5  c a ta ly s t to  th e  a ro m atiza tio n  
p a th w ay  o f  p a ra ffin  w as s tu d ie d  by  V isw an adham  and  c o -w o rk e rs  (V isw an ad h am  et 
al., 1996). T h e  ev id e n t sh o w ed  th a t ov er H Z S M -5 , th e  p a ra ffin s  c ra c k in g  w as the 
first s tep , w h e re a s  o v e r  Z n /H Z S M -5  ca ta lyst it is p re fe re n tia lly  th e  paraffin  
d eh y d ro g en a tio n . T h e  re su lted  o le fin s  passed  th ro u g h  th e  c ra c k in g , o lig o m eriza tio n  
and  d e h y d ro c y c liz a tio n  to  g ive  arom atics . D ue to  th e  h ig h  c o n c e n tra tio n  o f  o lefins 
frag m en ts  o v e r  Z n /H Z S M -5 , th e  arom atics w ere  u ltim a te ly  im p ro v e d  w ith  the 
p resen ce  o f  Z n . M o reo v e r, th e  e ffec tiv e  co n v ers io n  o f  o le fin s  o c c u rin g  in  the 
p resen ce  o f  Z n  a lso  red u ced  the  seco n d ary  crack in g , re su lt in g  in  th e  th e  d ec rase  o f  
m eth ane  an d  e th an e . In  a d d itio n , th e  decrease  in C 9 a ro m a tic s  and  th e  in c rease  in 
to lu en e  w as  e x p la in e d  by  th e  p re fe ren tia l in d ire c t d e h y d ro c y c liz a tio n / d irect 
a ro m a tiza tio n  o f  n -h e p ta n e  in  s tead  o f  th e  c ra c k in g -a n d -o lig o m e riz a tio n  rou te .

T h e  in tro d u c in g  Z n  on  H Z S M -5  ca ta ly s ts  w as  a lso  s tu d ied  in  the 
tran sfo rm a tio n  o f  iso b u ty l a lco h o l to  arom atics (b en zen e , to lu en e , and  xy len e). T he 
resu lts  sh o w e d  th a t o v e r  H Z S M -5  cata lysts , th e  la rg e  a m o u n t o f  sh o rt a lkanes 
(p ro p an e  an d  b u tan e ) w as  g en era ted . H o w ev er by  lo ad in g  Z n  on  H Z S M -5  cata lyst, 
the  e n h a n c e m e n t in  a ro m a tic s  y ie ld s  (60  w t % ) w as  o b se rv ed . A s co m p a re d  w ith  
o ther d e h y d ro g e n a tio n  m e ta ls  (G a, M o, La, N i, A g , an d  P t), th e  s ig n if ic an t im prove 
in a ro m a tic s  w as  re su lts  from  tw o  m aners; (i) the  e x c h a n g e  o f  Z n  w ith  strong  
B ron sted  ac id  su p p re sse d  the  c rack in g  to  ligh t p a ra ffin s , (ii)  the  Z n  at ex ch an g e  site
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fac ilita te  th e  re c o m b in a tiv e  d e so rp tio n  o f  hy d ro g en , h e n c e , e n h a n c e  th e  reac tio ns 
to w ard  a ro m a tic s  (Y u  et a l ,  20 12 ).

T h e  e ffe c t o f  p re p a ra tio n  m e th o d  to the  fo rm a tio n  o f  Z n  sp ec ie s  w as  s tu d ied  
by  N iu  an d  c o -w o rk e rs  (N iu  et a l ,  2014). Z n -c o n ta in in g  H Z S M -5  z e o lite  w ere  
p repared  by  fo u r  m e th o d s  in c lu d in g  im p reg n a tio n , io n  ex c h a n g e , p h y s ica l m ix in g  
w ith  Z nO , an d  d ire c t sy n th esis . T he  ca ta ly s ts  w as te s ted  in  th e  p ro c e ss  o f  m e th an o l to 
arom atics . In  th e  case  o f  im p reg n a tio n , z inc  m ain ly  p re se n t as  Z n O H + w ith  a  sm all 
am o u n t o f  Z n O . W h ile  io n -e x c h a n g e  m eth od , on ly  Z n O H + sp ec ie s  w as fo rm ed . T he 
reac tio n  re su lts  sh o w e d  th e  lin ea r co rre la tio n  b e tw e e n  a m o u n t Z n O H + sp ec ie s  and 
the  se lec tiv ity  to  a ro m a tic s . T h e  Z n O H + species w a s  c o n c lu d e d  to  p ro m o te  the 
d e h y d ro g en a tio n  o f  lig h t h y d ro ca rb o n s  to a ro m atic s  an d  su p p re ss  th e  h y d ro g en  
tran sfe r reac tio n .

In o rd e r  to  u n d e rs ta n d  h o w  ex ch an g ed  Z n 2+ s ta b iliz e d  o n  H Z S M -5  
struc tu re , in situ  Zn  X -e d g e  X - r a y  ab so rp tio n  w as ap p lied . T h e  re su lts  sh o w ed  that 
by u s in g  a q u e o u s  p h a se  io n -e x c h a n g e  m ethod , c o n d e n sa tio n  re a c tio n  o f  (Z n O H )+ 
species w ith  a c id ic  O H  g ro u p s  lead  to the fo rm a tio n  o f  th e  a c tiv e  Z n 2+ cations 
in te rac tin g  w ith  tw o  A1 s ites  ( 0 “- Z n 2+- 0 “). T he te m p e ra tu re  p ro g ra m m e d  red u c tio n  
show ed  th a t in  c o n tra s t w ith  Z n O , th ese  Z n sp ec ies  d id  n o t red u ce  to  z e ro -v a le n t 
even  a t 90 0  ° c .  E x c h a n g e d  Z n  c a tio n s  increased  p ro p a n e  c o n v e rs io n  tu rn o v e r  ra tes, 
hy d rog en  fo rm a tio n  ra te s , an d  se lec tiv ity  to a ro m atic s  o n  H Z S M -5  (B isca rd i et a l ,  
1998).

A s is m e n tio n e d  e a rlie r , th e  exch ang e  o f  Z n  c a tio n s  w ith  B ro n s ted  ac id  site 
resu lted  in  th e  lo w e r  c a ta ly s t ac id ity . H o w ev er, th e  few  w e a k e r  B ro n s ted  ac id  sites 
w as re g e n e ra te d  a f te r  th e  h y d ro ly s is  o f  exch ang ed  Z n 2+ w ith  w a te r  as sh o w n  in 
equ a tion  1 .

- Z n 2+ +  H 20  -  Z n -O H + +  H + ( 1 )
In a g reem en t w ith  p re v io u s  w o rk , it app ears m ore  p a lu s ib le  th a t a p a rt o f  (Z n O H )+ 
w as no t s tab le  a t h ig h  te m p e ra tu re  and  tended  to  c o u p le  w ith  n ea rb y  O H  g ro u p s to  
form  H 20  an d  a  Z n 2+ ca tio n  in te rac t w ith  tw o a lu m in u m  s ite s  th ro u g h  th e  reverse  
reac tio n  1 ( E l-M a lk i  et a l ,  1999).

In th e  c o n tra s t w ith  a q u eo u s  phase  ion  e x c h a n g e  m e th o d , th e  ex ch an g e  o f  
H Z S M -5  zeo lite  w ith  Z n  v a p o rs , tw o  types o f Z n 2+ c a tio n s  are  su g g es ted  to  ex ist: (i)
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Z n 2+ in v ic in ity  o f  iso la te d  A1 c e n te r  and  (ii) Z n 2+ in  v ic in ity  o f  tw o  A1 cen te rs . 
W ild ly  a c cep ted  th a t Z n  a t e x ch an g e  site  en h an ces th e  a ro m a tiz a tio n  re a c tio n  d u e  to 
its ab ility  in  th e  re c o m b in a tio n  an d  deso rp tio n  o f  H 2 , h e n c e , th e  u n d e rs ta n d in g  in 
d isso c ia tio n  an d  re c o m b in a tio n  p ro c e sse s  o f  แ 2 on Z n /H Z S M —5 c a ta ly s t is im p o rtan t 
for c la rify in g  th e  m e c h a n ism  o f  a lk an e  d eh y d ro g en a tio n . K a z a n sk y  et al. s tu d ie d  the 
d isso c ia tio n  o f  แ 2 on  Z n /H Z S M -5  ca ta ly s t by  a ss ig n in g  a s ig n a l at 1 9 3 4 -1 9 3 6  cm -1  

to the  IR  v ib ra tio n a l f req u en cy  o f  Z n - H  bonds. T h ey  c o n c lu d e d  th a t o n ly  b y  u s in g  
chem ica l v a p o r  d e p o s itio n  o f  Z n  on  H Z S M -5  ca ta ly s t, Z n 2+ are  lo ca ted  o n  p a rtia lly  
charge  co m p e n sa te d  Z n 2+ io n s  an d  th is  species is re sp o n s ib le  fo r  th e  d isso c ia tio n  o f  
H 2 (K azan sk y  et a l ,  20 0 4 ). In co n tras t, by m o d e lin g  H 2 a d so rp tio n  on  bo th  
co m p le te ly  an d  p a r tia lly  ch a rg e  co m p en sa ted  Z n2+, S h u b in  et al. an d  Y ak o v le v  et al. 
ca lcu la ted  th e  แ 2 d is so c ia tio n  to  be  fav o rab le  on bo th  z in c  sp ec ies . H o w e v e r  th e  la te r 
ev iden ce , s tu d ied  b y  A le k sa n d ro v  and  c o -w o rk e rs  sh o w ed  th a t th e  d isso c ia tio n  o f  แ 2 

on  Z n 2+ ca tio n  at p a ired  A1 site  has the  lo w est free en e rg y  o f  a c tiv itio n . T h e  essen tia l 
ro le  o f  the  se c o n d  A1 c e n te r  in  v ic in ity  o f  the z in c  c a tio n  is g e n e ra tin g  th e  basic  
fram ew o rk  o x y g e n  cen te r, p a r tic ip a tin g  in the reac tio n  step s . W ith o u t the  seco n d  A1 
cen te r c lo se  to  th e  z in c  sp ec ies , th e  reac tio n  w ould  fo rm  ra th e r  s tab le  in te rm ed ia te s  
Z nH + or Z n (C 2H s)+ (A le k sa n d ro v  et a l ,  2010).

E v en  th o u g h  it w as a c cep ted  that the ex ch an g ed  Z n 2+ sp ec ie s  can  n o t be 
co m p le te ly  red u ced , th e  e ffec t o f  h y d ro g en  on the  e x c h a n g e d  Z n 2+ sp ec ie s  w as 
in vestiga ted  by  P y ird in e - IR . A n  in fre red  (IR ) sho w ed  the  fo rm a tio n  o f  p ro to n ic  acid  
site  by  h e a tin g  Z n /H Z S M -5  u n d e r  h y d ro g en  a tm o sp h ere . T h e  ease  o f  g en e ra tin g  
p ro ton ic  ac id  s ite  m ay  be d u e  to  th e  p resen ce  o f  stron g  L ew is  s ite s  and  z in c  pa rtic le s . 
T he z in c  p a r tic le s  m ay  p lay  a ro le  as an  active  site  for th e  d is so c ia tio n  o f  h y d ro g en  
m o lecu le  in to  h y d ro g e n  a to m s an d  the  L ew is acid  s ite s  m ay  s ta b iliz e  p ro to n s  by 
accep tin g  e le c tro n s  fo rm  h y d ro g e n a  a to m s. T he g en era tio n  o f  th is  n ew  p ro to n ic  acid  
site  w as p ro v ed  to  s ig n if ic a n tly  e n h an ce  the  iso m eriza tio n  o f  « -p e n ta n e  (T riw ah y o n o  
et a l ,  2 0 1 1 ).
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2.9 Modified HZSM-5 Catalysts for Highly Selective p-Xylene Formation

T he p o re  s iz e  o f  Z S M -5  is k n o w n  to be a shap e  se le c tiv e  fo r  th e  fo rm a tio n  
o f  p -x y le n e . G e n e ra lly  in  th e  d iffu s io n  con tro l reg ion , th e  in c re a se  in  c ry s ta l s ize  o f  
Z S M -5  w ill in c rea se  th e  d iffu s io n  re sis tan ce . A s a  resu lt, th e  p - x y le n e  se lec tiv ity  
w ill be in c reased  w ith  d ec rea s in g  th e  con versio n . H o w ev er, it w as  im p o ss ib le  to 
m ax im ize  th e  p - x y le n e  se lec tiv ity  by  ad ju stin g  on ly  c ry sta l s ize  b eca u se  ac id  s ites 
p resen t bo th  in s id e  an d  o u ts id e  o f  the  H Z S M -5  crystal. E v en  o n ly  p - x y le n e  th a t can  
d iffuse  ou t o f  th e  p o re , th e  iso m erza tio n  o f  p -x y le n e  to  0-  an d  m -x y le n e  a lso  tak e  
pa lse  on  the  ex te rn a l B ro n s ted  ac id  site. C o nsequ en tly , the  ac tu a l p - x y le n e  is lo w er 
th an  the v a lu e  w ith o u t th e  e ffec t o f  reac tio n s  on  the e x te rn a l su rface  (M ir th  et 
a l ,  1993). T h u s th e  id e a  to m o d ify  th e  ex te rn a l su rfaces w ith  an  in a c tiv e  lay e r hav e  
been  in te rested  fo r  d eca d es .

A  p o s t- s y n th e s is  m o d ific a tio n  by  chem ical v a p o r  d e p o s itio n  (C V D ) o f  
te trae th y lo rth o s ilic a te  (T E O S ) is one  o f  the  m ost e ffec tiv e  m e th o d s  to  e n h a n c e  the  
shape se lec tiv ity  o f  H Z S M -5  ca ta ly s t (N iw a  et a i ,  1992). D u e  to  th e  la rg e r k in e tic  
d iam eter o f  s ilic o n  a lk o k x id e s , co m p ared  w ith  the po re  o f  H Z S M -5 , o n ly  h y d ro x y l 
g roups on the  e x te rn a l su rface  and  n ea r  pore  o p en in g s  reac t w ith  th e  s ily la tin g  
agen ts. A s a  re su lt, th e  S i - O - S i  o r S i - O - A l  bonds w ere  fo rm e d  as a p a ss iv a tio n  o f  
th ese  u n slec tiv e  ac id  site . N ev e rth e le ss , the  pore  o f  H Z S M -5  are  s im u lta n e o u s ly  
narrow ed o r p a r tia lly  b lo ck ed .

A lte rn a tiv e ly , ch em ica l liq u id  d ep o sitio n  (C L D ) can  be  u sed  to  m o d ify  th e  
ex ternal su rface  o f  z eo lite . C o m p ared  w ith  C V D , C L D  can  be  m o re  ea s ily  ap p lied  to  
a  large scale  in d u s tria l p rep a ra tio n . H o w ev er, the n a rro w in g  o f  p o re  m o u n th  a lso  led  
to  the d ep o sitio n  o f  c o k e  on  th e  ex te rn a l su rface  o f  H Z S M -5  c a ta ly s t, sam e p ro b lem  
w as also  p re sen t in  th e  C V D  m eth o d  (G ru n d lin g  et al. , 1996).

In stead  o f  c o a tin g  w ith  s ilica , the  su rface  d ea lu m in a tio n  o f  z eo lite  c a ta ly tic  
partic les is o n e  o f  th e  m o s t e ffec tiv e  w ay s  to  e lim inate  th e  ex te rn a l ac id  s ites. T he 
po iso n in g  a d so rp tio n  o f  ex te rn a l ac id  s ites have been s tu d ie d  o v e r  z eo lite  su ch  as 
py rid ine  (N ay ak  et a l ,  1984), 4 -m e th y lq u in o lin e  (Jen n in g s  et a l ,  1990), an d  2 ,4 -  
d im e th y lq u in o lin e  (พ น  et a l ,  1998). H o w ev er the rem o v a l o f  s tro n g  ac id  s ites 
decreased  th e  ca ta ly tic  a c tiv ity  o f  th e  ca ta lyst.
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D ue to th e  fac t th a t ev en  by  u s in g  the  above m en tio n ed  m e th o d ; C V D , C L D , 
and  d ea lu m in a tio n , it is d iff ic u lt to  fu lly  rem o v e  the acid  s ite  o n  th e  ex te rn a l su rface . 
T he  d ev e lo p m en t o f  n ew  co m p o s ite  z eo lite  con sisting  o f  Z S M -5  an d  silica lite  lay e r 
w as  s tu d ied  to  so lv e  th is  p ro b lem . A s w id e ly  know n, the ac id ity  o f  z eo lite  cam e fro m  
th e  p resen t o f  tr iv a le n t e lem en ts , m o st case  is A l, su b stitu ted  w ith  a  tr iv a len t n eg a tiv e  
ch arg e . T he ch a rg e  is b a la n c e d  by  c a tio n  exch ang ed  w ith  p ro to n  o r a lk a lin e  ea rth  
m eta l. T he p re sen ce  o f  p ro to n  b eh av e  as  a  strong  acid  site  b o th  in  th e  crysta l and  on  
th e  ex te rn a l su rface . F o c u ss in g  in  s ilic a lite , the  fram ew ork  s tru c tu re  is cod e  n am e  o f  
M F I, sam e as Z S M -5 . O n  th e  c o n tra ly , s ilica lite  do es n o t co n ta in e  A l in the  
fram ew o rk , th us sh o w s no  ac id ity . C o a tin g  silica lite  on  Z S M -5 , tw o  p o ss itiv e  e ffec ts  
co u ld  be ex p ected . F irs tly , th e  se lec tiv e  p erm ea tio n  o f / 7-x y le n e  th ro u g h  the  in ac tiv e  
s ilica lite  lay er can  be ex p ec ted . S o co n d ly , the  inactive s ilic a lite  lay e r in h ib its  the 
iso m eriza tio n  from  / 7-x y le n e  to  o th e r  x y len e  isom ers on  th e  e x te rn a l su rface . In the 
d iffu s io n  con tro l re g io n , / 7- x y le n e  is m a in ly  form ed in side  c ry s ta ls . In th is  case , the  
seco n d  effec t is m o re  im p o rta n t to  im p ro v e  / 7-x y le n e  (V u  et a l ,  2 0 06 ).
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