
CHAPTER IV
CONVERSION OF GLYCEROL TO AROMATIC HYDROCARBONS 

OVER Zn-PROMOTED HZSM-5 
(Published in Catalysis Today)

4.1 Abstract

C a ta ly tic  c o n v e rs io n  o f  g lycero l to B T X  a ro m a tic s  has b een  in v estig a ted  
ov er H Z S M -5  an d  Z n -p ro m o te d  H Z S M -5  ca ta lysts . T he  re a c tio n  p a th w a y  o f  g lycero l 
to a ro m a tic s  w a s  p ro p o sed . G lycero l w as first d e h y d ra te d  to  th ree  m ain  
in te rm ed ia te s , p ro p e n a l, ace ta ld eh y d e , and aceto l. T h e  c o m b in a tio n  o f  o x y g en a te  
pool and  o le fin  o lig o m e r fo rm ed  heav y  a ro m atics  in th e  h y d ro c a rb o n  pool v ia 
o lig o m eriza tio n  an d  cy c liz a tio n . T he  d isp ropo rtio n  and  c ra c k in g  o f  th e  h y d ro ca rb o n  
pool g e n e ra ted  a ro m a tic s  an d  a lso  sh o rt alkanes. T he  e ffe c ts  o f  z eo lite  ac id  p ro p erties  
to the a ro m a tiz a tio n  o f  g ly ce ro l w ere  in vestiga ted  o v e r  H Z S M -5  w ith  vario us 
S i0 2/A l20 3 ra tio s  i.e. 23, 30 , 50 , 80, and  280. In o rd e r  to  im p ro v e  th e  a ro m atic s  
se lec tiv ity , th e  d e h y d ro g e n a tio n  m eta l, Zn w as p ro m o ted  on  th e  H Z S M -5  zeo lite s  by 
bo th  a q u eo u s  p h a se  io n -ex ch an g e  (IE ) and in c ip ien t w e tn e ss  im p re g n a tio n  (IW I) 
m ethods. X P S , E X A F S , H 2-T P R , and T P D -IP A  (te m p e ra tu re  p ro g ram m ed  
d eso rp tio n  o f  iso p ro p y la m in e )  w ere  em ployed  to in v es tig a te  th e  a c tiv e  sp ec ie s  o f  Z n 
in a ro m a tiz a tio n  o f  g lycero l. B y  usin g  aqu eou s p h ase  io n -e x c h a n g e  m e th o d , the 
ap p earan ce  o f  Z n  sp ec ie s  w as o n ly  in the form  o f  b iv a le n t Z n  c a tio n s  at ex ch an g ed  
site. D ue to  th e  ex ch an g e  o f  th ese  species w ith  s tro n g  B ro n s ted  ac id  s ite , the 
fo rm ation  o f  a ro m a tic s  ten d ed  to  increase  by su p p re ss in g  the  h y d ro g e n  tran sfe r 
reac tio n  an d  fo rm a tio n  o f  ligh t pa ra ffin s . Z nO  sp ec ies , fo rm ed  by  in c ip ie n t w e tn ess 
im p reg n a tio n  m e th o d  w as found  to  be less active fo r th e  reac tio n .
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4.2 Introduction

A ro m a tic s  are  in  w id esp read  used  as feed sto ck s  fo r  n u m ero u s  ch em ica l 
industrial p ro cesse s . T h e  co n v e n tio n a l p rocesses, c a ta ly tic  re fo rm in g  o f  h eav y  
nap h tha  an d  a ro m a tiz a tio n  o f  lig h t p a ra ffin s  are the trad itio n a l ro u tes  fo r  these  
arom atics p ro d u c tio n  [1], H o w ev er, b o th  p rocesses re lied  on  th e  n o n ren ew ab le  
resources o f  c ru d e  p e tro le u m  o il an d  coal. D ue to  th e  sh o rtag e  o f  p e tro leu m  
resources an d  th e  r is in g  e n v iro n m en ta l con cern , the  u se  o f  ren e w a b le  re so u rce s  has 
gained  m ore  a tten tio n . A s one  o f  th e  b io m ass-d eriv ed  o x y g e n a te d  h y d ro ca rb o n s , 
g lycero l is o b ta in e d  ap p ro x im a te ly  1 0  w t %  as b y -p ro d u c t d u rin g  th e  b io d iese l 
p rod uc tion  v ia  tra n se s te rif ic a tio n  re a c tio n  o f  veg etab le  o ils  an d  an im al fa ts  [2 -4 ]. T he 
w orldw ide  g ro w th  o f  b io d iese l p ro d u c tio n  is lead ing  to  a  c o n tin u e d  in c rea se  in  the 
g lycerol su p p ly  an d  a lso  d ec rea se  in  the g lycero l p rice . F o r  th ese  rea so n s , recen t 
s tu d ies have  in v e s tig a te d  w ay s to  c o n v e rt g lycero l to m o re  v a lu a b le  c h em ica ls  such 
as 1-h y d ro x y ace to n e  [5], fo rm a ld eh y d e  [6 ], fuel ad d itiv es  [7], a c ro le in  [8 -1 0 ], aceto l 
[6 ], and  a lky l a ro m a tic s  [11], S evera l s tu d ies  have in v es tig a ted  the  reac tio n  p a th w ay  
for tran sfo rm a tio n  o f  g ly cero l to o le fin s  [12, 13]. H o w ev e r, from  the  b est o f  our 
kn ow ledg e , no  li te ra tu re  d ed ica ted  to  c lass ify  the de ta ils  o f  in te rm ed ia te s  ev o lu tio n  
to arom atics  h as  b e e n  p u b lish ed .

H ere in , w e  rep o rt th e  o n e -s tep  transfo rm atio n  o f  g ly ce ro l to  a ro m a tic s  ov er 
various S iC b /A F C b ra tio s  o f  H Z S M -5  ca ta lysts . D ue to  its sh ap e  se le c tiv ity  and 
su itab le  ac id  p ro p e rtie s , H Z S M -5  sh o w ed  the su p erio r  c a ta ly tic  p e rfo rm an ce  in 
con verting  g ly ce ro l to  a ro m a tic s  [11 , 14, 15]. To en h an ce  th e  ac tiv ity  and  se lec tiv ity  
to  B T X  a ro m a tic s , d e h y d ro g e n a tio n  p ro m o ter, Z n, is in co rp o ra te d  to  th e  H Z S M -5  
zeo lites [16], B ro a d ly  sp eak in g , H Z S M -5  zeo lites m o d ifie d  w ith  Z n are  ac tive  
ca ta lysts  fo r th e  a ro m a tiz a tio n  o f  ligh t a lk anes [17-20], T h e  m o d ified  Z n  p ro m o te s  
the fo rm ation  o f  a ro m a tic s  by d ec rea se  the  strong  B ro n sted  ac id  s ites, su p p re ssed  the  
paraffin s fo rm a tio n  and  p lay  a k ey  ro le  in the d e h y d ro g e n a tio n  reac tio n  for the 
fo rm ation  o f  o le fin s  [16] w h ereas  th e  B ron sted  ac id  s ites o f  H Z S M -5  are  re sp o n s ib le  
for o lig o m eriza tio n  an d  a ro m a tiz a tio n  o f  the  resu lting  o le fin s  [21], A lth o u g h  ad d itio n  
o f  Zn has b een  fo u n d  v e ry  e ffec tiv e , th e  Z n species th a t en h an ced  a ro m a tiza tio n  
reaction  is still a m a tte r  o f  d ispu te .
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T he m e th o d s  o f  Z n  in tro d u c tio n  had  a  strong  in flu e n c e  to  the  fo rm a tio n  o f  
d iffe ren t Z n sp ec ie s  [22], B y  u s in g  th e  con ven tio nal in c ip ie n t w e tn e ss  im p reg n a tio n  
(IW I) and ion  e x c h a n g e  (IE ) te ch n iq u es , Z n /H Z S M -5  w as  fo u n d  to  co n ta in  (i) 
iso la ted  Z n2+ io ns ex ch a n g e d  at th e  ca tio n -ex ch an g e  s ite  o f  th e  zeo lite , (ii) Z n O  
species [21, 22] an d  ( iii)  [Z n O Z n ]2+ resu ltin g  from  th e  c o n d e n sa tio n  o f  p a rtia lly  
hy d ro lyzed  Z n O H + [20, 23 ], A lek san d ro v  and c o -w o rk e rs  u sed  the lin ea r 
co m b in a tio n  o f  G a u ss ia n -ty p e  o rb ita ls  f ittin g -fu n c tio n s  d e n s ity  fu n c tio n a l m e th o d  
(L C G T O -F F -D F ) to  s tu d y  th e  s tru c tu re  and  stab ility  o f  d iffe re n t Z n  sp ec ies , Z n 2+, 
Z n O H +, Z n (H 20 ) 2+, an d  Z n O Z n 2+ [24], T hey  co n c lu d ed  th a t the  fo rm a tio n  o f  
[Z n O Z n ]2+ from  Z nO FI+ o r Z n (H 20 ) 2+ w as en e rg e tica lly  u n fa v o ra b le  w h ich  w as 
accep ted  very  w e ll w ith  th e  p rev io u s  s tu d ies  [25-27], T h e  a c tiv ity  o f  iso la ted  Z n ‘ f 
ions at ex ch an g ed  site  o f  th e  zeo lite  an d  Z nO  species w as  s tu d ie d  by  Y u et al. [16, 
28], T hey  u sed  p y rid in e -IR  an d  U V -v is  abso rp tio n  sp ec tra  co n firm e d  th e  g en era tio n  
o f  Z n ca tion s a t e x c h a n g e d  site  and  Z n O  cluster. T he Z n  c a tio n s  a t e x ch an g ed  site  
p rom o ted  th e  a ro m a tiz a tio n  reac tio n  by  sup pressing  the  m u ltip le  o lig o m e riz a tio n  
crack in g  steps fo r C 3 fo rm a tio n  and  fac ilita tin g  the d eh y d ro g e n a tio n  re ac tio n s  fo r the  
fo rm ation  o f  a ro m a tic s , w h e re  as th e  fo rm a tio n  o f  large Z n O  p a rtic le  re su lted  in the  
decreasin g  o f  a ro m a tic s  y ie ld  by  b lo ck in g  the pore o f  H Z S M -5 . H o w ev er, fro m  th e  
theoretica l c a lcu la tio n s , th e  C -H  a c tiv a tio n  by e x tra -fra m e w o rk  o  ligan ds o f  
oxyg enated  Zn c o m p le x e s  is m o re  fav o rab le  than  the la ttice  o x y g en s  o f  the  zeo lite  
du e  to its h ig h e r b a s ic ity  an d  a ffin ity  to w ard s  H + [29], T h e  c ru c ia l ro le  o f  Z nO  
species on H Z S M -5  fo r a lk an e  a c tiv a tio n  has been d em o n s tra te d  b y  S tep an o v  et al. 
[30-35],

In o rd e r to  in v es tig a te  the e ffec t o f  each Z n  sp ec ie s  to  th e  a ro m a tiza tio n  
ac tiv ity , w e v a ried  th e  am o u n t o f  Z n lo ad in g s  and the lo ad in g  te c h n iq u e s , w h ich  are 
IE  and IW I m eth o d s. T h e  c o m p arab le  am o u n t o f  Zn p rep a red  by  b o th  m e th o d s  w as  
con firm ed  by  a to m ic  a b so rp tio n  sp ec tro sco p y  (A A S). T h e  sp ec ie s  o f  Z n  w as s tu d ied  
by  X -ray  p h o to e le c tro n  sp ec tro sc o p y  (X P S ) and ex ten d ed  X -ra y  ab so rp tio n  fine  
struc tu re  (E X A F S ).

I  2 ^ 3  6 ^ 3 .0 ?



36

4 .3  E x p e r im e n ta l

4.3.1 C a ta ly s t P rep a ra tio n
T he N H 4Z S M - 5  z eo lite s  w ith  S iC V A E C ^ ra tio s  o f  23 , 30 , 50 , 80, and  

2 8 0  w ere  p ro v id ed  by  Z e o ly s t In te rn a tio n a l. T h e  p o w d ered  ca ta ly s ts  w ere  p e lle tized  
and  sieved  to  20 -  4 0  m esh  to  a tta in  th e  su itab le  ca ta ly st p ac k in g  in  th e  reac to r. T he  
ca ta ly s ts  w ere  ca lc in ed  in  a ir  a t 550  ๐c  w ith  a  hea tin g  ra te  o f  10 ๐c /m in  for 5 h. T he 
o b ta in ed  ca ta ly s ts  a re  d en o te d  as  H Z S M -5  (x), w here  X is th e  S iC ^ /A fC E  ra tio s  o f  
H Z S M -5 . In o rd e r to  s tu d y  th e  e ffec ts  o f  d iffe ren t Z n  spec ies , Z n -p ro m o te d  H Z S M -5  
ca ta ly s ts  w ere  p rep a red  by  IE  an d  IW I m e th o d s .

° y Z n /H Z S M -5  (IW I) c a ta ly s ts  w ere  p repared  by in c ip ien t w e tn ess 
im p reg n a tio n  o f  H Z S M -5  (3 0 ), w h e re  y  re fe rs  to the  Z n lo ad in g  (w t % ). T he  H Z S M - 
5 (4  g) w as im p reg n a ted  w ith  the  aq u eo u s  so lu tio n  co n ta in in g  d e s ired  am o u n t o f  
Z n (N 0 3 )2.H 20 , fo llo w ed  by  d ried  in  an  o v en  at 120 °c o v e rn ig h t an d  ca lc in ed  at 550 
°c (h ea tin g  ra te  o f  10 ° c /m in )  in  a ir  fo r 5 h.

>’Z n /H Z S M -5  (IE ) c a ta ly s ts  w ere  p repared  by  a q u eo u s  ph ase  ion- 
ex ch an g e  m eth od . T h e  H Z S M -5  (30 ) w as  s tirred  in an aq u eo u s so lu tio n  o f  0 .005  -
0 .05  M  Z n(N Û 3)2.H 20 at 70  °c for 12 h. S u b seq u en tly , th e  o b ta in e d  ca ta ly s ts  w ere  
w ash ed  w ith  ex cess  d is tilled  w a te r, fo llo w e d  by  d ried  in  an o v en  a t 120 ๐c  o v e rn ig h t 
an d  ca lc in ed  at 550 °c (h ea tin g  ra te  o f  10 ๐c /m in )  in air for 5 h.

4 .3 .2  C h a ra c te riz a tio n
T he re la tiv e  c ry s ta llin itie s  o f  the  H Z S M -5 z e o lite s  b e fo re  and  a fte r 

lo ad in g  Z n w as an a ly zed  by  a  R ig ak u  X -ra y  d iffrac to m ete r (X R D ) w ith  C u  tu be  for 
g en e ra tin g  C u K a  rad ia tio n  (X =  1.5418 Â ) a t room  tem p e ra tu re . T he  20 is in  the  
ra n g e  b e tw een  5 and  40  w ith  a  scan n in g  ra te  o f  5 7 m in . Z n lo a d in g s  on  the  ca ta ly s ts  
w e re  d e te rm in ed  by  a to m ic  ab so rp tio n  sp ec tro sco p y  (A A S ). T h e  sp ec ific  su rface  a rea  
an d  m icro p o re  v o lu m e  o f  th e  sam p les  w ere  m easu red  by  the  B ru n a u e r-E m m e t-T e lle r  
(B E T ) m ethod . T h e  te m p e ra tu re -p ro g ra m m e d  reduc tio n  (T P R ) o f  Z n /H Z S M -5  w as 
p e rfo rm ed  u n d er a re d u c in g  gas c o n ta in in g  10%  H 2 in A r w ith  a  th e rm a l c o n d u c tiv ity  
d e tec to r. T he tem p e ra tu re  w as  ra ised  fro m  30 -800  ๐c  w ith  a h ea tin g  ra te  o f  10 
° c /m in . T he te m p e ra tu re  p ro g ram m ed  d eso rp tio n  o f  iso p ro p y la m in e  (IP A -T P D ), 
w a te r  (H 2O -T P D ), and  am m o n ia  (N H 3-T P D ) w ere  p erfo rm ed  in  a  h o m em ad e  flow
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ap p a ra tu s  u s in g  a q u a rte r  in ch  q u a rtz  tu b e  re a c to r  co n nected  to  an  o n lin e  M S d e tec to r 
(M K S  C irrus). T he IP A -T P D  and  H 2O -T P D  ex p erim en ts  w ere  ca rried  ou t in  the  
ra n g e  o f  30 -8 00  °c at a  ram p  ra te  o f  20  ° c /m in ,  w h ereas  N H 3-T P D  ex p e rim e n t w as 
m o n ito re d  at the ran g e  o f  15 0 -70 0  ๐c  at a  h ea tin g  ra te  o f  10 ° c /m in .  T he X -ray  
p h o to e lec tro n  sp ec tro sco p y  (X P S ) o f  Z n /H Z S M -5  sam ples w as c o n d u c ted  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 o n o ch ro m atic  A lK a  w as u sed  
as  an  X -ray  sou rce  (an o d e  H T  =  15 kV ). T h e  X P S  peaks w ere  re fe re n c e d  to  the  
b in d in g  en erg y  o f  c  ( I s )  p eak  a t 285 eV . T h e  local p ro p ertie s  o f  Z n  a to m  w as 
an a ly z e d  by  an ex ten d ed  X -ra y  a b so rp tio n  fine  struc tu re  (E X A F S ) tech n iq u e , 
p e rfo rm ed  at b eam lin e  B L 8 s ta tio n , S y n ch ro tro n  L igh t R esearch  In s titu te  (S L R I), 
o p e ra te d  a t 2.5 G eV  w ith  106-1 0 8 m A  o f  rin g ^cu rren t. T he d a ta  w e re  reco rd ed  in  
f lu o re scen ce  m od e  at ro o m  tem p e ra tu re  using  G e(22 0) d o u b le  crysta l 
m o n o ch ro m ato r. T he d a ta  a n a ly s is  w as p e rfo rm e d  using  A rth en a  v e rs io n  0 .9 .1 8 .2 .

4 .3 .3  C a ta ly tic  A c tiv ity  T es tin g
T he p u re  g ly ce ro l (> 9 9 .9 9 % ) w a s  fed to ge ther w ith  a N 2 ca rrie r  at a 

f lo w ra te  g iv ing  a m o la r  ra tio  o f  N 2/g ly ce ro l o f  10:1. T he  reac tio n  w as  ca rried  ou t at 
te m p e ra tu re  o f  40 0  ๐c ,  p re ssu re  o f  300 psig , an d  W /F  ranged  fro m  0 .07  to  1 h. T he 
liq u id  p ro d u c ts, in c lu d in g  w a te r, w ere  co lle c te d  in  a  cold trap  an d  an a ly z e d  by  an  
A g ile n t 58 90  gas c h ro m a to g ra p h  eq u ip p ed  w ith  a  cap illa ry  H P -IN N O W A X  co lum n . 
N o n -c o n d e n se d  p ro d u c ts  w ere  an a ly zed  o n -lin e  by a  S h im ad zu  G C -1 7 A  gas 
ch ro m a to g ra p h  eq u ip p ed  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 lum n.

4 .4  R e s u lt s  a n d  D is c u s s io n

4.4.1 R eac tio n  P a th w a y  fo r C o n v e rtin g  G lycero l to A ro m a tic s  
0 In o rd e r to  s tu d y  th e  re a c tio n  p a th w ay  o f  co n v e rtin g  g ly cero l to 

a ro m a tic s , the  p ro d u c t s e le c tiv ity  as a  fu n c tio n  o f  W /F  w as p lo tted  as sh o w n  in F ig.
4 .1 . T h e  p ro d u c t m ix tu re  c o n s is te d  o f  p ro p e n a l, aceto l, a ce ta ld e h y d e , o le fin s  
(e th y le n e  an d  p ro p y len e ), p a ra ffin s  ( C 1-C 3), a ro m a tic s  (m ain ly  C 6-C 9), a lco h o l and  
k e to n e  (m eth an o l, p ro p e n -2 -o l and  a ce to n e ) , ac id  (acetic  an d  p ro p io n ic )  and  
p ro p a n a l. A t the  lo w est c o n ta c t tim e  (W /F  o f  0 .07  h), the  m a jo r  p ro d u c ts  w ere  
p ro p e n a l, ace to l, and  ace ta ld e h y d e , in d ica tin g  th a t the firs t s tep  o f  g lycero l
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c o n v e rs io n  w as d eh y d ra tio n  in v o lv in g  th e  cen tra l - O H  and  te rm in a l - O H  o f  g lycero l 
re su lte d  in  tw o in te rm ed ia te  en o ls , w h ic h  w ere  ta u to m e riz e d  to 3- 
h y d ro x y p ro p io n a ld eh y d e  an d  ace to l, re sp ec tiv e ly  [8], S in ce  3- 
h y d ro x y p ro p io n a ld eh y d e  w as u n s tab le , it w as re a d ily  d eh y d ra ted  to  th e  m o re  s tab le  
a ld e h y d e  as  p ropenal w h ile  a ce ta ld e h y d e  and  fo rm a ld eh y d e  w o u ld  be  p ro d u c e d  as a 
d e c o m p o se d  p rod uc ts  th o u g h  re tro -a ld o l c o n d e n sa tio n  [8]. F o rm a ld eh y d e  m ight 
fu rth e r  h y d ro g en a tio n  to  m e th an o l [36], L ig h t p a ra ffin s  m ain ly  m e th a n e  and  e th ane  
a lso  o ccu rred  by  c leav ag e  o f  C -C  b o n d s  o f  th e  u n sa tu ra ted  g ly co l, fo rm ed  
d eh y d ra tio n  o f  g lycero l o v e r  th e  ac id  s ties  o f  H Z S M -5  [37],

5 0

พ  /F (h)

F ig u r e  4.1 P ro du ct y ie ld  o f  g ly ce ro l co n v e rs io n  o v e r  H Z S M -5  w ith  S iC h/A hC L  ratio  
o f  80 as a  function  o f  space  tim e  (W /F ). R eac tio n  co n d itio n s: 300  p s ig , 4 0 0  °c, and 
T O S  =  3 h.

A s W /F  in creased , th e  p ro p en a l d ec rea sed  w h ich  co rre sp o n d ed  to  th e  in crease  
o f  p ro p en -2 -o l and p ro p an a l. T h is  co u ld  be im p lied  th a t the  h y d ro g e n a tio n  o f  
p ro p en a l cou ld  occu r by  u s in g  H -tran sfe r, cok e , an d  o le fin s as a H -d o n e r  sp ec ies  [8],
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It h as  b e e n  p ro p o sed  th a t p ro p an a l (p ro d u ced  v ia  se lec tiv e  h y d ro g en a tio n  o f  c= c  o f  
p ro p e n a l)  is read ily  co n v erted  to  a ro m atic  h y d ro ca rb o n s  v ia  a c id -c a ta ly z e d  a ldol 
c o n d e n sa tio n , cy c liza tio n  and  d e h y d ra tio n  [11]. T h e  a ldol co n d en sa tio n  o f  resu lted  
a ld e h y d e  g en era ted  ace ta ld o l, fu rth e r d e h y d ra ted  to  c ro to n a ld eh y d e . T h e  M eerw ein - 
P o n n d o rf-V e rle y  reac tio n  be tw een  c ro to n a ld e h y d e  and  e th an o l o b ta in ed  
a c e ta ld e h y d e  and  cro ty l a lco h o l, d eh y d ra ted  to  b u ta d ie n e  [12]. F ro m  th e  ex p erim en t, 
th e  p ro d u c tio n  o f  bu tan e  w as a lm o st n eg lig ib le  and  th is can  be e x p la in ed  by  the 
c ra c k in g  o f  b u ty len es  to  fo rm  e th y len e . M e th an o l w h ich  m ig h t co m e  fro m  un stab le  
fo rm a ld eh y d e , cou ld  be  fu rth e r co n v e rted  to a rom atic  h y d ro c a rb o n s  v ia  
o lig o m e riz a tio n  [15].

T he  ev o lu tio n  o f  o le fin  o lig o m e rs  and  o x y g en a te  p o o l (p ro p en a l, 
p ro p a n a l, p ro p en -2 -o l and  m e th an o l)  w ith  W /F  in d ica ted  that th ese  are  in te rm ed ia te s  
fo r a ro m a tic  fo rm ation . T he  re su lts  sh o w  th a t th ese  co m p o u n d s ten d ed  to  reac t 
th e m se lv e s  o r  each  o ther to  p ro d u ce  a ro m atic s  v ia  o lig o m eriza tio n  and  d eh y d ra tio n . 
T h e  h ig h e r  ligh t p a ra ffin s  a lso  p ro d u ced  from  a lk y la tio n , d isp ro p o rtio n a tio n  and 
c ra c k in g  reac tio n s  from  a  su rface  o f  h y d ro c a rb o n  po o l (heavy  a ro m a tic s )  to  fo rm  
B T X  a ro m a tic s  [11]. A ce to n e  and  p ro p io n ic  ac id  m ight be  g en e ra ted  from  
h y d ro g e n a tio n  and  iso m eriza tio n  o f  ace to l. F ro m  th e  resu lts , ace to n e  m ig h t be fu rther 
c o n v e rte d  to  acetic  acid  v ia  o x y g en a tio n  re a c tio n  o r to  o le fin s v ia  d eo x y g en a tio n  
b eca u se  a ce to n e  w as no t fo u n d  a t the  h ig h e r W /F . F ro m  the an a ly sis  o f  th e  p ro d u c t 
d is tr ib u tio n  o f  g lycero l o v e r H Z S M -5  as a fu n c tio n  o f  W /F , the reac tio n  p a th w ay  w as 
p ro p o sed , as sum m arized  in  F ig . 4 .2 .
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F ig u r e  4 .2  P ro p o sed  re a c tio n  p a th w a y  fo r  c o n v e rtin g  g ly ce ro l to  a ro m a tic s .
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4 .4 .2  E ffec t o f  SiCE/AECE R atio s
T o  in vestiga te  the  e ffe c t o f  ac id  p ro p e rtie s , v a rio u s  SiCE/AECE ra tio s, 

in c lu d in g  23 , 30 , 50, 80, and  2 8 0 , w ere  te s ted  in  th e  co n v e rs io n  o f  g ly ce ro l to  
a ro m a tic  a t 4 0 0  ° c  and  300 psig . F ig . 4 .3  sh o w s the  g ly ce ro l co n v e rs io n  an d  p ro d u c t 
y ie ld s  o b ta in e d  o v e r  H Z S M -5 w ith  d iffe ren t SiCE/AECE ra tio s .

F ig u r e  4 .3  E ffec t o f  SiCE/AECE ra tio s  o f  H Z S M -5  zeo lite  on  th e  g lycero l 
c o n v e rs io n  an d  a ro m atic s  yield . R eac tio n  co n d itio n s : 3 0 0  psig , 40 0  ° c ,  W H S V  =  1 
IT1, and  T O S  =  3 h.

A ll the  zeo lite s  ex h ib ited  a c o m p le te  g ly ce ro l co n v e rs io n  w ith  
d iffe ren t a ro m a tic s  y ields. T he  a ro m a tic s  y ie ld  te n d e d  to  d ec rease  in the  fo llo w in g  
o rder: H Z S M -5 (3 0 )  >  H Z S M -5 (5 0 ) >  H Z S M -5 (8 0 ) >  H Z S M -5 (2 3 ) >  F IZ S M -5(280). 
It is w ell k n o w n  th a t the d ec rea se  o f  SiCE/AECE ra tio s  re su lts  in the  in c rease  o f  
ac id ity , fa c ilita tin g  the a ro m a tiza tio n  reac tio n . H o w ev e r, the  stron g  B ro n s ted  acid  
s ite  a lso  e n h a n c e d  th e  fo rm ation  o f  coke . T he  te m p e ra tu re  p ro g ram m ed  o x id a tio n  o f  
sp en t c a ta ly s ts  w a s  u sed  to in v es tig a te  a m o u n t an d  n a tu re  o f  co k e , sho w n  in F ig . 4 .3 . 
T he  re su lts  in d ica ted  that even  the  am o u n ts  o f  co k e  w e re  d iffe ren t, m ost o f  the  sp en t
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Figure 4.4 T P O  p ro files  o f  spen t H Z S M -5  w ith  SiCE/AHCH ra tio s o f  a) 28 0 , b) 23, 
c) 80, d) 50 , an d  e) 30.

c a ta ly s ts  sh o w e d  th e  sam e natu re  o f  co k e , d e te c te d  at tem p e ra tu re  a roun d  25 0  -  350 
๐c .  E x c e p t in  th e  case  o f  spen t H Z S M -5  (2 3 ) ca ta ly s t, n o t o n ly  the  peak  at 25 0  -  350 
๐c  b u t th e  th e  re su lts  also  co n firm ed  th e  ex is tin g  o f  h a rd  co k e  at 350 -  40 0  °c . It is 
re a so n a b le  to  ex p la in  that the lo w er ca ta ly tic  a c tiv ity  o f  H Z S M -5  (23) m ig h t be 
re su lted  fro m  th e  fo rm atio n  o f  h ard  co k e , d ep o s ited  in  th e  H Z S M -5  po re , lo w er the 
ca ta ly tic  a c tiv e  site . A lth oug h  H Z S M -5 (3 0 ) sh o w ed  th e  h ig h est p e rfo rm an ce  in 
a ro m a tiz a tio n  o f  g lycero l, w ith  a ro m a tic s  y ie ld  o f  5 2 .4 2  molcarbon% (B T X  39 .66  
m o lCarbon%), a  la rg e  am ou n t o f  p a ra ffin s  w ere  a lso  g e n e ra ted  d u rin g  the reac tio n .

4 .4 .3  E ffec t o f  Zn and  P rep a ra tio n  T ech n iq u es
In  o rd e r  to  im p rov e  th e  a ro m a tic s  y ie ld , Z n  p rom o ter, w h ich  is 

ty p ic a lly  u se d  in  a ro m atiza tio n  o f  a lco h o l, w as  in co rp o ra te d  in  H Z S M -5 (3 0 ) zeo lite s . 
T o  av o id  th e  n eg a tiv e  effect o f  Z n  lo ad in g  to  th e  tex tu ra l p ro p ertie s  o f  H Z S M -5  
z eo lite s , th e  am o u n t o f  Zn load ing  w as  c o n tro lled  to  n o t m o re  than  1 w t % . T ab le  4.1
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sh o w s  th e  a m o u n t o f  Z n -co n ta in in g  H Z S M -5  z e o lite s  p re p a re d  by  bo th  IE  and  IW I 
m e th o d s .

T a b le  4 .1  A n a ly s is  o f  Z n  load ings, tex tu ra l p ro p e rtie s , an d  a c id ity  o f  H Z S M -5  and  
Z n /H Z S M -5  c a ta ly s ts  p rep a red  by  a q u eo u s  p h ase  io n -e x c h a n g e  (IE ) and  in c ip ien t 
w e tn e ss  im p re g n a tio n  (IW I) m eth ods

C a ta ly s t s Z n  lo a d in g
(w t % )

S bet

(m 2/gcat)
A c id ity  a

(pm ol/gcat)
H Z S M -5  (2 3 ) 0 3 4 8 .0 599
H Z S M -5  (3 0 ) 0 38 9 .9 373
H Z S M -5  (5 0 ) 0 356 .3 335
H Z S M -5  (8 0 ) 0 34 0 .8 258
H Z S M -5  (2 8 0 ) 0 381 .3 88
0 .4 5 Z n /H Z S M -5  (IE ) 0 .45 3 7 5 .7 290
0 .4 8 Z n /H Z S M -5  (IE ) 0 .48 35 6 .0 287
0 .5 9 Z n /H Z S M -5  (IE ) 0 .59 3 4 6 .9 255
0 .6 4 Z n /H Z S M -5  (IE ) 0 .64 345 .5 192
0 .8 8 Z n /H Z S M -5  (IW I) 0 .88 338 .8 237

a T h e  ac id ity  w a s  d e te rm in ed  from  IP A -T P D . T he  m ass  m o n ito red  w as p ro p y len e  
(m /e  =  41 ).

It is w o rth  to  n o te  th a t the  Z n lo ad in g s  w e re  less  th an  th e  theo re tica l ex ch an g e  
c a p a c ity  o f  3 .0  w t %  fo r H Z S M -5 (30 ) z e o lite  [16], T h e  B E T  resu lts  sho w ed  the 
c o m p a ra b le  S urface  a rea  and  m ic ro p o re  v o lu m e  b eca u se  o f  th e  sm all am o u n t and  
h ig h ly  d isp e rse d  Z n  o v e r  H Z S M -5  zeo lite s  (T ab le  1). T h e  X R D  resu lts  illu stra ted  the 
sam e  in ten sity  o f  a ll sam ples, w h ich  can  be  a ssu m ed  th a t th e  s tru c tu re  o f  H Z S M -5  
z e o lite s  re m a in e d  in ta c t a fte r Z n lo ad in g  (F ig . 4 .5 ).
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Figure 4.5 X R D  p a tte rn s  o f  H Z S M -5 and  Z n /H Z S M -5  z eo lite s  p rep a red  by aqu eou s 
p h a se  io n -e x c h a n g e  (IE ) and  in c ip ien t w e tn ess  im p re g n a tio n  (IW I)  m eth ods.

F o r >>Zn/FIZSM-5 (IE ), F ig. 4 .6  sh o w s th e  T P D  p ro file s  o f  adso rb ed  
iso p ro p y la m in e , u sed  to  qu an tify  the  rem a in in g  o f  B ro n s te d  ac id  sites, as it is a 
te c h n iq u e  w h ich  a llo w s  us to  m on ito r the  d e so rb ed  a m m o n ia  and  p ro p y len e  from  the 
d e c o m p o s itio n  o f  iso p ro p y lam in e  ov er B ro n sted  ac id  (H o fm a n n  e lim in a tio n  reac tio n)
[38], T h e  q u a n tif ic a tio n  o f  the stron g  B ro n s ted  ac id  s ites  w as  m easu red  by  the 
am o u n t o f  p ro p y le n e  d eso rb ed  at 350 ๐c .  A s co m p ared  w ith  th e  p aren t H Z S M -5 
zeo lite , th e  s ig n if ic a n t d ecrease  o f  the s tro n g  B ro n s ted  ac id  s ites  a f te r  in tro d u c in g  Z n 
w as  o b se rv ed . T h e  B ro n s ted  acid  sites d e c rea sed  fro m  373 p m o l/g  for H Z SM -5 to 
29 0  p m o l/g  fo r 0 .4 5 Z n /H Z S M -5  (IE ). M o re o v e r  a f te r  in c re a s in g  Z n load ing , the 
B ro n s ted  ac id  s ite s  te n d e d  to decreased  a c co rd in g ly , in d ic a tin g  th a t the  in co rpo ra tion  
o f  b iv a le n t Z n  c a tio n s  p re fe ren tia lly  ex ch an g ed  w ith  p ro to n s  o f  s tro n g  B ron sted  acid
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Figure 4.6 Iso p ro p y la m in e -T P D  (IP A -T P D ) p ro f ile s  o f  p a re n t H Z S M -5  and 
Z n /H Z S M -5  (IE ). T h e  m ass  m on ito red  w as p ro p y le n e  (m /e  =  41 ).

s ites o f  H Z S M -5  [16, 39], F ro m  the p rev iou s re se a rc h , at lo w  S iC V A h C b  o f  H Z S M - 
5, it is a lm o s t im p o ss ib le  th a t the b ivalent Z n  c a tio n s  w ill e x c h a n g e  w ith  hydrogens 
at tw o  a d ja c e n t fra m e w o rk  oxygens. T h ere fo re , th e  b iv a le n t Z n  ca tio n s  is stab ilized  
o n ly  o n  o n e  (A lO ) ' c en te r  in  the form  o f  (Z n O H )+ sp ec ies . F ig . 4 .7  rep resen ts  the 
c o m p a riso n  o f  d iffe re n t Z n  load ing  m eth ods to  th e  B ro n s te d  a c id ity . It can  be seen 
th a t th e  re m a in in g  B ro n s te d  acid  sites o f  0 .8 8 Z n /H Z S M -5  (IW I) w as 23 7  pm o l/g , 
w h ich  is h ig h e r  th an  0 .6 4 Z n /H Z S M -5  (IE ) (192  p m o l/g ). It m ay  b e  co n c lu d ed  that 
w ith  IW I m e th o d , a  p o rtio n  o f  b ivalent Z n c a tio n s  d id  n o t e x c h a n g e  w ith  the pro ton  
o f  B ro n s te d  ac id  site . T h e  ac id  properties o f  yZ n /F IZ S M -S  (IE ) ca ta ly s ts  w ere  also  
d e te rm in e d  b y  N H 3-T P D  (F ig . 4.8).
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Figure 4.7 .Iso p ro p y la m in e -T P D  (IP A -T P D ) p ro f ile s  o f  Z n /H Z S M -5  p rep a red  by 
in c ip ien t w e tn e ss  im p re g n a tio n  (0 .8 8 Z n /H Z S M -5  (IW I))  and  a q u eo u s  ph ase  ion- 
ex ch an g e  m e th o d s  (0 .6 4 Z n /H Z S M -5  (IE)). T he  m ass  m o n ito re d  w a s  p ro p y len e  (m/e 
=  41).

Figure 4.8 A m m o n ia -T P D  (N H 3-T P D ) p ro file s  o f  Z n /H Z S M -5  p rep a red  by 
in c ip ien t w e tn e ss  im p reg n a tio n  (0 .8 8 Z n /H Z S M -5  (IW I))  an d  aq u e o u s  ph ase  ion- 
ex ch an g e  m e th o d s  (0 .6 4 Z n /H Z S M -5  (IE )). T he m ass  m o n ito re d  w as am m o n ia  (m/e

17).
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T h e  sp ec ies  o f  Z n  on  IIZ S M -5  zeo lite  h as  b een  in v es tig a ted  by  several 
research  g ro u p s . It w as  p ro p o sed  th a t the b iv a len t Z n  c a tio n s  co u ld  p re se n t as Z n 2+ 
ca tion s a t e x c h a n g e d  site  w h ic h  rep laced  tw o B ro n s te d  ac id  site , (Z n O H )+, Z nO  
species, o r  b in u c le a r  (Z n O Z n )2+ c lu sters, fo rm ed  by  th e  p a rtia lly  h y d ro ly zed  
(Z n O H )+ g ro u p s  [20 , 25 , 40 ], X -ra y  ph o to e lec tro n  sp e c tro sc o p y  (X P S ) o f  Z n /H Z S M - 
5 zeo lite s  c o m p a re d  w ith  p u re  Z nO  is illu stra ted  in  F ig . 4 .9 . T h e  re su lts  strong ly  
con firm ed  th e  d e p e n d in g  o f  Z n  sp ec ies  on Z n lo ad in g  m e th o d . B y  fitting  th e  X PS 
spectra , 0 .8 8 Z n /H Z S M -5  (IW I) sh o w ed  2 ty p es o f  Z n  sp e c ie s  w ith  th e  in ten sity  at
1023.0 eV  an d  1022 .0  eV  w h ile  0 .6 4 Z n /H Z S M -5  (IE ) sh o w ed  o n ly  o n e  peak  at
1023.2 eV . It is re a so n a b le  to  d ed ica te  the h ig h e r  b in d in g  en e rg y  (1 0 2 3 .0  eV  for
0 .8 8 Z n /H Z S M -5  (IW I) and  1023 .2  eV  for 0 .6 4 Z n /H Z S M -5  (IE )) as Z n (2 p 3/2) 
b ind ing  e n e rg y  fo r (Z n O H )+ sp ec ies  stab ilized  o n ly  on  one  A1 c en te r, as lattice 
oxygens o f  th e  z e o lite  h av e  a h ig h e r e lec tro n eg a tiv ity  th an  0 2‘ g ro u p  [28, 29 , 39]. 
T he p re sen ce  o f  Z n O  on  0 .8 8 Z n /H Z S M -5  (IW I) can  be  im p lied  by  th e  p resen ce  o f  
peak  a t 1022 .0  eV . C o m p ared  w ith  Z nO  refe rence , th e  sh ift to  h ig h e r b in d in g  energy  
is due to  th e  e ffe c t o f  H Z S M -5  fram ew o rk  [28], X P S  re su lts  p ro v ed  th a t in  th e  case 
o f  0 .8 8 Z n /H Z S M -5  (IW I), ev en  it had  a g rea te r a m o u n t o f  Z n  lo ad in g , bu t pa rt o f  Zn 
app eared  as Z n O  sp ec ie s  w h ile  th e  app earan ce  o f  Z n  sp ec ie s  o v e r  0 .6 4 Z n /H Z S M -5  
(IE) o n ly  in th e  fo rm  o f  (Z n O H )+ species. T he X P S  re su lts  c lea rly  ex p la in e d  the 
reason  w h y  IP A -T P D  o f  0 .8 8 Z n /H Z S M -5  (IW I) g av e  a  h ig h e r  a m o u n t o f  rem ain in g  
B ronsted  ac id  s ite s  th an  0 .6 4 Z n /H Z S M -5  (IE ). In the  c a se  o f  b in u c le a r  (Z n -0 -Z n )2+ 
clu sters, th e  fo rm a tio n  o f  th e se  sp ec ies  by co n v en tio n a l lo ad in g  Z n  m e th o d  is still a 
con trov ersia l to p ic . A le k sa n d ro v  and  co -w o rk ers  fo u n d  th a t the  fo rm a tio n  o f  (Z n-O - 
Z n)2+ is e n e rg e tic a lly  u n fav o rab le , supported  by  the  p re v io u s  s tu d ies  [24 -27 ], W e 
con firm ed  th e  ab se n c e  o f  (Z n -0 -Z n )2+ c lu sters by  u s in g  E X A F S  an d  T P R  m ethods. 
E X A F S  is o n e  o f  th e  m o st p o w erfu l m ethods, u sed  to  in v es tig a te  the  o x id a tio n  state 
and  local e n v iro n m e n t o f  Z n  sp ec ies  o v e r H Z S M -5  z eo lite s . T h e  F o u rie r  tran sfo rm  o f  
Zn K -ed g e  fo r 0 .6 4 Z n /H Z S M -5  (IE ), 0 .8 8 Z n /H Z S M -5  (IW I), Z n O  p o w d er, and  Zn 
foil are  illu s tra ted  in  F ig. 4 .10 . T h e  th eore tica l d is tan ce  b e tw e e n  n u c le i Z n  a to m  and 
its ox yg en  n e ig h b o rs  o f  Z nO  re fe ren ce  is 1.97 À  bu t th e  re su lts  sh o w ed  the  sho rter 
d is tance  ab o u t 1 .6  À  d u e  to  the  rad ia l d is tance  m easu red  by  E X A F S  is the  d is tance  
betw een  e le c tro n  c lo u d s  o f  Z n  and  its oxygen  n e ig h b o r  a to m s [20, 28].
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Binding: Energy (eY)

Figure 4.9 X P S  sp e c tra  o f  Z n  (2p3/2) o f  0 .88Z n /H Z S M -5  (IW I), 0 .6 4 Z n /H Z S M -5  
(IE ), and  Z nO .
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Figure 4.10 E X A F S  o f  Z n  K -ed g e  rad ia l d is tr ib u tio n s  o f  0 .6 4 Z n /H Z S M -5  (IE ), 
0 .8 8 Z n /H Z S M -5  (IW I) , Z nO  p o w d er, an d  m e ta llic  Z n foil.

Figure 4.11 T e m p e ra tu re  p ro g ram m ed  red u c tio n  (T P R ) p ro f ile s  o f  0 .8 8 Z n /H Z S M -5  
(IW I), 0 .6 4 Z n /H Z S M -5  (IE ), 0 .5 9 Z n /H Z S M -5  (IE ), 0 .4 8 Z n /H Z S M -5  (IE ), 
0 .4 5 Z n /H Z S M -5  (IE ), an d  H Z S M -5 .
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C o m p ared  w ith  th e  Z n O  p o w d er, th e  Z n - 0  firs t shell o f  Z n /H Z S M -5  p rep a red  by  
b o th  m ethods sh o w ed  th e  h ig h e r  rad ia l d is tan ce . T h is re su lts  w e re  co n s is ten t w ith  
p rev io u s  repo rt b y  X . N iu  an d  c o -w o rk e rs  [28], w ho  su g g es ted  th e  sh iftin g  to  h ig h e r 
rad ia l d istance  w h e n  th e  fo rm a tio n  o f  (Z n O H )+ species  e x is ted . T h e  Z n -Z n  seco n d  
shell is show n at a lo n g e r  d is tan ce  a ro u n d  2 .95  Â w h ile  th e  ac tu a l d is tan ce  is  3.2  À  
[28]. F rom  p rev io u s  m e n tio n , th e  X P S  resu lts  in d ica ted  th e  fo rm a tio n  o f  Z nO  
sp ec ie s  over 0 .8 8 Z n /H Z S M -5  (IW I) b u t E X A F S  sp ec tra  d id  n o t sh o w  th e  p resen ce  
o f  Z n -Z n  con tac ts . F ro m  B E T , X P S , an d  E X A F S  resu lts  o f  O .S S Z aT iZ S M -S  (IW I), 
it is shapely  to c o n c lu d e  th a t th e  m o rp h o lo g y  o f  Z nO  is h ig h ly  d isp e rsed  o v e r  
H Z S M -5  zeo lite . In ad d itio n , ev en  th e  E X A F S  spectra  o f  Z n /H Z S M -5  d id  n o t sh o w  
th e  secon d  shell o f  Z n -Z n , fu rth e r e v id en ce  to con firm  th e  ab se n c e  o f  ( Z n -0 -Z n )2+ 
c lu s te r  is needed.

T he fu rth e r  in v e s tig a tio n  on  the  fo rm a tio n  o f  b in u c le a r  ( Z n -0 -Z n )2+ 
c lu s te rs  w as p e rfo rm ed  by  H 2-T P R  s tu d ie s  (F ig . 4 .11 ) o f  Z n /H Z S M -5  p rep a red  by  
b o th  IW I and IE  m e th o d s . In th e  case  o f  b in u c lea r  ( Z n -0 -Z n )2+ c lu s te rs , E l-M . and  
co -w o rk ers  rep o rted  th a t th e  red u c tio n  p eak  o f  b in u c lea r ( Z n -0 -Z n ) 2+ sh o u ld  be 
fo u n d  sim ila r w ith  th e  b rid g e  F e3+ co m p le x e s  at tem p era tu re  a ro u n d  4 0 0  ° c  [41]. It 
co u ld  be seen  from  T P R  re su lts  th a t a ll sam p le s  sho w ed  o n ly  o n e  p e a k  b e lo w  100 ° c ,  
w h ic h  is the c h a rac te ris tic  peak  o f  ad so rb e d  h y d ro g en  on  H Z S M -5  zeo lite s  [42], 
T h ese  resu lts  a lso  in d ic a te d  th e  ab se n c e  o f  the  b in u c lea r ( Z n -0 -Z n ) 2+ c lu s te rs  o v e r  
Z n /H Z S M -5 , p rep a red  b y  b o th  m eth o d s.

O n  th e  w h o le , the  sp ec ie s  o f  Z n  s tro n g ly  d e p e n d  o n  th e  p rep a ra tio n  
m e th o d s. For IE m e th o d , b iv a le n t Z n  c a tio n s  ex ch an g ed  w ith  th e  p ro to n  at s tro n g  
B ro n sted  acid  site  to  fo rm  (Z n O H )+ sp ec ies . W hile , IW I m e th o d , Z n  ca tio n s  co u ld  
fo rm  bo th  (Z n O H )+ sp e c ie s  an d  Z n O  sp ec ies . T he  ap p ea ran ce  o f  Z n O  sp ec ies  is the  
rea so n  w hy, w ith  th e  c o m p a ra b le  am o u n t o f  Z n  lo ad ing , th e  re m a in in g  o f  s tro n g  
B ro n sted  acid  s ites in  IW I m e th o d  is m o re  th an  IE  m eth od .

4 .4 .4  E ffec t o f  Z n  S p ec ies  in  C o n v e rtin g  G ly ce ro l to  A ro m a tic s
y Z n /H Z S M -5  (IE ) w ith  d iffe ren t Z n  lo ad in g s  (0 .4 5 , 0 .48 , 0 .59 , an d

0 .6 4  w t % ) w ere  s tu d ie d  in  th e  a ro m a tiz a tio n  o f  g lycero l a t 4 0 0  ° c  an d  30 0  psig . T he  
co n v ers io n s  w ere  a lw a y s  100%  fo r all m o d ified  ca ta ly sts . T h e  a ro m a tic  y ie ld s  are 
illu s tra ted  in Fig. 4 .12 . T h e  in c rea s in g  o f  Z n  lo ad ing  re su lted  in  th e  e n h an cem en t o f
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a ro m a tic s  fo rm ation . T h e  h ig h e s t a ro m atic  y ie ld  o f  80.3 m o lCarbon% (m a in ly  to lu en e  
an d  x y le n e )  w as ach iev ed  o v e r  th e  h ig h es t Z n  lo ad in g  0 .6 4 Z n /H Z S M -5 (IE )  zeo lite . 
T h e  a p p ea ran ce  o f  Z n  on  H Z S M -5  s ig n ific an tly  sup p ressed  th e  fo rm a tio n  o f  th e  s ide  
p ro d u c t lig h t pa ra ffin s. F ig . 4 .13  sh o w s th e  re la tio n sh ip  b e tw een  a ro m a tic s  an d  ligh t 
p a ra ff in s  y ie ld s  as a fu n c tio n  o f  w t %  Z n lo ad in g . C o m p ared  w ith  th e  p a re n t H Z S M - 
5 , 0 .6 4 Z n /H Z S M -5  (IE ) sh o w ed  o b v io u s ly  lo w e r  side p ro d u c ts  o f  lig h t p a ra ffin s  (7 .2  
molcarbon%)- A s Z n lo ad in g  in c reased , th e  fo rm a tio n  o f  p ara ffin s te n d e d  to  d ecreased  
w h ile  th e  fo rm a tio n  o f  a ro m a tic s  in c reased . It cou ld  be su m m a riz e d  th a t the 
in tro d u c in g  o f  Z n  sp ec ies , ex ch an g in g  w ith  B ro n s te d  acid  s ites re m a rk a b ly  en h an ced  
th e  fo rm a tio n  o f  a ro m atic s  b y  fo llo w in g  tw o  reaso n s . F irst, th e  re p la c in g  o f  s tro n g  
B ro n s te d  ac id  w ith  Z n  su p p re ssed  the  c ra c k in g  to  ligh t o lefins. S eco n d , th e  (Z n O H )+ 
sp e c ie s  h ad  a  h ig h  c a p a c ity  in  d eh y d ro g e n a tio n  reac tio n , en h a n c in g  th e  a ro m atic s  
fo rm a tio n  [16, 28].

Figure 4.12 G lycero l co n v e rs io n  and  a ro m a tic s  y ie ld  as a  fu n c tio n  o f  Z n  lo ad in g  by  
a q u e o u s  ph ase  io n -ex ch an g e  (IE ) m eth o d . R ea c tio n  co n d itio n s: 30 0  p sig , 4 0 0  ° c ,  
W H S V  =  1 h '1, and  T O S  =  3 h.
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Figure 4.13 T he re la tio n sh ip  b e tw e e n  a ro m a tic s  and  light pa ra ffin s y ie ld s  as a 
fu n c tio n  o f  Zn lo ad ing  by  aq u eo u s p h ase  io n -ex ch an g e  (IE ) m e th o d . R eac tio n  
c o n d itio n s : 300  psig , 40 0  °c, W H S V  =  1 h '1, and  T O S  =  3 h.

In o rder to  c o m p are  th e  ac tiv ity  o f  (Z n O H )+ and  Z nO  sp ec ies , the 
c a ta ly tic  a c tiv ity  o f  0 .6 4 Z n /H Z S M -5  (IE ) w as c o m p ared  w ith  0 .88Z n /E lZ S M -5  (IW I) 
(F ig . 14). U n d e r  tem p era tu re  o f  4 0 0  °c, p ressu re  30 0  p sig  and W H S V  equ al to 3.33 
h ‘l , 0 .8 8 Z n /H Z S M -5  (IW I) sh o w ed  th e  lo w er a ro m a tic s  yield 38 .87  m o lcarbon% 
c o m p a re d  w ith  43 .28  m o l Ca r b o n %  o f  0 .6 4 Z n /IIZ S M -5  (IE). T he  re su lts  s tron g ly  
d e m o n s tra te d  th a t the  ac tiv e  s ite  fo r  a ro m a tiza tio n  o f  g lycero l w as (Z n O H )+ spec ies  
w h ile  th e  Z n O  species w as fo u n d  to  be less ac tive  fo r  th ese  reac tions. T he  am o u n t o f  
Z n  lo a d in g  on  the  spen t c a ta ly s ts  w as a lso  in v es tig a ted  by using  A A S . O n e m ig h t 
p ro p o se d  th a t the sm all am o u n t o f  Z n O  cou ld  a lso  be form ed on  0 .6 4 Z n /H Z S M -5  
(IE ). T h e  p resen ce  o f  th is  Z n  sp ec ie s  sh o u ld  be red u ced  and v ap o rized  from  the  
ca ta ly s t. H o w ev er, the  c o m p arab le  am o u n t o f  Z n  lo ad in g  b e tw een  fre sh  and  sp en t
0 .6 4 Z n /H Z S M -5  (IE ) c a ta ly s ts  a lso  co n firm ed  th e  d isap p ea r o f  Z nO  on  th is  Z n 
sp ec ie s  on  0 .6 4 Z n /H Z S M -5  (IE ) ca ta ly s ts .
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Figure 4.14 G lycero l co n v e rs io n  and  a ro m a tic s  y ie ld  as a  fu nc tion  o f  p rep a ra tio n  
m e th o d s , 0 .6 4 Z n /H Z S M -5  (IE ) an d  0 .8 8 Z n /H Z S M -5  (IW I). R eac tio n  co n d itio n s: 
300  p s ig , 4 0 0  ๐c ,  W H S V  =  3.33 h '1, an d  T O S  =  3 h.

G en era lly , the  q u a n titie s  o f  s tro n g , m ed iu m , and  w eak  ac id  s ites  ov er 
H Z S M -5  z e o lite  w ere  found  at 3 0 0 -5 5 0 , 2 0 0 -3 0 0 , and  120-200 °c, re sp ec tiv e ly . T he 
in c o rp o ra tio n  o f  Z n  over H Z S M -5  c a ta ly s ts  has a  s tron g  in flu en ce  to  th e  acid  
d is tr ib u tio n . C o m p ared  w ith  th e  p a re n t H Z S M -5 , th e  in c rease  in m ed iu m  ac id  s ites 
o v e r  0 .6 4 Z n /H Z S M -5  (IE ) w as fo u n d  w ith  the  e x p e n se d  o f  stron g  an d  w ea k  acid  
s ites. T h e  g en era tio n  o f  m ed iu m  ac id  s ite s  w as d ed ica ted  to  the in te rac tio n  o f  Z n  
sp ec ie s  an d  ac id  sites o f  H Z S M -5  c a ta ly s t [28]. A g re e  w ell w ith  the  IP A -T P D ,
0 .6 4 Z n /H Z S M -5  (IE ) sh o w ed  th e  h ig h e r  am o u n t o f  m ed iu m  ac id  s ite s  th an
0 .8 8 Z n /H Z S M -5  (IW I), rep re sen tin g  th e  h ig h e r  b iv a le n t Z n  ca tion s at e x ch an g e  sites 
w as fo rm e d  (T ab le  4.2).
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T a b le  4 .2  A c id ic  p ro p erties  o f  H Z S M -5  (30 ) an d  Z n  co n ta in in g  H Z S M -5  p rep a red  
by  a q u e o u s  p h a se  io n -ex ch an g e  (IE ) and  in c ip ien t w e tn e ss  im p reg n a tio n  (IW I) 
m e th o d s

C a ta ly s ts A c id  a m o u n t (p m o l N H 3/gcat)
W eak M ed iu m S tron g T otal

H Z S M -5  (3 0 ) 235 95 378 708
0 .6 4 Z n /H Z S M -5  (IE ) 227 104 283 614
0 .8 8 Z n /H Z S M -5  (IW I) 232 99 314 645

4 .5  C o n c lu s io n s

T h e  reac tio n  p a th w ay  fo r c o n v e rtin g  g ly ce ro l to  a rom atics  h as  b een  
p ro p o sed . G ly ce ro l w as firs t c o n v e rted  to  p ro p en a l, ace to l, and  ace ta ld eh y d e . 
P ro p en a l an d  a c e to l are  the  m ain  in te rm ed ia te s  o f  a c id -c a ta ly z e d  d eh y d ra tio n  w h ile  
a c e ta ld e h y d e  w as  gen era ted  by  th e  c o m b in a tio n  o f  d e h y d ra tio n  and d isso c ia tio n . T he  
c a rb o n y l b o n d  d isso c ia tio n  o f  a c e ta ld eh y d e  g en e ra ted  o le fin  p rod ucts  w h ich  fu rth e r 
re ac ted  w ith  o x y g en a te s  (p ro p en a l, p ro p a n a l, p ro p e n -2 -o l and  m eth an o l), fo rm in g  
a ro m a tic s  v ia  o lig o m eriza tio n , d eh y d ra tio n , and  cy c liz a tio n . T he fo rm atio n  o f  w a te r  
d u rin g  th e  re a c tio n  had  a  s tro n g ly  im p ac t to  th e  ca ta ly s ts  p ro p erties . W ith  the  lo w est 
S iC h /A fC b  ra tio  o f  23 , even  it p ro v id ed  the  h ig h es t ac id  ac tiv e  sites, the fo rm a tio n  o f  
h ard  co k e  re su lte d  in  b lock ing  o f  ac id  ac tiv e  s ites  fo r a ro m a tiza tio n  reac tion . H Z S M - 
5 w ith  S iC b /A fC fi o f  30 sh o w ed  th e  h ig h est a ro m a tic s  fo rm ation ; h o w e v e r  
s ig n if ic a n t a m o u n t o f  ligh t p a ra ffin s  still o ccu rred  as th e  m a in  side p rod ucts. In  o rd e r  
to  in c rea se  th e  a ro m atic s  se lec tiv ity , Z n -lo ad ed  H Z S M -5  zeo lite s  w ere  p rep a red  by  
b o th  IE  an d  IW I m eth ods. T he (Z n O H )+ sp ec ie s  w as  th e  on ly  species fo u n d  o v e r  
Z n /H Z S M -5  (IE ). T he  arom atic  y ie ld  lin ea rly  in c rea sed  w ith  the  in c rem en t o f  the 
b iv a le n t Z n  ca tio n s . Z nO  species fo rm ed  o v e r  Z n /H Z S M -5  (IW I) w as foun d  to  be the 
less  a c tiv e  fo r  th e  reaction .
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4 .6  A c k n o w le d g e m e n ts

T h e  a u th o rs  w o u ld  like to  th a n k  S y n ch ro tro n  L ig h t R esearch  In stitu te  
(S L R I), T h a ila n d  fo r p ro v id in g  the  E X A F S  m e a su re m e n ts . T h e  C en te r o f  E x ce llen ce  
o n  P e tro c h e m ic a l and  M ateria ls  T e c h n o lo g y , C h u la lo n g k o m  U n iv ersity , T h a ilan d , 
an d  th e  P e tro le u m  and  P e tro ch em ica l C o lleg e , C h u la lo n g k o m  U n iv ers ity  are a lso  
ack n o w le d g e d .
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