
R E S U L T S  A N D  D I S C U S S I O N
CHAPTER IV

The products obtained from catalytic pyrolysis of waste tire using noble 
metals (Pd and Ru) and non-noble metals (Ni and Fe) supported on acid zeolites 
(HBeta and HMOR) are quantitatively and qualitatively compared and discussed in 
this chapter. The percentage of loaded noble metals (Pd and Ru) was fixed at 1 % by 
weight, and that of non-noble metals (Ni and Fe) was varied as 5%, 10% and 20% by 
weight. All catalysts were prepared by using incipient wetness impregnation tech
nique

4 .1  C o m p a r i s o n  o f  N i  w i t h  P d

4.1.1 Using HBeta as a Support
This section compares the effect of the various %Ni loading with 

l%Pd supported on HBeta zeolite on waste tire pyrolysis. The product obtained from 
waste tire pyrolysis consists of gas, liquid, and solid residue (char). The product dis
tributions obtained from waste tire pyrolysis can be explained by plotting the gas to 
liquid ratio as shown in Figure 4.1.

4.1.1.1 G as to L iqu id  Ratio

Figure 4.1 G/L ratio obtained from using various %  Ni/HBeta in comparison with
(•) Non-catalytic and (A) l%Pd/HBeta cases.
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In F ig u re  4 .1 ,  the resu lts  sh o w  that a s  co m p a red  to  the n on -  
c a ta ly t ic  c a se  (th erm a l p y r o ly s is )  and pure I IB eta  z e o lite , l% P d /H B e ta  as th e  refer
e n c e  in cr e a se s  th e  G /L  ratio. N a m e ly , the G /L  ratio in cr e a se d  from  0 .4  (c a ta ly tic  
c a s e )  and  0 .5 5  (p u re  H B eta  c a s e )  to  0 .6 . T h e  in crem en t o f  G /L  ratio s u g g e s ts  that the  
g a s  p rod u ct in c r e a se s  w ith  the d e c r e a se  in the liq u id  p rod u ct. T h is  resu lt is  attributed  
to  th e  reaso n  that h e a v y  m o le c u le s  can  b e  cra ck ed  in to  lig h ter  m o le c u le s  o n  the m eta l 
and  a c id  s ite s  o f  a ca ta ly s t . T h e  p r e se n c e  o f  a ll N i/H B e ta  c a ta ly s ts  in c r e a se s  th e  G /L  
ratio  from  that o f  th e  n o n -c a ta ly tic  c a se , e s p e c ia l ly  1 0 % N i/H B e ta  that g iv e s  th e  h ig h 
e s t  G /L  ratio. T h e  h ig h  a m o u n ts o f  N i (1 0  w t%  and  2 0  w t% ) p rod u ce  the h ig h er  G /L  
ra tio s  than the n o n -c a ta ly tic  and  re feren c e  c a se s . T h e resu lt in d ic a te s  the h igh  
a m o u n ts  o f  N i in crea se  the c ra c k in g  a c tiv ity . In a d d itio n , 2 0 % N i/H B e ta  g iv e s  the  
c lo s e s t  G /L  ratio to  that o f  l% P d /H B eta .

T h e  n o n -c o n d e n sa b le  g a se s  ob ta in ed  from  p y r o ly s is  con ta in  
h ig h  v a lu e  p e tr o c h e m ic a ls  su ch  as o le f in s  (e th y le n e  and p r o p y le n e ), c o o k in g  g a se s  
(h e r e b y  p resen ted  in term s o f  p rop a n e and m ix e d  C 4 ) , and m ix e d  C 4 . T h e co m p a r i
so n s  o n  th e  y ie ld s  o f  p e tr o c h e m ic a ls  o b ta in ed  from  N i- lo a d e d  c a ta ly s ts  and  
l% P d /H B e ta  are sh o w n  in  F ig u res  4 .2 -4 .4 .

4 .1 .1 .2  Y ie ld  o f  O le f in s

% N i lo ad ing  on H B e ta

Figure 4.2 Y ie ld  o f  e th y le n e  and  p r o p y le n e  ob ta in ed  from  u s in g  v a r io u s  % 
N i/H B e ta  in c o m p a r iso n  w ith  (0 )  e th y le n e  and (□ ) p ro p y len e  y ie ld s  from  
1 % P d /H B eta .
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F or th e re feren c e , l% P d /H B e ta  g iv e s  h ig h er  y ie ld s  o f  e th 
y le n e  and p r o p y le n e  than that o f  pure H B e ta  z e o lite , w h ic h  are ab o u t 1.4 w t%  and
2 .2  w t%  r e s p e c t iv e ly . F ig u re  4 .2  sh o w s  that w h en  th e  p e r c e n ta g e  o f  N i lo a d in g  in 
c r e a se s , th e  y ie ld s  o f  e th y le n e  and p r o p y len e  in crea se  in  th e  sa m e  trend . M o reo v er , 
th e  N i c a ta ly s ts , e x c e p t  at 5 % N i lo a d in g , g iv e  a h ig h er  y ie ld  o f  lig h t o le f in s  than that 
o f  pure H B eta  z e o lite . In a d d itio n , 1 0 % N i/H B eta  e x h ib its  the h ig h e s t  y ie ld  o f  ligh t  
o le f in s ,  w h ic h  are su b se q u e n tly  s lig h tly  d e c rea sed  w h e n  th e lo a d in g  in c r e a se s  to  
2 0 % N i. N e v e r th e le s s , 2 0 % N i/H B e ta  e x h ib its  the y ie ld  o f  lig h t o le f in s  c lo s e  to that o f  
l% P d /H B e ta . F rom  th is f ig u re , it can  b e s e e n  that 1 0 % N i/H B e ta  g iv e s  the h ig h er  
y ie ld  o f  lig h t  o le f in s  than that o f  l% P d /H B e ta .

4 .1 .1 .3  Y ie ld  o f  C o o k in g  G a s e s
T h e y ie ld  o f  c o o k in g  g a se s  (p ro p a n e  and  m ix e d  C 4 )  a lso  

in c r e a se s  w ith  N i lo a d in g  in the s im ila r  trend as the y ie ld  o f  o le f in s ,  e s p e c ia lly  
p rop a n e. A s  s h o w n  in F igu re 4 .3 ,  l% P d /H B e ta  g iv e s  2 .2  w t%  and 6 .5  w t%  y ie ld s  o f  
p rop an e and m ix e d  C 4 , r e sp e c tiv e ly , w h ic h  are h ig h er  than  that o f  p u re H B eta . It is  
a ls o  e x h ib ite d  that the y ie ld  o f  p rop an e s lig h t ly  in c r e a se s  w h erea s  th e  y ie ld  o f  m ix e d  
C 4  in s in if ic a n tly  in crea ses  w ith  the in crea sed  p ercen ta g e  o f  N i lo a d in g . In c a se  o f  the  
p rop a n e , th e  a ll N i ca ta ly s ts  s h o w  the h ig h er  y ie ld  o f  p rop a n e than that o f  p ure H B eta  
z e o l it e  and 2 0 % N i/H B e ta  g iv e s  the s im ila r  y ie ld  o f  p rop an e as l% P d /H B e ta . 
M o r e o v e r , 1 0 % N i/H B e ta  d o e s  n ot o n ly  p ro d u ce  the h ig h e s t  y ie ld  o f  lig h t  o le f in s , but 
a ls o  p r o d u ces  th e  h ig h  y ie ld s  o f  c o o k in g  g a se s .

Figure 4.3 Y ie ld  o f  c o o k in g  g a s e s  o b ta in ed  from  u s in g  v a r io u s  % N i/H B e ta  in c o m 
p ar ison  w ith  (0 )  p rop an e and (□ ) C 4  y ie ld s  from  l% P d /H B e ta .
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4 .1 .1 .4  Y ie ld  o f  M ix e d  C 4

O n e  o f  h igh  e c o n o m ic  v a lu e  g a s e s  is  m ix e d  C 4 , w h ic h  is  on e  
o f  the p red om in a n t g a s  p rod u cts  o b ta in ed  from  th e p y r o ly s is  o f  scrap  tire. F or the  
re feren c e , l% P d /H B e ta  p r o d u ces  6 .5  w t%  y ie ld  o f  m ix e d  C 4 . A s  c a n  b e s e e n  in F ig 
ure 4 .4 , as th e  p ercen ta g e  o f  N i lo a d in g  in c r e a se s , th e  y ie ld  o f  m ix e d  C 4 is  co n sta n t at 
ab ou t 5 w t%  for all N i- lo a d e d  ca ta ly sts . It can  b e  c o n c lu d e d  that N i  ca ta ly s t  can n o t  
b e u sed  as a su ita b le  c a ta ly s t  as a su b stitu te  o f  l% P d /H B e ta  for m ix e d  C 4 p rod u ction .

Figure 4.4 Y ie ld  o f  m ix e d  C 4 ob ta in ed  from  u s in g  v a r io u s  % N i/H B e ta  z e o l it e  in  
c o m p a r iso n  w ith  (0 )  M ix e d  C 4 y ie ld  from  l% P d /F IB eta .

A s  sh o w n  in  F ig u res 4 .1 - 4 .4 ,  th e  resu lts  e x h ib it  that 
1 0 % N i/H B e ta  s e e m s  to  b e  a p o ten tia l ca ta ly s t  to  p ro d u ce  lig h t  o le f in s  and c o o k in g  
g a se s . A t  th e  h ig h er  lo a d in g  (2 0 % N i/H B e ta ) , the y ie ld s  o f  lig h t  o le f in s  and  c o o k in g  
g a se s  s lig h t ly  d e crea se . N o n e th e le s s , 2 0 % N i/H B e ta  g iv e s  th e  c lo s e s t  y ie ld s  o f  ligh t  
o le f in s  an d  p rop an e as l% P d /H B e ta . For a h ig h  a m o u n t o f  N i lo a d in g , the a g g lo m e 
ration  o f  N i  can  red u ce  d isp e r s io n  and a c t iv e  s ite s . F u rth erm ore, E sw a ra m o o rth i e t 
a l .,  ( 2 0 0 3 )  s tu d ied  the N i lo a d ed  on  zeo lite-(3  b y  in c ip ie n t w e tn e s s  im p reg n a tio n  
(IW I) for th e  h y d r o iso m e r isa tio n  o f  « -h ep ta n e . T h e y  rep orted  w h e n  th e  am o u n t o f  N i 
in c r e a se s , th e  tota l a c id ity  o f  ca ta ly s t  c o n tin u o u s ly  fa lls  b y  r ea so n s  o f  the a c id  s ite s  
c o v e r e d  b y  N i sp e c ie s .
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4 .1 .1 .5  T e m p e r a tu r e -P r o g r a m m e d  R e d u c tio n  (T P R )
T em p era tu re-p ro g ra m m ed  red u ctio n s  (T P R ) te c h n iq u e  w a s  

u sed  to  id e n tify  th e  r e d u c ib ility  o f  th e  im p reg n a ted  ca ta ly sts . T P R  sp ectra  o f  the var
io u s  p e r c e n ta g e s  o f  N i lo a d in g  are sh o w n  in F ig u re  4 .5 .

T e m p e r a tu r e  ( ° C )

Figure 4.5 T P R  sp ectra  o f  v a r io u s  % N i lo a d in g  o n  H B eta  z e o l ite .

T P R  sp ectra  o f  c a ta ly s ts  w ith  v a r io u s p e r c e n ta g e s  o f  n ick el 
s h o w  tw o  red u ctio n  p ea k s . 5 % N i/H B e ta  s h o w s  tw o  p eak s at 3 7 0  °c an d  5 7 0  °c. 
1 0 % N i/H B e ta  g iv e s  tw o  b ig g e r  p ea k s  at th e  red u ctio n  tem p era tu res at 3 9 0  °c and  
6 1 0  °c, w h e r e a s  2 0 % N i/H B e ta  g iv e s  tw o  red u ctio n  p eak s at tem p era tu res o f  4 2 0  °c 
and 6 5 0  ๐c .  T h e p ea k  at th e  lo w e r  tem p era tu re c o u ld  b e re la ted  to  th e  red u ctio n  o f  
N iO  to  N i0, w h ic h  lo c a te d  o n  su rfa ce  area, w h e r e a s  the se c o n d  p ea k  at h ig h er  tem p er
ature re la ted  to the N iO  lo c a te d  in  z e o l it e  p ore (F ü n e z  e t a l .,  2 0 0 8 ) .  T h e  แ 2 c o n su m p 
tio n  d e p e n d s  o n  th e a m o u n t o f  N iO  ob ta in ed  a fter  th e  c a lc in a t io n  o f  th e se  ca ta ly sts . 
W h en  th e  p e r c e n ta g e  o f  N i in cr e a se d , th e  area o f  tw o  p ea k s  rap id ly  in c r e a se s . A s  
s h o w n  in  F ig u re  4 .5 ,  at a h ig h  am o u n t o f  N i lo a d in g , the s e c o n d  p eak  d ram a tica lly  
sh ifts  fro m  5 7 0  °c to  6 5 0  °c. T h e  resu lts  can  b e  s u g g e s te d  that a  h ig h e r  N i lo a d in g  is 
m ore d if f ic u lt  to  be red u ced  than  a lo w e r  lo a d in g .



27

4 .1 .1 .6 L iq u id  C o m p o s itio n
T h e liq u id s  ob ta in ed  from  the p y r o ly s is  o f  w a s te  tire w ere  

sep a ra ted  in to  5 fra ctio n s (S a tu ra ted  h y d ro ca rb o n s, M o n o -a r o m a tic s , D i-a ro m a tic s , 
P o ly -a r o m a tic s  and  P o la r-a ro m a tics)  b y  u s in g  liq u id  c o lu m n  ch ro m a to g ra p h y  (S eb o r  
e t  a l . ,  1 9 9 9 ). A ll fu n ctio n a l c o m p o s it io n s  w e r e  a n a ly z e d  b y  a S IM D IS T -G C  for the  
true b o ilin g  p o in t d ist illa t io n  cu rves.
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Figure 4 .6  C h e m ic a l c o m p o s it io n s  in m a lte n e s  ob ta in ed  from  u s in g  N i/H B e ta  ca ta 
ly s ts  in  c o m p a r iso n  w ith  th o se  from  l% P d /H B e ta .

T h e  c h e m ic a l c o m p o s it io n s  o f  m a lte n e s  o b ta in ed  from  u sin g  
v a r ied  lo a d in g  p e r cen ta g es  o f  N i/H B e ta  c a ta ly s ts  as co m p a red  to  pure H B e ta  and  
l% P d /H B e ta  are sh o w n  in F ig u re  4 .6 . H B eta  z e o l ite  p r o d u c e s  the h ig h e s t  c o n cen tra 
t io n  o f  saturated  h yd ro carb on s o f  ab out 6 6 .2  w t% , w h e r e a s  l% P d /H B e ta  g iv e s  the  
lo w e r  co n ce n tr a tio n s  o f  saturated  h y d ro ca rb o n s o f  5 6 .3  w t%  in the p y r o ly tic  o il. 
W h e n  the p e rcen ta g e  o f  N i lo a d in g  in c r e a se s , th e  c o n cen tra tio n  o f  satu rated  h yd ro 
c a r b o n s  s lig h tly  d e c r e a se s . 5 % N i/H B e ta  and  1 0 % N i/H B e ta  g iv e  a h ig h er  c o n cen tra 
t io n  o f  saturated  h yd ro ca rb o n s than l% P d /H B e ta . T h e resu lts  s h o w  that l% P d /H B e ta  
d ra m a tic a lly  in crea ses  the m o n o -a r o m a tic s  co n c e n tr a tio n s  from  10 w t%  to  2 7 .8  w t%  
w h e n  co m p a red  to  pure H B eta  z e o lite . O n  th e  o th er h an d , th e  c o n c e n tr a tio n  o f  m o n o 
a r o m a tic s  is  lo w e r  w ith  u s in g  th e N i- lo a d in g  ca ta ly s ts . H o w e v e r , it is  s t i ll h ig h er  than  
that o f  pure H B eta , but lo w e r  than that o f  l% P d /H B e ta . M o r e o v e r , the c o n cen tra tio n s  
o f  p o ly -  and p o la r -a ro m a tic s  rap id ly  in crea se  w h e n  all N i- lo a d e d  c a ta ly s ts  are u sed . 
It c a n  b e  s u g g e s te d  that a h ig h er  cra ck in g  a c t iv ity  ca ta ly s t  p r o d u c e s  a h ig h e r  c o n c e n 
tration  o f  p o ly -a r o m a tic s  b e c a u se  the h ig h  c r a c k in g  a b ility  ca n  g en era te  ca rb o ca tio n s

■  HBeta Dl%Pd-HBeta S5%Ni/HBeta ai0% Ni/HBeta H20%Ni/HBeta

Saturated Mono-aromatics Di-aromatics Poly-aromatics Polar-aromatics 
Hydrocarbons
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w h ic h  are in term ed ia tes  to  form  a ro m a tic  c o m p o u n d s  (C h o o su to n , 2 0 0 7 ) .  
l% P d /H B e ta  p ro d u ces  a h ig h  q u a lity  o f  o il p rod u cts w ith  a h ig h  c o n cen tra tio n  o f  
saturated  h y d ro ca rb o n s and  lo w  c o n c e n tr a tio n s  o f  p o ly -  an d  p o la r -a ro m a tic s . T h e N i-  
lo a d ed  c a ta ly s t  at a h ig h  N i  lo a d in g  c a n n o t b e  u sed  as a su b stitu te  o f  l% P d /H B e ta  for  
th e  g o o d  q u a lity  o f  o il p ro d u ctio n  b e c a u se  it g iv e s  th e  h ig h  co n c e n tr a tio n s  o f  p o ly -  
and  p o lar-arom a tics .

Figure 4.7 A v e r a g e  carb o n  n u m b er o f  m o n o -a r o m a tic s  fra ctio n s  o b ta in ed  from  u s 
in g  v a r io u s % N i/H B e ta  in  c o m p a r iso n  w ith  (□ ) l% P d /H B e ta .

F ig u re  4 .7  illu stra te s  the a v e r a g e  carb o n  n u m b er  o f  m o n o 
a ro m a tics  in  o b ta in ed  from  u s in g  v a ried  lo a d in g  p e r c e n ta g e s  o f  N i /H B e ta  ca ta ly s ts  as  
co m p a red  to  that o f  l% P d /H B e ta . It e x h ib its  that th e  a v e r a g e  carb o n  n u m b er o f  
m o n o -a r o m a tic s  s lig h tly  d e c r e a se s  w ith  th e  in crea sed  p e r c e n ta g e  o f  N i lo a d in g . T h is  
resu lt is attr ib uted  to  the rea so n  that the h ig h  N i lo a d in g  e x h ib its  h y d r o g e n a tio n  and  
r in g -o p e n in g  a c t iv ity  on  N i m eta l s ite s . M o reo v er , pure H B e ta  g iv e s  th e  lo w e s t  o f  
a v e r a g e  carb o n  n u m b er o f  m o n o -a r o m a tic s . T h ere fo re , it can  be c o n c lu d e d  that N i 
lo a d in g  h e lp s  im p r o v in g  th e p ro d u ctio n  o f  sh ort ch a in  m o n o -a r o m a tic s  v ia  th e  r in g 
o p e n in g  o f  d i-a ro m a tic s . A d d it io n a lly , 2 0 % N i/H B e ta  g iv e s  the s im ila r  av era g e  car
b o n  n u m b er o f  m o n o -a r o m a tic s  as that o f  l% P d /H B e ta .

In m o n o -a r o m a tic  p o r tio n , 1 0 % N i/H B e ta , h o w e v e r , p rod u ces  
th e  c o n s id e r a b ly -h ig h  c o n cen tra tio n  o f  lig h t  m o n o -a r o m a tic s  (C ô -C n )  as sh o w n  in 
T a b le  4 .1 . A d d it io n a lly , th e  c o n c e n tr a tio n  o f  lig h t  m o n o -a r o m a tic s  from  
1 0 % N i/H B eta  is  a s  m u ch  a s a h a lf  o f  th o se  o b ta in ed  from  l% P d /H B e ta . 5 % N i/H B e ta
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and  2 0 % N i/H B e ta  rarely p rod u ce  lig h t  m o n o -a r o m a tic s  (C ô -C n ). T h e  arom atic  c o m 
p o u n d s can  b e  p rod u ced  v ia  D ie ls -A ld e r s  rea c tio n s  o f  o le f in s  o b ta in ed  from  p rim ary  
cra ck in g  rea c tio n s  an d /or  the r in g -o p e n in g  o f  d i-a ro m a tic s .

Table 4.1 C o n cen tra tio n  o f  ligh t m o n o -a r o m a tic s  (B T X s )  (% w t)

Carbon No. Yield of light mono-aromatics (%wt)
l%Pd/HBeta 5%Ni/ HBeta 10%Ni/ HBeta 20%Ni/ HBeta

c 6-c 8 (BTXs) 4 .51 0 1 .80 0

c 9 2 .1 6 0 1 .0 1 0 .0 0 1

Cio 2 .5 4 0 1 .28 0 .0 2 3
c „ 2 .9 4 0 . 0 0 2 1 .59 0 .2 6 7

4 .1 .1 .7  P e tro le u m  F r a c tio n
T h e  m a lten es  w e r e  a n a ly z e d  b y  a S IM D IS T -G C  for th e  true 

b o ilin g  p o in t  c u rv es , and  then  cu t to  p etro leu m  fra ctio n s , w h ic h  are nap h th a ( < 2 0 0  

°C ), k e r o se n e  ( 2 0 0 - 2 5 0  °C ), ligh t g a s  o i l  ( 2 5 0 - 3 0 0  °C ), h ea v y  g a s  o il ( 3 0 0 - 3 7 0  °C ), 
and  lo n g  res id u e  (> 3 7 0  ๐C ).

Naphtha Kerosene Light gas oil Heavy gas oil Long residues

Figure 4.8 P etro leu m  fraction s in  m a lte n e s  ob ta in ed  from  u s in g  v a r io u s  % lo a d in g  o f  
N i/H B e ta  c a ta ly s ts  in c o m p a r iso n  w ith  th o se  o f  l% P d /H B e ta .

F igu re  4 .8  s h o w s  the p e tro leu m  fra c tio n s  o f  m a lten es  o b 
ta in ed  from  u s in g  varied  p e r c en ta g es  o f  N i lo a d in g  o n  H B e ta  z e o l ite  as com p a red  
w ith  l% P d /H B e ta . It can  b e c le a r ly  s e e n  that pure H B e ta  g iv e  th e  h ig h e st  co n cen tra -
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tion  o f  nap h th a and  k e ro sen e . T h e  resu lt in d ic a te s  that pure H B eta  p r o d u c e s  the  
ligh ter  o il fraction  than  that o f  o th er  ca ta ly sts . l% P d /H B e ta  g iv e s  the h ig h er  c o n c e n 
tration  o f  k ero sen e  than  that o f  a ll N i/H B e ta  c a ta ly s ts . A ll N i/H B e ta  c a ta ly s ts  g iv e  
the s im ila r  co n cen tra tio n  o f  n ap h th a  as that o f  l% P d /H B e ta , e x c e p t  1 0 % N i/H B eta . 
T h e h ig h  am o u n t o f  N i lo ad ed  c a ta ly s t  p ro d u ces  th e  h ig h er  co n cen tra tio n  o f  lig h t and  
h e a v y  g a s  o il. A d d it io n a lly , th e  h ig h  am o u n t o f  N i  lo a d in g  p r o d u ces  th e  lo w e r  c o n 
cen tra tio n  o f  k e r o se n e  than that o f  l% P d /H B e ta . M o r e o v e r , 1 0 % N i/H B e ta  p rod u ces  
h ig h  p o ly -a r o m a tic s . It can  b e s u g g e s te d  that 1 0 % N i/H B e ta  p ro d u ces  th e  h e a v ie s t  
o i ls  than  the o th er ca ta ly sts . It c a n  b e g e n e r a lly  c o n c lu d e d  that the a d d itio n  o f  N i 
p ro d u ces  th e  sa m e  am o u n t o f  n ap h th a , but the grea ter  in  g a s  o i ls  and lo n g  r e s id u e  in  
the e x p e n s e  o f  k e r o se n e  red u ction .

Figure 4.9 C arb on  n u m ber d istr ib u tio n  o f  m a lte n e s  o b ta in e d  from  u s in g  v a r io u s  
% lo a d in g  o f  N i /H B e ta  ca ta ly s ts  in c o m p a r iso n  w ith  that from  l% P d /H B e ta .

F igu re 4 .9  e x h ib its  th e  carb o n  n u m b er d istr ib u tio n  o f  
m a lte n e s  ob ta in ed  fro m  u sin g  v a r ied  lo a d in g  p e r c e n ta g e s  o f  N i /H B e ta  c a ta ly s ts  as 
co m p a red  to that o f  l% P d /H B e ta . It can  b e o b se r v e d  that th e  n o n -c a ta ly tic  c a se  
sh o w s  the broad p ea k , in d ica tin g  a  w id e  carb o n  n u m b er  d istr ib u tio n . T h e  p ea k  b e 
c o m e s  n arrow er w ith  the p r e se n c e  o f  ca ta ly s ts . W h e n  the p erc e n ta g e  o f  N i lo a d in g  
in c r e a se s , the p eak  s e e m s  to  sh ift  to  h ig h er  carb o n  n u m b ers o f  m a lte n e s  than  that o f  
l% P d /H B e ta . T h is  resu lt re la tes to  th e  p etro leu m  fraction  in m a lte n e s , w h ic h  sh o w s  
that th e  h ig h  N i lo a d in g  g iv e s  th e  h e a v y  o il fraction .



31

30
I  25
j j 20
® ►1 15 I I»

1 5
<  0

0 5 10 20
% N i lo a d in g  on H B e ta

Figure 4.10 A v e r a g e  carb on  n u m b er  o f  m a lte n e s  and m o n o -a r o m a tic s  fraction s in 
c o m p a r iso n  w ith  (□ ) m o n o -a r o m a tic s  from  l% P d /H B e ta .

F rom  F ig u re  4 .1 0 , p u re H B eta  g iv e s  the lo w e s t  o f  av erag e  
carb on  n u m b er o f  m a lten es  a d d it io n a lly , w h e n  pure H B e ta  is  co m p a red  w ith  
l% P d /H B e ta , th e  a v era g e  carb o n  n u m b er o f  m a lte n e s  s lig h t ly  in c r e se s  from  11 .7  to  
1 5 .8 . In th is  f ig u re , it can  b e  o b se r v e d  that th e  a v era g e  carb on  n u m b er o f  m a lten es  
s lig h t ly  in crea ses  w ith  the in cre a se d  p er c e n ta g e  o f  N i  lo a d in g . M o r e o v e r , th e  average  
carb o n  n u m b er o f  l% P d /H B e ta  is  th e  lo w e r  than  that a ll N i ca ta ly sts . T h e  resu lts  e x 
p la in  that the pure H B eta  g iv e s  th e  h ig h er  c r a c k in g  a c t iv ity  than that o f  l% P d /H B e ta  
and  all N i- lo a d e d  ca ta ly sts . F u rth erm ore, th e  a v e r a g e  carb o n  n u m b er o f  l% P d /H B e ta  
is  th e  sm a lle s t  a m o n g  th o se  o f  th e  N i/H B e ta  ca ta ly s ts . N e v e r th e le s s , 5%  N i/H B e ta  
g iv e s  th e  c lo s e  a v era g e  carb on  n u m b er o f  m a lte n e s  to  th o se  o f  l% P d /H B e ta . T h e Sat 
H C s/T o ta l a ro m a tic s  ratio ca n  o b se r v e  th e  q u a lity  o f  o il p rod u cts.

Figure 4.11 S at H C s/T o ta l a ro m a tic s  ratio o b ta in e d  from  u s in g  N i/H B e ta  ca ta ly st in 
c o m p a r iso n  w ith  that from  (0 ) l% P d /H B e ta .
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F ig u re  4 .1 1  s h o w s  that th e  S at H C s/T o ta l a ro m a tics  ratio d e 
c r e a se s  w ith  in cr e a s in g  th e  N i ad d itio n . T h is  resu lt is  attributed  to th e  reason  that the  
h ig h  N i lo a d in g  e x h ib its  th e  h ig h  c r a c k in g  a b ility  o n  N i m eta l s ite s  w h ic h  can  g e n e r 
a te  c a r b o c a tio n s  w h ic h  are in term ed ia tes  to  form  arom atic  c o m p o u n d s  T h e  
5 % N i/H B e ta  ca n  b e  u sed  a s  a su b stitu te  o f  l% P d /H B e ta  for sim ila r  cru d e o il p rod u c
t io n  s in c e  it ca n  p rod u ce  th e s im ila r  q u an tity  ( sa m e  c o n cen tra tio n  o f  naphtha) and  
q u a lity  (h ig h  S at H C s/T o ta l a ro m a tics  ra tio ) o f  o il p rod u ct to th o se  o f  l% P d /H B eta .

4 .1 .1 .8 S u lfu r  F o rm a tio n

T h e  rubber stru ctu re o f  tire c o n ta in s  m o st ly  C -S  b on d s w h ic h  
are c r o ss lin k  o f  rubber c h a in s . T h e  su lfu r  c o n te n ts  in p y ro ly tic  o il are co n cern ed  b e 
c a u se  o f  p o iso n in g  to an en v ir o n m e n ta l. T h e  su lfu r  c o n ten t in p y ro ly tic  o il and su lfu r  
d e p o s it io n  o n  sp en t c a ta ly s ts  w e r e  d e te r m in e d  b y a C H N S  an a lyzer .

1.6 
1.4
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Figure 4.12 S u lfu r  c o n te n t o n  sp en t c a ta ly s ts  and  in  p y ro ly tic  o i l  ob ta in ed  from  
N i/H B e ta  c a ta ly s ts  in c o m p a r iso n  w ith  th o se  from  l% P d /H B e ta .

F ig u re  4 .1 2  s h o w s  that th e  p r e se n c e  o f  a ll N i /H B e ta  ca ta ly sts ,  
th e  su lfu r  c o n te n t in p y r o ly t ic  o il d e c r e a se s  w ith  in c r e a s in g  the su lfu r  d e p o s its  on  
sp en t ca ta ly s ts . T h e  p y r o ly t ic  o i l  o b ta in ed  fro m  N i/H B e ta  ca ta ly s ts  g iv e  lo w e r  su lfu r  
c o n te n t than that o f  l% P d /H B e ta . It can  b e  s u g g e s t  that th e  N i m eta l ca n  b reak d ow n  
th e  C -S  b o n d s  b y  h y d r o d e su lfu r iz a tio n  a c tiv ity . It can  b e c o n c lu d e d  that the  
N i/H B e ta  c a ta ly s ts  p rod u ce  a h ig h e r  q u a lity  o f  p y r o ly t ic  o il w h ic h  co n ta in e d  lo w  s u l
fur con ten t.

0  Sulfur on catalyst ■  sulfur ๒ pyrolytic oil

l%Pd/HBeta 5%Ni/HBeta 10%Ni/HBeta 20%Ni/HBeta
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4 .1 .1 .9  C o m p a r is o n  o f  C a ta ly s t  P r ic e s
S in c e  p a lla d iu m  is  a  n o b le  m eta l that h as a v ery  h ig h  p rice , 

n ic k e l as an  e le m e n t in  th e  sa m e grou p  (V IIIB  g ro u p ) that m a y  b e  u sed  as a su b st i
tu te o f  p a lla d iu m . M o r e o v e r , n ick e l is  a n o n -n o b le  m eta l w h ic h  h as a lo w  price. A s  
sh o w n  p r e v io u s ly , in  th e  c a se  o f  g a s e o u s  p rod u cts , 1 0 % N i/H B eta  e x h ib its  a g o o d  
ca ta ly s t  for ligh t o le f in s  and  c o o k in g  g a se s  p ro d u ctio n  w h ic h  p ro d u ced  the y ie ld s  as  
h ig h  as that o f  l% P d /H B e ta . M o reo v er , 1 0 % N i/H B eta  p rod u ces th e  h ig h  v a lu a b le  
m o n o -a r o m a tic s  (B T X s )  a s  m u ch  as a h a l f  o f  that th o se  ob ta in ed  from  l% P d /H B eta . 
A c c o r d in g  to th e se  re su lts , 1 0 % N i/H B eta  ca ta ly st m a y  b e u sed  as a su b stitu te  o f  
l% P d /H B e ta  to p rod u ce  v a lu a b le  g a s  and  m o n o -a r o m a tic s  p rod u cts. 5 % N i/H B e ta  is  
an e lig ib le  ca ta ly s t  that ca n  b e u sed  as a su b stitu te  o f  l% P d /H B e ta  for  crude o il p ro
d u ctio n  s in c e  it p ro v id e s  a s  sim ila r  a s  q u an tity  and q u a lity  o f  o il p rod u cts.

T a b le  4 .2  sh o w s  th e  co m p a r iso n  o f  p recu rsor p r ices . T h e p re
cu rsor o f  P d  (P a lla d iu m  (II) nitrate d ih y d ra te ) is m o re  e x p e n s iv e  than  that o f  the n o n 
n o b le  m eta l (N ic k e l n itra te  h ex a h y d ra te ). A s  sh o w n  in  T a b le  4 .2 ,  i f  5%  and  
1 0 % N i/H B e ta  is  u sed  as a su b stitu te  o f  l% P d /H B e ta , th e  c o st  o f  c a ta ly s t  is red u ced  
b y  18 t im e s  and 9  t im e s , r e sp e c tiv e ly .

Table 4 .2  P recu rsor p r ice

Metal Precursor Price(Baht)/g %loaded
(wt%)

g of 
loaded

Price
(Baht)

N o b le
P a llad iu m (II)n itra ted ih yd ra te

( P d ( N 0 3) 2 -2H 20 )
2 ,6 0 0 1 0 .2 5 3 6 5 8

N o n - N ic k e l  n itrate h ex a h y d ra te
13 .8

5 2 .61 3 6 .0
n o b le ( N i ( N 0 3) 2 -6H 20 ) 1 0 5 .5 7 5 .9
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4 .1 .2  U s in g  H M O R  as a S u p p ort
T h is  se c t io n  c o m p a res  th e  e f fe c t  o f  the v a r io u s  % N i lo a d in g  w ith  

l% P d  su p p o rted  on  H M O R  z e o lite  o n  w a ste  tire p y r o ly s is  and in v e s tig a te  w h eth er  a 
n o n -n o b le  N i m eta l ca n  b e  u sed  a s  a su b stitu te  o f  a n o b le  m e ta l, P d , su p ported  on  
H M O R  as a  ca ta ly s t  for  w a ste  tire p y r o ly s is . T h e  p rod u cts fro m  w a s te  tire p y r o ly s is  
w h ic h  are in terested  to  co m p a re  in  th is  se c t io n  c o n s is t  o f  fu ll ran g e  naphtha, m o n o 
a ro m a tics  in  m a lte n e s , and  p e tr o c h e m ic a ls  g a se s  (o le f in s , c o o k in g  g a se s  and m ix e d
c 4).

4 .1 .2 .1  L iq u id  to  G a s  R a tio

Figure 4.13 L /G  ratio  from  u sin g  v a r io u s  % N i/H M O R  in c o m p a r iso n  w ith  (o) N o n -  
c a ta ly tic  and  (A ) l% P d /H M O R  c a se s .

T h e  p rod u ct d istr ib u tio n  ob ta in ed  from  w a ste  tire p y r o ly s is  
can  b e illu stra ted  b y  p lo tt in g  the liq u id  to g a s  ratio  as sh o w n  in  F igu re 4 .1 3 . It d e 
m o n stra tes  the L /G  ratio  from  v a r io u s  % N i/H M O R  in c o m p a r iso n  w ith  that o f  the  
n o n -c a ta ly tic  c a se  (th erm al p y r o ly s is ) , pure H M O R  z e o l it e  (0 % N i), and  
l% P d /H M O R . T h e  resu lts  sh o w  that l% P d /H M O R  g iv e s  th e  s im ila r  L /G  ratio as 
pure H M O R  z e o l ite  (a b o u t 2 .0 )  but lo w e r  than th e n o n -c a ta ly tic s  c a se  (ab ou t 2 .5 ) .  
T h e L /G  ratio  in c r e a se s  w ith  the in crem en t o f  N i lo a d in g  from  5 to  10% , and th en  the  
L /G  ratio  s lig h tly  d e c r e a se s  from  2 .4  to  2.1 at 2 0 % N i. T h e L /G  ratio  from  an y o f  ca t
a ly tic  p y r o ly s is  c a s e s  is  lo w er  than th e  n o n -c a ta ly tic  ca se . It c a n  b e c o n c lu d e d  that 
the m eta l and  acid  s ite s  o f  the c a ta ly s ts  are ab le  to  crack  the h e a v y  m o le c u le s  o f  the  
liq u id  fraction  in to  lig h ter  o n e s  in  th e  g a se o u s  fraction . F ig u re  1 e x h ib its  that 
2 0 % N i/H M O R  g iv e s  th e  c lo se t  L /G  ratio  to that o f  l% P d /H M O R . It can  b e  su g -
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gested that 20%Ni/HMOR has the similar cracking activity to that of l%Pd/HMOR,
and can produce the yield of liquid fraction approximately close to that of
1 %Pd/HMOR.

4 .1 .2 .2  L iq u id  C o m p o s i tio n

Saturated Mono-aromatics Di- aromatics Poly- aromatics Polar- aromatics 
hydrocarbons

Figure 4.14 C h e m ic a l c o m p o s it io n s  in m a lte n e s  from  u s in g  N i/H M O R  c a ta ly s ts  in  
c o m p a r iso n  w ith  th o se  from  1 % P d /H M O R .

T h e c h e m ic a l c o m p o s it io n s  o f  m a lte n e s  ob ta in ed  from  u sin g  
va r ied  lo a d in g  p e r c e n ta g e s  o f  N i/H M O R  ca ta ly s ts  as co m p a r e d  to th o se  o f  pure  
H M O R  and l% P d /H M O R  are sh o w n  in F ig u re  4 .1 4 . T h e  resu lts  s h o w  that 
l% P d /H M O R  z e o l i t e  p ro d u ces  th e  h ig h e st  c o n cen tra tio n  o f  saturated  h yd ro carb on s  
o f  a b o u t 6 4 .0  w t% . T h e  N i c a ta ly s ts  in  gen era l p rod u ce  le s s  saturated  h yd ro carb on s  
in m a lte n e s  that th e  l% P d  c a ta ly st. T h e  p erc e n ta g e  o f  N i lo a d in g  in c r e a se s , th e  c o n 
cen tra tio n  o f  satu rated  h y d ro ca rb o n s in crea ses . A s  the h ig h e s t  m eta l lo a d in g , 20 % N i  
g iv e s  th e  c o n c e n tr a tio n  o f  satu rated  h yd ro carb on s (ab ou t 6 1 .5  w t% ) c lo s e  to  that o b 
ta in ed  from  l% P d . It can  b e e x p la in e d  that in ord er to ob ta in  th e sa m e  a c t iv ity  o n  the  
h y d r o g e n a tio n  o f  u n satu ra ted  h y d ro ca rb o n s, a s  h ig h  as 20%  N i lo a d in g  on  H M O R  is  
req u ired . T h e  2 0 % N i/H M O R  n o t o n ly  p ro d u ces  the c lo s e s t  p ercen ta g e  o f  saturated  
h y d ro carb on  to that o f  l% P d /H M O R , but it is  a lso  h ig h er  than  that o f  pure H M O R  
z e o lite .

In c a se  o f  m o n o -a r o m a tic s , pure H M O R  z e o lite  g iv e s  the  
h ig h e s t  co n ce n tr a tio n  o f  m o n o -a r o m a tic s  (ab ou t 16 .0  w t% ) d u e  to its fa v o ra b le  d e 
h y d r o g e n a tio n  and  a ro m a tiza tio n  a c tiv ity  (C a sta n o  e t a l . ,  2 0 0 6 ) .  T h e l% P d /H M O R

xnm'ïtq
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p r o d u c e s  th e  h ig h e r  co n cen tra tio n  o f  m o n o -a r o m a tic s  (a b o u t 10.3 w t% ) than  that o f  
a ll N i/H M O R  ca ta ly sts . T h e  co n ce n tr a tio n s  o f  h ig h -v a lu e  m o n o -a r o m a tic s , n a m ely  
b e n z e n e , to lu e n e , and x y le n e s  (B T X s )  in  m a lte n e s  are sh o w n  in T a b le  4 .3 . A s  a re
su lt , the a ll N i/H M O R  c a ta ly s ts  g iv e  a h ig h er  y ie ld  o f  Cô-Cg (B T X s )  than  
l% P d /H M O R . E sp e c ia lly , 5 % N i/H M O R  g iv e s  the h ig h e s t  y ie ld  o f  B T X s  in  m o n o 
a ro m a tics  a m o n g  all N i/H M O R  ca ta ly s ts , and it is  7 t im e s  h ig h er  than that o f  
l% P d /H M O R . F u rth erm ore, th e  p o ly -  and  p o la r -a ro m a tic s  are e n h a n c e d  at a h ig h  N i 
lo a d in g  d u e to  th e  h ig h  d eh y d r o g e n a tio n  o n  N i m eta l and  further r e a c tio n s  b e tw e e n  
a ro m a tics  an d  o le f in s  (W illia m s  and T a y lo r , 1 9 9 3 ).

Table 4.3 Y ie ld  o f  b e n z e n e , to lu en e  and  x y le n e s  in  m o n o -a r o m a tic s  fraction  o b 
ta in ed  from  u s in g  N i/H M O R  ca ta ly sts  in  c o m p a r iso n  w ith  th o se  from  l% P d /H M O R

Carbon Yield of BTXs (% by weight) in maltenes
number l%Pd/HMOR 5%Ni/HMOR 10%Ni/HMOR 20%Ni/HMOR

6 0 .0 4 0 .3 9 0 .1 3 0 .3 0
7 0 .0 7 0 .5 2 0 .2 1 0 .4 3
8 0 .1 3 0 . 6 8 0 .3 4 0 .61

BTXs 0 .2 3 1 .6 0 0 .6 7 1.35

Figure 4.15 A v e r a g e  carb o n  n u m b er o f  m o n o -a r o m a tic s  o b ta in ed  from  u sin g  
N i/H M O R  c a ta ly s t  in  c o m p a r iso n  (0 ) l% P d /H M O R .
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F ig u re  4 .1 5  illu stra tes  the a v e r a g e  carb o n  n u m b er o f  m o n o 
aro m a tics  from  u s in g  th e N i/H M O R  ca ta ly s ts  w ith  va r ied  N i lo a d in g  p erc e n ta g e s  as 
co m p a red  to that o f  l% P d /H M O R . It can  b e  se e n  that 5 % N i/H M O R  and  
1 0 % N i/H M O R  g iv e  th e  s im ila r  a v era g e  carb on  n u m b er  o f  m o n o -a r o m a tic s , n a m e ly
2 3 .4  and  2 4 .7 ,  r e sp e c tiv e ly . T h e  a v era g e  s lig h tly  d e c r e a se s  at 2 0 % N i lo a d in g . It can  
be c o n c lu d e d  that the h ig h  N i lo a d in g  e x h ib its  h ig h  h y d r o g e n a tio n  and r in g -o p e n in g  
a c tiv ity  o n  N i m eta l s ite s . A d d it io n a lly , 5 % N i/H M O R  e x h ib its  th e  c lo s e s t  av erag e  
carb on  n u m b er  o f  m o n o -a r o m a tic s  to  that o f  l% P d /H M O R . A c c o r d in g  to all o f  the  
resu lts , it ca n  be s u g g e s te d  that 5 % N i/H M O R  s e e m s  to  b e  a co m p a ra b le  ca ta ly s t  to 
l% P d /H M O R  to p ro d u ce  ligh t m o n o -a r o m a tic s  (B T X s )  b e c a u se  it p ro d u ced  the  
h ig h e st  y ie ld  o f  ligh t m o n o -a r o m a tic s  (B T X s )  and th e c lo s e s t  a v e r a g e  carb on  n u m b er  
o f  m o n o -a r o m a tic s  to  th o se  g iv e n  b y  l% P d /H M O R .

4 .1 .2 .3  P e tr o le u m  F r a c tio n s
T h e  p e tro leu m  fra ctio n s in m a lte n e s  o b ta in ed  from  u s in g  v a 

ried  N i/H M O R  ca ta ly s ts  in  co m p a red  w ith  that from  l% P d /H M O R  and pure H M O R  
z e o l ite  is  sh o w n  in F ig u re  4 .1 6 .

Full range naphtha Kerosene Light gas oil Heavy gas oil Long residue

Figure 4.16 P etro leu m  fra c tio n s  in  m a lte n e s  o b ta in e d  from  u s in g  N i/H M O R  ca ta 
ly sts  in c o m p a r iso n  w ith  th o se  from  l% P d /H M O R .

T h ere fo re , l% P d /H M O R  h a s b e e n  in v e stig a te d  as a g o o d  c a t
a ly st for p r o d u c in g  fu ll ran g e  n ap h th a and k ero se n e  in  w a ste  tire p y r o ly s is . In F ig u re  
4 .1 6 , th e  p u re H M O R  z e o l i t e  e x h ib its  the h ig h e st  co n ce n tr a tio n  o f  fu ll ran ge naphtha  
and k e r o se n e . M o st N i/H M O R  ca ta ly s ts , e x c e p t  1 0 % N i/H M O R  g iv e  the s im ila r
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q u an tity  o f  fu ll ran g e  n ap h th a as that o f  l% P d /H M O R . In c a se  o f  k e r o se n e , th e  p res
e n c e  o f  N i  on  H M O R , e s p e c ia lly  5 % N i/H M O R , ap p ears to  g iv e  a s lig h t ly  h igh er  
c o n c e n tr a tio n  o f  k e r o se n e  (1 5 .9  w t% ) than that o f  l% P d /H M O R  (1 3 .0  w t% ). It can  
b e  c o n c lu d e d  that 5 % N i/H M O R  se e m s  to b e  a su ita b le  c a ta ly s t  for su b stitu tin g  
l% P d /H M O R  for k e r o se n e  p rod u ction . F ig u re  4 .1 6 , 5%  and 2 0 % N i su p p o rted  on  
H M O R  c a ta ly s ts  are e lig ib le  ca ta ly sts  that ca n  be u sed  as a su b stitu te  o f  
l% P d /H M O R  for p e tro leu m  cru d e o il p rod u ction .

T h e  true b o ilin g  p o in t cu rv e  is o n e  o f  o il ch a ra cter istics  
w h ic h  ca n  b e u sed  for  se le c t in g  a proper ca ta ly s t  for su b stitu tin g  l% P d /H M O R . T h e  
true b o ilin g  p o in t c u r v e s  w er e  ob ta in ed  from  u s in g  S IM D IS T -G C . T h e  true b o ilin g  
p o in t c u r v e  o f  m a lte n e s  ob ta in ed  from  u sin g  v a r ied  N i/H M O R  c a ta ly s ts  in  co m p a r i
so n  w ith  that from  l% P d /H M O R  is  sh o w n  in F ig u re  4 .1 7 . T h is  fig u re  s h o w s  that the  
2 0 % N i/H M O R  g iv e s  th e  c lo s e s t  true b o ilin g  p o in t cu rve  to that o f  l% P d /H M O R . It 
ca n  b e  c o n c lu d e d  that 2 0 % N i/H M O R  is an e l ig ib le  to  b e  u se d  as su b stitu ted  o f  
l% P d /H M O R  for p e tro leu m  cru d e o i l  p rod u ction .

l%Pd/HMOR -------- 5%Ni/HMOR —  • -  10%Ni/HMOR ............ 20%Ni/HMOR

Figure 4.17 T ru e b o i l in g  p o in t cu r v e s  o f  m a lte n e s  ob ta in ed  fro m  u s in g  N i/H M O R  
c a ta ly s ts  in  c o m p a r iso n  w ith  that from  l% P d /H M O R .
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Figure 4.18 Sat H C s/T o ta l a ro m a tics  ratio o b ta in ed  from  u s in g  N i/H M O R  ca ta ly sts  
in  c o m p a r iso n  w ith  that from  (0 )  l% P d /H M O R .

F igu re 4 .1 8  d em o n str a te s  the ratio o f  satu rated  h yd ro carb on s  
to  to ta l a ro m a tics  ob ta in ed  from  u sin g  varied  N i/H M O R  c a ta ly s ts  in  c o m p a r iso n  w ith  
that o f  l% P d /H M O R . T h e resu lt e x h ib its  that the Sat H C s/T o ta l a ro m a tic s  ratio in 
c r e a se s  w ith  th e in cr e a s in g  N i ad d itio n  b e c a u se  o f  the in c r e a s in g  h y d r o g e n a tio n  and  
r in g  o p e n in g  on  m eta l s ites . T h e  h ig h  p e r c e n ta g e  o f  N i/H M O R  (2 0 % N i)  illu stra tes  
th e  h ig h e s t  S at H C s/T o ta l a ro m a tics  ratio  than  o th er N i/H M O R  ca ta ly s ts  and pure 
H M O R  z e o lite . F u rth erm ore, it g iv e s  the c lo s e s t  S at H C s/T o ta l a ro m a tic s  ratio  to  that 
o f  l% P d /H M O R . It ca n  be s u g g e s te d  that the 2 0 % N i/H M O R  is  an e l ig ib le  ca ta ly st to  
b e  u se d  as a su b stitu te  o f  l% P d /H M O R  in w a s te  tire p y r o ly s is  for o i l  p rod u ction  
s in c e  it can  p r o d u ce  th e s im ila r  q u a lity  (S a t H C s/T o ta l a ro m a tic s  ratio) o f  o i l  product 
and  q u a n tity  o f  p e tr o le u m  cu ts  to  th o se  o f  l% P d /H M O R .

A c c o r d in g  to the resu lts , it ca n  b e  s u g g e s te d  that the  
2 0 % N i/H M O R  is  a proper c a ta ly s t  to  be u sed  a s  a su b stitu te  o f  l% P d /H M O R  for p e 
tro leu m  cru d e o i l  p ro d u ctio n  in  w a s te  tire p y r o ly s is . 2 0 % N i/H M O R  can  p ro d u ce  the  
s im ila r  o f  th e  q u a lity  and q u an tity  o f  o il p rod u ct to  th o se  o f  l% P d /H M O R . N a m e ly , 
2 0 % N i/H M O R  p r o d u c e s  the s im ila r  co n ce n tr a tio n  o f  fu ll ran g e  n ap h th a , k e ro sen e , 
and  lig h t  ga s o il to  th o se  o f  l% P d /H M O R , an d  2 0 % N i/H M O R  g iv e s  the c lo s e s t  true 
b o ilin g  p o in t c u rv e  o f  m a lte n e s  to  that o f  l% P d /H M O R . M o r e o v e r , th e  o i l  p rod u ct
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w h ic h  o b ta in ed  from  2 0 % N i/H M O R  h a s as h ig h  sat H C s/to ta l a ro m a tics  ratio  as that 
o f  l% P d /H M O R .

4 .1 .2 .4  G a s  F ra c tio n s
T h e h ig h  v a lu a b le  g a se o u s  p ro d u cts , w h ic h  ca n  b e u sed  as a 

fe e d  sto c k  in  p e tr o c h e m ic a l p lant, c o n s is t  o f  o le f in s  (e th y le n e  and p r o p y le n e ), c o o k 
in g  g a se s  (p ro p an e and m ix e d  C 4 )  and m ix e d  C 4 . T h e y ie ld s  o f  o le f in s ,  c o o k in g  g a se s  
and  m ix e d  C 4  o b ta in ed  from  u s in g  varied  N i p er c e n ta g e s  su p p o rted  o n  H M O R  z e o lite  
in  c o m p a r iso n  w ith  th o se  from  l% P d /H M O R , pure H M O R  and n o n -c a ta ly tic  c a s e s  
are sh o w n  in  F ig u re  4 .1 9  (a )- (c ) , r e sp e c tiv e ly .

B propylene______ Methylene

Non-cat HMOR l%Pd/HMOR 5%Ni/HMOR 10%Ni/HMOR 20%Ni/HMOR

Figure 4.19(a) Y ie ld  o f  e th y le n e  and p r o p y le n e  o b ta in ed  from  u s in g  N i/H M O R  in  
c o m p a r iso n  w ith  th o se  from  l% P d /H M O R , pure H M O R  and n o n -c a ta ly tic  c a se s .

12 Mixed C4 ■  Pronane

Non-cat HMOR l%Pd/HMOR 5%Ni/HMOR 10%Ni/HMOR 20%Ni/HMOR

Figure 4.19(b) Y ie ld  o f  p rop an e and m ix e d  C 4 o b ta in ed  from  u s in g  N i/H M O R  in  
c o m p a r iso n  w ith : th o se  from  l% P d /H M O R , pure H M O R  and  n o n -c a ta ly tic  c a ses .
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Mixed C4

Figure 4.19(c) Y ie ld  o f  m ix e d  C 4  o b ta in ed  from  u s in g  N i/H M O R  in c o m p a r iso n  
w ith : that from  l% P d /H M O R , pure H M O R  and n o n -c a ta ly tic  c a s e s .

F ig u re  4 .1 9 (a ) - ( c ) ,  Its c le a r ly  e x h ib it  that 5 % N i/H M O R  g iv e s  
th e  h ig h e s t  y ie ld s  o f  o le f in s ,  c o o k in g  g a s e s , and m ix e d  C 4 to th o se  o f  all N i/H M O R  
ca ta ly s ts . M o r e o v e r , 5 % N i/H M O R  p ro d u ces  the h ig h e r  y ie ld s  o f  o le f in s , c o o k in g  
g a se s , and m ix e d  c 4 than th o se  o f  l% P d /H M O R , pure H M O R  z e o l ite  and n on -  
ca ta ly tic  (th erm al p y r o ly s is ) .îaX n  in c r e a s in g  o f  a m o u n t o f  N i lo a d in g  d e c r e a se s  the 
y ie ld s  o f  o le f in s ,  c o o k in g  g a se s , and  m ix e d  C 4 . T h e se  resu lts  ca n  b e e x p la in e d  that 
in crea sin g  N i lo a d in g  e n h a n c e s  d e h y d r o g e n a tio n  and  a r o m a tiza tio n  v ia  D ie ls -A ld e r s  
reac tio n  o f  o le f in s  p rod u cts , w h ic h  c o n se q u e n tly  d e c r e a se s  th e  o le f in s  p rod u cts and  
in c r e a se s  th e  aro m a tics  c o m p o u n d s . It ca n  b e c le a r ly  s u g g e s te d  th at 5 % N i/H M O R  is 
a proper c a ta ly s t  for su b stitu tin g  l% P d /H M O R  for v a lu a b le  g a s e o u s  p ro d u ctio n  in  
w a ste  tire p y r o ly s is .

4 .1 .2 .5  S u lfu r  F o rm a tio n

F ig u re  4 .2 0  s h o w s  the su lfu r  c o n te n t  in d e r iv e d  o il and su lfu r  
d e p o s it io n  o n  sp en t c a ta ly s ts  d eterm in ed  b y  a C H N S  an a lyzer . It c a n  b e  su g g e s te d  
that the p r e se n c e  o f  N i m eta l can  e n h a n c e  the red u ctio n  o f  su lfu r  in  th e  p y r o ly tic  o il. 
N i m eta l can  crack  th e  C -S  b on d s, c o n se q u e n tly  le a v in g  the su lfu r  a to m s o n  N i m e t
a l. It can  b e c o n c lu d e d  that N i m eta l h as a  h ig h  h y d r o d e su lfu r iz a tio n  a c tiv ity  o f  s u l
fur. M o r e o v e r , the p y r o ly tic  o il o b ta in ed  from  N i/H M O R  ca ta ly s t  h a s g o o d  q u a lity  in  
term s o f  lo w  su lfu r  co n ten t.
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ii
Figure 4.20 S u lfu r  con ten t o n  sp en t ca ta ly sts  and  in p y r o ly tic  o i l  o b ta in ed  from  
N i/H M O R  ca ta ly sts  in  co m p a r iso n  w ith  th o se  from  l% P d /H M O R .

4 .1 .2 .6  C o m p a r is o n  o f  C a ta ly s t  P r ic e s

In order to red u ce  the c o s t  o f  ca ta ly s t , th e  N i/H M O R  ca ta ly sts  
are in terested  for su b stitu tin g  o f  l% P d /H M O R  w h ic h  a c o s t ly  n o b le  m eta l. A s  m en 
t io n e d  a b o v e , 5 % N i/H M O R  se e m  to  b e a su ita b le  c a ta ly s t  for  su b stitu tin g  o f  
l% P d /H M O R  for m o n o -a r o m a tic s  and  h igh  v a lu a b le  p e tr o c h e m ic a l g a se o u s  p ro d u c
t io n s . F or p etro leu m  o il  p ro d u ctio n , 2 0 % N i/H M O R  p r o d u ces  th e  s im ila r  q u a lity  and  
q u an tity  o f  p etro leu m  o il  p rod u ct to  that o f  l% P d /H M O R .

T a b le  4 .4  s h o w s  th e c o m p a r iso n  o f  p recu rsor  p r ices . T h e  pre
cu rsor o f  Pd (P a lla d iu m  (II) n itrate d ih yd ra te) is m o re  e x p e n s iv e  than that o f  th e  n o n 
n o b le  m eta l (N ic k e l nitrate h ex a h y d ra te ). A s  sh o w n  in T a b le  4 .4 , i f  5%  and  
2 0 % N i/H M O R  are u sed  as a su b stitu te  o f  l% P d /H M O R , th e c o s t  o f  c a ta ly s t  is re
d u ced  b y  18 t im e s  and  4  tim e s , r e sp e c tiv e ly .

Table 4.4 P recu rsor p rice

0  Sulfur on catalyst ■  sulfur in pyrolytic oil

l%Pd/HMOR 5%Ni/HMOR 10%Ni/HMOR 20%Ni/HMOR

M eta l P recursor P r ic e (B a h t)/g
% lo a d ed

(w t% )
g  o f  

load ed
P rice
(B a h t)

N o b le
P a llad iu m (II)n itra ted ih yd ra te

( P d ( N 0 3)2 '2 H 20 )
2 ,6 0 0 1 0 .2 5 3 6 5 8

N o n - N ic k e l n itrate h ex a h y d ra te
13 .8

5 2 .61 3 6 .0
n o b le ( N i ( N 0 3)2 -6H 20 ) 2 0 12 .4 171
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4.2 Comparison of Fe with Ru

4 .2 .1  U s in g  H B eta  as a Support
T h is  se c t io n  c o m p a r e s  the in f lu e n c e  o f  th e  v a r io u s  % F e lo a d in g  w ith  

l% R u  su p p orted  on  H B eta  z e o l it e  o n  w a s te  tire  p y r o ly s is . T h e  v a lu a b le  p rod u cts  o b 
ta in ed  from  w a ste  tire p y r o ly s is  su ch  as o le f in s ,  c o o k in g  g a se s , m ix e d  C 4 , ligh t 
m o n o -a r o m a tic s  (B T X s ) , and p etro leu m  cru d e  o i l  are a n a ly z e d  and com p a red . T h e  
p rod u ct d istr ib u tio n s  o b ta in ed  fro m  w a ste  tire p y r o ly s is  can  b e illu stra ted  b y  p lo ttin g  
th e  g a s  to liq u id  ratio  as s h o w n  in F igu re 4 .2 1 .

4 .2 .1 .1  G a s  to  L iq u id  R a tio

Figure 4.21 G /L  ratio  o b ta in ed  from  u s in g  v a r io u s  % F e /H B e ta  in  c o m p a r iso n  w ith  
( o )  N o n -c a ta ly t ic  and  (A ) l% R u /H B e ta  c a se s .

T h e G /L  ratio refers to  th e  c ra c k in g  a b ility  o f  a ca ta lyst; that 
is , th e  large m o le c u le s  in th e  liq u id  fraction  ca n  b e  crack ed  to  ligh ter  m o le c u le s  that 
are e v o lv e d  in th e  g a se o u s  fra ctio n . F igu re  4 .2 1  d isp la y s  th e  G /L  ratio  o b ta in ed  from  
u s in g  v a r io u s p erc e n ta g e s  o f  F e lo a d in g  o n  H B e ta  as co m p a red  w ith  that o f  
l% R u /H B e ta , pure H B e ta  and  th e n o n -c a ta ly tic  c a se  (th erm al p y r o ly s is ) . T h e ther
m al p y r o ly s is  or n o n -c a ta ly tic  c a s e  e x h ib its  th e  lo w  G /L  ratio  (ab ou t 0 .4 )  d u e to the 
lo w e s t  cra ck in g  a c tiv ity  a m o n g  th e  o th er c a se s . T h e  5 % F e /H B e ta  g iv e s  th e  s im ilar  
G /L  ratio ab ou t 0 .5 5  to that o f  p ure H B e ta  z e o l i t e  (0 % F e). T h e  G /L  ratio  in crea ses  
from  0 .5 6  to 0 .9 2  w ith  in c r e a s in g  p ercen ta g e  F e  lo a d in g  from  5%  to  10% , r e sp e c tiv e 
ly , and  d ra m a tica lly  d e c r e a se s  to  0 .3 6  at 2 0 % F e . F rom  th e resu lts , it can  b e co n -
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e lu d e d  that 1 0 % F e /H B eta  h as the h ig h e s t  cra c k in g  a c t iv ity  b e c a u se  it g iv e s  the h ig h 
e s t  G /L  ratio  a m o n g  a ll F e /H B e ta  ca ta ly s ts . M o reo v er , it g iv e s  a h ig h er  G /L  ratio  
(a b ou t 0 .7 3 )  than  that o f  l% R u /H B e ta .

4 .2 .1 .2  G a s  F ra c tio n
T h e v a lu a b le  g a s e s  co m p a red  in  th is  w o rk  c o n s is t  o f  ligh t  

o le f in s  (e th y le n e  and p r o p y le n e ) , c o o k in g  g a se s  (p ro p an e  and m ix e d  C 4 ) ,  and m ix e d  
C 4 . T h e v a lu a b le  ga s p ro d u cts  o b ta in ed  from  v a r io u s  F e /H B e ta  c a ta ly s ts , the n on -  
c a ta ly tic  c a se  (th erm al p y r o ly s is ) , pure H B e ta , and l% R u /H B e ta  as th e  re feren ce  are  
sh o w n  in  F ig u res  4 .2 2 (a ) - (c ) .

0  Propylene ■  Ethylene

Non-cat HBeta l%Ru/HBeta 5%Fe/HBeta 10%Fe/HBeta 20%Fe/HBeta

Figure 4.22(a) Y ie ld  o f  e th y le n e  and p r o p y le n e  ob ta in ed  fro m  u s in g  F e /H B eta  in  
c o m p a r iso n  w ith  th o se  fro m  1 % R u /H B eta , pure H B eta  and  n o n -c a ta ly tic  c a ses .

T h e  resu lts  in  F ig u re  4 .2 2 (a )  sh o w  that th e  re feren ce  
l% R u /H B e ta  c a se  g iv e s  th e  y ie ld  o f  lig h t  o le f in s  as s im ila r  as th at o f  n o n -ca ta ly tic  
c a se  (th erm al p y r o ly s is ) , an d  it g iv e s  a h ig h e r  than that o f  pure H B e ta  z e o lite . A ll  
F e /H B e ta  c a ta ly s ts , e x c e p t  2 0 % F e /H B e ta , g iv e  the h ig h er  y ie ld  o f  lig h t  o le f in s  than  
that o f  l% R u /H B e ta . T h e  y ie ld  o f  lig h t  o le f in s  in c r e a se s  w ith  th e in c r e a s in g  Fe lo a d 
in g  p erc e n ta g e  from  5%  to 10% , and s lig h t ly  d e c r e a se s  at 20% .
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0  Mixed C4 ■  Propane

Figure 4.22(b) Y ie ld  o f  p rop ane and  m ix e d  C4 ob ta in ed  from  u s in g  F e /H B e ta  in 
c o m p a r iso n  w ith  th o se  from  l% R u /H B e ta , pure H B e ta  and n o n -c a ta ly tic  c a ses .

■  M ix e d  C4

Non-cat HBeta l%Ru/HBeta 5%Fe/HBeta !0%Fe/HBeta 20%Fe/HBeta

Figure 4.22(c) Y ie ld  o f  m ix e d  C4 o b ta in e d  from  u s in g  F e /H B e ta  in  co m p a r iso n  w ith  
that from  l% R u /H B e ta , pure H B eta  and  n o n -c a ta ly tic  c a se s .

F ig u res 4 .2 2 ( b ) - ( c )  s h o w  th e  y ie ld s  o f  c o o k in g  g a se s  and  
m ix e d  C4 from  v a r io u s  % F e /H B e ta  in  c o m p a r iso n  w ith  th o se  o f  the n o n -c a ta ly tic  
c a se  (th erm al p y r o ly s is ) , pure H B e ta  z e o l it e  (0 % F e ), and l% R u /H B e ta . T h e resu lts  
e x h ib it  that l% R u /H B e ta  g iv e s  the h ig h e r  y ie ld s  o f  c o o k in g  g a s e s  and  m ix e d  C4 than  
th o se  o f  n o n -c a ta ly tic  and  pure H B e ta  c a se s . W h en  th e  p erc e n ta g e  o f  F e lo a d in g  in 
c r e a se s , th e  y ie ld s  o f  c o o k in g  g a se s  and  m ix e d  C4 in crea se  in  th e  sa m e  trend. A d d i
t io n a lly , 1 0 % F e /H B eta  g iv e s  n ot o n ly  th e  h ig h e s t  y ie ld s  o f  c o o k in g  g a se s  and m ix e d  
C4 a m o n g  all F e /H B e ta  ca ta ly s ts , b u t th e y  are a lso  h ig h er  than th o se  o f  l% R u /H B e ta  
ca ta ly sts . F rom  th ese  re su lts , it ca n  b e  c o n c lu d e d  that the 1 0 % F e /H B eta  ca ta ly st  
c le a r ly  s e e m s  to be an e l ig ib le  c a ta ly s t  as a su b stitu te  o f  l% R u /H B e ta  for v a lu a b le
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gases production because it produces the highest yields of light olefins, cooking gas
es, and mixed C 4 among all Fe/HBeta catalysts, and they are higher than those o f

1 %Ru/HBeta.

4 .2 .1 .3  L iq u id  C o m p o s i t io n s

■  Beta □  l%Ru/Hbeta e5%Fe/Hbeta aiO%Fe/Hbeta tB 20%Fe/Hbeta

Saturated Mono-aromatics Di- aromatics Poly- aromatics Polar- aromatics 
hydrocarbons

Figure 4 .2 3  C h e m ic a l c o m p o s it io n s  in m a lte n e s  from  u s in g  F e /H B e ta  c a ta ly s ts  in 
c o m p a r iso n  w ith  th o se  from  l% R u /H B e ta .

T h e c h e m ic a l c o m p o s it io n s  in m a lte n e s  ob ta in ed  from  u sin g  
varied  lo a d in g  p e r c e n ta g e  o f  F e /H B e ta  c a ta ly s t  as co m p a red  to th o se  o f  pure H B eta  
and l% R u /H B e ta  are sh o w n  in  F ig u re  4 .2 3 . T h e  resu lts  s h o w  that the in crem en t o f  
p ercen ta g e  o f  F e lo a d in g  c a u se s  to  se q u e n tia lly  in crea se  th e  q u an tity  o f  satu rated  h y 
d roca rb on s. A d d it io n a lly , 10%  an d  2 0 % F e /H B e ta  g iv e  a h ig h e r  c o n cen tra tio n  o f  sa t
urated h y d ro ca rb o n s than  that o f  p ure H B e ta  and  l% R u /H B e ta . In c a se  o f  m o n o 
a ro m a tics , 1 0 % F e /H B eta  g iv e s  th e  s im ila r  c o n cen tra tio n  as that o f  pure H B e ta  and  
l% R u /H B e ta . T h e  d i-  and p o ly -a r o m a tic s  o f  a ll F e /H B e ta  c a s e s  are in s ig n if ic a n tly  
d ifferen t from  th o se  o f  l% R u /H B e ta . In c a se  o f  p o la r -a ro m a tic s , the h ig h  p ercen t
a g e s  o f  F e lo a d in g  (1 0 -2 0 % ) s h o w  lo w e r  p o la r -a ro m a tic s  c o n c e n tr a tio n s  than  
l% R u /H B e ta . It ca n  b e  su g g e s te d  that th e  h ig h  a m o u n ts o f  F e  m eta l s ite s  p la y  im 
portant ro les  o n  in c r e a s in g  th e h y d r o g e n a tio n  an d  h y d r o d esu lfu r iza tio n  o f  p rod u ct 
m o le c u le s . From  th e q u an tity  o f  m o n o -a r o m a tic s , 1 0 % F e /H B eta  se e m s  to  b e  the  
m o st proper c a ta ly s t , w h ic h  can  b e  u sed  as a su b stitu te  o f  l% R u /H B e ta  s in c e  it can  
p rod u ce  the s im ila r  co n ce n tr a tio n  o f  m o n o -a r o m a tic s  as that o f  l% R u /H B e ta . M o r e 
o v e r , 1 0 % F e /H B eta  g iv e s  the h ig h e s t  c o n c e n tr a tio n  o f  B T X s , w h ic h  are th e  va lu a b le
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p e tr o c h e m ic a l p rod u cts  as s h o w n  in T a b le  4 .5 . 1 0 % F e /H B eta  p ro d u ces  three t im e s  
h ig h e r  y ie ld  o f  B T X s  than l% R u /H B e ta .

Table 4.5 Y ie ld s  o f  b e n z e n e , to lu e n e  and x y le n e s  in m o n o -a r o m a tic s  o b ta in ed  from  
u s in g  F e /H B e ta  c a ta ly s ts  in  c o m p a r iso n  w ith  th o se  from  l% R u /H B e ta

Carbon
number

Yield of BTXs (%wt) in maltenes
l%Ru/HBeta 5%Fe/HBeta 10%Fe/HBeta 20%Fe/HBeta

6 0 .7 9 3 0 .0 9 1 4 .0 2 2 .8 7
7 1 .30 0 . 1 2 1 4 .2 5 2 .9 0
8 2 .0 6 0 .1 5 8 4 .3 8 2 .9 1

BTXs 4 .1 5 0 .3 7 0 12 .7 8 .6 7

T h e  a v e r a g e  carb on  n u m b er is o n e  o f  e f fe c t iv e  cr iter ia  u sed  
to  co m p a re  the q u a lity  o f  m o n o -a r o m a tic s . T h e  a v era g e  carb on  n u m b ers  o f  m o n o 
a ro m a tics  from  u s in g  v a r io u s  F e /H B e ta  ca ta ly s ts  co m p a red  w ith  that from  
l% R u /H B e ta  are s h o w n  in  F ig u re  4 .2 4 .

Figure 4.24 A v e r a g e  ca rb o n  n u m b er o f  m o n o -a r o m a tic s  o b ta in ed  from  u sin g  
F e /H B e ta  c a ta ly s ts  in c o m p a r iso n  w ith  (0) l% R u /H B e ta .

It ca n  b e  se e n  that the a v era g e  carb o n  n u m b er  o f  m o n o 
a ro m a tics  is  s l ig h t ly  d e c rea sed  from  C 3 5  to C 1 9  w ith  in c r e a s in g  the p erc e n ta g e  o f  F e  
lo a d in g  from  5%  to  10% , r e s p e c t iv e ly , and in s ig n if ic a n t ly  in c r e a se s  at 20% F e. T h e  
l% R u /H B e ta  g iv e s  the lo w e s t  a v era g e  carb o n  n u m b er o f  m o n o -a r o m a tic s  o f  ab out  
C l 5. A d d it io n a lly , 1 0 % F e /H B eta  g iv e s  th e  c lo s e s t  a v e r a g e  carb on  n u m b er  o f  m o n o 
a ro m a tics  to  that o f  l% R u /H B e ta . F rom  th e resu lts , it c a n  b e c o n c lu d e d  that the
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1 0 % F e /H B eta  ca ta ly s t  is  th e  m o st  c a p a b le  c a ta ly s t  that can  b e u sed  a s  a su b stitu te  o f  
l% R u /H B e ta  for m o n o -a r o m a tic s  p ro d u ctio n  s in c e  it can  p rod u ce  th e  s im ila r  q u a lity  
and q u an tity  as th o se  o f  l% R u /H B e ta  c a ta ly st.

4 .2 .1 .4  P e tr o le u m  F r a c tio n s

Full range Kerosene Light gas oil Heavy gas oil Long residue
naphtha

Figure 4.25 P etro leu m  fra c tio n s  in  m a lte n e s  o b ta in ed  from  u s in g  F e /H B e ta  c a ta ly s ts  
in c o m p a r iso n  w ith  th o se  o f  1 % R u /H B eta .

T h e  in f lu e n c e s  o f  F e /H B e ta  c a ta ly s ts  on  th e p e tro leu m  frac
t io n s  as co m p a red  to th o se  o f  l% R u /H B e ta  are sh o w n  in F igu re 4 .2 5 . T h e  resu lts  
sh o w  that as th e  p e rcen ta g e  o f  F e lo a d in g  in c r e a se s , th e  c o n cen tra tio n  o f  fu ll ran ge  
naphtha s lig h t ly  d e c r e a se s , w h erea s  th e  c o n c e n tr a tio n  o f  h e a v y  g a s  o i l  and  lo n g  r e s i
d u e se q u e n tia lly  in c r e a se s . It ca n  b e su g g e s te d  that th e  in crea sin g  F e  lo a d in g  e n h a n c 
e s  the h e a v ily  o il form a tio n . Iron c a ta ly s ts  are w e l l  k n o w n  as F isc h e r -T r o p sc h  s y n 
th e s is  (F T S ) ca ta ly sts . P ou r e t  al. ( 2 0 0 8 )  s tu d ied  th e p rod u ct d istr ib u tio n  o f  iron  and  
ir o n -z e o lite  c a ta ly s ts  in  F T S . T h e y  c o n c lu d e d  that th e  ir o n -z e o lite  (b ifu n c tio n a l)  ca ta 
ly st e n h a n c e d  th e se c o n d a r y  r ea c tio n s , in c lu d in g  o lig o m e r iz a t io n  o f  lig h t  o le f in s ,  
a ro m a tiza tio n , and h y d r o g e n  tran sfer. It ca n  be c o n c lu d e d  that the h e a v y  fraction  in  
m a lte n e s  are p ro d u ced  b y  se c o n d a r y  r e a c tio n s  su ch  as o l ig o m e r iz a t io n  and aro m a ti
za tio n  o f  lig h t  m o le c u le s . A d d it io n a lly , th e  p r e se n c e  o f  F e  o n  H B eta  ca ta ly s t  g iv e s  a 
h ig h er  lig h t g a s  o il fra ctio n  than l% R u /H B e ta . A n o th e r  resu lt to  b e  com p a red  in  
term s o f  th e  q u an tity  o f  p e tr o le u m  fra c tio n  is  th e  true b o ilin g  p o in t c u rv e  o f  m a lte n e s  
as sh o w n  in  F ig u re  4 .2 6
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l% Ru/HBeta--------5%Fe/HBeta--------- 10%Fe/HBeta............20%Fe/HBeta

Figure 4.26 T m e  b o i lin g  p o in t c u r v e s  o f  m a lte n e s  ob ta in ed  from  u sin g  F e /H B e ta  
c a ta ly s ts  in  c o m p a r iso n  w ith  that from  l% R u /H B e ta .

F ig u re  4 .2 6  illu stra tes  the true b o ilin g  p o in t cu rv e  o f  m a lten es  
from  u s in g  F e /H B e ta  c a ta ly s ts  a s  co m p a red  that o f  l% R u /H B e ta . T h is  fig u re  e x h ib its  
that 2 0 % F e /H B e ta  s h o w s  th e  c lo s e s t  true b o ilin g  p o in t cu rv e  o f  m a lte n e s  to that o f  
l% R u /H B e ta . It can  b e  su m m a r iz e d  that 2 0 % F e /H B e ta  p ro d u ced  th e s im ila r  q u an tity  
o f  p e tro leu m  fra ctio n s  a s  that o f  l% R u /H B e ta . T h e  q u a lity  o f  p e tr o le u m  fra ctio n s  are 
c o n s id e r e d  b y  u s in g  th e a v era g e  carb o n  n u m b er o f  m a lten es  and S at H C s/T o ta l aro
m a tic s  ratio  as sh o w n  in  F ig u res  4 .2 7  and 4 .2 8 , r e sp e c tiv e ly .

Figure 4.27 A v e r a g e  ca rb o n  n u m b er  o f  m a lte n e s  ob ta in ed  from  u s in g  F e /H B e ta  ca t
a ly st in  c o m p a r iso n  w ith  that from  (0 )  1 % R u /H B eta .
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Figure 4.28 Sat H C s/T o ta l a ro m a tic s  ratio o b ta in e d  from  u s in g  F e /H B e ta  c a ta ly s ts  in  
c o m p a r iso n  w ith  that from  (0 )  1 % R u /H B eta .

F ig u re  4 .2 7  sh o w s  that the a v era g e  carb on  n u m b er o f  
m a lte n e s  in c r e a se s  from  1 3 .7  to 15 .3  w ith  th e  in cr e a s in g  p e r c e n ta g e  o f  F e lo a d in g  on  
H B e ta  from  5 -2 0  % . H o w e v e r , a ll F e /H B e ta  ca ta ly s ts  g iv e  a lo w e r  a v e r a g e  carb on  
n u m b er  o f  m a lte n e s  than  that o f  l% R u /H B e ta  (ab ou t 1 5 .4 ). F ig u re  4 .2 8  s h o w s  the  
S at H C s/T o ta l a ro m a tic s  ratio  in crea ses  w ith  in cr e a s in g  p erc e n ta g e  lo a d in g  o f  F e  on  
H B e ta . T h e  h ig h  a m o u n ts  o f  F e lo a d in g  o n  H B e ta  (1 0 - 2 0  % ) g iv e  a h ig h er  Sat 
H C s/T o ta l a ro m a tics  ratio than  that o f  l% R u /H B e ta . A d d it io n a lly , 2 0 % F e /H B e ta  
g iv e s  th e  h ig h e s t  q u a lity  o f  p etro leu m  p ro d u ctio n  in  term s o f  th e  h ig h e st  Sat 
H C s/T o ta l a ro m a tics  ratio . F rom  th e se  resu lts , it ca n  be c o n c lu d e d  that 2 0 % F e /H B e ta  
s e e m s  to  b e  a p o te n tia l c a ta ly s ts  that can  b e  u se d  as su b stitu te  o f  l% R u /H B e ta  for  
p e tr o le u m  cru d e o i l  p ro d u ctio n  s in c e  it ca n  p ro d u ce  th e  s im ila r  q u a lity  (h ig h  Sat 
H C s/T o ta l a ro m a tics  ratio ) o f  o i l  prod u ct and  th e  sim ila r  q u an tity  o f  p e tro leu m  cu ts  
as th o s e  o f  l% P d /H M O R .

4 .2 .1 .5  S u lfu r  F o rm a tio n

T h e su lfu r  co n ten t in  d er iv e d  o i ls  an d  su lfu r  d e p o s it io n  on  
sp en t c a ta ly s ts  w e r e  d e term in ed  b y a C H N S  a n a ly z e r  as sh o w n  in F ig u re  4 .2 9 . T h e  
resu lt s h o w s  that for the F e /H B e ta  ca ta ly s ts , th e  su lfu r p refers  to  d e p o s it  o n  sp en t  
c a ta ly s ts  rather than to  rem ain  in  th e  p y r o ly tic  o i ls . A d d it io n a lly , the su lfu r  d e p o s i
t io n  o n  th e  sp en t c a ta ly s ts  in c r e a se s  w ith  th e in c r e a s in g  am o u n t o f  F e m eta l.
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ç
Figure 4.29 S u lfu r  c o n ten t on  sp en t c a ta ly s ts  and in p y r o ly tic  o i ls  ob ta in ed  from  
F e /H B e ta  c a ta ly s ts  in c o m p a r iso n  w ith  th o se  from  l% R u /H B e ta .

4 .2 .1 .6  C o m p a r is o n  o f  C a ta ly s t  P r ic e s
A s  o b se r v e d  a b o v e , th e  n o n -n o b le  m eta l F e /H B e ta  ca ta ly s ts  

h a v e  as h ig h  a c t iv ity  as th e  n o b le  m eta l c a ta ly s t  ( l% R u /H B e ta ) , w h ic h  is c o s t ly . T h e  
p recu rsor o f  R u  (R u th en iu m (III) c h lo r id e  h yd ra te) is  m o re  e x p e n s iv e  than  that o f  the  
n o n -n o b le  m eta l (Iron  (III) c h lo r id e  h ex a h y d ra te ) as sh o w n  in  T a b le  4 .6 . F or e x a m 
p le s , i f  1 0 % F e /H B eta  is  u sed  as a su b stitu te  o f  l% R u /H B e ta  for v a lu a b le  g a se o u s  
and  ligh t m o n o -a r o m a tic s  (B T X s )  p ro d u ctio n , the c o s t  o f  c a ta ly s t  is red u ced  b y  2 0  
t im e s . For th e p e tro leu m  cru d e o il p ro d u ctio n , 2 0 % F e /H B e ta  is  u sed  as a su b stitu te  
o f  l% R u /H B e ta , th e  c o s t  o f  c a ta ly s t  is  red u ced  by 9  t im es .

Table 4 .6  P recu rsor  p r ices

Metal Precursor Price(Baht)/g %loaded
(wt%)

g of 
loaded

Price
(Baht)

N o b le
ru th en iu m (III) ch lo r id e  

h yd rate  (R u C l3 .aq)
3 ,7 0 0 1 0 .2 0 7 7 6 7

N o n - iro n  (III) c h lo r id e
7 .0 8

1 0 5 .3 7 3 8 .0
n o b le h e x a h y d ra te  (F e C l3 '6 H 2 0 ) 2 0 1 2 .1 8 5 .7

0  Sulfur on catalyst ■  sulfur in pyrolytic oil

l%Ru/HBeta 5%Fe/HBeta 10%Fe/HBeta 20%Fe/HBeta
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4 .2 .2  U s in g  H M O R  as a S u p p ort

T h is  se c t io n  co m p a res  th e  in flu e n c e  o f  th e  v a r io u s  % F e lo a d in g  w ith  
l% R u  su p p o rted  o n  H M O R  z e o lite  o n  w a ste  tire p y r o ly s is . T h e  q u a lita tiv e  and q u a n 
t ita tiv e  o f  v a lu a b le  p e tro c h e m ic a l p ro d u cts  su ch  as o le f in s , c o o k in g  g a se s , m ix e d  C 4 , 

lig h t m o n o -a r o m a tic s  (B T X s )  and p e tro leu m  fra ctio n s  in  m a lte n e s  are co m p a red  and  
d isc u sse d .

4 .2 .2 .1  G a s /L iq u id  R a tio

Figure 4.30 G /L  ratio  o b ta in ed  from  u s in g  v a r io u s  % F e /H M O R  in  c o m p a r iso n  w ith  
pure H M O R  and  (0) l% R u /H M O R  c a se s .

T h e  g a se o u s  p ro d u cts  o f  w a s te  tire p y r o ly s is  w e r e  p rod u ced  
b y  the m a in  rea c tio n , w h ic h  is  c ra c k in g  reac tio n , so  th e  cra c k in g  a c t iv ity  o f  c a ta ly s t  
ca n  b e e x p la in e d  by G /L  ratio as s h o w n  in  F igu re 4 .3 0 . T h e  resu lt s h o w s  that th e  G /L  
ratio  g ra d u a lly  in c r e a se s  w ith  the in cr e a s in g  p ercen ta g e  o f  F e lo a d in g  o n  H M O R . 
T h e  h ig h e s t  p e r c e n ta g e  o f  F e  lo a d in g  (2 0 % F e ) g iv e s  th e  h ig h e st  G /L  ratio in a m o n g  
o f  F e /H M O R . M o r e o v e r , 2 0 % F e /H M O R  p ro v id es  th e  G /L  ratio a b o u t 0 .6 4 , w h ic h  is 
h ig h er  than  that o f  pure H M O R  (0 .5 )  and  l% R u /H M O R  (0 .5 9 ) . F rom  th is resu lt , it 
ca n  b e c o n c lu d e d  that th e  h ig h e st  p erc e n ta g e  o f  F e lo a d in g  o n  H M O R  (2 0 % F e) h as  
th e  h ig h e s t  c r a c k in g  a c t iv ity  a m o n g  a ll ca ta ly sts .
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T he p y r o ly s is  o f  w a ste  tire p ro d u ces  th e  g a s e o u s  p rod u ct, 
n a m e ly  C i-C s+  w h ic h  are a n a ly z e d  b y  G C -F 1D . H o w e v e r , th e  v a lu a b le  p e tr o c h e m ic a l 
p rod u cts  co m p a red  and  d isc u sse d  in  th is  se c t io n  c o n s is t  o f  lig h t  o le f in s , c o o k in g  g a s 
e s , and m ix e d  C 4 as sh o w n  in F ig u re  4 .3 1 .

5 

4

2  3

I

0

Figure 4.31(a) Y ie ld  o f  ligh t o le f in s  ob ta in ed  from  u sin g  F e /H M O R  in c o m p a r iso n  
w ith  th o se  from  l% R u /H M O R , pure H M O R  and n o n -c a ta ly tic  c a se s .

F urtherm ore, the ligh t o le f in s  h a v e  h ig h  v a lu e  and  w id e ly  
u sed  in p e tr o c h e m ic a l in d u str ies , an d  th ey  are p ro d u cts  from  th e  c ra c k in g  r ea c tio n  o f  
w a ste  tire. T h e  resu lt  sh o w s  that th e  n o n -c a ta ly tic  p y r o ly s is  g iv e s  th e  h ig h er  y ie ld s  o f  
lig h t  o le f in s  (e th y le n e  and p r o p y le n e )  than th o se  o f  H M O R  and  l% R u /H M O R . D u n g  
e t al. ( 2 0 0 9 )  sta ted  that the th erm al cra ck in g  o f  w a s te  tire p y r o ly s is  (w ith o u t  a  ca ta 
ly st)  g en era ted  free rad ica ls, w h ic h  further p ro d u ce  the o le f in s . M o r e o v e r , th e  ca ta 
ly st an d  b ifu n c tio n a l ca ta ly sts  ca n  en h a n ce  th e  se c o n d a r y  r ea c tio n s  su c h  as  
o lig o m e r iz a t io n  and a ro m a tiza tio n , le a d in g  to the red u ctio n  o f  lig h t  o le f in s . W h erea s  
th e  p e r c e n ta g e  o f  F e  lo a d in g  o n  H M O R  in crea ses , th e  y ie ld s  o f  lig h t  o le f in s  in crea se . 
2 0 % F e /H M O R  g iv e s  th e  h ig h e st  y ie ld s  o f  lig h t o le f in s  (e th y le n e  and p r o p y le n e )  d u e  
to th e  h ig h  cra c k in g  a c tiv ity .

4 .2 .2 .2  G as C o m position s

0  Propylene_____ M Ethylene

Non-cat H M O R l% Ru/HM OR 5% Fe/HM OR 10% Fe/HM OR20% Fe/HM OR
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0  Mixed C4 ■  Propane
10 า-----------------------------------1---------------------------------

Non-cat HMOR l%Ru/HMOR 5%Fe/HMOR 10%Fe/HMOR20%Fe/HMOR

Figure 4.31(b) Y ie ld  o f  c o o k in g  g a se s  o b ta in e d  from  u s in g  F e /H M O R  ca ta ly s ts  in 
c o m p a r iso n  w ith  th o se  from  l% R u /H M O R , pure H M O R  and  th e n o n -c a ta ly tic  ca se .

Non-cat HMOR l%Ru/HMOR 5%Fe/HMOR 10%Fe/HMOR20%Fe/HMOR

Figure 4.31(c) Y ie ld  o f  m ix e d  C4 ob ta in ed  from  u s in g  F e /H M O R  c a ta ly s ts  in c o m 
p a r iso n  w ith  th o se  from  l% R u /H M O R , pure H M O R  and th e n o n -c a ta ly tic  c a se .

F ig u res  4 .3 1 (b ) - (c )  e x h ib it  th e  y ie ld s  o f  c o o k in g  g a se s  and  
m ix e d  C4 from  u s in g  v a r io u s  F e  lo a d in g  o n  H M O R  in  c o m p a r iso n  w ith  th o se  o f  the  
l% R u /H M O R , p ure H M O R , and n o n -c a ta ly tic  c a se s . T h e  resu lts  s h o w  that the  
l% R u /H M O R  g iv e s  a h ig h er  y ie ld  o f  c o o k in g  g a s e s  and m ix e d  C4 than  th o se  o f  n on -  
c a ta ly t ic  c a s e  and  pure H M O R  z e o lite . F rom  th e  resu lts , 2 0 % F e /H M O R  g iv e s  the  
c lo s e s t  y ie ld s  o f  v a lu a b le  g a s e o u s  p rod u cts , w h ic h  are lig h t  o le f in s , c o o k in g  g a se s ,  
and m ix e d  C4 to  th o se  o f  l% R u /H M O R . It can  b e d e f in ite ly  c o n c lu d e d  that 
2 0 % F e /H M O R  ca n  b e u sed  as a  su b stitu te  o f  l% R u /H M O R  for  the v a lu a b le  g a se o u s  
p ro d u ctio n .
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4 .2 .2 .3  C h e m ic a l C o m p o sitio n s
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Figure 4.32 Chemical compositions in maltenes from using Fe/HMOR catalysts in 
comparison with those from l%Ru/HMOR.

Figure 4.32 exhibits the chemical compositions in maltenes 
from using various Fe loading on HMOR in comparison with those of l%Ru/HMOR. 
The result shows that the saturated hydrocarbon content is increased with the increas
ing percentage of Fe loading. At the highest percentage of Fe loading (20%Fe), the 
reduction of saturated hydrocarbons occurs. Additionally, 20%Fe/HMOR gives the 
lowest saturated hydrocarbons, but its content is still higher than that of 
l%Ru/FIMOR. At 20%Fe, all types of aromatics compounds increase. It can be ex
plained that the high percentage of Fe loading (20%Fe) has high cracking activity, 
and generates a high amount of free radicals, which can further undergo the aromati- 
zation reactions. Correspondingly, Pour et al. (2008) concluded that an iron-zeolite 
(bifunctional) catalyst enhanced the secondary reactions, including oligomerization 
of light olefins, and aromatization. The high value chemical composition in maltenes 
is mono-aromatics, especially light mono-aromatics (Cô-Cg), or BTXs. The BTXs are 
widely used as feedstock in petrochemical plants. As shown in Figure 4.32, 
20%Fe/HMOR gives the highest concentration of mono-aromatics among Fe/HMOR 
catalysts and higher than that of l%Ru/HMOR. In case of light mono-aromatics 
(BTXs) as shown in Table 4.7, 10%Fe/HMOR produces the highest yields of BTXs 
among Fe/HMOR catalysts, which is about 20 times higher than that of 
l%Ru/HMOR.

■  HMOR อ l%Ru/HMOR m5%Fe/HMOR B 10%Fe/HMOR B20%Fe/HMOR

Saturated Mono-aromatic Di-aromatic Poly-aromatic Polar-aromatic 
Hydrocarbons
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Table 4.7 Yields of benzene, toluene and xylenes (BTXs) in mono-aromatics ob
tained from using Fe/HMOR catalysts in comparison with those from l%Ru/HMOR

Carbon
number Yields of BTXs %wt) in maltenes

l%Ru/HMOR 5%Fe/HMOR 10% Fe/HMOR 20%Fe/HMOR
6 0.06 0.137 4.75 0.75
7 0.16 0.178 4.53 1.31
8 0.43 0.226 4.32 2.16

BTXs 0.65 0.541 13.6 4.22

The comparison of average carbon number of mono
aromatics from using 5-20%Fe/HMOR, l%Ru/HMOR, and pure HMOR is shown in 
Figure 4.33. The results show that the pure HMOR gives the lowest average carbon 
number of mono-aromatics (about 7.0) due to the high cracking activity. When the 
percentage of Fe loading increases, the average carbon number of mono-aromatics 
reduces. 20%Fe/HMOR gives the lowest average carbon number of mono-aromatics 
among all Fe/HMOR catalysts; moreover, it shows a lower number than that of 
l%Ru/HMOR. From the results, it can be concluded that the higher percentage of Fe 
loading on HMOR produces the smaller molecules of mono-aromatics. However, 
10%Fe/HMOR can be used as a substitute of l%Ru/HMOR for light mono-aromatics 
production since it can produce the highest yields of BTXs with the closest average 
carbon number of mono-aromatics.

Figure 4.33 Average carbon number of mono-aromatics obtained from using 
Fe/HMOR catalysts in comparison with that of (0) l%Ru/HMOR.
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4 .2 .2 .4  P e tro leu m  F ra c tio n s

Full range Kerosene Light gas oil Heavy gas oil Long residue
naphtha

Figure 4.34 Petroleum fractions in maltenes obtained from using Fe/HMOR cata
lysts in comparison with those of l%Ru/HMOR and pure HMOR.

The quantity and quality of petroleum fractions in maltenes 
are compared and discussed as follows. Figure 4.34 shows the quantity petroleum 
fraction in maltenes obtained from using varied Fe/HMOR catalysts in comparison 
with those of 1 %Ru/HMOR and pure HMOR. The results show that 10%Fe/HMOR 
exhibits a similar quantity of full range naphtha, kerosene and other fractions as 
those of l%Ru/HMOR. 5% and 20%Fe/HMOR give lower full range naphtha and 
kerosene fractions, while the light gas oil, heavy gas oil, and long residue are higher 
than those of 10%Fe/HMOR and l%Ru/HMOR. It can be concluded that 
10%Fe/HMOR produces a similar quantity of petroleum crude oil as l%Ru/HMOR. 
This result can be confirmed by true boiling point curves as shown in Figure 4.35. 
Figure 4.35 shows that 10% and 20%Fe/HMOR give the closest true boiling point 
curve to that of l%Ru/HMOR.
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l% R u/H M O R --------5 % F e/H M 0 R --------- 10%Fe/HMOR ............20%Fe/HMOR

Figure 4.35 True boiling point curve of maltenes obtained from using Fe/HMOR 
catalysts in comparison with that from l%Ru/HMOR.

The quality of petroleum crude oil product can be observed 
by considering the Sat HCs/Total aromatics ratio as shown in Figure 4.36.

Figure 4.36 Sat HCs/Total aromatics ratio obtained from using Fe/HMOR catalysts 
in comparison with that from (0) l%Ru/HMOR.

This figure shows that the Sat HCs/Total aromatics increases 
from 1.93 to 2.48 with the increasing percentage of Fe loading on HMOR from 5 to 
10%, whereas 20%Fe/HMOR gives the lowest of Sat HCs/Total aromatics (1.37) 
among all Fe/HMOR catalysts. All Fe/HMOR catalysts give a higher Sat HCs/Total 
aromatics than that of l%Ru/HMOR (about 1.23). The results are attributed to the 
reason that the hydrogenation activity of catalyst can be enhanced by the increasing
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Fe metal sites. However, the highest percentage of Fe loading (20%Fe/FIMOR) gives 
the lowest Sat HCs/Total aromatics among all Fe/HMOR catalysts since the high Fe 
metal loading (20%Fe/HMOR) prefers to produce aromatics compounds by aromati- 
zation reactions rather than saturated hydrocarbons by hydrogenation reactions. For 
petroleum crude oil production, 10%Fe/HMOR is the most proficient catalyst to be 
used as a substitute of l%Ru/HMOR since it can produce a similar quantity of petro
leum fractions (especially, full range naphtha and kerosene) and similar quality of oil 
product (high Sat HCs/Total aromatics ratio) as those of l%Ru/HMOR.

4.2.2.5 Su lfur Form ation

Sulfur in an oil product is seriously concerned due to the en
vironmental poisoning ability. The sulfur content in pyrolytic oil and sulfur deposi
tion on spent catalysts obtained from varied Fe/HMOR catalysts in comparison with 
those from l%Ru/HMOR are shown in Figure 4.37. The result shows that the in
creasing Fe loading percentage on HMOR catalysts can reduce the sulfur in pyrolytic 
oil, and increase the sulfur deposition on spent catalysts. In case of l%Ru/HMOR, 
most sulfur elements prefer to remain in the pyrolytic oil rather than on the spent cat
alyst. From the results, it can be concluded that the pyrolytic oils obtained from 
Fe/HMOR catalysts, especially a high percentage of Fe loading, have the higher 
quality than that of l%Ru/HMOR in terms of lower sulfur content.

E3Sulfur on catalyst «sulfur in pyrolytic oil1.8 1-------------------------------------------------------------------------------------------------------------------

l%Ru/HMOR 5%Fe/HMOR 10%Fe/HMOR 20%Fe/HMOR

Figure 4,37 Sulfur content on spent catalysts and in pyrolytic oils obtained from 
Fe/HMOR catalysts in comparison with those from l%Ru/HMOR.
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4.2.2.6 C om parison o f  Catalyst Prices
Non-noble Fe catalysts were found to have potential to subs

titute Ru catalysts that are costly ones. As concluded previously, 20%Fe/HMOR 
seems to be the most capable catalyst to substitute 1%Ru/F1MOR for the petrochemi
cal gaseous products since it can produce the highest yields of light olefins, cooking 
gases, and mixed c 4. As shown in Table 4.8, if 20%Fe/HMOR is used as a substitute 
of l%Ru/HMOR, the cost of catalyst is reduced by 9 times. Additionally, 
10%Fe/HMOR is eligible catalyst that can be used as a substitute of l%Ru/HMOR 
for light mono-aromatics (BTXs) and petroleum crude oil production. If 
10%Fe/HMOR is used as a substitute of l%Ru/HMOR, the cost is reduced by 20 
times.

Table 4.8 Precursor prices

Metal Precursor Price(Baht)/g % loaded 
(wt%)

g of 
loaded

Price
(Baht)

Noble ruthenium(III) chloride 
hydrate (RuCl3.aq) 3,700 1 0.207 767

Non- iron (111) chloride hexahy- 7.08 10 5.37 38.0
noble drate (FeCh-ôFFO) 20 12.1 85.7
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