
CHAPTER IV
RESULTS AND DISCUSSION

T h is  ch ap te r  is d iv id ed  in to  tw o  m a in  parts: th e  e ffe c t o f  f ilm  rep ro cess in g  on  
p y ro ly z e d  p ro d u c ts  an d  th e  e ffec t o f  c a ta ly s ts  on  p y ro ly zed  p ro d u c ts . T h e  p a rticu la r 
re su lts  an d  d iscu ss io n  are  p re sen ted  in  th is  ch ap te r.

4.1 Effect of Film Reprocessing on Pyrolyzed Products

P o ly p ro p y len e  (P P ) film s fro m  v ario u s  n u m b er o f  re p ro c e ss in g  w ere  
em p lo y ed  in  th is  part. M ech an ica l, rh eo lo g ica l, and  th e rm a l p ro p e rtie s  o f  th e  film s 
w ere  in v estig a ted . T h en , p y ro ly zed  p ro d u c t d is tr ib u tio n  an d  c o m p o sitio n  from  
p y ro ly s is  o f  film s w ere  o b se rv ed  an d  co m p ared  to  th o se  fro m  v irg in  PP  p e lle ts .

4 .1 .1  M ech an ica l an d  R h eo lo g ica l P ro p ertie s  o f  P P  F ilm s
4 . 1 . 1 . 1  T e n s i l e  s t r e n g t h

T h e  in v es tig a tio n  o f  p ro p e rtie s  o f  film  sam p le s  u s in g  In stron  
U n iv e rsa l T e s tin g  M ach in e  acco rd in g  to  A S T M  D 638 te s t p ro c e d u re  is illu s tra ted  in 
F ig u re  4 .1 . It w as fo u n d  th a t th e re  w as no  s ig n ific an t ch an g e  in  th e  ten s ile  s tren g th  o f  
v irg in  film s  u p o n  fo u r tim es  o f  rep ro cess in g .

4 . 1 . 1 . 2  V i s c o s i t y

F ig u re  4 .2  sh o w s th e  v isco s ity  a t a  sh e a r  ra te  o f  lo ^ s e c ’1 o f  
v a rio u s  n u m b e rs  o f  re p ro cessed  PP  film s. It co u ld  be  seen  th a t th e  v isco s ity  ten d s  to  
in c rea se  w ith  in c reas in g  in  th e  n u m b er o f  rep ro cess in g . T h is  fig u re  sh o w s an  in crease  
by  13%  in  v isco s ity  o f  rep ro cessed  film s  fro m  v irg in  to  th e  fo u rth  g en e ra tio n . T w o 
s ig n if ic a n t ch an g es  in  v isco s ity  o ccu rred  b e tw een

(1) V irg in  and  1st g en e ra tio n  PP  film s, and
(2) 3rd and  4 th g en e ra tio n  PP  film s.
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Figure 4.1 T en sile  s tren g th  o f  p o ly p ro p y len e  (P P ) f ilm s  u p o n  th e  n u m b er o f  
rep ro cess in g .

3000

Virgin 1 '  2 " ~  3"Generation ofFilms
Figure 4 .2  V isco sity  o f  P P  film s as a  fu n c tio n  o f  n u m b er o f  rep ro cess in g .
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4 .1 .2  T h e rm a l P ro p e rtie s  o f  p p  F ilm s
4 . 1 . 2 . 1  M e l t i n g  t e m p e r a t u r e  a n d  p e r c e n t a g e  o f  c r y s t a l l i n i t y

F ig u re  4.3 an d  4 .4  sh o w  m e ltin g  te m p e ra tu re  an d  p e rcen tag e  
o f  c ry s ta llin ity  o f  o rig in a l and  re p ro cessed  p p  film s, re sp ec tiv e ly . It w a s  o b se rv ed  
th a t v irg in  p p  film  ex h ib ited  som e c h an g es  in  th e  m e ltin g  te m p e ra tu re  (T m) and  the  
p e rc e n ta g e  o f  c ry s ta llin ity  d u rin g  rep ro cess in g . U p  to  th re e  g e n e ra tio n s , T m d id  no t 
ch an g e  s ig n ific an tly , h o w ev er, a  sm a ll d ec rea se  w as o b se rv e d  o n  th e  fou rth  
g en era tio n . O n  th e  o th e r han d , c ry s ta llin ity  g rad u a lly  in c re a se d  u p o n  rep ro cess in g .

4 . 1 . 2 . 2  T h e r m a l  s t a b i l i t y

T h e  th erm al s tab ility  o f  v irg in  an d  re p ro c e sse d  film s  w as 
in v es tig a ted  v ia  T G A  tech n iq u e . F ig u re  4.5 sh o w s th a t f ilm  sam p le s  can  be 
co m p le te ly  d eco m p o sed  a t 500°c. M o reo v e r, th e re  are  tw o  re g io n s  o f  d eg rad a tio n . 
T h e  f irs t reg io n  is in  th e  tem p e ra tu re  ran g e  o f  300-400°C. T h e  seco n d  reg io n  fa lls  in 
th e  te m p e ra tu re  ran g e  o f  400-500°c. T h e  d eg rad a tio n  te m p e ra tu re  ten d s  to  in c rease  
w ith  th e  in c rea s in g  o f  n u m b er o f  rep ro cess in g .

In  co n c lu s io n , it w as fo u n d  th a t no  s ig n ific a n t ch an g e  w as o b se rv ed  in 
te n s ile  s tren g th  and  m e ltin g  tem p e ra tu re  d u rin g  rep ro cess in g  o f  p p  film . T h e  m ost 
s ig n ific a n t ch an g e  w as th e  in c rease  in  th e  v isco s ity  a lo n g  w ith  th e  in c rea se  in  the  
n u m b e r o f  re p ro cess in g , co rre sp o n d in g  to  th e  th e rm al s tab ility  o f  th e  film s.



V irgin
G en eration  o f  Film s

Figure 4.3 M eltin g  te m p e ra tu re s  o f  v irg in  an d  re p ro cessed  p p film s.
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G en era tio n  o f  F ilm s

Figure 4.4 T h e  d eg ree  o f  c ry s ta llin ity  o f  v irg in  and  re p ro c e sse d  p p  film s.
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T em perature ( ° C )

Figure 4.5 D T G  cu rv es  o f  v irg in  and  re p ro cessed  p p  film s  in  th e  ran g es  o f
(a) 2 5 -8 0 0 °C , (b ) 3 0 0 -4 0 0 °C , and  (c) 4 0 0 -5 0 0 °C .



20

4 .1 .3  P v ro ly zed  P ro d u c ts  o f  p p  F ilm s
P y ro ly s is  o f  v irg in  an d  re p ro c e sse d  film s w as p e rfo rm e d  to  in v estig a te  

th e  in f lu e n c e  o f  n u m b e r o f  rep ro cess in g  o n  p y ro ly z e d  p ro d u c ts . P y ro ly s is  o f  V irg in  
p e lle ts  w as  a lso  c o n d u c ted  fo r co m p ariso n .

4 . 1 . 3 . 1  P r o d u c t  y i e l d

F ig u re  4 .6  sh o w s p ro d u c t y ie ld  o f  v irg in  a n d  re p ro c e sse d  film s 
as co m p ared  to  th a t o f  v irg in  p e lle ts . It c a n  be  c lea rly  se e n  th a t fo r  all sam p le s  liq u id  
w as h ig h ly  p ro d u ced  as co m p ared  to  g as  an d  residue .
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Figure 4.6 P ro d u c t y ie ld  fro m  p y ro ly sis  o f  v irg in  p p  p e lle ts , v irg in  an d  rep ro cessed  
P P  film s.
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M U  2nd generation film 
I : ! 3rd generation film

4th generation film

R esid u e G a s L iqu id

G as an d  liq u id  y ie ld s  fro m  v irg in  p e lle t an d  film  w ere  a lm o st 
th e  sam e. A fte r  one  tim e  o f  re p ro cess in g , gas y ie ld  w as  in c rea sed  w ith  th e  
co n se q u e n t d ec rea se  in  liq u id  y ie ld . T h is  ch an g e  m ig h t b e  th e  re su lt o f  th e  ju m p  o f  
v isc o s ity  d u e  to  th e  p o ly m e r ch a in  en tan g lem en t. B u t w h en  in c rea s in g  m o re  tim es o f  
re p ro c e ss in g  up  to  th ree  tim es  th e  gas y ie ld  ten d s  to  d ec rea se  an d  co n se q u e n tly  liqu id  
y ie ld  in c reases . A t th is  p o in t th e  v isco sity , m e ltin g  te m p e ra tu re , an d  c ry s ta llin ity  d id  
n o t ch an g e  so  m u ch , w h ereas , d e g rad a tio n  tem p e ra tu re  in c rea sed  an d  m ig h t cau se  the  
in c rease  in  liq u id  p roduc t.



M 0  ส บ ุค ้" า T  ส r u  ก 3 านว ิทพท Î พ «าก  i l  
1)พ1ลงทรฌ์ l A  าท(ทล ้0

A t th e  4 th g en e ra tio n  o f  film  th e  v isc o s ity  w as v e ry  h ig h  and  
can  n o t b e  fu rth e r rep ro cessed . H en ce , th e  p y ro ly z e d  liq u id  p ro d u c t o f  th e  4 th 
g e n e ra tio n  w as d e c re a sed  w ith  an  in c rea se  in  resid u e . I t c a n  b e  p o s tu la te d  tha t 
c ro ss lin k in g  o r b ra n c h in g  o ccu rred .

4 . 1 . 3 . 2  G a s  p r o d u c t  c o m p o s i t i o n

G as p ro d u c t c o m p o s itio n  o f  p p  sam p le s  is sh o w n  in F igure  
4 .7 . I t w as  o b se rv ed  th a t th e  h ig h es t a m o u n t o f  p y ro ly z e d  g as  w as p ro p y le n e , C 5 and  
Cô h y d ro c a rb o n s  fo r a ll sam p les. O n ly  a  sm all am o u n t o f  e th y len e  w a s  p roduced . 
T h ere  w e re  no  s ig n ific a n t ch an g es  in  co m p o sitio n s  o f  m e th an e , e th y len e , p ro p an e , 
an d  C4 h y d ro ca rb o n s  u p o n  fo u r tim es o f  rep ro cess in g . H o w ev e r, th e  co m p o sitio n s  o f  
th e  h ig h e s t am o u n t co m p o n en ts  v aried  in  th e  s im ila r  w ay  as ap p e a re d  in  F ig u re  4.6. 
N e v e rth e le ss , p y ro ly s is  o f  v irg in  p e lle ts  gav e  s ig n ific an t ch an g e  in  gas co m p o sitio n , 
e sp e c ia lly  in  C 6  co m p o n en ts , as co m p ared  to  th a t o f  v irg in  an d  re p ro c e sse d  film s. 
C o n seq u en tly , p y ro ly s is  o f  p p  in  fo rm  o f  film s d iffe rs  fro m  th a t in  th e  p e lle t form . 
H en ce , fo rm s o f  th e  P P -b a se d  m a te ria ls  m u s t be  co n s id e red  in  p y ro ly s is  b ecau se  th ey  
h ad  an  e ffe c t o n  p y ro ly z e d  p ro d u c t d is tr ib u tio n  and  co m p o sitio n .
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■ ■  Vigin pellets 
M i  Virgin film 
S H I I s1 generation film 
Mi 2”d generation film 
MM 3๗ generation film

M ethane Ethylene Ethane Propylene Propane

(a)

Figure 4.7 G as co m p o sitio n  from  p y ro ly s is  o f  v irg in  p p  p e lle ts , v irg in  
re p ro cessed  p p  film s b ased  on: (a) m ass  an d  (b) v o lu m e.
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4 . 1 . 3 . 3  L i q u i d  p r o d u c t  c o m p o s i t i o n

F ig u re  4 .8  sh o w s th e rm a l d e g ra d a tio n  liq u id  co m p o n en ts  
d is tr ib u te d  in  a  w id e  ra n g e  o f  n u m b er o f  c a rb o n  a to m s. F ro m  F ig u re s  4 .6  a n d  4 .8 , the  
w e ig h t p e rc e n t a t C20' v a rie s  in  th e  s im ila r  tren d  as  ap p e a re d  in  g as  y ie ld , w h ereas, 
C20 - C49 v a rie s  in  th e  s im ila r  tren d  as  ap p e a re d  in  liq u id  y ie ld . (T h e  w e ig h t pe rcen t 
a t C20 m ean s  th e  su m  o f  w e ig h t p e rc e n ta g e  fo r all th e  liq u id  p ro d u c ts  w h ic h  have  
ca rb o n  n u m b ers  o f  b e lo w  C20.)

Figure 4.8 C arb o n  n u m b er d is tr ib u tio n  o f  liq u id  p ro d u c ts  fro m  th e rm a l d eg rad a tio n  
o f  v irg in  p p  p e lle ts , rep ro cessed  and  v irg in  p p  film s.

F u rth e rm o re , th e re  w as a  c lea r d iffe ren ce  b e tw e e n  th e  p ro d u c ts  
fro m  p y ro ly s is  o f  v irg in  p e lle ts  and  rep ro cessed  film s. T h e  d is tr ib u tio n  o f  liqu id  
p ro d u c t sh ifted  to  lo w er n u m b er o f  c a rb o n  a to m s as co m p ared  to  th a t fro m  v irg in  
pe lle ts .
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4 . 1 . 3 . 4  O i l  f r a c t i o n s  o f  l i q u i d  p r o d u c t

T h e  liq u id  p ro d u c t d e riv ed  fro m  a  th e rm a l d e g ra d a tio n  o f  p p  
film  sam p le  w as c la ss if ied  in to  five  frac tio n s  acco rd in g  to  its  b o ilin g  ran g e  (S p e ig h t, 
2 0 0 2 ). T h e re  w e re  g a so lin e  (b o ilin g  ran g e : 15 .5 -1 4 9 °C ), k e ro se n e  (1 4 9 -2 3 2 °C ), gas 
o il (2 3 2 -3 4 3 °C ), fuel o il (343-371  °C ), an d  h eav y  v a c u u m  gas o il (3 7 1 -5 6 6 °C ). In 
F ig u re  4 .9 , g a so lin e  o r p e tro l, u sed  as fuel fo r in te rn a l co m b u s tio n  en g in es , can  be 
h ig h ly  p ro d u c e d  a t th e  f irs t g en e ra tio n  o f  film . T h e  m a x im u m  a m o u n t o f  k ero sen e , 
gas o il, an d  fue l o il rep re sen ts  in  th e  th ird  g en era tio n . V irg in  p e lle ts  p ro d u ced  the 
h ig h e s t a m o u n t o f  h eav y  frac tio n s  as c o m p a re d  to  th e  film s. T h e  m in im u m  am o u n t o f  
h e av y  v a c u u m  gas o il w as  g en e ra ted  fro m  th e  firs t g e n e ra tio n  s in ce  it w as  co n v erted  
in to  lig h te r  frac tio n s. M o reo v er, no  s ig n if ic a n t ch an g e  in  fuel o il fra c tio n  o f  all 
sam p les.

Figure 4.9 L iq u id  frac tio n s  from  p y ro ly s is  o f  v irg in  p p  p e lle ts , v irg in  and  
re p ro c e sse d  p p  film s.

C o n c lu siv e ly , th e  n u m b er o f  rep ro cess in g  o f  p p  film  is a  v ery  im p o rtan t 
p a ra m e te r  co n tro llin g  p h y sica l p ro p e rtie s  o f  th e  film  an d  p y ro ly z e d  p ro d u c ts . It w as 
fo u n d  th a t th e  w e ig h t p e rc e n t o f  p ro p y le n e  and  C20" h y d ro c a rb o n s  w ere  ch an g ed  in  
th e  sam e  tren d  as th e  gas y ie ld , and  th e  w e ig h t p e rcen t o f  C20 -  C49 w as v a ried  in  the 
sam e tre n d  as liq u id  y ie ld .
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4.2 Effect of Catalysts on Pyrolyzed Products

S u lfa ted  z irc o n ia  ( S 0 427 Z r 0 2) w as em p lo y ed  a s  a  c a ta ly s t in  th is  study. 
P h y s ic o -c h e m ic a l p ro p e rtie s  such  as c a ta ly s t c ry sta l s tru c tu re , su rface  a rea , an d  po re  
s ize  d is tr ib u tio n , as  w e ll as  th e rm a l s tab ility  o f  th e  c a ta ly s t a t v a rio u s  a m o u n ts  o f  
su lfa te  lo ad ed  on  z irc o n ia  w ere  ch a rac te rized . A fte r  th a t p y ro ly z e d  p ro d u c t 
d is tr ib u tio n  an d  c o m p o s itio n  w ere  in v es tig a ted  w ith  an  in c rea se  o f  c a ta ly s t to  
p o ly m e r ra tio  an d  a m o u n t o f  su lfa te  lo ad in g , co n secu tiv e ly .

4 .2 .1  P h y s ico -C h em ica l P ro p e rtie s  o f  C a ta ly s ts
4 . 2 . 1 . 1  C r y s t a l  s t r u c t u r e  o f  c a t a l y s t s

X R D  p a tte rn s  o f  th e  S 0 427 Z r0 2  a t v a rio u s  a m o u n ts  o f  su lfa te  
lo ad ed  on  z irc o n ia  w ere  reco rd ed  an d  a re  sh o w n  in F ig u res  4 .1 0  a fte r  c a lc in a tio n  at 
th e  sam e  co n d itio n . T h e  ad d itio n  o f  su lfa te  d id  n o t a ffec t th e  c ry s ta l s tru c tu re  o f  
c a ta ly s ts  w h ic h  w as id en tif ied  as a  m o n o c lin ic  struc tu re .

20 (deg.)
Figure 4.10 X R D  p a tte rn s  o f  su lfa ted  z irco n ia  at d iffe ren t p e rc e n ta g es  o f  su lfa te  
load ing .
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4 . 2 . 1 . 2  S u r f a c e  a r e a ,  a v e r a g e  p o r e  v o l u m e  a n d  p o r e  s i z e  o f  c a t a l y s t s  

T h e  B E T  su rface  a rea , av e rag e  p o re  s ize  an d  c ry s ta l s tru c tu re  
o f  c a ta ly s ts  ca lc in ed  a t 550°c fo r 2 h o u rs  w ere  d e te rm in e d  an d  a re  lis ted  in  T ab le
4 .1 . I t w a s  fo u n d  th a t su rface  a rea  o f  th e  c a ta ly s ts  w as  a b o u t th e  sam e, h o w ev er, a 
s lig h tly  d e c rea se  w as o b se rv ed  as th e  a m o u n t o f  su lfa te  lo ad ed  o n  z irc o n ia  inc reased .

Table 4.1 P h y sico -ch em ica l p ro p ertie s  o f  ca ta ly s ts

Sample % so 42- Colour “Sbet
(m2/g)

Pore volume
(cc/g)

Pore size 
(nm)

Crystal
Structure

Z r02 0 White 6.680 1.182x1 O'2 7.077 Monoclinic

S 0 42/Z r02 2 White 3.588 4.196x1 O'3 4.678 Monoclinic

S 0 427Z r02 4 White 3.784 2.880X10'3 3.054 Monoclinic

S 0 427Z r02 6 White 1.028 1.480x1 O'3 5.762 Monoclinic

S 0 427Z r02 8 White 1.963 3.178x10"3 6.476 Monoclinic

4 .2 .2  T h erm al S tab ility  o f  C a ta ly s ts
F ig u res  4.11 show s th e  w e ig h t loss o f  su lfa ted  z irc o n ia  co n ta in in g  

v a rio u s  p e rc e n ta g es  o f  su lfa te  lo ad in g  (u p  to  8 w t.%  su lfa te ). T h e re  a re  tw o  reg io n s  
o f  w e ig h t lo ss; th e  firs t is in  th e  te m p e ra tu re  reg io n  o f  30 to  ab o u t 500°c an d  th e  
seco n d  is in  th e  tem p e ra tu re  reg io n  o f  550 to  800°c. In  th e  f irs t re g io n  th e  w e ig h t 
lo ss  is s im ila r  fo r all sam p les , ex cep t 6%  an d  8%  lo ad in g . T h e  sm all d e riv a tiv e  p eak s 
fro m  6 %  an d  8%  lo ad in g  a re  b e liev ed  to  b e  ex cess  w a te r  o n  th e  c a ta ly s t su rface  due  
to  h ig h  a m o u n t o f  su lfa te  load ing . In  th e  seco n d  reg io n , th e  w e ig h t lo ss  inc reases  
lin ea rly  w ith  in c reas in g  in itia l su lfa te  co n cen tra tio n . T h ese  re su lts  ag ree  w ith  
p re v io u s  w o rk  (D av is  e t a l., 1994). T h e  seco n d  reg io n  o ccu rred  fro m  th e  d eso rp tio n s  
o f  su lfa te  ions. A rea  u n d e r th e  cu rv es in  th is  reg io n  re la te s  to  th e  co n cen tra tio n  o f  
su lfa te  io n  p re v io u s ly  im p reg n a ted  on  th e  su rface  o f  ZrC>2 .
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T em perature (°C )

Figure 4.11 D T G  curves o f  S 0 427 Z r0 2.

4 .2 .3  P re lim in a ry  T es t fo r D e p en d en ce  o f  C a ta ly s ts  on  P y ro ly s is
V irg in  p p  film  w as se lec ted  fo r th is  test. S u lfa ted  z irc o n ia  w as m ix ed  

w ith  th e  film  an d  in tro d u ced  to  ch a rac te riz e  v ia  T G A  to in v es tig a te  th e  in flu en ce  o f  
th e  c a ta ly s t to  th e  sam ple .

F ig u re  4 .1 2  show s ab ility  o f  c a ta ly s ts  to  red u ce  p y ro ly s is  tem p era tu re  
as co m p ared  to  th e  case  w h en  no c a ta ly s t w as added . A s sh o w n  in  th e  fig u re , the  
p eak s  o f  ad d in g  su lfa ted  z irco n ia  sh ift to  lo w er d e c o m p o s itio n  tem p era tu re , 
in d ica tin g  th a t c a ta ly s t ac id ity  m igh t h e lp  p y ro ly z in g  th e  p lastic .



28

T em p era tu re  (°C )

Figure 4.12 D T G  cu rv es  from  p y ro ly s is  o f  v irg in  p p  film  u s in g  S 0 4 2 /Z r 0 2  a t 
v a rio u s  a m o u n ts  o f  su lfa te  load ing .

4 .2 .4  E ffec t o f  C a ta ly s t to  P o ly m e r R atio  on  P v ro ly z e d  P ro d u c ts
T h e  c a ta ly s t em p lo y ed  in  th is  sec tio n  w as 4 %  S 0 427 Z r0 2 . A  to ta l o f

0.5 g ra m  o f  p o ly p ro p y le n e  (P P ) film  sam p le  an d  ca ta ly s t w ere  m ix e d  to g e th e r  and  
lo ad ed  a t th e  b o tto m  o f  th e  reac to r. T h e  ra tio  o f  c a ta ly s t to  p o ly m e r (C /P ) w as v a ried  
fro m  0 .0 - 1 .0 .

4 . 2 . 4 . 1  P r o d u c t  y i e l d

P ro d u c t y ie ld  fro m  p y ro ly s is  o f  co m m e rc ia l p p  film  w ith  4%  
S 0 4 2 /Z r 0 2  a t v a rio u s  ca ta ly s t to  p o ly m e r (C /P ) ra tio s  are  sh o w n  in F ig u re  4 .13 . N o  
re s id u e  p ro d u c tio n  w as o bserved . T h e  liq u id  frac tio n  w as th e  m o s t d o m in an t 
d e g ra d a tio n  p ro d u c ts . M o reo v er, it w as fo u n d  th a t th e  g as  y ie ld  d e c re a sed  an d  the 
liq u id  y ie ld  in c reased  as th e  C /P  ra tio  in c reased  fro m  a p p ro x im a te ly  50  w t.%  (C /P  =
0 .0 ) to  71 w t.%  (C /P  =  1.0).
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Figure 4.13 P ro d u c t y ie ld  fro m  ca ta ly tic  p y ro ly s is  o f  co m m e rc ia l p p  film  w ith  4%  
S 0 427 Z r0 2  a t v a rio u s  c a ta ly s t to  p o ly m e r ra tio s .

4 . 2 . 4 . 2  G a s  p r o d u c t  c o m p o s i t i o n

G aseo u s p ro d u c ts  w ere  id en tified  as  m e th an e , e th y len e , 
e th an e , p ro p y len e , p ro p an e , c4, C 5 an d  C 6  h y d ro ca rb o n s  as  sh o w n  in F ig u re  4 .14. 
P ro p y len e , € 4, C 5 and  Cô h y d ro ca rb o n s w ere  m a in ly  p ro d u c e d  from  p y ro ly s is  o f  
c o m m erc ia l p p  film  at v a rio u s  ca ta ly s t to  p o ly m er (C /P ) ra tio s . A s th e  c/p ra tio  
in c reased , p ro p y len e  d ec reased  from  23 w t.%  to  11 w t.% , c4 h y d ro c a rb o n s  in creased  
fro m  7 w t.%  to  24 w t.% , w h ereas , o th e r gas co m p o n en ts  rem a in ed  fa irly  co n stan t.

In  1999, from  u s in g  s ilic a -a lu m in a  an d  zeo lite  Z S M -5  S akata  
e t  a l .  re p o rte d  th a t th e  d ec rease  o f  C3 co m p o n en ts  w ith  th e  co n se q u e n t in c rea se  o f  c4 
c o m p o n e n ts  in  th e  g a seo u s  p ro d u c ts  w as a  sp ec ia l fea tu re  o f  th e  so lid  ac id  ca ta ly s t on  
d e g rad a tio n  o f  p o ly p ro p y len e .
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Figure 4.14 G as c o m p o sitio n  from  ca ta ly tic  p y ro ly s is  o f  co m m e rc ia l p p  film  w ith  
4 %  su lfa te d  z irc o n ia  a t v a rio u s  ca ta ly s t to  p o ly m e r ra tio s  o n  th e  b a s is  o f  (a ) m ass  and 
(b) v o lu m e .
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Ish ih a ra  e t  a l . ,  (1 9 9 3 ) h av e  b een  p ro p o se d  th e  m e c h a n ism  o f  
gas fo rm a tio n  in  ca ta ly tic  d e c o m p o s itio n  o f  p o ly p ro p y le n e  in  th e  p re se n c e  o f  s ilica- 
a lu m in a  c a ta ly s t w ith  13%  a lu m in a  co n ten t. T h ey  su g g e s te d  th a t g a se s  w ere  
p ro d u c e d  fro m  th e  ch a in -en d s  o f  th e  liq u id  frac tio n  as sh o w n  in  F ig u re  4 .1 5 .

(b) F o rm a tio n  o f  C 3 an d  C 9 ; x: p -sc iss io n , y: iso m e riz a tio n

Figure 4.15 G as fo rm a tio n  m ech an ism s in  ca ta ly tic  p y ro ly s is  o f  p o ly p ro p y le n e  
(Ish ih a ra , Y . e t  a l . ,  1993).

T h ey  in d ica ted  th e  co m p o n en ts  o f  liq u id  frac tio n  by  u sing  
F ID -M S  an d  13c  N M R  tech n iq u e . C a rb én iu m  ions (A ) an d  (B ) w ere  th e  m ain  
co m p o n en ts . G ases  m ay  be  p ro d u ced  by  d eco m p o sitio n  o f  ions (A ) and  (B ).
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C h a in -en d s  (B ) an d  iso b u ten e  (C ) w e re  p ro d u ced  v ia  P- 
sc is s io n  o f  io n  (A ). T h en , iso b u ten e  (C ) p ro d u ced  iso b u tan e  (E ) by  h y d ro g e n a tio n  
acco rd in g  to  E q u a tio n  (a). C a rb én iu m  io n s  (D ) a lso  a tta ck ed  th e  o n -c h a in  te rtia ry  
h y d ro g e n  a to m s o f  th e  o lig o m e r and  liq u id  frac tio n s, le ad in g  a g a in  to  th e  p ro d u c tio n  
o f  o n -c h a in  te rtia ry  ca rb é n iu m  ions.

A cco rd in g  to  E q u a tio n  (B ), C 3 fra c tio n  (F ) m ay  b e  p ro d u ced  
v ia  p -sc is s io n  o f  io n  (B ). N ev e rth e le ss , p -sc iss io n  o f  ion  (B ) re q u ire s  a  h ig h e r 
a c tiv a tio n  en e rg y  (190  k J /m o l)  th an  iso m eriza tio n  (63 k J /m o l)  an d  th u s  iso m eriza tio n  
o f  io n  (B ) is m o re  eas ily  s tab iliz ed  by  iso m eriza tio n , and  sm all a m o u n t o f  p ro p y len e  
can  be  p ro d u ced . T h e  iso m eriza tio n  p ro ceed ed  by  in tra m o le c u la r  re a rran g e m e n t v ia  
s ix -m e m b e re d  tra n s itio n  sta te  to  in n e r te rtia ry  ca rb o n  a to m s (b a c k -b itin g  reac tio n ). 
C 9  c o m p o n e n ts  w ere  p ro d u ced  as the  m a in  p ro d u c t in  liq u id  frac tio n  v ia  p -sc is s io n  o f  
ion  (H ).

T h e  in flu en ce  o f  c a ta ly s t to  p o ly m e r ra tio  o n  p y ro ly zed  
p ro d u c ts  w as co n s id e red  co m p ared  to  th e  p rev io u s  w o rk  (Ish ih a ra , Y. e t  a l . ,  1993). 
T h e  se lec tiv ity  ra tio  in  gas fo rm a tio n  o f  C3/C4 is sh o w n  in  F ig u re  4 .16 .

Figure 4.16 S e lec tiv ity  ra tio  o f  C3/C4 fro m  ca ta ly tic  p y ro ly s is  o f  c o m m erc ia l p p  film  
w ith  4 %  su lfa ted  z irco n ia  a t v a rio u s  c a ta ly s t to  p o ly m er ra tios.



33

A s sh o w n  in  th e  f ig u re , th e  se le c tiv ity  o f  C3 (p ro p y le n e ) o v er 
C4 c o m p o n e n ts  d ec rea sed  w ith  in c reas in g  c/p  ratio .

Ish ih a ra , Y. e t  a l .  s tu d ied  th e  e ffe c t o f  c a ta ly s t to  p o ly m e r ra tio  
on  gas co m p o sitio n . R e a c tio n  w as c a rried  o u t at 220°c. N itro g e n  w as p a sse d  th ro u g h  
th e  re a c to r a t 120 m l/m in  fo r 1 hour. T h e  p o ly m e r and  c a ta ly s t w e re  m ix ed  to g e th e r 
at d iffe re n t c/p ra tio s  o f  0 .5 -6 .0  b efo re  in tro d u ced  in to  th e  reac to r. T h ey  fo u n d  th a t 
th e  m a in  co m p o n e n t w as iso b u tan e  (C4), an d  th e  y ie ld s  o f  all co m p o n en ts  w ere  
e sse n tia lly  th e  sam e at all c/p  ra tios.

C o m p ared  to  th is  w o rk , reac tio n  w a s  c a rr ie d  o u t a t 500°c fo r 1 
h o u r w ith  n itro g en  gas f lo w  ra te  o f  30 m l/m in . u sin g  so lid  su p e rac id  ca ta ly s t, S O 4 2' 
/ZrC>2 , in  th e  ca ta ly tic  d eg rad a tio n . C 4  h y d ro ca rb o n s  w ere  th e  m o s t d o m in a n t p ro d u c t 
in  th e  case  o f  c/p  o f  1.00. In  ad d itio n , th e  y ie ld  o f  C 3 re d u c e d  w ith  a  co n seq u en t 
in c rea se  in  C 4  co m p o n en ts  as th e  c/p ra tio  increased .

It is k n o w n  th a t th e rm a l d e g ra d a tio n  o ccu rs  by  rad ica l 
m ech an ism . H o w ev er, ca ta ly tic  d e g rad a tio n  o f  p p  is k n o w n  to  p ro ceed  by  ca rb én iu m  
ion  m e c h a n ism  (A u d is io , e t  a l . ,  1984). A t c/p ra tio  o f  0.0, p ro p y le n e  can  be h ig h ly  
p ro d u c e d  as co m p ared  to  o th e r ra tio s  th ro u g h  rad ica l m e c h a n ism  sin ce  no  ca ta ly s t 
w as  u sed . B u t w h en  in c rease  the  am o u n t o f  ca ta ly s t p ro p y le n e  ten d s  to  d e c rea se  w ith  
a  c o n se q u e n t in c rease  in  C4 c o m p o n en ts  due  to  m o re  ca ta ly tic  d e g ra d a tio n  o f  
p o ly m e r in  th e  p re sen ce  o f  a  ca ta ly s t a cco rd in g  to  th e  g as  fo rm a tio n  m ech an ism  
p ro p o sed  by  Ish ih a ra , Y. e t  a l .  T h e re fo re , it m ay  be c o n c lu d e d  th a t th e  p re sen ce  o f  
S 0 4 2 7 ZrC>2 ex h ib ited  the  ca ta ly tic  d e g ra d a tio n  in  th e  p y ro ly s is  o f  p o ly p ro p y le n e  w ith  
a  m ax im u m  am o u n t o f  the  d eg rad a tio n  at c/p  o f  1.0.
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4 . 2 . 4 . 3  L i q u i d  p r o d u c t  c o m p o s i t i o n

C o m p o sitio n  o f  th e  liq u id  p ro d u c ts  fro m  p y ro ly s is  o f  
co m m e rc ia l p p  film  w ith  4 %  su lfa ted  z irc o n ia  a t v a rio u s  c a ta ly s t to  p o ly m e r (C /P ) 
ra tio s  as  co m p ared  to  th e rm al d e g ra d a tio n  is sh o w n  in F ig u re  4 .17 . F o r  th e rm al 
d eg rad a tio n , th e  liq u id  p ro d u c ts  w ere  d is tr ib u ted  o v e r a  w id e  ra n g e  o f  ca rb o n  
n u m b e rs  (C9 to  C49) eq u iv a len t to  b o ilin g  p o in t ran g es  o f  170 to  600°c. In  th e  case  o f  
u s in g  su lfa te d  z irco n ia  a t th e  c a ta ly s t to  p o ly m e r ra tio  o f  0 .1 7 , th e  d is tr ib u tio n  o f  
c a rb o n  n u m b e r sh ifted  to  h eav ie r  h y d ro ca rb o n s . T h e  in c rease  o f  c a ta ly s t to  p o ly m er 
ra tio  fro m  0 .17  to  0 .50  an d  1.00 re su lted  in  an  in crease  o f  lig h te r  h y d ro ca rb o n s .

Figure 4.17 Carbon number distribution of liquid products from thermal and
catalytic degradation of commercial pp film with 4% sulfated zirconia at various
catalyst to polymer ratios.
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4 . 2 . 4 . 4  O i l  f r a c t i o n s  o f  l i q u i d  p r o d u c t

F ig u re  4 .18  sh o w s th e  d is tr ib u tio n  o f  liq u id  p ro d u c t a t va rio u s 
c/p ra tio s . M an y  p e tro c h e m ic a l p ro d u c ts  can  be  p ro d u ced  fro m  th e  p y ro ly s is  o f  
p o ly p ro p y le n e  film . In  th e  th e rm al d e g ra d a tio n  (C /p  =  0 .0 0 ), th e re  w as n o  g aso lin e  
p ro d u c tio n . O n  th e  o th e r han d , g a so lin e  c a n  be  p ro d u ced  w h en  th e  c a ta ly s t w as 
in tro d u ced . It in d ica te s  th a t u sin g  c a ta ly s t has a  p o s itiv e  e ffe c t o n  g aso lin e  
p ro d u c tio n . A t c/p ra tio  o f  0 .50 , it g av e  th e  m a x im u m  a m o u n t o f  g a so lin e  as 
co m p are  to  o th e r ra tio s . A s th e  ra tio s  in c reased , fro m  0 .1 7  to  1.00, k e ro sen e , gas oil, 
an d  fu e l o il w ere  d ram a tica lly  in c reased  w ith  a  c o n se q u e n t d e c re a se  in  heavy  
v acu u m  gas oil.

C/P Ratio

■ ■  Gasoline 
I I Kerosene 
^ Gas oil

Light vacuum gas oil 
Heavy vacuum gas oil

F ig u r e  4 .1 8  L iq u id  frac tio n s  fro m  ca ta ly tic  p y ro ly s is  o f  c o m m erc ia l p p  film  w ith  4%  
su lfa ted  z irco n ia  a t v a rio u s  ca ta ly s t to  p o ly m e r ra tios.
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4 .2 .5  E ffec t o f  A m o u n t o f  S u lfa te  L o ad ed  on  Z irc o n ia  o n  P y ro lv zed
P ro d u c ts

C a ta ly s t to  p o ly m er ra tio  a t 0 .17  w as se lec ted  to  s tu d y  th e  e ffec t o f  
a m o u n t o f  su lfa te  lo ad ed  o n  z irco n ia  o n  th e  ca ta ly tic  p y ro ly s is  o f  c o m m erc ia l p p  
film . T h e  a m o u n t o f  su lfa te  w as  v a ried  fro m  0-8  %.

4 . 2 . 5 . 1  P r o d u c t  y i e l d

F ig u re  4 .19  sh o w s th e  p ro d u c t y ie ld  o b ta in e d  fro m  the  
ca ta ly tic  p y ro ly s is  o f  co m m erc ia l p p  film  u s in g  v a rio u s  a m o u n ts  o f  su lfa te  lo ad ed  on  
z irco n ia . P y ro ly s is  in  th e  ab sen ce  o f  c a ta ly s t p ro d u ced  n e g lig ib le  re s id u e , a  y ie ld  o f
50.3 w t. %  gas and  4 9 .7  w t. %  liqu id . A s th e  am o u n t o f  su lfa te  lo ad ed  o n  z irco n ia  
in c rea sed , th e  liq u id  y ie ld  in c reased  w ith  a  c o n seq u en t d ec rea se  in  g as  y ie ld .

0s

B3-o
Ç

80

60

40

20

w /o  catalyst 
+  0% sulfate 
+  2% sulfate 
+ 4% sulfate 
+  6% sulfate 
+  8% sulfate

Residue G as Liquid

F ig u r e  4 .1 9  P ro d u c t y ie ld  from  ca ta ly tic  p y ro ly s is  o f  c o m m erc ia l p p  film  using  
su lfa ted  z irc o n ia  a t v a rio u s  am o u n ts  o f  su lfa te  load ing .
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4 . 2 . 5 . 2  G a s  p r o d u c t  c o m p o s i t i o n

F ig u re  4 .2 0  sh o w s th e  gas c o m p o s itio n  o b ta in e d  fro m  the 
ca ta ly tic  p y ro ly s is  o f  c o m m erc ia l p p  film  u sin g  v a rio u s  a m o u n ts  o f  su lfa te  lo ad ed  on  
z irco n ia . O n  th e  b asis  o f  v o lu m e , it w as  fo u n d  th a t p ro p y le n e  an d  C 5 h y d ro ca rb o n s  
w ere  d o m in a tin g  gases. M o reo v er, it w as  ev id en ced  th a t p ro p y le n e  y ie ld  o b ta in ed  
fro m  th e rm a l d e g ra d a tio n  w as h ig h e r  th an  ca ta ly tic  d eg rad a tio n , w h e rea s  C 4  

c o m p o n e n ts  w ere  lo w er, an d  o th e r gas co m p o n en ts  re m a in e d  fa irly  constan t. 
E th y len e  w as in  lo w  co n cen tra tio n . F u rth e rm o re , p ro p y le n e  d e c re a sed  w ith  
in c rea s in g  a m o u n t o f  su lfa te  lo ad ed  o n  c a ta ly s t w h ile  C 4  h y d ro c a rb o n s  increased . 
T h is  tren d  w as co n s is te n t w ith  th a t o f  g as  c o m p o sitio n  w h en  in c rea s in g  c a ta ly s t to 
p o ly m e r ra tio .
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F ig u r e  4 .2 0  G as c o m p o sitio n  from  ca ta ly tic  p y ro ly s is  o f  c o m m erc ia l p p  film  u sin g  
su lfa ted  z irc o n ia  a t v a rio u s  am o u n ts  o f  su lfa te  lo ad in g  on  th e  b a s is  o f  (a) m ass and  
(b) v o lu m e .

Methane Ethylene Ethane Propylene Propane C4 C5 C6

w /o catalyst 
+  0% sulfate 
+  2%  sulfate 
+  4%  sulfate 
+  6% sulfate 
+  8% sulfate

Methane Ethylene Ethane Propylene Propane
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4 . 2 . 5 . 3  L i q u i d  p r o d u c t  c o m p o s i t i o n

In  o rd e r to  s tu d y  th e  e ffec t o f  a m o u n t o f  su lfa te  lo ad ed  on  
z irc o n ia  o n  p y ro ly z e d  liq u id  p ro d u c t, th e  d is tr ib u tio n  o f  liq u id  co m p o n e n ts  from  
lo ad in g  w ith  d iffe re n t am o u n ts  o f  su lfa te  a re  co m p ared  in  F ig u re  4 .21 . T he 
d is tr ib u tio n  o f  liq u id  p ro d u c ts  sh ifted  to  lo w er n u m b er o f  c a rb o n  a to m s w h en  h ig h e r 
a m o u n t o f  su lfa te  w as loaded . T h is  re su lt im p lied  th a t su lfa te  lo ad in g  en h a n c e d  the  
d e g ra d a tio n  o f  h e a v ie r  liq u id  h y d ro ca rb o n s  in to  lig h te r  liq u id  h y d ro ca rb o n s .

C arbon N um ber

Figure 4.21 C arb o n  n u m b er d is tr ib u tio n  o f  liq u id  p ro d u c ts  fro m  ca ta ly tic  p y ro ly s is  
o f  co m m e rc ia l p p  film  u s in g  su lfa ted  z irco n ia  at v a rio u s  a m o u n ts  o f  su lfa te  load ing .
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4 . 2 . 5 . 4  O i l  f r a c t i o n s  o f  l i q u i d  p r o d u c t

T h e  frac tio n s  o f  o ils  y ie ld ed  fro m  sam p le s  a t v a rio u s  am o u n t 
o f  su lfa te  lo ad ed  o n  z irc o n ia  a re  sh o w n  in  F ig u re  4 .2 2 . H eav y  v a c u u m  g as  o il w as 
th e  m o s t d o m in a n t d e g rad a tio n  p ro d u c t. G aso lin e  w as o b se rv e d  fo r all sam ples, 
e sp e c ia lly  a t 0%  an d  8%  su lfa te . H o w ev er, th e  h ig h e s t a m o u n t o f  h eav y  v acu u m  gas 
o il w a s  g en e ra ted  a t 0%  su lfa te . T h e  in c rease  in  th e  a m o u n t o f  su lfa te  lo ad in g  
sh o w ed  a  h ig h e r am o u n t o f  k e ro sen e  an d  cau sed  a  d ec rea se  in  h eav y  frac tio n s. 
K e ro sen e  is su itab le  fo r u se  as an  illu m in an t w h en  b u rn ed  in  a  w id e  lam p . T h ere fo re , 
ad d in g  o f  su lfa te  e n h an ced  th e  ca ta ly tic  d e g rad a tio n  o f  p o ly p ro p y le n e  film  in to  h igh  
v a lu ab le  p ro d u c ts .

F ig u r e  4 .2 2  L iq u id  frac tio n s  from  ca ta ly tic  p y ro ly sis  o f  c o m m erc ia l p p  film  using  
su lfa ted  z irco n ia  a t v a rio u s  am o u n ts  o f  su lfa te  load ing .
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