
CHAPTER III

EXPERIMENTS

3.1 In str u m e n ts  a n d  A p p a r a tu s
O v en s a n d  F u rn a ces
D uring the syn th esis course, the starting m ixture w as heated in a M em m ert 

U M -5 0 0  oven . H eating o f  any so lid  sam ple at 100°c w as carried out u sin g  the sam e  
oven . C alcination o f  the so lid  catalysts at 550°c w as ach ieved  in a C arbolite RHF  
1600 m u ffle  furnace w ith  program m able heating rate o f  l° c /m in .

X -ra y  P o w d e r  D iffr a c tro m e te r  (X R D )
The structure o f  syn th esized  S i-S B A -1 5  and zeo lite  beta w ere id en tified  by  

using  a R igaku, D m ax 2200 /u tim a  plus X -ray pow der diffractrom eter w ith  a 
m onochrom ater and c u  K a radiation (4 0  kv. 30  m A ). The 2-theta angle w as ranged  
from  0.5 to 3 .0  degree for analyzed  S B A -1 5  phase and 3 .0  to 45 degree for zeo lite  
beta phase w ith  scan speed  o f  5 d egree/m in  and scan step o f  0 .02  degree. The  
scattering slit, d ivergent slit and receiv in g  slit w ere fixed  at 0.5 degree, 0 .5  degree, 
and 0 .15  m m  for S i-S B A -1 5  and the scattering slit, d ivergent slit and receiv in g  slit 
w ere fixed  at 0.5 degree, 0 .5  degree, and 0.3 m m  for zeo lite  beta, resp ectively .

N M R  S p e c tr o m e te r
S o lid  state 2 7 A 1-M A S-N M R  spectra w ere perform ed using  the Bruker A d van ce  

D P X  3 0 0  M H z N M R  spectrom eter

S c a n n in g  E lec tro n  M ic r o sc o p e  (S E M )
JEOL JS M -6480L  V  scanning electron  m icroscop e w as used to exam in e the 

m orp h ology  and particle s ize  o f  S i-S B A -1 5  and zeo lite  beta. In order to  avoid  
charging o f  sam ples and obtain good  quality o f  m icrographs, the catalysts w ere  
dispersed  in absolute ethanol in u ltrasonic w ater bath before gradually evaporated on  
g lass slid e  and coated w ith  sputtering g o ld  under vacuum  prior to the SE M
m easurem ents.
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N itro g en  A d so r p to m e te r

Characterization o f  catalyst p orosity  in term s o f  nitrogen adsorption-desorption  
isotherm s, B E T  sp ec ific  surface area, and pore size  distribution o f  the catalysts w as  
carried out using  a BEL Japan, BELSO RP-1I instrum ent. The sam ple near 40 m g w as  
pretreatment at 400°c 3 h under vacuum  and w eigh ed  for the accurate am ount before  
each m easurem ent. Surface areas and m icropore vo lu m e o f  catalysts w ere calculated  
by using  the B E T  equation. The external surface areas w ere obtained from  the 
analysis o f  adsorption branch o f  the isotherm  by the t-plot m ethod.

N H i T P D  In stilm en t
A cid  strength o f  catalysts w as determ ined using  the BEL Japan, B E L C A T . 

B efore adsorption, the sam ple w eigh t about 100 m g w as dried in flo w in g  H e at 400°c 
for 20  m in. A dsorption  go  pure N H 3 until saturation took  p lace at 100°c until 
saturated, then the catalyst w as flush  w ith  H e at the sam e tem perature. T PD  
m easurem ents w ere done from  100°c to 600°c, w ith He as the carrier gas. The 
am ount o f  desorption am m onia w as detected  by a thermal con d u ctive  detector. The 
T PD  therm ogram  (derivative p lot) w as obtained from  the plot o f  the am ount o f  
am m onia desorption as a function o f  tem perature.

G as C h ro m a to g ra p h
H ydrocarbon gases from  cracking reaction w ere analyzed  by using  a V arian CP- 

3 8 0 0  gas chrom atograph equipped w ith  a 50 m  length X 0.53 m m  outer diam eter  
A lum ina-K C l PLO T colum n. Liquid products from  cracking the sam e instrum ent but 
equipped w ith  a 30  m  length X 0 .25  m m  outer diam eter C P -sil 5 (0 .25  pm  film  
th ickness) colum n (equ ivalent to D B -1 colum n). A ll GC detectors are flam e  
ion ization  detectors (F ID ). The co lu m n  heating program s for gas and liquid  analysis  
are sh ow n  in Sch em es 3.1 and 3 .2 , resp ectively . The sam ple vo lu m es are 3 .0 0  pi o f  
gas and 1 . 0 0  pi o f  liquid injection.
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S ch em e  3 .1 The GC heating program  for gas analysis.

S ch em e  3 .2  The GC heating program  for liquid  analysis.

3 .2  C h e m ic a ls  a n d  G a ses
1. Tetraethyl am m onium  hydroxide, T E A O H  (Fluka, 4 0  wt% )
2. T etraethylorthosilicate, T E O S (A ldrich , 98 wt% )
3. A lum in ium  isopropoxid e, A IP  (A ldrich)
4 . H ydrochloric acid, HC1 (Fluka, 37  wt% )
5. T riblock cop olym er P luronic P I 23 5PEO 2 0 -P P O 7 0-PE O 2 0 , average m olecu lar  

w eigh t =  5 8 0 0  (A ldrich .)
6 . Standard gas m ixture and liquid  m ixture for GC analysis w ere k ind ly  obtained  

from  PTT C hem ical P ublic C om pany L im ited.
7. Standard liquid  m ixture (R estek)
8 . N itrogen  gas, N 2  (Thai Industrial G ases (T IG ), h igh ly  pure grade )
9. A m m on ia  gas, N H 3 (L inde G as Thailand, h igh ly  pure grade)
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3 .3  P r e p a r a tio n  o f  S B A -1 5

Pure silica  S B A -1 5  to  be used as a s ilica  source in the syn th esis o f  zeo lite  beta, 
w as prepared in  an acid ic  m ed ia  using  a trib lock cop olym er Pluronic P I 23 as a 
structure directing agent fo llo w in g  a m ethod in literature reported b y  Z hao et al. [84], 
The tem plate P luronic P I 23 w as d isso lv ed  in  w ater and acid ified  w ith  2 M  HC1. Then  
TEO S w a s added and the so lu tion  w as stirred for 1 h and then aged at 40°c for 24  h. 
The so lu tion  w as transferred into a T eflon -lin ed  autoclave and heated in  an oven  
preset at 100°c for 48 h. A s-sy n th esized  S B A -1 5  w as separated as a w h ite  so lid  by  
filtration, w ashed  several tim es w ith  d eion ized  and dried by air suction  through the 
so lid . The structure directing agent w as rem oved  from  the pores o f  S B A -1 5  by  
calcination  in a m u ffle  furnace at 550°c for 5 h. The w hite pow der m aterial w as  
obtained and characterized b y  u sin g  X R D , SE M  and nitrogen adsorption-desorption  
instrum ents. The procedure for preparing the S B A -1 5  is  sh ow n  in S ch em e 3 .3 . The 
heating program  for tem plate rem oval is  sh ow n  in S ch em e 3 .4 . The ca lc in ed  sam ple  
w as kept in  d esiccators prior to use.
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Pluronic P 123 + 2M H Cl +  H 20

TEO S - stirring for 1 h

T em plate so lu tion

^  - A g in g  w ith  stirring at 40°c, 24 h

A ged  gel

- C rystallizing at 100°c, 48 h

W hite so lid

I - F iltering, w ash in g  and drying

A s-sy n th esized  S B A -15

1 - calc in ed  at 550°c, 5 h
C alcined  S B A -1 5

S ch em e  3 .3  S ystem ization  diagram  for S B A -1 5
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S c h e m e  3 .4  A  heating program  for rem oval o f  organic tem plate from  the pores o f  
S B A -15

3 .4  T r a n sfo r m a tio n  o f  S B A -1 5  in to  Z eo lite  B eta
Transform ation o f  S B A -1 5  into B E A  structure w as perform ed typ ica lly  as 

fo llow s: The m olar com p osition  o f  reaction m ixture was: SiC>2 : XAI2 O 3 : yTEA O H : 
5 .OH2 O w h en  (x  =  0 .0 0 5 5 -0 .0 4 9 ) and (y  =  0 .1 0 -0 .3 9 ). The m ixture o f  0 .7 3 7 6  g o f  AIP  
and 4 1 .8 8  g o f  30  wt%  aqueous T E A O H  solu tion  w as drop w ise  added to a 5 00  cm 3 

4-n eck ed  round bottom  flask  contain ing the 13.00 g o f  calcined  S B A -1 5  w ith  stirring 
under nitrogen atm osphere. Then the m ixture w as aged by stirring under nitrogen  
atm osphere for 12 h. The gel m ixture w as transfer into a sta in less-stee l au toclave  
conta in ing  T eflon  cup and kept in the o ven  at 135°c for 6 -48  h. A fter that the 
au toclave w as quenched, w h ite  so lid  sam ple w as separated by centrifugation, w ashed  
several tim es w ith  d eion ized  w ater and dried in the oven  at 110°c overnight. The  
w h ite  so lid  product w as characterized by X R D . The schem atic diagram  o f  th is w h o le  
procedure is sh ow n  in S ch em e 3 .5 . The so lid  sam ples w ere denoted as Run N o . The  
con d ition s o f  synthesis are sh ow ed  in T able 3 .1 .
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C alcined  S i-S B A -1 5

Stirring for 12 h
30 wt%  T E A O H  solution

G el m ixture

AIP

C rystallized at 135°c for 48  h 

C entrifuged, w ashed  and dried

A s-syn th esized  zeo lite  beta

calcined  at 550°c, 5 h

C alcined  zeo lite  beta

S ch em e  3 .5  D iagram  o f  the syn th esis procedure o f  zeo lite  beta



T a b le  3.1 The condition  o f  zeo lite  beta synthesis
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S a m p le S ilica  so u rce T E A O H /S i0 2 S B A -1 5 /A IP C r y sta liza tio n
ratio ratio  in gel p er io d  (h )

R un N o .l S B A -15 0 .39 60 6

R un N o .2 S B A -15 0 .39 60 1 2

R un N o .3 S B A -15 0 .39 60 24
Run N o .4 S B A -15 0.39 60 48
Run N o .5 S B A -15 0 .26 60 48
Run N o . 6 S B A -15 0 . 2 0 60 48
R un N o .7 S B A -15 0 . 1 0 60 48
Run N o . 8 S B A -15 0 .26 1 0 48
Run N o .9 S B A -15 0 .26 30 48

Run N o . 10 S B A -15 0 .26 90 48
Run N o .l  1 xerogel 0 .26 60 48

3 .5  P rep a ra tio n  o f  Z eo lilte  B eta  w ith  V a r io u s  C ry sta lliza tio n  T im e
Z eolite  beta w ith  S B A -15 /A IP  ratios in gel o f  60  and T E A 0 H /S i0 2  ratio o f  0 .39  

w as syn th esized  using  the sim ilar m ethod to that described in S ection  3 .4  w ith  various 
crysta llization  periods o f  6 , 12, 24  and 48  h. A ll sam ples w ere characterized by X R D , 
X R F , SE M  and nitrogen adsorption-desorption instrum ents.

3 .6  P rep a ra tio n  o f  Z eo lite  B eta  w ith  V a r io u s  T E A O H /S iO î R a tio s
Z eo lite  beta sam ples w ith  S B A -15 /A IP  ratio in gel o f  60  w ere syn th esized  w ith  

various T E A 0 H /S i0 2  ratios in gel o f  0 .1 0 , 0 .2 0 , 0 .2 6  and 0 .3 9 , using crystallization  
tim e o f  48  h. T he zeo lite  beta w as syn th esized  using  the sim ilar m ethod to that 
described  in section  3 .4 and 3 .5 . The cod e o f  each  sam ple w as used as indicated in 
T able 3 .1 . A ll sam ples w ere characterized using  X R D , SE M  and nitrogen  
adsorption-desorption  instrum ents.
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3 .7  P r e p a r a tio n  o f  Z eo lite  B eta  w ith  V a r io u s  S B A -1 5 /A IP  R a tio s

Z eo lite  beta w as synthesized  w ith  various S B A -15 /A IP  ratios in g e l o f  10, 30, 
60 and 90 , fix ed  T E A 0 H /S i0 2  ratio o f  0 .2 6  and crystallization  tim e o f  48 . The zeo lite  
beta w as synthesized  u sin g  the sim ilar m ethod to that described in S ection  3 .4 , 3.5  
and 3 .6 . D ifferent con d ition s o f  synthesis w ere used as sh ow n  in T able 3 .1 . A ll 
catalysts w ere characterized u sin g  X R D , IC P -A E S, SE M , 2 7A 1-M A S-N M R , 
N H 3 -T P D , and nitrogen adsorption-desorption instrum ents.

3 .8  R e m o v a l o f  O rg a n ic  T e m p la te  fro m  th e  Z eo lite  B eta  C a ta ly sts
To m ake room  in the catalyst structure, the organic tem plate m ust be rem oved  

by oxid ation  to carbon d iox id e  at e levated  tem perature depending on  the catalyst. A n  
a s-syn th esized  zeo lite  beta w as ca lc in ed  in a m u ffle  furnace using  the heating  
program  for the tem plate rem oval as sh ow n  in S ch em e 3 .6 . The calcined  sam ple w as  
characterized u sin g  X R D , SE M , 2 7A 1-M A S -N M R , N H 3 -T P D  and nitrogen adsorption- 
desorption  instrum ents. A ll sam ples w ere kept in a desiccator prior to use.

.S ch em e  3 .6  A  heating program for rem oval o f  organic tem plate from  the pore o f
zeo lite  beta.
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3 .9  A c tiv it ie s  o f  V a r io u s  Z eo lite  B e ta  C a ta ly sts  in  P la stic  W a ste  C ra c k in g

3 .9 .1  G en era l P r o c e d u r e  in C a ta ly tic  C r a c k in g  o f  P la stic
D egradation o f  p lastic  w aste  (PP or H D P E ) w as perform ed u sin g  zeo lite  

beta catalysts. A ll catalysts w ere fresh ly  ca lc in ed  at 5 5 0 ° c  for 5 h before test activity. 
Therm al and catalytic cracking activ ities w ere carried out in g lass reactor (4 .4  cm . i.d. 
and 37  cm . length) under a continuous nitrogen f lo w  by batch operation as sh ow n  in  
Figure 3.1 and S chem e 3 .7 . A  total o f  5 .0  g  o f  w aste  p lastic  and 0.5 g o f  catalyst w ere  
loaded  into the reactor. In a typ ical run, the reactor w as set up, and purged w ith  N 2  at 
f lo w  rate o f  20  m l/m in  to rem ove the air. T he reactor w as heated to a required  
tem perature ( 3 5 0 ° c  or 4 2 0 °C ) in 20  m in (2 0 °c /m in )  using  a split-tube furnace 
equipped w ith  a program m able tem perature controller and a K -type therm ocouple. 
The tem perature w a s m aintained constant at the reaction tem perature for 4 0  m in. The  
gas fraction w h ich  flo w ed  from  the reactor w ith  the nitrogen stream w as passed  
through a condenser coo led  by co ld  water. The gas fraction w as co llec ted  into a 
Tedlar bag sin ce the start o f  heating w h ile  the liquid fraction w as con d en sed  and 
co llec ted  in a 10 cm 3 graduated cylinder. A fter com p letion  o f  the reaction, the reactor 
w as co o led  d ow n  to room  tem perature and w eigh ed . The va lu es o f  % conversion  and  
% y ie ld  w ere calculated based on  the equations as fo llow s:

(m ass o f  liqu id  fraction +  m ass o f  gas fraction) X 100
% C onversion  =  ------------------------------------------- ;-------------------------------------------

m ass o f  p lastic

m ass o f  gas fraction =  m ass o f  the reactor w ith  p lastic and catalyst before reaction -
m ass o f  the reactor w ith  residue and used catalyst after reaction

m ass o f  product fraction X 100
% Y ield  =  -------------- 3 -----— 1-   ----------------m ass o f  p lastic

The degradation products w ere d iv ided  into three fractions: gas fraction  
(products w h ich  w ere not con d en sed  at water co o lin g  tem perature), liquid fraction and 
residue. The gas products w ere analyzed  by a gas chrom atography. L iquid fraction  
obtained from  the reaction w as separated into tw o  fractions, d istillate o il and h eavy  
o il, by  vacuum  distilla tion  using sm all d istilla tion  kit at the heater tem perature o f  
200°c as sh ow n  in F igure 3 .2 . The d istillate o il w as analyzed  by a GC. The va lu es o f



retention tim e o f  com p on en ts in the d istillate o il on  a gas chrom atogram  w ere  
com pared to those o f  reference com pound s in  form  o f  n-paraffm s. The va lue o f  
% coke form ed on the catalyst w as determ ined by the w eig h t lo ss  upon thermal 
regeneration o f  the used  catalyst after leach in g  out o f  w a x es  by n-hexane. The heating  
program  for regeneration o f  the used catalyst is the sam e as the program for rem oval 
o f  tem plate as show n in S ch em e 3.4.
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F u rn a ce C o n d en ser

P la stic+  ca ta ly st

T h e r m o c o u p le  \  —

^ C y lin d er

F ig u re  3.1 Apparatus for catalytic cracking.
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C onnect to  
vacuum  line

V acuum  condenser

R ound bottom  flask  +  
crude o il +  g lass bead

R ece iv in g  flask

T herm om eter 1 
(heater tem p.) T herm om eter 2 

(vapor tem p.)

F ig u re  3 .2  Apparatus for vacuum  distillation .
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PP, H D P E  w aste or PP w aste- 
derived crude o il 5 .0  g C atalyst 0 .5  g

1. H eating to desired tem perature in 20  m in
2. The reaction tem perature w as kept constant for 4 0  m in

V

G as products Liquid products R esidue + used catalyst

V acuum  d istillation

f  1

H eavy oil D istilla te  oil

_ r
W ax

1. S o lven t extraction  
using n -hexane

2. Filtration

V
S olid  cok e +  used catalyst

C alcined  at 
I  550°c 5 h

R egenerated catalyst

S c h e m e  3 .7  C atalytic cracking o f  p p , H D PE  w aste  or p p  w aste-derived  crude oil 
using  zeo lite  beta as catalyst
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3.9.2 E ffect o f SBA-15/A IP Ratios in Catalyst

The catalytic cracking o f plastic waste was carried out using zeolite beta 
catalysts w ith various SBA-15/AIP ratios o f 30, 60 and 90 (denoted Run No.9, Run 
No.5 and Run No. 10, respectively). The reaction was performed in the sim ilar way to 
what described in Section 3.9.1. The experiments were set up at reaction temperature 
o f 350°c in order to reduce the effect o f thermal reaction.

3.9.3 E ffect o f Reaction Tem perature
The effect o f temperature on catalytic cracking o f plastic waste was 

studied in the sim ilar method that described in Section 3.9.1, but the SBA-15/AIP  
ratio o f catalyst was 30 for pp and 60 for HDPE. The reaction temperature was varied 
to 350, 380, 400 and 420°c.

3.9.4 E ffect o f Plastic Waste to Catalyst Ratios
The catalytic cracking reaction was carried out according to the 

procedure above in 3.9.1, but the amount o f catalyst (Run No.9 or Run No.5) was 
changed to 0.5 wt%, 1.0 wt%, 3.0 wt%, 5.0 wt% and 10.0 wt% catalyst o f plastic 
waste at the reaction temperature o f 380 or 400°c.

3.9.5 Regeneration o f Catalyst
The spent catalyst o f single use (SBA-15/AIP = 30 ) was subjected to be 

reused w ith and w ithout regeneration and used pp waste to catalyst ratio o f  5.0 wt%. 
The spent catalyst for HDPE waste cracking was SBA-15/AIP ratio o f 60 and used 
plastic to catalyst ratio o f  3.0 wt%. The spent catalyst was regenerated by washing 
several times w ith n-hexane to remove wax, drying in an oven at 1 1 0 °c  overnight, 
and calcining in air at 550°c for 5 h. The regenerated catalyst was characterized by 
XRD, SEM and surface area analysis before testing for its activity, catalytic cracking 
o f PP at reaction temperature 380°c and 400°c for HDPE cracking. The test reaction 
was performed in the sim ilar way to what described in Section 3.9.1.
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3.10 Activ ities o f Various Zeolite Beta Catalysts in pp  Waste-Derived C rude  
O il C rack ing

PP-Waste-Derived Crude O il was prepared by thermal cracking o f pp waste at 
400°c. The catalytic cracking reaction o f PP-Waste-Derived Crude O il over a selected 
catalyst (Run No.9) was carried out sim ilarly to the procedure in Section 3.9 at 
various conditions.
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