
CHAPTER VII
SURFACE ACTIVIY OF KL AND Rh/KL CATALYSTS 

IN WASTE TIRE PYROLYSIS

7.1 Abstract

A variety of catalysts have been used on the attempts to improve the quality 
of tire-derived oil. Usually, most research articles reported the impacts of catalysts 
on the quality and quantity of products, but not so many of them revealed the surface 
activity or changes of hydrocarbon species on the surface. In our previous work, a 
Rh/KL catalyst was tested for waste tire pyrolysis, and it was preliminarily found 
that the catalyst significantly decreased the yield of di-aromatics (DAHs), poly­
aromatics (PAHs). and polar-aromatics (PPAHs) in conjunction with a significant 
increase in mono-aromatics (MAHs). Since no research has been done to investigate 
the surface activity of KL and Rh/KL catalysts, the objective of this study was thus 
to examine and reveal the change in species of components in tire-derived oil over 
these catalysts. Especially, the significant increase of mono-aromatics in relation 
with the changes in di-, poly-, and polar-aromatics was examined and revealed. 
GCxGC / TOF-MS and HSQC-NMR were employed to analyze and verify 
hydrocarbon compounds in the oils, which were used to examine the activity on the 
surface of KL and Rh/KL. As a result, the KL catalyst can provide hydrogenation of 
Cl 1- and C12-alkylbenzenes; moreover, it can enhance the cracking ability of Cl 3- 
and C14-indenes. The surface activity of rhodium over KL catalyst was investigated, 
and found that the yield of Cl 1-alkenylbenzenes increased in conjunction with 
decrease in Cl 1-alkylbenezenes due to dehydrogenation, whereas the yield of Cl 2 - 
alkylbenzenes did not change; however, rhodium exhibited the ring opening ability 
on cyclohexylbenzene via multiplet mechanism. Furthermore, the dramatically 
increase of C12-DAHs (mostly. 2-ethlynaphthalene) was attributed to c  12-tetralins 
(mostly, 2-ethyltetralins). Therefore, it can be concluded that rhodium over KL 
catalyst provided dehydrogenation and ring opening activities.
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7.2 Introduction

The most commonly-found hydrocarbon compounds in the tire-derived oils 
(TDOs) are poly- and polar-aromatics (Williams et al., 1990). Tire-derived oil 
generally consists of naphthene, fluorene. phenanthrene, pyrene. These chemicals 
may give rise to toxic and corrosive SOx in the exhaust stream of combustion 
(Williams and Nazzal, 1995). Recently, hydrocarbon compounds in a TDO have 
been categorized into seven groups according to their structure; that were, saturated 
hydrocarbons (SATs). olefins (OLEs). terpenes (TERs). mono-aromatics (MAHs), 
di-aromatics (DAHs). poly-aromatics (PAHs), and polar-aromatics (PPAHs) 
(Pithakratanayothin and Jitkarnka, 2014). Moreover, since MAHs are the majority in 
the TDO; then, they were also classified into two main classes; that are, mono­
aromatics with saturated substituents (MAHs-SS) and mono-aromatics with 
unsaturated substituents (MAHs-US). The hydrocarbon compounds in MAHs-SS 
were also classified into three species; that are, benzene and alkylbenzenes, tetralins, 
and indanes whereas the hydrocarbon compounds in MAHs-US were classified into 
two species; that are, indenes and alkenylbenzenes.Besides a high sulfur content, the 
main problems of aromatics, especially poly-aromatics in a TDOare that they are of 
low product value, and are carcinogenic and mutagenic. Therefore, a tire-derived oil 
needs hydrogenation and desulfurization to improve the quality before use as 
chemical feedstock (Williams and Besler. 1995).

A basic catalyst that has a K+ as a cation such as potassium tert-butoxide 
(K+(CH3)3CO")) and K/AI2O3 canprovide both hydrogenation and 
aromatizationactivities. Stapp and Kleinschmidt (1965) studied the isomerization of 
cyclooctadienes to cis-Biscyclo[3.3.0]oct-2-ene, and reported that potassium tert- 
butoxide can hydrogenate linear dienes, like 1,5-hexadiene, to hexane. Moreover, 
Slaugh (1967) studied metal hydrides as hydrogenation and isomerization catalysts, 
and found that potassium hydride (KH) appeared to be several hundred times more 
active than sodium hydride. In addition. Slaugh (1968) studied the hydrogenation of
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benzene to phenylcyclohexane using supported alkali metal catalysts, and found that 
the catalytic properties of alkali metals could be changed drastically by depositing 
them on certain supports. Furthermore, Friedman et al. (1971) found that alkali 
metals and alkali metal alloys can be used as catalysts for the hydrogenation of poly­
aromatic hydrocarbons to products containing an isolate aromatic ring. In addition, a 
basic catalyst can also provide aromatization of hydrocarbon compounds. Pines and 
Eschinazi (1955) studied sodium-catalyzed double bonds migration and 
dehydrogenation of cZ-limonene and phellandrene, and found that the base catalyst 
can aromatize c/dimonene to p-cymene. Moreover, Brown (1973) revealed potassium 
hydride with amine can provide aromatization of r/-limonene to p-cymene at room 
temperature. In addition, a basic catalyst can also provide aromatization on the 
terpene hydrocarbon compounds such as cf-limonene and 3-carene as well. A KL 
zeolite is a basic solid catalyst that contains K+ as a cation. It has basic property and 
one dimensional channel of 12-membered rings with a pore size of 0.71 ททา (Sato et 
al., 1999). KL has been employed as a support of Ru for the hydrogenation of 
unsaturated aldehyde (Âlvarez-Rodriquez et al., 2005). Azzam et al. (2010) studied 
the aromatization of hexane over Pt/KL catalyst, and they found that L-zeolite 
channels inhibited the coke formation and catalyst deactivation.

Rhodium was found to be one of the most active noble metal that higher 
yield in hydrogenation and the ring opening of naphthalene than Pt and Ir for diesel 
upgrading (Jacqiun et al., 2003). Nurunnabi et al. (2006) reported that the addition of 
0.035% Rh on NiO-MgO made it the most effective catalyst to improve catalytic 
activity and inhibit carbon deposition in methane steam reforming. Jacquin et al. 
(2008) found that bimetallic PdRh showed activity and selectivity in hydrogenation 
and the ring opening of polyaromatic compounds. Several research articles in waste 
tire pyrolysis reported the uses of many catalysts to improve the quality of tire- 
derived oil. As in our previous work. Pinket (2010) studied the l%Rh/KL for waste 
tire pyrolysis, and found that the Rh/KL catalyst significantly decreased the yield of 
di-aromatics (DAFIs). poly-aromatics (PAHs), and polar-aromatics (PPAHs) in 
conjunction with a significant increase in mono-aromatics (MAHs). However, no 
detail on chemicals in MAHs, DAHs. PAHs, and PPAHs was reported, and the
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surface activity, or the relative changes of hydrocarbons in the oil. on the surface of 
KL and Rh/KL was not explainedclearly.

The study on the surface activity of the catalyst is very important for a 
researcher who wants to develop the catalyst that can provide a specific reaction. 
Moreover, mono-aromatics in the range of C6  -  C8 are important petrochemicals 
that could possibly be produced in a TDO by using a selective catalyst. Since the 
Rh/KL catalyst was found to significantly enhance the content of mono-aromatic 
compounds in TDOs, the surface activity on the KL and Rh/KL was studied. The 
changes of chemical components in tire-derived oils were revealed by using 
acomprehensive 2D gas chromatograph with time-of-flight mass spectrometry (GC X 
GC- TOF/MS),which were categorized into seven groups; that are, saturated 
hydrocarbons (SATs), olefin hydrocarbons (OLEs), terpene hydrocarbons (TERs), 
mono-aromatic hydrocarbons (MAHs), di-aromatic hydrocarbons (DALIs), poly­
aromatic hydrocarbons (PAHs), and polar-aromatic hydrocarbon (PPAHs). The 
changes of chemical components abundantly found in each group were confirmed by 
using the Two-dimension Heteronuclear Single-Quantum Correlation-Nuclear 
Magnetic Resonance (HSQC-NMR) technique.

7.3 Experimental

7.3.1 Catalyst Preparation
The zeolite, Linde Type L (LTL, K-form, Si : A1 = 3) supplied by the 

TOSOH Company (Singapore) was first calcined in air at 500 °c with the heating 
rate of 5 °c min’ 1 for 3 hours. Then, the KL catalyst was loaded with Rh using the 
incipient wetness impregnation technique to obtain 1 %wt Rh-supported catalyst. 
The catalyst was next reduced at 400 °c for 3 hours. After that, the KL and Rh/KL 
were pelletized, ground, and then sieved to a specific particle size range of 400-425 
pm before use.
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7.3.2 Pyrolysis of Waste Tire
A used passenger tire tread, Bridgestone TURANZA GR-80, was 

shredded and sieved to a size range of 8-18 mesh. The tire pyrolysis experiments 
were conducted using the same pyrolysis system as in (Düng et al, 2009).The tire 
sample was pyrolyzed in the reactor where the temperature was ramped from room 
temperature to the final temperature of 500°c with the ramping rate of 10 °c min'1, 
and kept at the final temperature for one hour to ensure the total conversion of tire. 7 
grams of the KL and 1% Rh/KL catalysts were packed and heated at 350 °c in the 
catalytic zone. A 25 ml mill' 1 nitrogen was used to purge the reactor before the 
experiment and to carry the product out of the reactor. The obtained product was 
passed through the ice-salt condensing system containing two consecutive containers 
in order to separate the liquid product from incondensable compounds. After the 
experiment, the solid and liquid were weighed to determine the product distribution. 
The amount of gas was calculated from mass balance. Only the oil was brought to 
analysis in this study. It was first dissolved in n-pentane with the ratio of 40:1 (ท- 
pentane:oil) to separate asphaltene. The clear solution after filtration is called 
maltene.

7.3.3 Analysis Usina GC X GC -  TOF/MS
The GC X GC-TOF/MS system was composed of an Agilent gas 

chromatograph 7890 (Agilent Technologies, Palo Alto, CA, USA), a thermal 
modulator, and a Pegasus® 4D TOF-MS (LEGO, St. Joseph, MI, USA). The GC was 
installed with two columns: the first column was a non-polar Rtx 5 silms® (30m X  

0.25 mm i.d. X  0.25 pm film thickness), and the second column a Rxi®-17 ms (1.10 
ทา X  0.10 mm i.d. X  0.10 pm film thickness). Both columns were made by Thames 
Restek (Sounderton, UK). The main GC oven was operated from at 50 °c with 2 
minute holding at the beginning and then ramped to 310 °c at 5 °c min' 1 with 10 
minute holding at 310 °c, and the secondary oven was operated at 60 °c held for 2 
minutes at the beginning and ramped to 320 °c at 5 °c min' 1 with 10 minute holding 
at the final temperature. One pi of the 10 mg/ml maltenes in carbondisulfide (CS2) 
was injected via a spiltless injector at 250 °c using He as the carrier and a constant
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column flow rate of 1.0 ml/min. The modulator was operated under modulation 
timing of 4-s cycle time and 0.5-s holding time in the release position. The nitrogen 
cryogen coolant maintained the temperature of the modulation trap to at lease 30 °c. 
A Pegasus 4D® TOF/MS instrument was used to acquire mass spectral data, using - 
70 V electron impact ionization. The ion source temperature was set at 250 °c. The 
detector voltage was set at 1600 V. The transfer line temperature was 250 °c. The 
mass rage collected was from 35 to 500 m/z, with 100 spectra/s transferred to the 
data station. The data processing was set S/N value of 10, match required to combine 
500, and dt that was used to calculate the percentage area. Data were recorded and 
analyzed using the LECO ChromaTOF® software. The NIST library provided with 
the instrument was used for spectral searching. The analysis was repeated for 3 
times.The criteria used for identification hydrocarbon species were the area 
percentage that is higher than 0.1 % and matched peaks that were more than 750.

7.3.4 Analysis using HSQC-NMR
NMR is a powerful tool that can reveal the environment of an atom in 

a organic hydrocarbon molecule. Besides qualitative information, NMR can provide 
valuable quantitative information about a sample. As the complexity of a sample 
increases, the analysis can be complicated by the spectra overlapped each other. In 
fact, the limitations of ID NMR can be overcome by using modern two-dimensional 
(2D) NMR techniques. Two-dimension Fleteronuclear Single-Quantum Correlation- 
Nuclear Magnetic Resonance (HSQC-NMR) has been successfully used to analyze 
pyrolysis oil from kraft lignin (Ben and Ragauskas, 2011). All NMR spectra were 
recorded using a VARIN INOVA 500 MHz spectrometer at 32 °c in deuterated 
(CDCf-c/) chloroform as the solvent. 70 mg of maltenes from the non-catalyst, KL 
and l%Rh/KL batches was dissolved in 0.5 mL of CDCf-c/. 2D HSQC-NMR spectra 
were recorded by employing a standard VARIAN pulse sequence "s2pul (gFISQC)" 
with 90° pulse, 3.0 ร acquisition time, 3.0 ร relax delay, './c-H 145 Hz, 48 scans, and 
the spectral widths were 8000 and 32000 Hz for the 1H and 13c  dimensions, 
respectively. The central solvent (CDCI3) peak was used as an internal chemical shift 
reference point (8 C/SH 77.2/7.26) (David et ai, 2008). Heteronuclear single­
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quantum coherence (HSQC) data processing and plots were carried out using the 
default processing template and automatic phase and baseline correction of 
MestReNova, version 6.0.1, software. The analysis was repeated for 7 times.

7.4 Results and Discussion

7.4.1SurfaceActivity of KL Catalyst
7.4.1.1 Changes o f Components in TDO with Using KL

■  Non-Catalyst

Figure 7.1 Yield of hydrocarbon species in tire-derive oils from non-catalyst and 
KL batches.

Figure 7.1 shows the changes of products components in the 
tire-derived oil with using KL catalyst, and it was found that the KL catalyst 
decreasesthe yields of DAHs and TERs whereasthe yield of MAHs singnificantly 
increases. Moreover, the yields of the yields of SATs. PAHs, PPAHs. and OLEs do 
not significantly change.Hence, the surface activity of KL catalyst can be revealed 
and explained by analyzingthe details of changes of hydrocarbon species in DAHs, 
TERs and MAHsgroups.

(a) Changes o f Hydrocarbon Species in TERsand DAHs
Dominant compounds in the C10-TERs group are d- 

limonene (m/z = 136.125). 3-carene (m/z = 136.125) and 3-methyl-4-
methylenebicyclo[3.2.1]oct-2-ene (3-m-4-mb-2-e) (m/z = 136.125)
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( P i th a k r a ta n a y o th in  a n d  J i tk a r n k a , 2 0 1 4 ) . F ig u re  7 .2  i l lu s t ra te s  th a t th e y ie ld s  o fC lO -  
T E R s ;  th a t  a re , d - l im o n e n e ,  3 -c a re n e , a n d  3 - m e th y l - 4 - m e th y le n e B ic y c lo [ 3 .2 .1 ]o c t-2 -  
e n e  ( 3 -m - 4 - m b -2 -e ) ,  a n d  C 1 4 - T E R s (e le m e n e ) .  T h e  y ie ld s  o f  C lO -T E R s  d o  n o t

s ig n i f ic a n t ly  c h a n g e , b u t  th a t  o f  th e  C 1 4  s ig n if ic a n t ly  d e c r e a s e s  w i th  u s in g  K L  
c a ta ly s t .

3.5 j ■  Non-Catalyst

(CIO) (CIO)
Figure 7.2 Y ie ld  o f  h y d r o c a r b o n  s p e c ie s  in  T E R s .

6
■  Noil-catalyst

Methylnaphthalene [C il) Ethylnaphthalenes (C12)

Figure 7 .3  Y ie ld  o f  h y d r o c a r b o n  s p e c ie s  in  D A H s .

D A H s  in  T D O s  a re  c o m p o s e d  o f  h y d r o c a r b o n s  s ta r t in g  
a t  C IO  to  C l  4 , w h ic h  m o s tly  a re  n a p h th a le n e  a n d  a lk y ln a p h th a le n e s  
( P i th a k ra ta n a y o th in  a n d  J i tk a r n k a , 2 0 1 4 ) . T h e  h y d r o c a r b o n  s p e c ie s  in  D A H s , fo u n d  
c h a n g e d  in s ig n i f ic a n t ly  u p o n  th e  u se  o f  K E  a re  m e th y ln a p th a le n e (C  11) a n d
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e th y ln a p h th a le n e  ( C l 2 ) . F ig u re  7 .3  s h o w s  th a t  th e  y ie ld s  o f  C l l -  a n d  C 1 2 -D A F Is  
s ig n if ic a n t ly  d e c r e a s e  w ith  u s in g  K L  c a ta ly s t .

(b)Changes o f Hydrocarbon Species in MAHs
A c c o rd in g  to F ig u re  7 .1 , th e  s ig n if ic a n t  in c re m e n ts  o f  

M A H s  a re  o b s e rv e d  w ith  u s in g  th e  K L  c a ta ly s f i th e re f o r e ,  th e  c h a n g e s  o f  c o m p o u n d s  
in  M A H s  a re  th e n  e x a m in e d  in  d e ta i ls .  F ig u re  7 .4  s h o w s  th e  c h a n g e s  o f  h y d r o c a r b o n  
s p e c ie s  in  th e  M A H s  g ro u p . It c a n  b e  s e e n  th a t  a lk e n y lb e n z e n e s  a n d  in d e n e s  
s ig n if ic a n t ly  d e c r e a s e ;  w h e re a s  a lk y lb e n z e n e s  a n d  te t r a l in s  d r a m a t ic a l ly  in c re a s e . 
T h e  d e ta i ls  o n  c h a n g e s  o f  e a c h  s p e c ie s b a s e d  o n  c a rb o n  n u m b e r  w e re  e x a m in e d  to  
in v e s t ig a te  th e  c h a n g e s  o f  m o n o - a ro m a t ic  c o m p o u n d s  o n  th e s e  s u r fa c e  o f  K L  
c a ta ly s t .  It is fo u n d  th a t  th e  y ie ld s  o f  a lk y lb e n z e n e s  w ith  c a r b o n  n u m b e r s  (C IO , C l l .  
a n d  C 1 2 )  in c re a s e  (F ig u re  7 .5 a )  w h e re a s  o n ly  th e  y ie ld  o f  C 1 2 - te t r a l in s  d r a m a t ic a l ly  
in c re a s e s  (F ig u re  7 .5 b )  w ith  u s in g  K L  c a ta ly s t .  M o re o v e r ,  th e  y ie ld s  o f  C l l -  a n d  
C 1 2 - a lk e n y lb e n z e n e s  d e c r e a s e  w ith  u s in g  K L  c a ta ly s t  (F ig u re  7 .5 c ) . I n d e n e s  ra n g e  
f ro m  C l l - C 14; h o w e v e r ,  o n ly  C 1 3 -  a n d  C 1 4 - in d e n e s  a re  fo u n d  to  d e c r e a s e  w ith  
u s in g  K L  c a ta ly s t  ( F ig u re  7 .5 d ) .

Figure 7.4 Y ie ld  o f  h y d r o c a r b o n  s p e c ie s  in  M A H s .
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Alkylbenzenes (CIO) Alkylbenzenes (Cl I ) Alkylbenzenes ((12) Tetralins (CIO) Tarai ills (( 11 ) Tarai in (('121

Figure 7 .5  Y ie ld s  o f  (a )  a lk y lb e n z e n e s ,  (b )  te t r a l in s ,  (c )  a lk e n y lb e n z e n e s .  a n d  (d )  
in d e n e s  in  e a c h  c a rb o n  n u m b e r .

7.4.1.2 Possible reactions on KL catalyst
B a s e d  o n  th e  r e su lts , it is a b le  to  d ra w  th e  d ia g r a m  o f  p o s s ib le  

r e a c t io n s  ta k in g  p la c e  o n  th e  s u r fa c e  o f  K L  c a ta ly s t  a s  s h o w n  in  F ig u re  7 .6 . S in c e  it 
w a s  fo u n d  th a t  th e  y ie ld s  o f  S A T s . P A H s , P P A H s . a n d  O L E s  g r o u p s  d id  n o t 
s ig n if ic a n t ly  c h a n g e  ( s e e  F ig u re  7 .1 ) , a n d  th e  o b je c t iv e  o f  th is  w o rk  w a s  a im e d  a t 
e x p la in  h o w  m o n o - a ro m a t ic  c o m p o u n d s  w e re  p ro d u c e d  t r e m e n d o u s ly  w ith  u s in g  K L  
c a ta ly s t ;  th e re f o r e ,  o n ly  th e  s ig n if ic a n t  c h a n g e s  o f  M A F ls  a n d  D A H s a r e  ta k e n  in to  
c o n s id e ra t io n ,  w h ic h  c a n  b e  d iv id e d  in to  tw o  ty p e s ;  th a t  a re , th e  c o n v e r s io n s  w i th in  
M A H s  g ro u p  a n d  b e tw e e n  tw o  g ro u p s  ( th e  c o n v e r s io n  o f  D A H s  to  M A H s )  as 
d e p ic te d  in  F ig u re  7 .6 .

T h e  c h a n g e s  w i th in  M A H s  o c c u r  f ro m  th e  c o n v e r s io n  o f  C l  2 - 
a lk e n y lb e n z e n e s  to  C 1 2 - a lk y b e n z e n e s  a n d  th e  c o n v e r s io n  o f  C l  1 - a lk e n y lb e n z e n e s  to  
C l  1- a lk y lb e n z e n e s  (F ig u re  7 .6 ) . T h e  c h a n g e s  f ro m  D A H s  to  M A H s  w o u ld  b e  
r e s u lte d  f ro m  th e  c o n v e r s io n  o f  C 1 2 -D A H S  to  c  1 2 - te tra lin s  ( F ig u re s  7 .3  a n d  7 .5 b ) . 
F u r th e rm o r e , th e  c h a n g e s  o f  T E R s  ( C l 4 )  a n d  in d e n e s  ( C l 3 a n d  C l 4 ) c o u ld  be
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e x p la in e d  b y  ta k in g  c o n s id e ra t io n  o n  a  s u b s ta n c e  c a lle d  “ e le m e n e ”  (a  C 1 4 - te r p e n e ) ,  
w h o s e  th e  m o le c u la r  s t r u c tu r e  is s h o w n  in  F ig u re  7 .7 (a ) . It c a n  b e  s e e n  th a t  e le m e n e  
c o u ld  h a v e  b e e n  c o n v e r te d  to  a lk e n y lb e n z e n e s  o r  a lk y lb e n z e n e s  b y  e i th e r  
d e h y d ro g e n a t io n  o r  a r o m a tiz a t io n ,  b u t th e  r e s u lt s  s h o w  n o  e x i s te n c e s  o f  C l  4 - 
a lk y lb e n z e n e s  a n d  C 1 4 - a lk e n y lb e n z e n e s .

H yd rogena tion

Elemene 1 -ethyl-2,4-di isopropyl-1-methyl cyclohexane
L ik e w is e , C l 3 - a n d  C 1 4 - in d e n e s  w h o s e  s t r u c tu r e  a re  s h o w n  in  

F ig u re  7 .7  (b )  a n d  (c )  r e s p e c t iv e ly ,c o u ld  h a v e  b e e n  c o n v e r te d  to  C 1 3 -  a n d  C 1 4 -  
in d a n e s  b y  h y d r o g e n a t io n ,  b u t th e  r e s u lts  s h o w  th a t  th e  y ie ld s  o f  in d a n e s  d o  n o t 
c h a n g e  w ith  u s in g  K L  c a ta ly s t .  T h u s , it c a n  b e  c o n c lu d e d  th a t  C 1 4 - e le m e n e  in  T E R s  
a n d  C l 3 - a n d  C 1 4 - in d e n e s  w o u ld  h a v e  r a th e r  c r a c k e d  b y  th e  K L  c a ta ly s t .

KL(b)I น!? I ——* I น? I

Figure 7 .6  P o s s ib i le  r e a c t io n s o n  K L  c a ta ly s t .

Elemene (C14) l-methyl-3-propyl-l//-indene (C13) 3-ethyl-1 -isopropy I -1 /y-indenc (C14)

Figure 7 .7  C h e m ic a l  s t r u c tu r e s  o f  (a )  a C 1 4 - te r p e n e ,  (b )  a C 1 3 - in d e n e ,  a n d  (c )  a C 1 4 -  
in d e n e .
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7.4.1.3 Confirmations o f Changes in Hydrocarbon Species on KL
Catalyst
In  th e  p r e v io u s  s e c t io n , th e  G C  X G C  / T O F - M S  r e s u l t s  h a v e  

r e v e a le d  7 h y d r o c a r b o n  s p e c ie s  th a t  w e re  c h a n g e d  u p o n  th e  u se  o f  th e  K L  c a ta ly s t .  
T h e  c h a n g e s  o f  h y d r o c a r b o n  s p e c ie s  a re  c o n f i rm e d  in  th is  s e c t io n  b y  u s in g  H S Q C -  
N M R . T w o  c h e m ic a l - s h i f t  (e .g . ' h  a n d  l3 C ) d a ta b a s e s  o f  7 h y d r o c a r b o n  s p e c ie s  th a t  
e x is t  in  p y ro ly s is  o i ls  a s  s h o w n  in  T a b le  7.1 w e re  e m p lo y e d  f o r  a n a ly s is .  T h e  
c h e m ic a l  s h if ts  w e re  r e le v a n t  to  S ig m a  A ld r ic h  ' h  a n d  13c  r e f e r e n c e s  ( P o u c h e r t  a n d  
B e h n k e , 1 9 9 3 ).

(a)Changes o f c  11 -Alkenylbenzenes to Cl 1-Alkylbenzenes 
A s  o b s e rv e d  f ro m  th e  G C  X G C  / T O F - M S  re s u lt s ,  th e  

d e ta i ls  o n  th e  c h a n g e s  o f  C l  1-a lk e n y lb e n z e n e s  a n d  C l  1 -a lk y lb e n z e n e s  y ie ld s  a re  
s h o w n  in  F ig u re  7 .8  (a )  a n d  (b ) , r e s p e c tiv e ly . T h e  m a jo r  c o m p o n e n t  o f  C l l -  
a lk e n y lb e n z e n e s  is c y c lo p e n te n y lb e n z e n e  (c p te b )  {m/z =  1 4 4 .1 1 0 )  w h o s e
c o n c e n t r a t io n  d e c r e a s e s  th e  m o s t  a m o n g  th e  m e m b e rs  in  its  g ro u p  u p o n  th e  u se  o f  
K L . L ik e w is e , a m o n g  a ll C l  1 -a lk y lb e n z e n e s , c y c lo p e n ty lb e n z e n e  ( c p tb )  (m/z =  
1 4 6 .1 1 0 )  is  th e  m e m b e r  w h o s e  c o n c e n t r a t io n  in c re a s e s  s ig n if ic a n t ly  w ith  u s in g  th e  
K L  c a ta ly s t .  C y c lo p e n te n y lb e n z e n e  a n d  c y c lo p e n ty lb e n z e n e  a re  
th e re f o r e r e p r e s e n ta t iv e s  in  th e ir  g ro u p s  to  in v e s t ig a te  th e  c h a n g e s  o f  c  1 1  - 
a lk e n y lb e n z e n e s  to C l  1 -a lk y lb e n z e n e s . W ith  th e  f in d in g s  o b s e rv e d  a b o v e , it is 
p r o p o s e d  th a t  a n  a lk y lb e n z e n e  is h y d r o g e n a te d  b y  th e  K L  c a ta ly s t  to  a n  a lk y lb e n z e n e  
a s  s h o w n  in  E q u a t io n  ( l a )  a s  a n  e x a m p le .F ig u r e  7 .9 s h o w s  th e  c o m p a r i s o n  o f  H S Q C -  
N M R  s p e c t ra  o f  o i ls  f ro m  th e  n o n - c a ta ly s t  a n d  K L  b a tc h e s ,  a n d  it is  fo u n d  th a t  th e  
c o n te n ts  o f  c y c lo p e n te n y lb e n z e n e  ( th e  C -H  p o s i t io n s  o f  A 1 a n d  A 2  a s  s h o w n  in  
F ig u re  7 .9  (a ))  d e c r e a s e  in  c o n ju n c t io n  w ith  th e  in c re a s e  in  th e  c o n te n t  o f  
c y c lo p e n ty lb e n z e n e  ( th e  C -H  p o s i t io n s  o f  B1 a n d  B 2  a s  s h o w n  in  F ig u re  7 .9  (b )) .
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c y c lo p e n te n y lb e n z e n e c y c lo p e n ty lb e n z e n e

(la)

3.5
ว * Non-catalyst (a) 3.5

7 * Non-catalyst (b)
.๖

J

2.5
s K.L ■น

.๖ 0 ,2.5
s K L

น exi 2 I  2
พ 1.5 afc 1.5
32"qj 1 1 .> 0.5 ■ lllllllllll̂ ^

0.5 ■0
cptcb 1-e-1 -pcb Others

0
cptb 1-e-l-pb Others

C l l C l l C ll C l l  C ll C ll

Figure 7 .8  Y ie ld s  o f  m e m b e r s  in ( a ) C l  1 -a lk e n y lb e n z e n e s , a n d  (b )  C l  1-a lk y lb e n z e n e s  
w ith  u s in g  K L  c a ta ly s t .

It c a n  b e  c o n c lu d e d  th a t  th e  r e s u lts  f ro m  th e  H S Q C -N M R  a re  c o n s is te n t  w i th  
th o s e  o b s e rv e d  f ro m  G C  X G C  /  T O F -M S . T h e r e fo re ,  E q u a t io n  ( l a )  a n d  th e  r e a c t io n

' l l  'H 'If 'll

Figure 7 .9  F IS Q C -N M R  s p e c t r a  o f  a s s ig n e d  c o m p o u n d s :  (a )  c y c lo p e n te n y lb e n z e n e ,  
a n d  (b )  c y c lo p e n ty lb e n z e n e  in  o i ls  f ro m  n o n - c a ta ly s t  ( le f t )  a n d  K L  ( r ig h t)  b a tc h e s .
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Table 7.1 ' h  a n d  l3C  N M R  c h e m ic a l  s h if t  o f  c o m p o n e n ts  in  T D O s

G r o u p  C l a s s

<

C/5Ôj
N
รุ-๐

<

พุ1N
ผุJ5

J3
<

c/rç
ไจิ
ผุh-

C a r b o n  A s s i g n e d  o i l  C h e m i c a l1 1 n h z  S y m b o l s  01 . cn u m b e r  c o m p o u n d  S l n t t

12

12

12

cyclopentylbenzene

cyclohexenylbenzene

cyclohexylbenzene

cyclohexylbenzene
h2

14 4 .11 0

14 6 .11 0

1 5 8 .11 0

16 0 .11 0

162 140

hexylbenzene

hexylbenzene

2-ethyltetralin
16 0 .12 5

A 1

A 2

B 1

B 2

C l

C2

D1

D 2

E l

E2

FI

5 .5 6  128.6

3 .1 8  36.1

1.56 25 .5

1.93 34 .6

5 .5 9  126

5 .5 9  128.3

1.49 2 5 .0

1.53 2 5 .4

2 .7 2  36 .0

1.57 3 1 .4

1.57 3 7 .0

2-ethyltetralin
F 2 2 .9  2 8 .8
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„  „ 1 C arbo nG rou p  C lass  1num ber

cท
<๐ 11

12

A ssigned
com p oun d

2-methylnaphthalene
แ2

2-ethylnuphthalene

2-e(hylnaphthalene

m/z S ym bo ls

14 2 .0 8 0  G1

G 2

1 5 6 .09 4  111

112

C h em ica l
Shift

‘it  13c h

2 .6 3  19.4

8 .1 8  125.5

2.71 2 6 .6

1.13 14.5

a,b D ue to the  co m p lex ity  o f  co m p o n e n ts  in T D O s, the  chem ical sh ift o f  ' l l  and 1 ’c  m ay 
o ccu r in range o f  ±0.1 fo r ' h  and  ± 1 .0  for l3C. T he  chem ical sh ift o f  each  com p oun ds 
w ere  a ttribu ted  from  A ldrich  chem ica l re ference . (P o u ch e rt and B elinke. 1993)

(b)Coversion o f c  12-Alkeny lb enzenes to c  12-Alkylbenzenes 
T h e  m o s t  r e le v a n t  C l 2 s p e c ie s  in  a lk e n y lb e n z e n e s  (a lk e )  

is c y c lo h e x e n y lb e n z e n e  ( c h x e b )  (m/:= 1 5 8 .1 1 0 ) , a n d  th o s e  o f  C 1 2  a lk y lb e n z e n e s  
i s c y c lo h e x y lb e n z e n e  ( c h x b )  (m/z = 1 6 0 .1 2 5 )  a s  l is te d  in T a b le  7 .1 .F ro m  F ig u re  
7 .1 0 (a ) . th e  y ie ld  o f  c y c lo h e x e n y lb e n z e n e  (c h x e b )  d e c r e a s e s  w h ile  
c y c lo h e x y lb e n z e n e  ( c h x b )  in c re a s e . T h e  r e s u lts  in d ic a te  th a t  th e  K L  c a ta ly s t  c a n  
p r o v id e  h y d r o g e n a t io n  o n  c y c lo h e x e n y lb e n z e n e , to  fo rm  c y c lo h e x y lb e n z e n e  as

s h o w n  in  E q u a t io n  (2 a ) .

K L

c y c lo h e x e n y lb e n z e n e  c y c lo h e x y lb e n z e n e
( 2 a)
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3.5
■ N o n -c a la lv s t

( a )  พ ุ

~  2.5

t  2
et 1.5

!  1
*  0.5

*  N o n -ca ta lys t 

» K L

(b)

2,4-hdieb chxeb Others 1 hxb chxb  Others

C12 C12 C12 C12

F igu re  7 .10  (a )  Y ie ld  o f  m e m b e r s  in  C 1 2 - a lk e n y lb e n z e n e s ,  a n d  (b )  Y ie ld s  o f  
m e m b e r s  in  C 1 2 - a lk y lb e n z e n e s  w ith  u s in g  K L  c a ta ly s t .

F ig u re  7 .11 s h o w s  th e  c o m p a r is o n  o f  H S Q C -N M R  s p e c t ra  o f  o i ls  f ro m  n o n ­
c a ta ly s t  a n d  K L  b a tc h e s ,  a n d  it is fo u n d  th a t  th e  c o n te n ts  o f  c y c lo h e x e n y lb e n z e n e ,  
th e  C -H  p o s i t io n s  o f  C l  a n d  C 2 a s  s h o w n  in  F ig u re  7.11 (a ) , d e c r e a s e  in  c o n ju n c t io n  
w ith  th e  in c re a s e  in  th e  c o n te n t  o f  c y c lo h e x y lb e n z e n e  a t G1 a n d  G 2  C -H  p o s i t io n s  as 
s h o w n  in  F ig u re  7.11 ( b ) .T h e r e fo r e ,  th e  r e s u lt s  f ro m  H S Q C -N M R  a re  c o n s is te n t  w i th  
th o s e  o b s e rv e d  f ro m  G C  X G C  /  T O F -M S . T h e r e fo re ,  th e  r e a c t io n  p a th w a y  (b )  in 
F ig u re  7 .6  a n d  E q u a t io n  ( l a )  a re  c o n f i rm e d  to  o c c u r  w ith  u s in g  K L  c a ta ly s t .

a) Non-catalysl K1L

5 70 5 65 5 60 5 55 5 50 > 70 5 65 5 60 5.55 5 50 5 45

เ .55 1 53 1 >: 1 «? 1 47 1 55 1.53 1 51 1 49 1 47

' l l  'll

F igu re  7.11 H S Q C -N M R  s p e c t ra  o f  a s s ig n e d  c o m p o u n d s :  (a )  c y c lo h e x e n y lb e n z e n e ,  
a n d  (b )  c y c lo h e x y lb e n z e n e  in  o il f ro m  n o n - c a ta ly s t  ( le f t)  a n d  K L  ( r ig h t )  b a tc h e s .
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(c)Conversion o f C12-DAHs to c12-Tetralins
I n te r e s t in g ly ,  th e  in c re m e n t  o f  M A H s , e s p e c ia l ly  1 ,2 ,3 ,4 -  

t e t r a h y d ro n a p h th a le n e s  ( C 1 2 - te tr a l in s ) ,  is  fo u n d  to  h e  a t t r ib u te d  f ro m  th e  c o n v e r s io n  
o f  c  11 - a n d  C 1 2 - D A H s  a s  s u p p o r te d  b y  th e  s ig n if ic a n t  d e c r e a s e s  in  th e  y ie ld s  o f  
D A H s  ( C l  1 a n d  C l 2 ) a s  K L  c a ta ly s t  is u se d . T h e  r e p r e s e n ta t iv e  o f  C l  1 -D A H s  is  2 - 
m e th y ln a p h th a le n e  a n d  C 1 2 - D A H s  is  2 - e th y ln a p h th a le n e  (เท/z = 1 5 6 .0 9 4 ) , 
r e s p e c t iv e ly ,  w h o s e  c o n c e n t r a t io n s  s ig n if ic a n t ly  d e c re a s e  in  c o n ju n c t io n  w ith  th e  
d r a m a t ic a l ly  in c re a s e  in  2 - e th y l - 1 ,2 ,3 ,4 - te t r a h y d r o n a p h th a le n e  (2 - e th y l te t r a l in )  as 
s h o w n  in  F ig u re  7 .1 2 . It is  p r o p o s e d  th a t  th e  2 - m e th y ln a p h th a le n e  is f i r s t  r e a c te d  w ith  
a  m e th y l  r a d ic a l  to  g iv e  2 - e th y ln a p h th a le n e ,  a s  d e p ic te d  in  E q u a t io n  (3 a )  a n d  
s u p p o r te d  b y  th e  d e c r e a s e d  y ie ld s  o f  m e th a n e  a n d  e th a n e  w ith  u s in g  K L  c a ta ly s t  a s  
s h o w n  in  F ig u re  7 .1 3 .

c'h 3

2 -methylnaphthalene 2 -ethylnaphthalene

(3 a )

S u b s e q u e n t ly ,2 -e th y ln a p h th a le n e a n d  e th y ln a p h th a le n e  a re  h y d r o g e n a te d  b y  th e  K L  
c a ta ly s t  to  2 - e th y l - 1 ,2 .3 ,4 - te t r a h y d r o n a p h th a le n e  a s  d e p ic te d  in  E q u a t io n  (3 b ) .

C l C r
2 - e th y ln a p h th a le n e  2 - e th y l - 1 ,2 ,3 ,4 - te t r a h y d r o n a p h th a le n e

(3 b )

T h e  r e a s o n  w h y  m e th y ln a p h th a le n e  c a n  u n d e r g o  m e th y l r a d ic a l  a d d i t io n  (E q u a t io n  
( 3 a ) ) is  b e c a u s e  th e  d e h y d ro g e n a t io n  o f  2 - e th y ln a p h th a le n e  (E q u a t io n  (3 b ) )  is 
f a v o u re d  w i th  u s in g  K L  c a ta ly s t ,  a n d  b e h a v e s  a s  a  d r iv in g  fo rc e .
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8   ๆ ■ Noil-catalyst

2 -methylnaphthalene 2 -ethylnaphthalens 2 -ethyltetralin 
DAI Is (Cl 1) DAHs (C12) Tetralin (Cl 2)

F ig u r e 7 .1 2  D e c re a s e s  in  2 - m e th y ln a p h th a le n e  a n d  2 - e th y ln a p h th a le n e  in  
c o n ju n c t io n  w ith  in c re a s e  in  2 - e th y lte t ra l in .

Methane Ethylene Ethane Propylene Propane C4 C5

F ig u r e  7 .1 3  Y ie ld  o f  g a s e s  o b ta in e d  f ro m  u s in g  K L  c a ta ly s t .

T h e  e x is te n c e s  o f  r e a c t io n  in  E q u a t io n s  (3 a )  a n d  (3 b )  a re  s u p p o r te d  b y  H S Q C -N M R  
s p e c t r a  in  F ig u re  7 .1 4 .It is o b s e rv e d  th a t  th e  c o n te n ts  o f  2 - m e th y ln a p h th a le n e  (C -H  
p o s i t io n s  o f  G1 a n d  G 2  a s  s h o w n  in  F ig u re  7 .1 7  (a ))  a n d  2 - e h ty ln a p th a le n e  (C -H  
p o s i t io n s  o f  H I a n d  H 2  a s  s h o w n  in  F ig u re  7 .1 7  (b )  d e c r e a s e  in  c o n ju n c t io n  w ith  th e  
in c re a s e  in  th e  c o n te n t  o f  2 - e th y l - 1 ,2 ,3 ,4 - te t r a h y d r o n a p th a le n e  ( 2 -e th y l te t r a l in )  (C -H  
p o s i t io n  o f  F I  a n d  F 2  a s  s h o w n  in F ig u re  7 .1 4  ( c ) ) .E v id e n t ly ,  th e  r e s u l t s  f ro m  th e  
H S Q C -N M R  a re  c o n s is te n t  w i th  th o s e  o f  G C  X  G C  /  T O F -M S ; th u s .  E q u a t io n s  (3 a )  
a n d  (3 b )  a n d , a s  a  r e s u lt ,  th e  r e a c t io n  p a th w a y s  (c )  a n d  (d )  in  F ig u re  7 .6  a re  p ro v e n  to  
o c c u r  w ith  u s in g  K L  c a ta ly s t .
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F i g u r e  7 .1 4  H S Q C -N M R  s p e c t ra  o f  a s s ig n e d  c o m p o u n d s :  (a )  2 - m e th y ln a p h th a le n e ,  
(b )  2 - e th y ln a p h th a le n e ,  a n d  (c )  2 - e th y l te t r a l in  in  o i ls  f ro m  n o n - c a ta ly s t  ( le f t )  a n d  K L  
( r ig h t)  b a tc h e s .

7 .4 .2  In f lu e n c e  o f  R h  o n  K L  C a ta ly s t
7.4.2.1 Changes o f Components in TDO with Using Rh/KL 
F ig u re  7 .1 5  s h o w s  th e  c h a n g e s  o f  p r o d u c ts  c o m p o n e n ts  in  T D O s  w ith  

u s in g  R h /K L  c a ta ly s t ,  a n d  it w a s  fo u n d  th a t  th e  o b v io u s  c h a n g e s  a re  o n  M A H s  a n d  
D A H s , w h e re a s  th e  S A T s , P A H s . P P A F Is . T E R s . a n d  O L E s  d o  n o t s h o w  
s ig n if ic a n t ly  c h a n g e . T h e r e fo re ,  th e  s u r fa c e  a c t iv i ty  o f  R h /K L  c a ta ly s t  is  o b s e rv e d  
b a s e d  o n  th e  r e a c t io n  p a th w a y s  o n  R h /K L  c a ta ly s t  a s  i l lu s t ra te d  in  F ig u re  7 .1 6 .
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SATs MAHs DAHs PAHs PPAHs TERs OLEs

F ig u r e  7 .1 5  Y ie ld  o f  h y d r o c a r b o n  s p e c ie s  in  t i r e - d e r iv e  o i ls  f ro m  n o n - c a ta ly s t .  K L . 
a n d  R h /K L  b a tc h e s .

F ig u r e  7 .1 6  P o s s ib le  r e a c t io n  p a th w a y s  o n  R h /K L .

7.4.2.2 Possible read ions on Rh/KL
(น)Conversion o f c  11 -Alkylbenzenes and Cl 1-Alkenylbenzenes 

In  th e  p re v io u s  s e c t io n s ,  it w a s  s h o w n  th a t  th e  K L  c a ta ly s t  
c a n  p r o v id e  h y d r o g e n a t io n  o f  C l  1 -a lk e n y lb e n z e n e s  to  C l  1- a lk y lb e n z e n e s .  W h e n  th e  
R h  w a s  in tro d u c e d  o n  th e  K L  c a ta ly s t ,  th e  r e s u l t s  s h o w  th a t  C l  1- a lk y lb e n z e n e s  
d e c r e a s e  in  c o n ju n c t io n  w ith  th e  in c re a s e  in  C l  1 -a lk e n y lb e n z e n e s  a s  s h o w n  in  F ig u re  
7 .1 7 . T h e  m e m b e r s  o f  C l  1-a lk y lb e n z e n e s  a re  c y c lo p e n ty lb e n z e n e  ( c p tb )  a n d  1 -e th y l-  
1 -p ro p y lb e n z e n e  ( 1 - e - l - p b ) .  a n d  th o s e  o f  C l  1 - a lk e n y lb e n z e n e s  a re  
c y c lo p e n te n y lb e n z e n e  a n d  1 - e th y l - 1 - p ro p y lb e n z e n e ,  w h o s e  y ie ld s  a r e  s h o w n  in
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F ig u re  7 .1 8  (a )  a n d  (b ) , r e s p e c t iv e ly . T h e  s ig n if ic a n t  c h a n g e s  in  th o s e  s p e c ie s  a re  
o b s e rv e d  to g e th e r  w i th  th e  d e c r e a s e  o f  c y c lo p e n ty lb e n z e n e  a n d  th e  in c re a s e s  o f  
c y c lo p e n te n y lb e n z e n e .  W ith  th e  f in d in g s  o b s e rv e d  a b o v e , it is p r o p o s e d  th a t  
c y c lo p e n ty lb e n z e n e  is d e h y d ro g e n a te d  b y  R h /K L  to  c y c lo p e n te n y lb e n z e n e  a s  
i l lu s t ra te d  in  E q u a tio n  (4 a ) .

cyclopentylbenzene cyclopentenylbenzene
(4a)

3.5
0  3
1  2.5OXi

Alkylbenzenes c  11

■  Noil-catalyst 
rr 1% Rh/KL

Alkenylbenzenes Cl 1

F ig u r e  7 .1 7  Y ie ld s  o f  C l  1-a lk y lb e n z e n e s  a n d  C l  1-a lk e n y lb e n z e n e s  w ith  u s in g  n o n ­
c a ta ly s t .  K L , a n d  R h /K L  b a tc h e s .

F ig u re  7 .1 9  s h o w s  th e  c o m p a r i s o n  o f  F IS Q C -N M R  
s p e c t ra  o f  o il f ro m  th e  K L  a n d  R h /K L  b a tc h e s ,  a n d  it is fo u n d  th a t  th e  c o n te n ts  o f  
c y c lo p e n ty lb e n z e n e  ( th e  C -H  p o s i t io n s  o f  B1 a n d  B 2  a s  s h o w n  in  F ig u re  7 .1 8  (a ))  
d e c r e a s e  in  c o n ju n c t io n  w ith  th e  in c re a s e  in th e  c o n te n ts  o f  c y c lo p e n te n y lb e n z e n e  
( th e  C -F l p o s i t io n s  o f  A1 a n d  A 2  a s  s h o w n  in  F ig u re  7 .1 8  (b )) . A s  a  r e s u lt ,  th e  re s u lts  
f ro m  th e  H S Q C -N M R  a re  c o n s is te n t  w i th  th o s e  o b s e rv e d  f ro m  G C  X G C  / T O F -M S .
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F ig u r e  7 .1 8  (a )  Y ie ld  o f  m e m b e r s  in  C l  1 -a lk y lb e n z e n e s , a n d  (b )  Y ie ld s  o f  m e m b e r s  
in  C l  1 - a lk e n y lb e n z e n e s  w ith  u s in g  K L  a n d  R h /K L  c a ta ly s ts .

2 พ  ;.*> l.w sss น»'ll

L,c

F ig u r e  7 .1 9  H S Q C -N M R  s p e c t ra  o f  a s s ig n e d  c o m p o u n d s :  (a )  c y c lo p e n ty lb e n z e n e ,  
a n d  (b )  c y c lo p e n te n y lb e n z e n e  in  o i ls  f ro m  K L  ( le f t )  a n d  R h /K L  ( r ig h t )  b a tc h e s .

T h e r e fo re ,  E q u a t io n  (4 a )  a n d  th e  r e a c t io n  p a th w a y
(e )  in  F ig u re  7 .1 6  a re  p ro v e n  to  o c c u r  w ith  u s in g  R h /K L  c a ta ly s t .  A c c o rd in g  to  th e  
r e s u lt s ,  it c a n  b e  c o n c lu d e d  th a t  R h  p ro v id e s  d e h y d ro g e n a t io n  o f  C l  1 -a lk y lb e n z e n e s  
to  C l  1 - a lk e n y lb e n z e n e s .

(b)Conversion ofC 12-Alkylbenzenes and c  12-Alkenylbenzenes 
In  th e  p re v io u s , s e c t io n s  it w a s  s h o w n  th a t  th e  K L  c a ta ly s t  

c a n  p r o v id e  h y d r o g e n a t io n  o f  C 1 2 - a lk e n y lb e n z e n e s  to  C 1 2 - a lk y lb e n z e n e s .  W h e n  th e  
R h  w a s  in t r o d u c e d  o n  th e  K L  c a ta ly s t ,  th e  r e s u lts  s h o w  th a t  th e  C 1 2 - a lk y lb e n z e n e s  
a n d C 1 2 -a lk e n y lb e n z e n e s  d o  n o t s ig n if ic a n t ly  c h a n g e  a s  s h o w n  in  F ig u re  7 .2 0 . T h e  
n u m b e r s  o f  C 1 2 - a lk y lb e n z e n e s  a re  c y c lo h e x y l lb e n z e n e  (c h x b )  a n d  h e x y lb e n z e n e  
(h x b ) . a n d  th e  n u m b e r s  o f  C 1 2 - a lk e n y lb e n z e n e s  a re  c y c lo h e x e n y lb e n z e n e  (c h e x b )
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a n d  3 - h e x e n y lb e n z e n e  ( 3 -h x e b )  a s , w h o s e  y ie ld s  a re  s h o w n  in  F ig u re  7 .21  (a )  a n d  
(b ) , r e s p e c t iv e ly . T h e  c y c lo h e x e n y lb e n z e n e  ( c h e x b )  a n d  3 -h e x e n y lb e n z e n e  (3 -h x e b )  
d o  n o t c h a n g e  u p o n  th e  u s e d  o f  th e  R h /K L  c a ta ly s t ,  w h e re a s  th e  y ie ld s  o f  
c y c lo h e x y lb e n z e n e  ( c h x b )  d e c r e a s e s  in  c o n ju n c t io n  w ith  th e  in c re a s e  in  th e  
h e x y lb e n z e n e  (h x b )  y ie ld .

T w o  p o s s ib le  m e c h a n is m s  th a t  c o u ld  ta k e  p la c e  o n  a  m e ta l 
s u r fa c e  h a v e  b e e n  p ro p o s e d ;  th a t  a re , m u l t ip le t  a n d  d ic a rb e n e  m e c h a n is m s  ( G a u l t  et 
al, 1 9 8 1 ). M u tip le t  m e c h a n is m  o c c u rs  w ith  m o le c u le s  p h y s ic a l ly  a d s o rb e d  a t 
e d g e w is e  o r  in te r s t i t ia l  s i te s  o n  th e  m e ta l s u r fa c e . T h e  b o n d  is  c o n s e q u e n t ly  
s tr e tc h e d , a n d  c a n  b e  r e a d ily  a t ta c k e d  b y  a  c h e m is o rb e d  h y d r o g e n  o n  th e  m e ta l 
s u r fa c e , le a d in g  to  h y d r o g e n o ly s is .  D ic a rb e n e  m e c h a n is m  u s u a l ly  o c c u r s  w ith  
u n s a tu ra te d  m o le c u le s .  T h e  c h e m is o rp t io n  o f  a n  u n s a tu ra te d  h y d r o c a r b o n f i r s t  ta k e s  
p la c e  o n  a  m e ta l s u r fa c e  a f te r  th e  ru p tu re  o f  C -H  b o n d s , a n d  th e n  th e  m o le c u le  is 
im m e d ia te ly  b o n d e d  w i th  th e  m e ta l s u r fa c e . S u b s e q u e n t ly ,  th e  n e ig h b o r  h y d ro g e n  
a to m  is r e a d ily  a t ta c k e d  v ia  h y d r o g e n o ly s is ,  a n d  th e n  th e  p r o d u c ts  d e s o rb  f ro m  th e  
m e ta l s u r fa c e . F o r  b o th  m u t ip le t  a n d  d ic a rb e n e  m e c h a n is m s , tw o  a d s o rp t io n  m o d e s , 
w h ic h  a re  f iv e - a to m  a n d  s ix -a to m  a d s o rp t io n  m o d e s , c a n  b e  p o s s ib le .  S e le c t iv e  
h y d r o g e n o ly s is  o n  a  c y c l ic  h y d r o c a r b o n  is ta k e n  p la c e  a t b i s e c o n d a r y  C -C  b o n d , 
w h ic h  c a n  b e  r u p tu re d  v ia  s ix -a to m  a d s o rb t io n  m o d e  w h e re a s  th e  f iv e -a to m  
a d s o rp t io n  m o d e  le a d s  to  s e le c t iv e  h y d r o g e n o ly s is  a t s e c o n d a r y - te r t ia r y  C -C  b o n d .

T h e r e fo re ,  it is  p ro p o s e d  th a t  th e  r in g  o f  
c y c lo h e x y lb e n z e n e  is  o p e n e d  th e  r in g  th ro u g h  m u l t ip le t  m e c h a n is m  to  g iv e  
h e x y lb e n z e n e  a s  i l lu s t ra te d  in  E q u a t io n  (5 a ) .

Rh/KL

cyclohexylbenzene hexylbenzene
(5a)
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F ig u r e  7 .2 0  Y ie ld s  o f  a lk y lb e n z e n e s  ( C l 2 )  a n d  a lk e n y lb e n z e n e s  ( C l 2 ).
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F ig u r e  7 .2 1  Y ie ld s  o f  m e m b e r s  in  (a )  c  12 -a lk y lb e n z e n e s ,  a n d  (b )  C l  2 - 
a lk e n y lb e n z e n e s  w ith  u s in g  K L  a n d  R h /K L  c a ta ly s ts .

F ig u re  7 .2 2  s h o w s  th e  c o m p a r is o n  o f  H S Q C -N M R  s p e c tra  
o f  o i ls  f ro m  th e  K L  a n d  R h /K L  b a tc h e s ,  a n d  it c a n  b e  s e e n  th a t  th e  c o n te n ts  o f  
c y c lo h e x y lb e n z e n e  ( th e  C -H  p o s i t io n s  o f  D1 a n d  D 2  a s  s h o w n  in  F ig u re  7 .2 2  (a ))  
d e c r e a s e  in  c o n ju n c t io n  w ith  th e  in c re a s e  in  th e  c o n te n ts  o f  h e x y lb e n z e n e  ( th e  C -H  
p o s i t io n s  o f  E l  a n d  E 2  a s  s h o w n  in  F ig u re  7 .2 2  (b )) . T h e r e fo re ,  th e  r e s u l t s  f ro m  th e  
H S Q C -N M R  a re  c o n s is te n t  w i th  th o s e  o b s e rv e d  f ro m  G C  X G C  / T O F -M S .



81

0  0 0 l b  Q b
T c 0 t r >  -  Or "

1.55 1.53 I M l 45 147

•  ,บ ' "

1 55 1 53 1 51 1 49 1 47
41

Rh/KL ÇjJcbNร̂ร. 1

Î0 40
80 2 75 2.70 2 65 2.6

K: o  «;
i.eo 2.75 2.70 2.6®

“*L *

- - O ~ o
70 I 05 160 155 I /O lo t . 1.60 1.56

' l l  'H

F ig u r e  7 .2 2  H S Q C -N M R  s p e c t ra  o f  a s s ig n e d  c o m p o u n d s :  (a )  c y c lo h e x y lb e n z e n e ,  
a n d  (b )  h e x y lb e n z e n e  in  o i ls  f ro m  K L  ( le f t )  a n d  R h /K L  ( r ig h t )  b a tc h e s .

A c c o rd in g  to  th e  r e s u lt s ,  it c a n  b e  c o n c lu d e d  th a t  R h  
d r iv e s  r in g  o p e n in g  o f  c y c lo h e x y lb e n z e n e  to  h e x y lb e n z e n e  o n  th e  K L  c a ta ly s t  a s  
s h o w n  in  E q u a t io n  (5 a ) . T h e  R h /K L  h a s  n o  e f fe c t  o n  C 1 2 - a lk e n y lb e n z e n e s .  b u t 
s e le c t iv e ly  p r o d u c e s  h e x y lb e n z e n e  in  C 1 2 - a lk y lb e n z e n e s w h e n  c o m p a re d  w i th  n o n ­
c a ta ly s t  b a tc h . T h e r e fo re ,  th e  r e a c t io n  p a th w a y  (f)  in  F ig u re  7 .1 6  d o e s  n o t o c c u r  o n  
th e  R h /K L  c a ta ly s t .

(c) Conversion o f c  12-DAHs and Cl2-Tetralins
T h e  K L  c a ta ly s t  w a s  fo u n d  to  h y d r o g e n a te  2 - 

e h ty ln a p h th a le n e  to  2 - e th y l - 1 ,2 ,3 ,4 - te t r a h y d r o n a p h th a le n e  ( 2 -e th y l te t r a l in ) .  W h e n  
th e  R h  w a s  in tro d u c e d  o n  th e  K L  c a ta ly s t ,  th e  r e s u lt s  s h o w  th a t  2 - e th y l - 1 .2 ,3 ,4 -  
t e t r a h y d ro n a p h th a le n e ,  a s  s h o w n  in  F ig u re  7 .2 3  (a ) , d r a m a t ic a l ly  d e c r e a s e s  in  
c o n ju n c t io n  w ith  th e  in c re a s e  in  2 - e th y ln a p h th a le n e  a n d  2 - m e th y ln a p h th a le n e  a s  
s h o w n  in  F ig u re  7 .2 3  (b ). It in d ic a te s  th a t  R h  c a n  c a ta ly z e  d e h y d r o g e n a t io n  o f  2 - 
e t h y l - 1 ,2 ,3 ,4 - te t r a h y d r o n a p h th a le n e  ( 2 -e th y l te t r a l in )  to  2 - e th y ln a p h th a le n e  as 
d e p ic te d  in  E q u a t io n  (6 a).



2-ethyl-1,2,3,4-tetrahydronaphthalene 2-ethylnaplithalene
( 6 a)

T h e  in c re m e n t  o f  2 - e th lv n a p h th a le n e  c a n  b e  a t t r ib u te d  
f ro m  th e  d e c r e m e n t  o f  2 - e th y l - 1 ,2 ,3 ,4 - te t r a h y d r o n a p h th a le n e  ( 2 -e th y l te t r a l in ) .  S in c e  
th e  c h a n g e  o f  2 -m e th y ln a p h th a le n e  is  d r iv e n  b y th e  d r iv in g  fo rc e  o f  th e  
h y d r o g e n a t io n  o f  2 -e th y ln a p th a le n e  th u s ,  w h e n  th e  R h  is in t r o d u c e d  o n  th e  K L  
c a ta ly s t ,  2 - e th y l - 1 ,2 ,3 ,4 - te t r a h y d r o n a p h th a le n e  (2 - e th y l te t r a l in )  w a s  d e h y d ro g e n a te d .  
T h e r e fo re ,  th e  d r iv in g  fo rc e  fo r  th e  c o n v e r s io n  o f  2 - m e th y ln a p h th a le n e  to  2 - 
e th y ln a p h th a le n e  a ls o  d im in is h e s .  A s  a  re su lt ,  th e  y ie ld  o f  2 - m e ty ln a p th a le n e  
in c re a s e s  w i th  u s in g th e  R h /K L  c a ta ly s t .  N o n e th e le s s ,  s o m e  o f  2 - m e th y ln a p h th a le n e  
u n d e r g o e s  E q u a t io n  (3 a )  s in c e  th e  d e c r e a s e s  in  y ie ld s  o f  g a s e s  (e .g . m e th a n e  a n d  
e th a n e  ) a re  o b s e rv e d  a s  s h o w n  in  F ig u re  7 .2 4 .

gi1
ex
2 3 "5£ 2 

1
0

m Non-catalyst 
*KL
3 1% Rh/KL

* Non-catalyst 
85 KL
3 1% Rh/KL

b)

Tctralins(ClO) methyltetralin Tetralins (Cl l) 2-clhyltctralin Tetralins (Cl2) 2-mcthylnaphlhalene DAHs 2-ethylnaphthalens DAHs (Cll) (Cl 2)

F ig u r e  7 .2 3  Y ie ld s  o f  m e m b e r s  in  (a )  T e tr a l in s ,  a n d  (b )  D A H s  w ith  u s in g  K L  a n d  
R h /K L  c a ta ly s ts .

4 Q ■  Non catalyst
■  KL

F ig u r e  7 .2 4  Y ie ld  o f  g a s e s  o b ta in e d  f ro m  u s e d  o f  K L  a n d  R h /K L  c a ta ly s ts .
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F ig u re  7 .2 5  s h o w s  th e  c o m p a r is o n  o f  H S Q C -N M R  s p e c t ra  
o f  o i ls  f ro m  th e  K L  a n d  R h /K L  b a tc h e s ,  a n d  it is  fo u n d  th a t  th e  c o n te n ts  o f  2 - e th y l-
1 ,2 ,3 ,4 - te t r a h y d r o n a p h th a le n e  ( 2 -e th y l te t r a l in )  ( th e  C -FI p o s i t io n s  o f  F I  a n d  F 2  a s  
s h o w n  in F ig u re  7 .2 8  (a ))  d e c r e a s e  in  c o n ju n c t io n  w ith  th e  in c re a s e s  in  th e  c o n te n ts  
o f  2 - m e th y ln a p h th a le n e  ( th e  C -H  p o s i t io n s  o f  H 1 a n d  FI2 a s  s h o w n  in  F ig u re  7 .2 5  
(b ))  a n d  th e  c o n te n ts  o f  2 - e th y ln a p h th a le n e  ( th e  C -H  p o s i t io n s  o f  G1 a n d  G 2  a s  
s h o w n  in  F ig u re  7 .2 5  (C )) . T h e r e fo re ,  th e  r e s u lt s  f ro m  th e  H S Q C -N M R  a re  
c o n s is te n t  w i th  th o s e  o b s e rv e d  f ro m  G C  X G C  / T O F -M S . A c c o rd in g  to  th e  r e s u lt s ,  it 
c a n  b e  c o n c lu d e d  th a t  R h  o v e r  K L  c a ta ly s t  c a n  d e h y d ro g e n a te  2 - e th y l - 1 .2 .3 ,4 -  
te t r a h y d r o n a p h th a le n e  ( 2 -e th y l te t r a l in )  to  2 - e th y ln a p th a le n e .  T h e r e fo re ,  E q u a t io n  
( 6 a) a n d  r e a c t io n  p a th w a y s  (g )  a n d  (h )  a re  p r o v e n  to  o c c u r  w ith  u s in g  R h /K L  
c a ta ly s t .
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F ig u r e  7 .2 5  H S Q C -N M R  s p e c tra  o f  a s s ig n e d  c o m p o u n d s :  (a )  2 - e th y l te ta t r a l in .  (b )  
2 - e th y ln a p h th a le n e ,  a n d  (c )  2 - m e th y ln a p h th a le n e  in o i ls  f ro m  K L  ( le f t )  a n d  R h /K L  
( r ig h t )  b a tc h e s .
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7 .5  C o n c lu s io n s

T h e  a c t iv i t ie s  o n  th e  s u r fa c e s  o f  K L  a n d  R h /K L  h a v e  b e e n  e lu c id a te d , a n d  it 
w a s  fo u n d  th a t  th e  K L  c a ta ly s t  c a n  p r o v id e  h y d r o g e n a t io n  o f  C l  1 -a lk e n y lb e n z e n e s  
(m o s t ly .  c y c lo p e n te n y lb e n z e n e ) .  C 1 2 - a lk e n y lb e n z e n e s  (m o s tly ,
c y c lo h e x e n y lb e n z e n e ) ,  a n d  D A H s (C 1 2 )  (m o s tly , 2 - e th ly n a p h th a le n e ) ;  m o r e o v e r ,  
r h o d iu m  c a n  p r o v id e  d e h y d ro g e n a t io n  o f  te t r a l in s  ( C l 2 ) (m o s tly ,  2 - e th y l te t r a l in ) ,  
w h ic h  is  a  s p e c ie s  in  M A H s . to  C 1 2 -D A H s  (m o s tly , 2 - e th y ln a p h th a le n e ) .  In  a d d it io n , 
th e  R h /K L  c a ta ly s t  c a n  o p e n  th e  r in g  o f  c y c lo h e x y lb e n z e n e  v ia  m u l t ip le t  m e c h a n is m . 
A s  a  r e s u lt ,  R h  r e d u c e s  h y d r o g e n a t io n  a b i l i ty  o f  th e  K L  c a ta ly s t .  T h e  r e a c t io n s  ta k e n  
p la c e  o n  th e  K L  a n d  R h /K L  c a ta ly s ts  a re  s u m m a r iz e d  in  F ig u re  7 .2 6 .

Alkenylbenzenes (C11 ) KL
Alkylbenzenes (Cl 1 )

Rh/KL

Alkenylbenzenes (Cl 2) KL Alkylbenzenes (Cl2)

r - ° Rh/KL _

Alkylbenzenes (C12)
KL

Alkylbenzenes (Cl2)

DAHs (Cl 2) Tetralins (Cl2)
Rh/KL

F ig u r e  7 .2 6  S u m m a ry  o f  r e a c t io n  p a th w a y s  o n  K L  a n d  R h /K L .

7 .6  A c k n o w le d g e m e n t s

T h e  fo l lo w in g  a g e n c ie s  a re  a c k n o w le d g e d  fo r  th e i r  m u tu a l  f in a n c ia l  
s u p p o r t :  T h e  T h a i la n d  R e s e a rc h  F u n d  (T R F )  a n d  C e n te r  o f  E x c e l le n c e  o n  
P e tr o c h e m ic a l  a n d  M a te r ia ls  T e c h n o lo g y .
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