
CHAPTER VII
INFLUENCES OF CATALYST TEMPERATURES AND Ru-LOADED 
CATALYSTS ON WASTE TIRE PYROLYSIS AND ITS PRODUCTS

7.1. Abstract

Th is  paper investigates the effects o f  R u /M C M -4 1  catalysts in  the p y ro lys is  

o f  waste tire  using a sem i-batch reactor. The pure s ilica  support M C M -4 1  was 

synthesized v ia  silatrane route. P rio r to eva luating the a c tiv ity  o f  R u /M C M -41  

catalysts, the influences o f  M C M -4 1  in  re la tion  w ith  cata lyst tem perature were 

studied. The results ind ica ted  a strong im pact o f  catalyst temperatures on the y ie ld  

and nature o f  p y ro lys is  products. O il y ie ld  f irs t decreased then increased w ith  

cata lyst temperature. H ow ever, the h ighest cata lyst temperature produced the o i l  that 

has h ighe r po ly -a rom a tic  content. R u /M C M -41  cata lyst produced m uch lig h te r o il 

and d ram a tica lly  decreased the concentration o f  p o ly - and po lar-arom atics in  the o il 

but also decreased the y ie ld  o f  o il. A n d  the ca ta ly tic  a c tiv ity  o f  R u /M C M -4 1  was 

found to increase w ith  Ru content in  the tested range o f  ru then ium  loading. The 

increase in  ca ta ly tic  a c tiv ity  was discussed in re la tion  w ith  cata lyst characterizations.

7.2. Introduction

Tires are designed to be resistant to chem ica l, b io lo g ica l and phys ica l 

degradation. O w ing  to th e ir lo w  b u lk  density, they occupy large vo lum es and, i f  

buried, d isrup t the in te g rity  o f  la n d fill sites. M eanw h ile , the w o rld  p roduc tion  o f  

waste tire  is approxim ate 6 x l0 6 tons/year, and nearly  70%  o f  these waste are s im p ly  

dum ped in  the open o r in  the la n d -fille d  [1 ,2 ]. M oreover, fires at tire  deposits have 

been reported to be ve ry  d if f ic u lt  to con tro l and generate h igh  levels o f  p o llu tio n  to 

the so il, atmosphere and waters [3 ].

In  m any countries, the environm enta l regulations concern ing the waste tire  

are becom ing more and m ore stringent. Th is waste h ierarchy favors the va lo riza tio n  

and re cyc lin g  alternatives. Thus, over recent years, tire  pyro lys is , a recyc ling  process, 

has attracted renewed s ig n ifica n t attention. It essentia lly  invo lves  degradation o f  the
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tire  components by  exposure to h igh temperatures in  the absence o f  oxygen. The 

resu lt is a carbonized char, condensable o il and a gas frac tion . Gas fra c tio n  has been 

reported to have h igh c a lo r if ic  value [4 ], and h igh  hydrogen content [2 ,5 ,6 ], whereas 

the tire -de rived  o il was show n to be s im ila r, to a certa in  extent, to  the com m ercia l 

pe tro leum  naphtha [7 ]. H ow ever, the h igh  concentra tion  o f  arom atic  hydrocarbons 

(H C s) [7 -9 ], especia lly p o ly c y c lic  HCs (P A H s), has lim ite d  its app lica tion  as a fuel. 

A s  a result, several studies have been done w ith  focus ing  on the poss ib ilitie s  fo r  the 

p roduction  o f  chem ica l feedstock from  the tire -de rive  o il rather than fuel. For 

instance, W illia m s  and B rin d le  [10,11] and B o x io n g  e t al. [12 ] reported the h igh 

se le c tiv ity  tow ard  single rin g  arom atic H C s in  the lig h t fractions by cata ly tic  

p y ro lys is  o f  waste tire  us ing Z S M -5  and U S Y  zeolites as catalysts, respective ly. O ur 

previous study [13 ], a f irs t step in  the attempts to study the p o s s ib ility  o f  fue l 

p roduction  fro m  waste tire , has shown that the m orden ite-cata lyzed pyro lys is  o f  

waste tire  produced the o i l  having h igh  se le c tiv ity  tow ard  gasoline, kerosene and gas 

o il fractions. H ow ever, a re la tive  h ig h  am ount o f  p o ly - and po la r-a rom atics s t ill 

existed in  the o il.  A nd , the amount o f  arom atics increased w ith  increasing acid 

properties o f  the catalyst. A s  a result, a new  cata lyst should be ra tio n a lly  designed 

and tested fo r waste t ire -to -fu e l process.

B ifu n c tio n a l catalysts are ex tens ive ly  studied fo r  arom atic reduction  [14 ], 

M eta ls  can cata lyze the hydrogenation o f  the feedstock, m aking  it m ore reactive fo r 

crack ing  and heteroatoms (su lfu r, oxygen) rem oval [15 ]. A nd  a h igh  level o f  

arom atic hydrogenation at moderate hydrogen pressures can be achieved w ith  noble 

metals catalysts [16 ,17 ], The in tr in s ica lly  h igh  hydrogenation  a c tiv ity  o f  noble metal 

m igh t help reducing steric effects that im pede the d irec t e lim in a tio n  o f  the su lfu r 

heteroatom  [18 ,19 ], H ow ever, noble metals d isp lay a lo w  resistance to su lfu r 

po ison ing  lim it in g  the ir app lications. The su lfu r tolerance o f  a noble m etal supported 

cata lyst may be enhanced by ( i)  using ac id ic  carriers [ 2 0 ], ( i i)  changing the metal 

pa rtic le  size, o r ( i i i )  a llo y in g  w ith  other metals [21 ], C onsidering the m e ta llic  nature, 

Ru was reported to have a better su lfu r to lerance than Pt, Pd o r Pd-Pt catalysts due to 

the lo w  density o f  states at the Ferm i level o f  th is metal [22 ], On the other hand, due 

to the size o f  the arom atic m olecules, especia lly  the P A H s, a large pore m ateria l 

consequently shou ld  be used as the support o f  the b ifu n c tio n a l catalyst. Pure s ilica
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M C M -4 1 , w h ich  has a m ild  ac id ic  property , was shown to e xh ib it good a c tiv ity  fo r  

the degradation o f  waste p lastic  [23 -25 ]. The carbon num ber d is tr ib u tio n  o f  the 

derived o il sh ifted  to  low e r num ber, and the authors also observed the carbénium  ion  

crack ing  m echanism  over th is m ateria l [25 ]. Besides, ca ta ly tic  tem perature s trong ly  

affected the products obtained from  ca ta ly tic  py ro lys is  o f  waste tire  [10 ,26 ],

The a im  o f  th is w o rk  is to investigate the influences o f  R u-supported pure 

s ilica  M C M -41  cata lyst on the products obta ined from  waste tire  p y ro lys is . Fo r th is 

purpose, a pure s ilica  M C M -4 1  was synthesized v ia  silatrane route. Then, py ro lys is  

o f  waste tire  us ing M C M -41  as a cata lyst was conducted to study the effects o f  

ca ta ly tic  tem perature to fin d  the op tim um  cond ition . Subsequently, a series o f  Ru- 

supported catalysts, prepared by im pregnation technique w ith  various Ru loading, 

were subjected to waste tire  py ro lys is  to  evaluate the ir in fluence  on the y ie lds  and the 

nature o f  the evo lved  products.

7.3. Experimental

7.3.1 Cata lyst Preparation

T o  synthesize pure s ilica  M C M -4 1 , silatrane was f irs t synthesized 

using the m ethod o f  W o n g ka se m jif ร group [27 ]. The sila trane precursor was added 

to a so lu tion  con ta in ing  C T A B , N aO H , and T E A , fo llo w e d  by adding w ater w ith  

v igorous s tirr ing  [28 ], The obtained crude product was filte red  and washed w ith  

w ater to obta in  a w h ite  solid. Then, the w h ite  so lid  was dried at room  temperature 

and calcined at 580oC fo r 6  hours to obta in  mesoporous M C M -4 1 .

Ru-supported catalysts were prepared by the conventiona l wetness 

im pregnation technique. A n  appropriate am ount o f  precursor so lu tion  o f  R U C I3 .X H 2O  

( F L U K A )  was loaded to the MCM-41, fo llo w e d  by d ry in g  in  an oven at 110°c fo r 3 

hours, and then ca lc ined at 580°c fo r 2 hours. Subsequently, it  was p e llitize d  and 

sieved to obta in  partic le  sizes in  the range o f  400- 425 pm . P rio r to ca ta ly tic  a c tiv ity  

testing, each cata lyst was reduced by hydrogen at 400°c fo r 3 hours.

7.3.2 Cata lyst C haracterization

X R D  patterns were obtained using the R iguku  D /M a x  2200H  w ith  a 

scanning speed o f  0.5 degree/m in and 29 from  1.5 degree to 60 degree. The
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com pos ition  o f  the Ru on the support was determ ined by the In d u c tive ly  Coupled 

Plasma (IC P ) technique using a P erk in  E lm er O p tim a  4300 P V  m achine. The surface 

area and pore size d is tr ib u tio n  o f  the studied catalysts were characterized b y  N 2 

physica l adsorption using a Sorptom atic 2900 equipm ent. H ydrogen chem isorp tion  at 

room  tem perature was carried out in  a M ic ro m e ritic s  2900 apparatus, a fte r the in -s itu  
reduction  o f  sample at 5 0 0 °c  ( K f c . m in '1) fo r 1 hour, under a f lo w  o f  H 2. D ispers ion 

data was calcu la ted by assuming a s to ich iom e try  H /R u  =1 [17 ]. Tem perature- 

program m ed desorption (T P D ) using N H 3 was carried out in  a T P D /T P R  

M ic ro m e ritic s  2900 m achine. A p p ro x im a te ly  0.1 g o f  sample was f irs t pretreated in  

He at 5 5 0 °c  fo r 30 m inutes. Then, the system was cooled to 100°c, and the N H 3 

adsorption was perform ed using N H 3/N 2 fo r 1.5 hours fo llo w e d  by  the in troduc tion  

o f  He to  rem ove the p h ys ica lly  adsorbed N H 3 fo r 30 m inutes at 100°c. F in a lly , the 

system was cooled to 5 0 °c , and then the temperature program  desorption  was started 

from  5 0 °c  to 6 0 0 °c  w ith  a heating rate o f  5 °c /m in . TP R  o f  Ru-supported catalysts 

was conducted using the same M ic ro m e rit ic  2900 equipm ent from  room  temperature 

to 500°c  w ith  a heating rate o f  5 °c /m in . Temperature program  o x ida tion  (TP O ) 

using also the M ic ro m e ritic s  2900 m achine was perform ed from  room  tem perature to 

90 0 °c  (1 0 °c /m in ), and the fin a l temperature was he ld  fo r 30 m inutes. The am ount o f  

coke was then determ ined from  the area under the curve and calcu la ted by the 

software supplied w ith  the machine.

7.3.3 P yro lys is  o f  Waste T ire

The de ta il o f  py ro lys is  process was described elsewhere [13 ]. B r ie fly , 

the p y ro lys is  o f  waste tire  was carried ou t in  the low e r zone o f  the reactor, where the 

tem perature was set at 500°c. Then, the evolved product was carried by  a n itrogen 

f lo w  to the upper zone packed w ith  a catalyst. Th is  zone was con tro lled  at various 

ca ta ly tic  temperatures (350, 400 and 450°C) in  order to investigate the in fluence o f  

ca ta ly tic  tem perature. The obtained product was next passed through an ice-salt 

condensing system con ta in ing  3 condensers in  order to separate incondensable 

com pounds from  the liq u id  product. The solid and liq u id  products were weighed to 

determ ine the product d is tribu tion . The am ount o f  gas was then determ ined by mass 

balance. P rio r to be ing analyzed, the liq u id  product was d isso lved in  n-pentane to 

p recip ita te  asphaltenes. The obtained maltenes was analyzed by  F T IR  and liq u id
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adsorption  chrom atography [29 ]. In  the la ter process, saturated hydrocarbons, m ono-, 

d i-, p o ly -  and p o la r arom atics in  the maltenes were fractionated. F in a lly , a V a rian  CP 

3800 Sim ula ted D is tilla tio n  Gas C hrom atograph (S IM D IS T  G C ) equipped w ith  F ID  

was used to analyze the obta ined maltene and hydrocarbon fractions accord ing to  the 

A S T M  D2887 m ethod to  determ ine s im ulated true b o ilin g  p o in t curves. The 

petro leum  frac tions  were then cut based on th e ir b o ilin g  po in t, in c lu d in g  naphtha 

(<200°C), kerosene (200°C-250°C), gas o il (250°c -  370°C) and residue (>370°C).

7.4 Results and Discussion

7.4.1 Cata lyst C haracterization

F igure  7.1 illustra tes the X R D  patterns o f  the synthesized M C M -41  

and R u-supported samples. A s  seen in  the figu re , the structure o f  M C M -4 1  does not 

change a fte r inco rpo ra tion  o f  ru then ium  and no peak o f  ru then ium  species is 

observed. P robab ly  the am ount o f  R u loaded is be low  the detectable range o f  the 

X R D  equipm ent and/or ru then ium  is h ig h ly  dispersed in  a ll samples.

The phys ica l properties o f  the fresh catalysts and the am ount o f  coke 

o f  the used ones are sum m arized in  Table 7.1. A cco rd in g ly , ICP analysis indicates a 

ve ry  good consistence between the targeted and true values o f  m etal loaded in  a ll 

samples. The B E T  surface area o f  s ilica  M C M -4 1  is ve ry  h igh, and the average pore 

d iam eter is approx im ate ly  2 . 6  nm , w h ich  is s im ila r to the values reported in  [28 ]. แ 2- 

chem isorp tion  results show  that the mean diam eter o f  ru then ium  partic les fo r  a ll 

samples is about 1.9 nm , and the d iam eter increases w ith  increasing ru then ium  

loading. In  add ition , a ll R u-supported samples have a h igh  metal d ispers ion o f  65.2- 

68.5% . H ow ever, the d ispers ion o f  ru then ium  s lig h tly  decreases w ith  increasing 

concentra tion  o f  ru then ium  in  the sample. Furtherm ore, the inco rpo ra tion  o f  Ru 

s lig h tly  decreases the surface area o f  the support in  association w ith  a reduction  in  

average pore d iam eter, poss ib ly  caused by the d iffu s io n  o f  Ru in to  the pore.

The strength and d is tr ib u tio n  o f  acid sites o f  a ll prepared catalysts 

determ ined by TPD-NH 3 are g iven in  F igure 7.2. It can be seen that the p ro file  o f  

M C M -4 1  shows 2 desorption peaks w ith  m axim a at 150°c and 350°c, respectively. 

These peaks are broad and lo w  intensive suggesting a good d is tr ib u tio n  o f  the acid ic
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sites as w e ll as the lo w  am ount o f  ac id ic  sites. A s  th is zeo lite  m ateria l is com posed o f  

pure s ilica ; thus, the acid  sites m ust be con tribu ted  from  the s ilano l groups lin in g  the 

w a ll o f  the channels as suggested by  Seddegi et al. [25 ], The inco rpo ra tion  o f  

ru then ium  s lig h tly  decreases the in tens ity  o f  the peaks, poss ib ly  caused by  the 

d if fu s io n  o f  ru then ium  partic les in to  the zeo lite  channels, thus b lo ck in g  some acid ic 

sites. The to ta l acid sites o f  Ru-supported catalysts are com parable.

F igure  7.3 depicts the TP R  p ro file s  o f  a ll samples. A c c o rd in g ly , the 

locations o f  the peaks in  TPR  p ro file s  o f  a ll samples w ith  d iffe re n t Ru loadings are 

s im ila r, but the in tens ity  increases w ith  increasing R u content. A nd , R u-supported 

M C M -4 1  exh ib its  a m a in  reduction  peak at 190°c, w h ic h  is h igher than Ru- 

supported on mesoporous s ilica  doped w ith  z ircon ium  [30 ], in d ica tin g  a stronger 

m etal support in te raction . Consequently, fro m  H 2-chem iso rp tion  analysis the h igh  

d ispersion o f  R u in  a ll Ru-supported samples (>65% ) was observed (Tab le  7.1), 

w h ic h  is w e ll consistent w ith  X R D  results. M oreover, as ind ica ted  in  Table 7.1, the 

am ount o f  coke o f  the spent catalysts obtained fro m  TPO  analysis shows that Ru- 

supported catalysts produced a h igher am ount o f  coke than M C M -4 1.

7.4.2 In fluences o f  M C M -4 1  and C ata lyst Tem peratures

7.4.2.1 Influences o f  MCM-41
The pyro lys is  products obta ined fro m  therm al and ca ta ly tic  

p y ro lys is  over M C M -4 1  are sum m arized in  Table 7.2. I t  can be seen that the gas 

y ie ld  obtained from  the M C M -4 1  is m uch h igher than that produced fro m  therm al 

pyro lys is . In  add ition , w ith  respect to therm al py ro lys is , the o il generated over 

M C M -4 1  has h igher naphtha and kerosene, and the p o ly - and po lar-arom atic  

contents in  the o il are low er. These results m ig h t be ascribed to the crack ing  a c tiv ity  

o f  the catalyst [13 ], Besides, saturates in  the derived  o il decreases w ith  using M C M - 

41. T h is  is w e ll consistent w ith  the results obta ined from  F T IR  analysis, as depicted 

in  F igure  7.4. It can be seen that the in fra red  absorp tion  bands o f  in terest are 

observed around the range o f  C -H  stretching v ib ra tio n  o f  - C H 2- and - C H 3 groups 

approx im ate ly  between 3,000 and 2,800 cm-1 [31 ]. The peak at 3,030 cm-1 

represents the arom atic C -H  stretching, whereas the one at 2920 cm-1 represents the 

sym m etric  a lipha tic  C-FI stretching, and the ra tio  o f  the tw o  peaks correlates w ith  the 

a rom a tic ity  o f  the hydrocarbon compounds [3 2 ], A n d  obv ious ly , as com pared to
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the rm a l py ro lys is , M C M -4 1  generated the o i l  having  the h igher ra tio  o f  13030cm- 

i / l2920cm->; thus, i t  has low er saturated hydrocarbons [31 ,32 ],

On the other hand, the use o f  M C M -4 1  leads to  a dram atic 

increase in  the concentrations o f  m ono- and d i-a rom atics  (Table 7.2). F igure  7.5 

illus tra tes the carbon num ber d is tr ib u tio n  o f  m ono- and d i-arom atics. A cco rd in g ly , 

M C M -4 1 causes the sh ifts  o f  these com pounds d is tr ib u tio n  to h igher carbon num ber, 

in d ica tin g  the fo rm a tion  o f  heavier arom atics. I t  is w e ll accepted that arom atic 

hydrocarbons are not easy to be converted in  a secondary c rack ing  reaction  [33,34], 

M eanw h ile , a lk y la tio n  reaction  can be p rom oted  by a L e w is  acid ca ta lyst [35 ,36 ], 

and M C M -4 1  was reported to favor the a lk y la tio n  reaction  o f  p re v io u s ly  fo rm ed 

arom atic rings [3 7 ]. Therefore, it  is proposed that p robab ly  M C M -4 1  prom otes not 

o n ly  the c rack ing  o f  saturated HCs and bu t also the a lky la tio n  o f  the a lready- 

generated arom atics. As a result, heavier m ono- and d i-a rom atics  are produced, 

leading to the increm ent o f  m ono- and d i-a rom a tic  concentra tion  in  the tire -de rived  

o ils.

7.4.2.2 Influences o f  Catalyst Temperatures
Table 7.3 summarizes the p roduct y ie lds, the petro leum  

fractions and com positions o f  the o ils  produced by p y ro lys is  w ith  MCM-41 catalyst 

at various cata lyst temperatures. A cco rd in g ly , ca ta lyst tem perature does not 

in fluence  the so lid  y ie ld  since the pyro lys is  cond itions were kept constant, and the 

tire  was com p le te ly  decomposed at 500°c [2 ], H ow ever, cata lyst temperature 

s trong ly  affects the y ie lds o f  other products. A s  seen fro m  Table 7.3, the y ie ld  o f  

gaseous products firs t increases at the expense the liq u id  y ie ld  as the cata lyst 

tem perature raises from  350°c to 400°c, w h ich  is a ttribu ted  to greater and deeper 

crack ing  reactions. Further increasing th is tem perature to 450°c causes a reduction  in  

the y ie ld  o f  gaseous product in  accordance w ith  an increase in  the y ie ld  o f  the o il. 

L iq u id  adsorp tion  chrom atography analysis also shows an increase in  p o ly - and 

po lar-arom atics w ith  cata lyst temperature (Tab le  7.3). Possib ly, a considerable 

am ount o f  o le fins  inc lud ing  conjugated o le fins , arom atics, etc, p roduced during  

p yro lys is , m igh t undergo cyc liza tion , a lk y la tio n  fo llo w e d  by dehydrogenation to 

produce (heavier) arom atics when the acid ca ta lyst was used [11,38]. N o te  that these 

reactions are favo red  at h igh  reaction temperatures [ 6 ] and arom atic content in  the
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p y ro ly tic  o il increased when a zeo lite  w ith  a large pore d iam eter was used [13]. 

Therefore, the ve ry  h ig h  catalyst tem perature together w ith  the meso-pores o f  the 

M C M -4 1  should be responsible fo r  the increm ent o f  l iq u id  y ie ld  as w e ll as the 

fo rm a tion  o f  heavier arom atics fro m  o le fins and/or the lig h te r ones. O n the other 

hand, i t  was e lucidated that arom atic and alkene species have a greater pred ispos ition  

to being invo lved  in  pathways to coke fo rm a tio n  because o f  th e ir  a b ility  to  easily be 

in vo lve d  in  hydrogen transfer and cyc liza tio n  reactions [39]. A s a result, a h igher 

am ount o f  coke is produced as the cata lyst tem perature rises (Tab le  7.1). A n d  the 

h igh  am ount o f  coke fo rm ed can cause the deactiva tion  o f  the cata lyst; thus, reducing 

its crack ing  a c tiv ity  lead ing  to a reduction  in  the y ie ld  o f  gas product.

I t  can be seen in  Table 7.3 that, regardless to  the catalyst 

tem perature, the y ie ld  o f  naphtha fra c tio n  fro m  ca ta ly tic  py ro lys is  is h igher than that 

from  therm al pyro lys is . A nd , the va ria tio n  in  cata lyst tem perature alters the contents 

o f  petro leum  fractions in  the p y ro ly tic  o ils ; that is, increasing th is temperature 

decreases naphtha in  consistence w ith  an increm ent in  kerosene and gas o il as w e ll as 

residue, suggesting the existence o f  the recom b ina tion  o f  lig h t m olecules and leading 

to the fo rm a tion  o f  heavier com pounds, and a consequent h igher liq u id  y ie ld . This 

w e ll co incides w ith  the fact that heavy m olecules such as p o ly - and po lar-arom atics 

ju m p  up at the cata lyst tem perature o f  450°c (Table 7.3). R unn ing  at the h ighest 

cata lyst tem perature in  the testing range y ie lds the h ighest am ount o f  gas o il and 

kerosene. Besides, under the cata lyst tem perature o f  400°c, the p roduc tion  o f  

naphtha, kerosene and gas o il decreases, w h ic h  is a ttribu ted  to the h igh  crack ing  

a c tiv ity  under th is cond ition , as m entioned prev ious ly .

Since lig h t o ils  are com m erc ia lly  va luable , fro m  these results 

together w ith  the fact tha t arom atic hydrogenation  is the rm odyna m ica lly  favored  at 

lo w  temperatures [30], the catalyst temperature o f  350°c was selected fo r  fu rthe r 

study on the effects o f  R u  loading.

7.4.3 E ffects o f  R u-load ing  A m oun t

In  th is section, the effects o f  R u  supported on pure s ilica  M C M -41  

and the am ount o f  Ru load ing  (1.0, 1.5 and 2%  w t) on the y ie lds and nature o f  the 

products obta ined fro m  pyro lys is  o f  waste tire  w ere studied.

7.4.3 .1  P ro d u c t D is tr ib u tio n



87

Figure 7.6 illustra tes the effects o f  Ru load ing  am ount on the 

product d is trib u tio n . The data o f  M C M -4 1  and non -ca ta ly tic  p y ro lys is  were also 

inc luded fo r  com parison purpose. It can be seen that the gas y ie ld  increases 

d ram a tica lly  at the expense o f  liq u id  y ie ld  when the catalysts were used, especia lly  

the ones w ith  Ru loading. For instance, the gas y ie ld  obtained fro m  p yro lys is  in  the 

absence o f  a cata lyst is approx im ate ly  3 tim es less than that obtained w hen 

2 % R u /M C M -41  was used. The p rom o tion  effects o f  Ru inco rpo ra tion  on  crack ing  

a c tiv ity  m ig h t be a ttribu ted  to the com b ina tion  o f  m eta l and acid properties o f  the 

b ifu n c tio n a l Ru-supported M C M -41  catalyst. The h ig h  hydrogenation  a c tiv ity  o f  Ru 

[15 ] p robab ly  hydrogenated arom atic HCs, w h ich  were reported to  be predom inant in  

the products obtained from  pyro lys is  o f  waste tire  [7 -9 ,11 ], and then these 

hydrogenated com pounds m igh t undergo ca ta ly tic  c rack ing  by  M C M -4 1  p roduc ing  

lig h te r HCs. Free hydrogen is liberated from  the p yro lys is  products as reported in  

m any studies [2 ,5 ,6 ], and/or is generated du ring  the re fo rm ing  reactions [2 ,6 ], As 

ind icated by  X R D , and H 2-chem isorp tion  analysis, R u  is h ig h ly  dispersed in  a ll Ru- 

supported catalysts. The h igh dispersion o f  Ru not o n ly  leads to  the fo rm a tion  o f  

sm all Ru partic les, induc ing  some pre ferentia l exposed planes, and then favo ring  

hydrogenation properties [40 ], but also to the better transporta tion  o f  the 

reactant/product from  the acid sites to the metal sites, and v ice  versa [16 ]. That 

p robab ly  exp la ins the h igher cracking a c tiv ity  o f  Ru supported catalysts as compared 

to M C M -4 1 . A d d it io n a lly , the gas y ie ld  was found  to g radua lly  increase w ith  

increasing R u content. 2% R u/M C M -41  produced the h ighest y ie ld  o f  gas in  line  w ith  

a low est liq u id  y ie ld . T h is  m igh t be a ttribu ted  to a good balance between m etal and 

acid sites, as a result o f  the h igh  concentration o f  ru then ium  at approx im ate ly  the 

same dispersion, w h ich  was reported to be a crucia l fac to r c o n tro llin g  the a c tiv ity  o f  

a b ifunc tion a l cata lyst [41 ], A lso , the h igh a c tiv ity  o f  R u-supported catalysts leads to 

a drastic reduction  in  asphaltenes (Table 7.1 ).

7.4 .3 .2  P y ro ly tic  O il
The effect o f  Ru load ing  am ount can be fu rth e r depicted from  

the petro leum  cuts as shown in  F igure 7.7. From  the figure, the use o f  catalysts 

decreases gas o il and residues in  accordance w ith  the increm ent in  the lig h t fractions; 

naphtha and kerosene. The o ils  obtained over Ru-supported catalysts have h igher
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content o f  lig h t fractions as compared to that produced over M C M -4 1. Th is  is again 

a ttribu ted  to th e ir b ifu n c tio n a lity . M oreover, the contents increase w ith  increasing R u 

load ing . As com pared to 1 .5% R u/M C M -41 , 2 % R u /M C M -41  produces the o il hav ing  

s lig h tly  h igher naphtha and less kerosene whereas the heavier gas o il fractions 

rem ain  constant, ind ica ting  that 2% R u/M C M -41  fu rthe r cracks o r transform s 

kerosene to naphtha and lig h t gases.

F igure 7.8 illustra tes the F T IR  spectra o f  the derived  o ils . In  

the figure , bands at the wave num ber o f  740cm '1 and 7 0 0 cm '1 ind icate the presence 

o f  the po ly-a rom atics  in c lu d in g  b iphenyl [32,42], As such, Ru-supported catalysts 

produce the o ils  hav ing  the low est band in tens ity , ind ica ting  the ir lo w  po ly -a rom a tic  

contents. A n d  the p o ly c y c lic  aromatics decreases w ith  increasing ru then ium  loading. 

T h is  is w e ll consistent w ith  the results obtained fro m  liq u id  adsorption 

chrom atography, as depicted in  Figure 7.9. Besides, fro m  the figu re , a gradual 

increase in  m ono-arom atics in  accordance w ith  a decrease in  p o ly - and po la r- 

arom atics is observed as the ru then ium  content increases. R uthen ium  based cata lyst 

was found to e x h ib it h igh  hydrogenation a c tiv ity  [15 ], and its a c tiv ity  increased w ith  

increasing ru then ium  load ing [30,43]. A khem edov and A l-K h o w a ite r [44 ] found that 

R u /Z S M -5  demonstrated m uch h igher C -C  bond cleavage se lec tiv ity  in  cycloalkanes 

in  com parison w ith  alkanes. M eanw h ile , the hydrogenation o f  arom atics occurs 

m o s tly  over the m e ta llic  func tion  o f  the catalyst, a lthough the acid sites have some 

hydrogenation a c tiv ity  [45 ], bu t the rate is considerab ly lo w e r than that o f  metal sites 

[46 ], I t  was also reported that hydrogenation o f  p o ly c y c lic  arom atics is m ore 

preferable than s ing le -ring  aromatics [46-48 ] and genera lly  y ie lds  pa rtia l 

hydrogenated products [49 ], In  the present study, Ru is w e ll dispersed in  a ll samples, 

as indicated by  X R D , F f-ch e m iso rp tio n  analysis. Therefore, it  is l ik e ly  that 

increasing R u load ing  benefits a h igher hydrogenation a c tiv ity , p rom o ting  

conversion o f  po ly-a rom atics  to (pa rtia l) hydrogenated compounds, w h ich  w o u ld  

fu rthe r undergo ring -open ing  and/or crack ing  over acid sites. As a consequence, 

h igher concentration o f  m ono-arom atics and lig h t fractions are achieved.

On the other hand, the increasing ru then ium  load ing  also leads 

to the gradual reduction  in  polar-arom atics (F igure  7.9). Several explanations m igh t 

be extended to exp la in  the po lar-arom atic  reduction  having occurred in  the cases o f
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R u-supported catalysts. The increasing ru then ium  content w o u ld  prevent po la r- 

arom atic fo rm a tion  due to the enhanced hydrogenation  a c tiv ity  [50 ]. A t  the same 

tim e, side crack ing  reaction  that produces po lar-arom atics w ith  low er m o lecu la r 

w eights [51 ,52 ] m ig h t also be a candidate. A nd , the h igh  am ount o f  coke generated 

on the spent R u-supported catalysts (Tab le  7.1) as a result o f  the accum ula tion  o f  

po la r-a rom atic  com pounds [51 ] should not be excluded. Besides, the increase in  

hydrogenation a c tiv ity  w ith  increasing ru then ium  content in  the cata lyst m igh t 

prom ote the hyd rodesu lfu riza tion  (H D S ) reactions, causing the reduction  o f  po lar- 

arom atics. T h is  is m ore lik e ly  to occur since the H D S  o f  the feed con ta in ing  bo th  

po lar-arom atics and o ther p o lycyc lic  arom atics m a in ly  fo llo w e d  the H Y D  pathw ay 

due to the com pe tition  adsorption on the active sites [53 ]. A nd , i t  is also w e ll-k n o w n  

that the H D S  reactions v ia  H Y D  pathw ay lead to the fo rm a tion  o f  m ono-arom atic  

[54 ], That p robab ly  exp la ins the gradual increase in  m ono-arom atics at the expense 

o f  po lar-arom atics as observed in  F igure  7.9.

F in a lly , the reason fo r a h igh  concentra tion  o f  d i-arom atics in  

the o il obta ined over 2 % R u /M C M -4 1 (F igure 7.9) is not clear. H ow ever, from  the 

F T IR  analysis (F igure  7.8, the bands at the wave num ber o f  around 7 00cm '1), it 

seems that the h igh d i-a rom atics content m igh t be a ttribu ted, o r at least p a rtia lly , to 

the h igh  concentra tion  o f  b i-pheny l and its substituted com pounds [45], Therefore, it  

is possible that the presence o f  h igh  am ount o f  Ru sites on the ve ry  large surface o f  

M C M -4 1 , to a certa in extent, decreases the steric hindrance, resu lting  in  a p rom o tion  

e ffect on the occurrence o f  the HDS reaction v ia  D D S  route, w h ich  is w e ll know n  to 

produce d i-a rom atics [54 ]. Pawelec e t al. [55 ] found that the H D S  o f  4,6 d im e th y l- 

d ibenzothiophene on C o M o /P /T i-H M S  (H exagona l M esoporous S ilica  

m a te r ia lH M S )  catalysts occurred v ia  ( i)  dea lky la tion , resu lting  in  dibenzothiophene 

fo rm a tion ; and ( i i)  isom eriza tion  (m ain route) to produce 3,6 d im e th y l-D B T , and 

even tua lly  3 ,4 ’ d im e thy l-b iph eny l and 3 ,4 ’ m e th y lcyc lo h e xy l toluene products. 

F lowever, no study on Ru-supported pure s ilica  M C M -4 1  have been published fo r the 

a b ility  o f  th is  cata lyst to drive  the H D S o f  4,6 d im e th y l-D B T  v ia  the isom eriza tion  

route as in troduced by  Pawelec [55]. B u t, to study th is  is out o f  the scope o f  th is 

research w o rk . Therefore, a fu rther study is needed to elucidate th is  issue.
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7.5 Conclusions

Cata lyst temperatures s trong ly  in fluenced  the p roduct d is tr ib u tio n  and the 

nature o f  the products obta ined fro m  the M C M -4 1  ca ta lyzed-pyro lys is  o f  waste tire. 

The o il y ie ld  f irs t decreased, and then increased w ith  ca ta lyst temperature. And, 

under the h ighest studied catalyst temperature, the h ighest p o ly -  and po lar-arom atics 

were produced. In  add ition , increasing cata lyst tem perature decreased the y ie ld  o f  

naphtha in  accordance w ith  the increm ent o f  heavier fractions. These phenomena 

m ig h t be a ttribu ted  to  the com bina tion  effects o f  h igh  cata lyst tem perature, the meso- 

pore and acid properties o f  M C M -4 1 , leading to the preference occurrence o f  

a lky la tio n , a rom atiza tion  and D ie l-A ld e r  reactions.

Ru was h ig h ly  dispersed in  a ll Ru-supported catalysts. The inco rpo ra tion  o f  

R u on the surface o f  M C M -4 1  was found to have p rom o tion  effects on the cata ly tic  

a c tiv ity . A n d  the ca ta ly tic  a c tiv ity  increased w ith  increasing R u  loading, w h ic h  was 

a ttribu ted  to a better hydrogenation ac tiv ity . Gas y ie ld  increased g radua lly  at the 

expense o f  the liq u id  y ie lds w ith  R u content in  the b ifu n c tio n a l catalysts. 

Furtherm ore, Ru-supported catalysts produced m uch lig h te r o ils  as compared to 

M C M -4 1  and non-ca ta ly tic  pyro lys is . A n d , a h igher se le c tiv ity  tow ard  lig h t 

petro leum  fractions was observed over a ca ta lyst having h ighe r concentra tion  o f  

ru then ium  m etal sites. That was expla ined b y  the p ro m o tio n  in  the hydrogenation  o f  

bo th  p o ly - and po lar-arom atics, as Ru load ing  increased, fo llo w e d  by  ring -open ing  

and/or crack ing  p roducing  low er m o lecu la r w e ig h t hydrocarbons.
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Table 7.1 P hysica l and chem ical properties o f  M C M -4 1  and Ru-supported catalysts

Samples %wt Ru
Dispersion

(%)

Ru particle sizeb 
(กกา)

Surface area 
(ทา2.9'1)

Pore
Diameter (กทา)

Coke
(g ST1 catalyst)

Asphaltenes

(g  g-1 oil)
MCM-41 (350°C)« - - - 1454 2.61 0.084 0.00064
MCM-41 (400oC)a - - - 1454 2.61 0.097 0.00053
MCM-41 (450°C)a - - - 1454 2.61 0.108 0.00073
1%Ru/MCM-41 0.98 68.5 1.88 1450 2.57 0.119 0.00048
1.5%Ru/MCM-41 1.51 67.9 1.90 1448 2.56 0.126 0.00041
2 %R ฟพCM-41 2.02 65.2 1.98 1439 2.51 0.124 0.00022

aCatalyst temperature

b Mean diameter o f ruthenium particle determined by H2-chernisorption

Table 7.2 Products obta ined from  therm al and ca ta ly tic  py ro lys is  us ing M C M -4 1 *

Y ie ld  (% w t) N o n -C a t M C M - 4 1

N aph tha 13.02 18.81

K e rosene 8.81 9.95

L G O 7 .80 4 .83

G O 7 .62 2.28

R e s idues 6.77 2.15

C o n ten t (% w t) N o n -C a t M C M - 4 1

S a t-H C s 53.81 48.21

M o n o -a ro m a t ic s 13.24 17.18

D i-a ro m a t ic s 9.88 20.37

P o ly -a ro m a t ic s 8 .99 6.55

P o la r-a ro m a tic s 12.68 7 .69

Y ie ld  (% w t) N o n -C a t M C M - 4 1

Gas 10.33 14.56

L iq u id 44 .02 38.02

S o lid 45 .6 5 45.42

^Catalyst temperature =330°c

Table 7.3 P yro lys is  products obtained from  using various ca ta ly tic  temperatures

Cata lyst Tem perature 

(°C)

Product D is tr ibu t io n  (%wt) Y ie ld  o f  Petro leum  Cuts (%wt) Chem ica l C om pos it io n  (%wt)

Gas L iq u id So lid Naphtha Kerosene Gas O il Residues Po ly-arom atics Po lar-arom atics

(Non-Cat) 350 10.33 44.02 45.65 13.02 8.81 15.42 6.77 8.99 12.68

350 14.56 38.02 45.42 18.81 9.95 7.11 2.15 6.55 7.69

400 23.52 32.05 45.24 16.49 8.38 5.88 1.11 6.45 8.05

450 13.52 42.04 44.44 15.64 10.61 13.08 2.35 821 11.69



96

0 2 4 6 8 10 12 14 16 18 20

2 theta (degrees)

Figure 7.1 X R D  patterns o f  the M C M -4 1  and R u /M C M -4 1  catalysts.

Figure 7.2 T P D -N H 3 p ro file s  o f  R u /M C M -4 1  catalysts.

0 50 100 150 200 250 300 350
T e m p e r a t u r e  ( o C )

Figure 7.3 TPR  p ro file s  o f  R u /M C M -4 1  catalysts at various load ing  percentages.
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Figure 7.4 IR spectra of pyrolytic oils obtained from thermal and catalytic pyrolysis 
using MCM-41 at 350°c.

Figure 7.5 Carbon number distribution of mono- and di-aromatics in oils obtained 
from thermal and catalytic pyrolysis using MCM-41.
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Figure 7.6 Effect of Ru loading amount on product distribution.

Figure 7.7 Petroleum cuts of pyrolytic oils obtained from using various Ru
percentages.

Figure 7.8 IR spectra of pyrolytic oils obtained from thermal and catalytic pyrolysis.
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Figure 7.9 The chemical compositions of pyrolytic oils obtained from thermal and 
catalytic pyrolysis.
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