
CHAPTER VI
ROLES OF RUTHENIUM AND ITS PARTICLE SIZES 

IN CATALYTIC PYROLYSIS OF WASTE TIRE

6.1. Abstract

The catalytic pyrolysis o f  waste tire w ith  Ru/SBA-1 catalysts was carried 

out. The roles o f  ruthenium were elucidated since the support, a pure silica SBA-1 

synthesized v ia  silatrane route, was proven to be cata lytica lly  inactive and its 

structure was retained after pyrolysis. Ruthenium clusters increased the y ie ld  o f 

gaseous products, approximately 2 times as compared to thermal pyrolysis, at the 

expense o f  the liq u id  yield. In addition, the presence o f  ruthenium sites led to an 

obvious reduction in  the concentration o f  po ly- and polar-aromatics and also a shift 

o f  hydrocarbon d istribution to the lighter fractions. A  series o f  l% R u /S B A -l 

catalysts having ruthenium particles sizes in the range o f  2.5 nm to 4.5 nm was 

successfully prepared, as revealed from  CO-chemisorption and T E M  results. The 

catalytic activ ity  o f  these Ru-based catalysts was found to be strongly dependent on 

the size o f  their ruthenium particles. The decrease in ruthenium particle size in  the 

tested range increased the catalytic activ ity, in  terms o f  po ly- and polar-arom atic 

reduction and ligh t o il production. The observed phenomena were explained in 

relation w ith  catalyst characterization results.

6.2. Introduction

The main advantage o f  tire pyrolysis is that a ll o f  its products, i.e. a 

carbonaceous char, o il and a gas fraction, have potential to be u tilized [1], Am ong 

them, pyro ly tic  o il has attracted much more attentions due to its h igh heating value 

[2] and its property, which was reported to be sim ilar, to a certain extent, to that o f 

commercial naphtha [3]. However, the m ajor obstacle that has lim ited  the application 

o f  this o il as fuel is its high concentration o f  aromatics, especially po lycyc lic  

aromatic compounds [3]. Moreover, pyro lytic  o il has been shown to contain a 

considerable amount o f  sulfur-containing compounds [4], A nd  the low  resistance to



60

sulfur poisoning is one o f  the m ajor drawbacks o f  noble metal-supported catalysts. 

Interestingly, su lfur tolerance may be enhanced by m od ify ing  the physicochemical 

characteristics o f  the metal atoms by (i) using acidic carriers, ( i i )  a lloy ing  w ith  other 

metals, or ( i i i )  changing the metal particle size [5], D iffe rent metal particle sizes can 

be obtained by contro lling  the catalyst preparation conditions/methods [6].

Recently, we have reported the high ac tiv ity  o f  Ru-supported mesoporous 

M C M -41 fo r po ly- and polar-aromatics reduction, and simultaneously fo r the 

production o f  ligh t o il from  waste tire pyrolysis [7], The high ac tiv ity  o f  R u /M C M - 

41 catalyst was proposed to be the combination effects o f  its b ifunctiona lity  

contributed from  metal and acid sites. However, the complex structure o f  tire, 

together w ith  the presence o f  b ifunctiona lity  o f  the catalysts, makes it  d iff ic u lt to 

d istinguish the roie(s) o f  metal and acid sites during catalytic pyrolysis. Meanwhile, 

understanding the role o f  each ind iv idua l site m ight help designing a better catalyst.

This study was carried out to investigate the roles o f  ruthenium  during waste 

tire pyrolysis. The influences o f  ruthenium particle size on the catalytic ac tiv ity  o f  

Ru-based catalysts were also studied.

6.3. Experimental

6.3.1 Catalyst Preparation

To synthesize SBA-1, silatrane was firs t synthesized using the method 

o f  W ongkasem jit’ s group [8]. The silatrane precursor was added to a solution 

containing NaOH, and H2SO4, fo llow ed by adding a solution o f  water and C TA B  

w ith  vigorous stirring  [9]. Water was added to this m ixture p rio r to aging at room 

temperature fo r 2 days to form a white precipitate. The product was filte red and 

washed w ith  water. Then, the white solid was dried at room temperature and calcined 

at 580°c fo r 6 hours (0 .5°c /m in ) to obtain mesoporous SBA-1.

Ru-supported catalysts were prepared using conventional wetness 

impregnation technique. A n  appropriate amount o f  precursor so lution o f  R U C I3 .X H 2 O , 

purchased from  F L U K A , was dropped to the SBA-1 to obtain 1 % w t o f  Ru, fo llow ed 

by drying in an oven at 110°c fo r 3 hours. In order to obtain Ru/SBA-1 catalysts 

w ith  d ifferent ruthenium particle sizes, the obtained dried sample was divided into 3
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portions, w h ich  were calcined under d iffe rent heating rates ( l° c /m in ,  5°c /m in , and 

10°c/m in) from  room temperature to 580°c. Subsequently, a ll samples were 

pelletized and sieved to obtain particle sizes in  the range o f  400- 425 pm. Prior to 

catalytic ac tiv ity  testing, all catalysts were reduced by hydrogen at 400°c fo r 3 hours.

6.3.1 Catalyst Characterization

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

scanning speed o f  0.5 degree/min and 20 from 1.5 degree to 60 degree. The 

com position o f  the Ru on the support was determined by the Inductive ly Coupled 

Plasma (ICP) technique (Perkin E lmer Optim a 4300 PV). The surface area, pore 

volum e and pore size d istribution  o f  the studied catalysts were characterized by N 2 
physical adsorption using a Sorptomatic 2900 equipment. Carbon monoxide 

chem isorption was carried out in a M icrom eritics 2900 apparatus at room 

temperature, after the in -situ  reduction o f  sample at 500°c (10°c /m in ) fo r 1 hour, 

under a f lo w  o f  แ 2. Dispersion data was calculated by assuming a stoichiom etry o f  

CO/Ru =1 [10]. SEM  and T E M  images were recorded by a JEOL 2010 and JEM  

2100 instrument, respectively. For determination o f  particle size by TE M , the mean 

size o f  Ru particles was calculated on the basis o f  size measurements o f  300-500 fo r 

each sample. Temperature programmed techniques including  H 2-TPR, TP D -H 2, and 

TPO were conducted using the same M icrom eritics 2900. For TP D -H 2, about 0.1 g o f  

sample was firs t pretreated in  He at 550°c fo r 30 minutes. Then, the system was 

cooled to 30°c, and the แ 2 adsorption was performed fo r 1 hour, fo llow ed by He 

purging for 30 minutes. The TP D -H 2 was started from  30°c to 500°c w ith  a heating 

rate o f  5°c /m in . TPR-H 2 o f  Ru-supported catalysts was conducted from  room 

temperature to 500°c w ith  a heating rate o f  5 °c /m in  after pre-treatment o f  sample at 

150°c under He flo w  fo r 1 hour. TPO was performed from  room temperature to 

900°c (10°c/m in ), and the fina l temperature was held fo r 30 minutes. The amount o f  

coke was then determined from  the area under the curve and calculated by the 

software equipped w ith  the machine. The sulfur contents in waste tire and in the 

spent catalysts were determined by elemental analysis (LEC O , US).

6.3.3 Pyrolysis o f  Waste Tire

The detail o f  pyrolysis process was described elsewhere [11], B rie fly , 

a tire sample was pyrolyzed in  the lower zone o f  the reactor (500°C), and then the
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evolved product was carried to the upper zone (350°C) packed w ith  a catalyst. The 

obtained product was next passed through a condensing system to separate 

incondensable compounds from  the liqu id  product. The solid  and liq u id  products 

were weighed to determine the product d istribution. The amount o f  gas was then 

determined by mass balance. The gaseous product was analyzed by a GC equipped 

w ith  an FID. The liqu id  product was firs t dissolved in n-pentane to precipitate 

asphaltenes. The obtained maltenes was analyzed by F T IR  and liqu id  adsorption 

chromatography [12], in  which saturated hydrocarbons, mono-, di-, po ly-, and polar- 

aromatics were fractionated. F ina lly, a S IM D IS T  GC was used to analyze the 

obtained maltenes and hydrocarbon fractions according to the A S T M  D2887 method 

to determine the simulated true boiling  point (TBP) curves. The curves were then cut 

into petroleum fractions, based on their bo iling  point ranges, including naphtha 

(<200°C), kerosene (200°C-250°C), ligh t gas o il (250°c -  300°C), heavy gas o il 

(300°C-370°C), and residue (>370°C).

6.4. Results and Discussion

6.4.1 SBA-1 as the Selected Support

In order to clearly determine the roles o f  ruthenium and the effects o f 

ruthenium particle size o f  Ru-supported catalyst in  the cata lytic pyrolysis o f  waste 

tires, a selected support should not play any role on chemical reactions. A dd itiona lly , 

to obtain a high metal dispersion fo r a metal-supported catalyst, the use o f  a zeolite, 

especially the one having large surface area, is com m only suggested. Moreover, a 

pure silica material has been shown to be inactive fo r the conversion o f  used tire 

rubber in to hydrocarbon products [13]. Consequently, in this study, a silica  SBA-1 

was firs t synthesized via  the silatrane route [9], The accomplishment o f  the material 

synthesis was confirmed by X R D  and N 2-physical adsorption results. The surface 

area and pore volume o f the synthesized SBA-1 are 1,428 m 2/g and 0.72cm3/g, 

respectively, which are sim ilar to the values from the reference [9].

The experiment results o f  thermal and catalytic pyrolysis using SBA-1 

as a catalyst are depicted in Figure 6.1. It can be seen that the yie ld o f  solid product 

is s im ila r in both runs (Figure 6.1 A). This is because o f  the fact that the pyrolysis
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conditions were kept constant and the tire  was reported to be com pletely decomposed 

at 500°c [14]. As compared to non-catalytic case, the use o f  SBA-1 ins ign ifican tly  

influences the product yields because the yields o f  gas and liqu id  products in  the two 

runs are comparable. In  addition, the concentrations o f  saturated hydrocarbons, 

mono-, d i-, po ly- and polar-aromatics, analyzed by liqu id  adsorption chromatography, 

o f  the tw o derived o ils are quite s im ilar (Figure 6. IB ). Furthermore, the TBP curves 

o f  the tw o o ils are m ostly overlapped (Figure 6.1C). Thus, it  is safe to conclude that 

SBA-1 is ca ta lytica lly inactive fo r waste tire pyrolysis.

6.4.2 Roles o f  Ruthenium during Catalytic Pyrolysis o f  Waste Tire

1 %Ru-supported SBA-1 catalyst was prepared, and its catalytic 

ac tiv ity  was tested fo r understanding the role o f  ruthenium in  the waste tire pyrolysis. 

The amount o f  ruthenium loaded on the SBA-1 support is confirmed by ICP analysis. 

No loss in  the c rys ta llin ity  o f  the SBA-1 is detected in the X R D  pattern o f  the 

prepared l% R u /S B A -l sample. Note that the SBA-1 was proven to be cata lytica lly 

inactive fo r waste tire  pyro lysis; thus, from  this point, the influences o f  l% R u /S B A -l 

w il l be presented by comparing d irectly to the therm al-pyrolysis.

The results o f  experiments w ith  and w ithout l% R u /S B A -l are given 

in  Figure 6.2. The results include the product yields, petroleum cuts, and 

compositions o f  the derived oils. Figure 6.2A shows that l% R u /S B A -l decreases the 

y ie ld  o f  o il in accordance w ith  an increase in the y ie ld  o f  gaseous products. Namely, 

the gas y ie ld  increases from  ~10 % wt to ~20 % wt. Figure 6.2B shows the petroleum 

fractions in  the pyrolysis oils. A  high concentration o f  heavy fractions, i.e. residues 

and heavy gas o il, is observed in the non-catalytic o il. The presence o f  l% R u /S B A -l 

catalyst shifts the TBP curves to lower temperature, resulting in  the increase in  ligh t 

fractions. The content o f  ligh t fraction (bo iling  point < 250°C) increases from  

approximate 50 w t%  to over 70 wt%. Figure 6.2C indicates that l% R u /S B A -l 

strongly influences the compositions o f  the pyrolysis oils. As compared to non- 

catalytic o il, the contents o f  poly- and polar-aromatic hydrocarbons (PPAHs) are 

much lower. The reduction o f  these heavy HCs caused by the presence o f  Ru-based 

catalysts is further confirm ed by observing the results obtained from  F T IR  analysis 

(Figure 6.2D). This figure presents the FT IR  spectra o f  the oils in  the wave number 

corresponding to the po lycyc lic  aromatic range [15,16], The intensity o f  peaks at
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700cm '1 and 740cm"1 in  the spectrum o f  the o il produced over l% R u /S B A -l is 

obviously low er than that o f  the non-catalytic case, indicating a low er concentration 

o f  po lycyc lic  HCs [16].

The form ation o f  PPAHs from  the pyrolysis o f  waste tire  was reported 

to occur through the D ie ls-A lders reaction and aromatization [4,17,18], And a po ly

aromatic compound, such as phenathrene, was formed after the form ation o f 

naphthalene, a d i-arom atic compound. M oreover, no evidence proving the direct 

form ation o f  aromatics from  cyclization o f  alkanes was observed [17]. The presence 

o f  ruthenium clusters in  this study drastically decreases PPAHs (Figure 6.2C). Due to 

the fact that the nature o f  ruthenium is h igh ly  active fo r catalyzing hydrogenation 

reaction [5]; thus, it  m ight decrease PPAHs either by: ( i) converting their 

intermediates to smaller molecules preventing the ir form ation (firs t rou te), or: ( ii)  

transform ing them to other types o f  molecules, most like ly  through hydrogenating 

(se c o n d  rou te).
I f  the firs t route is really the case, then the content o f  di-aromatics, 

intermediates o f  PPAHs, should be low er w ith  respect to the thermal pyrolysis. 

However, fo r l% R u /S B A -l catalyst, the reduction o f  PPAHs is accompanied w ith  

the increase in  di-aromatics; thus, the occurrence o f  the firs t route is unlikely. 

Moreover, it has been reported that the hydrogenation o f  poly-arom atics is more 

preferable than the ir d i-arom atic intermediates [19], and generally yields partial 

hydrogenated products [20], This, together w ith  the higher concentration o f  d i

aromatics (fo r l% R u /S B A -l)  w ith  respect to thermal pyrolysis (F igure 6.2C), 

suggests that the reduction o f  PPAHs is more like ly  to occur by the second route. 

However, it  should be noted that no evidence disproving the firs t route has been 

found. Therefore, it  can be concluded that ruthenium decreases PPAHs by both ways, 

but the second route is more like ly.

The presence o f  ruthenium clusters also decreases saturates in the 

derived o il (F igure 6.2C). This is w e ll consistent w ith  the results obtained from  FTIR  

analysis (Figure 6.2E). The peak at 3030 cm '1 corresponds to the C -H  stretch 

aromatic c, whereas the peak at 2920 cm '1 belongs to the CH stretch aliphatic [15]. 

And, the ratio between the intensity (I) o f  peak at 3030 c m '1 and 2920 cm"1 (13030cm- 

l / l 2920cm -l ) relates to the concentration o f  saturates in  o il [21], It can be seen that as
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compared to thermal pyrolysis, this ratio increases when l% R u /S B A -l was used, 

indicating a low er concentration o f  saturates in  the derived o il [22], Usually, Ru- 

based catalyst is a good catalyst fo r hydrogenolysis reaction o f  hydrocarbons [5]. 

And, a consequence o f  hydrogenolysis generally is the production o f  ligh t alkanes 

[23], From the gas analysis from  both thermal and catalytic pyro lysis in  Figure 6.2F, 

the yields o f  methane, ethane, propane and m ix -C 4 increase dram atically when 

l% R u /S B A -l was used. Therefore, those saturates m ight be converted to the ligh t 

gases, supporting that the deep hydrogenolysis reactions m ight have occurred [24], 

reducing saturates in  the o il.

Up to this point, it  has been proven that ruthenium  cluster strongly 

influences the pyrolysis products, SBA-1 is cata lytica lly  inactive, and there is no loss 

o f  the crys ta llin ity  o f  this support after incorporation w ith  ruthenium. However, the 

topology and/or m orphology o f  a zeolite can be changed during reaction [25], which 

can also be the cause o f  catalytic ac tiv ity  change [25,26]. Therefore, it  is essential to 

analyze the spent l% R u /S B A -l catalyst to see i f  any change in  the structure o f  the 

support has occurred, w h ich  would have contributed to the change on the activ ity. 

The coke deposited on the spent l% R u /S B A -l was firs t removed by oxidation. Then, 

it was subject to analysis by means o f  X R D  and SEM. It can be seen that its X R D  

pattern is s im ilar to the fresh catalyst (Figure 6.3). A ctua lly , no difference can be 

observed. In addition, the SEM  image o f  the spent catalysts depicted in  Figure 6.4A 

reveals the preservation o f  the SBA-1 structure. Therefore, it is safe to conclude that 

the structure o f  SBA-1 d id not change during pyrolysis. As a consequence, the 

catalytic activ ity  o f  l% R u /S B A -l is only attributed to the ruthenium contribution.

Conclusively, ruthenium strongly increases the y ie ld  o f  gas in 

accordance w ith  a reduction o f  the o il yield. M oreover, the presence o f  ruthenium 

also produces much lighter o il by decreasing po ly- and polar-aromatics. Saturates in 

o il is also lessened possibly due to the high hydrogenolysis ac tiv ity  o f  ruthenium 

clusters.

6.4.3 Influences o f  Ruthenium Particle Sizes

6 .4 .3 .1  C a ta ly s t C h a ra c ter iza tio n
X R D  patterns o f  Ru/SBA-1 samples (not shown here) reveal 

the retaining o f  the support structure after incorporation w ith  metal. And, neither
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peak o f  ruthenium nor ruthenium compound is found in a ll X R D  patterns. Probably, 

the concentrations o f  Ru on the surface o f  SB A - 1 support are below the detectable 

range o f  the instrument and/or Ru is h igh ly dispersed in  a ll samples.

The metal particle size or the consequent dispersion is strongly 

dependent on the preparation condition, as expected (Table 6.1). The sample 

prepared under the highest heating rate during calcination has the biggest particle 

size, as determined by CO-chemisorption and TE M . A  typ ica l TE M  image o f  the 

studied catalysts is illustrated in  Figure 6.4B. For determ ination o f  particle size by 

TE M , the mean size o f  Ru particles was calculated on the basis o f  size measurements 

o f  300-500 for each sample. The average particle size obtained from  T E M  is s lightly 

lower than that obtained from  CO-chemisorption fo r the same sample. However, the 

trend o f  the mean ruthenium particle size variation is identical.

Table 6.1 Physical-chemical properties o f  Ru-supported catalysts

R u
(% w t)

P o re
v o lu m e
(c m 3/g )

S u rfa c e
a re a

(m 2/g )

P o re
d ia m e te r

(n m )

D is p e rs io n

(% )

M e a n  R u  p a r t ic le  s iz e  (n m )*  

T E M  C O -c h e m is o rp t io n

S B A -1 0 .7 2 1428 2 .1 7 - - -
4 .5 R u /S B A - l 1 .02 0 .6 7 138 7 2 .1 9 2 6 .6 4 .4 9 4 .8 5
4 .0R .U /S B A -1 0 .9 8 0 .6 8 139 6 2 .2 2 2 9 .8 3 .9 9 4 .3 3
2 .5R .U /S B A -1  0 .9 9  0.71 
* V o Iu m e -a re a  m e a n  d ia m e te r

1405 2 .1 3 4 8 .8 2 .5 6 2 .6 4

Table 6.1 also summarizes the physical-chemical properties o f  

the studied Ru-based catalysts. The number in front o f  the sample name stands fo r its 

mean diameter o f  ruthenium particles obtained from  TEM . From ICP analysis, the 

percentage o f  Ru in a ll samples is w ell consistent w ith  the targeted value. Meanwhile, 

the surface area and pore volume o f  all samples decrease w ith  the addition o f 

ruthenium. However, the mean pore diameter o f  4 .0R u /S B A -l and 4 .5R u /S B A -l 

samples is higher than that o f  SBA-1, possibly caused by the blockage o f  small pores 

by ruthenium particles leading to the increment o f  mean diameter. The pore blockage 

m ight also be the reason fo r the reduction in total pore volume.
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H 2-TPR profiles o f  Ru-supported catalysts are displayed in  Figure 6.5. 

From the figure, a ll p ro files present two overlapped reduction peaks. The firs t peak at 

low  temperature (around 195°C) is assigned to the Ru3+/Ru° single step reduction, 

whereas the second peak located at high temperature (~ 230°C) comes from  the 

reduction o f  RuC>2 [5 ], The H 2-consumption curve o f  2 .5R u /S B A -l sample is broad, 

possibly due to the reduction o f  highly-dispersed ruthenium species located in 

d ifferent environments; and its high temperature peak is the clearest, indicating a 

high amount o f  ruthenium oxide. The signals o f  the 4 .0R u /S B A -l and 4 .5R u /S B A -l 

are clearly narrower than 2 .5R u /S B A -l, probably due to the poor dispersion o f  

ruthenium in the tw o samples, leading to the form ation o f  bigger particles [27], 

which is w e ll consistent w ith  CO-chemisorption and T E M  results (Table 6.1). 

Moreover, a ll samples have sim ilar ruthenium content; thus, the location o f  the peaks 

indicates the degree o f  metal support interaction. The stronger the metal support 

interaction, the more d iffic u lt it is to reduce the metal. And, a strong interaction 

between metal and support helps prevent sintering during reaction, resulting in a 

slower deactivation o f  the catalyst [5], Am ong a ll samples, 2 .5R u /S B A -l has the 

strongest interaction between metal and support indicated by its highest temperature 

o f  the reduction peak. This can be attributed to the its highest amount o f  R u 0 2 that 

has strong ruthenium -oxygen-silica interactions [28,29].

In  order to investigate the H 2 uptake o f  the reduced catalysts, 

the Ru-supported samples were subjected to T P D -H 2 analysis. The results are 

displayed in  Figure 6.6. A l l  samples show one hydrogen chem isorption peak locating 

at a temperature below  200°c. However, the location o f  the peak is d ifferent from  

sample to sample. The peak o f  TPD -H 2 pro file  o f  2 .5R u /S B A -l is located at the 

highest temperature. Considering the intensity o f  the peak which is the indication o f  

hydrogen adsorption on the metal sites, the observed trend is 2 .5R u /S B A -l> >  

4 .0R u /S B A -l>  4 .5R u /S B A -l. This is w e ll consistent w ith  the results obtained from  

CO-chemisorption and TEM . Namely, the sample, which shows the higher hydrogen 

uptake, has smaller ruthenium particles. When the particle is smaller, there exists the 

greater amount o f  accessible ruthenium atoms fo r hydrogen to adsorb; thus, 

increasing total hydrogen uptake.
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6 .4 .3 .2  Influences o f  Ruthenium  P a rtic le  S ize
As demonstrated in  the previous section, a series o f  

l% R u /S B A -l catalysts having d ifferent ruthenium particle sizes was successfully 

prepared. As such, this section presents the influences o f  ruthenium particle size on 

the y ie ld  and nature o f  the obtained products, which are summarized in Figure 6.7.

Figure 6.1  A  illustrates the product d is tribution  obtained from 

using Ru/SBA-1 catalysts having various ruthenium particle sizes. The size o f  

ruthenium particle strongly affects the y ie ld  o f  gaseous product. The gas yield 

increases gradually at the expense o f  the y ie ld  o f  o il w ith  decreasing ruthenium 

particle size. For instance, the y ie ld  o f gaseous product increases from  around 

15 % w t to almost 25 % w t whereas the o il y ie ld  drops from  around 40 % w t to 

30 % w t when the ruthenium particle size decreases from  4.5 nm to 2.5 nm. The 

influence o f  ruthenium particle can be further depicted by the petroleum cuts as 

shown in  Figure 6.7B. The decrease in ruthenium particle size causes a sh ift o f  

hydrocarbons from  heavy fractions i.e. residues and heavy gas o il (HG O ) to lighter 

fractions, naphtha and kerosene. And the highest selectivity toward ligh t fractions is 

observed over the smallest ruthenium particle containing sample, 2 .5R u /S B A -l. 

Figure 6.7C depicts the compositions o f  the derived oils, w h ich  reveals that the 

sample having the smallest ruthenium particle exhibits the highest ac tiv ity  fo r the 

reduction o f  PPAH compounds in  the derived o il. And, increasing ruthenium particle 

size decreases the ac tiv ity  on PPAH reduction. The mechanism o f  hydrogenation 

reaction o f  aromatics was reported to involve the dissociative adsorption o f  H 2 on the 

metal sites [30], M eanwhile, as revealed from  catalyst characterization, the sample 

having smaller ruthenium particle size possesses higher hydrogen uptake (Figure 6.6). 

Therefore, 2 .5R u /S B A -l exhibit higher hydrogenation activ ity  as compared to the 

other Ru-supported catalysts due to its smallest ruthenium particle size (Table 6.1). 

As a consequence, the lowest concentration o f  PPAHs was detected in  the o il 

obtained from using this catalyst.

As elucidated in  Section 3.2, the ruthenium sites are the active 

sites fo r the reduction o f  PPAHs and saturates in  the derived oils, possibly by 

hydrogenation and hydrogenolysis reactions, respectively. M oreover, the sample 

w ith  the smallest particle size produces the o il having the highest selectivity toward
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ligh t fractions, i.e . naphtha and kerosene (Figure 6.7B), in  accordance w ith  the 

lowest concentration o f  PPAHs (Figure 6.7C). Besides, the yields o f  ligh t alkane 

hydrocarbons in  gaseous products increase gradually w ith  decreasing ruthenium 

particle size (Figure 6.7D). These observations suggest the existence o f  greater 

hydrogenation and hydrogenolysis reactions [24] as the metal particle size decreases 

due to the increase o f  ruthenium specific surface area. Therefore, it is lik e ly  that the 

decreasing ruthenium  particle enhances hydrogenation reactions, then, the 

hydrogenated species m ight be further converted into low er molecular weight 

compounds by thermal cracking and/or hydrogenolysis reactions. That explains the 

increment in  ligh t o il production w ith  decreasing ruthenium particle size. In addition, 

the greater hydrogenolysis reactions also explain the decrease in  saturated HC 

content in  the obtained oils (F igure 6.7C). FT IR  experiment (not shown here) further 

confirm s the reduction in saturates in  o il w ith  decreasing ruthenium particle size.

The results o f  TPO experiments o f  spent SBA-1 and Ru-based 

catalysts are presented in Figure 6.8. SBA-1 sample shows a main oxidation peak at 

300°c -  400°c, whereas the TPO curves o f  a ll Ru/SBA-1 samples consist o f two 

peaks located at around 300°c and 500°c. The firs t peak located at low  temperature 

(~300°C) is most lik e ly  due to the oxidation o f  adsorbed hydrocarbon species, which 

could be formed from  condensed po lycyclic  compounds [31]. And the second peaks 

at 500°c -  600°c, corresponding to the oxidation o f  deposited carbon species [31], 

are obviously distinguishable. In  addition, a sh ift o f  the second peaks to higher 

temperature w ith  decreasing ruthenium particle size is observed.

Table 6.2. Coke and sulfur in  the spent catalysts

Spent Catalysts SBA-1 2 .5R u /S B A -l 4 .0R u /S B A -l 4 .5R u /S B A -l

Coke (g/g cat) 0.027 0.061 0.098 0.112

Sulfur (% w t) - 1.75 2.12 2.20

The quantitative TPO analysis data calculated the temperatures 

in the range o f  250°c -  850°c are shown in  Table 6.2. As such, clearly the Ru-based
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catalysts produce the higher amount o f  coke than SBA-1 does. In addition, among 

Ru-supported samples, there exists a trend o f  increasing coke form ation  w ith  the 

increasing o f  ruthenium particle sizes. Nam ely, the amount o f  coke increases in  the 

fo llow ing  order: SBA-1 < 2 .5 R u /S B A -l < 4 .0 R u /S B A -l < 4 .5R u /S B A -l.

Elemental analysis gives the su lfur content in  the feed (waste 

tire) is 1.56 % wt. Consequently, during pyrolysis o f  waste tire, a considerable 

amount o f  sulfur-contain ing polar-aromatic compounds is produced. A nd these 

sulfur-contain ing compounds can deactivate the noble metal-supported catalysts by 

the strong bonding between the sulfur atoms and metal atoms [5,32], The metal- 

support interaction plays an important role in  changing the strength o f  the bonding 

interaction between sulfur and metal [20,32-34]. In  addition, a stronger interaction 

between metal and support also helps prevent sintering during reaction, resulting in  a 

slower deactivation o f  the catalyst [5], Besides, the su lfur tolerance m ight also be 

enhanced by changing the metal particle size [5]. According to the results o f  

elemental analysis fo r su lfur contents in  the spent catalysts g iven in  Table 6.2, 

2 .5R u /S B A -l exhibits the highest sulfur tolerance among Ru-supported catalysts due 

to its lowest su lfur content, w h ich  is probably caused by its strongest interaction 

between metal and support and smallest ruthenium  particle. Consequently, 

2 .5R u /S B A -l exhibits the highest catalytic activ ity  w ith  the least coke formation. 

The other samples, which have bigger ruthenium particles, display much lower 

catalytic ac tiv ity  due to their low  dispersion and resistance to coke form ation.

6.5 Conclusions

The roles o f  ruthenium and the effects o f  its particle sizes in  the catalytic 

pyrolysis o f  waste tire w ith  Ru/SBA-1 catalysts have been studied. SBA-1 was 

selected to be used as the support since it  was proven to be re la tive ly  cata lytica lly 

inactive and its structure remained unchanged after reaction. Ruthenium clusters 

were the active sites fo r poly- and polar-aromatic hydrocarbons (PPAHs) reduction. 

And, ruthenium sites also decreased saturates in  the derived oils. The conversion o f  

these PPAHs and saturated compounds to the ligh ter one w ith  the presence o f  

ruthenium sites resulted in  the greater ligh t o il production as w e ll as the increment o f
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the y ie ld  o f  gaseous products.

Ruthenium particle sizes strongly influenced the catalytic a c tiv ity  o f  Ru- 

supported catalysts. Poly- and polar-aromatic reduction a c tiv ity  increased w ith  

decreasing ruthenium particles. Consequently, the content o f  ligh t fractions in  the 

derived o il also increased w ith  decreasing ruthenium particles. The increase in  

catalytic ac tiv ity  w ith  decreasing particle size was explained by the higher dispersion, 

resulting in  the increase in แ 2 uptake, and by the stronger interaction between metal 

and support, leading to the better coke resistance.
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Figure 6.1 Effects o f  SBA-1 on the pyrolysis products: (A ) Product d istribution, (B) 

L iq u id  compositions, and (C) True B o iling  Point Curves.

D E

Methane Ethane Propane Mixed-C4
Wavenumber (cm-1 ) Wavenumber (cm-1)

Figure 6.2 Effects o f  l% R u /S B A -l on the pyrolysis products: (A ) Product 

d istribution, (B ) Petroleum cuts, (C ) L iqu id  composition, (D ) F T IR  in  the aromatic 

range, (E) FT IR  in  the saturates range, and (F) L igh t alkanes yie ld.
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20 (degrees)

Figure 6.3 X R D  patterns (a) SBA-1, (b) Fresh l% R u /S B A -l, and (c) Spent 

l% R u /S B A -l after coke removal.

(A ) Spent l% R u /S B A -l (B ) T E M  image o f  4 .5R u/S B A -l

Figure 6.4 (A ) SEM image the spent l% R u /S B A -l after coke removal; (B ) T E M

image o f  4 .5R u /S B A -l
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Figure 6.5 H 2-TPR profiles o f  Ru/SBA-1 catalysts.
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Figure 6.6 Hydrogen TPD profiles o f  reduced Ru/SBA-1 catalysts.
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Figure 6.7 In fluences o f  ru then ium  partic le  size on p y ro lys is  products: (A )  Product 

d is tribu tion , (B ) Petro leum  cuts, (C ) L iq u id  com positions, and (D ) L ig h t alkanes

y ie ld .
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Figure 6 . 8  TPO  o f  the spent R u/S B A -1  catalysts.
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