
CHAPTER IV
EFFECTS OF PYROLYSIS TEMPERATURES AND 

Pt-LOADED CATALYSTS ON POLAR-AROMATIC CONTENT IN
TIRE-DERIVED OIL

4.1 Abstract

This study investigates the influences o f  pyro lysis temperatures and Pt- 

supported catalysts on polar-aromatic content in  the oils obtained from  pyrolysis o f 

waste tire. These polar-aromatic compounds are m ostly the sulfur-containing 

aromatics since oxygen is prohibited in  pyrolysis. The experimental results indicated 

that pyrolysis temperatures strongly affected the polar-arom atic content in  the 

derived oils. Namely, the increase in  pyrolysis temperature in  the tested range 

produced not only a higher amount o f  polar-aromatics but also heavier polar- 

aromatic compounds. A l l  studied catalysts decreased the polar-arom atic content in 

the o ils  drastically. In addition, it was found that the in troduction o f  the studied 

catalyst also led to the production o f  lighter polar-aromatic compounds w ith  respect 

to that produced from  thermal pyrolysis. Comparing the two acid catalysts, H B E T A  

exhibited higher ac tiv ity  fo r polar-aromatic reduction as compared to H M O R , which 

was ascribed to its higher medium and strong acid site density, smaller particle size 

and 3D-structure. The Pt supported on H M O R  and H B E T A  catalysts showed better 

polar-aromatic reduction activ ity  than their corresponding acid catalysts. And, a 

s ligh tly  higher catalytic activ ity  was observed over P t/H B E TA  than P t/H M O R, 

which was m ain ly due the higher Pt dispersion o f  P t/H B E TA  catalyst.

4.2 Introduction

The w orld  production o f  waste tires is approxim ately 5 x l0 6 tons/year and 

nearly 65-70%  o f  these wastes are eventually legally or illeg a lly  land-filled  [1,2]. 

A long the years, d ifferent alternatives fo r waste tire recycling such as retreading, 

reclaim ing, incineration, and grindings have been used. However, a ll o f  them have 

many drawbacks and/or lim itations. Pyrolysis o f  waste tire m ight be considered as a



17

non-conventional treatment, which recently has been received renewed attention and 

attempts, since it can produce some high valuable products such as o il and 

petrochemicals.

Polar-aromatic compounds are the aromatic substances containing a sulfur, 

oxygen, or nitrogen atom in aromatic rings. And, in tire pyrolysis, most o f polar- 

aromatics are obtained in the liquid product, and believed to be mostly sulfur- 

containing aromatics as oxygen is prohibited in pyrolysis. In the tire structure, after 

vulcanization sulfur is located at the a lly lic  positions [3], and these sulfur atoms 

m ight be present as mono-sulfide, cyclic-sulfide or even dependent sulfide [4], 

Jitkamka e t al. showed that the breakdown o f a tire molecule was initialized by 

breaking ร - ร  bonds, and then spread out along the chains [5], Nowadays, there has 

been a great interest in studying on polar-aromatics, for instance aromatic-type 

sulfur-compounds, in fuels since some o f them have been proven to be carcinogenic 

[6 ] and mutagenic [7], and may also give rise to toxic and corrosive SOx in the 

exhaust streams o f combustion plant using such fuels [ 8 ]. In refinery, sulfur- 

containing compounds are removed from fuels by hydrotreating or 

hydrodesulfurization process (HDS). Nevertheless, understanding how polar- 

aromatics are formed in the pyrolysis o f waste tire helps finding the ways to prevent 

their formation and/or to eliminate them during pyrolysis. W illiams and B o ttrill [ 8 ] 

in 1995 studied the sulfur-polycyclic aromatic hydrocarbons in tire pyrolysis o il and 

reported the presence o f a large number o f  sulfur-containing polycyclic aromatic 

hydrocarbons (HCs). Furthermore, Pakdel e t a l. [9] found thiophene derivatives in 

the liquid products obtained from tire pyrolysis. Several attempts to study the effects 

o f  waste tire pyrolysis conditions on the sulfur content in the products have been 

reported. In the study o f  Diez e t a l. in 2004 [10], it was found that the amount o f 

sulfur liberated in the liquid and gas fractions after the pyrolysis process was greater 

as the final temperature rose. Moreover, they also reported that the presence o f 

chlorine in the liquid and gas products was negligible, regardless o f the final 

temperature o f  pyrolysis. The production o f sulfur-containing polycyclic 

hydrocarbons in  the pyrolytic o il was believed to occur via the Diels - Alders 

reaction involving poly-cyclic aromatic hydrocarbon and sulfur [8 ].

Attempts have been made toward understanding the mechanism o f the
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thermal degradation o f different tire components. In many cases, the outcomes were 

what one may have expected. For examples, the [3-scission was found to be more 

preferable during the pyrolysis o f natural rubber [ 1 1 ], polybutadiene [ 1 2 ], and 

styrene-butadiene rubber [13]. Corma e t al. [14] reported the ability  o f acid zeolites 

for cracking mercaptans, thiophene and thiophene derivatives. The cracking o f 

mercaptans might ultimately produce hydrogen sulfide and low  molecular weight 

hydrocarbons. However, thiophenes and alkyl-thiophenes could hardly crack directly, 

but a prior partial saturation o f the molecules v ia  hydrogen transfer should give rise 

to cracking reactions. Moreover, most o f the thiophenes converted mainly to coke, 

whereas the rest converted to gas and gasoline, but 2 -methyl thiophene was more 

prompt to crack to give gas and gasoline. The high preference o f  thiophenes to 

convert into coke under cracking conditions was also reported in the study o f Valla et 
al. [15].

M iguel e t a l. [16] found that the addition o f acid catalysts did not affect the 

degradation temperature o f  the rubber, but it made a difference to the nature o f the 

hydrocarbons obtained. They also reported that the greater the acidity was, the more 

aromatic hydrocarbons were produced. Platinum catalysts have been known as 

effective desulfurization catalysts [17], and noble metal catalysts are very active for 

hydrogenation reactions [18]. For deep HDS, the hydrogenating function o f a catalyst 

is crucial because an in itia l hydrogenation o f the refractory sulfur-containing 

molecules was found to reduce steric effects that impede the direct elim ination o f 

sulfur heteroatoms [19,20], The known poisoning effect o f Pt-based catalysts caused 

by the presence o f  sulfur-containing compounds in the feed might be overcome by 

the increase in the support acidity [21-25], Moreover, in 2004, Santikunapom e t al. 
investigated the ring-opening o f decalin and tetralin on H Y  and Pt/HY zeolite 

catalysts [26] and found that the production o f ring-opening products was increased 

with the addition o f  Pt metal.

To our knowledge, there has been no research having conducted to study the 

effect o f  pyrolysis temperature and catalysts on the polar-aromatic content in tire- 

derived oil. Thus, the purposes o f this work were to study polar-aromatic formation 

in the pyrolytic o il obtained from the non-catalytic pyrolysis o f waste tire at various 

temperatures, and to investigate the distinctive effects o f Pt-supported HM O R and
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Pt-supported H BETA catalysts on the polar-aromatic formation.

4.3 Experimental

4.3.1 Catalyst Preparation

Two zeolites, mordenite (MOR, H-form, S i:A l = 19) and BETA (N H 4- 

form, S i:A l = 27) supplied by the TOSOH Company (Singapore) were first calcined 

in air at 500°c and 600°c, respectively, w ith a heating rate o f 5 °c /m in  for 3 hours. 

Then, they were loaded w ith  Pt using the incipient wetness impregnation technique 

to obtain 1 % wt Pt-supported catalysts. A fte r that, the samples were pelletized, 

ground, and then sieved to a specific particle sizes o f 40CM25 pm. Finally, all 

catalysts were calcined in a flow  o f air at 500°c for 3 hours. Prior to catalytic activity 

measurement, the catalysts were reduced at 400°c by H 2 for 3 hours.

4.3.2 Catalyst Characterization

XRD patterns were obtained using the Riguku D/M ax 2200H using 

CuKa small radiation, and operated at 40 K V  and 30 mA. The catalyst samples were 

scanned from 5° to 60° (29/9) w ith  a scanning speed o f 5°/min. Hydrogen 

chemisorption was carried out using a conventional laboratory made-up system 

equipped w ith  a TCD detector. Prior to performing the chemisorption at room 

temperature, an approximate 50 mg o f  sample was reduced using 5% hydrogen in 

nitrogen at the temperatures ramped up from room temperature to 800°c w ith a 

heating rate o f 10°c/min. Temperature program desorption (TPD) using N H 3 was 

carried out in a TPD/TPR Micromeritics 2900 apparatus. Approximately 0.1 g o f 

sample was first pretreated in He at 550°c for 30 minutes. Then, the system was 

cooled to 100°c, and the N H 3 adsorption was performed using N H 3/N 2 for 1.5 hours 

followed by the introduction o f He to remove the physically adsorbed N H 3 for 30 

minutes at 100°c. Finally, the system was cooled to 50°c, and then the temperature 

program desorption was started from 50°c to 600°c w ith a heating rate o f 5°c/min. 

The composition o f the bifunctional catalysts was determined by Inductively 

Coupled Plasma (ICP) technique using a Perkin Elmer Optima 4300 PV machine 

after the dissolution o f the catalysts. The surface area and pore size o f the studied 

catalysts were characterized by N 2 physical adsorption using the Sorptomatic 2900
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equipment. The Dupont TG A 2590 equipped w ith  a thermal analyzer 2000, heated 

from 30 to 800°c with the heating rate o f 10°c/min was employed to study the 

amount o f coke in the used catalysts.

4.3.3 Pyrolysis o f  Waste Tire

Figure 4.1 displays the experimental diagram. A  tire sample was 

pyrolyzed in the lower zone o f the reactor from room temperature to the final 

temperature o f 500°c w ith  the heating rate o f  10°c/min. This pyrolysis zone was 

kept at the final temperature for 1 hour to ensure the total conversion o f  tire. The 

evolved products were carried by a 25 m l/m in nitrogen flow  to the upper zone, where 

was controlled at 350°c and packed w ith  a catalyst. The obtained product was passed 

through an ice-salt condensing system containing 3 consecutive condensers in order 

to separate incondensable compounds from the liquid product. The solid and liquid 

products were weighed to determine the product distribution. The amount o f  gas was 

then determined by mass balance. The gas product collected in a Dual Valve Tedlar 

PVF bag purchased from Cole Parmer was analyzed by a GC, Ag ilent Technologies 

6890 Network system, using an HP-PLOT Q column (300mm X  0.32 mm ID and 20 

pm film  thicknesses) and an FID detector. The liquid product was first dissolved in 

n-pentane w ith the ratio o f 40:1 to precipitate asphaltene prior to the determination o f 

polar-aromatic content by liquid adsorption chromatography. Saturated hydrocarbons, 

mono-, di-, poly-, and polar-aromatics in the obtained maltenes were fractionated by 

means o f the liquid adsorption chromatography technique reported in details 

elsewhere [27]. Only polar-aromatic fraction was brought to analysis in this study. 

Finally, a Varian CP 3800 Simulated D istillation Gas Chromatograph equipped with 

FID and a 15m X  0.25mm X  0.25 pm W COT fused silica capillary column (SIMDIST 

GC) was used to analyze the polar-aromatic fractions, according to the ASTM  D2887 

method, for simulated true boiling point curves and carbon number distribution. 

From the obtained true boiling point curve, a polar-aromatic portion was cut into 

ranges as follows: gasoline (<149°C), kerosene (149 -  232°C), gas o il or diesel (232 

-  343°C), light vacuum gas o il or fuel o il (343 -  371°C), and heavy vacuum gas oil 

(>371 °C).

4.4 Results and Discussion
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4.4.1 Catalyst Characterization

The XRD patterns o f the Pt-supported catalysts and their 

corresponding supports are displayed in Figures 4.2a and 4.2b. These patterns 

indicate that the introduction o f Pt to the zeolites did not affect the structure o f  the 

zeolites. However, due to the low amount o f metal loaded on the catalysts, the peaks 

o f  Pt located at the 20 o f 39° and 46° [28] are then very small.

Figure 4.3 illustrates the TPD-NH 3 profiles o f HM O R and HBETA. 

Both profiles have two peaks. In the profile o f  HMOR, the taller peak appears at the 

temperature o f  around 190°c, whereas the shorter peak locates at approximately 

480°c. For HBETA, the first peak is observed at around 290°c and the second one is 

emerged at the temperature o f 480°c. Obviously, according to the area under the 

peaks, HM OR possesses greater acid density than H BETA due to its lower S i:A l 

ratio. Meanwhile, the profile o f HBETA exhibits the long-tail end, which is the 

characteristic o f  this zeolite [29], In addition, TPD-NH 3 curve o f  HBETA shows 

higher amount o f  medium and strong acid sites (located at temperatures higher than 

250°C), as compared to that o f HMOR. This higher medium and strong acid site 

density might be attributed to the dislodged A1 o f HBETA [29]. Moreover, it should 

be noted that, in this study, HBETA was pretreated by calcination at the higher 

temperature as compared to HMOR. This probably increases the amount o f 

dislodged A1 [30], resulting in the higher medium and strong acidic sites o f HBETA 

as observed from ammonia desorption spectrum.

For all used catalysts, the TG results show two different weight loss 

positions corresponding to two different types o f deposited hydrocarbons. The first 

one is observed at a lower temperature o f around 290°c, whereas the second one is 

located at around 500°c. Between the two studied zeolites, the higher amount o f 

coke was observed on HBETA, possibly due to its larger pore volume (Table 4.1). 

And, the amount o f  coke produced on Pt/HMOR and Pt/HBETA is comparable but 

this amount is higher than that produced on their corresponding acid catalysts.
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Table 4.1 P h y s ic a l - c h e m ic a l  p r o p e r t ie s  o f  s tu d ie d  c a ta ly s ts

C a ta ly s t
P t

% w t

D isp e rs io n

( % r

S u rfa ce  area 

(m 2/g)

Po re
d iam e te r (A )

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

P a r t ic le  s ize  
(p m )d

C o k e  
(g/g cat)

H M O R - - 372.5  ± 9 .3 6 .3b 0 .20b 10-12 0.14

H B E T A - - 618.3 7.5 0.68 3-6 0.22

P t / H M O R 0.94 30 .8 359.8 6.1 0.18 - 0.38

P t / H B E T A 1.01 42.1 608 .5 7.1 0 .67 - 0.33

a D e te rm in e d  b y  H 2 ch em iso rp t io n . 

b D e te rm in e d  b y  H K .  m ethod  [31] 

d S u p p lie d  b y  T O S O H  C o rp .

The physical properties o f the studied samples are also presented in 

Table 4.1. The amount o f  metal loaded was confirmed by using ICP technique. The 

obtained values o f surface area o f HMOR and HBETA samples displayed in the table 

are close to those supplied by the TOSOH, which are 380 and 630 m2/g, respectively. 

Moreover, clearly the introduction o f  Pt led to a decrease in both surface area and 

pore volume. The decrease in surface area and pore volume suggests the diffusion o f 

Pt into the pore o f the zeolites and/or the pore blockage. The hydrogen chemisorption 

results indicate that Pt is dispersed better on H BETA than on HMOR, possibly due to 

the higher surface area [32] o f HBETA (Table 4.1). In addition, the slightly decrease 

in pore volume together w ith  the higher amount o f  coke generated over Pt-supported 

catalysts and the H 2-chemisorption results suggest that a considerable amount o f  Pt is 

located outside the zeolite crystals.

4.4.2 Polar-aromatic Formation in the Non-catalytic Pyrolysis o f  Waste

Tire

Prior to being able to explain how the catalysts can help reducing 

polar-aromatic contents, the formation o f such compounds needs to be understood. 

This section is contributed to the discussion about how polar-aromatics can be 

formed during the pyrolysis o f waste tire.

4 .4 .2 .1  P o la r - a r o m a t ic  F o r m a t io n  f r o m  T h e r m a l  C r a c k in g  o f  T ir e
The chemistry o f sulfur vulcanization is so complex that, even 

today, only the main stages have been proven. After vulcanization, sulfur was
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combined in the network in a number o f ways. Sulfur may be present as mono- 

sulfide, di-sulfide, or poly-sulfide, but it may also be present as dependent sulfides, 

or cyclic-mono- and cyclic-di-sulfides [4]. In addition, sulfur was found to attach to 

the rubber chains almost exclusively at the a lly lic  positions [3]. Moreover, a typical 

tire compound contains natural rubber (NR), styrene butadiene rubber (SBR), poly 

butadiene and butyl rubber [33], Therefore, the rubber chains o f tire should contain 

the aromatic rings originally from SBR as well as double bonds. In  addition, in the 

SBR, the configuration o f  styrene monomers could be both block and random. And, 

the amount o f bound styrene (%wt) is in the range from 10 to 45% [3], depending on 

the way the SBR was synthesized.

(a) (b) (c)

(a)

( I )

Scheme 4.1 A ll cracking positions on the SBR chain and the product (I) obtained 

from cracking at the most probable position (a) [13].

Several researches have investigated the thermal degradation 

o f different rubbers. In the work o f Chen and Qian [11], it was found that during the 

pyrolysis o f natural rubber, P-scission was much more preferable because o f the low 

bond dissociation energy, leaving the a lly lic  radicals. The thermal cracking o f 

polybutadiene also was reported to occur via P-scission [4], Meanwhile, the thermal 

degradation o f the styrene-butadiene rubber was favored to occur at the position (a) 
than at (c) in Scheme 4.1 as suggested by Choi [13], whereas no product resulting 

from the dissociation at the position (b) was observed. In addition, during the 

pyrolysis, not only the depolymerization but also the decomposition reaction to 

produce short chain hydrocarbon occurred [ 1 1 J.

In the present study, it was found that the polar-aromatics
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mainly distributed in the heavy fractions o f the oils (light and heavy vacuum gas 

oils), which is in good agreement w ith some studies [9,34,35]. Scheme 4.2 shows 

several polar-aromatics found in the pyrolyzates from various references [9,34-36],

Scheme 4.2 Some polar-aromatics found in pyrolytic oils [9,34-36].

In order to ease the further discussion about polar-aromatic 

formation/reduction w ith  respect to the pyrolysis conditions and the presence o f 

catalysts, an example o f  tire structure is hereby anticipated, as shown in Scheme 4.3, 

based upon the earlier discussion on the possible cracking positions having been 

proposed to occur during the pyrolysis o f  waste tire [11-13] and upon our 

experimental results.

Scheme 4.3 A  tire molecule (adapted from [4,8,33]) accompanied w ith  the 

proposed possible cracking positions during pyrolysis [5,11-13].

Sulfur, which is orig inally present in the tire rubber 

approximately by 1.7 % wt [37], is the source for the formation o f  sulfur-containing 

compounds during pyrolysis. In addition, oxygen is prohibited in pyrolysis.
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Consequently, polar-aromatics found in pyrolysis o il are mostly sulfur-containing 

aromatics. In the study o f Jitkamka e t al. [5], it was reported that the breakdown o f a 

tire molecule would in itia lly  occur at the ร-ร bonds, and then spread out along the 

free rubber chains. According to the dissociation energy o f the ร-ร, C-S, and C-C 

bonds, which are 429, 699 and 607 kJ.m of1, respectively [38], the free sulfur might 

easily be produced by the cracking o f tire molecule at the positions la, lb , 2a, 2b, 
3a, and 3b.

The thermal cracking reaction could simultaneously occur at 

any position from 1 to 4. The scissions occurring at the positions 1 a, b, c, and d 
result in the formation o f Species (I) [13] and some free sulfurs. A fte r that, Species

(I) might react w ith the generated free sulfurs under the presence o f ethylene v ia  the 

D iels-A lders reaction [8], followed by cyclization and dehydrogenation [35] to form

(II) . Consequently, Species (II) further reacts w ith the produced olefins [34], and 

then again cyclizes yielding Species (III) as shown in Scheme 4.4.

Scheme 4.4 An example o f polar aromatic formation via a consecutive reaction 

w ith  free sulfurs.

Scheme 4.5 An example o f hydrogen sulfide production via hydrogenation 

followed by cracking.

The production o f hydrogen sulfide [39,40] in the gas product 

could be explained by the reactions displayed in Scheme 4.5. Initialized by the 

simultaneous cracking o f  tire molecule at positions Id and 2c in Scheme 4.3, the
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product could then be stabilized by hydrogen coming from potential H-donor 

structures [34], followed by cracking to produce hydrogen sulfide and ligh t olefins 

such as ethylene and propylene [41],

In contrast, w ith the presence o f  potential H-donor compounds 

during the pyrolysis [34], the produced H 2S might be added to the olefins generated 

by the thermal cracking to form thiols, which suffer the cyclization and 

dehydrogenation into thiophenic compounds [42,43],

The cracking o f the rubber chain at the positions 2a, b, c and 

d followed by the free radical stabilization and the cyclization reaction on the chain 

[44] could lead to the formation o f alkyl benzothiophene (II). Moreover, thiophene 

could be directly produced via the cracking reaction at positions 4a and 4b, might 

undergo hydrogen transfer reaction [34], The obtained product subsequently reacts 

w ith  the available olefins [15,44], followed by cyclization and dehydrogenation [34], 

generating benzothiophene (V). Further reaction could also occur, leading to the 

formation o f polycyclic polar-aromatic compounds, V III, as shown in Scheme 4.6.

H3 C ^ ^ C H 21 
HT* [15,34] 1 [35,41 f

H3C CH21 
HT [15,34,41]

HT : Hydrogen transfer reaction

Scheme 4.6 An example o f polycyclic polar-aromatic formation initialized by the 

direct cracking o f tire.

4 .4 .2 .2  E f fe c t  o f  T e m p e r a tu r e  o n  P o la r - a r o m a t ic  P r o d u c t io n
The effect o f pyrolysis temperature on polar-aromatic 

production was also investigated in the present study. The results show that under 

the pyrolysis temperature o f 500°c, the amount o f polar-aromatics account for 

approximately l l% w t o f the obtained o il product. And, when the pyrolysis 

temperature increased, the amount o f polar-aromatics increased (Figure 4.4).

From the results, it can be explained that at higher 

temperatures, more free radicals are generated at a greater rate, so many o f  them 

combine one another. As a consequence, more aliphatic chains linked to polar



27

aromatic structures as in Scheme 4.4, and then these chains might undergo 

cyclization reactions resulting in the production o f much heavier polar-aromatic 

hydrocarbons as in Scheme 4.6. The decrement o f  gas product as observed in Figure

4.4 is also the consequence o f the poly-aromatic formations. The shift o f the peak to 

the higher carbon number w ith temperature shown in Figure 4.5 can be the evidence 

confirm ing the formation o f bigger size poly-aromatic compounds in the o il products.

In summary, the formation o f polar-aromatics could mainly be 

attributed to (i) the combinations o f available olefins and free sulfurs, ( ii)  the 

combination o f sulfur containing compounds w ith olefins, via the Diels-Alders 

reactions, and ( iii)  the direct cracking o f tire molecule at where the ร atoms are 

resided. Therefore, in order to reduce polar-aromatics in the pyrolytic oils without 

the introduction o f hydrogen, one can either prevent them from formation via such 

means or force them by any mean to crack into lower molecules and eventually to 

hydrogen sulfide as in Scheme 4.5.

4.4.3 Effects o f  the Catalysts

Figure 4.6 shows the percentages o f  the polar-aromatics in the 

pyrolytic oils obtained from the experiments run w ith different catalysts. From the 

figure, it is clear that HM O R and HBETA zeolites help decrease the amount o f 

polar-aromatics by approximately 30%wt and 50%wt, respectively, as compared to 

the non catalytic case. The introduction o f Pt on the zeolites led to a further decrease 

in the content o f polar-aromatics. And, the lowest polar-aromatic content is observed 

when Pt/HBETA catalyst was used.

Figure 4.7 shows the simulated distillation o f the obtained polar- 

aromatic portions, which were cut, according to the boiling points, into gasoline 

(<149 °C), kerosene (149-232 °C), gas o il or diesel (232-343 °C), light vacuum gas 

o il or fuel o il (343-371 °C), and heavy vacuum gas o il (>371 °C). According to the 

figure, one can see that polar-aromatics from the non-catalytic pyrolysis are mainly 

distributed in the range o f gas o il and vacuum gas oil. The introduction o f the 

catalysts alters the distribution o f polar-aromatics to a range o f lighter fractions. 

Especially, when the bifunctional catalysts were used, polar-aromatic compounds in 

the HVGO range are decreased remarkably. And, polar-aromatics are highly 

distributed in the kerosene range, instead o f  the gas o il range as having occurred
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when the corresponding zeolites were used. Besides, a small amount o f  polar- 

aromatics in the gasoline range is obtained in the case o f HBETA. This m ight be 

attributed to the fact that HBETA has two channels 7.6 X  6.4 Â  in diameter, and a 

third channel that is only 5.5 X  5.5 Â  wide [16], so that deep cracking o f polar- 

aromatics might have occurred producing H 2S and light hydrocarbons in the gaseous 

product.

Figure 4.8 shows the shift o f  carbon number distribution o f  polar- 

aromatics to lower carbon numbers in conjunction w ith  the narrower distribution 

when the catalysts were used. Many studies have proven that acid catalysts are able 

to crack thiophene, benzothiophene, and their derivatives to lower molecular weight 

substances [15,45]. Once polar-aromatics are formed, acid catalysts can crack them 

into smaller molecules, and possibly open aromatic rings, consequently reducing the 

total amount o f the polar-aromatics in the pyrolytic oil.

As presented in this work, among the two zeolites, HBETA exhibits 

higher activity than HM O R in reducing the size o f polar-aromatics as illustrated by 

the lower average carbon number (Figure 4.8) as well as the quantity o f  the 

compounds (Figure 4.6). The higher activity o f HBETA as compared to HMOR 

might be attributed to its better cracking activ ity caused by the combination effects 

o f its higher total amount o f medium and strong acid sites (Figure 4.3), its smaller 

crystalline (Table 4.1), and especially its large sinusoidal pore systems [46,47]. 

Moreover, its larger pore diameter favors the diffusion o f larger molecules into inner 

pores; thus, a higher amount o f reactants including polar-aromatics might be cracked 

to smaller compounds.

Scheme 4.7 Examples o f polar-aromatic reduction by acid catalysts [14,15].

Additionally, it was reported that acid catalysts displayed the activity 

not only on the cracking polar-aromatics or sulfur-containing compounds, but also
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on the cracking o f  a hydrogenated aromatic intermediate, as in  Scheme 4.7a [14], 

P rio r to being converted to a polar-aromatic compound, Species (I) m ight be 

stabilized and cracked to produce lighter HCs, preventing the reactions in  Scheme

4.6 from  occurring. In  addition, the presence o f  acid catalysts was found to convert 

long chain alkyl-thiophenes to shorter alkyl-thiophenes by cracking the a lky l chain 

o f  the form er [14,15] as shown in  Scheme 4.7b, resulting in  the prevention o f  the 

form ation o f  Species (VI) from  (V) as illustrated in  Scheme 4.6.

Table 4.1 has shown that H B E T A  forms the higher amount o f  coke 

than H M O R . This could be attributed to the higher total amount o f  medium and 

strong acid sites, and particu larly its larger pore volume that favors the condensation 

o f  an aromatic compound to form  coke [48]. Corma and his colleagues [14] also 

suggested a possible pathway to form  coke from  alkyl-benzothiophenes (Species II). 
In  addition, the highest amount o f  coke is produced when the b ifunctiona l catalysts 

were used, suggesting that possibly polar-aromatics are partia lly  d im inished by the 

form ation o f  coke instead.

As shown in  Scheme 4.4, the form ation o f  polar-aromatics involves 

the interaction w ith  accessible olefins. Consequently, i f  a catalyst can help 

e lim inating  these compounds, the polar-aromatic form ation can be prevented. And, 

interestingly, that was indeed the case when the b ifunctiona l catalysts were used. 

A lthough the H B E T A  zeolite alone displays much higher polar-arom atic reduction 

than the H M O R  zeolite does (Figure 4.6); w ith  the in troduction o f  Pt, the polar- 

aromatic reduction ac tiv ity  o f  the two emerged b ifunctiona l catalysts is found 

comparable. Consequently, the presence o f  Pt on the surface o f  the catalyst results in  

the prevention o f  polar-aromatic formation. This could be attributed to the high 

hydrogenation activ ity  o f  Pt [18,49] that helps converting o lefins and other 

unsaturated intermediates to saturated HCs, instead o f  being combined w ith  one 

another to form  heavier po lycyc lic  polar-aromatic compounds as in  Scheme 4.6. In 

addition, these hydrogenated compounds m ight further undergo cracking reactions, 

and then, are converted into lighter polar-aromatics or su lfur-conta in ing compounds 

or even into H 2S in  association w ith  the form ation o f  short-chain hydrocarbons. That 

explains the sh ift o f  the peak to the lower carbon number (Figure 4.7) when Pt- 

supported catalysts were present. Therefore, it is possible that the rate o f  the
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hydrogenation catalyzed by Pt metal is faster than the rate o f  the combination 

reaction (as in  Scheme 4.6 to y ie ld  heavier polar-arom atic compounds), leading to 

the reduction o f  polar-arom atic compounds in  the pyro ly tic  o ils. To visualize the 

previous explanation, Scheme 4.8 gives some examples o f  the prevented and favored 

reactions i f  thiophene, reported as a sulfur compound among other thiophene 

compounds found tire-derived o il [9,32-34], is present w ith  the catalyst. Furthermore, 

as mentioned earlier, the polar-aromatic reduction ac tiv ity  o f  P t/H B E TA  was 

s ligh tly  higher than P t/H M O R . This could be attributed to the h igher surface area o f 

H B E T A  (Table 4.1), resulting in  the better dispersion o f  Pt (Table 4.1) [32 ], and 

leading to a better hydrogenation activ ity.

Scheme 4.8 Some prevented and favored reactions by the b ifunctiona l catalysts.

F ina lly, the b ifunctiona l catalysts can also decrease the amount o f  

polar-aromatics in the pyro ly tic  o il via  the cracking reactions. Once polar-aromatics 

are formed, they m ight be hydrogenated on the Pt sites, fo llow ed by cracking on the 

acid sites, [50,51],
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4.5 Conclusions

The complex structure o f  the tire makes it  d if f ic u lt  to understand the m u lti­

reactions occurring under the pyrolysis. In  this study, the polar-arom atic form ation 

in  the pyro lysis o f  waste tire has been proposed. A nd  pyrolysis temperature was 

found to strongly influence polar-aromatic content in  the derived o il. The increase in  

the pyrolysis temperature led to an increment o f  polar-aromatic content, and also a 

sh ift o f  polar-aromatic d istribution to the higher carbon number. The use o f  acid 

zeolites decreased polar-arom atic content dramatically. And, H B E T A  showed higher 

polar-arom atic reduction activ ity  as compared to H M O R , which was ascribed to its 

acidic properties, small crystal size and 3D-structure. Especially, the introduction o f  

Pt on the zeolites led to a further decrease in  the polar-aromatic content. P t/H B E TA  

showed a s ligh tly  h igher polar-aromatic reduction activ ity  as compared to its 

counterpart, P t/H M O R , w h ich  was explained by its h igher metal dispersion.

The m ajor role o f  Pt was to enhance the hydrogenation reactions, resulting 

in  the conversion o f  polar-aromatics and their precursors to saturated HCs. 

Consequently, these compounds m ight undergo the cracking reactions catalyzed by 

the acid function o f  the catalysts, thus reducing the amount o f  the polar-aromatics.
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Figure 4.1 Schematic experimental system o f  waste tire  pyrolysis

Figure 4.2a X R D  patterns o f  H B E T A  and P t/H BE TA .

Figure 4.2b X R D  patterns o f  H M O R  and P t/H M O R.
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Figure 4.4 Effect o f  pyrolysis temperature on the y ie ld  o f  polar-aromatics, gas, and 

liq u id  products.



37

Figure 4.5 Effect of the final temperature on the carbon number distribution of 
polar-aromatic compounds.

Figure 4.6 Effect of catalysts on the polar-aromatic content in the pyrolytic oils.
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□  Non Cat

Figure 4.7 Effect of catalyst on polar-aromatic distribution.

Figure 4.8 Effect of catalysts on the carbon number distribution of polar-aromatic
compounds.
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