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Abstract An environment friendly method, thermal cat-

alytic pyrolysis of used isobutyl isoprene rubber was

investigated. In this method, the used inner butyl tube rub-

bers were catalytically pyrolyzed into valuable hydrocar-

bons and carbon black. In this method, the tube rubber was

pyrolyzed both thermally (with out catalyst) and catalyti-

cally in a batch reactor under atmospheric pressure. The

effect of temperature, the amount of catalyst, and the reac-

tion time on the yields of the pyrolyzed products were

investigated. Char yield decreased with increase of pyrolysis

temperature while total gas and liquid yields increased. The

liquid fraction was obtained with boiling point up to 478 K.

At optimum conditions, the liquid product was collected and

analyzed for different fuel properties. Typical analysis of the

used isobutyl isoprene rubber oil for both the cases of parent

and refluxed oil has been performed. Phenols and carbonyls

were quantitatively determined by spectrophotometric

methods using folin-denis and phenyl hydrazine reagents,

respectively. The distillation data showed that *100% of

oil has boiling point\473 K which is the boiling point for

80% of distilled product in commercial kerosene. Its specific

gravity, viscosity, freezing point, Cetane number, and diesel

index were also within the limits of kerosene.

Keywords Thermal and catalytic pyrolysis �
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Introduction

Butyl rubber is a synthetic rubber with a remarkable ability

to retain air. It also has resistance to deformation due to

heat and weather. The combination of these factors makes

it an ideal material for automobile inner tubes. The used

isobutyl isoprene rubber is composed of many different

components (rubbers, carbon N660, stearic acid, fillers,

etc.), which are heterogeneously distributed along the tube.

The negative environmental impacts caused by disposal

of waste automotive tires and the used isobutyl isoprene

inner tube rubber in landfills or by incineration can be

reduced by recovery of constituent chemicals and energy

contents by a number of available technologies. The con-

ventional methods for energy recovery from waste rubber

were based on simple combustion in cement kilns and its

use as a compound for low-value rubber goods. However,

all these combined applications were not able to solve the

waste rubber problems and did not result in adequate

profitability.

A number of studies related to rubber pyrolysis have

been reported in literature for its conversion into valuable

compounds. Pyrolysis of rubber appears to be a logical

choice, all the more because, apart from minor fugitive

sources and equipment leaks, this process produces virtu-

ally no emissions. One of the problems with thermal
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pyrolysis is that of a wide oil product distribution with poor

economical value. Therefore, catalytic pyrolysis, an alter-

native technique to thermal pyrolysis, is under extensive

exploration. This alternative may lead to a high value

hydrocarbon mixture, which could reduce the required

reaction temperature, improve the yield of products, pro-

vide selectivity in the product distributions, and enhance the

economic potential of the process [1–3]. William and

Brindle used fixed bed [4–6] and fluidized bed [7, 8] reac-

tors to maximize the selective determination of single ring

aromatic hydrocarbons. Vacuum pyrolysis experiments

were carried out by Roy et al. [9], and the data obtained

indicated that the light fraction of pyrolytic oil may be used

as a gasoline additive, with the middle fraction as a plasti-

cizer in rubbers and the heavy fraction for the production of

good quality feedstock. Roy and Chaala [10] applied the

same process using high temperature and reported high

heating values for the pyrolytic gases. Similarly, Zolezzi

et al. [11] used fast pyrolysis method and obtained high

yield of oil with high heating values.

Fang et al. [12] studied the status of recycling of waste

rubber. Various kinds of recycling approaches to waste

rubber were summed up, such as reclaiming energy as fuel,

reuse of the products of thermal decomposition, cleaning of

leaking oil, and reuse, after simple modification, of

regenerative rubber and powdered rubber.

Murata et al. [13] investigated continuous flow reactor

for thermal degradation of polymers.

The objective of this study was to convert the used

isobutyl isoprene rubber thermally and catalytically at

relatively low temperature as well as to derive oil in the

boiling range of commercial fuel oil. Therefore, for the

studies reported in the literature, pyrolysis of the used

isobutyl isoprene rubber has been carried out in the absence

of catalyst and derived oils of high boiling point range. In

this article, zinc oxide was used as a catalyst for the con-

version of the used isobutyl isoprene rubber into fuel oil.

Distillation data, flash point, aniline point, and other fuel

properties were compared with commercial fuel oil and are

in good agreement with commercial fuel oil.

Reaction mechanism

Thermal pyrolysis of rubber starts with a random initiation

to form polymer radicals, but the catalytic pyrolysis on

solid basis is initiated by abstraction of H? from the

reactants to form anionic intermediates called carboanions.

The surface O2- ions of zinc oxides abstract H? and the

metal cations stabilize the carboanions. The formation of

anionic species indicates the existence of an electron or

electron pair donating sites on the surface.

In these processes, the corresponding intermediates ions

are permanently regenerated, and thus they proceed by a

self-propagating chain mechanism. These chains of the

reaction are eventually terminated either by the recombi-

nation of free ions.

Materials and methodology [14–17]

In order to dispose of invariable and representative samples

of the whole used isobutyl isoprene rubber, cross-sectional

pieces of 5–10 mm width of a commercial car-used iso-

butyl isoprene rubbers were used for the thermal and cat-

alytic pyrolysis experiment.

For the thermal pyrolysis, fixed amounts of used iso-

butyl isoprene rubber were filled into a batch reactor of

glass tube. The reactor was heated from room temperature

to a final temperature of 523, 573, 623, and 673 K for

60 min. Upon heating, however, decomposition of the used

isobutyl isoprene rubber sample started. The gases released

by these reactions gradually replaced the air in the reactor.

The gaseous products passed through a trap, where the

liquid hydrocarbon was collected. Liquid and solid (carbon

black) pyrolysis yields were determined.

For the catalytic pyrolysis, fixed amounts of used iso-

butyl isoprene rubber pieces and catalyst (tube rubber/

ZnO) were filled into a batch reactor of glass tube. The

reactor was heated at 523, 573, 623, and 673 K for 60 min.

Liquid and solid (carbon black) pyrolysis yields were

determined for each experiment by weighing the amount of
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each yield obtained and calculating the corresponding

percentage. The gas yields were determined by difference.

Reflux study of the parent oil derived from catalytic

pyrolysis of isobutyl isoprene tube rubber using zinc

oxide as catalyst

Procedure

The parent oil product of 120 mL, which was obtained

during the catalytic pyrolysis process, and 20 g mass of the

ZnO catalyst were transferred to a pyrex glass tube, and

then the tube was inserted into the reactor. The temperature

of the reactor was adjusted to 623 K, and the mixture was

refluxed for 2 h. The refluxed oil was characterized using

physical and chemical tests as given below.

Determination of physiochemical properties

of the liquid product

The liquid column chromatography was used to separate

the different groups of hydrocarbons present in the derived

oil. The silica gel 60 (63–200 lm grain size, supplied by

Merck) was packed into borosilicate glass column, and the

pyrolysis oil applied to the top of the column. The column

was then eluted with n-hexane, benzene, and methanol to

produce aliphatic, aromatic, and polar fractions of the

pyrolysis oil, respectively.

Fractional distillation was carried out to separate dif-

ferent boiling point hydrocarbon fractions from the liquid

derived from catalytic pyrolysis of the used isobutyl iso-

prene rubber. The oil was distilled at a specific temperature

until no more distilled products were collected.

The chromatographic analysis of each liquid fraction

was carried out on a Shimadzu GC-14A equipped with a

flame ionization detector. Separations were carried out on a

fused-silica capillary column of 25 m 9 0.53 mm i.d with

film thickness of 0.15 lm. The temperature was pro-

grammed from 313 to 603 K at a rate of 278 K/min. The

detector and injector temperatures were 623 and 573 K,

respectively.

Infrared spectroscopy was used for identification of liquid

product measuring absorption from 400 to 4400 cm-1.

Phenols and carbonyls were quantitatively determined

by spectrophotometric methods using Folin-Denis and

phenylhydrazine reagents, respectively.

Flash points was determined by Cleveland open cup

method IP-36/84 and ASTM-D92-78, Density IP-59/82,

API gravity IP-160/87 and ASTM-D1298-85, Kinematic

viscosity IP-711/87 and ASTM-D445-87, Distillation

IP-191/83 and ASTM-D216-77, and cetane index of fuel

IP-364/84 and ASTM-D976-80 were determined according

to IP and ASTM standard methods for fuel.

Results and discussion

Products’ yields

The solid, liquid, and gas yields (mass%) obtained in the

used isobutyl isoprene rubber thermal pyrolysis (without

catalyst) experiments carried out from 523 to 673 K are

presented in Fig. 1. It can be seen that at 523 and 573 K

thermal pyrolysis was incomplete since only gas yields

were produced in greater amount than liquid and solid.

With increase of temperature from 623 to 673 K, the

% mass of gas increased from 6.8 to 30.0%. This increase

is due to stronger thermal pyrolysis at higher temperature.

Concerning liquid yield, there was no production of

liquid oil up to 573 K, then, it increased with temperature

from 623 to 673 K. The % mass of liquid increased from

6.07 to 22.23%.

Concerning solid yield, up to 623 K, there was no

response of formation of carbon black, as the residue was

in semi-solid state. The solid yield produced at 673 K, at

which temperature the % mass of solid was 45.87%.

The solid, liquid, and gas yields (mass%) obtained in the

used isobutyl isoprene rubber catalytic pyrolysis (ZnO

catalyst) experiments carried out from 523 to 673 K are

presented in Fig. 2. It can be seen that at 526, 573, and

623 K, catalytic pyrolysis was incomplete since solid

yields were much higher than the theoretical value of

carbon present. With increase of temperature from 623 to

673 K, the % mass of char decreased to 39.66%, almost

equivalent at 623 K to 673 K but somewhat higher than the

theoretical yield 31%. Therefore, one might think that not

all the volatile matter of the used isobutyl isoprene rubber

has been decomposed to liquid and gases. However, it has

been reported in the literature [18, 19] that a certain amount
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Fig. 1 Temperature optimization for thermal pyrolysis of the used

butyl rubber
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of char or coke-like carboneous material is formed in the

pyrolysis of many polymeric materials.

Concerning liquid yield, it increased with temperature

from 523 to 623 K and at 673 K, there was increase in

liquid due to stronger thermal pyrolysis at higher temper-

ature; the % mass of liquid increased from 4.67 to 47.61%.

The gas yield increased with increase in temperature from

523 to 673 K; % mass of gas increased from 10.46 to

12.74%. Therefore, concerning catalytic pyrolysis yields, it

can be concluded that 673 K is the optimum temperature

for recycling the used isobutyl isoprene rubber under cat-

alytic pyrolysis. Below this temperature (673 K), the con-

version into liquid oil was minimum, while above 673 K

the conversion into gaseous product was high because at

high temperature, the cracking process speeds up, and

results in the formation of gaseous product.

The effect of catalyst mass on products yields was also

studied in the range of 0 to 2 g (Fig. 3). In the absence of

catalyst, the conversion into liquid and gas was only

26.61% and 27.74%, respectively. While in the presence of

catalyst, the yield of liquid increased up to 47.64% with

0.5 g mass of catalyst, that of char and gas decreased to

44.76 and 7.6%, respectively. As the mass of catalyst

increased, the conversion into liquid product decreases,

because at high catalyst mass, the cracking process speeds

up. It results in the formation of gaseous product. This is

because the rate of reaction increases the cracking process,

which result in maximum gaseous product.

Figure 4 shows the results obtained with inner butyl

rubber catalytic pyrolysis as a function of time, operating at

673 K. The inner butyl rubber is completely converted into

THF soluble products in a reaction time of 60 min because

the same values for total conversion are found at longer

reaction times, and in addition, these values are the maxi-

mum. The conversion into liquid and gas was 47.60 and

7.75%, respectively. Below this reaction time, the conver-

sion into liquid oil was minimum, and the residue was high,

while above this condition, there is no increase in the yield

of liquid oil. This is because the whole product was con-

verted into oil and gas product, and the remaining residue

was carbon black, which could not be further converted.

At optimum conditions, the liquid product was collected

and analyzed for different fuel properties.

Used isobutyl isoprene rubber liquid

The liquid obtained from thermal catalytic liquefaction of

isobutyl isoprene rubber is a brown color product, usually

termed oils. In order to better analyze the potential uses of

used isobutyl isoprene rubber oils, distillation test at atmo-

spheric pressure was carried out, at optimum conditions. The

results are presented in Fig. 5. It was observed that 60%

volume of such oils was easily distillable fraction with
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0

10

20

30

40

50

60

10 20 30 40 50

%Mass of catalyst

%
 C

on
ve

rs
io

n

Oil Solid Gas

Fig. 3 Catalyst mass optimization for catalytic pyrolysis of the used

butyl rubber
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boiling temperature ranging between 363 K and 497 K,

which is the boiling point range specified for kerosene.

On the contrary, Fig. 5 shows that dew point of the used

isobutyl isoprene rubber oil has a boiling point \363 K,

which is the boiling temperature for the 50% of distilled

product in commercial gasoline.

This shows that the used isobutyl isoprene rubber oil

fraction has more light products than the commercial gas-

oline oil and kerosene in the temperature range from 363 to

493 K. The advantage is that the used isobutyl isoprene

rubber oil can be atomized well, and it is possible to initiate

combustion at a lower temperature. In order to establish the

real potential use of such used isobutyl isoprene rubber oil

fraction as gasoline and kerosene oil, a more thorough

characterization was performed.

Separation of oil on silica gel column and analysis on GC

were carried out with the aim of getting an idea of the nature

and type of compounds present in such oil. The sample was

loaded onto the column, and elution was done using dif-

ferent solvents like n-hexane, benzene, and methanol. It was

expected that aliphatic fraction will be eluted with n-hex-

ane, aromatic with benzene, and polar hydrocarbons with

methanol. The results are given in Table 1. It can be seen

from these results that the derived oil has maximum fraction

of non-polar (40%) followed by relatively non-polar (30%),

and minimum polar fraction (25%).

The oxygenated compounds such as phenols and car-

bonyls were determined quantitatively in the polar fraction

of the oil sample by spectrophotometric method, the results

of which are given in Table 2. The presence of these

compounds may be explained by the pyrolysis of oxy-

genated compounds of the butyl tube rubber, such as stearic

acid, etc. [20, 21].

Typical analysis of the used isobutyl isoprene rubber oil

for both the parent and refluxed oil in each case has been

measured and are presented in Table 3. The fuel properties

such as density, specific gravity, API gravity, viscosity,

Kinematic viscosity, aniline point, flash point, Watson

characterization constant, freezing point, diesel index,

sulfur, and ASTM distillation were compared with standard

values for gasoline, kerosene, and diesel oil [22]. It can be

seen that the densities, API gravities, viscosities, Kinematic

viscosities of both parent and refluxed oil lies in the range

of kerosene.

The specific gravity of parent oil lies in the range of

kerosene while that of refluxed oil lies in the range of diesel

oil. Aniline point of parent oil lies in the range of diesel

while that of refluxed oil lies in the range of kerosene oil.

Diesel index of parent oil lies in the range of gasoline while

that of refluxed oil lies in the range of kerosene oil. Flash

point of used isobutyl isoprene rubber oil is within the range

of flash points specified for commercial gasoline and ker-

osene. Other parameters such as freezing point, cetane

number, and Watson characterization constant were also

within the limits of diesel fuel. Therefore, the used isobutyl

isoprene rubber oils, as a whole, can be considered rather

good quality liquid fuels with a potential use similar to

kerosene, gasoline, and commercial diesel oil.

Table 1 Percentage mass of hydrocarbon group types in the oil

derived from the catalytic pyrolysis of the used butyl tube

Hydrocarbon

Group

Oil derived

with ZnO (%)

Aliphatic 40

Aromatic 25

Polar 30

Table 2 Percentage mass of phenols and carbonyls in the oil derived

from the catalytic pyrolysis of the used butyl tube rubber

Oil derived

with ZnO

Refluxed

oil

Phenols (ppm) 760 780

Carbonyls (%) 0.0178 0.0188

Table 3 Typical properties of oil derived from catalytic pyrolysis of

butyl tube rubber parent oil and refluxed oil

S. No. Parameters Parent oil

of tube rubber

Refluxed

oil

1 Density (g/mL) 0.7854 0.7985

2 Specific gravity 0.79068 0.80386

3 API gravity 47.39 45.71

4 Viscosity (Centipois) 1.2999 1.4397

6 Kinematic viscosity (mm2/s) 1.551 1.803

7 Aniline point/K 344 335

8 Flash point/K 317 313

9 Watson characterization constant 11.82 11.721

10 Freezing point/K 259 260

11 Cetane number 51 51

12 Sulphur (%) 0.55 0.56

13 Refractive index 1.4665 1.4555
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Fig. 5 Distillation of catalytic pyrolysis of the used isobutyl tube

rubber
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Conclusions

Catalytic pyrolysis of the used isobutyl isoprene rubber is

the best method for maximum conversion into useful

product, and this method has several advantages over other

alternative recycling methods used for the used isobutyl

isoprene rubber. This is because in the case of thermal

analysis, the % conversion into useful product is less and the

temperature needed is high. As far as the catalyst is con-

cerned, ZnO was found to be the most effective catalyst on

the basis of good % yield into liquid oil at low temperature.

It has been shown that the conversion at lower temperature

in the presence of zinc oxide as catalyst for the used isobutyl

isoprene rubber into liquid is a feasible process. An

important difference is that the oil obtained has relatively

low boiling range with pyrolysis in the presence of zinc

oxide catalyst as compared to that in the absence of catalyst.

From spectrometric study, it was found that thermal cata-

lytic pyrolysis of tube rubber leads to the formation of

complex mixture of alkanes, alkenes, carbonyl group-con-

taining compounds such as aldehydes, ketones, ethers,

aromatic compounds such as benzene, toluene, xylene,

cresol etc. The total pyrolytic oil may be directly used as

fuel oil.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.
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