
Vol.:(0123456789)

Reaction Kinetics, Mechanisms and Catalysis (2021) 134:883–901
https://doi.org/10.1007/s11144-021-02108-3

1 3

Evaluation of the catalytic activity of borax and its calcined 
derivatives for pyrolytic valorization of waste tire tube 
rubber for production of oil and gases

A. Khan1 · Z. Hussain1 · K. Hussain1 · M. Y. Naz2 · M. R. Jan3 · S. Shukrullah2 · 
S. Ullah4 · S. A. Sulaiman5 · M. Hussien4

Received: 8 October 2021 / Accepted: 29 October 2021 / Published online: 5 November 2021 
© Akadémiai Kiadó, Budapest, Hungary 2021

Abstract
Borax and its calcined derivatives were used in pyrolytic valorization of tire tube 
rubber to produce high value oil and gases. This work involved the preparation and 
characterization of catalysts and optimization of the reaction parameters for the cata-
lytic and non-catalytic pyrolysis of waste tire tube rubber. The derivatives of borax 
catalyst were prepared by calcining it at 600 °C, 800 °C and 1000 °C. The borax 
derivatives were labeled as borax-600, borax-800 and borax-1000 and used for the 
pyrolysis of waste rubber. The outcomes of the catalytic and thermal pyrolysis pro-
cesses were compared to check the effectiveness of the borax derivatives as a cata-
lyst. Both processes produced different quantities of oil, gas and char specifically 
in case of borax catalyzed and borax-1000 catalyzed reactions. The oil product of 
thermal pyrolysis was composed of 15 compounds while borax catalyzed pyrolysis 
produced oil with 14 compounds. On the other hand, all borax derivatives produced 
oil having nine compounds. The oil contained aliphatic and cyclic hydrocarbons 
along with small quantities of sulfur and phosphorous containing organic com-
pounds. The results of distillation showed that thermal pyrolysis produced 83.80% 
volatile oil while borax catalyzed pyrolysis produced 83.84% volatile oil. The oil 
content decreased to 66.34% with an increase in borax calcination temperature. Sim-
ilarly, thermal pyrolysis produced 12.56% residue while borax catalyzed reaction 
produced 16.10% residue. The residue decreased slightly with a rise in calcination 
temperature.
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Introduction

Rubber is one of the life supporting materials. Its applications range from house-
hold items to vehicles and heavy industries. It is included in the polymers of 
choice used by the human being. Its production has been increased many times 
since its discovery. It is estimated by the International Rubber Study Group 
(IRSG) in 2017 that the consumption of rubber is 28.05 million tonnes [1]. Rub-
ber is characterized for its excellent mechanical properties, stability and resist-
ance to the attack of corrosive chemicals like acids in addition to its resistance 
to wear and tear. Its excellent properties are becoming a set back to the disposal 
of its waste. Its waste is bulky and occupying large spaces in the landfills. The 
resistance to biodegradation is a reason for its very long life leading to the envi-
ronmental issues. There are a variety of methods for waste rubber disposal and 
pyrolysis-based tertiary recycling is one of the most effective methods. Pyrolysis 
of waste rubber is an environmentally beneficial and cost-effective technique of 
disposal of wastes that results in the recovery of a wide spectrum of hydrocar-
bons, such as aromatics, paraffin, cyclic hydrocarbons and olefins [2, 3].

Pyrolysis is a process of cracking of macromolecular skeleton of the rubber 
resulting in the formation of gases, combustible liquids and byproducts [4]. The 
thermal degradation of a material in the absence or with a limited supply of air 
is known as pyrolysis. Pyrolysis is used to convert the waste into smaller com-
pounds through the breaking of carbon–hydrogen bonds, carbon–carbon bonds 
and sulfur–carbon bonds. Pyrolysis also involves recombination and quenching 
events through aromatization, cyclization and the creation of multiple bond func-
tions, in addition to cracking [5, 6]. The pyrolysis is triggered by a rise in the 
process temperature, which results in the formation of a wide variety of chemi-
cals. The conventional pyrolysis is often found ineffective for recovering value-
added compounds from waste rubber and other materials, such as plastics and 
even biomass. One of the hottest areas in pyrolysis research is the valorization 
and upgradation of the pyrolysis products. A variety of strategies are used to 
improve the pyrolysis yield as well as the quality of the pyrolysis products. The 
reactor design, catalyst type, heating rate, process temperature, and other chemi-
cal additives influence these strategies [6]. Catalytic pyrolysis has been found to 
minimize the range of pyrolysis products or raise the concentration of specific 
molecules, making the recovery of valuable chemicals from the feedstock easier. 
The use of catalyst improves the yield and economy of the process [7, 8]. Shah 
et al. [9] converted rubber into a mixture of aliphatic and non-aliphatic hydrocar-
bons using silica and alumina as catalysts. Yu et al. [10] used modified zeolites 
and mesoporous catalyst impregnated with metals as a catalyst for the pyrolysis 
of rubber. They converted rubber into gaseous and liquid products [11–14].

Most of the pyrolysis reactions are commonly carried out using zeolites as a 
catalyst [15–17]. Zeolites involve carbo-cationic mechanism for the cracking of 
feedstock. Such mechanism not only minimize the reaction activation energy but 
also ensures uniform heat transfer. This catalyst also provides a feasible environ-
ment for obtaining specific type of products due to characteristic nature of the 
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reaction. Borax has been used as catalyst for the pyrolysis of biomass to pro-
duce upgraded bio-oil by a number of workers [18–21]. Borax is characterized 
for the presence of two types of active sites, namely sodium cations and boron 
oxygen poly ions. The use of alkali metal ions as catalyst for pyrolysis has been 
reported by a number of research groups [22–24]. Therefore, the use of sodium 
ion of borax as catalyst may be explained based on the earlier reported work. In 
addition to the presence of active sodium ions, borax is characterized for the pres-
ence of boron atoms having empty orbitals. The presence of anionic and cationic 
sites in the borax facilitates pyrolysis reaction through interactive ions and empty 
orbitals, which destabilize the polymeric backbone through attraction toward the 
bonded pairs of electrons in a state of vibration at the high temperature. It is also 
believed that presence of boron atoms may stabilize the anionic and free radical 
moieties through cyclization. However, borax itself is thermally unstable and may 
pass through a number of transitions on heating. It has been reported by Waclaw-
ska [25] that thermal decomposition of borax involves dehydration, internal struc-
ture reconstitution, amorphization, gradual dehydroxylation and crystallization.

This work was conducted on the conversion of waste rubber into oil and fuel gas 
products using borax and calcined borax catalysts. This work also aimed to investi-
gate transformations of catalytic activity under thermal treatment. One of the ideas 
behind these investigations was to test an effective and low-cost catalyst for enhanc-
ing the yield and quality of the pyrolysis products. Borax is a material character-
ized for different types of active sites. It has very active cation and anion combina-
tions, which offer highly reactive ionic sites. It is also characterized by the presence 
of water of hydration, which offers unique chemical environment when attached to 
the lattice. In case of borax, the boron atoms offer OH as well as empty orbitals 
for catalysis. The exciting feature of borax is the presence of boron atoms, which 
have empty orbitals and di-oxygen linkages. This results in multifunctional catalytic 
sites and catalytic activities, which facilitate the formation of more than one type of 
bonds [26]. It also facilitates the condensation reactions and formation of several 
bonds in one step [27]. Borax is also used as a catalyst for the hydrothermal treat-
ment and liquefaction of wood [18].

Unlike the previous work, the present work explores the catalytic activity of the 
thermally treated borax. It has been reported that borax may pass through a number 
of changes under the action of thermal energy. These transformations include the 
dehydration, internal structure reconstitution, loss of crystallinity, de-hydroxylation 
and crystallization of  Na2O2B2O3 [28]. These transformations and rearrangements 
may be responsible for the change in catalytic behavior. To the best of our knowl-
edge, the catalytic activity of the thermally treated borax for valorization of poly-
mers has never been explored. The basicity of borax may increase the production of 
liquid products while structural and morphological characteristics may improve the 
product quality. The goal of this work is to improve the yield as well as the nature of 
the pyrolysis products.
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Materials and methods

In this work, inner tube of the tire was pyrolyzed using borax and its calcined deriv-
atives. The rubber samples were collected from a local tire repair shop in Mardan 
City of Pakistan. The rubber samples were washed, cleaned with detergent and 
dried in an oven. The dried large rubber pieces were cut into smaller dimensions for 
the pyrolysis.

Preparation of the catalyst

The borax of analytical grade was purchased from a local supplier of Merck and used 
as catalyst after grinding into fine powder using a custom-made crusher. The powder 
was sieved by using a 200 μm mesh. This powder was used as a starting material for 
the preparation of thermally transformed or calcined borax catalyst. Three types of 
the thermally treated catalyst were prepared by heating borax at 600 °C, 800 °C and 
1000 °C in separate experiments. Each experiment was carried out in the pyrolysis 
furnace for 1 h. It was observed that borax forms a fused mass on heating and results 
in a reduction in the mass. The fused and calcined material was crushed and grinded 
into fine powder followed by sieving through 200 μm mesh. The prepared catalyst 
samples were characterized for surface morphology and functional groups by pro-
ducing SEM micrographs and FTIR spectra.

Pyrolysis reactor

The pyrolysis of waste rubber was carried out in a custom-made reactor. This reactor 
is cylindrical in shape and made of stainless steel. The height of this batch reactor is 
13.97 cm, and the internal diameter is 6.7 cm. The reactor has a lid which is associ-
ated with a side tube for the vapors produced during the pyrolysis. The length of the 
tube is 3.81 cm. The pyrolysis of rubber was carried out by placing the reactor in 
a pre-heated furnace at the set temperature. The furnace was a top loaded custom-
made furnace powered by the temperature controller and equipped with a tempera-
ture sensor for obtaining set temperatures for the pyrolysis of rubber.

Pyrolysis procedure

The pyrolysis experiments were carried out using as supplied and thermally 
treated borax. Waste rubber was also pyrolyzed in the absence of a catalyst for 
comparison and evaluation of the catalytic activity of the catalysts under inves-
tigation. All these experiments were carried out in a batch type stainless steel 
reactor and under the distillation mode without using a carrier or inert gas. 
However, the pressure created in the reactor due to the vapors was utilized as a 
carrier. The catalytic pyrolysis was carried out by heating the mixture of cata-
lyst and fine pieces of the waste rubber in a preheated furnace. At the start of 
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the process, the reactor had some entrapped air. However, this air is replaced by 
vapors and gaseous products of the pyrolysis of waste rubber. Pyrolysis products 
are distilled out from the reactor via the side tube and condensed by using con-
densers and cold traps.

The reaction line also contains chemical traps for the qualitative analysis of 
the gaseous product of pyrolysis. The vapors are condensed while the gaseous 
products are allowed to escape after analysis. The chemical and cold traps are 
made of Pyrex glass tubing and properly connected with each other and reactor 
through the exits and inlets. The temperature of cold traps was kept below the 
ice temperature using freezing mixture of salt, calcium chloride and ice. The 
leak proof connection between the reactor, condenser and traps was ensured by 
the use of Teflon tubes. An aqueous ammoniacal solution of copper I chloride 
was used in the chemical trap next to the cold traps. This solution is used as 
spot test to analyze 1-alkynes and acetylene. Next to the alkyne trap was placed 
the trap for analysis of alkenes. This trap was filled with Bayer’s solution. The 
total gases product was determined from the difference while the amount of oil 
and solid products was weighed using analytical balance. This procedure was 
applied for optimizing the temperature for pyrolysis, heating time optimization 
and the relative weight of waste rubber and catalyst. Each of these experiments 
was conducted three times and the average of the three is reported in this paper.

Results and discussion

Analysis of the catalyst

The micrographs of borax, borax-600, borax-800 and borax-1000 are given in 
Fig. 1. Drastic changes can be seen in the morphology of borax with variation 
in the calcination temperature. Borax-600 can be seen in Fig. 1B, which is com-
posed of a lump of irregular particles having pores of various sizes. Borax-800 
is composed of particles of various sizes and wide pores while borax-1000 is 
composed of semi-crystalline material having pores of various sizes. This differ-
ence in morphology and porosity can be attributed to the extensive dehydration 
and bonds rearrangement specifically bonds of the boron atom. Furthermore, the 
difference in morphology and or chemical bonding is responsible for variation in 
the catalytic properties of these materials. 

The chemical changes caused by the heat treatment of the catalyst at various 
temperatures were investigated using FTIR analysis of the borax. Table 1 sum-
marizes the major FTIR peaks of borax catalysts. The number of peaks in borax-
600 and untreated borax are almost same, however the position of peaks is sig-
nificantly different. It shows changes in the bonding and relative groups. In case 
of borax-800 and borax-1000, there is a change in both the position and number 
of peaks which is the indicator of drastic changes in chemical composition.
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Temperature optimization for thermal cracking of waste rubber

Almost all the pyrolysis reactions of the rubber are inspired by the temperature. 
In pyrolysis of rubber both the maximum conversion and formation of the use-
ful oil and gas fraction are desirable and the amount of each of these products 
greatly dependents on the optimum temperature and rate of heating. It has been 
reported by the earlier workers that slow heating of the rubber and other poly-
mers at relatively low temperature results the formation of large quantity of char 
and oil in comparison to the gases [29, 30]. In case of high temperature and fast 
rate of heating, large quantity of gaseous products is obtained. In this case, the 
reactions were carried out in a preheated furnace and the rate of heating was not 
considered. Temperature optimization studies are also important for assessment 
of the heat economy in order to ensure the low-cost of the process and maximum 
conversion rate. However, selection of the optimum temperature is based on the 
amount of char or residual solids, which is an indicator of conversion. The large 
quantity of residue refers to the less conversion. It can be observed from Fig. 2 
that percentage conversion significantly changes with a change in temperature for 
the pyrolysis reaction. It can also be seen that percentage conversion varies with 
variation in the degree of dehydration of the catalyst. The FTIR spectra confirmed 
that untreated borax, borax-600 and borax-800 have ring structure although 

Fig. 1  SEM micrographs of A borax power without giving any heat treatment, B borax-600 power given 
heat treatment at 600 °C for 2 h, C borax-800 power given heat treatment at 800 °C for 2 h and D borax-
1000 power given heat treatment at 1000 °C for 2 h
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a difference in relative position of peaks suggested different compositions and 
sizes of the ring. The dehydration of dehydroxylation is also observed on heating. 
Motivated from this factor, this study is focused on the product distribution of 
the pyrolysis of waste rubber at different temperatures. It can further be observed 
from the results in Fig. 2 that the amount of product and percentage conversion 
remained lower for both catalyzed and un-catalyzed pyrolysis processes. This is 
a normal trend and is according to the previous reports on pyrolysis of rubber 
[22–25].

Almost all catalyzed pyrolysis processes are effective in terms of percentage 
conversion at optimum temperature. The untreated borax catalyzed process gives 
the highest oil yield. The thermal pyrolysis, borax-600 catalyzed pyrolysis and 
borax-800 catalyzed process give almost similar percentage oil yield, which is 
lower than borax and borax-1000 catalyzed reactions. The thermal pyrolysis of 
the rubber produces minimum gases while borax catalyzed process produces 
highest percentage of gases. It is also observed that the thermal pyrolysis and 
borax-600 catalyzed processes produce highest quantity of the solid residue. On 
the other hand, borax-1000 catalyzed process gives the lowest residue followed 
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Fig. 2  Effect of temperature on thermal and catalytic cracking of waste inner tube rubber. The amount of 
oil, gas and residue produced using uncalcined borax, borax-600, borax-800 and borax-1000 catalysts at 
different pyrolysis temperatures ranging from 200 to 600 °C
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by borax catalyzed reaction and borax-800. This is due to effective heat transfer 
and the presence of active sites on the catalyst, which help lowering activation 
energy of the catalyzed reaction by ensuring better conversion efficiency.

In the case of dehydrated and calcined catalysts, some changes occur in the struc-
ture, porosity and even bonding of the catalyst. These changes are the reason for dif-
ference in heat transfer activity and the amount of the catalytic sites. The difference 
in the amount of residue is less at lower process temperatures except for borax cata-
lyzed reactions. The reason for this difference is that borax is a hydrated compound 
and the water of hydration play role in catalyzing the reaction and conversion of 
waste rubber into oil and gas. The residue decreases with a decrease in the amount 
of water and an increase in the calcination temperature. It can be observed that the 
amount of residue for dehydrated borax is relatively greater while that for highly 
dehydrated borax and calcined borax is lesser. The reason for this trend may be the 
faster and effective heat transfer capacity of the calcined borax. The residue amount 
was used as an indicator for the efficiency of pyrolysis in terms of percentage con-
version as:

Pyrolysis time optimization

The time optimization for a pyrolysis reaction is important, especially under opti-
mum temperature condition. It is directly related to the power and time economy 
of the process. The data obtained may also be utilized for the determination of the 
kinetics of the reaction. Miranda and coworker determined the possible routes for 
the pyrolysis reactions of waste rubber using the reaction temperatures and times 
[32, 33]. Shaaban et al. [33] looked at how residence time and temperature affect the 
surface functional groups and porosities of biochar produced from sawdust and rub-
ber pyrolysis. Time optimization studies may also determine the relative amount of 
the product fraction. Several researchers have studied the effect of reaction duration 
on the yield and product fraction of pyrolysis [33–35]. Pyrolysis at low temperatures 
for prolonged periods of time has been observed to cause secondary and tertiary 
cracking processes, resulting in the generation of gases and low molecular weight 
volatile chemicals. It also increases the amount of char. However, reactions carried 
out at high temperatures and for short periods of time may promote the formation of 
waxes and non-volatile compounds with a high molecular weight. In borax catalyzed 
pyrolysis, the cracking speed is believed to be  faster and the temperature needed for 
the cracking may also come to a smaller value. In the present study, the pyrolysis 
reaction duration was investigated in the range of 15–75 min and the results are pre-
sented in Fig. 3. In this study, four types of the borax catalysts were used for the 
catalytic pyrolysis of waste rubber in separate experiments. The percentage conver-
sion of the process increased with an increase in heating time from 15 to 30 min. 
The small difference between the catalytic and non-catalytic process was observed 
when temperature was high.

% Conversion =
Weight (g) − weight of residue × 100

Weight (g)
.
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Catalyst weight optimization

For several processes including pyrolysis, the catalyst weight optimization is a 
critical parameter. In addition to cost, reactor load and reaction time economy, 
the optimal amount of catalyst ensures uniform heat transfer, selection of the 
maximum amount of the product fraction, selection of the particular chemical 
nature of the product such as aromatic and non-aromatic nature, and selection of 
the particular chemical nature of the product [35]. The present work is aimed to 
compare the catalytic activity of borax transformed into dehydrated form through 
thermal treatment. It was assumed that the number of water molecules present 
for hydration in the borax may play role in fixing its catalytic behavior. It has 
been reported that dehydration of borax is responsible for structural and chemi-
cal changes and consequently the reactivity and catalytic activity of the result-
ing dehydrated catalyst [25]. The relative weight of each catalyst for the catalytic 
pyrolysis will be different according to the nature of the catalyst. In this study, 
the relative weight of borax-based catalysts was varied according to the weight of 
the rubber. Each reaction was conducted at 500 °C for 30 min. The results of this 
study are presented in Fig. 3. Each fraction of the products of pyrolysis is given, 
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Fig. 3  Effect of process time on thermal and catalytic cracking of waste inner tube rubber. The amount 
of oil, gas and residue produced using uncalcined borax, borax-600, borax-800 and borax-1000 catalysts 
after different time intervals in the range of 15 to 75 min
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however the residue or solid product was considered as an indicator for the pro-
gress of the pyrolysis. A change in the relative ratio of each catalyst is responsible 
for variation in quantity of the residue of the reaction. It can be seen from the 
results that when the weight of catalyst and rubber are in 1:1 ratio, the amount of 
residue is the lowest for borax catalyzed reaction (39.5%). The residue was high-
est for the borax calcined at 600 °C followed by the borax calcined at 800 °C and 
1000 °C. The increased quantity of the residue is not due to the incomplete reac-
tion but is because of the faster pyrolysis and char formation, which is greater for 
the borax-600 due to the dehydration and less changes in chemical composition. 
The amount of residue was found to decrease till 1:6 ratios. However, a decrease 
in weight of residue was small in the case of borax-600 catalyzed reaction. The 
same pattern was observed in the case of borax-800 (Table 2).

Fig. 4 shows the distribution of gas for various catalysts with variations in the 
amount of the catalyst. It can be seen that the amount of gases increases with an 
increase in the calcination temperature. In case of borax catalyst, the amount of 
gases was increased for 3:1 ratio. This tendency can be attributed to the num-
ber of particles of catalyst in contact with the feed and the extent of cracking 
reactions. When the quantity of borax in relation to feed is greater, the extent of 
cracking is greater but there is formation of solids as well. However, at decreas-
ing concentration of catalyst, the rate of cracking of vapors rather than the feed is 
greater since the catalyst remains suspended. A further decrease in the amount of 
catalyst leads to a decrease in percentage conversion due to the non-availability 
of appropriate number of catalyst sites. In case of dehydrated catalysts, the case 
was reversed because of the role of hydration of borax in cracking process. It can 
also be seen that the amount of gases goes to highest ratio when the ratio of feed 
to catalyst is 8:1 for borax-600 although almost equal to the borax-800 and borax-
1000. The amount of gases was found highest for more dehydrated catalyst at 
larger ratios of feed to catalyst.

Table 2  The weight optimization of the borax and its derivatives for the pyrolysis of waste inner tube 
rubber

Rubber to 
catalyst 
ratio

Borax Borax-600 Borax-800 Borax-1000

% O % G % R % O % G % R % O % G % R % O % G % R

1:1 30.00 30.49 39.50 21.75 37.75 40.49 25.25 37.00 37.75 29.80 33.20 37.00
1:2 30.50 30.66 38.83 24.25 36.00 39.74 26.75 34.50 38.75 30.50 32.87 37.66
1:3 31.50 30.33 38.16 26.16 35.34 38.49 28.16 33.17 38.66 29.83 32.50 37.66
1:4 29.75 32.74 37.50 25.50 36.00 38.49 25.25 36.25 38.50 30.25 31.87 37.87
1:5 26.40 37.59 36.00 25.40 36.59 38.00 29.20 32.60 38.20 30.80 30.80 38.40
1:6 24.66 41.50 33.83 25.33 36.83 37.83 30.17 31.82 37.00 25.50 36.50 38.00
1:7 26.85 33.57 39.57 26.28 35.86 37.85 30.00 31.42 38.57 29.85 32.14 38.00
1:8 25.65 31.87 42.17 31.37 30.62 38.00 30.87 30.62 38.51 30.37 31.75 37.87
1:9 25.23 33.11 41.65 29.66 33.00 37.33 31.45 29.88 38.66 33.33 28.78 37.88
1:10 23.70 35.50 40.79 28.20 34.20 37.59 33.30 28.10 38.60 31.50 30.30 38.20
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Distillation of pyrolysate of rubber

Using a laboratory scale distillation device, the oil recovered from each pyrolysis 
reaction was fractionated. The fractional distillation of each sample was carried 
out using 100 g of the oil sample. It was observed that each sample gives distil-
lates in the boiling point range of 38–188 °C. Table 3 lists the boiling points and 
proportional amounts of each fraction. The oily produce was separated into liquid 
fractions, combustible gases and residue. The liquid products of condensed vapors 
were collected by allowing the gases to escape. The residue was tarry materials, 
which solidify into wax like material on cooling. Further it was observed that 
residues of all the samples were dark brown in color. The liquid product of non-
catalyzed reaction contained 83.80% volatile oil, the borax catalyzed process 
gives 83.84%, the borax-600 gives 67.37%, borax-800 gives 66.34% and borax-
1000 °C gives 85.23% volatile oil. The amount of residue for non-catalyzed pro-
cess was 12.56%, 16.10% for borax-600, 32.57% for borax-800, and 14.72% for 
borax-1000. The difference in residue of catalyzed and non-catalyzed process can 
be attributed to the stability of the oil samples produced by the catalytic activity 
of the borax. The amount of dissolved gases are greater for the non-catalytic pro-
cess than the catalytic process due to the presence of free radical species in the 
oil of non-catalytic process, which are responsible for the secondary and tertiary 
reactions during distillation to form gaseous product. The oil of catalyzed process 
contained greater fractions of volatiles as compared to the non-catalytic process. 
These results show that borax and its derivatives are effective for the cracking of 
rubber in terms of producing more stable and volatile fraction of oil product.

0
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35
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Borax Borax-600 Borax-800 Borax-1000

Fig. 4  Distribution of gases with a change in catalyst weight. The weight of the uncalcined borax, borax-
600, borax-800 and borax-1000 was varied by fixing the pyrolysis temperature and time at 500 °C and 
30 min (Table 5)
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GC–MS analysis of oil

The oil product of catalytic pyrolysis reactions was compared with non-catalytic 
pyrolysis in terms of the chemical composition. The chemical composition of oils 
was determined using GC–MS analysis. The results of this study are presented in 
Tables 4 and 5 for catalytic and non-catalytic pyrolysis processes. The oil samples 
were composed of a major fraction of hydrocarbon in addition to small quantities 
of sulfur and phosphorous containing compounds. It was observed that the number 
of compounds is greater in the oil product of non-catalyzed process due to random-
ness of the cracking reaction. The nature of six most abundant compounds is the 
same for non-catalytic and catalytic pyrolysis with slight variations in concentration. 
The difference in concentration is most prominent for oil obtained from the borax-
600 catalyzed reaction. The oil obtained by non-catalytic process is composed of 
15 compounds while the borax catalyzed process contains 14 compounds. In case 
of the borax-600 and borax-800 catalyzed reactions, the oil is composed of nine 
compounds. However, the nature of some of the compounds differs. The borax-1000 
catalyzed reaction produced 10 compounds.

The oil from non-catalytic pyrolysis is composed of alkanes, cycloalkane and 
different alkyl acids, alkyl sulfides and few alkyl phosphate groups. The borax 
catalyzed reactions produced oil composed of alkanes, cycloalkanes, alkyl alk-
enes, alkyl sulfide, and cyclic alkyl phosphate and cyclic organic alkyl acids. 
Oil product of the borax-600 catalyzed reactions contains more compounds of 
alkanes and cycloalkanes, few alkenes, cyclic alkyl organic acids and cyclic alkyl 
phosphate groups. However, the alkenes number is greater than alkane. In case of 
borax-800, the oil is composed of alkane, cycloalkane, cyclic alkyl sulfide, cyclic 
alkyl phosphate, and cyclic alkyl organic acids. The oil product of borax-1000 

Table 4  GC–MS of liquid 
product of non-catalytic 
pyrolysis of waste rubber

S. Nos Compound name % Thermal 
pyrolysate

1 2-Methyl, pentane 13.07
2 3-Methyl, pentane 15.31
3 n-Hexane 30.99
4 2, 2-Dimethyl pentane 3.19
5 Methyl-cyclopentane 24.47
6 Cyclohexane 7.01
7 5, 5-Dimethyl (Z) 2-hexane 0.15
8 2, 2, 4, 4-Tetra methyl pentane 0.19
9 Cyclohexyl methyl. Sulfurous acid 1.20
10 Cyclohexyl methyl. Pent sulfurous acid 1.06
11 Bis(1, 1, 3, 3tetramethyl butyl) disulfide 0.65
12 Cyclohexyl methyl. Pent sulfurous acid 0.40
13 Bis(2-ethyl hexyl) methyl phosphonate 1.20
14 2, 4, 4, 6, 6, 8, 8-Heptamethyl one nonane 0.48
15 Cyclohexyl methyl. Pent sulfurous acid 0.63
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is composed of alkanes, cycloalkanes, alkene, cyclic alkyl phosphate, and cyclic 
alkyl organic acids. It can further be seen that the composition of each oil is simi-
lar in terms of the presence of six same compounds. These are mainly  C6 and 
 C7 compounds. It was also observed that the contribution of 1–6 compounds is 
slightly different from each other i.e. 94.06% for thermal, 94.15% for the borax 
catalyzed, 96.21% for borax-600, 96.8% for borax-800 and 95.27% for borax-
1000 catalyzed process. The presence of sulfur containing compounds in the oil 
is due to the sulfur of rubber used for the cross linking of rubber while that of 
phosphorous is due to the additives of rubber. Unlike all the previous works, this 
oil was found to contain fuel products rather than the monomers.

Conclusions

Borax was converted into structurally, morphologically and chemically differ-
ent materials by varying the calcination temperature. The calcined products were 
obtained by heating borax at 600 °C, 800 °C and 1000 °C. The SEM and FTIR 
data showed that these materials have prominent difference in their chemical 
nature and morphology. FTIR data suggested ring structure for borax, borax-600 
and borax-800 samples while borax-1000 did not contain ring of oxy-borons. The 
catalytic behavior of the borax-1000 was significantly different from the rest of 
the catalyst samples. The SEM analysis also showed difference in crystallinity 
of the catalyst samples. The use of borax and its derivatives as a catalyst was 
successfully explored for the pyrolysis of tube rubber. Each catalyst showed dif-
ferent activity in terms of the relative quantities of oil, gas and residue. Borax 
catalyzed process produced highest percentage of oil. The borax-1000 also per-
formed reasonably good to produce oil due to its crystalline nature. In case  of 
borax-600 and borax-800, the amount of oil was almost similar due to similarity 
in their solid structure. It was also noted that non-catalytic pyrolysis produces 
smaller quantities of gases while borax catalyzed process produces highest per-
centage of gases. The borax-600 catalyzed process gave highest quantity of the 
solid residue while borax-1000 catalyzed process yielded lowest residue. It is also 
noticed that the catalyst lowers the reaction temperature and time. However, these 
parameters were kept according to those optimized for the non-catalytic pyroly-
sis. The results from fractional distillation demonstrate that as the catalyst’s cal-
cination temperature changes, the relative amount of the volatile fraction changes 
as well. Differences were also observed in the chemical composition and number 
of compounds in oil products for the non-catalytic and catalytic pyrolysis. It was 
observed that liquid product of non-catalytic process contained 15 compounds. 
Similarly, the borax catalyzed process produced oil with 14 compounds, borax-
600 and borax-800 catalyzed reactions produced liquid of 9 compounds. How-
ever, some compounds differ in nature. For borax–1000, the oil contains 10 com-
pounds. Differences were also observed in the relative concentration and nature 
of compounds of each of the oil. These observations support the idea of changing 
the catalytic activity with variation in calcination temperature.
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