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LIQUEFACTION OF NATURAL RUBBER TO LIQUID FUEL USING
WATER AND ALCOHOL SOLVENTS

ABSTRACT

Natural rubber is a renewable resource that can potentially be used to produce liquid
fuels via liquefaction process. Natural rubber is a rich biomass resource in Malaysia, and
it is therefore very important that it could be utilized for more beneficial purposes,
particularly in the context of development of biofuels. In this study, natural rubber was
characterized using TGA and elemental analysis to understand its thermal and chemical
properties, then it was liquefied at low temperature using hydrothermal liquefaction
technique to produce liquid fuels. Furthermore, to improve the quality and quantity of the
oil, the different types of alcohols were used as a solvent to replace the water. For all
mentioned processes, the effect of different parameters such as temperature, material to
solvent ratio and time were studied. All the obtained liquid products were analyzed by
various methods such as pycnometer, viscometer, pH meter, FTIR, GCMS, and elemental
analysis. Several important findings were also discussed in this study including potential
energy recovery from natural rubber and energy consumption ratio study. In addition, the
techno-economic study also provided in this thesis for feasibility assessment of the

liquefaction of natural rubber using water and propanol as a solvent.



PENCAIRAN GETAH ASLI KEPADA CECAIR BAHAN API

MENGGUNAKAN AIR DAN LARUTAN ALKOHOLS

ABSTRAK

Getah asli adalah sumber yang boleh diperbaharui yang berpotensi digunakan untuk
menghasilkan bahan api cecair melalui proses pencairan hidroterma. Getah semulajadi
adalah sumber biomas yang kaya di Malaysia, dan oleh itu sangat penting untuk
digunakan bagi tujuan yang lebih bermanfaat, terutamanya dalam konteks pembangunan
biofuel. Dalam kajian ini, getah asli dicirikan menggunakan analisis TGA dan elemen
untuk memahami sifat haba dan kimianya, kemudian ia dicairkan pada suhu rendah
menggunakan teknik pencairan hidroterma untuk menghasilkan bahan api cecair.
Tambahan pula, untuk meningkatkan kualiti dan kuantiti minyak, pelbagai jenis alkohol
telah digunakan sebagai pelarut untuk menggantikan air. Untuk semua proses yang
disebutkan, kesan parameter yang berbeza seperti suhu, bahan kepada nisbah pelarut dan
masa dikaji. Semua produk cecair yang diperolehi dianalisis dengan pelbagai kaedah
seperti pycnometer, visketer, meter pH, FTIR, GCMS, dan analisis elemen. Beberapa
penemuan penting juga dibincangkan dalam kajian ini termasuk pemulihan tenaga
berpotensi dari kajian getah asli dan penggunaan tenaga. Di samping itu, kajian
teknoekonomi juga disediakan dalam laporan ini untuk penilaian kebolehlaksanaan

proses.
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CHAPTER 1: INTRODUCTION

1.1 Background

Natural rubber (NR) is an organic material obtained from Hevea brasiliensis tree and
it is widely used to produce polymer products such as cloths, tires, and rubber bands.
(Kohjiya & Ikeda, 2014). The utilization of NR in the making of various goods showed
that this material play an important role in different manufacturing sectors. According to
statistics, Malaysia produced 821.27 kilotonnes of NR in average annually from 2010 to
2016. However, the average utilization of NR was found to be low at about 55% only
(Malaysian Rubber Research and Development Board, 2017). This situation caused
decline in the price of NR in stated year period (Olaniyi, Abdullah, Ramli, & Sood, 2013).
As a consequence, the fertile land for NR plantation were occupied for other commodities
which is dominated by palm oil, and as a result it also affected the rubber cultivators and

caused environmental issue (Hai, 2000; Saswattecha, Kroeze, Jawjit, & Hein, 2016).

Now, it is a challenge to ensure the maximum utilization of rubber and products
produced and have high demand in the market. In this respect, the conversion of NR into
the valuable commodities would be a viable option. Generally, NR is directly used for the
production of end product without involving any chemical conversion process (Kohjiya
& Ikeda, 2014). Surely, by the conversion of NR into the valuable commodities such as
fuels and chemicals will open new opportunity to breakdown the problems of NR

utilization.

Kawser and Farid (2000) initially carried out pyrolysis of natural rubber at high
temperature of 500°C for the production of liquid fuels and subsequently liquefied the

oil with the obtained yield of 72 wt.%. The oil obtained from this pyrolysis process was



shown to have low oxygen content which would serve as better alternative fuel. This
property makes NR-based oil to be more superior to the wood-biomass oil. The oil
obtained from wood biomass contains a high level of oxygen which consequently lowers
the calorific value and causes corrosiveness (Abnisa & Wan Daud, 2014). Other types of
biomasses which have high calorific values such as scrap tire has also been utilized for
the production of oil. Nevertheless, natural rubber is still considered the better alternative

option because scrap tire contains higher sulfur contents.

At high temperature of 500°C, natural rubber is converted to liquid fuel. The
degradation of natural rubber at high temperature is an endothermic process. A lot of
energy is required to reach this high temperature which in turn makes the process
expensive. The temperature can be reduced by manipulating other process parameters

such as increasing the pressure, introducing the hydrogen gas and use of solvent.

Hydrothermal liquefaction also known as hydrous pyrolysis is one of the most
promising techniques in thermal conversion method that fulfills the criteria of reducing
the temperature by increasing the corresponding pressure. This process is normally
carried out in a closed vessel. The evolution of hot gaseous reaction products increases
the internal pressure of the reactor. Consequently, this process is subjected to self-
generated pressure in which its extent depends on the reaction temperature and the amount
of solvent and material used. This technique was initially introduced by Berl in 1944 for
the production of oil from plant materials (Berl, 1944). Currently, this process has been
applied on various kinds of biomasses and organic materials for the production of bio-oil,
char and gas. Many findings showed that this technique is a viable option for the

production of high yield bio-oil at low temperature conditions.



The liquefaction technique was later improved by using different kinds of solvents.
Recently, it has been reported that processing biomass with organic solvents can lead to
better bio-oil quality and quantity. These solvents can be recycled by evaporation after
liquefaction and can be reused. In this study, the use of liquefaction process was evaluated

comprehensively in producing liquid fuel from natural rubber.

1.2 Problem statement

During the pyrolysis of natural rubber, high temperature of 500°C is required for the
production of liquid fuels. High temperature process requires high energy consumption
thereby increasing the budget of the process. According to Farret and Simdes, all
processes that consume high energy for making a commodity become less economical
and attractive (Farret & Simdes, 2006). Therefore, in this study, the main objective is to

reduce the temperature through the optimization of pressure and solvent conditions.

Liquefaction is a process that can liquefy natural rubber to liquid fuel at low
temperature by increasing the corresponding pressure. In this study, hydrothermal
liquefaction process has been employed to convert natural rubber into liquid fuel at low
temperature. Water is a common solvent used in hydrothermal liquefaction process since
it is cheap, abundant, polar in nature, and non-hazardous. However, it has some flaws as
it results in low liquid yield and the oil products tend to have high oxygen contents, high
corrosivity and high viscosity (Yang, Gilbert, & Xu, 2009). Therefore, liquefaction
process for natural rubber was also further improved by utilization of other solvents.
Durak has enlisted the features required for the selection of good solvent: non-acidic, high
proticity, low boiling point, easily separable from the product, and have low critical points
(Durak, 2015). Hence, in this study, the same criteria has been adopted for the selection

of solvents and three different organic solvents have been investigated and were



compared with water. Organic solvents such as methanol, ethanol and propanol are
usually considered to be the good solvents for the synthesis of bio oil from different

biomasses.

According to Ravignani et al., when a new process is considered for replacing a current
process or a sequence of processes, the economic viability of the new process should be
evaluated (Ravignani, Tipnis, & Mantel, 1982). This process involves the utilizing of
natural rubber as feedstock for the first time. Therefore, in order to assess the liability of
a proposed process, the economic feasiblity of the process in term of investment and

profits has also been investigated.

1.3 Objectives of research
At present, there is no information available on the liquefaction of natural rubber. The

followings are the main objectives of the present study:

1. To study the effect of process parameters on the production of liquid fuel from
natural rubber using hydrous pyrolysis process (Hydrothermal liquefaction).

2. To study the effect of different organic solvents on the liquid yield and process
parameter behavior in natural rubber liquefaction.

3. To study the liquefaction of natural rubber and scrap tire to liquid fuel using water
solvent for a comparative study.

4. To evaluate the economic feasibility of liquefaction process for the production of

liquid from natural rubber at optimum conditions using water and organic solvent.



14 Flow of the research work

Figure 1.1 is showing the flow of the research work that has been explained in detail
in the thesis. As natural rubber is tropical planation crop available in Malaysia in huge
quantities, making it a potential alternative source to substitute fossil fuels. So the first
investigation of this research is to characterize the natural rubber using elemental and
proximate analysis and to study the hydrothermal liquefaction of natural rubber for the
production of liquid fuels. The second investigation was aimed to enhance the quantity
and quality of liquid fuels produced from natural rubber by employing different alcohols
as a process solvents. Last study aimed to assess the economic viability of the process by

estimation of process cost and return on investment.

Figure 1-1: Flow of research work



1.5 Scope of study

In Malaysia, there are various grades of natural rubber available such as SMR L, SMR
5, SMR 10, SMR 20, and SMR 50. All of these grades can be utilized for the production
of liquid fuel as they are polyisoprene based rubbers. In this study, natural rubber of grade
SMR L was utilized in liquefaction process as it is rich in volatile matter and contains
low dirt and ash contents. Three products namely liquid oil, char and gas were produced
during the process. Since liquid is the main product, the product characterizations were

done only for liquid.

To improve the quality and quantity of oil, many researchers have utilized different
catalysts, solvents, and hydrogen gas atmospheres. However, there are some problems
associated with the use of a catalyst in the process: the catalyst is a consumable and
therefore adds to the running cost; the catalyst can have a short life-cycle due to
deactivation; the catalyst leads to increased level of solid residue, thereby increasing the
process cost in terms of its separation and disposal. Similarly, the use of hydrogen gas is
expensive due to the need of a complicated equipment or reactor plugging in the proposed
process. The use of solvent seems to be positive approach which was selected to be used
in this research. The investigation on solvent effect is limited only to water and organic

solvents in which different alcohol compounds were selected as organic solvent.

To assess the feasibility of the process, an investigation on economic aspects is also
required. There are several methods that can be employed for the economic assessment
of the process such as investment calculation, net future worth, pay-back time, net present
worth, return on investment, and discounted cash-flow rate of return. Among these
methods, the return on investment (ROI) was chosen to evaluate the economic feasibility.

The advantage of ROI is that it could be used as a rough guide for judging projects and



when decisions have to be made on whether to install additional equipment to reduce

operating costs.

1.6 Importance of this research

a) This research will contribute to new insights on a new alternative energy source to
substitute the depleting fossil fuel which is greener and renewable.

b) The study will provide the procedure for the production of liquid fuels from natural
rubber via liquefaction process.

¢) The success of this project could create a new field in the area of production of
renewable fuels that could subsequently create employment opportunities and will

help in the development of the nation economy and growth.

1.7 Outline of the thesis

The format of this thesis follows the article style format as stated in the University of
Malaya guidelines. All of the work that was described in this thesis have been published
in ISI journals. The complete framework as well as structural outline of this thesis are
discussed in this section. The thesis comprises of six chapters, and each chapter is

introduced as follows.

Chapter 1: This chapters discuss the background of research, statement of problem,
research objectives, flow of work, scope of study, importance of this research, and outline

of the thesis.



Chapter 2: This chapter discusses a broad literature review and the relevant
discussions regarding the liquefaction from various points of view, including mechanism,
feedstock production and statistics, exploration of different studies in liquefaction using
different solvents and feedstocks, characteristics of products and by-products, and
economic assessment. The content of this chapter has been published in the Journal of
RSC Advances (Ahmad, N., F. Abnisa, and W.M.A.W. Daud, Potential use of natural
rubber to produce liquid fuels using hydrous pyrolysis - A review. RSC Advances, 2016.

6: p. 68906-68921)

Chapter 3: Liquefaction of natural rubber to liquid fuels via hydrous pyrolysis. This
chapter describes the work of objective 1. The scope of this chapter is limited only to
investigation of water as a solvent for the production of liquid fuels from natural rubber.
This work has been published in the journal of Fuel (Ahmad, N., F. Abnisa, and W.M.A.
Wan Daud, Liquefaction of natural rubber to liquid fuels via hydrous pyrolysis. Fuel,

2018. 218: p. 227-235)

Chapter 4: Effect of alcohol solvents in the liquefaction process for liquid fuel
production from natural rubber. This chapter describes the work of objective 2. The scope
of this chapter is limited only to the investigation of different alcohol solvents on
liquefaction process for the production of liquid fuels from natural rubber. The contents
of this work has been published in the Journal of Analytical and Applied pyrolysis.
(Ahmad, N., F. Abnisa, and W.M.A. Wan Daud, Synthesis of valuable intermediate
products from natural rubber under supercritical alcohol conditions, Journal of Analytical

and Applied pyrolysis. 2019) In Press, Accepted Manuscript.


https://www.sciencedirect.com/science/journal/aip/01652370

Chapter 5: liquefaction of natural rubber and scrap tire to liquid fuels. This chapter is

a comparative study of hydrothermal liquefaction of natural rubber and scrap tire.

Chapter 6: Techno-economic study of liquefaction of natural rubber. This chapter
describes the work of objective 3. The scope of this chapter is limited only to the
investigation of economic assessment of the liquefaction process using water and alcohol
solvents for the production of liquid fuels. This work has been submitted for publication

in the Chemical Engineering Journal.

Chapter 7: This chapter reviews the significant outcomes and core conclusions related

to the research objectives.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

The depletion of fossil fuels and their impact on global warming has become a well-
known and dominant issue over the past decades; consequently, this issue has motivated
researchers to create alternatives for fossil fuels (AldoVieira et al., 2009; Dell, Moseley,
& Rand, 2014). The reserves of fossil fuels, such as petroleum, gas and coal, are available
up to 2044, 2046, and 2112, respectively (Shafiee & Topal, 2009). Natural gas and crude
oil are consumed by around 9,413.69 million cubic meter per day and 77.83 million barrel
per day worldwide ("The World Factbook 2013-14," 2013). The high consumption as
well as depletion of fossil fuels are predicted to result in excessive increase in their prices
in the next decades (Arapogianni, Moccia, Pineda, & Wilkes, 2014). To address this issue,
scholars have developed alternative fuels that are efficient, environment friendly, and

economical (Abnisa & Wan Daud, 2014; Dincer & Rosen, 2013).

Environmental aspect associated with using fossil fuels has been a major global issue
for the past decades (Agarwal, 2007). Burning of fossil fuels has substantially increased
environmental problems because of emission of harmful pollutants, such as SOx, NOx,
CO», and hydrocarbons, which cause ozone depletion, acid rain, and global warming
(Heidenreich & Foscolo, 2015; Hoel & Kverndokk, 1996; Kalogirou, 2004; Mohtasham,
2015; Rushdi, BaZeyad, Al-Awadi, Al-Mutlaq, & Simoneit, 2013). The use of fossil fuels
contribute to 62% of global CO; emissions (H60k & Tang, 2013). China and the USA are
the major emitters (about 44% of the global emission) of greenhouse gases from fossil
fuels (Boden, Marland, & Andres, 2015; Doble, Rollins, & Kumar, 2010). According to
the National Energy Information Center, the USA currently contributes approximately

19% of the worldwide CO2 emissions (Energy; Leggett, 2011). By the year 2030, the CO-
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emission levels are estimated to increase to 40 billion Mg per year, which is an alarming
situation (Zhen Fang, 2013). To combat these environmental issues, Barbose et al
suggested that the use of fossil fuels should be reduced, and renewable fuels should be
deployed as replacement for fossil fuels for environmental and social benefits (Ballester

& Furi6, 2015; Barbose, Bird, Heeter, Flores-Espino, & Wiser, 2015).

Many alternative energy resources for fossil fuels are available worldwide. Fuels are
employed to produce heat, mechanical work, and power generation for subsequent use in
people’s daily lives (Gupta). An ideal fuel should possess the following properties: high
hydrocarbon content, high calorific value, low cost, low moisture content, controllable
combustion, harmless combustion products, easily transported at low cost, and low
storage cost (R. V. Gadag, 2007; Sahgal); a suitable alternative fuel should also fulfill the
criteria of ideal fuel (Dincer & Zamfirescu, 2014; Hua, Oliphant, & Hu, 2016). Various
alternative renewable energy sources, such as biomass, bio-diesel, alcohol-fuels,
ammonia, solar thermal power, hydropower, and wind power, can be used as substitute

for fossil fuels (Abas, Kalair, & Khan, 2015; Mohtasham, 2015).

Biomass is one of the available potential alternative renewable sources of energy and
can be used as substitute to fossil fuels (Abnisa, Wan Daud, Ramalingam, Azemi, & Sahu,
2013). Biomass is an organic material derived from living organisms, such as plants or
animals (P. Basu, 2010). Biomass is available in bulk and can be found in agricultural
residues (rice husk, pine cone, bagasse, wheat straw, etc (Aboyade, Carrier, Meyer,
Knoetze, & Gorgens, 2013; Ates, 2011; Garcia-Pérez, Chaala, & Roy, 2002; Sanchez,
Martinez, Gémez, & Moran, 2007; Ye, Cao, & Zhao, 2008)), wood residues (pine, weed,
and fir sawdust (Sharypov et al., 2002)), and in industrial and municipal solid wastes
(palm shell, wheat straw, legume straw, walnut shell, and so on (Abnisa et al., 2013;

Haykiri-Acma & Yaman, 2010; Paradela, Pinto, Ramos, Gulyurtlu, & Cabrita, 2009;
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Pinto, Paradela, Gulyurtlu, & Ramos, 2013; Samanya, Hornung, Apfelbacher, & Vale,
2012; Wei, Zhang, & Xu, 2011)). Natural rubber is a biomass usually obtained from the
rubber tree, guayule plant, russian dandelion, and rubber rabbitbrush (Barlow, 1970;
Mooibroek & Cornish, 2000; P.M. Priyadarshan, 2009; Ray, 2010; Rogers & Cornish,
2005; Simmonds, 1994; J. van Beilen, 2006; J. B. van Beilen & Poirier, 2007a, 2007b;

Whaley & Bowen, 1947).

Natural rubber is one of the potential sources in meeting future energy needs. Natural
rubber is a vital, strategic, and unique feedstock used in huge quantities worldwide
(Rogers & Cornish, 2005). Natural rubber is an important plantation crop in tropical Asia
and is abundant in Malaysia, Indonesia, Thailand, and various central African countries
(Barlow, 1970). The rubber tree grows optimally in warm, humid climate (Rogers &
Cornish, 2005). Natural rubber is a polymer of the organic compound isoprene
(polyisoprene (CsHg)n) with minor amounts of impurities, including other organic

compounds and water (Morton, 1999).

In 1997, the global production of natural rubber was estimated about 5 million metric
tons, which increases gradually on account of its high usage (F. Chen & Qian, 2002). Due
to its high availability, researchers utilize natural rubber as a useful feedstock for
production of valuable chemical commodities (fuels, fertilizers, and chemicals) through

depolymerisation (Niaounakis, 2013).

Depolymerization is the process of breaking down large organic polymeric molecules
into small molecules or their respective monomers (Carraher & Seymour, 2007).
Depolymerization processes include thermal degradation (pyrolysis, hydrogenation, and
gasification), photo-induced degradation, chemical degradation (solvolysis, hydrolysis,
ozonolysis, and oxidation), and biological degradation (Abbas, 2010; Aguado & Serrano,

2006). Hydrothermal liquefaction which is also known as a Hydrous pyrolysis, is an
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appropriate technique for conversion of natural rubber into liquid fuels (P. Basu, 2010;
Scheirs & Kaminsky, 2006). In liquefaction process, materials, such as plastic, rubber, or
biomass are heated using water to generate useful chemical commodities, such as liquid
fuels. The use of water in hydrous pyrolysis presents an advantage over other
depolymerization techniques because water is abundant, cheap, and environment friendly.
Moreover, separation of the produced liquid fuels from water is easier and more
economical compared with other techniques (Funazukuri, Takanashi, & Wakao, 1987;
Savage, 1999; L. Zhang, Zhou, Duan, Wang, & Xu, 2016). Generally, the products of
pyrolysis are char, oil, and gas. Liquefaction is a three step process: (i) the material is
chopped into small pieces; (ii) the material is then heated at temperatures ranging from
200 °C to 300 °C using water at high pressure; and (iii) the produced hydrocarbons are
broken down into light hydrocarbons at about 500 °C (P. Basu, 2010). This process is
commercially employed to convert agricultural organic waste into valuable chemical
commodities, such as fuels, fertilizers, and other chemicals (P. Basu, 2010). Changing
World Technologies and the Renewable Environment Solutions LLC (RES) established
the first commercial plant of hydrous pyrolysis in Carthage, Tunisia (T. N. Adams, Appel,

Samson, & Roberts, 2004).

This chapter presents a review of the depolymerization of natural rubber through
liquefaction. The influences of process parameters such as temperature, pressure, and
water to material ratio on the product yield and composition are also discussed. Moreover,
this chapter provides important information related to natural rubber statistics and

alternative sources.
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2.2 Natural Rubber and its sources
2.2.1  Natural rubber

Generally, natural rubber is produced from the rubber tree (Hevea brasiliensis),
guayule plant, Russian dandelion, rubber rabbitbrush, fig tree, goldenrod, and sunflower.
Natural rubber, also known as cis-1,4-polyisoprene and denoted as (CsHg)n, is a
hydrocarbon with a molecular weight ranging from 1 to 2.5 e10° (Roberts, 1988; Vaysse,
Bonfils, Sainte-Beuve, & Cartault, 2012). The structure of natural rubber and its monomer

is shown in Figure 2.1.

tH,C=C—CH=CH, —» - [ ,0—C=CH—0H, -

Isoprene Natural rubber
[2-methyl butadiene] [Poly isoprene]

Figure 2-1: Structure of natural rubber and its monomer isoprene

Rubber is recovered from liquid latex through coagulation and addition of acids, such
as formic acid. The coagulum, a soft solid slab, is squeezed through a series of rollers to
remove excess water and increase surface area. The obtained rubber sheets are dried using

smoke ovens (Blackley, 2012; Groover, 2010).

2.2.2  Production of natural rubber
According to 2015 statistics, the global production of natural rubber almost doubled
from 2000 to 2014. The amount of rubber produced was 6.8 million metric tons in 2000

and 12 million metric tons in 2014 ("Natural Rubber Statistics," 2015). The global
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consumption of natural rubber was about 7 million metric tons in 2000 (FAO., 1992; Inc.,
2015); consumption increased to 12.1 million metric tons in 2014 ("Natural Rubber
Statistics," 2015). The world production and consumption of natural rubber are shown in

Figure 2.1

Figure 2-2: Global natural rubber production and consumption trends from 2000
to 2014

Thailand, Indonesia, and Malaysia are the major producers of natural rubber. The
amount of natural rubber produced in Malaysia was 927,608 tons in 2000 and 668,613
tons in 2014 ("Natural Rubber Statistics," 2015). Moreover, the amounts of natural rubber
consumed in in China, India, the United States, Thailand, and Malaysia were 864, 900,
380, 3863, and 826 thousand tons, respectively, in 2013 ("Top consumers of natural
rubber worldwide in 2013 and 2014 (in 1,000 metric tons)," 2015). According to the
statistics of the Food and Agriculture Organization, the natural rubber production in

Indonesia increased from 1,792 to 3,108 thousand tons from 2003 to 2013 (FAO.).
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2.2.3  Sources of natural rubber

Natural rubber is a bio-polymer obtained as latex from different plants; H. brasiliensis,
commonly known as the Hevea rubber tree, is the most significant commercial source of
natural rubber (P.M. Priyadarshan, 2009; Whalen, McMahan, & Shintani, 2013). The
rubber tree grows optimally in warm, humid, even climate at 24 °C—28 °C throughout the
year, with humidity above 70%, and scattered well-distributed rainfall of 1800-2000
mm/year on well-drained soils (Rogers & Cornish, 2005). Several years are needed for a
rubber tree fully mature and to be ready for extraction of natural rubber latex.(Groover,

2010; Priyadarshan, 2011) The H. brasiliensis is shown in Figure 2.3.

Figure 2-3: Natural rubber latex collected in a mug after skillful tapping of the
bark of a H. brasiliensis tree
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In the wild, Hevea rubber tree can grow to a height of 100—130 ft and can live up to
100 years. However, in the semi-wild environment, the tree can only live up to 30 years
because tapping decreases its  productivity. Wild and semi-wild A.
brasiliensis plantations are commonly found in South America (Brazil, Guiana francesa,
Suriname, Guiana, Venezuela, Colombia, Equador, Peru, and Bolivia, as shown in Figure
2.4c), followed by South East Asian countries (Malaysia, Indonesia, Thailand, Vietnam,
Sri Lanka, China, India, and Papua New Guinea, as shown in Figure 2.4a) and African
countries (Nigeria, Cote d’Ivoire, Cameroon, Liberia, Ghana, Republic of Congo, and
Gabon, as shown in Figure 2.4b) (Mooibroek & Cornish, 2000; P.M. Priyadarshan, 2009;
Simmonds, 1994; J. van Beilen, 2006). Approximately 90% of the total natural rubber

worldwide is obtained from H. brasiliensis (Verheye, 2010).

Figure 2-4: Natural rubber Plantation in African, South East Asian and in South
American countries
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Table 2-1: Literature in available sources of natural rubber globally
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The other crops that produce natural rubber include guayule plant, Russian dandelion,
rubber rabbitbrush, fig tree, goldenrod, and sun flower. Rasutis et al (Rasutis, Soratana,
McMahan, & Landis, 2015) reported that guayule (Parthenium argentatum Gray) is a
dry, non-tropical, and low-input perennial plant native to Mexico and southern Texas;
this plant has received significant research attention because of its potential as a substitute
source of natural rubber. Natural rubber is harvested in parenchyma cells in the bark of
guayule plant (Figure 2.5a) (Rasutis et al., 2015). Guayule plant is a feasible alternative
source to Hevea rubber tree because of the high quantity and quality of the produced
natural rubber, which exhibits the same molecular weight as that of natural rubber from
the Hevea rubber tree (J. B. van Beilen & Poirier, 2007a). Guayule plant is the only non-
tropical plantation crop used commercially to produce natural rubber in the early 20th
century (J. B. van Beilen & Poirier, 2007a). Guayule requires fewer nutrients and
pesticides compared with other plantation crops (Kroschwitz & Mark, 2004; Mark, 2013;
Ray, 2010). In addition, the residual, non-latex guayule exhibits a potential to produce
useful chemical commodities, such as bio-fuels, insulations, and paper pulps (Boateng,

Elkasabi, & Mullen, 2016; Rasutis et al., 2015).

Figure 2-5: (a) Guayule Plant and (b) Russian Dandelion
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Russian dandelion is another alternative source of natural rubber discovered in
Kazakhstan, Soviet Union in 1932 (J. B. van Beilen & Poirier, 2007b; Whalen et al.,
2013). Russian dandelion fully matures within 85 to 95 days. Rubber is collected in the
roots and leaves of Russian dandelion (J. B. van Beilen & Poirier, 2012). Van Beilen and
Poirier reported that Russian dandelion produced 150-500 kg/ha/year natural rubber
during World War II to fabricate make tires for the Soviet Union and Germany (J. B. van
Beilen & Poirier, 2007b; Whaley & Bowen, 1947). Russian dandelion is shown in Figure

2.5(b).

The other plant species used as a source of natural rubber include rubber rabbitbrush,
fig tree, goldenrod, and sunflower. The available sources of natural rubber are shown in

Table 2.1.

2.24  Uses of Natural rubber

Currently, thousands of commodities, such as tires, balloons, and boots, are fabricated
using latex obtained from rubber trees (Alkhatib, Loubar, Awad, Mounif, & Tazerout,
2015). Natural rubber exhibits distinct physical properties and function as a perfect
insulator (Engineers, 2010); hence, natural rubber is used or cable insulation and
production of scrap tires, automotive parts, and galoshes (Alkhatib et al., 2015; F. Chen
& Qian, 2002; Martinez et al., 2013; Rodgers & Abdullahi, 2016; Williams, 2013).
Natural rubber is also used to develop heavy mega structures and vibration insulators
(Fukahori, 2014). Evans and Evans reported that scrap tire contains 45—47 wt% of natural
rubber along with carbon black filler, styrene-butadiene rubber, butadiene rubber, and
other commodities (F. Chen & Qian, 2002; Evans & Evans, 2006). Natural rubber is also
applied in the food, cosmetics, packaging, paper, clothing, wall covering, and medical

industries (Kohjiya & Ikeda, 2014). Moreover, natural rubber is used extensively for
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preparation of adhesives, thermoplastic polymers, binders, resins, paints, and varnishes
(Abdullah, 1994). The uses of natural rubber in various sectors are summarized in Figure

2.6.

Figure 2-6 Uses of Natural rubber

2.3 Methods for conversion of natural rubber to fuel
Various techniques, such as pyrolysis, gasification, chemical degradation, catalytic
cracking, and hydrogenation, are used to convert natural rubber to fuels and valuable

chemicals.

2.3.1 Pyrolysis

Pyrolysis, also known as thermolysis, is the process of thermally breaking down
organic materials into relatively smaller molecules at high temperatures of 400°C—-600°C.
Pyrolysis is classified as a slow or a fast process based on heating rate. If the time required
to heat the raw material to the pyrolysis temperature is longer than the characteristic

pyrolysis reaction time, then the process is considered slow; otherwise, the process is
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considered fast (P. Basu, 2010). Pyrolysis can also be classified into hydropyrolysis,
hydrous-pyrolysis, oxidative-pyrolysis, vacuum pyrolysis, and catalytic pyrolysis based
on the type of the environment where the process is employed (Martinez et al., 2013).
Pyrolysis is characterized based on operating parameters, such as reaction period, heating
rate, temperature, pressure, and the nature of agents and catalyst used (Abnisa et al., 2013;
Andresen & Lim, 2011; Scheirs & Kaminsky, 2006). The products of pyrolysis are solid
(char or carbon), liquid (tar, hydrocarbons, and water) and gas (CO., CO, H>O, C>Ha,

C>Has, and CoHe) (P. Basu, 2010).

Various investigations were conducted on the pyrolysis of natural rubber. Chen and
Qian performed pyrolysis of natural rubber (cis-1,4-polyisoprene) in an inert atmosphere
to determine the effect of temperature on the composition and yield of the pyrolysis
product, such as pyrolytic oil, residues, and gases; however, only the yield of the main
component from pyrolytic oil has been reported. Studies also revealed that di-pentene is
a main component of pyrolytic oil at temperatures below 431° C,. At ambient
temperatures of -330°C, 331°C-390°C, and 391°C—430 °C, the di-pentene yields were
53.57%, 29.03%, and 11.89%, respectively (F. Chen & Qian, 2002). Cataldo reported the
detailed pyrolysis of synthetic and natural rubber (cis-1,4-polyisoprene) in a heated flask
under direct flame at low pressure; the produced oil presented a yield of 44.5% and mainly
consists of 90% di-pentene with small amount of isoprene (3.5%) and other commodities
(Cataldo, 1998). Munger outlined the production of gaseous and liquid fuels from small
tire pieces at temperatures below 482°C. The yields of products, such as gas, oil, and
carbon black were 5% to 50%, 20% to 50%, and 30% to 50%, respectively. The gross
calorific value of the oil product was estimated as 18,000 Btu per pound (Munger, 1992).
Groves et al studied the thermal degradation of natural rubber through pyrolysis to
investigate the oil product obtained at 500 °C; the major products obtained include

monomer, isoprene, dimmer, and di-pentene with other commodities in substantial
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concentrations (Groves, Lehrle, Blazs6, & Székely, 1991). Similar investigations on
pyrolysis showed that di-pentene and isoprene are the major products of natural rubber
pyrolysis (Bhowmick, Rampalli, Gallagher, Seeger, & MclIntyre, 1987; Chien & Kiang,
1979). The pyrolysis of natural rubber can be carried out at 330°C—400°C to obtain liquid
fuels. Heating rate is an important factor that should be considered because it positively
influences the yield of the pyrolysis product. Heating rate can be determined by the type

of pyrolysis process used (P. Basu, 2010).

2.3.2  Gasification

Gasification is a thermal process that converts organic- or fossil-based carbonaceous
materials into carbon monoxide, hydrogen, carbon dioxide, and methane (Luque &
Speight, 2014). This process is achieved by subjecting the material to high temperatures
(> 700°C) by using a controlled amount of oxygen and/or steam without peforming
combustion (Higman & van der Burgt, 2011; Luque & Speight, 2014). The resulting gas
product is called syngas (synthesis gas or synthetic gas) or producer gas, which is a fuel
with a heating value (Engineers, 2015; Higman & van der Burgt, 2011; Luque & Speight,
2014). Furthermore, gasification stores energy into a chemical bond (Engineers, 2015).
Gasification is carried out in three types of reactors: (i) fixed-bed gasification, (i1)
fluidized-bed gasification, and (iii) entrained-flow gasification. When choosing the
appropriate gasification process, the different factors that should be considered include
fuel reactivity, plant size, raw material used, and oxidant type (air, steam, or air/steam)

(P. Basu, 2010; Higman & van der Burgt, 2011; Luque & Speight, 2014).

Thus far, gasification of 100% pure natural rubber has not been investigated. However,
various studies reported that the gasification of tire rubber (consists of 40%—-52.2%

natural rubber (A. K. Basu, 2009; Evans & Evans, 2006; Funazukuri et al., 1987)) in an
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oxidizing medium under low-temperature conditions produced gaseous products, oil, and
solid residues (Manuel, Dierkes, & Limited, 1997). Ahmed and Gupta performed
pyrolysis and steam gasification of rubber tires at 800°C and 900°C to produce syngas
(Ahmed & Gupta, 2011). A comparative study of gasification and pyrolysis was also
conducted to determine the effect of temperature on gaseous product yield. Furthermore,
the characteristics of syngas were investigated. At 800°C—900°C, the yield of hydrogen
from gasification is higher than that from pyrolysis (Ahmed & Gupta, 2011). Rubber can
be used as an additive for coal gasification. Straka et al used a moving bed gasifier for
co-gasification of rubber with brown coal on laboratory and industrial scales at 850°C
(Straka, KRiZ, & BUCKO, 2008). The use of rubber particles (1020 wt%) improved the
calorific value of the final product (10.67-11.78 MJ/m3) (Straka et al., 2008). Straka and
Bucko performed oxygen-steam co-gasification of lignite with tire rubber through lurgi
gasification (Straka & Bucko, 2009). The net heating value of the final gas product is
higher for the mixture of lignite and rubber tyre 1020 wt% compared with that obtained
through gasification of lignite alone. The gross calorific values of the final product
obtained through co-gasification of lignite/waste-tire and gasification of lignite alone
were calculated as 12.77 and 12.40 MJ/m3, respectively. Moreover, the sulfur contents in
the gas product are lower in co-gasification than those in gasification of lignite alone

(Straka & Bucko, 2009).

Gasification of natural rubber can be conducted at 800°C to 900°C. Rubber can also
be employed for coal co-gasification because it reduces sulfur content in the gas product

and improves the calorific value.
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2.3.3 Chemical degradation

Chemical degradation is the decomposition of polymeric materials into useful
chemical commodities by using chemicals, such as acids, bases, and solvents.(Allen &
Edge, 1992) This process is due to many types of chemical reactions, which mostly result
in the breakage of double bonds (International & Lampman, 2003). Chemical degradation

processes include hydrolysis, ozonolysis, and solvolysis (Peacock & Calhoun, 2006).

Campistron et al performed chemical degradation of natural rubber in a controlled
manner by using m-chloroperbenzoic acid; the results showed that reaction time and
periodic amount of acid can be used to control the degree of breakdown (Sadaka,
Campistron, Laguerre, & Pilard, 2012). Chaikumpollert et al (Chaikumpollert et al.,
2011) examined the chemical degradation of natural rubber with potassium persulfate at
30°C; the viscosity of natural rubber was observed to be a function of the amount of
potassium persulfate used. FT-IR and 1H NMR analyses were then performed to study
the structure of natural rubber; the products obtained from oxidation degradation included
carbonyl and formyl groups (Chaikumpollert et al., 2011). Nor and Ebdon studied the
chemical degradation of natural rubber in chloroform solution through ozonolysis. The
molecular weight of natural rubber rapidly decreased upon addition of various
oxygenated functional groups (H. M. Nor & Ebdon, 2000). Similarly, Anachkov et al
investigated the ozonolysis of cis-1,4-polyisoprene and trans-1,4-polyisoprene by using
carbon tetrachloride solution (Anachkov, Rakovski, & Stefanova, 2000). Analysis using
IR-spectroscopy and 1H NMR spectroscopy showed that the products included ozonides,

aldehydes, and ketones (Anachkov et al., 2000).
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2.3.4  Catalytic cracking

Catalytic cracking process is the process of breaking down polymeric organic
materials by using a catalyst (Aguado & Serrano, 2006). This process is faster than
thermal degradation (Aguado & Serrano, 2006). A wide range of catalysts (Friedel-Crafts
catalyst, basic and acidic solids, and bifunctional solids) can be employed to promote the
catalytic cracking of rubber and plastics materials (Aguado & Serrano, 2006). Depending
on the types of catalysts and operational conditions used, different mechanisms and
approaches have been observed during the process. The product of catalytic cracking is
of higher quality compared with those of thermal degradation (Aguado & Serrano, 2006;

P. Basu, 2010; Scheirs & Kaminsky, 2006).

Catalytic cracking exhibits potential in the preparation of high-value commodities
from organic materials. Many studies were conducted to depolymerize rubber through
pyrolysis, co-gasification, and hydrogenation; however, limited information is available
regarding the depolymerization of rubber through catalytic cracking. Larsen investigated
the catalytic cracking of waste rubber (scrap tire) by using molten salts, which exhibit the
properties of Lewis acids, such as ZnCI2, SnCl2, and SbI3, at 380°C-500°C (J.W. Larsen,
1976). The yields of oil (38—78 wt%), gas (10—-17 wt%), and solid residues (45—49 wt%)
are similar to the product yield obtained from thermal decomposition (J.W. Larsen, 1976).
Wingfield et al. (1984 & 1985) developed a catalytic cracking process for decomposition
of plastic and rubber waste by using zinc and copper salts. The use of these salts as
catalysts could decrease sulfur and nitrogen contents (Wingfield, Braslaw, & Gealer,
1984). The use of a basic salt catalyst can also improve the yield of oil and gas products
(Wingfield, Braslaw, & Gealer, 1985). Hall et al performed the pyrolysis of latex gloves
by using Y-zeolite as catalyst at 380°C and 480°C; the experiment resulted in high yields
of valuable aromatic hydrocarbon compounds (Hall, Zakaria, & Williams, 2009). The use

of catalyst also increased the overall product yield. In the absence of a catalyst, the yield
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of pyrolytic oil increased from 57.9 wt% to 79.8 wt% at 380°C to 480°C. However, the
use of catalyst reduced the oil yield but increased the yield of the gaseous product from
7.4% to 11.7%. High product yields were observed at high temperatures in the presence

and absence of a catalyst (Hall et al., 2009).

2.3.5 Hydrogenation

Hydrogenation is a potential alternative for depolymerization of rubber and plastic
polymeric materials. This process uses hydrogen mixed with a typical catalyst, such as
Ni, Mo, Fe, and Pt, for breaking down double and triple bonds (Albert, 1939).
Hydrogenation reduces the numeber of saturated hydrocarbon compounds and promotes

the removal of sulfur, chlorides, and nitrogen (Scheirs & Kaminsky, 2006).

Several studies were conducted on the hydrogenation of natural rubber. Bhattacharjee
et al studied the depolymerization of epoxidized natural rubber by using C4HsO4Pd as
catalyst (Bhattacharjee, Bhowmick, & Avasthi, 1993). Combined with epoxy groups, the
catalyst played a remarkable role in the breakage of carbon double bonds. Infrared and
nuclear magnetic spectroscopy techniques were used to analyze the products
(Bhattacharjee et al., 1993). Mabhittikul et al examined the hydrogenation of natural rubber
latex by using using iridium catalyst ([Ir(cod)(PCy3)(py)]PFs)). In mono-chlorobenzene,
[Ir(cod)(PCys3)(py)]PFs was found to be an effective catalyst for hydrogenation of natural
rubber latex. Observations also showed that the use of sulfonic acid retarded the poisoning
of the catalyst during hydrogenation of natural rubber latex (Mahittikul, Prasassarakich,

& Rempel, 2009).
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24 Hydrothermal liquefaction

Hydrothermal liquefaction (HTL) is also known as hydrous pyrolysis (Gollakota,
Kishore, & Gu, 2018). Hydrous pyrolysis is a technique that converts organic materials
(rubber, biomass, plastics, etc.) into liquid fuel. This process is conducted using water at
high temperatures and high pressure conditions and induces the decomposition of long-
chain polymers of carbon, hydrogen, and oxygen into small-chain petrochemicals
(monomers) (P. Basu, 2010; John W. Larsen & Hu, 2006). Hydrous pyrolysis is
performed in water at high temperatures (250°C—400°C) and pressures (4—22 MPa). This
process can also be conducted under self-generated pressure. This process is similar to
other processes that uses hot water such as hydrothermal liquefaction, thermochemical
conversion, and hydrothermal processing (Crocker, 2010; Muraza, 2015; Obeid, Salmon,
Lewan, & Hatcher, 2015; Strande & Brdjanovic, 2014). One of the most important
advantages of this technique is that it can use a raw material with high moisture content
without the need for pre-drying. The products of hydrous pyrolysis are oil, solid residue,
and gases. The amount of liquid oil obtained is higher than that of solid residue and
gaseous products. In addition, the oil obtained through hydrous pyrolysis exhibits similar

properties to those of naturally occurring crude oil (Lewan, Winters, & Mcdonald, 1979).

Various studies were conducted on the depolymerization of kraft lignin, polystyrene,
polytrimethylene terephthalate, nylon-6, circuit board waste, shale, kerogen, and coal
through hydrous pyrolysis (Beltrame et al., 1997; Gao, Jin, & Pan, 2012; Kidena, Adachi,
Murata, & Nomura, 2008; Liang et al., 2015; Michels, Landis, Philp, & Torkelson, 1995;
Miknis, Netzel, & Surdam, 1996; Nguyen et al., 2014; Yildirir, Onwudili, & Williams,
2015). Chen et al performed hydrous pyrolysis of nylon-6 using phosphotungstic
heteropoly acid as catalyst at 280°C—-330°C (J. Chen et al., 2010). Under the optimum
conditions, the main product of hydrous pyrolysis was found to be caprolactum, with a

yield of 77.96 wt.%, and a small amount of 6-aminocaproic acid and oligomers (J. Chen
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et al., 2010). Miknis et al conducted hydrous pyrolysis of sub-bituminous rank coal in
helium atmosphere at 290°C-360°C and 20 psi (Miknis et al., 1996). The liquid products
were obtained in two separate phases, namely, oil and solid residues. Oil was obtained as
floating liquid on the water surface and as absorbed oil on the coal surface. The floating
material contained more than 75% expelled oil (Miknis et al., 1996). Similarly, Beltrame
et al examined the hydrous pyrolysis of polystyrene (Beltrame et al., 1997). The process
was carried out under in argon atmosphere at 300°C—350°C and 18 MPa. Liquid oil was
obtained as the main product, with an overall amount of 95%, and mainly consisted of

toluene, cumene, and ethylbenzene (Beltrame et al., 1997).

Nguyen et al reported that the yield of char obtained from hydrous pyrolysis of kraft
lignin at 350°C and 25 MPa ranged from 17% to 20% (Nguyen et al., 2014). The gaseous
products were not collected because no significant amount of gas was obtained in the
sampling bags. Similarly, Li et al reported the production of gaseous products through
hydrous pyrolysis of brown coal at 320°C (Li, Jin, & Lehrmann, 2008). The yield of the
gaseous product was estimated to be 54.8 kg/ton coal, which tends to increase with

increasing temperature (Li et al., 2008).

The first full-scale commercial plant of hydrous pyrolysis was established by the
Changing World Technologies and the Renewable Environment Solutions LLC (RES) in
Carthage, Missouri for conversion of waste into useful chemical commodities (fertilizers,
fuels, etc.). RES reported that any type of waste materials, such as plastic waste, sewage
waste, and rubbers could be used as feedstock. This plant converts 200 tons of waste into
500 barrels of oil per day. RES also claimed the energy efficiency of the process to be as
much as 85%, depending on the heating value of the product and the dry feedstock (T. N.

Adams et al., 2004).
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The advantage of this process as compared to other above mentioned processes is that
it produce high liquid product at low temperature. Whereas, other process like gasification
is good for high gas yields, pyrolysis is good for liquid product but it requires high
temperature. Similarly, torrefaction is used for the production of solid fuels.
Hydrogenation and catalytic cracking are low temperature processes but the use of

hydrogen and catalyst would increase the process cost.

2.4.1  Use of natural rubber in hydrothermal liquefaction

Few studies utilized 100% pure natural rubber for degradation. However, information
is available regarding depolymerization of rubber tire containing 40—52.2 wt.% of rubber
through hydrothermal liquefaction (A. K. Basu, 2009; Evans & Evans, 2006; Funazukuri
et al., 1987). Furthermore, various investigations were conducted on hydrous pyrolysis of
rubber tire to assess the effect of different parameters for production of useful liquid
products (D. T. Chen, Perman, Riechert, & Hoven, 1995; Funazukuri et al., 1987; S. Park

& Gloyna, 1997; Rushdi et al., 2013; L. Zhang et al., 2016).

Many parameters affect hydrothermal liquefaction process; these parameters include
particle size, reaction time, water to material ratio, heating rate, and operating atmosphere.
Raw material quality also significantly influences the final product, overall temperature
was found to be the most effective parameter that significantly affects product quantity

and quality. Studies on hydrous pyrolysis of rubber are shown in Table 2.2.
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Table 2-2: Various reported investigations on hydrous pyrolysis of rubber

Process parameters

Product analysis

I} Materials Comments
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=N the main pyrolysis content o . breakdown;
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2.4.1.1 Effect of water

In hydrothermal liquefaction of rubber tire, water is used in sub-critical and super-

critical conditions for degradation various materials (L. Zhang et al., 2016). If the

temperature of the water is above the atmospheric boiling point (100°C) but below it’s

the critical temperature (374°C), the water is said to be in sub-critical condition. However,

if the temperature and pressure of water is equal to or above 374°C and 22.1 MPa,

respectively, the water is said to be in super-critical condition (Anne Loppinet-Serani,
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2014; Brunner, 2014). Water under the sub-critical condition is used as solvent for polar
and ionic compounds; conversely, water under super-critical condition exhibits the
properties of non-polar solvents and is thus used to dissolve and degrade various non-
polar compounds (Vladimir Anikeev & Fan, 2013). Super-critical water is more
aggressive than sub-critical water because the water changes its structure and most of
hydrogen bonds are broken under super-critical condition; this phenomenon shift the
polar forces of attractions to dipole—dipole attractions, which subsequently decreases the
dielectric constant of water (Z. Fang & Xu, 2014; Garcia, Pérez, Fdez-Polanco, & Cocero,
2003). Degradation of rubber tire can also be carried out using various compounds, such
as pentane, carbon dioxide, and toluene. However, toluene and pentane are hazardous to
the environment and can cause water pollution, landfill contamination, and serious harm
to human life (Kumar, 2001; "Public Health Statement for Toluene," 2015). Hence, water
is the most suitable solvent for degradation because it is not only environment friendly

but also cheap and easily available.

Various investigations were conducted on the use of water under sub-critical and
super-critical conditions for degradation of rubber tire (D. T. Chen et al., 1995;
Funazukuri et al., 1987; Leung & Wang, 1998; Y. Park, Hool, Curtis, & Roberts, 2001;
Yi et al., 2009). Under super-critical condition, water is miscible with non-polar rubber,
provides the thermal energy for bond breaking, and acts as a source of heat transfer agent
and hydrogen provider (L. Zhang et al., 2016). Rubber is decomposed almost completely
in super-critical water compared with that in sub-critical water, thereby suppressing the

formation of char (Yi et al., 2009).

The amount of water influences the yield of the liquid product. Zhang et al reported
that the amount of liquid products increased with increasing water to rubber tire ratio

during hydrous pyrolysis of rubber tire (L. Zhang et al., 2016). The yield of the liquid
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products also increased from 46 to 53 wt.% when water/rubber tire ratio was increased
from 3/3 to 12/3 at 390°C. Furthermore, the high amount of water increased water density
and nucleophile concentration, thereby increasing the pressure of the reactor. This

condition is unfavorable for gas formation (L. Zhang et al., 2016).

Chen et al examined the thermal depolymerization of rubber tire and natural rubber at
380°C and 27.6 MPa by using carbon dioxide and water under super-critical conditions
(D. T. Chen et al., 1995). During thermal degradation using super-critical water and
carbon dioxide, natural rubber yielded products with lower molecular weight than those
obtained using rubber tire. These results showed that super-critical water renders a more
aggressive environment for degradation of materials compared with super-critical carbon
dioxide. The discrepancy in the results is due to the fact that water is a stronger

nucleophilic compound than carbon dioxide (D. T. Chen et al., 1995).

Similarly, Funazukuri et al reported the liquefaction of rubber tire using super-critical
water and n-pentane, with a super-critical point of 196.7°C and 3.37 MPa (Funazukuri et
al., 1987). Although the level of pressure of super-critical water is higher than that of
super-critical pentane, both solvents were considered effective. The yields of liquid
products obtained using super-critical water and pentane were found to be 47.6 and 48

wt.%, respectively (Funazukuri et al., 1987).

From all above studies it can be concluded that for the degradation of scrap tire, water

under supercritical conditions should be employed in liquefaction process.

2.4.1.2 Effect of temperature
Various investigations were conducted to study the effect of temperature on

hydrothermal liquefaction products. Zhang et al performed hydrothermal liquefaction of
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rubber tire at 200°C to 430°C (L. Zhang et al., 2016). The temperature highly influenced
the yield of the product. The yield of the liquid product increased from 13.5 to 52.7 wt.%
as the temperature was increased from 200°C to 370°C. A further increase in temperature
at 400°C did not significantly increase the liquid product yield. However, in the yield of
the liquid product decreased at temperatures higher than 400°C. This decrease in yield
could be attributed to the degradation of oil into lighter fractions and volatiles (L. Zhang

etal., 2016).

Park and Gloyna performed thermal degradation of rubber tire in a batch reactor using
super-critical water (S. Park & Gloyna, 1997). The experimental results showed that the
maximum Yyield of oil was attained at 400°C. However, the oil yield decreased at 400°C
to 450°C because of the conversion of oil into lighter hydrocarbons and volatiles during
thermal degradation. At450°C, the conversion of rubber was found to be 5% to 6% higher
than that achieved at 400°C. The maximum oil yield and conversion of rubber tire were

reported to be 44 wt.% and 58%, respectively, at 400°C (S. Park & Gloyna, 1997).

Funazukuri et al used autoclave as a batch reactor for thermal degradation of rubber
tire (containing 52.2 wt.% natural rubber) using super-critical water (Funazukuri et al.,
1987). At 380°C and 22 MPa, the yields of oil and solid products were 47.6 and 42.9
wt.%, respectively (Funazukuri et al., 1987). Similarly, Rushdi et al conducted hydrous
pyrolysis of rubber tire using stainless steel batch reactor at 150°C to 400°C (Rushdi et
al., 2013). Two sets of experiments were conducted. One experiment set was conducted
using rubber tire and water, whereas the other experiment used the same materials and
oxalic acid. The product yield increased with increasing temperature for both
experimental sets. The concentration of hydrocarbons also increased as the temperature
was increased to 250°C in the presence and absence of oxalic acid. At 350°C, the yields

of the liquid product in the presence and absence of oxalic acid were reported to be 47.53
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wt.% and 41.95 wt.%, respectively. Furthemore, the oil product yield decreased at
temperatures higher than 400°C. This decrease could be due to the decomposition of oil
products into lighter hydrocarbons and volatiles. However, the oil yield was high in the
presence of oxalic acid (Figure 2.7). The presence of oxalic acid provided excess

hydrogen, which can enhance the reduction of rubber (Rushdi et al., 2013).

Figure 2-7: Effect of temperature on the yield of oil produced from rubber tire

Similarly, Yi et al conducted hydrothermal liquefaction of rubber tire in a batch reactor
at 350°C-550°C and 13.9-25 MPa. Oil, gas, and solid residues were obtained as the main
products (Yi et al., 2009). However, oil was not collected because of limitations in the
system. Pyrolysis efficiency increased with increasing temperature and pressure. The
pyrolysis efficiencies were 40% at 350°C and 13.9 MPa and 71% at 550°C and 25 MPa.
The reaction completed at 550°C and 25 MPa because of the super-critical nature of water

(Yietal., 2009).

Similarly, Zhang et al also reported that the lowest yield of char (40 wt.%) was

obtained at 370°C (L. Zhang et al., 2016). The yield of gaseous products was low at
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temperatures above 300°C. The energy recovery of the process increased with increasing
temperature (L. Zhang et al., 2016). Funazukuri et al reported that the yield of the solid

product was 42.9 wt.% at 380 °C and 22 MPa (Funazukuri et al., 1987).

In hydrothermal liquefaction of rubber tire, temperature is reported to be the most
significant variable. At 370°C—400°C, the yield of the liquid products was 44-53 wt.%.
However, the degradation of the liquid products was observed as the temperature
exceeded 400 C, thereby decreasing the product yield. The complete decomposition of

rubber tire occurred at around 500°C during hydrous pyrolysis.

2.4.1.3 Effect of gas atmosphere

Various gas atmospheres or environments could be used to carry out hydrothermal
liquefaction of rubber; these gas environments include helium, nitrogen, carbon
monoxide, carbon dioxide, hydrogen, and air. Gas atmosphere minimally affect the yield
of the final product (L. Zhang et al., 2016). Zhang et al conducted hydrous pyrolysis
under different atmospheres, such as air, CO,, CO, Hy, and N> (L. Zhang et al., 2016).
The results showed that gas atmosphere did not affect or enhance the product yield. The
liquid products obtained under CO and H; showed a higher proportion of light fractions

compared with those produced under CO; or N> (L. Zhang et al., 2016).

Similarly, Park and Gloyna performed hydrothermal liquefaction of rubber tire in air
and helium atmospheres (S. Park & Gloyna, 1997). The gas atmosphere is the second
most important parameter after temperature that affects the liquid product yield. However,
the atmosphere showed minimal effect on oil yield. The use of helium, instead of air, was
more effective for oil recovery. The maximum yield of the oil product was 44 wt.% at

400°C in helium atmosphere (inert atmosphere). The use of air as the atmosphere results
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in oxidative reaction, which increased the volume of effluent gas (S. Park & Gloyna,

1997).

2.4.1.4 Effect of time

Various studies were conducted to determine the effect of reaction time on product
quality during hydrothermal liquefaction. Zhang et al studied the effect of reaction time
from 20120 min at 390°C (L. Zhang et al., 2016). At 390°C, the reaction time of 20 min
was sufficient for degradation of rubber tire and the yield of the liquid product was 40
wt.%. The liquid product yield increased to a maximum of 53 wt.% when the reaction
time was further increased to 60 min with slight increase in temperature (L. Zhang et al.,
2016). Chen et al observed that the degree of depolymerization can be controlled using
reaction time and can be employed to control the molecular weight for formation of
chemicals (D. T. Chen et al., 1995). The molecular weight decreased during time interval
of 30—180 min (D. T. Chen et al., 1995). Similarly, Funazukuri et al reported that the
molecular weight decreased as a function of time at 380°C and 22 MPa (Funazukuri et
al., 1987). Zhang et al also reported that prolonged reaction led to low nitrogen and sulfur

contents in the liquid product (L. Zhang et al., 2016).

2.4.2  Characteristics of products

Various investigations were conducted to characterize products obtained during
pyrolysis and hydrothermal liquefaction of rubber. Zhou et al reported that the calorific
value of oil obtained under the optimum conditions is a 44.09—45.09 MJ/kg (L. Zhang et
al., 2016). The calorific value obtained is close to that of petroleum derived from crude

oil, such as diesel (44.8 MJ/kg) (Sinha, Agarwal, & Garg, 2008). The properties of liquid
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oil obtained from hydrothermal liquefaction of rubber tire are comparable with other

crude-oil-derived fractions, such as gasoline and diesel, as well as other solid and gaseous

fuels (Table 2.3).
Table 2-3: Calorific value of various fuels
Fuel Calorific value Ref
Oil from rubber tire 45.09 MJ/kg (L. Zhang et al.,
2016)
High rank coal 36.0 MJ/kg (Demirbas, 2007)
(Everard,
Biomass 17.072 Ml/kg McDonnell, &
Fagan, 2012)
. (Sinha et al.,
Diesel 44.5 Ml/kg 2008)
Natural gas 54 MJ/kg (Chandra, 2006)
(Dias De
. Oliveira,
Gasoline 46 MJ/kg Vaughan, &
Rykiel, 2005)

According to Zhou et al, elemental analysis of oil product obtained under optimum
conditions contained carbon and hydrogen contents of 86.66 wt% and 10.99 wt%,
respectively (L. Zhang et al., 2016). Similarly, Funazukuri et al reported that oil products
contained 85 wt.% and 10 wt.% carbon and hydrogen, respectively, at 380°C and 22 MPa

(Funazukuri et al., 1987).

Funazukuri et al performed elemental analysis of solid residues; the results showed
that the residues contained 91.8 wt.% and 1.48 wt.% carbon and hydrogen, respectively,

at 380°C and 22 MPa (Funazukuri et al., 1987). Moreover, Yi et al reported the presence
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of high carbon contents in solid residues. The average value of carbon contents was

estimated to be higher than 80 wt.% (Yi et al., 2009).

Yi et al reported that the gas product mostly consisted of CHs, H2, CO, CO», and
hydrocarbons with low molecular mass (Yi et al., 2009). The concentrations of CH4 and
H> were high in the product. The yield of CHs increased at 400°C to 550°C. Furthermore,
the yields of CHa4, H4, and CO> were approximately 38%, 38%, and 16%, respectively, at
500°C and 22.2 MPa; meanwhile, NOx and SOx were not detected in the gas products

(Yietal., 2009).

Cataldo reported a detailed pyrolysis of synthetic and natural rubber (cis-1,4
polyisoprene) (Cataldo, 1998). The yield of the oil product was 44.5%. The pyrolytic oil
mainly consisted of 90% di-pentene with low amounts of isoprene (3.5%) and other
commodities (Cataldo, 1998). Groves et al studied the thermal degradation of natural
rubber through pyrolysis to investigate the oil product derived at 500°C (Groves et al.,
1991). The major products obtained were monomer, isoprene, dimmer, and di-pentene
with other commodities in substantial concentrations (Groves et al., 1991). In a similar
investigation on pyrolysis, di-pentene and isoprene were found to be the major products
of natural rubber pyrolysis (Bhowmick et al., 1987; Chien & Kiang, 1979). According to
Chen and Qian, the pyrolytic oil obtained from natural rubber (cis-1,4-polyisoprene) at
temperatures below 431°C mainly consisted of di-pentene (F. Chen & Qian, 2002). The
yields of di-pentene at temperature ranges of ambient—330°C, 331°C-390°C, and 391°C—
430°C were 53.57%, 29.03%, and 11.89% respectively. Roy et al performed pyrolysis of
pure natural rubber and commercial rubber (consisting of 52% polyisoprene) at 500°C
with varying pressures from 8 kPa to 28 kPa (Christian Roy, Darmstadt, Benallal, &
Amen-Chen, 1997). The oil yield for pure natural rubber was estimated to be 97.3 and

90.3 wt.% at 0.8 and 28 kPa, respectively. For commercial rubber, the yields of pyrolytic
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oil were 62.6 and 61.7 wt.% at 0.8 and 28 kPa, respectively. Characterization of naphtha
obtained from pyrolysis showed high amounts of dl-limonene. The yield of dl-limonene
from naptha obtained from pure natural rubber was estimated to be 54.64 wt.% at 0.8 kPa.
For commercial rubber, the yield of dl-limonene was reported to be 31.40 and 31.22 wt.%
at 0.8 and 28 kPa, respectively. The total amounts of aromatics, olefins, and alkanes
obtained from pure natural rubber were reported to be 4.24, 70.35, and 3.89 wt.%,
respectively at 0.8 kPa. Chen et al performed NMR analysis of liquid products and
reported the presence of aromatic, olefinic, and aliphatic groups (D. T. Chen et al., 1995).
Products with a molecular mass of 10° to 10* were obtained. The reported compositions
of hydrocarbons, aromatic rings, and olefinic groups in the products were 81 wt.%, 19
wt.%, and 0.4 wt.%, respectively, at 380 °C and 27.6 MPa (D. T. Chen et al., 1995).
Zhang et al reported the composition of oil products at 250°C, 350°C, and 430°C (L.
Zhang et al., 2016). Aromatics, saturated, and unsaturated hydrocarbons were 15.97
wt.%, 14.08 wt.%, and 7.10 wt.%, respectively, at 350°C. This difference in composition
is due to changes in temperature. According to Zhang et al, the composition of aromatics
and unsaturated hydrocarbons increased to 50.49 and 45.68 wt.%, respectively, at 430°C
(L. Zhang et al., 2016). Rushdi et al reported that alkanes, methyl n-alkanoates,
plasticizers, n-alkanoic acids, phenols, and polycyclic aromatic hydrocarbons were found
to be the major products of hydrous pyrolysis (Rushdi et al., 2013). According to Rushdi
et al, the polycyclic aromatic hydrocarbons in the absence of oxalic acid was 25.78% at
350°C (Rushdi et al., 2013). The concentration of cyclic aromatic hydrocarbon increased
with increasing temperature. In the presence of oxalic acid, the concentration increased
from 0.001 mg/g at 150°C to 5.15 mg/g at 400°C; by contrast, in the absence of oxalic

acid, the concentration increased from 0.002 mg/g at 150 °C to 5.21 mg/g at 400°C.
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2.5 Liquefaction using organic solvents

Now a days, in liquefaction process, the use of organic solvents has gained much more
consideration than former methods as it is environmental friendly and can be conducted
at comparatively lower temperatures (ranging between 250°C and 400°C) (Mazaheri, Lee,
Bhatia, & Mohamed, 2010). The liquefaction process has positive benefits over pyrolysis
process such as the presence of solvent avoids the cross-linking and reverse reactions in
final product (Durak & Aysu, 2014). Water is a common medium in the liquefaction
process, many scientists have conducted various studies on the liquefaction of numerous
biomass for the production liquid fuels using water as a solvent. (Chandra, 2006; Dias De
Oliveira et al., 2005; Sinha et al., 2008; Toor, Rosendahl, & Rudolf, 2011). The high
critical values (374 °C and 22 MPa) of water need severe operating conditions. therefore,
many efforts were made to investigate low critical value organic solvents, such as
methanol, ethanol, and propanol (Yan et al., 2015). The low critical points of organic
solvents offer milder conditions for liquefaction, which can make up the shortcoming of
water (Yan et al., 2015). Alcohols are considered as an alternative solvent in liquefaction
process of the biomass because of their features. Alcohol solvent are better solvent
because they have fewer corrosion effects, good hydrogen donor, can be separated easily,
low critical points and high product efficiency. Due to these remarkable feastures of
alcohols,they are preferred more (Durak, 2015). The properties of different supercritical
solvents are shown in table 2.4. Among all the properties shown in table 2.4, low critical

points of alcohols are most attractive feature.
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Table 2-4: Properties of different supercritical solvents

Boiling | Molar . Dielectric
. Tc Pc density .
Solvent | Formula | point mass ©C) | (Mpa) | (g/em’) polarity | constant
©C) | (g/mol) pa) | (& @20°C
Water H,O 100 18.01 374 | 22.06 1 100 80.1
Methanol | CH30H 64.7 32.04 240 7.95 0.79 76.2 32.6
Ethanol | C;HsOH | 78.24 46.07 241 6.3 0.78 65.4 22.4
Propanol | CsH;OH 97 60.1 | 263.8 52 0.8 — 20.18

2.5.1 Utilization of biomass in liquefaction process using alcohols

Currently, there is no information available on the liquefaction of scrap tire/ natural
rubber using alcohol. However, information on the liquefaction of various biomasses are
available. There are many parameters that affect in liquefaction process using alcohols
such as size of particle, residence time, alcohol to biomass mass ratio, heating rate, and
reaction atmosphere. In addition, the quality of raw material also has a significant
influence on the final product, however, the temperature and solvent is found to be the
most effective parameter that has an influence on the product quantity and quality. Few
studies on the liquefaction of different biomass using different alcohols are shown in

Table 2.5.
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Table 2-5: Few

studies on the liquefaction of different biomass using different

alcohols
Process parameters Product analysis
Ref | Materials
Type of T P . Quantitativ | Qualitative
reactor cC) | (MPa) Sl L e analysis analysis
Maximum
- 10! | o
= ' "o, | aliphatic,
N Giant 75mL 43.91 wt. % oxygenated
i . Methanol, and 37.57
B fennel capacity | 240 o and
2 L ethanol . wt. % was .
G (Ferula cylindric - 30 and 75mins obtained nitrogenated
R orientalis al 360 ropanol usin compounds
2 L)) autoclave prop me tl%anol were detected
>\‘ .
< Ethanol and from GCMS
rophuol analysis
respectively.
Bio-oil
obtained have
20.845M1J/kg
Ethanol (5 of HHV. The

- 15%) Cand H

Lower. contents were

material to estimated to

ethanol be 52.59%

ratio had and 6.63%

positive respectively.

impacts The highest ;Ftllfl fol\t/)[iso
on the yield of bio- oil o}kl) tained
—~ bio-oil oil, gas and .
) . . from rice
= yield. As solid was 24 .
Q husk showin
3 240 the wi.%, 37 that henolicg
= . 500ml 4.1- | material to 50- | wt.% and 44 P
< | Rice husk - . compounds
o autoclave 9.7 ethanol 60mins | wt.%
0 361 . . (18%) were
g ratio respectively .
= . the major
s increased was compounds
~ from 5% obtained at ; den{)i ﬁl; din
to 15%, temperature Lo
the bio-oil,
the of 320°C
correspon followed by
din bpio- esters (15%),
Oil%/ield long-chain
decreased alkaones
from (11%),
24.24% to Eaerrrllzifeiréztions
0,

19.06%. (3.2%) and
furan
derivatives
(2.7%).
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o

Q

oh

=)

N The

3 maximum

o yield of

)

z2 | 30mb 4 Methanol 41wt % was

= Oil palm mini 0.5 - .

9 fronds batch N and 30mins achieved at o

g : 230 Ethanol temperature

E reactor of 230°C

§ using

= ethanol with

g time of

E 20mins

S

2
Bio oil have
HHV of 25.1
kJ gt From
GCMS
analysis, the

< 100mL At optimal compounds

= stainless- condition of | detected in

N.n Sweet steel 240 0- 300 °C and bio oil were

Tj sorghum | magnetic - Methanol 60mins 30 min, the grouped into

2 stalk ally 320 maximum hydrocarbons

= stirred yield of BO |, alcohols,

~ autoclave is 40.5 wt% | phenolic
compounds,
methoxybenz
enes, ketones,
esters, and
others.
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The C and H
contents of
bio crude
increase as
the

temperature
increases
The yield of | from 265 to
@ bio crude 360°C. At
= increased 360°C, the
(;n . 160ml 260 material to from 32.1 to | HHV of bio
v Red pine batch - o Ethgnol 30mins 42.0 wt. % crude was
3 sawdust autoclave | 360 ratio = with an 31.28MlJ/kg.
S 1/10 increase in Most of the
§ temperature | product gas
Q from 265 to | produced
350°C. from the
liquefaction
of red pine
sawdust were
comprised of
CHg4, CoHa,
C,Hg, Ha,
CO, CO;
At 290°C, the
Cand H
contents in
bio oil were
52.83 and
7.79%. The
HHYV of oil
At 290°C, was 22.23
5 75mL the MlJ/kg. Also,
S Phellinus cylindric | 250 maximum bio-oils from
- pomaceus al — 4-5 Ethanol | 75mins | liquid yield | liquefaction
= autoclave | 300 of 29wt % were
e reactor was composed of
achieved. various
organics
including
aromatics,
nitrogenated
and
oxygenated
compounds
At
temperature
of 210 -
) Methanol 330°C, with
= and methanol
a 450ml Ethanol and ethanol,
= Oil palm High- 210 d the highest
S | fruit press | pressure - — Wl\ire us.el " | 45mins | liquid —
5 fiber autoclave | 330 ateria product
S reactor to sqlvent yield
N ratio = .
S /10 obtained
< were
38.0% and
36.9%
respectively.
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2.5.1.1 Effect of temperature

Various investigation have been made to study the effect of process temperature on
liquefaction of biomass using alcohols. Aysu and Kiiglik performed the liquefaction of
giant fennel (Ferula orientalis L.) using different organic solvents such as methanol,
ethanol and propanol (Aysu & Kiigiik, 2013). The effects of different parameters such as
temperature and solvent on product yields were investigated. The results showed that
conversion highly depends on the temperature. The yield of bio-oil increases with the
increase in the temperature from 240°C to 320°C. However, opposite trend was observed
for the solid product yield. The highest bio-oil yield (43.91%) was obtained using ethanol

at 360°C.

Similarly, Huang et al. conducted the liquefaction of rice husk for the production of
bio oil using ethanol (Huang et al., 2013). The Liquefaction experiments were performed
at various reaction temperatures ranging from 240°C to 360°C. The highest bio-oil yield
of 24 wt.% was obtained at temperature of 320°C. Further increase in temperature to

360°C resulted in the reduction of bio-oil yield.

Mohammad et al. carried the liquefaction of oil palm fronds for the production of
furfural using methanol and ethanol as a solvents (Mohamad et al., 2017). The effect of
process temperature was studied from 100°C to 230°C. The furfural yield increased as the
temperature increased. The maximum yield of 41wt. % was achieved at temperature of
230°C using ethanol with reaction time of 20mins (Mohamad et al., 2017). Same

investigations that have been made are shown in Table 2.5.
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2.5.1.2 Effect of solvent

Aysu and Kii¢iik conducted the liquefaction of giant fennel (Ferula orientalis L.) using
different organic solvents such as methanol, ethanol and propanol (Aysu & Kiiciik, 2013).
At optimum condition of 320°C, the use of methanol, ethanol and propanol produced
36.33 wt.%, 43.91 wt.%, and 9.91 wt.% of liquid oil yield. Whereas, for by-products, the
use of ethanol at 320°C, produced 53.76 wt.%, and 12.36 wt.% of solid and gas yield

respectively.

Similarly, Huang et al. studied the effect of material to solvent ratio on product yield
during the liquefaction of rice husk using ethanol (Huang et al., 2013). AT 200°C, the
ratio of material to solvent was varied from 5 to 15%. Lower material to ethanol ratio had
positive impacts on the bio-oil yield. As the material to ethanol ratio increased from 5%
to 15%, the corresponding bio-oil yield decreased from 24.24% to 19.06%. At high
biomass to solvent ratios, the relative interactions among molecules of biomass and that
of solvent become less influential, which can suppress the dissolution of biomass

components.

Mohammad et al. also studied the effect of type of solvent used for liquefaction of oil
palm fronds (Mohamad et al., 2017). Methanol and ethanol were as a solvents. The
highest oil yield of 36 wt. % and 25 wt. % was achieved using ethanol and methanol

respectively at 230°C. Similar investigations that have been made are shown in Table 2.5.

2.5.1.3 Effect of time
Various studies also have been made on the effect of reaction time on product yield
and composition in liquefaction process using alcohols. Mohammad et al. studied the

influence of reaction time (0.5 to 30mins) on liquid yield during the liquefaction of oil
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palm fronds using methanol and ethanol as a solvents (Mohamad et al., 2017). At
temperature of 230°C, longer reaction time significantly increased the furfural yield for
the first 20 min but subsequently decreased at longer reaction time (30 min). The increase
in furfural formation initially can be attributed to the high accessibility of xylose in the
biomass. On the other hand, the subsequent decrease in furfural yield at 30 min can be
attributed to side reactions i.e. condensation and resinification. At 230 °C and 20mins, the
maxium liquid yield of 43 wt.% and 34 wt.% was obtained using ethanol and methanol

as a solvent respectivety.

Similarly, Zong et al. studied the effect of reaction time during the liquefaction of
sweet sorghum stalk using methanol (Yan et al., 2017). According to Zong et al. at
constant temperature of 300°C and material to solvent ratio of 1:15, the yield of bio oil
increase from 30 wt. % to 40 wt. % as the time increases from 0 to 30mins. Further,
prolonging in time reduced the bio oil yield. It was reported that at optimal reaction time
for the liquefaction of sweet sorghum stalk is 30 min. The reduction in the bio oil yield
with increase in reaction time from 30 min could be attributed to condensation,
cyclization, and polymerization of some species in the bio oil into residue or deep
degradation of some species in the bio oil into gaseous products (Yan et al., 2017). Similar

investigations that have been made are shown in Table 2.5.

2.5.2  Characteristics of liquid products obtained by liquefaction using alcohols

Various investigations have been made on the characteristics of liquid products obtained
by liquefaction using different alcohols. Huang et al. reported that at optimum conditions
the maximum HHYV of oil obtained was 20.84 MJ/kg by the liquefaction of rice husk using
ethanol as a solvent (Huang et al., 2013). Similarly, Zong et al. reported that maximum

HHYV of 25.1 kJ/g was obtained by the liquefaction of sweet sorghum stalk using methanol
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as a solvent (Yan et al., 2017). Also, Kim and Brand conducted that liquefaction of red
pine sawdust using ethanol and at optimum condition the maximum HHYV of bio crude
obtained was 31.28MJ/kg (Brand & Kim, 2015). According to Durak, at optimum
condition, the maximum HHV of oil obtained was 22.23 MJ/kg by the liquefaction of

Phellinus pomaceus using ethanol (Durak, 2015).

Huang et al. reported, the ultimate analysis of oil product obtained from rice husk at
optimum conditions contained C and H contents of 52.59 wt.% and 6.63 wt.%
correspondingly (Huang et al., 2013). Also, Kim and Brand performed the elemental
analysis of oil products obtained from red pine sawdust consisting about 74.6 wt. % and
6.44 wt.% of carbon and hydrogen contents at 360°C (Brand & Kim, 2015). The C and H
contents of bio crude increase as the temperature increases from 265 to 360°C (Brand &
Kim, 2015). Similarly, Durak showed that the results of elemental analysis of bio-oils
obtained from liquefaction of phellinus pomaceus in ethanol at 290°C consisting about
52.83 wt.% and 7.79 wt.% of C and H contents respectively (Durak, 2015). For solid
products, Durak reported the elemental analysis of solid residue consisting about 60.20

wt.% and 4.61 wt.% of C and H contents at 290°C (Durak, 2015).

Kim and Brand studied that most of the product gas produced from the liquefaction
of red pine sawdust were comprised of CH4, CoHs, C2Hg, H2, CO, CO> (Brand & Kim,
2015). The yield of gases increased as the temperature increased from 265°C to 250°C.
The concentration of CO2 and CO was high in the product gas (Brand & Kim, 2015).
Aysu and Kii¢iik conducted the GCMS study of the oil products obtained from giant
fennel, which showed the presence of Aromatics, aliphatic, oxygenated and nitrogenated
compounds (Aysu & Kiigiik, 2013). Huang et al. performed the GCMS study of bio oil
obtained from rice husk showing that phenolic compounds (18%) were the major

compounds identified in the bio-oil, followed by esters (15%), long-chain alkanes (11%),

52



benzene ramifications (3.2%) and furan derivatives (2.7%) (Huang et al., 2013). Similar
investigations made on the characteristic of products obtained by the liquefaction can be

seen in Table 2.5.

2.6 Environmental and economic feasibility

Liquefaction is a viable and environment friendly technique for conversion of wastes
(such as scrap tires and organic wastes) into liquid fuels. Liquefaction of rubber tire
yields three main products, namely, liquid oil, gas, and solid residues. During liquefaction
of rubber tire, most sulfur and nitrogen contents are retained in the solid residue, thereby
substantially reducing the emission of SOx and NOXx in the gas products (D. T. Chen et
al., 1995; S. Park & Gloyna, 1997; Yi et al., 2009). However, reduction of nitrogen and
sulfur contents in solid residues must be further improved. Similarly for liquid products,
minimal improvements are required for reduction of nitrogen and sulfur contents (L.
Zhang et al., 2016). Zhou et al. reported the sulfur contents in oil obtained were 1.07 to
2.28%. Similarly, Chen et al and Funazukuri et al reported 1 wt.% and 2 wt.% sulfur in
the oil obtained from the liquefaction of scrap tire respectively (D. T. Chen et al., 1995;
Funazukuri et al., 1987). For greenhouse gas emissions, Pilusa et al reported quantitative
analysis of the flue gas produced by the combustion of tire derived oil (J. Pilusa, Shukla,
& Muzenda, 2014). According to their studies, the burning of tire oil generated 0.23, 12.5,
0.003, and 0.01 (vol. %) of SOx, CO2, NOx and CO respectively (J. Pilusa et al., 2014;
T. Pilusa, Shukla, & Muzenda, 2013). Table 2.6 shows the greenhouse gases emissions

from tire oil.
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Table 2-6: Greenhouse gases emissions from tire derived oil

Gas components Concentration (Vol. %) Enzigs/slio\;ll:;vel
Sulfur dioxide (SO») 0.23 8
Nitrogen Oxide (NOx) 0.003 0.08
Carbon dioxide (CO») 12.5 296
Carbon monoxide (CO) 0.01 0.15
Hydrocarbons (HC) 0.02 0.18
Nitrogen (N2) 73.6 1110
Oxygen (O2) 3.5 60
Moisture (H20) 10.1 98

(J. Pilusa et al., 2014)

Liquefaction of rubber tire produces high quality and quantity of oil products. Thus,
this technique exhibits a potential for developments in the energy industry. Hydrous
pyrolysis of rubber tire is a cost-effective technique used to convert rubber tire into fuel
(Rushdi et al., 2013). Generally, pyrolysis of rubber tire is conducted at temperatures
higher than 400°C, thereby increasing the operational cost of the process ("Daily Prices
of Natural Rubber (US dollar per 100 kg)," 2015). Therefore, studies have focused on
optimizing pyrolysis by using water below 400°C. Rushdi et al presented the economic
viability of liquefaction of rubber tire (Rushdi et al., 2013). According to their report, a
yearly profit of $1.18—1.78M can be obtained through liquefaction of 30 MT rubber tire
per day. The process could be more profitable using solid residues as a fuel and product

gases for waste heat recovery through process upgrading.

Another study conducted by California Integrated Waste Management Board reported

that the gross revenue of $1.45 per tire rubber could be made through this process. This
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study also estimated the capital cost and operational cost for the plant. According to this
report, capital cost of $257 per tons per annum and $238 per kilowatt were required for
the plant, whereas the operational cost of the plant was calculated 4.5% of capital cost

with heat recovery system (BOARD, 2006).

Similarly, Huffman and Shah (1997) reported that 8.4 million barrel of oil per year
could be produced by using the rubber tire of 2.8 million tons/year, generating the revenue

of $168 million/year (including the revenue from by-products) (Huffman & Shah, 1997).

A techno-economic study conducted by Shelley and El-Halwagi showed the
promising economic feasibility of pyrolysis for economic assessment of liquefaction of
rubber tire (Shelley & El-Halwagi, 1999). According to their study, investment decisions
were made using return on investment (ROI) approach. ROI is defined as, a profitability
measure that evaluates the performance of investment or a business by dividing the net
profit by net worth (Ichsani & Suhardi, 2015; Menezes, Kim, & Huang, 2015). ROI is
one of the important tools used to measure the efficiency or consequences of investment.
In many cases, it is also used to compare the efficiency of a number of different
investments. In this approach, the investment was considered positive if the ROI was
positive. The results showed the promising and advantageous economic feasibility with
ROI of approximately 12%. In addition, the tipping fee obtained for raw material was
found to play a key role in overall profitability. The high tipping fees received will be

linearly subsidized to increase in ROL
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2.7 Conclusions

Natural rubber is one of the promising sources of alternative energy and can be
employed to solve the problem of energy crisis. Studies in the literature showed numerous
techniques are available for depolymerization of natural rubber; these techniques include
pyrolysis, gasification, chemical degradation, catalytic cracking, hydrogenation, and
hydrous pyrolysis. Liquefaction of natural rubber is the most cost-effective process
because it produces high liquid yield under low-temperature conditions. Most studies also
focused on using rubber tires. A maximum liquid yield of approximately 44% was
obtained under the optimum conditions of 400°C, water/rubber ratio of 2:1, and reaction
time of 60 min. The advantage of this process is that it can also use raw materials with
high moisture contents without requiring a pre-drying process. Moreover, the use of water
as a reaction medium in liquefaction has gained considerable attention because it can
easily separate water from oil products and is more economical compared with other
organic solvents, such as pentane and toluene. Other solvents, such as alcohols can also
be employed in the process due to their low critical points as compared to water. The use
of alcohols not only provide the milder conditions for the process but they will also
improve the quantity and quality of the liquid products. For environmental concerns,
during liquefaction of rubber tire, NOx and SOx were not produced in the gas product.
The use of pure natural rubber as a feedstock in liquefaction is environment friendly
because pure natural rubber does not contain sulfur. Moreover, the advantage of using
natural rubber is that it would required low degradation conditions as compared to scrap
tire. Furthermore, this process is an optional solution to contribute to fulfillment of energy
requirements and reduce dependence on fossil fuels. Liquefaction process seems to be
one of the promising techniques for production of alternative fuels and chemicals.
However, limited information is available regarding liquefaction of natural rubber.

Therefore, further research is needed on liquefaction of natural rubber to assess the effect
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of different parameters on product quality and quantity and determine environmental and

economic feasibility.
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CHAPTER 3: LIQUEFACTION OF NATURAL RUBBER TO LIQUID FUELS

VIA HYDROUS PYROLYSIS

3.1 Introduction

Nowadays, researchers are using many different techniques to convert biomass into
liquid fuels. Pyrolysis, chemical degradation, hydrothermal liquefaction, and
hydrogenation are well known techniques used for this purpose. Among these processes,
hydrothermal liquefaction process is promising technique for the production of liquid
fuels. It is also known as Hydrous pyrolysis. One of the most important advantages of this
technique is that it can be used on raw material with high moisture content without the
need for pre-drying. This process is conducted using water at high temperatures and high
pressure conditions and induces the decomposition of long-chain polymers of carbon,
hydrogen, and oxygen into small-chain petrochemicals (monomers) (P. Basu, 2010; John
W. Larsen & Hu, 2006). The products of hydrous pyrolysis are oil, solid residue, and
gases. The amount of liquid oil obtained is higher than that of solid residue and gaseous
products. The typical yield of oil, solid and gas obtained by this process is ranging from
21 to 77 wt.%, 12 to 60 wt.% and 0 to 63.4 wt.% respectively. Usually the properties of
oil obtained through hydrous pyrolysis depend upon the type and composition of biomass

(Jahirul, Rasul, Chowdhury, & Ashwath, 2012).

Many researchers have carried out studies on the hydrous pyrolysis of various biomass
to produce liquid fuels. In general, it is observed that the oil obtained from biomass have
lower calorific value within the range of 30 to 36 MJ/kg compared to petroleum based
fuels (Chandra, 2006; Dias De Oliveira et al., 2005; Sinha et al., 2008; Toor et al., 2011).
Zhang et al. (He, Zhang, Funk, Riskowski, & Yin, 2000) converted the swine manure into

liquid fuel at the temperature of 275 to 350°C and at pressure of 5.5 to 18 MPa. The oil
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obtained had calorific value of 35 MJ/kg. The elemental analysis of oil showed that the
oil contained 71% carbon and 0.21 ppm of sulfur in it (He et al., 2000). Minowa et al.
(Minowa, Murakami, Dote, Ogi, & Yokoyama, 1995) reported the conversion of
synthetic garbage (consisting of mixture of rice, vegetables, butter and bread) into oil.
The maximum oil yield obtained was 21 wt.%. The reported operating parameters were:
350°C temperature, 18 MPa pressure and 30 min reaction time. The calorific value of oil
was 36 MJ/kg and the reported oil composition consisted of 73.6 % of carbon, 9.1% of
hydrogen, 4.6 % of nitrogen and 12.7 % of oxygen (Minowa et al., 1995). Minowa et al.
(Minowa, Kondo, & Sudirjo, 1998) studied the conversion of Indonesian biomass residual
to liquid oil using hydrous pyrolysis technique at 300°C temperature, 10 MPa pressure
and 0.5 hour. The reported yield was 21 to 36 wt.%. At optimum conditions the oil
produced was having a calorific value of 30 MJ/kg. The reported elemental composition

was C: 67 to 80 %, H: 6 to 8%, N: 0 to 2 % and O: 11 to 23 % (Minowa et al., 1998).

As an optional technique, researchers have utilized scrap tire to obtain the oil which
has high heating value. Zhou et al. (L. Zhang et al., 2016) conducted the hydrous pyrolysis
of scrap tire and reported that the calorific value of oil obtained under the optimum
conditions was 44.09-45.09 MJ/kg. The calorific value obtained was close to that of
petroleum derived from crude oil, such as diesel (44.8 MJ/kg) (Sinha et al., 2008).
However, the oil obtained from the scrap tire contained high sulfur contents. Generally,
tire contains around 1 to 4 wt.% of sulfur contents (Martinez et al., 2013; S. Park &
Gloyna, 1997; Williams, 2013). The presence of sulfur in a tire is generated from the
vulcanization process (S. Park & Gloyna, 1997). When tire is subjected to hydrous
pyrolysis, as consequence, high amount of sulfur also will be detected in the oil yield.
Zhou et al. reported the sulfur contents in oil obtained were 1.07 to 2.28%. Similarly,
Chen et al. (D. T. Chen et al., 1995) and Funazukuri et al. (Funazukuri et al., 1987)

reported 1 wt.% and 2 wt.% sulfur in the oil obtained from the hydrous pyrolysis of scrap
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tire respectively. The presence of sulfur in fuel oil is able to decrease the ambient air
quality by generating the SOx when it is burnt (Schmidt, 1985; Totten, 2003). This SOx

subsequently causes contamination and pollution in environment.

Tire usually consists 40-52.2% of natural rubber (NR) and other components of tire
are carbon black, metal, textile, sulfur and additives (A. K. Basu, 2009; Evans & Evans,
2006; Funazukuri et al., 1987). From those compositions shows that the natural rubber is
found to be a dominant compound in tire. In this regard, it will be an interesting study to
use the natural rubber alone in the hydrous pyrolysis process in order to understand the
characteristic of the product yields. Currently, no literature is avalaible on the
depolymerization of pure natural rubber through hydrous pyrolysis process. Natural
rubber is an organic matter obtained from plants and typically obtained from the rubber
tree, guayule plant, russian dandelion and rubber rabbitbrush (Barlow, 1970; Mooibroek
& Cornish, 2000; P.M. Priyadarshan, 2009; Ray, 2010; Rogers & Cornish, 2005;
Simmonds, 1994; J. van Beilen, 2006; J. B. van Beilen & Poirier, 2007a, 2007b; Whaley
& Bowen, 1947). It is a tropical plantation crop usually found in Malaysia, Indonesia,
Thailand and various central African countries (Barlow, 1970).The rubber tree cultivates
best in a warm humid climate (Rogers & Cornish, 2005). According to Morton (1999),
natural rubber is an organic polymeric compound of Isoprene, i.e. Poly Isoprene (CsHg)n
with minor amounts of impurities like other organic compounds and water (Morton,

1999).

In 2014, the worldwide production of natural rubber is estimated about 12.2 million
metric tons which is increasing gradually on account of its high usage (Ahmad, Abnisa,
& Daud, 2016; Inc., 2015). The high availability of natural rubber has attracted the
industries to utilize the natural rubber as raw material for the preparation of valuable items

such as gloves, tires, automotive parts, footwear, clothes, medical equipment, wall
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covering, paper, and cosmetics etc. (Abdullah, 1994; Alkhatib et al., 2015; F. Chen &
Qian, 2002; Kohjiya & Ikeda, 2014; Martinez et al., 2013; Niaounakis, 2013; Rodgers &
Abdullahi, 2016; Rogers & Cornish, 2005; Williams, 2013). According to 2013 statistics,
the global consumption of natural rubber is calculated to be 11.3 million metric tons
("Natural Rubber Statistics," 2015; Statista, 2015), where around 7.4% of natural rubber
remains un-utilized. This potential amount of natural rubber along with waste/discarded

natural rubber can be used for the synthesis of liquid fuels.

In this study, the main objective was to conduct the hydrous pyrolysis of natural rubber
for the production of sulfur free liquid fuel having a high heating value. The effect of
different parameters such as temperature, pressure, water to material ratio, and reaction
time on product yield obtained from the hydrous pyrolysis of natural rubber were also
studied. Furthermore, the liquid product was characterized by several analysis devices to
observe its quality. The energy potential from natural rubber based oil was calculated and

presented in this paper.

3.2 Experimental
3.2.1 Materials

The natural rubber (NR) with SMR L grade (Malaysian Standard Rubber) was
obtained from Malaysian Rubber Board. The NR used was chopped to particle size of
approximately 3-5 mm. The NR was characterized using Thermogravimetric analysis
(TGA). The proximate and ultimate analyses of NR were also performed. Distilled water
that used as a reaction medium in this study was produced from Auxilab S.L, QUARTZ.
Moreover, the inert nitrogen gas with 99 % purity was used to create a non-oxidative

environment inside the reactor.

61



3.22 Experimental Procedure

The experimental setup was designed and fabricated by Amar Equipment Private
Limited, Mumbai, India. The stainless steel autoclave (SS 316) was used as a batch
reactor to carry out hydrous pyrolysis experiment with total capacity of batch reactor was
1 liter. The reactor consisted of furnace for heating. The reactor than was heated
electrically to desired temperatures. It was also equipped by thermocouple, pressure
gauge, safety valve, stirrer, and vent valve. Distilled (DI) water was used as a reaction

medium in this study. The complete experimental system was shown in Figure 3.1.

Figure 3-1: Schematic of experimental set up for the production of liquid fuels
from natural rub

In this study, the experiment was performed by loading the NR and water into
autoclave, then closed and purged with nitrogen to create the non-oxidative environment
at 2 bar. The reactor was heated electrically to desired temperature and the temperature

was monitored using K-type thermocouple. The heating rate of reactor was set to
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10°C/min and the stirrer rate was set to 10 rpm. Since experimental work was carried out
in a closed system, the evolution of hot gas reaction products increased the internal
pressure of the reactor during experimental runs. Consequently, the hydrous pyrolysis
experiments were subjected to self-generated pressure whose extent depended on reaction
temperature and the amount of water to NR mass ratio used. Three different sets of
experiments were performed in this study. In the first set, the experiment was conducted
at different temperature conditions within the range of 300 to 400°C with the increment
of 25°C at different corresponding pressures of 54, 62, 70, 92, and 95 bar by keeping
constant the HoO/NR mass ratio and time at 3:1 (54g: 18g) and 30 mins respectively. In
the second set, the experiment was performed by using different HO/NR mass ratio (g/g)
[H2O/NR=1:1 (18g:18g), 2:1 (36g:18g), 3:1 (54g:18g), 4:1 (72g:18g), and 5:1 (90g:18g)]
with the corresponding pressures of 52, 61, 70, 93, and 97 bar at temperature and time of
375°C and 30 mins respectively. For the last set, the experiment was conducted by varying
the reaction time from 15 to 75 mins with the increment of 15 mins at 375°C, 92 bar and
H>O/NR mass ratio of 3:1 (54g: 18g). After the process was done, the heater was switched
off and the reactor was cool down to room temperature by cooling coils system. Three
products were obtained liquid, tar, and gas products, where the liquid was considered to
be the main product. The gas product was not collected due to limitations in reactor
design. The liquid products and tar were collected and weighted. The gas product was
calculated by the material balance. The yields of products were calculated by dividing its
mass by the mass of NR loaded into the autoclave batch reactor, equation (3.1) was used

for that purpose.

wt. of product
WL 9 Proci® % 100

Product Yield(%) = ——NR (3.1)
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The yield of product gas was estimated by the subtraction: 100-(Oil yield + tar yield +
water soluble). All experiments were repeated three times under the identical conditions

to validate the experimental outcomes.

3.2.3 Raw material and Product analysis

The elemental analysis of raw material was performed using CHNS/O analyzer model
2400, whereas, the proximate analysis of raw material was conducted using ASTM
standard (ASTMD 3173 and ASTMD3175) methods. The TGA analysis was performed
using model NETZSCH STA 449F3. The TGA study of NR was conducted with 10
C°min heating rate to investigate their thermal characteristics. The analysis was carried
out within the temperature range of 28°C to 800°C in the presence of nitrogen atmosphere.
The flowrate of nitrogen purge gas was 20 mL/min. 11.58 mg of NR sample was used to

carry the analysis.

After the completion of reaction time, the whole mixture inside the reactor was
transferred in a 50 mL conical centrifuge tubes and subjected to centrifugation process at
3200 RPMs for 20 mins. As a result, three separate layers were obtained, consisted of oil
layer at the top, water in the middle and solid at the bottom. The oil sample was collected
by using micropipette, while the remaining portion in funnel was filtered out using
whatman filter papers. The residue obtained on filter paper was dried in an over at 110°C
and weighted. The filtrate left was considered as water (aqueous phase). Using solvent
extraction technique, water soluble fractions were extracted. The quantitative analysis of
water soluble fraction was provided in this study. However, the main focus of this study

was on liquid oil. Hence, the product characterizations were done only for liquid oil.
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The physical analysis of liquid includes the viscosity (1) and density (p). The viscosity
(n) of the liquid was estimated by using a rotational viscometer equipped with an SC4-18
spindle (Brookfield Viscometer made in USA, model DV-II+Pro EXTRA). All the
measurements were taken at room temperature with sample amount about 7 mL. A 25
mL pycnometer was used to determine the density (p) of the liquid product. Liquid oil
was filled in the pycnometer and weight of liquid oil was calculated by subtracting the
weight of pycnometer. Density (p) was estimated by dividing this weight by the volume.
Several chemical analysis were performed using pH meter, CHNS/O analyzer, Fourier
transform infrared (FTIR), and gas chromatograph—mass spectrometer (GCMS).
METTLER Toledo pH meter was used for the determination of pH values for liquid
product at room temperature. FTIR spectroscopy analysis was conducted with a
PerkinElmer Frontier FT-IR spectrometer. The samples were scanned within the range of
450-4000 cm™" with a resolution of 4 cm™. The elemental analyses of all the oil samples
were performed using CHNS/O analyzer model 2400 Perkin Elmer Series. The high
heating value (HHV) was calculated by using the data obtained from the ultimate analysis.
The Dulong formula (equation 2) was used for the estimation of the HHV of the liquid

product based on the result of ultimate analysis (L. Zhang et al., 2016).
M] - _9
HHV ( /kg) = 0.338C + 1.428 (H —2) +0.095 S (3.2)

In equation (3.2), C, H, O and S stand for carbon, hydrogen, oxygen, and sulfur

respectively.

For the calculation of energy balance, the energy input to the system was calculated
based on the NR calorific value. Energy output is the total energy from liquefaction
products based on HHV. The amount of energy recovery in the product was calculated in

terms of percentage using Equation (3.3) (Hanif, Capareda, Igbal, Arazo, & Baig, 2016).
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m i1 X HHVj)
myr XHHVyR

Energy recovery (%) = %X 100 (3.3)

Where, myj is the mass of product oil (kg), mnr is the mass of raw material NR (kg),
HHV.i is the heating value of product oil (MJ/kg), HHVnr is the heating value of raw
material NR (MJ/kg). However, this relationship only describes the conversion of energy
from the starting material to bio-crude and does not take into account the energy required
for the liquefaction process. So as to compare the energy content of the resultant products
(bio-crude) with the energy required to bring the reactants to the desired temperature the
energy consumption ratio (ECR) was introduced (Minowa et al., 1998), (Yokoyama et
al., 1987) and (Biller & Ross, 2011). ECR is defined as:

ECR = g—L (3.4)

P

Where, EL the energy required for the hydrothermal liquefaction and Ep is the energy
of the products (bio-crude). If ECR<1 then the energy required for the process is favorable
as the products have higher energy content as compared to that required for the reaction.
If ECR>1 more energy is required for the process to happen as compared to the energy

content of the products. Er is calculated according to following procedure:

EL A (Wf-watercp,waterXAT"'(l; Wf-water)cp,NR AT)(l_Rh) (35)
C

Substituting equation (3.5) in equation (3.4):

(W1 .waterCpwater<AT+(Wf.Nr)Cp,nrR AT)(1—Rp)
(Xout XHHV,i1)Rc

ECR =

(3.6)
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Where Wf.yaeer 1s initial fraction of water. Ry and Rc are the efficiencies of heat
recovery and combustion energy assumed to be 0.5 and 0.7 respectively, Xoi is the bio

crude oil yield.

The compound identification in the oil products were performed by GCMS (Shimadzu
GC-2010 plus) equipped with a capillary column (RTX-5MS, 60 m length, 0.25 mm i.d.,
0.25 um film thickness). The samples were prepared as 50 ppm solution in cyclohexane.
The injector temperature was set at 300°C. The oil products sample was injected with a
split ratio of 3:1. A two-minute solvent delay was set to protect the filament. The column
was firstly held at 40°C for 4 min. The temperature was increased to 300°C at 4°C min!
and held isothermally for 4 min, giving a total runtime of approximately 73 min. Helium

flowing at 3 mL min™! served as the carrier gas.

Furthermore, in order to minimize the margin of mistake and to generate more reliable
data, the analysis of every product from all experimentations were repeated three times,
and the averaged results were reported here. Moreover, the standard deviation (SD) was
calculated for the replicated experimental runs for oil and tar yield. The values of gas
yield which were obtained by the difference were also used for the calculation of SD
using SD correlation. This data describes the error analysis, originality and
reproducibility of results. However, for the analysis, the accuracy and uncertainty of
analyzers were improved by using standards. Therefore, to reduce the chances of error
and to generate more accurate and precise results, every instrument employed for the

analysis was calibrated and verified by using standards.

67



33 Results and discussion
3.3.1 Characterization of raw material

Ultimate and proximate analyses of any materials are very important since they
provide information about the chemical and elemental composition of materials. The
ultimate and proximate analyses of raw material are shown in Table 3.1. The proximate
analysis consists volatile matter, fixed carbon, ash, and moisture. The volatile matter is
the condensable and non-condensable vapors released when organic material is heated,
whereas the fixed carbon is the solid combustible residue that remains after a precursor
particle is heated and volatile matter is driven off. In determining the total volatile matter,
the samples were heated and annealed at 900°C (Telmo, Lousada, & Moreira, 2010). The
fixed carbon content was calculated by subtracting from 100% the sum of moisture,
volatile matter and ash contents in percentage. From Table 3.1, it can be seen that the
volatile matter in NR is 89.98 %, while the fixed carbon and ash contents in NR are 4.71
% and 3.60 % respectively. It is reported that high volatile contents in organic material
provides high volatility and reactivity, which subsequently favors the production high
quantity of liquid and gas products, whereas the presence of fixed carbon leads to the
formation of char (Jahirul et al., 2012). Moreover, it can also be seen that NR consists of
high hydrocarbons as it is pure poly-isoprene. The carbon and hydrogen contents in NR
were estimated to be 83.63 % and 11.97 % respectively. Furthermore, the Table 3.1 is
also showing that the NR is sulfur free material with low oxygen contents. The high
amount of carbon and hydrogen contents have positive effect on the HHV, whereas, high
oxygen contents reduces the HHV (Abnisa & Wan Daud, 2015). Therefore, the presence
of high hydrocarbons, high HHV, volatile matter and less sulfur clearly showed that the

properties of NR is reliable and suitable alternative material to produce liquid fuels.
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Table 3-1: Characteristics of natural rubber

Characteristics Natural rubber

Proximate Analysis (wt.%)

Volatile matter 89.98
Fixed carbon 4.71
Ash 3.60
Moisture 1.71

Ultimate Analysis (wt.%)

Carbon 83.63
Hydrogen 11.97
Nitrogen 1.58
Oxygen 2.71
Sulfur 0.12
HHV(MJ/kg) 45

3.3.2 Thermogravimetric analysis (TGA) of raw material

In this study, TGA was performed to get an overview of the thermal behavior of the
feedstock. From Figure 3.2 it can be seen that the thermal decomposition of NR started
approximately at 300°C and more than 95 % of NR was decomposed when temperature
reached about 480°C. Same study has been reported by Mohapatra and Nando (2014)
(Mohapatra & Nando, 2014). In NR, the degradation of Poly-isoprene was occurred
which was pure hydrocarbon. The high percentage of weight loss observed from TGA
analysis indicated that 350-400°C was found to be a suitable temperature for maximizing

NR conversion into liquid product.
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Figure 3-2: TGA curve for natural rubber

3.3.3  Effect of operating parameters on products
3.3.3.1 Effect of temperature and corresponding pressure

For this study, the time and H>O/NR mass ratio were kept constant at 30 mins and 3:1
respectively whereas, the temperature was varied at 300, 325, 350, 375, and 400°C with
the corresponding pressures of 54, 62, 70, 92, and 95 bar respectively to observe their
effect on product yield. All the experiments were performed below supercritical
conditions. The Figure 3.3 showed that the yield of liquid product was increased from 69
to 76 wt% as the temperature rose from 300 to 375°C. However, further increase in
temperature didn’t show any significant effect on liquid yield increment. In contrast to
liquid, the tar yield was decreased with the increase of temperature. The lowest tar yield
of 8.26 wt% was achieved at 400°C. The tar yield was lesser than the liquid yield due to
the presence of low ash and fixed carbon in the NR. The gaseous products were always
the lowest fraction and were only detected at temperatures above 300°C in

depolymerization process. The gas yield obtained was 4-8 wt% within the temperature
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range of 300-400°C. Moreover, the yield of gas products increased slightly with
increasing temperatures due to cracking of the liquid product, where same phenomena
has been described by many researchers (S. Park & Gloyna, 1997; L. Zhang et al., 2016).
Water soluble fraction showed similar trend as liquid oil. That is, the yield of water
soluble fraction increased with the increment of temperature up to 375°C, after which a

slight decrease in yield was observed. In figure 3.3, o represents standard deviation.
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Figure 3-3: The effect of temperature on oil yield

3.3.3.2 Effect of water to natural rubber mass ratio

Normally, in hydrous pyrolysis the addition of water made the conversion milder than
that of the direct pyrolysis of biomass. In this study, the effect of the different HO/NR
mass ratios was varied at 1:1, 2:1, 3:1, 4:1 and 5:1 with corresponding pressures of 52,

61, 70, 52.4, and 51 bar. The temperature and time were fixed at 375°C and 30 mins
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respectively. It was found that the increase in liquid yield was observed linearly as the
ratio of water increased from 1:1 to 4:1, while the maximum liquid product of 76 wt.%
was obtained at 375°C with H2O/NR mass ratio and reaction time of 3:1 and 30 mins
respectively. This phenomenon can be described by the presence of water in the process.
As water can behave an a nucleophile, the increase of H>O ratio in NR has led to the
increase in the concentration of nucleophiles (D. T. Chen et al., 1995), which also
enhances the attack possibility of the polymer backbone, engendering fragmentation of
the polymer molecules and leading to higher liquid products yield. In addition, at same
operating conditions, the tar and gas yield were estimated to be 12.5 and 4 wt%
respectively. From figure 3.4, it can be seen that the amount of evolved gas increased as
H>O/NR mass ratio slightly increased from 1:1 to 3:1. However, the further increase of
H>O/NR mass ratio didn’t show any significant effect on gas yield. Furthermore, it was
found that the difference in H>O/NR mass ratio had no significant effect on the water
soluble fraction. The highest water soluble fraction of yield 7.9 wt% was obtained at

H>O/NR mass ratio of 4:1. The trend is shown in figure 3.4.
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Figure 3-4: The effect of H2O/NR mass ratio on liquid product yield

3.3.3.3 Effect of reaction time

The influence of reaction time on products was conducted at the temperature of 375°C,
and with a HoO/NR mass ratio of 3:1 with varying times from 15 to 75 min. From Figure
3.5, 1t can be observed that the conversion of liquid product increased steadily with
reaction times from 15 min to 30 min. The residence time of 30 min at 375°C was
observed to be sufficient to depolymerize the NR for the production of 76 wt% of liquid
product. However, the further prolonging the holding time didn’t show any significant
effect on the liquid product yield. The longer the reaction time, the higher cost of process
needed. Moreover, different reaction times didn’t show any significant change on tar and

gas yield. Same phenomena has been explained by Zhang et al (L. Zhang et al., 2016).
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Figure 3-5: The effect of residence time on oil yield

3.3.4  Characterization of liquid products
3.3.4.1 Elemental analysis and HHV

Table 3.2 shows the elemental analysis and calorific values of liquid products obtained
through the hydrous pyrolysis of NR at different operating parameters. Natural rubber 1s
mainly consists of high amounts of hydrocarbons contents (carbon and hydrogen), which
makes it a potential raw material for the synthesis of high grade liquid product. The
elemental analysis showed that the carbon and hydrogen contents in the liquid product
increased with the increase of temperature, whereas, the HO/NR mass ratio showed the
opposite trend for carbon contents. For all liquid products, the nitrogen contents were
always lower than the nitrogen present in NR. The oxygen contents in the liquid product
were found to be larger than that of NR. It is due to the fact that usually water gets

incorporate into liquid products during hydrous pyrolysis (L. Zhang et al., 2016). The

74



increase in temperature favored the depolymerization of NR which also results in the
decrease of nitrogen contents in liquid products. The same phenomena has been reported
by Zhang et al (L. Zhang et al., 2016). The HHV was approximately between 42 to 45
MJ/kg for all liquid products. The calorific value of liquid product obtained from the
hydrous pyrolysis of NR is close to the petroleum fractions derived from the crude oil (44

MJ/kg) (Ahmad et al., 2016).
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3.3.4.2 Viscosity, density, and pH value

Table 3.2 shows the viscosity, density, and pH values of liquid products obtained at
different operating conditions. From table 3.2, it can be seen that the viscosity decreased
when the temperature of the process increased. At 300°C, a high value of viscosity was
obtained to be 713 cP, however, at 325°C a very significant change in viscosity was
measured to be 41.13 cp. It is due to the fact that less degree of depolymerisation occurred
at lower temperature of 300°C (D. T. Chen et al., 1995). The final viscosity value was
obtained 14 cP when temperature reached to 400°C. Furthermore, the HoO/NR mass ratio
and reaction time also showed the same trend like the effect of temperature. The increase
in H>O mass ratio results in the decrease of viscosity of liquid product. The increase in
contact time decreased the viscosity of the oil due to the high extend of deploymerisation
of NR, same finding has been reported by Chen et.al.(1995) (D. T. Chen et al., 1995). The
optimum condition of process was resulted in the oil with viscosity of 14.61 cP. In
contrast to viscosity, it can see that the variation of temperature, H-O/NR mass ratio, and
residence time did not show any significant effect on the density of oil products. At
optimum conditions (374°C, H2O/NR mass ratio= 3:1 and 30 min), the density of oil
product was reported to be 0.859 g/ml, which was close to the density of diesel which
was 0.82 g/ml. For pH analysis, the results showed that no significant improvement on
pH value of liquid product when the operating parameters were changed. The average

value of pH obtained was 7.26.

From all the quantitative and analytical data, it can be seen that the operating
conditions of 375°C, H>O/NR ratio 3:1, and 30mins were found to be the best and

optimum.
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3.3.4.3 Fourier transform infrared (FTIR) spectroscopy analysis

The results of FTIR analysis showed that all of the obtained oils had similar
characteristics in term of chemical bonds (functional groups), where four major peaks
were clearly observed during the analysis. Based on this finding, the discussion of FTIR
analysis in this section was only emphasized on the liquid product obtained at optimum
conditions of 375°C, H2O/NR mass ratio of 3:1 and 30 min. As shown in Figure 3.6, the
FTIR analysis identified that C-H, CH», and CH3 were the most abundant chemical bonds
detected in liquid product produced from the hydrous pyrolysis of NR. The function group
of C-H bending was generally found at peaks between 864-919 cm!, which indicated the

presence of vinyl and aromatic compounds.

A strong peak which found around 1450 cm™ indicated the presence of methylene
group (CHz), while an additional strong peak about 1375 cm™! was detected as a methyl
group (CHs). The functional groups related to methyl and methylene were also detected
at high wavelength frequencies above 2500 cm™, where methyl and methylene groups
were detected at peak of 2857 cm™ and 2924 cm™! respectively. From FTIR results it can
be seen that the methyl and methylene groups were found as the dominant compounds.
The same functional groups have also been reported by many authors from the
deploymerisation of polyisoprene, which the methyl and methylene groups were

recognized as major components in NR (Cataldo, 1998; F. Chen & Qian, 2002).
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Figure 3-6: FTIR spectra for liquid product samples obtained at 375°C

3.3.4.4 GC/MS analysis

In this study, GC/MS analysis was performed to determine the nature and type of
compounds present in the oil obtained under different conditions of temperature and
H>O/NR mass ratio, as these parameters had significant influence on oil quantity and
quality. The detected compounds were identified by searching an MS library database,
and the results were listed in Table 3.3. There are a great number of compounds but their
peak areas are very low, thus are not examined in this study. During the analysis,
numerous compounds that could be grouped as aromatics, alkyl, alcohols, alkenes,

aldehydes and ketones were detected.

From Table 3.3, it can be seen that many compounds in the oil were identified as

alkenes. The most dominating compounds in alkene were D-Limonene and isoprene.
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Besides, aromatics were found to be the second most dominant species in all of the
obtained oils. The greatest proportion of aromatics in the oils was mostly derived from
toluene, xylene and benzene. The third dominating species was identified as Alkyls. Thus,
it can be noted that alkenes was confirmed as the compounds with the highest
concentrations in the oils, then following by alkyls, aromatics, aldehydes, alcohols, and

ketones.

From Table 3.3, it also can be seen that the increase in temperature affected the oil
compounds. The percentage areas of alkenes and aromatics showed the increasing trend
with the increase of temperature. In Alkenes, at the temperature of 300°C, the formation
of D-limonene is less as compared to the temperature of 400°C, due to the less
depolymerization of poly-isoprene at 300°C. Therefore, with the increase in temperature,
the yield of D-limonene was found higher due to the conversion of isoprene radicals into
D-limonene (Danon, van der Gryp, Schwarz, & Gorgens, 2015; Pakdel, Pantea, & Roy,
2001). For aromatics, at high temperature the yields of aromatic hydrocarbons also
increased. It is suggested that the main pathway to the aromatic compounds maybe
accomplished at the expense of D-limonene (F. Chen & Qian, 2002; Cunliffe & Williams,
1998). On the other hand, alcohols showed the opposite trend when the amount of
alcoholic compounds decreased with the rise of temperature. The decrease in alcohol
compounds resulted in the reduction of oxygen contents in the oil subsequently improving

its quality.

All the liquid products obtained from the liquefaction of NR via hydrous pyrolysis
process should good fuel properties. The yield of oil products was found high 76% which
is very good. Moreover, the presence of high hydrocarbon (hydrogen and carbon)
contents increased the HHV of liquid oil. The oxygen contents of oil samples were also

low (less than 10%) which improved the quality of oil by making in non-corrosive in
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nature. Moreover, oxygen content is also representative of water contents and results of
oxygen contents also showed that the water content of oil was also low. Low water
contents improves the combustion properties of oil. The low viscosity of oil obtained at
optimum conditions was good enough to use as a fuel. Viscosity describes the flow
property and low viscosity oil is good for the atomization in engines.

Table 3-3: Major compounds (% of total peak area by GC-MS) exist in liquid

products obtained from hydrous pyrolysis of natural rubber at different
temperature.

GCMS analysis of oil samples for major compounds (% of total peak area by GC-MS)
Identified compounds (%)
Compounds Temperature® H,O/NR ratio®
300°C | 375°C | 400°C | 2:1 3:1 4:1
Aromatics

Toluene 1.86 | 3.56 4.3 2.76 | 3.56 | 3.89
o-Xylene 1.99 | 2.01 332 | 1.97 | 2.01 | 3.01
Benzene, 1,2,4-trimethyl- 1.76 2.89 345 245 | 2.89 | 3.21
Benzene, 1-methyl-3-(1-methylethyl)- 1.96 2.21 323 | 212 | 221 | 2.56

0-Cymene 1.89 — — 0.34 — —
Total 946 | 10.67 | 143 | 9.64 | 10.67 | 12.67

Alkyl

Cyclopentane, 1,3-dimethyl-, cis- 2.45 3.56 4.3 327 | 3.56 | 3.74
Cyclopentane, ethyl- 6.35 8.54 2.04 | 774 | 8.54 | 6.94
Heptane, 2,4-dimethyl- 1.2 1.23 1.4 145 | 1.23 | 1.78
2-Hexene, 2-methyl- — 0.54 1.11 1.11 | 0.54 | 0.82
Total 10 13.87 | 8.85 | 13.57 | 13.87 | 13.28

Alcohols

Cyclohexanol 3.32 — — — — —

2-Hydroxymethylcyclopentanol (trans) 3.65 3 2 3.25 3 2.76
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Total 6.97 3 2 3.25 3 2.76
Ketones

Cyclohexanone 1.81 — — 1.57 — —

7-Oxabicyclo[4.1.0]heptane 1.41 1.4 1.54 | 1.52 1.4 1.49

Total 3.22 1.4 1.54 | 3.09 1.4 1.49
Alkenes

D-Limonene 26.89 | 50.33 | 25.85 | 30.67 | 34.77 | 34.67

Cyclohexene, 3,5-dimethyl- — 1.04 2.78 | 0.88 | 1.04 | 2.32

I1);3)15}3/_0lopen‘[adiene, 5,5-dimethyl-2- 1 64 1.88 ) 168 | 188 | 1.73

Isoprene 33.13 | 15.56 28 2145 25 |2643

Total 61.66 | 62.69 59 | 54.68 | 62.69 | 65.15

Aldehydes

5-Hexenal 1.94 | 3.59 2.9 2.54 | 3.59 | 3.14

Total 1.94 | 3.59 2.9 2.54 | 359 | 3.14

Total (%) 93.25 | 95.22 | 97.22 | 86.77 | 95.22 | 98.49

a H,;O/NR mass ratio = 3:1, time = 30min

b Temperature = 375°C, time = 30min

3.3.5 Mechanism of natural rubber liquefaction

Natural rubber (NR) is biosynthesized organic material, which primarily consists of
polyisoprene as a main constituent. During hydrous pyrolysis, NR is decomposed and
depolymerized to fragments of lighter molecules, and then these unstable fragments
rearranged through condensation, cyclization, dehydrogenation, and polymerization to

form new compounds in a bio crude products (Cheng et al., 2017).
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Liquefaction of NR is initiated by radical reaction (Danon et al., 2015). The monomer
radicals are formed by B-scission reaction with respect to double bond in the main
polymer chain. These monomer radicals are also known as allylic radicals. These radicals
are highly reactive due to which they undergo alkylation and intramolecular cyclization
reaction and yield different compounds which belong to the family of alkenes and alkyls.
At high temperature, the decomposition and dehydrogenation reaction of cyclic
compounds from alkenes leads to the formation of aromatic hydrocarbons (X. Zhang,
Wang, Ma, & Chang, 2008). The other group of families such as alcohols, ketones and
aldehydes are formed due to hydrolysis reaction (Cheng et al., 2017). The proposed

mechanism of NR liquefaction is shown in Figure 3.7.

Figure 3-7: Mechanism of natural rubber liquefaction

3.3.6 Energy potential (EP) from pyrolysis oil
In Malaysia, the NR has been widely used for many industrial applications, such as
medical equipments, rubber shoes, condoms, latex gloves, bio-materials, conveyer belts,

electrical insulations, automotive mats and tires. However, not all of the produced NR is
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utilized; therefore, the un-utilized NR data from Malaysian NR statistic was used to
estimate the energy potential. From year 2010 to 2014, the average amount of NR
produced in Malaysia was estimated to be 884,656 tons, whereas, the average
consumption was found to be 436,783 tons. The rest 50.62% (447,873 tons) of un-utilized
NR can be converted in to liquid fuels. On the bases of data available, following

calculations were made by using equation (3.3):

EP = (Feedstock X oil yield%) x HHV,; (3.3)

The oil from the hydrous pyrolysis of NR has a HHV of 45 MJ/kg with 76wt% yield.

Hence, the total energy contained in the oil is shown in table 3.5.

Table 3-4: Projection of Energy potential from Natural rubber based oil

Feedstock  Liquid yield HHV million barrel
(tons/year) (kg/year) HHV{(M}y©ur) (PJ/year) of oil/year
447,873 340,383,480 15317256600 15 2.5

From the estimation, it can be seen that the energy potential that can be obtained from
Malaysian NR derived oil is 15 PJ/year. In terms of barrel of oil equivalent, 15 PJ/year of
energy is equivalent to 2.5 million barrels of oil per year. This energy potential has been
calculated under optimum conditions. This energy potential is estimated by only using
fresh NR before its use for other applications. In addition, more energy potential can also
be achieved by utilizing the NR waste such as discarded rubber gloves, condoms,

balloons, pharmaceutical rubber items, rubber shoes, and scrap tire.
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3.4 Conclusions

In this study, the hydrous pyrolysis technique has been successfully used to convert
natural rubber into liquid fuels. The experiment was performed in autoclave batch reactor
under a nitrogen atmosphere. The operating condition of 375°C, H,O/natural rubber mass
ratio= 3:1, and 30 mins were found to be the most optimum and suitable to maximize the
production of liquid oil. At optimum operating conditions the yield of liquid product (bio-
oil), tar, water soluble fraction, and gas obtained were 76 wt%, 12.5 wt%, 7.9 wt% and 4
wt%, respectively. The elemental analysis showed that the amount of sulfur present in the
oil from NR was very low. The viscosity, density, pH and HHV of obtained oil were
14.16 cP, 0.859 g/ml, 7.261, and 45 MJ/kg respectively. The FTIR analysis identified that
C-H, CHz, and CH3 were the most abundant chemical bonds detected in the oil. The GC-
MS analysis showed that the major constituents of oil were D-limonene, isoprene, chain
hydrocarbons and aromatic compounds. Based on the characteristic results, in term of
fuel properties, the oil from NR was found to be more suitable compared to the oil derived
from scrap tire. The use of NR to produce the liquid fuel by hydrous pyrolysis could result
in an increase of energy potential by 15 PJ per year, which was equivalent to 2.5 million

barrels of oil per year.
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CHAPTER 4: LIQUEFACTION OF NATURAL RUBBER TO PRODUCE

FUELS AND CHEMICALS USING VARIOUS ALCOHOL SOLVENTS

4.1 Introduction

Natural rubber (NR) is an organic material obtained from Hevea brasiliensis tree
which is widely used as a raw material to produce polymer products (Ahmad et al., 2016).
There are numerous products that have been created using this material such as surgical
equipment, biological-materials, clothing, insulations, rubber tires, rubber bands, sports
items, etc (Ahmad et al., 2016; Ahmad, Abnisa, & Wan Daud, 2018). The variety of
products produced showed that this material plays an important role in the industrial and
manufacturing sectors. This fact is also supported by the availability of abundance source
of NR. As one of the major producers, Malaysia produced 821,274 tonnes average
quantity of NR annually from 2010 to 2016. However, the average consumption was
found lower approximately 55% only (Malaysian Rubber Research and Development
Board, 2017). This condition lead to the drastic decrease in NR price in the mentioned
year period (Olaniyi et al., 2013). As impact the land for NR plantation has been degraded
and occupied for the other commodities which mainly dominated by palm oil, and as
consequences it also affected the rubber farmers and environmental issue (Hai, 2000;

Saswattecha et al., 2016).

It is a challenge on how to ensure the high rubber consumption and products produced
also have high demand in the market. In this regard, converting the NR into the
intermediate product would be an interesting option. Basically, most of NR is directly
utilized to produce the final product without involving the chemical conversion process
(Kohjiya & Ikeda, 2014). Certainly, by converting NR into the intermediate product will

open the new opportunity to break up the drawbacks of NR utilization. Chemical
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feedstock is one of examples of the intermediate product, it can be directly used and it
can also be used to make other value-added products. The use of NR to produce chemical

feedstock can be a step toward a more sustainable rubber industry.

NR can be converted into valuable chemical commodities by thermal conversion
processes. Among them, pyrolysis and hydrothermal liquefaction are very well known
processes. During the pyrolysis of NR, high temperature (400-600°C) is required for the
depolymerization of long chain polymeric compound to small hydrocarbons (Ahmad et
al., 2016; Demirbag, 2000). As a consequence, high temperature process requires high
energy consumption thereby increasing the budget of the process. According to Farret
and Simdes, all processes that consume high energy for making a commodity become less
economical and attractive (Farret & Simdes, 2006). The depolymerization can be
conducted at lower temperature by manipulating other process parameters such as
increasing the pressure, introducing the hydrogen gas, use of catalyst and use of solvent.
However, there are a few difficulties related to the utilization of a catalyst, it is a
consumable and so it increases the process expenses; catalyst have a small lifespan owing
to its deactivation; the catalyst may lead to high level of solid deposit, thereby increasing
the operational cost in terms of its separation and disposal (Scheirs & Kaminsky, 2006).
Similarly, the use of hydrogen gas is expensive, also the hydrogen handling process

involves safety aspect and considerable amount of complicated equipment.

The use of solvent seems to be a positive approach as the solvent provides milder
conditions for the degradation of organic matter to produce liquid products. This approach
is actually used in the thermal liquefaction process under corresponding pressure
condition. Many studies have shown that the role of solvent in this process can effectively
help to liquefy the biomass with high liquid yield obtained (Jin et al., 2014; Sarwono,

Pusfitasari, & Ghozali, 2016; Tian, Li, Liu, Zhang, & Lu, 2014). Moreover, it also showed
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that the low temperature in the range of 250-400°C was found to be enough to complete
the process. In brief, Gollakota et al. concluded that the low operating temperature, high
energy efficiency and low solid residue yield are the key features of hydrothermal
liquefaction process, which make it more superior than that of pyrolysis (Gollakota et al.,

2018).

Water is a common solvent used in hydrothermal liquefaction since it is cheap,
abundant, polar in nature and non-hazardous (Ahmad et al., 2016; Chan et al., 2017;
Onwudili & Williams, 2008). However, water has some drawbacks as it results in low
liquid yield and the oil products tend to have high oxygen contents, high corrosivity and
high viscosity (Biswas et al., 2017; Sarwono et al., 2016). Durak has enlisted the features
required for the selection of good solvent: non-acidic, high proticity, low boiling point,
easily separable from the product, have low critical points and also improves the quality
and quantity of oil (Durak, 2015). Organic solvents such as acetone, decane, hexane and
toluene are usually considered to be the good solvents for the production of bio oil from
different biomasses. Jin et al. conducted the liquefaction of microalga biomass using
sub/supercritical acetone. The result from their experimental work showed that the
maximum bio-oil yield of 60 wt.% was achieved at 290°C (Jin et al., 2014). Also, the
addition of acetone improved the HHV and reduced the viscosity in contrast to the bio-
oil obtained from thermal liquefaction using water as a solvent (Jin et al., 2014). Like
acetone, decane was also investigated as an organic solvent in thermal liquefaction
process. It was reported that the use of decane in hydrothermal liquefaction of
Nannochloropsis sp. as a solvent gives high liquid yield of about 39% (Valdez,
Dickinson, & Savage, 2011). Sarwono and Pusfitasari performed the thermal liquefaction
of palm oil empty fruit bunch at 350°C using hexane and they were reported that hexane
gave the conversion of 17 — 25.25 % (Sarwono & Pusfitasari, 2017). Subsequently,

Sarwono et al. also tried to use toluene to liquefy the palm oil empty fruit bunch at 350°C
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and the result showed that higher conversion was found (35.76%) (Sarwono et al., 2016).
Hence most of the previous studies showed that organic solvents improved the liquid
yield at lower temperatures. In order to obtain versatile family of compounds, there are
also other types of organic solvent that can be employed for the thermal liquefaction
process such as alcohols under supercritical conditions. The benefit of using alcohols as
a solvent is that alcohols are good hydrogen donors which provide milder degradation
environment to convert organic material into bio-oil (Liu, Li, & Li, 2017). Furthermore,
alcohols in supercritical condition are more superior than subcritical water in the
liquefaction process (Brand & Kim, 2015). Also, due to the presence of hydrogen bonding
(-OH group), the separation of alcohol from oil is easy as compared to non-alcohol
organic solvents. Thus, more exploration is needed on the use of alcohols as a solvent in

hydrothermal liquefaction process for better conversion and yields.

Currently, there is no literature available on the thermal liquefaction of NR using
alcohol solvents. Therefore, the main objective of this current study is to perform the
thermal liquefaction of NR using different alcohols (methanol, ethanol, and propanol) to
produce of value-added chemicals. The influence of diverse operating conditions such as
temperature, alcohol to NR mass ratio and reaction time on product quantity were studied
comprehensively. The role of alcohol solvent and its recovery process were also discussed
in this report. In addition, the liquid product was analyzed through numerous analyzers to

assess its quality.

4.2 Experimental
4.2.1 Materials
The sample of NR used in this study was obtained from Malaysian Rubber Board.

Particle size of NR was cutoff into small about 3-5 mm and it was then characterized by
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proximate and ultimate analyses, as well as thermogravimetric analysis (TGA). The
results of NR characterization were presented in previous chapter 3. It was showed that
NR is sulfur free material with high carbon and hydrogen contents, which making it good
potential source for the synthesis of liquid fuels. Furthermore, various organic solvents
such as methanol, ethanol, and propanol were used in this study obtained from Sigma-
Aldrich Co. The N> gas with 99.99% purity was used to purge off the trapped air inside

the autoclave to develop a non-reactive atmosphere.

4.2.2  Experimental Method

The whole experimental system was manufactured by Amar equipment’s Pvt Ltd,
Mumbai Maharashtra, India. An autoclave (SS 316) batch reactor with volume capacity
of 1 liter was employed to conduct the hydrothermal liquefaction experiment. Autoclave
comprised of electrically heated furnace for heating it to desire temperatures. Methanol,
ethanol, and propanol were used as a reaction solvent in this investigation individually.
The whole experimental setup and method of products separation was shown in Figure

(4.1).

The experimentation was conducted by feeding NR and organic solvent in the reactor,
then sealed and purged with N> gas to make the non-reactive atmosphere at 1.5 atm inside
the reactor. The autoclave was heated electrically to reach the required temperature which
was observed using K-type thermocouple. Since the experimentation was performed in a
sealed reactor, the release of warm gaseous product raised the pressure inside the
autoclave. Subsequently, hydrothermal liquefaction experimentation was exposed to
autogenous pressure whose magnitude depend upon process temperature. Three different
sets of experimental runs were conducted in current investigation for each solvent. First

set of experimental runs were performed at various temperature settings within the range
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0f 250 to 375°C with the increment of 25°C while keeping constant solvent/NR mass ratio
(1:1) and time (30 mins). Second set of experimental runs were carried out by employing
diverse solvent/NR mass ratio (solvent/NR=0.5:1, 1:1, 1:2, 1:3, and 1:4) at temperature
and time of 325°C and 30 mins respectively. The last set of experimental runs were
performed by changing the process time from 15 to 75 mins with the increase of 15 mins
at 325°C, and solvent/NR mass ratio of 1:1. The cooling coil system was employed to

cool down the reactor to ambient temperature after the process was completed.

After the completion of process, the autoclave was cooled to the room temperature by
using chilling coils. The gaseous commodities were vented out and the liquid product was
transferred to separating funnel where three layers were obtained comprising of solvent
solution, oil, and heavy dense liquid in a very small amount. This heavy dense viscous
liquid was considered as a tar. The solvent and oil were separated from the tar using a
micropipette. The tar inside the funnel and reactor vessel was rinsed with solvent several
times to ensure all of them were recovered. Alcohol was recovered from products by
using rotary evaporator system (Biichi Rotavapor R-215) under reduced pressure at 45-
50° C. Collected tar was dried at the boiling point of each solvent used, and then
quantified. The diagram of the whole process flow and product separation method has
been in supplementary material. The key emphasis of current investigation was on oil and

therefore only oil product was analyzed.

Oil, tar, and gases were considered as the products from the liquefaction of NR,
whereas the oil was considered as a key product. The gaseous products were not collected
because of restrictions in experimental setup design. The oil and tar was collected and
their weight were measured. The gaseous products were estimated by the calculating the

difference. The yields of liquefaction products were calculated by using equation (4.1).

Weight of product
Weight of NR

Yield(%) = X 100 4.1)
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The yield of gaseous products and other light end losses were projected by the
difference: Gas+loss% = 100-(Oil yield + solid residue yield). All the experimental sets

were replicated 3 times under the same settings to authenticate the experimental results.
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Figure 4-1: Graphical presentation of experimental system
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423  Product characterization

Characterization is an important factor to assess the quality of produced oil. Normally,
characterization is divided into two categories; Physical characterization and Chemical
characterization. Physical characterization comprises the determination of different
physical properties such as density (p) and viscosity (1). In current study, the density (p)
and viscosity (1) of liquid products were estimated using a pycnometer and Brookfield
viscometer respectively, and all measurements were conducted at ambient temperature of
26°C. PerkinElmer CHNOY/S, portable pH meter, Fourier-transform infrared spectroscopy
(FTIR), and gas chromatograph—mass spectrometer (GCMS) were used to determine the
chemical properties of oil. The pH values of oil products were determine using Fischer
Scientific pH meter (accuracy £0.01) at ambient temperature. PerkinElmer Frontier FTIR
spectrometer was used to perform the FTIR spectroscopy of oil samples within the
wavelength frequencies of 450-4500 cm™ with a resolution of 4 cm™. The ultimate
analysis of oil products were conducted with CHNO/S analyzer model 2400 PerkinElmer.
Elemental analysis data obtained from CHNO/S analyzer was used to compute the high

heating value (HHV) using Dulong formula (equation 4.2) (L. Zhang et al., 2016).

HHV (’:—g’) = 0.338C + 1428 (H - %) +0.095S 4.2)

The identification of various compounds present in oil were carried out using
Shimadzu GCMS-2010 plus. The specification of capillary column and method for the

analysis used in this study was same as it was used in chapter 3.

The experimental runs were performed 3times to avoid the chances of error and to
generate reproducible data. Furthermore, the standard deviation (SD) was calculated for
the replicated experimental runs for oil and tar yield. The values of gas yield which were
obtained by the difference were also used for the calculation of SD using SD correlation.

This data describes the error analysis, originality and reproducibility of results. Moreover,
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to minimalize the edge of error and to produce more realistic and accurate results, each
of the equipment that used for analysis has been calibrated and checked by using
standards to obtain the accuracy of result measurement of every product from all

experimentations.

4.3 Results and discussion
43.1 Influence of process conditions on products using different alcohols
4.3.1.1 Influence of process temperature

Three sets of experiments were performed using methanol, ethanol, and propanol in
current investigation. For all solvents, solvent/NR mass proportion and time were kept
constant at 1:1 and 30 mins respectively while, the process temperature was changed from
250 to 375°C with the different corresponding pressures. The Figure 4.2, 4.3 and 4.4 show
the effect of temperature on product yield with all solvents. Where it can be seen that the
yield of liquid product was increased as the temperature increased from 250 to 325°C. At
325°C, the highest liquid yield obtained were 84.12 wt%, 85.98 wt%, and 89.53 wt% with
methanol, ethanol, and propanol respectively. Whereas, previous study in chapter 3
showed that the highest liquid yield of 76 wt% was obtained at optimum condition
(375°C, NR/H20 mass ratio=1:3, 30mins) using water as a solvent. From liquid yield
values, it can be observed that there is slight difference between the liquid yields obtained
using different alcohols. Further rise in process temperature does not showed any major
positive influence on oil yield. The highest oil yield was obtained using propanol. It is
because propanol donates more hydrogen as compared to methanol and ethanol which
can be explained by solvolysis process and depolymerization of monomers into small

molecules (Brand, Hardi, Kim, & Suh, 2014).
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In contrast to liquid product, from figure 4.3 and 4.4 it can be seen that the yields of
tar and gas+loss were obtained in low proportion respectively. The yield of tar was
observed reduced with the rise of temperature. With the highest liquid yield condition of
325°C, the tar yield of 6 wt% was obtained using propanol. Different with tar, the
gas+losses generally increased with the increasing of temperature. This increment in
gas+losses yield was because of the cracking of liquid products as high temperature,
where the same phenomena has been reported by other researchers (S. Park & Gloyna,
1997; L. Zhang et al., 2016). At 325°C, the gas+tlosses yield of 4.47 wt% was obtained

for propanol. ¢ represents the standard deviation.
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Figure 4-2 Influence of temperature on oil yield using different alcohols

96



30 H Methanol O Ethanol

& Propanol

25

[
<

[
[0}

Tar yield / wt.%

o
=}

250 275 300 325 350

375
Temperature / °C

Figure 4-3: Influence of temperature on tar yield using different alcohols

97



B Methanol OEthanol & Propanol

[a—y
(=)}

»

»

—
=
1

[
(]

[
=}

=]

Gas + loss yield / wt.%
(=

N

250 275 300 325 350 375
Temperature / °C

Figure 4-4: Influence of temperature on gas+loss yield using different alcohols.

4.3.1.2 Influence of solvent to natural rubber (NR) mass ratio

The influence of the different organic solvent/NR mass ratios was varied at 0.5:1, 1:1,
2:1, 3:1, and 4:1 and the result showed in figure 4.5, 4.6, and 4.7. However, the process
time and temperature were kept constant at 30 mins and 325°C respectively. Figure 4.5
showed that the oil yield decrease linearly as the mass proportion of solvent raised from
1:1 to 4:1. When the mass ratio of solvent and NR is equal, the maximum liquid product
(89.53 wt.%) was obtained by using propanol, while the liquid yields of 84.12 wt.% and
85.98 wt.% were obtained for methanol and ethanol, respectively. The increase of solvent
ratio was tend to increase the yield of gas product, where, it can be seen clearly in Figure
4.7. This phenomenon can be described by possible alkylation reactions between alcohols
and liquefied NR intermediates (Biswas et al., 2017). Moreover, polar protic solvents

(alcohol) would assist the process by better dissolving and stabilizing reaction
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intermediates due to which they give high conversion rates, high oil, and high gas yields
(Huang & Yuan, 2015; Yang et al., 2009). Thus, the presences of large amount of alcohol
would provide the high degradation environment which also causes the cracking of liquid

product into (small molecules) gaseous products.
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Figure 4-5: Influence of solvent to NR mass ratio on oil yield using different
alcohols.
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4.3.1.3 Influence of reaction time

The effect of residence time on product yield were carried out at 325°C, and with a
solvent/NR mass proportion of 1:1 by changing time interval from 15 min to 75 min.
Figure 4.8, showed that the yield of oil raised up gradually with rise in residence times
from 15 min to 30 min. The reaction duration of 30 min was found adequate for the
liquefaction of NR for the maximum production of oil yield (89.53 wt. %) using propanol.
Whereas, liquid yield of 84.12 wt.% and 85.98 wt.%, was obtained using methanol and
ethanol as a solvent respectively. However, the additional extending the reaction time do
not showed any major influence on the oil yield. Also, varying the holding times also did
not show any notable effect on gaseous product and tar yields. Similar findings were also
described by Zhang et al (L. Zhang et al., 2016). Trend of different reaction times with

product yields were shown in figure 4.8, 4.9, and 4.10.
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43.2 Optimum parameters and the role of solvent

Based upon results, it can be seen that the temperature of 325°C, alcohol to NR ratio
of 1:1, and the reaction time of 30 mins were found as optimum conditions to maximize
the production of liquid products. Under these conditions, the highest liquid yield of 84.12
wt%, 85.98 wt%, and 89.53 wt% were achieved using methanol, ethanol, and propanol
as a solvent respectively. The results highlighted that the propanol gave the highest liquid
yield which is due to fact that propanol has more hydrogen. Approximately, 97 % of

alcohols were recovered in all the cases.

This study showed that the propanol has significant improvement on the liquid yield

and energy density. Alcohol solvents have low critical points as compared to water and it
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is easy to achieve these milder conditions in thermal liquefaction process. Alcohol
solvents have low dielectric constant which enhance the solubility of product fragments
and therefore improves the liquefaction process (Biswas et al., 2017). Furthermore,
alcohols not only act as a solvent to decompose the raw material but they also become a
source of hydrogen donor for the production of high yield oil. The presence of hydrogen
in alcohol solvent could stabilize the fragments and intermediates formed during the
thermal liquefaction and prevent them from repolymerization to produce tar (Zhen Fang

et al., 2008; Jena & Das, 2011; Singh, Bhaskar, & Balagurumurthy, 2015).

43.3  Characterization of liquid products

In this section, the characteristics of liquids products were reported on the basis of
maximum liquid yield obtained at optimum conditions with three different alcohols. The
conditions of 325°C, 1:1 solvent/NR ratio, and 30min were found to be optimal
parameters for the highest production of liquid-oil. However, for comparison purposes,
some results of liquid characteristics from different operating parameters also presented

in this section.

4.3.3.1 Ultimate analysis and HHV

The results of elemental analysis and HHV of liquid products from different alcohols
were shown in Table 4.1. From Table 4.1, it showed that the use of alcohol in
hydrothermal liquefaction of NR has significantly improved the value of carbon and
hydrogen contents, which is very important for increasing the energy density of liquid.
The average carbon and hydrogen contents for all liquid product were obtained higher

than 86% and 12%, respectively. In contrast, the oxygen contents were observed to be
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lower, where the value was obtained in the range of 0.77% to 1.1%. In addition, the
average of value of HHV was estimated to be 46 MJ/kg. All the liquid products obtained
using different alcohols showed that the nitrogen contents were lesser than the nitrogen
contents existing in NR. This elemental analysis results have proven that the alcohols
solvent can provide a better fuel quality compared to water as commonly used solvent in

hydrothermal liquefaction (Ahmad et al., 2018; Toor et al., 2011).

An additional experiment were performed to assess the influence of different operating
parameters on the oil properties and the result were given in Figure 4.5 (a) and 4.5 (b).
The increasing of carbon and hydrogen contents were observed as the temperature
increased, where the increasing of the solvent in feedstock only improved the carbon
contents. The oxygen contents were remain lower than 10% in all the operating
conditions. The rise in temperature reduced the oxygen contents significantly which led
to improve the HHV of liquid product. In addition, the sulfur and nitrogen contents were
not showed any significant change by applying different operating parameters. For all the
oil samples, the HHV was approximately obtained between 40 to 46 MJ/kg at different
operating conditions using different alcohols. In chapter 3, the HHV of oil achieved
through the hydrothermal liquefaction of NR was marked nearly to diesel quality (44

MJ/kg).

Good fuel characteristic were obtained from NR based oil using different alcohol
solvent. The highest oil yield 89% was obtained using propanol solvent. Due to which
this solvent is highly recommended for the production of NR based oil on a large scale.
Furthermore, the presence of high hydrogen and carbon contents and low sulfur contents
made it good potential alternative eco-friendly fuel. High hydrogen and carbon contents
contribute to improve the heating value of oil. The presence of sulfur contents in the may

cause environmental issue by releases SOx. The oxygen contents of oil samples were also
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low (less than 10%) which improved the quality of oil by making in non-corrosive in
nature. Moreover, oxygen content is also representative of water contents and results of
oxygen contents also showed that the water content of oil was also low. Low water
contents improves the combustion properties of oil. The low viscosity of oil obtained at
optimum conditions was good enough to use as a fuel. Viscosity describes the flow
property and low viscosity oil is good for the atomization in engines. Moreover, the pH

value of oil samples were almost neutral in all the cases making them non-acidic.

Table 4-1: Characteristics of liquid products obtained at optimum conditions using
different alcohols (solvent/NR mass ratio = 1:1, temperature = 325°C, time =
30mins).

Characteristics Methanol Ethanol Propanol
Physical properties
Viscosity (cP) 11.7 12.4 12.6
pH 8.5 8.03 8.16
Density (g/ml) 0.82 0.86 0.85

Elemental Analysis

Carbon 86.54 86.02 86.16
Hydrogen 12.07 12.24 12.21
Nitrogen 0.41 0.41 0.42
Oxygen 0.77 1.1 1.02
Sulfur 0.21 0.23 0.19
HHV (MJ/kg) 46.36 46.37 46.39
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Figure 4-11: (a). Effect of temperature on carbon, hydrogen and oxygen contents
using different alcohols. (b). Effect of solvent/NR mass ratio on carbon, hydrogen
and oxygen contents using different alcohols.
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4.3.3.2 Physical properties and pH value

The results from Table 4.1 showed that the value of viscosities were observed within
the range of 11.7cP to 12.6¢P. This range was significantly different with the viscosity of
the oil obtained by the hydrothermal liquefaction of NR using water. At the same
temperature condition, the viscosity of obtained oil using water was reported to be 41.1cP
(Ahmad et al., 2018). Kanaveli et al. noted that high viscous oil lowers the quality of fuel
in terms of poor flow, poor atomization, and low volatility, causing incomplete
combustion, engine deposits, and piston ring sticking (Kanaveli, Atzemi, & Lois, 2017).
In contrast to viscosity, the density of oil produced has showed no much considerable
influence by the use of diverse solvents. At optimal operating parameters, the average
density of oil samples were estimated to be 0.8 g ml™!. As for pH analysis, the outcomes
indicated that there was no major change on oil’s pH value when different alcohols were

applied. The mean pH value achieved was 8 indicating the obtained oil has basic nature.

4.3.3.3 Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR spectra shown that all oil samples nearly had same features in the respect of
functional groups (chemical bonds), where five main peaks were noticeably detected in
the spectra. These peaks identified as methyl, methylene, aromatics, vinyl, and carbonyl
group. Figure 4.6 showed that, CH2, CHs, and C—H were chief abundant functional
groups identified in the oil synthesized through the hydrothermal liquefaction of NR using
different alcohols. The chemical bond of C=C bending and C—H bending were mostly
observed at peaks between 816- 953 cm!, which showed the existence of aromatic and
vinyl based compounds. A peak was observed at 1104-1159 cm™ in the FTIR spectra of
ethanol and propanol indicating the functional group of C—O stretching. C—O functional

groups normally shows the presence of primary, secondary alcohols, aldehydes and
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ketones. A strong peak which was observed at 1454 cm’! showed the existence of
methylene group (CHz), whereas the methyl group (CH3) was identified with a strong
peak at 1376 cm At wavelength frequency above 2500 cm™, the chemical bonds
associated to methyl and methylene were also identified. At peak 2866 cm™ and 2924 cm’
!, methylene and methyl groups were spotted respectively. From FTIR analysis showed
that the methylene and methyl groups were most dominant functional groups. In chapter
4, almost the similar chemical bonds were reported using water as a solvent for the

depolymerisation of NR.

Figure 4-12: FTIR spectra for liquid products using different alcohols at optimum
conditions
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4.3.3.4 GC/MS analysis

The GCMS study was conducted to define the category and kind of compounds
existing in the oil that has obtained using diverse alcohols at optimum parameter. The
identified compounds were recognized by searching a mass spectrometry library
databank, and the results of analysis were shown in Table 4.2. There were large number
of compounds that were identified but their peak areas were small, hence they were not
inspected in current investigation. In GCMS study, various compounds that can be

categorized as alkenes, aromatics, alcohols, ketones, alkyl, and aldehydes were noticed.

Table 4.2 showed that most of the compounds present in oil were recognized as
alkenes. D-Limonene and isoprene were the most governing species found in alkene.
Moreover, the second most dominating kind was identified as aromatics compounds. The
highest percentage of aromatics in the oil was mainly resulting from 1,2,4-
Trimethylbenzene, o-xylene, and toluene. Alkyls were recognized as third prominent
class in the obtained oil. Hence, from the analysis it can be concluded that the alkenes
were present with maximum proportion in oil, then followed by aromatics, alkyls,
ketones, alcohols, and aldehydes. Malevich et al, used propanol for the liquefaction of
rubber (consisting of 25.4% of NR and 27.7% of synthetic NR rest were carbon black and
other ingredients) (Malevich, Yusevich, & Shashok, 2014). It was reported that high
liquid yield was obtained using propanol, which indicates the interaction of solvent
molecules with material being processed. Moreover, it was also reported that the amount
of cyclic and alkenes (olefin) based compounds were high when propanol was used in the

process.

Table 4.2 also showed that in alkenes, the concentration of D-limonene is highest when
using propanol as a solvent under optimal operating parameters. Whereas, the

concentration of isoprene is less. This is due to the depolymerisation of polyisoprene high
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at 325°C using propanol to form isoprene radicals. These isoprene radical subsequently
undergoes dimerization reaction to form D-limonene. Moreover, the aromatic
hydrocarbons formed due to the degradation and dehydrogenation of alkene based cyclic
compounds (F. Chen & Qian, 2002; Cunliffe & Williams, 1998; X. Zhang et al., 2008).
Furthermore, the presences of alcoholic compound is mainly due to degradation of

monomers with solvent (Cheng et al., 2017).

From GCMS results, it can be seen that D-limonene is the most dominating compound
in the liquid oil. Therefore, it is important to discuss the mechanism for the formation of
D-limonene from NR. During depolymerization of NR, the first step is the degradation of
polyisoprene to isoprene monomers (intermediate radicals A and B as shown in figure
7(a).) via a PB— scission mechanism. Isoprene radicals then undergoes dimerization
(intramolecular cyclisation) to form dipentene (D-limonene) (Cheng et al., 2017; X.

Zhang et al., 2008).

The concentration of D-limonene was found to be the highest around 51.23 % and then
followed by isoprene 10.65 % when using propanol as a solvent under optimum operating
parameters. These two compounds are categorized as alkenes and have potential use as
value-added chemicals. Recovery of these chemicals by using extraction techniques will
lead to increase in the utilization of NR in the global market. The most common
techniques that are used for the separation of D-limonene from liquid product is
distillation (Murillo et al., 2006; C. Roy, Chaala, & Darmstadt, 1999), or by the selective
condensation of the reactor outlet (Williams & Brindle, 2003). Pakdel et al. studied the
synthesis of D-limonene from tire based oil extensively and successfully extracted the
95% of D-limonene through distillation (Danon et al., 2015). Subsequently, Pakdel et al.
extracted the D-limonene from tire derived oil using large capacity reactor and the

obtained fractions of D-limonene was within the range of 50 and 92 wt% (Pakdel et al.,
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2001). Similarly, Stanciulescu and Ikura also performed the double distillation of a tire

based oil and achieved 75% of pure D-limonene (Stanciulescu & Ikura, 2007)

D-limonene is an important substance in the pharmaceutical industry to produce skin
creams, cancer medicine, solvent for cholesterol, pathogens neutralizer, wound healer and
heartburn relief. In addition, D-limonene is also used as a flavoring agent, dishwashing
liquid, floor cleaner, cosmetics, and odour control agent. Some studies reported that
hydrogenated D-limonene can also be used as a fuel additives and it can also be used for
the production of high energy density fuels (Jongedijk et al., 2015; Kang & Lee, 2016;
Tracy, Chen, Crunkleton, & Price, 2009; Whitworth, 1990). The statistical data showed
that over 45 kilo-tons of D-limonene was needed in 2015 and it is predicted to exceed 65
kilo-tons by the year 2023, with estimated gains at above 5%. The production of D-
limonene through this process may be promoted as an alternative way to fulfill its future

demand.

Besides D-limonene, the liquid product also comprised other hydrocarbon compounds
which make this liquid suitable to be proposed as alternative fuel. The other important
compounds for fuel detected in liquid are aromatics (12.54%), alkyls (10.8%), and alkene
(13.37%). The results of analysis showed that liquid product exhibits good fuel properties
in terms of high HHV (46 MJ/kg), and low oxygen contents (1.02%). These
characteristics of liquid product are very close to that of conventional fuel oil that were

reported in the literature (Kaye, 2018) and it can be upgraded for high quality fuel.

Aromatics are second most dominating compounds in liquid oil. Aromatics are
produced at high temperature. It is reported that, at higher temperatures, limonene was
not stable and was decomposed or transformed into aromatic compounds via a
dehydrogenation or recombination reaction. The mechanism of secondary cracking of

limonene was shown in figure 4.7(b) (Pakdel et al., 2001; X. Zhang et al., 2008).
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Figure 4-13 (a). Reaction mechanism of Poly isoprene to D-limonene, (b).
Reaction mechanism for D-limonene to aromatics
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Table 4-2: Main compounds present in oil obtained from hydrothermal liquefaction
of natural rubber using diverse alcohols at optimum conditions (325°C,
solvent/natural rubber mass ratio= 1:1, and 30mins) as recognized in GC-MS
examination.

Identified compounds (%)
Compounds
Methanol Ethanol Propanol
Aromatics
Toluene 4.21 3.83 4.32
o-Xylene 1.82 2.25 1.93
1,2,4-Trimethylbenzene 3.11 3.35 2.89
m-Cymene 1.16 1.22 1.19
1-Isopropyl-2-methylbenzene 1.86 2.18 2.21
Total 12.16 12.83 12.54
Alkyls
Cyclohexane, methyl- 273 217 311
Cyclopentane, ethyl- 5.14 5.65 4.54
Heptane 3.15 1.96 2.76
2-Hexene, 2-methyl- - 0.45 0.39
Total 11.02 10.23 10.8
Alcohols
Perilla Alcohol 0.86 - -
Cyclohexanol - 0.42 0.53
cis-1,2-Cyclo octanediol 0.64 0.85 1.21
2-methyl-1,3-butadiene 0.71 1.31 1.15
Total 2.21 2.58 2.89
Ketones

Methyl vinyl ketone - 1.28 1.54
2-Propenal, 2-methyl- 1.43 - 1.53
Cyclohexanone 2.65 2.31 -
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Total 4.08 3.59 3.07
Alkenes
D-Limonene 42.21 32.86 51.23
Isoprene 18.43 27.76 10.65
3,5-Dimethylcyclohexene 1.05 2.05 1.51
21_,I3)r-§py;ll_opentadiene,5,5-dimethy1- 211 185 191
Total 63.8 64.52 64.6
Aldehydes
5-Hexenal 2.67 3 2.79
Total 2.67 3 2.79
Total (%) 95.94 96.7 96.69
4.4 Conclusions

This study showed that NR can be converted into valuable intermediate products
through thermal liquefaction process using different alcohol solvents. The conversion has
successfully transformed the solid NR into the liquid product which are beneficial for the
storage and transportation. With the equal ratio of propanol and NR, the highest liquid
yield (89.53 wt.%) was obtained at the temperature and reaction time of 325°C and 30
mins respectively. The liquid product has two potential uses as a chemical feedstock and
as a renewable fuel by upgradation. D-limonene was found to be the most dominating
compound present in the liquid that can be extracted by distillation process and then used
as a chemical feedstock in many industrial applications. Furthermore, the characteristics
of product showed that this liquid can also be used for as a future renewable fuel
production since it has a high energy density and low sulfur content which make the liquid

more environmental friendly.
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CHAPTER 5: LIQUEFACTION OF NATURAL RUBBER AND SCRAP TIRE

TO LIQUID FUELS

5.1 Introduction

Shortening of fossil fuels and their effects of greenhouse gas emission has become a
very famous and leading problem from the last few years, which subsequently convinced
the scientists to develop alternative fuels to substitute these fossil fuels (AldoVieira et al.,
2009; Dell et al., 2014). Therefore, researchers are utilizing different biomasses for the
synthesis of biofuel. The oil obtained from biomasses exhibits low calorific value within
the range of 30 to 36 MJ/kg due to the presence of high amount of oxygen contents
(Crocker, 2010). Moreover, the biomass based oil found to be acidic in nature due to low

pH value (Kruse, Funke, & Titirici, 2013).

Due to these issues, some other alternative should be invented. That alternative should
be available in huge quantity and easily available. In this regard, Natural rubber (NR) and
scrap tires (ST) should be considered. Natural rubber is also one of the available sources
that have a potential to meet future energy requirements. Natural rubber is a vigorous,
premeditated and exceptional feedstock used in huge quantities globally (Rogers &
Cornish, 2005). Natural rubber is a polymeric compound of Isoprene, i.e. Poly-isoprene
(CsHg)n with smalle quantity of impurities such as other organic compounds and water
(Morton, 1999). Similarly, ST usually consists 40-52.2% of NR and other components of
ST are carbon black, metal, textile, sulfur and additives (A. K. Basu, 2009; Evans &

Evans, 2006; Funazukuri et al., 1987). This ST can be used for the liquid fuel production.

Different thermal conversion processes are available, among them hydrothermal

liquefaction technique is the best process that gives maximum liquid yield and lower
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temperatures. Normally, hydrothermal liquefaction process uses water as a solvent. This
solvent acts as a catalytic medium of the organic reaction to take places subsequently
breaking down the material into lighter molecule fractions. There lighter fractions are
very reactive and undergoes different polymerisation reaction, condensation reaction and

intramolecular cyclization reaction to produce high yield oil.

In this objective,a comparative study was performed by converting NR and ST into
liquid fuel using hydrothermal liquefaction process. The yield of oil obtained from both
materials was estimated and reported. Moreover, different analytical techniques were

used to assess the properties of liquid oil samples obtained from NR and ST.

5.2 Experimental
5.2.1 Materials

The natural rubber (NR) with SMR L grade (Malaysian Standard Rubber) was
obtained from Malaysian Rubber Board. The NR used was chopped to particle size of
approximately 3-5 mm. The NR was characterized using Thermogravimetric analysis
(TGA). The proximate and ultimate analyses of NR were also performed. Distilled water
that used as a reaction medium in this study was produced from Auxilab S.L, QUARTZ.
Moreover, the inert nitrogen gas with 99 % purity was used to create a non-oxidative
environment inside the reactor. For comparative study, the scrap tires (ST) used in this
experiment were categorized as truck tires. The steel and textile netting components of
the tire were removed and the tires were grinded to obtain the desired particle size of 1-2

mm.
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5.2.2 Experimental method

Autoclave batch reactor made up of SS316 was used in this study obtained from Amar
Equipment Private Limited, Mumbai, India. The reactor was heated electrically using
furnace. The reactor was also equipped with thermocouple, pressure gauge, safe value,
vent value and a stirrer. The reactor system was attached to computer to give required

temperature set point to the controller. This control system was feedback control system.

The two sets of experiments were performed. In the 1% set, NR was used for its
conversion in to liquid fuel. For both cases, the solvent used was water and the water to
NR and water to scrap tire mass ratio was set to 3:1(54g: 18g). The temperature of 375°C
was employed and it was set by giving command on a computer. The reaction time of

30minutes was provided for the reaction to carryout.

After the process was done, the heater was switched off and the reactor was cool down
to room temperature by cooling coils system. Three products were obtained liquid, tar,
and gas products, where the liquid was considered to be the main product. The gas product
was not collected due to limitations in reactor design. The liquid products and tar were
collected and weighted. The gas product was calculated by the material balance. The
yields of products were calculated by dividing its mass by the mass of NR loaded into the

autoclave batch reactor, equation (5.1) was used for that purpose.

wt. of product

Product Yield(%) = wt. of NR

x 100 3.1)

The yield of product gas was estimated by the subtraction: 100-(Oil yield + tar yield +

water soluble).

5.2.3 Raw material and product characterization
The elemental analysis of raw material was performed using CHNS/O analyzer model

2400, whereas, the proximate analysis of raw material was conducted using ASTM
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standard (ASTMD 3173 and ASTMD3175) methods. The TGA analysis was performed
using model NETZSCH STA 449F3. The TGA study of NR and scrap tire were conducted
with 10 C°min heating rate to investigate their thermal characteristics. The analysis was
carried out within the temperature range of 28°C to 800°C in the presence of nitrogen
atmosphere. The flowrate of nitrogen purge gas was 20 mL/min. 11.58 mg and 10.76 mg

of NR and scrap tire samples respectively were used to carry the analysis.

After the completion of reaction time, the whole mixture inside the reactor was
transferred in a 50 mL conical centrifuge tubes and subjected to centrifugation process at
3200 RPMs for 20 mins. As a result, three separate layers were obtained, consisted of oil
layer at the top, water in the middle and solid at the bottom. The oil sample was collected
by using micropipette, while the remaining portion in funnel was filtered out using
whatman filter papers. The residue obtained on filter paper was dried in an over at 110°C
and weighted. The filtrate left was considered as water (aqueous phase). Using solvent
extraction technique, water soluble fractions were extracted. The quantitative analysis of
water soluble fraction was provided in this study. However, the main focus of this study

was on liquid oil. Hence, the product characterizations were done only for liquid oil.

The physical analysis of liquid includes the viscosity (n) and density (p). The viscosity
(n) of the liquid was estimated by using methods described in previous chapters. Several
chemical analysis were performed using pH meter and CHNS/O analyzer. Results and

discussion

5.3 Results and discussions
5.3.1 Elemental and proximate analysis of raw materials

Ultimate and proximate analyses of any materials are very important since they
provide information about the chemical and elemental composition of materials. From

Table 5.1, it can be seen that the volatile matter in NR is 89.98 % whereas for ST it was
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estimated to be 66.76%. The fixed carbon and ash contents in NR were 4.71 % and 3.60
% respectively. While for ST, the fixed carbon and ash contents were calculated to be
28.53% and 3.56%. It is reported that high volatile contents in organic material provides
high volatility and reactivity, which subsequently favors the production high quantity of
liquid and gas products, whereas the presence of fixed carbon leads to the formation of
char (Jahirul et al., 2012). Moreover, it can also be seen that NR consists of high
hydrocarbons as compared to ST. The carbon and hydrogen contents in NR were
estimated to be 83.63 % and 11.97 % respectively. On the other hand, the carbon and
hydrogen contents in ST were estimated to be 82.59% and 8.17% respectively.
Furthermore, the Table 5.1 is also showing that the NR is sulfur free material with low
oxygen contents, whereas ST exhibits high sulfur contents of 2.18%. The high amount
of carbon and hydrogen contents have positive effect on the HHV, whereas, high oxygen
contents reduces the HHV (Abnisa & Wan Daud, 2015). Therefore, the presence of high
hydrocarbons, high HHV, volatile matter and less sulfur clearly showed that the
properties of NR is better than ST and makes NR a reliable and suitable alternative

material to produce liquid fuels.

Table 5-1: Characteristics of natural rubber and scrap tire

Characteristics Natural rubber Scrap tire

Proximate Analysis (wt.%)

Volatile matter 89.98 66.76
Fixed carbon 4.71 28.53
Ash 3.60 3.56
Moisture 1.71 1.15

Ultimate Analysis (wt.%)

Carbon 83.63 82.59
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Hydrogen 11.97 8.17
Nitrogen 1.58 0.92
Oxygen 2.71 6.14
Sulfur 0.12 2.18
HHV(MJ/kg) 45 40

53.2 TGA analysis of raw materials

In this study, TGA was performed to get an overview of the thermal behavior of the
feedstock. From Figure 5.1 it can be seen that the thermal decomposition of NR started
approximately at 300°C and more than 95 % of NR was decomposed when temperature
reached about 480°C. Same study has been reported by Mohapatra and Nando (2014)
(Mohapatra & Nando, 2014). This decomposition was found to be higher than ST, where
ST decomposition was only observed around 52 % at temperature of 480°C. The low
decomposition of ST was due to the presence of stearic acid, extender oil, plasticizers,
and other additives (Abnisa & Wan Daud, 2015). However, in NR, the degradation of
Poly-isoprene was occurred which was pure hydrocarbon. The high percentage of weight
loss observed from TGA analysis indicated that 350-400°C was found to be a suitable

temperature for maximizing NR conversion into liquid product.

122



Figure 5.1: TGA curve for natural rubber and scrap tire

5.3.3 Product yields and characterization results

The process conditions of 375°C, HoO/material ratio 3:1 and 30 minutes were
employed to carry out the hydrothermal liquefaction of NR and scrap tire as comparative
study. The data comparison between the liquid products from NR and scrap tire is shown
in Table 5.2. The results showed that the liquid yield from scrap tire obtained was 25
wt.%. This yield was observed to be very low as compared to the oil yield produced from
NR which was 76%. The less oil yield from scrap tire was due to the incomplete
degradation at lower temperature and pressure. It is reported that to carry out the effective
degradation of scrap tire, water in super critical condition (374°C and 22.1 MPa) is
recommended during hydrous pyrolysis (Funazukuri et al., 1987; L. Zhang et al., 2016).
Under super critical water, the liquid product yield of 44 to 58% can be achieved from

scrap tire (Ahmad et al., 2016).

Based on the quality aspects, it can be seen from Table 5.1 that the density of the scrap
tire based oil at 26°C was 0.900 g/ml. It was denser than the oil obtained from NR, which

was typically about 0.859 g/ml. The density is much related to the liquid mass flow rate,
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which significantly affects the performance of fluid atomizers. Another property that has
also been given the effect to atomization quality is viscosity. The oil from scrap tire has
very high viscosity as compared to NR which was 531 cP at 26°C. This high viscosity
could become problematic in the long run that could include the difficulty to light the
burners. It may also affect the fuel flow through pipes when poor atomization may result
in the formation of carbon deposits on the burner tips or on the walls. The viscosity of oil

obtained from NR was estimated to be 14.61cP.

The pH value of oil from scrap tire at room temperature was 4.65. This low pH was
due to the presence of acidic compounds such as fatty acids (carboxylic acids and n-
alkanoic acid) in the oil (Martinez et al., 2013; Rushdi et al., 2013; L. Zhang et al., 2016).
In contrast, the oil from NR had pH value of 7.26, which makes it non-corrosive. It is
reported that the oil with low pH value are very corrosive to aluminum, mild steel and

nickel based materials (Abnisa et al., 2013).

The hydrogen contents of scrap tire oil was less than NR based oil showing that NR
based oil was more enriched in hydrocarbon contents, which made it good to be used as
fuel. However, the oxygen content of rubber tire oil was slightly lower than NR oil.
During hydrothermal liquefaction of scrap tire, some sulfur contents were retained in the
liquid product, which could result in toxic emissions such as SOx. The sulfur in scrap tire
came from the vulcanization process. Whereas, the liquid product obtained from the
hydrous pyrolysis of NR contained very low sulfur contents, which made it more reliable

and environmental friendly.
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Table 5-2: Comparison between the oil products obtained from natural rubber and
scrap tire

Properties of Qil Products obtained at 375°C, H20/material mass ratio=3:1, and
30 mins
Characteristics Natural rubber Scrap tire
Physical properties
Oil yield (%) 76 25
Viscosity (cP) 14.61 531
Density (g/ml) 0.859 0.900
pH 7.26 4.56
Ultimate Analysis
HHV(MJ/kg) 43-45 44
Carbon (%) 84.62 84.3
Hydrogen (%) 12.11 11.65
Nitrogen (%) 0.41 0.49
Oxygen (%) 2.67 1.93
Sulfur (%) 0.19 1.63
5.4 Conclusion

Hydrothermal liquefaction of natural rubber and scrap tire was performed using
autoclave batch reactor as a comparative study. At operating conditions of 375°C,
H>O/material mass ratio= 3:1, and 30 mins, NR gave the highest amount of oil yield with
76% where the oil yield obtained from ST was estimated to be 25%. This low yield was
due to the presence of non-hydrocarbon additives in the ST. The result of characterization
showed that NR and ST based oil contain high hydrocarbon contents due to which they

have good HHV. However, elemental analysis showed that ST exhibits high sulfur
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contents making it non-ecofriendly. Moreover, ST based oil was appeared to be acidic in

nature to be low pH.
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CHAPTER 6: TECHNO-ECONOMIC STUDY OF LIQUEFACTION OF

NATURAL RUBBER

6.1 Introduction

Natural rubber (NR) is usually obtained from the rubber tree, guayule plant, russian
dandelion and rubber rabbitbrush (Roberts, 1988; Rogers & Cornish, 2005; J. van Beilen,
20006). It has been recognized as a vital, strategic and unique feedstock used in enormous
quantities worldwide in different sectors, such as medical, transportation, clothing, and
defense industries (Rogers & Cornish, 2005). This plant is also considered as the
important crop for Malaysia, Indonesia, Thailand and several central African countries
since it can provide the major share of export revenue (Barlow, 1970). The warm and
humid tropical conditions of those countries make the NR grows optimally and yields

best (Rogers & Cornish, 2005).

According to 2016 statistics, the NR production in Malaysia was reported to be 740
billion tonnes, whereas the NR consumption was estimated to be 488 billion tonnes
(Malaysian Rubber Research and Development Board, 2017). This huge amount NR
rubber has been mainly used for many industrial applications, such as medical equipment,
rubber shoes, condoms, latex gloves, bio-materials, conveyer belts, electrical insulations,
automotive mats and tires (Abdullah, 1994; Kohjiya & Ikeda, 2014). However, this high
quantity of NR has also appealed the scientists to exploit it as a valuable feedstock for the
synthesis of liquid fuels by depolymerization process (Niaounakis, 2013). In 1999,
Kawser and Farid converted the natural rubber (NR) to liquid fuels using pyrolysis
technique at 500°C (Kawser & Farid, 2000). Then, in 2017, Ahmad et, al. improved the
process by successfully converting the NR into liquid fuels at lower temperature by

increasing the corresponding pressure (Ahmad et al., 2018). This technology was known
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as hydrothermal liquefaction technique, where 76 wt% of bio-oil yield was obtained at
the optimum conditions of 375°C, 92 bar, NR/water ratio 1:3, and 30 min reaction time.
It was also reported that the bio-oil obtained from NR showed very good fuel properties
in terms of low oxygen contents, high energy density, and zero sulfur contents. According
to Ahmad et, al, these characteristics made NR based oil to be higher in rank as compared
to the wood-biomass based oil. Based upon finding it can be assumed that it would be
very advantageous to commercialize this method for the production of liquid fuels from
NR on large scale. Ahmad et al., further improved the liquefaction process by utilization
of organic solvents in the process and obtained the liquid yield of 89% using propanol as

a solvent (Ahmad, Abnisa, & Wan Daud, 2019).

Ravignani et al., reported that whenever a first-hand process is considered for
developing new process, substituting an existing process or a sequence of processes, the
economic evaluation should be evaluated (Ravignani et al., 1982). The liquefaction of
NR by using hydrothermal process was considered as brand-new way to produced liquid
fuels recently. If this process is considered to be used in future, the economic assessment
of the process in terms of capital investment cost, operating & maintenance cost,
profitability index and ROI is need to be calculated to establish its feasibility and

commerciality.

There are several methods that can be employed for the economic assessment of the
process such as net future worth, pay-back time, net present worth, return on investment,
and discounted cash-flow rate of return (Sinnott, 2005). Among these methods, the return
on investment (ROI) is mostly chosen to evaluate the economic feasibility. The advantage
of ROl is that it could be used as a rough guide for judging projects and when decisions
have to be made on whether to install additional equipment to reduce operating costs

(Sinnott, 2005). There are some information available in literature for the economic
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assessment of hydrothermal liquefaction processes using different feedstocks by ROI
approach. A techno-economic study conducted by Shelley and El-Halwagi showed the
promising economic feasibility of co-liquefaction plant of rubber tire and plastics
operating at capacity of 300tons/day (Shelley & El-Halwagi, 1999). The capital and
operating cost of the plant was estimated to be S5$MM and 8.509$MM respectively. The
results showed that investment was profitable with the ROI of approximately 15% with
oil priced at 20$/bbl. They studied the effect of capital cost and fuel selling price on ROI
and observed that increasing the capital cost decreased the ROI whereas increasing the
fuel selling price showed improvement of project’s ROIL Ou et al., converted the defatted
microalgae into fuel using hydrothermal liquefaction and hydroprocessing (Ou,
Thilakaratne, Brown, & Wright, 2015). Process simulation and costs were estimated
using CHEMCAD software, where the plant capacity was assumed to be 2000 tonnes/day.
The calculations showed that total project investment was 504 M$ and the annual
operating cost was 158 MS$. The profitability of the investments were assessed by
estimating the ROI to be 10%. In their study, it was noticed that raw material price and
product yield had remarkable influence on ROI. They described that increasing the
feedstock price reduced the ROI, whereas, high yield of fuel improved the profitability of
the project. Similarly, Snowden-Swan et al. used the muncipale waste sludge to produce
fuels using hydrotherrmal liquefaction and process upgradation (Lesley Snowden-Swan
etal., 2016). Aspen plus economic analyzer was used for estimation of different costs and
values. The capacity of hydrothermal liquefaction plant was set to be 100 ton/day. The
results showed that the total capital investment of plant was 79.4M$, which was found to
be profitable with ROI of 10%. They noted that the plant capacity played important role
in improving the profitability of the project, increasing the plant capacity improved the

ROI. Similar investigations have been reported by many authors. (Eggoni, 2016; Helmer,
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Heoy, Miralles, Villamar, & A., 2018; Jarvis, Billing, Hallen, Schmidt, & Schaub, 2017,

Jones et al., 2014; LJ Snowden-Swan et al., 2016).

In this study, Aspen Plus® economic analyzer was used to study the economics of
hydrothermal liquefaction of NR to liquid fuels. Two cases models were developed; one
for water and second for propanol. All the experimental data such as temperature,
pressure, material and energy balance were used to create the simulation model. All the
process equipment were sized and mapped on the basis of experimental based input data.
The RO, profitability index (PI), and payout period was calculated for the both cases in

order to assess the economic feasibility.

6.2 Feedstock and methods
6.2.1 Feedstock

In this investigation the feedstock comprises of NR and a solvent with a processing
capacity of 2000 tons feedstock per day. According to Malaysian rubber board statistic
(2016), the 252 billion tonnes of NR remain un-utilized and this huge amount of NR can
cover up the feedstock capacity of plant for the production of fuels. In Aspen Plus®, the
type of components are divided into two categories: conventional components and non-
conventional components. Since NR is a non-conventional component that listed in the
software, the ultimate, proximate, and sulfur analysis data of NR were used to be added
into the ULTANAL, SULFANAL, and PROXANAL data, respectively. The NR analysis
used in this study was obtained from experimental results presented in chapter 3 is shown

in Table 6.1.
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Distilled water and isopropyl alcohol were two solvents selected in this study
individually, they were available in software database and considered as conventional
components. The molecular mass and boiling point of isopropyl alcohol is 60.1g/mole
and 82.6°C respectively. Two case study models were developed, where in first case,
distilled water was employed with NR mass ratio of 3:1, whereas the equal ratio of

isopropyl alcohol and NR mass was applied for the second case.

Table 6-1: Characteristics of natural rubber

Characteristics Natural rubber

Proximate Analysis (wt.%)

Volatile matter 89.98
Fixed carbon 4.71
Ash 3.60
Moisture 1.71

Ultimate Analysis (wt.%)

Carbon 83.63
Hydrogen 11.97
Nitrogen 1.58
Oxygen 2.71
Sulfur 0.12
HHV(MJ/kg) 45

6.2.2  Process simulation
Aspen Plus® software was used to conduct the economics assessment of the process

in current investigation. This software has been used widely in process design, analysis,
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process optimization and to carry out the economic evaluation of any chemical process
(Sinnott, 2005). Rong et al. noted that different chemical processes such as gasification,
distillation, pyrolysis, and many more can be modelled in this software by using various

thermodynamic properties packages (Rong et al., 2017).

This study used Aspen Plus® version 9 which is equipped with the new feature of
economic evaluation, which known as activated economics. This new feature is capable
to perform capital and operating cost evaluations during early design stage of the process
on large scale, where it helping the design engineers to assess the proposed design and
allowing them to do screening on the basis of economic factors (T. A. Adams, 2017; Al-

Malah, 2016; Intratec, 2013).

Normally, in Aspen Plus® designing a process starts by drawing a process flow sheet,
then the components are added and the numerous operation conditions defined. The
several types of equipment used in this study such as pump, separator, and reactor are
represented by blocks. Streams connecting these blocks selected as material streams,

where in each stream the temperature, pressure, flowrate and components were defined.

6.2.3  Process description and method

The figure 6.1 was shown the whole process flow diagram of liquefaction process. The
designed plant was started by sketching the process flow diagram containing of the main
components, a pump, a reactor with heating utility, cooler, and a phase separator. All the
input feeds, recycle stream, output products, and streams between the components were
drawn. There were two feed streams comprising of solvent and NR entering the system.
NR was transferred to reactor directly while solvent stream to the reactor was pumped by

using centrifugal pump. The solvent was also recycled after separation. In the case of
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water as a solvent, the mass flowrate of NR was set to 500 tons/day with the temperature
and corresponding pressure were 375°C and 92bar respectively. With this condition, the
yield of bio-oil obtained was 76 wt. % and this yield was used in simulation. For isopropyl
alcohol, around 1000 tons/day of NR was used with the temperature of 325°C and
corresponding pressure of 35bar, where under these conditions the bio-oil yield was
obtained 89 wt. %. Table 6.2 was showed the input process parameters and product yield

distribution used for the development of simulations in Aspen Plus®.

Table 6-2: Input operating conditions and product yield distribution

Process inputs and product yields

Data input Water as a Propanol as a
solvent solvent
Feedstock
Natural rubber (tons/day) 500 1000
Solvent (tons/day) 1500 1000
Total feed (tons/day) 2000 2000

Hydrothermal liquefaction parameters

Temperature (°C) 375 325
Corresponding pressure (bar) 92 35
Natural rubber conversion (%) 99.9 99.9
Product yields

Bio-oil (wt. %) 76 89
Gas (wt. %) 4 5
Tar (wt. %) 12.5 6
Water soluble (wt. %) 7.5 —
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All the reaction conversions and yield data were simulated using available built-in

RYield reactor block. The yield and composition used for the modelling were based upon

experimental data. The composition was determined using GCMS analysis, and

compounds that were identified in GCMS analysis were shown in Table 6.3.

Table 6-3: GCMS analysis of bio-oil obtained from NR liquefaction using water and

propanol as a solvent

GC/MS analysis of oil samples for major compounds (% of total peak area by GC-

MS)
Compounds Water as a solvent ? Propanol as a solvent ”
Aromatics
Toluene 3.56 4.32
o-Xylene 2.01 1.93
1,2,4-Trimethylbenzene 2.89 2.89
Benzene, 1-methyl-3-(1- 291 i
methylethyl)- )
m-Cymene - 1.19
1-Isopropyl-2-
methylbenzene i 221
Total 10.67 12.54
Alkyl
Cyclohexane, methyl- ) 311
Cyclopentane, 1,3-dimethyl-, 356 )
cis-
Heptane, 2,4-dimethyl- 1.23 -
Cyclopentane, ethyl- 8.54 4.54
Heptane ) 276
2-Hexene, 2-methyl- 0.54 0.39
Total 13.87 10.8
Alcohols
Cyclohexanol - 0.53
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I%I-ydroxymethylcyclopentanol 3 -
(trans)
cis-1,2-Cyclooctanediol - 121
2-methyl-1,3-butadiene - 1.15
Total 3 2.89
Ketones
7-Oxabicyclo[4.1.0]heptane 1.4 -
Methyl vinyl ketone - 1.54
2-Propenal, 2-methyl- - 1.53
Total 1.4 3.07
Alkenes
D-Limonene 34.77 51.23
Cyclohexene, 3,5-dimethyl- 1.04 1.51
Isoprene 25 10.65
Total 62.69 64.6
Aldehydes
5-Hexenal 3.59 279
Total 3.59 2.79
Total (%) 95.22 96.69

a H>O/NR mass ratio = 3:1, temperature = 375°C
b C;H;,0OH/NR mass ratio = 1:1, temperature = 325°C

After the completion of process, the product stream was assumed to be transferred into
the separator unit. The component separator was selected to split fractions of gas, oil, tar,
and recovered solvent. Similar separation method was also adopted by Haugstad in the

study of hydrothermal liquefaction of Algae (Haugstad, 2017).
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Figure 6-1: Simulation process flow diagram

For thermodynamic properties, the Soave-Redlich-Kwong (SRK) cubic equation of
state was used to develop the simulation in Aspen Plus®. This method was found to be
capable of both predicting immiscibility of crude oil with solvent, and reproduce results
of miscibility and phase separation that were consistent with literature data (Tzanetis,

Posada, & Ramirez, 2017).

Components present in the oil and gaseous products were added as a conventional
compounds which were taken from available database in the Aspen Plus®. The gaseous
components were considered as Hz, CO2, CO, CHa, C2Ha, and C,Hg since they were found
to be a major compounds in gas products during the conversion of natural rubber to liquid
fuel by using thermal conversion process (Kan, Strezov, & Evans, 2017). The enthalpy
and density of the non-conventional component was estimated using special
HCOALGEN and DCHARIGT models available in Aspen Plus® software. These special
models required the input data from ULTANAL, SULFANAL, and PROXANAL

analyses.
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6.2.4 Economic assessment

Economic study involves the evaluation of different expenditures, these different
expenditure consisted of estimation of capital cost, operating cost and product selling
price. Capital cost includes the procurement costs of various equipment such as, pumps,
reactor with heating system, and separator. All the process equipment were sized and
mapped on the basis of mass and energy balance and their costs were projected using
Aspen Plus® economic analyzer. Annual operating cost normally depends upon the
prices of feedstock, process utility, labor cost, and maintenance cost. As the cost of
feedstock is unpredictable, in current study the feedstock price was set as the current
selling price (1.33USD/kg) of NR in Malaysia. Furthermore, product selling price has a
great influence on the profitability therefore the average price of crude oil (0.54

USD/liter) in last ten years was selected as the product selling price.

To assess profitability of whole project, rate of return (ROI) and profitability index
(PI) were calculated. ROI measures the profit or loss made on an investment relative to
the amount of money invested. ROI is usually expressed as a percentage and is typically
used for financial decisions, to compare a company's profitability or to compare the
efficiency of different investments. ROI can be calculated by using equation (6.1). PI
helps to identify the relationship between the costs and benefits of a proposed project
through the use of a ratio that can be calculated using equation (6.2). If the value of PI is
less than 1, the project is considered no profitable. If PI is greater than 1 in that case the

project is expected to be profitable.

_ (Net profit
ROT'= ( / Cost Ofinvestment) x 100 (6.1)

_ Projects present value of future cash flow /

Pl initial investment

(6.2)
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6.3 Results and discussion

The total project investment for both cases that using water (case 1) and propanol (case
2) was shown in table 5.4. The total capital cost of the case 1 was estimated 4.96 million
USD, while it was calculated 6.27 million USD for case 2. The result showed that the
capital cost of case 2 was found higher. The reason behind this difference was due to the
usage of high proportion of NR in case 2 subsequently increases cost of NR processing
and handling in terms of equipment cost, equipment setting, piping, instrumentation,
insulation, paint and electrical cost. The detailed project capital cost for both cases were

shown in table 5.4.

Table 6-4: Total Project investments for both cases

Total Project investments

Investments Case 1 (using water) i:;;jn(;;ing
Project capital cost (Million USD)

Total Project Capital Cost 4.969 6.325
Purchased Equipment 1.59 1.89
Equipment Setting 0.01 0.1
Piping 0.274 0.353
Civil 0.023 0.029
Steel 0.02 0.021
Instrumentation 0.464 0.718
Electrical 0.504 0.52
Insulation 0.052 0.086
Paint 0.006 0.01
Other 1.233 1.601
G and A Overheads 0.066 0.083
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Contract Fee 0.166 0.207
Contingencies 0.561 0.707
Operating cost (Million USD/year)

Total operating cost 218.284 509.468
"gz)t:tl Operating Labor 0.351 0.351
Total Maintenance Cost 0.027 0.022
Total Supervision Cost 0.307 0.307
Operating Charges 0.164 0.164
Plant Overhead 0.342 0.34
Total Raw Materials Cost 200.85 470.427
G and A Cost 16.169 37.738
Total Utilities Cost 0.075 0.119

Similarly, there was significant difference observed in the operating costs for both
cases. The operating cost for case 2 was approximately 509 million USD/year which is
higher as compared to the operating cost for case 1. Besides, the division the NR to solvent
mass ratio, the general & administrative (G & A) cost also showed high influence on
operating cost. G & A cost are expenses for running the business (rent, salaries, repairs,
insurances, tax etc.) that is not directly associated with production of goods or services.
However, it depends upon the plant capital cost while imposing annual tax and insurance
rate, and also depends on subtotal operating cost. Normally, for calculation purpose G &
A cost is calculated as 5-10 percent of sub-total operating cost. Therefore, case 2 has high
subtotal operating cost thereby increasing its G & A costs compared to the case 1. The

detailed summary of operating costs for both cases was presented in table 6.4.

Table 6.5 is showing the product sales higher for case 2 as compared to case 1. It is

due to fact that high yield of liquid fuel about 89wt% was obtained in case 2 thereby
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increasing the sales of products. The ROI and PI depends upon the prices of feedstock
and on the product selling price. If feedstock price is low and the product selling price is
high, it improves the ROI and PI of the project. In this study, both feedstock NR price

(1.33 USD/kg) and product oil selling price (0.54 USD/liter) was fixed.

Even case 2 required the high capital and operating cost but ROI proved that it is more
profitable as compared to the case 1 and showed ROI of 34.97%. While for case 1, ROI
was calculated to be 24.51%. Same trend was also observed for the PI. The difference of
11% in ROI between both cases was due high product sales obtained in case 2. Due to
this reason, the results also showed that the payout period of the case 2 less than case 1.

The profitability of both cases in terms of ROI, PL, and payout period were shown in table

6.5.
Table 6-5. Project profitability for both cases
Project profitability
Profit assessment Case 1 (using water) Case 2 (using propanol)
214 Million o
Total Product Sales USD/Year >31 Million USD/year
ROI (Rate of Return) 24.51% 34.97%
PI (Profitability Index) 1.01772 1.05802
Payout period 11 Years 4 years

Moreover, for study purpose, the influence of fuel selling price on ROI, PI and Payout

period was also observed and shown in figure 6.2(a), 6.2(b) and 6.2(c) respectively.
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Figure 6-2: Effect of fuel selling price on (a) ROI. (b) PIL, and (c) Payout period

From Figure 6.2(a) and 6.2 (b), showed that the increment in fuel selling price
improved the value of ROI and PI. From Figure 6.2(b), it can be seen that at the fuel
selling price of 0.56USD/liter the case 1 start becoming profitable. While for case 2
profitability started at the fuel selling price of 0.52 USD/liter. Figure 6.2(c) it showed the
opposite trend to ROI and PI, rising of fuel selling price reducing the payout period. At
fixed fuel selling price of 0.57 USD/liter, the payout period for case 1 and case 2 was

calculated to be 11 year and 4 years respectively.
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6.4 Conclusions

This study showed the economic assessment of hydrothermal liquefaction process of
natural rubber using water (case 1) and propanol (case 2) as a solvent. Economic
evaluation and simulation models were developed using Aspen plus ® software was
based on experimental findings. The result showed that case 2 was found to be more
profitable as compared to the case 1. ROI and PI for case 2 was estimated to be 34.97 %
and 1.05 respectively, whereas, for the case 1, ROI and PI was calculated to be 24.51%
and 1.01 respectively. The results showed that both process have a potential and can
undergo for further upgradation of the product through hydrocracking and hydro-

processing.

143



CHAPTER 7: CONCLUSION AND FUTURE RECOMMENDATION

7.1 Conclusion

In this chapter, we presented several conclusions based on the obtained results of this
study. In first objective, the natural rubber (NR) was liquefied successfully to produce
liquid fuels using hydrous pyrolysis technique. The study was performed in the autoclave
batch reactor at different temperatures (300 to 400°C), with different water to natural
rubber mass ratios (1:1 to 5:1) and different reaction times (15 to 75 mins). The effect of
different parameters then was evaluated on the liquid product in term of quantity and
quality. The results showed that the highest liquid yield of 76 wt% was obtained at
temperature, H>O/material mass ratio and time of 375°C, 3:1 and 30 min respectively.
Among the parameters, temperature was found to be the most important parameter,
showing a notable positive effect on the liquid oil quality and quantity. The
characterization results showed that the oil had high energy density, low oxygen and
sulfur contents, and non-acidic. The GC-MS analysis showed that the obtained oil was
dominated by alkenes, aromatics and alkyls. From all characteristic results it showed that
the oil from NR was more suitable to be used as fuel compare to the oil derived from
scrap tire, where the study on hydrous pyrolysis of scrap tire was also provided in this
manuscript as comparative study. In addition, the production of oil from the hydrothermal
liquefaction of NR in Malaysia could contribute to achieve the energy potential about 1.5

EJ/year or equivalent to 250 million barrels of oil per year.

In the second objective, the liquefaction of natural rubber was effectively performed

using different alcohol solvents to improve the quantity and quality of liquid product. The
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experiments were conducted in autoclave reactor at different temperatures (250 to 375°C),
different solvent to natural rubber mass ratio (0.5:1 to 4:1), and at different reaction times
(15 to 75mins). The results showed the maximum liquid yield was obtained 89.53 wt.%
using propanol at optimum conditions, whereas, this result is considered higher about
13.53% compared to liquid-oil obtained using water as a solvent. Around 51.23% and
10.65% of liquid comprised of D-limonene and Isoprene respectively, which are being
used as potential feedstock in different industrial sectors. Besides these compounds, the
liquid product also consisted of other hydrocarbon such as aromatics, alkyls, and alkene
with high HHV (46 MJ/kg), and low oxygen contents (1.02%). These properties make
this liquid suitable to be used for substitution the conventional fossil fuels. In addition,
alcohol solvents play an important role to facilitate the liquefaction process by providing
milder process conditions and hydrogen donor. Among the solvents, propanol has

significant improvement on the liquid yield, solvent recovery and energy density.

In last objective, the economic assessment of hydrothermal liquefaction of natural
rubber was performed using water and propanol as a solvent. Two case models were
developed based on experimental data, case 1 using water and case 2 using propanol as a
solvent. The ratio proportion of natural rubber and solvent in case 1 was set to 3:1,
whereas for case 2 it was set to be 1:1. Aspen Plus ® software was used to conduct the
economic evaluation for both cases. The results showed that the case 2 was more
profitable as compared to the case 1. The ROI for case 2 was estimated to be 34.97 %,
this result is considered to be higher 11 % than the case 1. Besides, the payout period of
the case 2 was found to be 4 year which is less as compare to case 1. In addition, the value

of ROI and PI is showing that the both cases are economically feasible and they have a
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potential for the further upgradation by hydrocracking and hydro-processing for the extra

refinement of products.

7.2 Future work and recommendation

The natural rubber can be as a feed with other feedstocks such as wood based
biomasses to improve the quality of biomass based oil. For that purpose co-liquefaction
of natural rubber along with other biomasses using suitable solvents can be conducted
and evaluated. Moreover, the good characteristics of liquid oil obtained from NR could
stimulate researchers to consider it for further upgradation by hydro-processing and
hydrocracking. Furthermore, the rheology of NR based oil can be explored to assess it
properties more deeply at different parameters. The most dominating compounds that
were identified in the NR based oil can be separated using destructive or selective

distillation for further exploration.
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