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Abstract 

Polyethylene is one of the most widely used synthetic materials produced by mankind and its 

accumulation in the biosphere is exceeding at an alarming rate. There are several methods to 

recycle or remediate the waste polyethene apart from land filling and generation of useful 

products from the waste is on demand for research and development. Ionic liquids are 

aggressively replacing several organic compounds due to their robust nature and also have novel 

properties that allow depolymerization of synthetic materials into simpler short chained 

paraffins. Initial dissolution of polymer using hot toluene followed by agitated depolymerization 

using EMIM-Cl (AlCl3) ionic liquid for producing fuel grade high calorie organic molecules 

might be proven successful. This method uses proton sources like sulphuric acid, hydrochloric 

acid or waters that aid saturation of organic compounds by hydrogen ion exchange. This could be 

a novel procedure that aims to produce fuel grade products from waste synthetic polymers like 

polyethene. 

Keywords: EMIM, AlCl3. 
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1. Introduction 

1.1 Background and problem description 

Fossil fuel demand is on steady rise for the past century and continues to grow at an exponential 

rate (Anonymous, 2010b) and the need for alternative fuel sources as a part of resource recovery 

is under intensive research (Donovan, 2002). The composition of fuels is relatively simple 

consisting of carbon and hydrogen molecules, the typical organic molecules (Anonymous, 2009). 

There are several existing methods that are performing resource recovery from waste, biogas 

from organic waste and incineration program for burning synthetic polymers to extract calorific 

content and produce heat. Synthetic polymers are abundant sources for hydrocarbons but an 

efficient method to crack these long hydrocarbon sources is still under study (Anonymous, 

2010a). The conversion of these polymers into gaseous hydrocarbons rather than performing 

general incineration is effective as addition of hydrogen atoms increases the calorific value (Park 

et al., 2002) and fuel is transportable and storable unlike heat. Cracking of polymers like 

polyethylene into fuel grade hydrocarbons will be a game changing novel technique to address 

fuel crisis as well as pollution problems arising from these polymers in landfills and biosphere. 

Using eco – safe chemicals for catalytic cracking in an efficient manner will be an added 

advantage to the technique (Adams et al., 2000). 

1.2 Purpose and limitation 

The conversion of waste synthetic polymers into gaseous hydrocarbons is a novel technique with 

several experimental parameters that are needed to be optimized. Production of simple paraffin 

molecules like ethane and propane from low density polyethylene will be an efficient resource 

recovery program for converting waste into energy. The primary limitation for degrading these 

polymers is the extensive branching which makes them inaccessible for chemicals by preventing 

them to penetrate inside and break the C-C bond (Passamonti and Sedran, 2012). This branching 

is also responsible for the physical properties of the polymers by making them resistant to 

corrosion by physical or chemical means. Ionic solvents are under extensive research for their 

novel properties like low melting temperatures and studies are carried out for cracking reactions 

for biopolymers and petroleum products like crude oil (Su et al., 2011, Zhao et al., 2002). Ionic 

solvents like 1-ethyl-3-methyl-imidazolium chloride ([EMIM]-Cl) have also shown promise of 

cracking synthetic polymers like polyethylene with a primary limitation of the polymer 

accessibility (Adams et al., 2000). Improving the accessibility of the polymer to these chemicals 

might prove effective and improve the reaction efficiency to make them eligible to scale up to 

industrial level. 

Toluene is a widely used organic solvent for various industries and replaced benzene in several 

reactions because of its non-toxic nature. Toluene has the novel property of dissolving polymers 

like low density polyethylene to act as a recycling agent. LDPE will make a homogenous 

solution with toluene at elevated temperatures (Ter Minassian et al., 1988). The property of 

toluene inertness to ionic solvents will be important in the experiment and plays an important 

role in improving the cracking efficiency. A proton source like strong acids or water is required 

in the reaction by providing necessary protons for valence molecules formed after cracking (Keil 

and König, 2011). 
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Usage of EMIM-Cl to conduct catalytic cracking of LDPE by performing polymer pre-

dissolution using toluene is a novel approach of resource recovery from waste plastics. Primary 

concerns for the procedure are regarding the volatility of toluene and its evaporation during 

reaction(Silva and Bozzelli, 2010). The reactivity of toluene at elevated temperatures might vary 

and it may react with ionic solvents leading to formation of undesirable compounds(Meng et al., 

2012). Ionic treatment of the polymer leads to structural changes in the molecular construction 

leading to change in heat flow and crystallinity of the polymer(Di Lorenzo et al., 2006). 

1.3 Polymeric compounds 

Polymeric compounds are the family of long chain molecules that comprise of a single or several 

monomer units attached by chemical bonds. These compounds are majorly found with molecules 

having carbon atom as a result of its catenation property. Polymeric compounds exists in nature 

which are formed by living organisms - molecules like fats, DNA and fibres play a crucial role in 

survival of an organism and are essential for life. Wide ranges of polymeric compounds are also 

synthetically made by chemical methods which have revolutionised the progress of human 

civilization by providing applications in several areas. Polymer science is studied intensively for 

bringing novel compounds that have specialized applications. 

1.3.1 Synthetic polymers 

 

Synthetic polymers are man-made molecules and are used in variety of fields from aerospace to 

packaging, they have revolutionised material science and have played a key role in bringing up 

the technological era we are living in. These polymers are made by chemical process from 

smaller monomeric units that are generally organic compounds. Synthetic polymers offer several 

novel properties like high tensile strength, elasticity, light weight and high melting point for 

various user applications(Delgadillo-Velázquez et al., 2008). The methods of polymer 

production have been optimised over several decades and 21
st
 century saw immense productions 

of these compounds and due to their inert nature their recycling has become an issue(Klump, 

2013). 

These polymers are new to nature and are not biodegradable, they continue to accumulate in the 

ecosystem leading to several concerns for environment safety(Contat-Rodrigo and Ribes Greus, 

2002). Recycling and reusing these compounds is essential primarily for two reasons, first the 

polymers are causing concerns for the environment and the raw materials which are required 

making these compounds are diminishing(Anonymous, 2008).  

 

Figure 1 – LDPE 
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A generalised example of polymeric compounds can be seen in Figure 1 – LDPE, which shows 

the ethylene monomer backbone in low density polyethylene. 

1.3.2 Biopolymers 

 

Biopolymers are found in nature as a result of several biological processes and play a key role in 

giving structural stability to organisms and as a food reserve(Fardim et al., 2014). Biopolymers 

include plant and animal fibres - usage of compounds like cotton and wool in textiles lead them 

to become an integral part of human civilization(Green, 2000). They have been in use from early 

civilizations and newer technologies and advances in agriculture and engineering lead to 

extensive production and wider applications. 

Biopolymers are degradable and are generally reinforced by synthetic polymers for increasing 

their durability(Slater, 2008). Textile recycling is also a field under extensive research as the 

production is at a threshold level and the demand is increasing everyday (Wood, 1989). 

 

Figure 2 - SEM image of cotton 

In Figure 2 - SEM image of cotton, a network of cellulose fibres can be visualised which are the 

backbone biopolymer compounds of the fibre. 

1.4 Ionic liquids 

Ionic liquids are a class of chemicals which are chemically - salts that have low melting point 

and thus exists in liquid states(2010) as illustrated in Figure 3. They have anion and cation 

molecules similar to that of salt composition, they also bring several applications due to their 

properties like low volatility, low vapour pressure, high ionic activity and reactivity(Patel and 

Lee, 2012). They are widely used as solvents and electrolytes in several industrial applications. 

Majority of ionic solvents have a melting point at 100°C and some ionic liquids are in molten 

state even at room temperatures, they are regarded as room temperature ionic liquids (RTIL) 

(Hapiot and Lagrost, 2008). 
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Figure 3 - Chemical structure of BMIM – PF6 

1.4.1 RTIL (Room temperature ionic liquids) – EMIM – Cl (AlCl3) 

 

Room temperature ionic liquids exist in liquid phase in the range of 20°C - 30°C they have 

extensive applications in various fields as electrolytes and as solvents(Jiang et al., 2006). 1-

Ethyl-3-methylimidazolium chloride-aluminium chloride with a chemical formula of 

[C6H11ClN2)2.(AlCl3)3] as seen in Figure 4 could be regulated it’s ionic activity by altering the 

concentration of aluminium chloride concentration(Keil and König, 2011). Research has shown 

that it behaves as Bronsted super acid at a mole fraction of 0.67 AlCl3 along with addition of 

strong acids like H2SO4 and HCl at minimal concentrations(Angueira and White, 2005). EMIM-

Cl(AlCl3) has previously been used in cellulose treatment and polymer cracking(Su et al., 2011, 

Adams et al., 2000). 

 

Figure 4 - Chemical structure of EMIM – Cl 

 

1.5 Polymer dissolution 

Synthetic polymers have several novel properties that made them applicable in various 

applications. They are very inert compounds and polymers like low density polyethylene (LDPE) 

has a melting point of 105°C including high tensile strength and transparency making them an 

ideal candidate for packaging material(Harnnarongchai et al., 2011). It has been estimated that 

market of LDPE has reached to about €15.9 billion as of 2009 and ever growing(Anonymous, 

2009). It is one of the most widely used synthetic materials in the world and has been causing 

sever environment issues in countries with poor recycling programs. LDPE is highly recyclable 

and reusable, but the demand far exceeds the recycling capability and there is an ever growing 

need for alternative solution(Achilias et al., 2007). 

Low density polyethylene is inert towards several families of chemicals but weak against 

aromatic and halogenated hydrocarbons. Novel polymer dissolution research has shown the use 

of toluene to dissolve LDPE as a part of recycling method(Abdulknrcem and Gnrba). The 
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polymer loses its inter molecular bonding and dissolves in aromatic compounds exposing their 

internal polymer chains. The polymer is completely recoverable after dissolving in toluene 

without undergoing any chemical reaction, the structure of toluene is illustrated in Figure 5. 

Dissolving the polymer prior to any chemical treatment has proven to be an effective method to 

improve the reactions efficiency(Zafeiropoulos et al., 1999). 

 

Figure 5 - Structure of toluene 

1.6 Catalytic cracking of polymeric compounds 

Polyethylene recycling has seem tremendous progress in recent years and the efficiency in waste 

management systems helped in developing alternate solutions and deal with environment issues. 

In Scandinavian countries, the synthetic waste is generally used as feed for incinerators that 

safely burn the polymers to provide energy for district heating systems and hot water(Eriksson et 

al., 2005). The left out waste after incineration is converted into pellets for using as construction 

material. The process has been well studied and gases emanated during incineration are filtered 

before leaving into atmosphere(Wey et al., 2001). 

Apart from incineration process, other techniques like recycle-reuse and pyrolysis are under 

extensive study and development(Passamonti and Sedran, 2012). Catalytic cracking of polymers 

is also an interesting area branched from pyrolysis technique that will convert the long chain 

polymer molecules into smaller and fuel grade compounds like alkanes that burn cleanly having 

higher calorific content. Catalysis of breaking the C-C bond in these polymers and adding 

protons at valence positions requires speciality compounds and high temperatures for the 

reaction to carry out(Serrano et al., 2003). 

Ionic liquids have been widely researched for usage as catalysts for polymer cracking and 

degradation(Christopher et al., 2000). Cracking up polymer chains by their ionic activity and 

donating protons to the formed radicals could be accomplished by ionic liquids in super acidity 

state. Light weight alkanes and mixture of heavy hydrocarbons are generally the end products of 

a cracking reaction involving LDPE and acidic ionic liquids. The effects of such polymer 

degradation can be evident by decrease in crystallinity and lower melting point in DSC 

analysis(Coelho et al., 2010). 
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2. Materials and methods 

2.1 Preparation of ionic liquid 

1-Ethyl-3-methylimidazolium chloride - aluminium chloride, a room temperature ionic liquid 

from Sigma Aldrich was used in the experiment. It is a golden coloured, viscous liquid with ionic 

liquid and aluminium chloride mole fraction of 2:3. The experiment was carried out in a round 

bottom flask with magnetic stirring and oil bath and the outlet was connected to a condenser. The 

condenser was fitted to a methanol bubble column at the other end. 1 gram of EMIM-Cl (AlCl3) 

as in Figure 6 was mixed with 200 mg of AlCl3 at 500 rpm stirring and 60°C temperature. The 

addition of AlCl3 was performed to change the mole fraction of the components from 2:3 to 1:2. 

After 30 minutes of stirring, a greenish brown liquid was formed. 

2 mol% of conc. sulphuric acid was added to the mixture followed by formation of solid smears 

and mild release of chlorine from the liquid layer. The stirring was continued for 1 hour at 100°C 

and the ionic solvent was prepared for the reaction to be carried out. The whole experimental 

setup was performed under a fumigation hood with proper eye and nasal protection. 

 

Figure 6 - EMIM-Cl (AlCl3) 

 

2.2 Sampling and catalysis 

5 ml of toluene was added to the reaction flask followed by turning on of the water cooling for 

the condenser. Laboratory grade LDPE pellets having 2 mm average diameter were used in the 

experiment, the pellets were weighed and 100 mg of LDPE was used for every run. Complete 

dissolution of polymer pellets was visualised after 1 hour of 800 rpm stirring and the temperature 

was regulated as per the experimental requirement. For reactions involving textile fibres, the 

fabrics were shredded to smaller pieces having less than 5 mm
2
 surface area. 100 mg of the 

fabrics were used in separate reactions investigating about blend separation. The reactions was 

carried out in the reaction flask as in Figure 7 at varied lengths of time in each run to get a clear 

understanding of time and catalysis relation. Amount of polymer catalysis was estimated after 

weight loss calculation and DSC analysis. 
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Figure 7 - Experimental setup 

2.3 DSC analysis 

DSC (Differential Scanning Calorimetry) was used to analyse the polymers after the catalysis 

reaction and any change in the polymer melting point could be used for estimating the change in 

crystallinity and polymer cross linking. The DSC analysis was carried out on Q-1000 from TA 

instruments(Anonymous, 2005) using holding pans as in Figure 8,with a ramp temperature range 

of 20-220°C with 20°C/min temperature change. Heat capacity curves were obtained and 

analysed. 
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Figure 8 - DSC holding pans 

2.4 Weight loss calculation 

After the reaction was completed and the setup was cooled down to room temperature, 10 ml of 

water was added to the flask and vigorously shaken. The components were filtered for any solids 

and the liquids were taken in another flask for aqueous two-phase separation and recovery of 

ionic liquid. The recovered solids as seen in Figure 9 are air dried for 24 hours and their 

percentage weight loss was calculated. 

 

Figure 9 - LDPE Pre reaction (Left), Post reaction (Right) 

 

% Weight loss = (Initial - Final amount)/Initial amount * 100 
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3. Results and discussion 

3.1 Fluid catalytic cracking of LDPE 

3.1.1 Reaction relationship with amount of toluene and proton donor 

 

Initial reactions are carried out to estimate the influence of toluene and water on the activity of 

ionic liquid on the polymer. The reactions are carried out at 140°C for 6 hours with varied 

amount of toluene and water. Amount of LDPE is 100 mg i.e., 10% of that of ionic liquid. 

Weight loss of the samples is calculated after the reaction and 24 hours of air drying. The results 

are tabulated in Table 1 

 

Table 1 - Effect of toluene and water on reactivity 

 

 

The reactions without toluene and proton donor yielded negative results in weight loss as the 

ionic liquid fused with the polymer and increased the weight of the polymer rather having any 

catalytic activity. The reactions involving both toluene and water yielded the highest weight loss 

percentage as seen in Figure 10. 

 

Amount of 

LDPE 

(gr) 

Amount of 

IL 

(gr) 

Amount of 

Toluene 

(ml) 

Reaction 

temperature 

(°C) 

Reaction 

time 

(hrs.) 

Amount 

of water 

(ml) 

Final 

amount 

(gr) 

0.1 1 (0.77 ml) 0 140 6 0 0.146 

0.1 1 (0.77 ml) 6.5 140 6 0 0.112 

0.1 1 (0.77 ml) 0 140 6 0.02 0.094 

0.1 1 (0.77 ml) 6.5 140 6 0.02 0.083 
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Figure 10 - Graph showing weight loss 

3.1.2 Relationship of temperature on catalytic activity 

 

Set of six reactions are carried out to estimate the effect of temperature in the activity of ionic 

liquid and depolymerization rate in relation to different temperatures. All the reactions were 

carried out for 48 hours with standard amounts of ionic liquid, 2 mol % H2SO4 and 6.5 ml of 

toluene with a stirring rate of 800 rpm. The results are tabulated as below. 

 

Table 2 - Effect of temperature on reactivity 

Temperature 

(°C) 

EMIM-Cl 

AlCl3 

(ml) + 

AlCl3 

(mg) 

Toluene 

(ml) 

Time 

(hrs.

) 

Initial 

LDPE 

amount 

(mg) 

Final 

LDPE 

amount 

(mg) 

[Duplicates 

+/- 2 mg] 

% Depolymerized 

160 535.5 + 200 6.5 48 100 38 62% 

140 535.5 + 200 6.5 48 100 44 54% 

120 535.5 + 200 6.5 48 100 52 48% 

100 535.5 + 200 6.5 48 100 60 40% 

-50

-40

-30

-20

-10

0

10

20

30
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80 535.5 + 200 6.5 48 100 64 36% 

60 535.5 + 200 6.5 48 100 88 12% 

 

 

Figure 11 – Graph showing weight loss in relation to temperature 

As shown in Figure 11 the catalytic activity increased with temperature and 160°C has shown the 

highest weight loss among the tested temperatures. The activity could follow the same trend line 

if the temperature is increased even further, but the lowest point of activity is a point of interest 

where the production is considerably high with low energy needs. 

3.1.3 DSC analysis of the samples 

 

The samples obtained at the end of the reaction were analysed using DSC to analyse the 

structural changes occurred in the polymer. Samples analysed were from the reactions carried out 

at 120°C, 140°C and 160°C with highest amount of depolymerisation reported. 
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Figure 12 - DSC of pure LDPE pellets 

DSC analysis was carried out for pure LDPE used in the reaction; the analysis shows a melting 

point of 108.74°C with a melting enthalpy of 56.96 J/g as seen in Figure 12. We can calculate % 

crystallinity of the polymer using a standard melting enthalpy of 100% crystalline polyethylene 

which has a value of 288J/g. The crystallinity of pure LDPE is as follows. 

Xc = ∆Hm/∆H
*
m*100 

Xc = 56.96/288 * 100 = 19.778 % 

 

% crystallinity of the LDPE pellets used in the reaction is at 19.778. 
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Figure 13 - DSC analysis of samples from 120°C reaction 

The polymer has lost its natural crystallinity and had an effect in its melting point after 48 hour 

treatment at 120°C as seen in Figure 13. % crystallinity could be calculated from the melting 

enthalpy of 54.6J/g. 

Xc = ∆Hm/∆H
*
m*100 

Xc = 54.6/288 * 100 = 18.958 % 

The drop in crystallinity was evident from the reaction and a new melting point explains the 

effect of ionic solvent that lead to decreased branching in the molecular structure of LDPE. 

 

 

 

 

 



 

xx 

 

 

Figure 14 - DSC analysis of samples from 140°C reaction 

The DSC curves from the samples that underwent reaction at 140°C can be visualised in Figure 

14 with a melting enthalpy of 50.93J/g and an evidence of decrease in percent crystallinity with 

increase in temperature. 

Xc = ∆Hm/∆H
*
m*100 

Xc = 50.93/288 * 100 = 17.684 % 

A further decrease in crystallinity is observed to 17.68 from 19.78 of the original, untreated 

LDPE pellets. 
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Figure 15 - Overlay graph of untreated LDPE (Green) with treated sample at 160°C (Blue) 

 

The above overlay graph in Figure 15 shows the difference in the melting point and melting 

enthalpy from treated and untreated LDPE. The treatment at 160°C has seen the highest activity 

and decrease in % crystallinity. 

Xc = ∆Hm/∆H
*
m*100 

Xc = 38.25/288 * 100 = 13.28 % 

The evidence of depolymerization activity increase can be observed from DSC plots that points 

towards high ionic activity and catalysis. The crystallinity has decreased by 33% from the 

original polymer as per the plots from Figure 12. 
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3.1.4 Alternate reactions and formation of anomalous compounds 

 

Novel reaction combinations were experimented at elevated temperatures and interesting 

findings were observed when a reaction having a combination of 1 gram EMIM-Cl (AlCl3), 200 

mg of AlCl3 and 2 mol % H2SO4 was used along with 100 mg of LDPE. The reaction was carried 

out at 220°C which has delivered some interesting results to study. 

 

Figure 16 - DSC analysis from samples from alternate reactions, Sample (Green)/ Original (Blue) 

The increase in reaction temperature from 160°C to 220°C has shown evidence of toluene 

reacting with the polymer as there is a decrease in the total amount of toluene used in the 

reaction and possibility of toluene reactivity. A slight melting activity was observed at at 220°C 

indicating possible formation of polystyrene inside the LDPE chains. Decrease in crystallinity is 

also observed as represented in Figure 16. 

Xc = ∆Hm/∆H
*
m*100 

Xc = 46.06/288 * 100 = 15.99 % 
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Figure 17 – Polystyrene 

 

The reaction was duplicated and the drastic decrease in amount of toluene was observed post 

reaction, The initial amount of toluene used in the reaction is 6.5 ml and the final remaining 

amount is < 1 ml indicating the possibility of aromatic ring integration and formation of a LDPE 

and polystyrene copolymer and a possibility of a novel pathway to perform the production of 

such a compound. A reaction involving catalysis of C-C bond of LDPE might have taken place 

followed by aromatic ring transfer to the polymeric chain from toluene. Carbon – Carbon bond 

strength is relatively stable for aromatic compounds than straight chain C-C bonds, leading to the 

formation of a stable polymer. Further analysis and studies are necessary to provide a conclusive 

evidence of the reaction and its effects, yet a clear change in melting point has been observed in 

DSC analysis showing possibility of activity in molecular structure. Duplicates of the reaction 

have been carried out to eliminate the chance of observation error as seen in Figure 18. 

  



 

xxiv 

 

 

Figure 18 - Untreated LDPE (Blue) against samples from alternate reactions 

3.2 Textile treatment 

3.2.1 Effect of proton source in activity of ionic liquid activity on cotton fibres 

 

Initial set of reactions were carried out as trial reactions with 147 mg of EMIM- Cl, 267 mg of 

AlCl3. Amount of toluene is 5 ml, temperature of 140°C and a rate of stirring at 600 rpm. Virgin 

cotton (Cotton V) has 100% cotton content and cotton and polyamide (Cotton+PA) blend had 

50% of each component, the reactions were carried for two sets of reaction times and the final 

observations are as in Table 3  

 
Table 3 - Effect of proton source on cotton fibre treatment 

Amount of H2O Reaction time Input amount Final 

amount 

Observation 

1 ml 24 hrs. Cotton V - 22 mg 0 mg Total liquefaction of 

cotton 
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1 ml 24 hrs. Cotton + PA - 28 

mg 

15 mg Cotton fibre intact; 

polyamide removed from 

original - Seen as solid 

globules in the ionic 

liquid layer  

0 ml 48 hrs. Cotton V - 16 mg  3 mg Total charring and 

destruction of fibre - 

Dissolvable in water and 

methanol 

0 ml 48 hrs. Cotton + PA - 11 

mg 

1 mg Total charring and 

destruction of fibre - 

Dissolvable in water and 

methanol 

 

Reactions in Table 3 provide insight to a novel application of the ionic liquids and toluene 

treatment to separate polymer compounds that may have wide application in the field of textile 

processing and recycling. 
 
 

3.2.2 Effect of proton source in activity of ionic liquid activity on wool fibres 

 

Initial set of reactions were carried out as trial reactions with 147 mg of EMIM- Cl, 267 mg of 

AlCl3. Amount of toluene is 5 ml, temperature of 140°C and a rate of stirring at 600 rpm. Virgin 

wool (Wool V) has 100% cotton content and wool and polyamide (Wool+PA) blend had 80% of 

wool and 20% of polyamide component, the reactions were carried for two sets of reaction times 

and the final observations are as in Table 4. 
 
Table 4 - Effect of proton donor presence on wool fibre treatment 

Amount of H2O Reaction time Input amount Final amount Observation 

1 ml 24 hrs. Wool V - 26 mg 0 mg Total liquefaction of 

wool 

1 ml 24 hrs. Wool + PA - 22 

mg 

9 mg Wool fibre partial 

breakdown; 

polyamide removed 

from original - Seen 

as solid globules in 

the ionic liquid layer  

0 ml 48 hrs. Wool V - 26 mg  2 mg Total charring and 

destruction of fibre - 

Dissolvable in water 

and methanol 
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0 ml 48 hrs. Wool + PA - 23 

mg 

1 mg Total charring and 

destruction of fibre - 

Dissolvable in water 

and methanol 

 

The above reactions helped in exploration of novel polymer separation applications to both wool 

and cotton textile blends and also polymer catalysis that could have potential benefits in biogas 

production from waste textile treatment. 

 

3.2.3 Method of polymer separation in textile fibres using ionic liquids 

 

Reactions to investigate the performance of polymer separation were carried out on wool and 

cotton polyamide blends. The reactions were carried out with 1 gram of EMIM-Cl(AlCl3), 200 

mg of AlCl3 at 80°C for 24 hours. The treated samples were air dried for 1 day before weighing.   

The reaction involving fibres with Wool (80%) and polyamide (20%) are shown in Table 5. 

 
Table 5 - Polymer separation in wool fibres 

Amount of 

Wool + PA 

(gr) 

Amount of 

IL 

(gr) 

Amount of 

Toluene 

(ml) 

Reaction 

temperature 

Reaction 

time 

(hrs.) 

Amount of 

water 

(ml) 

Final 

amount 

(gr) 

0.1 1 (0.77 ml) 0 80 24 0 0.095 

0.1 1 (0.77 ml) 6.5 80 24 0 0.081 

0.1 1 (0.77 ml) 0 80 24 0.02 0.046 

0.1 1 (0.77 ml) 6.5 80 24 0.02 0.027 

 

The reactions involving fibres with cotton (50%) and polyamide (50%) are shown in Table 6 

 
Table 6 - Polymer separation in cotton fibres 

Amount of 

Cotton + PA 

(gr) 

Amount 

of IL 

(gr) 

Amount of 

Toluene 

(ml) 

Reaction 

temperatu

re 

Reaction 

time 

(hrs.) 

Amount of 

water 

(ml) 

Final 

amount 

(gr) 

0.1 1 (0.77 

ml) 

0 80 24 0 0.086 

0.1 1 (0.77 

ml) 

6.5 80 24 0 0.053 
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0.1 1 (0.77 

ml) 

0 80 24 0.02 0.054 

0.1 1 (0.77 

ml) 

6.5 80 24 0.02 0.038 

 

We can observe that the reactions that involve the usage of only toluene and ionic liquid, without 

any proton donor has shown highest performance and above 90% efficiency in polymer 

separation. Usage of proton donor like 2 mol% of H2O or H2SO4 resulted in catalysis or polymer 

degradation rather than separation as seen in Figure 19. 

 

 
Figure 19 - Percentage weight loss in wool and cotton polyamide blends 

 

3.2.4 Effect of ionic liquids in depolymerisation of textile fibres 
 

 

Several textile fibres were treated using the ionic liquid treatment at an elevated temperature of 

120°C and for an extended amount of reaction time of 48 hours. The reactions are tabulated in 

Table 7 and the percentage depolymerisation is illustrated in Figure 20. 
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Table 7 - Depolymerisation of various polymers by activity of ionic liquids 

Amount of 

Wool + PA 

(gr) 

Amount 

of IL 

(gr) 

Amount of 

Toluene 

(ml) 

Reaction 

temperature 

(°C) 

Reaction 

time 

(hrs.) 

Amount of 

water 

(ml) 

Final 

amount 

(gr) 

0.1 1 (0.77 

ml) 

0 120 48 0 0.048 

0.1 1 (0.77 

ml) 

6.5 120 48 0 0.065 

0.1 1 (0.77 

ml) 

0 120 48 0.02 0.023 

0.1 1 (0.77 

ml) 

6.5 120 48 0.02 0.038 

Amount of 

Wool V (gr) 

Amount 

of IL  

(gr) 

Amount of 

Toluene 

(ml) 

Reaction 

temperature 

Reaction 

time 

(hrs.) 

Amount of 

water  

(ml) 

Final 

amount 

(gr) 

0.1 1 (0.77 

ml) 

0 120 48 0 0.046 

0.1 1 (0.77 

ml) 

6.5 120 48 0 0.055 

0.1 1 (0.77 

ml) 

0 120 48 0.02 0.018 

0.1 1 (0.77 

ml) 

6.5 120 48 0.02 0.024 

Amount of 

Cotton + PA 

(gr) 

Amount 

of IL  

(gr) 

Amount of 

Toluene 

(ml) 

Reaction 

temperature 

Reaction 

time 

(hrs.) 

Amount of 

water  

(ml) 

Final 

amount 

(gr) 

0.1 1 (0.77 

ml) 

0 120 48 0 0.064 

0.1 1 (0.77 

ml) 

6.5 120 48 0 0.048 

0.1 1 (0.77 

ml) 

0 120 48 0.02 0.028 

0.1 1 (0.77 

ml) 

6.5 120 48 0.02 0.032 

Amount of 

Cotton V 

(gr) 

Amount 

of IL  

(gr) 

Amount of 

Toluene 

(ml) 

Reaction 

temperature 

Reaction 

time 

(hrs.) 

Amount of 

water  

(ml) 

Final 

amount 

(gr) 

0.1 1 (0.77 

ml) 

0 120 48 0 0.060 

0.1 1 (0.77 

ml) 

6.5 120 48 0 0.052 

0.1 1 (0.77 

ml) 

0 120 48 0.02 0.019 

0.1 1 (0.77 6.5 120 48 0.02 0.029 
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ml) 

Amount of 

Codenka - 

Rayon yarn 

(gr) 

Amount 

of IL  

 

(gr) 

Amount of 

Toluene  

(ml) 

Reaction 

temperature 

Reaction 

time  

 

(hrs.) 

Amount of 

water  

 

(ml) 

Final 

amount  

 

(gr) 

0.1 1 (0.77 

ml) 

0 120 48 0 0.066 

0.1 1 (0.77 

ml) 

6.5 120 48 0 0.058 

0.1 1 (0.77 

ml) 

0 120 48 0.02 0.032 

0.1 1 (0.77 

ml) 

6.5 120 48 0.02 0.038 

 

 

Figure 20 - Effect of ionic liquid on depolymerisation of various textile polymers 

3.2.5 Effect of temperature on depolymerisation of textile fibres by ionic liquids 

 

Temperature had a directly proportional effect on depolymerisation of the polymers. The 

reactions were carried out for a shorter period of time of 6 hours at various temperatures and 600 

rpm stirring for estimating the extent of effect. The reactions involving Cotton V (100%) and 

Wool V (100%) are tabulated in Table 8 and Table 9 respectively. The same method was 

executed on wheat straw to observe depolymerisation and the results are tabulated in Table 10.  
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Table 8 - Temperature effect on cotton depolymerisation 

Temperature 

(°C) 

EMIM-Cl + 

AlCl3 (mg) 

Toluene 

(ml) 

Time 

(hrs.) 

Initial 

amount 

(mg) 

Final 

amount 

(mg) 

% 

Depolymerised 

120 100 + 145 5 6 40 26 35 

80 100 + 145 5 6 40 24 40 

60 100 + 145 5 6 40 30 25 

45 100 + 145 5 6 40 36 10 

 

 
Table 9 - Temperature effect on wool depolymerisation 

Temperature 

(°C) 

EMIM-Cl 

AlCl3 (mg) 

Toluene 

(ml) 

Time 

(hrs.) 

Initial 

amount 

(mg) 

Final 

amount 

(mg) 

% 

Depolymerised 

120 100 + 145 5 6 40 12 70 

80 100 + 145 5 6 40 14 65 

60 100 + 145 5 6 40 24 40 

45 100 + 145 5 6 40 26 35 

 

 
Table 10 - Temperature effect on wheat straw depolymerisation 

Temperature 

(°C) 

EMIM-Cl 

AlCl3 (mg) 

Toluene 

(ml) 

Time 

(hrs.) 

Initial 

amount 

(mg) 

Final 

amount 

(mg) 

% 

Depolymerised 

120 100 + 145 5 6 60 44 26.7 

60 100 + 145 5 6 60 52 13.3 

 

The results can be visualised in Figure 21 and there is an interesting observation of virgin cotton 

having a lower than expected depolymerisation at 120°C, it can arise because of temperature 

effect on the fibre causing it to get coagulated and form globules thereby protecting the internal 

fibres and inhibiting depolymerisation. No such effect was seen with regard to wool, which has 
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followed the same pattern with elevated temperature. This effect in cotton was not observed in 

reactions performed over longer period of time extending for more than 24 hours. 

 

Figure 21- Percentage depolymerisation of various fibres with respect to reaction temperature(°C) 

4. Conclusions 

4.1 Primary findings 

4.1.1 Catalytic cracking of low density polyethylene mediated by toluene and ionic liquid 

 

The reactions involving ionic liquid EMIM-Cl, 2 mol% H2O/H2SO4 and AlCl3 at 1:2 mole 

fraction has previously shown to perform catalytic activity on low density polyethylene at 

elevated temperatures above 250°C(Adams et al., 2000). A novel reaction combination of 

toluene has decreased the reaction temperature to 160°C that has shown 30% decrease in 

polymer crystallinity and above 60% of weight conversion to volatile hydrocarbons having less 

than 6 carbons in their structure as per the condensation temperature used. The actual 

combination and concentration of individual compounds formed need further extensive studies. 

4.1.2 Novel polymer separation of textile fibre blends using toluene and ionic liquid 

 

A novel mechanism to separate individual polymers from a blend without any mechanical 

crushing or polymer degradation was observed using EMIM-Cl and AlCl3 at 1:2 mole fraction 

with the target polymer concentration of 10% of total toluene has shown separation of individual 
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compounds. The sample analysis from the resultant polymer separated is consistent with 

polyamide melting points as seen in Figure 22. 

 

Figure 22 - DSC analysis of polyamide 

4.2 Secondary findings 

4.2.1 Possible method for LDPE/Polystyrene blend production 

 

Reaction experiments carried out at elevated temperatures of 220°C has resulted in a decrease of 

toluene when comparing final amount to the initial amount used. The end product also has shown 

a higher melting point and a possible glass transition of polystyrene as seen in Figure 16. This 

could be a result of addition of aromatic groups to LDPE polymer chain and synthesis of 

polyethylene/polystyrene blend and DSC curve follow the trend of previous research ( art  ne -

Pardo et al., 1998, Choi et al., 2003). The synthesised polymer should also be analysed using 

FTIR to have a deeper understanding of the chemical structure of the polymer and for validating 

the formation of such a compound. 
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4.2.2 Extensive depolymerisation of naturally occurring polymeric compounds 

 

In addition to primary findings of polymer separation, evidence has found extensive change in 

polymer structure and depolymerisation at temperatures of about 120°C. Previous research has 

used in treatment of textile fibres (Hameed and Guo, 2009, Pinkert et al., 2009), but the current 

research focuses on polymer separation. The resultant polymer has a rubbery texture as seen in 

Figure 23 along with a different melting point and heat flow values compared to an unprocessed 

polymer which could lead to improvement in biogas production. The DSC curves of the 

processed polymer can be observed in Figure 24. 

 

Figure 23 - Visual comparison of processed and unprocessed wool fibres 

Unprocessed 

Wool + PA 

 

Processed 

Wool + PA 
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Figure 24 - DSC overlay of processed (Blue) and unprocessed (Green) wool fibres. 

4.3 Findings related to experimental method 

1. Stable EMIM-Cl(AlCl3) [MF 1:2] can be achieved at 45°C, mediated by toluene 

- Maintaining the stability of 1:2 mole fraction of this ionic solvent combination is really 

difficult due to hygroscopic nature of the ionic solvent and the aluminium salt and also 

because of the rapid sublimation of the aluminium chloride; this has been observed in 

reactions without toluene and also been referenced in literature(Meindersma et al., 2006). 

2. Rapid chlorine release upon addition of water or strong acids 

- Protons in water and strong acids replace the chloride ions in the solution causing rapid 

chlorine release, protons increase the acidity of the solution but decrease the overall ionic 

solvent concentration as new solvent is being added and chloride ions are key in 

maintaining the mole fraction ratio; usage of 2 mol % of proton source has been cited as 

optimal and 1 ml in the current setup falls in line to the references(Angueira and White, 

2007). 

3. Minimal dissolution of ionic solvent and aluminium salt in toluene 
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- The aid of toluene is essential for the reaction to be carried out as it stabilises the ionic 

solution, it is also essential that they are not miscible with each other as it will affect the 

overall concentration; references cited(Lebedev et al., 1972, Shuykin and Feofanova, 1952) 

that toluene is immiscible in ionic solvent and dissolution of aluminium chloride in toluene 

is to be less than 2% at 80°C which is shown to be consistent in the carried out reaction. 

4. Reactivity of ionic solution with toluene 

- As aluminium chloride being one of the strongest reagents there has been a chance of 

reaction with toluene but due to low miscibility and low reaction temperature there is a less 

probability of such reaction to occur; There are a few references citing reactivity of 

aluminium chloride with toluene and chlorination of toluene only in presence of 

moisture(Meng et al., 2012), no visual observation is perceived in the experiment. 

5. Solvent effect of toluene 

- Toluene is one of the most widely used organic solvent in industries and for its lower 

toxicity; it has been replacing benzene in many reactions. It is also capable of dissolving 

several synthetic polymers which further enhance the activity of the ionic solution in current 

scenario, improving the overall depolymerisation; several references on usage of toluene in 

polymer recycling are found and are consistent with the experiment(Abdulknrcem and 

Gnrba). 

6. Solvent separation of ionic solvent 

- Regeneration of ionic solvent is carried out using methanol which removes all the ions from 

solid residues and toluene, usage of methanol is logical as it has lower evaporation point 

than melting point of EMIM-Cl leading to formation of solid crystals; citations of using 

water, methanol and ethanol for ionic solvent regeneration are found and used in the current 

setup(Lu et al., 2012). 

7. Methanol bubbling for gas profiling 

- The released gases during the reaction are bubbled through methanol for absorption; 

References suggest the possibility for absorption of several gaseous hydrocarbons in 

methanol to further aid analysis of gases through chromatography (Bahadori, 2007, Kiser et 

al., 1961). 

8. Recovery and recycling of ionic liquid 

 
- Ionic liquids are expensive and recycling of these compounds is essential to have 

commercial value for the process. EMIM – Cl used in the current research could be 

effectively recovered by dissolving the final solutions in water or methanol after the 

completion of the reaction. Aluminium chloride was lost during the reaction and also 

recovery process as it has reactivity and sublimation when in contact with water, thus 

requiring addition every time the ionic liquid is being reused(Horowitz et al., 2013).   



 

xxxvi 

 

4.4 Significance and prospective future work 

The applications of the current research are diverse and have applications in wide areas. Several 

studies on cracking of polymeric compounds have been performed in the past and such wide 

research is necessary to compete against pollution and energy needs of the world. Conversion of 

the polymer compounds to paraffin’s that can be utilised as fuels is one of the several alternative 

solutions under study. Commercial viability of such research greatly depends on the cost of 

chemicals involved in carrying out the reaction and the energy needs to perform the reaction. The 

research reported in this literature tries to show case one of such attempt to have a low cost, 

reliable and efficient waste to energy conversion method. 

The resultant polymers after the ionic treatment also have shown electrical conductivity(Lopes 

and Felisberti, 2004) that could have novel applications in other fields which would require 

further studies in depth for unearthing the molecular processes involved in the reaction. There is 

also scope for optimisation studies and improving the yield and efficiency of the catalysis. 

Textile treatment is another field that could benefit from such a method for separating different 

polymers which could improve recycling and reusing textile fibres. Textile waste to biogas 

production is an interesting area that has shown production inhibition due to presence of 

synthetic compounds along with organic polymers(Ziemiński et al., 2012). Application of the 

current reported method could be used as a pre-treatment method prior to biogas production and 

studies could be conducted on the effect of such a treatment. Research could be conducted to 

observe catalysis and break down of other synthetic and natural polymers and ideate novel 

treatment pathways. 
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