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ABSTRACT 

Blended textile waste, such as polycotton (polyester and cotton), presents significant 

challenges to conventional textile recycling due to different physicochemical properties. 

Chemical recycling, particularly dissolution, is a method that highly promising strategy 

for selective fibre separation. However, most reported studies show that it highly 

depends on hazardous solvents and requires high energy input, which limits their 

environmental and economic feasibility. Since there are limited studies on the 

application of pure dimethyl sulfoxide (DMSO) as an alternative solvent for the 

selective dissolution of cotton from polycotton blends, marking this as a novel research 

area. Therefore, this study used an integrated computational and experimental 

framework to investigate the potential of using DMSO as a single solvent for fibre 

separation. Firstly, BIOVIA Material Studio 2023 were used to run molecular dynamics 

(MD) simulation to predict the intermolecular interactions between pure DMSO with 

cotton (cellulose) and polyester from textile waste. COMPASS force field was applied 

under NPT-NVT ensembles and paired with Andrensen-Berendsen thermostat to enable 

a reliable representation of molecular interaction. Next, the prediction was validated 

experimentally using a Taguchi L9 orthogonal array design for a precise result. Three 

main factors have been evaluated, which are temperature (50, 100, 150℃), 

concentration (4.5, 6.0, 7.5 mg/ml) and dissolution time (4, 6, 8 hours). The dissolution 

efficiency was evaluated using signal-to-noise (S/N) ratio analysis under the “larger the 

better” criterion and further assessed by analysis of variance (ANOVA). Lastly, the 

dissolved cotton was regenerated using water as an anti-solvent with a 1:10 ratio of 

cotton/DMSO to water method. Then, the quality of regenerated cotton and polyester 

fibre were analysed in terms of structural, thermal and morphological properties and 

compared to their respective pure fibres. Based on the results, MD simulation had 

predicted that cotton has stronger interactions with DMSO at 150℃ and 4.5mg/ml 

compared to polyester. These predictions were proven by the experimental process 

through dissolution. Based on the measured dissolution efficiency, cotton shows higher 

solubility in DMSO (~80%) compared to polyester (<20%). The final condition of 

Experiment E7 (150℃, 4.5 mg/ml, 8 hours) was the optimal combination in maximising 

dissolution performance of both cotton and polyester. In the meantime, S/N ratio and 

ANOVA analysis had confirmed that temperature is the most influential parameter 

affecting the dissolution process, as indicated by a p-value (<0.05) for both cotton 

(p=0.007) and polyester (p=0.043). These results show that solvent–polymer 

interactions and the dissolution performance of textile fibres in DMSO are significantly 

influenced by temperature. Finally, the characterisation shows result confirmed that 

both regenerated cotton and polyester fibres properties were similar to their respective 

pure fibres. For example, the FTIR spectrum exhibited a characteristic absorption band 

at 1427 cm⁻¹ and 898 cm⁻¹. This peak is assigned to the crystalline regions of cellulose 

I and β-glycosidic linkages, typically related to the amorphous structure of cellulose, 

respectively. The calculated lateral order index (LOI) of the absorbance ratio 

A1427/A898 was 3.25. This value suggests a predominance of the cellulose II 

crystalline structure in the analysed sample. Overall, this study has proven the 

effectiveness of DMSO as a selective solvent for cotton separation from polycotton 

blends. 
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CHAPTER 1 

INTRODUCTION 

1.1 Research Background 

In the textile industry, polyester fibre contributes the most significant 

production, approximately 57%, while cotton contributes 28% [1]. This difference 

occurs because manufacturers widely use polyester in mass-produced clothing, as 

polyester does not easily break down. Current estimates on disposal of textile waste 

were 75% landfilled, 25% are recycled, and less than 1% are regenerated into new yarns, 

which highlights the lack of effective large-scale recycling systems [2]. The reliance on 

landfilling is attributed to the high cost and technological complexity of current textile 

recycling methods [3]. There are 2 common textile recycling which are mechanical and 

chemical recycling methods. Mechanical recycling has generally shown limited 

effectiveness when applied to blended textile materials. This limitation has led to 

growing interest in chemical recycling methods as alternative recovery routes. Solvent-

based dissolution is a promising strategy for selective fibre separation while producing 

higher-quality regenerated fibres [4]. However, the process is mainly dependent on the 

hazardous solvents, requires higher energy, and demands high-quality polymer inputs 

[5]. 

To address this problem, the introduction of new solvent systems is needed, 

which can selectively interact with both synthetic and natural types of fibre without 

inducing degradation [6]. The selected solvent systems must exhibit minimal energy 

consumption, low toxicity, and recyclability. The suitable solvent system also needed 

to achieve a balanced combination of polarity, hydrogen-bonding capacity, and thermal 

stability. These properties are important to promote selective interactions and enable 

controlled dissolution behaviour. By understanding both fibre and solvent interaction 

behaviour, the development of safer and more efficient textile recycling methods can 

be achieved [7]. The effects of concentration, temperature, and dissolution time have 

been reported as significant factors that affect the dissolution behaviour of fibre and 

solvent [8]. As recorded by previous studies, most dissolution studies focus on the 

factors influencing solubility, including temperature, pressure, and dissolution time, to 
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achieve high yield and recovery [9]. However, the study was not conducted under 

optimised conditions. 

There is a notable gap from previous studies regarding methodology dedicated 

to studying solvent interactions with recycled textiles. Hence, this research aimed to 

maximise the interaction between the fibre and solvent by investigating the fundamental 

mechanisms of molecular interactions [10]. The fundamental intermolecular forces 

must be systematically evaluated in order to clarify the polymer chain solvation and 

structural disruption. In this context, molecular dynamics (MD) simulation has been 

selected as a computational approach for providing a detailed description of the 

interaction mechanisms between recycled textile and selected solvents system [11]. MD 

simulation had the capabilities to facilitate the development of recycling strategies such 

as improving material recovery and process optimisation [12]. 

However, need to be noted that MD simulation outcomes require experimental 

validation to ensure its reliability and accuracy. The integration of computational 

modelling and optimization by experimental design allows the dissolution performance 

to be evaluated under controlled conditions. Analysis of variance (ANOVA) are a 

statistical tool that can determine the significance of operational factors, including 

temperature, solvent concentration, and dissolution time [13]. In the meantime, 

characterisation of regenerated fibres such as structural integrity and thermal stability 

is important to verify the material quality and reusability [14]. These analyses also 

enable the validation of predicted molecular interactions and provide a robust 

correlation between simulation and experimental observation on dissolution behaviour 

[15]. 

1.2 Problem Statement 

The dissolution method is the most common in chemical recycling technologies. 

However, the process was challenging due to the different polymer characteristics [16]. 

It is because the dissolution process relies on hazardous solvents and requires high 

energy consumption to recycle, especially blended fabrics such as polycotton (mixture 

of polyester and cotton) [17], [18]. Currently, Dimethyl Sulfoxide (DMSO) is the most 

common chemical used as a co-solvent combined with Ionic Liquid (IL) such as 1-

ethyl-3-methylimidazolium chloride ([EMIm]Cl) [19]. However, there are limited 

studies that use DMSO solvent as the main solvent in the dissolution process of cotton 
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and polyester. Hence, the prediction of molecular interaction between DMSO with 

cotton and polyester can be analyse by using Molecular Dynamics (MD) simulation. 

This can be done by analysing the complex intermolecular interactions, including 

hydrogen bonding, dipole–dipole forces, van der Waals interactions, and chain 

entanglement effects. 

On the other hand, the molecular mobility, solvent diffusivity, and mass transfer 

equilibrium were influenced by variations in temperature, polymer concentration, and 

dissolution time. Poor optimisation can lead to poor dissolution, polymer degradation, 

and excessive energy consumption. Therefore, a structured optimisation strategy is 

needed to determine the optimum dissolution parameters that maximises efficiency 

while preventing polymer degradation and minimise operational cost. To solve this 

problem, the Taguchi L9 orthogonal array was used in this study to allow simultaneous 

comparison of 3 parameters (with 3 levels) within 9 experiments. This method validated 

the dissolution effectiveness by using the Signal-to-Noise (S/N) ratio with "larger-the-

better" criterion and analysis of variance (ANOVA) [20]. In the context of polymer 

dissolution optimisation, higher S/N ratios indicate that the selected combination of 

parameters can continuously enhance dissolution performance while reducing 

resistance, such as inconsistent mixing or other noise factors [21]. 

Although the aim of the study is to produce high dissolution efficiency of 

recycled cotton and polyester textiles, the physical and chemical transformations of the 

polymer need to be analysed. Noted that the quality of regenerated fibre cannot be 

verified without a full evaluation that includes structural, thermal, and morphological 

analysis. Accordingly, systematic characterisation after dissolution is necessary to 

ensure process reliability, high mechanical performance, and durability of regenerated 

fibre. At this point, no published study has used this integrated modelling with 

experimental to study the dissolution process of cotton and polyester in pure DMSO. 

1.3 Research Objective 

The objectives of this study are: 

a) To investigate the molecular interactions of cellulose and polyester with 

DMSO solvent through molecular dynamics simulations. 
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b) To identify the optimised dissolution parameters (temperature, 

concentration, and dissolution time) of cotton and polyester in the DMSO 

solvent. 

c) To evaluate the physical and chemical structural transformations of 

dissolved and regenerated fibres that occur after dissolution in DMSO 

solvent. 

 

1.4 Scope of Study 

This study aims to explore the dissolution behaviour of recycled textile, 

specifically cotton and polyester, in dimethyl sulfoxide (DMSO). This is carried out by 

using a combination of computational simulations and laboratory experiments to 

provide a clearer observation into the molecular interactions involved in dissolution and 

improve recycling textile recovery methods. Firstly, the evaluation on the molecular-

level interactions between cellulose and polyester polymers with DMSO using 

molecular dynamics (MD) simulations. In MD simulation, the recycled fibre was 

renamed as their repeating unit to avoid confusion. Hence, instead of being named as 

recycled cotton and polyester fibre, it will be represented by cellulose and polyethylene 

terephthalate (PET), respectively. All simulations were conducted using BIOVIA 

Materials Studio 2023 as it enabled the construction, optimisation, and dynamic analysis 

of polymer-solvent systems. The Amorphous Cell module was used to construct and 

pack the polymer chains and solvent molecules in a simulation box, while the Forcite 

module was applied for geometry optimisation and molecular dynamics simulation. The 

simulations were performed using the COMPASS force field, which is well-established 

for modelling polymeric systems due to its accuracy in representing both inter- and 

intramolecular interactions. To reflect experimental dissolution conditions, simulations 

were run under two thermodynamic ensembles: NVT (constant volume and 

temperature) and NPT (constant pressure and temperature), both incorporating 

Andersen thermostat and barostat to control system dynamics. A variety of simulation 

temperatures of 50℃, 100℃, and 150℃ and polymer concentrations of 4.5mg/ml, 

6.0mg/ml and 7.5mg/ml were selected to represent experimental thermal conditions 

during dissolution. The number of repeating units will be adjusted according to different 

conditions. 
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Next, a systematic method based on the Taguchi L9 orthogonal array were 

implemented to validate the prediction of polymer-solvent behaviour. The efficiency of 

polyester and cotton fibres dissolve in DMSO is evaluated with three main factors, 

which are temperature (50, 100, and 150°C), polymer concentration (4.5, 6.0, and 7.5 

mg/ml), and dissolution time (4, 6, and 8 hours). The factor levels were carefully chosen 

based on preliminary study results to ensure that the selected ranges were both practical 

and relevant to the dissolution process. The data were analysed using analysis of 

variance (ANOVA) to compare different levels at a confidence level of p < 0.05, with 

all tests carried out in Statistical Package for the Social Sciences (SPSS). The 

dissolution trial was repeated three times to ensure reliable results. The validation test 

was also performed under the best conditions selected to confirm the accuracy. As part 

of the sample preparation, a decolourisation step was introduced using 0.6 M sodium 

hypochlorite (NaOCl) to remove dye from fibre sample. One limitation has been 

highlighted during decolourisation step, where the synthetic residues might not fully be 

removed. This may cause the low purity of regenerated fibre in blended textile systems. 

Finally, this study focused on the chemical integrity, thermal behaviour, 

morphology, and crystallinity of the regenerated fibre. UV–Vis and FTIR spectroscopy 

were applied to verify the preservation of functional groups and arrangement of 

chemical structures after high-temperature dissolution. Thermal transitions and material 

purity of the regenerated solid fibres were evaluated using TGA and DSC. Additionally, 

SEM was employed to investigate surface morphology, while XRD was used to 

determine changes in crystallinity. These techniques collectively provide a 

comprehensive understanding of the regeneration effectiveness. However, this study 

does not include mechanical property testing or long-term stability assessments, which 

may be necessary for evaluating the fibre’s end-use performance in real-world 

applications. 

1.5 Significance Contributions of the Study 

The contributions of this study are: 

a) Provide an explanation of the molecular interaction mechanism between 

cellulose and polyester with DMSO solvent through molecular dynamic 
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simulations. Analysis of intermolecular interactions such as hydrogen 

bonding, dipole–dipole interactions, and solvation behaviour, allowed the 

clarification of atomic scale dissolution mechanism. 

b) Present the optimised dissolution parameters, including temperature, 

concentration, and dissolution time of cotton and polyester in the DMSO 

solvent. Statistical evaluation, such as ANOVA, were help in determining 

the significance and contribution of each factor. 

c) The comparison on characteristic of regenerated cellulose and polyester was 

highlighted, including structural, thermal, and morphological. Changes in 

crystallinity, molecular arrangement, and functional group integrity were 

determining the rearranging of polymer chains and changes in thermal 

stability during dissolution and regeneration after the dissolution in DMSO 

solvent. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Textile Waste Overview 

The "Fast Fashion" trend was characterised by high-volume production, trend-

driven variety, rapid market turnover, and affordability [22], [23]. Since the population 

has grown, this trend has led to a sharp increase in global fibre use and textile waste 

generation [24]. According to the Materials Market Report 2024 (September Edition) 

by Textile Exchange, worldwide fibre production had risen by 7% from 116 million 

tonnes (MT) in 2023 to 124 MT in 2024 [25]. It is also estimated that global textile 

production will further expand from 140 MT in 2025 to 169 MT by 2030 [1]. This 

statistic indicates that the global average fibre consumption has increased significantly, 

rising from 8.3 kg/person in 2024 to 16.2 kg/person in 2025. Parallel to this escalation, 

global textile waste will increase from 92 MT in 2024 to 134 MT in 2025, showing that 

waste generation nearly keeps pace with production growth [1]. 

As mentioned in chapter 1, cotton-based fibre was the second most contributing 

to textile waste. Cotton is a natural cellulosic fibre obtained from the seed hairs of plants 

belonging to the Gossypium genus [26]. The primary component of pure cotton 

cellulose is approximately C₆H₁₀O₅, forming linear chains of β-(1→4)-linked D-

glucopyranose units that aggregate into semi-crystalline microfibrils through extensive 

intra and intermolecular hydrogen bonding [27]. Abundant cellulose hydroxyl groups 

(-OH) enable covalent fixation of reactive dyes and accommodate durable press, 

antimicrobial, and other functional finishes [27]. Figure 2.1(a) shows the chemical 

structure of cotton (cellulose). Cotton provides air permeability and high moisture 

sorption where it enables thermos-physiological comfort in clothing [28]. Strength 

derives from secondary-wall crystallinity and microfibril orientation, while moisture 

alters hydrogen-bond topology and can raise wet strength relative to dry for 

scoured/bleached lint [29]. In comparison, polyester-based textiles are estimated to 

make up roughly 57% of this waste, consistent with their market dominance and slow 

degradation in the environment. Polyester fibre, also known as polyethylene 
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terephthalate (PET), is a thermoplastic polymer commonly used in clothing and 

technical textiles [30]. 

 
Figure 2.1 Chemical Structure of (a) Cotton (Cellulose) and (b) Polyethylene 

Terephthalate (PET) 

Figure 2.1(b) shows an aromatic-aliphatic structure with ester linkages (-COO). 

Polyester was produced by the polycondensation of terephthalic acid or dimethyl 

terephthalate with ethylene glycol. This molecular arrangement results in a semi-

crystalline morphology, contributing to its high tensile strength, solvent resistance, and 

thermal stability [31]. Due to these characteristics, polyester offers advantages such as 

rapid drying, resistance to stains and excellent compatibility with natural fibres like 

cotton. These allow the manufacturers to combine durability and ease of care with 

softness and aesthetic versatility [32], [33]. 

Nowadays, blended fibre from cotton and polyester (polycotton) is typically 

produced in 65:35 or 50:50 polyester to cotton ratios, depending on the desired 

performance characteristics [34]. The combination was designed to integrate the 

moisture absorption and breathability from cotton with the wrinkle resistance from 

polyester. As a result, polycotton fabrics offer improved durability while maintaining 

the comfort properties. Recent reviews on textile waste management have identified 

that polycotton is a significant contribution in post-consumer textile waste [35], [36], 

[37]. According to Future Market Insights, the global polycotton fabric market was 

valued at USD 468.9 million in 2025 and is projected to reach USD 618.1 million by 

2035 [38]. However, the chemical and thermal incompatibility of its components makes 

recycling polycotton extremely difficult. 

Mechanical recycling often reduces the cotton fibre length and the mechanical 

integrity. This limits its suitability for high-performance textile applications. In parallel, 



9 

polyester is highly prone to thermal deformation, especially when it is exposed to high 

temperatures [39].  These limitations have increased attention toward chemical 

recycling routes. However, chemical recycling presents its own challenges. Natural 

fibre usually recycles via hydrolysis to break down the polymer structure. Meanwhile, 

polyester requires glycolysis or ammonolysis under controlled conditions to recover its 

monomer [40], [41]. These different processes limit the effectiveness of separation and 

recovery for both materials.  As a result, polycotton recycling remains inefficient, 

highlighting the critical need for selective separation techniques, efficient solvent 

systems to achieve long-term fibre recovery. 

2.2 Textile Recycling Overview 

In textile industries, mechanical recycling, such as shredding or carding, has 

fibres recovered by spinning into yarns or used as nonwoven materials [42]. However, 

mechanical recycling usually downgrades the quality of recovered materials such as 

fibre length, and mechanical strength compared to virgin fibres [43]. In addition, the 

presence of blended fibres makes the separation process more challenging as it reduces 

the purity of the recycled material [44]. As a result, mechanically recycled fibres are 

often downcycled into products with lower functional such as insulation materials and 

mattress stuffing [45]. This highlights the limitation of mechanical recycling to increase 

the recycling circularity (closed-loop system) in the textile industry [46], [47], [48]. 

Hence, researchers have turned to alternative recycling approaches, solvent-based 

methods, which aim to regenerate cellulose and synthetic polymers separately. 

Chemical recycling has the potential to produce higher-quality fibres. However, 

the widespread application of this method has been constrained by the dependence on 

hazardous solvents, high energy cost, and the technical difficulties involved in handling 

blended textiles [49], [50]. Economically, chemical recycling is often less cost-effective 

than producing virgin fibres due to high operational and infrastructure costs [51]. 

Market demand for recycled textiles remains low, driven by concerns over quality and 

pricing expectations [52]. Textile chemical recycling technologies can be categorised 

into three approaches based on their interaction with the polymer chain. The first 

category consists of gasification and pyrolysis. These processes involved high-

temperature thermal energy to break down the polymer structure completely. The 

second category of methods employed a more complex strategy, aiming for controlled 
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chemical depolymerisation to produce monomers or oligomers that can re-polymerise. 

These include ammonolysis, glycolysis, enzymatic hydrolysis, and the hydrothermal 

method.  Finally, the last category was dissolution, which it directly addresses the core 

challenge of polymer separation and recovery. Table 2.1 presents a comparative 

overview of various chemical textile recycling technologies, highlighting their 

respective advantages and limitations. 

Based on each category limitation, there are clear differences that are observed 

for preserving the value of textile fibre. In thermochemical processes (category 1), the 

polymer backbone is destroyed under very high energy input.  These cause a low 

circularity of textile recycling since the originality of the polymer cannot be recovered 

[53], [54], [55], [56]. In contrast, chemical depolymerisation (category 2) cleaves the 

polymer chains into monomers under high conditions. Although it is favourable for 

synthetic textile, the process is not suitable for heterogeneous material feedstock and 

limits its stability [50], [57], [58], [59]. Due to the limitations by the previous recycling 

categories which are high energy consumption, high operating condition, and 

applicability restricted to specific textile waste, increasing attention has been directed 

toward Category 3 (Dissolution). Unlike thermochemical and depolymerisation 

approaches, dissolution had promising in polymer backbone preservation and can 

operate in a lower energy process. The selectivity of solubility also allows the separation 

of blended textile which enhances the process efficiency without causing significant 

chemical degradation. In addition, the dissolved polymer can be regenerated directly 

into fibre which enables the closed-loop recycling textile [60]. 

However, despite dissolution being advantage in chemical textile recycling, 

there are notable disadvantages. Various solvents have been studied to dissolve cotton 

and polyester without degrading the quality [61]. Examples of solvents used to dissolve 

cotton and extract cellulose include LiCl/DMAc solution, H2SO4 aqueous solution, and 

NaOH/urea aqueous solution [62]. Green solvents such as ionic liquids have favored to 

natural based materials such as cotton. However, the separation of cotton from polyester 

was difficult due to the high viscosity of IL [63]. The study reported by Wu et al. [64] 

mentioned that sulfone-based solvent was the most suitable co-solvent for the 

dissolution process, particularly for cotton-based textile. However, the question had 

raised as the ratio of sulfone-based solvent were higher than IL as the main solvent. 

This shows that sulfone solvent can be the main solvent in the dissolution process 

without any additional solvent. 
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Table 2.1  

The Type of Chemical Textile Recycling, Advantages, and Limitations of Chemical Textile Recycling 
Category Type of Chemical 

Textile Recycling 

Advantages Limitations Percentage 

(%) 

Ref 

1 Gasification • Capable of processing blended textiles. • Operate at high temperature and pressure. 

• Low selectivity. 

~70 [54] 

Pyrolysis • Applicable to various kinds of raw fibre materials. • High temperature reaction process. 

• High energy consumption. 

80 [56] 

2 Ammonolysis • Applicable to nitrogen-containing polymers only. • Requires a high temperature and pressure. 

• Involves toxic chemical such as 

Ammonia. 

~90 [65] 

Enzymatic 

Hydrolysis 
• Lower energy requirement. • Limited to specific materials like Rayon, 

and Hemp. 

~75 [48] 

Glycolysis • Low energy consumption compared to pyrolysis. • Selective toward BHET monomer. 

• Required catalyst. 

85 [66] 

Hydrothermal • Applicable to heterogenous materials. 

• Water was used as reaction medium and reactants. 

• Required high temperature. 

• Longer reaction time. 

• Low selectivity for heterogenous material 

~99 [67], [68], 

[69] 

3 Dissolution • Applicable to both natural and synthetic fibre 

materials. 

• High selectivity (depend on solvent used). 

• Used hazardous solvent such as 

Dimethylformamide (DMF) 

• High costs in developing a highly efficient 

recycling system. 

~99 [60], [62] 
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2.3 Molecular Dynamics (MD) Simulation Overview 

Molecular Dynamics (MD) simulation allows researchers to study materials’ 

interaction with selected solvent systems at the atomic level using Newton’s laws of 

motion [70]. Through MD simulations, the observation of the materials behaviour such 

as their structure, stability, and molecular mobilities are difficult to capture through 

traditional experiments. Over decades, MD has developed from a simple method for 

accurate predictions to a reliable approach for explaining solvation mechanisms. 

Nowadays, advanced computing and machine learning promote MD simulation to be 

widely used by integrating with experiments to relate the theoretical models with real-

world applications [71]. Modern advances, such as GPU acceleration and parallel 

simulation methods, have enabled the study of molecular systems over microsecond 

timescales. However, there is a notable gap in research where the MD simulation only 

applied for validation data instead of predicting dissolution behaviour. Table 2.2 

summarise the systematic review of the dissolution of polymer in MD simulation. 

Notably, most reported studies show that MD simulation is often used to validate 

experimental results rather than to predict them. This practice limits the method’s full 

potential in studying dissolution processes. MD simulation was designed to investigate 

the atomic-level interactions of molecules before laboratory work begins [72]. Miyata 

et. al mentioned that  MD simulation allows researchers to examine the materials’ 

solubility behaviour without using real material and allow to reduce the experimental 

cost. Hence, this method broadens the experimental design space, which enables the 

upscale process from atomic-scale data to larger-scale observations by averaging 

molecular trajectories. This advantage allows researchers to estimate measurable 

quantities, such as dissolution rates and activation energies. Since dissolution method 

affected by different parameters, MD simulation is the most suitable approach in 

reducing experimental cost for instance type of solvent, range of temperature and 

concentrations. Overall, based on Miyata et al findings, this justifies the predictive 

approach taken in this thesis. However, despite its advantages, there are a few 

parameters that need to be selected to accurately represent the real-life dissolution 

process through simulation. This setup involves selecting suitable software, force fields, 

ensemble, and thermostat control. Each selected parameters were directly affected the 

simulation's ability to accurately represent the physical conditions and reveal the 

mechanism of polymer-solvent interactions. 
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Table 2.2  

Summary of Previous Study (2019 to 2025) of Validation Dissolution Polymer using MD Simulations 
Author Year Type of Polymer Solvent Operating 

Temperature 

Software Ref 

Deng et al. 2025 PET DMI 453.15 K GROMACS [73] 

Guo et al. 2025 Cotton N/A 300 - 2000 K LAMMPS [74] 

Bagherjeri et al. 2024 Denim waste (100% cotton) NMMO 380 K GROMACS [75] 

Cao et al. 2024 Cellulose Phosphate-based IL and water 343 K GROMACS [76] 

Ci et al. 2024 Cellulose [DBUH]Lev/co-solvents* 

*DMSO, DMF, DMAc, DMI 

348 K GROMACS [77] 

Long et al. 2024 Cellulose Ionic Liquids (ILs) 373.15 K GROMACS [78] 

Wu et al. 2024 Poly-cotton Ionic Liquids (ILs) 323 K GROMACS [79] 

Zhong-Johnson et al. 2024 PET Water 300 K GROMACS [80] 

Orlando et al. 2023 PET Water 303 - 423 K GROMACS [81] 

Pang et al. 2023 Cellulose I, II, III (allomorphs) Water 350 K (CG), 300 K (AA) GROMACS [82] 

Zheng et al. 2023 PET Ethylene Glycol with [Cho][OAc] 

(catalyst) 

300 - 450 K GROMACS [83] 

Yamamoto et al. 2022 PE N/A 350 - 440 K LAMMPS [84] 

Zhang et al. 2019 PolyUrea-Formaldehyde SiO2 nanoparticles 298 K Materials Studio [85] 
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2.3.1 Software Selection for Molecular Dynamics 

Molecular dynamics (MD) simulation software provides a computational 

approach for examining the motion and interactions of atoms and molecules over time. 

The method operates by applying Newton’s laws of motion to calculate atomic 

trajectories and structural changes within a defined system [86], [87]. However, every 

MD software employs different numerical algorithms, potential energy models, and 

integration methods, which collectively influence the accuracy, computational 

efficiency, and applicability of the simulation outcomes [88]. Consequently, the 

selection of appropriate software must consider the nature of the chemical system, the 

scale of the simulation, and the type of analysis required to ensure accuracy and 

reliability [89]. BIOVIA Materials Studio (MS), GROMACS, and LAMMPS were 

common software that were used in modelling molecular interactions, as summarised 

in Table 2.3. 

Table 2.3  

Focus Study of Each Software in Molecular Interaction Analysis 

Software Focus Study Ref 

BIOVIA 

Materials Studio 
• Material property prediction 

• Molecular modelling and simulation 

• Multiscale modelling 

• Customisation and analysis tools 

[90], 

[91] 

GROMACS 

(Groningen 

Machine for 

Chemical 

Simulations) 

• High performance but long simulation time 

• Focusing on large biomolecules and polymers chain. 

• Commonly used for energy minimisation and analysing 

interaction energies. 

[78], 

[92] 

LAMMPS 

(Large-scale 

Atomic/Molecular 

Massively Parallel 

Simulator) 

• Large-scale simulations. 

• Wide application range including polymers, biomolecules, 

metals, and mesoscale materials. 

[93] 

A comparative analysis by Sumit Sharma [91] highlights notable differences 

among MS, LAMMPS, and GROMACS in MD simulations of polymer–matrix 

composites, as well as their broader application to polymer–solvent interaction 



15 

modelling. The main objective involves constructing composite structures such as 

polymer chains embedded with fillers or solvated systems while also predicting 

mechanical and thermal properties and visualising molecular interactions. The study 

highlights that MS provides an integrated modelling environment that combines 

molecular mechanics, quantum mechanics, and mesoscale simulation within a user-

friendly graphical interface. Its capability to link modules such as Forcite (classical 

MD), Dmol³ (Density Functional Theory, DFT), and Mesocite (coarse-grained 

modelling) enables seamless transitions across computational scales from electronic to 

atomistic and mesoscale levels [94]. Moreover, the availability of force fields such as 

Condensed phase Optimised Molecular Potential for Atomistic Simulation Studies 

(COMPASS) allows the accurate representation of polymer flexibility, solvent polarity, 

and cohesive energy density [91]. Since MS software usually applied COMPASS force 

field, hence effective for characterising molecular mobility and dissolution 

thermodynamics in complex organic systems. This feature makes it particularly 

effective for detailed investigations of polymer–solvent systems. 

In contrast, GROMACS is widely recognised for its effectiveness in studying 

problems that involve long simulation times, large molecules, and multiple runs that are 

necessary [92]. Its optimised computational design provides strong performance and 

stability during extended simulations. GROMACS efficiently handles biological 

macromolecules and polymeric systems using advanced electrostatic methods, such as 

the Particle Mesh Ewald (PME), and constraint algorithms (such as Linear Constraint 

Solver (LINCS)), which help maintain energy balance throughout the simulation [95]. 

Although GROMACS offers computational efficiency and scalability, it is usually 

optimised for biomolecular and aqueous environments [96]. Modelling complex 

polymer–filler or composite systems often requires external structure-generation tools 

or additional workflow integration [97]. Hence, the application on heterogeneous 

polymer–solvent systems, careful customisation of the force field is typically required 

to achieve reliable, realistic results. 

Eventually, LAMMPS (Large-scale Atomic/Molecular Massively Parallel 

Simulator) is a software that is suitable for both reactive and non-reactive simulations. 

Its support for numerous interatomic potentials, such as ReaxFF. Hence, it allows  for 

the representation of complex model processes such as bond formation, crosslinking, 

and molecular degradation [98]. This adaptability makes LAMMPS particularly useful 

for examining inorganic composites, nanomaterials, and large heterogeneous systems 
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[99]. However, its reliance on text-based input and extensive scripting can make it less 

accessible for studies that emphasise structural visualisation and post-simulation 

analysis, especially for polymer–solvent systems [71]. However, LAMMPS requires 

advanced scripting skills, such as knowledge of Python or C++, and careful 

interpretation of simulation outputs [100].  

Together, BIOVIA Materials Studio provide an integrative platform that for 

studying polymer-solvent system such as dissolution textile through multi-scale 

modelling environment and advanced visualisation features. Zhang et al mentioned that 

the integration of quantum and classical modelling, extensive force-field database, and 

customisable analysis modules enables a reliable representation of both inter- and intra-

molecular interactions. Hence, it supporting accurate predictions of dissolution 

behaviour and material performance at the molecular scale. Overall, BIOVIA Materials 

Studio is the most suitable choice for this study as following the justification of Zhang 

et al.’s study [85]. 

2.3.2 Selection of Force Field 

In molecular dynamics (MD) simulations, the interactions between atoms and 

molecules can be defined mathematically by a force field [101].  The force field serves 

as the mathematical framework that defines the potential energy surface governing 

atomic motion and intermolecular interactions [102]. Previous studies had highlighted 

that the accuracy of MD simulations depends critically on the reliability of the potential 

energy (Utotal), which describes the balance of bonded and non-bonded interactions as a 

function of atomic positions, particularly for polymer–solvent systems [66-70]. The 

general functional form of a force field is expressed as Eqn. 2.1 [107]: 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑏 + 𝐸𝜃 + 𝐸𝜑 + 𝐸𝑣𝑑𝑤 + 𝐸𝑒𝑙𝑒 + 𝐸𝑐𝑟𝑜𝑠𝑠 (2.1) 

Where Etotal is the total energy, Eb is the bond stretching energy, and Eθ is the 

angle bending energy. Eφ is dihedral torsion energy, Evdw is van der Waals interaction 

energy, Eele is electrostatic interaction energy, and Ecross is cross-term interaction 

energy. In polymer–solvent systems, dissolution and solvation behaviour is mainly 

influenced by non-bonded interactions, such as hydrogen bonding, dipole–dipole 
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interactions, and dispersion forces [108]. At the same time, the flexibility of the 

polymer’s molecular backbone influences how the chains move and adjust within the 

solvent. Since the reliability of simulation results depends significantly on the choice of 

force field, the appropriate one must be carefully selected before proceeding with the 

simulation. Several force fields have been developed and optimised for different classes 

of materials, such as organic molecules, polymers, biomolecules, and inorganic 

systems. Table 2.3 shows the type of force field commonly used for polymer-solvent 

interaction in MD simulation. 

In condensed-phase polymer systems, transferable and polarisable all-atom 

force fields such as Condensed-phase Optimised Molecular Potential for Atomistic 

Simulation Studies (COMPASS) and Polymer Consistent Force Field (PCFF) are 

preferred for polymer-solvent interaction studies because they incorporate cross-

coupling terms (bond–bond, bond–angle, torsion–torsion) and reproduce condensed-

phase experimental data, including densities, compressibility, and heats of vaporisation 

[109]. In contrast, simpler non-polarisable force fields such as Dreiding or Universal, 

while computationally efficient, often neglect higher-order interactions and polarisation 

effects that are essential for describing hydrogen bonding and solvent-induced 

conformational changes [110]. Thus, the inclusion of cross terms and accurate 

electrostatics significantly enhances the realism of polymer–solvent models, where 

solvent penetration and chain relaxation occur simultaneously at atomic and mesoscopic 

scales. Each force field is defined by its mathematical form and underlying theoretical 

assumptions. Dreiding and PCFF employ harmonic potentials for bonded interactions 

and a 12-6 Lennard–Jones potential for van der Waals forces. Meanwhile, PCFF and 

COMPASS employ more complex forms, like the 9-6 Lennard-Jones, to better simulate 

complex interactions at short range. Both models can be expressed by Eqn. 2.2 and 2.3 

respectively: 

𝐸𝑣𝑑𝑤12−6
= 𝐷0 [(

𝑟0

𝑟
)
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− 2 (
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𝑟
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]  
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𝐸𝑣𝑑𝑤9−6
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𝑟
)

9

− 3 (
𝑟0

𝑟
)

6

]  
(2.3) 

Where D0 is the well depth (kcal/mol), corresponding to the minimum of the 

potential well. r0 is the equilibrium interatomic separation where potential energy is 



18 

minimal (Å), r is the instantaneous distance between atom centres (Å), and ε=D0/2 is 

the depth of the potential well. Electrostatic interactions are computed using Ewald 

summation or particle–mesh techniques, with charges derived either from quantum 

mechanical electrostatic potential fitting (as in COMPASS) or empirical assignment (as 

in PCFF). COMPASS ensures accurate representation of polarisation and dispersion 

effects, particularly crucial in heterogeneous environments like polymer–solvent 

interfaces. 

Thus, COMPASS force field offers significant advantages by showing its high 

level of parameterisation to represent both organic and inorganic systems [111]. This 

force field had included with detailed parameters to describe bond stretching, angle 

bending, torsional rotation, and non-bonded interactions. This enables an accurate 

representation of the complex intermolecular forces involved in dissolution processes 

[112]. In contrast, the Dreiding force field is known as a general-purpose molecular 

modelling that offer simplicity and broad applicability. It employs transferable 

parameters which suitable for a wide range of molecular systems [113]. Although 

Dreiding offers less precision than COMPASS, it provides significant computational 

efficiency and is often used for preliminary studies or rapid evaluations of molecular 

interactions [114]. 

At the same time, PCFF force field also offers broad transferability across the 

periodic table. This is especially useful for systems containing that more complex or 

rare elements, including organometallics and certain inorganic compounds. Although 

PCFF was less accurate than COMPASS in simulating polymers or biomaterials, it 

remains advantageous for modelling chemically diverse systems where versatility is 

prioritised over specificity [115]. Considering the computational efficiency, Dreiding 

and UFF are often preferred for large-scale exploratory simulations due to their 

simplicity, though this comes at the cost of reduced thermodynamic accuracy [116]. 

Although various simulation software such as LAMMPS and GROMACS can 

implement these force fields, their reliability ultimately depends on the quality of the 

selected parameters [117]. Among these options, COMPASS stands out for integrating 

ab initio accuracy with condensed-phase calibration, molecular flexibility, solvation 

energetics, and polymer–solvent compatibility. COMPASS offers the required 

resolution and reliability for dissolution studies where hydrogen bonding, van der Waals 

attraction, and segmental relaxation dominate molecular behaviour. Its incorporation of 

cross-term coupling, the 9–6 potential form, and precise charge distribution ensures 
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realistic modelling of polymer–solvent interactions [118], [119]. Consequently, 

COMPASS enables accurate predictions of structural and dynamic properties, such as 

radial distribution functions, mean-square displacements, and cohesive energy density. 

Based on its theoretical formulation, parameterisation strategy, and empirical 

validation, COMPASS is identified as the most appropriate force field for molecular 

dynamics simulations of polymer–solvent systems. Its dual validation against quantum 

mechanical data and experimental condensed-phase properties provides both physical 

accuracy and predictive reliability, making it particularly suitable for studying the 

molecular mechanisms underlying polymer dissolution, solvent penetration, and 

structural reorganisation at the atomic level [120]. Researchers can better understand 

the characteristics and functionality of polymers by selecting a force field that is suited 

to the polymer system and study goals. This allows them to capture molecular-level 

situations. 

2.3.3 Selection of Ensembles 

In molecular dynamics simulations, an ensemble is characterised by designated 

thermodynamic variables that control the behaviour of temperature, pressure, and 

energy throughout the simulation [121]. The primary ensembles in MD are the 

microcanonical (NVE), isothermal–isobaric (NPT) and canonical (NVT) ensembles. 

Each corresponds to different experimental conditions and computational objectives. In 

the microcanonical ensemble (NVE), the particle number (N), volume (V), and total 

energy (E) are constant. The system evolves under Newton’s equation of motion 

without external coupling to a thermostat or barostat, making it suitable for energy-

conserving systems after equilibration [122]. However, polymer–solvent systems are 

strictly influence by temperature, concentration, and pressure, making NVE less 

appropriate for this study [123]. The isothermal–isobaric ensemble (NPT) maintains the 

number of particles (N), pressure (P), and temperature (T) by using a barostat to regulate 

pressure and a thermostat to control temperature, allowing the system's volume to 

fluctuate [124]. Meanwhile, the canonical ensemble (NVT) maintains a fixed number 

of particles (N), volume (V), and temperature (T) using a thermostat to maintain 

temperature. This making it more suitable for analysing systems with fixed density 

[125]. Hence, each ensemble is ideal for simulating real-world phenomena such as 

polymer swelling, pressure-dependent phase transitions, and density changes during 
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polymer-solvent interactions [126]. However, the order of ensemble pairing such as 

NPT, NVT, NVT-NPT or NPT-NVT need to be determined first before proceed to MD 

simulation. 

A study by Zheng et al. [127] highlights that the importance of ensemble 

selection, specifically the NPT and NVT ensembles, is emphasised for achieving 

accurate and reliable molecular dynamics (MD) simulations.  The use of NPT (constant 

number of particles, pressure, and temperature) and NVT (constant number of particles, 

volume, and temperature) ensembles was important in achieving equilibrium and 

analysing the structural behaviour of PET under different solvent conditions. The NPT 

ensemble was applied during the initial equilibration phase to allow the system adjust 

both pressure and temperature [72]. This step was important for ensuring the system 

was in optimum condition with accurate chemical properties. Then, the MD simulation 

was run under the NVT ensemble to analyse molecular interactions and structural 

changes under different temperatures. This enabled the simulation to accurately 

calculate the thermodynamic properties such as diffusion coefficients and mean-

squared displacement (MSD) [128]. 

The study of calcite-organic interactions in water by Rukuan Chai et al. [129], 

he highlights that the NVT ensemble helped stabilise the calcite-organic molecule-water 

system. Meanwhile the NPT ensemble allowed the simulation to capture pressure-

dependent dissolution behaviour. The simulations were carried out under different 

ensembles to evaluate the effects of the ensemble on the system dynamics. Overall, NPT 

ensures the simulation models mimic realistic conditions by allowing volume 

fluctuations and stabilising pressure. In contrast, the NVT maintains a fixed volume, 

facilitating detailed exploration of intermolecular forces and thermal stability within 

confined systems [130]. Hence, the combination of NPT-NVT ensemble provides 

comprehensive findings into molecular interactions and structural adaptations under 

various conditions. 

In a study by Zheng et al. [70] also mentioned that the integration of NVT and 

NPT ensembles is significant in MD simulations for accurately representing interaction 

dynamics and process phases under regulated thermodynamic settings. The application 

of NPT-NVT ensembles enables the accuracy, stability, and physical relevance of 

molecular dynamics simulations across various material systems such as metals, non-

metals, and polymers [131]. Based on comparison with other previous studies, NPT-

NVT ensembles were the most suitable pair in simulating the interaction process that 
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involves either polymer-solvent systems or mineral-organic interfaces [132], [133], 

[134]. Hence, regardless of the type of molecular composition (rigid crystalline minerals 

or flexible polymer chains), the application of NPT-NVT ensembles ensures that the 

simulation results are both reliable and representative of real-world behaviour. 

However, the selection of thermostat and barostat also important to maintain the 

accuracy and stability of NPT and NVT ensembles in MD simulations [102]. This is 

because both can control the algorithms which directly influences thermodynamic 

properties such as temperature, pressure, density, and molecular diffusion. Another 

study by Xujun Li et al. [111] highlighted the importance of the selection thermostat 

and barostat for each ensemble. To analyse polymer dissolution in solvent, both 

temperature and pressure required regulation. It is because, the polymer–solvent 

systems are highly heterogeneous. Since, the properties of the material are different, the 

suitable thermostat will enable the simulation to regulate and run in a steady temperature 

system. As a result, the simulation system was stable and produced consistent molecular 

motion and solvation interactions, and solubility measurements. At the same time, the 

barostat maintains precise pressure conditions that mimic actual polymer breakdown 

conditions include solvent diffusion and polymer solvation. A better knowledge of 

polymer-solvent interactions and the optimisation of conditions for effective dissolution 

are made possible by the combination of these controls, which create an environment 

that closely reflects real-world dissolution. 

Thus, maintaining consistent thermal and pressure conditions is particularly 

important. Through these controls, the simulated system can reproduce realistic 

ensemble behaviour. The NPT ensemble introduces a pressure control mechanism in 

addition to temperature control, ensuring that both temperature and pressure fluctuate 

naturally around target values. Pressure (P) in MD is generally calculated using the Eqn. 

2.4 [135]: 

𝑃 =
𝑁𝑘𝐵𝑇

𝑉
+

1

3𝑉
∑ 𝑟𝑖 ∙ 𝑓𝑖

𝑖

 
(2.4) 

where V is the instantaneous simulation box volume, 𝑟𝑖 is the position vector,  𝑓𝑖 is the 

atomic force and 𝑘𝐵 is Boltzmann’s constant. Meanwhile in the NVT ensemble, the 

temperature regulation is essential to maintain the accurate distribution of kinetic energy 
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that corresponds to the target temperature. The thermostat ensures that the average 

kinetic energy is satisfied by calculating using Eqn. 2.5 [135]: 

〈𝐾〉 =
3

2
𝑁𝑘𝐵𝑇0  (2.5) 

where K is kinetic energy and 𝑘𝐵 is Boltzmann’s constant. Table 2.4 shows the 

comparison of Andersen, Berensen, Nosé–Hoover, and Langevin as Thermostat and 

Table 2.5 shows the comparison of Andersen, Berensen, Nosé–Hoover, and Parrinello–

Rahman as Barostat. 

Table 2.4  

The Comparison of Andersen, Berensen, Nosé–Hoover, and Langevin as Thermostat 
Thermostat Andersen Berendsen Nosé–Hoover Langevin 

Control 

Mechanism 

Stochastic 

collisions between 

atoms and a virtual 

heat bath; random 

velocity 

reassignment 

according to the 

Maxwell–

Boltzmann 

distribution. 

Velocity scaling 

based on a 

relaxation time 

constant toward 

target temperature 

(T0). 

Deterministic 

coupling of system 

to a heat bath using 

an extended 

Hamiltonian with 

fictitious variable 

for scaling. 

Applies friction 

and random forces 

to simulate 

Brownian motion 

and maintain target 

temperature. 

Application 

in MD 

NPT or NVT 

equilibration 

stages for 

polymer–solvent 

systems 

Widely used for 

NVT production 

runs or pre-

equilibration 

NPT or NVT with 

long simulations 

for precise 

thermodynamic 

averages 

Biomolecular and 

polymer–solvent 

systems. 

Reference [72] [136] [137] [138] 

 

Table 2.5  

The Comparison of Andersen, Berensen, Nosé–Hoover, and Parrinello–Rahman as 

Barostat. 
Barostat Andersen Berendsen Nosé–Hoover Parrinello–

Rahman 

Control 

Mechanism 

Couple system 

volume to external 

pressure by 

rescaling 

coordinates and 

velocities based on 

a “piston” mass. 

Smooth scaling of 

box dimensions 

toward target 

pressure with 

relaxation constant 

(τP). 

Combines Nosé–

Hoover thermostat 

with barostat for 

deterministic 

constant (P, T) 

conditions. 

Dynamically 

couples pressure 

tensor to box 

matrix allowing 

anisotropic cell 

fluctuations. 
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Barostat Andersen Berendsen Nosé–Hoover Parrinello–

Rahman 

Application 

in MD 

NPT equilibration 

phase for polymer–

solvent mixtures 

Pre-equilibration 

of liquids and 

polymers under 

constant pressure 

Long and stable 

NPT runs for 

homogeneous bulk 

systems 

High-precision 

NPT production 

runs for crystalline 

and layered 

materials 

Reference [72] [139] [140] [141] 

Therefore, the NPT (Andersen)–NVT (Berendsen) ensemble combination is 

selected as the optimal configuration for molecular dynamics simulation of polymer–

solvent interactions [142]. Berendsen barostat provides smooth, continuous temperature 

regulation with minimal perturbation, while preserving the accuracy of dynamic 

observables such as diffusion coefficient and radial distribution function (RDF). Thus, 

for the current simulation of polymer–solvent interactions, the NPT (Andersen) 

ensemble during equilibration followed by the NVT (Berendsen) ensemble during 

production provides the optimal balance between thermodynamic accuracy, numerical 

stability, and physical realism. 

2.4 Thermodynamic Properties Analysis 

The prediction on the chemical structural and molecular dynamic behaviour of 

polymers in different solvent environments can be evaluated by thermodynamics 

properties. Key parameters such as binding energy (BE), interaction energy (IE), mean 

square displacement (MSD), and glass transition temperature (Tg) can indicate the 

efficacy of swelling, dissolution, and other applications [16], [143]. Analysing these 

factors enables a more detailed understanding of how solvents interact with polymers, 

influencing properties that support processing efficiency, temperature optimisation, and 

compatibility. This knowledge is fundamental to advancing sustainable and efficient 

materials processing technologies. 

2.4.1 Binding Energy (BE) and Interaction Energy (IE) 

Binding energy (BE) and interaction energy (IE) were common properties that 

used in molecular modelling evaluation. Both were used to analyse the strength of intra 
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and intermolecular interaction in polymer-solvent system. BE refers to the energy 

difference between two different system (combined and individually) of polymer and 

solvent [144]. A higher BE indicates a stronger internal bond due to strong hydrogen 

bonding and π-π stacking. This shows the increases of the energy barrier for solvent 

penetration and chain separation, which reduces the dissolution rate.  In contrast, a 

lower BE indicates lower polymer-polymer bonding, allowing solvent access to 

polymer chains and disrupting intermolecular connections disentangle the polymer 

chain [145]. A higher positive BE indicates stronger polymer–solvent interactions and 

generally suggests better dissolution capability, but the interpretation should always be 

made compare to other solvents or conditions studied. Meanwhile, IE represents the 

total energy resulting from non-bonded interactions (like Van der Waals forces and 

electrostatic forces) between them [146]. A more negative IE value indicates a stronger 

attractive and greater compatibility. Vice versa, the larger the value (more positive) 

shows weaker interactions and lower affinity. 

A study by Zhang et al. [147] mentioned the theory behind binding energy in 

simulation. The thermodynamic principle where energy required to separate atoms or 

molecules from a solid structure (binding energy) directly impacts dissolution. Higher 

binding energy generally correlates with lower dissolution rates, as it requires more 

energy to dislodge molecules from the surface [148]. A study by Bering et al. [149] also 

supports this claim. As mentioned in his study, MD simulations showed that cellulose 

bundles with fewer chains dissolved more easily because of their lower interchain 

binding energy. By strengthening hydrogen bonds, the co-solvents NaOH and urea also 

reduced the IE between cellulose chains, allowing for the successful separation of 

individual cellulose chains [149]. 

In conclusion, the potential energy differences are used to evaluate the 

interaction or binding energy between bonded and separated structures at crystal or 

fibril surfaces.  These energies are calculated in a suitable force field that isolates the 

contributions from van der Waals and electrostatic interactions. The calculated energy 

of the system is analysed afterwards, combined with dynamic characteristics like self-

diffusion calculated from mean-squared displacement and solvent solubility evaluations 

like coordination numbers and radial distribution functions [150].  All the analyses were 

evaluated together to explain how well the solvent interacts with the material. 
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2.4.2 Glass Transition Temperature (Tg) 

Glass Transition Temperature (Tg) is a critical temperature point where the 

materials can be existed in a glassy, rigid state and state. Jadhav et al. [151] study 

highlights the importance of Tg in enhancing the dissolution, bioavailability, and 

physical stability of drug molecules. Their findings indicate that Tg significantly 

influences drug solubility and stability due to their disordered configurations. In relation 

to the dissolution process of a polymer, Tg is crucial as it determines the molecular 

mobility within a polymer, impacting its interaction with solvents. Tg is highly 

dependent on the molecular weight of the polymer. For example, an increase in 

molecular weight decreases chain-end concentration, which reduces the free volume at 

the end-group regions and raises Tg [152]. Modifications to the end groups can also 

affect the molecular weight dependency of Tg, with stronger end-group interactions or 

reduced chain-end concentrations (in lower molecular weight polymers) resulting in 

higher Tg [153]. Hence, bulky and inflexible side groups in the molecular structure 

restrict mobility, leading to an increase in Tg. 

In the meantime, a glassy state of polymers can be related with slower 

dissolution rates if the operation temperature (T0) lower than Tg. This is because it 

reduced chain mobility and lower free volume. Conversely, when polymers are in a 

rubbery state (T0>Tg), they exhibit higher dissolution rates. This is attributed to 

increased free volume and greater chain flexibility, which facilitate the solvent’s ability 

to penetrate and interact with the polymer matrix. 

Ren et al. [154] conducted MD simulations on cellulose in mixed DMSO-ionic 

liquid environments. They observed that the disruption of interchain hydrogen bonding 

decreased the cohesive energy density and shifted Tg downward by approximately 30–

50 K relative to the dry cellulose reference. Another study by Xie et al. [155] shows that 

Poly-N-vinylcarbazole demonstrates increased Tg due to the substitution of the bulky 

carbazole group. Moreover, chemical cross-linking had limited the molecular mobility 

and reduced free volume, thereby elevating Tg. Cross-linking introduces a rigid network 

that restricts the flexibility of the polymer chains, resulting in enhanced thermal and 

mechanical stability [156].  

In conclusion, polymer chains are trapped in deep potential-energy wells, 

restricting their motion and reducing atomic vibrations at temperature below Tg [157]. 

As the temperature approaches Tg, the polymer gains enough thermal energy to 



26 

overcome rotational and translational barriers along its backbone. Finally, when the 

temperature exceeds Tg, the polymer transitions into a more dynamic state by 

cooperative segmental motion and greater free volume, which enhances solvent 

accessibility and accelerates dissolution [156]. Therefore, this change leads to more 

frequent dihedral angle transitions, increased chain flexibility, and higher mean-squared 

displacements (MSD) and diffusion coefficients (D) [158].  

2.4.3 Mean Square Displacement (MSD) 

In MD simulations, Tg has significantly related with the mobility of polymer 

chains. It is because the fundamental change in polymer dynamic, which could be 

influenced by the intermolecular interactions [159]. Mean Square Displacement (MSD) 

provides valuable information on the diffusivity of molecules over time. This indicates 

the movement of polymer chains or solvent molecules within the system. The slope of 

MSD curve shows various type of diffusion behavior [157]. Figure 2.4 illustrates the 

transition, while Table 2.6 shows the type of MSD slope and diffusion behavior. [160] 

 
Figure 2.2 Transition Diffusion Behavior During MD Simulation. Illustration only. 
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Table 2.6  

Type of Glass Transition Temperature, Mean Square Displacement Slope and Diffusion 

Behavior. 
Temperature Polymer State MSD Slope Diffusion Type Ref 

T < Tg Glassy Subdiffusive or restricted Anomalous [161] 

T ≈ Tg Transition Zone Gradual increase in slope Collective (Case II) [12] 

T > Tg Rubbery Linear Normal (Fickian) [158] 

Next, collective diffusion or known as Case II diffusion describe the movement 

of groups of particles responding to concentration gradients or external perturbations. 

Marked by a sharp solvent front advancing at a constant velocity, separating swollen 

and unswollen regions within the polymer. Typically observed in transition zone of 

polymers near their glass transition temperature (Tg) [12]. Finally, the Fickian (Normal) 

diffusion were following Fick’s Law with Stokes – Einstein relation as shown in Eqn. 

2.6 [158]: 

𝐷 =
𝑘𝑏𝑇

6𝜋𝜂𝑅
  (2.6) 

Based on the literature discussed above, MD simulation has been widely used 

to replicate the real-life polymer-solvent interaction. This method enables the 

observation of molecular behaviour such as diffusion and solvation. Previous study had 

shown the that MD simulation usually being validation tools which enable it to represent 

the interactions under various conditions effectively. However, MD simulation 

evaluation was limited to temperature and concentration only. Hence, the integrated 

computational and experimental method need to be applied in order to ensure the 

reliability of overall performance. As the author known, there are lack of investigations 

from previous studies that use this reliable method on the prediction of polymer-solvent 

interaction. Overall, MD simulation can be considered as reliable method in predicting 

of interaction of polymer-solvent system as it can provide accurate findings into how 

polymer chins respond to solvent environment. 
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2.5 DMSO as an Alternative Solvent in Dissolution 

The dissolution of textile polymers, especially blended fibers like cotton-

polyester, continues to be one of the biggest challenges to the development of textile 

recycling systems. The potential of dissolution processes in recycling applications is 

highlighted by the promised high efficiencies of this contemporary approach [60]. 

However, there are notable disadvantages. There are various solvents have been study 

to dissolve cotton and polyester without in degrade the quality [61]. Table 2.7 shows 

the xamples of solvents used to dissolve cotton including LiCl/DMAc solution, H2SO4 

aqueous solution, and NaOH/urea aqueous solution [62]. Conversely, polyester is 

soluble in popular aprotic solvents such as N,N-dimethylformamide (DMF), N,N-

dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO), γ-valerolactone (GVL), 

dihydrolevoglucosenone (Cyrene), and N-methyl-2-pyrrolidone (NMP) [162]. 

Unfortunately, the application of toxic chemicals in textile recycling is frequently 

connected with serious consequences, particularly their toxicity. To address this issue, 

green solvents should be introduced for textile recycling [163].  

Table 2.7  

Comparative Textile, Solvent Systems and Dissolution Parameters 
Study (Year) Textile 

Involve 

Solvent Type Temperature 

(°C) 

Efficiency 

(%) 

Ref 

Zhou et al. (2021) Cotton NaOH/urea 0–10 ~95 [164] 

Zhou et al. (2021) Cotton H2SO4 25–40 ~92 [164] 

Zhou et al. (2021) Cotton LiCl/DMAc 80 ~70 [164] 

Zhang et al. (2025) Cotton [AMIM]Cl + 

DMSO 

110 85–90 [165] 

Chang et al. (2023) Cotton/ 

Polyester 

[Bmim]Cl 100–110 ~88 [166] 

Ferreira Knihs et al. 

(2024) 

Cotton/ 

Polyester 

[EMIM]Cl 110–130 80–90 [167] 

Jungbluth et al. (2025) Cotton/ 

Polyester 

DBU/DMSO/CO₂ 40 ~95 [168] 

Villar et al. (2024) Cotton/ 

Polyester 

Alkaline 

hydrolysis 

60–80 ~80 [169] 
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Despite efforts to incorporate green solvents, there are a few factors that directly 

influence the dissolution rates. In the real situation, the recycled waste is heterogeneous 

material such as polyester and cotton blended. The significant different properties of 

material need to be considered to ensure the quality of regenerated fiber were preserved 

[63]. Therefore, a highly selected new solvent that can dissolve both cotton and 

polyester selectively with optimal condition should be introduced. Previous study 

research by Yan et al. revealed that cellulose undergoes dissolution with a lower 

activation energy requirement (14.81 kcal/mol) in comparison to polyester (21.46 

kcal/mol). This difference accounts for the preferential dissolution of cellulose under 

the given experimental conditions (temperature, concentration and dissolution time)  

[170]. This statement is supported by the findings of Zhang et al., who revealed that the 

dissolution process was significantly influenced by temperature, concentration and 

dissolution time. This is because, the parameters involve directly in breaking the intra- 

and intermolecular hydrogen bonds, which allows individual polymer chains to separate 

[64]. 

Dimethyl Sulfoxide (DMSO) is one of high recommended sulfone-based 

solvents for the dissolution process. It is recyclable, which minimises solvent waste and 

reduces the environmental footprint during disposal [168]. Based on DMSO properties, 

DMSO is a very good alternative to replace hazardous chemicals. It is because DMSO 

is chemically inert with respect to many solutes, ensuring that it does not readily 

participate in unwanted side reactions during dissolution processes [171]. DMSO is 

highly polar with low toxicity and thus can be used at high temperatures [172]. The 

potential of DMSO as a solvent is further highlighted by its chemical stability and 

thermal stability up to 190°C, but it breaks down at higher temperatures to release 

compounds containing sulfur [173]. The molecular structure of DMSO enhances its 

ability to change and adapt to the environment. 

DMSO’s amphiphilic nature (as shown in Figure 2.3) consists of both polar 

(sulfoxide) and nonpolar (methyl) groups, enabling the interaction of both polar and 

nonpolar components commonly found in recycled textiles [174]. The oxygen atom in 

the sulfoxide group (S=O) is highly electronegative and can form hydrogen bonds or 

dipole-dipole interactions. Meanwhile, the two methyl groups (-CH₃) will interact with 

nonpolar chains of polymer via Van der Waals forces [175]. DMSO can act as both a 

hydrogen bond donor and acceptor due to its electron-rich oxygen atom and the slightly 
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acidic hydrogen on the methyl group. This dual functionality allows DMSO to form 

strong intermolecular interactions with solutes [176]. 

 
Figure 2.3 Chemical Structure with Polar and Non-polar Groups of DMSO 

Moreover, the polarity of polyester and cellulose is important in their respective 

interactions with DMSO. Cellulose (cotton), as shown in Figure 2.4(a), contains a 

greater number of polar regions due to its hydroxyl (-OH) functional groups, which 

facilitate strong interactions with polar solvents such as DMSO [177]. These 

interactions promote polymer swelling during dissolution, provided they are sufficiently 

strong to overcome the intermolecular forces that hold the polymer structure together. 

[178]. Conversely, Figure 2.4(b) polyester possesses a greater proportion of non-polar 

regions, which results in weak interactions with polar solvents. Consequently, polyester 

exhibits limited or no swelling and does not dissolve readily in DMSO [179]. Thus, 

DMSO is capable of swelling or dissolving many types of polymers, including both 

natural (cotton) and synthetic (polyester) fibres, making it a versatile solvent in polymer 

processing and textile recycling applications [180]. However, the reliability of the 

interaction of both cotton (cellulose) and polyester with pure DMSO needs to be 

evaluated since there are no investigations from previous studies, as the author known. 

 
Figure 2.4 Chemical Structure of (a) Cellulose (b) Polyester (Green Box is Polar 

Region and Purple Box is Non-polar Region) 
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2.6 Regeneration Via Anti-Solvent Method 

DMSO has considerable potential to increase the selective dissolution of cotton 

fiber without causing significant chemical degradation. Targeted regeneration 

techniques can be used to regenerate cotton fibers while maintaining their structural and 

functional integrity. In the regeneration of cotton, water serves as an antisolvent, 

inducing the precipitation of dissolved cotton chains through disruption of solvent-

cellulose interactions. This promotes the intermolecular hydrogen bonding between 

hydroxyl groups. This method was suitable for environmentally friendly dissolution 

systems, due to its simplicity, nontoxicity, and compatibility with green chemistry 

principles. Table 2.8 shows the previous study from 2016 untill 2025 consistently 

demonstrate that water is an effective and environmentally benign anti-solvent for 

cellulose regeneration from various cotton-derived sources, including waste-colored 

fabrics, textile waste, and post-consumer cotton. 
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Table 2.8  

Previous studies (2016 – 2025) On Cellulose Regeneration Using Water as an Anti-Solvent 
Study By Year Cellulose 

Source 

Dissolution Solvent System Regeneration 

Method 

Key Findings/Properties of Regenerated 

Cellulose 

Ref 

Zhang et al. 2025 Waste coloured 

cotton fabric 

Ionic liquid 1-allyl-3-

methylimidazole chloride 

([AMIM]Cl) or zinc chloride 

(ZnCl2) aqueous solutions 

Immersion in 

distilled water for 

solidification 

Regenerated cellulose films (from IL system) 

showed superior mechanical properties (139.6 MPa 

fracture strength) and transparency 

[181] 

Barbosa de Brito 

et al. 

2025 Textile cotton 

waste 

Imidazolium-based ionic liquids 

(ILs) and DMSO 

Water coagulation 

bath 

Regenerated fibers showed structural changes from 

Cellulose I to amorphous or Cellulose II. 

[182] 

Du et al. 2024 Cellulose Sulfuric acid treatment (followed 

by dissolution) 

Regeneration in 

water 

Regenerated cellulose exhibited Cellulose II crystal 

type 

Average particle size, and crystallinity were highest 

when regenerated in water compared to methanol or 

ethanol. 

[183] 

Juan Francisco 

Delgado et al. 

2023 Filter paper 7 wt% NaOH/12 wt% urea aqueous 

solution 

Regeneration with 

distilled water 

Complete Cellulose I to Cellulose II transition 

Hot pressing significantly enhanced stiffness and 

strength. 

[184] 

Zhang et al. 2020 Cellulose Ionic Liquids (BMIMCl, 

EMIMDEP) and N-

methylmorpholine N-oxide 

(NMMO·H2O) 

Dry-jet wet 

spinning into 

water 

Coagulated gels in water showed different 

appearances (transparent, translucent, opaque) 

correlating with void structure and fiber properties. 

[185] 

Liu et al. 2019 Post-consumer 

cotton waste 

Alkaline/urea aqueous solution and 

Ionic liquid (IL) 1-ethyl-3-

methylimidazolium chloride 

([EMIM]Cl) 

Regeneration in 

water 

Regenerated films from IL showed good 

mechanical properties. 

[186] 

Hauru et al. 2016 Cellulose Ionic Liquids (NMMO·H2O,OAc, 

[emim]OAc,OAc) 

Dry-jet wet 

spinning into 

water 

Water hydrates the ionic liquid and regenerates 

cellulose 

Rheological properties of dopes and diffusion 

constants of water/IL influence spinnability and 

fiber formation. 

[187] 
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A notable trend is the increasing reliance on ionic liquids (ILs) such as 

[EMIM]Cl and NMMO, often coupled with aqueous or alkaline co-solvents, to achieve 

efficient cellulose dissolution prior to regeneration [19]. Regeneration in water not only 

induces the transformation of cellulose I to the thermodynamically more stable cellulose 

II crystalline structure but also enables the formation of films and fibers with tailored 

mechanical and morphological properties [188]. For example, regenerated cellulose 

films produced by immersion in distilled water after IL dissolution exhibited enhanced 

fracture strength and transparency, underscoring water’s ability to promote uniform 

precipitation and reduce residual solvent contamination. Additionally, coagulation in 

water has been shown to generate fibers with controlled porosity and improved 

spinnability, attributes crucial for advanced textile and composite applications. 

Previous research has consistently shown that the addition of water triggers 

rapid coagulation and precipitation of cellulose, converting it from a solvated 

amorphous phase into a semi-crystalline regenerated form[189]. During this process, 

the hydration of cellulose hydroxyl groups restores intra- and intermolecular hydrogen 

bonding, which supports the formation of Cellulose II. The outcome largely depends on 

the regeneration rate and the miscibility between the solvent and antisolvent[190]. This 

transformation from native Cellulose I to regenerated Cellulose II has been widely 

reported, for instance, by Juan Francisco Delgado et al. [184] and Zhang et al. [191], 

who demonstrated that water’s high polarity and protic nature promote crystalline 

rearrangement during precipitation. 

Meanwhile at the molecular level, water functions both as a precipitant and as a 

structural mediator. The replacement of solvent molecules by water reorients cellulose 

hydroxyl groups from a parallel to an antiparallel configuration, leading to the formation 

of the Cellulose II structure [192]. The frequent observation of this polymorphic 

conversion (Cellulose I → Cellulose II) across multiple studies highlights the 

thermodynamic stability of the hydrated cellulose lattice. In addition, rheological 

investigations by Hauru et al. [187] revealed that water–cellulose interactions strongly 

affect the spinnability, viscosity, and diffusion behavior of cellulose dopes. This 

influence fiber uniformity and solution stability during dry-jet wet spinning. Overall, 

the body of evidence strongly supports water as a versatile, sustainable anti-solvent 

capable of producing regenerated cellulose with properties comparable or superior to 

those achieved using conventional approaches. 
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CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Introduction 

In Chapter 3, the methodologies will be separated into three sections. First, the 

details of the computational setup for the Molecular Dynamics (MD) simulations, which 

predict the interaction between cotton (cellulose) and polyester (PET) in the presence 

of DMSO. Next, the simulation predictions will be validated using a Taguchi-based 

Design of Experiments (DOE) to optimise the dissolution parameters and evaluate their 

significance on the dissolution efficiency. Finally, the fibre regeneration process will be 

performed, followed by comprehensive characterisation analyses of the regenerated 

fibres to examine their structural, morphological, and thermal properties after 

regeneration. 

3.2 Materials 

The interaction between polymer and solvent was predicted using Materials 

Studio software (2023), developed by BIOVIA Dassault Systèmes that designated with 

64 cores and 128 GB memory. Recycled cotton and polyester fabrics were obtained 

from the local market and decolourised using a 6% sodium hypochlorite (NaOCl, 

Chemiz) solution. The dissolution process was carried out using dimethyl sulfoxide 

(DMSO, 99.9%, Chemiz), and the fibres were regenerated using distilled water. All 

chemicals were used without purification and purchased from BT Science Sdn Bhd 

(Selangor, Malaysia). 

3.3 Research Framework 

Figure 3.1 illustrates a systematic research framework designed to address the 

research objectives in this study. The framework was structured based on three core 

objectives which are integrate a fundamental computational modelling, robust 

optimisation by experiment, and comprehensive characteristic validation. This 



35 

approach begins with the investigation of the molecular interactions of cotton 

(cellulose) and polyester (PET) with dimethyl methyl (DMSO) solvent through 

Molecular Dynamics (MD) simulations. Next, the result analysis from MD simulation 

was used to guide an optimise dissolution parameters of cellulose and PET in the DMSO 

solvent by evaluate their significance on the dissolution efficiency. Finally, the fibre 

regeneration process was carried out, followed by comprehensive characterisation of 

the regenerated fibres to evaluate their structural, morphological, and thermal 

properties. This comprehensive approach ensures the research focuses on achieving a 

practical, well-defined result. 

 
Figure 3.1 Research Framework for Molecular Interaction Study of Eco-Friendly 

Dimethyl Sulfone Solvent on the Enhancement of Cellulose and Polyester 

Recovery from Recycled Textiles Study 
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3.4 Molecular Dynamics Simulation 

In this study, molecular dynamics (MD) simulation was used to understand the 

interaction of fibres with the DMSO solvent. Then, the evaluation of interaction 

polymer-solvent system were enable the prediction of the system's behaviour in detail. 

In this section, only the influence of temperature and concentration. To obtain reliable 

results, careful setup and control of the simulation conditions were carried out. 

3.4.1 Simulation Setup 

Figure 3.2 presents the overall workflow for constructing and initialising the 

molecular dynamics (MD) simulation system. Firstly, the molecular structures of 

polyethylene terephthalate (PET), cellulose, and dimethyl sulfoxide (DMSO) 

monomers were imported from the Cambridge Structural Database (CSD) into 

Materials Studio for model preparation (Figure 3.2(a)). Polyethylene terephthalate 

(PET) was modelled using its repeating ethylene terephthalate unit, derived from the 

condensation of ethylene glycol and terephthalic acid [31]. Each repeat segment 

comprises an aromatic terephthalate ring, responsible for π–π stacking interactions and 

dipolar stabilisation, together with an aliphatic ethylene spacer that imparts 

conformational flexibility and facilitates rotational motion along the polymer backbone 

[30]. 

Meanwhile, the cellulose component was represented by the β-(1,4) glucose 

repeating unit, which constitutes the fundamental structural motif of the polymer. 

Cellulose is a linear homopolymer of β-D-glucopyranose residues covalently linked 

through β-(1,4) glycosidic bonds, forming an extended chain stabilised by an extensive 

network of intra- and intermolecular hydrogen bonds [193]. This hydroxyl-rich 

configuration gives rise to the high crystallinity and mechanical rigidity characteristic 

of cotton fibres [194]. This structural representation captures the essential 

physicochemical features governing the intermolecular interactions and chain mobility 

of the PET and cellulose with DMSO system investigated in the simulation.
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Figure 3.2 The Example of MD Simulation Procedural Setup for Cotton/DMSO.  

(a) The Monomers of cotton and DMSO were imported from CSD, (b) A single chain of 50 repeating unit cotton and respective 

DMSO molecules were built in a separate cell and the energy of each cell were optimised (c) Combined the molecules into a cell 

with a tolerance distance of 3.0Å (*) from the original cell size and (d) The system’s energy were minimised before proceed to 

MD simulation. All grey atom is the carbon, white atom is the hydrogen, red atom signifies the oxygen and yellow atom is the 

sulfur. 
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Next, a single molecular chain of polyester (ethylene terephthalate) and 

cellulose (14β-D-glucose) was then built based on their respective repeating units 

(based on Table 3.1) using the “Random Copolymer” tool with a cell size of 23 Å³ 

(Figure 3.2(b)). A chain length of 50 repeating units was selected as the reference 

model, corresponding to a polymer concentration of 7.5 mg/ml. The selection of a chain 

length of 50 repeating units (RUs) in molecular dynamics (MD) simulations represents 

a deliberate balance between computational feasibility and physical representativeness 

of the polymer chain’s behaviour in solution. This selection ensures that the simulated 

polymer captures the important interaction characteristics such as molecular weight 

polymers. This will be maintaining the simulation times and system sizes within the 

limits of available computational resources [127]. 

Table 3.1  

The Basic Parameters of the Polymer and the Combined Polymer/DMSO System. 
System Concentration 

(mg/ml) 

NPET/Cellulose NDMSO Density 

(g/cm3) 

Volume 

(V/Å3) 

Cell Size 

(Å3) 

PET/DMSO 

 

N/A 50 0 1.330 11999 23 

4.5 30 121 1.340 21952 27 

6.0 40 121 1.619 19683 27 

7.5 50 121 1.722 19683 27 

Cellulose/DMSO 

 

N/A 50 0 1.140 13465 23 

4.5 30 104 1.072 23395 27 

6.0 40 104 1.370 19683 27 

7.5 50 104 1.465 19683 27 

In the pure PET system and the pure cellulose system, the weight fraction of 

DMSO was set to 0 because no solvent molecules were included in these reference 

simulations. These systems served as baselines to evaluate the inherent structural 

density, volume, and molecular packing behaviour of the pure polymers in the absence 

of solvent effects. Consequently, only the polymer component contributed to the total 

system mass, yielding a DMSO weight fraction of zero. This size has been commonly 

adopted in polymer–solvent simulations to ensure adequate configurational sampling of 

intra- and intermolecular dynamics without excessive computational cost [127]. The 
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final volume and density of pure PET and Cotton (Cellulose) are also shown after the 

optimisation. The system was valid if only the density of the PET system is 1.330 g/cm3, 

which is comparable to the amorphous PET polymer's experimental density (1.330 

g/cm3) [127]. In contrast, the density of the cellulose system is 1.140 g/cm3, which is 

close to the amorphous cellulose polymer that was measured by experimental density 

of (1.140 g/cm3) [195]. The comparison between simulated and experimental data 

confirms the validity of the optimisation method and the reliability of the computational 

methods and parameters used in this study.  

Each Polymer/DMSO system was simulated under various conditions, with 

temperatures (323, 373, and 423 K) and polymer concentrations (4.5, 6.0, and 7.5 

mg/ml). On the evaluation of temperature effects, the polymer concentration was 

maintained at 7.5 mg/ml, equivalent to 50 repeating units [127]. On the other hand, for 

the influence of concentration study, the temperature was fixed at 423K to maintain 

consistent thermal conditions during the analysis. To vary the polymer concentration, 

the number of repeating units (N) of each polymer chain was modified. This was 

achieved by scaling the initial chain length of 50 repeating units according to the ratio 

of polymer solubility in DMSO at different concentrations, as described in Eqn. 3.1. 

𝑁𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ×
𝐶𝑑𝑒𝑠𝑖𝑟𝑒𝑑

𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
  (3.1) 

The number of DMSO molecules (NDMSO) was automatically generated by the 

molecular modelling software based on the predefined concentration, target density, and 

simulation cell dimensions. This automated computation ensured that the solvent 

content was consistent with the desired polymer weight fraction and that the periodic 

cell contained an appropriate solvent environment for molecular relaxation and 

diffusion analysis. Further steps, all the cell systems were optimised using Forcite 

Geometry Optimisation tools with the Smart Minimiser algorithm. After that, the 

polymer chains were combined with DMSO molecules in a 27 Å³ simulation box (cell), 

with a tolerance distance of 3.0 Å (*) from the original cell size (Figure 3.2(c)) and 

generated through the Amorphous Cell module at room temperature [127]. Then, the 

system energy was optimised by using Forcite Energy Minimisation tools to obtain a 

more stable structure (Figure 3.2(d)). The thermostat (Andersen) and Barostat 

(Berendsen) were used to control the temperature and pressure, respectively. In this 
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study, the COMPASS force field was selected to perform the high-precision 

calculations throughout the molecular dynamics simulations by calculating the total 

energy of the system using the following Eqn. 3.2 [196]: 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑏 + 𝐸𝜃 + 𝐸𝜑 + 𝐸𝜒 + 𝐸𝑐𝑟𝑜𝑠𝑠 + 𝐸𝑒𝑙𝑒 + 𝐸𝑣𝑑𝑤  (3.2) 

Where 𝐸𝑡𝑜𝑡𝑎𝑙 is the total energy, 𝐸𝑏 is bond stretching energy, and 𝐸𝜃 is angle 

bending energy. 𝐸𝜑 is dihedral torsion energy, 𝐸𝜒 is out-of-plane energy, 𝐸𝑐𝑟𝑜𝑠𝑠 is cross 

term interaction energy, 𝐸𝑒𝑙𝑒 is electrostatic interaction energy, and 𝐸𝑣𝑑𝑤 is van der 

Waals interaction energy. The COMPASS force field was selected due to its 

parameterisation for a wide range of organic, polymeric, and condensed-phase systems, 

enabling accurate representation of covalent bonding, non-bonded van der Waals 

interactions, and electrostatic effects within polymer–solvent environments. Hence, 

COMPASS can accurately capture hydrogen bonding, dipole–dipole interactions, and 

torsional flexibility within the PET/DMSO and Cellulose/DMSO systems. Finally, 

COMPASS had been selected as force field since it the most suitable for polar solvents 

systems such as DMSO and polymers rich in oxygen-containing functional groups (–

C=O, –OH) [197].  

3.4.2 Thermodynamics Properties Analysis 

In this work, molecular dynamics (MD) simulations were employed to 

investigate the thermodynamics properties, including binding energy (BE), interaction 

energy (IE), glass transition temperature (Tg), and mean square displacement (MSD). 

By employing this method, the study offered consistent and reliable results of the 

thermodynamic and kinetic behaviour of the polymer-solvent system. 

3.4.2.1 Binding Energy (BE) and Interaction Energy (IE) 

The binding energy between the polymer matrix and the solvent molecules was 

calculated to quantify the strength of intermolecular interactions. Accordingly, 

throughout the molecular dynamics simulations, the binding energy and interaction 
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energy of the system will be applied as expressed by the following Eqn. (3.3) and (3.4) 

[127]: 

𝐸𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = −𝐸𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛    (3.3) 

Where the interaction energy was determined by subtracting the total energies of the 

isolated components from the total energy of the composite system: 

𝐸𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐸𝑇𝑜𝑡𝑎𝑙 − (𝐸𝑃𝑜𝑙𝑦𝑚𝑒𝑟 + 𝐸𝑆𝑜𝑙𝑣𝑒𝑛𝑡) (3.4) 

The calculation was performed using the Forcite module with a COMPASS 

force field, and the simulation cell was optimised prior to energy evaluation. Energy 

minimisation was carried out employing the Smart Minimiser algorithm until the 

convergence criteria were satisfied (energy tolerance: 1×10⁻⁴ kcal/mol, force tolerance: 

0.005 kcal/mol/Å). 

3.4.2.2 Mean Square Displacement (MSD) 

MSD analysis was performed to assess the mobility of the molecules within the 

simulation cell. The simulations were conducted under the NPT-NVT ensemble for a 

duration of 1ns. MSD was calculated using the trajectory analysis module based on the 

mobility of polymer chains and can be measured by Eqn 3.5: 

𝑀𝑆𝐷 = 〈|𝑟𝑖(𝑡) − 𝑟𝑖(0)|2〉  (3.5) 

Where 𝑟𝑖(𝑡) is the coordinates of the atom at time t, 𝑟𝑖(0) is the initial position of atoms 

in the system, and the angle bracket is the statistical average value of the time of the 

system under study. MSD quantifies the average distance travelled by molecules or 

atoms over time, reflecting molecular mobility within a material [127]. Next, the 

diffusivity of molecules can be calculated using the diffusion coefficient, D, where the 

Eistein’s relation for Brownian motion will be applied in Eqn. 3.6: 
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𝐷 = lim
t→∞

(
〈|𝑟𝑖(𝑡)−𝑟𝑖(0)|2〉

6𝑡
)   (3.6) 

The slope of the linear of the MSD versus time curve was determined through 

linear regression. The diffusion coefficient was reported as the average over all relevant 

atoms or molecules. All results were compared across different simulation conditions 

to understand the influence of temperature and composition. 

3.4.2.3 Glass Transition Temperature (Tg) 

In molecular dynamics (MD) simulations, the estimation of glass transition 

temperature (Tg) requires a systematic procedure, as outlined by previous studies [198]. 

Firstly, MD simulations are conducted across a range of temperatures, typically between 

200 K and 500 K for polymer systems [152]. The calculated specific volume of the 

system obtained at each temperature. Then, calculated specific volume were plot against 

temperature. Linear regression is applied to the data to produce two best-fit lines 

representing the temperature regions below and above the transition. The point at which 

these two lines intersect is identified as Tg the of the system. 

3.5 Dissolution of Recycled Textile 

The dissolution of recycled textiles goes through several important steps to 

prepare the fibre material before it can be regenerated. The process usually starts with 

removing any remaining colour from the fabric to ensure that the sample is clean. After 

that, the experimental conditions are optimised using the Taguchi method to determine 

the most effective settings. Once these steps are completed, the material is then 

proceeded to the dissolution process, where the textile fibres are dissolved in the 

selected solvent for further analysis and regeneration. 

3.5.1 Decolourisation 

Based on the preliminary study conducted before, the recycled fabric sample 

were shredded into small pieces (5mm x 5mm) to increase the surface area, thereby 

enhancing the efficiency of the decolourisation process. A solution of 12.4 ml of 6% 
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sodium hypochlorite (NaOCl) was diluted with distilled water to obtain 20 ml of 0.6 M 

NaOCl, which was used for the batch decolourisation treatment. An ultrasonic bath tank 

was filled with an adequate amount of water, and 20 ml of diluted NaOCl solution. The 

ultrasonic bath was then heated to 50°C using the degas mode to remove air bubbles 

that might have interfered with the decolourisation process. Once the desired 

temperature was reached, 300mg/20ml of each type of fabric sample was placed into 

separate beakers containing the NaOCl solution. The ultrasonic frequency was set to 80 

kHz at sweep mode to ensure uniform exposure of the textiles to the chemical treatment. 

The fabric samples were fully submerged in the solution and undergo the 

decolourisation process for 60 minutes. After that, the fabric samples were carefully 

removed from the NaOCl solution and immediately immersed in distilled water for 5 

minutes. This step was for removing any residue of the NaOCl solution. Then, the 

samples were subjected to wet blending using a high-speed blender for mechanical size 

reduction into smaller fibrous sample. The slurry then dried in an oven at 100°C for 2 

hours to remove any remaining moisture. Once completely dried, the samples were dry 

blending using a laboratory-scale grinder to further reduce the particle size, ultimately 

producing a fine shredded fibre [199]. Figure 3.3 shows the transformation of both 

cotton and PET fibre after the decolourisation process. 

 
Figure 3.3 (a) Cotton Before, (b) Cotton After, (c) PET Before, (d) PET After 

Decolourisation Process Using 0.6M NaOCl 

 

3.5.2 Dissolution 

Table 3.4 shows the mass of each treated sample for the different concentrations 

tested. Each sample was carefully weighed and placed in 10 ml of DMSO at its assigned 

temperature, then left to dissolve for 24 hours. To ensure consistent and reliable results, 

every experiment was repeated three times. After the dissolution step, the mixtures were 
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filtered using standard filter paper to separate any remaining solid fibres from the 

solvent. The undissolved fibres were collected and dried in an oven at 150 °C for 2 

hours to remove any leftover moisture. Figure 3.4 illustrates the dissolution process step 

using DMSO. 

 
Figure 3.4 Dissolution Process Step using DMSO (Example experiment of 4.5mg/ml 

Cotton/DMSO) 

Table 3.2  

Mass of Treated Sample for Each Experiment. 
Exp No. Concentration (mg/ml) Mass of Treated Sample 

(mg) 

E1 4.5 45 

E2 6.0 60 

E3 7.5 75 

E4 4.5 45 

E5 6.0 60 

E6 7.5 75 

E7 4.5 45 

E8 6.0 60 

E9 7.5 75 

Finally, the average dissolution percentage from the three trials was calculated 

and used for further analysis. The percentage of dissolution, D (%), was determined by 

the following Eqn. 3.7 to validate the dissolving of cotton and polyester in DMSO 

solvent [194]: 



45 

𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (%) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔) − 𝐹𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)
 × 100% 

(3.7) 

 

3.5.3 Taguchi L9 Orthogonal Array Design 

Table 3.5 involves the manipulation of three key parameters temperature, 

concentration, and reaction time with three-level factorial design, with temperature set 

at 50°C (Low), 100°C (Mid), and 150°C (High); concentration at 4.5 mg/ml (Low), 6.0 

mg/ml (Mid), and 7.5 mg/ml (High); and contact time at 4 hours (Low), 6 hours (Mid), 

and 8 hours (High). These parameter levels were selected based on findings from 

preliminary experimental results to ensure relevance and operational feasibility within 

the dissolution process parameters. 

Table 3.3  

Factors and Levels Parameters for the Dissolution Process of Cotton and Polyester in 

DMSO. 
Factors Level 1 Level 2 Level 3 

Temperature (℃) 50 100 150 

Concentration (mg/ml) 4.5 6.0 7.5 

Contact Time (Hours) 4 6 8 

In this study, the Taguchi method, specifically the L9 orthogonal array, was 

employed as a statistical tool to systematically design the experiment involving the 

dissolution of textile materials under varying conditions of temperature (50, 100, 

150℃), concentration (4.5, 6.0, 7.5 mg/ml), and dissolution time (4, 6, 8 hours). This 

approach significantly reduces the total experimental workload while maintaining the 

analytical precision required to distinguish the main and interaction effects between 

temperature, concentration, and reaction time. In the present investigation, the L9 

orthogonal array was adopted to represent three factors at three levels each, thereby 

condensing 27 possible combinations into nine strategically distributed experimental 

runs (E1–E9), as listed in Table 3.6. 

The Taguchi method is widely recognised as a reliable approach as it employs 

statistical evaluation, such as orthogonality and signal-to-noise (S/N) ratio analysis 

[200]. These principles enable the measurement of the stability and sensitivity of the 

process to changes in various conditions. This method was able to identify the influence 
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of each factor on the overall result of the experiment [201]. It also helps improve 

consistency of the result by analysing the effect of each factor to avoid bias from 

overlapping influences. This makes the Taguchi method useful for dissolution studies 

to determine the influencing factors such as temperature, polymer concentration, and 

dissolution time on the polymer–solvent interactions [202]. By applying this approach, 

the optimum conditions of the dissolution process can be achieved while minimise the 

experimental errors. 

Table 3.4  

L9 Taguchi Design Showing Different Combinations of Temperature, Concentration, 

and Reaction Time used to Study the Dissolution of Cotton and Polyester in DMSO. 
Exp No. Temperature (℃) Concentration 

(mg/ml) 

Contact Time (hrs) 

E1 50 4.5 4 

E2 50 6.0 6 

E3 50 7.5 8 

E4 100 4.5 6 

E5 100 6.0 8 

E6 100 7.5 4 

E7 150 4.5 8 

E8 150 6.0 4 

E9 150 7.5 6 

Next, the evaluation of dissolution effectiveness was validated using Signal-to-

Noise (S/N) ratio under the "larger-the-better" criterion. It serves as a robustness metric 

in Taguchi design, aiming to maximise desired responses while minimising variability. 

In the context of polymer dissolution optimisation, the S/N ratio calculated using Eqn. 

3.8 quantifies dissolution efficiency. Higher S/N ratios indicate process parameters that 

continuously enhance dissolution performance, such as a higher temperature or 

optimum solvent concentration, while reducing resistance to outside disruptions, such 

as inconsistent mixing or other noise factors [21]. 

𝑆

𝑁
 𝑅𝑎𝑡𝑖𝑜 =  −10 log10

1

𝑛
 ∑

1

𝑦𝑖2

𝑛

𝑖=1

 
(3.8) 
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All the experimental procedures were conducted in triplicate to ensure their 

consistency, accuracy, and reliability. The process can be considered complete if the 

validation criteria are met the optimum condition in L9 parameters. 

3.6 Characteristic Analysis of Regenerated Fibre 

The regeneration of fibres was carried out to validate the preserve chemical 

structure of the components. In this section, the experimental framework was starting 

from pre-regeneration character analysis, regeneration process, and post-regeneration 

character analysis. This is to ensure procedural consistency and material compatibility 

throughout. Analytical methods such as spectroscopic, thermal, and morphological 

evaluations were employed to examine changes in the structural integrity and functional 

properties of the fibres. 

3.6.1 Pre-Regenerated 

The chemical integrity of the dissolved cotton in DMSO had been evaluated 

using UV-Vis spectrophotometry (UV1800, Shimadzu) and Fourier-Transform Infrared 

spectroscopy (FTIR, Bruker VERTEX 70) before proceed to the regeneration process. 

UV-Vis analysis was scanned from 300 to 700 nm at 1 nm intervals. This is for 

monitoring and identify any potential degradation products that might appear as new 

absorbance peaks or shifts within the UV-Visible range. Next, FTIR spectroscopy was 

performed at an average of 32 scans over the 400–4000 cm⁻¹ range. The presence of 

characteristic functional groups associated with cellulose will detect. This combination 

analysis will provide evidence that the cotton remained chemically intact in the DMSO 

medium, with no formation degradation products even though the dissolution were at 

150°C. Hence, this confirms the suitability of DMSO as a solvent for high-temperature 

dissolution studies involving natural cellulosic textiles without compromising their 

chemical structure. 
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3.6.2 Regeneration Process 

The regeneration of cotton from cotton/DMSO solution using antisolvent 

precipitation. Water, being a strong non-solvent for cellulose but miscible with DMSO, 

was introduced to the polymer solution. This disrupts the solvation of cellulose chains 

by DMSO and precipitate into regenerated cotton fibres (ReC) [203]. The process is 

meticulously controlled to ensure high purity of the final product. The regeneration was 

carried out by adding deionised water at ambient temperature (25°C) with ratio of 10:1 

water to Cotton/DMSO solution volume ratio [204]. Following precipitation, the ReC 

is left to coagulate for a minimum of 24 hours to allow for the initial diffusion of DMSO 

out of the cellulose matrix. Then, the precipitate cotton was extracted by using a 

separating funnel and then proceeded to a slow dry at 60°C overnight. Next, the dry 

ReC was washed using deionised water for a minimum of three washing cycles to 

remove any DMSO residues. 

3.6.3 Post-Regenerated 

The dried regenerated cotton fibres (ReC) were evaluated its thermal behaviour, 

morphology, and crystallinity using Thermogravimetric analysis (TGA), Scanning 

Electron Microscopy (SEM), and X-ray Diffraction (XRD). Thermogravimetric 

analysis (TGA 8000, Perkin Elmer, USA) was performed to analyze the thermal 

changes of regenerated fibre.  About 10 mg of cotton was placed in the sample pans and 

heated from 25℃ to 700℃ with a heating rate of 10℃/min. Nitrogen was used as both 

a balance gas (flow rate of 10ml/min) and sweep gas (flow rate of 60ml/min). The TGA 

results were obtained at a heating temperature range of 105℃ to 700℃ [205]. 

Next, surface morphology of the regenerated fibre was examined using a 

Scanning Electron Microscope (JEOL JSM-IT200, Japan). Samples were sputter-coated 

with an approximately 5nm gold layer to enhance surface conductivity and imaging 

resolution. Observations were carried out at an accelerating voltage of 10 kV with 

magnifications series of 100, 500, and 1000 times. The SEM micrographs provided 

findings into the surface smoothness, fibrillar alignment, and the occurrence of pores or 

defects originating from the regeneration process. Morphological characteristics were 

further interpreted in conjunction with crystallinity data and DSC thermograms to 

determine structure–property relationships. 
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Finally, the crystalline structure and degree of crystallinity were determined 

using X-ray Diffraction (XRD) analysis performed on a diffractometer equipped with 

Cu Kα radiation (λ = 1.5406 Å). The diffraction patterns were analysed to identify 

characteristic cellulose peaks, and the crystallinity index (CrI) was calculated using the 

Segal method (Eqn. 3.9). 

𝐶𝑟𝐼 =
𝐼002−𝐼𝑎𝑚

𝐼002
× 100%  (3.9) 

Where 𝐼002  is the intensity of the crystalline peak at 2θ ≈ 22.5°, and 𝐼𝑎𝑚 is the 

intensity of the amorphous background at 2θ ≈ 18° with a step size of 0.02°, operating 

at 40 kV and 30 mA. The obtained diffractograms were analysed to identify 

characteristic cellulose reflections and to estimate the relative crystallinity index, which 

was subsequently correlated with the DSC thermal parameters and SEM morphological 

observations to provide a comprehensive assessment of the regenerated fibre structure.
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Molecular Dynamics Simulation 

In this study, MD simulation was used to predict the compatibility of polyester 

(PET) and cotton (cellulose) with DMSO. Both PET/DMSO and Cellulose/DMSO 

system were simulated at different temperature and concentration. Notably, before 

proceeding with the MD simulation, both systems must undergo energy minimization. 

Table 4.1 and 4.2 show the value of total energy (ETotal) before and after the energy 

optimisation using Forcite Energy Minimisation tools for each system. The decrease of 

ETotal of each system after energy minimisation steps shows that the systems are stable 

and ready for MD simulation. After the energy of the cell was reduced and the density 

of the system was confirmed, the MD simulation was proceeded using a combination 

of Canonical ensemble (NPT) and Isothermal–isobaric ensemble (NVT) with a total 

simulation time of 1 ns [206]. 

Table 4.1  

The Total Energy Before and After Optimisation Steps for Each System at Different 

Temperatures (K). 
System Temperature (K) ETotal Before 

(kcal/mol) 

ETotal After (kcal/mol) 

PET/DMSO 323 9.84 × 1011 5,908 

375 6.13 × 1011 7,437 

423 3.63 × 1011 9,104 

Cellulose/DMSO 323 120.33 × 1011 3,832 

375 86.54 × 1011 3,025 

423 23.95 × 1011 -857 
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Table 4.2  

The Total Energy Before and After Optimisation Steps for Each System at Different 

Concentrations (mg/ml). 
System Concentration 

(mg/ml) 

ETotal Before 

(kcal/mol) 

ETotal After 

(kcal/mol) 

PET/DMSO 4.5 2.59 × 1011 7,167 

6.0 3.10 × 1011 8,834 

7.5 3.63 × 1011 9,104 

Cellulose/DMSO 4.5 9.86 × 1011 -1172 

6.0 13.35 × 1011 -1033 

7.5 23.95 × 1011 -857 

Figure 4.1 shows that the total energy remained stable throughout the 

simulation. This consistency indicates that the MD setup (force field, time step, total 

simulation time, thermostat/barostat algorithms, and ensemble) was appropriate [127]. 

Figure 4.1(a) shows how the system’s temperature changes over time during the 

simulation. The temperature remains close to an average of approximately 420 K, with 

minor fluctuations of around ±30 K [207]. Since there is no apparent drift or continuous 

rise or fall in temperature, it indicates that the thermostat successfully maintained the 

target temperature and that the system reached thermal equilibrium [208]. 

 
Figure 4.1 (a) Temperature Curve (b) Energy Curve of Equilibration System 

throughout the 1000 ps Trajectory. 

Overall, the temperature pattern confirms that the system’s kinetic energy is well 

balanced under the intended thermal condition. Meanwhile, in Figure 4.1(b), the graph 

shows that both potential energy (black) and kinetic energy (red) fluctuate slightly in a 
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random way but do not show any noticeable drift. Meanwhile, the total energy (blue) 

stays almost constant throughout the 1000 ps simulation period. This indicates that the 

algorithm method used maintains the energy conservation without any external energy 

build-up [209]. The stable potential energy shows that the system has achieved 

structural equilibrium, with no significant molecular rearrangements or solvent 

disturbances. At the same time, the steady total energy confirms that the simulation is 

numerically reliable and thermodynamically stable [210], [211]. Therefore, the system 

is well-equilibrated and ready for further analyses such as mean square displacement 

(MSD), diffusion coefficient (D), or binding and interaction energy evaluation. 

4.1.1 Effect of Temperature 

Table 4.3 visualised comparisons of the system configurations reveal that 

temperature-dependent had change the polymer compactness and chain conformation. 

At 323 K, both cellulose and PET restricted molecular motion and formed a compact 

structure. After simulation, both systems have a dense hydrogen-bonded network is 

maintained, showing minimal configurational change throughout the simulation [212]. 

This stability suggests strong interchain cohesion and limited solvent penetration. As 

the temperature increases to 373 K, a noticeable loosening of the cellulose chains occurs 

as the chains becoming less ordered and slightly swollen. This reflecting the partial 

disruption of hydrogen bonds by DMSO. In contrast, the PET chains do not undergo 

any significant conformational changes and remain relatively intact, suggesting that the 

intermolecular interactions within the PET matrix continue to dominate over the PET–

DMSO interactions at this temperature [83]. Finally, at 423 K, the structural differences 

of both polymers system become obvious. Cellulose retains overall cohesion but shows 

a more open and less entangled arrangement. Additionally, PET exhibits substantial 

conformational rearrangement, characterized by increased chain separation, reduced 

packing density, and a more disordered morphology [133]. These structural changes 

indicate enhanced solvent accessibility and molecular mobility at elevated temperature, 

reflecting the progressive weakening of polymer–polymer interactions and the 

increased influence of polymer–solvent interactions [213]. 
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Table 4.3  

Comparison of Cellulose/DMSO and PET/DMSO System Before and After (time step = 1ns) MD Simulations at 323 K, 373 K, and 423 K. 
Temp Cellulose/DMSO PET/DMSO 

Before After Before After 

323K 

    

373K 

  
  

423K 
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Figure 4.2 shows the hydrogen-bond interaction between the oxygen atom of 

DMSO (ODMSO) and the hydrogen atom of cellulose (Hcellulose). This interaction shows 

DMSO as a strong hydrogen-bond acceptor, disrupting the native hydrogen-bond 

network in cellulose. The electron-rich oxygen in DMSO attracts the hydrogen of the 

hydroxyl group in cellulose, weakening the cellulose interchain hydrogen bonds [145]. 

As temperature increases, these ODMSO···Hcellulose interactions become more dynamic, 

resulting in partial chain separation and improved solvent penetration. 

 
Figure 4.2 ODMSO·Hcellulose Interaction in the Cellulose/DMSO System. 

DMSO is a strong hydrogen-bond acceptor and interacts with cellulose's 

hydroxyl groups, reducing the internal bonding energy.  This interaction causes 

swelling and partial chain separation, especially as the temperature increases.  In 

Cellulose/DMSO systems, increasing temperature has enhanced glycosidic flexibility 

while decreasing hydrogen-bond lifetimes. This indicates that the configural structure 

was shifted from compact to swelling cellulose [214]. Overall, the result data indicate 

that DMSO's strong hydrogen-bond-accepting capacity plays an important role in 

reducing cellulose interactions and enabling dissolution. 

4.1.1.1 Interaction Energy and Binding Energy 

Notably, the indicator of polymer-solvent compatibility was comparing the 

interaction energy and binding energy of both systems. Once the polymer system been 

identified, the selection of favourable temperature was obtained. Based on the equation 

3.3 (refer section 3.4.2.1), the lower interaction energy shows the weaker hydrogen 

bonding between polymer-polymer chain. In contrast, the higher binding energy 

indicates the stronger compatibility between the polymer and solvent. Figure 4.3 

illustrates the interaction energy (Figure 4.3(a)) and binding energy (Figure 4.3(b)) 
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between the polymers (PET and cellulose) and DMSO at different temperatures (323K, 

373K, and 423K). The interaction energy in the PET/DMSO system forms a U-shaped 

trend, reaching its lowest point at 373K. This indicates that PET interacts most effective 

with DMSO at 373K, where the balance between molecular motion and intermolecular 

attraction appears to be most favourable. However, PET also exhibits a lower binding 

energy (less than –6,000 kcal/mol) compared to cellulose (more than –4,000 kcal/mol).  

Hence, the overall result indicates that cellulose was more favourable interaction 

compared to PET. A study by Huang et al. provides a mechanistic explanation for this 

phenomenon where the interaction between the polymer and the solvent becomes 

stronger than the cohesive forces within the polymer itself and between solvent 

molecules, causing the system to unexpectedly compact to each other instead of 

dispersing [215]. Research by Cheng et al. mentioned that the interaction energies also 

impact the diffusion of small molecules within polymer matrices. The study identified 

that solvent diffusion slowed down by larger interaction energies between the solvent 

and the polymer matrix. In such cases, solvent molecules promote chain compaction 

and potentially hinder complete dissolution [150]. This deviation from ideal mixing 

behaviour suggests the emergence of nanoscale heterogeneities or phase separation 

under certain thermal regimes. 

 
Figure 4.3 (a) Interaction Energy (b) Binding Energy for Cellulose/DMSO and 

PET/DMSO at 323K, 373K, 423K 

In contrast, cellulose also shows a parabolic interaction energy and binding 

energy profile. However at both 323 K and 423 K temperatures, the interaction energy 

decreases, signifying reduced affinity likely due to limited mobility at low temperatures 

and solvent disengagement at high temperatures [158]. The binding energy of cellulose 
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also reveals the highest value were at 423K which represent the best solvation state due 

to many hydroxyl groups in cellulose that can form hydrogen bonds with DMSO, 

allowing continuous interaction even as temperature increases [216]. This behaviour 

supports a reversible and stable solvation process in DMSO. Wang et al. reported that 

such hydrogen bonding interactions are important in stabilising polymer-solvent 

complexes, especially in systems with polar backbones like cellulose [217]. In 

summary, the results indicate that cellulose exhibits greater compatibility with DMSO 

than PET, as evidenced by its higher binding energy. Due to the binding energy 

represent interactions between polymer chain and solvent which highlight the 

compatibility of polymer-solvent system. Hence, based on the findings of binding 

energy suggest stronger cellulose–DMSO intermolecular interactions at higher 

temperature (423K), which promote solvent penetration and facilitate the disruption of 

the extensive hydrogen-bonding network within the cellulose structure.  

4.1.1.2 Glass Transition Temperature (Tg) 

Figure 4.4 presents the specific volume versus temperature plots used to 

estimate the glass transition temperatures (Tg) of PET and cellulose, both in their pure 

and DMSO-solvated states. The Tg, identified at the intersection of dual linear 

regressions, indicates the onset of segmental chain mobility and polymer softening 

behaviour. Figure 4.4(a) shows that pure PET has a glass transition temperature (Tg) of 

about 421 K. When DMSO is introduced, the Tg decreases notably to around 395 K 

(Figure 4.4(c)). This reduction suggests that DMSO enhances chain flexibility through 

a plasticising effect. The solvent likely disrupts interchain interactions in the polyester 

matrix, weakening van der Waals forces and enabling greater molecular mobility. This 

observation aligns with earlier interaction energy results (Figure 4.3(a)), where PET 

showed reduced interaction strength with DMSO at elevated temperatures. At 373 K, 

the strong negative binding energy (Figure 4.3(b)) indicates that DMSO interacts 

favourably with the PET chains, creating a less restrictive molecular environment. This 

interaction reduces the energy barrier needed for chain movement, consistent with a 

plasticisation effect. In this process, DMSO molecules penetrate between the polymer 

chains, increasing the free volume and thereby lowering the glass transition temperature 

(Tg)  [73]. 
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Figure 4.4 The Glass Transition Temperature (Tg) of (a) Pure PET (b) Pure Cellulose 

(c) PET/DMSO (d) Cellulose/DMSO 

In contrast, cellulose demonstrates an opposite thermal response upon DMSO 

solvation. As shown in Figure 4.4(b), the Tg of pure cellulose is approximately 347 K, 

which increases to 372 K in the Cellulose/DMSO system (Figure 4.4(d)). This upward 

shift indicates a reduced segmental mobility and greater structural rigidity. The 

interaction energy results (Figure 4.3(a)) support this inference, which cellulose 

displays maximum polymer–solvent interaction strength at 373 K, consistent with 

enhanced hydrogen bonding networks between cellulose’s hydroxyl groups and 

DMSO’s sulfoxide moiety. Rather than plasticising, DMSO likely participates in the 

formation of strong intermolecular bridges, restricting molecular rearrangement and 

thereby elevating Tg [218]. This behaviour is further substantiated by the modest 

binding energy values (Figure 4.3(b)), which suggest moderate but persistent 

stabilisation of the polymer–solvent complex without the collapse or aggregation 

observed in PET. Such restriction in chain movement can be attributed to the intrinsic 

high molecular weight and linear rigidity of cellulose chains. According to Wu et al., 

polymers with longer chains and greater entanglement density exhibit elevated Tg due 
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to constrained segmental motion, a behaviour accentuated when such chains are further 

stabilised by strong solvent interactions [143]. 

The high R² values across all panels (ranging from 0.919 to 1.000) attest to the 

precision of the linear regressions applied to determine Tg, thus affirming the 

thermodynamic reliability of the simulation outputs [16]. These findings also emphasise 

the distinct solvation mechanisms between PET and cellulose. While DMSO reduces 

Tg in PET via plasticisation, it raises Tg in cellulose through associative hydrogen 

bonding and molecular stiffening. Together, these results provide the mechanism of 

solvent interactions that influence by the thermal and highlight the understanding of 

how solvent–polymer interactions. 

4.1.1.3 Mean Squared Displacement (MSD) and Diffusion Coefficient (D) 

Figure 4.5 illustrates the effect of temperature on the mean square displacement 

(MSD) of polymer chains in DMSO for PET (Figure 4.5(a)) and cellulose (Figure 

4.5(b)). Meanwhile, Figure 4.6 presents the calculated diffusion coefficients derived 

from these MSD trajectories across a temperature range of 323 K to 423 K. In both 

systems, MSD values increase progressively with temperature, reflecting enhanced 

molecular motion at elevated thermal energy [219]. This is consistent with classical 

diffusion theory and confirms that temperature is a critical driver of polymer chain 

mobility. For PET/DMSO systems (Figure 4.5(a)), the MSD shows a subtle but 

progressive rise, with a modest acceleration near 423 K. In contrast, Cellulose/DMSO 

systems (Figure 4.5(b)) exhibit a more dramatic increase, particularly at higher 

temperatures, indicating significantly greater dynamic mobility. 

These observations align well with the interaction energy and Tg analyses 

discussed previously. In PET, the interaction energy (Figure 4.3(a)) becomes less 

favourable with increasing temperature, and the binding energy (Figure 4.3(b)) is highly 

negative at 373 K, suggesting the formation of a tightly bound PET/DMSO complex. 

Such strong interactions restrict chain flexibility, limiting translational motion, and thus 

leading to a lower overall MSD and diffusion coefficient. This phenomenon is 

consistent with Li et al.’s study, who reported that stronger polymer–solvent 

interactions can reduce polymer diffusivity by anchoring chains in local potential wells 

[11]. Moreover, this behaviour is reflected in the PET’s MSD curve (Figure 4.5(a)), 
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where the slope remains relatively shallow, and a diffusive regime is only marginally 

approached at 423 K. 

 
Figure 4.5 The MSD of (a) PET/DMSO (b) Cellulose/DMSO at 323K, 373K, 423K 

Conversely, cellulose demonstrates much higher mobility and diffusion values 

at elevated temperatures, reaching a peak diffusion coefficient near 11 × 10⁻⁷ cm²/s at 

423 K (Figure 4.6). The corresponding MSD curves show a marked and steady increase 

with temperature, indicating the polymer chains progressively transition from a 

constrained to a diffusive state. These transitions, as explained by Hsu et al., are 

typically characterised by a plateau in the MSD followed by a sharp increase, suggesting 

the breakdown of local confinement and the onset of chain disentanglement [220]. In 

cellulose, this behaviour coincides with the temperature regime just above its glass 

transition (Tg = 372.990 K from Figure 4.4(d)), where segmental relaxation and 

swelling contribute to uncoiling and solvent-assisted dispersion. The radius of gyration 

and MSD analyses together validate this structural-to-diffusive transition mechanism, 

as noted in earlier studies [219]. 

The enhanced molecular mobility in Cellulose/DMSO systems can be attributed 

to DMSO’s ability to form extensive hydrogen bonds with cellulose's numerous 

hydroxyl (-OH) groups [221]. This interaction facilitates the disruption of strong intra- 

and intermolecular hydrogen bonds native to cellulose’s crystalline structure [43]. 

DMSO’s sulfoxide group, with a highly electronegative oxygen atom, acts as an 

excellent hydrogen bond acceptor, enabling it to penetrate cellulose matrices and induce 

chain separation and swelling [173]. Consequently, higher mobility and diffusivity 

emerge not from weak interactions as seen with PET but from effective, reversible 
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interactions that promote dynamic solvation [222]. This is further supported by the 

moderate binding energies (Figure 4.3(b)) and optimal interaction energy at 373 K 

(Figure 4.3(a)), highlighting the balanced solvation effect that favours diffusion without 

over-stabilising the polymer-solvent complex. 

 
Figure 4.6 The Diffusion Coefficient (D) of PET and Cellulose with DMSO at 

Different Temperatures (323K, 373K, 423K). 

In contrast, the PET/DMSO system exhibits significantly lower diffusion 

coefficients across all temperatures, remaining below 2 × 10⁻⁷ cm²/s even at 423 K. This 

limited diffusivity is attributed to PET’s relatively hydrophobic and aromatic structure, 

which hinders hydrogen bond formation with DMSO [179]. The stronger and 

increasingly negative binding energy observed in PET (Figure 4.3(b)) indicates a 

possible aggregation or chain collapse effect at intermediate temperatures, in line with 

Huang et al., further reducing molecular freedom. Consequently, even at temperatures 

near or above Tg (395 K in Figure 4.4(c)), PET chains exhibit minimal uncoiling, and 

solvent penetration remains kinetically and thermodynamically unfavourable. 

Cellulose are expected to exhibit higher solubility due to favourable hydrogen 

bonding interactions, while polyester-rich systems may remain largely inert or 

aggregated under identical thermal and solvent conditions [223]. The disparity in 

diffusion behaviour between PET and cellulose directly correlates with their interaction 

energetics and transition temperatures, highlighting the importance of matching solvent 

systems not only with chemical functionality but also with thermophysical properties. 
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4.1.2 Effect of Concentration 

This section investigates the effect of polymer concentration on the structural 

behaviour of Cellulose and PET in a DMSO solvent system under molecular dynamics 

(MD) simulations. The simulations were conducted at a constant temperature of 423 K 

with a time step of 1 ns, focusing on three different concentrations: 4.5, 6.0, and 7.5 

mg/ml. The visual comparison of polymer structures before and after the simulation is 

presented in Table 4.4, highlighting changes in polymer configuration influenced by 

concentration. 

4.1.2.1 Interaction Energy and Binding Energy 

The results presented in Figure 4.7 illustrate the interaction energy (Figure 

4.7(a)) and binding energy (Figure 4.7(b)) between the polymers (PET and cellulose) 

and DMSO at different concentrations (4.5, 6.0, 7.5 mg/ml). The interaction energy for 

PET significantly increases linearly as the concentration increases, indicating weaker 

polymer-solvent interactions. In this study, PET exhibited negative binding energy at 

lower concentrations, which became progressively less negative as the concentration 

increased, indicating a decline in the stability of the PET/DMSO complex at elevated 

polymer loadings. This trend is consistent with the hydrophobic nature of PET, which 

limits its interaction with DMSO, a polar aprotic solvent lacking hydrogen-bond donor 

capability. As PET concentration increases, solvent molecules become insufficient to 

solvate the hydrophobic PET chains effectively, promoting polymer-polymer 

associations. 
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Table 4.4  

Comparison of Cellulose/DMSO and PET/DMSO System Before and (time step = 1ns) MD Simulations at 4.5, 6.0, 7.5 mg/ml. 
Concentration Cellulose/DMSO PET/DMSO 

Before After Before After 

30RU (4.5mg/ml) 

    

40RU (6.0mg/ml) 

  
  

50RU (7.5mg/ml) 
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Figure 4.7 (a) Interaction Energy (b) Binding Energy for PET/DMSO and 

Cellulose/DMSO System At 4.5, 6.0, 7.5 mg/ml 

This observation aligns with Cheng et al., who noted that higher interaction 

energies in polymer-solvent systems restrict solvent diffusion within polymer matrices 

by reducing solvent mobility and availability [150]. Huang et al. further observed that 

when polymer-solvent interactions surpass twice the strength of polymer-polymer and 

solvent-solvent interactions, unexpected polymer chain collapse and phase separation 

occur, attributed to solvent molecules acting as a 'glue' between polymer chains, 

triggering aggregation, and destabilising the system [215]. Polyester's structure (as in 

Figure 4.8) includes aromatic benzene rings, which increase the energy needed to break 

the molecular bonds and make it more resistant to dissolving, even though it contains 

ester functional groups (-C=O and -O-) that form weak hydrogen bonds with DMSO 

[224]. 

In contrast, for cellulose, the interaction energy also has a linear trend with a 

smaller range. This suggests that cellulose has the most favourable interactions with 

DMSO as the concentration decreases, enhancing its dissolution process. The binding 

energy shows less variation with temperature but remains less negative compared to 

PET. This is consistent with cellulose's hydrogen-bonding nature, as DMSO's ability to 

act as both a donor and acceptor allows for moderate binding.  Wang et al. found that 

greater binding energies are most likely caused by the formation of hydrogen bonds, 

which strengthen the intermolecular interactions between the polymer and the solvent 

system [217]. Cellulose (cotton) is rich in hydroxyl groups, which serve as hydrogen 

bond donors and form strong hydrogen bonds with DMSO, thus enhancing its solubility 

[225], [226]. 
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4.1.2.2 Mean Squared Displacement (MSD) and Diffusion Coefficient (D) 

Figure 4.8 shows the effect of concentration on the Mean Square Displacement 

(MSD) of polymer-DMSO systems at 4.5, 6.0, and 7.5 mg/ml. The mean squared 

displacement (MSD) profiles of PET (Figure 4.8(a)) exhibit a clear concentration-

dependent decline in molecular mobility. At the lowest concentration of 4.5 mg/ml, PET 

demonstrates the highest MSD over the 1 ns simulation period, indicating relatively 

unrestricted diffusive behaviour. As the concentration increases to 6.0 mg/ml and 7.5 

mg/ml, a marked reduction in the slope and magnitude of the MSD curves is observed. 

This trend can be attributed to increased polymer–polymer interactions and chain 

entanglement at higher concentrations, which restrict segmental motion [214]. 

Moreover, the relatively modest increase in MSD with time, even at low concentrations, 

suggests that PET exhibits inherently limited dynamic freedom in DMSO. This is likely 

due to its semi-rigid aromatic backbone and fewer polar interaction sites, which reduce 

its compatibility with polar aprotic solvents like DMSO. The resulting low solvation 

efficiency limits PET’s dispersibility and molecular motion in solution [227]. 

 
Figure 4.8 The MSD of (a) PET/DMSO (b) Cellulose/DMSO at 4.5, 6.0, 7.5 mg/ml 

In contrast, the MSD results for cellulose (Figure 4.8(b)) indicate that it exhibits 

significantly higher molecular movement at all concentrations compared to PET. At 4.5 

mg/ml, cellulose records the highest MSD value, reflecting its strong molecular motion 

and better interaction with the solvent. Even when the concentration increases to 6.0 

and 7.5 mg/ml, cellulose still maintains relatively high MSD values, although a slight 

drop is observed. This pattern suggests that while higher concentrations slow down 
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diffusion, the effect is not as severe for cellulose [228]. The higher mobility of cellulose 

can be linked to its many hydroxyl groups, which form strong hydrogen bonds with the 

oxygen atoms in DMSO. These bonds help break the internal hydrogen bonds within 

cellulose, improving its interaction with the solvent and allowing the polymer chains to 

move more freely [229]. As a result, cellulose exhibits better compatibility with DMSO, 

resulting in greater flexibility and molecular diffusion compared to PET. 

Figure 4.9 shows a series of time-lapse snapshots from the molecular dynamics 

simulation of the Cellulose/DMSO system at 0, 250, 500, 750, and 1000 ps. Over time, 

the DMSO molecules gradually move into the cellulose matrix, breaking the hydrogen 

bonds between cellulose chains and transforming the tightly packed polymer structure 

into a more relaxed, solvated state [102]. In the early stages (Figure 4.9 at 0–250 ps), 

the solvent starts to enter the cellulose clusters. By around 500–750 ps (Figure 4.9), the 

molecular movement becomes more active, leading to faster chain separation and 

stronger interactions with the solvent. The higher MSD value seen in the graph (Figure 

4.8(b) – red line) indicates that the solvent penetrates more effectively, allowing the 

polymer chains to move more freely and reach dynamic equilibrium more quickly. 

 
Figure 4.9 Time-lapse Snapshots of the Molecular Dynamics Simulation for the (a) 

PET/DMSO System (b) PET/DMSO System at 0, 250, 500, 750, and 1000 

ps at 4.5mg/ml. 

Meanwhile, Figure 4.10 shows the diffusion coefficient of a systematic decrease 

in diffusivity with increasing concentration for both PET and cellulose. However, 

cellulose consistently exhibits higher diffusion coefficients than PET at all 

concentrations, indicating superior solvation and lower resistance to molecular motion. 
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This trend suggests that the higher molecular motion observed in the MSD plots 

corresponds to greater diffusivity. The decline in diffusion at higher concentrations can 

be explained by the increase in system viscosity and the reduction of free space available 

for molecular movement, which together slow down the motion of the chain [230]. 

Overall, the results from both the MSD and diffusion analyses indicate that DMSO 

interacts more favourably with cellulose than with PET, resulting in improved 

molecular mobility and more efficient dissolution. 

 
Figure 4.10 The Diffusion Coefficient (D) of PET/DMSO and Cellulose/DMSO at 4.5, 

6.0, 7.5 mg/ml. 

Cellulose is more hydrophilic than polyester, leading to stronger interactions 

with the polar DMSO solvent [179]. As a result, cotton-rich textile blends tend to 

dissolve more readily, often forming gels [154]. Notably, cellulose can be efficiently 

dissolved in DMSO while polyester remains undissolved, allowing for the separation 

and recovery of various fibre materials [179]. These results reinforce the differential 

solubility behaviour of cellulose and PET in DMSO, with cellulose demonstrating 

superior compatibility due to its hydrophilicity, while PET resists dissolution because 

of unfavourable thermodynamic interactions, particularly at higher polymer 

concentrations. DMSO, as a polar aprotic solvent, engages more effectively with the 

hydroxyl-rich cellulose via hydrogen bonding, particularly through its oxygen atom, 

thereby enhancing cellulose chain separation and mobility. PET, by contrast, interacts 

primarily through weaker dipole–dipole interactions between its ester functionalities 

and DMSO, resulting in limited disruption of its compact structure and thus lower 
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diffusivity. The nonlinear decline in diffusion coefficients further suggests complex 

solvation dynamics, including the influence of polymer entanglements, localised 

viscosity, and competition for solvent molecules. Overall, these results underscore the 

critical role of specific polymer–solvent interactions in governing the dynamic 

behaviour of polymer solutions. 

4.1.2.3 Radial Distribution Function (RDF) 

Based on the result above, it can be concluded that the highest interaction 

between cellulose and polyester with DMSO is at 4.5mg/ml and 423K. However, the 

result needs to be validated by analysing the possibilities of swelling or dissolution of 

polymers in DMSO. Figure 4.11 shows the radial distribution functions (RDF) of the 

PET/DMSO and Cellulose/DMSO. The peaks at 1.09 Å represents the intramolecular 

C–H covalent bonds stretching along the polymer backbones (glucoside/phenyl rings), 

serving as an internal calibration point for the structural models. [231].  

 
Figure 4.11 The Radial Distribution Functions (RDF) of the PET/DMSO and 

Cellulose/DMSO. 

Table 4.5 presents the interpretation of important peak of Cellulose/DMSO in 

Figure 4.11. The sharp and intense peak near 0.95 Å indicates directly to the 

intramolecular of the cellulose's hydroxyl groups. This features confirms the abundance 

of available protic hydrogen donors [229]. Peak at 1.43 Å correspond to the primary 

skeletal covalent bonds. These indicate the C–C  and C–O single bonds within the 

glucopyranose rings of cellulose. Finally, the small peak at 1.81 Å represents direct 
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structural evidence of intense intermolecular affinity. The hydroxyl protons of the 

cellulose chain are tightly coordinated by the oxygen (sulfoxide group) of the DMSO 

[212]. 

Table 4.5  

The Interpretation of Important Peak of Cellulose/DMSO in Figure 4.11. 
Peak (Å) Interaction 

0.95 Hydroxyl donor peak of O–H···O between cellulose hydroxyls and DMSO oxygen. 

1.09 
Intramolecular C–H covalent bonds stretching along the polymer backbones and 

glucoside. 

1.43 The C–C  and C–O single bonds within the glucopyranose rings of cellulose. 

1.81 
Intermolecular hydrogen bond peak between Cellulose (Hydroxyl) and DMSO 

(Sulfoxide), O–H···O=S. 

Meanwhile, table 4.6 presents the interpretation of important peak of 

PET/DMSO in Figure 4.11. The RDF of the PET/DMSO system has similar peak at 

1.09 Å. However, these peaks are notably representing the intramolecular C–H covalent 

bonds stretching of phenyl rings [232]. The peak at 1.43 Å were corresponding to the 

C–C  aromatic and C=O ester linkages inherent to the PET backbone. Finally, the peaks 

between 1.78 are likely correlation to rigid intramolecular distances between non-

bonded atoms and weak Van Der Waals dispersion forces (C–H···O) between the 

aromatic protons and the solvent [233]. 

Table 4.6  

The Interpretation of Important Peak of PET/DMSO in Figure 4.11. 
Peak (Å)  Interaction 

1.09 Intramolecular C–H covalent bonds stretching along the phenyl rings. 

1.41 
The backbone covalent linkages (C–C  aromatic and C=O ester linkages) bonds 

within the PET backbone. 

1.78 
Weak Van Der Waals dispersion forces of C–H···O interactions between the 

aromatic protons and the solvent. 

Overall, the comparative RDF analysis highlight a thermodynamic contrast 

between the two polymer/solvent systems. The dissolution and swelling behavior of 

cellulose in DMSO is driven by highly specific, localized, and energetically favourable 

intermolecular hydrogen bonding networks (O–H···O=S). Conversely, the interaction 
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between PET and DMSO is characterized by a weaker macro-molecular dispersion 

force that lack long-range structural ordering. This justification was supported by 

Sangkhawasi et al. study where the behaviour of the weak first peak in RDF shows a 

slower diffusion of solvent into polymer [234]. This is caused by the weak hydrogen 

bond interaction between polymers and solvent. Thus, the weaker peaks indicate that 

PET mostly interacts with DMSO through dipole and van der Waals forces rather than 

strong hydrogen bonds. This clarifies that PET is less soluble and interacts with DMSO. 

4.2 Dissolution of Cotton and Polyester 

Figure 4.12 shows the dissolution percentages for each parameters combination 

of E1 – E9 (refer Table 3.6 in section 3.5.3). Based on the results in Figure 4.12(a) 

demonstrate that cotton achieved the highest dissolution percentage (79.27%) in E7 

(150℃, 4.5 mg/ml, 8 hours) compared to polyester. This shows that cellulose has 

stronger chemical compatibility and molecular interaction with dimethyl sulfoxide 

(DMSO). The high solubility of cellulose can be related to numerous hydroxyl groups, 

which are easier to form hydrogen bonds with the polar sulfoxide groups in DMSO 

[218]. Thus, this process promotes chain disentanglement, swelling, and solvent 

penetration [190]. This mechanism shows that DMSO (alone or as a cosolvent) 

enhances cellulose solvation by engaging hydrogen-bond interactions and by lowering 

blend viscosity to accelerate mass transfer [154]. Previous study in molecular dynamic 

simulation by Roos et al. also shows that DMSO stabilises solvated cellulose chains by 

occupying hydrogen-bonding sites and by solvating ion pairs in IL/DMSO mixtures 

[229]. This solution weakens the cellulose–cellulose bonds and stabilises solvated 

chains, making dissolution thermodynamically and kinetically favourable in DMSO-

rich blends [226]. In contrast, Figure 4.12(b) reveals that polyester dissolution remained 

below approximately 20%, highlighting the limited ability of DMSO to disrupt the 

strong intermolecular interactions within the polyester matrix. Polyester’s hydrophobic 

and crystalline structure restricts solvent access and chain separation, requiring high 

temperatures even for the partial swelling [235]. 
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Figure 4.12 The Result of Varying Conditions on (a) Cotton (b) Polyester Dissolution 

in DMSO. 

Polyester has a lower affinity for polar sulfoxide solvents because its repeating 

units are dominated by hydrophobic aromatic/ester segments and a paucity of hydrogen-

bond donor sites [32], [236]. This chemical inertness and higher crystallinity limit 

solvent–polymer interactions and require substantially higher thermal input or 

chemically reactive conditions for comparable disruption [237]. This behaviour noted 

in surface-property and recycling reviews that characterise PET as relatively 

hydrophobic and solvent-resistant. Dimethyl sulfoxide (DMSO) acts as an effective co-

solvent for cellulose because it can form hydrogen bonds with hydroxyl groups and 

reduce the overall viscosity of the solvent system [238]. This effect is especially evident 

in hydroxyl-rich and highly hydrophilic materials such as cellulose. The variation in 

solubility observed between the fibres is mainly related to differences in their molecular 

structures. This is supported by the dissolution efficiency results, which showed a 

significant difference between the two fibres when processed under the same E7 

conditions (150 °C, 4.5 mg/ml, and 8 hours). The statistical validation using ANOVA 

and signal-to-noise (S/N) ratio analysis under the “larger-the-better” criterion supported 

the reliability of these findings. 

Based on the response table (Table 4.7) and ANOVA analysis (Table 4.8), 

temperature is shown as the most significant parameter influencing fibre dissolution, 

though its effect is notably difference between cotton and polyester. For cotton, 

temperature contributed the largest factor of variance (SSTemp = 1.373, MSTemp = 

0.687) and produced a very high F-value with a P-value less than 0.05 (F = 148.17, p = 

0.007), indicating strong statistical significance. Meanwhile, polyester also shows that 

temperature contributed the largest factor of variance (SSTemp = 46.501, MSTemp = 

23.250) and produced a very high F-value with a P-value less than 0.05 (F = 22.42, p = 



71 

0.043). This result aligns with findings that thermal energy promotes the breakdown of 

the extensive hydrogen-bonding network within cellulose, thereby enhancing molecular 

mobility. The increased chain movement allows the DMSO solvent to penetrate more 

effectively, leading to greater swelling and improved dissolution efficiency. This result 

was supported by Wu et al. [239], who found that increasing temperature increases 

dissolution, as shown in the experiment conducted over the temperature range. Hence, 

higher temperatures and longer times are required for its high dissolution. Futhermore, 

study by Yang et. al [63] found that limited dissolution occurred as the temperature 

decrease, and the structural breakdown in the residue was negligible. The lack of 

significant degradation is attributed to insufficient energy breaking the covalent bonds 

within the polyester structure. 

Table 4.7  

Response Table for S/N ratios (Larger is better) for Cotton and Polyester Sample 
Cotton 

 Temperature (℃) Concentration (mg/ml) Contact Time (Hrs) 

Level 1 30.50 31.03 30.70 

Level 2 30.44 30.75 30.74 

Level 3 31.30 30.46 30.80 

Delta (Δ) 0.86 0.57 0.11 

Rank 1 2 3 

Polyester 

 Temperature (℃) Concentration (mg/ml) Contact Time (Hrs) 

Level 1 10.95 15.91 12.12 

Level 2 13.14 12.46 13.48 

Level 3 16.48 12.19 14.96 

Delta (Δ) 5.53 3.72 2.84 

Rank 1 2 3 

Next, concentration was identified as the second most influential parameter. The 

factor of variance (SSConc = 0.492, MSConc = 0.246) with F-values of 53.03 (p = 

0.019) for cotton and factor of variance (SSConc = 25.831, MSConc = 12.916) with F-

value of 12.45 (p = 0.074) for polyester. These findings are consistent with classical 
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mass-transfer and rheological principles, where increasing solid concentration raises the 

system’s viscosity and promotes polymer–polymer interactions, thereby restricting 

solvent penetration and slowing dissolution [240]. In contrast, lower or moderate 

concentrations allow better solvent diffusion and facilitate more efficient solvation 

under the same thermal conditions. An increase in DMSO concentration also increases 

the solvent–solute interactions by providing additional polar sites capable of accepting 

hydrogen bonds from cellulose hydroxyl groups, improving dissolution efficiency.  

Table 4.8  

Analysis of Variance (ANOVA) for S/N Ratios (Cotton and Polyester Sample) 
Cotton 

 SSk MSk F-value P-value 

Temperature (℃) 1.373 0.687 148.17 0.007 

Concentration (mg/ml) 0.492 0.246 53.03 0.019 

Contact Time (Hours) 0.017 0.009 1.86 0.349 

Residual Error (SSE/MSE) 0.009 0.005   

Total (SST) 1.892    

Polyester 

 SSk MSk F-value P-value 

Temperature (℃) 46.501 23.250 22.42 0.043 

Concentration (mg/ml) 25.831 12.916 12.45 0.074 

Contact Time (Hours) 12.104 6.052 5.84 0.146 

Residual Error (SSE/MSE) 2.074 1.037   

Total (SST) 86.510    

An experimental and modelling study by Ren et al. and Keppeler et al. reported 

precisely that solutions with lower solute concentrations or higher co-solvent fractions 

exhibit lower viscosity, which promotes chain disentanglement and speeds up fibre 

dissolution. This relationship helps explain the shorter time-to-clarity seen at reduced 

polymer concentrations, as lower intermolecular friction allows faster solvation and 

disruption of crystalline regions. The effect is particularly notable in cellulose and 

polyester systems dissolved in polar aprotic solvents such as DMSO, where improved 
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molecular transport and hydrogen-bond exchange accelerate the formation of uniform 

solutions [154], [228]. 

Lastly, according to the Taguchi S/N analysis and ANOVA, contact time 

statistically has a non-significant effect for both cotton (SSTime = 0.017, MSTime = 

0.009, F = 1.86, p = 0.349) and polyester (SSTime = 12.104, MSTime = 6.052, F = 5.84, 

p = 0.146). The results suggest that once an appropriate balance between temperature 

and solvent accessibility is reached, the dissolution process begins to level off. This 

pattern is mainly governed by two related mechanisms [241]. First, thermal energy 

lowers the effective activation barrier for disruption of intra- and inter-chain hydrogen 

bonds in cellulose and increases solvent and chain mobility, which greatly accelerates 

the early stages of swelling and chain disentanglement. Second, the addition of a low-

viscosity co-solvent such as DMSO reduces bulk viscosity and improves mass transport, 

allowing solvent molecules to reach and solvate fibre surfaces more quickly [241]. 

Beyond this point, extending the contact time mainly supports slower diffusion into 

tightly packed crystalline regions, which has little effect on the overall S/N ratio in the 

Taguchi analysis. Hawkins et al. also observed that prolonging dissolution beyond this 

stage yields minimal improvement. This trend supports previous kinetic findings that 

dissolution is governed by a time–temperature–composition relationship, where higher 

temperatures or greater co-solvent fractions can achieve comparable dissolution levels 

in a shorter duration than milder conditions over extended times [242]. 

Figure 4.13 presents the main effects plots for the S/N ratios, indicating that both 

cotton and polyester fibres dissolved most effectively at 150 °C, a concentration of 4.5 

mg/ml, and a contact time of 8 hours. These results are consistent with the dissolution 

efficiency shown in Figure 4.12, where condition E7 (150 °C, 4.5 mg/ml, 8 hours) 

produced the highest dissolution for both fibre types. For both fibres, the S/N ratio 

increases notably with temperature, indicating that heat plays the most critical role in 

promoting dissolution. Lower fibre concentrations consistently result in higher S/N 

values, suggesting that reduced viscosity and improved solvent accessibility at 4.5 

mg/ml enhance dissolution behaviour. Although contact time exerts a weaker influence, 

the best performance still occurs after 8 hours, implying that extended exposure allows 

greater solvent diffusion and molecular relaxation. 
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Figure 4.13 Main Effect Plot for S/N Ratios for (a) Cotton and (b) Polyester. 

In summary, the combination of high temperature, low concentration, and 

sufficient contact time provides the most favourable conditions for fibre dissolution in 

DMSO. Cotton responds more effectively due to its hydrophilic structure, while 

polyester shows a smaller improvement because of its hydrophobic and crystalline 

characteristics. In summary, the Taguchi analysis demonstrates that dissolution in 

DMSO increases with temperature, decreases under high polymer concentrations, and 

is only slightly affected by contact time. The low residual errors and consistent 

parameter rankings confirm the reliability of the Taguchi L9–ANOVA method in 

determining dominant factors. 

4.3 Regeneration Process and Characteristic Analysis 

From the previous section, E7 (150°C, 4.5 mg/ml, 8 hours), was previously 

identified as achieving the highest dissolution efficiency for cotton. Therefore, these 

cotton samples had been chosen for the regeneration process. In this section, the result 

of the regeneration process will be shown, starting from pre-regeneration character 

analysis, which evaluates the structural and chemical integrity of the dissolve fibre. All 

analytical methods, including spectroscopic, thermal, and morphological evaluations, 

were employed to assess the effectiveness of regeneration and to examine changes in 

the structural integrity and functional properties of the fibres. 

4.3.1 Pre-Regeneration 

In this step, UV–Visible spectroscopy and Fourier Transform Infrared 

Spectroscopy (FTIR) was utilised to confirm that the polymer chains remained 
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chemically intact and assess whether any significant chemical modifications occurred 

during the high-temperature dissolution process. 

4.3.1.1 UV-Vis 

Figure 4.14 displays the UV-Vis absorbance spectra of (a) cellulose and (b) PET 

dissolved in DMSO at various concentrations, within the wavelength range of 300–800 

nm. Both systems exhibit the expected trend of higher absorbance intensities at lower 

wavelengths (300–400 nm), tapering off toward the visible region. For the 

Cellulose/DMSO system in Figure 4.14(a), a progressive increase in absorbance is 

observed with increasing cellulose concentration, particularly in the 300–400 nm 

region. Importantly, no distinct absorbance peaks attributable to degradation products 

such as furfural derivatives or carbonyl-containing fragments were detected across the 

scanned range, even though the dissolution was conducted at an elevated temperature 

of 150°C. This indicates that the cellulose chains remain chemically intact under the 

applied conditions, with dissolution occurring primarily via solvation and physical 

disintegration rather than thermal degradation. 

 
Figure 4.14 UV-Vis’s Absorbance Spectra of (a) Cellulose and (b) PET Dissolved in 

DMSO 

In contrast, the PET/DMSO system shown in Figure 4.14(b) exhibited lower 

absorbance intensities compared to cellulose, confirming a lower extent of dissolution 

under identical conditions. Notably, a minor hump around 650–700 nm appears at 

higher concentrations, possibly resulting from colloidal dispersion phenomena or light 

scattering by semi-crystalline PET particles. The absence of new or shifted absorbance 
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bands typically associated with terephthalic acid, benzoic acid derivatives, or other 

thermally induced degradation by-products confirms that the PET macromolecular 

chains also remained chemically stable within the range of 135°C – 217°C in DMSO 

[243]. These observations collectively suggest that while cellulose exhibits a markedly 

higher solubility in DMSO compared to PET, neither material underwent significant 

thermal degradation during the dissolution process at 150°C. This can be attributed to 

the DMSO solvent’s aprotic, high-boiling, and stabilising nature, which promotes 

polymer swelling and solvation without facilitating breakdown of the polymer 

backbone. The spectroscopic evidence thus confirms the preservation of the original 

chemical structures of both cellulose and PET, further validating the suitability of 

DMSO as a high-temperature solvent system for textile dissolution studies without 

compromising polymer integrity. 

4.3.1.2 FTIR 

Figure 4.15 shows the FTIR spectra of the (a) Cellulose/DMSO (b) PET/DMSO 

sample, along with the spectra of pure cellulose, pure PET and pure DMSO, to confirm 

the functional groups presence. The shift broad transmittance band around 3300–3400 

cm⁻¹ in the Cellulose/DMSO (E7) spectra observed as the O–H stretching, indicating 

the presence and reformation of hydrogen bonds networks after dissolution [244]. 

Similarly, peaks near 2900 cm⁻¹ are attributed to C–H stretching vibrations of aliphatic 

groups, which are characteristic of the polysaccharide backbone in cotton [226]. This 

confirms the presence of cellulose in the sample. In the region between 1460–1410cm⁻¹, 

a decrease in intensity shows bending vibrations of CH₂ groups, which is known as the 

“crystallinity band” suggesting a reduction in cellulose crystallinity [245]. The sharp 

and strong band appearing at around 1050–1070 cm⁻¹ corresponds to the S=O stretching 

vibration and C–O–C stretching, which are distinctive features of DMSO. This confirms 

that DMSO remains chemically present in the E7 mixture [246]. Additional peaks 

observed in the range of ~875 cm⁻¹, corresponding to β-glycosidic linkages (C–H bend) 

region, reflect changes in the glycosidic linkages and the cellulose crystallinity [226]. 

Meanwhile, Figure 4.15(b) shows the FTIR spectra of the Polyester/DMSO 

sample, pure polyester and pure DMSO. The pure polyester spectrum displays a shifted 

peak at ~1725–1710 cm⁻¹, attributed to the C=O stretching (ester carbonyl) group. This 
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shows the interaction between DMSO associated with the ester functional group within 

the polyester chain.  

 
Figure 4.15 FTIR Spectra of (a) Cellulose/DMSO (b) PET/DMSO Sample After 

Dissolution Process (E7 – 150℃, 4.5mg/ml, 8 Hours) 

Additionally, peaks in the range of ~1409–1340 cm⁻¹ correspond to aromatic 

ring vibrations and CH₂ bending and the peaks at ~1310–1250 cm⁻¹ are ascribed to C–

C–O asymmetric stretching (aromatic ester) [247]. These data strongly suggest the 

presence of polyesters in the sample. The changes peak at ~1240–1090 cm⁻¹ (C–O–C 

stretching of ester linkages), affirming the presence of polyester’s alterations in the ester 

linkages due to interaction with DMSO [64]. Lastly, the presence peak at ~720 cm⁻¹ is 

a strong absorption corresponding to C–H bending (aromatic) [248]. These peaks are 
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clearly observable in the sample spectrum, proving there are no modifications or 

changes in the aromatic ring environment. Overall, the FTIR data confirm that cellulose 

has been successfully incorporated in DMSO without any significant degradation of 

functional groups. Thus, it can be concluded that cellulose is present and chemically 

stable in the DMSO system, validating the solubilisation and compatibility between the 

two materials. All the characteristic functional groups and skeletal backbones of both 

cellulose and polyester are preserved, with no significant evidence of degradation, such 

as the formation of carbonyls in cotton or the cleavage of ester bonds in polyester. This 

finding is in excellent agreement with the UV-Vis analysis, which also indicated a lack 

of thermal degradation. The combined results from these orthogonal analytical 

techniques provide a high degree of confidence that the dissolution method is 

sufficiently mild to maintain the chemical integrity of the polymers. 

4.3.2 Fibre Regeneration Process 

Figure 4.16 illustrates the dissolution, precipitation, and regeneration of cotton 

using dimethyl sulfoxide (DMSO) as the solvent and deionised water as the anti-solvent. 

In the first stage, Figure 4.16(a), cotton at a concentration of 4.5 mg/ml was dissolved 

in DMSO at 150 °C for 8 hours. This process produced a homogeneous brown solution, 

which indicated that the extensive intra- and intermolecular hydrogen bonds within the 

cellulose network had been disrupted, leading to solubilisation of the cellulose chains. 

 
Figure 4.16 (a) The Cotton-DMSO Solution was Cooled Down to 25°C, (b) Add 

Distilled Water to Achieve a 10:1 Water to Cotton/DMSO Solution 

Volume Ratio, (c) Left the Mixture for 24 Hours until the Cotton Fibre 

Fully Precipitated and (d) Regenerated Cotton Fibre (ReC) was Slow 

Dried at 60℃ for Overnight. 

In the second stage, Fig 4.16(b), deionised water was added to the solution at a 

9:1 ratio relative to the cotton-DMSO mixture, and the system was left undisturbed for 

24 hours. The introduction of water displaced DMSO from the solvation shell, which 
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triggered the reformation of hydrogen bonding among the cellulose chains and 

promoted aggregation, resulting in visible precipitation. Next, Figure 4.16(c) shows the 

third stage, which involved the collection of the ReC precipitate, which was dried 

slowly at 60 °C for 24 hours. The controlled drying condition effectively removed 

residual solvent while minimising thermal degradation. Finally, Figure 4.16(d) shows 

the ReC appeared as a fibrous, light-brown material. Although the recovered material 

resembled natural cotton in appearance, it is expected that changes in crystallinity and 

morphology occurred because of the solvent–anti-solvent interactions. This 

dissolution–regeneration sequence confirmed the effectiveness of the DMSO/water 

system in breaking down and recovering cellulose, thereby demonstrating its potential 

for cotton recycling applications. 

4.3.3 Post-Regeneration 

Following regeneration, the solid fibres were subjected to further analysis to 

assess their thermal, morphological, and structural characteristics. Fourier Transform 

Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Differential Scanning 

Calorimetry (DSC), and finally, Scanning Electron Microscopy (SEM) analysis was 

conducted to quantify changes in the thermal transitions, visualisation of the fibre 

surface morphology, and the crystalline structure to further validate the degree of 

molecular ordering after regeneration. Together, these multi-technique 

characterisations provided a comprehensive assessment of the regenerated fibre's 

quality and its resemblance to the native polymer, confirming the success of the 

recycling process under the optimised dissolution condition. 

4.3.3.1 FTIR 

Figure 4.17 shows the FTIR spectra of the regenerated cotton from cotton-only 

samples (ReC), and regenerated cotton recovered from polycotton (ReM), along with 

the spectra of pure cotton, pure PET and pure DMSO. Both regenerated fibre (ReC and 

ReM) shows peak shift broad transmittance band around 3300–3400 cm⁻¹, which is 

observed as the O–H stretching indicating the presence and reformation of hydrogen 

bonds networks after regeneration [244]. Similarly, peaks near 2900 cm⁻¹ are attributed 

to C–H stretching vibrations of aliphatic groups, which are characteristic of the 
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polysaccharide backbone in cotton [226]. Additional peaks observed in the range of 

~875 cm⁻¹, corresponding to β-glycosidic linkages (C–H bend) region, reflect changes 

in the glycosidic linkages and the cellulose crystallinity [226]. However, the FTIR 

spectra of the ReM sample display an additional shifted peak at ~1725–1710 cm⁻¹, 

attributed to the C=O stretching (ester carbonyl) group and the peaks at ~1310–1250 

cm⁻¹ are ascribed to C–O [247]. This shows the interaction between DMSO associated 

with the ester functional group within the polyester chain, indicating the incomplete 

removal or trace retention of polyethylene terephthalate (PET) during the dissolution–

regeneration process.  

 
Figure 4.17 FTIR Spectra of Pure Cotton, Pure PET, DMSO, ReC and ReM. 

Such traces are consistent with findings by Wu et al., who reported that during 

solvent-based fractionation, PET fragments may co-precipitate or become entrapped 

within the ReC matrix due to limited solvent selectivity or partial miscibility [64]. This 

may lead to slight chemical contamination or physical embedding of PET residues in 

ReC. Additionally, studies by Rosson et al. observed that DMSO alone has limited 

efficiency in fully differentiating between cellulose and polyester components in 

blended textiles without additional selective agents [249]. Thus, the presence of ester-

related bands in the regenerated sample confirms that while DMSO facilitates cellulose 
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recovery, the risk of PET contamination remains, which could affect the purity and 

downstream application of the recovered cotton fibre. These functional group 

assignments are summarised in Table 4.7, which provides the detailed wavenumber 

range, functional group, and source compound (either cellulose, PET, or DMSO). 

Table 4.9  

The Wavenumber, Functional Group, and its Sources of FTIR Peaks. 
Wavenumber (cm⁻¹) Functional Group Source 

~3400 – 3300 O–H stretch (broad, H-bonded) Cellulose 

~2890 C–H stretch (aliphatic) Cellulose / DMSO 

~1725–1710 C=O stretching (ester carbonyl) Polyester 

~1310–1250 C–O stretching Polyester 

~895 C–H bend (β-glycosidic linkage) Cellulose 

 

 

4.3.3.2 XRD 

Figure 4.18 shows (a) XRD graph of regenerated cotton (ReC) from cotton-

DMSO solution via water and (b) RDF graph of interaction cotton in DMSO by MD 

simulation. The XRD analysis (Figure 4.18(a)) of ReC recovered from 

Cellulose/DMSO solution displays diffraction peaks at 15.0°, 16.7°, 22.9°, and 34.9°, 

which match the (1 0 1), (1 1 0), (2 0 0) and (0 0 4) lattice planes reported for native 

cotton. The prominent reflection at 22.9° corresponds to the (200) crystallographic 

plane, which matches a calculated d-spacing of approximately 3.87 Å. This d-spacing 

strongly corresponds to the RDF peak at 3.71 Å observed in the molecular dynamics 

(MD) simulation (Figure 4.18(b)), indicating periodic interchain packing in cellulose. 

Peak broadening and a 3–4 % intensity loss relative to the parent fabric indicate reduced 

lateral crystallite size, yet the persistence of the full peak set confirms that dissolution 

in DMSO followed by water precipitation preserves the cellulose Iβ polymorph rather 

than converting it to cellulose II or an amorphous phase. Such agreement between 

experimental XRD and MD-derived RDF confirms the preservation of cellulose’s 

crystalline domains post-regeneration, consistent with findings by Wei et al., Elf et al. 

and Zhang et al. [181], [203], [208]. 
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Figure 4.18 (a) XRD Graph of Regenerated Cotton from Cellulose/DMSO Solution 

via Water and (b) RDF Graph of Interaction Cotton in DMSO by MD 

Simulation. 

Furthermore, the RDF peaks in the 1.81–2.45 Å range represent stable hydrogen 

bonding between hydroxyl groups, correlating with the (010) and (110) XRD reflections 

at 14.9° and 16.7°, respectively. These features are hallmarks of ordered cellulose Iβ, 

reinforcing the structural integrity of ReC. However, at distances beyond ~4.5–5.0 Å, 

the RDF trend flattens toward unity (g(r) ≈ 1), indicating a loss of long-range 

translational order. Ren et al. and Roos et al. also reported that this is consistent with 

the diminishing XRD intensity beyond 35°, suggesting partial amorphisation of 

cellulose due to solvent-induced disruption [154], [229]. These results validate the use 

of molecular dynamics simulation in supporting experimental diffraction data, showing 

that although some crystalline order is retained, DMSO treatment causes minor loss in 

long-range cellulose packing while maintaining functional structural integrity suitable 

for downstream applications. Collectively, experiments and simulations can be 

concluded that dissolution of cotton fibre using DMSO induces plasticisation of the 

cellulose fibrils without erasing their fundamental crystalline registry, thereby enabling 

re-formation of ordered domains upon antisolvent precipitation. 
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4.3.3.3 TGA-DTG 

The TGA-DTG (Figure 4.19) show the thermal transitions curve of pure cotton, 

pure PET, regenerated cotton from cotton-only samples (ReC), and regenerated cotton 

recovered from cotton/PET mixtures (ReM). Pure Cotton is used as a baseline to 

represent the native cellulose to compare the thermal stability with ReC and ReM. 

Meanwhile, pure PET is also analysed to highlight the distinctly different 

decomposition behaviour of polyester and to provide a thermal profile that helps 

identify any remaining PET in ReM samples. Based on Figure 4.19(a), all curves show 

a small weight drop below 120 °C due to physically bound moisture loss, followed by 

a major thermal decomposition step occurring between approximately 280 °C and 380 

°C, corresponding to the primary degradation of the cellulose backbone [186].  

 
Figure 4.19 TGA-DTG Thermal Transitions Curve of Pure Cotton, Pure PET, 

Regenerated Cotton from Cotton-Only Samples (ReC), and Regenerated 

Cotton Recovered from Cotton/PET Mixtures (ReM). 

The initial decomposition temperature (Ti) of Pure cotton was observed at 

around 280 °C, while ReC and ReM exhibited comparable Ti values with only minor 

shifts, indicating that the dissolution–regeneration process did not significantly alter the 

onset of cellulose degradation [195]. No obvious difference in Ti between Pure cotton 

and ReC was observed. However, ReM showed a slight downward shift in Ti, which is 

attributed to reduced structural regularity and a higher proportion of amorphous 

domains created during the cotton/PET separation process [250]. The same trend was 

reflected in the maximum degradation temperatures (Tmax) shown by the DTG curves 

(Figure 4.19(b)). Tmax for Pure cotton occurred at approximately 371 °C, whereas ReC 
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shifted marginally higher to ~374 °C, and ReM shifted lower to ~357 °C. The relatively 

small decreases in Ti and Tmax for the regenerated samples were sufficient to indicate 

slight thermal destabilisation compared to the original cotton structure. In addition, the 

residual mass increased for both regenerated samples when compared to Pure cotton, 

with ReC and ReM each retaining a higher char residue at 600 °C. This increase was 

attributed to structural rearrangements during regeneration, which may enhance the 

formation of thermally stable carbon fragments [251]. The absence of a secondary 

degradation at higher temperatures confirmed that no polyester remained in the 

regenerated samples. According to thermal behaviour by A. Basch et al. for cellulose-

based fibres, the presence of non-cellulosic contaminants or synthetic polymers 

typically produces additional decomposition peaks at higher temperatures [251], [252]. 

Therefore, the single-step cellulose degradation observed for both ReC and ReM 

confirmed the effective removal of PET during processing. The slight reduction in 

thermal stability for ReM may be explained by partial disruption of the crystalline 

regions during dissolution and recovery from mixed waste, while the marginally higher 

Tmax of ReC suggests that regeneration from pure cotton feeds enhances structural 

uniformity [253]. 

4.3.3.4 SEM 

Figure 4.20 provides Scanning Electron Microscopy (SEM) images that offer 

compelling visual evidence of the morphological transformations occurring during the 

regeneration process of cotton, from both pure recycled cotton and recycled cotton/PET 

mixture. Figures 4.20 (a-c), representing pure cotton, display characteristic fibrous 

structures. At lower magnification (a), the material appears as a tangled web of 

individual fibres. Higher magnifications (b) and (c) reveal the typical flattened, ribbon-

like morphology of natural cotton, often exhibiting convolutions or twists along its 

length. The surface of these fibres appears relatively smooth, consistent with intact 

primary and secondary cell walls. This morphology underscores the highly ordered, 

natural cellulose I structure of the original cotton fibres. 

In contrast, Figures 4.20 (d-f), illustrating ReC, show a significant alteration in 

fibre morphology. At lower magnifications (d), the overall fibrous appearance is 

maintained, but a distinct change becomes evident at higher magnifications (e) and (f). 

The individual regenerated fibres appear considerably less defined and more irregular 
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in shape compared to their pure cotton counterparts. The smooth, ribbon-like structure 

is largely absent, replaced by more cylindrical or amorphous forms. Furthermore, the 

surfaces of these regenerated fibres appear rougher, with visible signs of aggregation or 

fusing between individual fibrils, possibly indicating incomplete dissolution or non-

uniform coagulation during the regeneration process. This morphology showed 

preserves the cellulose I rather than converting it to cellulose II during the dissolution 

and regeneration steps. 

 
Figure 4.20 SEM Micrographs of (a–c) Pure Cotton, (d–f) Regenerated Cotton (ReC), 

and (g–i) Regenerated Mixed Fibre (ReM) at increasing Magnifications 

(100, 500, and 1000 times, Respectively). 

Similarly, Figures 4.20 (g-i), depicting the ReM sample, exhibit morphological 

characteristics like the ReC sample. The low-magnification image (g) again shows a 

fibrous network. At higher magnifications (h) and (i), the individual fibres display the 

same loss of the native cotton's characteristic convolutions and ribbon-like structure. 

They appear irregular, somewhat brittle, and possess a rougher surface texture 

compared to pure cotton. The visual similarities between the ReC and ReM samples 

suggest that the regeneration process itself primarily dictates the resulting cellulose 

morphology, irrespective of the initial presence of PET in the mixture, provided the 

cotton component undergoes effective dissolution and regeneration. The absence of 
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clearly identifiable PET remnants in the ReC fibres at these magnifications suggests 

effective separation or removal of the synthetic component during the process. 

In conclusion, the SEM analysis clearly demonstrates that the regeneration 

process leads to a substantial morphological transformation of cotton fibres. When 

compared to the well-defined, convoluted, and relatively smooth surface of Pure cotton, 

both ReC and ReM samples yield regenerated fibres that are generally less uniform in 

shape, more cylindrical, and possess rougher surfaces. This indicates that while the 

fibrous nature is retained, the overall quality of the regenerated cellulose fibres, in terms 

of their distinct morphology and surface smoothness, is visibly diminished compared to 

the pristine natural cotton fibres. This morphological difference has direct implications 

for their end-use properties, such as mechanical strength, hand feel, and surface 

interactions, thereby highlighting the challenges and opportunities in optimising 

regenerated fibre production for various applications. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

This study successfully achieved all of its research objectives regarding the 

dissolution and regeneration of cellulose from textile blends. Firstly, the molecular 

interactions between polymer (cellulose and PET) chains and DMSO molecules to 

clarify the solvation mechanisms. Overall, the simulation shows that the DMSO have 

interacts more with cellulose (cotton) compared to PET (polyester). In terms of 

temperature and concentration factor, the simulations had predicted that cellulose had 

the highest interaction at 423K with 4.5mg/ml by considering all thermodynamic 

properties, such as binding energy. Conversely, PET had a lower interaction with 

DMSO under the same conditions. The significant difference between the two polymers 

indicates that there is high possibility for the separation of polycotton at 423K with 

4.5mg/ml. 

Furthermore, the prediction was supported by an experiment where all 

parameters that influence dissolution performance were optimised. The effects of 

temperature, polymer concentration, and dissolution time were analysed to determine 

conditions that promoted efficient solubilisation while maintaining structural integrity. 

Based on the result, it proves that the optimum conditions for dissolving cotton in 

DMSO were 150℃, 4.5mg/ml and 8 hours of dissolution time. The highest dissolution 

efficiency that was achieved was up to 80%. In contrast, the dissolution of PET shows 

lower than that of cotton, as the efficiency was less than 20%. The condition was also 

tested by using a polycotton sample, and it achieved high dissolution efficiency. In 

addition, the chemical structure of dissolve cotton sample had been analysed, and it 

shows there is neither an unwanted reaction nor degradation of the chemical structure. 

This proves that DMSO have high capabilities as a primary solvent in separating cotton 

from polycotton without any co-solvent. 

Finally, the dissolved cotton samples were regenerated using water via the anti-

solvent method to assess the possibilities of closed-loop recyclability. The regenerated 

cotton was characterised to assess its physical and chemical structural transformations. 
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Overall, the crystallinity, functional group distribution, and morphology of the 

regenerated cotton were evaluated and found to show no significant changes. The 

findings confirmed that DMSO facilitated the separation while largely preserving the 

primary polymer backbone structure. 

In conclusion, this work establishes a comprehensive understanding of polymer-

DMSO interactions, identifies optimised dissolution conditions, and clarifies the 

structural integrity of regenerated fibre. Hence, all the objectives of this study were 

achieved successfully. These findings provide a technical basis for improving solvent-

based textile recycling processes, and further studies are needed to enhance solvent 

recovery efficiency, scalability, and long-term material performance for industrial 

implementation. However, several key limitations of the current study should be 

highlighted. This study was conducted within a batch-scale laboratory environment. 

Therefore, it did not assess the long-term economic viability of the process. In addition, 

solvent recyclability and the complex dissolution kinetics associated with scaling up the 

process for multi-component commercial textile waste were not evaluated. 

5.2 Recommendation 

Based on the findings and limitations identified in this study, several avenues 

are recommended for future research to advance this technology toward industrial 

feasibility: 

i. Solvent recovery and recyclability should be systematically optimised to 

minimize waste, lower operational costs, and establish a closed-loop 

recycling process.  

ii. Future work should integrate the current experimental dataset with kinetic 

and mathematical modelling. This will allow for a deeper optimization of 

the dissolution mechanisms and facilitate predictable scaling behavior for 

industrial reactors. 

iii. The application of this DMSO-based separation method should be extended 

to a broader variety of multi-component blended textiles beyond binary 

polyester-cotton blends to fully assess its adaptability to real-world, post-

consumer textile waste.
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