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Abstract 
This thesis explores the recyclability of Ionphane, which is a cellulose film synthe-

sized by the Ioncell® technology. The Ioncell® process is a Lyocell type dry-jet wet 

spinning technology and utilizes a powerful direct cellulose solvent 1,5-diazabicy-

clo[4.3.0]non-5-enium, acetate ([DBNH][OAc]) to produce cellulose films/fibers of 

excellent mechanical properties. To ensure the circularity of the produced cellulose 

films, they were recycled and turned into new films and fibers. 

After 2 cycles of recycling the same cellulose films, the produced films showed a 

tenacity of 153.1 MPa and, the produced fiber from the recycled cellulose films with 

a tenacity of 41.07cN/tex. In comparison to their starting product the mechanical 

properties are only slightly reduced. 
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1 INTRODUCTION 

 
One of the first synthetic plastic ever made was Bakelite, in the early 20th 

century, however the use of synthetic plastics only skyrocketed after the event 

of World War 2 [1]. Since then, plastics have been prevalent in our everyday 

lives, as it is cheap to manufacture, light with strong structural integrity, 

moldable, durable, and easily mass produced. Plastics play a vital part in 

European economy as they are needed in many sectors, such as the renewable 

energy sector, building and construction, the health industry, automotive 

industry, agriculture and food as well as electrical and electronics [2].  The 

production of plastics has been estimated to have reached 311 million tonnes in 

the year 2014 and is expected to grow four times as much by the year 2050 [3], 

approximating 1,244 billion tonnes. However, approximately 88% of plastics 

used are fossil-based, which is  about 50.1 megatonnes [2], contributing to a 

high carbon footprint of 1.8 billion tonnes or 3.7 % of global emissions [4]. This 

accelerated growth is due to the global shift of plastic packaging to single-use 

containers [1].  

Upon reaching the end of its lifecycle, 15% of the plastic waste is collected 

for recycling, however 40% out of that is disposed as residue, leaving a mere 9 

% to be recycled. The remaining 55% end up in landfill, while 22% evades waste 

management and the other 19% are incinerated [5]. The United Nations 

Environment Program has stated in a report that plastic waste will account for 

12 billion tonnes of litter, by the year 2050, consuming landfills and the 

environment [6]. In addition to this issue, due to the non-biodegradable nature 

of plastics, they slowly disintegrate under solar radiation into plastic particles of 

various sizes, and over time, leading to the formation of microplastics [1]. 

Microplastics are plastics sized less than 5mm that are deteriorated from larger 

plastic particles called macroplastics, sized more than 5 mm [7]. These 

microplastics are then transported into all parts of the ecosystem, appearing  in  

marine ecosystems, soil [7] and even being detected in places that are assumed 

to be untouched by human activities such as the Arctic sea ice [8] and the 

Antarctic [9].  

One of the largest industrial sector for global plastic consumption is plastic 

packaging, accounting for 34% of total plastic consumption in the year 2020 [2].  
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Some of the most widely used synthetic single-use plastics are high density 

polyethylene (HDPE), low density polyethylene (LDPE), polypropylene (PP), 

polyethylene (PE), polyethylene terephthalate (PET), polystyrene (PS) and 

expanded polystyrene (EPS) [6]. When it comes to polyolefin films, PP and PE, 

are commonly used for film packaging in the food and beverage industry [10]. 

PP films possess excellent resistance to water vapor permeation and is commonly 

used in flexible and rigid food packaging applications [10], providing ample range 

for PP to be used for various purposes. As for PE films, they are generally limited 

by their low environmental stress cracking resistance [11] , however are still 

excellent packaging materials providing great mechanical properties, 

processability and resistance towards tearing and toughness [10]. Based on the 

statistics provided by Plastic Europe, the total plastic demands in the year 2020 

in the EU was 49.4 Mt, with flexible films accounting for 5.3 Mt [12].The diverse 

use of plastics films has enabled its production to skyrocket over the years, while 

massively contributing towards pollution as well. To further mitigate the 

environmental complications exacerbated by single use plastics, the European 

Commission issued the Single-Use Plastic (SUP) Directive. The directive 

addressed a few SUPs on items commonly found littered amongst Europe’s 

beaches, such as food containers, cups and containers for beverages as well as 

plastic carrier bag, to name a few. Overall, this directive aims to reduce the 

impact of certain plastic products on the environment, while encouraging 

businesses, products and materials to be more sustainable and transition 

towards a more circular economy. Some of the more specific targets include 

incorporating 25% of recycling plastic in PET beverage bottles from the year 

2025 to up to 30% from the year 2023 onwards and having a 77% separation 

collection target for plastic bottles by 2025, increasing to 90% by the year 2029. 

These policies aim to mitigate and lower the impacts of plastic in the marine 

environment. Moreover, the directive encourages a better transition towards a 

more holistic circular economy as well [13]. 

Textiles, on the other hand, is a booming industry as well, resulting in a 

societal culture of Fast Fashion. A study has estimated that in 2017, about 51% 

(54 million tonnes)of the global fibre production used for fashion purposes is 

dominated by polyester, while cotton takes about 25% equivalent to 26 million 

tonnes [14]. The continuous demand for new clothing has caused severe 

underutilization of wearable clothes, amounting up to USD 460 billion worth of 
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clothing waste [15]. Hence, unsurprisingly, textiles has been one of the 

significant sources of microplastic pollution, with synthetic fibres estimated to 

account for up to 35%  of primary microplastic released into the world’s oceans 

[16]. This problem is further exacerbated by the projected 63% increase in 

global clothing consumption from 2019 till the year 2030 [7]. 

Bio-based alternatives to the commonly used polyolefin films and synthetic 

fibers do exist, such as cellophane. Cellophane films are made through the 

viscose process. However, the viscose manufacturing process emits toxic 

effluents which are detrimental towards the environment. The CS2 used in the 

process can cause acute toxicity if inhaled, cause neurological damages to the 

nervous systems as well as inhibiting nitrification in soil [17].The Lyocell process 

was developed, as an alternative eco-friendlier process for the production of 

cellulose films and fibers, utilizing an organic solvent, N-methylmorpholine-N-

oxide (NMMO) monohydrate, as a direct cellulose solvent. The production 

process combines dissolving pulp with NMMO to form a dope, which is then 

filtered and spun into a dilute NMMO solution where the cellulose is precipitated 

into fibres or films, which are later washed and dried [18].  Lyocell fibers possess 

excellent wet and dry strength which can be attributed to the stretch that occurs 

to the wet filaments when it was extruded through the spinneret before the 

coagulation and regeneration [19]. However, despite the positive aspects, NMMO 

solvent has the tendency to be unstable  and degrade uncontrollably at high 

temperatures, leading to the risk of being explosive as well [18].  

The Ioncell® process has been proven to be an alternative Lyocell process, 

showing incredible results in fibre production using cellulose as the raw material. 

The process requires the use of IL for the dissolution of cellulose, as a safer and 

environmentally friendly alternative compared to the viscose and NMMO-Lyocell 

process. ILs are salts with melting points that are below 100 °C, have a low 

vapour pressure, and are stable at high temperatures. The Ioncell process 

utilizes an IL 1,5-diazabicyclo[4.3.0] non-5-enium acetate ([DBNH][OAc]), as a 

direct cellulose solvent. [DBNH][OAc] has excellent dissolution properties for 

cellulose and produces fibers that exhibit excellent properties equivalent or even 

superior to NMMO-Lyocell fibers [20]. The cellulose fibers synthesized using this 

process have achieved high fiber tenacity of more than 50cN/tex [21] as well as 

synthesized fibers made from end-of-life hospital bed sheets mixed with birch 
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prehydrolysed kraft pulp, with tenacities  reaching up to 58 cN/tex [22], both 

with tenacities that are significantly higher than fibers produced from viscose or 

Lyocell process. To ensure the feasibility of applying this technology in a closed-

loop recycling model, thesis studies were conducted by Helena Sederholm [23] 

and Nikolaus Twaroch [24] to study the possibility of textiles made from the 

Ioncell process to be recycled back using the same process to create fibers of 

great tensile properties. The textile went through 50 laundry cycles, to simulate 

a typical life-time of a textile, before being recycled again. This recycling process 

was repeated twice, and the results produced fibers that performed better than 

native cotton. In addition to this, the used IL [DBNH][OAc], can be recycled 

through evaporation procedures[25]. 

Apart from fibers, the Ioncell® technology has gone to prove that it can also 

synthesize films made from the same process, displaying excellent mechanical 

properties, outperforming commercial cellophane [26]. Hence, the technology 

can be pushed further to align with the Circular Economy Action Plan 2020 by 

the European Union.  

This thesis will study the recyclability of cellulose films produced by the use 

of the Ioncell® technology. These films are used as the raw material and are 

converted back into recycled cellulose films as well as into recycled fibers, using 

the same technique and closing the process loop. 

 

1.1 Objectives 

 
Research objectives are: 

1. Recycling of cellulose films 

• Evaluation of the recycling of cellulose films within 2 cycles by the 

Ioncell® technology, while maintaining their initial mechanical 

properties. 

 

2. Recycling of films into fibers 

• Evaluation of the possibility to turn cellulose films into fibers using 

Ioncell® technology. 
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2 LITERATURE REVIEW 
 
 Recycling is necessary, as it prevents sending valuable resources to 

the landfills. Hence, it is necessary to understand the types of recycling that are 

available for both films and textiles and the growing market and laws that are in 

place to help to establish further recycling initiatives. 

2.1 Mechanical Recycling 
 

This recycling method is accomplished through various physical processes 

such as melting, grinding, shredding and extrusion [11], while the structure of 

the polymer is still retained [27]. Mechanical recycling is further divided into two 

parts which is primary recycling, in which pre-consumer polymers are reintro-

duced into the reprocessing cycle and later extruded, and secondary recycling, 

where plastics recovered from municipal solid waste is used [11]. Primary recy-

cling is preferred due to the production of high quality materials, low in energy 

costs and conserves natural resources. Products recycled from secondary recy-

cling is considered to be downcycled due to a loss of properties, resulting in the 

product being used in milder conditions [28]. Other than that, contaminants such 

as plastics additives , inks and presence of incompatible polymers can lower the 

property of the recycled product [27]. 

The mechanical recycling is favored as the process is lower in cost and is 

energy efficient. However, it is not regarded as a long-term solution towards 

recycling efforts. The polymer matrix of plastic packaging can be contaminated 

via migration of diffusion of odours or colour originating from food or even bev-

erages resulting in the polymer being downcycled [2]. Moreover, additives are 

added into thermoplastic polymers to protect the product against thermal deg-

radation or upgrade with anti-static or UV-resistance characteristics. But after 

mechanical recycling, the amount of additives remaining in the polymer matrix 

cannot be determined [2].  

 

2.2 Chemical Recycling 
 

 Chemical recycling is a process of depolymerization of the polymer 

structure to obtain monomers or any other valuable chemicals [29]. This can be 

accomplished through various procedures such as depolymerization 
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(methanolysis, glycolysis  and hydrolysis), partial oxidation (gasification) and 

cracking (pyrolysis) [27]. The benefits of chemical recycling compared to me-

chanical recycling, is the greater tolerance it has towards waste contamination 

along with excellent properties and economic value [11]. The large energy ex-

penditure as well as costs, is the reason why this method of recycling is not 

practiced industrially [30]. Regardless, when compared to other methods, chem-

ical recycling is the most in alignment with the principles of sustainable devel-

opment due to the ability to recover the original monomers or other valuable 

chemicals [29].   

 

2.3 Film Recycling 
 

According to the report “ The New Plastics Economy” by the Ellen MacArthur 

Foundation, due to the linear application of plastic packaging, an estimated 

USD80 -120 billion worth of material is lost yearly [3]. According to a report 

conducted by Mapex Consult AS in the year 2017, an estimated 50% of 

household plastic waste generated in Norway and Sweden are films, mainly PE 

[31]. Some of the most common plastic films are PP and PE, are difficult to 

segregate because they share similar physical properties and densities [32]. 

 Plastic films are usually considered non-recyclable due to their small 

thickness and low bulk density, they can cause technical issues during 

conventional recycling processes, results in losses for the recycling companies. 

In addition, at extreme temperatures, pigments used in plastic films can act as 

prooxidants or prodegradants during reprocessing of the plastics ,resulting in 

synthetic films being dumped in landfills [27]. 

The recycling process for plastic films is further complicated, if it is multi-

layered product, due to the wide range of materials used for each layer in order 

to achieve the desired properties, such as transparency, gas and water barrier 

properties, rigidity and flexibility [33]. Several complex recycling processes are 

put in place such as compatibilization, delamination and dissolution-

precipitation, to decrease the chances of multilayer plastic films ending up in 

landfills [27]. However, there is a lack of industrial scale recycling and sorting 

facility assigned to multilayered plastics as there is not any sorting fraction 



14 

 

assigned to it. Due to this, multilayered plastics are dispersed into various path, 

for instance, films, mixed plastics or residual material, resulting in no economic 

growth for its recycling [33]. The solution to a reliable method of plastic film 

recycling must be quickly determined and established as plastic film waste is on 

the rise.  

2.4 Textile Recycling 
 

The textile industry emits an estimated 1.2 billion tonnes of CO2 and around 

93 billion cubic meter of water annually, leading to issues in region facing water 

scarcity [15]. Around 20% of water bodies globally are contaminated with the 

chemicals that are used in textile production, from dyeing and treatment of 

textiles [34]. Hence, it is urgently needed for textiles to be recycled.  

Textiles can be recycled mechanically in an open or closed loop process. In 

open-loop processes the fibers from textiles are recycled into other materials 

such as insulators for mattresses and sound absorption, while closed-loop 

recycling recycles textiles back into new textiles. It has to be ensured that for 

closed loop recycling the recycled fibers are compatible with the same spinning 

and fabric production method due to fiber breakage that occurs throughout the 

process, which affect the properties of the final product [35]. 

On the other hand, chemical recycling of textiles helps to retain the materials 

in a closed loop process where the methods are monomer and polymer recycling. 

Some chemical methods have the potential to degrade the polymer chain, 

eventually leading to a loss in the quality of the fiber [36], hence monomer 

recycling allows for the polymer chain to be disassembled into monomers, which 

will then be transformed into new virgin polymers via polymerization. ECONCYL 

fibres adopts this recycling method and is synthesized through the recycling of  

Nylon 6 in used carpets and fishing nets [15]. Polymer recycling uniquely 

combines both mechanical process such as shredding followed by chemical 

dissolution with a solvent, which may be dangerous or toxic [36]. Examples of 

industries applying this recycling technique include the Lyocell and Ioncell 

process. 

Textiles can also be upcycled from conventional plastic items such as PET 

bottles. These PET bottles are collected, melted and extruded into textile grade 
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polyester fiber [37]. This approach does appear to be promising as PET bottle 

waste and pollution will be reduced as well as help to lower greenhouse gas 

emissions. However, a study conducted on the properties of mechanically 

recycled fibers from PET bottles after mixing it with cotton and virgin polyester 

in various proportions, show that the fibers displayed lower melting points and 

lower crystallinity compared to virgin polyester fibers. In addition, the second 

melting of PET bottles caused thermal degradation of the fibers, lowering the 

tenacity by 15% [37] . The recycled PET fibers were stiff and rigid, limiting its 

use for apparel fabric. Hence the study helped to highlight loss in functionality 

in the PET recycled fibres and the probability of the loss in functionality in other 

mechanically recycled textile as well. 

2.5 Global Market and Policies 
 

In the constant fight against climate change, the European Green Deal, aims 

for the European Union to become the first climate neutral continent by the year 

2050 [38]. Hence, in alignment with this vision many policies have been created. 

Many regulations and initiatives have been placed to ensure the path towards 

recycling, can remain a sustainable and lucrative one. The Circular Economy 

Action Plan 2020 by the European Union has cited a study indicating that if the 

EU economy implements circular economy principles, it will raise the EU GDP by 

0.5% by the year 2030, simultaneously generating up to 700,000 new jobs [39]. 

Manufacturing firms in the EU spend around 40% on materials and through 

closed-looped models , they are able  to boost profits, while shielding them from 

resource price volatility [38].  

The demand for bioplastics in Europe has been on the rise over the past 

years. The bioplastics industry has made huge progress with 48,700 tonnes of 

bioplastics being made in 2003, up to 283,000 tonnes of bioplastics in the year 

2018, resulting in a significant 5 fold increase over a period of 15 years [40].  

The packaging industry is the most lucrative field for bioplastics with an 

estimated 1.2 million tonnes, or 65% of bioplastics produced is used for 

packaging applications [41]. Hence, it is imperative to consider the challenges 

and trade-offs when pursuing the development of biobased materials and a more 

circular economy, to ensure environmental policies do not further worsen 

pollution. According to the EU policy framework on biobased, biodegradable and 
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compostable plastics, production of bioplastics must be sourced from organic 

waste and by-products. This helps to mitigate sourcing from primary biological 

recourses which negatively impacts biodiversity [42]. 

The textile industry employs a massive 300  million people along the textile 

production value chain, resulting in a USD 1.3 trillion valuation for the global 

textile industry [15]. The market for textile recycling is huge as it has been 

estimated only 1% of clothing material is recycled to make new clothing, 

resulting in a loss of more than USD 100 billion worth of materials [15]. The 

European Commission stated that in order to boost recyclability of textiles, the 

producers  are responsible for the waste generated by their products [43]. The 

purpose of this policy is to ensure that an economy is generated through the 

collection, sorting, reuse, preparation for reuse and recycling. This would further 

act as an incentive for producers and brands to ensure that the created clothing 

will be in accordance with the circularity principles. 

 

2.6 Cellulose 
 
 Cellulose is a polysaccharide abundantly found in nature, and its 

molecule consists of a linear polymer of D-anhydroglucopyranose units, which 

are linked together by β-1,4-glucosidic bonds, forming β-1,4-D-glucopyranose 

building block [18]. The degree of polymerization of cellulose depends on 

material and can range from 800 to 10 000 for instance in wood [38].  The 

hydrogen bonds between the molecules stiffen the cellulose chains while these 

chains also interacts with other cellulose chains forming cellulose sheets [39]. 

The strong bonds that are formed between the cellulose molecules causes some 

parts of the cellulose structure to be semi-crystalline. Hence, causing the 

dissolution of cellulose to be more complex as some reagents are able to 

penetrate the amorphous region  causing  intercrystalline swelling while other 

reagents can penetrate the cellulose completely, resulting in both intercrytalline 

and intracrystalline swelling [18].  

            There are two types of cellulose solvents: derivatizing and non-

derivatizing systems to ensure the dissolution of cellulose [18]. Derivatizing 

solvents requires the formation of an unstable chemical derivative as a part of 
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the dissolution mechanisms, and a common industrial example is the viscose 

process. Non-derivatizing solutions include aqueous solutions of transition metal 

complexes (e.g., cuprammonium hydroxide), non-aqueous LiCl/DMAc, organic 

amine oxides (e.g.,: N-methyl morphine N-oxide (NMMO)), aqueous sodium 

hydroxide and ionic liquids (IL) [18]. In this research  cellulose is dissolved in a 

non derivatizing IL, which is  1,5-diazabicyclo [4.3.0] non-5-enium acetate 

([DBNH][OAc]), and regenerated into films and fibers using water. 

 

2.6.1  Cellulose Film Production 
 

 Some of the ways of producing cellulose films include the viscose, 

Lyocell and Cuoxam process. The viscose process is a derivatizing process that 

utilizes mostly cellulose from wood as its raw material. The raw material is 

usually swollen into sodium hydroxide (NaOH) solution forming an alkali pulp 

that will later react with carbon disulfide (CS2), producing cellulose xanthate, 

which dissolves into aqueous alkali [18]. The solution than passes through a slit 

into a bath filled with for instance, sulphuric acid and sodium sulfate to convert 

into cellulose [40]. This process however, utilizes carbon disulfide, which with is 

considered toxic and hazardous towards human health. 

 The Cuoxam process is used to manufacture Cuprophane though a 

non-derivatizing method. The cellulose is dissolved into an aqueous ammoniacal 

solution of copper(II) hydroxide producing tetraaminecopper(II) hydroxide, and 

the cellulose is dissolved directly through the formation of chelate complexesof 

deprotonated cellulosic hydroxyl groups and copper ions [41]. This process is 

not widely used anymore as the heavy use of copper compounds and ammonia 

pose environmental pollution [41]. 

 When it comes to the Lyocell films, it starts with the mixing of 

dissolving pulp with NMMO, which then passes through a high temperature 

dissolving unit to yield a  clear viscous solution[18]. However, when it comes to 

film production, it is possible to use the blown extrusion process. The dope made 

with the NMMO solution is directed downward and passed through a circular 

nozzle with a diameter of 20 cm, shaping the dope into a tube [42] . This tubelike 

structure, later passes an air-gap and is coagulated in a bath containing water. 



18 

 

The thickness of the films produced can be easily controlled and varied, allowing 

for the film thickness to range from 5 to 100 µm [42]. However, the Lyocell 

process has some short comings which affects the final quality of the extruded 

products. It is known that the Lyocell process can undergo side reactions and 

has by-product formation and requires stabilizers to be added to prevent the 

possibility of dangerous-runaway reactions [43]. Other than that, even at 

moderate polymer concentrations of 13%, the viscosity of the cellulose solution 

is high, further limiting the process and properties of the extruded fibers [21]. 

 ILs proved to be an excellent replacement for NMMO, especially 

imidazolium-based ILs as direct dissolution of cellulose was more easily 

controlled resulting in a safer process and producing fibers of comparable 

properties with the ones produces with NMMO [47] [48]. 

2.7 The Ioncell® Process 
 

2.7.1 Technology 
 

The Ioncell® process was developed by researches at Aalto University and 

Helsinki University as a viable alternative to the commercial and well-known 

NMMO-Lyocell process [21]. This is a Lyocell-type process, where a cellulose 

colution is converted into fibers by means of dry-jet wet spinning technique, 

where the cellulosic dope is extruded through an airgap into a cold water bath. 

It, uses a superbase-based IL which is a powerful direct solvent: 1,5-

diazabicyclo[4.3.0] non-5-enium acetate ([DBNH][OAc]). 

It had been determined that superbase-based ILs such as [DBNH][OAc] 

show excellent dissolution properties, as it does not undergo side reactions such 

retro-alkylation[44], which then reacts with cellulose resulting in the degradation 

of the polymer chains[45] [46].  

Other ILs such as 1,8-diazabicyclo[5.4.0]undec-7-enium acetate 

([DBUH][OAc]) an amidine based IL and 7-methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-enium acetate ([mTBDH][OAc]), a guanidine-based IL 

have been tested and used alongside [DBNH][OAc] together with NMMO as the 

benchmark. It was found when 13wt% of cellulose was added into the ILs, the 

NMMO and [DBUH]OAc needed to be spun at higher temperatures due to their 
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high complex viscosity and dynamic moduli [47].  While all the fibers produced 

had tenacities that were moderately above NMMO fibers of DR 12, [DBNH][OAc] 

and NMMO fiber had similar and the best elongation of the produced fibers. 

 

2.7.2 Recycling of Ioncell Fibers 
 

Using the same Ioncell® technology, the production of fibres has almost 

been perfected with many experiments conducted with the ionic liquid. Hence, 

the next stage of fiber production has already been researched, which is the 

recyclability of the produced fibers using the same Ioncell technology.  

Thesis conducted by Helena Sederholm [23] and Nikolaus Twaroch [24], 

have investigated the recyclability, durability as well as the reusability of Ioncell 

fibers. In their theses, the fibers were made from prehydrolysis kraft pulp, and 

processed into a fabric, where the fabric was washed 50 times to simulate a life 

cycle of a textile and later ground and dissolved in the [DBNH][OAc] to be 

chemically recycled. This cycle was repeated twice to understand the changes in 

properties that may occur in the fibers. The results of the experiments showed 

that there was  a slight decrease in tensile strength. As the recycling cycles 

increased a gradual decrease in the intrinsic viscosity of the samples was 

recognised [22]. 

Cotton fibers have also been recycled from end-of-life hospital bed sheets, 

by dissolving the raw material into [DBNH][OAc]. Due to the high DP of the raw 

material, pre-treatment such as acid hydrolysis and enzyme hydrolysis was 

conducted to ensure spinnability [22]. The experiment managed to obtain a 

tenacity of up to 58cN/tex, exceeding even native cotton. 

 

2.7.3  Ioncell Film Production 
 

 The film production is very similar to the fiber production, where 

the cellulosic material (pulp), is added to a preheated [DBNH][OAc] of up to 

80°C. The dope is mixed for 120 mins in a kneader and is later extruded through 



20 

 

a slit nozzle spinneret (length: 60mm, width: 0.25 mm). The cellulose films are 

regenerated into a coagulation bath filled with water at 12 °C and is collected at 

a motor driven roll. 

Using [DBNH][OAc] as a cellulose solvent, many successful experiments 

have been conducted, such as the synthesis of cellulose films displaying 

mechanical properties superior to cellophane. For instance, tensile strength of 

the produced cellulose films can go up to 210 MPa at low thickness levels of 12-

21µm, while commercial cellophane reaches 125MPa [26]. 

Proving that the film production is successful, the next stage in its 

development, is to study its recyclability. 
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3 EXPERIMENTAL 
 

3.1 Materials 
 

The starting material used in this research is the cellulose films that have 

been already produced by the Ioncell® technology [26] . The raw material 

used for those cellulose films was pre-hydrolysis kraft (PHK) dissolving pulp 

from birch provided by Stora Enso. The dissolving pulp came in the form of 

sheets and was grinded into a pulp using a Fritsch mill. 

The pulp was dissolved in the IL  1,5-diazabicyclo[4.3.0]non-5-enium 

acetate, [DBNH][OAc], creating a dope that is extruded through a slit into 

cold water, finally forming cellulose films. 

The cellulose films were cut up and grinded into a powdery-like material 

using a Wiley Mill M02, with a mesh size of 1mm. These were then used as 

the starting material for the process of synthesizing the 1st cycle of recycled 

cellulose films/fibers and this process is repeated for the 2nd cycle of recycled 

cellulose films/fibers. 

 

3.1.1 Dry Matter Content (DMC) 
 

 After grinding the cellulose films, the dry matter content of these 

films was determined according to the standard SCAN-C 3:78. Around 1 g of 

sample is placed into an oven at 105°C overnight. Next the samples are placed 

in a desiccator to cool down. The difference in weight of the samples were rec-

orded and the DMCs of the samples were calculated by the following Equation 

(1). The experiment is repeated three times for a single sample and the average 

of the DMC was taken as the final result. 

 

𝐷𝑀𝐶 (%) =  
𝑚𝑃𝑢𝑙𝑝,𝑑𝑟𝑦 (𝑔)

𝑚𝑃𝑢𝑙𝑝,𝑤𝑒𝑡 (𝑔)
∙  100 (%)                  (1)     

where, 

𝑚𝑃𝑢𝑙𝑝,𝑑𝑟𝑦 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑢𝑙𝑝 𝑑𝑟𝑦, 𝑖𝑛 𝑔  

 𝑚𝑃𝑢𝑙𝑝,𝑤𝑒𝑡 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑢𝑙𝑝 𝑤𝑒𝑡, 𝑖𝑛 𝑔 
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3.2 Preparation of Ionic Liquid (IL) 
 

The IL [DBNH][OAc] was prepared through the equimolar addition of ace-

tic acid (100%, C2H4O2, CAS:64-19-7, M= 60.06 g/mol, Merck Germany) to 1,5-

diazabicyclo[4.3.0]non-5-ene (99%, DBN, C7H12N2, CAS: 3001-72-7, M=124.18 

g/mol, Fluorochem, UK). The amount of acetic acid added is determined using 

Equation (2). The acid was added into the DBN solution slowly at 70°C, while 

under constant stirring for about two hours, to prevent the IL to solidify [21]. 

The resulting IL produced, [DBNH][OAc], is later poured into glass bottles and 

sealed with air-tight caps. 

 

𝑚𝐴𝑐𝑂𝐻(𝑔) =  
𝑀𝐴𝑐𝑂𝐻 (𝑔/𝑚𝑜𝑙)

𝑀𝐷𝐵𝑁 (𝑔/𝑚𝑜𝑙)
 ∙  𝑚𝐷𝐵𝑁 (𝑔) (2) 

                                          

where, 

𝑚𝐴𝑐𝑂𝐻 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑, 𝑖𝑛 𝑔  

𝑚𝐷𝐵𝑁 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝐵𝑁, 𝑖𝑛 𝑔   

𝑀𝐴𝑐𝑂𝐻 = 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑, 𝑖𝑛
𝑔

𝑚𝑜𝑙
  

𝑀𝐷𝐵𝑁 = 𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝐵𝑁 𝑖𝑛
𝑔

𝑚𝑜𝑙
  

 

3.3 Dope Preparation 
 

The IL [DBNH][OAc] was first melted in a water bath at 80°C. For dope 

production two types of kneaders and filtration systems have been used. A small 

system for dopes up to 35g [48] and a big system for dopes up to 1500g [26].In 

all trials dopes of 13wt% dry cellulose consistency have been produced (Table 

1&2). According to Equation (3), the needed amount of cellulose was calculated. 

The grinded cellulose films were mixed with the IL in a preheated kneader of 

85°C (large and small). The kneaders were sealed shut using vacuum at 30 mbar 

for the small kneader and around 80 mbar for the large kneader. Both kneaders 

were run for 2 hours in total at a stirring speed of 30 rpm. 

 

𝑚𝐶𝐹  (𝑔) =  
𝑐

(100%−𝑐)
∙ 𝑚𝐼𝐿(𝑔)                         (3) 

 

where, 
𝑚𝐶𝐹    =  𝑚𝑎𝑠𝑠 𝑜𝑓 𝑔𝑟𝑖𝑛𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑓𝑖𝑙𝑚𝑠 (𝑑𝑟𝑦), 𝑖𝑛 𝑔  
𝑚𝐼𝐿     = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑜𝑛𝑖𝑐 𝑙𝑖𝑞𝑢𝑖𝑑, 𝑖𝑛 𝑔  
𝑐         = 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, 𝑖𝑛 %  
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Dopes made in large kneader are filtered through the large filtration unit 

while dopes made from the small kneader are filtered through the small filtration 

unit. Both filtration units were preheated to 85°C, and equipped with a 6 µm 

metal filter. The filtered dopes were collected in plastic sheets and stored at 5°C 

till spinning day. A small portion of the dopes are kept for rheology analysis. The 

basic dope making process can be seen in Figure 1. 

 

Figure 1: a) Mixing of the grinded cellulose films with the ionic liquid, b) The 

dissolution of the cellulose films in the ionic liquid after 1 hour of stirring, c) Finished dope 

in small kneader, d) Finished dope in big kneader 

 

Table 1: Dope kneading parameters for cellulose film production illustrating the unit ( 

kneading and filtration unit that was used), dry matter content of the milled cellulose 

films in percentage (%), the dry mass (m) of cellulose films in dope in gram, the cellulose 

film concentration (c) in percentage, the temperature (T) in Celsius, pressure (p) in mbar 

and the kneading time (t) in minutes. 

 

 

 

Dope Unit 
DMC 

(%) 
m (g) 

c 

(%) 

T 

(°C) 

p 

(mbar) 

t 

(min) 

D_05032024_1st CycleRCF Large 92.88 115.64 13 85 30 120 

D_07032024_1st CycleRCF Large 92.88 109.02 13 85 30 120 

D_11032024_1st CycleRCF Large 92.88 101.39 13 85 30 120 

D_02042024_2nd CycleRCF Large 93.58 104.44 13 85 30 120 
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Table 2: Dope kneading parameters for fiber production illustrating the unit (kneading 

and filtration unit that was used), dry matter content of the milled cellulose films in 

percentage (%), the dry mass (m) of cellulose films in dope in gram, cellulose film 

concentration (c) in percentage, the temperature (T) in Celsius, pressure (p) in mbar and 

kneading time (t) in min. 

Dope Unit 
DMC 

(%) 

m 

(g) 

c 

(%) 

T 

(°C) 

p 

(mbar) 

t 

(min) 

D_25012024_1stCycleRCFib Small 92.88 3.88 13 85 30 120 

D_26022024_1stCycleRCFib Small 92.88 3.98 13 85 30 120 

D_27022024_1stCycleRCFib Small 92.88 4.32 13 85 30 120 

D_25032024_2ndCycleRCFib Small 92.14 3.15 13 85 30 120 

D_16042024_2ndCycleRCFib Small 93.58 4.21 13 85 30 120 

 

3.3.1 Rheology 
 

The viscoelastic properties of the dopes were analysed using Physica MCR 

302 by Anton Paar with a 25mm parallel-plate geometry and a 1mm gap. The 

complex viscosity (η*), storage modulus (G’), loss modulus (G”) were 

determined by the oscillatory shear measurements, where the shear strain was 

1% and a frequency range of 0.01 to 100 rad/s from 40°C to 90°C [26]. The 

zero shear viscosity (η0*), and the crossover point of the dynamic moduli (G’ = 

G”) for each temperature was analysed using the Cross model [49]. 

 

3.4 Fiber Spinning (Ioncell® Technology) 
 

The dry-jet spinning system that was used for fiber spinning was the mon-

ofilament spinning line [48], manufactured by Fourné Maschienenbau GmbH. 

The dope is transferred into the spinning cylinder that is equipped with a heating 

jacket, metal filter, breaking plate a spinneret with 1 hole with a diameter of 

(0.1x0.2) mm wide, and a temperature and pressure sensor.  
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The dope was left in the spinning cylinder to melt. This process takes 

around an hour and later another 20 minutes to cool down to the desired spin-

ning temperature. The dope was pushed by a piston at an extrusion rate of 1.3 

m/min stretched into a 1 cm airgap and immersed into a water coagulation bath 

at 5°C to regenerate, while being drawn and collected by godets. The godet’s 

speed is manipulated to achieve the desired draw ratio (DR), as it stretches the 

fibers in an axial direction and is straightened. This produces a highly oriented 

structure, further promoting crystallization, resulting in a dense, continuous, mi-

crofibrillar structure that possesses high tensile strength[20] . The draw ratio is 

calculated using Equation (4). 

 

𝐷𝑟𝑎𝑤 𝑅𝑎𝑡𝑖𝑜 =
𝐺𝑜𝑑𝑒𝑡 𝑆𝑝𝑒𝑒𝑑 (

𝑚

𝑚𝑖𝑛
)

𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (
𝑚

𝑚𝑖𝑛
)
                                                           (4) 

 

         The fibers collected from the godets were washed with deionised hot water 

at 60°C and left to airdry overnight. Figure 2 displays the schematic illustration 

of the dry-jet wet spinning system used for fiber spinning. The fiber spinning 

parameters are listed in Table 3. 
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Figure 2: Schematic illustration of the monofilament spinning line 

 

Table 3 : Fiber spinning parameters for fiber production: Dope that was used, fibers that 

were spun,  recycling cycle, unit that was used, spinning temperature (T) in Celsius, draw 

ratio (DR) at which fibers have been collected and the maximum tested draw ratios (DR).  

 

3.5 Cellulose Film Spinning (Ioncell® Technology) 
 

The cellulose films were extruded via  dry-jet wet spinning technique, sim-

ilar to the one described by Herbert Sixta et al. [21] and by Eva González et al. 

[26] . The dope is placed into a spinning cylinder, where it is pushed by a piston 

Dope Fibers Cycle Unit TDope 

(°C) 

DR 

 Col-

lected 

DR  

Tested 

D_25012024_

1stCycleRCFib 

F_25012024_

1st CycleRCFib 

1 Small 55 3 & 6 6 

D_26022024_

1stCycleRCFib 

F_26022024_

1st CycleRCFib 

1 Small 60 3,6 & 9 6 & 9 

D_27022024_

1stCycleRCFib 

F_27022024_

1st CycleRCFib 

1 

Small 

65 3, 6, 9 & 

11 

6, 9 & 11 

1 70 3, 6, 9 & 

11 

6, 9 & 11 

D_25032024_

2ndCycleRCFib 

F_25032024_

2nd CycleRCFib 

2 Small 70 3, 6 & 9 6 

D_16042024_

2ndCycleRCFib 

F_16042024_

2nd CycleRCFib 

2 Small 70 9 & 11 9 & 11 
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into a slit nozzle spinneret (length: 70 mm, width: 0.25 mm), at an extrusion 

rate of 0.229m/min while stretched in to a 1 cm airgap and is immersed into a 

water bath at a temperature of 12°C. The regenerated cellulose films are con-

tinuously collected by a motor driven roll in the water bath. The draw ratio of 

the films can be modified, by adjusting the speed of the roll. Figure 3, displays 

the schematic illustration of the film spinning unit. The parameters used in the 

cellulose films extrusion is listed in Table 4. 

 

Figure 3: Schematic illustration of the films spinning unit 

 

Table 4: Film spinning parameters for film production: Dope that was used, films that 

were spun, recycling cycle, unit that was used and temperature (T) in Celsius, extrusion 

velocity (VE) in meters per minute, draw ratio (DR) of films and speed of the collecting 

motor roll (VMR) in meters per minute. 

Dope Films Cycle Unit 
T 

(°C) 

VE 

(m/min) 
DR 

VMR 

(m/min) 

D_05032024_1s

t CycleRCF 

F_05032024_1s

t CycleRCF 
1 Large 70 0.229 3.2 0.723 
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D_07032024_1s

t CycleRCF 

F_07032024_1s

t CycleRCF 
1 Large 70 0.229 3.2 0.723 

D_11032024_1s

t CycleRCF 

F_11032024_1s

t CycleRCF 
1 Large 70 0.229 3.2 0.723 

D_02042024_2n

d CycleRCF 

F_02042024_2n

d CycleRCF 
2 Large 70 0.229 3.2 0.723 

 

3.5.1 Cellulose Films Washing and Drying 

 
The collected cellulose films were washed using 2 different methods. The 

first method was a manual method, where the cellulose films are secured onto a 

500 ml Duran glass bottle by rubber bands and submerged into hot deionised 

water at 60°C for 30 minutes. After 30 minutes, these bottles with the films are 

placed in an oven at 40 °C for 20 minutes and later left to dry on the glass bottle 

in the open air overnight. This way of washing and drying will preserve their 

form and shape [26]. 

 

Some of the collected cellulose films from the same batch were washed 

and dried in a continuous process, mimicking an industrial process. The cellulose 

films travel through a water bath at 45 °C at a speed of 375 mm/min to be 

washed while being heated by a drum at 40 °C to dry.  

 

3.6 Analytical Tests 
 

3.6.1 Fiber Tensile Testing: Dry and Wet test 
 

The dried fibers are placed in a controlled environment of relative air 

humidity of 65% at a temperature of 20°C overnight to be conditioned. The 

fibers underwent dry and wet testing according to Rissanen et al. [50], using the 

Textechno Herbert Stein Favigraph machine where in wet testing the fibers were 

soaked in water for 10 minutes before measuring.  The gauge length was 20mm 

and the testing speed was 20mm/min. All the fibers were attached with a suitable 

weights on the end of the fibers to ensure that is was pulled taut for accurate 
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measurements. The linear density, elongation and the tenacity of the fibers were 

determined using 20 samples of the fibers to obtain accurate results for both 

testing types.  

 

3.6.2 Cellulose Films Tensile Testing 
 

            The tensile test that was conducted for films were in accordance with 

the ISO527-3:1955(E) and Gonzalez et al [26], with an MTS 400 tensile and 

compression testing device using a 200N cell and an elongation rate of 

12mm/min. The films were cut at a fixed width of 15mm while the length varied 

depending on if the measurement was machine (MD) or transversal (TD) 

direction. For machine direction the length of the cellulose films was cut at 100 

mm and the gage length was set at 60mm. As for transversal direction (TD), the 

length of the films was cut according to the width of the films, where the 

minimum length tends to be around 24 mm with a gage length of 20 mm. The 

range of the films thickness  are from 16 to 18.3 µm and are presented in Table 

8. Prior to the testing, the cut films were conditioned overnight in a room at a 

temperature of 23°C and relative humidity of 50%.  

 

3.6.3 Intrinsic Viscosity 
 

This analysis is done in accordance with the SCAN-CM 15:88 standard 

[51]. Around 200mg of grinded cellulose films are measured and placed into 

bottles that are 52ml in volume. Two replicates are made for each sample. 

Around 25ml of water is later added into the bottle together with a few pieces of 

copper wire. The bottle is closed shut and shook in a shaking device for 30 

minutes until the cellulose films are completely disintegrated. After that 25ml of 

cupri-ethylenediamine (CED) solution is added into the bottle. The residual air 

on the bottle is expelled by squeezing the bottle and closing it tightly before 

being shaken again in a shaking device for another 30 minutes.  

The bottles are placed in a water bath at 25 ± 0.1°C (Mistral Multi-

Stirrrer). After 10 minutes, the solution is drawn into a viscosimeter by suction, 
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and drained. This step is to ensure that the inside of the viscometer is cleaned 

from any other solutions or dirt. The solution is sucked into the viscosimeter a 

second time, up to the upper mark and released. The time it takes for the 

solution to reach the lower mark is measured. This step is repeated 3 times for 

each sample and the average time is calculated. The relative viscosity of the 

solutions were calculated using Equation (5). 

ƞ𝑟𝑒𝑙 = ℎ ∙ 𝑡                   (5) 

where, 

ƞ𝑟𝑒𝑙 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  

ℎ     = 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡𝑜 𝑡ℎ𝑒 𝑐𝑜𝑢𝑙𝑚𝑛 𝑡ℎ𝑎𝑡 𝑖𝑠 𝑢𝑠𝑒𝑑, 𝑖𝑛 𝑠−1  

𝑡      = 𝑡𝑖𝑚𝑒 𝑡𝑎𝑘𝑒𝑛 𝑓𝑜𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡𝑜 𝑓𝑙𝑜𝑤 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑚𝑎𝑟𝑘𝑒𝑑 𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦, 𝑖𝑛 𝑠   

 

          Based on the calculated relative viscosity, the value is used to determine 

the limiting viscosity according the table found in the standard. Using the value 

obtained for the limiting viscosity of the sample, the intrinsic viscosity of the 

sample was calculated using Equation (6). 

ƞ (
𝑚𝑙

𝑔
) =  

[ƞ]𝑐

𝑐𝑠𝑎𝑚𝑝𝑙𝑒
                       (6) 

 

where, 

ƞ           = 𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦, 𝑖𝑛
𝑚𝑙

𝑔
  

[ƞ]𝑐         = 𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑎𝑠 𝑟𝑒𝑎𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑡𝑎𝑏𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  

𝑐𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒, 𝑖𝑛
𝑔

𝑚𝑙
  

 

3.6.4 Molecular Weight Distribution 
 

            This analysis was measured with gel permeation chromatography 

(GPC) in accordance with the method described by Pitkänen et al. [52]. Each 

sample (Enocell, Cellulose Films, 1st Cycle Recycled Cellulose Films and 2nd Cycle 
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Recycled Cellulose Films) had three replicates that were weighed to 

approximately 50 ± 5 mg and are placed into a 6ml polypropylene tube. 

            The samples are first activated with 4ml of water from MilliQ and is left 

overnight. The following day, the water is drained out into a manifold by a 

vacuum process. The samples are activated with 4ml of acetone and is again left 

overnight to soak in it. The next, day the acetone is removed by vacuum into a 

manifold and is activated with Dimethylacetamide (DMAc), by adding 4ml of pure 

DMAc into the samples and left overnight again. The following day, the DMAc is 

drained into a manifold though a vacuum. Next, the samples are removed from 

the tubes and placed into small glass bottles where 5ml of 90 gL-1 LiCl/DMAc and 

magnetic stirrers are added. The solution is left over the weekend, as it will 

ensure the dissolution of the samples into the LiCl/DMAc. 

            After the samples are dissolved into the LiCl/DMAc solution, 0.5 ml of 

the solution of each sample is diluted with 4.5 ml of pure DMAc to reach a 

concentration of 9 g/L.  After this step the concentration of the sample is around 

1 mg/ml and the concentration of the LiCl is 9 g/L. The diluted samples are 

filtered through 0.2 µm filters, into plastic vials that are analysed in Dionex 

UltiMate HPLC 3000 SEC. 

 

3.6.5 Carbohydrate and Lignin Analysis 
 

            This analysis is conducted in accordance with  the technical report 

NREL/TP-510-42618 set by the National Renewable Energy Laboratory of the 

U.S. Department of Energy [53].   

            Three replicates of 300mg of the samples (Enocell 5 pulp, Cellulose 

Films, 1st Cycle Recycled Cellulose Films, 2nd Cycle Recycled Cellulose Films) were 

measured and placed into a Duran bottle. All the samples were mixed with 3ml 

of 72% sulphuric acid and mixed in a water bath of 30°C for an hour, with 

constant stirring every 5 minutes. After an hour, the samples were diluted with 

84 ml of distilled water, resulting in the solution with an acid concentration of 

around 2.5 %.  
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            The sugar recovery standard (SRS) was also prepared to correct the 

losses that incur due to the destruction of sugars during the dilute acid 

hydrolysis. The (SRS) was prepared by mixing 200mg of Glucose, 50mg of 

Xylose, 50mg Galactose, 50mg Mannose, 50mg Arabinose and 50mg of 

Rhamnose, combined in a 100ml volumetric flask. MilliQ water is added into the 

volumetric flask, forming a sugar solution, where 84ml of the 100ml is separated 

into another Duran bottle and mixed with 3ml of 72% H2SO4. This solution was 

placed into Systec DE 23 Autoclave, together with the rest of the samples at 

121°C. The rest of the sugar solution is kept as a reference point for sugar 

content before acid hydrolysis. 

            After the autoclave process, the sugar solutions are filtered into a plastic 

container with a VitraPOR Borosilicate crucibles of pore size 3 or 4. Any residue 

that is left onto the crucible is suspected to be lignin, impurities and undissolved 

material. From the filtrate that is obtained, 1ml of sample is taken, placed into 

a 100ml volumetric flask and diluted with MilliQ water. The diluted filtrate is once 

again filtered through a 0.1 micron filter head, into HPAEC vials, which was 

analyzed by High-Performance Anion Exchange Chromatography (HPEAC-PAD) 

using a Thermo Fisher Dionex ICS-5000 system. Cellulose and hemicellulose 

content was calculated from the amount of monosaccharide by the use of the 

Janson formulas [54]. 

            As for insoluble lignin, it is measured through weighing the dried 

crucibles and measuring the difference of the weight of the crucibles before and 

after filtering the sugar solutions. While soluble lignin is quantified by measuring 

the absorbance of the filtrate (dilution factor of 2) at the wavelength of 205nm 

with a Shimadzu UV-2550 spectrophotometer. 

 

3.6.6 Transmittance 
 

            The transmittance properties of the cellulose films were measured in 

accordance with the ISO 13468-1:2019(E) [55] and ISO 26723:2020 (E) [56] 

standards. The cellulose films are cut into small pieces that is large enough to 

cover the exit port of the transmitted light. The film is secured with clamps and 
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the optical transmittance is measured in the visible light spectrum from 400nm 

to 800 nm using a Shimadzu UV-2600 spectrometer. 

 

 

3.6.7 Elemental  Analysis 
 

            The elemental analysis is needed, to determine if the washing of the 

films using either the bottle method or continuous washing is efficient in 

removing the IL from the cellulose films. The amount of IL that retains in the 

cellulose films can be determined through identifying the amount if nitrogen that 

is present, as the IL [DBNH][OAc] has two Nitrogen molecules in it. The analysis 

was done in accordance with the standard EN15104:2011 using a Thermo Fisher 

Flash Smart CHNSO Elemental Analyzer. Sulfanilamide was used as a standard 

while helium was used as a carrier gas. 

 

3.6.8 FTIR 
 

            The FTIR measurement was conducted using Spectrum Two FT-IR 

Spectrometer by PerkinElmer from the ranges of 500 to 4000cm-1.  This was to 

determine the chemical structure [57]. 

 

3.6.9 Ash Analysis 
 

            The ash content of the samples was analysed in accordance with the 

standard ISO 1761:2001(E). Around 1.5 to 2.5 grams of samples are placed into 

a crucible, with three replicates for each sample. The crucibles are placed into a 

muffle furnace (Naber L51/S) that is set up to (550-575°C) and left to burn for 

about 4 hours and 30 minutes. After the analysis is complete, the furnace is 

turned off and left to cool overnight. The samples are taken out of the furnace 

where the weight of the remaining ash will be measured. Using Equation (7) the 

ash content of the samples was determined. 
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 𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  
𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝑎𝑠ℎ(𝑔)−𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒(𝑔)

𝑚𝑠𝑎𝑚𝑝𝑙𝑒,𝑑𝑟𝑦(𝑔)
∗ 100(%)                  (7) 

where, 

𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝑎𝑠ℎ = 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑎𝑛𝑑 𝑎𝑠ℎ, 𝑖𝑛 𝑔  

𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒         = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒, 𝑖𝑛 𝑔  

𝑚𝑝𝑢𝑙𝑝,𝑑𝑟𝑦        = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒, 𝑖𝑛 𝑔   
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4 RESULTS AND DISCUSSION 
 
Figure 4 represents the flow of the experiment that was conducted. 

 
Figure 4: Experiment flowchart 

 

            Within the thesis, films have been successfully turned into fibers and 

recycled into new 2nd and 3rd generation films. Thereby, the produced fibers and 

films showed great mechanical properties and the cellulose was only degraded 

to a small extent (see details below).  
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4.1 Recycling 
 
 The cellulose films were dissolved in [DBNH][OAc], to produce 

dopes with a dry cellulose concentration of 13 wt%. The produced dopes of each 

trial have been turned into fibers and films. In total 2 recycling cycles have been 

performed. The spinning temperature was chosen in accordance with the 

rheology data. 

4.2 Rheology and Spinning Analysis 
 
 In all cases the dissolution behaviour in [DBNH][OAc] was great. 

Figure 5 displays the rheology data of all dopes at spinning temperature for fibers 

while Figure 6 displays the rheology data at spinning temperature for all cellulose 

films. 

Figure 5: a) Complex Viscosity (Pa.s) versus Angular Frequency (rad/s), b) Storage 

Modulus (Pa) and Loss Modulus (Pa) versus Angular Frequency (rad/s) for recycled 

cellulose fibers at temperature 55°C, 60°C, 65°C and 70°C (1st Cycle), 70°C (2nd Cycle). 
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Figure 6: a) Complex viscosity (Pa.s) versus angular frequency (rad/s), b) Storage 

modulus (Pa) and loss modulus (Pa) versus Angular Frequency (rad/s) for cellulose films 

at temperature 70 °C for cellulose films (0th ,1st and 2nd cycle) 

Table 5: Dope used, spinning temperature (T) in Celsius, , Zero-shear viscosity in (Pa.s), 

Angular Frequency in radians per second (rad/s) and cross-over point in Pascals (Pa) 

  *The rheological values for this data at 70°C is missing due to an error in the machine, 

hence an estimation was made for the values to be similar to 2nd cycled recycled films at 

13wt%.  

 

            To determine the ideal operating temperature for fiber production, the 

1st cycle of recycled cellulose fibers was spun at various dope temperatures (55 

Dope Sample T 

(°C) 

Ƞ0
* 

(Pa.s) 

Angular Frequency 

(rad/s)  

COP 

(Pa) 

E5 pulp - - - - 

D_CF(0th Cycle) 70 18800 1.3 4170 

D_1stCycleRCFib 70 13500 2.3 2930 

D_2ndCycleRCFib* 70 14300* 2.1* 3970* 

D_1stCycleRCFs 70 17400 1.7 4170 

D_2ndCycleRCFs 70 14300 2.1 3970 
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°C – 70 °C). Based on Table 3, it was noted that operating temperature 65°C 

and 70°C obtained the highest DR of the fibers. The high DR obtained will result 

in an increase of total cellulose orientation [50], resulting in fibres with excellent 

tensile properties.  

            For fiber production, the angular frequency at the cross-over point (COP) 

for dopes with 13wt% of cellulose concentration dissolved in [DBNH][OAc], is 

around 1.0 rad/s-1 or slightly higher, the cross over modulus around 4000 Pa 

and zero-shear viscosity is between 25000 -35000 Pa.s [21]. Based on Table 5, 

none of the dope showed the ideal visco-elastic properties proposed earlier. 

Regardless of this the dopes were all spinnable producing high DR as seen in 

Table 3.  In Figure 5b), it can be noted that as the temperature increased, the 

COP also shifted towards higher angular frequencies, indicating that viscous 

behavior dominates the elastic behaviour in the dopes [58], and the complex 

viscosity of the dopes decreases with increasing dope temperature. The higher 

temperature facilitates the flow of the cellulose chain in the solution leading to a 

weaker entangled structure [58], as seen in Figure 5a). 

 For film production, the rheological condition that are stable for 

spinning and production of high quality films from 13wt% solutions as 

determined by González et al [26] was in the zero-shear viscosity range of 

19000-8000 Pa.s, COP of 3900-4200 Pa and an angular frequency of 1.3-3.4 s-

1 . According to Table 5, the conditions for the films meet the mentioned criteria 

very well. All the dopes used were spinnable and produced high quality films. 

 A 13wt% dope was produced and the 1st cycle of recycled cellulose 

films were generated at a spinning temperature of 70°C. Based on Table 12 

(Annex), it can be seen that 3 trials of spinning were done for the 1st cycle of 

recycled cellulose films to ensure the accuracy and reproducibility in the results 

and to produce enough material to perform a 2nd recycling cycle. It can be seen 

that in both Figure 5a) and Figure 6a), the complex viscosity proves that the 

dopes displayed non-Newtonian fluid properties, with strong shear thinning, due 

to the plateau that can be observed at lower angular frequencies [47].  

 The zero-shear viscosity for films can be seen to decrease with each 

cycle, starting from cellulose films which is 18800 gradually down to 14300 Pa.s 

for the 2nd Cycle of recycled cellulose films. This is assumed to be because of the 
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decreasing DP with each cycle, hence decreasing the intensity of entanglement 

in the cellulose molecule chains.  

4.3 Tensile properties of Cellulose Films and Fibers 
 

4.3.1 Films 
 

Figure 7:  Stress-strain curve analysis of films in a) longitudinal direction (MD) and 

b)transverse direction 

Table 6: Films produced, cellulose content in percentage (%), direction of tensile test on 

cellulose film, films drying method, stress of films in MPa, strain of films in percentage 

(%) and thickness of cellulose films produced in micro meters (µm) and yield of films 

obtained in percentage (%) 

Film 
c 

(%) 
Film Testing 

Film 

Drying 

Method 

Stress 

(MPa) 

Strain 

(%) 

Thickness 

(µm) 

Yield 

(%) 

CF  

(0th Cycle)* 
13 

Longitudinal 
Bottle 224.0 ± 6.0 8.0 ± 1.0 16.0 ± 1.0 

 

- 

Cont.wash 232.6 ± 9.7 7.8 ± 0.7 16.0 ± 1.0 

Transverse** 
Bottle** 142 ± 5.0 9 ± 1.0 14 ± 1.0 

Cont.wash - - - 

1st  

Cycle 
13 

Longitudinal 
Bottle 185.9 ± 6.8 6.5 ± 1.1 17.3 ± 0.8 

73.55 
Cont.wash 218.4 ± 3.1 6.5 ± 0.6 17.0 ± 1.6 

Transverse 
Bottle 66.6 ± 2.6 9.1 ± 1.6 17.3 ± 0.8 

Cont.wash 62.2 ± 3.7 12.6 ± 5.8 17.0 ± 1.6 

2nd  

Cycle 
13 

Longitudinal 
Bottle 153.1 ± 7.3 7.2 ± 1.1 17.1 ± 0.7 

74.16 
Cont.wash 168.1 ± 4.2 5.6 ± 0.3 16.5 ± 0.6 

Transverse 
Bottle 67.0 ± 1.9 11.1 ± 2.5 17.1 ± 0.7 

Cont.wash 57.5 ± 6.2 4.1 ± 2.2 16.5 ± 0.6 
*Unpublished data for CF (0th  Cycle), given by Eva González from her research 
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** Transverse bottle-dried results are from using a different spinneret from this paper, 
however expected to be similar to those in article [26] 
 

            The stress analysis of the cellulose films in the longitudinal analysis 

decreases with each cycle. This is most likely due to a decrease in the DP of the 

cellulose molecule from each cycle of recycling. The tenacities of the reference 

cellophane are 125 MPa  in MD and 70 MPa in TD  [59]along with a thickness of 

21-31 µm. Even up to the 2nd cycle of recycled cellulose films, the tenacity is up 

to 153.1MPa for bottle washed films and 168.1 MPa for continuous wash, which 

is still significantly higher compared to cellophane. For each cycle, the thickness, 

of the films remain constant around (16 to 18 µm), which is thinner as that the 

reference cellophane. 

             It can also be seen that when it comes to the longitudinal analysis of 

the films, all of the cycles display higher tenacity when undergone continuous 

washing compared to bottle washed films. This is most likely due to the 

corrugated structure that develops in the cellulose films due to being pulled and 

stretched in the washing and drying process. These corrugated structures help 

distribute the mechanical force evenly, preventing a concentration of force onto 

a single point. This trend must be further studied.  

            In TD the bottle washed films have higher tenacities compared to the 

films washed with the continuous process.  

            The yield for the cellulose films can be determined and reached almost 

75% for both film cycles, which is considered as high. The loss of yield can be 

attributed to the stabilization of the system, as the first few cellulose film 

extrusions before stabilization are thick cellulose films with undefined DR and 

are therefore discarded. On top of this some of the dope is left in the vertical 

cylinder, due to the limits of the mechanical system of the piston, as it cannot 

be lowered all the way down in the cylinder to prevent excessive pressure, 

leading to dead volume with unused dope. 
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4.3.2 Fibers 
 

            The tensile properties of fibers are tested only for DR 9 and DR11 for 

both 1st cycle and 2nd cycle of recycled cellulose fibers. 

 

Table 7: Fibers produced, cellulose content in dope in percentage (%), type of fiber 

testing, maximum elongation in percentage (%), tenacity of the fiber in (cN/tex) and 

linear density of fiber in (dtex). 

 

Figure 8: Tenacity (cN/tex) versus elongation in percentage (%) for a) dry fibers and  b) 

wet fibers 

            For both cycle of recycled cellulose fibers a DR of 11 has been reached. 

This indicates that the total cellulose orientation in the cellulose fibers is high as 

Fiber c 

(%) 

DR Fiber 

Testing 

Elongation 

max (%) 

Tenacity 

(cN/tex) 

Linear Density 

(dtex) 

1st Cycle 13 11 Dry 7.57 ± 0.74 47.77 ± 4.06 1.15 ± 0.11 

Wet 9.13 ± 0.80 40.98 ± 3.86 1.26 ± 0.08 

9 Dry 8.48 ± 0.83 45.66 ± 3.40 1.66 ± 0.14 

Wet 9.84 ± 0.86 40.15 ± 4.00 1.59 ± 0.13 

2nd Cycle 13 11 Dry 8.51 ± 0.85 41.02 ± 3.35 2.03 ± 0.21 

Wet 8.96 ± 0.87 39.29 ± 3.82 2.09 ± 0.21 

9 Dry 8.90 ± 0.89 41.22 ± 3.51 2.68 ± 0.24 

Wet 9.77 ± 0.97 41.07 ± 3.86 2.61 ± 0.23 
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the diameter of the fiber is reduced due to high stretching. The linear density of 

minimum 1.7 dtex is needed for regular textile staple fiber [22]. Based on Table 

7, the linear density results of the 1st cycle fit this criteria. However, the linear 

density of the second cycles seem higher but still able to produce fibers with high 

DRs. Based on Table 7, the tenacity of the fibers dips when they undergo the 2nd 

cycle of cellulose recycling. Regardless, the tenacity of all these fibers from each 

cycle still outperforms the tenacity of cotton, viscose and lyocell fibers, which 

can be seen in Table 8. 

Table 8: Tensile properties of cotton, viscose and lyocell fibers in wet and dry conditions, 

tenacity of the fibers in (cN/tex) and elongation of the fibers in percentage (%)[60] 

Sample Condition Tenacity 

(cN/tex) 

Elongation 

(%) 

Cotton Dry 20-24 7-9 

Wet 26-28 12-14 

Viscose Dry 25 20 

Wet 13 23 

Lyocell Dry 36 14 

Wet 29 16 

 

            Thesis work conducted by Nikolaus Twaroach [24] and Helena 

Sederhom [23], regarding recyclability of cellulose fibers after undergoing a 

lifecycle of a cloth (50  laundry washes), displayed slightly lower tenacity for DR 

11 for the 1st and 2nd cycle of their cellulose fibres. In their study they obtained 

a tenacity of (41.0-44.4) cN/tex for the 1st cycle and 38.6 cN/tex for the 2nd cycle 

of recycled cellulose fibers, while this study managed to obtain a tenacity of 

47.77 cN/tex for cycle 1 and 41.02 cN/tex for cycle 2. This is probably due to a 

slight wear and tear that may have occurred during the laundry washing of the 

cellulose cloths, leading to a slight loss in tenacity. Based on Figure 8 (a), it can 

be seen that DR11 displayed higher tenacity than DR 9 in both cycles.  This is 

due to the high cellulose orientation that is achieved through the high draw ratios 

leading to higher tenacity. The tenacity of all the fibers seem to merge and be 

almost similar, (around 40cN/tex), when tested in wet conditions in Figure 8 (b). 
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4.4 Intrinsic Viscosity and Molar Mass Distribution 
 
 When it comes to recycling, degradation takes place in each cycle. 

Hence, the  change that takes place in the cellulose chains during each cycle was 

analyzed to understand the properties of the films/fibers further. 

Figure 9 : Intrinsic Viscosity of Enocell Pulp, Cellulose films (Cycle 0), 1st Cycle Recycled 

cellulose films and 2nd Cycle recycled cellulose films in milliliters per grams. 

 

Table 9: The number average molecular weight (Mn), weight average molar mass (Mw), 

polydispersity index, low molecular weight fractions of cellulose (DP<100) and high 

molecular weight fractions of cellulose (DP> 2000) , of the material Enocell 5, Cellulose 

Films (Cycle 0), 1st Recycled Cellulose films and 2nd Cycle Recycled Cellulose Films 

 

Sample Mn (kDa) Mw (kDa) 
PID 

(Mw/Mn) 
DP<100 DP>2000 DP 

Enocell 5 

 

44.13 ± 8.5 128.62 ± 5.4 2.99 ± 0.5 7.92 ± 2.0 6.99 ± 0.6 967 

Cellulose 

Films 

42.58 ± 2.9 118.80 ± 3.7 2.80 ± 0.2 8.00 ± 0.9 5.68 ± 0.6 845 

1st Cycle 

RCFs 

39.21 ± 3.2 105.48 ± 1.3 2.70 ± 0.2 8.76 ± 0.9 3.53 ± 0.2 773 

2nd Cycle 

RCFs 

35.98 ± 4.5 93.59 ± 2.4 2.63 ± 0.3 9.79 ± 1.6 2.35 ± 0.3 707 
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            Figure 9, shows the gradual decrease in the intrinsic viscosity of the 

materials leading to a decrease in the degree of polymerization of the cellulose 

molecules. Hence, leading to a decrease in mechanical properties in the cellulose 

films and fiber tenacity.  

            The target intrinsic viscosity needed to produce the required viscoelastic 

properties are approximately 400-500ml/g [22]. The starting material (Enocell 

5) was in the target intrinsic viscosity range with 406 ml/g, however, with each 

cycle of cellulose film production, the intrinsic viscosity decreases. This finding 

is similar the findings from the theses of Niklaus Twaroch [24] and Helena 

Sederholm [23] where for the 2nd cycle fibers produced after a life-time 

simulation of 50 laundry cycles, the intrinsic viscosity is lower than 300ml/g, but 

still is spinnable. 

            The main causes of degradation of cellulose molecules can be attributed 

to the mechanical grinding of the films in each cycle and as well as the thermal 

process the films have to go through such as dissolution, filtration and spinning, 

which can further degrade the cellulose molecule. 

 

Figure 10: Molecular Weight Distribution of Enocell Pulp, Cellulose films (Cycle 0), 1st 

Cycle Recycled cellulose films and 2nd Cycle recycled cellulose films 
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Figure 10 displays the gradual decline in the molecular weight distribution of the 

samples and is further shown by the values in Table 9, whereby the valueof the 

chains that show a DP higher than 2000 decreases as the DP less than 100 

increases.  

 

4.5 Transmittance Analysis 
 
            The produced films for each cycle are very homogenous and clear. 

Figure 12, displays the transmittance value of the cellulose films for each cycle 

of films washed and dried on bottle and using continuous washing and drying. 

Figure 11: Transmittance analysis for cellulose films (CF), 1st Cycle Recycled cellulose 

films (Bottle & Continuous washing) and 2nd Cycle Cellulose Films (Bottle & Continuous 

washing) 

            Based on Figure 11,  the transmittance for cellulose films washed and 

dried with bottles is higher and ranges from (91 -90%) compared to continuously 

washed and dried cellulose films which ranges from (88- 87.5%). This can be 

due to the friction of the films with the roll during drying. In comparison with 

regenerated cellophane films, they also range around (87 to 91%)[61], hence, 

making our cellulose films viable for commercial use. Both cycles of films  

however, illustrate reduced transparency compared to the original cellulose 

films. 
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4.6 Chemical Characterization 
 
            The chemical composition for each cycle of the cellulose films were 

analysed, including the amount of nitrogen present in the produced cellulose 

films to ensure that the ionic liquid is properly washed off the cellulose films. 

 

Table 10: Sugar content in percentage (%) and hemicellulose content, total 

carbohydrates, insoluble and soluble lignin content analysis in percentage (%) for each 

sample (Enocell 5 pulp, Cellulose films (cycle 0), 1st Cycle RCFs and 2nd Cycle RCFs. 

  

Table 11: Elemental analysis of nitrogen, carbon, hydrogen and ash content of Enocell 5 

pulp, cellulose films, 1st cycle recycled cellulose films and 2nd cycle Recycled cellulose films 

in percentage (%) 

 

            Based on Table 10, the amount of lignin in all the samples are small 

and dismissible, as the starting material of synthesized cellulose films is 

dissolving pulp containing mostly cellulose molecules. The cellulosic content 

slightly increases with each cycle while the content of hemicelluloses decreases. 

The ash that is left after ignition in the furnace may be leftover mineral material 

Sample Cellulose 

Content  

(%) 

Hemicellulose 

Content (%) 

Total Carbohy-

drates (%) 

Lignin (%) 

C5 C6 Insoluble Soluble 

Enocell 5 92.2 6.0 0.5 98.7 1 0.3 

Cellulose 

Films 

93.3 5.4 0.6 99.3 0.1 0.6 

1st Cycle 

RCFs 

93.6 5.3 0.5 99.3 0.1 0.6 

2nd Cycle 

RCFs 

93.6 5.1 0.4 99.1 0.3 0.7 

Sample Nitrogen (%) Carbon (%) Hydrogen (%) Ash Content (%) 

Enocell 0.0050 ± 0.001 41.863 ± 0.015 6.222 ± 0.050 0.08 ± 0.03 

Cellulose 

Films 

0.0315 ± 0.004 41.609 ± 0.219 6.501 ± 0.110 0.04 ± 0.01 

1st Cycle 

RCFs 

0.0315 ± 0.005 41.820 ± 0.124 6.493 ± 0.008 0.06 ± 0.03 

2nd Cycle 

RCFs 

0.0390 ± 0.005 41.415 ± 0.057 6.427 ± 0.009 0.07 ± 0.01 
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and residues [62]. The ash contents, from all the samples were low and in the 

expected range of 0.05 to 0.09%[26]. Based on Table 11 as well, the content of 

nitrogen is low for all samples, proving that the washing of the cellulose films 

was successful. 

 

Figure 12: FTIR results of each material: Enocell 5 pulp, cellulose films (cycle 0), 1st cycle 

of recycled cellulose films (bottle and continuous wash) and 2nd cycle of cellulose films 

(bottle and continuous wash) 

            All the materials used for FTIR analysis are displayed in Figure 12, and 

show no other element in the samples other than cellulose. The cellulose bands 

are around wavenumber 3300cm-1 (O-H stretching), 2900cm-1 (C-H bending) , 

1640 cm-1(bound water) and 1375cm-1 (C-H stretching) [63], indicating the 

presence of cellulose.  

4.7 Prediction for Maximum number of cycles (Theoretical) 
 

            Based on Figure 10,  it can be seen that the weight average molecular 

weight of the samples decrease. An estimation was made to predict a theoretical 

number of times the cellulose film can be recycled while still remaining functional 

with good mechanical properties. Equation (8), is obtained for Figure 13 and a 

prediction of the maximum number of cycles the cellulose film can be recycled 

is estimated. The values in Equation (8) for the gradient (𝑚) and y-intercept (𝑐) 

are calculated using OriginPro®2024 software. The average molecular weight for 
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viscose is predicted to be the lowest point of average molecular weight of the 

cellulose films, which can be reached (51kDa). 

 

Figure 13: Trend of weight average molecular weight of samples throughout the 

experiment 

 

𝑦 = 𝑚𝑥 + 𝑐 

                     𝑦 =  −12.61𝑥 + 131.17𝑘𝐷𝑎     (8) 

   

Where, 𝑦 =  51𝑘𝐷𝑎 

𝑦 =  −12.61𝑥 + 131.17𝑘𝐷𝑎 

                    𝑥 = 6.35 

                                                 ≅ 6 𝑐𝑦𝑐𝑙𝑒𝑠 (𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑓𝑖𝑙𝑚𝑠) 

 

            Hence, the theoretical number of recycling cycles is 5, excluding the first 

cellulose films (0th cycle). 
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5 SUMMARY/CONCLUSIONS 
 

            This research has proved that the recycling of Ioncell®-based cellulose 

films is possible and the recycled films are still able to maintain high transparency 

and tensile properties, even if the cellulose molecules undergo degradation. High 

DR are achieved for fibers , which is up to DR11. 

          The cellulose films produced also has high tenacity even during the 2nd 

cycle of recycling of up to 153.1MPa for manual washed cellulose films and 168.1 

MPa for films washed in the continuous process. Both values outperform the 

reference cellophane. Further, fibers have been produced from each cycle. The 

fibers also displayed higher tenacities than Lyocell fibers. Even the lowest 

tenacity of the recycled fibers (39.29 cN/tex) is higher, compared to commercial 

NMMO-Lyocell (36cN/tex).  

            This research has managed to prove that cellulose films made with the 

Ioncell® technology can be recycled, to close the cellulose film production loop.  

          To further increase the potential of this experiment, it is necessary to 

truly test the maximum number of times the cellulose films can be recycled while 

still maintaining desirable mechanical properties. Based on the prediction 

conducted, another 2 more recycling cycles  should be tested to confirm the 

theory. In addition, it is well known that degradation of the cellulose molecules 

will take place, hence, future experiments will have to test various blends with 

other materials to further push the potential of the recycling of cellulose films. 
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Annex 

 

a) This annex lists experimental names of the samples listed in this research 

paper.  

 

Table 12: Sample codes of dopes used for cellulose film production 

Experimental code  Code used in Research Paper 

D_240305_GF13%_EG_DK (Dope 1) D_05032024_1st CycleRCF 

D_240307_GF13%_EG_DK (Dope 2) D_07032024_1st CycleRCF 

D_240311_GF13%_EG_DK (Dope 3) D_11032024_1st CycleRCF 

D_02042024_2ndCycleRecycledCellu-

loseFilms_13%RCF_DK_Big Dope 

D_02042024_2nd CycleRCF 

 

Table 13: Sample code of dopes used for fiber production 

Experimental code  Code used in Research Paper 

D_25012024_cellulosefilms-

grinded_DK 

D_25012024_1stCycleRCFib 

D_26022024_cellulosefilms-

grinded2_DK 

D_26022024_1st CycleRCFib 

D_27022024_cellulosefilms-

grinded3_DK 

D_27022024_1stCycleRCFib 

D_25032024_2ndCycleRecycledCellu-

loseFilms_13RCF_DK 

D_25032024_2ndCycleRCFib 
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