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1. INTRODUCTION 

The consumption of textile fibres has increased from 50 million tons to more than 70 million 

tons during the last decade (Floe 2011). The trend is expected to continue due to demographic 

and economic development. Most of the growth has come from synthetic fibres, especially 

from polyester and polypropylene, but also the production of regenerated cellulosic fibres has 

increased. The global production of man-made cellulosic fibres (viscose, Lyocell, cellulose 

acetate, cupro etc.) is predicted to increase from the present 5.7 million ton (in 2013; CIRFS 

2015) to 19.0 million ton by 2030 due to an increase both in per capita consumption and in 

population (Sixta et al. 2012). Moreover, the production of cotton is limited by the seasonal 

weather conditions, and their ecological sustainability is poor. From the year 2016 EU 

legislation has denied the land fill of organic material including textile waste. This has aroused 

the need to recycle cotton waste textiles as raw materials of man-made cellulosic textile fibres. 

A major part of the cellulose-based man-made fibres is manufactured by the viscose method, 

while the share of Lyocell method is around 4% (Guldt, 2014). The viscose method involves 

significant drawbacks: preparation of the spinning solution requires the use of carbon 

disulphide that is toxic, inflammable, combustible and difficult to recover (Klemm et al. 1998). 

Furthermore, some of the carbon disulphide is decomposed to hydrogen sulphide, which is 

also toxic and explosive. The Lyocell method is more ecologic than the viscose method in 

terms of toxic emissions. However, the dissolution stage is prone to thermal runaway reactions 

that require appropriate stabilizers. The fibre production capacity of Lyocell process is rather 

limited. In the year 2014, it was expanded to 200 000 tons/year (The Fibre year 2013). 

The concern of the safety and environmental issues and to some extent economics of the 

current man-made cellulosic fibre processes, have encouraged the development of new 

cellulose regeneration technologies. 

In the Trash-2-Cash (T2C) project one objective is to utilise the zero-value waste textiles in 

novel more sustainable dissolution and regeneration processes to produce man-made textile 

fibres, and to create high quality products from the fibres. This report gives an overview of the 

cold sodium hydroxide dissolution process, the cellulose carbamate process and the Ioncell-F 

process. Moreover, the main experimental findings of the preparation of sustainable 

regenerated cellulosic fibres from pre-consumer waste textiles in the project are reported. 

  



2 

 

2. APPLIED DISSOLUTION TECHNOLOGIES 

2.1. Cold sodium hydroxide dissolution technologies  

The solvent used in the cold sodium hydroxide dissolution technology is an aqueous solution 

of sodium hydroxide (NaOH).  It is a widely used chemical in the pulp industry and the process 

is rather simple. This makes the technology attractive and more sustainable than that of the 

viscose process. 

2.1.1. History 

Dissolution in NaOH-water systems dates back to the nineteenth century and the discovery of 

mercerization and the viscose process (Budtova and Navard 2016). However, the dissolution 

process evolved quickly in the 1930’s when Davidson reported promising results of cellulose 

dissolution in 10% of NaOH at -5°C (Davidson 1934). Furthermore, Sobue et al. (1939) 

explored the cellulose-NaOH-water ternary phase diagram as well as the narrow range of 

NaOH concentrations and temperatures where cellulose can be dissolved (7-10 % NaOH and 

-5 to +1°C temperature range). The interest in the dissolution technique increased further at 

the end of the twentieth century in the search for direct solvents that could replace the viscose 

process.   

2.1.2. Cellulose activation (pre-treatment) 

The NaOH dissolution process allows for processing of different raw materials from wood, 

paper and textile sources. The aqueous NaOH solvent is a direct solvent, and because of that 

the pulp needs to be activated or pre-treated to dissolve properly. One modification towards 

better and faster dissolution is the adjustment in the degree of polymerization (DP) of the 

cellulose prior to dope preparation. The DP can be estimated by an intrinsic viscosity method. 

The target intrinsic viscosity is close to 250 ml/g. For optimal cellulose dissolution it is important 

to purify the raw material. This is performed in a pre-treatment sequence, which involves 

several bleaching and filtering steps to purify the pulp from non-cellulosic polymers and 

inorganics or various additives and finishing residues that can be present in waste material 

sources. Apart from purifying from impurities, the aim with the pre-treatment is also to activate 

the pulp, i.e. increase the access of the cellulose fractions in the fibre. The pre-treatment 

sequence is adapted to the specific raw material and impurity content.  

2.1.3. Preparation of spinning dope 

Figure 1 illustrates the process steps of the technology. After the pulp activation, the pulp is 

converted into a viscous solution called spinning dope. At RISE Research Institutes of Sweden 

this process often starts with a swelling step, a further type of activation, in a NaOH solution at 

slightly above zero degrees with or without addition of zinc oxide (ZnO). The aim of this step 

is to facilitate the dissolution of cellulose.  After the swelling, excess liquid can be pressed out 

before further addition of NaOH/ZnO solution, and possible stabilisation additives, to dissolve 

the cellulose under constant mixing in order to create the dope. The cellulose concentration is 

adjusted to 5-8 % and the ZnO to 0.8-1.2 % in this step and the dissolution takes place at a 

temperature of -10 to +4°C. The visco-elastic properties of the dope and rheological 

measurements are performed to characterise the dope solutions’ response to shear. Shear 

viscosities are typically in the range of 1-10 Pas. Any gelling tendency of the dope is easy to 

detect with rheological measurements. The dope is also characterised by particle size analysis, 
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light microscopy and modified falling ball viscosity. As for viscose, the cold NaOH solution 

technology leads to partially dissolved cellulose with macro and sub-microscopic cellulose 

particles and aggregates which are an inherent part of the process. Prior to fibre spinning, the 

spin dope is filtered to remove the macro aggregates that would otherwise clog the spinneret 

and interfere with the spinning process.  

 

Figure 1. The process steps of the cold NaOH dissolution technology. 

2.1.4. Fibre spinning 

The fibre spinning occurs in a wet spinning process below room temperature. The cellulose 

solution is pressed through the spinneret holes into liquid, and thereby regenerated. The 

filaments can be regenerated in acid or in alkaline bath with salt e.g. sulphuric acid and sodium 

sulphate used in the viscose process or by carbonate chemistry (Löfgren et al. 2016). The 

fibres need to be stretched during/after the coagulation to achieve polymer orientation and by 

that achieve satisfactory tensile properties. The cold NaOH solution technology allows to 

produce fibres with similar conditioned tenacity as the viscose process in the range of 16-25 

cN/tex. However, the challenge lies in reaching high enough wet tenacity of 10-15 cN/tex. 

2.1.5. Challenges and opportunities 

Challenges of the cold sodium hydroxide dissolution technology are the low maximum 

concentration of cellulose (5-8 %) and the need of an advanced cooling concept for reducing 

energy consumption since low temperatures are used. Moreover, keeping the stability of the 

solutions in order to avoid irreversible gelation with time and temperature is another challenge 

to overcome. Addition of additives, such as metal oxides and in particular zinc oxide (ZnO), 

which can slow down the gelation is therefore interesting (Struszczyk et al. 2001, Vehviläinen 

et al. 2008). Another challenge is efficient novel wet-regeneration chemistry enabling both 

prolonged stretching step and better recovery of chemicals. Through design for integration of 

textile fibre production with a pulp mill the cold NaOH solutions have the high potential for 
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fulfilling the above challenges leading to cost efficient chemical recovery, reduced production 

costs through energy optimisation and lower environmental impact compared to the viscose 

process.  These aspects are currently being developed in the European Union’s Horizon 2020 

research project NeoCel.1  

 

2.2. Cellulose carbamate technology 

2.2.1. History 

Cellulose carbamate technology (CCA) is one form of cold alkaline/sodium hydroxide solution 

technologies. In the mid 1930’s Hill and Jacobs (1938) reacted urea with cellulose. They noted 

that this “nitrogen-containing derivate of cellulose” could be dissolved in dilute caustic soda 

(NaOH) and precipitated the solution by acids to form film or filaments.  In 1961, Segal and 

Eggerton studied the reaction in detailed: When urea is heated to a temperature exceeding its 

melting point (133°C), it decomposes to isocyanic acid and ammonia according to Formula 1. 

Isocyanic acid is very reactive and it forms carbamates with the hydroxyl groups of cellulose 

as shown in Formula 2. The formed cellulose carbamate is found to be alkali soluble at a 

substitution degree of 0.15 to 0.25 (or more), which corresponds to nitrogen content of 1.2 to 

2.0 % in the carbamate. A high substitution degree does not always guarantee good dissolution 

if the distribution of carbamate groups along the cellulose backbone is not uniform (Ekman et 

al. 1998).   

NH2-CO-NH2 → H-N=C=O + NH3 (g)   (1) 

Cell-OH + H-N=C=O → Cell-O-CO-NH2  (2)   

   

2.2.2. Preparation of cellulose carbamate (cellulose activation) 

Commercial chemical pulp is suitable for the carbamation process without any pre-treatments. 

When using the other cellulose sources such as recycled paper, paper board, hygienic 

products, cotton linters and recycled cotton textiles, the raw material is pre-treated to fulfil most 

of the quality parameters of dissolving pulp. The needed pre-treatment methods (chemical and 

mechanical) are selected based on the characteristics of raw materials. The aim is to remove 

non-cellulosic materials like hemicelluloses, lignin, metals, ash, ink, dyes, and residues of 

textiles finishing chemicals, and thus upgrade the quality of the material for carbamation. The 

DP of the cellulose carbamate needs to be at a certain level for efficient dissolution. It can be 

decreased either before the carbamation stage (by acid hydrolysis, aging or irradiation (Ekman 

et al. 1998)) or during it (by microwaves (Fu et al. 2014) or by hydrogen peroxide (Valta and 

Sivonen 2010)). 

A uniform distribution of carbamate groups along the cellulose backbone is an important factor 

in the carbamation process. The contact between urea and cellulose can be enhanced by 

expanding the lattice structure of cellulose with liquid ammonia (Turunen et al. 1985) or with 

strong base, acids or metal hydroxide salts (Ekman et al. 1998). In the other approaches, the 

urea is impregnated in supercritical CO2 (Yin et al. 2007), or the mixture of cellulose and urea 

                                                

1 http://neocel.eu/ 
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is subjected to mechanical working with or without hydrogen peroxide as an auxiliary agent 

(Valta and Sivonen 2010).  

VTT’s method, used in the Trash-2-Cash project, to improve the uniformity of carbamate 

substitution is based on mechanical working of cellulose and urea (Valta and Sivonen 2010). 

The method includes penetration of urea and hydrogen peroxide into the fibre, homogenization 

of the pulp, the reduction of the crystallinity of the pulp and adjustment of the degree of 

polymerization (DP) of the product. In the process (Figure 2) slushed cellulose is first dried and 

then aqueous urea and hydrogen peroxide are mixed with it. The mixture is subjected to 

sufficient mechanical work to homogenize it and to ensure close contact between cellulose 

and urea. In mechanical working device, the mixture is compressed, rubbed, and stretched 

several times. Carbamation reaction is performed at 140 °C with a retention time of 4 hours, 

followed by a refining stage. The formed powder is a stable intermediate product and could be 

stored for a long time. The quality of the cellulose carbamate is characterized by measuring 

the DP, degree of purity (measurement of unreacted urea) and the nitrogen content. 

 

Figure 2. Carbamate process steps before fibre spinning: premixing, mechanical homogenization, 
reaction, dissolving and filtration & air removal. 

 

2.2.3. Preparation of spinning dope 

The cellulose carbamate (CCA) powder is dissolved in an aqueous NaOH solution so that the 

final CCA content of the solution is 6-7 wt% and the NaOH content 8-8.5 wt-% (Valta and 

Sivonen 2011). The CCA and NaOH concentrations depend on the DP of CCA and the target 

viscosity of the solution. Addition of ZnO (about 0.8 %) in NaOH solution is used to improve 

dissolution and stabilize the formed solution. Dissolving is performed in two steps, first by 

moistening the cellulose carbamate with dilute aqueous NaOH (1-2 % concentration) and then 

adding the remaining solvent to a 18 % concentration under intense stirring. This technique 

utilizes the low freezing point of the 18 wt% aqueous NaOH solution. The obtained dope is 

filtered and air is removed by vacuum over the night. In order to avoid hydrolysis of the 

carbamate groups, which decreases the stability of the solution, low temperature is used during 

filtration in combination with air-removal. The stability and quality of the carbamate dope can 

be analysed with clogging value measurements, turbidity (NTU), the ball viscosity method, 

PAMAS particle analyses and with microscopy images.   
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2.2.4. Fibre spinning  

The fibres are typically spun using a 10 % sulphur acid (H2SO4) bath containing sodium 

sulphate (Na2SO4) and aluminium sulphate (Al2SO4). Aluminium sulphate is added to the 

coagulation baths to increase the tenacity and elongation of the fibres. When using the acidic 

coagulation bath cellulose carbamate is precipitated with the substituent groups intact. The 

carbamate can be regenerated to cellulose with hot alkaline treatment, if required. If the 

cellulose carbamate solution is processed at cold temperature, it is possible that about half of 

the original carbamate groups are still in the fibres. As a consequence, the alkali solubility of 

fibres is high and for most purposes the fibres must therefore be treated to remove the 

remaining carbamate groups (Ekman et al. 1998). If the carbamate groups are remained in the 

fibres, they can have antimicrobial properties.  

The mechanical properties of cellulose carbamate fibres can be at the same level as for 

commercial viscose fibres; when dissolving pulp was used as raw material, tenacity of 20-27 

cN/tex with elongation of 10-16 % were obtained (Turunen et al. 1985, Asikainen et al. 2013). 

Fibres produced from carbamated recycled paper and card board materials had slightly lower 

mechanical properties; tenacity of 20 cN/tex and elongation of 16 % (Asikainen et al. 2013) 

and fibres produced from carbamated recycled cotton had a tenacity of 16 cN/tex with an 

elongation of 18 %.   

The fibres have been produced at pilot scale in the late 1980’s by Neste Oy, and recently 

(2017) by VTT. During the spring 2018 a spin-off company named The Infinited Fibre Company 

starts to commercialize the cellulose carbamate technology. One benefit of the CCA 

technology is that it can be easily installed into existing viscose plants.    

 

2.2.5. Recovery 

If sulphuric acid is used for coagulation in the regeneration bath, it is possible to recovery the 

formed sodium sulphate and prepare NaOH and H2SO4 with electrodialysis technology. Then 

estimated 77-88 % of these chemicals can be recycled, although consumption of electricity 

increases significantly (Katajainen 2016). If the cellulose carbamate is washed before 

dissolution the unreacted urea can be recovered and re-used (Fu et al. 2014).  

 

2.3. Ioncell-F technology 

2.3.1. History 

In the Ioncell-F process, the cellulose is dissolved directly without chemical modification. Thus, 

it is a Lyocell-type process, which does not require any additional chemicals for fibre 

production. The solvent used in the Ioncell-F process is 1,5-diazabicyclo[4.3.0] non-5-enium 

acetate ([DBNH][OAc]), a superbase-based ionic liquid (IL). In contrast to the solvent used in 

the Lyocell process (NMMO), the IL is thermally stable under typical process conditions and 

does not require stabilizers. Its unique visco-elastic properties allow for processing at much 

lower temperatures, which contributes to energy savings and avoids cellulose degradation as 

observed in the Lyocell process. Moreover, the IL was identified as a powerful solvent for a 

wide spectrum of (bio-) polymers such as lignin and hemicelluloses. This is of great importance 

when aiming for the solubilisation of waste material, which typically contains residual 
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hemicellulose and lignin (recycled paper) or various additives used in the manufacturing 

process (recycled textiles). Figure 3 shows a simplified flow scheme of the Ioncell-F process. 

The different steps are described in detail in the following paragraphs. 

 

Figure 3. Simplified flow scheme of the Ioncell-F process. 

2.3.2. Raw material pre-treatment 

The Ioncell-F process allows for the processing of ligno-cellulosic material with a high share of 

non-cellulosic compounds such as hemicellulose and lignin. A wide spectrum of wood pulps 

including unbleached Kraft pulp can be spun into high-performance filaments and fibres. Also, 

material from textile waste streams and recycled fibre reject from paper and packaging 

fractions can be used as raw material after appropriate pre-treatment and upcycled to high 

quality textile fibres. The removal of certain compounds such as dyes and finishing agents from 

cotton waste, and ink and ash from paper waste is essential. 

The degree of polymerization (DP) of the cellulose has to be adjusted very precisely to ensure 

stable spinnability in dope concentrations of 13-17 wt%. Both the average molar mass and the 

molar mass distribution of cellulose determine the visco-elastic properties of the resulting 

cellulose solution. Good processability, expressed in high draw ratios, is obtained if the solution 

can withstand the stress exerted during the draw in the spinning process. Several established 

techniques are used to adjust the DP in a raw material-tailored way: 

• Classical acid catalysed degradation. Optional, caustic treatment at higher temperature, as 

used for kier-boiling of raw cotton lint, can be applied to adjust the DP  

• Enzymatic degradation using pure endoglucanases 

• Electron beam treatment offers a dry and chemical-free adjustment of the DP  
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2.3.3. Preparation of spinning dope 

The pre-treated and dried cellulosic material is dissolved by means of a high shear vertical 

kneader system. This is needed because of the high viscosity and elasticity of the resulting 

polymer solution. The visco-elastic properties must be adjusted such that they are within a 

well-defined parameter window. They are primarily governed by the molar mass distribution of 

the cellulose. Solute consistency and temperature further influence the visco-elasticity. The 

rheological properties are determined via different shear measurements to assess the 

solutions’ response to shear as exerted in the spin capillary.  

 

2.3.4. Fibre spinning 

The solutions are spun via a dry-jet wet spinning process (Figure 4). Thereby, the spin dope is 

heated to a temperature providing the visco-elastic properties suitable for spinning. The special 

visco-elastic properties of the cellulose-IL solutions enable a processing and spinning at 

moderate temperatures (ca. 70-80 °C). This prevents any substantial degradation of the 

cellulose. The solution is extruded through a spinneret and the liquid filaments pass an air gap 

before they immerse into the aqueous coagulation bath. The rapid solvent exchange triggers 

the coagulation of the polymer matrix. The conditions in the air-gap may be adjusted by 

modifying the temperature and the moisture content. Due to a very fast spinodal decomposition 

mechanism the solid fibres are formed almost instantaneously, ensuring full solidification when 

the fibres exit the coagulation bath. The filament-bundle is then collected, or further guided 

through the spinning line by motor driven godets. Typically, the fibre uptake by these godets is 

substantially faster than the extrusion velocity of the polymer solution. Consequently, the 

filaments are stretched in the air gap up to a factor of 20. This draw is the main reason for the 

excellent mechanical properties of Ioncell-F fibres. Due to the draw, extensional stress is 

exerted onto the cellulose chains in solution, inducing an axial orientation. The pronounced 

orientation of the cellulose molecules is fixed upon coagulation and results in fibres of high 

tenacity, which is also retained in the wet state. The fibres are then washed and dried either 

online or offline and cut into staple fibres. 

The Ioncell-F technology allows to produce a wide spectrum of fibres. Their linear density is in 

the range of 0.9 dtex to 1.7 dtex, which are typical for staple fibres for high quality textiles. 

Depending on the raw material composition the tenacities in the conditioned and wet states 

can reach 40-50 cN/tex and 35-45 cN/tex, respectively.  

 

 

Figure 4. Left: schematic depiction of the customized laboratory piston spinning system (ve = extrusion 
velocity, vtu = take-up velocity); right: liquid filament in the air gap. After exiting the spinneret capillary 
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the polymer solution shows dye swelling (exaggerated depiction) before the filament is thinning rapidly 
due to the draw force generated by the increased take-up velocity. 

2.3.5. Recycling of ionic liquid 

After the spinning, the IL has to be recycled from the aqueous coagulation and washing baths. 

Similar to the NMMO-based Lyocell process, the water is evaporated by means of a thin film 

evaporator after the impurities have been removed by appropriate techniques. The recycling 

of the ionic liquid is currently developed in the project Technical Development of Ioncell-F with 

special Emphasis on the Solvent Recycling (SolvRec, 2017-2019). 
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3. DISSOLUTION AND SPINNING TRIALS WITH T2C 

COTTON MATERIALS 

3.1. Raw materials  

The raw materials used in the spinning trials in Trash-2-Cash were pre-consumer cotton-based 

waste materials from Söktas and Tekstina. Söktas produces cotton-based fabrics for shirts, 

jacket and trousers. The sample delivered was uncoloured short cotton staple noil fibres from 

yarn spinning. Tekstina is one of the oldest textile fabric producers. Two cotton fabric samples 

collected from their dyeing and finishing processes were delivered; one was printed with non-

fixative dyes, and another with fixative reactive dyes and additionally finished with softening 

agent. The softening agent used was silicon containing emulsion. The characteristics of the 

materials are given in Table 1. 

 

Table 1. Viscosity, metal and ash contents of pre-consumer cotton materials. 

Raw 

material  

Viscosity, 

ml/g 

Al, 

mg/kg 

Ca, 

mg/kg 

Co, 

mg/kg 

Cu, 

mg/kg 

Fe, 

mg/kg 

Mg, 

mg/kg 

Si, 

mg/kg 

Ti, 

mg/kg 

ash 

(550˚C), 

% 

Pre-

consumer 

uncoloured 

cotton 

(Söktas) 

~1900 21 773 <0.1 1 19 724 41 <10 1.6 

Cotton 

printed with 

non-fixated 

dyes 

(Tekstina) 

~900 22 66 0.2 4 <10 37 676 128 1.7 

Cotton 

fabrics with 

fixated 

reactive dyes 

(Tekstina) 

~1000 22 66 0.2 4 <10 37 676 128 0.3 

 67 59 4.5 <0.5 21 12 1200 0.55 0.23 

 

3.2. Pre-treatment of pre-consumer cotton materials   

Typically, the pre-treatment concept of cotton material at VTT combines mechanical, chemical 

and enzymatic treatment stages. The mechanical methods open the fibre structures, and the 

chemical and enzymatic methods remove the unwanted impurities and increase the brightness 

of the materials. The impurities in cotton-based textile waste materials could include metals, 

which originate from dyes and finishing agents. Moreover, both chemical and enzymatic 
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treatments increase the cellulose reactivity toward dissolving agents and adjust the degree of 

polymerisation (DP / viscosity) to ensure stable properties of the dope.   

Textile structure of the pre-consumer cotton materials was disintegrated with a hammer mill 

treatment, and thereafter the materials were subjected to the following pre-treatment stages:  

• Alkaline washing stage (Ew) to remove silicates 

• Ozone (Z) to adjust the DP/ viscosity and to bleach the material 

• Hydrogen peroxide (P) to adjust viscosity (DP) and to bleach the material 

• Acid washing (A) for the removal of metals 

• Endoglucanase treatment (EG) to adjust the viscosity of the material 

 

The target viscosity level of each batch was selected based on the process to be used for 

dissolution and regeneration. For the Cold sodium hydroxide dissolution process the target 

viscosity level was 200-300 ml/g, and for the Ioncell-F and Cellulose carbamate processes it 

was 400-500 ml/g according to earlier development of these technologies. 

The pre-treatment sequences used for dyed cotton materials were Ew -Z-P-A with or without 

intermediated disk refining, and Ew-EG-P-A without any refining. The initial viscosity of the 

uncolored cotton material was so high that after some pre-trials the concept with 

endoglucanase treatment was excluded because of non-effective viscosity reduction when 

tolerable enzyme dosages were used. 

The pre-treated materials were characterized by measuring their limiting viscosity, brightness 

and metal content (Table 2 and Table 3). Apparently, the removal of dyes from the cotton 

printed with non-fixated dyes was more difficult than from the cotton dyed with fixated reactive 

dyes. The brightness of the first was 82 % after Ew-Z-P-A sequences, while the brightness of 

the latter was 85-86 % (Figure 5). 

 

Table 2. Viscosity and brightness of pre-treated cotton materials. 

Material Pretreatment 

sequence 

Viscosity, ml/g Brightness, 

% 

Pre-consumer uncoloured 

cotton staple fibres 
Ew –Z-P-A 170-420 89.9-91.4 

Cotton fabric printed with 

non-fixated dyes 

Ew –Z-P-A 

Ew-EG P-A 

230 

390 - 470 

81.7 

69.7-74.2 

Cotton fabric printed with 

fixated reactive dyes 

Ew –Z-P-A 

Ew-Z-P-A-Ew-disk 

refing 

Ew-EG-P-A  

270-470 

460 

210-520 

85.7-86.2 

84.8 

84.1-89.8 
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The removal of metals due to the pre-treatment sequences was generally efficient. However, 

the silicate content of the cotton material dyed with fixated reactive dyes was still at a high level 

(220 mg/kg) after the pre-treatments. This was most probably due to the silicon containing 

finishing emulsion. Apparently, this caused troubles in dope preparation/spinning, and only 

small amount of fibres from the first pre-treatment batch was obtained using the Ioncell-F 

process (Table 5). The recommended silicate content of commercial dissolving pulps is less 

than 50 mg/kg.  

 

Table 3. Metal contents of refined cotton materials. 

Raw material 

pre-

treatment 

sequence 

Al, 

mg/kg 

Ca, 

mg/kg 

Co, 

mg/kg 

Cu, 

mg/kg 

Fe, 

mg/kg 

Mg, 

mg/kg 

Si, 

mg/kg 

Ti, 

mg/kg 

ash 

(550˚C) 

% 

Pre-consumer 

uncoloured 

cotton staple 

fibres 

Ew –Z-P-A <3 17 <0.5 0.6 3.6 1.9 <10 <0.5 0.01 

Cotton fabric 

printed with 

non-fixated 

dyes 

Ew –Z-P-A 4.9 9.6 <0.5 <0.5 5.3 1.8 14 14 0.05 

Cotton fabric 

printed with 

fixated reactive 

dyes 

Ew –Z-P-A 

Ew –Z-P-A-

Ew-disk 

refining 

Ew –EG-P-

A 

<3 

3.3 

 

3.2 

9.5 

24 

 

9.0 

<0.5 

3.6 

 

0.73 

<0.5 

<0.5 

 

<0.5 

3.3 

11 

 

7.0 

1.3 

<1 

 

1.3 

220 

98 

 

240 

1.6 

<0.5 

 

1.1 

0.02 

0.03 

 

<0.01 
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Figure 5. Samples of cotton dyed with fixated reactive dyes after pre-treatment stages. 

 

3.3. Dissolution and spinning of pre-consumer cotton materials 

3.3.1. Cold sodium hydroxide dissolution technology 

The cold sodium hydroxide dissolution trials in the Trash-2-Cash project have been performed 

within the RISE group (dissolution at RISE and fibre spinning at Swerea IVF). It is pioneering 

work and to our knowledge, the first time cotton fibres are dissolved using the cold NaOH 

dissolution technology with promising mechanical properties. The pre-treated material was first 

swollen in the aqueous sodium hydroxide and the dissolution was thereafter performed in 

NaOH solution with an addition of ZnO and stabilization additives. Cellulose concentration of 

approximately 4.5 % and temperature ranging from -10 to -4 C were used. It was noticed that 

longer dope preparation time was needed for pre-treated cotton material than normally used 

for virgin pulps from wood. Before spinning, the solution was filtered using 2x20 µm PP-non-

woven and a 5 µm metal fleece filter. Multifilament spinning was performed at 10 m/min linear 

extrusion speed through a 300x70 µm spinneret. The cellulose solution was coagulated in an 

aqueous solution of 10 % H2SO4 and 15 % Na2SO4 at room temperature and the newly formed 

fibres were stretched in hot water at 80 °C. Take up-speed was 10-15 m/min. Linear density 

(dtex), tenacity (cN/tex) and elongation at break (%) were measured in a conditioned stage 

(20°C, 65% RH) using a Vibroskop-Vibrodyn system (Lenzing Instruments). All three types of 

pre-treated pre-consumer cotton materials were dissolved to various extents. Of these raw 

materials only the pre-consumer uncoloured cotton from Söktas was spinnable to soft and 

smooth fibres (see Figure 6). The mechanical properties in the conditioned state were tenacity 

of 14.2 cN/tex, elongation of 12.0 %, and titer of 1.5 dtex.  
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Figure 6. Filaments from pre-consumer uncoloured cotton dissolved in cold sodium hydroxide. 

3.3.2. Cellulose carbamate technology 

All three pre-treated pre-consumer cotton materials were carbamated at elevated temperature 

using the mixture of urea and hydrogen peroxide. The nitrogen content of the obtained 

cellulose carbamate samples ranged from 1.0 to 1.2 %. The samples (CCA) were dissolved in 

cold sodium zincate at -5 °C and the solutions filtered through absolute-rated polypropylene 

filter cartridges (50 µm + 10 µm or 50 µm + 20 µm). The carbamates prepared from uncoloured 

cotton (Söktas) and from cotton which was dyed without fixatives (Tekstina) dissolved and 

were regenerated into fibres. The carbamate prepared from cotton that was dyed with fixated-

reactive dyes (Tekstina) did not produce a stable solution and was not processed into fibres. 

The fibres were spun in an acidic coagulation bath (8.5-10 % H2SO4, 8-10 % Na2SO4, 8-10 % 

Al2(SO4)3) using a spinneret with 1000, 2000 or 2100 orifices of 50µm. Spinning velocity was 

either 20 or 30 m/min and the maximum stretching ranged from 31 to 57 %. Fibres were 

collected as continuous filaments, but were cut manually to 55-60 mm before washing. Linear 

density (dtex), tenacity (cN/tex) and elongation at break (%) were measured in conditioned 

stage (20 °C, 65 % RH) using a Textechno fibre testing instrument. Results of the fibre 

properties are given in Table 4. 
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Table 4. Properties of fibres. 

 Cellulose 

carbamate 

Cellulose 

carbamate solution 

Cellulose carbamate fibres 

Raw material N% Dry 

content, 

wt% 

Falling 

ball 

viscosity, 

s/20cm 

Titre, 

dtex 

Tenacity, 

cN/dtex 

Elongation, 

% 

Maximum 

tenacity, 

cN/dtex 

Pre-consumer 

uncoloured cotton 

staple fibres 

(Söktas)  

Ew-Z-P-A 

1.2 5.6 10 1.9 0.90 13 1.50 

Cotton fabric 

printed with non-

fixated dyes 

(Tekstina)  

Ew-Z-P-A-Ew-

Bauer 

1.1 6.4 60 2.3 1.15 20 1.55 

 

3.3.3. Ioncell-F 

Within the Trash-2-Cash project the Ioncell fibres were possible to spin from pre-treated pre-

consumer cotton samples from Tekstina. The dope from pretreated uncoloured cotton was not 

spinnable. The optimum dope concentration was 13-14 % with zero shear viscosity of 10 000-

30 000 Pa*s and a dynamic modulus of 2 000-3 500 Pa at the crossover point resulting in 

spinning temperatures between 60-90 °C. Overall, the bleached substrates seemed to show a 

good spinnability with high yields. 

The ionic liquid ([DBNH]OAc) was liquefied at 70 °C before the pre-treated and shredded 

cotton was dispersed in it. Thereafter, the mixture was kneaded for 1.5-2 hours/30 rpm at 80 

°C under reduced pressure (10-100 mbar). The obtained solution was filtered via a hydraulic 

press filter device (metal filter mesh with 5 µm absolute fineness, Gebr. Kufferath AG, 

Germany) with 2 MPa at 80 °C to remove the undissolved substrate impurities, which would 

deteriorate the spinnability. After filtration, the dope was solidified for storage in a refrigerator. 

Although the removal of undissolved particles enhances the spinnability of the prepared 

cellulose solution, it also affects the final concentration of the spinning dope. Depending on the 

amount of solid residue present, this deviation in the concentration has to be compensated for 

in order to achieve consistent fibre properties.  

Multi-filaments were spun with a customized laboratory piston spinning system (Fourné 

Polymertechnik, Germany; see Figure 4). The solidified solution was placed in the cylinder, in 

which the dope was heated to form a highly viscous, air bubble free spinning dope. The molten 

solution was then extruded at 60 – 90 °C through spinnerets with 200 orifices of 100 µm. After 

passing through a 1 cm air gap, the filaments were coagulated in a water bath (7-15 °C) in 

which the filaments are guided by Teflon rollers to the godet couple. The draw ratio was set to 
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approximately 12 to obtain high tenacity textile grade fibres. Finally, the fibres were washed in 

hot water (80 °C) and dried. Linear density (dtex), tenacity (cN/tex) and elongation at break 

(%) were determined in both conditioned (20 °C, 65 % RH) and wet states using a Vibroskop-

Vibrodyn system (Lenzing Instruments GmbH & Co KG, Austria). Ioncell fibres produced from 

pretreated pre-consumer cotton sample showed good tensile properties, which are 

summarized in Table 5. 

Table 5. Average mechanical properties of fibres. 

 Conditioned Wet 

Fibre type Titer 

(dtex) 

Tenacity 

(cN/tex) 

Elong. 

% 

Titer, 

dtex 

Tenacity 

cN/tex 

Elong. 

% 

Cotton fabrics with fixated 

reactive dyes (Ew-EG-P-A) 

1.71 48.47 8.42 1.71 42.92 12.29 

Cotton printed with non-fixated 

dyes (Tekstina) (Ew-EG-P-A) 

1.20 46.58 9.45 1.21 46.20 10.84 

 

3.4. Comparison of technologies 

3.4.1. Sodium hydroxide based-methods 

The dopes obtained from Cold sodium hydroxide dissolution and from Cellulose carbamate 

dissolution can be spun into fibres by using similar spinning bath chemistry and spinning 

method as in the commercial viscose fibre process. The main difference between the 

experimental (Cold NaOH and CCA) and commercial (viscose) processes lies in the moment 

of fibre forming. In the experimental methods the dope is coagulated through the neutralisation 

reaction, while in the viscose process it involves chemical reaction in which the cellulose 

xanthate coagulates and regenerates to cellulose. The neutralisation occurs instantly as the 

solution emerges through the spinneret in the coagulation bath, it is very fast and allows only 

moderate stretching ratio for the as-spun fibres. As a contrary, the chemical reaction in the 

viscose process produces gel filaments that can be stretched effectively between the godets 

during the spinning. The stretching has direct consequences on the orientation of the cellulose 

molecules during the spinning and on the mechanical properties of the fibres obtained i.e. the 

higher the stretching the higher the tenacity of fibres. 

3.4.1.1. Characteristics of fibres 

Tenacity of the commercial nonwoven type viscose fibres prepared from dissolving pulp is 

typically from 20 to 25 cN/tex with elongation of 15-20 % (Fu et al 2014). Carbamate fibres 

produced previously from dissolving pulp (Turunen et al. 1985), from recycled paper and from 

recycled board (Asikainen et al. 2013) had comparable mechanical properties with the viscose 

fibres. However, the carbamate fibres produced in this work from pre-treated pre-consumer 

cotton had somewhat lower tenacity (Table 6). This is probably due to very compact layered 

structure of cotton fibres which restricts the complete dissolution of the material, and also due 

to the residual impurities coming from the textile printing stage of the recycled raw material. 

These affect the flow properties of the spin dope and cause weak points in the formed filament. 

This restricts the stretching of the fibres during the spinning and thus, the orientation and 
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tenacity of the fibres remain at lower level. The same reason applies to the Cold sodium 

hydroxide dissolution technique. By enhanced dissolution there is a possibility to improve the 

properties of fibres produced from recycled cotton based raw material. 

Table 6. Characteristics of experimental and commercial fibres. 

 CCA 

N% 

Titre, 

dtex 

Tenacity, 

cN/tex 

Elongation, 

% 

Reference 

Lenzing viscose  

(from dissolving pulp) 

- 1.5 20.8 

(max 26.2) 

18.9 Reference fibres 

in this work 

Viscose nonwoven type 

fibre 1 (from dissolving 

pulp) 

- 1.7 22.8 19.3 Vehvilainen et al 

2008 

Cellulose carbamate  

(from dissolving pulp) 

1.6-

2.2 

 22.0 16.0 Turunen et al 

1985 

Cellulose carbamate  

(from dissolving pulp) 

1.2 2.0 21.0 15.2 Asikainen et al 

2013 

Cellulose carbamate  

(from recycled paper) 

2.2 1.9 21.0 16.2 Asikainen et al 

2013 

Cellulose carbamate  

(from recycled board) 

1.5 2.2 20.0 15.4 Asikainen et al 

2013 

Cold alkaline solute  

(from recycled cotton) 

- 1.5 14.2 12 this work 

Cellulose carbamate  

(from recycled cotton) 

1.1 2.3 11.5 

 (max. 15.5) 

20 this work 

 

The surface and cross section structures of fibres spun from Cold sodium hydroxide 

dissolution, Cellulose carbamate and viscose dopes were studied by scanning electron 

microscope (Figure 7). The experimental fibres have rather similar structure with each other; 

the surfaces are formed from axial stripes with transversal fine morphology, and the cross-

section shapes are roundish. The surface of viscose fibres is also formed from axial stripes, 

however without clear fine morphology and the cross-section shape is more oval than round 

and has serrated structure. 

The circular cross section of experimental fibres suggests that the yarns made from them 

would have softer handle than the yarn made from the viscose fibres (Moncrieff, 1970). Despite 

the circular shape, the fine structure of the surface of experimental fibres might increase the 

surface area of them compared to viscose. This will result in better absorption of water and 

dyestuff leading to more efficient dyeing of them compared to viscose fibres. 
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a) Fibres spun with Cold sodium hydroxide dissolution method 

   

b) Fibres spun with Cellulose carbamate method. 

  

c) Commercial nonwoven type viscose fibre (Vehviläinen et al 2008) 

Figure 7. Scanning electron images of fibres. 

 

3.4.2. Ionic liquid based-methods 

Concerning dry-jet wet spinning with direct non-derivatising solvents only one process is 

established on a commercial level. The NMMO-based Lyocell process (tradename Tencel®) 

is fully owned by the Lenzing AG with production sites in the USA, UK, and Austria. 

The properties of Ioncell-F fibres and commercial Tencel fibres have been compared 

previously (Sixta et al 2015). Typical stress-strain curves are depicted in Figure 8. The Lyocell-

type fibres Tencel and Ioncell have higher tenacities and moduli, but lower elongation than 

viscose-type fibres. Also, the morphology of Ioncell and Tencel fibres is very similar, both 

showing a smooth surface, circular cross section, and fibrillar fibre body (Figure 9). 
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Figure 8. Stress-strain curve of Ioncell-F, Tencel, viscose, modal and cotton. 

 

 

Figure 9. SEM images of a commercial Tencel fibre (left) and a regular Ioncell-F fibre (Michud et al 
2016). 

Recently, Lenzing AG has introduced RefibraTM, which is also a Lyocell fibre. Unlike the regular 

Tencel® fibre, RefibraTM is spun from a mix of pre-consumer cotton waste and regular 

dissolving pulp. Currently, there is no product that was produced from 100% pre-consumer 

cotton like the prototype products of Trash-2-Cash. There are several other initiatives using 

direct solvents for spinning of cotton waste (Worn Again, UK; Saxcell, NL). However, none of 

those companies is yet on a commercial level nor has reported any distinct fibre properties and 

data. Thus, they have to be considered on a conceptual level so far. 
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