


[bookmark: _Toc128391117]Summary
Viscose Closures, an SME in south Wales, currently use legacy equipment and chemicals to print on wet regenerated cellulose tubing. The current print process uses azo bases and naphtol powders to create a chromatic azo dye absorbed into the cellulose structure. The effectiveness of this printing method is depreciating as the chemicals become obsolete and the printing method can only cope with singular colours. Therefore, new printing methods were explored in literature, with six new methods investigated: reactive dyes, acid dyes, gravure, dye dispersions, pigment dispersions and azo dispersions. These were then scored over seven categories, including sustainability, the supply chain, and the customisation available to the customer; the highest scoring method was reactive dyes.
Reactive dyes were dyes that reacted with the substrate, with Vinyl Sulfone dyes having the highest affinity in literature to cellulose, resulting in it being the chemical group that was tested. A process optimisation study was then carried out on the printing of Vinyl Sulfone dyes, looking at the exhaustion rate, fixation rate and conditions required to give a high-quality print. The variables optimised were the washing and soaking temperature, and chemicals in the soaking solution: sodium chloride and sodium carbonate. The optimum conditions were 60°C for the soaking solution and 80°C for the washing temperature, along with 15wt% sodium chloride and 8wt% sodium carbonate. This gave a high exhaustion rate but an average fixation rate, but additional steps have been recommended to improve the fixation rate. These are the automated control of the temperatures to maintain the correct temperature and the addition of salts and carbonates to the washing solution to extend the fixation period.
To determine if Vinyl Sulfone dyes could supersede azo base dyes a comparison was made. The colour range and variation were larger with vinyl sulfone dyes, as the same soaking solution is required for every colour, whereas each brenthol solution achieves a narrow range of colours. Furthermore, the obsolescence of azo bases limits the number of colours that can be achieved, but Vinyl Sulfones have the full range of colours available to them. Currently the primary disadvantage of Vinyl sulfone is the lack of colour depth, with darker colours being difficult to achieve because of a poor fixation rate; however, the rate can be improved by increasing the length of time the fixation rate can occur, as per the recommendations. The sustainability of the Vinyl Sulfone process is far greater, as the chemicals have organic sources. The environmental impact is also reduced as the effluent streams are easier to clean than azo dye wastes. Finally, to be able to implement the Vinyl Sulfone system, salinity and pH probes would be required for automated control, using industry 4.0 techniques to regulate chemical levels. This is because, while Vinyl Sulfone dyes require stricter process controls than azo dyes, they are suitable alternative that is necessary due to azo bases becoming obsolete world-wide.                                                                                                                                                      
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1. [bookmark: _Toc128391120]Introduction
Viscose Closures is a SME which manufactures cellulose tubing by extruding viscose (cellulose xanthate) through a series of chemical and hot wash baths. The tubing is then converted into secondary tamper evident seals through a cutting process. The tubing can have logo designs imprinted onto it through the cellulose print process at Viscose Closures, which uses a historic chemical reaction with a chromophore compound that generates the colour. This is a coupling reaction between a brenthol and azo base, with many variations and resulting colours being documented. This process can be broken down into several stages, with the 1st being the absorption of brenthol into the cellulose tubing and excess brenthol removed through wiping and suction. The 2nd stage is the transfer of the azo base through a series of rollers from the ink well to the di. The application of the base to the tubing in the logo design, causes the reaction to occur in the patterned area. The 3rd stage is then the curing of the dye as well as the removal of excess unreacted brenthol (The Kynoch Press, 1951). This process is repeated with every impression on the di, allowing printed tubing to be cut into set cut length bands with a customer’s logo imprinted.
[image: ]
[bookmark: _Toc127442349]Figure 1: Viscose Closures current printing tooling
The null hypothesis is that azo base printing is the most effective method of printing designs onto wet cellulose tubing, which has not been significantly altered since its inception in the early 20th century (The Kynoch Press, 1951). This can be disproved using several different criteria forming the hypotheses this report will explore. The first is that due to the age of the process, the chemicals have become obsolete in the majority of industries, however printing on wet cellulose is a niche area that is only occupied by Viscose Closures. Therefore new chemicals that allow for tubing to be dyed will be investigated, as the current colour range is limited due to the gradual phasing out of brenthols and azo bases. Furthermore modern printing processes allow for multiple colours to be printed consecutively without large numbers of additional process steps, so should be tested for their suitability for wet cellulose material, creating the second hypothesis. There are also methods in development that may allow number sequencing to be applied, opening additional possibilities for printing on cellulose. Finally the difficulty of new methods should be compared to the current process, using measurements such as printing setup and ink synthesis times to illustrate the difficulty of the process. This will allow the modern printing methods to be ranked and compared to determine the most effective one to replace the current method if they are shown to be superior in the three hypotheses.


2. [bookmark: _Toc128391121]Literature Review
To be able to explore new methods of printing on wet cellulose tubing, the distinction needs to be made between dyeing and printing material; this increases the scope of possibilities available to applying designs on cellulose. Dyeing is predominantly a single colour process with no design and the dye does not use thickener, whereas printing uses multi-colour designs on the surface of materials with paste inks (TN State Board School, 2018). The current printing process utilises a dye based ink with designs that are only possible through printing principles; this means exploring both areas increases the chances for new technologies to be applied.
2.1. [bookmark: _Toc128391122]Current Printing Challenges
The current printing process used at Viscose Closures has been assessed to ensure the strengths and weaknesses are known. The chemicals required to make the diazonium salt are hazardous and take a long time to synthesise, with the majority breaking down at temperatures above 0°C. This is because concentrated hydrochloric acid is required to activate the salt, which is a carcinogen if it is an aromatic amine (Guerbet, et al., 2007) and the addition of sodium nitrate releases harmful gases while being mixed for 2 hours (Li, et al., 2022). The printing press is unique to Viscose Closures and therefore scientific evidence is not available at an industrial scale, although figure 1 shows that the ink is transferred across several rollers for an even spread before being applied to the di. When the di deposits the ink onto the brenthol, the coupling reaction happens (The Kynoch Press, 1951). Occurring after the reaction, the washing and soaping process removes all unfixed hydrolysed and unreacted dyes, which is a potential hazard and damages the colour in the fibre (Khatri & Jhatial, 2015). This indicates why the soaping process is required on cellulose fibres to retain colour fastness (Parmar, 2019).
Cellulose tubing products need to be consistently wet until they are applied as a tamper seal, as their shrinking method is through evaporation, causing the voids between cellulose micro fibrils to reduce in size (Ibrahim, et al., 2022). Ideal inks on wet surfaces would have a high opacity or viscosity (PolyOne, 2016), but azo inks utilised at Viscose Closures have a low viscosity which is rectified through the addition of gum Arabic. The ideal thickener should create a homogenous solution without impacting the diffusion and colour, while preventing the ink bleeding into the rest of the tubing, resulting in a clear design (Reda, et al., 2022). Therefore while the current brenthol based process is functional, there are additional improvements that can be made to increase the print resolution that can be achieved on wet materials.
Azo dyes rose to significance as synthetic dyes allowed more vibrant colours to be worn in the 19th century (Forster & Christie, 2013) due to abundance of industrial processes. However these chemicals created environmental and safety concerns through their manufacture, with the first studies showing them as carcinogenic in 1906 (Pratt, 1968). Additionally the dye has to be made in-situ while on the tubing through the coupling reaction (Clarke, 1974), with the reactants having a short life-span and creating hazardous waste. All azo dye waste is difficult to dispose of due to the complexity of the molecules with undesirable influences on the environment (Chequer, et al., 2013); the result of the environmental impact and the carcinogenic issues have seen azo dyeing processes become obsolete in many industries as it is seen as unethical (Khatri & Jhatial, 2015). 
Further limitations of the process are unique to Viscose Closures, with literature on the issues not readily available. The first is that for cellulose fibres to be dyed, they must be soaked in a brenthol specific to the required colour (The Kynoch Press, 1951). For another colour to be added the brenthol would have to be removed, which would be through the soaping and washing process; however the secondary print colour registration with the first is not achievable with the current process and turnover times. The current turnover requires a full clean down, as any trace old azo inks will impact the colour, as well as a brenthol and ink change. Furthermore, due to international limitations on most azo bases historically used in cellulose printing, the colour range is severely limited (Bafana, et al., 2011).
2.2. [bookmark: _Toc128391123]Modern Printing Methods
Lean manufacturing has already been implemented in the textile industry, which uses dyeing processes, to reduce waste and production time. Whilst this is primarily through looking at equipment placement, takt times for each process step were assessed (Leyva, et al., 2018). Therefore, each printing method can be broken down for a comparison to be made, with more process steps indicating a greater complexity. The majority of dye types can be used on most of the analogue printing methods discussed; therefore the print dyes will be compared against each other. The analogue methods will be primarily compared to digital methods that are gradually occupying the market (Khan, 2016).
2.2.1. [bookmark: _Toc128391124]Reactive Dye Methods
The current process uses azo dyes, which are known for their absorbance to wool fibres (Ruthlane, 2012), to create colours from the chromatic coupling with naphtols. A modern replacement are reactive dyes, that bind directly to the substrate and have excellent fastness properties (Lewis, 2015). Reactive dyes bind to the substrate through a covalent reaction, with a chromophore group already within them (Hunter, et al., 1999). Furthermore the colour range for reactive dyes is tailored towards cellulose fibres (The Woolery, 2022), implying the colour fastness should be high. There are 5 classes of reactive dyes that are listed in table 1, with vinyl sulfone and bifunctional dyes the most likely to be successful on cellulose tubing (Smigiel-Kaminska, et al., 2020). The 5 classes of reactive dyes rely primarily on 2 chemical compounds: chlorotrianzyl and vinyl sulfone; these can be used in combination to further expand the range of colours available.
[bookmark: _Toc127455847]Table 1: 5 Classes of reactive dyes for applications on cellulose fibres (Smigiel-Kaminska, et al., 2020)
	Name of group
	Type of functional group
	Primary use of dye

	MCT/VS bi-functional dyes
	Monochlorotriazinyl group and vinyl sulfone group
	Dyeing of cellulose fibres

	VS dyes
	Vinyl sulfone group
	Dyeing of cellulose fibres

	MCT/MCT bi-functional dyes
	2 Monochlorotriazinyl groups
	High fixation in polyester/cotton blends

	MCT Dyes
	Monochlorotriazinyl group
	

	DCT Dyes
	Dichlorotriazinyl group
	



Vinyl sulfones are utilised by dying material at temperatures that reach 130°C and can take an hour on nonpolar materials such as polypropylene (Elmaaty, et al., 2022). However cellulose chains are polarised through the activation of the hydroxyl groups, meaning that cellulose will react quicker than polypropylene. Although sulfone reactions are known to be slower than other reactive dyes when forming bonds with hydroxyl groups (Shao, et al., 2014) which are the easiest bonding point on the cellulose structure. Sulfones achieve a higher fixation on to cellulose than MCT, however the reactivity of vinyl sulfone can be improved using MCT due to the polarity of chlorine groups (Kan & Fong, 2017). Increasing the reaction speed is critical for a continuous process, as it will dictate the speed at which the production line can operate at, however if the exhaustion rate is very high then the ink well will have to be continuously supplied. This is the case with DCT which cannot be reused, reducing the effectiveness on a continuous process (Kan & Fong, 2017). Another advantage of using MCT/VS bifunctional dyes, such as the Supra range, is that they have good solubility and fastness to cellulosic fibres, while maintaining a 70% fixation percentage (Dalal & Desai, 1996). 
The covalent bonds between MCT and cellulose are further improved by the physical bond (Sugane, et al., 2001), which ensures the colour fastness of MCT on dry cellulose is very high (Yasuyo, et al., 1997). This is an additional positive to varying the dyes used, as stronger physical bonds between the dye and cellulose would allow the cellulose bands to be stored within solution before application without the print design being effected. The diffusion of MCT dyes into the cellulose structure becomes less dependent on dye concentration as the salt concentration increases the rate similar to direct dyes (Bae, et al., 1997). High salt concentrations are required to polarise the cellulose substrate, as positive charges on the structure allow for the dyes to bond with the structure (Talukder, et al., 2017). Furthermore, smaller MCT dyes are greatly impacted by salt concentrations, with high sodium sulphate salt concentrations resulting in the best dye adsorption for all MCT based dyes (Bae, et al., 1997). To remove these high levels of salts from the cellulose, the wash off process is with process water and sodium carbonate at 80°C for 15 minutes (Burkinshaw & Anthoulias, 1996).
Due to the affinity of Vinyl Sulfone dyes to cellulose, the dye has become the basis to which the mechanism and methods of applying reactive dyes has been explored. The mechanism that reactive dyes utilise to react with the material requires chemicals such as salt to charge the surface of the material. For Vinyl Sulfone dyes, the sodium chloride salt was used as the electrolyte to increase the absorption of the dye into the cellulose structure, known as the exhaustion rate. The exhaustion is the amount of dye left in the dye liquor after the 1st application, whereas the fixation is the amount of dye left on the material after the remaining processing steps as shown in equations 1 and 2 respectively (Haque, et al., 2015). The fixation rate is linked to the reaction rate of covalent bonds forming, by charging the cellulose structure in alkali conditions. Dependent on the reactivity of the dye material, different agents can be used, such as sodium hydroxide, sodium carbonate and sodium bicarbonate (Chowdhury, 2014). The most prominent for VS dyes is soda ash, primarily made of sodium carbonate, with the concentration having a greater importance to VS dyes than MCT dyes because they are more chemically sensitive (Sultana, et al., 2018). 
Equation 1: Exhaustion of Dye within a Substrate

Equation 2: Fixation of Dye onto Substrate

Most colours can be achieved using a variety of reactive dyes (Sultana, et al., 2018), making it highly advantageous over the current printing material of azo dyes. Furthermore, they require a similar setup to azo dye printing, as a pre-treatment solution is required and the post treatment process was washing the tubing using steam-based heat (Hossain, 2021). The fixation of VS dyes requires a lower salt concentration, with just enough to negate the negative cellulose zeta potential. This then allows the dyes and fixers to be absorbed into the cellulose structure (Wolela, 2021). Fixers reduce the salt concentration required, as they are high molecular and low soluble cationic or anionic chemicals that lock within the structure (Mughal, et al., 2011). This means that the substrate will have a consistent charge, enhancing the exhaustion of the dye and increasing the fixation as the dyes will be attracted to the substrate.
The charge of the fixing agent is dependent on the charge of the dyeing chemical as well as the partial charge on the material, with VS dyes and cellulose both requiring alkali conditions to functionalise their hydroxyl groups. VS dyes are in equilibrium with an inert form in acidic conditions, which can be forced to the reactive state by stirring at 70°C and pH 8 for 30 minutes; the reactive state will result in a higher fixation rate through more covalent bonds being formed (Burkinshaw, et al., 2001). Sodium Carbonate is used over sodium hydroxide as it creates a more stable alkali condition, ensuring the cellulose is negatively charged and not fluctuating, which is required for high fixation rates. This was why sodium carbonate soda ash was supplied with Colourcraft’s Vinyl Sulfone starter pack, as an increase in dye density results in an increase to the colour intensity of the dyeing (Colourcraft, n.d.). 
Additional fixing agents can also be utilised; however, these are dye specific (Mazumder & Haque, 2011) and therefore can create further issues if a variety of inks are being used. This is because the environmental impact of reactive dyes is dependent on the amount of waste chemicals required for the fixation, as each dye requires different salt and caustic concentrations to achieve the best results (Irfan, et al., 2020). Therefore, if additional fixing agents were added, then the effluent would become more complex, creating a larger issue. This is because complex effluent streams are difficult to separate to allow industry processes to remove them before being released into the environment. There are many instances of industrial processes polluting water streams, which creates a negative image of the business. However a novel method of dyeing materials removes the salt concentration requirement by using monoacylfluoride groups to include another covalent bond within the adhesion (Zhao, et al., 2022). This means that there will be less chemical waste due to a higher fixation rate, with the monoacylfluoride being absorbed into the cellulose structure, although monoacylfluorides are more hazardous than sodium chloride.
The process conditions for optimal VS exhaustion and fixation are 70°C at pH 8-9, which is lower than VS/MCT based dyes at 90°C (Shao, et al., 2014). This means that the reaction between the cellulose and VS dyes happen at a low temperature compared to other dyes; furthermore the anionic conditions reflect the conditions needed to charge the cellulose fibres. In order to get deeper colours, higher fixation efficiencies are needed, requiring a higher salt and soda ash concentration. For example on cotton, a cellulose based fabric, light shades require concentrations of 20g/L of salt and 5g/L of soda ash. However darker shades with a fixation efficiency that is 3 times greater require 45g/L and 12g/L respectively (Mazumder & Haque, 2011). This means that different solutions are required, depending on the colour of the print. Reaction based dyes have been trialled on ink jet printing methods, using carboxylate-based dyes that are applied to pads at high concentrations of 50g/L (Lewis, et al., 2021). These are like the fixer-dye relationship between sodium carbonate and VS dyes, which form carboxylate intermediates in the fixation process reactions. This implies that it is possible to use VS dyes as inks that cure, giving a high water fastness, in a short time period.
The primary limitation of using reactive dyes is the low fixation rate of reaction, which greatly limits the usability of the dyes. The dyeing of cellulose materials using reactive dyes can be enhanced by the functionalising the cellulose structure with a positive quaternary amine (Mikhailovskaya, et al., 2014), by reacting the cellulose with the chemical CHPTAC. This changes the covalent bonding to ionic bonding of the reactive dyes to the surface of the cellulose and increases the fixation rate, leading to better colour fastness. This is because ionic charges have a greater electrostatic attraction than dipole charges. Furthermore, due to the ionic bonding, no electrolytes are required, with a very quick reaction rate at room temperature (Prus, et al., 2022). However in order to functionalise the cellulose, a Sand-Meyer substitution reaction must occur, which is a 48 hour reaction under caustic conditions; this negates any process savings from not requiring electrolytes for the dying process.
2.2.2. [bookmark: _Toc128391125]Acid Dye Methods
Acid dyes have a similar range to reactive dyes (The Woolery, 2022), however they are better at dyeing protein fibres, which is why they are effective on wool. This is because they tend to form potassium salts which, when dissociated, form acid functional groups; this acid group bonds well with protonated amine groups which are primarily found in proteins (IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, 2010). Protonated amine groups are formed in acidic conditions, meaning that they are suited to acid based dyes. Amine groups are not as prevalent in cellulose based structures, where the primary functional groups are hydroxyls.
The current acid dye manufacture process is similar to acid azo dyes, as the reaction is through a coupling reaction with a diazo aryl amine, activated using hydrochloric acid and sodium nitrite, and naphthalene sulfonic acid (Akhtar, et al., 2018). This means that the process uses harmful chemicals, as hydrochloric acid is a strong acid; however, they are not required to be made in situ, implying they have a longer shelf life than azo base solutions. Coumarin based acid azo dyes are a current industry replacement to carcinogenic acid azo dyes, as they are used in the pharmaceutical industry and are currently the most available dye for protein chain-based products (Mohamed, et al., 2014). There are also green methods of synthesising these dyes, resulting in better product sustainability and increased popularity (Zhang, et al., 2022).
Novel acid dyes have been used for high-speed ink jet printing, with better optical and stability properties than azo dyes (Choi, et al., 2019). These are acid dyes based on perylene bismides, a class of functional acid dyes that can be functionalised with many different groups through halogenation reactions (Nowak-Krol & Wurthner, 2019). However, they have only been tested on dry mediums, which means that wet materials may not achieve the same quality of print. The chemistry to manufacture these dyes commercially varies dependent on the function and functional groups being added to the molecular skeleton, with easily made dyes being readily available. Some variations of these dyes are highly complex however, due to the ease at which new functional groups can be added, making them ideal dyes for tracing proteins throughout biology. These reasons have resulted in this area of dye synthesis growing (Nowak-Krol & Wurthner, 2019), meaning suppliers are easily aviliable. 
2.2.3. [bookmark: _Toc128391126]Digital Printing Methods
Textile printing has many similarities with printing on wet regenerated cellulose, as both are fibrous materials that undergo a washing process, therefore requiring a high water fastness. There are a variety of ink types, some which have already been discussed such as acid dyes and reactive dyes, that need pre-treatments. These pre-treatments are predominantly activating the material with thickeners, alkalis and urea to allow for better dye absorption. The other types of inks are dispersion inks, that only require a thickener to improve the fastness of the print (Hossain, 2021). These dispersion inks have become the most common ink in digital printing methods, due to the simplicity of the process. However dispersion inks tend to have a lower water fastness than reactive dyes, as they are not covalently bonded to the substrate structure.
Printing methods are being required to become more flexible, with shorter print runs and quicker turnarounds being expected. Therefore, analogue methods, such as rotary screens, flat-beds and roller printing are becoming outdated as they have longer setup times and require longer runs to become efficient (Cahill, 1999). The current printing process at viscose closures is an analogue roller method that requires individual print dies being made for each design, offering a customer very little customizability. Digital print methods can be quickly programmed, as they use a printing head, consisting of a set of needles, to printing any shape and any colour. However, to achieve deep colours or high resolutions, longer times are required for the ink to be absorbed and set (Hossain, 2021). Furthermore, digital inks are more complex and therefore require more controls, which is why they are relatively recent when compared to analogue methods (Cahill, 1999). 
The majority, 50%, of textiles are printed using the textile screen printing method, which is an analogue method of applying pigmented inks (Tofan, et al., 2021). One of the key issues with this method was it was not sustainable over short production runs, as it did not allow for the cost of removing colour inconsistencies and poor print quality built into every run to be compensated for (Ntim, et al., 2017). This is because the print plates have to be manually setup, resulting in a large amount of variation through human error before the dyes fall into specification; additionally the adhesion of pigmented dyes requires high temperatures, removing any chemical process from the system (Tofan, et al., 2021) but increasing the printing difficulty. However, the emerging method that currently 1% of the industry utilises is pigmented ink jet printing, having the environmental benefit of no wash of stage (Khan, 2016). Furthermore, as ink jet printing is a digital method, designs are created using software instead of physical dies.
One of the key reasons the ink jet method has not replaced the analogue methods is that until recently, the ink dispersions for ink jet printing have been dye based, with a low light and water fastness but high homogeneity (Yoon & Choi, 2008). HP are a large ink jet printing company that supply inks for printing onto paper, which has a similar structure to cellulose tubing, with the key difference being that paper is dry. Their inks consist of Ethyl Alkyldiol, metal nitrate, substituted triphenylmethane salt, substituted phthalocyanine salt and alkyldiol ethoxylate (HP Invent, 2002). These chemicals can be split into 2 groups: the photoconductors and the pigmented colour. The photoconductors consist of ethyl alkyldiol and alkyldiol ethoxylate, causing the ink to cure at a specific wavelength within the UV range. The remaining chemicals: metal nitrate, substituted triphenylmethane salt and substituted phthalocyanine salt form the pigment itself (Packard, 1996).
The structure of regenerated cellulose is a series of capillary fibres in parallel with each other. The presence of a wet film can create repulsion and attraction in the capillaries of the cellulose structure dependent on the thickness of the film (Hack, et al., 2018). Although this is on a molecular level, it increases the variability caused by having a wet medium to print on. It determines the distance each dye droplet can be placed from each other and the resulting colour shade density. The dispersion within the structure occurs below 100°C and is problem free if the dyes migration properties through the structure is good (Choudhury, 2011). The application of the dyes can be done either in the process  cellulose regeneration, replacing pigments, or once the cellulose sheet has formed as a printing material. Adding a dispersion dye to the viscose solution has the potential to dye the cellulose strains; however, the dye interrupts the cellulose structure and may not be visible past chains (Miyamoto, et al., 2016). 
More recently pigmented inks have begun implementation into processes, which are insoluble chromatic chemicals. Pigmented inks require a stable dispersion, which became possible in 2008, using dispersion agents of methacrylic acid and styrene (Yoon & Choi, 2008). However, by 2016, this was developed as a water-based pigment dispersions, which also required a textile binder and a surfactant. The ideal ink has a low viscosity and a surface tension force towards the substrate, allowing it to flow through the ink nozzle, although the binder can increase the viscosity as they are predominantly cross-linked latex polymers (Khan, 2016). Furthermore, the insolubility of pigments will also increase the viscosity and chance of the ink needles blocking through solid coagulation. The binder is required to increase the water fastness of pigmented inks, but can damage the microemulsion of the ink solution, which results in an increase in viscosity. This can be rectified by using a core and shell model, where a core chemical assisting the pigment is surrounded by a shell chemical that is soluble in the water solution, therefore helping to maintain the microemulsion (Fu, et al., 2012). Through the maintenance of a microemulsion, a stable dispersion can be made; this means that the pigmented inks then become viable for printing uses. Azo dyes can also be formed into dispersions, with high colour fastness on hydrophobic materials such as cellulose acetate (Yoon, et al., 2020), but are poor on cellulose as it is hydrophilic. This can be resolved through using miniemulsion polymerization of the disperse dye and a latex dispersion (Fu, et al., 2013), which is like the pigmented dispersions previously discussed.
Pigmented printing inks are seen as a more sustainable process to solvent-based printing, as they are water based and do not require a petrochemical solvent. They can also be cured using UV, which is less energy intensive than high temperatures, and the binders can be sourced from renewable sources such as soy (Robert, 2015). However, the material can require pre-treatments to improve the ink flow properties and post treatments that alter the substrate surface properties (Khan, 2016). This is to improve the ink adhesion to the surface of the material; one method is oxygen gas plasma modification to increase surface roughness and hydrophobicity (Pransilp, et al., 2016). This implies that the pre-treatments to the cellulose reduce the sustainability of the printing process, as more chemicals are required, as well as high energy processes such as plasma modification. 
There are further difficulties regarding pigmented inkjet printing, such as creating a uniform particle size, stabilising the dispersion, and implementing the correct binder material (Khan, 2016). This is why complex ink solutions are required for digital inkjet printing, as digital controls are required to ensure the droplets are uniform and the process controls are well controlled. As digital controls improve, the resolution of the printing method greatly improves (Lee, et al., 2018). However the digital systems currently have a high capital cost, as they are yet to mature and become mainstream; this is because the current mainstream methods are still the analogue methods. Additional chemicals can be added to give additional properties, such as tamper indicators. These are sulfonated stilbene derivatives that use fluorescence to indicate their originality; whilst there is a large range of chemicals that are fluorescent, in order for them to be printed they have to be water soluble and have a high level of water and light fastness (Karanikas, et al., 2012).
2.2.4. [bookmark: _Toc128391127]Gravure Printing Method
Solvent based printing was primarily carried out using Gravure printing, where solvents eat into the material to burn in the pigments suspended in the solution. The ink is transferred onto the cells on a roller and excess ink is removed with a doctor blade before the roller is applied to the substrate (Grau, 2016). The spreading of the ink is then controlled by the rate at which the solvent in the ink is flashed off. Different solvents allow for different levels of printability, with ethyl alcohol transferring the best but giving a poor dry finish. Ethyl acetate gives a better overall print, although can cause damage to print plates and the printing material (Simseker, et al., 2012). Gravure printing is gradually declining in use, as shown by the value of sales going down between 2007 and 2011 (C. Barnes & Co., 2010). This is because it is energy intensive, requiring solvents to be flashed off at high temperatures; furthermore, the solvents required to secure the pigments to the materials have high safety concerns surrounding them. 
2.3. [bookmark: _Toc128391128]Process Analysis
The printability of inks on to wet cellulose material requires the ink to be hydrophilic and anionic, which excludes acid dyes as they work best in acidic solutions, attaching to charged amine groups which are not present in cellulose. The water content within the tubing also excludes gravure printing, as water is substantially more energy intensive to flash off and organic solvents are not miscible within the water-based structure of cellulose fibres. Azo base printing is the current method in which colour depth can easily be achieved; creating a deeper colour is a limiting factor for both reactive dye printing and dye dispersions, although the reasons differ. For reactive dye printing it is due to the fixation rate, whereas dispersion dyes have an inherent low water fastness. The low water fastness in inkjet dyes is mitigated when using pigmented dispersions, although these dispersions have greater complexity, when utilised properly a full depth of colours can be achieved.
The sustainability of azo dye and azo base printing is decreasing rapidly, as they require several complex chemicals that are hazardous to manufacture. Furthermore there is a global movement towards natural solutions, for example reactive dyes can utilise more environmental organic chemicals to replace sodium carbonate and sodium sulphate as exhaustion and fixation agents. Sodium Edate was compared to sodium sulphate as the exhaustion agent, with the fastness properties being better as well as coming from a more sustainable source (Ahmed, 2005). Sodium Carbonate can also be replaced with a more sustainable and environmentally friendly option of Sodium Citrate (Farha, et al., 2010). Research has also allowed acid dyes to replace synthetic chemicals with natural versions, such as Coumarin (Australian Government, 2019), with natural sources seen as more sustainable. Finally the pigmented shell and core mechanism allows a large variety of pigments to be used through the ink jet process; this means that the pigments are sustainable but the latex to create the shell could likely be an inorganic compound.
The supply chain for azo base printing has been reduced, as it requires complex chemicals to be made through hazardous processes; this has resulted in a large amount of azo bases, as they are carcinogenic becoming banned in western society (Bjorklund, 2005). Pigment and dye dispersions have been resilient through the challenges, such as the pandemic in 2021, by applying innovative methods to achieve the full colour range and improve the global supply to customers (Wawer, 2021). However reactive dyes, which require specific chemicals, are limited through worldwide shortages (SWFX Shop, 2023). This implies that while some supply chains are resilient, others rely on small areas of industry to create the chromatic compounds. Furthermore while dispersions are readily available, the adhesion chemicals required for printing are currently in a development stage; this means that they are difficult to obtain in large amounts. Finally reactive dyes have a resilient supply chain, due to becoming dominant in the market (Taylor, 2000), which is why they can be locally sourced within the UK (Colourcraft (C & A) Limited, n.d.).
The market for reactive dyes is rapidly increasing at the expense of azo based dyes (Taylor, 2000). This resulted in the pollution being generated from the process being investigated in 2012, its composition was primarily hydrochloric acid and synthetic chemical waste from dye intermediates. The findings and applied technologies from the research reduced these waste products, through gas scrubbing and process optimisation; therefore, the Gujrat Pollution Control Board were satisfied with the environmental impact of the dye manufacturing process (Chaudhari, et al., 2012). As the industry is growing and the environmental impact is being reduced over time through waste water treatments, the security of the supply from the manufacturer is high. The actual manufacture of the reactive dyes uses complex organic compounds (데즈까, 1984), although the chemicals are becoming less hazardous as industries compete to make the best dyes (Taylor, 2000). 
The environmental impact of azo based components is large, as they break down quickly into aromatic compounds with toxic properties (Ikram, et al., 2022). The short shelf life means that excess dye from a print run must be disposed of, with disposal involving expensive bacterial breakdown methods being the only environmentally friendly method. Cheaper methods, such as dilution, could still result in carcinogens in the water supplies. The solvents used in gravure printing are flashed off, resulting in high energy costs as additional processes are required to ensure the solvent is fully burnt off, as air pollution has been categorised as Europe’s invisible killer (ION Science Ltd, 2023). Whereas dye dispersions are synthetic, resulting in pollution, pigmented dispersions can be made from natural materials, making them the most environmentally friendly. This is because natural compounds can normally be recycled in nature as they are not hazardous to the environment.
The ethical considerations that need to be explored in each process primarily relates to safety, as some of the processes, such as azo base printing, create carcinogens and toxic compounds that endanger an operator. Furthermore, azo base printing offers no alternative less hazardous chemicals, whereas acid and reactive dyes have progressed to greener, safer chemicals, reducing their environmental impact. This is more ethical as it increases operator safety as well as supporting global initiatives to operate alongside nature (HM Government, 2017). Dispersions are even more ethical, as their production methods have developed to reduce the risk to the operators; however the effluent from these processes requires treatment to ensure no environmental damage. As all the printing processes generate hazardous effluent, the most ethical choice are pigment dispersions as they have the lowest risk manufacturing process. 
The print range is defined by the colour range as well as the advanced properties of chemical printing that can be achieved, such as tracers and medical applications. For example, while the full spectrum of colours can be achieved using reactive dyes, sulfones also have antibacterial properties as well as chromophores that generate colour (Elmaaty, et al., 2022). This means that the dye would act as a preservative on the natural cellulose, preventing decomposition. Azo base printing has the worst colour range due to the limitation of chemicals available for use; furthermore, a greater amount of variables leads to a larger variation in colour shades. Suspensions have the greatest print range, although dyes give lighter shades than pigment dispersions. Analogue methods then have identical limitations to the number of colours that can be applied to a design, as each colour requires a print die, whereas digital methods create the colours through mixing on the substrate. This means digital methods can achieve a wide array of colours on a single design.
Digital methods allow greater flexibility in customising a design, with last minute changes being an option and a design being quickly processed. This would allow a customer to run different promotions based on the same design without additional costs being accumulated. In comparison analogue methods would require print dies to be manufactured for every change; this means that changes would increase lead times as new dies would need to be ordered. This increases the cost, which would be passed onto the customer, reducing the appeal of the printing process. However as analogue processes are mature, the printing methods have a higher reliability and known expectation. On the other hand digital methods are unknown, furthermore the capital investment will be larger as market competition is lower in less established methods.
2.3.1. [bookmark: _Toc128391129]Comparison Table
A numerical value was placed against each method compared in the previous section, with scores out of 5 in 8 different sections. Printability is a measure on how well the printing process will work on wet cellulose material. Sustainability shows the reliability to which the print chemicals are made and supply is the ease at which the chemicals are delivered. The environmental impact of waste streams from the production and the ethical considerations to consider when using the dyes have also be quantified. Next is the flexibility of the print process to change for customer designs, allowing customers to alter their print pattern each time; the print range shows the range of colours and additives that can be added through the print process. Finally the process maturity indicates the length of time the method has been utilised by industry, with older equipment typically better understood.
	Compared Methods
	Printability
	Sustainability 
	Supply
	Environmental
	Ethical
	Customizability
	Print Range
	Process Maturity
	Total

	Analogue Methods
	Azo Base Printing
	4
	2
	1
	1
	1
	2
	1
	5
	17

	
	Reactive Dye Printing
	3
	5
	5
	2
	3
	3
	3
	4
	28

	
	Acid Dye Printing
	2
	4
	5
	2
	2
	2
	2
	4
	23

	
	Gravure Printing
	1
	1
	3
	1
	3
	3
	4
	5
	21

	Digital Methods
	Dye Dispersions
	2
	3
	4
	3
	4
	4
	3
	3
	26

	
	Pigment Dispersions
	3
	3
	3
	4
	4
	5
	4
	2
	28

	
	Azo Dispersions
	2
	1
	2
	2
	2
	3
	1
	4
	17



The comparison portrays 2 methods as equally viable for consideration; these are reactive dye printing and pigment dispersion printing. Reactive dye printing was selected for further analysis as the current print process at Viscose Closures requires less adaptation to adopt the technique. This means that reactive dye printing will require less investment capital than the digital pigment dispersion method. However, as the digital methods mature, they may become more viable in the future, they are just not financially feasible currently.


3. [bookmark: _Hlk126830897][bookmark: _Toc128391130]Experiment Methodology
[bookmark: _Hlk120114681]The aim of the experiments can be broken down into 3 sections: the optimisation of the printing process for VS dyes, the preparation of the samples to allow a comparison to occur and the comparison method for the 2 dye methods. The optimisation of the VS dye was done through altering 8 variables within the dyeing process. These are: ink concentration, salt concentration, fixer concentration, xanthan gum addition, application process, pre-soaking time and after treatment process. The next section comes through the preparation of the samples to ensure the full colour range is known. This was done on both transparent material as well as pigmented white as these are the primary printing mediums. Whereas this is known through historic methods for azo-dye based printing, creating the samples with VS dyes allows for direct comparisons to be made. The final section will look at the comparison methods through a visual comparison, the impact of storing the printed bands in preservative solution and the impact of light fastness on the print design.
3.1. [bookmark: _Toc128391131]Optimisation of VS inks
The supplier of the Vinyl Sulfone dyes, Colourcraft Ltd, supply a dyeing method that gives recommended recipes for the dyeing solution (Colourcraft (C & A) Limited, n.d.). When dyeing material only one solution is required, whereas printing using reactive dyes requires 2 solutions to localise the colour application. Therefore table 2 shows the breakdown of how these materials should initially be split, based on the suppliers ratios of chemicals to water, whilst splitting the fixer solution from the ink. This means that the cellulose samples should be saturated in fixer solution, whilst the ink is used to control the shape of the print through being applied via a di made of EPDM rubber.
[bookmark: _Toc127455848]Table 2: Vinyl Sulfone Reactants
	Reactant
	Supplier Recipe
	Ink Recipe
	Fixer Recipe

	Vinyl Sulfone Dye (ml)
	28
	1
	0

	Sodium Chloride (g)
	65
	0
	13

	Water (ml)
	1000
	35
	200

	Fixer (g)
	25
	0
	5



To make the initial ink, 1ml of dye was added to 35ml of approximately 35°C water and then stirred till homogenous. The fixer solution needs to be large enough to submerge the cellulose sample, therefore 5g of fixer powder and 13g of sodium chloride was dissolved in 200ml of 35°C water. The ink colour depth was then tested by leaving a white cellulose band soak for 2.5 minutes in the fixer solution and in the ink solution for 30 minutes. The next stage was to determine the application method that supplied enough ink without any excess being left on the band surface. This was done by comparing the results from ink being applied directly to the die with ink being applied to a roller and then the die. Two  cellulose bands that had been soaking in fixer solution for 2.5 minutes were then removed and the excess solution absorbed using blue tissue roll before the dies were applied to the band, allowing a comparison to be made. The fixer solution was kept in a water bath to ensure the temperature of the solution was maintained above 50°C, to ensure the validity in the results.
Once the application method had been verified then the solution variables were altered to determine the individual impact of each of the chemical components in the printing process. These variations maintained the same application method, a soaking time of 2.5 minutes in the fixer solution and no post treatment steps. The first variable to be explored is the ink concentration which was watered down to determine what the impact was on the colour and consistency of the print. The fixer solution contained 2 variables, sodium chloride concentration and sodium carbonate concentration, which were tested independently, with one always being a constant. The fourth variable was a thickening additive to the ink, with the agent decided as xanthan gum. This was because it was the current thickener used by Viscose Closures, using up to 60ml of gum for every 400ml of ink. By keeping this consistent, the number of changes that need to be implemented when scaling up the process was reduced. The volume of gum added was then tabulated in table 15, with physical samples as the results. Sodium hydroxide was also trialled in the fixer solution, as this expands the cellulose fibres, creating more active sites for the dyes to form to (Wagaw & Chavan, 2012). 
The after-treatment process was developed with the aim of removing any excess chemical from the cellulose structure and to enhance the colour within the dyed areas. This was to be done through hot water washes, with the two variables to be optimised being the wash time and temperature. To do the wash boiling water was poured on the printed cellulose bands and the temperature was recorded every minute. The water was replaced once the temperature reached 60°C as this is the lowest curing temperature according to literature. A band was removed every five minutes and used as a visual data point for the impact of time and temperature in the post curing process. Finally, the impact of reusing the fixing solution in the after-treatment process was tested, to see if the colour depth was improved.
3.2. [bookmark: _Toc128391132]Creation of comparison samples
The comparison of the printing processes requires both ink manufacturing methods to be utilised, in order to create printed samples that shows the full printing process colour range. The current azo printing method uses two different brenthol solutions and three different azo bases to generate a range of different colours. The methods of making the brenthols and azo bases follow the same respective methodologies with slight differences in the recipes being different ratios of naphtol powders. The brenthol recipe is 2.5kg of naphtol powder, 2.0L of sulphated castor oil, 3.5L of 32% strength sodium hydroxide and 3L of water. This is mixed as a slurry before being tipped into 80L of boiling water and agitated vigorously until the solution is a translucent brown colour, typically taking two hours. 
The recipe variations to create the azo ink solutions are different azo base compounds. The first step in creating the azo base ink is to dilute 0.5L of 33% hydrochloric acid with 0.5L of water and 2.0ml of Symperonic N and then chill the solution to 5°C. The chilling is done using a grainfather glycol chiller, with polypropylene glycol refrigerant pumped through the cooling coil. Then 300g of azo base powder is added with the chilled solution and mixed with a glass rod until it becomes a homogenous solution. Once homogeneity has been reached, the solution is stirred using an air driven agitator. 200g of sodium nitrite is then slowly added to the base mixture while constantly being chilled to ensure the temperature does not exceed 5°C. Once all the sodium nitrite is added continue to mix the ink without the cooling coil to ensure all excess gases have escaped.
The VS printing dyes are already premade, unless they need to be watered down to reduce the colour strength or mixed to obtain a new colour. The recipe for the fixer solution was determined through the optimisation process previously mentioned, with one solution being required to achieve all the colours being trialled. The print application method to create the samples was already been predetermined through the optimisation process in the previous section. This involved a soaking time for the fixer solution, the amount of rollers required from the ink well and the after treatment process.
The application method is already known for the azo dye printing method. This was to soak a cellulose band in brenthol solution on the production line, which had been extended to two minutes for these trials to ensure a fair comparison with the new printing process. This was to mitigate the lower brenthol and fixer solution temperature, which reduced the diffusion rate within the cellulose structure (Duncan & Broughton, 2007). The excess solution was then removed from the tubing using blue tissue before the ink was applied to the cellulose band; the application of the ink was distributed on to a EPDM rubber roller using a glass rod and then transferred to the di. The di was then printed onto the soaked cellulose band, causing the reaction to happen between the brenthol and azo ink. The post treatment industrial process to remove the excess brenthol was to wash it at 70°C for 40 minutes, this was simulated in the laboratory by washing cellulose bands in boiling water from a kettle for 20 minutes. The printed bands were then photographed for comparisons to be made.
3.3. [bookmark: _Toc128391133]Comparison Method
The first area of comparison was the clarity of the print between the 2 processes. This was done by comparing prints done through identical dies, ensuring the same print was compared. The print quality was based on strength of print, definition of lines and bleeding of the ink from the printed area. Furthermore, a comparison was made between the white pigmented and transparent prints, to determine the impact pigmented material had on the print quality. The second area was to ensure the resilience of the printed material in water over time, with high resilience preventing the dye from bleeding into the water. This resilience was required because cellulose bands are stored wet, as they shrink as water evaporates from their structure. This was done by submerging 10 printed cellulose bands from each printing process in a preservative solution of 1% PCMC, 20% polyethene glycol and water overnight; the print quality and the colour of the preservative solution was then studied, with any changes recorded. Finally the range of colours that can be made was assessed, recording any weak areas in a standard colour wheel.
The colour fastness to light and water had already been proven to be high with azo dyes, setting a benchmark for the vinyl sulfone dyes to compare against. Colour fastness to light results in the fading of colour over time. This is because of the dyes absorption of light transferring energy to the chemical bonds causing them to degrade; shorter wavelengths have greater energy, which is why this phenomenon is more common with reds over blues (Aydemir & Yenidogan, 2018). To test for this, printed bands were applied to bottles, dried, and photographed before being placed in direct sunlight for an extended period of time, allowing a comparison to be made. Natural light provides a greater range of wavelengths when compared to synthetic light, therefore increasing the chance of the light fastness being impacted. Water fastness measures the degree to which dyes remain within the cellulose structure, with the desorption being a function of temperature (Cotton, et al., 2020). The process required a hot wash after the print, however extended periods of time in ambient conditions were tested, as the bands are stored in a wet solution. Therefore the ink compatibility and fastness with the solution had to be tested for an extended period of time.
4. [bookmark: _Toc128391134]Printing Results
4.1. [bookmark: _Toc128391135]VS Dye Printing Optimisation 
The printing of VS dyes onto cellulose tubing was optimised by testing methods in 4 areas. The physical application method refers to the requirements for the transferring of the ink onto the band in the correct quantities. The chemical fixation determined the impact of varying the chemical concentrations required in VS dyeing on cellulose, while pigmented and unpigmented tubing were compared which determined if pigment creates a different chemical requirement. The temperature of soaking solutions and washing solutions were the final variables to be optimised.
4.1.1. [bookmark: _Toc128391136]Physical Application Process
[image: No description available.]
[bookmark: _Toc127442350]Figure 2: Impact of dyeing pigmented white cellulose under the supplier’s recipe
The vinyl sulfone (VS) dye showed strong affinity to the cellulose when the recipe from the supplier was used, as shown in figure 2. A comparison of figures of 3 and 4 shows the impact of sodium carbonates (called fixer) within the soaking solution. An extra roller reduced the ink build-up and gave a clearer image, as evidenced in figure 5; an extra roller was subsequently used on all further results.
[image: A screenshot of a computer

Description automatically generated with medium confidence]
[bookmark: _Toc127442351]Figure 3: The impact of fixer on cellulose dyeing
[image: A screenshot of a computer

Description automatically generated with medium confidence]
[bookmark: _Toc127442352]Figure 4: Sample 1 using pure black VS dye straight onto rubber di
[image: Graphical user interface, application

Description automatically generated]
[bookmark: _Toc127442353]Figure 5: Sample 2 using pure black VS dye and roller before being applied onto the rubber di
4.1.2. [bookmark: _Toc128391137]Chemical Fixation Process
The first set of results were investigating the impact of ink strengths and thickeners on the colour of the ink. Thickener created the conditions for a more even coverage on the roller and therefore a higher quality print, although the colour of the print did not change. Watering the ink down created a lighter print colour, which is evidenced in table 3. The results from table 3 did not include a washing process, as the initial clarity first needed to be reached.
[bookmark: _Toc127455849]Table 3: Results of varying the ink strength and thickener amounts, using black ink and a soaking temperature of 50°C
	Sample No.
	Ink
Strength
(%)
	Fixer
Strength
(%)
	Salt
Strength
(%)
	Gum 
Added
(g)
	Sample Image

	3
	50%
	4.65%
	8.43%
	0
	[image: Graphical user interface, application

Description automatically generated]

	4
	12%
	4.65%
	8.43%
	0
	[image: Graphical user interface, application

Description automatically generated]

	5
	12%
	4.63%
	8.40%
	0.45
	[image: Graphical user interface, application

Description automatically generated]

	6
	12%
	4.63%
	8.40%
	0.45
	[image: Graphical user interface, application, Word

Description automatically generated]

	7
	12%
	4.59%
	8.33%
	1.45
	[image: Graphical user interface, application, Word

Description automatically generated]



The impact of the fixer, which was a sodium carbonate powder that was dissolved in the soaking solution of the bands, has been determined in table 4. There seemed to be an optimum concentration of fixer at approximately 8wt%, as this created the clearest text.


[bookmark: _Toc127455850]Table 4: Results of varying the fixer (sodium carbonate) within the soaking solution, using black ink and a soaking temperature of 50°C
	Sample No.
	Ink
Strength
(%)
	Fixer
Strength
(%)
	Salt
Strength
(%)
	Gum 
Added
(g)
	Sample Image

	6
	12%
	4.63%
	8.40%
	0.45
	[image: Graphical user interface, application, Word

Description automatically generated]

	7
	12%
	4.59%
	8.33%
	1.45
	[image: Graphical user interface, application, Word

Description automatically generated]

	8
	100%
	7.58%
	8.01%
	0
	[image: Graphical user interface, application

Description automatically generated]

	9
	100%
	7.58%
	8.01%
	0
	[image: Graphical user interface, application

Description automatically generated]

	10
	100%
	14.83%
	8.81%
	0
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	11
	100%
	14.83%
	8.81%
	0
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	12
	100%
	4.31%
	8.58%
	0
	[image: Graphical user interface, application

Description automatically generated]

	13
	100%
	4.31%
	8.58%
	0
	[image: Graphical user interface, application

Description automatically generated]



As the salt concentration increased, the colour depth increased, as demonstrated in table 5. However high salt concentrations resulted in poor image quality, with the optimum being between 8wt% and 15wt%, as there was a compromise between colour depth and image clarity.


[bookmark: _Toc127455851]Table 5: Results of varying the salt (sodium chloride) within the soaking solution, using black ink and a soaking temperature of 50°C
	Sample No.
	Ink
Strength
(%)
	Fixer
Strength
(%)
	Salt
Strength
(%)
	Gum 
Added
(g)
	Sample Image

	12
	100%
	4.31%
	8.58%
	0
	[image: Graphical user interface, application

Description automatically generated]

	13
	100%
	4.31%
	8.58%
	0
	[image: Graphical user interface, application

Description automatically generated]

	14
	100%
	4.31%
	8.58%
	0
	[image: Graphical user interface, application

Description automatically generated]

	15
	100%
	4.00%
	15.93%
	0
	[image: Graphical user interface, application, Word

Description automatically generated]

	16
	100%
	4.00%
	15.93%
	0
	[image: Graphical user interface, application, Word

Description automatically generated]

	17
	100%
	3.52%
	26.17%
	0
	[image: Graphical user interface, application

Description automatically generated]

	18
	100%
	3.52%
	26.17%
	0
	[image: Graphical user interface, application

Description automatically generated]



4.1.3. [bookmark: _Toc128391138]Tubing Pigment Impact
Pigmented tubing was regenerated cellulose tubing that contained a white pigment of titanium dioxide slurry. This provided a clear background to show printed trials, as shown in table 6, whereas transparent tubing allowed for the dye to bleed out into the band. However this bleeding was mitigated in sample 8, with a fixer strength of 7.58wt% and salt concentration of 8.01wt%.



[bookmark: _Toc127455852]Table 6: Comparison of Pigmented Tubing and Transparent tubing under a variety of chemical conditions, using black ink and a soaking temperature of 50°C
	Sample No.
	Ink
Strength
(%)
	Fixer
Strength
(%)
	Salt
Strength
(%)
	Gum 
Added
(g)
	Sample Image

	8
	100%
	7.58%
	8.01%
	0
	[image: Graphical user interface, application

Description automatically generated]

	9
	100%
	7.58%
	8.01%
	0
	[image: Graphical user interface, application

Description automatically generated]

	12
	100%
	4.31%
	8.58%
	0
	[image: Graphical user interface, application

Description automatically generated]

	13
	100%
	4.31%
	8.58%
	0
	[image: Graphical user interface, application

Description automatically generated]

	15
	100%
	4.00%
	15.93%
	0
	[image: Graphical user interface, application, Word

Description automatically generated]

	16
	100%
	4.00%
	15.93%
	0
	[image: Graphical user interface, application, Word

Description automatically generated]

	17
	100%
	3.52%
	26.17%
	0
	[image: Graphical user interface, application

Description automatically generated]

	18
	100%
	3.52%
	26.17%
	0
	[image: Graphical user interface, application

Description automatically generated]




4.1.4. [bookmark: _Toc128391139]Temperature Impact
The temperature of the washing water was kept above 55°C, with the temperature profile of the experiment shown in table 14 in the appendix. The washing process removed excess dye, whilst also developing the colour as shown in table 7, sample 23 at 22 minutes. After this time there was no change in the appearance of the cut bands.
[bookmark: _Toc127455853]Table 7: Results of Increasing the Washing Time in Water at 7.93wt% Fixer Strength and 15.06wt% Salt Concentration
	Sample No.
	Before Hot Water Bath
	Time in
Bath (min)
	After Hot Water Bath

	19
	[image: No description available.]
	2
	[image: Graphical user interface, application

Description automatically generated]

	20
	[image: No description available.]
	6
	[image: Graphical user interface, application

Description automatically generated]

	21
	[image: No description available.]
	10
	[image: Graphical user interface, application

Description automatically generated]

	22
	[image: No description available.]
	16
	[image: Graphical user interface, application, Word

Description automatically generated]

	23
	[image: No description available.]
	22
	[image: A screenshot of a computer

Description automatically generated]

	24
	[image: No description available.]
	30
	[image: Graphical user interface, application, Word

Description automatically generated]

	25
	[image: No description available.]
	40
	[image: Graphical user interface, application, Word

Description automatically generated]



The temperature of washing and soaking solutions impacted the print quality, as shown by the successful transfer in table 7. The ink temperature was then increased to 37°C and Turquoise ink was used to highlight poor print, as the samples in table 8 show that the print was a lot lighter when lighter dyes were used. Furthermore, the ink temperature has no positive impact on the print clarity or colour depth, as ambient ink gave the best results.


[bookmark: _Toc127455854]Table 8: Results of Increasing the Ink Temperature at 8.25wt% Fixer Strength and 9.20wt% Salt Concentration using Turquoise Ink
	Sample No.
	Ink
Temperature (°C)
	Fixer Solution Temperature (°C)
	Wash Solution Temperature (°C)
	Sample Image

	33
	37
	50.0
	32
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	34
	37
	47.0
	32
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	35
	37
	46.0
	32
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	36
	Ambient (20°C)
	60.3
	32
	[image: A screenshot of a computer

Description automatically generated with medium confidence]



The results for the colour range, shown in table 9, allowed the full colour range to be created, as new colours could be created through creating a recipe for a specific recipe colour. Temperature control resulted in the samples losing a large amount of the colour in the washing process. This was proven in table 10, where a controlled wash temperature of 80°C resulted in greater colour depth.


[bookmark: _Toc127455855]Table 9: Colours Available Using Inks Supplied by Colour Craft at 7.61wt% Fixer Strength and 15.21wt% Salt Concentration, the Soaking Temperature was approximately 50°C and the Washing Temperature that Decreased from 80°C over the course of the Experiment.
	Colour
	Recipe
	Before Hot Water Wash
	After Hot Water Wash

	Black
	Black 100%
	

	


	Orange
	Scarlet 100%
	

	


	Pink
	Wine Red 100%
	

	


	Yellow
	Golden Yellow 100%
	

	


	Light Yellow
	Lemon Yellow 100%
	

	


	Blue
	Turquoise 100%
	

	


	Green
	Turquoise 50%
Golden Yellow 50%
	

	


	Brown
	50% Scarlet
50% Black
	

	






[bookmark: _Toc127455856]Table 10: Colours Available Using Inks Supplied by Colour Craft at 7.91wt% Fixer Strength and 16.06wt% Salt Concentration, the Soaking Temperature was 64.2°C and the Washing Temperature 80°C
	Sample No.
	Recipe
	Before Hot Water Bath
	After Hot Water Bath

	43
	Golden Yellow 100%
	[image: A screenshot of a computer

Description automatically generated]
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	44
	Golden Yellow 100%
	[image: A screenshot of a computer

Description automatically generated]
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	45
	Wine Red 100%
	[image: A screenshot of a computer

Description automatically generated]
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	46
	Wine Red 100%
	[image: A screenshot of a computer

Description automatically generated]
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	47
	Black 100%
	[image: A screenshot of a computer

Description automatically generated]
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	48
	Black 100%
	[image: A screenshot of a computer

Description automatically generated]
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	49
	Scarlet 100%
	[image: A screenshot of a computer

Description automatically generated]
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	50
	Scarlet 100%
	[image: A screenshot of a computer

Description automatically generated]
	[image: A screenshot of a computer

Description automatically generated with medium confidence]



The sample shown in figure 6 was washed in the same fixer solution that it soaked in. The fixer solution was 7.75wt% sodium carbonate and 7.83% salt, with the temperatures of the soaking and washing being approximately 50°C. This combination resulted in a greater colour depth and clarity than shown in table 8.
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc127442354]Figure 6: Blue print placed back in fixer solution

The addition of caustic decreased the dye transfer effectiveness as shown in table 11. The caustic addition caused the ink to smudge, mitigating any improvement in fixation rates.
[bookmark: _Toc127455857]Table 11: The Results of Adding 1M NaOH to the soaking solution at 50°C using Turquoise Ink
	Sample No.
	Before Hot Water Bath
	Ink Recipe
	After Hot Water Bath

	39
	[image: A screenshot of a computer

Description automatically generated]
	2
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	40
	[image: A screenshot of a computer

Description automatically generated]
	6
	[image: A screenshot of a computer

Description automatically generated with medium confidence]

	41
	[image: A screenshot of a computer

Description automatically generated]
	10
	[image: A screenshot of a computer

Description automatically generated with medium confidence]



4.2. [bookmark: _Toc128391140]Sample Comparison
Naphtol and Azo bases have a limited amount of colours that can be created, as a large amount of the chemical variety were obsolete. Naphtol ASG created oranges and yellows, as shown in figure 7, with the azo bases that were compliant with UK law.
[image: No description available.]
[bookmark: _Toc127442355]Figure 7: Brenthol made with 100% Naphtol ASG Powder
The full range of colours that have been achieved for customers has been shown in figure 8. The colours that are available are: red, dark green, dark blue, blue, black and red. Figure 8 portrayed samples that have historically been made, therefore have been in solution for at least 12 months, as this was the warranty period. These created the benchmarks for what was expected from the VS dyes.
[image: Timeline

Description automatically generated with medium confidence]
[bookmark: _Toc127442356]Figure 8: Chart of Colours Currently Utilised using Azo-Based Printing
4.3. [bookmark: _Toc128391141]Physical Comparison
[bookmark: _Toc127455858]Table 12: Water Fastness of Vinyl Sulfone Printed Bands from 15/12/22 to 7/2/23 in Water Based Solution of 10wt% polyethene glycol and 0.01wt% PCMC
	Sample No.
	Samples on 15/12/22
	Samples on 7/2/23

	43
	[image: A screenshot of a computer

Description automatically generated with medium confidence]
	[image: A screenshot of a computer

Description automatically generated]

	44
	[image: A screenshot of a computer

Description automatically generated with medium confidence]
	[image: A screenshot of a computer

Description automatically generated]

	46
	[image: A screenshot of a computer

Description automatically generated with medium confidence]
	[image: A screenshot of a computer

Description automatically generated]

	47
	[image: A screenshot of a computer

Description automatically generated with medium confidence]
	[image: A screenshot of a computer

Description automatically generated]

	49
	[image: A screenshot of a computer

Description automatically generated with medium confidence]
	[image: A screenshot of a computer

Description automatically generated]

	50
	[image: A screenshot of a computer

Description automatically generated with medium confidence]
	[image: A screenshot of a computer

Description automatically generated]


The water fastness test lasted for 54 days and table 12 shows that the print and colour was not impacted. This was further verified by print samples that had been dried and placed in water, with the results in the appendix, table 15. The light fastness of the print samples were not impacted by direct sunlight as shown by comparing figures 9, 10 and 11.
[image: ]
[bookmark: _Toc127442357]Figure 9: Light Fastness Test - Initial Colour (16/12/22)
[image: ]
[bookmark: _Toc127442358]Figure 10: Light Fastness Test - Colour on 5/2/23
[image: No description available.]
[bookmark: _Toc127442359]Figure 11: Light Fastness Test - Colour on 9/2/23
5. [bookmark: _Toc128391142]Discussion
5.1. [bookmark: _Toc128391143]Ink Manufacturing
The manufacturing process of the established azo base inks is far more complex than using Vinyl Sulfone dyes, as they cannot be bought ready to use. This is because the azo base degrades overtime in ambient conditions, whereas VS dyes were bought from Colour Craft in a stable solution. When the azo base is being manufactured, harmful gases are emitted, creating a safety and ethical concern regarding the welfare of the operators, and making the risk as low as reasonably practicable (ALARP). Whilst no alternative was available for printing, the risk was seen as tolerable, as a safer alternative, such as VS dyes could not be sufficiently controlled (Ersdal & Aven, 2008). Ethical considerations, such as impact on neighbours through hazardous discharge (Stephens, 2017), would also support the change to vinyl sulfone dyes due to their extended shelf life and non-carcinogenic structure.
Brenthol is less stable than the fixer solution utilised with vinyl sulfone dyes, as the naphtol powders are held in suspension using the emulsifier sulphonated castor oil (Jadhav, et al., 2018), which eventually settle out. The fixer only requires dissolved solids, sodium chloride and sodium carbonate, and will therefore remain homogenous if kept below the solubility limits, implying an increase in stability and ease to use. However, tables 4 and 5 highlight the critical concentrations have a far greater impact on VS dyes than Azo dyes. This is probably because both chemicals are required to ensure the VS dye reacts with the cellulose structure, whereas azo bases and naphtol powders react through an ionic mechanism, which requires less control.
5.2. [bookmark: _Toc128391144]Process Conditions
The increasing of the viscosity through adding thickener primarily aided an even coverage across, whilst having a limited impact on colour bleeding for VS dyes. This is supported by the images in table 3, which show greater amounts of ink being deposited in the correct pattern as the gum Arabic levels increase, implying that the addition of thickener allows for better and greater ink transfer across the rollers. Current printing methods using azo bases are like this, as according to Viscose Closures operating procedures, gum should be added for block text and all over printing, which requires a higher level of ink transfer. This conveys that the both methods require the same amount of thickener for improving ink transfer when higher volumes of ink are required.
Sodium Carbonate concentrations were increased to determine the optimum amount to allow for print to occur, with the highest quality print being shown in table 4 as samples 8 and 9, resulting in an optimum of 8wt%. At 4wt% there was bleeding of the ink, reducing the clarity of the print, implying there is not enough sodium carbonate within the solution. At 12wt% the ink easily smudged, suggesting there was too much ink on the band, which is similar to the impact of adding sodium hydroxide to the soaking liquid as evidenced in table 11. Sodium Carbonate forms a stable weak alkali buffer solution (Cullen & Hubbard, 1919), allowing for the cellulose structure to be partially activated while not opening the cellulose structure. This results in a high clarity print without flooding the cellulose structure with excess ink, resulting in smudging. However, high pH levels, caused by high sodium carbonate or sodium hydroxide levels, allow the cellulose structure to open and become flooded resulting in excess ink sitting on the surface of the tubing and being easily removed, as seen in table 11. 
An increase in electrolytes, such as Sodium Chloride, results in a denser area of dye, creating darker colours, which can be seen in table 5. For black ink in table 5, there is no visible change in colour depth after concentrations of 15wt%. This implies that an increase salt increases the fixation rate of the dye, as a greater amount of ink has reacted with the cellulose. An increase in salt in alkali conditions would cause this because the dissociation of the cellulose to activate it becomes more stable in high electrolyte conditions. The temperature of the soaking solution is also critical, as table 8 portrays that the image only becomes clear when the soaking solution is above 60°C, suggesting that the activation of the cellulose structure to be receptive to the dyes begins at 60°C. Higher temperatures increase the activation rate, meaning that the temperature also impacts the colour depth by the number of functional sites activated on the cellulose surface.
The washing conditions in table 7 shows that the ink colour darkens slightly up to 22 minutes; after this time there is very little change, implying 22 minutes is the minimum amount of time required for the washing process. The colour darkening is probably due to excess ink bonding with the cellulose structure, as more time is allowed for the reaction to take place. The primary reason for the washing process is to remove waste dye and chemicals, with both removed after the first 2 minutes. This can be seen in sample 19 as the blue shadowing around the black Viscose text, implying that excess dye, salt, and sodium carbonate have weakly dyed the remainder of the band, but shadowing does not get progressively darker over time. This implies that the excess dye only reacts with the cellulose as it is being removed, as once in the washing solution it becomes too dilute to have an impact on the print quality. Therefore, the critical factor is the ink, which prevents the shadowing from occuring, as the print clarity and depth require high concentrations of sodium carbonate and sodium chloride.
Further Improvements to increasing the colour depth need to be made, especially regarding lighter colours, as while the initial transfer and dye exhaustion are high, the dye fixation rate is low, resulting in faded print. Table 10 portrays these issues, as the darker dyes have better definition than lighter dyes, due to less dye compounds being required to show a contrast with darker colours, implying a higher fixation rate is required for better colour depth. This has been achieved by washing the printed bands in sodium carbonate and sodium chloride solution, as shown in figure 6. A comparison between figure 6 and table 9 shows the colour depth to be far greater after the band has been washed in the soaking solution. This implies that by adding sodium carbonate and sodium chloride to the wash solution, higher fixation rates can be achieved through bonding excess dye with the cellulose structure. However high levels of excess ink will cause a poor clarity print, resulting in tight process controls being required to achieve high colour depth.
The amount of ink being transferred to the band is inconsistent throughout the experiments, however this is due to the manual approach to the experiment, with these issues easier to control on a continuous production line. During the experiment, dye was applied to a roller using a glass rod, before then being applied to the di, resulting in a low control for the amount ink being applied to the di. Excess ink can cause shadowing after the hot water wash, but a shortage of ink results in a low colour depth. While manual methods are unreliable, automated methods such as transfer wheels can run continuously, allowing visual checks and ink flow adjustments to be made. While this would generate waste setting up a print order, a consistent correct flow would allow a quality print to be made.
Vinyl sulphone dyes are stable and therefore are consistent over time, for example the same dyes were used throughout the experiments over a month period. In contrast azo inks are unstable and break down into waste components, causing the print quality to deteriorate. This means that the ink quality is higher and more consistent if VS dyes are used, as degraded azo inks cause smudging and blotching when printing occurs. This means that colour consistency is also more difficult to maintain, as new batches of azo ink frequently must be made. While azo printing has more time dependent variables, vinyl sulfone has more process critical variables. Temperature of the brenthol or fixer solution portrays this, as over time, the naphtol powder settles out of the solution, however low temperatures with VS dyes results in a consistently low fixation rate. This means that better temperature and chemical controls are required in order to implement print with a good colour depth and clarity.
5.3. [bookmark: _Toc128391145]Colour Range
The colour range of azo based printing is shown in figure 8 to be limited, although theoretically a larger number of colours can achieved through the mixing of chemicals. However, due to both the inks and brenthol solutions being unstable, replicating colours becomes difficult, as the degrading of both mixtures results in the colour frequently changing. This means that, along with chemicals becoming obsolete, the colour range is very narrow, as only easily replicated colours are offered to customers. On the other hand VS dyes only have one chromatic component that is stable in ambient conditions; this means that if a new shade is made, it can be kept indefinitely as a reference sample. Furthermore, because there is only one colour compound, they can easily be mixed to create new colours; this can be seen in table 9, where turquoise and golden yellow have been mixed to create a green. This implies that all colours can be achieved, as all the primary colours are available; furthermore if a new colour is achieved then a standardise method and reference sample are obtained. Finally the colour range of a design is greater with VS dyes, as the fixation rate is dependent on a standardised solution. This means that there can be different colours on either side of the tubing, whereas azo printing can only have one colour due to different brenthols being required to make other colours.
Cellulose tubing can have a pigment added to it before it is extruded, which may impact the strength of a print colour. White pigment was tested to see if a pigment impacted the colour depth of the dyeing process, with a comparison in table 6. Whilst there is smudging on the white pigmented material and bleeding on the transparent, the issues are not consistent through the data. This implies that pigment has no impact on the clarity of the print. Furthermore, the colour depth seems to be slightly better on the pigmented white, conveying that an opaque background increases the colour depth. However darker pigments need to be trialled as these will likely block the print colour, which would be like the impact of azo printing. 
The light and water fastness of azo printing must be high as a printed cellulose band has been historically guaranteed for 12 months; therefore, VS printed bands need to be comparable to this to replace the current method. Due to limited experimental time, the water fastness and colour fastness were only tested for 54 days. However, table 12 showed no change in the print quality after the bands were soaked in preservative solution of water, polyethene glycol and PCMC biocide, for 54 days. This implies that the water fastness is high, as the bleeding of the dye would leave the following an exponential decay model, meaning there would be a visible change after 54 days. Furthermore, figures 9, 10 and 11 show no change in print colour, meaning there is a high colour fastness. However, the 12 month guarantee needs to be proven, therefore future extended tests will have to be carried out, although the probability of passing is high.
5.4. [bookmark: _Toc128391146]Material Sustainability 
The current print process relies on legacy chemicals that are becoming obsolete due to their hazardous degradation methods (Mani & Hameed, 2019). This means that azo bases will become less sustainable as there will be less access to the raw materials due to the market dying. Alternatively reactive dyes markets are growing and therefore becoming more accessible, proven by their accessibility through a British manufacturer, Colour Craft. The environmental impact impacts the sustainability, as non-recyclable and compostable products reduce natural resources (MIT Enterprise Forum CEE, n.d.). The products created using regenerated cellulose tubing are seen as biodegradable, with similar products, such as Natureflex (FUTAMURA, n.d.), achieving the home compostable certification. This suggests that the printing ink will not alter the biodegradable status regardless of the ink used, because of the ratio of dye to cellulose fibres being low.
Both printing processes require continuous water flows to maintain the washing process of removing the excess brenthol and fixer solutions. However, the brenthol solution requires a greater amount of time due to the size of the naphtol powders when compared to salt and sodium carbonates, which diffuse easily from the cellulose structure. This extended period means that more water is required, therefore making azo printing less sustainable. UK compliance is far more strict in regard to azo bases, as they can be carcinogenic when they break down, resulting in higher waste disposal costs. There are still limitations to reactive dye printing, however methods of degrading these in natural components are more cost effective and therefore less stringent that azo dyes.
Azo dyeing and printing has become virtually obsolete in the western world (Lucy, 2006), resulting in Indian suppliers being used. This makes it unreliable as each order placed takes approximately 10 years to consume an order because of the minimum order quantities. This long replenishment time and a shrinking market for azo bases means that the supply chain is difficult to keep sustainable. However, the reactive dye market is growing as process control improves, allowing for a more sustainable supply chain with smaller quantities being ordered and therefore better communication with the suppliers. The location for the reaction dye suppliers are also far more local than azo bases, which are primarily based in India. Furthermore, sodium chloride and sodium carbonate are widely used in industry, with strong supply chains, meaning that the fixation of VS dyes is sustainable. In comparison there is a great difficulty in suppliers of Naphtol powders, making the supply at constant risk.
5.5. [bookmark: _Toc128391147]Environmental Impact
Organosulfur compounds are the initial reactants required to create vinyl sulfone dyes and are abundantly available in biological systems (Fang, et al., 2016). If materials can be made from biological sources they have a smaller environmental impact, as inorganics are typically made from oil based industries; this is supported by low energy intensive processes being able to create vinyl sulfone chemicals (Fang, et al., 2016). Azo dyes however are synthesised using inorganic carcinogenic materials, with aromatic compounds (Benkhaya, et al., 2020), and are therefore more energy intensive to make. Higher energy input requirements imply a larger carbon footprint, resulting in a higher environmental impact; it can therefore be deduced that the production of vinyl sulfone dyes are a greener alternative to azo printing materials. Furthermore, the production of azo dyes have documented environmental releases of toxic materials, such as a runaway reaction causing a vessel to rupture in 1996 (Partington & Waldram, 2001). This would result in azo intermediates such as phenols and acids to be released into the environment, causing detriment to the environment. This means that the azo process contains a risk of an uncontrolled runaway reaction resulting in a release of toxic chemicals, whereas there is better control over the reactions regarding VS synthesis, preventing this from happening (Fang, et al., 2016).
Both dye waste streams would cause harm to the environment, although different methods are required to clean the streams. Vinyl sulfone dyes are removed through absorption processes using cheap absorbents such as cotton (Tunc, et al., 2009). This chemical waste can then be contained, reducing the quantity of material to be treated, resulting in a reduction in cost.  Azo dyes are primarily either diluted are broken down through degradation methods, which are both ineffective at preventing water streams from becoming polluted (Selvaraj, et al., 2021). This does not contain the waste and therefore has a much larger environmental impact on water sources, meaning that a lack of containment would have an acute hazardous impact on nature. Therefore, due to the ability to reduce the amount of dye waste produced through VS printing, the water effluent has a smaller environmental impact.
Finally, the finally printed cellulose cut band product can be directly compared to the environmental impact of oil-based plastic cut bands. There has been an environmental push by governments to reduce single use plastics (Maye, et al., 2019), with a biodegradable, sustainable alternative such as cellulose bands being a viable option. However, cellulose is a chemical intensive process, therefore a print process that reduces the amount of chemical waste being reduced would increase the attractiveness of the process. As VS printing would be more environmentally friendly, it suggests that it should be adopted, as it utilises organic printing materials and the waste streams can be better controlled.
5.6. [bookmark: _Toc128391148]Industrial Application
The scaling up of the process to be able to use it commercially needs to be explored to allow for the use of vinyl sulphone inks as a replacement to the current inks. The mechanical process does not require change, as the application method tested did not alter any process. However, a temperature control system is required as the process is temperature sensitive. This would ensure the best product whilst reducing gas consumption of the print process using excessive temperatures. The ink manufacturing would become standardised, as batch recipes could be made, assuming the amount of ink required for a day’s production run is 400ml. The fixer solution would have to be scaled up, with the amounts being directly comparable to the amount of brenthol required to operate the print line. Finally, the amount of sodium chloride and sodium carbonate in the wash tanks would have to be monitored, along with the temperatures, using Industry 4.0 technologies to automate concentrations. 
Full control of the process is required to achieve consistent product, although this is easier to achieve as the chemicals involved are well established when compared to brenthol solutions. The controls required are the pH, salinity, and temperature. Temperature can be controlled using small pieces of control logic controlling pneumatic valves connected to temperature probes (Ogu, 2011), allowing steam to warm tanks up to a set value and maintaining the temperature. Furthermore, similar setups using pH (Rico, 2019) and salinity probes (Arachchige & Wickramasinghe, 2017) can be setup to regulate the chemical concentrations. This means that the correct concentration of chemicals can be met to ensure the print quality is high, resulting in a specification being created. The advantage of a specification being created is that it influences the consumers decisions (Hsee, et al., 2008), meaning that a customer can be influenced to select certain aspects of a product. This opens the possibility of highlighting the customisation of the printing available, creating a more bespoke product that can be sold for greater profit.
6. [bookmark: _Toc128391149]Conclusion
The null hypothesis has been largely disproven, as the current printing process, azo base printing, is not the most effective method of printing. This is because reactive dyes, acid dyes and solvent inks have become the dominant colourants in industry, leading azo bases to become obsolete and proving the first hypothesis. Solvent methods used with gravure printing were rejected because it is in decline and solvents are not miscible with water-based chemicals. Acid dye methods are primarily for protein-based materials, therefore have a low colour fastness with cellulose, which is why reactive dyes were preferred. Vinyl sulfone was the best out of the reactive dyes, as it has the highest affinity to cellulose, which was shown in the high colour fastness of the print results. The colour range of azo dyes is becoming more limited and requires two complex chemicals; therefore, vinyl sulfone dyes are superior as all the dyes require the same fixer solution meaning the same colours can be printed. The method of creating colour can also become standardised, with brighter colours being obtainable through mixing as shown through the green print. Furthermore, vinyl sulfone dyes are more sustainable and environmentally friendly than azo based dyes, supporting the global trend towards circular economies. Furthermore, digital printing methods, while still in development, are progressing for reactive dyes, resulting in new printing methods being possible in the future. 
Although further development and line trials are required to improve the colour depth of Vinyl Sulfone dyes, it has been proven that in many other sectors that they are more effective the current printing process. Therefore it is recommended to conduct a line trial using the new methods, as literature states that it will work under the correct conditions which need to be accurately controlled. This will improve the colour depth and fixation rate, allowing the new method to supersede the current printing method.
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[bookmark: _Toc127455859]Table 13: Temperature Profile of the experiment carried out in table 7
	
	Temperature (°C)
	
	

	Time (min)
	Sample 1
	Sample 2
	Sample 3
	Sample 4
	Sample 5
	Sample 6
	Sample 7
	Container
	Boiling Water Added

	0
	83
	83
	83
	83
	83
	83
	83
	Tray
	 

	2
	59.6
	59.6
	59.6
	59.6
	59.6
	59.6
	59.6
	Tray
	Yes

	4
	 
	56.7
	56.7
	56.7
	56.7
	56.7
	56.7
	Tray
	Yes

	6
	 
	58.7
	58.7
	58.7
	58.7
	58.7
	58.7
	Tray
	Yes

	8
	 
	 
	60.3
	60.3
	60.3
	60.3
	60.3
	Tray
	Yes

	10
	 
	 
	59.5
	59.5
	59.5
	59.5
	59.5
	Tray
	Yes

	12
	 
	 
	 
	58.8
	58.8
	58.8
	58.8
	Tray
	Yes

	14
	 
	 
	 
	60.2
	60.2
	60.2
	60.2
	Tray
	Yes

	16
	 
	 
	 
	60.4
	88.3
	88.3
	88.3
	Tray
	 

	18
	 
	 
	 
	 
	85.6
	85.6
	85.6
	Beaker
	 

	20
	 
	 
	 
	 
	79.7
	79.7
	79.7
	Beaker
	 

	22
	 
	 
	 
	 
	75
	75
	75
	Beaker
	 

	24
	 
	 
	 
	 
	71.2
	71.2
	71.2
	Beaker
	 

	26
	 
	 
	 
	 
	 
	67.7
	67.7
	Beaker
	 

	28
	 
	 
	 
	 
	 
	64.6
	64.6
	Beaker
	 

	30
	 
	 
	 
	 
	 
	62
	62
	Beaker
	 

	32
	 
	 
	 
	 
	 
	 
	59.7
	Beaker
	 

	34
	 
	 
	 
	 
	 
	 
	57.6
	Beaker
	 

	36
	 
	 
	 
	 
	 
	 
	55.6
	Beaker
	 

	38
	 
	 
	 
	 
	 
	 
	54
	Beaker
	 

	40
	 
	 
	 
	 
	 
	 
	52.2
	Beaker
	 



[bookmark: _Toc127455860]Table 14: Water Fastness of Vinyl Sulfone Printed Bands that had dried in ambient conditions  from 1/12/22 to 7/2/23 in Water 
	Colour
	After Hot Water Wash
	

	Black
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	Orange
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	Pink
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	Brown
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[bookmark: _Toc127455861]Table 15: List of Samples Created Throughout the Optmisation Process
	Sample No.
	Fixer Amount (g)
	Water (g)
	Salt (g)
	Gum (g)
	Fixer Amount (%)
	Salt (%)
	Ink Strength (%)
	Band Colour
	Wash Time
	Wash Temp
	Wash Sol.
	Ink Colour
	Ink Recipe
	Ink Temp
	Soaking Temp
	Soaking Sol.

	3
	5.35
	100
	9.7
	0
	4.65%
	8.43%
	50%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	Kept in Water Baths, approx temperature of 50C
	Water

	4
	5.35
	100
	9.7
	0
	4.65%
	8.43%
	12%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	5
	5.35
	100
	9.7
	0.45
	4.63%
	8.40%
	12%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	6
	5.35
	100
	9.7
	0.45
	4.63%
	8.40%
	12%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	7
	5.35
	100
	9.7
	1.45
	4.59%
	8.33%
	12%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	8
	4.4
	49
	4.65
	0
	7.58%
	8.01%
	100%
	TRS
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	9
	4.4
	49
	4.65
	0
	7.58%
	8.01%
	100%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	10
	5.05
	26
	3
	0
	14.83%
	8.81%
	100%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	11
	5.05
	26
	3
	0
	14.83%
	8.81%
	100%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	12
	5.05
	102
	10.05
	0
	4.31%
	8.58%
	100%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	13
	5.05
	102
	10.05
	0
	4.31%
	8.58%
	100%
	TRS
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	14
	5.05
	102
	10.05
	0
	4.31%
	8.58%
	100%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	15
	2.5
	50
	9.95
	0
	4.00%
	15.93%
	100%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	16
	2.5
	50
	9.95
	0
	4.00%
	15.93%
	100%
	TRS
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	17
	1.35
	27
	10.05
	0
	3.52%
	26.17%
	100%
	WOP
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	18
	1.35
	27
	10.05
	0
	3.52%
	26.17%
	100%
	TRS
	No Wash
	No Wash
	Water
	Black
	Black 100%
	Ambient
	
	Water

	19
	10.3
	100
	19.55
	0
	7.93%
	15.06%
	100%
	WOP
	2
	80
	Water
	Black
	Black 100%
	Ambient
	
	Water

	20
	10.3
	100
	19.55
	0
	7.93%
	15.06%
	100%
	WOP
	6
	70
	Water
	Black
	Black 100%
	Ambient
	
	Water

	21
	10.3
	100
	19.55
	0
	7.93%
	15.06%
	100%
	WOP
	10
	60
	Water
	Black
	Black 100%
	Ambient
	
	Water

	22
	10.3
	100
	19.55
	0
	7.93%
	15.06%
	100%
	WOP
	16
	65
	Water
	Black
	Black 100%
	Ambient
	
	Water

	23
	10.3
	100
	19.55
	0
	7.93%
	15.06%
	100%
	WOP
	24
	80
	Water
	Black
	Black 100%
	Ambient
	
	Water

	24
	10.3
	100
	19.55
	0
	7.93%
	15.06%
	100%
	WOP
	30
	75
	Water
	Black
	Black 100%
	Ambient
	
	Water

	25
	10.3
	100
	19.55
	0
	7.93%
	15.06%
	100%
	WOP
	40
	70
	Water
	Black
	Black 100%
	Ambient
	
	Water

	26
	10.15
	103
	20.3
	0
	7.61%
	15.21%
	100%
	WOP
	Steam bath was not replaced once during 30 minute wash (resulted in wash below 60oC)
	Water
	Black
	Black 100%
	Ambient
	
	Water

	27
	10.15
	103
	20.3
	0
	7.61%
	15.21%
	100%
	WOP
	
	Water
	Scarlet
	Scarlet 100%
	Ambient
	
	Water

	28
	10.15
	103
	20.3
	0
	7.61%
	15.21%
	100%
	WOP
	
	Water
	Pink
	Wine Red 100%
	Ambient
	
	Water

	29
	10.15
	103
	20.3
	0
	7.61%
	15.21%
	100%
	WOP
	
	Water
	Yellow
	Golden Yellow 100%
	Ambient
	
	Water

	30
	10.15
	103
	20.3
	0
	7.61%
	15.21%
	100%
	WOP
	
	Water
	Light Yellow
	Lemon Yellow 100%
	Ambient
	
	Water

	31
	10.15
	103
	20.3
	0
	7.61%
	15.21%
	100%
	WOP
	
	Water
	Blue
	Turquoise 100%
	Ambient
	
	Water

	32
	10.15
	103
	20.3
	0
	7.61%
	15.21%
	100%
	WOP
	
	Water
	Green
	Turquoise 50% Golden Yellow 50%
	Ambient
	
	Water

	Blue Sample (Placed
 back in fixer solution)

	5.05
	55
	5.1
	0
	7.75%
	7.83%
	100%
	WOP
	30
	80
	Salt/Fixer Sol.
	Blue
	Turquoise 100%
	Ambient
	
	Water

	33
	10
	100
	11.15
	0
	8.25%
	9.20%
	100%
	WOP
	5
	32
	Water
	Blue
	Turquoise 100%
	37
	50
	Water

	34
	10
	100
	11.15
	0
	8.25%
	9.20%
	100%
	WOP
	5
	32
	Water
	Blue
	Turquoise 100%
	37
	47
	Water

	35
	10
	100
	11.15
	0
	8.25%
	9.20%
	100%
	WOP
	5
	32
	Water
	Blue
	Turquoise 100%
	37
	46
	Water

	36
	10
	100
	11.15
	0
	8.25%
	9.20%
	100%
	WOP
	5
	32
	Water
	Blue
	Turquoise 100%
	Ambient
	60.3
	Water

	37
	10
	100
	11.15
	0
	8.25%
	9.20%
	100%
	WOP
	5
	32
	Water
	Blue
	Turquoise 100%
	Ambient
	62
	Water

	38
	10
	100
	11.15
	0
	8.25%
	9.20%
	100%
	WOP
	5
	32
	Water
	Blue
	Turquoise 100%
	Ambient
	61.4
	Water

	39
	10
	100
	11.15
	0
	8.25%
	9.20%
	100%
	WOP
	5
	32
	Water
	Blue
	Turquoise 100%
	Ambient
	69.2
	Water

	40
	10
	102
	10.45
	0
	8.17%
	8.53%
	100%
	WOP
	5
	80
	Water
	Blue
	Turquoise 100%
	Ambient
	60
	1M NaOH

	41
	10
	102
	10.45
	0
	8.17%
	8.53%
	100%
	WOP
	5
	80
	Water
	Blue
	Turquoise 100%
	Ambient
	48.7
	1M NaOH

	42
	10
	102
	10.45
	0
	8.17%
	8.53%
	100%
	WOP
	5
	80
	Water
	Blue
	Turquoise 100%
	Ambient
	48.7
	1M NaOH

	43
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	80
	Water
	Light Yellow
	Lemon Yellow 100%
	Ambient
	64.2
	Water

	44
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	80
	Water
	Light Yellow
	Lemon Yellow 100%
	Ambient
	64.2
	Water

	45
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	80
	Water
	Pink
	Wine Red 100%
	Ambient
	64.2
	Water

	46
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	80
	Water
	Pink
	Wine Red 100%
	Ambient
	64.2
	Water

	47
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	80
	Water
	Black
	Black 100%
	Ambient
	64.2
	Water

	48
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	80
	Water
	Black
	Black 100%
	Ambient
	64.2
	Water

	49
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	80
	Water
	Scarlet
	Scarlet 100%
	Ambient
	49
	Water

	50
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	80
	Water
	Scarlet
	Scarlet 100%
	Ambient
	49
	Water

	51
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	50
	Water
	Scarlet
	Scarlet 100%
	Ambient
	64.2
	Water

	52
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	50
	Water
	Scarlet
	Scarlet 100%
	Ambient
	64.2
	Water

	53
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	50
	Water
	Green
	Turquoise 50% Golden Yellow 50%
	Ambient
	55
	1M NaOH

	54
	10.2
	98
	20.7
	0
	7.91%
	16.06%
	100%
	WOP
	5
	50
	Water
	Green
	Turquoise 50% Golden Yellow 50%
	Ambient
	55
	1M NaOH
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The vinyl sulfone (VS) dy

was used. However figure xx compares

with black ink. Figures xx and s« show the impact of an additional transfer step, replicating a roller,

with the roller step staying for the remaining results. Further results were collected when each of the
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