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1.	Introduction

1.1. Industrial and Everyday Applications of Dyeing Technology  
Dyeing technology has been an essential aspect of human daily life and industrial production since ancient times. With the advancement of technology, its scope and depth of application have continuously expanded. In the industrial sector, dyeing technology is widely applied in textiles and apparel, medicine, environmental protection, and the manufacturing of functional materials. In the textile and apparel industry, dyeing is a critical step in fabric production. Both natural fibres (such as cotton and wool) and synthetic fibres (such as polyester) require dyeing processes to achieve vibrant and long-lasting colours. 

Looking ahead, dyeing technology will continue to evolve towards environmental sustainability, intelligence, and multifunctionality. Innovations such as zero-water discharge technology, renewable dye materials, and AI-assisted automated dyeing are emerging as focal points. At the same time, the revival of traditional dyeing techniques, combined with modern design, achieves both cultural preservation and the creation of market opportunities. As an applied science spanning industrial and everyday contexts, dyeing technology will play an increasingly significant role in promoting economic development and enriching cultural life.

1.2. Challenges and Opportunities in Modern Textile Dyeing and Finishing Industry
The dyeing and finishing processes commonly face the following issues:
· High water consumption: Traditional dyeing techniques demand an enormous amount of water resources. The significant water consumption poses severe challenges, particularly in water-scarce regions such as parts of South Asia and Africa, where the textile industry is already experiencing production difficulties due to water shortages. Consequently, there is an urgent need to develop low-water-consumption technologies which can perform dyeing processes under waterless or low-water conditions which can have the potential to significantly alleviate the pressure on water resources.
· [bookmark: _Hlk215233721]Dye and chemical pollution: Dye wastewater has been explicitly identified as one of the major sources of global industrial pollution, containing harmful substances such as heavy metals, salts, and undegraded organic dye components that pose risks to both the environment and human health. To address this issue, some studies have proposed the development of degradable green dyes, such as natural dyes synthesized by microorganisms. Simultaneously promoting the application of environmentally friendly dyeing and finishing processes, such as ozone treatment, advanced oxidation processes (AOPs), and membrane filtration technology, these techniques can significantly reduce the harmful substances in wastewater and effectively enhance the recycling rate of dyes.

Breakthrough Developments in the Global Industrial Chain:
· Green chemistry and environmental protection technologies: With the rising global awareness of environmental protection, green chemistry and environmental protection technologies have achieved significant breakthroughs in recent years, particularly in the dyeing and finishing industry. The technology of replacing traditional chemical dyes with plant-based dyes is gradually gaining popularity. The preparation and use of traditional chemical dyes typically generate large amounts of toxic and hazardous wastewater, causing severe environmental pollution. Moreover, the long degradation cycle of these dyes further exacerbates the burden on ecosystems. In contrast, plant-based dyes, with their renewability, low toxicity, and biodegradability, have become an important choice for sustainable development. India has promoted the use of indigo plant dyes for denim dyeing, making it a representative of eco-friendly denim.
· Intelligent dyeing technology: The rapid development of intelligent technologies has provided new opportunities for the upgrading and transformation of the traditional dyeing industry. Leveraging machine learning and big data analytics, modern dyeing technologies have achieved breakthroughs in automation and intelligence. These advancements not only reduce raw material waste but also lower the need for manual intervention, significantly improving production efficiency and resource utilisation. Intelligent dyeing robots has been developed with capable of real-time adjustments to dye concentration and timing, thereby enhancing production efficiency.
· Waterless dyeing technology: Water scarcity is a critical global challenge, and the dyeing and finishing industry is a major consumer of water. Consequently, the application of waterless dyeing technology has garnered widespread attention. The use of supercritical carbon dioxide as a dyeing medium represents a revolutionary technology. The dyeing process can completely avoid the use of water, thereby fundamentally addressing the challenge of wastewater treatment inherent in traditional dyeing and finishing techniques. 

2. Fundamental Principles of Dyeing Technology

Dyeing technology is a technical process that uniformly adheres dyes to fibres or fabrics, aiming to impart durable, vibrant, and diverse colours to textiles while ensuring colour fastness and durability. Over the years, dyeing techniques have transitioned from traditional plant-based dye methods to modern chemical dye technologies, and today they are further advancing toward intelligent and environmentally friendly approaches. Dyeing technology involves three core steps: absorption, diffusion, and fixation (Figure 1). These processes are highly dependent on precise control of conditions such as temperature, pH value, dye concentration, and dye bath agitation. 
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Figure 1. Absorption, diffusion and fixation in dyeing

2.1. Adsorption, Diffusion, and Fixation Mechanisms  
(1) Dye absorption: Dye adhesion (absorption) is the first step in the dyeing process, and its key lies in whether the dye molecules can effectively adhere to the fibre surface. At this stage, the surface structure of the fibre, the type of dye, and the dyeing conditions (such as temperature and pH) significantly influence the outcome. In practical applications, to promote dye absorption, additives are often introduced into the dyeing solution, or the pH of the solution is adjusted.
(2) Dye diffusion: The dye penetrates (diffusion) into the interior of the fibre. Dye diffusion refers to the process by which dye molecules overcome structural barriers within the fibre and further diffuse into its deeper layers. This process heavily relies on the hygroscopicity and permeability of the fibres, as well as the dispersibility of dye molecules. Practically speaking, if the porosity of fibres is higher, dye molecules can more easily penetrate the interior of the fibres, resulting in a uniform dyeing effect. In industrial practice, the oscillation and agitation of dyeing machines, as well as the choice of aqueous solvents, are all aimed at enhancing the penetration speed and depth of dyes.
(3) [bookmark: _Hlk215233845]Dye fixation: This step (fixation) involves stabilising the dye onto the fibres through chemical reactions or physical interactions. Dye fixation is the final step in the dyeing process and determines the durability and stability of the dyeing outcome. The core of this stage lies in whether the dye can form a strong bond with the fibres, such as through covalent bonding, hydrogen bonding, or van der Waals’ forces. For example, reactive dyes chemically react with cotton fibres to form stable covalent bonds, thereby exhibiting superior lightfastness and washing fastness. 

2.2. Dyeing Equilibrium and Dyeing Rate  
Dyeing equilibrium and dyeing rate are two critical concepts in the dyeing process, significantly influencing the dyeing outcome, dye utilisation efficiency, and the quality stability of textiles. Dyeing equilibrium refers to the balance achieved when the rate of dye absorption by the fibres equals the rate of dye desorption from the fibres, at which point the dye concentration inside and outside the fibres remains stable. The realisation of this equilibrium is influenced by various factors, including fibre material, dye molecular structure, and dye bath conditions. The dyeing rate refers to the speed at which dye molecules transfer from the dye bath into the fibres, and its pace is closely related to dyeing efficiency and product uniformity. These two aspects are interdependent: the dyeing rate determines the speed at which equilibrium is achieved, while equilibrium affects the uniformity and stability of the dyeing process.

2.2.1. Factors Affecting Dyeing Equilibrium
The primary factors influencing dyeing equilibrium include the material and structure of the fibres, as different fibres exhibit significant differences in their absorption properties toward dyes. For instance, natural fibres such as cotton and wool can form chemical bonds with reactive dyes, whereas polyester fibres require the use of disperse dyes, which achieve physical adsorption under high-temperature and high-pressure conditions. Additionally, the size, polarity, and solubility characteristics of dye molecules play a crucial role in equilibrium. Operational conditions, such as the pH value, temperature, and dye concentration of the dye bath, are also key factors affecting dyeing equilibrium. For example, in the case of reactive dyes, the addition of alkali agents can promote the bonding between dyes and fibres, while excessively high alkali concentrations may lead to dye hydrolysis, thereby compromising uniformity.

2.2.2. Factors Affecting Dyeing Rate
The dyeing rate determines the physical diffusion process between the dye and the fibres. An increase in temperature facilitates molecular motion, thereby accelerating the dyeing rate; however, an excessively high rate may result in uneven dyeing or colour differences. Stirring and the flow properties of the dye bath enhance the distribution of dyes within the solution, preventing excessively high or low local concentrations. The choice of dye type is equally important. For example, the application of disperse dyes on polyester fibres requires specific high-temperature conditions to achieve optimal dye uptake, whereas reactive dyes achieve rapid dyeing rates through chemical reactions.


3. Classification and Characteristics of Dyes  

Dyes are essential materials in the textile and other industrial sectors, used to impart desired colours or functionalities to products. Based on their sources, chemical structures, and application methods, dyes can be categorised into various types, each with unique characteristics and application scopes. 

3.1. Natural Dyes and Synthetic Dyes  
Dyes can be classified into natural dyes and synthetic dyes based on their sources, and they differ in terms of production methods, environmental impact, and application characteristics. 
· Natural dyes: Natural dyes are derived from plants, animals, or minerals and represent the earliest sources of dyes used by humans. Common natural dyes include indigo (plant-derived, blue), madder (plant-derived, red), and logwood (plant-derived, purple). These dyes are typically characterised by low toxicity, environmental friendliness, and health benefits. Additionally, some natural dyes possess unique fragrances or antibacterial properties, which appeal to consumers. Despite the environmentally friendly production process of natural dyes, their limited colourfastness, restricted colour spectrum, and high extraction costs constrain their large-scale industrial application. 
· Synthetic dyes: Synthetic dyes, developed since the late 19th century, are produced through organic chemical methods and have become the dominant category in the dye market. Chemically synthesised dyes, such as reactive dyes, direct dyes, and disperse dyes, offer advantages including a broad colour spectrum, high colourfastness, and ease of production. Synthetic dyes are widely applied in textiles, printing, and coatings, among other fields. However, the production of certain dyes and the discharge of wastewater have exerted considerable pressure on the environment. In recent years, the development of biosynthetic dyes and green technologies has contributed to improving the sustainability of synthetic dyes.

3.2.  Common Types of Dyes  
Dyes can be further categorised into various types based on their dyeing mechanisms or chemical structures, such as direct dyes, reactive dyes, disperse dyes, and acid dyes. The characteristics and application scopes of the main types of dyes are as follows:  
· Direct dye 
· Direct dyes exhibit good water solubility and can directly act on cellulosic fibres (e.g., cotton, linen) without the need for mordants. The dyeing process is simple, and the cost is low; however, their light fastness and washing fastness are generally moderate.
· Applications: Commonly used in household textiles (e.g., bed sheets, tablecloths) and certain low-cost garments. 
· Reactive dye 
· Reactive dyes contain active groups capable of forming covalent bonds with fibre molecules (e.g., cellulosic or protein fibres), resulting in high dyeing fastness and vibrant colours. 
· Applications: Widely used for dyeing materials such as cotton, wool, silk, and nylon. Suitable for high-end apparel, household textiles, and products requiring high durability.
· Vat dye 
· Vat dyes are difficult to apply (requires reduction treatment to make soluble in water and oxidation to resume insoluble state after dyeing) but with good all round fastness except indigo Applications: Commonly used in high quality cotton goods, e.g. towel; specially used in the dyeing of denim fabric.
· Sulphur dye 
· Sulphur dyes are difficult to apply (application similar to vat dyes). The cost is low particularly for dark shade with incomplete colour range (strong in black, navy, khaki and brown but no bright shade). Sulphur dyes have poor washing and rubbing fastness and sensitive to chlorine. It may cause fabric rendering of cellulose upon storage (aging). 
· Applications: Mostly used for heavy cellulosic goods in dark shades and black denim.
· Disperse dye
· Disperse dyes are water-insoluble dyes primarily used for hydrophobic fibres (e.g., polyester fibres). They exhibit high dyeing fastness, particularly in terms of light fastness and resistance to chemical agents. 
· Applications: Commonly used for dyeing sportswear, industrial fabrics, and automotive interior materials. 
· Acid Dyes
· Acid dyes are suitable for protein fibres (e.g., wool, silk) and nylon fibres, requiring acidic conditions for application. They offer bright colours and moderate dyeing fastness. 
· Application: Suitable for high-end fashion apparel and silk handicrafts.
· Basic (Cationic) Dyes
· Careful application is required to prevent unlevel dyeing and adverse effect in hand-feel. Basic dyes have complete colour range with very good brilliant shades. 
· Applications: Mainly used for acrylics. 

3.3. Basis for Dye Selection and Scope of Application 
The selection of dyes requires a comprehensive evaluation based on factors such as fibre material, dyeing requirements, cost considerations, and environmental demands to meet the needs of different application scenarios. Firstly, the compatibility of different fibres with dyes determines the choice of dye. For example, cellulose fibres such as cotton typically uses direct dyes and reactive dyes, whereas polyester fibres are more suited for disperse dyes. Secondly, colour fastness and performance are critical criteria for dye selection. Cost and processing conditions are also key considerations for large-scale custom dyeing. 

Additionally, with the growing awareness of environmental sustainability, the use of biosynthetic dyes and natural dyes is increasing, particularly in children's clothing and the high-end home furnishing market. Finally, specific application fields impose unique requirements on dye selection. For instance, denim typically employs vat dyes with high wash fastness. Silk products, on the other hand, are more suitable for the use of acid dyes, which are characterised by their rich colours and strong lustre. By comprehensively considering the aforementioned factors, it is possible to more accurately select dyes appropriate for the target products, thereby achieving optimal economic and environmental benefits.

4.	Dyeing Methods

4.1. Batchwise Dyeing Methods  
Batchwise dyeing is a historically significant and widely applied dyeing technique. Its working principle involves repetitive actions to allow the dye solution to penetrate deep into the fibres, achieving uniform colouration (Figure 2). In this process, the dye bath serves as the core of the technique, with the dye solution typically being precisely formulated to ensure colour stability.

When the fabric is randomly agitated in the dye bath, the dye must not only absorb stably to the fibre surface but also penetrate into the internal fibre structure. This requires the collaboration of various mechanical actions such as rolling, stirring, or squeezing. Due to its excellent controllability, this method is extensively used for dyeing natural fibres, particularly cotton and silk.

Application: Suitable for uniform dyeing of natural fibres (e.g., cotton, silk), such as bed linens and high-end pure cotton garments. 
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Figure 2. Example of batchwise dyeing method
 
4.2.	Continuous Dyeing Method
Continuous dyeing aims for efficient and uniform dyeing results. Its principle involves using rollers to apply physical pressure to force the dye solution into the fabric, followed by steaming to fix the dye, thereby achieving a faster dyeing process (Figure 3). In industrial production, pad dyeing is often employed for large-scale manufacturing, especially for synthetic fabrics such as polyester. 

After the fabric is immersed in the dye bath, the roller stage becomes particularly critical. Precise adjustment of the roller pressure is required, as excessive pressure may lead to over-penetration of the dye solution, compromising the texture of the fabric, while insufficient pressure may affect the uniformity of the dyeing. In factories, the high-speed operation of pad dyeing machines and the pungent smell of dye solutions combine to form a routine backdrop. The fabric, after dyeing, exhibits intense and saturated colours. This technique is widely applied in the production of sportswear, endowing polyester fabrics with high-quality texture and highly stable colours. 

Application: Suitable for large-scale production, particularly in the manufacturing of polyester sportswear. 


[image: ]Figure 3. Example of continuous dyeing

4.3.	Spray Dyeing
This method employs a high-pressure system to evenly spray dye solutions onto the fabric surface. The process is particularly suitable for creating patterns, gradient effects, and other dyeing techniques with specific artistic design requirements. As the dye solution is gently sprayed onto the fabric, dyes of varying concentrations blend seamlessly with one another. Creating a layered gradient effect, much like a meticulously painted water colour artwork, requires the artisan's utmost concentration. Any slight deviation can disrupt the balance of colour distribution, thereby affecting the overall effect. 

4.4. Control of Dyeing Conditions  
Temperature affects the movement rate and adsorption rate of dye molecules. For instance, reactive dyes achieve optimal dyeing results at 40°C - 60°C, whereas disperse dyes require high temperatures (e.g., 120°C under high-pressure conditions) to fully penetrate polyester fibres.

The pH value determines the chemical reaction environment between the dye and the fibre. For example, reactive dyes require an alkaline condition (pH value around 10~11) to promote covalent bond formation, while acidic dyes necessitate an acidic environment (pH value around 4~5) to ensure colour stability.

Dyeing time influences the degree of dye absorption and uniformity. Insufficient dyeing time may result in colour discrepancies, whereas excessive time increases costs and reduces efficiency. Therefore, dyeing time should be reasonably set based on the characteristics of the material and the dye.
5.	Dyeing Characteristics of Different Fibres

5.1. Cotton
Cotton fibre is a type of cellulose fibre, primarily composed of cellulose molecules formed by polysaccharide chains. Its surface contains a large number of hydroxyl groups, which confer strong dye absorption properties and excellent dyeing performance.

Compatible Dyes: Cotton fibre exhibits good compatibility with reactive dyes, direct dyes, sulphur dyes, and vat dyes. Among these, reactive dyes are the most commonly used due to their ability to form covalent bonds with cotton fibres, significantly enhancing dyeing fastness.

Additionally, the fibre excellent moisture absorption facilitates dye penetration and adsorption. Cotton-dyed products using reactive dyes typically exhibit good lightfastness and wash fastness, although the fastness of direct dyes is relatively lower.

5.2. Linen
Linen fibres, including flax and hemp, are also primarily composed of cellulose but feature a rougher surface structure and a porous interior.

Compatible Dyes: The dyeing of linen fibres typically employs reactive dyes, direct dyes, and sulphur dyes. Due to the high cellulose content of the fibres, reactive dyes are the preferred choice. 

Similar to cotton, linen exhibit strong moisture absorption, which aids in dye penetration. The rough surface and porous structure of the fibres allow for the adsorption of more dye molecules, but this may also increase the risk of uneven dyeing. 

5.3. Silk   
Silk is a protein fibre, primarily composed of fibroin, which is chemically distinct from cellulose fibres.

Compatible Dyes: Silk fibres are suitable for acid dyes, direct dyes, and reactive dyes, with acid dyes being the most common choice due to their ability to form ionic bonds with the amino groups in silk fibroin.

Silk fibres, after dyeing, exhibit bright colours and high luster, making them ideal for high-end garments. The smooth and delicate surface of silk fibres allows for uniform dye absorption, providing excellent flexibility and level dyeing properties. The colour fastness of silk fibres is generally high, particularly when dyed under acidic conditions, with good lightfastness and wash fastness. However, silk fibres are sensitive to alkaline conditions, necessitating strict pH control (typically between 4 and 5) during the dyeing process to prevent fibre damage.

5.4. Wool 
Wool is a protein fibre primarily composed of keratin, with a surface rich in carboxyl and amino groups, giving it unique dyeing properties.

Compatible Dyes: Wool fibres are commonly dyed with acid dyes and reactive dyes, with acid dyes being the preferred choice.

Wool demonstrates excellent dye saturation and uniformity, and the colour fastness of acid-dyed wool is typically high, with good light fastness and washing fastness. Wool has a strong affinity for certain dyes (e.g., acid dyes). Sensitive to environmental conditions. Notably, wool is prone to damage under high-temperature and high-pH conditions; therefore, dyeing is typically conducted under low-temperature and acidic conditions. Additionally, the natural crimp characteristic of wool fibres may pose a risk of uneven dye distribution.

5.5. Polyester 
Polyester fibres are hydrophobic in nature, with molecular structures containing highly crystalline regions, which result in poor absorption of water-soluble dyes. Consequently, specialised dyeing methods are required to improve dye penetration. 

There are several types of dyeing techniques for polyester: 
· High-temperature, high-pressure dyeing: Polyester fibres are typically dyed under high-temperature and high-pressure conditions (approximately 120°C to 130°C). Heating facilitates the movement of fibre molecular chains, accelerates the penetration rate of disperse dyes, and improves dyeing uniformity. Additionally, the use of dispersing agents can prevent dye aggregation, ensuring optimal dyeing results.
· Low-temperature deep shade dyeing: To mitigate the environmental impact of high-temperature dyeing, low-temperature dyeing techniques have garnered increasing attention. This method employs strong penetration auxiliaries and specific dye formulations. It can achieve deep and rich colouration at temperatures ranging from 85°C to 100°C.
· Dope dyeing: Dope dyeing involves adding dyes to the raw material before the polyester fibres are formed, allowing the colour to penetrate the fibre’s interior. This method conserves water resources and reduces subsequent dyeing pollution, making it an environmentally friendly dyeing technique.

5.6. Nylon  
Nylon fibres are semi-crystalline polymers containing amino and carboxyl groups in their molecular structure, which confer a certain degree of hydrophilicity. This property enables nylon fibres to exhibit good compatibility with various dyes. 

There are several dyeing methods for nylon:  
· Dyeing with acid dye: Nylon fibres are typically dyed under acidic conditions, with the pH value controlled between 4.5 and 5.5 to facilitate ionic bonding between the acid dyes and the fibres. The dyeing temperature generally ranges from 85°C to 98°C. 
· Dyeing with disperse dye: When nylon is blended with polyester, disperse dyes can be used to achieve a two-tone effect. During the dyeing process, temperature and time must be carefully adjusted to prevent excessive dye absorption, which could lead to colour inconsistencies. 
· Dope Dyeing: Similar to polyester, nylon fibres can also undergo dope dyeing prior to spinning. This method ensures exceptionally high colourfastness and effectively reduces wastewater discharge. 

5.7. Acrylic  
Acrylic fibres (polyacrylonitrile) are hydrophobic fibres primarily composed of polyacrylonitrile molecules. Their surface contains a small number of polar groups (such as cyano groups), which impart selective affinity for certain dyes. 

Dyeing Methods
· Dyeing with basic dye: Acrylic fibres are typically dyed under mildly acidic conditions (pH approximately 4.5 to 5.5). Within the temperature range of 85°C to 98°C, basic dyes bind to the fibres through electrostatic interactions. The method offers rapid dyeing speed and vivid colouration. 

6.	Dyeing Strategies for Blended Fibres

Blended fibres refer to materials formed by mixing two or more types of fibres in specific proportions, commonly found in garments and household textiles. When dyeing blended fibres, the following strategies should be considered:
· Selection of dyes based on fibre characteristics: Different fibres in blended materials react differently to dyes. For instance, cotton-polyester blends typically employ a combination dyeing method using reactive dyes (suitable for cotton) and disperse dyes (suitable for polyester) to achieve excellent colour effects and wash fastness. 
· Adoption of one-bath or two-bath dyeing methods: Depending on the fibre characteristics, choose either a one-bath or two-bath dyeing method. The one-bath dyeing method is suitable for dyes with good compatibility, simplifying the process, while the two-bath dyeing method allows for better dyeing results for different fibres, making it suitable for products with higher requirements. 
· Application of eco-Friendly dyeing technologies: With the growing awareness of environmental protection, the use of eco-friendly dyes and water-saving dyeing processes can effectively reduce environmental impact. 

7.	Common Challenges and Solutions in Dyeing Synthetic Fibres

Although the dyeing methods for polyester, nylon, and acrylic fibres differ, they all belong to the category of synthetic fibres and face some common challenges during dyeing, such as poor dye penetration, uneven colouration, and environmental pressures. Therefore, the following techniques are widely applied to address these issues:  
· Auxiliary agent technology: The use of dispersants, penetrants, or crosslinking agents improves the distribution of dyes both inside and outside the fibres. 
· Temperature and time control: Properly setting the heating curve and holding time can prevent uneven dyeing. 
· Eco-friendly dyeing techniques: Promoting dope dyeing, low-temperature dyeing technologies, and water resource recycling systems reduces wastewater discharge and energy consumption. 

8.	Dyeing Quality – Colour Fastness

Dyeing quality is one of the key indicators in textile production, and colour fastness is an important parameter for evaluating dyeing quality. Colour fastness refers to the ability of dyed fabrics to retain their colour under different environmental and usage conditions. 

Main types of colour fastness:
· Washing fastness: Refers to the ability of dyed fabrics to retain their colour during washing processes. It typically evaluates colour change and staining under various washing conditions.
· Light fastness: Refers to the ability of dyed fabrics to retain their colour under exposure to light, particularly sunlight or artificial light sources.
· Perspiration fastness: Tests the durability of fabric colour when in contact with human sweat, primarily for garments and fabrics that are in close contact with the skin.
· Rubbing (crocking) fastness: It consists of dry rubbing and wet rubbing. In dry rubbing fastness, it tests the degree of colour transfer when dyed fabrics are rubbed against each other in a dry state. In the wet rubbing fastness, it tests the degree of colour transfer when dyed fabrics are rubbed against each other in a wet state.
· Dry cleaning fastness: Tests the ability of fabrics to retain their colour after washing with dry cleaning agent. It typically evaluates colour change and staining under influence of dry cleaning agent.

9.	Colour Management

Colour management of dyes products involves colour difference analysis and colour matching systems, with the primary goal of ensuring colour consistency and accuracy during colouration and production processes. The following are some key concepts and techniques:
· Use of colourimeters: A colourimeter (or spectrophotometer) is a tool used to measure the colour of samples. Capable of providing precise colour data, these instruments assist users in evaluating colour differences between various samples. Based on the principles of spectrophotometry, they are specifically designed for colour deviation testing. 
· CIE Lab values and colour calculation: In colour management, CIE Lab values represent a standardised method for describing colour attributes with precision. The calculation of colour differences typically relies on the variation between CIE Lab values to determine the degree of colour deviation (Figure 4). 
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Figure 4: CIE Lab values

· Colour management system (CMS): A CMS is an integrated system that ensures consistent colour reproduction across different devices. It takes into account the colour characteristics and settings of each device, ensuring that colours remain similar whether displayed on different monitors or printed on various printers.
· Dyeing recipe formulation software: Dyeing recipe software offers an intuitive user interface and a serverless cloud platform, enabling excellent colour matching during the dyeing recipe formulation and quality control processes. 
· Colour matching challenges: In practical applications, different devices and software may utilise varying colour gamut, which can affect colour matching. Establishing a system capable of accurately interpreting and translating colours is an effective approach to addressing these challenges. 

10.	Environmental and Sustainable Dyeing Technologies

10.1 Environmental Impact of Conventional Dyeing
Water resource consumption: Traditional dyeing processes require significant amounts of water to dissolve dyes and rinse fabrics, placing immense pressure on sustainable water resource management. The dyeing process for each kilogram of fabric typically consumes dozens of litres of water.
· Chemical usage: Conventional dyeing often involves the use of various chemical dyes and auxiliaries. These substances may release toxic materials during production and usage, posing threats to the environment and human health.
· Wastewater discharge: The dyeing process generates wastewater containing large amounts of dyes, chemicals, and other pollutants. If discharged untreated, it can cause severe water pollution, impacting aquatic ecosystems.
· Greenhouse gas emissions: The dyeing process requires significant energy, particularly during the heating and drying stages of dyes, leading to substantial emissions of carbon dioxide and other greenhouse gases, thereby exacerbating climate change.
· Soil contamination: Improper disposal of waste generated during the production and processing of dyes may infiltrate the soil, causing contamination that affects crop growth and soil health.

10.2. Perspective in Dyeing Technology
· Polymer-based waterless dyeing technology: Polymer-based waterless dyeing technology is a ground-breaking innovation that utilises specially modified dyes to bond with natural fibre molecules, enabling the entire dyeing process to be conducted without water. This technology is particularly suitable for dyeing natural fibres such as cotton. It significantly reduces water resource consumption and wastewater pollution during the dyeing process, achieves high dyeing efficiency, and is easily scalable for commercial applications. 
· Supercritical carbon dioxide (CO₂) dyeing technology: Supercritical carbon dioxide dyeing technology represents a critical breakthrough in the field of textile dyeing. This technology replaces water with supercritical carbon dioxide as the dyeing medium, allowing dyes to penetrate fibres uniformly. This technology achieves zero water consumption and low chemical demand, significantly reducing energy consumption during the dyeing process. It represents a cutting-edge approach to achieving sustainable development in the textile industry.
· Digital inkjet dyeing: Digital inkjet dyeing technology is an advanced textile dyeing method that utilises digital inkjet printing to directly apply dyes onto fabric surfaces. The process includes digital design and data processing, selecting suitable dyes (commonly water-based or disperse dyes), inkjet printing, and post-treatment. This technology offers high precision and flexibility, enabling the printing of intricate patterns and shortening production cycles to meet the demands of personalized and fast fashion markets. Furthermore, it reduces resource waste, achieves zero dyeing waste, and aligns with the principles of sustainable development.
· Rise of data-driven approaches: Dyeing technology underwent a revolutionary transformation driven by artificial intelligence (AI), big data analytics, and nanotechnology, ushering in a new era of intelligence and efficiency. Dyeing factories began comprehensive intelligent upgrades, utilising AI control technologies to precisely manage the dyeing process, including dynamic adjustments of parameters such as dye concentration, reaction time, and temperature, thereby achieving a highly automated production model. This not only improved the accuracy and consistency of dyeing but also significantly reduced waste of dyes and energy. AI technologies further enabled real-time analysis of production data, prediction of potential issues, and optimisation of production efficiency, achieving unprecedented precision in dyeing processes.
· In addition, data-driven technologies have extended to the automation of dyeing process design and quality control. For instance, AI algorithms can generate dyeing design models based on consumer demands while simultaneously optimising production processes, thereby shortening the time from order placement to product completion. On the other hand, intelligent monitoring devices can continuously collect data to detect deviations in the dyeing process in real time, ensuring that products meet high-quality standards. Furthermore, numerous dyeing enterprises worldwide have begun adopting intelligent scheduling systems that utilise big data analytics to predict market supply and demand as well as production schedules, achieving optimal resource allocation. 
· Newly developed automatic dyeing machines incorporate machine learning technology, enabling automatic adaptation to different fibre characteristics and dye types, significantly reducing the time and material waste associated with trial dyeing. These technological innovations have propelled the dyeing industry onto a trajectory of high efficiency, safety, and sustainable development, driven by both intelligence and eco-friendliness.
· Nanotechnology: The introduction of nanotechnology brought entirely new possibilities to dye applications. Due to the microscopic size of nano-dyes, they can penetrate more deeply into the microstructures of fibres, resulting in more uniform and durable dyeing effects. The use of nano-dyes has also brought significant environmental benefits, as their particulate structure enhances dye adsorption efficiency, thereby reducing dye consumption and wastewater discharge. 

10.3. Dyeing Wastewater Treatment and Emission Reduction Strategies
· Methods for treating dyeing wastewater: Wastewater generated during the dyeing process typically contains high concentrations of dyes, chemical auxiliaries, and heavy metals, posing significant environmental challenges. Effective wastewater treatment technologies include physical treatments (e.g., sedimentation and filtration), chemical treatments (e.g., chemical oxidation and coagulation-sedimentation), and biological treatments (e.g., activated sludge and anaerobic processes). In recent years, advanced treatment technologies such as membrane technology and photocatalytic oxidation have gained increasing attention for their ability to effectively remove pollutants from dyeing wastewater. Additionally, the use of environmentally friendly dyes and auxiliaries, as well as the establishment of water recycling systems, are critical measures for reducing the demand for fresh water and minimising wastewater discharge.
· Emission reduction strategies and policy support: Reducing the generation of dyeing wastewater is essential for environmental protection. This can be achieved through improvements in dyeing processes (e.g., lightweight dyeing) and automated management systems. Enterprises should select efficient dyes and auxiliaries while promoting the recycling and reuse of water to reduce the demand for fresh water. Policies and regulations established by governments worldwide set standards for the discharge of dyeing wastewater, thereby fostering innovation in environmental protection technologies and driving sustainable development. With advancements in technology and heightened environmental awareness, the treatment and reduction of dyeing wastewater will continue to evolve, providing more solutions for the textile industry.

11.	Future Development Trends in Dyeing Technology

11.1. Intelligent Dyeing with Automated Control
The future development trends in dyeing technology are increasingly centered around intelligent dyeing and finishing as well as automated control. The following are some key trends:
· Intelligent production processes: With advancements in artificial intelligence and data analytics, the dyeing industry will increasingly adopt intelligent production processes. This includes using AI to predict demand, optimise production planning, and enhance efficiency.
· Proliferation of automated equipment: Automated equipment enhances the efficiency of various stages in the dyeing finishing process. This not only reduces errors caused by manual operations but also improves production speed and consistency in quality. 
· Digital management systems: An increasing number of enterprises are adopting digital management systems to monitor and control the dyeing and finishing processes. These systems enable real-time data tracking and analysis, allowing for timely adjustments to production parameters and minimising waste. 
· Environmental protection and sustainability: Future dyeing technologies will place greater emphasis on environmental protection and sustainability. This includes the use of bio-based dyes, reduction in water and energy consumption, and the adoption of biodegradable auxiliaries and dyeing materials. 
· Multi-marking and intelligent analysis: Technological advancements have enabled the application of multi-marking techniques in dyeing, allowing for more precise colour control within the same sample. Simultaneously, intelligent analysis can enhance dyeing accuracy and efficiency. 

11.2. Functional Dyeing 
Functional dyeing is gradually becoming a focal point in research and application within the future development trends of dyeing technology. The advancement of these functional dyeing techniques not only increases the added value of products but also meets the market's growing demand for high-performance fabrics, driving innovation and progress across the entire industry. Below are some major functional dyeing technologies and their development trends:
· Antibacterial dyeing: With increasing attention to public health, antibacterial dyeing technology is being widely applied in textiles, footwear, and medical equipment. These dyes possess the ability to inhibit bacterial growth and prevent odours, thereby enhancing the product's lifespan and safety.
· Anti-ultraviolet dyeing: Anti-ultraviolet dyeing technology is becoming increasingly important, particularly in outdoor gear and sportswear applications. This dyeing technology effectively blocks harmful ultraviolet rays, protecting the skin from damage while extending the fabric's durability.
· Thermochromic dyeing: This dyeing technology utilises special materials that change colour in response to environmental temperature variations. It is widely applied in fashion apparel, sportswear, and smart home products, providing not only practical functionality but also enhanced visual appeal.
· Eco-friendly and sustainable materials: Future functional dyeing technologies will place greater emphasis on environmental sustainability by using bio-based or renewable dyes to reduce environmental impact. At the same time, these technologies aim to maintain colour performance while promoting sustainable development.
· Integration of smart dyeing technologies: With the advancement of the Internet of Things (IoT) and smart technologies, future dyeing processes may integrate with intelligent systems to enable automated monitoring and adjustments. This would allow the dyeing process to adapt to varying demands and environmental changes.

11.3. Dyeing Technologies for Natural Fibres
· Plant-based dyes and natural botanical dyeing techniques
· Plant-based dyes are a sustainable and environmentally friendly dyeing method derived from natural resources such as indigo, safflower, and annatto. These dyes are characterised by low chemical pollution and have gained significant attention in recent years due to the promotion of sustainable development.
· Advantages: Biodegradable and minimal environmental impact; particularly suitable for combining traditional techniques with modern innovations.
· Challenges and improvements: Plant-based dyes often exhibit poor colour fastness and uneven dyeing. However, modern technological advancements, such as the addition of plant-based auxiliaries and the use of low-temperature dyeing processes, have significantly improved colourfastness. Furthermore, increasing research efforts are exploring the extraction of dyes from waste plant materials, such as coffee grounds and onion skins.
· Food waste dyeing technology  
· This technology processes kitchen waste (e.g., beet pulp, coffee grounds) into natural dyes, achieving circular utilisation of waste resources. It also calculates usage to minimize waste and reduce production costs. 
· Outcomes and applications: Relevant studies have shown that natural dyes derived from food waste exhibit excellent dyeing effects on cotton and silk fabrics and possess biodegradable properties. This technology not only diversifies dye sources but is also hailed as a model of eco-design in the textile industry.
· Electrostatic and microbubble dyeing technologies  
· Electrostatic dyeing technology utilises electric fields to evenly adsorb dyes onto the surface of natural fibres, effectively reducing the consumption of water and chemical auxiliaries while significantly enhancing dyeing efficiency without damaging fibre structures. 
· Microbubble dyeing technology, on the other hand, employs tiny bubbles to carry dye solutions into the interior of fibres, achieving deep dyeing effects. This method is particularly suitable for heavy natural materials such as wool. Both technologies hold promising applications in environmentally friendly dyeing processes
· Bio-based dyes and reactive dye improvement technologies  
· Bio-based dyes and innovative applications based on reactive dyes constitute a significant part of sustainable dyeing technologies. These technologies involve the production of dyes by mimicking chemical processes within biological systems or improving the molecular structure of reactive dyes to enhance their adhesion to natural fibre surfaces. 
· Application scenarios: These dyes improve the colourfastness of materials such as cotton and wool while reducing wastewater and high-pollutant emissions during the dyeing process.
· “Self-dyeing” technology for pure natural fibres
· This is a novel conceptual technology aimed at developing plant fibres that inherently contain natural pigments, such as coloured cotton. These fibres can exhibit natural colours without undergoing additional dyeing processes.
· The potential of this technology lies in completely eliminating the use of dyes, thereby achieving zero chemical emissions in textile dyeing.

11.4. Development of Digital and Personalised Dyeing
In the future trends of dyeing technologies, digital and personalised dyeing are increasingly becoming focal points of the industry. Below are several key trends:
· Digital dyeing technology: With advancements in digital technologies, digital dyeing is replacing traditional dyeing methods. This approach not only enhances dyeing precision but also reduces dye waste and water consumption, enabling more environmentally friendly production processes.
· Real-time colour adjustment: Digital technologies make colour adjustments during the dyeing process faster and more flexible. Through real-time data feedback, colour adjustments in production can be completed within minutes, significantly improving production efficiency.
· Personalised customisation services: With the growing consumer demand for personalized products, the dyeing and finishing industry has begun to offer personalised dyeing services to customers, allowing them to select specific colours and patterns to meet their unique needs.
· Data-driven design decisions: By analysing consumer behaviour data and market trends, companies can better predict colour demands and design styles. This data-driven approach enhances product market adaptability and sales opportunities.
· Integration of virtual and augmented reality technologies: Future dyeing technologies may integrate with virtual and augmented reality, enabling consumers to visualise dyeing effects before purchase, thereby enhancing the shopping experience.

Learning Activities

(1) Dyeing Experiment Comparison (Hands‑on Activity)
· Students work in small groups to dye cotton, polyester, and silk fabric samples using suitable dyes (e.g., reactive dye for cotton, disperse dye for polyester, acid dye for silk).
· They document differences in dye uptake, colour fastness, and dyeing conditions. 
· Each group presents their findings on how fibre structure and dye type affected the results.
(2) Sustainable Dyeing Innovation Project (Research + Presentation)
· Students research one modern sustainable dyeing technology from the document (e.g., supercritical CO₂ dyeing, food‑waste dyes, polymer‑based waterless dyeing, nanotechnology). 
· They create a short presentation explaining:
· how the technology works
· its environmental benefits
· limitations or challenges
· potential industrial applications
· They then propose their own idea to improve the technology or apply it in a new context.

Assessment

(1) Explain the three fundamental steps of the dyeing process: absorption, diffusion, and fixation.
(2) Describe two major challenges faced by the modern textile dyeing and finishing industry and propose possible solutions.
(3) Compare natural dyes and synthetic dyes in terms of source, environmental impact, and industrial applicability.
(4) Discuss how temperature and pH influence the dyeing performance of reactive dyes.
(5) Describe the main differences between batchwise dyeing and continuous dyeing methods, including their typical applications.
(6) Identify the most suitable dye types for cotton, silk, and polyester fibres, and explain the reasons for their compatibility.
(7) Explain the principles and advantages of supercritical CO₂ dyeing technology.
(8) Discuss common challenges in dyeing synthetic fibres such as polyester, nylon, and acrylic, and describe the strategies used to overcome these issues.
(9) Define colour fastness and describe four types of fastness tests used to evaluate dyed fabrics.
(10) Explain how digital inkjet dyeing and data-driven AI technologies are transforming modern dyeing processes.
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