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Abstract 

Dyeing the textile material is essential for its aesthetic appeal. This process uses a large amount of water 

and releases untreated wastewater laden with hazardous chemicals. It has a major contribution to 

environmental pollution. Conventional dyeing methods are energy-intensive, which contributes to global 

greenhouse gas emissions. It is accepted that the textile industry is one of the highest water consumers. To 

limit this wastewater process, researchers and technologies have developed transformative alternatives. 

This review paper focuses on the latest advancements in waterless dyeing methods, like supercritical 

carbon dioxide (scCO2) dyeing, plasma treatment, and digital printing, and evaluates their potential to 

reduce water usage and chemicals, and increase dye uptake. These dyeing technologies are sustainable 

and eco-friendly. The paper explores carbon-neutral strategies that aim to minimize the carbon footprint 

of textile coloration. Using renewable energy in dyeing units, bio-based dyes, closed-loop systems, and 

eco-efficient machinery are adopted to reduce the environmental impact of the dyeing process.  

 

Keywords: Dyeing, wastewater, Supercritical carbon dioxide dyeing, plasma, sustainable, carbon 

neutrality. 

 

1. Introduction 

The fashion and textile industry are the world’s most environmentally damaging sectors, consuming a 

large amount of water and energy, releasing greenhouse gas emissions, with toxic effluents. The fashion 

industry alone contributes 10% of global carbon emissions, while dyeing and finishing processes account 

for 20% of global water pollution (Kim, M., et.al. 2024). Water is considered the universal solvent and 

dyeing medium. The traditional textile processing involves steps like desizing, scouring, bleaching, 

dyeing, printing, and other finishing processes. Water consumption during the wet processing process is 

the highest in the bleaching process, which is 38%. The boiler takes 14% of the water intake, dyeing 

includes 16% and the printing process takes 8% of the water consumption (Mahmud, I., et al. 2020). 

The dyeing and finishing of one kg of cotton fibers requires 125L of water to complete the process (Khalil, 

E. et.al. 2023). Wastewater from these processes contains heavy metals, salts, surfactants, and untreated 

dyes, which are difficult to eliminate and cause severe problems to aquatic life and public health. The 

over-increasing demand and fast fashion trends lead to more production and, in return, contribute to the 
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environmental impact. To overcome this issue, sustainable dyeing technologies have accelerated to reduce 

the impact on the environment and to save water. Technology has been introduced to dye the textile 

material without water, called Supercritical Fluid Dyeing technology. CO2 gas is used for dyeing that has 

the capacity to be in a liquid and gas state at certain temperatures and pressures (Miah, L., et al. 2013). 

Carbon-neutral dyeing uses renewable energy, biobased pigments, and closed-loop systems. These are 

emerging to lower or entirely offset carbon emissions. These approaches aim not only to reduce emissions 

but also to establish circular economy models within the textile supply chain. Besides this, using natural 

dyes and mordants, bio-based pigments, nano dye, and bacterial cellulose are other sustainable approaches 

towards the environment.  

 

2. Waterless Dyeing Technologies 

Traditional dyeing techniques are not only a water-intensive process but also harm the environment by 

generating large volumes of polluted wastewater containing dyes, salt, surfactants, and heavy metals.  As 

a result, the textile industry needs to adopt sustainable practices in its production. Waterless dyeing 

technologies have emerged to eliminate or drastically reduce water use and create cleaner and more 

efficient dyeing systems. The technologies included in waterless dyeing are supercritical carbon dioxide 

(scCO2) dyeing, plasma dyeing, and digital printing.  

2.1 Supercritical CO2 Dyeing  

Supercritical CO2 dyeing is a sustainable dyeing method that offers proven benefits in waterless dyeing 

processes. It reduces water use, effluent energy, and chemical consumption by delivering better colour 

quality on synthetic material. German professor Schollmeyer and his research group had first established 

the supercritical fluid in the late 1980s (Mahmud, I., et al. 2020). CO2 is the most widely used solvent in 

supercritical fluid due to its low cost, availability, non-flammability, and being environmentally friendly.  

Supercritical fluids operate at higher temperatures and pressures than the critical value. The critical values 

refer to the maximum temperature and pressure at which the substance remains in equilibrium. Their 

characteristics are identical to those of a gas and a liquid, and can be changed by adjusting the pressure. 

Its critical temperature is 31.1°C and pressure is 74 bar (Mahmud, I., et al. 2020). This state is particularly 

suitable for hydrophobic dyes. CO2 becomes an excellent solvent for disperse dyes due to its low polarity 

molecular structure (Zheng, H., et al. 2018). The process is carried out by placing the fabric in a high-

pressure vessel, and then supercritical CO2 is passed along with dye. The dye dissolves in scCO2 and 

penetrates the fiber due to its low surface tension and diffusivity. Pressure above 74 bar is maintained for 

the dyeing period of 50 to 70 minutes. After CO2 is depressurized, excess dyes are separated and recycled.  

The first waterless dyed T-shirt was produced in Thailand, developed by Dyecoo textile system (Li, S., et 

al. 2020). Dyecoo is also the first supplier of CO2 dyeing equipment.  

Challenges: 

Despite the advantages of supercritical carbon dioxide, there are challenges associated with carrying out 

this process. The investment cost is high for the high-performance equipment. Skilled manpower is needed 

to operate the machine. The dyeing process is complex and is limited to disperse dyes and synthetic fibers. 
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Natural fibers are not compatible due to poor dye solubility. As the process requires high temperature and 

pressure, this poses safety concerns for operation.  

2.2 Plasma Treatment 

Plasma treatment of textiles is a highly beneficial technique that improves dyeability and reduces the 

consumption of water, energy, and time. It has garnered sufficient attention from the textile industry due 

to its economic and biodegradable nature. Plasma treatment is preferably applied as a pre-treatment before 

the conventional dyeing process, where the dye wastewater remains a challenge. In post-treatment, it 

makes a huge difference in reducing the dye wastewater (Haque, A. N. M. A., et al. 2023). Plasma is a 

partially ionized gas, which is also categorized as the fourth state of matter. When this is subjected to high 

energy, the outermost electron from an atom escapes and becomes a free negative charge, while the atom 

becomes positively charged. The chemical status of a substance is called plasma. 

 It is further classified as cold or hot plasma depending on the working pressure. Cold plasma is applied 

to the textile fibers for the polymer fiber because it provides thermal stability to the fiber (Das, R., et al. 

2023). The most common application of plasma treatment is surface coating and cleaning. Plasma 

treatment provides and improves the wettability and adhesion properties of the fiber. Plasma treatment 

helps at the surface levels by altering roughness and removing impurities. It introduces functional chemical 

groups- (-COOH, -OH, NH2) for surface activation that improve wettability and dye affinity. The plasma-

treated polymerized fabric contains properties such as antibacterial finishing, UV protection coating, 

highly cross-linked, water repellent, etc.  

In plasma treatment, the use of water is minimized by using a spraying method for both the mordanting 

and dyeing stages. At the pre-treatment phase, plasma treatment enhances the wettability and dye affinity 

of the cotton fabric with the help of the creation of new chemical groups on the cotton surface associated 

with the formation of cellulosic radicals, which then chemically react with plasma particles (Khalil, E., et 

al. 2023). Cold plasma treatment has demonstrated efficiency in natural fibers like cotton, wool, silk, and 

jute, with studies showing enhanced dye uptake, shrink resistance, mechanical strength, and moisture 

handling (Das, R., et al. 2023).  

2.3 Limitations 

The important limitations of plasma treatment are that designing industrial-scale, consistent plasma 

systems is complex. The atmospheric plasma treatment is still a challenge because of the ageing factor of 

plasma-treated material. The operational cost and equipment cost are high. Process standardization of 

different fabric types can be different, which involves fine-tuning gas types, pressure, power, and exposure 

time.  

 

3. Carbon Neutral Process 

Carbon neutrality means achieving a dyeing process that results in approximately zero carbon emissions 

by reducing greenhouse gas (GHG) emissions from dyeing and printing wastewater treatment. Printing 

and dyeing wastewater contains a large volume of water, high levels of organic solvents, high toxicity, 

high salt content, and is difficult to biodegrade (Yin, H., et al. 2025). The treatment methods are divided 

into physical, chemical, and biological methods. The physical methods, such as adsorption, coagulation, 
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and membrane filtration, effectively remove dye molecules and harmful substances from wastewater. 

Chemical methods include electrochemical oxidation, Fenton oxidation, Ozone oxidation, and catalytic 

oxidation (Cui, T., et al. 2023). Biological methods mainly consist of anaerobic and aerobic processes, 

both of which are economically safe and environmentally friendly options for treatment. 

The carbon footprint is not only produced by the dyeing process, but also through the emissions from the 

onsite fuel combustion released by the boilers or generators in dye production. The electricity used 

accounts for the indirect emissions. The use of dyes and chemicals, raw materials, cultivation, and lastly, 

the consumer use and disposal of dyed textiles, all contribute to the carbon emissions directly or indirectly. 

Researchers have found ways to prevent or limit greenhouse gas emissions by adopting natural and bio-

based dyes, renewable sources of energy to replace the fossil-fuel-based sources, and closed-loop systems 

that recycle and eliminate waste accordingly.  

3.1 Natural and Bio-Based Dyes 

The use of synthetic dyes involves many chemical reactions with petrochemical-based dye intermediates 

(Samantha, A.K., 2020). They consume high energy for production and release toxic chemicals into the 

environment. To reduce the carbon footprint of dyes, the textile industry is turning towards natural and 

bio-based dyes obtained from renewable sources such as plants, fungi, algae, bacteria, and food or 

agricultural waste. Several natural sources, extraction processes, and application methodologies can 

provide diverse hues and biomordants, aiding manufacturers in selecting eco-friendly options for textile 

coloration (Pranta, A.D., 2024). Natural and bio-based dyes are a great substitute for synthetic dyes as 

they are environmentally friendly and sustainable. Natural dyes are biodegradable, non-toxic, and 

generally produced at lower energy intensities. Natural indigo, madder root, turmeric, etc, are used for 

dyeing cotton, silk, and wool.  

Microbial dyes are pigments produced by bacteria, algae, fungi, and yeast through controlled fermentation. 

These are sustainable and offer low-carbon, biodegradable, and non-toxic coloration methods that align 

with carbon-neutral dyeing goals. Streptomyces, Chromobacterium, Pseudomonas, and Chlorella sps 

(Patel, H., et al. 2022) are especially engineered or optimized to increase dye yields, pigment solubility, 

and colour range. Microbial dyes are gaining attention for their scalability and reproducibility. As far as 

the limitations, colour consistency, fixation, and limited shade range still need further research and 

innovation.  

3.2 Renewable Energy Integration 

The traditional dyeing process was highly energy-intensive and relied on fossil fuels for heating, operating 

machines, and powering ventilation. The wet processing sector is the most energy- and water-consuming 

area of the textile industry (Farhana, K., et al. 2022). Extraction of fossil fuels damages the land and water 

resources, and hence, the combustion of fossil fuels exacerbates the greenhouse effect (Zong, S., 2023). 

The energy sector started to emphasize renewable energy and witnessed an increased interest in scientific 

research on the production of energy for the manufacturing industry (Nunes, L.J.R., et al. 2019).  

Renewable energy is an alternative to fossil fuels, which are generally obtained from resources that are 

inexhaustible and abundant (Farhana, K., et al. 2022). Integrating renewable energy sources into dyeing 

processes is a key strategy for achieving carbon neutrality by eliminating or reducing emissions from 
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energy use. The application of renewable energy in dyeing is the use of solar thermal and photovoltaic 

systems. They can be used in heating water, steam, and sterilization in the textile industry. This 

significantly reduces the use of diesel or coal-fired boilers, lowering greenhouse gas (GHG) emissions and 

operational costs. In India and Bangladesh, multiple small-scale dyeing units have installed solar water 

heaters, reducing their fossil fuel dependency by over 40% (Mahmud, I., 2020). Biogas for thermal energy 

generated through anaerobic digestion of organic waste can be used as a fuel source for boilers and drying 

systems in dyeing units. Food waste, textile cutting waste from natural fibers, and sludge from dye effluent 

treatment plants are common feedstocks. Compared to fossil fuels such as petroleum products, these 

wastes generate fewer greenhouse gas emissions; therefore, biomass is considered a sustainable type of 

energy (Nunes, L, J, R., 2019). 

3.3 Closed-Loop Systems  

Due to the increasing demand for fast fashion, the textile dyeing sector has been identified as one of the 

most resource-intensive and polluting segments. The conventional dyeing consumes excessive water, 

chemicals, and energy while generating large volumes of untreated effluents. As a shift towards carbon 

neutrality and environmental sustainability, the transition to closed-loop and zero-emission systems helps 

to minimize the ecological impact and lowers greenhouse gas emissions. A closed-loop system is a process 

in which used dyes, water, and auxiliary chemicals are recovered and reused, thereby minimizing or 

eliminating waste generation. The wastewater coming from the dyeing process can have up to 50% of the 

unfixed dye (Catarino, M, L., et al. 2025). Implementation of zero-liquid discharge and Effluent treatment 

plants uses a combination of ultrafiltration, reverse osmosis, evaporation, and crystallization to treat the 

wastewater so that it can be reused (Thombre, N., et al. 2025). As we discussed, the implementation of 

renewable energy can also help to reuse the thermal energy in preheating or other stages. Using natural 

dyes and bio-based materials, renewable energy sources, and adapting circular manufacturing processes 

that align with the closed-loop system will help contribute to for better environment and a sustainable 

approach.  

 

4. Challenges and Limitations 

Innovations in textile wet processing have shown a significant potential in pressing environmental 

challenges by reducing water, energy, and chemical consumption. Despite the promising benefits of the 

new technologies, the industrial adoption remains limited due to high investment costs, process scalability, 

and further optimization (Catarino, M, L., 2025). It needs a high capital investment, which is difficult for 

small and mid-sized textile manufacturers. Some technologies are restricted to the type of fabric used, like 

supercritical CO2 dyes well with hydrophobic synthetic fibers, but limits its application to natural fibers. 

Implementing renewable and carbon-neutral dyeing systems demands technical abilities and specialized 

infrastructure. A strong operational understanding is required to operate the machine with proper 

requirements to ensure safety and reproducibility.  

There is a lack of global acceptance for the emerging dyeing techniques in the market. Certifications like 

Oeko-Tex, GOTS, etc, exist for conventional eco-textile and do not specifically address waterless or 

carbon-neutral certifications. It creates a gap between the customer and the manufacturer. Hence, 
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successful implementation of these sustainable technologies will depend on combining financial support, 

training programs, and standardization to overcome these barriers. 

 

5. Conclusion and Future Directions 

The global textile industry is undergoing a transformative shift towards environmentally responsible 

practices to overcome the issue of wastewater management. Waterless as well as carbon-neutral dyeing 

technologies are at the forefront of this evolution. Conventional dyeing methods are water-intensive and 

contribute to global pollution and carbon emissions. Whereas, innovations such as supercritical CO2, 

plasma treatment, and the use of bio-based or microbial dyes offer alternatives by reducing or eliminating 

the need for water, toxic chemicals, and fossil fuel-based energy sources. These are helping in 

biodegradable and low-carbon alternatives, helping close the loop in textile production. The integration of 

renewable energy, such as solar or biogas, in dyeing units further enhances the carbon neutrality of these 

processes. Closed-loop or zero-emission systems support the goal of circularity in textile manufacturing.  

Despite their advantages, these technologies are hindered by several challenges. High capital investment, 

fiber limitations, skilled workforce, and certifications have constrained industry-wide implementation. 

Future research should prioritize large-scale studies for actual industrial implementations. Research in bio-

dye optimization will help to reduce greenhouse gas emissions. Future government incentives for water 

reuse are expected to play a pivotal role in promoting sustainable water management practices by putting 

regulations, public-private partnerships, capacity building programs, and development of international 

standards can accelerate sustainable dyeing technologies.  
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