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This unit covers the following topics: biomolecules for functional finishing, nano finishing guided by
green chemistry, plasma coating for textile surface functionalization, foam finishing and spray coating,
laundry technology for circular economy requirements, clever care and eco-labelling relating to
environmental impacts
6.3.1 Biomolecules as functional finishing agents
Functional biomolecules and bio-based products are used as flame retardant, antimicrobial, insect
repellent, UV protective and crosslinking agents. Among green flame retardants, whey proteins,
caseins, hydrophobins, DNA and phytic acid have been established for use in textiles1-4. These
molecules are rich in phosphorus, sulphur and nitrogen, which provide flame retardancy. The flame
retardancy mechanism of these molecules involves the promotion of the formation of a stable
protective char, resulting in a decrease in combustion rate and heat release and an increase in chair
residue.
Natural antimicrobial agents include chitosan, which is of animal origin, phenols and polyphenols
(phenolic acids, flavonoids, tannins, coumarins), terpenoids, curcuminoids and acemannan
polysaccharide of plant origin1,5-9. The antimicrobial mechanism of these natural agents is based on the
controlled release of the active compounds from the textile substrate. The antimicrobial activity of
chitosan is based on the electrostatic interactions between the protonated amine groups and the
negatively charged microbial cell membrane. Chitosan can also penetrate the microbial cell and bind
to DNA. This leads to inhibition of microbial growth and consequently cell death. The main
antimicrobial mechanisms of plant extracts include formation of complexes with the cell wall,
disruption of the cell membrane, inactivation of enzymes, and interaction with DNA.
Natural insect repellents are secondary metabolites found in essential and natural oils. They include
terpenoids, phenols, alkaloids and triglycerides1,9-12. Since most essential oils are highly volatile, the
mechanism of insect repellency is based on the formation of a vapour layer on the textile surface with
an odour unbearable to the insect. They can interact with the insects' olfactory receptors and make
them flee. Microencapsulation of essential oils significantly improves the repellent effect for a longer
duration, as this allows a controlled release of the volatile compounds from the microcapsules on the
textile fibres.
Several active compounds in plant extracts also exhibit UV protective properties1,9,13-15. These
compounds are aromatic molecules that can absorb UV radiation. Because they contain
chromophores, they are coloured and are referred to as natural dyes. Another group of UV absorbers
are biomolecules, such as lignin and sericin. The mechanism of UV protection is based on absorption
of harmful UV radiation and conversion of UV energy into harmless thermal energy. This leads to a
significant reduction in the UV transmittance of the fabric and consequently to a significant increase
in the UV protection factor.
Plants are also a source of polycarboxylic acids, which can be used as green crosslinking agents in easy
care and durable press finishing of cellulose16,17. Polycarboxylic acids, which include citric acid, malic
acid, tartaric acid, and succinic acid, are mainly derived from fruits, corn, sunflower seeds, and
lignocellulosic biomass. In addition to crosslinking cellulose, polycarboxylic acids can also be used to
attach various functional agents to the textile surface.
6.3.2 Nano finishing guided by green chemistry
Biosynthesis of nanoparticles includes biological pathways and plasma-assisted synthesis18-22. Both
approaches use green reducing and stabilising agents. Biological methods use plant extracts,
biopolymers and microbes as reducing agents that can provide the electrons necessary to reduce
precursor metal cations to nanoparticles. In this way, various NPs such as Ag, ZnO, TiO2 can be
synthesised without or in the presence of textile fibres.
Silver NPs are also successfully synthesized using a plasma without the presence of chemical reducing
agents. This process involves adsorption of metal ions onto textile fibres from precursor salt solution
and reduction of these ions by plasma species. To this end, both atmospheric pressure and low‐
pressure plasmas can be used. The aim of plasma is to provide the energetic electrons, required for
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the reduction of silver cations to NPs.
6.3.3 Plasma coating for textile surface functionalization
Plasma polymerisation and magnetron sputtering are green technologies for functional textile
finishing20,23-27. Both processes use low-temperature and low-pressure plasmas. Plasma polymerisation
is used to deposit very thin water-repellent films on the textile surface. Non-fluorinated liquid
precursors are used for this purpose, of which hexamethyldisiloxane is the most commonly used. In
this process, the liquid precursor is evaporated and exposed to plasma. The excited electrons
generated in the glow discharge cause fragmentation of the precursor molecules, which break down
into free electrons, ions and radicals. These species are then adsorbed onto the textile substrate where
they condense and polymerize to form a dense coating.
Magnetron sputtering is used to deposit metal or metal oxide films on the textile surface. In principle,
high-energy gas cations are generated and accelerated to the sputtering target. They bombard the
target and eject the target atoms, clusters and ions, which then move to the textile substrate and
incorporate into the growing film. This method can produce high-purity silver, copper, TiO2 and ZnO
nanocoatings that impart antimicrobial, photocatalytic self-cleaning, UV protective and antistatic
properties, electrical conductivity, electromagnetic shielding and thermal conductivity.
6.3.4 Foam finishing and spray coating
In this section foam finishing and spray coating are presented as eco-friendly alternatives to the
conventional pad-dry cure process28,29. In foam finishing, the chemical agent is prepared in a foam and
applied to the textile substrate. Compared to the pad-dry-cure process, foam finishing reduces the wet
pickup by 50 to 70%, saving more than 50% water and energy. Foam finishing can be applied to one or
both sides of the fabric, using different foam applicators. Since the volume of the foam solution is 7–
10 times greater than that of the padding, this results in faster treatment of the fabric, with fewer
chemicals and heat.
Spray coating is also advantageous compared to padding. It is a non-contact method that uses a
minimum amount of water and chemicals and does not require a drying step. This guarantees a
reduction in water, chemical and energy consumption of up to 50%. Multiple nozzles allow large area
coating on one or both sides of the fabric. Novel ultrasonic nozzles create uniform microscopic droplets
that do not clog, resulting in a more uniform coating with less waste.
6.3.5 Laundry technology for circular economy requirements
In order to meet the requirements of the circular economy, the washing machine (WM) industry must
be transformed toward the product service system (PSS). The concept of PSS is a special case of
servitization. The focus is on "selling the use" rather than selling a product. In our case, the customer
pays for a wash cycle instead of buying a washing machine. In this case, the customer benefits from
restructuring the risk, responsibility, and cost traditionally associated with ownership. On the other
hand, the manufacturer can improve its competitiveness, retain ownership of the WM and further
improve its utilization, reliability, design and protection30,31.
There are three main reasons why the WM industry is suitable for PSS, and they are: (i) WMs have all
the characteristics that make them suitable for PSS, as they are relatively expensive and technically
advanced, require maintenance and repair, are relatively easy to transport, and are infrequently used
by customers; (ii) the use phase of WMs is predominant, accounting for more than 60% of the total
cost of ownership; (iii) WMs have great potential for environmental improvements, as there are
important advances in technology that enable savings in water and energy use32-35.
To implement the product-service system in WM industry, we need to follow four important steps,
starting with (i) PRODUCT REDESIGN (design for reliability, durability, and maintainability; design for
standardization and compatibility; design for end-of-life); (ii) DEVELOPMENT OF NEW BUSINESS
MODELS (sharing, pay-per-use or pay-per-performance, and leasing of refurbished WMs); (iii) SUPPLY
CHAIN REDESIGN, where user return of products to the manufacturer is encouraged; and (iv) THE
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INTEGRATION OF THE INTERNET OF THINGS, which provides multiple ways for the manufacturer or
service to interact with WMs30,36-40.
Despite the many factors favouring the adoption of PSS in the WM industry, there are important
barriers that must be overcome for the successful transition of the WM industry to such a system41,42.
6.3.6 Clever textile care
The 'eco' programmes of the current washing machine offer a lower washing temperature and a longer
programme duration, which corresponds to the principle of Sinner's circle43. This concept indeed helps
to save energy44 and has been shown to work very well in terms of soil removal, together with the use
of modern detergents45. For example, the same cleaning performance can be achieved with a standard
programme at 60°C or an extended programme at 40°C.
However, numerous studies have confirmed a significant effect of temperature on the reduction of
microorganisms, proving that only temperatures above 60°C cause a significant logarithmic reduction
of microorganisms on a textile surface during washing. Accordingly, washing at low temperatures
results in hygienically unsuitable textiles. Of particular concern is the cross-contamination of
pathogenic microorganisms from different environments (e.g., when we wash clothes for home and
work together), which increases the possibility of development of new diseases and their spread.
In addition, there is also a risk of secondary contamination of already washed laundry, as washing
machines are a source of recontamination of textiles by biofilms formed on the internal parts of the
washing machine. The biofilm can break off and be transferred to the laundry45.
The problem of laundry hygiene can be partially solved by using washing powders containing active
oxidising bleaching agents (AOB) in the form of perborates or percarbonates. However, liquid
detergents, which are preferred by consumers, do not contain AOB, as they are not stable in liquid
form. Therefore, it is important to use disinfectants when washing at low temperatures. Among the
ecologically acceptable and highly effective disinfectants, hydrogen peroxide and peroxyacetic acid are
important, as both are already used in professional laundries46.
6.3.7 Eco-labelling relating to environmental impact
Textile care consumes more water, chemicals, and energy than textile production (e.g., pretreatment
processes, dyeing, printing, finishing). Maximum energy, water and chemical savings are the goal,
while toxic and hazardous chemicals are supplemented with more ecologically beneficial products that
have less harmful effects on the environment and human health. The eco-labels reflect a positive
statement about the environmental aspects of a product and a reward for the product's environmental
leadership47,48.
Most EU ecolabels consider toxicity as one of their main criteria. According to the European Textile
Fibres Regulation, one of the main environmental goals of many European countries such as
Switzerland is to maintain a "non-toxic environment." Therefore, the EU agencies responsible for
developing eco-labels pay special attention to toxicity. In addition, the toxicity of chemicals and dyes
used in the textile industry has significant health implications, including long-term adverse effects on
the environment from the discharge of untreated toxic effluents. In addition, chemicals are considered
an important criteria because there is a significant relationship between toxicity and chemicals49.
The success of eco-labels is variable and there is a need to further educate consumers and encourage
them to act in a sustainable manner. In addition, eco-labels are not easy to understand and may not
be as good a marketing tool as assumed. It is difficult to track the entire life cycle of the manufacturing
process, as most countries tend to export the materials needed for the processes. Developing countryspecific eco-labels that take into account the gate-to-gate approach could be one of the solutions. In
fact, countries that have already adopted such an approach have already significantly improved their
textile export market thanks to the high transparency they have created through region-specific ecolabels49,50.
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Conclusions
➢ Biomolecules and bio-sourced products are suitable candidates for functionalization of textile
fibres to achieve flame retardancy, antimicrobial activity, insect repellency, UV protective
properties and crease resistance. An important challenge that remains is to increase the
coating durability.
➢ Biological mediated and plasma assisted synthesis of metal and metal oxide nanoparticles
represents environmentally-friendly and fast method for nanoparticles production.
➢ Plasma polymerisation, magnetron sputtering, foam finishing and spray coating are ecofriendly alternatives to conventional padding as they save water, chemicals and energy.
➢ The washing machine industry needs to move from a product-only to a product-service-system
business model, aiming at lower production but of higher quality and higher energy efficiency
products and consequently lower disposal.
➢ For hygienic and sustainable textile care, an increasing proportion of green and/or
biotechnological materials needs to be introduced within the chemistry variable of the Sinner's
circle.
➢ Eco-labelling provides environmental and social information to consumers to purchase more
sustainable products. As eco-labelling continues to evolve, the creation of country-specific
eco-labels with a gate-to-gate approach was deemed necessary.
Literature
1. The Impact and Prospect of Green Chemistry for Textile Technology. S. Islam and B. S. Butola (Eds.).
Woodhead Publishing, Cambridge, 2019.
2. Malucelli G. Biomacromolecules and Bio-Sourced Products for the Design of Flame Retardant
Fabrics: Current State of the Art and Future Perspectives. Molecules, 2019, 24, 3774.
3. Alongi J. et al. DNA: A Novel, Green, Natural Flame retardant and Suppresant for Cotton. Mater.
Chem. A, 2013, 1, 4779–4785. https://phys.org/news/2013-03-dna-flame-retardant-video.html
4. Alongi J. et al. Caseins and hydrophobins as novel green flame retardants for cotton fabrics. Polym.
Degrad. Stabil., 2014, 99, 111-117.
5. Islam S. et al. Green Chemistry Approaches to Develop Antimicrobial Textiles Based on Sustainable
Biopolymers-A Review. Ind. Eng. Chem. Res., 2013, 52(15), 5245-5260.
6. Reshma A. et al. Sustainable Antimicrobial Finishing Of Fabrics Using Natural Bioactive Agents - A
Review. Int. J. Life Sci. Pharma Res., 2018, 8(4), L10-L20.
7. Simončič B. and Tomšič B. Recent Concepts of Antimicrobial Textile Finishes. In Textile Finishing.
Part 1. K. L. Mittal and T. Bahners, (Eds.), Scrivener Publishing LLC, 2017 (3–68).
8. Dhillon G. S. Recent Development in Applications of Important Biopolymer Chitosan in
Biomedicine, Pharmaceuticals and Personal Care Products. Curr. Tissue. Eng., 2013, 2, 20-40.
9. Natarajan G. et al. Application of Sustainable Textile Finishing Using Natural Biomolecules. J. Nat.
Fibers, 2020, DOI: 10.1080/15440478.2020.1857895.
10. Bekele D. Review on insecticidal and repellent activity of plant products for malaria mosquito
control. Biomed. Res. Rev., 2018, 2(2), 1-7.
11. Tavares M. et al. Trends in insect repellent formulations: A review. Int. J. Pharm., 539 (2018) 190–
209.
12. Ghayempour S. and Montazer M. Micro/nanoencapsulation of essential oils and fragrances: Focus
on perfumed, antimicrobial, mosquito-repellent and medical textiles. J. Microencapsul., 2016,
33(6), 497–510.
13. Mavrić Z. et al. Recent Advances in the Ultraviolet Protection Finishing of Textiles. Tekstilec, 2018,
61(3), 201-220.
14. Čuk N. and Gorjanc M. Natural Dyeing and UV Protection of Raw and Bleached/Mercerised Cotton.
Tekstilec, 2017, 60(2), 126-136.
15. Gorjanc M. et al. The Influence of Mordanting with Silver Nitrate on the Dyeability and UV
Protection of Cotton Dyed with Green Tea. Tekstilec, 2015, 58(3), 191-198.
16. Salihu R. et al. Citric acid: A green cross-linker of biomaterials for biomedical applications. Eur.
Copyright © CLEANTEX Consortium. All Rights Reserved

5

Unit 6.3 Sustainable Functional Finishing and Textile Care

CLEANTEX

Polym. J., 2021, 146(5), 110271.
17. Lu J. et al. Recent progress on bio‑succinic acid production from lignocellulosic biomass. World J.
Microbiol. Biotechnol., 2021, 37, 16.
18. Velusamy P. et al. Bio-Inspired Green Nanoparticles: Synthesis, Mechanism, and Antibacterial
Application. Toxicol. Res., 2016, 32(2), 95-102.
19. Hutchison J. E. The Road to Sustainable Nanotechnology: Challenges, Progress and Opportunities.
ACS Sustainable Chem. Eng., 2016, 4, 5907−5914.
20. Radetić M. and Marković D. A review on the role of plasma technology in the nano‐finishing of
textile materials with metal and metal oxide nanoparticles. Plasma Process. Polym., 2022,
e2100197.
21. Stular D. et al. Multifunctional antibacterial and ultraviolet protective cotton cellulose developed
by in situ biosynthesis of silver nanoparticles into a polysiloxane matrix mediated by sumac leaf
extract. Appl. Surf. Sci., 2021, 563, Article Number 150361.
22. Verbič A. et al. Novel Green In Situ Synthesis of ZnO Nanoparticles on Cotton Using Pomegranate
Peel Extract. Materials 2021, 14, 4472.
23. Friedrich J. Mechanisms of Plasma Polymerization – Reviewed from a Chemical Point of View.
Plasma Process. Polym., 2011, 8, 783–802.
24. Yang J. et al. Fabrication of Durably Superhydrophobic Cotton Fabrics by Atmospheric Pressure
Plasma Treatment with a Siloxane Precursor. Polymers 2018, 10, 460.
25. Kwon S. et al. Nanostructured self-cleaning lyocell fabrics with asymmetric wettability and
moisture absorbency. RSC Adv., 2014, 4, 45442–45448.
26. Tan X-Q. Recent Progress in Magnetron Sputtering Technology Used on Fabrics. Materials 2018,
11, 1953.
27. He S. et al. Surface functionalization of Ag/polypyrrole-coated cotton fabric by in situ
polymerization and magnetron sputtering. Textile Research Journal, 2019, 89(23–24), 4884–4895.
28. Mohsin M. and Sardar S. Development of sustainable and cost efficient textile foam finishing and
its comparison with conventional. Cellulose, 2020, 27, 4091–4107.
29. Omerogullari Basyigit Z. Application Technologies for Functional Finishing of Textile Materials.
IntechOpen. DOI: 10.5772/intechopen.95956. https://www.intechopen.com/chapters/75103
30. Bressanelli G. et al. Reshaping the washing machine industry trough circular economy and productservice system buisness models. Procedia CIRP, 2017, 64, 43–48.
31. Baines T. et al. Sate of the art in product service system. Proceedings of the Institution of
Mechanical Engineers, Part B, Journal of Engineering Manufacture, 221(10) pp. 1543–1552.
32. Tukker A. Product services for a resource-efficient and circular economy – a review. J. Clean. Prod.,
2015, 97, 76–91.
33. Saccani N. et al. The total cost of ownership of durable consumer goods: A conceptual model and
an empirical application. Int. J. Production Economics, 2017, 183, 1–13.
34. Stepišnik Perdih T. et al. Influence of hydrodynamic cavitation on intensification of laundry
aqueous detergent solution preparation. Journal of Mechanical Engineering, 2017, 63, 83–91.
35. Ho K. C. et al. Water pathways through the ages: Integrated laundry wastewater treatment for
pollution prevention. Sci. Total Environ., 2021, 760, 143966.
36. Bocken N. M. P. et al. Product design and business model strategies for a circular economy. J. Ind.
Prod. Engineering 2016; 33, 308–320.
37. Go T. F. et al. Multiple generation life-cycles for product sustainability: the way forward. J. Clean.
Prod., 2015; 95, 16-29.
38. Lieder M. et al. A conjoint analysis of circular economy value propositions for consumers: Using
"washing machines in Stockholm" as a case study. J. Clean. Prod., 2018, 172, 264–273.
39. Koppius O. et al. Business value from closed-loop supply chains. Int. J. Sup. Chain. Mgt., 2014; 3,
107–120.
40. Lieder M. et al. Towards circular economy implementation in manufacturing systems using a multimethod simulation approach to link design and business strategy. Int. J. Adv. Manuf. Technol.,
2017, 93, 1953–1970.
41. Gülserliler E. G. et al. Consumer acceptance of circular business models and potential effects on
economic performance: The case of washing machines. J. Indu. Technol. 2021, 1– 13.
Copyright © CLEANTEX Consortium. All Rights Reserved

6

Unit 6.3 Sustainable Functional Finishing and Textile Care

CLEANTEX

https://doi.org/10.1111/jiec.13202
42. Linder M. et al. Circular Business Model Innovation: InherentUncertainties. Bus. Strat. Env. 2017,
26,182–196.
43. Sinner H. Über das Waschen mit Haushaltswaschmaschinen. Haus und Heim Verlag (1960),
Hamburg.
44. Morgan E. et al. 'I Prefer 30°'?: Business strategies for influencing consumer laundry practices to
reduce carbon emissions, J. Clean. Prod., 2018, 190, 234–250.
45. Honisch, M. et al. Impact of wash cycle time, temperature and detergent formulation on the
hygiene effectiveness of domestic laundering. J. Appl. Microbiol. 2014, 117, 1787–1797.
DOI:10.1111/jam.12647
46. Forte-Tavčer P. et al. Influence of hydrogen peroxide on disinfection and soil removal during lowtemperature household laundry. Molecules, 2022, 27, 1–11.
47. Eckart N. Eco- labelling: overview and implications for developing countries. DPRU Policy Brief No.
01/P19, Development Policy Research Unit, University of Cape Town (2001)
48. Gordy, L. Differential importance of ecolabel criteria to consumers. In: Ecolabels and the Greening
of the Food Market. Proceedings of a Conference, 2002, 167–176.
49. Ranasinghe L. et al. Ecolabelling in textile industry: A review. Resources, Environment and
Sustainability, 2021, 6, 100037.
50. Roy Choudhury A. K. Development of Eco-labels for Sustainable Textiles. In: Muthu S. (eds)
Roadmap to Sustainable Textiles and Clothing. Textile Science and Clothing Technology. Springer,
Singapore. 2015, 137–173. https://doi.org/10.1007/978-981-287-164-0_627.

Copyright © CLEANTEX Consortium. All Rights Reserved

7

