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Textile dyeing is known to have major environmental concerns, especially with the high use of toxic chemicals. The

use of alternatives such as natural dyes rich in phenolic compounds has become extremely appealing in order to

move towards a more sustainable circular economy. Phenolic dyes have the potential to functionalize textile fabrics

with properties such as antimicrobial, antioxidant, and UV protection.

phenolic compounds  by-products  textiles  sustainable dyeing

1. Introduction

The textile industry is known to have major environmental issues of concern regarding the high use of energy,

water, and chemicals. The huge amount of chemical usage in its processes makes this industry a major global

source of pollution . Synthetic dyes, in particular, pose major challenges as environmental contaminants in textile

wastewater due to their non-biodegradable nature, making them difficult to remove from water. Thus, a need has

risen to move the textile industry towards a sustainable circular economy . This awareness of eco-safety and

increased environmental concern has led to the use of green and sustainable natural dyes as the needed trend in

the textile industry .

Natural dyes have been used for the coloration of synthetic and natural textile materials since prehistoric times .

With the arrival of synthetic dyes in the Industrial Revolution, the use of natural dyes declined to a great extent and

practically stopped . During the last few decades, researchers’ attention has turned once again towards various

aspects of natural dye applications.

Natural dyes are commonly considered eco-friendly as they are obtained from renewable sources and because

they are non-toxic, non-carcinogenic, and biodegradable . However, the production and use of natural dyes is not

free from environmental concerns as they can be derived from rare, endangered, and threatened (RET) species

(e.g., RET plants of Madhya Pradesh, India) or mordant dyes containing heavy metals as part of the dye molecule

(e.g., zinc phthalocyanine, acid blue, copper (II) phthalocyanine, lead (II) phthalocyanine, cadmium phthalocyanine)

. According to the latest (4.0) version of the Global Organic Textile Standard (GOTS), dyes obtained from

RET species or dyes containing heavy metals are prohibited . Among sources of natural dyes, the use of different

raw plant materials and by-products represents an economically and ecologically useful path .

Phenolic plant compounds or polyphenols have been gaining interest due to their application as in situ textile dyes

as they have colors and have been widely used as natural colorants in the food industry . These compounds are
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the main plant-derived substances formed by their secondary metabolism. They have always been present

throughout human history, long before their formal discovery. Polyphenols have applications in several industries

such as the food, pharmaceutical, cosmetic, packaging, and textile industries . Their use is extremely

valuable due to their range of bioactivities, including antimicrobial, antioxidant, anti-proliferative, and anti-

inflammatory, among others . They are also responsible for pigmentation and can act as UV protectors, as well

as protecting against insects and parasites . These compounds can be found in a myriad of diverse matrices

including fruits, vegetables, wild plants, etc. An extremely important approach is obtaining phenolic compounds

from wastes/by-products of different industries, mainly food processing, but also wood processing and wine-making

. Agri-food bioresidues with no economic value represent a significant percentage of the food processing

industries. Consequently, wastes/by-products serve as a natural source of these compounds, being both cheap

and abundant while concurrently aiding in the reduction in waste .

Chemically, phenolic compounds are formed by one or more aromatic rings bonded to one or more hydroxyl (–OH)

groups. For this reason, these compounds can be divided into five different groups: phenolic acids, flavonoids,

tannins, stilbenes, and lignans  (Figure 1).

Figure 1. Classification and structural examples of phenolic compounds.

Phenolic acids are the simplest class of polyphenolic compounds present in foodstuff and their basic structure is

characterized by one phenolic ring and a carboxylic acid function. They are derived from two main phenolic

compounds, thus being divided into two groups: hydroxybenzoic acids (C6–C1) derived from benzoic acid and

hydroxycinnamic acids (C6–C3) derived from cinnamic acid (Figure 1) . The latter is composed of the most

common phenolic acids, such as ferulic and caffeic acids, and is responsible for several important bioactivities 
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The most abundant phenolic compounds are flavonoids. They generally comprise a skeleton of carbon atoms (C6–

C3–C6) that is built into two benzene rings (A and B), linked by a heterocyclic pyrane ring (C) . Depending on

the bond between the B and C rings and the substitution patterns of the C ring, they can be divided into six

subgroups: flavonols, flavanols, flavones, flavanones, isoflavones, and anthocyanins (Figure 1) . Flavonoids are

widespread in several food matrices and are deeply investigated for their range of bioactivities .

Tannins are higher-molecular-weight phenolic compounds and are divided into two subgroups: hydrolyzable

tannins and condensed tannins, also called proanthocyanidins . They are the most common phenolic

compounds found in plant tissues and are responsible for the bitter taste in a variety of fruits . Condensed

tannins are oligomers and polymers consisting of two or more monomers of flavan-3-ols units, linked together by

bonds between the A rings of the flavanol units and the pyrane rings of other flavanols . Hydrolyzable tannins

are mixtures of simple phenols such as ellagic and gallic acids, with a carbohydrate. Gallotannin is an example of a

hydrolyzed tannin structure formed from gallic acid (Figure 1) . They are also known to possess a wide range of

biological properties .

Stilbenes are chemically characterized by two benzene rings linked by a double bond with the structure C6–C2–

C6, with the E isomer configuration being the most common . The most known stilbene is resveratrol, with its

bioactivities being broadly studied (Figure 1) .

Lignans are widespread secondary plant metabolites with different chemical structures. However, their common

structure is composed of a combination of two phenylpropanoid C6–C3 units, linked by the central carbons of the

side chains . One of the main dietary lignans is pinoresinol (Figure 1). Their main properties are related to

estrogenic and anti-estrogenic activities .

2. Functional Properties of Phenolic Dyed Textile Fabrics

Functional finishing is always an exciting treatment in which fabrics can be given interesting performance/functional

properties during textile processing. Natural dyes rich in polyphenols can directly provide desirable finishing

properties during the dyeing process without the need for a separate finishing. Due to different functional groups,

these dyes can form different interactions between the dye and the fabric, allowing for different functional

properties to be achieved . While some dyes only report one function, most of them can be responsible for

different functionalities at the same time. The two main reported functionalities provided to textile fabrics are

antimicrobial/antibacterial and UV protection, followed by antioxidant performance. To a lesser extent, other

functionalities have also been reported, i.e., flame retardance, hydrophobicity, insect resistance, and moth proofing.

2.1. Antimicrobial/Antibacterial

The human body is constantly being exposed to a variety of microorganisms such as bacteria and other microbes.

While clothing fabrics usually cover a significant part of the human skin, they inherently lack effective antimicrobial

resistance. On the contrary, they have been recognized as a medium for supporting bacterial growth and
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proliferation . For instance, some fabrics such as wool, due to its proteinaceous nature, under ambient

conditions of moisture and temperature, can serve as a growth promoter for a large number of bacterial strains .

Subsequently, this bacterial growth can lead to the discoloration and degradation of textile fabrics or more

importantly, to an increased risk of dermal infection and allergic responses . For these reasons, providing

antimicrobial/antibacterial properties to textile fabrics becomes crucial.

Different methodologies have been used to test the antimicrobial/antibacterial properties of textile fabrics dyed with

natural dyes rich in polyphenols. These include methodologies such as zone of inhibition and agar diffusion tests,

percentage reduction assays, spectrophotometric assays, and minimum inhibitory concentration determinations,

among others . These have usually been performed in accordance with standardized methodologies,

i.e., AATCC TM 100 , AATCC TM 90:2016 , ASTM E2149 , ISO/DIS 20743 , and GB/T 20944.3-2008 

.

The two most tested microorganisms for evaluating antimicrobial/antibacterial properties of dyed fabrics are

bacterial strains such as Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive) .

Other commonly used bacteria are Klebsiella pneumoniae, Pseudomonas aeruginosa, Bacillus subtilis, and B.

cereus, while Candida albicans is the most commonly selected fungus .

Phenolic compounds attach onto fabrics by forming a complex, and when microorganisms come into contact with

the fabrics, these compounds can disrupt their enzyme production which eventually results in the death of the cell.

For instance, several dyed fabrics were able to achieve a great percentage of inhibition against bacteria. These

include dyed fabrics with pure phenolic compounds such as pyrogallol, phloroglucinol, pyrocatechol, and

resorcinol, which were able to inhibit >99.9% of S. aureus and >99.6% of E. coli in cotton and wool fabrics . A

dye obtained from Keemun black tea, with theaflavins as the major polyphenol in its composition, was able to

inhibit >99.9% of S. aureus in flax fabric . Aqueous chestnut shell extracts, having condensed tannins and gallic

and ellagic acids, were able to achieve percentage inhibitions of >99.9% against S. aureus and K. pneumoniae in

cotton fabric . Several other dyes were also able to achieve over 90% inhibition against microbes. Fang et al.

 reported percentage inhibitions of >98% against S. aureus and E. coli with an extract containing tannins and

flavonoids obtained from I. batatas leaves, in wool, cotton, nylon, polyester, and silk fabrics. Interestingly, these

fabrics maintained very good inhibition percentages (>84%) even after 30 wash cycles. Other natural dyes were

able to maintain some of their antimicrobial activity after washing. Wool fabric dyed with an extract obtained from

rice straw showed >98% inhibition against S. aureus and >80% was maintained after 20 washing cycles . In

addition, cotton fabric dyed with G. ericarpum leaf extracts showed >80% inhibition against E. coli after five

washing cycles .

In some cases where the extract itself did not display strong antimicrobial activity, a combination with different

mordants was able to enhance this functionality. For example, Sadeghi-Kiakhani et al.  showed that wool fabrics

dyed with extracts from pomegranate peels and walnut green husks displayed around 65% inhibition against E. coli

and S. aureus. In the same study, when the wool fabric was pretreated with Ag or Cu before being dyed with the

extract, it was able to achieve >99.9% inhibition. In addition, after 10 washing cycles, the fabric maintained >91%

[24]

[25]

[25]

[25][26][27][28]

[29] [30] [31] [32] [24]

[26][28][33][34][35]

[6][36][37][38]

[27][39][40][41][42]

[43]

[44]

[45][46]

[47]

[48]

[49]

[50]



Phenolic Dyed Textile Fabrics | Encyclopedia.pub

https://encyclopedia.pub/entry/52179 5/15

inhibition against both bacteria. Thus, the application of mordants (i.e., aluminum, tannic acid, chitosan),

crosslinking, or other surface modifications with cationization or by applying a biopolymer are responsible for

increasing functionality and providing washing stability .

2.2. UV Protection

Several diseases are directly linked to the exposure of skin to solar UV radiation, such as freckles, sunburns, and

in extreme cases, skin cancer . With the harmful changes occurring in our climate, these problems are

becoming more common and exacerbated, resulting in the need for protection against UV radiation. Solar UV light

radiation contains three parts: UV-A (400 − 315 nm), UV-B (315 − 290 nm), and UV-C (290 − 200 nm). The main

concern regarding damage to human skin is UV-A as most of the UV-B and UV-C are filtered by the ozone layer

.

Different synthetic UV absorbers are currently available for the textile industry, but there is an obvious need to

search for more sustainable alternatives. The UV protective property of dyed fabrics is typically analyzed using

their ultraviolet protection factor (UPF) as an indicator. This UV protective analysis is usually completed in

accordance with standardized methods, i.e., AATCC 183 , GB/T 18830-2009 , AS/NZS 4399:1996 , and

EU standard 13758-2001 . The UPF scale is the following: 15–24, good; 25–39, very good; and 40–

50+, excellent.

Textile fabrics by themselves have poor UPF values (<15) and thus, cannot offer sufficient UV protection . The

application of natural dyes rich in polyphenols onto textile fabrics can significantly increase their UPF. For instance,

cotton fabric dyed with S. nigrum or A. viridis displayed UPF values of 60+ and 100+, respectively. This excellent

UPF was attributed to the presence of polyphenols and flavonoids as A. viridis extract had a higher content of

these compounds . Flavonoids are known for their capacity as UV absorbers, and present wavelength selectivity

for UV-B which may prevent the accumulation of UV-B-induced damage . The excellent UV protective properties

(100+ UPF) of wool fabrics dyed with orange peel extracts were reported to not only be due to the absorbability of

UV rays by colored phenolic components, but also by the presence of other colorless phenolic compounds .

Cotton fabric, dyed with a natural dye obtained from groundnut testa, revealed an excellent UPF of 50+. This UV

protective functionality was attributed to the presence of tannins, phenols, and flavonoids as these compounds

exhibit free radical scavenging capability . Other fabrics dyed with extracts rich in flavonoids and tannins have

also reported a 50+ UPF, such as wool fabric dyed with rice straw and A. auriculiformis extracts . Guo et al.

, reported that the excellent UV protection of cotton fabric dyed with grape seed extract was due to the high

number of aromatic rings present in proanthocyanins.

The same dye can provide different UPF values on different fabrics. For instance, cotton dyed with an extract

obtained from roasted peanut skin showed <15 UPF, while silk and wool fabrics dyed with the same extract

showed 50+ UPF .
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Although natural dyes improve the UV protective properties of fabrics, there are some limitations associated with

them. After long exposure to UV rays as well as several washing steps, this protection might be reduced or even

lost. Otaviano et al.  reported a good UPF (25) for cotton dyed with pomegranate peel extract, but after 10

washing cycles, no UV protection was detected. To address this issue, mordants can be used. In this same study,

with the combination of natural dye with Fe (II), the fabric was able to maintain a good UPF throughout the washing

cycles . In addition, the use of chitosan as a mordant allowed cotton fabric dyed with G. ericarpum to maintain a

UPF of 30 after five repeated washing cycles . Nevertheless, other natural dyes were able to provide their UV

protective function to textiles after laundry cycles without any mordant. For example, cashmere dyed with grape

seed proanthocyanins, wool fabric dyed with Sorghum husk extract, and silk fabric dyed with A. vera rind extract all

maintained an excellent (50+) UPF even after 20, 30, and 25 washing cycles, respectively .

2.3. Antioxidant

Free radicals present in the atmosphere are considered a major cause of several specific human diseases, making

antioxidant activity a subject of intense interest. However, the antioxidant activity of textiles has not attracted proper

attention in the past, while in reality, clothes with an antioxidant function can provide the skin with protection

against free radicals that are responsible for skin aging . Phenolic compounds present in natural dyes are well

known for their antioxidant properties, being considered their most effective feature. The antioxidant activity of

these compounds is mainly owed to their redox properties, which help to captivate and neutralize free radicals .

For instance, phenolic acids usually display antioxidant activity by trapping free radicals, while flavonoids can

scavenge them . Thus, when applied to clothing materials, phenolic compounds will help protect the skin from

various types of damage by slowing the effects of free radicals .

The two main reported methodologies for evaluating the antioxidant activity of dyed fabrics with natural dyes are

1,1-diphenyl l-2-picrylhydrazyl free radical (DPPH ) and ABTS radical cation (ABTS ) scavenging activities 

. Results are typically shown in terms of percentages of inhibition.

Undyed textile fabrics have a poor ability to catch free radicals and poor antioxidant function . Linen fabric

dyed with S. baicalensis showed 84% free radical scavenging activity. This was due to the presence of the phenolic

compound baicalin . Polyamide fabric dyed with quercetin showed above 90% free radical scavenging activity

. Guinot et al.  reported excellent antioxidant activity in hemp and wool fabrics dyed with S. officinalis, T.

vulgaris, and A. cepa extracts. This was attributed to the high content of flavonoids and hydroxycinnamic acid

derivatives in their composition. Different natural dyes obtained from by-products were also able to functionalize

textile fabrics with high antioxidant activity. Among others, wool fabric dyed with S. sebiferum fallen leaf extract, silk

fabric dyed with tea stem waste extract, and viscose fabric dyed with orange peel extract showed antioxidant

activity above 90% .

Several dyed fabrics were also able to maintain some of their antioxidant activity after washing cycles. For

instance, wool fabric dyed with A. nilotica bark extract showed a decrease to 30% of its antioxidant activity after 20

washing cycles, while initially showing 87%. In this study, the use of mordants allowed for a slightly better (40%)
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antioxidant activity after washing cycles . In another study, cotton and wool fabrics dyed with Hibiscus flower

extract showed over 75% free radical scavenging activity with and without mordants after five washing cycles .

As observed for other functionalities, the use of mordants or crosslinkers also allowed for the obtention of better

antioxidant activities . Nevertheless, wool fabric dyed with an extract obtained from pineapple peel

showed distinctly better antioxidant activity without a mordant when compared to that of wool dyed using a ferrous

mordant .

These differences in textile dye efficacies require further research to achieve optimal treatment and dyeing

conditions in order to maximize the functionalities of fabrics.

2.4. Flame Retardance

Flame-retardant treatment is used to reduce the risk of fire in textiles because they are quite flammable and

capable of burning well. There are inorganic and organic flame-retardant compounds commercially available.

Organic compounds are the most utilized as they can be applied to almost all textiles whereas inorganic

compounds are mainly applied to wool fabrics . The most used organic flame-retardant compounds are

bromine-, chlorine-, phosphorus-, and nitrogen-containing compounds, but some of them are toxic or not eco-

friendly . Although numerous polyphenolic natural dyes are reported to provide functionalities such as those

described in the previous sections, not enough attention has yet been given towards their application as flame

retardants.

Few studies have reported the flame retardance functionality of fabrics dyed with polyphenolic extracts. The

studies that reported this functionality evaluated flame-retardant properties through the limited oxygen index (LOI)

in addition to vertical flammability tests according to the standardized methods GB/T 5454-1997 , ASTM D2863

, GB/T 5455-2014  and ASTM D6413 . Fabrics exhibiting LOI values higher than 25% are

considered flame-retardant.

A natural dye obtained from D. cirrhosa tubers was able to provide silk fabric with flame retardance properties,

even after 20 washing cycles (LOI higher than 28%). The flame retardance function provided by this dye was

attributed to the presence of condensed tannins . Tannins possess high chemical and thermal stability alongside

low thermal conductivity due to their specific aromatic structure, which makes them suitable for providing textiles

with flame retardance properties for various applications . Tea stem waste extract was also able to provide silk

fabric with good flame retardance properties (LOI of 25.6%). With metallic salt mordants, this property was slightly

increased (LOI of 26.75%) . This property was attributed to the polymerized products in tea stem extract and the

formation of natural polyphenols/metal ions/silk fabric complexes . Proanthocyanins from grape seeds were also

able to impair silk fabric with durable flame retardance properties (LOI of 27%). This property was maintained after

20 washing cycles . Wool fabric dyed with rice straw extract also showed flame retardance properties due to the

presence of phenolic compounds in combination with different mordants (LOI of 27.5%). However, after 20 washing

cycles, the LOI value decreased below 25% .
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2.5. Other Functionalities

To a lesser extent, other functionalities are reported to textile fabrics dyed with phenolic dyes. For instance, highly

hydrophobic fabrics were able to be fabricated by using nature-inspired polyphenol chemistry. Using tannic, ferulic,

and caffeic acids for coating fabrics such as viscose and cotton enabled the loading of hydrophobic particles (i.e.,

silver nanoparticles, Fe (III), and DTM@Ti(OH) ) onto them . These metal-organic systems coated the

fabrics and affected their surface roughness, making the textiles hydrophobic. All of the fabrics revealed an

excellent hydrophobic capacity even after several washing cycles (25 to 50 washing cycles). Other authors

reported that lotus leaf extract containing polyphenols and flavonoids was able to enhance the hydrophobicity of

dyed polyester yarns .

Insect resistance has also been reported. For instance, a polyphenolic extract obtained from mango seed kernel

was able to provide wool fabric with insect repellence activity against larvae of Tineola bisselliella. These insects

can digest keratin protein causing premature damage to wool-made fabrics . In addition, orange peel extract

was also able to provide linen fabric with insect resistance activity . Moreover, anti-moth properties were

reported in wool fabric dyed with M. azedarach bark extract against the larvae of the black carpet beetle (Attagenus

unicolor) .
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