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Abstract: 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. Wastes/residues from the agri-food industries stand out as highly
attractive sources of these compounds, with several by-products showing promising results in textile
dyeing through the implementation of more sustainable and eco-friendly processes. This review
presents an up-to-date exploration of the sources of phenolic compounds used in the textile industry
over the past two decades, with a primary focus on the functional properties they provide to different
fabrics. The research highlights a surge in interest in this theme since 2017, accentuating a noticeable
upward trend. Throughout this review, emphasis is given to by-products from the agri-food industry
as the sources of these compounds. The reviewed papers lay the foundation for future research,
paving the way for exploring the potential of raw materials and by-products in the creation of
functional and smart textiles.

Keywords: phenolic compounds; by-products; textiles; sustainable dyeing; functional properties;
antimicrobial activity; UV protection; antioxidant activity

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 [1]. 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 [2]. 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 [3].

Natural dyes have been used for the coloration of synthetic and natural textile materi-
als since prehistoric times [4]. With the arrival of synthetic dyes in the Industrial Revolution,
the use of natural dyes declined to a great extent and practically stopped [4,5]. 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 re-
newable sources and because they are non-toxic, non-carcinogenic, and biodegradable [6].
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) [1,7,8]. 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 [9]. Among sources of natural dyes, the use of
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different raw plant materials and by-products represents an economically and ecologically
useful path [10].

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 [11]. These compounds are 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 indus-
tries such as the food, pharmaceutical, cosmetic, packaging, and textile industries [12–14].
Their use is extremely valuable due to their range of bioactivities, including antimicrobial,
antioxidant, anti-proliferative, and anti-inflammatory, among others [11]. They are also
responsible for pigmentation and can act as UV protectors, as well as protecting against
insects and parasites [15,16]. These compounds can be found in a myriad of diverse ma-
trices 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 [17–19]. 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 [11].

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 [20]
(Figure 1).
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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) [20]. The latter is composed of the most
common phenolic acids, such as ferulic and caffeic acids, and is responsible for several
important bioactivities [20,21].

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) [11,20]. 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) [20].
Flavonoids are widespread in several food matrices and are deeply investigated for their
range of bioactivities [12].

Tannins are higher-molecular-weight phenolic compounds and are divided into two
subgroups: hydrolyzable tannins and condensed tannins, also called proanthocyani-
dins [20]. They are the most common phenolic compounds found in plant tissues and are
responsible for the bitter taste in a variety of fruits [11]. 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 [20].
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) [20]. They are also known to possess a wide range of biological
properties [22].

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 com-
mon [20]. The most known stilbene is resveratrol, with its bioactivities being broadly
studied (Figure 1) [20,23].

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 [20]. One of the main dietary
lignans is pinoresinol (Figure 1). Their main properties are related to estrogenic and
anti-estrogenic activities [20].

The biological properties of the different types of phenolic compounds make them an
extremely interesting group of compounds with potential for use in the textile industry.
Beyond their natural coloration ability, these compounds have also been investigated for
their potential to impart novel functionalities to textiles, including antimicrobial, antioxi-
dant, ultraviolet (UV) protection, and flame retardance properties, among others [24–27].
As such, a literature research methodology was completed using the databases Science
Direct and Web of Science, and research articles reporting natural dyes containing phenolic
compounds applied to textile fabrics were compiled and investigated further. This review
dives deeper into the different sources of polyphenols, emphasizing the by-products of
the agri-food industry as the main source of these compounds. In addition, the different
functional properties provided to textile fabrics are described with ample examples.

2. Overview of the Publications
2.1. Literature Research Methodology

The research articles about phenolic compounds in the textile industry were searched
on the databases Science Direct and Web of Science using the keywords “phenolic com-
pounds” or “polyphenols” and “textiles” from 25 August until 20 September 2023. There-
fore, all papers available in these two databases, for the last two decades (2003–2023), which
contained the words abovementioned as author-specified keywords in their title or abstract,
were considered.
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2.2. Literature Research Results

Overall, 12,437 papers were identified and then 8535 papers were excluded for the
following reasons: reviews, book chapters, letters, news, patents, meeting papers, reports,
papers written in languages other than English, etc. Duplicate papers and records that
were not relevant to the topic were excluded after database screening, and 2661 were
identified. By screening the titles and abstracts, 2512 papers were removed for not being
relevant to the scope of this review. These included papers focusing on dye removal from
wastewaters, nanoparticle obtention, enzymatic oligo- and/or polymerization, phenolic
compound extraction with no application in textiles, and papers not reporting the presence
of phenolic compounds nor reporting dyeing or functional properties provided to textile
fabrics, among others. Then, the full texts of 149 papers were reviewed and assessed and as
a result, and 117 were included in this review. The number of published papers per year
and journal quartile is shown in Figure 2. A full list of the different publishing journals (49)
per quartile is shown in Table S1.
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Figure 2. Number of published papers per year since 2003 and respective journal quartiles.

The research results revealed only three publications until 2011 while a clear increase
in the number of published papers has been observed since 2017, indicating a growing
interest in this theme.

Of the selected papers, in addition to dyeing, 68 papers reported antimicrobial/antibacterial
properties, 45 reported UV protection, 39 reported antioxidant properties, 4 reported flame
retardance properties, and 10 reported other functionalities. Some papers reported more
than one activity.

The number of papers based on the reported sources of phenolic compounds applied
to textile fabrics is shown in Figure 3.
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3. Sources of Phenolic Compounds for Textile Applications
3.1. Pure Phenolic Compounds

Several possible sources of phenolic compounds can be used for textile applications.
Pure phenolic compounds that are commercially available have been reported to provide
textile fabrics with functional activities (Table 1).

Several of these pure compounds have been directly applied to fabrics [23,28–30].
However, in some cases, before being coated onto fabrics, pure compounds suffered some
sort of modification, i.e., enzymatic oxidation, crosslinking with other compounds, or they
were added to other particles to improve their combined functionality [31–36].

There are some potential environmental concerns with the use of phenolic compounds
in different industries, especially if their presence is detected in water bodies, as they can be
toxic to humans, animals, and microorganisms [37]. However, significant efforts are already
being used to remove them from water in case of high levels of contamination. These
include conventional methods such as ozonation, activated carbon adsorption, solvent
extraction, and more advanced technologies such as the electro-Fenton method, membrane-
based separation method, biological methods, photocatalysis, and adsorption and ion
exchange [38].

Table 1. Commercially available pure phenolic compounds along with their functional properties
provided to textile fabrics.

Phenolic Compound Purpose/Functional
Activities Textile/Fabric Ref.

Baicalin Antibacterial, antioxidant Polyamide [28,29]

Caffeic acid
Antioxidant, deodorizing,

hydrophilicity, UV
protection

Nylon, silk, wool [21]

Catechol Antimicrobial, antioxidant,
UV protection

Cotton, jute,
polyethylene

terephthalate, wool
[31,32]

Diphenolic acid Antibacterial, antiviral Cotton [39]

p-phenylenediamine Antimicrobial, antioxidant
Cotton, wool,
polyethylene
terephthalate

[31]

Phloroglucinol Antibacterial, antioxidant,
UV protection Cotton, jute, wool [30,32,33]

Pyrogallol Antibacterial, antioxidant,
UV protection Cotton, jute, wool [30,32,33]

Pyrocatechol Antibacterial, antioxidant Cotton, wool [30]

Quercetin Antibacterial, antioxidant Cotton, polyamide,
wool [29,40]

Resorcinol Antibacterial, antioxidant,
UV protection

Cotton, jute, linen
cellulose, wool [30,32–34]

Resveratrol Antioxidant Cotton, polyamide [23]

Rutin Antibacterial, antioxidant Cotton, polyamide,
wool [29,40]

Salicylic acid Antibacterial, UV
protection Linen cellulose [34]

Tannic acid
Antibacterial,

hydrophobicity, UV
protection

Cotton, viscose, wool [35,36,41]
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3.2. Raw Materials and By-Products

There has been a considerable number of studies reporting a high variability in raw
materials or by-products from the agri-food industry as sources of phenolic compounds
(Table 2). The common procedure to obtain phenolic compounds from these sources is
through the obtention of extracts. In the cases reported here, the extracts obtained were
revealed to contain phenolic compounds and had the functionalities of the dyed fabrics
attributed to them.

Some of the studies only reported the presence of phenolic compounds through
UV–Vis and Fourier-transform infrared spectroscopy (FTIR) analysis [42,43]. Another
number of studies reported the quantification of total polyphenols or flavonoids through
spectrophotometric methods such as Folin–Ciocalteu, Folin–Denis, or aluminum chloride
(AlCl3) colorimetric assay [44–46]. Finally, beyond total polyphenols or total flavonoids,
some studies reported individual phenolic compounds through high-performance liquid
chromatography (HPLC) methodologies [47–49].

Table 2. Raw materials and by-products from the agri-food industry as sources of phenolic com-
pounds and their respective functional activities provided to textile fabrics.

Source Phenolic Compounds Purpose/Functional
Activities Textile/Fabric Ref.

Acacia auriculiformis L. bark Polyphenols, tannins,
flavonoids

Dyeing, antibacterial,
UV protection Cotton, silk, wool [50]

Acacia nilotica L. bark Acacetin, ellagic acid,
quercetin Dyeing, antioxidant Wool [51]

A. nilotica pods
Polygalloytannin, tannin,
quercetin, acacetin, ethyl

gallate, digallic acid

Dyeing, antibacterial,
antioxidant; Wool [52]

A. nilotica commercial
powder Quercetin, acacetin Dyeing, antioxidant,

UV protection Wool [53]

Acridocarpus excelsus bark
(by-product)

Polyphenols, flavonoids,
condensed tannins,

monomeric anthocyanins

Dyeing, antimicrobial,
antioxidant Cotton, silk [54]

Alkanna tinctoria roots Alkannin, shikonin Dyeing, antioxidant,
UV protection Wool [55]

Almond skin (by-product) Polyphenols Dyeing Wool [17]

Aloe vera rinds (by-product) Polyphenols, flavonoids Dyeing, UV protection Silk [42]

Amaranthus viridis plant Polyphenols, flavonoids Dyeing, UV protection Cotton [56]

Banana floral stem
(by-product)

Anthocyanin, anthraquinone,
flavonoids, tannin Dyeing, UV protection Cotton [57]

Black tea Theaflavins, thearubigin Dyeing Cotton [58]

Black tea (Keemun variety)
stems and powder waste

(by-product)

Theaflavins, theaflavin gallates,
catechin

Dyeing, antibacterial,
UV protection Flax [59]

Buckwheat hull (by-product) Polyphenols, quercetin, rutin Dyeing, antibacterial,
UV protection Wool [60]

Camellia sinensis green tea

Catechin, epicatechin,
epigallocatechin, epicatechin
gallate and epigallocatechin

gallate, ferulic acid

Dyeing, antibacterial,
antioxidant, UV

protection
Cotton, linen, wool [61–63]
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Table 2. Cont.

Source Phenolic Compounds Purpose/Functional
Activities Textile/Fabric Ref.

Carrot (Daucus carota L.)
fresh roots (by-product)

Condensed tannins,
anthocyanins,

hydroxycinnamic acid
derivatives

Dyeing, antioxidant Hemp, wool [25]

Cassia alata flower petals Polyphenols, flavonoids Dyeing, antibacterial Cotton, leather, silk [64]

Celandine (Chelidonium majus
L.) fresh leaves and stems Polyphenols Dyeing,

antimicrobial Wool [10]

Ceriops tagal bark
(by-product)

Polyphenols, flavonoids,
condensed tannins,

monomeric anthocyanins

Dyeing, antimicrobial,
antioxidant Cotton, silk [54]

Chebulic myrobalan
(Terminalia chebula)

Polyphenols, hydrolyzable
tannins, chebulagic acid,

chebulinic acid, gallic acid,
ellagic acid

Dyeing; antibacterial,
antioxidant, UV

protection
Cotton, wool [4,55,65]

Chestnut shells (Castanea
crenata) (by-product)

Polyphenols, ellagic acid, gallic
acid, hydrolyzable tannins,
ellagitannins, flavonoids

Dyeing, antibacterial,
antioxidant, UV

protection
Cotton [66,67]

Chickpea (Cicer arietinum L.)
husk (by-product)

Polyphenols, tannins,
flavonoids

Dyeing, antimicrobial,
UV protection Cotton, silk, wool [68]

Chinese gallnut (Galla
chinensis)

Polyphenols, gallotannin,
gallic acid, methyl gallate

Dyeing, deodoriz-
ing/antibacterial Cotton, silk, wool [69–71]

Chinese skullcap (Scutellaria
baicalensis) Baicalin

Antimicrobial,
antioxidant, UV

protection
Linen [28]

Chinese sumac gall (Rhus
chinensis)-derived

gallotannin (commercial)
Gallotannin

Dyeing, antioxidant,
antistatic, UV

protection
Jute [72]

Chinese tallow (Sapium
sebiferum L.) fallen leaves

(by-product)

Polyphenols, tannins,
flavonoids

Dyeing, antibacterial,
antioxidant, UV

protection
Wool [73]

Cinnamomum camphora tree
fallen leaves (by-product)

Polyphenolics, flavonoids,
tannins, anthocyanins,

quercetin, kaempferol, rutin

Dyeing, antibacterial,
UV protection Wool, silk [74,75]

Cooper plant (Acalypha
wilkesiana) leaves

Polyphenols, gallic acid,
quercetin, tannins, corilagin,

geranin
Dyeing Cotton [76]

Cork industry by-products:
cork-cooking wastewater

(CCW), expanded black cork
condensate (EBCC)

CCW—polyphenols, tannins,
flavonoids, anthraquinones;

EBCC—polyphenols
Dyeing, antibacterial Cotton, wool [77]

Croton urucurana Baill. bark Tannins Dyeing, UV protection Wool [78]

Curry plant (Helichrysum
italicum Roth) flowers

Pyrogallol, chlorogenic acid,
gallic acid, cynarin, naringenin,

pinocembrin, chrysin,
coumarin

Dyeing, UV protection Cotton, flax,
polypropylene [15,79]

Date palm pits (Phoenix
dactylifera)

Polyphenols, gallic acid,
protocatechuic acid,

p-hydroxybenzoic acid, vanillic
acid, caffeic acid, p-coumaric

acid, ferulic acid

Dyeing Cotton [80,81]
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Table 2. Cont.

Source Phenolic Compounds Purpose/Functional
Activities Textile/Fabric Ref.

Delonix regia flowers Quercetin, gallic acid Dyeing, antioxidant,
UV protection Wool [55]

Dioscorea cirrhosa tuber
(by-product) Condensed tannins

Dyeing, antibacterial,
antioxidant, flame

retardance
Silk [82]

Eucalyptus (Eucalyptus
camaldulensis) leaves Quercetin, rutin, ellagic acid Dyeing Cotton, wool [40]

Eucalyptus (E. grandis) liquid
residue from lumber

steaming

Condensed tannins, quercetin,
ellagic acid, rutin Dyeing Cotton, nylon, wool [19]

Feijoa peel (by-product)
Procyanidin B1, epicatechin,

quercetin-3-galactoside, gallic
acid, quercetin

Dyeing, antibacterial,
antistatic, antioxidant,
hydrophilicity, insect

resistance, UV
protection

Wool [16]

Fennel (Foeniculum vulgare)
leaves (by-product)

Polyphenols, flavonoids
(kaempferol, quercetin) Dyeing Cotton [83]

Ginkgo (Ginkgo biloba L.) tree
leaves (by-product)

Polyphenols, flavonoids
(quercetin, quercitrin, rutin) Dyeing, antibacterial Wool [24]

Glochidion eriocarpum Champ
leaves

Ellagic acid, gallic acid,
quercetin

Dyeing, antibacterial,
UV protection Cotton [84]

Grape seed
proanthocyanidins

(commercial)
Proanthocyanidins

Dyeing, antibacterial,
antioxidant,

anti-pilling, antistatic,
flame retardance, UV

protection

Silk, cashmere, cotton [18,27,85]

Groundnut (Arachis hypogaea)
testa (by-product)

Polyphenols, tannins,
flavonoids

Dyeing, antibacterial,
UV protection Cotton [86]

Henna (Lawsonia inermis) Polyphenols, tannin, gallic acid
Dyeing, antibacterial,

antioxidant, UV
protection

Linen, wool [26,52]

Hibiscus flowers (Hibiscus
sabdariffa)

Hydroxy citric acid,
hibiscus acid, chlorogenic acid,
hydroxy coumarin, N-feruloyl

tyramine, rutin, apigenin,
myricetin quercetin,

anthocyanins

Dyeing, antimicrobial,
antioxidant, UV

protection
Cotton, wool [87]

Houttuynia cordata perennial
herb

Polyphenols, flavonoids
(quercitrin) Dyeing, antioxidant Polyurethane

nanofibers [46]

Hypercium scabrum L. plant Polyphenols, tannins,
flavonoids Dyeing Wool [88]

Kalanchoe pinnata leaves Polyphenols, tannins,
flavonoids

Dyeing, antibacterial,
antioxidant Milk, silk, soya, wool [89]

Immature pine cone Tannins Dyeing, deodoriz-
ing/antibacterial Cotton, silk, wool [90]

Lotus leaf Polyphenols, flavonoids Dyeing,
hydrophobicity Polyester [91]

Lycium ruthenicum Murray
dried fruits Anthocyanins Dyeing, antibacterial,

antioxidant Wool [92]
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Table 2. Cont.

Source Phenolic Compounds Purpose/Functional
Activities Textile/Fabric Ref.

Madder (Rubia tinctorum L.)
roots

Anthraquinones (purpurin,
xantho-purpurin, rubiadin,
pseudopurpurin, munjistin,

lucidin)

Dyeing Polyester [1]

Madder powder Alizarin, ruberythric acid,
rubiadin, purpurin Dyeing, antibacterial Wool [93]

Mango (Manifera indica L.)
seed kernel (by-product)

Ferulic acid, gallic acid,
cinnamic acid, vanillin, tannin,

mangiferin

Dyeing, antibacterial,
antistatic, antioxidant,
hydrophilicity, insect

resistance, UV
protection

Cotton, wool [16,49]

Mango leaves (by-product); Gallic acid, mangiferin,
iriflophenone Dyeing Cotton [94]

Mango leaves cv. Kent
(by-product)

Gallic acid, mangiferin,
iriflophenones, quercetin

Dyeing, antibacterial,
antioxidant Polyester [95]

Mangrove bark (by-product)
Phenolics, catechin,

epicatechin, epigallocatechin,
epigallocatechin gallate

Dyeing Cotton [96]

Melia azedarach bark
(by-product) Polyphenolics, flavonoids

Dyeing, anti-moth,
fluorescence, UV

protection
Wool [97]

Mushroom (Cortinarius
semisanguineus) Anthraquinones Dyeing Cellulose fabrics [98]

Naturally colored cottons
(brown) Condensed tannins Antibacterial Cotton [99]

Oak bark (by-product)
Gallotannin, ellagitannin,

quercetin,
quercetin-3-oglucoside

Dyeing, antimicrobial,
UV protection Silk [6]

Olive mill wastewater Luteolin, quercetin, apigenin Dyeing Wool [100]

Onion (Allium cepa L.) skin
(by-product)

Condensed tannins,
anthocyanins, quercetin,

quercetin derivatives,
protocatechuic acid

Dyeing, antioxidant Hemp, wool [25,101]

Onion (A. cepa cv. Settonia)
skin (by-product)

Quercetin aglycone, quercetin
glycosides Dyeing Cellulose fabrics [98]

Onion (A. cepa cv. Red Baron)
skin (by-product)

Quercetin, taxifolin, cyanidin,
delphinidin, peonidin Dyeing, UV protection Cotton [102]

Onion (A. cepa cv. Dorata di
Parma) skin (by-product)

Protocatechuic acid, vanillic
acid quercetin, ellagic acid,

isorhamnetin

Dyeing, antibacterial,
antioxidant, UV

protection
Wool [103]

Orange peel (by-product)

Phenolic colorants; p-coumaric
acid, vanillic acid, gallic acid,

caffeic acid, ferulic acid,
catechin, sinensetin, nobiletin

Dyeing, antimicrobial,
antioxidant, insect

resistance, UV
protection

Viscose, wool [104,105]

Papaver rhoeas flower Polyphenols, flavonoids Dyeing Cotton, wool, viscose [106]

Peanut (Arachis hypogaea L.)
red skins (by-product)

Homovanillic acid,
protocatechuic acid, gallic acid,

procyanidin B4, catechin,
kaempferol

Dyeing, antibacterial,
antioxidant, UV

protection
Viscose [107]
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Table 2. Cont.

Source Phenolic Compounds Purpose/Functional
Activities Textile/Fabric Ref.

Peanut roasted red skins
(by-product)

Polyphenols, tannins,
flavonoids Dyeing, UV protection Cotton, silk, wool [108]

Pelargonium graveolens stems
and leaves (by-product)

Polyphenols, flavonoids,
condensed tannins Dyeing Wool [109]

Pineapple (Ananas cosmosus)
peel (by-product) Polyphenols, flavonoids

Dyeing, antibacterial,
antioxidant, UV

protection
Wool [110]

Pomegranate peel (Punica
granatum L.) (by-product)

Polyphenols, punicalagin,
ellagic acid, gallic acid, tannins,

flavonoids, quercetin,
N-methyl granatonine

Dyeing, antimicrobial,
UV protection

Cotton, hemp,
polyamide, wool

[43,44,111–
113]

Portulaca oleracea L. plant
α-Linolenic acid, catechin,

kaempferol, p-coumaric acid,
quercetin, tannic acid

Dyeing, antibacterial,
UV protection Cotton [114]

Purple-fleshed sweet potato Anthocyanins (cyanidin,
peonidin), phenolic acids

Dyeing, antibacterial,
antioxidant Cotton, silk, wool [115,116]

Pterocarpus santalinus tree
waste (by-product)

Flavonoids (isoflavones,
pterocarpans, santalins)

Dyeing, antibacterial,
antioxidant Wool [117]

Quince (Cydonia oblonga)
leaves (by-product) Flavonoids, condensed tannins Dyeing, antimicrobial Wool [118]

Red pepper (Capsicum annum
L.) seeds, skin leftovers, and

stems (by-products)
Polyphenols, flavonoids Dyeing, antibacterial Wool [119]

Reseda luteola L. plant Polyphenols, flavonoids
(7-O-glucoside luteolin) Dyeing, antibacterial Wool [47]

Rhizophora mucronata bark
(by-product)

Polyphenols, flavonoids,
condensed tannins,

monomeric anthocyanins

Dyeing, antimicrobial,
antioxidant Cotton, silk [54]

Rice straw (by-product) Polyphenols, flavonoids
Dyeing, antibacterial,
flame retardance, UV

protection
Wool [120]

Saffron (Crocus sativus L.)
flower waste (by-product) Polyphenols, flavonoids Dyeing, antioxidant Cotton [121]

Saffron petals
Miricetin, quercetin,

delphinidin, petunidin,
kampferol

Dyeing, antibacterial Wool [93]

Sage (Salvia officinalis L.)
dried leaves and stems

(by-product)

Hydroxycinnamic acid
derivatives, luteolin Dyeing, antioxidant Hemp, wool [25]

Scrophularia striata aerial
parts (by-product)

Cinnamic acid, caffeic acid,
vanillin, trans-ferulic acid,

hesperidin, rosmarinic acid;
quercetin, nepitrine,

isorhamnetin

Dyeing, antibacterial Wool [122]

Solanum nigrum plant Polyphenols, flavonoids Dyeing, UV protection Cotton [56]

Sorghum husk (by-product) Polyphenols, flavonoids
(apigeninidin, luteolinidin) Dyeing, UV protection Cotton, wool [123,124]
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Table 2. Cont.

Source Phenolic Compounds Purpose/Functional
Activities Textile/Fabric Ref.

Spent coffee grounds
(by-product)

Polyphenols, tannins,
catechins, flavanols,

chlorogenic acid,
caffeoylquinic acid

Dyeing, antibacterial,
antioxidant, UV

protection
Silk, wool [125]

Sweet potato (Ipomoea batatas)
leaves (by-product)

Polyphenols, tannins,
flavonoids

Dyeing, antibacterial,
UV protection

Cotton, nylon,
polyester, silk, wool [126]

Tamarix aphylla (L.) Karst.
leaves

Apigenin, caffeic acid, ellagic
acid, isorhamnetin, luteolin,

p-coumaric acid, syringic acid;
quercetin, tamarixetin

Dyeing Cotton [48]

Tea polyphenols
(commercial)

Catechin, gallocatechin,
catechin gallate, gallocatechin

gallate

Dyeing,
hydrophobicity, UV

protection
Cotton, silk, wool [3,41]

Tea stem waste (by-product) Polyphenols
Dyeing, antibacterial,

antioxidant, flame
retardance

Silk [127]

Terminalia arjuna fruits Polyphenols, tannins,
flavonoids (lucenin, quercetin) Dyeing Cotton, nylon, silk [128]

T. arjuna powder
(commercial) Ellagic acid, baicalein Dyeing, antioxidant,

UV protection Wool [53]

Thespesia populnea fruits Polyphenols, tannins,
flavonoids (lucenin, quercetin) Dyeing Cotton, nylon, silk [128]

Thyme (Thymus vulgaris L.)
dried leaves and stems

(by-product)

Hydroxycinnamic acid
derivatives, luteolin Dyeing, antioxidant Hemp, wool [25]

Thyme essential oil/beeswax
matrix emulsion Polyphenols, flavonoids Dyeing, antibacterial Cotton [129]

Vine leaves (by-product) Polyphenols, flavonoids Dyeing, antibacterial Viscose [45]

Walnut (Juglans regia L.)
green husks (by-product)

Polyphenolics, tannins,
punicalagin Dyeing, antimicrobial Wool [112]

Walnut shells Tannic acid, juglone, gallic acid Dyeing, antimicrobial Wool [130]

Watermelon rind
(by-product)

Anthocyanin, anthraquinone,
hydrolyzable, condensed

tannins, flavonoids, quercetin
Dyeing, UV protection Cotton [57,94]

Wild lavender (Lavandula
stoechas L.)

Hydroxycinnamic acid,
flavonoids, coumarins,

anthraquinones
Dyeing, UV protection Cotton, flax [15]

Wild madder (Rubia peregrina
L.)

Hydroxycinnamic acid,
flavonoids, coumarins,

anthraquinones
Dyeing, UV protection Cotton, flax [15]

Woodfordia fruticosa
adventitious roots

(by-product)

Polyphenols, flavonoids,
condensed tannins,

monomeric anthocyanins

Dyeing, antimicrobial,
antioxidant Cotton, silk [54]

Xylocarpus granatum bark
(by-product)

Polyphenols, flavonoids,
condensed tannins,

monomeric anthocyanins

Dyeing, antimicrobial,
antioxidant Cotton, silk [54]

The high quantity of by-products and wastes generated by the agri-food industries
(frequently reaching up to 50%) create safe disposal issues and contribute to negative
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environmental impacts [131,132]. According to the Food and Agriculture Organization
of the United Nations (FAO) report, the carbon footprint of vegetables has significantly
increased mainly due to large volumes of waste, while fruit wastage has emerged as the
major blue water hotspot, especially in industrialized countries in Asia and Europe [133].
For example, the processing waste generated by citrus fruit production is traditionally
used as animal feed or directly discarded as waste without any treatment, resulting in
serious environmental problems. Given the strong antimicrobial activity of citrus essential
oils, concerns emerge regarding the inhibition of natural soil microflora [134]. For these
reasons, the valorization of these by-products has become an utmost necessity. Although
some of the generated by-products can be considered unavoidable, others can be utilized
in different areas, including the textile industry. The valorization of these by-products is a
serious alternative to establishing sustainable developments and to reducing environmental
problems related to the textile industry [44]. Thus, of the identified sources of phenolic
compounds, by-products are one of the most appealing.

Several by-products were identified in this literature review, including skins/peels,
barks, seeds, leaves, stems, roots of different plants and fruits, and even wastewaters
resulting from their processing. These by-products can represent a large percentage of
the agri-food processing industries resulting in millions of tons of waste. For example,
orange or pomegranate peels can represent roughly 20–30% or up to 40% of a whole fruit,
respectively [104,135]. Skins from almonds can represent up to 8% of a total shelled almond
weight [17]. The production of onion, the second most abundant horticultural crop in the
world, generates half a million tons of biowaste (skins) in Europe alone [102]. In some
extreme cases, such as in the R. luteola plant, about 300 g of by-products (stems, roots, and
grains) are discarded in order to harvest just 1 g of leaves [47].

In the few instances where by-products were liquid in nature, direct dyeing with
the by-product could be achieved [77,100]. However, in most cases, phenolic compounds
from solid by-products needed to be extracted to be applied to textile fabrics. Different
extraction conditions were used, but almost all studies utilized green, sustainable, and
eco-friendly procedures to achieve the whole of the dyeing process. These sustainable
approaches included some of the following practices: (i) reducing the use of organic solvents
while using water as the main extracting solvent or other green extraction procedures;
(ii) minimizing or eliminating the use of toxic metal salt mordants; (iii) using bio-sourced
mordants; (iv) directly applying extracts without any type of mordants; (v) applying
extracted dyes to fabrics by eco-friendly techniques; (vi) monitoring the biodegradability
of the generated wastewaters; and (vii) using life cycle assessments to determine the
environmental impacts associated with the dyeing processes [1,4,48,64,72,86,96].

All of these practices used either separately or as a combination of each other allow
for the sustainable and eco-friendly dyeing of textile fabrics with polyphenolic dyes.

4. 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 [20]. 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.

4.1. 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
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human skin, they inherently lack effective antimicrobial resistance. On the contrary, they
have been recognized as a medium for supporting bacterial growth and proliferation [70].
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 [24]. Subsequently, this bacterial growth can lead to the discoloration
and degradation of textile fabrics or more importantly, to an increased risk of dermal infec-
tion and allergic responses [24]. For these reasons, providing antimicrobial/antibacterial
properties to textile fabrics becomes crucial.

Different methodologies have been used to test the antimicrobial/antibacterial proper-
ties of textile fabrics dyed with natural dyes rich in polyphenols. These include method-
ologies such as zone of inhibition and agar diffusion tests, percentage reduction assays,
spectrophotometric assays, and minimum inhibitory concentration determinations, among
others [24,47,73,111]. These have usually been performed in accordance with standardized
methodologies, i.e., AATCC TM 100 [136], AATCC TM 90:2016 [137], ASTM E2149 [138],
ISO/DIS 20743 [139], and GB/T 20944.3-2008 [44,47,70,82,111,140].

The two most tested microorganisms for evaluating antimicrobial/antibacterial prop-
erties of dyed fabrics are bacterial strains such as Escherichia coli (Gram-negative) and
Staphylococcus aureus (Gram-positive) [6,28,29,68]. Other commonly used bacteria are Kleb-
siella pneumoniae, Pseudomonas aeruginosa, Bacillus subtilis, and B. cereus, while Candida
albicans is the most commonly selected fungus [54,71,73,125,130].

The natural dyes reported here (Table 2) possess polyphenols in their constitution and
the antimicrobial functionality of the dyed textiles is usually attributed to these compounds.
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 [30]. 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 [59].
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 [66,67]. Several other dyes were also able to achieve over 90% inhibition
against microbes. Fang et al. [126] 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 [120]. In addition, cotton fabric dyed with G. ericarpum
leaf extracts showed >80% inhibition against E. coli after five washing cycles [84].

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 ex-
ample, Sadeghi-Kiakhani et al. [112] 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% 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 [33,61,62,93,116].
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4.2. 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 [15]. 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 [105].

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 stan-
dardized methods, i.e., AATCC 183 [141], GB/T 18830-2009 [142], AS/NZS 4399:1996 [143],
and EU standard 13758-2001 [28,75,78,120,144]. 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 [68]. The application of natural dyes rich in polyphenols onto
textile fabrics can significantly increase their UPF. Several of the polyphenolic extracts
mentioned in Table 2 were able to confer textile fabrics with excellent (50+) UPF capability.
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 [56]. 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 [56]. 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 [104]. 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 [86]. 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 [50,120]. Guo et al. [18],
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 [108].

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. [43] 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 [43]. 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 [84]. 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 [42,85,124].

4.3. 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
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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 [18]. 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 [105]. For instance, phenolic
acids usually display antioxidant activity by trapping free radicals, while flavonoids can
scavenge them [29]. 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 [33].

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 [29,46,95]. 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 [87,127]. Several natural dyes reported in Table 2 were able to provide antioxidant
properties to different fabrics. Linen fabric dyed with S. baicalensis showed 84% free radical
scavenging activity. This was due to the presence of the phenolic compound baicalin [28].
Polyamide fabric dyed with quercetin showed above 90% free radical scavenging activ-
ity [29]. Guinot et al. [25] 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% [67,73,85,105,121,127].

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 de-
crease 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%) antioxidant activity
after washing cycles [51]. 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 [87]. As observed for other functionalities, the use of mordants
or crosslinkers also allowed for the obtention of better antioxidant activities [33,61,72,116].
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 [110].

These differences in textile dye efficacies require further research to achieve optimal
treatment and dyeing conditions in order to maximize the functionalities of fabrics.

4.4. 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 [82]. 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 [82]. 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 [145], ASTM D2863 [146], GB/T
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5455-2014 [147] and ASTM D6413 [27,82,120,127,148]. 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 [82]. Tannins possess high chemical and thermal stability alongside low thermal
conductivity due to their specific aromatic structure, which makes them suitable for pro-
viding textiles with flame retardance properties for various applications [82]. 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%) [127]. This property was attributed to the polymerized products in tea stem
extract and the formation of natural polyphenols/metal ions/silk fabric complexes [127].
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 cy-
cles [27]. 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% [120].

4.5. Other Functionalities

To a lesser extent, other functionalities are reported to textile fabrics dyed with phe-
nolic 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., sil-
ver nanoparticles, Fe (III), and DTM@Ti(OH)4) onto them [35,36,41]. These metal-organic
systems coated the fabrics and affected their surface roughness, making the textiles hy-
drophobic. 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 [91].

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 prema-
ture damage to wool-made fabrics [16]. In addition, orange peel extract was also able to
provide linen fabric with insect resistance activity [105]. 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) [97].

5. Potential Textile Industry Applications of Phenolic Dyes

Although the research referenced throughout this review has been conducted on a
laboratory scale, several works state the potential of the obtained dyes to be used for
specific materials or products on an industrial scale. For instance, the coating of jute fabric
with different phenolic compounds showed excellent UV resistance and could be used in
technical textiles outdoors, such as packing bags, ropes, and textile coverings, to increase
their working life under sunlight and maintain their mechanical properties for longer [32].
The multifunctional viscose textiles prepared with tannic acid have potential applications
for use in biomedical bandages or protective clothing for working in unsanitary and moist
environments [35]. Xing et al. [41] suggested that the inclusion of natural polyphenols
and DTM@Ti(OH)4 particles onto cotton fabric could have several applications in daily
life, including usage in raincoats, sunscreen clothing, outdoor tents, curtains, waterproof
cloth, and others. Furthermore, Zhou et al. [73] stated that the excellent UV protective,
antibacterial, and antioxidant properties of S. sebiferum leaf extract and dyed wool fabric
could be potentially exploited for the development of bioactive sutures, bandages, scaffolds,
wound dressing, masks, and surgical gowns. In addition, cotton fabrics dyed with chestnut
shell extract could be used for clothing materials, home textiles, and upholstery fabrics,
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while wool fabrics sustainably dyed with rice straw could be explored in a variety of
textile applications including hospital textiles, outdoor textiles, and flame retardance
apparels [67,120].

Different studies show that agri-food by-products and wastes provide adequate
streams for the valorization of natural dyes, especially when applied on a niche scale [102].
Additionally, these studies have established a groundwork for future investigations where
these and other raw materials and by-products rich in polyphenols could be researched
and scaled up to be implemented at an industrial level for the production of functional and
smart textiles.

6. Conclusions, Limitations, and Perspectives

Undeniably, there has been increased research in natural dyes rich in phenolic com-
pounds for added-value textile applications. The changes in our climate and environment
have raised the need for more functional textiles in terms of protection against a variety of
factors. In addition, with the high amounts of toxic wastes generated by the textile industry,
the need for more sustainable processes for dye obtention and their application has become
imperative. Various studies have been conducted on the search for natural dyes rich in
polyphenols from different sources, including by-products from the agri-food industry.
While no natural dye is yet absolutely sustainable, several active measures are being taken
to improve this aspect. For this reason, dyes from natural sources could be utilized on a
larger scale as a real possible alternative to synthetic dyes. In addition to the sustainability
aspect, these polyphenolic dyes provide significant functional properties to dyed fabrics
such as antimicrobial, UV protective, antioxidant, flame-retardant, and insect-repellent.

Some limitations were also identified in the present study. For instance, it may have
been susceptible to publication bias, where positive results were more likely to be published
than negative ones. Additionally, studies that were not indexed in the searched databases
could have gone unnoticed. Furthermore, although the majority of the dyes were obtained
through more eco-friendly and sustainable processes, this review did not fully address
the potential environmental impacts of using phenolic compounds from by-products as
it focused primarily on their functional properties. In addition, this review also focused
predominantly on the initial stages of dye obtention and textile processing, overlooking
industrial applications and potential challenges in the final product.

Despite these limitations, specific conclusions can be drawn from this review article:

• By-products from the agri-food industries are an excellent source of multifunctional
natural dyes rich in phenolic compounds.

• Despite the increased research in this field, the screening of different by-products must
continue to better understand their potential.

• There is great potential for antimicrobial, UV protective, and antioxidant activities of
polyphenolic dyes, while other activities such as flame retardance and insect repellency
are also gaining more attention.

• Eco-friendly dyeing practices must continue to be implemented and improved upon
to achieve more sustainable dyeing processes.

• Bio-sourced mordants help provide a truly sustainable dyeing solution by eliminating
the use of metallic mordants, but metallic mordants are still the main players in the
industry. Thus, in conjunction with new natural dyes, biomordants should also be a
main target of research.

• All studies reported were performed on a laboratory scale. Scale-ups and implementa-
tion of these processes in industrial settings should be a goal to understanding their
practical and economic viability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16227248/s1, Table S1. List of journals and respective quartiles
of the articles obtained in the literature research (Q1-28; Q2-16; Q3-5).
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