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Abstract

Synthetic dyes are by far the most widely applied colourants in industry. However, environmental and sustainability con-
siderations have led to an increasing efforts to substitute them with safer and more sustainable equivalents. One promising
class of alternatives is the natural quinones; these are class of cyclic organic compounds characterized by a saturated (C6)
ring that contains two oxygen atoms that are bonded to carbonyls and have sufficient conjugation to show color. Therefore,
this study looks at the potential of isolating and applying quinone dye molecules from a sustainable source as a possible
replacement for synthetic dyes. It presents an in-depth description of the three main classes of quinoid compounds in terms
of their structure, occurrence biogenesis and toxicology. Extraction and purification strategies, as well as analytical methods,
are then discussed. Finally, current dyeing applications are summarised. The literature review shows that natural quinone
dye compounds are ubiquitous, albeit in moderate quantities, but all have a possibility of enhanced production. They also
display better dyeability, stability, brightness and fastness compared to other alternative natural dyes, such as anthocyanins
and carotenoids. Furthermore, they are safer for the environment than are many synthetic counterparts. Their extraction,
purification and analysis are simple and fast, making them potential substitutes for their synthetic equivalents.
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Statement of Novelty

This paper evaluates natural quinone dyes as potential sub-
stitute for their synthetic equivalents. Sustainability and
environmental safety will be achieved by the use of these
dye extracts. Earlier studies concentrated on flavonoids and
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carotenoids whereas quinoids have not received similar
attention, despite being at least as promising as the other
two sources. The paper also presents an up-to-date over-
view of chemical analysis techniques and the use of natural
quinone dyes.

Introduction

Dyes can generally be categorised as either synthetic or
natural. While synthetic dyes are typically synthesised
from petrochemical sources, natural colourants are abun-
dantly available in nature and can be obtained from plants,
microorganisms, animals or minerals. Of these sources,
plants can potentially be a more sustainable source since
plants biomass is more abundant in nature and contains
dye molecules in higher quantities [1, 2]. These dyes have
been used for centuries for colouration of natural fibres,
such as cotton, silk, and wool, as well as for other sub-
strates like leather, skin, hair, shoe polish, paper, wood,
cane, candles and food [3]. However, in the beginning of
the twentieth century, the introduction of synthetic dyes
resulted in a drastic decline in the use of natural dyes due
to the low cost, availability, simplicity of application, col-
our range, shade reproducibility and superior colour fast-
ness of the synthetics [4]. Nevertheless, in the past two
decades, an upsurge has occurred in the use of natural
dyes because of their potential eco-friendliness, biodeg-
radability, renewability and lower toxicity to humans and
the environment [5-7].

Natural dyes can be classified based on the dye source,
application method and chemical structure. However, clas-
sification based on the chemical structure might be more
appropriate since the structure uniquely identifies dyes
belonging to a certain chemical group with specific prop-
erties [5, 8]. On this basis, natural dyes are further grouped
as indigoids, pyridine-based, carotenoids, quinoids, flavo-
noids, betalains, tannins and dihydropyrans [4, 5]. Of these
groups, the quinoids, which include benzoquinones, naph-
thoquinones and anthraquinones are of particular interest
since they resemble synthetic dyes [9] and may therefore
be potential substitutes for the synthetic equivalents.

Synthetic dyes mainly consist of two major classes;
azo dyes and anthraquinones dyes. The azo dyes, despite
having many functional advantages, are now considered
hazardous [10]. In fact, they are banned in many countries,
such as the United States of America (U.S.A), India, and
the European Union (E.U), among others [11, 12]. Many
synthetic anthraquinones dyes, such as Disperse Blue 3,
2-aminoanthraquinone, and many others, have also been
found to be highly toxic to humans and to the environment
[13, 14].
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The most abundant natural dyes are the carotenoids, fla-
vonoids and quinones [15]. Of these, the carotenoids and
flavonoids have been extensively studied and reviews are
available [16—19]. By contrast, quinones have not been given
similar attention, despite being at least as promising as the
other two sources, since they can be considered the natural
analogues of the more established synthetic quinone dyes.
This review, therefore, aims to provide some insight into the
potential of natural quinoid dyes. It gives a brief overview
of the structure, occurrence, biogenesis, uses and toxico-
logical analysis of these class of dyes. It also delves into
quinone extraction, purification, identification, quantifica-
tion and application in the context of dyeing. To ensure an
exhaustive review, literature materials, such as text books,
articles, abstracts and peer-reviewed publications listed in
Web-of Science and Google scholar, were searched using the
phrases “quinone dyes”, “natural quinone”, “natural dyes”,
“quinone compound”, “natural anthraquinone”, “natural
naphthoquinone” and “natural benzoquinone” within the
period 1998-2019.

Structure, Occurrence, Use and Biogenesis
of Natural Quinones

Though quinone compounds are structurally the most varied
dye molecules [5, 20], they all share some features, sources,
usage and biosynthesis pathways as described below.

Structure

Quinones are coloured compounds with a basic benzoqui-
none chromophore (Fig. 1a) consisting of two carbonyl
groups with two carbon—carbon double bonds. The quinone
dyes are fused benzenoid quinoid ring systems with suffi-
cient conjugation to achieve colour. The three main classes
of quinones are benzoquinones (Fig. 1a), naphthoquinones
(Fig. 1b) and anthraquinones (Fig. 1¢), which contains 1, 2
and 3 ring structures respectively.

Benzoquinone (Fig. 1a) is the basic subunit of quinone
compounds [21]. Chemically, 1,4-benzoquinone (also called
para-benzoquinone) is a non-aromatic compound which is
easily converted into hydroquinone on reduction [22]. Ben-
zoquinone units serve as building blocks in quinone syn-
thesis and provide important moieties for the biosynthesis
of active biological compounds [21]. Compounds with
para-benzoquinones attached to one more benzene ring at
position 2,3-C (carbon), are called naphthoquinones. The
naphthoquinone structure (Fig. 1b) has two carbonyl groups
on one benzene ring, normally at the o- or p- orientation
[23]. Naphthoquinones also have o- and f-unsaturated car-
bonyls. The extended electron delocalisation through the
double bonds and the carbonyl groups gives rise to intense
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Fig. 1 Chemical structure of a benzoquinone, b naphthoquinone and ¢ anthraquinone

colouration in the visible region [24]. The third class of
quinones known as anthraquinones, are compounds con-
taining the anthracene nucleus with two carbonyl groups,
normally on the B-ring. They are derived from the basic
structure 9,10-dioxoanthracene (C;,HgO,) (Fig. 1c), a tri-
cyclic aromatic organic compound. The parent structure
is also referred to as 9,10-anthracenedione, anthradione,
9,10-anthrachinon, anthracene-9—-10 quinone, 9,10-dihi-
dro-9, or 10-dioxoanthracene. Since quinone structures
allow different substitution patterns, hundreds of derivatives
exist in nature, especially for anthraquinones. Hydroxyan-
thraquinoids absorb visible light and are therefore coloured
[25]. Generally, the colour of a quinone compound depends
on the position, nature and number of hydroxyl and electron-
donating/accepting constituents, also called auxochromes,
on the different rings impacting on intra-molecular hydrogen
bonding and steric effects [26]. Although the introduction of
electro-donating substituents have little effect on quinones
colouration, some substituents, such as amino or substituted
amino groups, can have a significant impact on the dye’s
colour properties [26]. The structures and corresponding
colours of commonly used coloured quinones are shown in
Table 1.

Occurrence

Natural quinones constitute a large class of aromatic com-
pounds that are prevalent in nature and can be found in sev-
eral families of algae, fungi (including lichens), bacteria,
flowering plants and arthropods [21, 24]. They are also
found in insects like cochineal (Dactylopius coccus) [27],
kermes (Kermes vermilio) [28] and lac (Kerria lacca) [25].
However, they are principally isolated from flowering plants,
in which their colours are normally masked by other pig-
ments [23, 29].

Among the subclasses of quinones, anthraquinones form
the largest group, with around 700 compounds studied.
Of these nearly half are from plants alone [26], While the
remainder originate from fungi, bacteria, lichens, and insects
[30]. The anthraquinones mainly occur in the Rubiaceae,

Leguminosae, Polygonaceae, Bignoniaceae, Verbenaceae,
Scrophulariaceae, and Liliaceae plant families. These com-
pounds have been reported to exist in almost all parts of
plants tissues and organs, such as leaves, stems, pods, seed
coats, fruits, nut shells, flowers, tubers, leaf glands, root
bark and heartwood [20, 31]. The most commonly occur-
ring anthraquinone is emodin, due to its presence in moulds,
lichens, higher fungi, flowering plants and insects as well
[20]. Anthraquinones may also be hydroxylated and may
occur in vivo in free (aglycone) forms, or in combined (gly-
coside) forms, or in reduced forms [32]. In plants, anthraqui-
nones are mostly present as glycosides, which makes them
water soluble and gives them a lower chemical reactivity
towards other plant cell compounds [33]. Normally, the agly-
cone forms are converted into glycoside anthraquinones by
B-glycosidase activity or through an oxidative process [26].
This process occurs when one or more sugar molecules such
as rhamnose or glucose are bound to the hydroxyl group
at position R-6 or R-8 (Fig. 1) [30]. Conversely, hydroly-
sis of these glycosides also occurs [32]. An example is the
aglycosylated alizarin formed by removal of the disaccha-
ride primevorose (6-0-p-p-xylopyranosyl-f-p-glucose) by
hydrolysis of a glycosylated ruberythric acid [31]. Pure
non-glycosylated anthraquinones have also been reported
to occur in plants as well [34]. Anthrones, a reduced form of
anthraquinones, have also been isolated from plants, as have
diathrone dimers, such as rheum emodindiathrone, physion-
diathrone and sennosoids which are formed by coupling of
two single anthrones [35].

Anthraquinone sources under active study for dyeing pur-
poses include Rubia cordifolia, and Rubia tinctorum which
contains alizarin, purpurin, emodin and rhein as common
pigments [36, 37]; Rheum emodi which contains contains
emodin and physcion colourants [38]; Cassia nodosa, which
contains rhein [39]; and Morinda angustifolia, which con-
tains rhein and emodin dye compounds [40]. Anthraquinone
pigments have been isolated in concentrations in excess of
30 mg/(g dw) (dw: dry weight) from Morinda citrifolia, R.
emodi, Rheum undulatum, Rubia cardigolia and Tectona
grandis [38, 41, 42].
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Table 1 Common quinone dye structures [20, 25]

Dye compound Formula Colour R1 R2 R3 R4 RS R6 R7 R8
Anthraquinones
Alizarin C4,HgO, Red OH OH H H H H H H
Emodin C,5H,;4Os Yellow OH H CH,OH H H H H OH
Carminic acid CpHy0y3  Red OH Glucose ~ OH OH H OH COOH CH,
Kermesic acid C,6H00g Red OH H OH OH H OH COOH CH,4
Lucidin-O-primeveroside CisH,oO5 Yellow OH CH,OH OH H H H H H
Morindone C,5H,,05 Red, brown, orange =~ OH OH H H OH CH;4 H H
Munjistin C,5HgOq Red OH COOH OH H H H H H
Physcion C6H,05 Yellow OH H CH,4 H H OCH; H OH
Pseudopurpurin C,5sHgO, Red, yellow OH COOH OH OH H H H H
Purpurin C,,HgO5 Red OH OH H OH H H H H
Quinizarin C,5H;405 Green OH CH,0OH  O-pr H H H H H
Rhein C,5HgOq Yellow OH H COOH H H H H OH
Ruberythric acid CysHyOy3  Yellow OH -pr H H H H H H
Rubiadin CsH,404 Yellow OH CH, OH H H H H H
Xanthopurpurin C,,HgO, Red OH H OH H H H H H
Naphthoquinones
Lawsone C,0HeO3 Orange, brown OH H H H H H
Alkannin C,6H1605 Red, orange, brown H H HO H H H
Shikonin C6H1605 Red, yellow, brown  H H HO H H H
Juglone C,0HeO3 Brown H H HO H H H
Lapachol Ci6H1603 Yellow OH H H H H H
Plumbargin C,;HgO4 Yellow CH; H OH H H H
6-Methyl-naphthoquinone  C,;HgO, Yellow H H H CH; H H
Benzoquinone
Carthamine C,5HgO4 Yellow, green, red o O H HO
-pr primeveroside

Numbers in Table 1 correspond with the numbers in Fig. 1

Naphthoquinones, with more than 120 sources studied,
are the second most common group of quinones found in
nature. They exist as several isomers, with the 1,4-naph-
thoquinones being the most common and the most stable
[43]. This class of compounds is fairly broadly distributed
among plants and microorganisms, while some are occasion-
ally found in animals and specific fungi, and as metabolic
product of some bacteria [23]. In plants, naphthoquinones
frequently occur individually but sometimes co-exist with
anthraquinones in the same species, particularly in the Big-
noniaceae and Verbenaceae families [20]. They normally
occur in the free form but sometimes exist in vivo as gly-
cosides. In animals, naphthoquinones have been isolated
from echinoderms, significantly from sea stars, starfish, sea
urchins and from aphid species [20]. The commonly occur-
ring 1,4-naphthoquinone compounds in plants are lawsone or
henna in Lythraceae [24]; juglone in Lawsonia inermis [44];
and plumbagin in the Juglandaceae [45]; alkannin and shi-
konin in Plumbaginaceae [46] and lapachol pigment in the
Borginaceae [47]. Naphthoquinone pigment concentration
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values as high as 50 mg/(g dw) have been obtained from
Juglans regia, and Tecomella undulata [42, 48].

Of the three classes of quinones, benzoquinone is the
least prevalent. However, it has been reported to occur in
flowering plants, in fungi, in lichens, and in insects like bee-
tles, millipedes and other arthropods capable of synthesising
benzoquinone and its derivatives [20]. These compounds
have been isolated from all parts of higher plants and usu-
ally occur as a single entity, with a few alkylated quinones
and biquinones frequently occurring together [20]. The
benzoquinone from plant biomass that is most commonly
studied as a dye compound is carthamin, found in safflower
(Carthamus tinctorius) [49]. A high concentration of about
30 mg/(g dw) have been isolated from safflower [50]. Com-
mon sources and occurrence of natural quinones are sum-
marised in Table 2, together with the tissue from which the
compounds are extracted and the colors and concentrations
obtained.

Apart from plant sources, microbial organisms, such
as fungi (including lichens), bacteria and algae, are other
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Table 2 Survey of common sources of quinones components
Source Common name Part used Compound Colour Concentration mg/  Refer-
(g dw) ences
Anthraquinones
Cassia occiden- Kasunda-hindi All parts Emodin, rhein, Yellow 11.1 [60]
talis physcion
Cassia fistula Indian laburnum Whole plant Rhein, sennoside, Yellow Total glycoside in ~ [61]
physcion, aloe- leaves 3.6+0.16
emodin
Dermocybe san- Blood red redcap Stem, cups, Fruit Emodin, Physcion,  Yellow, orange, red  0.0057 [9]
guinea Enductrocin, and pink
Dermolutein
Morinda citrifolia  Indian Mulberry Roots Morindone Red 0.6-1.2 [62, 63]
Morinda angus- Noni, Indian Mul- Roots Morindone Brown/orange 40.0 [42]
tifolia berry
Oldenlandia Chay root, Indian Roots Hydroxy- and Brown 0.4 [64]
umbellata madder methoxy- anth-
raquinone
Rhamnus frangula Buckthorn Bark frangulin (thamnox) Green, yellow 19.0 [65]
Rheum emodi Himalayan rhubarb, Rhizome Rhein, Emodin, Yellow Rhizome: 46.1 [38]
Indian rhubarb Physcion, Chrys-
ophanol, Aloe-
emodin,rutin
Rheum undulatum Rhabarbarum Leaves, Rhyzome, Emodin, chrysopha- Yellow Roots: 34.0 [41]
Roots nol and physcion
Rubia cordifolia Indian madder Root, stem Purpurin, alizarin, Red, red Stem: 45.0 [42]
munjistin,
Rubia tinctorum Dyer’s madder Root Alizarin Red 7.7 [66]
Fusarium oxyspo-  Fusarium wilt Tissue culture Anthraquinone Pink/violet N.D [54]
rum
Penicillium oxali-  Sorghum spp. Tissue culture Anthraquinone Red 1.5-2 g/l [67]
cum
Naphthoquinones
Fusarium verticil- Basal rot Tissue culture Naphthoquinone Yellow 2.5¢g/L [68]
lioides
Alkanna tinctoria  Dyer’s alkanet, Whole plant, Root Alkanin, Shikonin Red, yellow, brown  Roots [69]
alkanet Alkanin:14.1
Shikonin: 5.6
Juglans regia Walnut Bark, root, shell, Juglone Brown Shell: 50.0 [48]
leaf
Lawsonia inermis  Henna, Hina Leaves Lawsone Orange, brown 18.5-18.7 [70]
Impatiens glandu- Ornamental jewel Leaves, stem, flow- Lawsone Orange, brown 8.0-11.0 [71]
lifera weed ers
Onosma nigri- Havacica Roots Shikonin/Alkanin Red 2.2 [72]
caule
Tectona grandis Teak Branches, leaves Lapachol Yellow Leaves: 50.0 [42]
Benzoquinone
Carthamus tinc- Safflower Flower Carthamin yellow Yellow, green, red Red: 3.2-8.8 [50]
torius and Carthamin red Yellow: 30.0

major sources of natural quinone dyes. The advantage
of microbial colourants is that the these sources can be
cultured in different environments and due to the possi-
bility of genetic modification, a high-quality coluorant
can be achieved [51]. In fungi, anthraquinones have been
isolated from Aspergillus sp., Eurotium sp., Emericella

sp., Fusarium sp., Penicillium sp., Mycosphaerella sp.,
Microsporum sp., and as naphthoquinone from Trypethe-
lium eluteriae [52], and benzoquinone from Beauveria
bassiana [53], among others [54]. The fungi produce pig-
ments, including chrysophanol and 1-acetyl-3, 8-dihydro-
6-methoxyanthraquinone, which are capable of producing
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a wide array of colourant shades, including red, bronze,
maroon and red-brown [55]. In bacteria, quinones such
as 2-hydroxy-9,10-anthraquinone and naphthoquinone
have been isolated from Streptomyces olivochromogenes
[56] and Streptomyces sp. [57], respectively. In.algae,
2,6-dichloro-1,4-benzoquinone has been found in green
algae [58], 1,4-napthoquinone in brown algae [59] and
1-methyl emodin anthraquinone in red algae among others.

Table 2 shows that quinones can be found in all plant
parts at varying concentrations: leaves (50 pg/g dw), stems
(45 pg/g dw), pods (0.31 pg/g dw), seed coats (8.34 ug/g
dw), fruits and nut shells (50 pg/g dw), flowers (8.8 pg/g
dw), tubers/rhizomes (46.08 ug/g dw), root back (190 pg/g
dw), wood heart (36 pug/g dw), and whole plants (11.07 ug/g
dw).

Biogenesis

Two different pathways have been proposed as biosynthe-
sis routes for natural quinones in plants and other organ-
isms (Fig. 2) [25, 73]. The first pathway is the polyketide
or acetate-malonate pathway (Fig. 2a). The route involves
systematic ring closure occurring on both aromatic rings
and a substitution of at least two hydroxyl groups in the R1
and R8 positions (Fig. 1). This causes suitable folding and
condensation of an octaketide chain derived from acetate
and monolite. For example, in emodin pigment synthesis,
the main precursor is the octaketide emodin anthrone, which
results from a polyketide condensation reaction between
acetyl-coenzyme A (-CoA) and malonyl-CoA fixed by a pol-
yketide synthase (PKS) [74]. The anthrone is then oxidised
into an emodin compound. The second proposed pathway is
called the shikimate or chorismate/O-succinylbenzoic acid

CoA
a Y
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Acetyl-CaO o o o
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SCoA

M ° ° ¢
OH Sca0

Octa-B-ketoacyl chain
7x Malonyl-CaO
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HOOC)}\/\COOH

Alpha-ketoglutoric acid
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WOH HO////,,,
Ho .
—>
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OH

OH COOH

Shikimic acid Isochorismic acid

Rs o Ry
CO, R; R, HO
Re Rs
Rs o R.

pathway (Fig. 2b). Here, pigments eventually only have one
of the rings unsubstituted and at least one hydroxyl group
on the R1 (Fig. 1) position, as in alizarine, pseudopurpurin,
purpurin and lucidin [74].

To increase the production yield of natural quinones for
industrial applications, biotechnological methods have been
attempted based on the simulation of quinone’s biosynthesis
pathways. In microbial organisms, for example, three pro-
duction mechanisms are proposed: genetic manipulation by
sequencing the microbial genome, molecular screening to
improve gene expression and optimisation of secretion of
quinones compounds and the use of strategic procedures
under optimal conditions to increase the colourant excre-
tion [75]. Other methods include tissue culture. For exam-
ple, the enhancement of quinone yield from Frangula alnus
has been investigated and has led to a total anthraquinone
content of 1731 mg/100 g in the cultured plant leaf [76].
Precursor addition has also been investigated and was found
to double anthraquinone yield in Rubia akane cell cultures
[77]. Working with cell cultures has also been proposed to
generate quinone extract of high purity [78]

Biological and Industrial Applications

Quinones are key secondary metabolites with vital biologi-
cal functions, such as oxidative phosphorylation and elec-
tron transfer in photosynthesis and respiration processes
within the plant system [30]. These compounds often act as
an intermediates between a plant and its environment and
are responsible for fragrance, flavour, defence, signalling,
color and energy transduction [26, 79]. For humans, natural
quinone components have found applications in pharma-
cology for inducing cytoprotection through antifungal [80],

o

I I I CH,

. OH (¢} OH

Anthraquinone Emodin

o [e]
)L/\ i 0o o
0-P~0-P-0
|

o o

Isopentenyl Dipho;phatei
OH
COOH
o
Anthraquinone

OH
1,4-dihydroxy-2-naphthoic acid

Fig.2 Natural quinone biosynthesis pathways a acetic-malonate pathway [74] and b shikimate pathway [25]
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antibacterial [81], antioxidant, anti-cancer, anti-inflamma-
tory, laxative [26], anti-allergens and anti-moth properties
[82]. They are also used as histological stains [8] and insect
repellant [83] and in engineering technology for metallic
corrosion protection [84], as pH indicators [64], in energy
harvesting processes [85] and industrial colouration [26].

Quinones also have potential binding affinity to different
cell receptor moieties. They display different affinity, selec-
tivity, functionality and exchange dynamics towards differ-
ent cellular binding sites. Hydrogen bonding, hydrophobic,
electrostatic and van der Waals are among the dominant
interactions between quinones and other receptors [86, 87].
Therefore, the many substitution sites in the long conjugated
chain of quinone dye molecules lead to attractive affinity
between a ligand molecule and a substrate. Quantitative
structure—activity relationships studies have demonstrated
at least an appreciable similarity between dye-substrate
interactions and receptor-ligand interactions, indicating the
possibility of modulating fiber-substrate affinity to benefit
dyeing application [87].

Toxicity of Natural Quinones

The natural origin of molecules, in this case quinones, does
not guarantee that they are harmless. Indeed, some natu-
ral quinones, such as anthraquinones from Rumex patien-
tia that are used in the pharmaceutical and food industries,
can cause pathological effects in vivo if used at high doses
(>4000 mg/kg), whereas lower doses produce slight or non-
significant effects [88]. One report on the toxicity of vari-
ous natural anthraquinones indicated a potential health and
genotoxic effect on animals and humans if these quinones,
and especially their aglycones, are directly ingested into the
body in large quantity (> 1000 mg/kg) for a longer period
(at least 2 weeks), despite their low bioavailability (< 0.1)
[89] Nevertheless, when compared with synthetic anthraqui-
none or azo dyes, the natural substances are less harmful.
Indeed, the synthetic counterparts are non-biodegradable
and recalcitrant in nature, so they cannot be easily removed
by wastewater treatments. By contrast, the effluents from
natural dyes like quinones are easily degradable and do not
require the extensive and costly treatment plants needed for
the synthetic counterparts [90].

One study that examined the use of natural naphthoqui-
nones, such as juglone and plumbagin to control nuisance
towards aquatic species showed that these two biocides had
relatively short half-lives in saline water (5 h to 30 h), with
juglone being more stable in fresh water [91]. The synthetic
Reactive Blue 19 dye, in comparison, would take 46 years at
pH 7 and 25 °C [92]. The study also determined that juglone,
although stable in water, had little capacity for adsorption
to suspended particulates or for bioaccumulation due to its
low octanol-water partition coefficient (~ 2). The study

concluded that, due to the rapid degradation, and especially
in the marine environment, and the low adsorbency and
bioaccumulation, the risk of residual toxicity is low for the
release of juglone-treated water [91]. Generally, a reduction
occurs in the pollution load when natural quinone dyes are
used instead of their synthetic counterparts. A fact sheet on
toxicological studies conducted on natural quinones, such as
anthraquinones, reports that they are safe when used for non-
food purposes [93]. An example is lawsone, a naphthoqui-
none dye, used in cosmetics; this dye has not been included
among the 49 toxic cosmetic dyes banned by the EU as it
presented low to negligible genotoxic risks to consumers
[94, 95]. Contrarily, synthetic dyes such as Disperse Blue 3
displays acute toxicity [13], Vat Acid Blue 43 is potentially
mutagenic, 2-aminoanthraquinone is identified as carcino-
genic and Disperse Red 15 can cause allergic reactions [14].
However, these toxic effects, for either synthetic or natural
quinone dyes, depend on the degree of exposure to the dye
compounds.

The use of natural quinones as colorants has the advan-
tage that these compounds also impart antibacterial [41, 96,
971, antifungal [98] anti-insect [83], and ultraviolet (UV)
protection properties to textiles [99, 100]. Based on these
findings, natural quinones are not without risk, and should
not immediately be considered as ‘green’ and harmless,
however, generally speaking, they might pose relatively
lower risks compared to the synthetically produced quinone
variants currently in use.

Purification of Quinone Dyes

The different subclasses and varying substitution patterns
of quinones means that their identification and purification
are not straightforward, but rather complex. However, recent
advances in analytical techniques now allow a better under-
standing of their nature and extraction potential. Therefore,
this section of the paper discusses the extraction and purifi-
cation of, quinone molecules.

Extraction Parameters

As with other plants chemicals, the extraction of quinone
is influenced by factors like the amount of solvent (s) used,
extraction time and temperature, equipment design, selectiv-
ity of the target component, amount of sample used, extrac-
tion efficiency and nature and condition of the matrix. Of
these factors, the nature of the solvents is the most important
as this determines the solubility of the target compound and
extraction efficiency. A good quinone solvent should have
a high extraction capacity, low boiling temperature and low
latent heat of evaporation to allow separation at low temper-
ature, as this reduces the energy demand to a minimum, and
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suppresses side reactions with colours and pigments to avoid
loss of colour quality [36]. To a great extent, the solubil-
ity, and hence the extraction of substances, is dependent on
the solute—solvent interaction [101]. The Hansen solubility
theory illustrated in Eq. 1, can be used to predict this solubil-
ity [102]. The theory is based on three major intramolecular
forces, namely dispersion (6,), polarity (6,) and hydrogen
bonding (6,) [103]. The ability and efficiency of a solvent to
dissolve a solute can therefore be estimated by determining
the distance between the solute and the solvent or the rela-
tive energies according to Eq. 1:

D _p= \/4 * (84p = 5d,s)2 + (6,0 = 5p,s)2 + (Bpp = Sps)’
ey

where 6,  and §; ¢ (MPa'”) are the ith component of quinone

polymer compound and solvent, respectively [103].

Two chemicals are mutually soluble if their solubility
parameters (thus Dg_p) are approximately equal. By plotting
the Hansen solubility points on a 3D graph, the solubility
of a compound can be predicted. Based on this solubility
theory, the solvents for extracting quinones are predictable
as shown in Fig. 3.

As shown in Fig. 3, methanol-water and ethanol-water
mixtures are the recommended solvents for the extraction
of anthraquinones. Methanol or ethanol are also good sol-
vents for anthraquinones and naphthoquinones. Benzoqui-
none shows a high solubility in solvents with relatively
lower polarity, such as ethyl acetate, tetrahydrofuran, dichlo-
romethane and butanol. Glycosides seemingly dissolve best
in water and water-alcohol mixtures, whereas aglycones
appear to be more readily soluble in alcohol-based solvents.
These predictions are supported by the findings listed in
Table 3, which shows that alcohol-water based extracts, hav-
ing lower relative energy differences (< 1), generates higher
anthraquinone yields (about twofold) compared to solvents
such as water, ethanol or benzene that all have higher rela-
tive energy differences (> 1) [104, 105]. Higher quantities
(up to 7%) of anthraquinones were also obtained when
methanol or ethanol ware used as solvents rather than apolar
solvents, again reflecting the lower relative energy towards
anthraquinones [106]. Indeed, when comparing the quantity
of the anthraquinone alizarin produced in different solvents,
the yield decreased in the following order, in accordance
with the increase in relative energy difference: methanol
(0.15%), ethanol (0.03%), ethyl ether (0.018%), and acetone
(0.018%) [36]. The same can also be seen for naphthoqui-
nones extracted under similar conditions, where different
solvents resulted in different yields: methanol (0.06%), chlo-
roform (0.0146%) and ethyl acetate (0.009%) [107]. Another
study showed that methanol gave a higher weight concen-
tration of juglone (0.99%) than was obtained with acetone
(0.88%) when extracted under what were otherwise the same

@ Springer

conditions [108]. Conversely, benzoquinone was obtained in
a high quantity (1.45%) when chloroform was used as the
extraction solvent [109] while alcohol-water mixtures gave
higher values for glycosides (2.63—4.6%) [104].

Quinone isolation depends largely on whether aglycones
or glycosides are targeted [36, 66]. However, sequential
extraction with solvents of increasing dielectric constant or
polarity is normally recommended when total quinones are
of interest [33]. Additionally, since quinones vary in polarity
and solubility, no particular solvent can be recommended for
their complete extraction [20]. Another point of attention is
that quinone extraction can be done at different tempera-
tures. However, extracting anthraquinones at temperatures
above 65 °C or over 78 °C in methanol or ethanol based sol-
vents, respectively, for prolonged periods (> 9 h) can result
in the formation of artefacts, such as 2-ethoxyethyl or 2-eth-
oxymethyl groups [33, 110]. Therefore, high-temperature
extraction for longer periods should be avoided when using
these two solvents [20]. These artefacts are undesirable since
they modify the colour of the compounds [111].

Generally, quinone glycosides hydrolyses to their cor-
responding aglycones when exposed to high temperatures
[112], in acidic conditions, for example, in (2-5%) sulphuric
and hydrochloride acid solution at temperatures between 80
and 100 °C [113], they can also be partially hydrolysed by
aquous sodium hydroxide [114], and completely hydralysed
by enzymatic (such as f-glucosidase) treatment at a tempera-
ture of 50 °C and pH 5 [115]. Nevertheless, a comparison of
solvents such as ethanol and water for extraction of alizarin
from madder root [112], revealed that ethanol was preferable
since it gave a higher yield of glycosides. This does not cor-
respond with the Hansen solubility prediction, as water was
expected to result in higher extraction yields of alizarin gly-
cosides. However, the alizarin glycoside-to-aglycone ratio
was found to be 237:1 mg/cm? in ethanol and 22:1 mg/cm?
in water. The lower amount of glycoside in water possibly
reflected hydrolysis of the glycosides due to the use of high
extraction temperatures [112]. To mitigate this, the current
literature suggests that quinones be extracted at room tem-
perature up to about 70-90 °C and preferably during shorter
time frames or with higher temperature (about 98 °C) for
fewer hours (< 9 h) (Table 3).

Quinones also dissolve well in alkaline solutions [20, 50].
Teruyuki et al. [115] reported a selective and simultane-
ous extraction of both aglycones and glycosides using two
phase extraction with chloroform and a potassium hydroxide
solution. When potassium hydroxide solution was used as
a solvent, both ruberythric acid and lucidin primeveroside
were extracted, whereas only chloroform was used, anth-
raquinones primeverosides were not extracted and only small
amounts of alizarin and lucidin were obtained. When both
aqueous potassium hydroxide salt-chloroform solutions were
used, alizarin and lucidin (in the chloroform phase) were
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Solvents
Anthraquinone
Benzoquinone

Naphthoquinone

)
o
!
L N BU BN

Glycoside

= = = (:spkt\fl\? a4
Key
Solvents Anthraquinone Glycosides
i Hexane a  Alizarin r Lucidin primeveroside
il. Benzene b Aloe-emodin S Carminic acid
iii. Diethyl ether c Munjustin t Ruberythmic acid
iv. Chloroform d Marindone u Quinizarin
V. Ethyl acetate e Physcion v Emodin-8-o-glucoside
Vi. Tetrahydrofuran f Pseudopurpurin w  Rhein-8-o-glucoside
vii. Dichloromethane g  Purpurin X  Chrysophanol-8-oglucoside
viii. Butanol h Rheum z  Aloe-emodin-8-0-glycoside
iX. Propanol i Rubidian
X. Acetone j Xanthopurpurin
Xi. Ethanol Naphthoquinones
Xii. Methanol k  Lawsone
xiii. Dimethylformamide m  Alkannin
Xiv. Acetonitrile n  Shikonin
XV. Water n  Juglone
e/W 30 % Ethanol 0 Lapachol
E/W 50 % Ethanol p Plumbargin

E/w 70 % Ethanol

m/W 30 % Methanol
M/W 50 % Methanol
m/W 70 % Methanol

Fig.3 Hansen solubility of quinones using common solvents
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3 g 4 extracted along with their primeverosides (in the aqueous
8 |= =% phase).
E e f 'g Another factor, the solid-liquid (S/L) ratio, is also impor-
g ‘; tant as this determines the interaction between the solute
s § 2 and solvent during the extraction. Table 3 shows that the
8 E)C P ~ g S/L ratio ranges from 1:10 to 1:50. Typically, this ratio also
E o g—j i 5 depends on other extraction parameters, such as the solvent
< @ . .
= oz < & type, the extraction time and the method used.
2|l .0 5 LA
o s g0 = .
Sl = S = .
ERERE: 5 & Extraction Methods
—_— $—
5| 83 = 5
Zle&c g2
& <= % g Methods applied for extracting quinones include macera-
= E > é% tion [116], reflux [117], Soxhlet [118, 119], microwave

222l | gz assisted [118, 120, 121], ultrasonic assisted [118, 122],

g= o . .

g § z é = ultrasonic-microwave assisted [123], enzyme assisted [37,
AEEERFEEE 124], supercritical fluid [125], sublimation assisted [38], and
g, ; £ : T e < g pressurised liquid [121, 126] extractions. The applicabil-
s | ES ; 8 g < ity, requirements and results vary considerably among these
= P I - 19}

S|lE8my 3 g = methods.
< =}
SleE<k &= S5 . .
5 S =S w»nEE|TE %D Some of these extraction methods, such as static and
o . . . .
—‘ia dynamic maceration, Soxhlet and ultrasonic extraction
g Qi using n-hexane solvent, were compared for quinone extrac-
T § tion from the stem bark of Diospyros anisandra [127]. Sox-
.’g g hlet extraction was the most efficient technique, as it gave
g % the highest yield of total quinone content at 11.5 mg/g dw,
= 2 compared to 5 mg/g dw for dynamic maceration, 4.5 mg/g
- z i—i dw for ultrasound-assisted and 3.75 mg/g dw for static
=} J . . .
2o S :};»’ maceration methods. The efficiency of Soxhlet extraction
) m 5 is attributed to the continuous renewal of the solvent, which
% ) promote effective diffusion. Similarly, Aditya et al. [38],
g g compared the efficiency of non-conventional methods, such
B as ultrasonication and sublimation, with the more classical
- O .
g methods, such as maceration, reflux and Soxhlet, to extrac
3 °g thod h t fl d Soxhlet, to extract
< . . . .
f‘é § = R. emodi. Refluxing was the most efficient method, with a
g g - E -;5 recovery rate of 77.9%, whereas sublimation, ultrasonica-
§ g = % ‘g tion and maceration achieved 53.32%, 51.79% and 37.31%,
= § g 8“' s 5 respectively. The highest impurity levels were obtained with
- % § Soxhlet and maceration, while sublimation gave the most
“§ g selective, cost effective and environmentally friendly results,
E E with minimum infrastructural and solvent requirements [26,
; 5 38]. Reflux extraction requires less time and has also proved
= = g to be suitable for commercialisation [26]. On the same note,
é ,_g e = § extraction efficiencies of supercritical, microwave-assisted,
= S o 2 Q£ enzymatic, solid-liquid and conventional extraction meth-
2l g £ 85 = X Y q
. — . v— N O .. . .
88 o o) § = 2 ° ods have also been compared. Supercritical fluid extraction
©C O -~ b1 . . . . . .
E S Z<ES gz . § and pressurised liquid extraction required shorter extraction
; 3 % T’E‘; times and were more environmentally friendly, at a similar
3 m‘\' § g % equipment and operating costs [26]. Extraction methods for
E § e g E %’ different quinone pigments, the optimised conditions, and
g < £ 5 g S the obtained yield are summarised in Table 3.
Q Y . . .
= < g e X As indicated in Table 3, most researchers choose reflux,
[ o | ou) = T o= . . .
K E S S¢S g Soxhlet and maceration methods for quinone extraction,
13| SEEC with yield and extraction time being the most considered
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parameters. While reflux and Soxhlet give comparatively
high quinone yields, Soxhlet requires a long extraction
time making it comparatively more expensive. Conversely,
the maceration method is preferred for quinone extraction
mostly in medical application areas. Thus, trading off the
scale of extraction yield, extraction time and cost reveals that
the reflux method is clearly the most cost-efficient extrac-
tion method for quinone dyes. Here, extraction temperature
normally ranges around 90-98 °C for 60 min.

Purification

Purification of the quinone crude extract is typically required
to eliminate other interfering compounds. This separation
is mainly achieved by methods such as thin layer chroma-
tography (TLC) [134], high performance liquid chroma-
tography (HPLC) [135] and phase separation [136]. Other
methods include high-speed counter-current chromatogra-
phy (HSCCC) [137], electrophoresis [106], and supercritical
fluid chromatography (SCFC) [138].

TLC has long been used as a general procedure for sepa-
rating quinones [32]. Generally, the TLC plate consists of
a silica gel based stationary phase and a mobile phase con-
taining a variety of eluents, typically mixtures of methanol,
ethanol, water, chloroform, ethyl ether, acetate, toluene, hex-
ane, ethyl acetate and propanol at different ratios. The TLC
method separates lipid-soluble benzoquinones and naphtho-
quinones by carrying them along with the more nonpolar
solvent mixture. At the same time, the complex and highly
hydroxylated quinones require more polar solvent mixtures
to mobilise them. The TLC method’s main limitations are
its slow speed and poor quality separation and difficult scal-
ability. However, compared to other methods, it still shows
advantages in terms of low equipment and consumables
costs, as well as versatility in application [32, 48].

Compared to TLC, other chromatographic techniques
show increased sensitivity and shorter purification times,
but this comes with higher costs [139]. For chromatographic
purposes, water—methanol-acetic acid, chloroform—metha-
nol-formic acid or acetonitrile solutions are mostly used
as eluents [26], although n-hexane—ethyl acetate—metha-
nol-water or petroleum ether—ethyl acetate—water mixtures
can be used in counter-current systems to give higher puri-
ties (>90%).

A related method is SCFC, which is viewed as an envi-
ronmental friendly method. Here CO, is used as the mobile
phase and just a little solvent, either directly or in reverse
phase, has also been applied to clean up quinone extracts
[138]. The use of CO, permits a high flow and diffusion
rate, thereby improving the selectivity and shortening the
analysis time. Organic modifiers, mostly alcohols, are used
to enhance dissolvability. However, based on the available

literature, this technique is not commonly used for quinone
purification.

Alternatively, two-phase separation methods and pre-
cipitation are also used [140, 141]. In two-phase separation
systems, the phase combinations have included polyethylene
glycol/dextran, polymer/salt polyethylene, glycol/sodium
sulphate, and non-ionic surfactant micellar systems, such as
Triton X-114 [136]. While the method’s significant strength
has been the simplicity of the equipment used [140], its main
challenges have been the slow segregation and re-extraction
from the polymer phase [142]. However, a low cost, low
viscosity, easy recoverable system using an alcohol/salt
two-phase system has also been proposed [142]. The latter
used 1-propanol and (NH,),SO, to purify anthraquinones
extracted from Aloe vera. A phase ratio of 0.34 (17.84/26.66
concentration of alcohol/salt % w/w), achieved a partition
coefficient of 64, and an extraction efficiency of 96% were
achieved [142]. Another example has demonstrated phase
separation of alizarin glycoside and aglycone from R. tinc-
torum extract [113, 143]. The subsequent extraction with
solvent from the Sep-Pak Plus silica has led to a recovery of
90-100% for bacterial quinones, compared to the conven-
tional recovery of about 30 to 60% obtained with column
chromatography and TLC [144].

Solid phase extraction or solid sorption is also becoming
more popular since the sorbent materials used are stable in
a narrow pH range and are capable of extracting polar and/
or nonpolar compounds [145]. The main advantage of this
method is the ability to separate the matrix from the target
compound, automation ability, and ability to concentrate
the final product [144]. Quinones have also been purified
successfully by electrophoresis. For instance, the method
was used to separate glycosidic quinone compounds from
an extract of R. emodi [106]. The technique works well for
an alkaline phase using a buffer and an ethanol, methanol or
acetonitrile mobile phase. Compared with other liquid-phase
analytical methods, the electrophoresis method is versatile,
efficient and requires low amounts of solvent and reagent.

Quinones are known to have a high protein affinity [146],
which means they can be separated by precipitating proteins
from extract matrices [147]. The quinones are then recov-
ered or separated from the protein-quinone complex through
methods such as fractionation, centrifugal filtration and
chromatofocusing [146, 148]. While purifying 1,4-benzoqui-
none, Brock et al. [149] reported purification of quinonones
through protein removal using ammonium sulphate frac-
tionation, hydrophobic interaction, ion-exchange and affin-
ity chromatography. Anthraquinones extracted from Semen
cassia were purified by first precipitating the extracted cas-
sia powder with saturated ammonium sulphate at 4 °C for
10 h, dialysing in deionised water and then recovering the
anthraquinone by foam fractionation. A concentration of
94 mg/L was found in the foam, with a total recovery of
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more than 48% [146]. A comparison of quinone purification
techniques is provided in the Table S1.

From Table S1, suggests that HSCC may be a more
appropriate method for quinone purification since the main
limiting factor, namely the capacity of the column volume,
is independent of the analyte itself and can be scaled up
and automated to meet industrial dyeing demands. Its sim-
plicity in terms of less sample preparation requirements,
higher purity yield and total sample recovery also makes
HSCCC comparably more economical for quinone purifi-
cation. However, many of these techniques are analytical,
rather than large-scale separation techniques. Therefore,
further purification to yield a pure component would be a
challenge industrially, also especially given the complexity
of the quinone group.

Chemical Analysis

This section discusses various methods applied for quinones
analysis. These include both qualitative and quantitative
methods.

Qualitative Methods

Within this part, we mainly discuss phytochemical screen-
ing, which is a qualitative way to determine the presence
of a group of compounds of interest. This type of analysis
is often done by a colour reaction. For quinones, the suc-
cess of these tests depends on one main distinctive property
that distinguishes the quinone of interest from other typi-
cal colored compounds, which is the ability of quinones to
undergo reduction and oxidation [20]. This property enables
quinone molecules to be identified by reacting them with
a range of reagents that generate different colours depend-
ing on the class of the quinones and/or position of hydroxyl
groups on the benzoid ring. Important colour reaction tests
are the Borntrdger and alkaline reagent-based tests, which
involve reaction of anthraquinones with an alkaline medium
that results in production of their corresponding phenolate
ion [150]. For example, the hydroxyls on 1,8-dihydoxyanth-
raquinones react with weak bases like ammonium hydroxide
and are transformed into a phenolate ion. Anthraquinones
having hydroxyls at positions 1 and 2 acquire a blue violet
colour, whereas1,8-disubstituted anthraquinones display a
red colour [20]. Anthrones and dianthrones become yellow
but rapidly oxidise to their corresponding anthraquinones
to acquire red staining. The reaction mechanisms of anth-
raquinones are shown in Fig. 4a. For naphthoquinones and
benzoquinones, an acid oxidation reaction (such as sulphuric
or hydrochloric acids) gives a red or red—orange colour and
is their preferred screening method (Fig. 4b).

@ Springer

Some quinones, especially those with C-glycosides,
do not undergo hydrolysis when heated with dilute alka-
lis or acids. They are often screened by a modified Born-
trager method, which involves heating with ferric chloride
in hydrochloric or sulphuric acid medium to decompose
them [61, 152]. The glucoside is then extracted in a suit-
able organic solvent, such as benzene, tetrachloride, dichlo-
romethane or chloroform. Next, the lower layer, in the case
of chlorinated solvents, is separated and diluted with ammo-
nia where development of pink or red colour in the ammonia
layer confirms the presence of anthraquinones [61].

These screening methods are preliminary tests that should
be supplemented by other qualitative analysis, since the col-
ours obtained can be greatly influenced by cross conjugation
and other structural features [20]. A summary of screening
methods is presented in Table 4, which shows that Born-
trager and alkaline based reactions are used to detect anth-
raquinones while acid-based reactions are used to screen
benzoquinones and naphthoquinones.

Quantitative Methods

These methods are used to characterise and/or quantify qui-
nones. They include titrimetric, chromatography, UV-VIS
spectroscopy and other related methods.

Titrimetry

This technique is based on the compound’s ability to undergo
a reduction reaction, which is unusual among other organic
compounds. The reduction is achieved by reacting quinones
with reducing agents or through catalytic hydrogenation.
Different titrimetric methods have been investigated for
quinones determinations. These include visual [157, 158],
potentiometric [159], voltammetry [160], and differential
pulse polarography [161] techniques. Here, a reducing agent
in an aqueous acidic medium is used to stoichiometrically
titrate quinone. The success of these methods depends on
reagents used. Generally, the use of titrimetric methods has
drastically declined, perhaps due to the numerous limitations
associated with them.

Chromatography

Here, equipment such as HPLC and TLC are normally
coupled with various detectors such as ultraviolet visible
(UV-Vis) [36, 135], diode array detector (DAD) [128],
fluorescence (FL) [154], mass spectrometry (MS) [162],
chemiluminescence (CL) [155] and electrochemical detec-
tor (ED) [156].

Apart from being a quinone purification tool, TLC
alone has also been used to identify quinones [134]. For
GC-MS quantification, the volatility and thermal stability
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Fig.4 Quinone colour reaction a Borntriger reaction [150], b pH-dependency of naphthoquinone compounds [151]

@ Springer



6354

Waste and Biomass Valorization (2021) 12:6339-6374

of the quinone is required. The quinone volatility is typi-
cally increased by derivatisation through silylation to obtain
trimethylsilyl (TMS)-derivatives of the respective quinones
[163]. This is a complex procedure and can result in a biased
quantification due to the effect of low vapor pressure and
ionisation efficiency of the quinone [26, 164]. MS has been
used to detect juglone, plumbagin and maritinone from plant
extracts after derivatisation [108, 127], as well as munjistin
and pseudopurpurin from R. tinctorum [128] and anthraqui-
nones from Fusarium oxysporum [134].

Quinones also undergo electrochemical reactions, making
them suitable for analysis by ED. Electrochemical activity
causes quinones to produce electromagnetic radiation when
excited, so CL is also applicable. These methods are more

Table 4 Quinone molecule screening and other analytical methods

selective, sensitive and rapid compared to MS, but they are
limited by a tendency for oxidation of the analyte by the
dissolved oxygen from the mobile phase, which is mediated
by degassing the instrument [164]. Methods like MS and
CE also require that the quinone analyte be ionised, which
can complicate the procedure especially when a buffer is
required [26].

Important quinone identification method are shown in
Table 4, which demonstrates that each analytical method
can be used to characterise any class of quinone. Further-
more, these analytical methods can detect both glycosylated
and aglycone quinones. Figure 5 gives an overview of the
different methodologies for analysing quinones based on the
appearance of the molecule. It shows that photoreaction,

Qualitative methods

Quantitative methods

Quinone com-  Born- Modified Bases (NaOH, Acids Chroma-  Fluores- Chemilu- Electro- Structural
pound trager[150] Borntriger =~ NH, sol., H,0,, (H,SO,/ tography  cence minescence  chemical  analysis [26,
[61] KOH, Mg(Ac),) HCI)[153] [36] [154] [155] [156] 105]
[153]
Anthraquinone  x X X -
Naphthoqui- - - - X
none
Benzoquinone  — - - X X X X X X

<:I [Volatile derivative] ﬁzluorescent derivativeJlZ>

Derivatisation

Redox

OH

Reoxidation e

S,

Reactive Oxygen| <
Photoreaction

[CL,UV, DAD, Color reaction)

Quinone Structure/
Nemlcal bonds

\

Reduction

OH
Hydroquinone

LC-MS, TLC [ IR, NMR, EA, RS, DAJ

Fig.5 Analytical methods for quinone compound. Modified from
Naoya, Naotaka [164]. Key: GC-MS—gas chromatography coupled
mass spectroscopy, FL—fluorescence detection, ED—electrochemi-
cal detection, IR—infrared, NMR—nuclear magnetic resonance,

@ Springer

EA—elemental analysis, DA—degradation analysis, CL—chemilu-
minescence, LC-MS—Iiquid chromatography mass spectroscopy,
TLC—thin layer chromatography, UV—ultraviolet, DAD—diode
array detection
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electrochemical reaction-oxidation, derivatisation, chemi-
cal bond vibration, light absorption in the UV—Vis region,
and mobility in the mobile phase are important properties
for quinone analyses.

UV-Vis Spectroscopy

This is a method that makes use of the conjugated system
in the quinone structure that absorbs specific wavelengths
in the UV-Vis region. However, quinone derivatisation
is sometimes necessary to enhance the peak absorbance
[165]. The peaks formed are compared to those of known
quinone standard compounds for identification. According
to Harborne [32], all coloured benzoquinone spectra show
two peak, one strong peak at 260-290 nm and a weak one
at 375-410 nm. The spectra of all coloured naphthoqui-
nones also characteristically display three to four peaks;
one or two peaks below 300 nm, one peak at 330-340 nm
and one peak above 400 nm, while all coloured anthraqui-
nones typically show four to five peaks within the visible
region; one peak above 430 nm and the rest below 300 nm.
Note, however, that the peak positions depend on the sol-
vent used.

UV-Vis measurement have also been used for quantifica-
tion of quinones. Here again, derivatisation might be neces-
sary, and the success of a derivatisation reaction depends
on the reagents used. Reagents such as methanol have been
investigated as a quinone derivatisation agents to quantify
p-benzoquinone, methyl-p-benzoquinone, 1,2-naphthoqui-
none, 1,4-naphthoquinone and 1,4-naphthoquinone, but the
derivatisation process takes time to complete [162]. Analine
was used as a reagent, but it only derivatised p-benzoquinone
and chloranil quinone compounds [166]. Phenazine reagent
has also been used [165], though, it only shows selectivity
for benzoquinones and not to naphthoquinones and anth-
raquinones. A seemingly better derivatising reagent is piper-
idine [167]. The derivatization method is simple, sensitive,
selective and can give 96% recovery. Another spectropho-
tometric method for determining quinones (1,4-benzoqui-
none, 1,4-naphthoquinones and p-chloranil) in 50% methyl-
alcohol-water mixture solvents is their derivatisation by
1,3-dimethylbarbituric acid [168] and barbituric acid [169].
The advantage of this method is its increased sensitivity and
colour stability. Anthraquinones have also been quantified
after derivatising with alkaline reagents (Fig. 4a), such as
NaOH containing 2% NH; [170], 5% magnesium acetate
[61, 171], and ferric chloride [129], among others.

Using the UV-Vis method, the quantity of quinone can
be determined via external calibration, i.e. a validated linear
relationship between absorbance and quinone content, devel-
oped with a pure or standard quinone compound [66]. In
addition to quinone quantity, the developed calibration curve
can be used to determine the linear range, LOD and LOQ of

the quinone extract using methods like the signal-to-noise
ratio [109]. The advantage of using quinone standards is the
high accuracy and the ability to simultaneously identify and
quantify quinone compounds. Many quinone standards are
commercially available like alizarine, purpurin, quinizarin,
2-hydromethylanthraquinone, 1,8-dihydroxyanthraqion-
one, 2,6-dihydroxyanthraquinone [128], p-benzoquinone,
methyl-p-benzoquinone [162], aloe-emodin, chrysophanol,
physcion, rhein, emodin [38, 172], juglone and lawsone
[173], among others. However, the array of different stand-
ards required and the high cost involved, limits the use of
these standards [106].

Other Analytical Methods

Other methods include IR spectroscopy [105], nuclear
magnetic resonance (NMR) [42, 134], elemental analysis
(EA) [42, 105], degradation analysis (DA) [105] and Raman
spectroscopy (RS) [174]. IR analysis always presents a
high and a low intensive bands. For 1,2-benzoquinone and
1,4-benzoquinone, the high intensity bands are shown at ~
300-1650 cm™! whereas the low intensity band appears at
~ 13200 cm™'. For 1,4-naphthoquinone, the most intensive
peaks lie in the region from ~ 700 to 1800 cm™! while a low
band is found at ~ 3200 cm™". For 9,10- anthraquinone, the
intensive peaks fall in the region from ~ 400 to 1810 cm™!,
and a less intense peak appears around 3300 cm™! [175]. In
most cases, only the principal band is being stated.

FT-IR spectroscopy is used to define the presence and
absence of functional groups, and NMR spectroscopy can
then be used to identify the organic structure of the com-
pounds. Thus, these two methods are complementary and
can be used together [105]. Compared to UV-VIS and FTIR,
the use of NMR and GC-MS or LC-MS requires far more
expensive equipment and the methods are more complex.
On the other hand, normal RS and enhanced surface spec-
troscopy are used more to analyse quinone dyes in artefacts
[176, 177]. Other methods, such as EA, DA or colourimetric
techniques, and RS have been used but are not common thus
are not discussed here.

The qualitative and quantitative methods for analysing
natural quinones are summarised in Table 5, while charac-
teristics used for their identification are given in Table 6.

Table 5, indicates that HPLC and UV-VIS are the pre-
ferred quinone identification and quantification techniques.
A big advantage of HPLC is that it does not require qui-
none derivatisation. For UV-Vis, the use is justified since
the method is simple, fast and sensitive [165]. IR and NMR
are also popular especially where structural elucidation is
required.

@ Springer
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15.8), 8.03 (d, 15.6), 7,50 (d,

7.6), 6.87 (d, 7.6), 9.31 (),

1600, 1584, 1512

490 (d,9.4),4.45 (t,9.4),

4.05 (t,9.3),4.11 (t, 9.3),

4.74 (br d, 10.8), 4.39 (br

d, 10.8), 13C: 188.4, 113.1,

192.5

CDCI; deuterated chloroform, DMSO dimethyl sulphoxide, KBr potassium bromide, EtOH ethanol, MeOH methanol

Applications of Natural Quinone Dye

Quinone dyes have been used for various applications, such
as histological staining, rust prevention on metal surfaces,
and increasing the conversion efficiency of solar cells, and
they have found use as sensors, pH indicators, pigments,
inks and dyes for leather, wood, medicine, food and tex-
tiles [5, 64, 65, 190, 191]. Of these uses, the most popular
one is colouration of textiles, whereas their application in
bio-inspired systems for energy harvesting and storage is a
more recent development. Natural quinones are used at the
industrial scale to colour both natural (vegetable/cellulosic,
animal/protein and mineral) and synthetic (regenerated and
fully man-made) textile fibers. In energy harvesting and stor-
age, they are applied in areas such as artificial photosyn-
thetic platforms and dye-sensitised solar cell etc. [192]. The
areas of applications of natural quinones are summarized in
Table 7. Dyeing methods, substrates, mechanisms, condi-
tions and results (such as colour fastness, colour strength,
dye uptake and dyeing kinematics) are given.

Table 7 confirms that all common and important natural
fibres, such as cotton, wool and silk, can be dyed with qui-
nones. For synthetic fibres, polyester and nylon have been
successfully dyed using quinone dyes. Other items of inter-
est that can be dyed with quinone dyes are hair, leather and
wood, among others. These substrates can successfully be
dyed through the conventional exhaustion dyeing method,
without the need of a mordant. The substrates are normally
dyed at pH 3-8. For most substrates, the best dyeing tem-
perature ranges between 90 and 100 °C. However, polyester
dyes best at a higher temperature (130 °C). Most dyeing
procedures give optimal fastness after one to 2 h of dyeing.
Generally, dyeing results show high dye absorption and col-
our strength with or without mordants or substrate surface
treatment, for all the substrates, although normally, lower
substativity is experienced when natural quinones dyes are
used to colour cellulose based substrates as compared to
non-cellulose substrates. Besides, good fastness to, wash,
perspiration and rubbing (3-5) and light (7-8) are achievable
as well. Additionally, just like using synthetic dyes, similar
dyeing methods can be adopted, with similar dyeing param-
eters and similar dyeing substrates giving acceptable results.

Typically, many colour shades can be obtained when
natural quinone dye is used to colour textiles. The shades
obtained can be further modified by use of mordants to
obtain an even wider colour spectrum. Colour modifications
occur as a result of the coordinate covalent bonds formed
between the dye molecule, mordant, and fibre (Figs. 6 and
7). In fact, it has been reported that when using natural aliza-
rin dyes and different mordants, all colours are achievable
except dark blue [196]. When wool fibre was dyed with
Rheum dye, the final colour was yellow. However, orange



6361

Waste and Biomass Valorization (2021) 12:6339-6374

[L€]

[so1]

(o611

[eo1]

[8v]

[ser]

Kyanue)sqns 9Ap aseaIour

J[es [DEN "9IA[01I9[2 ue

se j0e pue K)IIqnos ‘uorn
-BX1J 9Ap ‘S9SBAIOUI JOONPAY

A[oanoadsar o 1€

‘9% L10°0 ‘%810 ‘eLIjoRq

01 anp sSO[ JYSoMm Jnufem
pue ‘I9ppRIA ‘[eduIyo0))

X9]100 0) dFewep ON

ohp %€
0} dn uonENRUAOUOD AP
JO 9SBAIOUL YJIM SOSBAIOUL
S/ uondiosqe 1oySIy

0} $)[NSaI JUBPIOW-1
‘ormyerodure) Sur
-9Ap euonodoid Apoarp

apeys jo ydop pue g/

pajuBpIOWUN < WNJE < IPLI

-0[yo snouue)s < deydyns
SNOLIQJ :I9PIO §/3

q3uamns
Q[ISUQ) pue G/ ‘Ssoujse]
paaoxdwt Juaunean 1soq

*S/3] seAoxdwt uonesIuone))

JUBPIOW JNOYIIM UIAJ

ssaujsej poo3 SAAIZ auouIng)

S/3 SeseaIour ouod
9Ap pue ‘], ‘Hd Sursearouy

%(SH1-7) AP poxy-uou
‘% (2$—07) :oYe1 uonexiy
% (19-C¢) :90ueqiosqy

ru
‘S=C/y M
ruS/A
sordures
Sunuepiow-aid pue -3sod
‘pajuepiowrun 10J (9—)
M 9-€) 30 °(S=©) 3
(88'¥1-€5°6) S/
“%(86'1€-6'¢1) uondiosqy

($—S/p) Suturerg
—3/a yd Jymcgrg— 1S

‘G—¢ 3/ °G UON0d puE [00M

uo 93ueYd INOJOD ‘G—¢ J/M
(LT=21°1) -uepiowun
‘Pro—€1 1D $OS) IV
‘aSTI-L1'D) 'OS°A

(6'L-8€°1) 'OSUS S/

S

‘() g2 Kaq
P/
¥6°L~-8T'1 S/

G—€ PG Ym
$€-90
[ooMm ‘1~ U009 S/
[ow
/P 11°¢- (Gnv) :Kugye
Surekp ‘¢1'6-127°¢ S/

001:1 AN 138§
08N ‘g Hd “1/3 (T'0-1°0)

:£0D %N :0u09 J1es ‘Ut ()¢
200 SP=1 D0 09 -1 ¢ :Hd

or-1
TTNCUIW G D, €6
L %ST OV ‘%Y
10U0D PIOW ‘%()| INUTRM
‘%08 19ppRW ‘%7 [eU
-1Yo0)) :0u00 K ‘¢'¢ :Hd
uru ()¢ <3 ‘oIm
-erodwd) woor :J, ‘ru :Hgd

oL “T'IN

‘Unw G 13 ‘947 :0u0o Jes

uay) “ur G 31 ‘D, 86-L6
:L “9¢ :0u00 9Ap ‘ru :gd

0F*1 TN ‘U g9
Do 0€T =L ‘%07 :0u00 2Ag

ov-1 “T'IN

‘uw 09 11, €6-16 L

‘% (01—1) :0U0d JuEpIOUW
‘% (0¢—1) :0u00 oAp °/ :Hd

ur ()] 1o
Do 007 e Surwrea)s uay
Do 0T Y& “uru ¢ 1oy ut

-K1p uay ‘%08 Jo dn yord

s Jusunean dru-¢-dip-¢

0¢:1

TN ‘urw Oz 33 ‘pare3sess

:L ‘%01 :0u0d JuepIow
“1/3 001:0u00 2Kp /¢ :Hd

001-1

TN URU OZT 1 °D, OF “L

“1/3w 7 1:0u00 2Ap ‘¢ :Hd

[DBN
“€0D%N :es uaSe Sur
-onpar oy se dind s, uedry

quowdenus [eorsAyd

"OSod
TIDUS “LOUDH FosnD
‘O*HZT YOSV

Juepioul ‘uoneay)

juepiow ON ‘puoq ua3oIpAH

1es [DBN ‘O%H ¢1-4P0S)

("HNDIV ‘O°HZ-“1DuS

oMY ‘OHSTOSND
JURPIOIA ‘UOTIR[YD

juepIow
ou ‘Surpuoq uagoIpAH

juepiowr

ou “¢(*OS)UV ‘O*H-"0S°d

YOSUS -JuEpIOW ‘UOHR[AYD)
sjuade Jurysruy
pue SursIuoned ‘s19qI0sqe
AQ ‘SIUI] $SOI0 “LOIDTY
TosnD “(*0S)av ‘1004
‘O'HZ T U OSNIV
:S1UBPIOW/UOTIB[OY))

0$°d AoV
‘JuepIow/uone[RyD

juepIow
ou ‘3urpuoq ua3oIpAH

Sun
-JeA 19)J8 UOT)SNBYXI/[OOA

UONSNBYXI/[OOM

uonsneyxa/Ireq

uonsneyxyg
/TOOM

uonsneyxg
/19159104

uonsneyxyg
/100M

3urpped/uono)

UOTISNBYXJ/[00M PUE U0}I0D)

UONSNBYX/[O0M

uLezIy

sue[3n( ‘ULIRZI]Y ‘[BUIYO0D)

UIPOWR-20[Y

QUOPULIBJA

QUOSMET

quo[3nf

ey

quordn[

uLIezZI[Y

0URIRJOY

SIRWaY

sontodoid ssoujsey
pue uondiosqe 9Kp S/

(uonen
-uoou09 2Ap Hd ‘own ‘orm
-erodway) sojqerrea Sutek(

SOLIBI[TXNB/ISPUIQ
JUISTURYOOW 91e1)Sqns-o&(]

anbruyo9) SureAp/erensqng

Ahq

soAp auoutnb [exmeu jo uoneorddy / sjqel

pringer

a's



Waste and Biomass Valorization (2021) 12:6339-6374

6362

paresrpur jou 1'u ‘@ijerodwrd), 7 ‘owrl 7 ‘oner onbif 0) [eLIRJEW 7.7 19qY JO JYSIOM UO UONBIIUIOUOD JUBPIOW JU0D JuppLoul ‘13qY JO JYIIomM U0 UOTIBIUD

-u02 2Ap 2102 24p ‘a1qy JO JYIIOM UO UOTIBIIUIUOD J[BS 2U0D 1jps ‘YiSualns Inojod §y ‘uonendsiod woiy ssouyse] fyd ‘ssaujsej SuryooId fyo ‘ssouise] JYII] 7 ‘Ssouisey Suiqqni f/4 ‘SSaUIsej ysem J/m

[Se1]

ssoujsej 9[qe1doooe soa1d
OIPIOE ST oAP JB[ JIPIOY

(SH—b) “JTJ1 M
‘60 "OSSI
TEHPOS)V T0Sed

umr og

$"09)IV O‘H"0S°4

“T°T 1S/ yuepIow ON 13 ‘949 :0u00 Lp ‘G'9 Hd O%H-"OSSIN ‘uoneray) UONISNBYX/IoYIed ] pIoR J1BJOR |
Ov:1 “T-N Ut 09
Kanuelsqns 1D, 08 L ‘STH8 Quopues
O1IqeJ-0Ap SeouByUD UOT) )M PIsIUOnE)) ‘Uur ()9
-IpUOd JuUIEY[E Jopun YoM g 1D 08 =L ‘%0 U0
[e81] aso[n[eo jo uonesmuone) /I (G- ) Jd L1 °9 1S/ Jres ‘9 ou0d AKAp ‘f :Hd puoq oruoy UonSNeYX9/uU0)jo)) Quournberyuy
(SH—) 31 rv/€) "osod
I (SH/€)3d () Jm TOSND ‘wnpy “(yresy)
Juasald JuUOd WnuIIn[e %G°€E urr 0871 3 ‘Do 00 =1 DIS1Ldna ava H(J 23pu
0} 9np ssau)sey pue /3] wnpe 9¢'¢g yuepIow ‘047 :0UO0D JUBPIOIA -1unoY LIMT—IuepIOW
[g81] Po03 SoAIS JuepIOW-0lg  -01qQ°%8'{| JUBPIOW-OU S/ ‘901 :0u02 9K ‘L°L ‘Hd org ‘Surpuoq ua30IpAH UoNSNeYXJ/U0)10D) Quournbenypuy
O T "' ‘U 09
o 3urekp 0) (8—L) 1 () :Jd ‘Jx pym 1D0 001:L “1/3 0 :0u00 suournberyjue Axoyouw-9
[#€1]  Teuoniodoid st oxeidn oA 'S :oyeadn oA J[es ‘9 ou0d 9K ‘¢ :Hd [D®N :[es ‘Surpuoq otuoy UOTISNBYXS/[OOM -Kx0IpAYIp-§ ‘¢- [A1008-7
(uornen
sontodoid ssoujsey  -u20u0d 9Ap Hd ‘owun ‘o SQLIBI[IXNB/IIPUIq
Q0UISJOY pue uonidiosqe 9Ap ‘S/3  -eradwia)) so[qerreA JureA(q  /WISTUBYDSW dJensqns-oA(  onbruyo9) Surakp/erensqns A

(ponunuoo) £3|qey

pringer

Qs



Waste and Biomass Valorization (2021) 12:6339-6374

6363

was obtained with alum as a mordant, while a chromium
mordant retained the yellow colour [73]. Unmordanted aliza-
rin gave a reddish-yellow colour on cotton and wool, while
mordanting with alum gave cotton a dominant red colour
and wool became pinkish [36]. Alizarin also gave yellow to
purple colour on cotton after a vatting procedure, but this
depends on the dyeing pH [37]. Juglans dyes gave a pink-
ish colour on non-mordanted wool but use of iron sulphate
and stannous chloride mordant gave red and yellow colours,
respectively [197]. Alkanet raw extract gave a greenish col-
our on cotton but a greyish and brownish colour when the
same substrate was post-mordanted with CuSO, and alum
respectively [193]. Angelini et al. [66] also reported a red
colour on cotton, a rose/pink colour with silk and a red/rose
colour with wool yarns when R. tinctorum anthraquinonone
dye extract was used with alum mordant. Thus, almost all

OH
OH
HO 0
0
© 0 HO
OH
OH
a
. O@/AO
%
...... A
O O '
O
C

colours are attainable when natural quinone dyes are used
to colour substrates. The dye-substrate dyeing mechanisms
involved are explained below.

Cellulose-Based Fibres

Cellulosic polymer structures Fig. 6a. have hydroxyl groups
(—OH) as the bonding sites responsible for attraction of dye
molecules into the fibre [97]. However, cellulosic fibres have
low substantivity to the natural quinone colorants resulting
in poor dye affinity [29]. This limitation occurs due to the
polar nature of cellulose and the varied polar quinone dyes
inhibiting stronger dye-cellulose bonding, as well as the
complexity of their molecules limiting dye diffusion [99].
To improve their substantivity, a number of techniques have
been proposed. The use of mordants is the main technique

Cell-OH
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Fig.6 Cellulose bonding a cellulose fibres structure [97], b chelation with carboxyl and hydroxyl, ¢ chelation with di-hydroxyl moieties [183,

199], d hydrogen bonding [200]. Cell-OH represents the cellulose fibres
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that has been extensively studied [29] and have included
aluminium sulphate, copper sulphate, ferric chloride and
potassium salts. Due to environmental and health issues,
the use of alum and iron sulphate is encouraged [29, 36, 48]
since they are less toxic than other mordants [36]. Vankar
et al. [183] investigated the quinone-metallic salt mordant-
cellulose bonding mechanism and proposed the formation
of an insoluble dye-mordant coordination complex between
alizarin and alum that generated a chelate ring with alu-
minium. The chelation was presumed to occur at two sites,
one at the carbonyl and hydroxyl groups (Fig. 6b) and the
other with di-hydroxyl moieties (Fig. 6¢), and this formed
coloured lakes capable of resisting stripping by water or
organic solvent from cellulose substrates. The large dye
structures also get entrapped within the complex cellulose,
structure further enhancing the chelation. The use of bio-
mordants, such as tannin [105], karth (Eurya acuminata DC
var. euprista) [183] and Acacia catechu [198] has also been
studied and the results suggest the same bonding mechanism
[183, 199], with improved overall colour fastness and dye
uptake [198].

Quinone dyes could also adhere to cellulose fibre struc-
tures through hydrogen bonds formed between the hydrogen
or oxygen atoms of the dye and the oxygen and hydrogen
atoms of the cellulose hydroxyl groups [200], as depicted in
Fig. 6. However, since quinone dyes and cellulose fibers bear
the same overall negative charge, a repulsion occur between
the anionic dye and the fibres’s negative surface potential,
thereby reducing bonding efficiency. Different techniques
have been suggested to mitigate against this effect. A case
in point is the use of salts, such as Na,SO, and NaCl, to
overcome the repulsion [190]. Higher dye exhaustions were
observed with increasing salt concentrations. Even so, the
method is not popular due to the potential negative impact
on the environment. Similarly, fibre surface modification by
cationisation methods has been studied [183, 201], and cel-
lulose becomes positively charged and forms ionic bonds
with the anionic dyes. The mechanism has been explained
to involve substitution of several —OH groups of cellulose
through grafting with the cationic agent [202]. The process
has challenges, however, such as high cost, inadequate reac-
tivity, fabric yellowing, excessive fabric tendering and toxic-
ity. Nevertheless, this mechanism improves the dyeability of
cellulose by quinone dyes. The cationised surface increases
the wash fastness when compared to an untreated surface.
The simultaneous use of both cationisation and mordanting
processes further improves the cellulose fastness properties
[203].

Other surface treatment methods, including UV-irradia-
tion [204], oxygen plasma treatment [205], enzyme pretreat-
ment [206] and biomimetic procedures [207] have been used
mostly to improve substantivity, dye strength, dye uptake

@ Springer

and colour fastness to washing, rubbing and light. However,
the surface modification methods are complex and give infe-
rior results compared to mordanting [193].

Protein-Based Fibres

Silk and wool are the most important protein-based textile
fibres. Their properties such as the ionic nature, are influ-
enced by their carboxylic and amino groups (Fig. 7a) and the
sequence and bonding of the groups within the protein chain.
Generally, protein fibres are resistant to dilute acidic condi-
tions. They react with dilute acids to protonate an amino
group (—N H;), which can easily attract anionic quinone dye
molecules through an ionic bond (Fig. 7b) [151].

Compared to cellulose, protein fibres have better sub-
stantivity for quinone dyes due to the strong dye-fabric
ionic bond formed between the cationic fibre and the ani-
onic dye [209]. Further improvement in color fastness
and modifications in the color shade can be achieved with
metallic mordants, such as potassium aluminium sulphate
[KAI(SOy),-12H,0], copper (II) sulphate (CuSO,,, potas-
sium dichromate (K,Cr,05), tin (II) chloride (SnCl,),
iron (II) sulphate (FeSO,), copper(ll) sulphate pentahy-
drate (CuSO,-5H,0) and tin(II) chloride (II) dihydrate
(SnCl,-2H,0) Bio-mordants (the bonding mechanism is
shown in Fig. 7c), such as gallnut (Quercus infectoria),
pomegranate peel (Punica granatum), babool (Acacia
nilotica) and chitosan, have also been used with remarkable
improvement of colour fastness and shade reproducibility
[83, 210]. Moreover, as with cellulosic fibres, attempts have
also been made to modify the protein fibres surface to fur-
ther improve quinone dyeing. The effect of acid pretreat-
ment on dyeing performance of walnut (the naphthoquinone
juglone) dye on wool fibres has been studied [211]. The
results showed better colour strength and fastness to wash-
ing, rubbing, and light when the substrate was pretreated
with citric acid. Exhaustion after vatting of quinone dyes has
also been used for coloring of textiles [37]. This technique
showed a higher degree of dye fixation and wash fastness
compared to the conventional exhaustion method, thereby
increasing the anthraquinone substantivity for all types of
textiles.

Synthetic Fibres

Nylon and polyester are the most important synthetic fibres
coloured by quinone dyes [212, 213]. Acrylic and regener-
ated fibres, such as cellulose acetate, viscose and rayon, have
also been dyed using natural quinone dyes [214, 215].
Nylon fibre is made primarily of a polar amide group
(-CO-NH-) and amino groups (—-NH,). Absorption of
quinone dyes is enabled by these amino groups, which are
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protonated in an acidic medium to form a cation that will
support ionic dyeing. The presence of a carbonyl oxygen
atom and the swelling of fibre due to the polar nature of
the amide groups allow hydrogen bonding and dye diffusion
into the fibre [208]. These fibres, and especially nylon 66
and nylon 6, are crystalline, cationic in acidic medium and
possess hydrophilic properties. Recently, both electrostatic
and non-electrostatic reactions have been proposed for the
colouration of nylon fibres with quinone dyes [216]. Dye-
ing was hypothesized to occur due to higher numbers of
electrostatic and non-electrostatic interactions between the
quinone dye cochineal and polyamide at pH 3, whereas at
pH 6, the predominant reactions are the electrostatic hydro-
phobic interactions between the dye and fiber molecules
[216]. Another report showed similar result [217]. Other
tests indicate that juglone and lawsone exhibit very high
affinities for hydrophobic nylon fibres at high temperatures.
Some evidence of dye aggregation was noted in the solution
as well as inside the fibre. Purpurin, a non-ionic hydrophobic
dye, was found to colour nylon better at 70 °C [217].

Another important synthetic polymer is polyester. Here,
the fibre-dye bonding mechanism is influenced by the fibre
properties, such as high crystallinity, hydrophobicity, glass
transition temperature (T,) and the ester linkages that makes
it slightly polar. Due to its dense structure, the polyester
fibre is frequently dyed at high temperatures up to 140 °C,
certainly beyond its T,, (which lies around 80-90 °C). This
high temperature, in combination with an elevated pressure,
opens up the pores of the polyester polymer and allows dye
molecules to diffuse into the fibre [208, 209]. Under these
dyeing conditions, natural quinones are still stable, thus
making colouration possible.

Cosmetics, Food and Pharmaceutical Quinone
Colouration

For centuries, quinones have been used in Arabic countries
and India for cosmetic purposes to dye skin, nails and hair.
The main colourant for cosmetic application is L. inermis
(2-hydroxy-1,4-naphthoquinone), which can be found in
henna [218]. The henna powder is mixed with water to form
a paste and then applied to hair, nails or skin and left to dye
at room temperature for about 30-40 min [218]. The dye
binds to the keratin protein of the skin and securely stains the
skin from pale orange to brown-black, depending on the skin
type [80, 219]. Like protein textile dyeing, a mordant such
as copper sulphate, is sometimes added to improve colour
fastness or modify the final dye colour [219]. Juglone has
also been studied as a potential cosmetic dye. Ferrous sul-
phate, tea, coffee, pomegranate rind, sumac extracts, oxalic
acid, lactic acid, ethylenediaminetetraaceticacid (EDTA),
alum and copper sulphate have been used as mordants. The
dark-brown colour of hair samples obtained with the use of
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ferrous sulphate exhibited appropriate colour strength (18),
good washing resistance (4.5 after 15 number of washes)
and good resistance to sunlight (4.5, after 72 h of sunlight)
while maintaining its original morphology [220]. The same
application procedure has also been used successfully with
quinones to colour hides and skins and in histological stain-
ing [8, 220]

In the food and pharmaceuticals industry, quinones are
used as food and medicine colourant in either liquid or solid
state for various reasons, such as improving the product’s
natural colour, restoring and standardising the colour and
appearance of food and medicine lost during processing or
cooking, and to add a novel sensory attraction [25]. In Japan,
for example, anthraquinone extracts from madder root are
used as colourants for confectionery, boiled fish and soft
drinks [73, 221]. These quinones are not allowed as a food
additives in either the US or the EU. However, a natural red
colourant anthraquinone, cochineal (additive E-120), with
approximately 20% carminic acid content, is widely used
as colouring agent in food processes in the EU (at dosage
levels <500 mg/kg) and in the US (only up to 5 mg/kg) [73].
The advantage of this quinone food colourant over some
synthetic colourants and even natural anthocyanins is its
stability to chemical oxidation, light and oxygen. However,
it is insoluble in low pH (>4). Furthermore, as in the case
of textile dyeing, for achieving a wide range of colors, car-
minic acid colourant comes in a metal form which acts like
mordant [33]. Carminic acid dye is also used to colour drugs
with the same results as in food colouration [221].

Other Functional Features of Natural Quinones

Quinone dyes have found other industrial uses apart from
colouration. They are used in solar energy harvesting, as
natural alizarin and lawsone quinone dyes can improve the
efficiency of dye-sensitized solar cells to increase the pho-
tovoltaic properties [222]. When a quinone-dyed cell was
exposed to sunlight, it showed a shift in absorbance towards
a longer wavelength, resulting in to a significant increase in
the short circuit current density and conversion efficiency.
When hydroquinone and benzoquinone dye were used as a
redox couple in a solar cell, the conversion efficiency of the
cell improved from 4.7% using the conventional method to
5.2% [223].

An extract from Oldenlandia umbellata, commonly
known as Indian madder, has been recommended for use as
a pH indicator since it changes colour depending on the pH,
i.e. itis yellow at pH 4.8-5.1, red at pH above 10 and green
at an acidic pH below 3. The dye can be used to colour paper
strips for use as a pH indicator strips or sensorial materials.

Other application areas where natural quinone dyes have
been used are corrosion prevention on metal surfaces [84]



Waste and Biomass Valorization (2021) 12:6339-6374

6367

and as pigments for ink for felt tip pens, ball pens, stamp
pads and jet printing ink [224, 225].

Conclusion

This review has covered natural quinones as a dyeing com-
pound. The main areas considered are quinone structure,
occurrence, biogenesis, toxicology, isolation, purification,
chemical analysis and applications with respect to textile
colouration. Quinones are shown to have varied structures,
with many substitution sites, and this structure gives rise to
wide range of colours. The review also reveals that, for the
three classes of quinones, over 700 sources of anthraqui-
nones, over120 sources of naphthoquinones and a limited
number of benzoquinones are known globally. The quinones
are ubiquitous, though at limited concentrations. The main
source is flowering plants, which accounts for more than half
of the total currently in use, meaning that these sources are
fully sustainable.

The paper also reviews the techniques for quinone
isolation, identification, and quantification. As predicted
by the Hansen solubility theory, solvent extraction using
higher polarity solvents, like methanol, methanol-water,
ethanol, ethanol-water, or water, is the recommended
method for anthraquinones and naphthoquinones isolation
and provides shorter extraction time at high temperatures
(90-98) °C or at temperatures below the boiling points of
solvents. For benzoquinones, lower polarity solvents, such
as ethyl acetate and butanol, are recommended. Conven-
tional extraction methods, such as reflux and maceration,
are the preferred isolation techniques. Apart from classi-
cal methods, other techniques, like sonication, microwave
assisted, sublimation, supercritical fluid, enzymatic and
pressurised fluid extraction are also frequently used due
to their speed, efficiency, selectivity and environmental
friendliness. For a quick check of quinone compound
occurrence in a plant extract, Borntrdger’s test stands
out as a the preferred method for anthraquinones, while
the acid reaction is useful for testing for the presence of
naphthoquinones and benzoquinones. Additionally, HPLC
seems to be the dominant method for purification due to
its high separation quality, speed and reproducibility. For
detailed analytical characterisation of quinones, UV, DAD
and MS detectors are the most common, due to their ease
of use and relatively low cost. For quantitative analysis of
natural quinone extracts, UV—Vis spectrophotometry is a
more popular analytical technique due to its simplicity,
speed and ability to detect or determine purified or unpuri-
fied quinone samples with LOQ in the order of picograms.
For accuracy in analysis for in-depth structure elucidation,
MS is preferred.

The paper also revealed that natural quinone dyes can
be used to dye both natural and synthetic textiles through
the simple classical exhaustion method or through pad-
ding technique. Also, dyeing can be exhausted into the
fiber after vatting the dye. These methods yield almost all
colour shades. Additionally, satisfactory results have been
achieved with or without the use of mordants. Moreover,
compared to other colourants, they also impart special fin-
ishing properties to textiles, including, antibacterial, anti-
fungal, anti-insect and UV protection features. Cosmetics,
food and pharmaceuticals are also being coloured by natu-
ral quinones. Compared with their synthetic counterparts,
natural quinones are potentially more sustainable, com-
paratively safer and easily biodegradable. These features
mean that they can be removed fast and efficiently by a less
costly wastewater treatment systems, making them com-
paratively safer for the environment. Based on all these
points, we conclude that the interest in natural quinone
dyes will continue to increase, as will their market pen-
etration rate, as such replacing their synthetic equivalents.
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