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Abstract 

The aim of this research was to evaluate the feasibility of capillary electrophoresis in mi-

cellar electrokinetic mode (MEKC) equipped with laser induced fluorescence (LIF) as a 

novel technique to study dyes extracted from valuable textiles. CE identification of dyes 

requires extraction of dyes from the substrate, which is one of the most challenging aspects 

in conservation science. Therefore, developing a technique with minimum destructive ef-

fect on objects is favorable. The most important advantages of using LIF are the low de-

tection limits and high sensitivity which allow for the separation of very small quantities 

of sample, which makes it suitable for working with historical objects. 

Feasibility studies were performed to explore separation properties of a small number of 

historical dyes (alizarin, purpurin, carmine and morin) using: different concentrations of 

modifiers and borate buffer at different pH values, and applied voltages. By manipulating 

separation parameters the optimum separation condition for a mixture of 10 dyes was de-

fined as: under 22 kV, 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile. 

The separation of flavonols and purpurin using CE at pH>9.2 appeared to be complicated 

by reproducibility in peak height and peak shape of purpurin. In this study the poor peak 

reproducibility of CE separations was attributed to photochemical properties of dyes. 

The 1st order rate constants (!) for the decomposition of purpurin and selected flavonol 

dyes were determined under different pH conditions,	! for purpurin at pH=9.0 under dark 

condition was 9	×	10()*(+.	The stability of these dyes was greatly affected by pH, a mod-

est decrease in pH (pH = 8.5) improved the stability and peak reproducibility of these dyes. 

To extract dyes from textiles, the existing extraction methods with focus on Hanson solu-

bility parameters were evaluated. It appeared that methanol was the most suitable solvent 
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and the dyes in the following samples were extracted by methanol and identified running 

CE-LIF: textiles from “Salt Man” (600 BC), Safavid dynasty and Chinese robe (1700 AD). 

CE-LIF was used successfully for separation and identification of small quantities of nat-

ural dyes extracted from less than 1 mg samples such as wool, silk and paper.  
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 Chapter 1 

Introduction and background 

  



1.1 Introduction 2 

 

1.1 Introduction 

Colour is one of the elements of aesthetics. Johannes Itten believed that the life is colour 

and the world without colour does not have any feelings and it is dead [1]. The application 

of colourants dates back 30,000 years ago when people decorated their cave with earth 

pigments [2]. 

Colouring agents or colourants are chemical compounds that can be classified as either 

pigments or dyes. Pigments are inorganic compounds that are suspended in a vehicle; e.g. 

water and by the help of binder they adhere to a substrate. Oil and gum are common binders 

to hold the pigments on the canvas surface. Pigments such as yellow ochre, red ochre and 

soot were applied on the surface of the walls in the caves by mouth spraying or spreading 

by fingers. The word ‘ochre’ comes from Greek, which means yellow. Yellow ochre is 

made of (Fe2O3
.H2O) ferric oxide monohydrate obtained from soil. By heating yellow 

ochre, it changes to anhydrate form known as red ochre. Also, soot is considered as pigment 

because it is insoluble in any solvent.  Soot was obtained from the burning animal fats or 

the residue of the burned charcoal [2]. 

As opposed to pigments which are inorganic compounds, dyes are organic compounds 

used mostly in dyeing fabrics and in paintings. Dyes can dissolve in a solvent e.g. water 

and absorb to a substrate (fiber/textile). Natural dyes have been used for centuries extracted 

from plants, insect's blood or secretions from sea snails. Dyes appear colourful because of 

the chemical structure which is responsible of inducing colour due to p electrons transitions 

of chromophores, chromophoric groups or chromogens [3]. The common chromophoric 

groups are listed in Table 1.1. In the following sections, the sources of dyes, classification 
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of dyes, identification of dyes in historical objects using spectroscopy and separation tech-

niques will be discussed.  

Table 1.1 The common chromophoric groups 

 

 

 

 

 

 

 

 

 

 

 

 

1.2 Sources of natural dyes 

The dyes with plant origin can be glycones, which are dyes with glucoside groups or agly-

cones, which are dyes without glucoside group. Dyes can be extracted from different parts 

of a plant such as: leaves, flowers, fruits, berries, stigmas, roots and barks. The fresh or 

dried parts are boiled or fermented and then boiled to obtain residue. The residue is con-

sidered to be a dye, if it is a glycone dye, it can dissolve in water due to glucoside branch. 

The best-known plants for dye extraction are: madder (wild madder and Indian madder), 
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henna, logwood, walnut, pomegranate, fustic, saffron, Persian berries, alkanet, weld, in-

digo and woad. Dyes can also be extracted from lichens. Examples of these dyes are litmus 

and archil (orchil) [4, 5].  

The dyes with animal origin are obtained from dried bodies of insects, or secretion of 

molluscs. Kermes, cochineal and lac dye are examples of the dyes from dried bodies while 

antique purple is a dye from secretion of molluscs [4]. 

1.3 Classification of dyes 

Dyes can be classified based on their colour, application method and chemical groups.  

1.3.1 Classification of dyes based on their colour  

The dyes can be classified in 3 colours: red, yellow, blue [6], or according to Schweppe 5 

groups: red, yellow, blue, orange/brown and black [7]. 

The best-known historical dyes belonging to red group are madder, cochineal, kermes, 

lac dye, brazil wood, logwood and Tyrian purple. The dyes belonging to yellow group are 

weld, Persian berries, old fustic, to blue group are indigo and woad, to orange-brownish 

group are young fustic, annatto and walnut-shell, and logwood belongs to black group. 

1.3.2 Classification of dyes based on their application method  

The classification of dyes based on their application methods are as follows: direct, acid 

(anionic), basic (cationic), mordant, vat, oxidation, disperse and reactive dyes. 

Direct dyes attach to the fiber by intermolecular attractions. Ion-dipole, dipole- dipole, and 

Van der Waals attractions are the examples of intermolecular attractions. The most well-
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known example of natural dye belonging to this group is madder, which consists of alizarin 

and purpurin. The auxochromic group in these dyestuffs is hydroxyl group, which can form 

hydrogen bonding with OH groups in cellulose [6]. 

The name of acid dye or anionic dye originated from the application method, since 

acetic acid or sulfuric acid is added to the dye bath and at the presence of acid the animal 

fiber (wool, silk) and the dye become positively and negatively charged respectively, and 

the salt linkage forms between dye and fiber. Most of the dyes with plant and animal origin 

can be considered as acid dye.  

The basic dyes are applied to the animal fibers in alkaline condition and the salt linkage 

forms between positively charged dye and negatively charged carboxylic group in animal 

fiber. Among natural dyes, only berberine belongs to this class of dyes. 

The dyes with auxochromic groups such as: -OH, -NH2, -COOH, are suitable to form 

complex compounds with specific metals. Based on the number of auxochromic groups in 

the dye it can be mono, di, or poly-functional mordant dye. Mordant dyes show a very good 

wash-fastness due to the formation of a large complex molecule between dye and fiber. 

Wash-fastness refers to the resistance of dye to fading or running when washed. Common 

mordants are mineral salts such as FeSO4 
.7H2O, K2Cr2O7, K2SO4 

.Al2 (SO4)3 
.24H2O, SnCl2 

and CuSO4 
.5H2O. Mordant dyes give different colours with different metals. For example, 

madder seems violet, red, bright red, pink and yellow-brown with Fe2+, Cr3+, Al3+, Sn4+and 

Cu2+ respectively. It should be noted these colours can be affected by conditions and other 

chemicals used in dying.  

Vat dye is an insoluble dye and cannot be applied on the textiles but it is soluble in its 

reduced form. Therefore, by reducing agent it is changed to soluble form also known as 
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leuco and applied on the textiles such as silk and cotton then it is left at room temperature 

to oxidise and change to its insoluble form. Vat dyes attach to fibers by intermolecular 

attraction such as van der waals and dipole-dipole interactions. Therefore, they do not have 

a good wash-fastness [6]. Examples of natural vat dyes are woad and indigo.  

Oxidation dyes are colourless but when they react with oxidants such as the oxides of 

iron, cupper, chromium and manganese, they become colourful. The dyes belong to this 

group have an aromatic structure with amine functional groups. Aniline black is an exam-

ple of an oxidation dye.  

Disperse dyes are hydrophobic and therefore insoluble in water. They have an affinity 

to hydrophobic textile such as acetate (synthetic) fibers. Disperse dyes usually have azo 

chromophoric group. An example of this dye is Disperse Orange 13 (4-[4-(Phenylazo)-1-

naphthylazo]phenol).  

Reactive dyes consist of 3 parts: chromophoric group, bridge and reactive group. The 

role of bridge is to attach the other 2 parts to each other. When reactive dye is used, its 

reactive group reacts with the hydroxyl groups on the substrate to form a covalent bond. 

Therefore, textiles dyed with reactive dyes have very good wash- fastness. Examples of 

reactive dyes are the dyes containing azo and anthraquinone chromophoric groups such as 

reactive blue 4 (1-Amino-4-[3-(4,6-dichlorotriazin-2-ylamino)-4-sulfophenylamino]an-

thraquinone-2-sulfonic acid ) [6]. 

1.3.3 Classification of dyes based on the chemical groups 

Dyes can also be classified based on their chemical structures. In this section some of the 

representative and historically important natural dyes are introduced. 
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Anthraquinone dyes 

Most of the historically important natural dyes belong to the anthraquinone group. The 

basic skeleton of the anthraquinone dyes (AQ) is anthraquinone (see Figure 1.1). This class 

of dyes has a good light-fastness which means they resist to fading when exposed to light 

[4]. The most well-known examples of these dyes are in madder family, rhubarb, Indian 

berries and red dyes from dried body of animals such as kermes. The dyestuffs in madder 

(Rubia tinctorum L.) and wild madder (Rubia peregrine L.) roots are mostly alizarin and 

purpurin, while Indian madder (Rubia mungita L.) mostly contains munjustin [6]. The root 

of evergreen madder plant is used for dying. This plant has yellow petals and blue to black 

berries. The quality of madder is related to the soil used for cultivation, the studies showed 

that the madder grown in chalky soil has better quality for dyeing [8].  Madder is used in 

dyeing wool, leather, silk and cotton. Madder was one the most popular plants used in 

Egypt. The linen found in Tutankhamun tomb dating 1823 BC was claimed to be dyed with 

madder, as well as the cotton sample found in India dating 300 BC [9]. Rhubarb belongs 

to rheum family (Rheum palmatum L., Rheum rhabarbarum L., Rheum rhaponticum) and 

contains mainly emodin. Rhubarb has been used for textile dyeing and provides yellow to 

orange colour with alum mordant, and a red hue with chromium mordant [9]. The roots of 

flowering plant; Indian mulberry known as al or suranji (Morinda tinctoria L., and Morinda 

citrifolia) contain mostly morindone which is used for dying textiles in India [10]. 

The dye components in natural dyes from animal origin also have mostly anthraquinone 

chromophoric groups. For example, the main colourants extracted from the following in-

sect’s kermes (Kermes vermilio Planchon and Coccus ilicis), cochineal (Dactylopius coc-

cus Costa) and lac bug (Laccifer Lacca Kerr) are kermesic acid, carminic acid and laccaic 



1.3 Classification of dyes 8 

 

acid, respectively. These anthraquinone dyes with different mordants provide different col-

ours. For example, most of them give the sharp red colour with a tin mordant; aluminum 

mordant gives a different range of red hue from pink to blue violet [6]. Kermes or crimson 

dye is obtained from female insects belonging to kermes family. These insects live on the 

oak tree in the Mediterranean. In order to produce 1kg of kermes dye, 150,000 insects 

should be boiled and after drying the residue should be ground. Kermes comes from the 

Arabic word “kerm” for worm which is vermiculus in Latin. Carmine and carmison are 

obtained from kermes insects. The red dye in kermes is kermesic acid. Kermes was used 

in ancient times in India to dye silk as well as in Greek and Rome. It was also used in 

middle ages as luxury dye known as “Cardinal’s Purple” [9].  

Fabrics dyed with kermes dye have brighter colour compared with the madder dyed 

fabrics, also their wash fastness is better than samples dyed with cochineal dye [11]. Coch-

ineal was used by Aztecs in Mexico and introduced to Europe by Spanish people [9]. The 

same as kermes, cochineal is extracted from the insects that live on cacti, and its main 

component is carminic acid. It should be noted that Polish cochineal (Porphyrophora po-

lonica) contains both carminic and kermesic acid [4]. This is the dye used to provide the 

bright red colour of the tunic of the guardian soldiers in London in the 20th century [9].  

The anthraquinone dyes extracted from plants and animals with their substituents are 

listed in Table 1.2. From this table it can be concluded that the plant origin red dyes have 

the substituents in one aromatic ring (R1-R4), except emodin, moridone and animal origin 

red dyes have substituents in both aromatic rings (R1-R4 and R5-R8).  
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Figure 1.1 The basic structure of anthraquinone dyes 

Table 1.2 The substituents of anthraquinone dyes 
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Flavonoid dyes 

Flavonoid dyes are extracted from plants, fruits and trees. Flavonoid dyes are divided into 

2 main classes of dyes: flavones and flavonols (3-hydroxyflavone) (see Figure 1.2) [12, 

13]. The flavones are more resistant to photo degradation than flavonols [14]. The skeleton 

of flavones is 2-phenylchromen-4-one and the best-known dyes belonging to this group are 

apigenin and luteolin in both glycone and aglycone forms. The skeleton of flavonols is 3-

hydroxy-2-phenylchromen-4-one and the best-known dyes belonging to this group are 
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rhamnetin, fisetin, morin, quercetin, kaempferol, myricetin. Flavonoids are used as mor-

dant dyes and they can give several shades of yellow such as green-yellow to brown-yel-

low. 

Weld also known as “dyer’s rocket, dyer’s weed, and dyer’s weld” is a dye extracted 

mainly from the leaves but also seed and flowers of the plant (Reseda luteola L.). Rocket 

comes from the French word roquette which refers to a herbaceous plant which are the 

plants without a wooden stem [15]. Weld contains mostly luteolin and some apigenin that 

belong to the flavones. The dye from fresh flowers and leaves provides a very bright fluo-

rescent yellow colour. In Roman times the robes of the vestal virgins were dyed using weld. 

In the 13th century Lincoln green was also achieved by dyeing the fabrics with weld first 

and re-dyeing with woad. The dyeing process was improved by mordanting the fabrics 

using alum in the alkaline condition.  The light-fastness of this dye is moderate and it shows 

a good wash-fastness in cold water. The berries from Persian berries and blackthorn (Rhm-

nus) are examples of flavonoids from fruit, and they are rich in rhamnetin [6], quercetin 

and kaempferol [12]. 

The following are examples of the flavonoids from wood. Fustic is a common name 

used for plants and the dyes extracted from these plants. The dye extracted from the wood 

of young fustic (also known as smoke tree) (Rhu cotinus L.) is mostly fisetin, while the 

main colourant in old fustic (known as dye’s mulberry) is morin. Also, the dye produced 

from the bark of quercetin (known as black oak) (Quercus velutina) is quercetin. Persian 

walnut (Juglans regia L.) contains myricetin [16]. Table 1.3. shows the chemical substit-

uents of flavonoids. 
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Figure 1.2 The basic structure of flavonoids 

Table 1.3 The substituents of flavonoid dyes 
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Homoisoflavonoid dyes 

The dyes from brazilwood and logwood belong to homoisoflavonoids which has a 16-car-

bon skeleton with 2 phenyl rings and heterocyclic ring [5]. 

Brazilin dye is extracted from different species of Brazilwood known as Redwood or 

Sappanwood (Caesalpinia crista, C. braziliensis, C. echinata). The fabrics dyed with braz-

ilin with aluminum mordant have red to violet colour [6]. It is worthy to note that brazilin 

oxidizes easily to brazilein and they are present in the dyed fabrics as a redox couple (the 

presence of oxidised and reduced forms of a compound together).  Figure 1.3 (a) and (b) 

depict brazilin and brazilein, respectively. This dye was imported into Europe from Sri 

Lanka and East India. The Asian source was replaced with the Brazilian one when Portu-

guese explored South America and found the same tree. The quality of dye extracted from 
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Brazilian source is better than the Asian one. Brazilian woods are under protection due to 

exceeding extraction of dye [9]. The dyestuff extracted from the heartwood of logwood is 

haematoxylin.  The chemical structure of haematoxylin is similar to brazilin except it has 

one more hydroxyl group at position 8 [12]. The application of different mordants in dyeing 

textiles with logwood different colours such as blue, violet and blue-black could be 

achieved [6]. Haematoxylin has different colours at different pH values. It is grey to purple 

in basic and red in acidic conditions, respectively. Logwood was introduced into Europe 

from Central America in wood pieces. 

It is worthy to note that haematoxylin oxidizes easily to hematein and they are present 

in the dyed fabrics as a redox couple. Figure 1.3 shows the chemical structure of these 

compounds. 

  
(a) (b) 

Figure 1.3 (a): The chemical structure of brazilin (R=H), haematoxylin (R=OH), 
(b): brazilein (R=H), hematein (R=OH) 
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Quinoidic (quinoid) dyes  

The skeleton of quinoidic dyes is the naphthoquinone. The representative plants for quin-

oidic dyes are alkanet, henna and green walnut shell. They are the source of alkannin, law-

sone and juglone, representatively. Figure 1.4 shows the chemical structures of naphtho-

quinone as well as the aforementioned quinoidic dyes. 

  

  

Figure 1.4 The chemical structure of quinoidic dyes: (a): 1,4-naphthoquinone, (b): al-
kanin, (c): lawsone and (d): juglone  
 

Alkanet or dryer’s bugloss (Anchusa tinctoria Lam.) has blue flowers and alkannin red 
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in oil and alcohol. It provides purple colour in basic solution. It is used in mordant format 

to dye wool and silk. The mordants used for this purpose are alum and iron oxide. This dye 

has poor lightfastness [9]. Henna (Lawsonia alba Lam. and Lawsonia intermis L.) has law-

sone dye. In ancient Egypt the leaves of henna were ground and used to decorate the bodies 

and dye the fingers and skin [9]. Also, it could be used to dye silk and wool with and 

without mordant to achieve orange to brown colours [17, 18]. Another source of quinoidic 
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dyes is black walnut (julgans nigra L.) containing juglone dye. This dye can be extracted 

from the leaves or from the dried shell of green walnut [19]. The following dyes could be 

detected in walnut bark extraction: quercetin, kaempferol, and dihydrokaempferol [8], 

Wool and silk dyed with walnut have brownish colour [20].  

Carotenoid dyes 

The best examples for carotenoid dyes are saffron (Crocus sativus L.) and annatto (bixa 

orellana L.) (Figure 1.5). The yellow colourant extracted from stigmas of saffron and the 

seeds of annatto known as crocetin and bixin, respectively. Since saffron is unstable it is 

rarely detected in archaeological artifacts [21]. Annatto gives orange colour to the fabric 

and in its mordant form the colour of fabric can be light orange to red orange [6].  

 
(a) 

 
(b) 

Figure 1.5 The chemical structure of (a): crocetin, (b): bixin 

Chalcone dyes 

The yellow colourant in florets of safflower (Carthamus tinctorius L.) is carthamin (Figure 

1.6), which oxidizes to form the red- orange carthamon. Safflower was one of the important 

sources of yellow dyes in ancient Egypt. To dye the fabrics by safflower, the florets were 

boiled, dried, then ground. The fabrics dyed in yellow colour do not have a good wash-

fastness to compared the fabrics dyed in red (carthamon) [4] [2]. 
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Figure 1.6 The chemical structure of carthamin 

 
Indigoid dyes 

The best well known plants for indigoid dyes are indigo (Indigofera tinctoria L., also 

known as I. sumatrana) and woad (Isatis tinctoria L.) [4]. The leaves of indigo plant and 

the bluish green leaves of woad contain indigo or indigotin (See Figure 1.7). As mentioned 

before indigoid dyes are examples of vat dyes. 

 

Figure 1.7 The chemical structure of indigo 

Also, murex (6,6′-dibromoindigo) with animal origin belongs to indigoid dyes (See 

Figure 1.8). 

 

Figure 1.8 The chemical structure of murex or Tyrian purple 
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Aristotle in 4th century BC described the extraction method of murex from murex shell-

fish. The other name of murex is Tyrian purple derived from the name of the Tyre city in 

Lebanon where ancient Phoenicians lived in the 20th century BC [9]. 

1.4 Identification of dyes 

The identification of dyes is very important to different fields such as archaeology, conser-

vation science and restoration. In regards to archeology, knowledge of the type of the col-

ourant materials used for dyeing textiles or decorating objects helps to date the object. This 

aids in estimating how the knowledge of agriculture was developed at that time, or in trac-

ing the trade road and find the dyes geographic origin. By identifying the dyes in the arti-

facts, conservation scientists would be better able to consider the best environmental con-

ditions to preserve or exhibit the objects. Moreover, this information helps the restorer to 

use the same colourants applied in the original objects and choose the best restoration strat-

egies.  

In order to study the dyes in artifacts, the first approach is to choose a spot with a good 

colour distribution using either microscopic or colourimetric investigation [22]. Colouri-

metric studies can provide useful information on documentation of artifacts. This helps to 

monitor washing treatments and evaluate the effects of the environmental variations such 

as temperature and light on prolonged exhibition and storage of artifacts which can result 

in degradation or fading of colourants. Clementi et al. used this technique to study the time 

course of aging on alum mordanted and unmordanted wool samples dyed with madder. 

The results revealed that the mordant decreased the effect of degradation of dyes while 

oxygen had an accelerating role in degradation of colourants in madder [23]. 
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To characterize the dyes on textiles, wet chemistry was used in the 1940s-1990s while 

in the 21st century instrumental analysis is the preferred method. In 1935 Pfister employed 

wet chemistry and published a systematic method to identify dyes in historical textile sam-

ples based on the changes in their colour and solubility at different pH values [6]. Schweppe 

also published several articles regarding wet chemistry in characterization of dyes in tex-

tiles [4], [24]. However, this method is not suitable due to the requirement of a large amount 

of sample (10 g textile) and lack of certainty in results [6]. Regarding the characterization 

of dyes using instrumental analysis, these analytical methods are usually spectroscopy and 

separation methods. 

1.4.1 Spectroscopy 

The basis for identification of dyes in spectroscopy is the comparison of spectra from the 

unknown with those of known samples. 

The main spectroscopic techniques used in characterization of dyes and pigments in-

cludes UV-Vis spectroscopy, IR and Raman spectroscopy. UV-Vis spectroscopy can be 

divided into 2 groups: UV-Vis absorption spectroscopy and UV-Vis reflectance, which 

includes spectrofluorimetry.  

The UV-Vis absorption spectroscopy (UVS) 

When electromagnetic radiation shines on a sample, the molecules in the sample based on 

their structural groups absorb the light. UV-Vis light (200 to 800 nm) can be absorbed by 

complex molecules which have close electronic energy levels while those levels in simple 

molecules are widely separated and typically need higher energy than UV-Vis radiation for 
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excitation. Absorption of UV-Vis light causes electrons to elevate from ground state orbit-

als (σ, π and n) to the higher energy orbitals known as excited-state or antibonding orbitals 

(σ*, π*) [3]. The allowed transitions include: σ à σ*, n àσ*, n à π*, and π à π*. These 

transitions are measured by UV-Vis spectrophotometer and are known as absorption peaks. 

Absorbance is measured based on transmittance, by comparing the intensity of light before 

and after passing through a sample. The following formula shows absorbance: 

 H = J0K LM
L
																					Eq. 1.1		 

Furthermore, the UV-Vis spectrophotometer can be used to measure the reflectance 

of light from a sample surface. Intensity which is calculated as percentage (%R) is the ra-

tio of intensity of reflected light from a sample (I) and the intensity of light reflected from 

a reference sample (I0) [25].  

Generally, it is considered as a destructive method when the dye is extracted from a 

large amount of sample using an organic solvent and taken up into another appropriate 

solvent (methanol) for UV-Vis absorption spectroscopy. Taylor studied red and blue col-

ours on Scandinavian textile samples. The dyes for red and blue samples were thought to 

be madder and indigo [22]. Moreover, yellow and red Turkish textile samples from 

Topkapi palace were also investigated by this method. Concerning the red samples, some 

were dyed with madder, some with lac and the rest with cochineal. In case of the yellow 

samples their absorption were consistent with weld [26].  

UV-Vis reflectance spectroscopy has been used since 1930 to study the %reflectance 

of pigments in different binding media [27]. This technique can be used with fiber optic 

probes, known as fiber optic reflectance spectroscopy; (FORS) to study in situ samples. 
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Leona et al. used FORS to study the blue and red pigments in Japanese paintings by Katsu-

shika Hokusai. The blue colours were detected as indigo and Prussian blue. However, there 

was a doubt about the source of the red colour, it could be cochineal or lac dye [27]. FORS 

can be combined with other techniques to identify dyes and pigments. By means of UV-

Vis reflectance spectroscopy, FT-IR and Raman, Maya blue pigment in the wall painting 

was identified as a complex of indigo and clay [28]. As mentioned above, colourimetry is 

considered as a reflectance method which can be used for colour mapping. Clementi et al. 

used this technique to study the time course of ageing on mordanted alum and ummor-

danted wool samples dyed with madder. The results revealed that the mordant decreased 

the degradation of dyes [29]. The recent work evaluating the weaknesses and strengths of 

using FORS on studying red, blue and yellow textile samples dyed with natural plants re-

vealed that the red and blue colours could be detected successfully as alizarin, cochineal 

and indigo, while the yellow colours belonging the flavonoid group and curcumin could 

not be detected  [30]. 

Fluorescence spectroscopy (FS)  

Another spectroscopic technique is fluorescence spectroscopy (FS) also known as fluo-

rometry, emission spectra are obtained by using a spectrofluorometer. In fluorometry, the 

UV-Vis light shines on a sample, which causes the transition of an electron to higher ex-

cited vibrational states (S1 and S2). The excited electron can lose energy and drop down to 

the lower states by 2 mechanisms: non-radiative and radiative transitions. Vibrational re-

laxation, internal conversion and intersystem crossing are examples of non-radiative tran-

sitions. If the electron drops from its highest to the lower excited vibrational levels it is 

known as vibrational relaxation which happens due to the dissipation of the energy of the 
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molecule to the surroundings (solvent) [25]. If the electron transfers from S2 to any vibra-

tional level in S1, it is known as internal conversion (IC). If the electron transfers from the 

lowest singlet excited state S1 to a triplet excited state (T1: a state with a different spin 

multiplicity) it is known as intersystem crossing (ISC). The radiative transitions from vi-

brational levels in S1 and T1 to vibrational levels in S0 are known as fluorescence and phos-

phorescence, respectively. In fluorescence studies the wavelength distribution and intensity 

of the emitted light is measured after excitation using a specific wavelength. Therefore, the 

emitted light always has lower energy than the excitation light. The intensity of the fluo-

rescence light is calculated as shown in Eq.1.2: 

? = PQR(	1 − .(UVW)																																					Eq.1.2	

f = the quantum efficiency (the ratio of photons emitted per second to photons absorbed 

per second), I0= the intensity of incident light, e= the molar absorptivity (l mol-1 cm-1), b= 

the path length of the cell (cm), c= the concentration of the solution (mol l-1) [31]. Figure 

1.9 explains the physics of fluorescence, which is known as the Jablonski diagram. 

 

Figure 1.9 Jablonski diagram 
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This technique has been used to study the yellowing process of varnishes in paintings 

[32]. Also, the purple colour in the Greek marble basin was detected as madder by means 

of UVS, and FS and TLC, this study was a destructive technique since for all methods the 

sample was studied in solution form [33]. Fluorescence spectroscopy can be a non-destruc-

tive method when a fiber optic probe is used and it is known as fiber-optic fluorescence 

spectroscopy (FOFS) to collect the spectra. To study the colourants in madder and indigo, 

FS and UVS were used to collect the spectra from the samples in solution, and FOFS was 

used as an in situ technique to collect the spectra from the paint layers [34]. Claro et al. 

used UVS, FOFS to study the lake pigment based on alizarin and purpurin in different 

media: linseed oil and gum Arabic [35]. Clementi et al. used FOFS and HPLC-PDA to 

study the effect of mordant on the rate of aging of wool samples dyed with madder [23]. 

Moreover, this group used the same techniques to study the red and blue colours in 3 Re-

naissance tapestry samples, and could assign orecin for red colours and indigo for blue 

ones [36]. They used UVS, FS and FOFS to study the wool samples dyed with orecin and 

the red colour in the Renaissance tapestries and believe “In order to achieve a reliable iden-

tification of dyes on artistic objects a wide database of dyes on different substrates is nec-

essary. Therefore, for investigating artistic textiles, standards of threads dyed using various 

dyes and different dyeing techniques need to be prepared” [37]. One of the main problems 

with FS is the lack of specificity of this technique for identifying dyes [17].  

Infrared spectroscopy  

Infrared (IR) spectroscopy can be used in 3 modes: absorption, reflection and transmit-

tance. When the electromagnetic radiation in the IR range shines on the molecules with IR 

active bonds (their dipole moments should change during vibration) it absorbs IR radiation. 
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It means the amount of energy  in each photon is sufficient to interact with the molecule 

and cause vibrational changes; however, it is not enough for electronic transition. The vi-

brations can be bending, stretching, or a combination of these vibrations. Therefore, the IR 

spectrum is achieved if the molecules have IR active bonds and its vibrational frequency 

matches with energy of IR radiation.  Hook’s law defines the vibration of covalent bond 

between 2 atoms (m1 and m2), which is shown in Eq.1.3. 

Y=
1
2Z[

!(\+ + \=)
\+\=

																																				Eq. 1.3 

where, Y= vibrational frequency (cm-1), c= the speed of light (cm s-1), k= force constant 

(dyne cm-1), m1 and m2 = the masses of 2 atoms bonded to each other (g) [38].  

Different molecular structures vibrate at specific wavelengths or frequencies which 

help identify them. In Fourier transform infrared (FT-IR) an interferometer produces a sig-

nal containing all IR frequencies. By using this device all IR frequencies can be measured 

simultaneously in about 1 second. FT-IR has been used to identify dyes, binders and fibers 

in conservation studies of paintings and textiles [39], [40]. Low et al. used FT-IR to study 

the chemical structure of some dyes: alizarin; purpurin in their pure form as well as in 

madder lake form (a complex of organic dye with alum) and indigo. Also they investigated 

the changes in linseed oil after exposure to UV light in different intervals by FT-IR [41]. 

Shearer et al. employed FT-IR to define the date of creation of Virgin and Child, which 

is a panel painting belonging to a collection of the Clark Art Institute, attributed to 15th 

century. Since the blue dye was identified as Prussian blue, which was invented in 18th 

century and the binder was identified as oil or resin, which was different from egg tempera 

binding medium; the common binder used in most Italian 15th century paintings, there is 
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no doubt that this painting does not belong to 15th century [42]. Peruvian textile samples 

were investigated by IR and UVS. These studies revealed that the yarns were a mixture of 

cotton and animal source fiber, which attributed of the textiles to prehistoric people from 

Paracas. The blue and red dyes on these samples were identified as indigo and purpurin 

[43]. FT-IR was used to investigate a fiber and blue dye on archaeological samples belong-

ing to Leicestershire. The fiber did not match the library references but the dye was as-

signed as indigo [44]. The main challenges with these vibrational techniques are that in 

many cases the substrate (fiber, painting media) has strong IR absorption [5]. Also in most 

textile samples the amount of dye is lower than the detection limit of  FT-IR therefore the 

dyes cannot be detected [24]. 

Raman spectroscopy 

Raman spectroscopy like IR is a vibrational spectroscopy. When electromagnetic radiation 

in the IR range shines on a molecule with Raman active bonds (their polarisability should 

change during this vibration), it vibrates the bond, which scatters the light. Therefore, as 

opposed to IR the molecule does not need to have a permanent dipole moment. IR and 

Raman spectroscopy are used as complimentary techniques, because the bonds showing 

strong IR absorption have a very weak Raman scattering and vice versa. Raman is a tech-

nique based on light-scattering and as opposed to IR technique there is no need for the 

energy of the incident light to be equal to the discrete energy level in the electronic state. 

The main difference between Raman and IR is in the nature of molecular transition. Raman 

transition can be seen in the molecules whose polarizabilities change during Raman tran-

sition, in other words the electron of the molecule should show the positional changes while 
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in IR transition the dipole moment of the molecule should be changed. In Raman the rela-

tive frequencies at which the molecule scatters the light are measured while in IR the ab-

solute frequencies at which the molecule absorbs are measured. The incident light used in 

Raman is a monochromatic light which can be near UV, Vis, and near IR, while in IR 

spectroscopy the monochromatic light belongs to the IR region of magnetic spectrum [45]. 

Figure 1.10 shows IR transition, Raman transitions: they classified as rayleigh, stokes and 

anti-stokes, and fluorescence.  

Raman spectroscopy has been used to identify dyes and pigments in paintings [46], 

[47], dyes on textiles [48], [49] and investigate fibers [50], [51] by recording the vibration 

of chemical bonds.  Raman spectroscopy was employed to study the pigments and their 

biodegradation compounds found in the prehistoric cave paintings located in the USA [52]. 

The red pigment in 11th century Italian limestone corbel was identified as red ocher by 

using Raman spectroscopy [46]. 

 

Figure 1.10 IR, Raman and fluorescence transitions 
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Moreover, the pigments in some prehistoric and Greco-Roman periods funerary Egyp-

tian items including coffin, the covering mask and shroud were investigated. The red, blue 

and yellow pigments were identified as hematite and cinnabar, and Egyptian Blue and or-

piment, respectively. The presence of cinnabar at that period of time can be considered as 

proof of the influence of Roman culture on Egyptian culture between 300 BC to 300 AD 

and there was a trade between these 2 countries [53]. 

Muralha et al. used Raman microscopy to identify 5 pigments on Persian manuscript 

miniatures belonging to the 16-17th century. The blue, yellow, red and black pigments were 

assigned as lazurite, orpiment, red lead and vermilion, and a carbon-based black pigment, 

respectively. The green pigments had the intense Raman spectra and could not be identified 

[54]. By using Raman and IR spectroscopy as non-destructive methods the blue dye in a 

plant as well as on silk and cotton textiles were identified as indigo [55]. 

 The light source in Raman spectroscopy is a laser, which can cause fluorescence of the 

organic components in the sample. This makes it difficult or impossible to distinguish the 

dye from the fiber, especially if there is a complex matrix such as a mixture of dyes and 

their degradation products [17], [56], [57]. Moreover, surface-enhanced Raman spectros-

copy (SERS) was used for studying dyes on textiles [58], and identifying the sepia dye on 

artifacts. Sepia dye is a red dye extracted from cuttlefish used as writing ink in the Greco-

Roman civilization. It was detected using a diode laser at 785 nm and argon ion laser at 

514 nm [59]. 

X ray fluorescence  

X ray fluorescence (XRF) is a non-destructive elemental analysis technique [60]. This tech-

nique is based on the ejection of an electron from its atomic orbital by absorption of a light 
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wave (photon) of sufficient energy. The energy of the photon must be greater than the 

energy with which the electron is bound to the nucleus of the atom. When an inner orbital 

electron is ejected from an atom, an electron from a higher energy level orbital will be 

transferred to the lower energy level orbital. During this transition, a photon may be emitted 

from the atom. This fluorescent light is called the characteristic X-ray of the element. The 

energy of the emitted photon will be equal to the difference in energies between the 2 

orbitals occupied by the electron making the transition. The energy difference between 2 

specific orbitals in a given element is always the same the photon emitted when an electron 

moves between these 2 levels, will have the same energy. Therefore, by determining the 

energy (wavelength) of the X-ray, it is possible to determine the identity of that element. 

For a particular energy of fluorescent light emitted by an element, the number of photons 

per unit time (generally referred to as peak intensity or count rate) is related to the amount 

of that element in the sample. By determining the energy of the X-ray peaks in a sample’s 

spectrum and by calculating the count rate of the various elemental peaks, it is possible to 

qualitatively establish the elemental composition of the sample and to quantitatively meas-

ure the concentrations of these elements. Due to instrumental limitations and low X-ray 

fluorescence yields, it is often difficult to quantify elements lighter than sodium (Z = 11) 

[40].  

X ray fluorescence is a common technique for studying metal composition of coins 

[61], sculptures [62] and metal threads in textiles [63]. Pigments used in paintings [64], 

[65], inks [66], [67], and ceramics have also been studied by XRF. Black pigments in 75 

ceramics from 5000-325 BC in the Nicolas Museum in Cyprus were studied using XRF 

technique. It was concluded that the black pigments in artifacts belonging to 5000 to 1625 
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are rich in iron pigments while those objects belonging to 1050 to 325 BC are rich in man-

ganese [68]. 

1.4.2 Separation techniques 

As mentioned before textiles are made of organic fibers that can interfere with dye when 

analyzing with IR and Raman techniques. Therefore, separation methods are employed to 

eliminate the fiber interferences. A number of separation techniques have been explored 

and these include thin layer chromatography (TLC), high performance liquid chromatog-

raphy (HPLC), gas chromatography (GC), and capillary electrophoresis (CE). 

Prior to analytical separation dyes need to be extracted from the substrate. The extrac-

tion efficiency is related to the solvent as well as time, temperature and mechanical agita-

tion. Regarding the role of solvent in extracting dyes, the Hansen solubility parameter 

(HSP) can be used to explain why some solvents extract more dyes than the others. Hansen 

solubility index is based on 3 molecular interaction forces: Van der Waals interaction force, 

electrostatic interaction force, and hydrogen bonding. If 2 molecules have similar HSP val-

ues they are alike and the solvent can dissolve the solute. In Chapter 5 HSP will be ex-

plained in details. 

In chromatography analytes are separated based on their concentration equilibria be-

tween 2 phases (stationary and mobile). The stationary phase is fixed and the analytes car-

ried by the mobile phase through the medium can be liquid or gas. The affinity between 

stationary phase and analytes improves the separation by slowing down the movement of 

target analytes in the mobile phase.  
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Thin layer chromatography  

In thin layer chromatography (TLC) the stationary phase can be a plate of glass or alumi-

num foil, which is covered by adsorbent materials such as silica gel and aluminum oxide. 

A mixture of samples are put on the spotting line on the plate by using capillary tube and 

by placing the plate in a closed eluting system containing a proper solvent (usually this is 

a mixture of polar and nonpolar solvents), the analytes are separated due to different affin-

ity to stationary and mobile phases. The analytes then are characterized by comparison of 

the distance of the spot moved from spotting line to solvent front line and the colour of 

spots with those of reference samples [7]. 

Thin layer chromatography (TLC) has been employed for studying the dyes on textiles  

[69], [70], [71] and paper [72]. Thin layer chromatography (TLC) compared to other ana-

lytical methods is fast, cheap and simple. By applying TLC using polyamide plates 

Schweppe could identify carminic and kermesic acids in a piece of red satin from Italy 

belonging to 16th century. It indicated that the fabric was dyed with Polish cochineal.  

Moreover running TLC on the dyes extracted by dimethylformamide from a piece of Ushak 

carpet belonging to late 15th century showed that the dyes used for red and brownish-yellow 

threads were madder and weld, respectively. In these examples the amount of textile sam-

ple was not indicated [4]. Kharbade et al. used TLC to investigate the red threads from 

Indian textile samples dated 19th century. The chromatograms of some red textile samples 

were identical to that of wild madder (containing munjistin), and Indian mulberry (contain-

ing morinda) was assigned for other red samples [10]. A mixture of some dyes cannot be 

separated completely by TLC which is the weakness of this procedure [73].  

High performance liquid chromatography  
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In high performance liquid chromatography (HPLC), the stationary phase is a column with 

3 to 30 cm length and 1 to 5 mm diameter; made of stainless steel, glass, or polymers such 

as polyetheretherketone (peek) [74, 75]. The column is packed with either porous particles, 

made of silica with 3 to 10 µm diameter, or with particles made of glass and polymers with 

30 to 40 µm diameter which are surrounded by resin. The mobile phase in HPLC is a liquid, 

which is mostly a homogenous mixture of water with polar organic solvent such as meth-

anol or acetonitrile. The samples in HPLC can be liquid or if they are solid they can be 

dissolved in a proper solvent and injected into HPLC for separation. In HPLC solvent flows 

in the column by the aid of a pump system. 

High performance liquid chromatography is a common technique to study pigments 

[76], binding media [77], [78], tannins [79], resins [80], and dyes from textiles [76] in the 

field of cultural heritage. 

High performance liquid chromatography can be equipped with many different detec-

tion schemes including UV-Vis light, photo diode array (DAD), fluorescence detection, 

and mass spectrometry (MS) to study dyes from textiles or paintings. Regarding the appli-

cation of UV-Vis light only specific compounds that can absorb light at specific wave-

length can be detected while photo diode array detector due to having a large number of 

diodes can detect more than one absorbing eluent at different wavelengths simultaneously. 

HPLC equipped with UV-Vis detection scheme was used to study a 2000- year -old purple 

textile from Israel. It was revealed that the fabric was dyed with Murex trunculus mollusk 

[81]. HPLC with DAD was employed to study red textile fragments. Alizarin, purpurin and 

kermesic acid could be identified in 13th century in a bishop tunic, which indicated 2 

sources of anthraquinone had been used: madder and kermes. The analysis of red dyes in 
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17th century Coptic textile showed that it had mostly purpurin and less amount of alizarin, 

however pseudo purpurin and munjustin were detected as co-eluted fractions [76]. Moreo-

ver, the blue and purple colourants of reference samples dyed with indigoids, and 1st cen-

tury BC textile sample were separated and identified as indigotin, indirubin, 6- monobro-

moindigotin and 6,6'-dibromoindigotin by HPLC-DAD [82], [83].  

A comparison study was done on textiles from pre-Columbian Peruvian by using 

HPLC-DAD. The red dyes from different pre-Columbian cultures were identified as coch-

ineal (contains carminic acid), and relbunium (contains purpurin) where they used individ-

ually or as a mixture. In some samples the mixture of luteolin and xanthopurpurin were 

found but the plant could not be identified [84]. HPLC-MS, which is also known as LC-

MS has been used to study the dyes on fabrics. Yamaoka et al. investigated alizarin as the 

main red colourant on Greco-Roman textiles [85]. LC-MS was employed to study flavo-

noid colourants of yellow dye extracted from the wool dyed with weld and onionskin [86]. 

Moreover, this research group used the same technique to study the photo-degraded com-

pounds of morin and quercetin on the dyed alum mordanted wool, which was identified as 

dihydroxybenzoic acid [87]. Szostek et al. analyzed the dyes extracted from a Coptic textile 

using of LC-MS and LC-UV-Vis and compared the detection limits of these techniques. 

The detection limit for purpurin, alizarin, and indirubin was the same in both techniques, 

while the results obtained using LC-MS for luteolin, apigenin, and rhamnetin showed better 

detection limits [88]. Yellow silk samples were analyzed with LC-MS and flavonoid O-

glycosides and curcumin were identified as the source of yellow dyes from pagoda tree and 

turmeric, respectively [89]. Furthermore, LC-MS coupled with HPLC-DAD were em-

ployed to study the dyed yarns of the Portuguese 17th century carpet. This study showed 
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that the yellow and blue dyes were weld and indigo, respectively. However, LC-MS was 

not able to detect the source of red dye, which was known as brazilwood. It seems this dye 

is not photo resistant and discoloured. This study was used to compare the dyeing protocols 

of yarns in17th and 19th centuries [90]. 

Gas chromatography 

In gas chromatography (GC) the stationary phase is a column made of stainless steel or 

glass coil construction with 1 to 100 m length, packed with adsorbent particles. The size of 

the particles are between 0.1 to 8 µm. In GC the mobile phase is gas and the samples should 

be injected into GC in this form. Therefore, GC is a more convenient technique for volatile 

samples, while liquid and solid samples should be heated at high temperature to evaporate 

volatile components from the samples [91]. 

Gas chromatography (GC) has also been used to study the organic materials such as 

balms from mummification, wax sculptures, adhesives, binders used in paintings [92]. GC-

MS has been used since 1990 in the field of conservation by other researchers, particularly 

by Colombini et al. They used this method to study proteinaceous binder used in the his-

torical fresco in Pisa. The ratio of amino acids as degradation products was used to con-

clude that casein was the main binder material [93]. Furthermore, in another study of wall 

painting in Arezzo (Italy) the same technique was used and they could confirm the appli-

cation of the mixture of 2 different kinds of binders, which is known as “tempera grassa” 

the emulsion of egg yolk and linseed oil [94]. GC-MS was employed to identify the var-

nishes used in the 13th century Italian paintings as mastic and dammar. The presence of 

mastic contributed to the original work while the dammar was referred to the restoration 
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done in 20th century [95]. The pigments and the binders used in an ancient Greek poly-

chromy were also investigated using different methods including GC-MS. The pigments 

were identified as madder lake and shellfish purple by HPLC equipped with UV-Vis de-

tection scheme. The results for binder from FTIR, and GC–MS were in agreement and it 

was detected as egg tempera [96]. The identification of micro samples of organic paint 

binders is still under investigation [97]. As mentioned before, the dyes can be investigated 

by GC but the same as binder martials, they need to be derivatized as they are often large, 

polar molecules [98]. 

Capillary electrophoresis  

Capillary electrophoresis (CE) is a technique whereby ionic species are separated under 

electric field, in a capillary tube (stationary phase) containing buffer (mobile phase) [25]. 

Anions migrate toward anode and cations migrate toward cathode. This technique can be 

used for separation of small (Mr<2000) and large molecules (2000 <Mr<100 000) [99]. The 

capillary tube is fused silica capillary with 10-100 µm I.D. (inside diameter) and 30-100 

cm length. In the next sections the following subjects are discussed: brief information on 

the principal and concepts of CE, separation modes of CE, and the application of CE in art. 

1.5 Capillary Electrophoresis (CE): Principle and 

concepts 

Jorgeson and Lukas introduced capillary electrophoresis (CE) in early 1980 and since that 

time it has been used widely for the separation of organic and inorganic compounds [100].  
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Phoresis in Greek means “being carried” and electrophoresis is a technique whereby ionic 

species are separated under electric field while CE is the electrophoresis performed in a 

capillary tube. Figure 1.11 depicts the schematic of CE instrumentation. 

 

Figure 1.11 The CE instrumentation 

In general the CE instrumentation consists of the following parts: a fused silica capil-

lary tube (inside diameter: 10-100 µm, length: 30-100 cm), high voltage power supply 

(HVPS) which generates voltage: 0-30 kV, 2 electrodes: anode; the positive electrode, and 

cathode; the negative electrode, 2 buffer reservoirs, a detector which can be on-column 

detector which is placed at capillary known as end-column detector [101]. The detectors 

are mostly used for absorption [102] and fluorescence detectors [103]. 

The principle of CE is based on the migration of anions toward the anode and migration 

of cations toward the cathode in a buffer solution in a capillary tube. The buffer solution is 

known as background electrolyte (BGE) or running buffer. The materials, which have been 

used to manufacture capillary tubes, are Teflon and borosilicate glass [104]. Teflon and 

borosilicate glass are replaced with fused silica due to its unique properties such as trans-

parent to a wide range of wavelengths, high thermal conductivity, and capability to fabri-

cate the tubes as narrow as a few micrometers. The inner surface of fused silica capillary 
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in alkaline condition forms a layer of negative silanol groups [105], and by absorption of 

buffer cations to this layer a diffuse double layer or electrical double layer forms. The outer 

layer is mobile and solvated. Therefore by applying an electric field this layer is pulled 

towards the cathode, which causes the electroosmotic flow (EOF) of buffer (See Figure 

1.12). 

 

Figure 1.12 The structure of fixed and mobile layers formed inside the capillary tube. 

The sample can be injected into capillary either by electrokinetic or hydrodynamic in-

jection. In electrokinetic injection samples are introduced into the capillary from the anode 

side, by applying a voltage. The amount of sample introduced into the capillary via elec-

trokinetic injection depends on the following factors: applied voltage, time of injection, 

mobility of eluents and diameter and length of capillary. Therefore, this injection method 

is selective meaning the more mobile eluent is injected than the less mobile one. Also, 

using applied voltage to introduce the sample into capillary can change the chemical struc-

ture of eluents; therefore, for each run a fresh solution should be prepared. In hydrodynamic 

injection, samples are introduced to the capillary by applying vacuum or pressure at one 

end of capillary and the amount of sample injected to the capillary is related to: the applied 
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pressure, injection time, the viscosity of BGE and diameter and length of capillary. One of 

the advantages of using the hydrodynamic injection method over the electrokinetic one is 

that the amount of sample injected via hydrodynamic injection is more precise. Also, the 

pressure does not change the chemical structure of compounds; therefore, the same sample 

vial can be used for several analyses. Introduction of very viscous eluents using hydrody-

namic injection is very problematic. In spite of the drawbacks of electrokinetic injection 

over hydrodynamic, electrokinetic injection is mostly used due to its ability for sensitivity 

enhancement. This can be explained by the amount of the analytes introduced into the ca-

pillary. In hydrodynamic injection, the volume injected contains analytes and BGE, but in 

electrokinetic injection the volume injected contains more analytes than BGE while the 

introduction is based on the electrophoretic and electroosmotic mobility. It is reported that 

the sensitivity could be improved 100 to 1000 times when electrokinetic injection was used 

[106]. 

1.6 The Basis for Electrophoretic Separation 

The separation is based on the apparent mobility of the analytes, which is the vector sum 

of the electrophoretic mobility and electroosmotic mobility [107]. 

1.6.1 Electrophoretic mobility -58 

Generally speaking, mobility is a characteristic of analyte, which is the ratio of the 

velocity of the analyte 4>. 1.4,	to the electric field strength 4>. 1.5. 

758 =
Db
BC
									4>. 1.4 
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Where: 758= electrophoretic velocity (cm s-1); Db= length of the capillary to the detector 

(cm), in this study Db = 	DE; while DE= total length of the capillary (cm); BC= time of mi-

gration (s)  

4 =
1
DE
														4>. 1.5 

where: 4 = electric field strength (Vcm-1); 1 = applied voltage (V); DE= total length of the 

capillary (cm) 

In the case of the electrophoretic mobility, as shown in 4>. 1.6, it is defined as: 

-58e
758
4 =

Db
BC
1
DE

=
DE=

BC×		1
																			4>. 1.6	

Where: -58e electrophoretic mobility (cm2 V-1s-1); 758= electrophoretic velocity (cm s-1); 

4 = electric field strength (Vcm-1) 

Also, electrophoretic mobility can be described by using the definition of constant ve-

locity of an analyte in an electric field. When the analyte moves with a constant velocity it 

means the electrostatic attraction force and retarding frictional force, which drag the ana-

lyte toward opposite directions are in equilibrium. Electrostatic attraction force is conveyed 

by the electric field and depends on the charge on the analyte and electric field strength 

[108]	4>. 1.7:  

 ? = >4									4>. 1.7 

Where: ? = the force of electrostatic attraction (N); > = the charge on the ions in the sample 

(C); 4= electric field (Vcm-1) 

Conversely, retarding frictional force depends on the electrophoretic velocity 758 and fric-

tion factor; f as shown in 4>. 1.8 
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?ie7589													4>. 1.8	 

where: ?ie	retarding frictional force (N); 758= electrophoretic velocity (cm s-1); 9 = fric-

tion factor.  

The friction coefficient related to the hydrodynamic radius, r of the ion and the viscosity,h, 

of the surrounding medium 4>. 1.9. 

9 = 6Z;F									4>. 1.9	  

Where ; = ionic radius of the ions (cm); F= viscosity of the solution (cP)  

Therefore, the retarding frictional force can be defined by introduction of 4>. 1.8	in Eq.1.9 

which leads to 4>. 1.10. 

?i = 7586Z;F									4>. 1.10 

At a given velocity the force which is conveyed by the electric field is equal to the retarding 

frictional force, therefore, ? = ?i and by substitution of ? by 4>. 1.7	and ?i by 4>. 1.9	we 

will have 4>. 1.11:  

>4 = 7586Z;F									4>. 1.11 

From 4>. 1.11, q is defined as > = jkl)mno
p

, and from 4>. 1.6	we know that 758/4 is -58 

therefore, > = -586Z;F, and we will have 4>. 1.12	as follows: 

-58 =
>

6Z;F 									4>. 1.12 

Where, -58 = electrophoretic mobility (cm2V-1s-1); r = ionic radius of the ions (cm); F= 

viscosity of the solution (cP)  
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According to 4>. 1.12	the electrophoretic mobility is proportional to the ion charge > and 

inversely proportional to ion size ; and the viscosity of the solution. Viscosity is tempera-

ture dependent, decreasing with increasing temperatures. Therefore, by increasing the tem-

perature, electrophoretic mobility will increase [108].  

1.6.2 Electroosmotic mobility -56 

The movement of liquids relative to a stationary charged surface, such as the membrane, 

capillary tube, and porous material, under the influence of the electric field is known as 

electroosmotic velocity (756) or electroosmotic flow (EOF) or endoosmotic migration. 

Since mobility is the velocity over the electric field, the electroosmotic mobility is defined 

as [108]  

-56e 	
756
4 									4>. 1.13	

Where: -56= electroosmotic mobility (cm2 V-1s-1); 756	= electroosmotic velocity (cms-1); E 

= electric field strength (Vcm-1) 

Also, electroosmotic mobility can be defined by [107]  

-56e	
<G
4ZF 									4>. 1.14	

Where: <	= medium dielectric constant; G	= zeta potential at the capillary–buffer interface 

(mV); F	= viscosity of the medium (cP)   

As mentioned before, the apparent mobility is the vector sum of electrophoretic mobil-

ity 4>. 1.12 and electroosmotic mobility 4>. 1.14,	and from these equations it can be con-

cluded that the average rate of migration is related to the average charge on the ion, the 

average size of the ion, and the average of voltage applied. From this information it can be 



1.7 Joule heating (H) 39 

 

concluded that electroosmotic flow (EOF) can be affected by the following factors: the pH, 

concentration, viscosity of the buffer, temperature, field strength, the presence of surfac-

tants and modifiers, as well as the charge on the capillary wall [109]. 

1.7 Joule heating (H) 

The migration of ions, which is known as ionic conduction can occur via 3 ways: the ana-

lytes can move under the influence of applied voltage through the bulk electrolyte due to 

their electrophoretic mobility. They can be carried by convection of bulk electrolyte, which 

is driven by applying voltage. Also they can be transferred by electroosmotic flow of the 

electrolyte, which is generated due to the formation of double layers on the capillary walls 

[110]. The conductivity of an electrolyte in a filled capillary tube is expressed in 4>. 1.15.  

2 =
3D
1H 									4>. 1.15								 

Where, 2 = conductivity (Sm-1), 3 = current (A), L= length of capillary (m), 1	= applied 

voltage (V), H= cross sectional of capillary (m2).  

In general, the resistance of an electrolytic solution to the flow of current generates heat. 

The heat is known as “Joule heating” [107] and it can be calculated by using 4>. 1.16. 

: B = 31B									4>. 1.16 

where,	: B = generated heat (Joules) as a function of time (seconds).Introduction of 

4>. 1.15 in 4>. 1.16 leads to 4>. 1.17, which shows how Joule heating is related to the 

ionic conduction, length and cross section of capillary [111]. 

: B =
2H1=B
D 									4>. 1.17 

 Joule heating causes thermal gradients across the capillary, which can result in bubble 
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formation due to vaporization of solution. Therefore, by decreasing the applied voltage and 

increasing the length of capillary, as well as using a low conductivity buffer solution the 

amount of Joule heating will decrease effectively. The narrow bore capillary with a 10-100 

µm inside diameter provides a large surface area-to-volume ratio, which helps to dissipate 

Joule heating more efficiently [112]. Therefore, the narrower capillary allows a higher 

electric field to be applied, which leads to a fast separation with better resolution.  

1.8 Separation efficiency  

The efficiency of separation techniques is described as the “number of theoretical plates” 

(N), which are the discrete sections where separate equilibrations of the analyte between 

the mobile and stationary phase occur.  There are several factors of dispersion of analyte, 

which cause peak broadening or peak dispersion (2=) such as: Joule heating, capillary wall 

binding, and diffusion. During the migration of analyte, if diffusion (D) is considered as 

the only factor of the peak broadening, it can be calculated as shown in 4>. 1.18, which 

was described by Einstein [107]. 

2= 	= 2qBC 	=
2qD=

-58	1
									4>1.18	

Where	q = diffusion (cm2 s-1), BC = migration time (s) and the other terms are as before 

The number of theoretical plates is given by	4>	1.19: 

r =
DE=

2= 									4>. 1.19	

By replacing 4>. 1.6	and 4>. 1.18	in	4>. 1.19 the equation for the calculation of number 

of plates yields 4>. 1.20. It shows that the efficiency depends on electrophoretic mobility 
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of the analyte, applied voltage and diffusion. 

r =
-58		1
2q 									4>. 1.20	

 

1.9 Resolution 
The resolution @A, between 2 analytes is defined as 4>. 1.21:  

@A =
1
4
∆-58 r
-58	t-56	

									4>. 1.21 

Where ∆-58= the difference between electrophoretic mobility of 2 analytes,		-58		= the 

average of the electrophoretic mobility of 2 analytes, N= the number of theoretical plates. 

By replacing 4>. 1.20 in 4>. 1.21, resolution @A can be calculated as 4>. 1.22 [107]. 

@A = 0.177∆-58
1

(-58	t-56	)	q
																	E	>. 1.22 

From this equation, it can be deduced that resolution is proportionally related to differ-

ence between electrophoretic mobility of 2 analytes and the square root of voltage. There-

fore, in order to improve the resolution, increasing the difference between electrophoretic 

mobility of 2 analytes is more effective than increasing the voltage, since increasing the 

voltage can cause the Joule heating. Also, the faster migration of some analytes, which 

results in co-elution, can happen at higher voltages. Different separation modes of CE are 

based on controlling the mobility of analytes by using a buffer. 

1.10 Separation modes 

CE can be used in different separation modes, known as: capillary zone electrophoresis 
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(CZE), micellar electrokinetic chromatography, (MEKC) also known as micellar electro-

kinetic capillary chromatography (MECC), capillary isoelectric focusing (CIEF), capillary 

gel electrophoresis (CGE), and capillary isotachophoresis (CITP). Since, CZE and MEKC 

were the techniques used in the study of historical dyes in this project, discussion of these 

2 separation methods will now follow. 

1.10.1 Capillary zone electrophoresis (CZE) 

The simplest form of separation in CE is known as capillary zone electrophoresis (CZE) or 

free solution CE. The analytes are injected into a capillary filled with running buffer and 

by applying high voltage, the electroosmotic flow (EOF) is generated from the anode to-

wards the cathode. Separation is based on the charge- to- size ratio of analytes, and in other 

words, based on the differences between the electrophoretic mobilities of the analytes. The 

EOF can be affected by pH, therefore the separation should be done in a buffer solution. 

The most common buffers used in CZE are phosphate (pH= 1.14 - 3.14 and pH= 6.20 -

8.20), acetate (pH= 3.76 – 5.76), borate (pH= 8.14 – 10.14), and N-cyclohexyl-3-aminopro-

panesulfonic acid (CAPS, pH= 9.70-11.10) [113]. The elution order of the ionic analytes 

in CZE, which is related to, the mobility is as follows: cations first, then neutral species 

and anions are last (see Figure 1.13). 

 

Figure 1.13 Order separation in CZE. 
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1.10.2 Micellar electrokinetic chromatography (MEKC) 

Teraby et al. in the mid-1980s introduced micellar electrokinetic chromatography (MEKC) 

[114].  MEKC involves the addition of surfactants to running buffer to form micelles. 

When the concentration of surfactant is above the critical micelle concentration (CMC), 

the number of molecules known as the aggregation number (Ng) join together to form mi-

celles. Micelles are the aggregation of long chain molecules (10 – 50 carbon chain) with a 

hydrophobic core and hydrophilic outer surface. There are 4 kinds of surfactants used in 

CE: anionic, cationic, zwitterionic and nonionic. Examples for these surfactants are shown 

in Table 1.4 [115]. 

Table 1.4 The examples of different kinds of surfactants with their critical micelle con-
centration (CMC) aggregation number (Ng) 

 

The ionic and neutral analytes with molecular mass less than 2000 (Mr<2000) can be 

separated using MEKC due to the partitioning mechanism of analytes between the micelles 

and running buffer.  In the MEKC mode, the separation is achieved in a capillary tube 

under alkaline conditions by adding sodium dodecyl sulfate (SDS), which is the most 

widely used surfactant in MEKC [108]. 

At neutral to alkaline condition the electroosmotic flow is from anode to cathode, while 

the electrophoretic mobility of the SDS micelles is toward the anode. The elution order of 

analytes in MEKC is as follows: anions, neutral and cations. Anions elute first due to the 

Surfactants Example CMC (mM) Ng 
anionic  sodium dodecyl sulfate (SDS) 8.1  62 
 sodium tetradecyl sulfate (STS) 2.1 138 
cationic cetyltrimethylammonium bromide (CTAB) 0.92 61 
nonionic  Polyoxyethyleneglycol dodecyl ether (Brij-35) 0.1 40 

zwitterionic sulfobetaine 3.3 55 
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electroosmotic flow and the repulsion from the negatively charged SDS micelles. The sep-

aration of neutral analytes is based on their hydrophobicity and their migration rate is the 

same as EOF. The ion-pair attraction between cations and micelles causes the cations to 

elute last. (see Figure 1.14).  

 

Figure 1.14 The migration direction of SDS and ionic analytes in MEKC 

1.11 Application of CE in art 

Some CE methods have been developed to characterize different types of binding media, 

such as plant gums, drying oils, animal glues, as well as natural resins, which have been 

used as adhesives, coatings and varnishes. Moreover, CE has been employed to investigate 

dyes and pigments, synthetic dyes as well as degradation products of textiles and paper and 

binding media. As mentioned before, GC is a popular technique to investigate binding me-

dia which needs derivatization, while the application of CE has an advantage over GC, 

which does not need the derivatization. This is due to the presence of functional groups, 

which can be ionized in the alkaline condition and migrate in a capillary. The plant gums 

are primarily made of polysaccharides with hydroxyl and acidic functional groups that can 

be ionized at pH over 12. Größl et al. employed CE equipped with UV-Vis detector to 

separate and identify the monosaccharaides such as glucuronic acid and rhamnose in gum 
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arabic and galacturonic acid and fucose in gum tragacanth. The separation was done using 

a 36 cm capillary tube at 20 kV, in background electrolyte made of a buffer of 20 mM 2,6-

pyridinedicarboxylic acid (PDC) at pH= 12 and 0.5 mM cetyltrimethylammonium bromide 

(CTAB) as a cationic surfactant to reverse the electroosmotic flow [116]. Drying oils con-

sist of the esters of polyunsaturated fatty acids such as alpha-linoleic acid, linolenic, oleic, 

the degradation products of these compounds are mostly di-carboxylic acids. Since these 

compounds can form the anion analytes at intermediate pH values, they can be separated 

by CE. The constituents and degraded compound of the drying oil used in 2 paintings of 

19th century could be detected using a 48.5 cm capillary. The separation was carried out in 

a background electrolyte (BGE) consisting of histidine buffer (pH = 5.85, 20 mM) contain-

ing 10 mM salicylic acid, at 10 kV and the analytes were detected both with CE equipped 

with UV and CE with conductivity detection. The binding media in both paintings were 

detected as palmitic, stearic acid linolenic acids. Moreover, the degraded compound in both 

samples was identified as azelaic acid [117]. The 3 main animal glues: egg, collagen and 

casein were studied by capillary zone electrophoresis (CZE). The separation of amino acid 

contents were investigated using a 60.2 cm capillary tube, at 20 kV, in a background elec-

trolyte made of 51.9 mM chloroacetic acid and 3.05 mM lithium hydroxide at pH= 2.26, 

the analytes were detected by DAD [118]. This research group used the same conditions to 

study the ability of CE to separate a mixture made of different binders: plant gums, drying 

oil and animal glue [119]. The results were used to study the binder in an 18th century 

polychrome painted sculpture, and it was revealed that collagen was used as the main 

binder and could be separated from plant gum and drying oil binders by choosing an ap-

propriate pH [120]. Moreover, the potential of CE to separate the natural resin such as 
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diterpenoic resins, balsams and copals in a mixture of binder media was investigated. The 

separation was carried out using a 40 cm capillary tube, at 20 kV in a background electro-

lyte made of a 20 mM borate buffer at pH= 9.25, the separation was done in 5 minutes and 

analytes were detected by diode array detector. The results were used to identify the resin 

used in a 19th century gilded frame as colophony or rosin [121]. Separation conditions of 

CE in different modes for identification of natural dyes separately also from paintings and 

textiles have been investigated [122-132]. 

The small red samples from a 17th century oil painting belong to Diocesan Museum of 

Holy Art of Bilbao in Netherlands were analysed using micellar electrokinetic chromatog-

raphy (MECK) equipped with DAD. The optimum separation conditions were defined by 

working on reference samples prepared according to recipes from the 16th century. The 

separation was achieved in less than 13 minutes using a 58 cm capillary tube at 20 kV, in 

background electrolyte made of 20 mM borate buffer (pH= 9) containing 20 mM sodium 

dodecyl sulfate(SDS) and 10% acetonitrile as modifier. Three small separated peaks in the 

electropherogram of the red sample were assigned as alizarin, quinizarin and purpurin. It 

indicated the sample was dyed with madder [132].  

Capillary electrophoresis has been employed to study the synthetic dyes used in textiles 

[133], [134], [135], [136],  pen inks [137], [138] and colourful photographs [139]. Siren et 

al. used CZE equipped with UV to study the black reactive and black acid dyes extracted 

from cotton and wool fibers. The separation was achieved in 0.14 M 3-(cyclohexylamino)-

l-propanesulphonicacid (CAPS) buffer at pH = 10.8 [134]. MEKC with UV detection was 

employed by Zlotnick et al. to investigate the optimum condition for separation of black 
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pen. The different concentrations of borate buffer at pH= 9.5, separately and in combina-

tion with different concentration of micelles, sodium dodecyl sulphate (SDS) were inves-

tigated. The effect of methanol as modifier at different concentrations (0%, 5%, 10% and 

25%) and different voltages (10, 20 and 30 kV) were tested. The best baseline separation 

was achieved using 100 mM borate buffer with 25 mM SDS at 30 kV [137]. López-Montes 

et al. used CE-DAD and CE-ESI-MS to investigate the dyes used in colour photographs 

such as autochromes from early 20th century. The separation condition for CE-DAD and 

CE-ESI-MS was at 20kV using background electrolyte (BEG) made of 50 mM ammonium 

acetate at pH= 9, contains 15% (v/v) acetonitrile as modifier and 60 cm capillary for CE-

DAD and 62 cm for CE-ESI-MS. This study showed that CE-ESI-MS had greater sensi-

tivity than CE-DAD. Fourteen cationic and 9 acid dyes could be identified using CE-ESI-

MS [139]. In our lab, CE equipped with laser induced fluorescence (LIF) detection has 

been explored to study dyes and pigments. MEKC with LIF was used for the separation of 

selected anthraquinone and flavonoid dyes [140], [141]. Separations were carried out using 

20 mM borate buffer with 20 mM SDS under alkaline conditions. 

Moreover, CE has been explored to study textiles. Kouznetsov et al. used CE-MS for 

comparative study on the possible chemical modification of cellulose in eight textile sam-

ples belonging to12th BC to 16th AD century, provided by some European museum.  The 

separation was performed in a 70 cm capillary tube, and 100 mM borate buffer (pH= 9.0) 

[142]. CE can be used to study the degradation products of paper. At any stage of decom-

position specific compounds such as simple carbohydrates, organic acids, and aromatic 

lignin derivatives are formed. Therefore, by identification of these compounds the level of 
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degradation could be estimated. Dupont et al. used CZE- UV to analyse the organic com-

pounds originating from paper degradation [143]. 

It can be concluded that for the study of historical objects CE equipped with different 

detection schemes has been employed and the most common detectors are photo diode 

array (DAD), electrochemical detection (ED), mass spectrometry (MS). Relatively few 

studies have been carried out with fluorescence detection. The application of laser-induced-

fluorescence can provide high sensitivity with very low back ground noise, and therefore 

a very low detection limit [144] which introduces CE -LIF as a suitable technique for stud-

ying historical objects.  

1.12 Research Objectives and Thesis Organization 

In conservation science, the study of dyes in museum objects is a very important task. 

Identifying dyes is important since, by knowing dyes the best strategic options can be cho-

sen for conservation and restoration of the valuable objects. Regarding conservation strat-

egies, knowledge about dyes would assist with identifying the best approaches for preser-

vation or exhibition of museum objects. Considering restoration approaches, this infor-

mation would also help the restorer to use the same colourants as those used in the original 

objects and choose the best restoration strategies. Although, CE equipped with DAD or 

MS detectors has been employed to investigate historical dyes as well as degradation prod-

ucts of textiles and paper, there were a few applications of capillary electrophoresis 

equipped with laser induced fluorescence (CE-LIF) for studying museum objects. Further-

more, one of the challenges in art conservation is to minimize the sample size for analysis 

to maintain the integrity of the object.  
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The objective of this research was to evaluate the feasibility CE-LIF as a novel tech-

nique to separate and identify dyes that could be found in textiles. Another objective of this 

research was to evaluate the common extraction procedures with special focus on Hanson 

solubility parameters.  

In this research a collection of natural dyes which have been used in historical objects 

(textiles) was selected. These dyes were: 4 red anthraquinone dyes: alizarin, purpurin, car-

mine, and emodin, 8 yellow flavonoids; apigenin, luteolin, ap-7-O-glu, lu-7-O-glu (fla-

vones), kaempferol, quercetin, morin, myricetin (flavonols), 1 yellow carotenoid dyes: 

crocin, 1 brown quinodic dye: lawson and 1 blue indigoid dye: indigo. 

The research presented in this thesis is organized in the following Chapters (2-5): 

In Chapter 2 the UV-Vis absorption and fluorescence properties of 4 dyes: alizarin, 

purpurin, carmine and morin were studied and the results were used towards the feasibility 

of separation of these dyes using MEKC–LIF. The separation was achieved using 20 mM 

borate buffer containing 20 mM sodium dodecyl sulfate (SDS) in a 50 cm capillary tube. 

The application of 2 lasers for excitation was also investigated. These lasers were a 488 

nm argon ion laser (50 mW) and a 407 nm diode laser (90 mW). The results of this study 

were published in “Journal of Liquid Chromatography & Related Technologies” [140]. 

In Chapter 3 the results of separation parameters in MEKC-LIF are presented for the 

separation of a mixture of 4 anthraquinone dyes (alizarin, purpurin, emodin, carmine) and 

6 flavonoid dyes (luteolin, apigenin, kaempferol, quercetin, morin, and myricetin), as well 

as a mixture of all dyes in 20 mM borate buffer with 20 mM sodium dodecyl sulfate (SDS). 

The separation parameters studying included the effects of pH, organic modifier (methanol 
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and acetonitrile) at different concentrations, and applied voltage at different values. The 

results of this study were published in” Chromatography” [141]. 

In Chapter 4 the photochemical properties of purpurin using UV-Vis and fluorescence 

spectrophotometry are presented. The rate constant for the photochemical fading of purpu-

rin at different pH values were calculated. The photo-degraded products of purpurin were 

identified by using different analytical methods including thin layer chromatography, gas 

chromatography and UV-Vis spectrophotometry.  The results of this chapter were pub-

lished in “Dyes and Pigments” [145]. The photochemical properties of yellow flavonoid 

dyes kaempferol, quercetin, morin, myricetin were also studied. UV–Vis and fluorescence 

spectrophotometry were employed to measure the rate constant for the photochemical fad-

ing of these dyes. The magnitude of the rate constants would help to select the optimum 

pH for separation of dyes with CE. The results of this study were published in “Journal of 

Liquid Chromatography & Related Technologies” [146]. 

The objective of Chapter 5 is to validate the existing extraction methods with special 

focus on Hanson solubility parameters on the extraction of dyes from laboratory dyed sam-

ples. The laboratory samples were prepared by dyeing wool threads with madder and weld 

according to the historical dyeing protocol. The effects of different solvents as well as tem-

perature and mechanical agitation at different times were investigated. Afterwards, the 

most successful extraction method was chosen by studying the electropherogram of each 

extracted dye.  

In Chapter 6 the conclusion and future studies are presented. 
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2.1 Introduction  

Capillary electrophoresis equipped with UV-Vis spectroscopic detector (DAD: diode array 

detector) has been mostly used in the field of art conservation to identify binding media, 

adhesives, coatings varnishes and pigments in paintings. The application of CE with dif-

ferent detection schemes has been previously investigated to study natural and synthetic 

dyes in textiles [1-11]. According to literature, micellar electrokinetic chromatography 

(MEKC) mode is the most popular for separation of natural and synthetic dyes. For the 

separation of anthraquinones and flavonoids in Coptic textiles from the National Museum 

in Warsaw (Poland) MEKC has been described [12]. In this study, a mixture of dyes was 

separated using borate buffer at pH= 8.5. One of the yellow samples was dyed with weld 

and madder due to identification of alizarin, purpurin, luteolin, apigenin. The peaks as-

signed for alizarin, purpurin and apigenin in the electropherogram were Gaussian as op-

posed to luteolin peak which can hardly be considered as a “peak”. The orange sample was 

analysed and 2 small peaks were assigned for purpurin and luteolin that are mostly similar 

to baseline noise [12]. López-Montes et al. used CE in the MEKC mode equipped with UV 

to study the natural dyes from a collection of drawing and maps from the Royal Chancellery 

Archives in Granada. A symmetrical peak was identified as carminic acid in the red sample. 

Two yellow samples were studied and a very small peak for gambogic acid could be de-

tected in one of the yellow samples. In another sample crocetin and gambogic acid were 

detected. This sample was analysed with HPLC-DAD and the same results were achieved, 

in a longer run time (14 minutes vs 42 minutes) with a poor peak shape for crocetin.  The 

separation was achieved in a 64.5 cm capillary test tube, using a 20 mM borate buffer (pH= 
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9.25) [13].This research group used CE-UV to study the sepia ink in documents and maps 

belong to 16th -19th centuries. The CE parameters were investigated and it showed that the 

resolution of peaks was related to freshness of sample since sepia ink lost its stability after 

24 hours. The best peak resolution was achieved at pH= 9.2 using borate buffer [14]. 

Puchalska used CE coupled with diode-array detection (DAD) and electrospray mass spec-

trometric (ESI-MS) detection to isolate and identify the colourants of some anthraquinone 

dyes with animal and plant origin. The separation conditions for CE-DAD was 55 cm ca-

pillary, a background electrolyte (BGE) containing 5 mM sodium phosphate (pH= 8.5), 

and for CE-ESI-MS the capillary was 85 cm and the BEG was 20 mM ammonium car-

bonate (pH= 9.0). By using CE-DAD alizarin and purpurin were detected in madder, lac-

caic acid in lac dye and carminic acid in cochineal. The application of CE-ESI-MS showed 

better selectivity and sensitivity than CE-DAD, while it allowed detection of different lac-

caic acid isomers known as A, B, and E in the sample [15]. The separation of anthraqui-

nones and flavonoids using CE with MS detection has also been described by Surowiec et 

al. They studied the influence of CE parameters to achieve the optimum baseline separation 

for a mixture of red and yellow dyes including rhamnetin, quercetin, apigenin, luteolin, 

emodin, xanthopurpurin, morin, alizarin, gallic acid, purpurin, and carminic acid. The in-

fluence of buffer concentration and pH on dyes migration time and peak resolution were 

investigated. By changing the concentration of buffer from 20 mM to 40 mM the run time 

for all dyes increased except for gallic acid which remained unchanged. Moreover, flavo-

noids showed better separation efficiency at higher concentration. The migration time for 

all dyes showed a sharp decline when pH changed from 9 to 9.5. However, when pH 



2.1 Introduction 64 

 

changed to 10 most of the dyes showed steady decreasing trends except purpurin, xantho-

purpurin, carminic acid and gallic acid. Baseline separation was achieved using 40 mM 

ammonium acetate at pH= 9.5 using 25 kV. It seems the peaks assigned for rhamnetin, 

apigenin, and purpurin were not well resolved [16]. 

From the published literature, it can be concluded that mostly CE equipped with UV-

Vis light source has been used to study the artifacts. The application of laser can provide 

the lowest detection limit, therefore CE-equipped with laser source would have an ad-

vantage over CE equipped with UV-Vis light source. The laser beam is very narrow, with 

minimal divergence and the ability to be focused between the inner walls as well as end-

tip of the capillary tube [17]. The laser beam also produces very intense fluorescence, 

which can be detected by photo multiplier tube (PMT) with a low detection limit of (1 nM-

1 µM) [18]. The lowest detection limit can also be attained by using optical filters in front 

of the PMT which can block the scattering of the laser beam. Moreover, using a RC-filter 

(resistor–capacitor circuit) by reducing noise and electrical interference can further im-

prove the detection limit [17]. The most popular lasers equipped with CE are: HeNe (543 

and 632 nm), Ar+ (488 and 514 nm) and diode (645 and 840 nm). Therefore, due to having 

very narrow beams, with minimal divergence and the ability to be focused even low energy 

output lasers such as HeNe laser may be used for excitation of eluent [17]. The requirement 

that samples possess a chromophore, which fluoresces at a specific wavelength can be a 

disadvantage using CE equipped with laser. Therefore, CE-LIF can be a preferable method 

for those dyes, which can fluoresce at the specific wavelength of laser equipped to CE. Due 

to acquiring the minimum amount of historical samples that can be sacrificed for analysis, 

CE-LIF would be a suitable technique for the dyes which fluoresce at the laser wavelength. 
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 In this research, CE in the mode of (MEKC) equipped with laser induced fluorescence 

has been employed. Figure 2.1 depicts the CE-LIF instrumentation which consists of the 

following parts: a fused silica capillary tube, a high voltage power supply, a sheath flow 

cuvette, numerical aperture microscope objectives, optical filter, a PMT detector and a 

computer.  

 

 
 

Figure 2.1 The CE-LIF instrumentation diagram: A: 6.3X 0.2 N.A. microscope objective, 
SFC: sheath flow cuvette, B: 60X 0.7 N.A. microscope objective, C: optical filter, FE: 
fluorescence emission. 

 
The objective of research presented in this chapter was to determine if CE-LIF could 

be applied for separation and identification of a selection of historical dyes. In CE-LIF the 

identification of dyes is based on their fluorescence properties which is affected by the 

wavelength of laser source equipped with CE. Therefore, in order to choose the suitable 

available laser source which can be used for the dyes under this study, the fluorescence 

property of each dye was initially examined using fluorimeter. CE separation properties 
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are influenced by concentration and pH of buffer, type and concentration of modifier, and 

applied voltage. Therefore, the optimum condition for baseline separation of a small num-

ber dyes under this study was defined by manipulating all these factors prior to separating 

larger number of dyes. 

2.2 Experimental 

Separations were performed using a laboratory-constructed CE instrument equipped with 

a post-column laser-induced fluorescence detection system [19]. The injection end of a 50 

cm long, 10 µm inner diameter fused silica capillary (Polymicro Technologies), along with 

a platinum electrode connected to a high voltage supply (Spellman model CZE 2000), was 

placed into a buffer-filled vessel. The applied voltage across the capillary was typically 16 

kV. The detection end of the capillary, from which a 1 mm length of the external polyimide 

coating was removed by flame, was inserted into a quartz sheath flow cuvette with a 250 

by 250 µm inner bore (Hellma).  The system was grounded through the sheath flow buffer 

within the cuvette. Two laser sources were employed: an argon ion laser (Melles Griot) 

tuned to 488 nm (50 mW) and a diode laser (Coherent) with a 407 nm output (90 mW). 

Light from the laser was focused with a 6.3 X, N.A. 0.2 microscope objective (Melles 

Griot) approximately 10 µm below the detection end of the capillary.  Emission was col-

lected at 90o using a 60 X, N.A. 0.7 microscope objective (Universe Kogaku), passed 

through a 535Df35 optical filter (Omega Optical) and a slit and onto a PMT (Hamamatsu 

model 1477).  The analog PMT signal was collected and digitized using a Pentium 4 com-
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puter through a PCI-MIO-16XE I/O board utilizing LabView software (National Instru-

ments) at 10 Hz.  The same board was used to control the electrophoresis voltage and PMT 

bias. 

A bench top Varian Cary eclipse fluorescence spectrophotometer was used to measure 

the excitation and emission spectra of the dyes. Measurements were carried out using a 

quartz cell with a 1 cm pathlength. The excitation and emission slits were set to 5 nm and 

in addition to absorption spectra, emission spectra were also measured at a fixed excitation 

wavelength of either 407 nm or 488 nm. 

2.3 Reagents 

Dimethyl sulfoxide (DMSO) and acetonitrile were obtained from Sigma-Aldrich. Metha-

nol and isopropyl alcohol were purchased from EMD Chemicals Inc., sodium dodecyl sul-

fate (SDS), 99% and sodium hydroxide NaOH were purchased from Sigma-Aldrich. So-

dium borate was purchased from Mallinckrodt. Alizarin and carmine were purchased from 

Alfa Aesar. Purpurin and morin were from Fluka/Sigma-Aldrich. Fluorescein was from 

Molecular Probes. The CE buffer typically consisted of 20 mM sodium borate buffer pH = 

9.2 and 20 mM sodium dodecyl sulfate (SDS) in Milli-Q water (18 MΩ·cm resistance). 

Standard stock solutions of alizarin, purpurin, carmine and morin (1000 µg ml-1) were pre-

pared by dissolving 10 mg of powder in 10 ml dimethyl sulfoxide (DMSO) and diluted as 

required to 0.5-10 µg ml-1 with buffer.  
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2.4 Discussion 

The baseline separation can be achieved by modifying the following parameters: the con-

centration of buffer as well as its pH, the application of modifier and applied voltage. 

In this feasibility study of CE these parameters were investigated by separation of 3 

anthraquinone dyes: alizarin, purpurin and carmine and one flavonoid dye (morin). 

Laser sources that were available in the lab and could be coupled with CE were Ar 488 nm; 

50 mw, and diode laser 407 nm, 90 mw. 

In order to choose a suitable laser wavelength, fluorescence properties of 10 µg ml-1 

solution of each dye in 20 mM borate buffer pH= 9.2, were investigated using a bench top 

fluorescence spectrophotometer. Since the available laser sources were at 488 nm, and 407 

nm, therefore, the emission spectrum of each dye was collected using these 2  excitation 

wavelengths. 

The absorption and emission spectra of alizarin, purpurin, carmine and morin are 

shown in Figures 2.2 (a-d).  The emission spectra of the dyes were acquired using 2 wave-

lengths for excitation: 407 nm and 488 nm. These wavelengths were chosen, as they were 

consistent with the lasers used for excitation in the CE-LIF instrument. For 3 of the dyes 

the excitation wavelength affected the maximum emission wavelength. The exception was 

alizarin whereby the excitation wavelength did not significantly affect the maximum emis-

sion wavelength.  

In general, absorption peaks for alizarin were much larger than those of purpurin, par-

ticularly in the ultraviolet. For alizarin the emission spectra was not significantly affected 
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by the wavelength of the excitation source. The emission spectra for purpurin, carmine and 

morin had peaks at longer wavelengths when they were excited at a longer wavelength. 

Overall, these spectra suggest that for fluorescence based detectors, alizarin and morin 

would likely be measured with the highest sensitivity as compared to purpurin and carmine 

because the intensity of emitted light for alizarin and morin is greater than those of purpurin 

and carmine. 

 

(a) 

 

(b) 

Figure 2.2 a Absorption (a) and emission spectra of alizarin (b) 407 nm source (c) 
488 nm source, Figure 2.2 b Absorption (a) and emission spectra of purpurin (b) 407 
nm source (c) 488 nm source. Adapted from Ref. [20] – Copyright: Taylor and Fran-
cis. 
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(c) 

 

(d) 

Figure 2.2 c Absorption (a) and emission spectra of carmine (b) 407 nm source (c) 488 
nm source. Figure 2.2 d Absorption (a) and emission spectra of morin (b) 407 nm source 
(c) 488 nm source. Adapted from Ref. [20] – Copyright: Taylor and Francis. 

The acquisition of fluorescence emission spectra was also useful for assessing the ap-

propriate detection wavelength. The detection wavelength was selected using an interfer-

ence filter. The interference filter is also useful for removing scattered light. Because dif-

ferent dyes have different spectral properties, compromise conditions are required for de-

tecting them all at the same wavelength.  

Alizarin, carmine, morin and purpurin were each prepared individually in 10 µg ml-1 

concentrations. Each dye ran individually through a 10 µm capillary at 16 kV in a 20 mM 
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borate and 20 mM SDS buffer, pH= 9.2. The dyes were run constantly through the capil-

lary.  The filter in front of the PMT was changed, the signal and background were recorded, 

then the next filter was placed into the PMT.  These measurements were done with lights 

off so that the light would not contribute to the background signal. The results from this 

study are summarised in Table 2.2. From Table 2.2 it can be concluded that the 580 nm 

filter transmitted visible light, which caused the detector to produce very large background 

signals, so much so that when the electric field was turned on, the signal was actually lower 

than with no dye flowing through the capillary. 

Table 2.1 The results of measuring of average of 3 readings of fluorescence intensity (FI), 
the background noise, the ratio of signal to noise (S/N), and the fluorescence intensity mi-
nus the background noise (SNR) for alizarin, carmine, morin and purpurin using different 
filters in front of PMT  

Alizarin     

Filter (nm)	 FI (n=3) Background S/N SNR 

500 ± 40 0.67 ± 0.03 0.4 1.68 0.27 

510 ± 23 1.01 ± 0.02 0.4 2.52 0.61 

535 ± 46 1.70 ± 0.02 0.49 3.46 1.21 

580 ± 40 7.28 ± 0.17 7.27 1.00 0.01 

615 ± 45 3.05 ± 0.07 0.41 7.44 2.64 

630 ± 50 2.12 ± 0.05 0.35 6.06 1.77 
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Table 2.2 continued 

Purpurin     

Filter (nm)	 FI (n=3) Background S/N SNR 

500 ± 40 0.51 ± 0.01 0.33 1.56 0.18 

510 ± 23 0.72 ± 0.01 0.37 1.95 0.35 

535 ± 46 1.39 ± 0.02 0.47 2.95 0.92 

580 ± 40 0.00 9.76 0.00 -9.76 

615 ± 45 1.12 ± 0.03 0.32 3.50 0.80 

630 ± 50 0.84 ± 0.04 0.22 3.82 0.62 
 

Carmine     

Filter (nm)	 FI (n=3) Background S/N SNR 

500 ± 40 0.19 ± 0.00 0.16 1.16 0.03 

510 ± 23 0.25 ± 0.01 0.18 1.37 0.07 

535 ± 46 0.39 ± 0.02 0.23 1.71 0.16 

580 ± 40 3.61 ± 0.04 3.65 0.99 -0.04 

615 ± 45 0.43 ± 0.02 0.18 2.37 0.25 

630 ± 50 0.35 ± 0.01 0.11 3.15 0.24 
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Table 2.2 continued 

Morin     

Filter (nm)	 FI (n=3) Background S/N SNR 

500 ± 40 2.10 ± 0.03 0.32 6.55 1.78 

510 ± 23 4.42 ± 0.05 0.35 12.62 4.07 

535 ± 46 8.05 ± 0.10 0.41 19.64 7.64 

580 ± 40 2.06 ± 0.04 1.99 1.04 0.07 

615 ± 45 2.55 ± 0.06 0.13 19.64 2.42 

630 ± 50 1.95 ± 0.11 0.11 17.73 1.84 
 

 The fluorescent background signal detected as the dye passed through the cuvette 

produced a large signal, and therefore signal from the dye itself went undetected. 

The signals produced when using different filters were compared to find which signal 

was the most appropriate for the dyes in this separation by comparing the signal to noise  

ratio of each filter, to figure out which signal was actually the largest.  It was found that 

the 535 nm filter had the most consistently large signal and less background noise. 

2.4.1 Evaluation of laser sources in CE-LIF 

The excitation wavelength was also evaluated using 2 different lasers. For this experiment 

the 407 nm and 488 nm lasers light sources were evaluated for the detection of a mixture 

of 4 dyes alizarin, purpurin, carmine and morin. Figure 2.3, illustrates the application of 2 

laser sources for separation of these dyes. It appears that both lasers are useful as excitation 

sources. For the detection of alizarin the 407 nm laser appears to give larger emission 
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peaks, which provides a higher sensitivity for this particular dye. Certainly with the limited 

number of dyes used in this experiment, it is difficult to assume that all flavonoid or an-

thraquinone dyes could be determined equally well. 

 
Figure 2.3 Separation of (1) 5 µg ml-1 alizarin, (2) 5 µg ml-1 purpurin, (3) 10 µg ml-1 car-
mine and (4) 0.5 µg ml-1 morin using 2 lasers as excitation sources (50 mW): (a) 488 nm 
and (b) 407 nm, using borate buffer 20 mM with 20 mM SDS, at 20 kV. 

2.4.2 Dissolution of dyes  

The first approach was dissolving dyes in a proper solvent. In a preliminary experiment, 

the stock solutions of dyes were prepared by using background electrolyte which was a 20 

mM borate buffer at pH= 9.2 with 20 mM SDS. Among 4 dyes morin was the only dye 

that dissolved completely in this solvent. The solubility of these dyes was investigated in 

various solvents with different polarities such as ethanol, acetone, methanol, acetonitrile, 

dimethyl sulfoxide (DMSO) and it was found that DMSO was the only solvent that could 

properly dissolve these dyes. By comparing the polarity (I) of these solvents: ethanol= 4.3, 
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acetone, methanol= 5.1, acetonitrile= 5.8, and DMSO= 7.2 [21] it was concluded that these 

natural dyes could be dissolved properly in the more polar solvent. 

Therefore, DMSO was used as a solvent for all the stock solutions of these dyes, which 

means that DMSO is present in low concentrations in all the diluted dye solutions. To study 

the effect of this solvent, 2 concentrations of DMSO were used (2.5% v/v and 7.5% v/v) in 

a 20 mM borate buffer pH= 9.2 for the separation of alizarin, purpurin, carmine and morin. 

The amount of DMSO should not be more than the amount, which affects the micelles 

aggregation number (Ng).  

As shown in Figure 2.4, a small increase in concentration of DMSO increased the vis-

cosity of the BGE, which in turn decreased the mobility of the eluents and resulted in a 

longer migration time. 

.  
Figure 2.4 Separation of (1) 5 µg ml-1 alizarin, (2) 5 µg ml-1 purpurin, (3) 10 µg ml-1 car-
mine and (4) 0.5 µg ml-1 morin using borate buffer 20 mM with 20 mM SDS, at 20 kV. (a) 
2.5% (12.5 µl) DMSO in 20 mM borate buffer, (b) (7.5%) 37.5 µl of DMSO in 20 mM 
borate. Adapted from Ref. [20] – Copyright: Taylor and Francis. 
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2.4.3 Buffer concentration 

The concentration of buffer has an impact on EOF and mobility of the analytes. For most 

separations, buffer concentration was from 10 to 50 mM, therefore the effect of concentra-

tion of borate buffer at pH= 9.2 with 20 mM SDS at 10, 20, 30 and 50 mM was investigated. 

The results are given in Figure 2.5.  

 

 

 
 

Figure 2.5 a, b Separation of (1) 5 µg ml-1 alizarin, (2) 10 µg ml-1 purpurin, (3) 10 µg 
ml-1 carmine and (4) 5 µg ml-1 morin at 16 kV, using different concenteration of borate 
buffer at pH= 9.2 with 20 mM. SDS (a) 10 mM, (b) 20 mM.  
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Figure 2.5 c, d Separation of (1) 5 µg ml-1 alizarin, (2) 10 µg ml-1 purpurin, (3) 10 µg 
ml-1 carmine and (4) 5 µg ml-1 morin at 16 kV, using different concentration of borate 
buffer at pH= 9.2 with 20 mM SDS (c) 30 mM.and (d) 50 mM . 

In Figure 2.5-a, the 4 dyes were separated from each other at 10 mM concentration in 

16 minutes. The peak shapes of most dyes are reasonable except for purpurin, which is 

quite broad.  By increasing the concentration to 20 mM, the dyes separated in 24 minutes 

and alizarin and purpurin showed sharper peaks with less broadening while carmine 

yielded a smaller peak. In 30 mM (Figure 2.5-c), the separation was achieved in 35 
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minutes. The carmine peak was too small to be detected. Regarding other dyes their peak 

shapes were the same as ones in 20 mM with smaller size. 

As Figure 2.5-d shows no dyes could be detected at 50 mM borate concentration except 

alizarin, which eluted at 25 minute with a very small fluorescence signal (less than 0.1 

a.u.). 

Therefore, by increasing the concentration the run time had increased and the fluores-

cence properties of most dyes had decreased. Generally speaking, by increasing the ionic 

strength the conductivity of the solution increases which in return causes Joule heating. 

Joule heating causes an increase in temperature, which results in decreasing the viscosity. 

Therefore, ionic strength has an influence on EOF and mobility of the eluent. The increase 

in migration time can be explained by decreasing the mobility of the eluents. The charged 

eluents are surrounded by the counterions of solution and the mobility direction of coun-

terions and eluents are different. By increasing the ionic strength of the solution, the num-

bers of counterions are increased and they drag the charged eluents toward the opposite 

direction, which causes the longer migration time [22]. The best baseline separation within 

reasonable migration time was achieved using 20 mM borate buffer. For this research, the 

concentration of buffer was defined as 20 mM. 

2.4.4 Separation voltage 

The first approach was to study the effect of voltage on separation of selected dyes. In the 

preliminary study a mixture of 3 dyes: alizarin 5 µg ml-1, carmine 10 µg ml-1 and morin 0.5 

µg ml-1 were prepared in borate buffer at 20 mM (pH = 9.2) and 3 voltages were investi-

gated: 16, 18 and 20 kV. The reason for choosing these voltages is as follows: in study of 
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buffer concentration by applying 16 kV the separation was achieved in 25 minutes which 

could be considered as a long practical time in this pilot study. Therefore, 16 kV was cho-

sen as minimum voltage to avoid longer migration time in lower voltages. In order to define 

the maximum voltage Ohm’s law is used. The changes of current were plotted as a function 

of voltage and when deviation from linearity happened (at 21 kV), it meant the voltage 

reached to the level, which generates Joule heating (Figure 2.6). Moreover, the separation 

of dyes above 20 kV in summer time was not always successful because of the increment 

of noise due to the interaction of moisture in the air with the electric field along the capil-

lary. 

 
Figure 2.6 Ohm’s law plot for 20 mM borate buffer with 20 mM SDS at pH= 9.2 

As it can be seen in Figure 2.7 by increasing voltage with 2 kV increments, the run 

time decreased about 2 minutes; therefore, by using 20 kV the separation was achieved in 

shorter time. Therefore, to study the effect of buffer pH and modifier, the separation was 

studied using 16 kV. 
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Figure 2.7 Separation of (1) 5 µg ml-1 alizarin, (2) 10 µg ml-1 carmine and (3) 0.5 µg ml-1 

morin using 3 applied voltages (a) 16 kV (b) 18 kV and (c) 20 kV, using borate buffer 20 
mM with 20 mM SDS (pH = 9.2). 

2.4.5 pH studies 

In the next part, the effect of different pH of 20 mM borate buffer with 20 mM SDS was 

investigated. The applied voltage for separation was 16 kV. Figure 2.8 shows the separa-

tion of 4 dyes at pH 8.0, 8.5, 9.2 and 10.0. According to Figure 2.8-a at pH= 8.0 the peak 

for alizarin is very small and could not be detected since it had overlapped with the begin-

ning of the tailing peak of purpurin, also carmine overlapped with the end of the tailing 

peak of purpurin.  

By increasing the pH to 8.5, the elution time increased. At this pH alizarin could be 

differentiated from purpurin, since purpurin showed a sharper peak but the baseline sepa-

ration had not been achieved. Regarding carmine and morin, they showed better baseline 

separation compared to pH= 8.0. Figure 2.8-c shows the separation of dyes at pH= 9.2. As 
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can be seen, the baseline separation of dyes was achieved, but still the peak shape of pur-

purin was not desirable since it had spread out. 

 
Figure 2.8 Separation of (1) 5 µg ml-1 alizarin, (2) 5 µg ml -1 purpurin, (3) 10 µg ml-1 

carmine and (4) 5 µg ml-1 morin at 16 kV, using different borate buffer pH values with 20 
mM SDS: (a) pH= 8.0, (b) pH= 8.5, (c) pH= 9.2 and (d) pH= 10.0. 

By increasing the pH to 10.0, the florescence properties of dyes decreased dramatically. 

This may have been due to the photochemical instability of dyes at this pH, which resulted 

in breaking down the molecule of dyes, decreasing their concentrations and in return de-

creasing their fluorescence. 

The pH studies showed that the migration time and pH were related and were consistent 

with the results from another research group [12]. It was proven that at higher pH, Joule 

heating occurs and that the negative charges on dyes increase. It is the reason for greater 

affinity of negatively charged eluents for the borate buffer, which resulted in formation of 

a complex between phenolic group in dyes with borate buffer [23]. 

Moreover, the separation of dyes at different pH values 8.0, 9.2 and 10.0 using higher 

voltage 20 kV was investigated. The results from this study are presented in Figure 2.9, 
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which shows by increasing the voltage the run time effectively decreased. For instance, in 

case of pH= 8.0 and 9.2 using 20 kV the dyes eluted 5 minutes earlier than using 16 kV. 

Moreover, using 20 kV applied voltage improved the peak shapes of all dyes except for 

carmine. It should be mentioned all dyes showed sharper peaks in both pH= 8.0 and 9.2 

buffer. In spite of improving the peak shapes using pH= 8.0, there was no baseline separa-

tion and the dyes eluted all together.  

 
Figure 2.9 Separation of (1) 5 µg ml-1 alizarin, (2) 5 µg ml-1 purpurin, (3) 10 µg ml-1 car-
mine and (4) 5 µg ml-1morin at 20 kV, using different borate buffer pH values with 20 mM 
SDS :(a) pH= 8.0, (b) pH= 9.2, (c) pH= 10.0. 

Increasing the voltage at pH= 10.0 did not improve the results and it appears that the 

dyes had lost their fluorescence properties at this pH. This observation as explained previ-

ously could be due to photochemical instability of dyes at this pH. Similar to using pH= 

10.0 with 16 kV, the results from using pH= 10.0 with 20 kV were inconsistent and in-

creasing the voltage did not improve the fluorescence properties of the dyes.  



2.4 Discussion 83 

 

According to the results from pH studies, it was decided to investigate the effect of modifier 

at different concentrations on separation at pH= 8.5. 

2.4.6 The Effect of modifier 

Low concentrations of organic solvents (as %) can have profound effects on the colligative 

properties of running buffers used in CE. Organic solvents affect the conductivity and vis-

cosity of buffer solutions in the capillary and therefore, have a dramatic effect on the sep-

aration of target compounds. For example, organic solvents such as methanol or acetoni-

trile have been used as chemical modifiers for improving peak shape and improving peak 

resolution, primarily as a result of longer migration times [24]. Other researchers have re-

ported that improved separations of anthraquinone dyes can be achieved with 10% acetoni-

trile in 30 mM sodium borate [3]. 

In a preliminary study the changes of fluorescence of alizarin, purpurin, carmine and 

morin as a function of percentage of different modifiers including methanol, acetonitrile 

and isopropanol were studied. The results of these studies are given in Figure 2.10.  

As shown in Figure 2.10 there was a relationship between fluorescence properties and the 

percentage of modifiers. The fluorescence intensities did generally decrease as the amount 

of modifier increased, this was true for the fluorescence of most dyes with the exception of 

purpurin in the presence of acetonitrile. It was concluded that by increasing the amount of 

methanol and isopropanol the fluorescence decreased at the same average percentage 

points, which were -0.14, -0.067, - 0.045 respectively for alizarin, purpurin and carmine. 

From this data it was concluded that alizarin was suppressed most and carmine least. 
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(a) 

 

(b) 

 

(c) 

Figure 2.10 a, b, c The fluorescence changes of dyes as a function of modifier percent-
ages: methanol (MeOH), acetonitrile (ACN) and isopropanol (IPA), (a) 5 µg ml-1 aliz-
arin, (b) 10 µg ml-1 purpurin, (c) 5 µg ml-1 carmine, at 16 kV, using 20 mM borate 
buffer concentration at pH= 9.2 with 20 mM SDS. 
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These graphs indicated that the effect of acetonitrile in decreasing the fluorescence in-

tensity of alizarin and carmine was less than the other 2 modifiers. The rate of fluorescence 

changes for carmine was less than alizarin (-0.039 vs. -0.12). However, the fluorescence 

changes of purpurin did not show the same trend and in the presence of 20% acetonitrile it 

fluoresced more intensely. This result was in agreement with the results reported by Miliani 

et al. [25]. Regarding the changes of fluorescence intensity of morin as a function of per-

centage of modifiers, it was concluded that the fluorescence decreased as follows: isopro-

panol> acetonitrile>methanol. (Figure 2.10-d). 

Moreover, there was an inverse variation between the changes of current as a function 

of modifier percentage. By comparing the slopes of Figure 2.11 it was concluded that the 

current was decreased more by isopropanol than by methanol or acetonitrile. 

 

(d) 

Figure 2.10 d The fluorescence changes of 2 µg ml-1 morin as a function of modifier 
percentages: methanol (MeOH), acetonitrile (ACN) and isopropanol (IPA) at 16 kV, using 
20 mM borate buffer concentration at pH= 9.2 with 20 mM SDS. 
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Figure 2.11 The changes of current as a function of modifier percentage methanol 
(MeOH), acetonitrile (ACN) and isopropanol (IPA) at 16 kV, using 20 mM borate buffer 
concentration at pH= 9.2 with 20 mM SDS. 

Also, the changes of migration time of dyes as the function of modifier percentage were 

studied. The results of these studies were given in Figures 2.12 (a-d).  This study showed 

that all dyes had a longer migration time in the presence of isopropanol, and methanol than 

acetonitrile. The data showed that morin had an increased migration time compared to other 

dyes. 
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(a) 

Figure 2.12 a Migration time changes of 5 µg ml-1 alizarin as a function of modifier 
percentages: methanol (MeOH), acetonitrile (ACN) and isopropanol (IPA), at 16 kV, 
using 20 mM borate buffer concentration at pH= 9.2 with 20 mM SDS. 
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(b) 

 

(c) 

 

(d) 

Figure 2.12 b, c, d Migration time changes of dyes as a function of modifier percentages: 
methanol (MeOH), acetonitrile (ACN) and isopropanol (IPA), (b) 10 µg ml-1 purpurin, 
(c) 5 µg ml-1 carmine, (d) 2 µg ml-1 morin at 16 kV, using 20 mM borate buffer concen-
tration at pH= 9.2 with 20 mM SDS. 
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In conclusion, the presence of isopropanol as a modifier caused the greatest decrease 

in current and consequently increased the migration time. Therefore, in this study isopro-

panol was not considered as a viable modifier.  

According to results from pH studies (Figure.2.8), it was concluded that at pH= 8.5 the 

individual dyes could be detected; alizarin and carmine showed overlapping respectively 

at the beginning and end of purpurin’s tailing peak. Therefore, it was decided to study 

whether adding modifier could improve the separation of these dyes at pH= 8.5. 

 In one study the effect of 2 different common modifiers was investigated: methanol and 

acetonitrile. The results from this study are presented in Figure 2.13. It shows that the 

application of methanol for separation of 4 dyes was achieved in a longer run time in com-

parison to application of acetonitrile. Additionally, using methanol suppressed fluores-

cence signals of dyes more than acetonitrile.  

 
Figure 2.13 Separation of (1) 5 µg ml-1 alizarin, (2) 10 µg ml-1 purpurin, (3) 10 µg ml-1 

carmine and (4) 0.5 µg ml-1 morin in (a) 20 mM borate buffer, (b) 20 mM borate and 5% 
acetonitrile and (c) 20 mM borate and 5% methanol. Adapted from Ref. [20] – Copyright: 
Taylor and Francis. 
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The effect of adding acetonitrile at different concentrations 5, 10, and 20% (v/v) to the 

mixture of dyes using 20 mM borate buffer at pH= 8.5 (Figure. 2.14) with 20 mM SDS 

was investigated.  

 

Figure 2.14 Separation of (1) 5 µg ml-1 alizarin, (2) 5 µg ml-1 purpurin, (3) 10 µg ml-1 

carmine and (4) 1µg ml-1morin at 16 kV, using borate buffer pH= 8.5 with 20 mM SDS, 
with different concentration of acetonitrile as modifier (a) no modifier, (b) 5% (c) 10% and 
(d) 20%. 

According to Figure 2 .14 at pH= 8.5, in spite of increasing the elution time by increas-

ing the amount of modifier, the best baseline separation was achieved at 20% acetonitrile. 

The peak size of purpurin showed enlargement.  

Since the presence of 20% acetonitrile at pH= 8.5 with separation voltage of 16 kV 

resulted in baseline separation of 4 dyes, the same condition of separation was investigated 

for pH 7.0, 8.0, 8.5 and 9.2. The results of these separations are summarized in Figure 

2.15. As it can be seen in Figure 2.15-a, the presence of 20% acetonitrile did not improve 

the resolution of the peaks at pH= 7.0. Without the presence of modifier, best baseline 
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separation of dyes was achieved at pH= 8.5. However, it was observed that the best sepa-

ration would result at pH= 8.0 by adding 20% acetonitrile. The resulting elution time was 

shorter and the peak shape of purpurin became sharper compared to its shape at pH= 8.5. 

 
Figure 2.15 Separation of (1) 5 µg ml-1 alizarin, (2) 5 µg ml-1 purpurin, (3) 10 µg ml-1 
carmine and (4) 1 µg ml-1morin at 16 kV, using 20 % acetonitrile at different borate buffer 
pH values with 20 mM SDS: (a) pH= 7.0, (b) pH= 8.0, (c) pH= 8.5 and (d) pH= 9.2. 

Figure 2.15-d depicted that the presence of 20% acetonitrile at pH= 9.2 increased the mi-

gration time, which could improve the separation of dyes. 

2.4.7 Voltage revisited 

Applied voltage is another parameter, which has a great effect on CE separation.  

As 4>. 1.6 and 4>. 1.13	show the electroosmotic and electrophoretic mobility are related 

to voltage, and by increasing square feet of voltage 4>. 1.17,	while maximum voltage 

should be in the criteria to avoid Joule heating.  

Since the results of adding 20% acetonitrile to different pH values using 16 kV showed 

that the best peak shapes of dyes were achieved at pH= 8.0, it was decided to study the 
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effect of voltage on separation of dyes.  The voltages for this study were 14, 18 and 20 kV. 

These voltages were chosen by considering the results from preliminary study of voltage 

at pH= 9.2 (Figure 2.7). Since at pH= 8.0 the dyes eluted faster than at pH= 9.2, it was 

decided to check voltage 14 kV. Also, by plotting Ohm’s law diagram (Figure 2.16), it 

was concluded that the maximum voltage of 20 kV could be used.   

 
Figure 2.16 Ohm’s law plot for 20 mM borate buffer with 20 mM SDS at pH= 8.0 

As Figure 2.17 depicts, by increasing the voltage, the run time has decreased: for ex-

ample the first peak which belonged to alizarin eluted at minute 11:30 using 14 kV and by 

increasing 2 increments to 20 kV, alizarin eluted at minutes: 10:20, 8:50 and 8:10.  Apply-

ing 20 kV (Figure 2.17- d) resulted in the best baseline separation as well as the sharpest 

and best peak shapes for all dyes. By applying higher voltage, the eluents migrate faster, 

and this is likely a reason that their peaks were sharper while purpurin was less spread out. 
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Figure 2.17 Separation of (1) 5 µg ml-1 alizarin, (2) 5 µg ml-1 purpurin, (3) 10 µg ml-1 

carmine and (4) 1 µg ml-1morin, using 20 % acetonitrile in borate buffer at pH= 8.0 with 
20 mM SDS, using different applied voltages: (a) 14 kV, (b) 16 kV, (c) 18 kV and (d) 20 
kV. 

2.5 Conclusion 

The objective of this chapter was to find out if CE-LIF could be applied for separation and 

identification of a selection of limited historically important dyes. In this study a collection 

of natural dyes which have been used in historical objects (textiles) was selected. These 

dyes were: 4 red anthraquinone dyes: alizarin, purpurin, carmine, and emodin, 8 yellow 

flavonoids; apigenin, luteolin, ap-7-O-glu, lu-7-O-glu (flavones), kaempferol, quercetin, 

morin, myricetin (flavonols), 1 yellow carotenoids dyes: crocin, 1 brown quinodic dye: 

lawson and 1 blue indigoids dye: indigo. 

 In CE-LIF the identification of dyes is based on their fluorescence properties which is 

affected by the excitation beam of laser source equipped with CE. Therefore, in order to 

choose the suitable available laser source which could be used for the dyes under this study, 
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the fluorescence property of each dye was examined using a fluorimeter. The selection of 

dyes was narrowed to anthraquinones, flavonoids, i.e. the dyes which did fluoresce using 

available laser sources. For preliminary studies the most important red and yellow dyes 

from anthraquinones and flavonoids were chosen: alizarin and purpurin the colourants in 

madder root, carmine the colourant in cochineal, and yellow morin dye belonging to fla-

vonoids found in old fustic. 

Since the available laser sources were at 488 nm, and 407 nm, therefore, the emission 

spectrum of each dye was collected using these 2 wavelengths. It was concluded the max-

imum emission wavelength of purpurin, carmine and morin was affected by the excitation 

wavelength and they showed red shifts when they were excited at 488 nm except for aliz-

arin, where the excitation wavelength did not significantly affect the maximum emission 

wavelength. The results from this pilot study showed that 407 nm diode laser source was a 

preferred for most dyes.  

Fluorometry studies also showed that the fluorescence intensity of alizarin and morin were 

more intense than other dyes and these results were in agreement with their electrophero-

grams.  

In order to remove scattered light and improve the detection limits of dyes different inter-

ference filters (500, 510, 535, 580, 615 and 630 nm) were installed in front of PMT. The 

535 nm filter was found the best filter for all dyes which provided the greatest amount of 

signal to noise ratio for most dyes.  

As mentioned before, separation in CE is affected by: the pH and concentration of 

buffer, the concentration of micelles, type and concentration of modifier, and applied volt-

age. According to literature [11, 12, 14, 26] CE in mode of MEKC with borate buffer at 
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pH= 9.2 and SDS was favorable for studying anthraquinone dyes. Therefore, borate buffer 

with 20 mM SDS was chosen as back ground electrolyte (BGE). The concentration of bo-

rate buffer was manipulated to achieve the baseline separation of dyes (applied voltage= 

16 kV). Increasing the concentration of borate buffer from 10 mM to 50 mM resulted in 

longer migration time with inferior fluorescence intensity of dyes. The baseline separation 

of the 4 dyes at shortest time with reasonable fluorescence intensity was achieved using 20 

mM borate buffer. 

Another experimental parameter in CE separation is applied voltage. Three voltages 

were investigated: 16, 18 and 20 kV. It was observed when 16 kV was applied with borate 

buffer at pH=9.2 and the separation was achieved in 25 minutes, therefore 16 kV was cho-

sen as minimum voltage to avoid longer migration time. The maximum voltage was de-

fined using Ohm’s law and plotting the current changes as the function of voltage, when 

deviation from linearity happened (at 21 kV), it meant the voltage reached to the level, 

which generates Joule heating. Baseline separation was achieved at 20 kV in shorter time.  

The role of buffer pH was also studied when the applied voltage was 16 k. The separa-

tion of 4 dyes was investigated using pH values: 8.0, 8.5, 9.2 and 10.0. This study showed 

that the migration time and pH were related proportionally and were consistent. By increas-

ing the pH= 10.0 the fluorescence intensity of dyes decreased dramatically, which might 

have been due to photochemical instability of dyes at this pH. It was observed that at lower 

pH the baseline separation was not achieved and dyes co-eluted. The same separation study 

was performed using 20 kV applied voltage, where resulted in shorter migration time and 

since dyes moved faster, the peak shapes of all dyes at pH< 9.2 were improved except for 
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carmine. Therefore, the effect of modifier at different concentrations on separation of aliz-

arin, carmine and morin at pH= 8.5 was investigated. It is worthy noted that low concen-

trations of organic solvents (as %) can have profound effects on the colligative properties 

of running buffers used in CE. In this preliminary study the changes of fluorescence inten-

sity of alizarin, purpurin, carmine and morin as a function of percentage of different mod-

ifiers including methanol, acetonitrile and isopropanol were studied. The fluorescence in-

tensities did generally decrease as the amount of modifier increased, this was true for the 

fluorescence of most dyes except for purpurin in the presence of acetonitrile. It was con-

cluded that the trend of decreasing the fluorescence intensity of dyes was: isopropanol> 

methanol> acetonitrile. Furthermore, the effect of modifier percentage on the current was 

studied and it showed that the current was decreased more by isopropanol than by methanol 

or acetonitrile. The effect of modifier on the migration time of the dyes was also explored 

and it was concluded that all dyes had a longer migration time in the presence of isopropa-

nol, and methanol than acetonitrile. Since, the presence of isopropanol as a modifier caused 

the greatest decrease in current and consequently increased the migration time. Therefore, 

isopropanol was not considered as a viable modifier. The effect of 5% methanol and 5% 

acetonitrile were studied on the separation of 4 dyes at pH= 8.5, applied voltage of 16 kV. 

The results showed that the application of methanol for separation of 4 dyes was achieved 

in a longer run time in comparison to application of acetonitrile. Additionally, using meth-

anol suppressed fluorescence signals of dyes more than acetonitrile. The effect of higher 

concentration of acetonitrile was also investigated on the separation of 4 dyes using the 

same separation conditions (pH= 8.5, V= 16 kV). In spite of increasing the elution time by 
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increasing the amount of modifier, the best baseline separation was achieved at 20% ace-

tonitrile. The same experiment was performed on the mixture of dyes at pH values:7.0, 8.0, 

and 9.2. The presence of 20% acetonitrile did not improve the resolution of the peaks at 

pH= 7.0. It was also observed that the best separation would result at pH= 8.0 by adding 

20% acetonitrile. The resulting elution time was shorter and the peak shape of purpurin 

became sharper compared to its shape at pH= 8.5.  

Therefore, the optimum condition for baseline separation of the 4 dyes under this study 

was defined by manipulating all these factors. The results from this study would be used 

for separation a selection of more than 4 dyes. 

Capillary electrophoresis is an effective tool for the separation and detection of small 

quantities of dye mixtures. From this work, it was observed that baseline separation of 

natural dyes could be achieved using CE in MEKC mode. This was also true for dyes that 

are very similar structurally such as alizarin and purpurin. When compared with to other 

dyes, the behavior of purpurin was unusual. The peaks for purpurin were exceptionally 

broad with elution times of ~1 minute. Attempts to improve the peak shape with chemical 

modifiers failed. The unusual peak shape of purpurin indicates that chemically, it behaves 

quite differently from alizarin at high pH. A second unusual property of purpurin is related 

to the reproducibility of peak heights. Over time, the purpurin peak height decreases sig-

nificantly which strongly suggests that degradation may be occurring, particularly at high 

pH.  

As a result of this preliminary study, chemical properties such as pH and the concen-

tration of organic solvents have a profound effect on the retention time and fluorescence of 
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target compounds such as alizarin or purpurin. Therefore, further study on separation of 

mixtures of different dyes is pursued in Chapter 3. 
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3.1 Introduction 

In this chapter, the separation parameters in MEKC-LIF were optimized for the separation 

of red and yellow historical dyes in 20 mM borate buffer with 20 mM sodium dodecyl 

sulfate (SDS). Separation conditions were optimized by changing pH, organic modifier 

(methanol and acetonitrile) concentrations, and applied voltage. The mixtures of dyes used 

in this study included: 4 anthraquinone dyes (alizarin, purpurin, emodin, carmine) and 6 

flavonoid dyes (luteolin, apigenin, ap-7-O-glu, lu-7-O-glu, kaempferol, quercetin, morin, 

and myricetin). For this work, dyes were introduced electro-kinetically (10 kV for 5 s) into 

a 50 cm capillary (10 µm id) and separated using a range running of potentials: 18, 20, 22, 

25 kV. Anthraquinone dyes, shown in Figure 1.1 are typically red in appearance and are 

plant or animal based dyes [1]. Plant-based anthraquinones can be found in the madder root 

(Rubia tinctorum) and rhubarb (Rheum rhabarbarum). The dyes in madder consist primar-

ily of alizarin and purpurin, while the dye in rhubarb consists of emodin. Cochineal and 

kermes dyes are examples of animal-based anthraquinones. Cochineal dyes are derived 

from the cochineal insect and consist of carminic acid. The lake form of carminic acid is 

commonly known as carmine and is often prepared using aluminum and calcium salts. 

Kermes is derived from the insect kermes vermilio and consists of kermesic acid, which is 

carminic acid aglycone[2]. 

Flavonoid dyes, shown in Figure 1.2, can be divided into 2 main groups: flavones and 

flavonols. Relative to anthraquinones, flavonoids are more prone to photo-chemically fad-

ing [3] and among the flavonoids, the flavonols tend to be less resistant to fading than 

flavones. Examples of flavone based yellow dyes are weld and dyer’s broom, which are 
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rich sources of luteolin and apigenin respectively.  Old fustic, Persian berries, and walnut 

are examples of sources for flavonol dyes. Old fustic consists of morin and kaempferol. 

Persian berries are a good source for quercetin and kaempferol, while walnut is a rich 

source of myricetin [2],[4]. 

A number of instrumental approaches have been used to identify and characterize dyes 

in historical objects. These include ultraviolet-visible (UV-Vis) reflectance spectroscopy 

[5-8], Fourier transform infrared spectroscopy [9-11] and Raman spectroscopy [12, 13]. 

The lack of specificity and poor sensitivity of these approaches make them less than ideal 

for detecting small quantities of dye. A number of separation techniques have also been 

explored and these include: thin layer chromatography (TLC) [14, 15] high performance 

liquid chromatography (HPLC) [16, 17], gas chromatography (GC) [18] and capillary elec-

trophoresis (CE) [19-26]. HPLC is a common technique for separation of dyes and can be 

equipped with many different detection schemes including UV-Vis and fluorescence de-

tection, photodiode array (DAD) and mass spectrometry (MS). In terms of application of 

GC for studying dyes, many dyes need to be derivatized as they are often large, polar mol-

ecules [27].  

Regarding application of CE for separation of historical dyestuffs relatively few papers 

have been published [21, 28-31]. The separation of anthraquinones and flavonoids using 

CE with MS detection has been described by Surowiec [20]. Capillary electrophoresis us-

ing micelles or micellar electrokinetic chromatography (MEKC) has been described for the 

separation of anthraquinones and flavonoids [21]. Maguregui [31] reported the separation 

of red dyes using MEKC. The separation of mixtures of red, yellow and blue dyes using 

MEKC has also been described [32].  



3.1 Introduction 103 

 

However, for the first time the feasibility study of application CE-LIF was explored in 

our lab to study selected historical dyes. From previous work (Chapter 2) it was concluded 

that CE-LIF could be used for separation and identification of 4 historically important dyes 

including alizarin, purpurin, carmine and morin. This pilot study showed that 407 nm laser 

source with 535 nm optical filter could be used for exciting the dyes. The background 

electrolyte was defined as 20 mM borate buffer with 20 mM SDS. The baseline separation 

of 3 dyes excluding purpurin, was achieved at pH values: 8.0, 8.5 and 9.2. However, when 

purpurin was in the mixture, it was an ongoing challenge to achieve the baseline separation 

between tailing peak of purpurin and carmine. Therefore, different parameters affecting 

CE separation were investigated, including: the pH of borate buffer, the acceptable range 

of applied voltage, the type and the range of concentration of modifiers. It was observed 

that the tailing peak of purpurin was improved by: lowering the pH (<9.2), and increasing 

the voltage (V= 18 kV). The baseline separation of purpurin and carmine was improved by 

adding 5% (v/v) acetonitrile. In this stage of the research the application of CE-LIF was 

investigated systemically on each class of dyes as well as a mixture of all of them. The 

objective of this phase of the research was to examine the feasibility of using CE-LIF for 

the separation and identification of the samples containing a more complicated mixture of 

dyes from different classes.  Since, the desired colour in textiles was achieved by mixing 

different colourants, e.g. the green colour in textile was the result of mixing indigo and 

weld. Therefore, the separation of individual class of dyes as well as a mixture of them 

were studied at pH values: 8.0, 8.5 and 9.2. Separation of the mixture of different classes 

of dyes brought challenges due to the co-elution of at least 2 dyes with each other. There-

fore, the effect of methanol and acetonitrile in different concentrations as modifiers, as well 
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as different applied voltages were investigated.  A collection of natural dyes which have 

been used in historical objects (textiles) was selected as: 4 red anthraquinone dyes: alizarin, 

purpurin, carmine, and emodin, 8 yellow flavonoids; apigenin, ap-7-O-glu, lu-7-O-glu  

(flavones), kaempferol, quercetin, morin, myricetin (flavonols), 1 yellow carotenoids dyes: 

crocin, 1 brown quinodic dye: lawson and 1 blue indigoids dye: indigo. The fluorescence 

study of dyes excluded dyes based on their fluorescence properties at 407 nm, the wave-

length of the available laser equipped with CE. The selection of dyes was narrowed to 

anthraquinones, flavonoids the dyes which did fluoresce using available laser sources. For 

preliminary studies in Chapter 2, the separation parameters were investigated on the most 

important red and yellow dyes from anthraquinones and flavonoids: alizarin and purpurin 

the colourants in madder root, carmine the colourant in cochineal, and yellow morin dye 

belonging to flavonoids found in old fustic.  

3.2 Experimental  

Separations were carried out using a laboratory-constructed CE instrument equipped with 

a post-column laser-induced fluorescence detection system [33].The injection end of a 50 

cm long, 10 µm inner diameter fused silica capillary (Polymicro Technologies) along with 

a Pt electrode connected to a high voltage supply (Spellman model CZE 2000), was placed 

into a buffer-filled vessel. The applied voltage across the capillary was typically 18, 20, 

22, and 25 kV. The detection end of the capillary, from which a 1 mm length of the external 

polyimide coating was removed by flame, was inserted into a quartz sheath flow cuvette 

with a 250 by 250 µm inner bore (Hellma). The system was grounded through the sheath 

flow buffer within the cuvette. A diode laser (Coherent) with a 407 nm output (90 mW) 
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was employed. Light from the laser was focused with a 6.3 X, N.A. 0.2 microscope objec-

tive (Melles Griot) approximately 10 µm below the detection end of the capillary. Emission 

was collected at 90° using a 60 X, N.A. 0.7 microscope objective (Universe Kogaku), 

passed through a 535 AF45 optical filter (Omega Optical) and a slit and then onto a pho-

tomultiplier tube (PMT, Hamamatsu model 1477). The analog PMT signal was collected 

and digitized using a Pentium 4 computer through a PCI-MIO-16 XE I/O board utilizing 

LabVIEW software (National Instruments) at 10 Hz. The same board was used to control 

the electrophoresis voltage and PMT bias. Data was analyzed using IgorProTM software. 

3.3 Reagents 

Dimethyl sulfoxide (DMSO), acetonitrile, sodium dodecyl sulfate (SDS) 99%, sodium hy-

droxide, were obtained from Sigma-Aldrich. Methanol was purchased from EMD Chemi-

cals Inc. and sodium borate was obtained from Mallinckrodt. The dyes used in this study 

were purchased from different suppliers. Myricetin, apigenin, ap-7-O-glu, morin, purpurin 

and kaempferol were from Sigma-Aldrich, emodin was from Acros Organics and alizarin, 

carmine, quercetin, luteolin, lu-7-O-glu were from Alfa Aesar. Fluorescein (Molecular 

Probes) was diluted and used for aligning the optics of the CE-LIF. Borate buffers used in 

this study also contained 20 mM SDS in Milli-Q water (18 MΩ · cm). Borate buffers with 

varying pH were prepared using different ratios of boric acid and sodium tetraborate. Care 

was taken to maintain a constant ionic strength of the buffers at different pH to allow the 

comparison of migration times of different electropherograms. For example, to prepare the 

buffer at pH= 9.2 only sodium borate was used and for pH= 8.0, 62.57 mM boric acid was 
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mixed with 4.36 mM sodium borate. All solutions were filtered using a 0.45 µm poly sy-

ringe filter. Standard solutions of dyes (1000 µg ml-1) were prepared by dissolving 10 mg 

of powder in 10 ml dimethyl sulfoxide (DMSO) and diluted as required to 0.2-10 µg ml-

1with buffer. An organic solvent was also added to the borate buffer to enhance peak shape. 

Methanol and acetonitrile were explored as the organic modifier. All solutions were cen-

trifuged prior to CE separation. 

3.4 Separation properties  

Experiments were carried out to examine the effect of pH, modifier and voltage on separa-

tion of the mixture of anthraquinones and flavonoids.  

3.4.1  Buffer pH studies 

As mentioned in Chapter 2, pH conditions can have dramatic effects on the separation of 

historical dyes in CE. In this study the separation parameters were investigated to achieve 

a promising separation of a mixture of selected anthraquinones and flavonoids using 20 

mM borate buffer with 20 mM SDS. Figure 3.1 shows the separation of 10 dyes at pH= 

6.5, 7.0, 7.5, and 8.0. In these separations, under all pH conditions the dyes eluted in 2 

zones: I and II where anthraquinones eluted mostly in zone I and flavonoids in zone II. 

This can be due to the special conformation of flavonoids where their C ring is not planner 

which reduces the attraction of eluents with micelles and increases their solubility in water 

resulting in longer migration time [34]. It can be seen that in the acidic and neutral pH 

values (6.5 and 7.0), Zone (I) is overlapped peaks of anthraquinone dyes and by increasing 

the pH at 7.5 and especially at 8.0, the  
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dyes eluted individually. 

 

Figure 3.1 Separation of selected anthraquinones and flavonoid dyes in 20 mM borate 
buffer and 20 mM SDS at pH values: (a) 6.5, (b) 7.0, (c) 7.5, and (d) 8.0 using an applied 
potential of 18 kV. The assigned peaks for pH 8:0 are as follows: (1) 3 µg ml-1 alizarin, (2) 
3 µg ml-1 purpurin, (3) 1 µg ml-1 emodin, (4) 2 µg ml-1 myricetin and 10 µg ml-1 carmine, 
(5) 1 µg ml-1 quercetin and 0.5 µg ml-1 morin, (6) 2 µg ml-1 luteolin, (7) 0.5 µg ml-1 
kaempferol, and (8) 1 µg ml-1 apigenin. 

As Figure 3.1-d shows alizarin and purpurin could separate from each other at pH= 

8.0 and the dyes could be assigned as: (1) alizarin, (2) purpurin, (3) emodin, (4) myricetin 

and carmine, (5) quercetin and morin, (6) luteolin, (7) kaempferol, and (8) apigenin. The 

peak 4 is the overlap of myricetin and carmine and peak 5 is the overlap of quercetin and 

morin. 

Wang et al. studied the migration time of selected flavonoids including Kaempferol 

and quercetin as a function of pH (7.0- 8.8) using MEKC. It was noted that by increasing 

pH from 7.0 to 8.1 with 0.1 increments, the migration time of kaempferol decreased and it 
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eluted after quercetin. This was in agreement with our observation (Figure 3.1- c, d peak 

7= kaempferol). However, at pH= 8.3 they co-eluted, and at pH> 8.4 the elution order 

reversed and kaempferol eluted prior to quercetin [34, 35].  

Khaledi et al. showed that the migration behavior of acidic solutes (HA) in MEKC is 

under the influence of 2 experimental parameters: pH values and micelle concentration, 

which impact the retention factor (k’) and mobility (µ). Retention factor (k’) in MEKC is 

defined as the ratio of the amount of the analyte associated into micelles to that in the 

aqueous phase. By increasing pH, the retention factor decreased, since at higher pH values 

the dissociated form (A-) is the dominate form which is negatively charged and is repelled 

by micelles. This is as opposed to lower pH values, where the protonated form (HA) is the 

dominate one showing more interaction with micelles. It was also concluded that the more 

hydrophobic solute has greater retention factor due to an increase in the partition coefficient 

into micelles. The changes of mobility in the micellar solution with pH variations did not 

show the same trend as retention factor did. It is dependent on the analyte type. By increas-

ing pH, the mobility of more hydrophobic compounds (the one with bigger k’ values) de-

creases and the differences between the mobility of undissociated and dissociated forms 

(HA, A-) is much lower than for the less hydrophobic compounds. In general, mobility of 

the less hydrophobic analytes showed greater changes with the pH variations. It is worth 

noting that in the micellar media the ionization constant of acidic compounds has a shift 

known as apparent dissociation constant in micellar solution (ka, app). It is related to binding 

constant of the dissociated and undissociated forms of analyte in the micelles as well as 

micelle concentration [36]. 
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The effect of modifier and voltage were investigated to achieve the baseline separation 

but it was concluded that at pH= 6.5, 7.0 and 7.5 not only methanol and acetonitrile at 

different concentrations (5%, 10% and 20%), but also using different voltages (18, 20, 22 

and 25 kV) did not improve the separation results.  

This study led us to investigate the effect of higher pH values (8.0, 8.5 and 9.20) on the 

separation of 4 dyes belonging to the same class of dyes anthraquinones, flavones and fla-

vonols (the subgroups of flavonoids) and the mixture of the aforementioned dyes. In gen-

eral, increasing the pH had a significant effect on the more hydrophobic compounds (fla-

vonoids) and a slight effect on the anthraquinones.  

pH studies on anthraquinones 

The effect of alkaline conditions (pH= 8- 9.2) on separation of the mixture of alizarin, 

purpurin, emodin, and carmine at 5 µg ml-1 are presented in Figure 3.2.  

 
Figure 3.2 Separation of selected 5 µg ml-1 anthraquinones in 20 mM borate buffer and 20 
mM SDS at pH values: (a) 8.0, (b) 8.5 and (c) 9.2 using an applied potential of 18 kV. The 
assigned peaks for pH= 8.0 and 8.5 are as follows: (1) alizarin, (2) purpurin, (3) emodin, 
and (4) carmine and for pH= 9.2: (1) alizarin, (2) emodin, and (3) carmine. 
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The comparison between the peak shapes of dyes at different pH values shows that at pH= 

8.5 alizarin (1) has the sharper peak compared to the other pH conditions (Figure 3.2-b).  

Regarding purpurin, its peak shape is less broad and sharper at pH= 8.0 but by increas-

ing the pH it gets broader, and at pH= 9.2 it is completely flat. Concerning emodin (3) and 

carmine (4), they have the sharpest peaks at pH= 8.0 compared to the other pH conditions 

but considering the shapes of the dyes’ peak the best baseline separation was achieved at 

pH= 8.5.  

Therefore, the peaks were assigned by running experiments at pH= 8.5 and the results 

are summarized in Figure 3.3. In all runs the concentration of all dyes was 5 µg ml-1. 

 
Figure 3.3 Separation of 5 µg ml-1 anthraquinones in 20 mM borate buffer and 20mM SDS 
at pH= 8.0 using 18 kV. Run (a): (1) alizarin, (2) purpurin, (3) emodin and (4) carmine, 
(b): (1) alizarin and (2) purpurin, (c): (1) alizarin and (2) emodin, (d): (1) alizarin and (2) 
carmine, and (e): (1) emodin. 

Figure 3.3-a shows the separation of alizarin, purpurin, emodin, and carmine. By run-

ning only alizarin and purpurin in run (b) it was confirmed that peak 1 and 2 in run (a) 
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belonged to alizarin and purpurin, respectively. The mixture of alizarin and emodin was 

injected in run (c) and peak 1 was assigned as alizarin and peak 2 as emodin. The mixture 

of alizarin (1) and carmine (2), were injected in run (d) and emodin was injected by itself 

in run (e). It can be seen that the small peak eluting at 10:20 belonged to emodin and likely 

can be considered as a contamination. This small peak can be identified in (a) and (c) at 

8:30 and 8:50, respectively. From this study, it was concluded that the dyes eluted in run 

(a) were: alizarin (1), purpurin (2), emodin (3) and carmine (4). 

Koyama et al. used MEKC (30 mM borate with 30 mM SDS at pH= 9.0 using 10% 

ACN; 80 mM borate at pH= 8.0) for separation of selected anthraqinones. Based on the 

molecules with fewer negative charges moving faster, it was concluded that the negative 

charges on the molecules with the OH groups at peri position with carbonyl group de-

creased due to hydrogen bonding. For instance, alizarin (1,2 dihydroxy anthraquinone) 

moves faster than (2,6 dihydroxy anthraquinone). It was also concluded that the negative 

charges on the molecules with ortho hydroxyl groups that form borate complex showed a 

longer migration times [37]. The elution order of 4 anthraquinones in our work can be 

explained by using this information. Carmine is the only dye that can form a borate com-

plex and eluted last in all pH values. Regarding alizarin, purpurin and emodin it can be 

concluded that alizarin with 2 OH groups has fewer negative charges compared to purpurin 

and emodin with 3 OH groups. Therefore alizarin eluted first. 

Weng et al. used 30 mM borate buffer at pH= 10.56 with 10% ACN and an applied 

voltage of 23 kV for separation of alizarin, purpurin and emodin. The elution order in this 

work is in agreement with our findings. Unexpectedly, as opposed to our finding that pur-

purin is not stable at pH above 8.5, the peak that Weng et al. reported was very sharp [38]. 
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Borate buffer as well as 20 mM ammonium carbonate buffer at pH= 9.0 and 5 mM 

phosphate buffer at pH= 8.5 were used for separation of anthraquinones by Puchalska et 

al. None of these buffers could resolve purpurin and emodin peaks. The elution order for 

both pH values were alizarin, co-eluted purpurin and emodin, and carmine. At pH= 8.0 and 

9.0 they eluted at 5:50, 5:55 and 6:50; and 6:30 6:50 and 9:30 minutes, respectively [19]. 

A mixture of dyes was separated using MEKC: 20 mM borate, 50 mM SDS, 1,3 dia-

mine propane at pH= 8.5, l= 50 cm, V= 20 kV and the elution order of anthraquinones was 

reported as alizarin, carmine, and purpurin, 8:30, 8:60 and 9:40 minutes, respectively. It 

seems using 1,3 diamine propane had an impact on mobility of carmine which eluted prior 

to purpurin [21]. The order of elution obtained for alizarin and purpurin using 10 mM tetra 

borate buffer and 15 mM SDS at pH= 8.5, V= 20 kV, and l= 61.5 cm was in agreement 

with our data where alizarin and purpurin eluted at 7:30 and 9:30 minutes [30]. The results 

reported by other groups confirm that the elution order of anthraquinones is the same at 

MEKC and CZE [38], [23, 39]. 

pH studies on Flavones  

The effect of alkaline pH on separation of the mixture of apigenin, ap-7-O-glu, luteolin, 

and lu-7-O-glu, are presented in Figure 3.4.  

Under all conditions O-glycosides luteolin and apigenin (peaks 1 and 2) eluted prior to 

aglycones (peaks 3 and 4), since glycosylation decreases migration time owing to increas-

ing polarity [34], [40], [41]. 

At pH= 8.0 and 8.5 lu-7-O-glu (1) eluted prior to ap-7-O-glu (2) with about 2 and 1 

minute difference, respectively. By reaching to pH= 9.2 (c) ap-7-O-glu (1) eluted prior to 
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lu-7-O-glu (2). The elution order of apigenin and luteolin was shifting by changing pH as: 

luteolin eluted prior to apigenin at pH = 8.5 and 9.2 and after at pH= 8.0. 

 
Figure 3.4 Separation of selected flavones in 20 mM borate buffer and 20 mM SDS at pH 
values: (a) 8.0, (b) 8.5 and (c) 9.2 using an applied potential of 18 kV. The assigned peaks 
in (a): (1) lu-7-O-glu, (2) ap-7-O-glu, (3) luteolin, and (4) apigenin. Run (b): (1) lu-7-O-
glu, (2) ap-7-O-glu, (3) apigenin, and (4) luteolin. In run (c): (1) ap-7-O-glu, (2) lu-7-O-
glu, (3) luteolin, and (4) apigenin. All dyes were 5 µg ml-1 except for apigenin which was 
0.5 µg ml-1. 

Wang et al. studied the changes in mobility of luteolin and apigenin as a function of 

pH in the range of pH= 8.8 to 9.3 with 0.1 increments. The results from this study showed 

that by increasing the pH from 8.8 to 9.2 the mobility of apigenin decreased and the mo-

bility of luteolin increased, and both dyes showed the same mobility between pH 9.1 and 

9.2 [42]. By increasing the pH, at pH =9.3 the mobility of apigenin did not change while 

luteolin showed an increase in the mobility. One can comment that the difference in the 

elution order of these 2 dyes can be due to the formation of borate complex by luteolin but 

Markham studied the effect of pKa on electrophoretic mobility of mono and di hydroxyl 

flavones in borate buffer at pH= 9.5 and it was concluded that in the case of mono hydroxyl 
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flavones, mobility decreases with an increase in pKa. The addition of the second hydroxyl 

group in the meta and para di hydroxyl flavones showed a minor influence on the pKa of 

mono hydroxyl compound with no obvious change in mobility. However, it was noticed 

that the mobility changed significantly when the second hydroxyl was introduced in the 

ortho position. The UV absorption study of 7,8-dihydroxyl flavones and 3’,4’-dihydroxyl 

flavones (luteolin) in borate solution showed a bathochromic shift in comparison to HCl-

Tris solution indicating the formation of borate complex. In the case of other di hydroxyl 

flavones such as 2’,3’- dihydroxyl flavone there was no changes in UV spectrum indicating 

that the borate complex did not form. The formation of borate complex depends on the 

acidity of the hydroxyl groups in alkaline pH; the more acidic hydroxyl groups showed a 

higher level of ionization which probably led to a higher amount of selective complex for-

mation [43].  

From this study, it can be concluded that the best separation was achieved at pH= 8.5. 

In order to assign the dyes’ peaks at pH= 9.2, different concentrations of dyes were used 

and the results are shown in Figure 3.5. A mixture of 4 dyes at 5 µg ml-1 except for apigenin 

which was 0.5 µg ml-1 was injected in run ‘a’. By increasing the concentration of lu-7-O-

glu to 7 µg ml-1 in run (b) there was an overlap between this dye and ap-7-O-glu (peak 1). 

In this run the concentration of luteolin was reduced from 5 to 2 µg ml-1 and it indicated 

that the last peak in run (b) belonged to luteolin. A small increase in amount of lu-7-O-glu 

in run (c), increased the size of peak 2. 
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Figure 3.5 Separation of selected flavones in 20 mM borate buffer and 20mM SDS at pH= 
9.2 using an applied potential of 18 kV. The assigned peaks in (a) are: (1) 5 µg ml-1 ap-7-
O-glu, (2) 5 µg ml-1 lu-7-O-glu, (3) 5 µg ml-1 luteolin, and (4) 0.5 µg ml-1 apigenin, in (b): 
(1) 5 µg ml-1 ap-7-o-glu and 7µg ml-1 lu-7-O-glu, (2) 0.5 µg ml-1 apigenin, and (3) 2 µg ml-

1 luteolin, in (c): (1) 5 µg ml-1ap-7-O-glu, (2) 10 µg ml-1 lu-7-O-glu, (3) 2.5 µg ml-1 luteolin, 
and (4) 0.7 µg ml-1 apigenin. 

 

Also, decreasing the amount of luteolin and increasing the amount of apigenin resulted 

in a smaller peak for luteolin and bigger peak for apigenin. It proved that peaks 3 and 4 

belonged to luteolin and apigenin, respectively. 

In order to assign the apigenin peak at pH= 8.0 several experiments were performed 

and the results are summarized in Figure 3.6. Peak 4 in run (a) was assigned as apigenin 

with a concentration of 0.5 µg ml-1. In following runs the concentration of all dyes were 

the same as used in run (a) except for luteolin which was reduced to 2.5 µg ml-1 in run (b) 

and increased to 8 µg ml-1 in run (c). 
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Figure 3.6 Separation of selected flavones in 20 mM borate buffer and 20 mM SDS at pH= 
8.0 using an applied potential of 18 kV. The assigned peaks in (a) are: (1) 5 µg ml-1 lu-7-
O-glu, (2) 5 µg ml-1 ap-7-O-glu , (3) 5 µg ml-1 luteolin, and (4) 0.5 µg ml-1 apigenin, and 
in (b): (1) 5 µg ml-1 lu-7-O-glu, (2) 5 µg ml-1 ap-7-O-glu, (3) 2.5 µg ml-1 luteolin, and (4) 
5 apigenin µg ml-1, in (c): (1) 5 µg ml-1 lu-7-O-glu, (2) 10 µg ml-1 ap-7-O-glu, (3) 8 µg ml-

1 luteolin, and (4) 5 µg ml-1 apigenin. 

The changes in peak size were compared with the results in run (a) indicating that only 

peak 3 had reduced in run (b) and increased in run (c). 

pH studies on flavonols  

The effect of alkaline pH (8.0- 9.2) on separation of the mixture of (5 µg ml-1) kaempferol, 

myricetin, quercetin, and morin is presented in Figure 3.7. The comparison between the 

separations of dyes at different pH conditions shows that at pH= 8.0 all dyes eluted in less 

than one minute and the last 2 dyes overlapped with each other (quercetin and morin). By 

increasing the pH, elution time increased e.g. at pH= 9.2 the dyes eluted in 22 minutes. By 

compromising the run time and the best baseline separation, it can be concluded that the 

best pH for separation of flavonols was pH= 8.5 (Figure 3.7-b).  
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Figure 3.7 Separation of selected flavonols in 20 mM borate buffer and 20 mM SDS at pH 
values: (a) 8.0, (b) 8.5 and (c) 9.2 using an applied potential of 18 kV. The assigned peaks 
in (a): (1) kaempferol, (2) myricetin, (3) quercetin, and morin. In (b) and (c): (1) 
kaempferol, (2) myricetin, (3) quercetin, and (4) morin. All dyes were 5 µg ml-1. 

 
It was observed that the retention times for these dyes appeared to change under differ-

ent pH conditions. This is likely a function of the slight differences in the pKa values of 

these dyes which are similar in magnitude to these pH values. For example, the pKa2 values 

have been reported in the literature for morin, kaempferol, and quercetin are 8.6, 9.0, and 

9.4 respectively [44]. Unfortunately, pKa values for myricetin using CE have not been re-

ported in the literature and other research groups have reported that pKa values can be quite 

different from these values depending on how they were determined [45]. Furthermore, 

pKa values for myricetin are difficult to determine due to the poor stability of this dye 

[45].Therefore, to be sure of the identity for each peak, under different pH conditions, so-

lutions containing a single dye or spiked solutions of dyes were injected and the retention 

times for each dye were compared to the mixture. In order to assign the peaks at pH= 8.0, 
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first a mixture of kaempferol, myricetin, quercetin, and morin at 5 µg ml-1 was injected 

(Figure 3.8-a). A mixture of dyes was injected in run (b) and the concentration of all dyes 

was reduced by a fifth (1 µg ml-1) except for kaempferol which was reduced by a tenth (0.5 

µg ml-1). The first and smallest eluting peak in run (b) belonged to kaempferol. 

 
Figure 3.8 Separation of selected flavonols in 20 mM borate buffer and 20 mM SDS at 
pH= 8.0 using an applied potential of 18 kV. The assigned peaks in (a) and (b) are: (1) 
kaempferol, (2) myricetin, (3) quercetin and morin. In run (a) the concentrations of all dyes 
were 5 µg ml-1 and in run (b) they were 1 µg ml-1 except for kaempferol which was 0.5 µg 
ml-1. 

Figure 3.9 shows different separations for identification of flavonols at pH= 8.5. A 

mixture of quercetin (1) and morin (2) were injected in run (a). Kaempferol and myricetin 

were added in run (b) and (c), respectively. The comparison of the elution times showed 

that peak (1) in both runs (b and c) belonged to kaempferol and peak (2) in run (c) belonged 

to myricetin. 
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Figure 3.9 Separation of a mixture of flavonols in a 20 mM borate buffer and 20 mM SDS 
at pH= 8.5 using an applied potential of 18 kV. Peak identities: Run (a): (1) 1 µg ml-1 

quercetin, (2) 2 µg ml-1 morin. Run (b): (1) 1 µg ml-1   kaempferol, (2) 1 µg ml-1 quercetin, 
(3) 2 µg ml-1 morin. Run (c): (1) 1 µg ml-1   kaempferol, (2) 4 µg ml-1 myricetin, (3) 1 µg 
ml-1 quercetin, (4) 2 µg ml-1 morin. 

In order to identify the peaks of flavonols at pH= 9.2 a different mixture of the dyes at 5 

µg ml-1 was injected Figure 3.10-a.  

 

Figure 3.10 Separation of selected flavonols in 20 mM borate buffer and 20 mM SDS at 
pH= 8.0 using an applied potential of 18 kV. The concentration of dyes was 5 µg ml-1 in 
all runs. The assigned peaks in (a): (1) kaempferol, (2) myricetin, (3) quercetin, and (4) 
morin. In run (b): (1) myricetin and in (c): (1) kaempferol and (2) myricetin. 
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Myricetin was injected as a single dye in run (b) helping to identify peaks (1) and (2) in 

both runs (a) and (c) as kaempferol and myricetin, respectively. 

Based on this preliminary research the elution order of each class of dye at pH= 8.0, 

8.5 and 9.2 was determined. This data can be combined to help understand the elution order 

of a mixture of dyes from different classes of dyes under different pH conditions. There-

fore, from Figures 3.2, 3.4 and 3.7 the following elution orders can be predicted: 

pH= 8.0: lu-7-O-glu, alizarin, purpurin, kaempferol, emodin, myricetin, ap-7-O-glu, (quer-

cetin + morin), carmine, luteolin and apigenin. 

pH= 8.5: lu-7-O-glu, alizarin, ap-7-O-glu, purpurin, emodin, (kaempferol + apigenin), car-

mine, luteolin, myricetin, quercetin, and morin. 

pH= 9.2: lu-7-O-glu, ap-7-O-glu, alizarin, emodin, carmine, luteolin, (kaempferol + apig-

enin), myricetin, quercetin and morin. 

3.4.2 The effect of Modifier on separation at pH= 8.0 

The addition of organic reagents to the buffer affects viscosity, zeta potential, dielectric 

constant and the electroosmotic flow (EOF) [46]. Reducing the EOF can help to resolve 

analytes that have small differences in electrophoretic mobility [47]. Figure 3.1 showed 

that the quality of separation of a mixture of dyes at pH= 8.0 (run d) was better than acidic 

pH conditions. However, at this pH myricetin overlapped with carmine (peak 4) and quer-

cetin overlapped with morin (peak 5). Adding an organic modifier was also a parameter 

that changed the quality of separation. Separations that were carried out in the absence of 

an organic modifier were generally not successful. McGhie et al. [48] examined the effects 
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of methanol on the migration order of a synthetic mixture of flavonoids that included apig-

enin. These authors concluded that 20% methanol gave the best separation. 

In this research, acetonitrile and methanol were used as modifiers for separating a mix-

ture of dyes at pH= 8.0 using 18 kV. The results are presented in Figure 3.11 and Figure 

3.12. For each run a fresh solution of the same mixture of the dyes was injected and by 

adding the modifier at 5, 10 and 20 % (v/v) the quality of separations was explored. It 

should be mentioned in this work as opposed to McGhie et. al’s finding [48], using 20% 

of either acetonitrile or methanol did not improve the separation. Since the results were not 

promising they are not presented. 

 
Figure 3.11 Separation of selected anthraquinones and flavonoid dyes (3 µg ml-1 alizarin, 
3 µg ml-1 purpurin, 1µg ml-1 emodin, 2 µg ml-1 myricetin, 10 µg ml-1 carmine, 1 µg ml-1 
quercetin, 0.5 µg ml-1 morin, 2 µg ml-1 luteolin, 0.5 µg ml-1 kaempferol and 1 µg ml-1 apig-
enin in a 20 mM borate buffer and 20 mM SDS at pH= 8.0: (a) no modifier, (b) in 5% 
(v/v), and (c) in 10% (v/v) of acetonitrile at 18 kV.  The assigned peaks for (a) and (b) are: 
(1) alizarin, (2) purpurin, (3) emodin, (4) myricetin and carmine, (5) quercetin and morin, 
(6) luteolin, (7) kaempferol, and (8) apigenin for (c) are the same as in (a) and (b), except 
for (3) emodin and myricetin, (4) carmine. 

The findings from identification runs (these results are presented in following section) 

showed that peak 4 in Figure 3.11-a was the overlap of myricetin and carmine, and peak 
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5 was the overlap of quercetin and	morin. In order to resolve the peaks, acetonitrile was 

added to the mixture at 5% and 10% (v/v), in run (b) and (c), respectively. It was concluded 

that at pH= 8.0 different concentrations of acetonitrile did not improve separation of these 

peaks. Also, by increasing the amount of acetonitrile the elution time for most of the dyes 

was increased except for kaempferol and apigenin, which eluted about the same time as in 

run (a). In the higher concentration of acetonitrile run (c), myricetin eluted at the same time 

as emodin. It was concluded that peak (3) was an overlap of these 2 dyes and peak (4) was 

carmine. 

The effect of methanol as a modifier is shown in Figure 3.12, where run (a) was with-

out modifier, and run (b) had 5% and (c) had 10% (v/v) of methanol, respectively.  

This data confirmed that methanol, the same as acetonitrile did not improve resolution 

of the peaks. By increasing the amount of methanol the same as acetonitrile the elution 

time of most dyes increased except for kaempferol and apigenin. Also, by increasing meth-

anol, fluorescence properties of most dyes, especially kaempferol decreased. As opposed 

to acetonitrile, methanol did not have any impact on the elution time of myricetin. There-

fore, the elution order of dyes in all runs were the same. Wang et al. noted that by adding 

the modifier, if the migration time of the eluents increased it was due to the dominant im-

pact of modifier on decreasing electroosmotic flow. If the migration time of the eluents 

decreased it was due to the dominant impact of the modifier on the interactions between 

eluents and micelles [35]. 
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Figure 3.12 Separation of selected anthraquinones and flavonoid dyes (3 µg ml-1 alizarin, 
3 µg ml-1 purpurin, 1µg ml-1 emodin, 2 µg ml-1 myricetin, 10 µg ml-1 carmine, 1 µg ml-1 
quercetin, 0.5 µg ml-1 morin, 2 µg ml-1 luteolin, 0.5 µg ml-1 kaempferol) in a 20 mM borate 
buffer and 20 mM SDS at pH= 8.0: (a) no modifier, (b) in 5% (v/v), and (c) in 10% (v/v) 
of methanol at 18 kV.  The assigned peaks for (a), (b) and (c) are: (1) alizarin, (2) purpurin, 
(3) emodin, (4) myricetin and carmine, (5) quercetin and morin, (6) luteolin, (7) 
kaempferol, and (8) apigenin. 

3.4.3 The effect of voltage on separation at pH= 8.0 

Experiments were carried out to examine the effect of applied voltage (18-25 kV) on the 

separation of these dyes without modifier and using 5% acetonitrile or 5%methanol. Fig-

ure 3.13 shows the separation of the mixture of aforementioned dyes at different voltages 

without modifier. Figure 3.14 and 3.15 show the effect of voltage on separation in the 

presence of 5% acetonitrile and 5% methanol, respectively. It should be mentioned in Fig-

ures 3.13 and 3.14 (runs: a, b and d) peak (8) before kaempferol (peak 9) is likely the 

impurity which was from emodin solution. Figure 3.13 indicated that by increasing the 

voltage the elution time decreased but it did not help to resolve the overlapping peaks (peak 

6 and 7).  
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Figure 3.13 Separation of selected anthraquinones and flavonoid dyes (3 µg ml-1 alizarin, 
3 µg ml-1 purpurin, 1µg ml-1 emodin, 2 µg ml-1 myricetin, 10 µg ml-1 carmine, 1 µg ml-1 
quercetin, 0.5 µg ml-1 morin, 2 µg ml-1 luteolin, 0.5 µg ml-1 kaempferol) in a 20 mM borate 
buffer and 20 mM SDS at pH= 8.0, at: (a) 18 kV, (b) 20 kV, (c) 22 kV and (d) 25 kV.  The 
assigned peaks for (a), (b) and (d) are: (1) alizarin, (2) purpurin, (3) emodin, (4) carmine, 
(5) myricetin, (6) quercetin and morin, (7) luteolin, (8) the impurity from emodin, (9) 
kaempferol, and (10) apigenin. In run (c) the peaks (1 to 7) are the same as assigned in 
other runs except peak (8) is kaempferol, and (9) is apigenin. Reproduced with permission 
from Ref [49].  – Copyright:  MDPI AG 

The same results were concluded from Figures 3.14 and 3.15. They show that using 

different voltages in the presence of modifiers at pH= 8.0 could not improve the baseline 

separation of myricetin and carmine as well as quercetin and morin. Using 5% methanol at 

20 kV (Figure 3.15 -b) had a minor impact on resolving the peaks. As it shows the peak 

belonging to quercetin eluted as a shoulder between myricetin and morin.   
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Figure 3.14 Separation of selected anthraquinones and flavonoid dyes (as mentioned in 
Figure 3.13) in presence 5% (v/v) of acetonitrile in a 20 mM borate buffer and 20 mM SDS 
at pH= 8.0, at: (a) 18kV, (b) 20 kV, (c) 22 kV and (d) 25 kV.  The assigned peaks for (a), 
(b) and (d) are: (1) alizarin, (2) purpurin, (3) emodin, (4) carmine, (5) myricetin, (6) quer-
cetin and morin, (7) luteolin, (8) the impurity from emodin, (9) kaempferol, and (10) apig-
enin. In run (c) the peaks are the same as assigned in other runs except peak (8) is 
kaempferol, and (9) is apigenin. (d: ) Adapted from Ref. [26] – Copyright: Elsevier 

 
Figure 3.15 Separation of selected anthraquinones and flavonoid dyes (as mentioned in 
Figure 3.13) in presence 5% (v/v) of methanol in a 20 mM borate buffer and 20 mM SDS 
at pH= 8.0: (a) 18kV, (b) 20 kV, (c) 22 kV and (d) 25 kV.  The assigned peaks for (a): (1) 
alizarin, (2) purpurin, (3) emodin, (4) carmine + myricetin, (5) quercetin and morin, (6) 
luteolin, (7) kaempferol, and (8) apigenin. In (b) the peaks are: (1) alizarin, (2) purpurin, 
(3) emodin, (4) carmine (5) myricetin, (6) quercetin, (7) morin, (8) luteolin, (9) kaempferol, 
and (10) apigenin.  In runs (c) and (d) the peaks assigned as: (1) alizarin, (2) purpurin, (3) 
emodin, (4) carmine, (5) myricetin, (6) quercetin and morin, (7) luteolin, (8) kaempferol, 
and (9) apigenin. 
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3.4.4 Identification of dyes at pH= 8.0 

In order to assign fluorescence peaks to specific dyes, the elution times of individual dyes 

were determined separately, prior to separating mixtures. To confirm the peak identity, the 

elution time of each dye was also determined relative to the other dyes by successively 

adding to or removing dyes from a known mixture. In order to identify the peaks at pH= 

8.0 small groups of dyes were injected and the peaks were compared. The results are given 

in Figures 3.16 and 3.17.  

  
(a) (b) 

 
(c) 

Figure 3.16 Separation of selected anthraquinones and flavonoid dyes in a 20 mM borate 
buffer and 20 mM SDS at pH= 8.0 using 20 kV. In run (a) peak identities: (1) alizarin, (2) 
purpurin, (3) myricetin, (4) and morin. Run (b) the peaks are: (1) alizarin, (2) purpurin, (3) 
myricetin, (4) quercetin + morin. Run (c) the peaks are assigned as: (1) alizarin, (2) purpu-
rin, (3) carmine, (4) myricetin, (5) quercetin + morin. 

A mixture of (1) 5 µg ml-1 alizarin, (2) 3 µg ml-1 purpurin, (3) 2 µg ml-1 myricetin, and 

(4) 0.2 µg ml-1 morin was injected in run (a) and the baseline separation was achieved. 
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The same mixture of dyes with the same concentration used in run (a) was prepared for 

run (b), including 2 µg ml-1 quercetin. This run showed that peak (4) had an increase 

which is evidence of overlapping of quercetin and morin. Run (c) shows the mixture of 

dyes used in run (b) including 10 µg ml-1 carmine, which eluted as a shoulder peak of my-

ricetin (peak 4). 

From this experiment elution order of dyes was defined as: alizarin, purpurin, car-

mine, myricetin, and overlapping of quercetin and morin. In the next study the peaks 

were assigned successively by removing dyes from a known mixture. The results are pre-

sented in Figure 3.17(a-i).  

Figure 3.17-a: a mixture of ten dyes 

In Figure 3.17-a a mixture of anthraquinones and flavonoid dyes were injected and 

the peaks were assigned a: (1) alizarin, (2) purpurin, (3) emodin, (4) myricetin and car-

mine, (5) quercetin and morin, (6) luteolin, (7) kaempferol, and (8) apigenin. It was hy-

pothesized that peak (4) is the overlap of myricetin and carmine and peak (5) is the over-

lap of quercetin and morin. In the following runs 2 or 3 dyes were removed from run (a).  

Figure 3.17-b: run (a) without quercetin (5) and luteolin (6) 

In Figure 3.17-b the same mixture of dyes used in run (a) was prepared excluding 

quercetin and luteolin. The comparison between these runs, showed that peak (5) in 

this run is smaller than peak (5) eluted in run (a) and belonged to morin. By remov-

ing quercetin, it was proved that peak (5) was an overlap of quercetin and morin in 

run (a). Since luteolin was excluded from the mixture, the comparison between run 

(a) and (b) shows that peak (6) in run (a) belonged to luteolin. 
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(a) (b) 

  
(c) (d) 

 
Figure 3.17  Separation of anthraquinones and flavonoid dyes in a 20 mM borate buffer 
and 20 mM SDS at pH= 8.0 using an applied potential of 25 kV. The concentrations of 
dyes were: 3 µg ml-1 alizarin, 3 µg ml-1 purpurin, 1 µg ml-1 emodin, 2 µg ml-1 myricetin, 10 
µg ml-1 carmine, 1 µg ml-1 quercetin, 0.5 µg ml-1 morin, 2 µg ml-1 luteolin, 0.5 µg ml-1 
kaempferol, and 1 µg ml-1 apigenin. Peak identities: run (a): (1) alizarin, (2) purpurin, (3) 
emodin, (4) myricetin and carmine, (5) quercetin and morin, (6) luteolin, (7) the impurity 
from emodin, (8) kaempferol, and (9) apigenin. Run (b): (1) alizarin, (2) purpurin, (3) 
emodin, (4) myricetin and carmine, (5) morin, (6) the impurity from emodin, (7) luteolin, 
(8) kaempferol, and (9) apigenin. Run (c): (1) alizarin, (2) purpurin, (3) myricetin and car-
mine, (4) quercetin and morin, (5) kaempferol, and (6) apigenin. Run (d): (1) alizarin, (2) 
purpurin, (3) carmine, (4) quercetin and morin, (5) luteolin, (6) kaempferol, and (7) apig-
enin. 
 
Figure 3.17-c: run (a) without emodin (3) and luteolin (6) 

In Figure 3.17-c emodin and luteolin were removed from the mixture used in run (a), but 

instead of 7 peaks, 6 peaks eluted. It was hypothesized that the third peak (peak 7 in run a) 

is the impurity of emodin. Therefore, peak (3) and (6) in run (a) were considered as emodin 

and luteolin, respectively. 
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Figure 3.17-d: run (a) without emodin (3) and myricetin (4) 

Myricetin and emodin were excluded from the mixture of dyes used for this run. 

By comparing the peaks in run (a) and (b) it was concluded that peak 3 and 4 in run (a) 

belonged to emodin and myricetin, respectively. Since in this run peak 7 did not show up, 

it was proved that peak 7 belonged to the impurity of emodin.  By removing myricetin peak 

4 belonging to carmine appeared. Therefore, in run (a) peak 4 was the overlap of these 2 

dyes. 

Figure 3.17-e: run (a) without myricetin (4) and kaempferol (8) 

In this run the same mixture of dyes used in run (a) was prepared; excluding myricetin and 

kaempferol. The peak assigned as (4) in this run is much smaller than peak (4) in run (a). 

It was concluded that by removing myricetin, the peak belonging to carmine could be ob-

served. Therefore, the hypothesis about peak (4) as an overlap peak of myricetin and car-

mine in run ‘a’ was true. Since in this run after peak (7) (the impurity peak) there is only 

one peak which belonged to apigenin, it can be concluded that peak (8) in first run belonged 

to kaempferol. 

Figure 3.17-f: run (a) without carmine (4) and apigenin (9) 

 In this run carmine and apigenin were not in the mixture injected. The comparison between 

this run and run (e) showed that peak (4) is myricetin which was superimposed above car-

mine. By comparing run (a), (e) and (f), it was concluded that the last peak in run (a) and 

(f) belonged to apigenin. 

Figure 3.17-g: run (a) without carmine (4) and morin (5) 

In this run carmine and morin were excluded from the mixture of dyes. Regarding carmine 

the data from run (d), (e), (f) established that in run (a) carmine peak was under the peak  
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was under the peak of myricetin. From run (b) it was concluded that quercetin was super-

imposed above morin.   

  
(e) (f) 

  
(g) (h) 

 
(i) 

(f) 
Figure 3.17 continued Peak identities: run (e): (1) alizarin, (2) purpurin, (3) emodin, 
(4) carmine, (5) quercetin and morin, (6) luteolin, (7) the impurity from emodin, (8) 
apigenin. run (f): (1) alizarin, (2) purpurin, (3) emodin, (4) myricetin, (5) quercetin and 
morin, (6) luteolin, (7) the impurity from emodin, (8) apigenin. run (g): (1) alizarin, (2) 
purpurin, (3) emodin, (4) myricetin (5) quercetin, (6) luteolin, (7) the impurity from 
emodin, (8) kaempferol, and (9) apigenin. run (h): (1) alizarin, (2) purpurin, (3) emodin, 
(4) morin, (5) luteolin, (6) the impurity from emodin, (7) kaempferol, and (8) apigenin. 
Run (i): (1) emodin, (2) the impurity from emodin. 
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Figure 3.17-h: run (a) without carmine (4), myricetin (4) and quercetin (5) 

In this run, there was no peak between emodin (peak 3) and morin (peak 4), and it can be 

used as another proof of overlapping myricetin and carmine. This finding was in agreement 

with results from runs (d), (e), (f) and (g). In this run by removing quercetin, the peak 

belonging to morin was revealed and established the conclusions made in run (b) and (g). 

Figure 3.17-i: only emodin 

Run (i) consisted only of emodin and revealed 2 peaks showing that peak (1) and (2) be-

longed to emodin and contamination, respectively. Peak 2 in this run is consistent with 

peak (7) in runs (a), (b), (e), and (f).  

From this study it was concluded that at pH= 8.0 the baseline separation for most dyes 

was achieved except in the case of carmine superimposed by myricetin and morin super-

imposed by quercetin. Different amounts of acetonitrile and methanol, as well as different 

applied voltages could not resolve these peaks. Therefore, the effect of higher pH was ex-

plored. It is worth mentioning that the separation of selected flavonoids using MEKC: 50 

mM phosphate with 25 mM SDS and 25 mM sodium cholate (trihydroxy bile salt) at pH= 

7.0, l= 40 cm and V= 20 kV was in agreement with our findings where kaempferol and 

apigenin eluted last after morin and quercetin [50]. The elution order of selected flavonoids 

in food sources using MEKC: 25 mM borate with 40 mM SDS at pH~8.2 and V= 20 kV 

showed the following elution order: luteolin, quercetin and apigenin, where the first 2 com-

pounds eluted at 7:40 and 7:53 minute,  and apigenin eluted at 11:30 minute, which is 

similar to our observation at pH=8.0 [51]. 
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3.4.5 The effect of Modifier on separation at pH= 8.5 

From Figures 3.11, 3.12 and 3.13 it was concluded that the baseline separation of the 

mixture of selected dyes was not achieved at pH= 8.0. Since, using modifiers and different 

voltages could not resolve the peaks, it was decided to explore the separation at pH= 8.5. 

The separation of a mixture of anthraquinones and flavonoids including 9 dyes at pH= 

8.5 was investigated. It was noticed that instead of 9 peaks only 7 peaks appeared. There-

fore, 2 dyes should have overlapped (Figure 3.18-a).  In order to separate these dyes, 5, 10 

and 20% (v/v) of acetonitrile or methanol was used; the results are given in Figures 3.18 

and 3.19. The Application of 20% modifiers did not help to resolve the peaks and therefore 

this data is not presented.  In order to have a better view of peak shapes the close up of 

each run is also included. 

In the next section, the identification of dyes is presented and by using this information, 

the peaks in Figure 3.18-a are assigned as: (1) alizarin, (2) emodin, (3) purpurin, (4) 

Kaempferol, (5) apigenin/myricetin, (6) luteolin/quercetin and (7) morin. 

Cao et al. studied the migration time of quercetin and luteolin as a function of pH using 

100 mM borate, V= 30 kV and it was shown that these 2 dyes had the same migration time 

at pH range 8.4- 8.8. Therefore, the reason for these 2 dyes overlapping can be due to 

having the same mobility [52]. 

Application of 5% acetonitrile resolved peaks of myricetin (5) and apigenin (6) as well 

as luteolin (7) and quercetin (8) (Figure 3.18-b). Therefore, in the presence of 5% acetoni-

trile at pH= 8.5 the baseline separation of 9 dyes was achieved.  
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(a) (b) 

 
(c) 

Figure 3.18 Separation of selected anthraquinones and flavonoid dyes (1 µg ml-1 alizarin, 
3 µg ml-1 purpurin, 1µg ml-1 emodin, 2 µg ml-1 myricetin, 1 µg ml-1 quercetin, 0.5 µg ml-1 
morin, 2 µg ml-1 luteolin, 0.5 µg ml-1 kaempferol, 1 µg ml-1 apigenin,) in a 20 mM borate 
buffer and 20 mM SDS at pH= 8.5, (a) no modifier, (b) in 5% (v/v), and (c) in 10% (v/v) 
of acetonitrile at 18 kV. The assigned peaks for run (a): (1) alizarin, (2) emodin, (3) pur-
purin, (4) Kaempferol, (5) apigenin/ myricetin, (6) luteolin/ quercetin and (7) morin. Run 
(b): (1) alizarin, (2) emodin, (3) purpurin, (4) Kaempferol, (5) myricetin, (6) apigenin, (7) 
luteolin, (8) quercetin and (9) morin. Run (c): (1) alizarin, (2) emodin, (3) purpurin, (4) 
Kaempferol, (5) apigenin, (6) myricetin, (7) luteolin, (8) quercetin and (9) morin. 
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In the presence of 10 % acetonitrile the dyes separated with a poor quality and low 

fluorescence signal, especially in the case of kaempferol (4), which eluted with purpurin 

(3).  

The effect of methanol as a modifier was explored to separate 10 dyes (the same mix-

ture used in Figure 3.18 including carmine) and the results are presented in Figure 3.19.  

In Figure 3.19-a, instead of 10 peaks, only 7 peaks were detected. By using 5% and 10% 

methanol the baseline separation of dyes was investigated. Using 5% methanol in run (b) 

did not allow the resolution of the peaks and there were overlaps between kaempferol and 

emodin (3), apigenin, carmine and myricetin (4), and luteolin and quercetin (5). 

By using 10% methanol the baseline separation of most dyes was achieved except for 

purpurin (2), kaempferol (3) and emodin (4).  The elution order was defined as: alizarin 

(1), purpurin (2), kaempferol (3) and emodin (4), apigenin (5), carmine (6), myricetin (7), 

luteolin (8), quercetin (9), and morin (10). 

For the separation of flavonoids in honey Delgado et al. [53] used MEKC: 200 mM 

boric acid, 50 mM SDS at pH= 8.5 and V= 20 kV, and found the following order between 

12 to 19 minutes: myricetin, quercetin and luteolin, kaempferol, and apigenin. This order 

is in agreement with our findings at pH= 8.0. But the findings reported by Delgado et al. 

at pH= 8.5 with 150 mM boric acid and 75 mM SDS resulted in separation of quercetin 

and luteolin although luteolin eluted prior to myricetin. It shows how the elution order can 

be affected by concentration of buffer and SDS [53]. Ng et al. used 50 mM borate/ phos-

phate buffer and 30 mM SDS at pH= 8.5 found that morin eluted prior to quercetin [54]. 
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(a)  (b) 

 
Figure 3.19 Separation of selected anthraquinones and flavonoid dyes (3 µg ml-1 alizarin, 
3 µg ml-1 purpurin, 1µg ml-1 emodin, 2 µg ml-1 myricetin, 10 µg ml-1 carmine, 1 µg ml-1 
quercetin, 0.5 µg ml-1 morin, 2 µg ml-1 luteolin, 0.5 µg ml-1 kaempferol, 1 µg ml-1 apigenin,) 
in a 20 mM borate buffer and 20 mM SDS at pH= 8.5, run (a) no modifier, (b) in 5% (v/v), 
and (c) in 10% (v/v) of methanol at 18 kV. The assigned peaks for run (a): (1) alizarin, (2) 
purpurin, (3) Kaempferol, (4) emodin, (5) apigenin/ myricetin/ carmine, (6) luteolin/quer-
cetin and (7) morin. Run (b): (1) alizarin, (2) purpurin, (3) Kaempferol/ emodin, (4) apig-
enin/ myricetin/carmine, (5) luteolin/ quercetin and (6) morin. Run (c): (1) alizarin, (2) 
purpurin, (3) Kaempferol, (4) emodin, (5) apigenin, (6) carmine, (7) myricetin, (8) luteolin, 
(9) quercetin and (10) morin. 

3.4.6 The effect of voltage on separation at pH= 8.5 

The effect of applied voltage (18-25 kV) on the separation of these dyes with and without 

modifier was explored. The results for separation of dyes without modifier are shown in 
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Figure 3.20. Figure 3.21 and 3.22 show the effect of voltage on separation in the presence 

of 5% acetonitrile and methanol, respectively.  

From Figure 3.20 it was concluded that apigenin eluted at different elution times; in 

run (a) and (d) after and in run (b) before myricetin. The best baseline separation for most 

dyes especially carmine (6) was achieved at 20 kV (run b). In this run emodin (4) eluted as 

a shoulder peak of kaempferol (3). Therefore, in following section, the modifiers were used 

to resolve peaks. 

 
Figure 3.20 Separation of selected anthraquinones and flavonoid dyes (the same concen-
tration used in Figure 3.19) in a 20 mM borate buffer and 20 mM SDS at pH= 8.5, at: (a) 
18 kV, (b) 20 kV, (c) 22 kV and (d) 25 kV. The assigned peaks for (a): (1) alizarin, (2) 
purpurin, (3) kaempferol, (4) emodin, (5) myricetin, (6) apigenin/ carmine, (7) luteolin, (8) 
quercetin, (9) morin. Run (b): (1) alizarin, (2) purpurin, (3) kaempferol, (4) emodin, (5) 
apigenin, (6) carmine, (7) myricetin, (8) luteolin, (9) quercetin, and (10) morin. Run (c): 
(1) alizarin, (2) purpurin, (3) kaempferol, (4) emodin, (5) apigenin/ myricetin, (6) carmine, 
(7) luteolin/ quercetin, (8) morin. Run (d): (1) alizarin, (2) purpurin, (3) kaempferol, (4) 
emodin, (5) myricetin, (6) apigenin/ carmine, (7) luteolin (8) quercetin, and (9) morin. 

Figure 3.21 presents the results of separation of dyes at different voltages using 5% 

(v/v) acetonitrile. It was concluded using 5% acetonitrile resolved carmine (6) and the best 
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baseline separation considering peak shapes and elution time was achieved at 22 kV. It was 

noticed that at lower voltages 18 kV and 20 kV (run a and b) emodin (3) eluted before 

kaempferol (4) and by increasing the voltage the order reversed. Except for these 2 dyes, 

the elution order for all runs was assigned as: alizarin (1), purpurin (2) emodin, kaempferol 

(3,4), apigenin (5), carmine (6), myricetin (7), luteolin (8), quercetin (9) and morin (10). 

 

Figure 3.21 Separation of selected anthraquinones and flavonoid dyes (as mentioned in 
Figure 3.19) in presence 5% (v/v) of acetonitrile in a 20 mM borate buffer and 20 mM SDS 
at pH= 8.5, at: (a) 18 kV, (b) 20 kV (c) 22 kV and (d) 25 kV.  The assigned peaks for (a) 
and (b) :(1) alizarin, (2) purpurin, (3) emodin, (4) kaempferol, (5) apigenin, (6) carmine, 
(7) myricetin, (8) luteolin, (9) quercetin, (10) morin. Run (c) and (d): (1) alizarin, (2) pur-
purin, (3) kaempferol, (4) emodin, the rest is the same as in run (a). 

The effect of 5% (v/v) methanol was explored and the results are shown in Figure 3.22. 

The comparison of the peaks showed that using 18 kV run (a), emodin (4) eluted as a 

shoulder peak of apigenin (5) and it superimposed carmine. It can be concluded that the 

baseline separation of dyes was achieved using 20 kV and 22 kV (runs b and c), except for 

emodin (3), which eluted at the same time with purpurin (2). As mentioned before 
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Puchalska et al. reported the co-elution of purpurin and emodin using MEKC at pH= 8.0, 

8.5 and 9.0 [19]. 

 

Figure 3.22 Separation of selected anthraquinones and flavonoid dyes (as mentioned in 
Figure 3.19) in presence 5% (v/v) of methanol in a 20 mM borate buffer and 20 mM SDS 
at pH= 8.5, at: (a) 18 kV, (b) 20 kV (c) 22 kV and (d) 25 kV.  The assigned peaks for run 
(a) and (d): (1) alizarin, (2) purpurin, (3) kaempferol, (4) emodin, (5) apigenin/carmine (6) 
myricetin, (7) luteolin, (8) quercetin, (9) morin. Run (b) and (c): (1) alizarin, (2) purpurin, 
(3) emodin, (4) kaempferol, (5) apigenin, (6) carmine, (7) myricetin, (8) luteolin, (9) quer-
cetin, (10) morin.  

3.4.7 Identification of dyes at pH= 8.5 

In order to assign the peaks at pH= 8.5 a series of runs were performed. The first run con-

sisted of a known mixture while in following runs dyes were added one at a time and the 

peaks were compared; the results are summarized in Figure 3.23. 

Figure 3.23-a shows the separation of a mixture of dyes. The eluted peaks were as-

signed as alizarin (1), purpurin (2), carmine (3) and morin (4). A fresh solution used in run 

(a) was prepared for run (b) including emodin. The comparison between these 2 runs 

showed that the new peak (3) located between purpurin and carmine belonged to emodin. 
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Myricetin was added in run (c) and comparison of the results confirmed that peak (5) be-

longed to myricetin. Quercetin was added to the mixture in run (d) and its peak did not 

show up. The comparison between peak (5) in run (c) and (d), shows that the height of this 

peak had increased and it was evident that quercetin should have overlapped with myrice-

tin.  

  
(a) (b) 

  
(c) (d) 

Figure 3.23 Separation of a mixture of dyes in a 20 mM borate buffer and 20 mM SDS 
at pH= 8.5, in 5% (v/v) of methanol, using an applied potential of 25 kV. The concen-
trations of dyes were: 3 µg ml-1 alizarin, 3 µg ml-1 purpurin, 5 µg ml-1 emodin, 2 µg ml-1 
myricetin, 10 µg ml-1 carmine, 2 µg ml-1 quercetin, 0.2 µg ml-1 morin. Peak identities: 
run (a): (1) alizarin, (2) purpurin, (3) carmine, (4) morin.  Run (b): (1) alizarin, (2) pur-
purin, (3) emodin, (4) carmine, (5) morin. Run (c): (1) alizarin, (2) purpurin, (3) emodin, 
(4) carmine, (5) myricetin, (6) morin. Run (d): (1) alizarin, (2) purpurin, (3) emodin, (4) 
carmine, (5) myricetin/ quercetin, (6) morin. 

  

From this study the following order was concluded: alizarin (1), purpurin (2), 

emodin (3), carmine (4), myricetin (5), quercetin (6) and morin (7). 
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In order to identify dyes the separation was performed without modifier at 18 kV. 

The results are presented in Figure 3.24. In the first run alizarin (1), purpurin (2), 

and morin (3) were injected and the result of this run was compared with run (b), 

where emodin was added to the mixture and it was assumed that the fourth peak 

belonged to emodin. The concentration of emodin was increased in run (c). Peak (3) 

is the only one that increased in size, so it was concluded that by increasing the 

amount of emodin, its elution order could change. It eluted earlier than morin as a 

shoulder peak.  

 

Figure 3.24 Separation of a mixture of dyes in a 20 mM borate buffer and 20 mM SDS at 
pH= 8.5 using an applied potential of 18 kV. Peak identities: run (a): (1) 3 µg ml-1 alizarin, 
(2) 3 µg ml-1 purpurin, (3) 0.5 µg ml-1 morin. Run (b): (1) 3 µg ml-1 alizarin, (2) 3 µg ml-1 

purpurin, (3) 0.5 µg ml-1 morin, (4) 1 µg ml-1 emodin, (5). Run (c): (1) 5 µg ml-1 alizarin, 
(2) 3 µg ml-1 purpurin, (3) 5 µg ml-1 emodin, (5) 0.5 µg ml-1 morin. Run (d): (1)10 µg ml-1 

alizarin, (2) 3 µg ml-1 purpurin, (3) 0.5 µg ml-1 morin, (4) 5 µg ml-1 emodin. Run (e): (1) 5 
µg ml-1 alizarin and 10 µg ml-1 purpurin, (2) µg ml-1 morin, (3) 10 µg ml-1 emodin.  
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Figure 3.24-d shows the separation of a fresh solution of 4 dyes and emodin elut-

ing after morin. In the last run, increasing the concentration of purpurin and morin 

caused an overlap peak of alizarin and purpurin (1), and off-scale peak for morin (2), 

respectively. 

The elution order of dyes under this condition should be as follow: alizarin, pur-

purin, morin, emodin (or emodin, morin). This order is different from the order con-

cluded from the combination of elution time of each class of dyes where morin eluted 

last and emodin was between purpurin and morin. 

Figure 3.25 shows the elution of a mixture consisting of, myricetin (b), quercetin (c), 

apigenin (d), emodin (e), kaempferol (f), and luteolin (g).  

 

Figure 3.25 Separation of a mixture of dyes in a 20 mM borate buffer and 20 mM SDS at 
pH= 8.5 using an applied potential of 18 kV. Peak identities: Run (a): (1) 0.5 µg ml-1 

kaempferol and 1 µg ml-1 emodin, (2) 1 µg ml-1 apigenin and (3) 2 µg ml-1 myricetin, 1 µg 
ml-1 quercetin and 2 µg ml-1 luteolin. (b): 2 µg ml-1 myricetin, (c): 1 µg ml-1quercetin, (d): 
1µg ml-1apigenin, (e): 1 µg ml-1 emodin, (f): 0.5 µg ml-1 kaempferol, and (g): 2 µg ml-1 

luteolin.  
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In this run instead of 6 peaks, only 3 peaks appeared because some dyes overlapped 

with each other. In order to assign these peaks each dye was injected individually and its 

elution time was compared with the peaks in run (a). It can be concluded that: peak (1) is 

the overlapping of emodin (e) and kaempferol (f), peak (2) belonged to apigenin (d), and 

peak (3) was the overlapping of myricetin (b), quercetin (c), and luteolin (g). This finding 

is in agreement with the order concluded for separation of each class of dyes (emodin, 

kaempferol /apigenin, myricetin, luteolin, quercetin and morin).  

Figure 3.25-a shows the elution of a mixture consisting of, myricetin (b), quercetin (c), 

apigenin (d), emodin (e), kaempferol (f), and luteolin (g). In this run, instead of 6 peaks, 

only 3 peaks appeared because some dyes overlapped with each other. In order to assign 

these peaks each dye was injected individually and its elution time was compared with the 

peaks in run (a). It can be concluded that: peak (1) is the overlapping of emodin (e) and 

kaempferol (f), peak (2) belonged to apigenin (d), and peak (3) was the overlapping of 

myricetin (b), quercetin (c), and luteolin (g). This finding is in agreement with the order 

concluded for separation of each class of dyes (emodin, kaempferol/apigenin, myricetin, 

luteolin, quercetin and morin). 

 In Figure 3.26 a mixture of 8 flavonoids were injected and it was noticed that there 

was an overlap between 2 peaks. The same dyes were injected in run (b) and concentration 

of apigenin (4) and quercetin (6) were increased; kaempferol (3) and luteolin (5) were de-

creased. The comparison of changes in the sizes of peaks helped to assign them. 
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Figure 3.26 Separation of a mixture of flavonoids in a 20 mM borate buffer and 20 mM 
SDS at pH= 8.5, in 5% (v/v) of acetonitrile, using an applied potential of 22 kV. Peak 
identities: Run (a): (1) 2 µg ml-1 lu-7-O-glu, (2) 2 µg ml-1 ap-7-O-glu, (3) 2 µg ml-

1kaempferol, (4) 2 µg ml-1 apigenin, 6µg ml-1 myricetin, (5) 2 µg ml-1 luteolin, (6) 1 µg ml-

1 quercetin, (7) 1µg ml-1 morin. Run (b): (1) 2 µg ml-1 lu-7-O-glu, (2) 2 µg ml-1 ap-7-O-glu 
(3) 1 µg ml-1kaempferol, (4) 4 µg ml-1 apigenin, 6 µg ml-1 myricetin, (4) 1 µg ml-1 luteolin, 
(6) 2 µg ml-1 quercetin, (7) 1µg ml-1 morin. 

It was hypothesized that myricetin and apigenin (4) eluted at the same time. In this 

study the elution order of flavonoids at pH= 8.5 was assigned as: lu-7-O-glu, ap-7-O-glu, 

kaempferol, apigenin/myricetin, luteolin, quercetin, morin. 

In Figure 3.27 the mixture of flavonoids excluding myricetin was injected and it proved 

that peak (4) was an overlap of myricetin and apigenin. In this run peak (5) was the overlap 

of luteolin and quercetin.  From Figure 3.27 the following order was concluded: lu-7-O-

glu, ap-7-O-glu, kaempferol, apigenin, luteolin/quercetin, and morin. 
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Figure 3.27 Separation of a mixture of flavonoids in a 20 mM borate buffer and 20 mM 
SDS at pH= 8.5, in 5% (v/v) of acetonitrile, using an applied potential of 22 kV. Peak 
identities: (1) 2 µg ml-1 lu-7-O-glu, (2) 2 µg ml-1 ap-7-O-glu, (3) 1 µg ml-1kaempferol, (4) 
1 µg ml-1 apigenin, (5) 1 µg ml-1 luteolin/ 1 µg ml-1 quercetin, (6) 1µg ml-1 morin.  

3.4.8 The effect of Modifier on separation at pH= 9.2 

The separation of anthraquinones and flavonoids were investigated at pH= 9.2. Figure 

3.28-a shows the separation of a mixture of 10 dyes without modifier. It was noticed that 

there should be an overlap between 2 peaks since only 9 peaks showed up. The results from 

Figure 3.28 showed that apigenin and luteolin overlapped. 
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Figure 3.28 Separation of selected anthraquinones and flavonoid dyes (5 µg ml-1 alizarin, 
10 µg ml-1 purpurin, 1 µg ml-1 emodin, 0.5 µg ml-1 kaempferol, 1 µg ml-1 apigenin, 2 µg 
ml-1 luteolin, 10 µg ml-1 carmine, 2 µg ml-1 myricetin, 1 µg ml-1 quercetin, 0.5 µg ml-1 
morin) , in a 20 mM borate buffer and 20 mM SDS at pH= 9.2, (a) no modifier, (b) in 5% 
(v/v), and (c) in 10% (v/v) of acetonitrile at 20 kV. The assigned peaks for (a): (1) alizarin, 
(2) purpurin, (3) emodin, (4) kaempferol, (5) apigenin/luteolin, (6) carmine, (7) myricetin, 
(8) quercetin and (9) morin. Run (b) and (c): (1) alizarin, (2) purpurin, (3) emodin, (4) 
kaempferol, (5) apigenin, (6) luteolin, (7) carmine, (8) myricetin, (9) quercetin and (10) 
morin. 

By using the data from Figure 3.35– Figure 3.40 (next section ) the peaks were 

assigned as: alizarin (1), emodin (2), purpurin (3), kaempferol (4), apigenin/ luteolin (5), 

carmine (6), myricetin (7), quercetin (8) and morin (9). Experiments were carried out to 

examine the effect of organic modifier concentration on the separation of these dyes using 

5-20% methanol or acetonitrile. Figure 3.28-b shows that using 5% acetonitrile could 

resolve apigein (5) and luteolin (6). Increasing the amount of acetonitrile resulted in co 

elution of apigenin (5) and luteolin (6). Moreover, 10% ACN did not improve the baseline 

separation of carmine (7). Figure 3.29 shows a close up of run b and c. 
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Figure 3.29 A close up of run b and c in Figure 3.28 

The elution order of flavonoids was consistent with data published by others groups 

using similar separation conditions (e.g. ionic strength) [48, 54]. 

The effect of methanol on separation of the mixture of dyes was investigated and the 

results are presented in Figure 3.30 and 3.31. In Figure 3.30-a a mixture of 9 dyes was 

injected and the number of peaks indicated that there was an overlap between 2 dyes. The 

peaks were assigned as: alizarin (1), emodin (2), purpurin (3), kaempferol (4), apigenin/ 

luteolin (5), myricetin (6), quercetin (7) and morin (8).  The comparison of run (b) and (c) 

indicated that the baseline separation of 9 dyes was achieved in the presence of 5% meth-

anol and it could separate luteolin from apigenin. However, increasing the amount of meth-

anol did not resolve the peaks and it caused the co-elution of luteolin and myricetin (run c, 

peak 6). 
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Figure 3.30 Separation of selected anthraquinones and flavonoid dyes (5 µg ml-1 alizarin, 
10 µg ml-1 purpurin, 10 µg ml-1 emodin, 0.5 µg ml-1 kaempferol, 1 µg ml-1 apigenin, 2 µg 
ml-1 luteolin, 2 µg ml-1 myricetin, 1 µg ml-1 quercetin, 0.5 µg ml-1 morin), in a 20 mM 
borate buffer and 20 mM SDS at pH= 9.2, (a) no modifier, (b) in 5% (v/v), and (c) in 10% 
(v/v) of methanol at 20 kV. The assigned peaks for (a): (1) alizarin, (2) emodin, (3) purpu-
rin, (4) kaempferol, (5) apigenin/luteolin, (6) myricetin, (7) quercetin and (8) morin. Run 
(b): (1) alizarin, (2) emodin, (3) purpurin, (4) kaempferol, (5) apigenin, (6) luteolin, (7) 
myricetin, (8) quercetin and (9) morin; run (c) (1) alizarin, (2) emodin, (3) purpurin, (4) 
kaempferol, (5) apigenin, (6) luteolin/ myricetin, (7) quercetin and (8) morin.  
  

Figure 3.31 shows the effect of methanol on separation of a mixture used in Figure 

3.30 including carmine. The separation of ten dyes are presented in Figure 3.31-a. The 

number of peaks in this run indicated that there was an overlap between 2 dyes. From the 

findings of Figure 3.30 it was concluded that peak (5) is the overlap of apigenin and luteolin 

(5); it was also noticed that carmine (6) was eluted as a shoulder peak of apigenin. By using 

5% methanol in run (b) luteolin (5) resolved from apigenin (6) but the baseline separation 

of carmine did not take place. It seems apigenin (6) superimposed carmine. Application of 
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10% of methanol in run (c) did not help the baseline separation of luteolin and apigenin, 

nor carmine. 

 

Figure 3.31 Separation of selected anthraquinones and flavonoid dyes (10 µg ml-1 alizarin, 
10 µg ml-1 purpurin, 1 µg ml-1 emodin, 0.5 µg ml-1 kaempferol, 1 µg ml-1 apigenin, 2 µg 
ml-1 luteolin,10 µg ml-1 carmine, 2 µg ml-1 myricetin, 1 µg ml-1 quercetin, 0.5 µg ml-1 
morin), in a 20 mM borate buffer and 20 mM SDS at pH= 9.2, (a) no modifier, (b) in 5% 
(v/v), and (c) in 10% (v/v) of methanol at 20 kV. The assigned peaks for (a) and (c): (1) 
alizarin, (2) emodin, (3) purpurin, (4) kaempferol, (5) apigenin/luteolin, (6) carmine, (7) 
myricetin, (8) quercetin and (9) morin. Run (b): (1) alizarin, (2) purpurin, (3) emodin, (4) 
kaempferol, (5) luteolin, (6) apigenin/carmine, (7) myricetin, (8) quercetin and (9) morin. 

Finally, with the addition of acetonitrile or methanol at concentrations up to 20%, no 

further improvement in the peak resolution of theses selected dyes was observed. One neg-

ative effect of adding increasing amounts of modifiers, was the suppression of the fluores-

cence signals of the dyes. Therefore, when using fluorescence detection, lower concentra-

tions of modifiers (5%) are recommended. In order to resolve the aforementioned peaks, 

in the following section the effect of voltage was investigated. 
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3.4.9 The effect of voltage on separation at pH= 9.2 

To examine the effect of voltage, 4 different voltages 18, 20, 22 and 25 kV were used for 

the separation of the mixture of 10 dyes. In these experiments either 5% acetonitrile or 5% 

methanol were added to the 20 mM borate buffer and 20 mM SDS at pH= 9.2. Figure 3.32 

shows the separation of the mixture of dyes using different voltages without modifier.

 

Figure 3.32 Separation of selected anthraquinones and flavonoid dyes (10 µg ml-1 alizarin, 
3 µg ml-1 purpurin, 1 µg ml-1 emodin, 0.5 µg ml-1 kaempferol, 1 µg ml-1 apigenin, 2 µg ml-

1 luteolin, , 10 µg ml-1 carmine,  2 µg ml-1 myricetin,  1 µg ml-1 quercetin, 0.5 µg ml-1 morin) 
, in a 20 mM borate buffer and 20 mM SDS at pH= 9.2 , at: (a) 18 kV, (b) 20 kV, (c) 22 
kV and (d) 25 kV The assigned peaks for (a) : (1) alizarin, (2) purpurin, (3) emodin, (4) 
kaempferol, (5) apigenin, (6) luteolin, (7) carmine, (8) myricetin, (9) quercetin and (10) 
morin. Run (b): (1) alizarin, (2) purpurin, (3) emodin, (4) kaempferol, (5) apigenin/ luteo-
lin/ carmine, (6) myricetin, (7) quercetin and (8) morin. Run (c): (1) alizarin, (2) purpurin, 
(3) emodin, (4) kaempferol, (5) luteolin, (6) apigenin/ carmine, (7) myricetin, (8) quercetin 
and (9) morin. Run (d): (1) alizarin, (2) purpurin, (3) emodin, (4) kaempferol, (5) luteolin, 
(6) apigenin, (7) carmine, (8) myricetin, (9) quercetin and (10) morin. Reproduced with 
permission from Ref [49].  – Copyright:  MDPI AG 
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Peak 5 in Figure 3.32-b was assigned as the co-elution of luteolin and apigenin. 

The comparison between the runs showed that in the absence of modifier, by increas-

ing the voltage, the peak resolution of luteolin (5) and apigenin (4) was improved 

(run c and d), but the baseline separation of carmine was not achieved. The results of 

the effect of different voltages in the presence of 5% acetonitrile are presented in 

Figure 3.33. It was concluded that using the highest voltage (25 kV, Figure 3.33-d) 

in the presence of 5% acetonitrile was the most useful voltage for resolving luteolin 

(5) and apigenin (6). 

 

Figure 3.33 Separation of selected anthraquinones and flavonoid dyes (the same concen-
trations used in Figure 3.32), in a 20 mM borate buffer and 20 mM SDS at pH= 9.2, using 
5% (v/v) of acetonitrile, at: (a) 18 kV, (b) 20 kV (c) 22 kV and (d) 25 kV The assigned 
peaks for (a): (1) alizarin, (2) purpurin, (3) emodin, (4) kaempferol, (5) luteolin, (6) apig-
enin, (7) carmine, (8) myricetin, (9) quercetin and (10) morin. Runs (b, c): (1) alizarin, (2) 
purpurin, (3) emodin, (4) kaempferol, (5) luteolin/apigenin, (6) carmine, (7) myricetin, (8) 
quercetin and (9) morin. Run (d): (1) alizarin, (2) purpurin, (3) emodin, (4) kaempferol, 
(5) luteolin, (6) apigenin, (7) carmine, (8) myricetin, (9) quercetin and (10) morin.  Repro-
duced with permission from Ref [49].  – Copyright:  MDPI AG. 
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Similar experiments were carried out using the same applied voltages in the presence 

of 5% methanol (Figure 3.34). The comparison of run ‘a’, ‘b’, and ‘c’ indicated that using 

different voltage in the presence of methanol, did not resolve the co-elution of carmine and 

luteolin, but did result in baseline separation of apigenin (5) and luteolin (6). It was ob-

served that using 25 kV applied voltage caused the overlap of apigenin, luteolin and car-

mine (5). 

 

Figure 3.34 Separation of selected anthraquinones and flavonoid dyes (the same concen-
trations used in Figure 3.29), in a 20 mM borate buffer and 20 mM SDS at pH= 9.2, using 
5% (v/v) of methanol, at: (a) 18 kV, (b) 20 kV, (c) 22 kV and (d) 25 kV The assigned 
peaks for (a) (b) and (c): (1) alizarin, (2) purpurin, (3) emodin, (4) kaempferol, (5) apig-
enin, (6) luteolin/carmine, (7) myricetin, (8) quercetin and (9) morin. Run (d): (1) alizarin, 
(2) purpurin, (3) emodin, (4) kaempferol, (5) luteolin/apigenin/ carmine, (6) myricetin, (7) 
quercetin and (8) morin. 

3.4.10 Identification of dyes at pH= 9.2 

In order to identify dyes at pH= 9.2 several experiments were performed and the results are 

presented in Figure 3.35 – Figure 3.40. In run (a) and (b) kaempferol (1) eluted first, and 
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in run (c) apigenin (1) eluted before luteolin (2). Therefore, the elution order of 3 flavonoids 

in run (d) was defined as: kaempferol (1), apigenin (2) and luteolin (3).  

 
Figure 3.35 Separation of a mixture of (1 µg ml-1 kaempferol, 5µg ml-1 luteolin ,1 µg ml-1 

apigenin, in a 20  mM borate buffer and 20 mM SDS at pH= 9.2, using an applied potential 
of 18 kV. Peak identities: run (a) (1) kaempferol, (2) luteolin, run (b): (1) kaempferol, (2) 
apigenin, run (c): (1) apigenin, (2) luteolin, and run (d): (1) kaempferol, (2) apigenin (2) 
and (3) luteolin. 

The results of studying the elution order of luteolin, apigenin, and quercetin are pre-

sented in (Figure 3. 36). It was observed that the elution order of apigenin differed, where 

in run (d) and (e) it eluted after or before luteolin. This study showed that in the mixture of 

these 3 dyes, quercetin eluted last and the elution order was defined as: luteolin/ apigenin, 

quercetin 
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Figure 3.36 Separation of a mixture of flavonoids in a 20 mM borate buffer and 20 mM 
SDS at pH= 9.2, using an applied potential of 18 kV.   Peak identities: run (a): (1) 2 µg ml-

1 quercetin, run (b): (1) 5µg ml-1 luteolin, (2) 1 µg ml-1 quercetin, run (c): (1) 1 µg ml-1 

apigenin, (2) 1 µg ml-1 quercetin. Run (d): (1) 5µg ml-1 luteolin, (2) 5 µg ml-1 apigenin, (3) 
5 µg ml-1 quercetin, run (e): (1) 1 µg ml-1 apigenin, (2) 1µg ml-1 luteolin (3) 1 µg ml-1 quer-
cetin  

 

Next, the elution order of emodin, kaempferol and myricetin was explored (Figure 

3.37). The comparison of run (a) and (b) shows that kaempferol (1) eluted prior to myricetin 

(2), and when emodin was added it eluted earlier than kaempferol. The order of elution was 

defined as: emodin (1), kaempferol (2), myricetin (3). 
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Figure 3.37 Separation of a mixture of 3 µg ml-1 myricetin, kaempferol, emodin in a 20 
mM borate buffer and 20 mM SDS at pH= 9.2, using an applied potential of 18 kV.   Peak 
identities: run (a): (1) myricetin, run (b): (1) kaempferol, (2) myricetin, and run (c): (1) 
emodin, (2) kaempferol, and (3) myricetin. 

It is worth nothing that at pH= 9.2 emodin (1) had a distorted peak which was possibly 

due to differences in the conductivity of the analyte (3 µg mL-1) and the carrier electrolyte 

[55].By decreasing the pH to 8.0 the emodin peak was more Gaussian in shape indicating 

that conductivity in the analyte band was no longer higher than the running buffer under 

these conditions (Figure 3.17-f peak 3).  

Figure 3.38 shows the separation of the same mixture of dyes including apigenin and 

quercetin. The findings from Figure3.32 and Figure3.33 established the elution of apig-

enin (3) after kaempferol (2) and quercetin (5) later. In order to assign the peaks, the con-

centration of kaempferol (2) and myricetin (4) were increased and resulted in greater sig-

nals in run (b). These findings helped to define the elution order of dyes as: emodin (1), 

kaempferol (2), apigenin (3), myricetin (4) and quercetin (5). 
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Figure 3.38 Separation of a mixture of dyes in a 20 mM borate buffer and 20 mM SDS at 
pH= 9.2, using an applied potential of 18 kV.   Peak identities: run (a): (1) 10 µg ml-1 

emodin, (2) kaempferol 1 µg ml-1, (3) 1 µg ml-1 apigenin, (4) 5 µg ml-1 myricetin, (5) 5 µg 
ml-1 quercetin. Run (b): (1) 10 µg ml-1 emodin, (2) 3 µg ml-1 kaempferol, (3) 1 µg ml-1 

apigenin, (4) 10 µg ml-1 myricetin, (5) 5 µg ml-1 quercetin. 

Figure 3.39 presents the identification of the mixture of dyes where in each run one 

dye was added to the mixture. Run (a) shows the baseline separation of alizarin (1), emodin 

(2) and morin (3). Luteolin (3) was added to the mixture in run (b) and it eluted after emodin 

(2). Run (c) shows that apigenin (4) was added to the mixture used in run (b) and it eluted 

after luteolin (3). The same mixture of dyes including kaempferol (3) was injected in run 

(d) and by decreasing the amount of kaempferol in run (e) its peaks decreased. Therefore 

it was assigned between emodin (2) and luteolin (4). Quercetin (6) was added to the same 

mixture of dyes used in run (d). The results from run (e) show that quercetin eluted before 

morin (7). The concentration of emodin, kaempferol and luteolin was increased in run (f) 

and peak (2) was an overlap of these 3 dyes. Peak 3, 4 and 5 were assigned as: apigenin, 
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quercetin and morin. From this study the elution order of dyes was defined as:  alizarin, 

emodin, kaempferol, luteolin, apigenin, quercetin, morin.  

 

Figure 3.39 Separation of a mixture of dyes in a 20 mM borate buffer and 20 mM SDS at 
pH= 9.2, using an applied potential of 18 kV.   Peak identities: run (a): (1) 5 µg ml-1 alizarin, 
(2) 5 µg ml-1 emodin, (3) 0.5 µg ml-1 morin. Run (b): (1) 5 µg ml-1 alizarin, (2) 5 µg ml-1 
emodin, (3) 5 µg ml-1 luteolin, (4) 0.5 µg ml-1 morin. Run (c): (1) 5 µg ml-1 alizarin, (2) 5 
µg ml-1 emodin, (3) 5 µg ml-1 luteolin, (4) 5 µg ml-1 apigenin, (5) 0.5 µg ml-1morin. Run 
(d): (1) 5 µg ml-1 alizarin, (2) 5 µg ml-1 emodin, (3) 6 µg ml-1 kaempferol, (4) 5 µg ml-1 

luteolin, (6) 3 µg ml-1apigenin and (7) 0.5 µg ml-1morin. Run (e): (1) 5 µg ml-1 alizarin, (2) 
5 µg ml-1 emodin, (3) 3 µg ml-1 kaempferol, (4) 5 µg ml-1 luteolin, (5) 4 µg ml-1 apigenin, 
(6) 5 µg ml-1 quercetin, and (7) 0.5 µg ml-1 morin. Run (f): (1) 5 µg ml-1 alizarin, (2) (7 µg 
ml-1 emodin, 5 µg ml-1 kaempferol, 6 µg ml-1 luteolin, (3) 4 µg ml-1 apigenin, (4)10 µg ml-

1 quercetin, (5) 0.5 µg ml-1 morin.  

The effect of concentration of kaempferol and luteolin on overlapping was explored 

and the results are given in Figure 3.40. A mixture of 3 µg ml-1 kaempferol (1), 3 µg ml-1 

luteolin (2) and 1 µg ml-1 apigenin (3) was injected (run a) and it was noticed luteolin was 

eluted as a shoulder peak of kaempferol. The amount of kaempferol and luteolin was de-

creased by one third in run (b) and the peak shape of luteolin was improved but the baseline 
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separation was not achieved. The amount of kaempferol was decreased by half in run (c) 

and it resulted in 2 separate peaks of kaempferol (1) and luteolin (2). 

 

Figure 3.40 Separation of a mixture of dyes in a 20 mM borate buffer and 20 mM SDS at 
pH= 9.2, using an applied potential of 18 kV. Peak identities: run (a): (1) 1 µg ml-1 

kaempferol, (2) 3 µg ml-1luteolin and (3) 1 µg ml-1apigenin; run (b): (1) 1 µg ml-1 

kaempferol, (2) 1 µg ml-1luteolin, (3) 1 µg ml-1 apigenin, (4) 5 µg ml-1  myricetin, (5) 1 µg 
ml-1  quercetin; run (c): (1) 0.5 µg ml-1 kaempferol, (2) 1 µg ml-1  luteolin, (3) 1 µg ml-1  
apigenin, (4) 2 µg ml-1  myricetin, (5) 5 µg ml-1  quercetin. 

In this study the elution order of dyes was investigated. 5 µg ml-1 myricetin and 1 µg 

ml-1 quercetin were added to the mixture of dyes (run a). The amount of quercetin and 

myricetin were changed to 5 µg ml-1 and 2 µg ml-1 respectively in run (c). The comparison 

of the peak sizes in these 2 runs showed that peak (4) and (5) belonged to myricetin and 

quercetin respectively.  

The elution order for these dyes was defined as: kaempferol, luteolin, apigenin, myricetin, 

and quercetin.To this point, it can be concluded that the base line separation of most dyes 

was achieved at pH= 8.5. From Figures 3.2, 3.4 and 3.7 it can also be concluded that the 
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fluorescence intensity of dyes was affected by pH. Therefore, in next section the detection 

limits of all dyes at pH values used in this study: 8.0, 8.5 and 9.2 were calculated. 

3.5 The detection limits for the dyes 

Apart from separation properties of the CE-LIF instrument, detection limits were also de-

termined for these dyes. Achieving low detection limits was important for this work prior 

to using this approach for identifying dyes in field samples. Furthermore, because of the 

small sample size requirement for CE separations, a low detection limit is also desirable 

for minimizing damage to potentially valuable samples such as museum objects. Detection 

limits for the dyes used in this study are shown in Table 3.1. For these separations, a 18 

kV and 20 mM borate buffer at pH = 8.0, 8.5 and 9.2. Detection limits were calculated by 

determining 3s of the background signal (n > 500) and by comparing the magnitude of the 

background signal to the signal of a standard of known concentration (5 µg ml-1 except for 

apigenin 0. 5 µg ml-1). Absolute detection limits (pg) were calculated by multiplying the 

volume injected by the concentration of the dye. The volume of each dye injected can be 

determined using the equation Eq 3.1 [56]:  

1uvw	 = 1xy8×	 Buvw 	÷ BC × 4uvw	 ÷ 4C	 																																																																			4>	3.1	        
      

Where:  							1uvw	 = volume of sample injected (L)  
1xy8  = volume of capillary (L) 
Buvw  = time that sample introduced in to capillary (s) 

BC  = migration time of the dye (s) 
4uvw	 = voltage applied for introduction of the sample into the capillary (V) 

4C  = the voltage applied for migration of the dye in the capillary (V) 
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For some dyes such as alizarin, changing the pH had little or no benefit, whereas for 

purpurin, the lower pH improved detection limits significantly which could be due to im-

provements in peak shape and an increase in peak height, without a significant increase in 

background noise. 

Table 3.1 Detection limits of selected anthraquinone and flavonoid dyes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Absolute limits of detection for most of these dyes was less than 0.1 pg except for ap-

7-O-glu at pH= 9.2 which was 0.128 pg. The comparison of changes in anthraquinones 

limit of detections (LOD) it can be concluded that except for carmine that showed the low-

est LOD at pH=8.0, for anthraquinones improved limit of detections were achieved at pH 

= 8.5. 

Dyes pH = 8.0 pH = 8.5 pH = 9.2 

ng ml-1 pg ng ml-1 pg ng ml-1 pg 

Alizarin 0.066 0.017 0.019 0.004 0.061 0.011 

Purpurin 0.222 0.055 0.195 0.040 N/A N/A 

Emodin 0.044 0.010 0.054 0.011 0.057 0.009 

Carmine 0.170 0.036 0.204 0.033 0.636 0.088 

Apigenin 0.005 0.001 0.030 0.005 0.006 0.001 

Ap-7-O-glu 0.064 0.014 0.149 0.033 0.680 0.128 

Luteolin 0.028 0.006 0.018 0.003 0.049 0.005 

Lu7-O-glu 0.011 0.003 0.012 0.003 0.090 0.017 

Kaempferol 0.008 0.002 0.049 0.008 0.014 0.001 

Quercetin 0.003 0.001 0.129 0.019 0.173 0.017 

Morin 0.002 0.001 0.075 0.010 0.010 0.001 

Myricetin 0.011 0.002 0.108 0.016 0.091 0.009 
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Regarding flavones, the LOD of glucoside forms of apigenin and luteolin slightly im-

proved by decreasing the pH. From Table 3.1 it can be concluded that pH=8.5 is the opti-

mum pH to have the lowest LOD for flavonoids. In case of flavonols, LOD was improved 

by lowering the pH except for kaempferol which showed the highest detection limit at 

pH=8.5. However, the best LODs for flavonols was pH=8.0, but comparison the baseline 

separation of these dyes (Figure 3.7), it can be concluded that pH=8.5 would be the best 

pH for CE separation.  

3.6 Conclusion 

It was observed that separation and identification of a limited number of dyes from the 

same class was not complicated. However, it was challenging when the separation and 

identification of a group of dyes from different classes were studied. Generally speaking, 

an increase in the number of dyes, increases the chance of having compounds with the 

same or close mobility lead to co-elution. Therefore, the key parameters in separation: pH, 

voltage and modifier should be manipulated to the extent that the baseline separation of all 

dyes is achieved in the shortest time.  

The first approach was the study of baseline separation and elution order of the dyes 

belonged to the same class at different pH values = 8.0, 8.5 and 9.2. Considering the peak 

shapes of anthraquinones: alizarin, purpurin, emodin and carmine the best baseline separa-

tion was achieved at pH= 8.5. It was also observed that at pH= 9.2, there was no peak for 

purpurin due to its instability and possible photo-decomposition at alkaline pH. The elution 

order of anthraquinones did not change at different pH values. Regarding flavones: apig-

enin, ap-7-O-glu, luteolin, and lu-7-O-glu, the results proved that pH= 8.5 was the best pH 
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to achieve the baseline separation. Concerning the elution order of these dyes it was noticed 

that at pH= 8.0 and 8.5 lu-7-O-glu eluted prior to ap-7-O-glu with about 2 and 1 minute 

difference, respectively. At pH= 9.2 ap-7-O-glu eluted prior to lu-7-O-glu. The elution or-

der of apigenin and luteolin was also shifting with changing pH as: luteolin eluted prior to 

apigenin at pH = 8.5 and 9.2 and after at pH= 8.0. It was observed that apigenin and luteolin 

showed similar mobility at pH= 9.2 and they easily displaced in different runs. This caused 

difficulty in assigning these peaks. Regarding flavonols: kaempferol, myricetin, quercetin 

and morin by compromising the run time and the best baseline separation, it can be con-

cluded that the best pH for separation of flavonols was pH= 8.5. The results from this study 

proved that the elution order of flavonols did not change significantly by changing the pH 

values. 

Another objective of this study was employing CE-LIF for separation and identification 

of the mixture of dyes belonged to different classes. In textiles the desired hue is often 

gained by mixing different colourants, e.g. the green colour was the result of mixing indigo 

and weld. Therefore, separation of the mixture of anthraquinones and flavonoids was stud-

ied. The separation of fresh solution of the mixture of dyes was studied at different pH 

values: 8.0, 8.5 and 9.2.  It was noticed at pH= 8.0, 2 peaks were missed and it was due to 

the co-elution of myricetin with carmine and quercetin with morin. To resolve these peaks, 

the effect of acetonitrile and methanol at 5% and 10% (v/v) was investigated. It was con-

cluded that at pH= 8.0 different concentrations of acetonitrile and methanol did not im-

prove separation of these peaks.  The effect of applied voltage (18-25 kV) on the separation 

with and without modifiers was studied. The results proved that different voltages in the 

presence of modifiers at pH= 8.0 could not improve the baseline separation of myricetin 
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and carmine as well as quercetin and morin. Using 5% methanol at 20 kV showed a minor 

impact where the peak belonging to quercetin eluted as a shoulder between myricetin and 

morin.  

The same systematic study was applied at pH=8.5 and 9.2. Separation at pH=8.5 re-

sulted in co-elution of kaempferol with emodin, apigenin with myricetin and carmine, and 

luteolin with quercetin. Using 5% (v/v) acetonitrile could resolve the peaks. While, using 

5% methanol did not allow the resolution of the peaks, but using 10% methanol the baseline 

separation of most dyes was achieved except for purpurin, kaempferol, and emodin. The 

effect of applied voltage on the separation of these dyes with and without modifier was 

explored. The best baseline separation for most dyes especially carmine was achieved at 

20 kV, and emodin eluted as a shoulder peak of kaempferol. The results of separation of 

dyes at different voltages using 5% (v/v) acetonitrile proved that the best baseline separa-

tion considering peak shapes and elution time was achieved at 22 kV. The effect of 5% 

(v/v) methanol at different voltages showed that at 18 kV emodin eluted as a shoulder peak 

of apigenin and it superimposed carmine. The best baseline separation of dyes was 

achieved using 20 kV and 22 kV, except for emodin, which eluted at the same time with 

purpurin. Separation at pH= 9.2 resulted in co-elution of apigenin with luteolin, and the 

peak belonged to purpurin could not be detected due to its instability at alkaline. Using 5% 

(v/v) acetonitrile could resolve apigenin and luteolin. While increasing acetonitrile did not 

help it caused that the peak of luteolin eluted as a shoulder with apigenin peak. The effect 

of 5% and 10% (v/v) methanol was studied on the separation of the mixture of dyes. It was 

noticed that in the presence of methanol the peak belonged to carmine shifted toward lute-
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olin/apigenin. Using 5% (v/v) methanol could resolve luteolin from apigenin but By in-

creasing methanol 10% (v/v) the co-elution of luteolin and apigenin happened and did not 

help for baseline separation of carmine. The effect of different voltages (18-25 kV) without 

and with 5% acetonitrile and 5% methanol was studied. In the absence of modifier, by 

increasing the voltage, the peak resolution of luteolin and apigenin was improved but the 

baseline separation of carmine was not achieved. The results of the effect of different volt-

ages in the presence of 5% acetonitrile showed that using the highest voltage 25 kV was 

the most useful voltage for resolving luteolin and apigenin. Using different voltages in the 

presence of 5% (v/v) methanol, did not resolve the co-elution of carmine and luteolin, but 

did result in baseline separation of apigenin (5) and luteolin (6). It was observed that using 

25 kV applied voltage caused the overlap of apigenin, luteolin and carmine (5). The elution 

order of dyes from the same class in the mixture of dyes showed the same order observed 

for each of them except for kaempferol at pH= 8.0. However, the elution order of a group 

of 4 flavonols, at pH= 8.0, 8.5 and 9.2 were the same: kaempferol, myricetin, quercetin and 

morin. These dyes showed the same elution order in the mixture of dyes at pH= 9.2 and 

8.5 except kaempferol eluted last before apigenin. The comparison of the dyes eluting close 

to kaempferol at all pH conditions indicated that kaempferol eluted close to apigenin. 

Therefore, the change of the elution order of kaempferol at pH= 8.0 may be due to the 

interaction between kaempferol and apigenin.  

Defining the best separation condition is a challenging task since by manipulating the 

separation factors one issue was solved while another one was raised. For instance, at pH= 

8.5 the co-elution of luteolin and quercetin as well as carmine and myricetin were observed. 

However, by decreasing the pH to 8.0 luteolin and quercetin were separated but the co-
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elution of quercetin and morin as well as carmine and myricetin were observed. Using 

different voltages and modifiers did not resolve peaks at pH= 8.0. It is also worth noting 

that the fluorescence properties of dyes are affected by pH.  Also, the separation of purpurin 

using CE-LIF under alkaline condition can be complicated by reproducibility in peak 

height and peak shape. Therefore, selecting a pH is a compromise between detectable flu-

orescence signals and the baseline separation of dyes. It was concluded that the base line 

separation of all dyes was at pH= 8.5 using 5% acetonitrile and applied voltage of 22 kV, 

where also resulted in a well-shaped peak for purpurin. 

The interest in using MEKC with LIF for detection is driven by the need to develop 

minimally destructive methods for identifying dyes in historical objects such as textiles. 

The most important advantage of using LIF is that the low detection limits and high sensi-

tivity allow for the separation of very small quantities of sample, which makes this ap-

proach suitable for working with valuable historical objects and the results from the detec-

tion limits of dyes proved this hypothesis. 
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4.1 Introduction 

Chapters 2 and 3 have focused on the use of MEKC with LIF for the separation of selected anthra-

quinone and flavonoid dyes under alkaline conditions. In the initial separation study of 4 dyes: 

alizarin, purpurin, carmine and morin, it was observed that the peak for purpurin was not repro-

ducible after 60 minutes. Figure 4.1 shows a typical separation of these dyes that were dissolved 

in a solution of 20 mM borate buffer with 20 mM SDS. In the initial separation (I), these dyes 

were prepared fresh and were electrokinetically injected to the capillary. Under these conditions 

all of the dyes were well separated, however the relatively large peak for purpurin appeared to 

have significant peak broadening. This peak broadening appeared with purpurin even when fresh 

samples were separated. After this separation, the column was conditioned with NaOH for 10 

minutes and 20mM borate buffer for 10 minutes.  

 

Figure 4.1 Separation of selected dyes: (a) 5.0 µg ml-1 alizarin, (b) 10 µg ml-1 purpurin (c) 10 µg 
ml-1 carmine, (d) 0.5 µg ml-1 morin, at 18 kV, 20 mM borate buffer (pH = 9.2) and 20 mM SDS. 
(I) fresh solution, (II) same solution after 1 hour. Adapted from Ref [1].  – Copyright: Elsevier 



4.1 Introduction 173 

 

A second separation (II) of the same dyes solution was carried out approximately 60 minutes 

after the first separation and is also shown in Figure 4.1. In the second separation (II), the peaks 

for alizarin and carmine remained more or less unchanged. As opposed to the peaks for morin and 

purpurin, where both showed a decrease in peak size, particularly the peak for purpurin which 

decreased drastically to the point where it was essentially indistinguishable from the baseline. This 

result was unexpected since the alkaline conditions (pH = 9.2) of the borate buffer in these sepa-

rations were similar to those by other researchers for the separation of purpurin and other anthra-

quinones [2-4]. It is interesting to note that in one study other researchers have reported challenges 

with the extraction of purpurin from madder when water was used as a solvent [4]. In another 

study difficulties with the separation of alizarin and purpurin in madder lake using CE [5] were 

also reported. Regarding flavonols, the photochemical degradation properties of selected flavonols 

were also investigated by other groups [6] particularly with quercetin and kaempferol [7]. There-

fore, the problems observed in CE separation could be related to photochemical behaviors of  the 

dyes.   

This chapter pursues the CE separation issues regarding the peak shape and poor reproducibil-

ity of purpurin and some flavonols peaks. The objective of this research was to study the photo-

chemical properties of these dyes. In Chapter 1 it was mentioned that purpurin and alizarin are 

very similar structurally with purpurin having one additional OH group on the aromatic ring, and 

flavonols within flavonoids are the least resistance to fading. Thus, UV-Vis was performed to 

evaluate the chemical structure changes of the fresh solution and 60 minute old of each dye at pH 

values: 7.0, 9.2 and 11.0. These pH values were chosen to have maximum and minimum criteria 

around the pH used in CE. The UV-Vis spectra for each class of dye were analysed and it showed 
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that purpurin was the most unstable dye among anthraquinones, as well as myricetin and quercetin 

among flavonols. In order to investigate the relative stability of these dyes the rate of photo-de-

composition were studied by measuring the changes in fluorescence intensity over the time and 

plotting the natural log of fluorescence intensity of dyes as a function of time. The rate constant 

for photochemical fading of flavonols and purpurin at pH= 7.0, and 9.2, in light and dark condi-

tions was measured. Thin layer chromatography, NMR, and GC-MS were also performed to iden-

tify the photodegraded products of purpurin. The degraded products of other dyes were not iden-

tified and this can be pursued in future studies.  

In this study, the spectroscopic properties of purpurin and selected flavonols were investigated 

in an effort to explain the observations for their analysis using CE. It appeared that time and pH 

had a great impact on the changes in UV-Vis absorption and decline in fluorescence intensity of 

dyes. It could be concluded that, freshness and pH of dye solutions were extremely important for 

peak shape and reproducibility of peak height for these dyes. 

 

4.2 Experimental  

Separations were carried out on a laboratory-built CE instrument equipped with a post-column 

laser-induced fluorescence detection system [8]. The injection end of a 500 mm long, 10 µm inner 

diameter fused silica capillary (Polymicro Technologies, Inc., Phoenix, AZ, USA) along with a 

platinum electrode connected to a high voltage supply (Spellman model CZE 2000, Hauppauge, 

NY, USA) was placed into a buffer-filled vessel. The applied voltage across the capillary were 18 

and 22 kV. The detection end of the capillary, from which a 1 mm length of the external polyimide 
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coating was removed by flame, was inserted into a quartz sheath flow cuvette with a 250 by 250 

µm inner bore (Hellma Ltd, Concord, ON, Canada).  The system was grounded through the sheath 

flow buffer within the cuvette. A diode laser (Coherent, Inc., Santa Clara, CA, USA) with a 407 

nm output (90 mW) was employed. Light from the laser was focused with a 6.3 X, N.A. 0.2 mi-

croscope objective (Melles Griot, Irvine, CA, USA) approximately 10 µm below the detection end 

of the capillary. Emission was collected at 90° using a 60 X, N.A. 0.7 microscope objective (Uni-

verse Kogaku, Inc., Oster Bay, NY, USA) passed through a 535AF45 optical filter (Omega Opti-

cal, Inc., Brattleboro, VT, USA) and a slit and then onto a photomultiplier tube (PMT, Hamamatsu 

model 1477, Middlesex, NJ, USA). The analog PMT signal was collected and digitized using a 

computer through a PCI-MIO-16XE I/O board utilizing LabVIEW® software (National Instru-

ments™, Austin, TX, USA) at 10 Hz. The same board was used to control the electrophoresis 

voltage and PMT bias. Data was analyzed using IgorProTM software (Instrutech, Port Washington, 

NY, USA). A Varian Cary Eclipse fluorescence spectrophotometer (Varian Inc., Palo Alto, CA, 

USA) was used to measure the spectra of purpurin. Measurements were carried out using a quartz 

cell with a 10 mm path length. The excitation and emission slits were set to 5 and 2.5 nm respec-

tively. In addition to absorption spectra, emission spectra were also measured at a fixed excitation 

wavelength of 407 nm.  The PMT was set at 1000 V for the samples in pH = 9.2 and 850 V for the 

samples in pH = 7.0. UV spectra were recorded on a Shimadzu UV 250 spectrophotometer (Shi-

madzu Co. Ltd., Kyoto, Japan). 

Purpurin solutions of 5 µg ml-1 at pH = 9.2 and 7.0; and flavonols solutions of 10 µg ml-1 

at pH = 9.2, 8.5 and 7.0 were exposed to a Solux lamp (3500 K Colour Temp, Colour Rendering 

Index: CRI 99, 10° spread; Solux, Rochester, NY, USA) for 1 minute to 7 hours with 1, 5, 10, 20 
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and 60 minutes intervals. For kinetics experiments, the light source was positioned 40 cm from 

the purpurin cuvette and 30 cm from the sample cuvette containing the flavonol dyes. The energy 

of this light source is 8.29 µW per lumen (380-315 nm). By positioning the dye samples 30 cm 

from the light source, the total lux was estimated to be 1.2x105 lumens/m2.  

Proton NMR spectra of fresh purpurin, photodegraded purpurin and phthalic acid were ob-

tained usingh a Bruker 400 Ultrashield TM spectrometer (Bruker Biospin AG, Fallanden, Switzer-

land) in deuterated DMSO.  

Mass spectrometry studies were carried out on a Hewlett- Packard 5890 gas chromatograph 

coupled with a Hewlett- Packard 5970 mass selective detector (GC-MSD) (Palo Alto, CA, USA). 

The samples were separated on a Hewlett- Packard 19091S-133 capillary column (30 m X 0.25 

mm i.d., 0.5 µm thickness) type HP-5HS programmed from 70 to 275ºC, a column flow of 1-2 ml 

minute-1 at 70ºC.  The oven program was as follow: The initial temperature of the oven was 70ºC 

for 2 minutes. Temperature was increased 7ºC minute-1 up to 160ºC and held for 2 minutes and 

then it was increased 1ºC minute-1 up to 200ºC and at the end of the program it was increased 7ºC 

per minute up to 275ºC and held for 5 minutes. The initial temperature of the MSD was 280ºC. 

Mass spectra were recorded for a scan range of 50-550 m/z, with the standard threshold of 500 

m/z. The solvent delay was defined as 4 minutes.  

Thin layer chromatography (TLC), was performed on a 6.5 x 5.0 cm silica gel 60 F 254 TLC 

plate (EMD Chemicals Inc., Darmstadt, Germany). The samples were spotted by 25 µl micropi-

pette (VWR international). The plate was developed in ethyl acetate and read in visible light and 

254 nm UV light (Entela, USA). 
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4.3 Reagents 

Dimethyl sulfoxide (DMSO), acetonitrile, sodium dodecyl sulfate (SDS) 99%, sodium hydroxide 

and purpurin and flavonol dyes (morin, Quercetin, myricetin) were obtained from Sigma-Aldrich 

(St. Louis, MO, USA). Kaempferol was purchased from Alfa Aesar (Ward Hill, MA, USA). Di-

ethyl ether was purchased from EMD Chemicals Inc. (Gibbstown, NJ, USA), and sodium borate 

was obtained from Mallinckrodt (Phillipsburg, NJ, MO, USA). Potassium phthalic acid was from 

Mallinckrodt (Phillipsburg, NJ, USA) which was acidified with HCl and phthalic acid was ex-

tracted with diethyl ether. Ethyl acetate was from BDH (PA, USA), deuterated DMSO was pur-

chased from CDN Isotopes (Quebec, Canada) and chloroform was obtained from Caledon Labor-

atories Ltd (Georgetown, ON, Canada). Fluorescein (Molecular Probes Inc., Eugene, OR, USA) 

was diluted and used for aligning the optics of the CE-LIF. Borate buffers used in this study also 

contained 20 mM SDS in Milli-Q water (18 MΩ·cm) (EMD Millipore Corporation, Billerica, MA, 

USA). Borate buffers with varying pH were prepared using different ratios of boric acid and so-

dium tetraborate. Care was taken to maintain a constant ionic strength of the buffers at different 

pH to allow the comparison of migration times of different electropherograms. All solutions were 

filtered using a 0.45 µm poly syringe filter. Standard solutions of dyes (1000 µg ml-1) were pre-

pared by dissolving 10 mg of powder in 10 mL dimethyl sulfoxide (DMSO) and diluted as required 

to 0.5-10 µg ml-1 with buffer. All solutions were centrifuged prior to CE separation. Each new 

capillary was conditioned with sodium hydroxide solution (100 mM) for 30 minutes, and back-

ground electrolyte (BGE) for 20 minutes. Moreover, after each measurement the capillary was 
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rinsed with sodium hydroxide solution (100 mM) for 15 minutes and background electrolyte 

(BGE) for 10 minutes. 

4.4 Discussion 

Since the peak shape and reproducibility of peak height are affected by both time and pH, therefore 

UV-Vis spectrophotometry was performed on a fresh solution of each dye at different pH values, 

as well as on the same solutions after 60 minutes of exposure to light. By collecting the UV-Vis 

spectra and observing the changes in chemical structure of dyes at each pH value, the optimum 

pH for CE separation would be determined. The results would also show how freshness of sample 

solutions could affect the reproducibility of peaks in CE.  

Then, the UV-Vis absorption properties of anthraquinones were studied. Purpurin was the most 

unstable dye belonging to this group and its photostability was investigated by performing fluo-

rescence spectrophotometry. Next, the same pattern of study was applied to flavonoids: and the 

photostability of 4 dyes belonging to flavonols was investigated.  

4.4.1 UV-Vis absorption properties of anthraquinones 

The UV-Vis absorption of anthraquinone dyes were studied as a function of time and pH values 

of 7.0, 9.2 and 11.0. These pH values were chosen to have maximum and minimum criteria around 

the pH used in CE. For these experiments, 2.5 ml sealed quartz cuvettes containing 10 µg ml-1 of 

each dye were prepared in 20 mM borate buffer and 20 mM SDS. The cuvette was sealed to min-

imize evaporation of solvent which allowed the UV-Vis spectra to be acquired after 60 minutes. 

The results of UV-Vis absorption for anthraquinones are presented in Figure 4.2. 
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As it can be seen all of dyes have 3 absorption bands corresponding to the chemical structure 

of groups in the anthraquinones. The absorption observed in UV region (240-270 nm) is due to 

electron transfer of benzenoid ring and one ketone group in the benzoquinone ring. However, the 

ketone groups cause 2 other absorption bands, between 285-345 nm and 345-654 nm, where the 

first band is due to the electron transfer and the second one is due to the local excitation of ketone 

functional groups [9].  

The absorption spectra of alizarin at pH= 7.0 and 9.2 showed the same shape and intensity 

with the maximum absorption around 450 nm. By increasing the pH to 11.0 the spectrum shifted 

to the red (lmax = 500 nm) Figure 4.2-a. According to literature, alizarin has 2 ionizable enolic 

functional groups with pKa1= 6.6 and pKa2 = 12.4 (Figure 1.1) that can be ionized in strong alka-

line conditions [10]. A net isosbestic point at 500 nm is assigned to the mono-anion form of aliz-

arin. The absorption changes observed after 1 hour was approximately the same as results observed 

initially (t= 0 minute).  
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Figure 4.2 The absorption spectra of anthraquinones at pH= 7.0, 9.2 and 11.0: a: alizarin, b: 
purpurin, c: emodin, and d: carmine. 
 

It indicates that in this time frame the mono-anion form of alizarin was stable and did not 

appear to undergo decomposition. 
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The absorption spectra of purpurin at pH= 7.0, 9.2 and 11.0 are depicted in Figure 4.2-b. 

Purpurin has pKa1= 4.7 and pKa2 = 9.5 [10], therefore, it can be concluded that the spectrum be-

longing to pH= 7.0 could be assigned to mono-anion form of purpurin with lmax = 512 nm.   

By increasing the pH (pH= 9.2), the absorption spectrum shifted to longer wavelength and 

caused a slight increase in absorbance (the molar absorptivity of dyes is given in Appendix A, 

Table A.4.1), at pH=11.0, a vibronically structure spectrum appeared with 2 absorption peaks at 

510 nm and 541 nm with lower intensity. Isosbestic points appeared at 440 nm and 550 nm for the 

neutral-mono-anion and mono-anion and di-anion couples, respectively. Figure 4.2-b shows that 

after 1 hour the absorption in the visible range (400- 600 nm) in all pH conditions declined re-

markably. It indicates that mono and di-anion forms of purpurin were not stable and decomposition 

occurred. 

The absorption spectra of emodin are presented in Figure 4.2-c. By increasing the pH, the 

maximum absorption shifted to longer wavelength. By considering the acid dissociation of emodin 

pKa1= 5.7 and pKa2 = 7.94 [11] it can be concluded that the spectrum at pH =7.0 with lmax= 447 

nm is due to mono-anion form of emodin. A net isosbestic point was observed at 471 nm for mono-

anion and di-anion couple. The absorption spectra of emodin after 1 hour were approximately the 

same as for minute zero. It can be due to the stability of mono and di-anion forms of emodin during 

this time frame, and they might have shown a decline over a longer period of time. Al-Nuri at al. 

studied the effect of pH on absorption spectra of emodin and it was observed that maximum ab-

sorption at 520 nm at pH=9 is due to the dissociation of di-anion to tri-anion  and by increasing 

the pH the lmax did not change  [12]. 
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Figure 4.2-d. shows the absorption spectra of carmine under alkaline pH values, with the max-

imum absorption around 520 nm. By increasing the pH to 11.0 the spectrum revealed a red shift 

(lmax= 529 nm). Carmine has one carboxylic group with pKa0= 2.9 and 3 ionizable enolic func-

tional groups at positions C-6, C-3 and C-8 with pKa1= 5.62, pKa2 = 8.7 and pKa3 = 12.2, respec-

tively. The enolic groups at C-5 and C-8 are less acidic due to the reducing of hydrogen mobility 

through hydrogen bonding with carbonyl groups, the tetra- anion would be formed at pH> 12 [13]. 

4.4.2 Photochemistry of purpurin 

The results from UV-Vis absorption showed that purpurin was the most unstable dye among 

anthraquinones. To investigate the relative stability of purpurin, fluorescence spectrophotometry 

was also performed. The rate of photo-decomposition was determined by measuring the decrease 

in the fluorescence intensity over time. The reasons why fluorometry was preferred over spectros-

copy for this study were high sensitivity and low detection limits as well as using solutions with 

lower concentrations. For these experiments, the fluorescence of purpurin was measured using a 

bench top fluorimeter with an excitation wavelength of 407 nm (5.0 nm slit). Addition for these 

experiments, buffered solutions (20 mM borate and 20 mM SDS) containing purpurin were ex-

posed to light from Solux bulbs. The spectral output of the light source used for this experiment 

was Gaussian shaped with a maximum at 600 nm. The quantity of energy hitting the sample was 

15 µW when placed at 200 mm from the light source.  These light sources were chosen because 

they produce a continuum of light in the visible spectrum.  Figure 4.3 (A-D) shows the fluores-

cence behavior of a 10 µg ml-1 solution of purpurin under light (A, C) and dark (B, D) conditions 

at pH =7.0 and pH = 9.2. Figure 4.3-A and 4.3-B show the effect of visible light and darkness on 
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the fluorescence of 10 µg ml-1 purpurin at pH = 9.2 respectively. Under these conditions, it was 

observed that purpurin was fading after a few minutes, even with the unaided eye. This property 

was not obvious visually when the dyes were present in a mixture, especially if other dyes are 

providing colour to the solution (Figure. 4.1). The photochemical change in purpurin buffered at 

pH = 9.2 is quite significant and after 8-10 minutes the solution became faded completely. For 

comparison, a similar experiment was carried out with a 10 µg ml-1 purpurin solution buffered at 

pH = 9.2 except the cuvette was shielded from visible light and the results of this experiment are 

shown in Figure 4.3-B.  

 

Figure 4.3 Changes in the fluorescence signal of purpurin over time under light and dark condi-
tions at different times (A) light, pH = 9.2 (a = 0, b = 1, c = 3, d = 8 minutes); (B) dark, pH = 9.2 
(a = 0, b = 20, c = 264 minutes) dark; (C) light, pH = 7.0 (a = 0, b = 10, c = 90, d = 480 minutes); 
(D) dark, pH = 7.0 (a = 0, b = 953 minutes). Adapted from Ref [1].  – Copyright: Elsevier 

Although some fading was observed under these conditions, the rate was significantly slower in 
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 the dark. This appeared to indicate that a photochemical reaction was the cause of the fading of 

purpurin. 

In order to understand the role of pH in this reaction, a similar experiment was also carried out 

at pH = 7.0 under light and dark conditions. Figure 4.3-C shows the fading of a 10 µg ml-1 purpurin 

solution when exposed to visible light. Under this condition, fading of purpurin was still occurring, 

however the rate of reaction was significantly slower. For comparison, the fluorescence of an 

identical purpurin solution was also measured under dark conditions (Figure 4.3-D) and under the 

same pH conditions. Under these conditions, the purpurin solution was quite stable, photo-chem-

ically, even after a relatively long period of storage. 

In order to assess the relative stability quantitatively, kinetics experiments were carried out to 

determine reaction order and rate constants under different pH conditions. Part of the motivation 

in assessing the order for this photochemical reaction was to observe whether other reactions were 

occurring under alkaline conditions (pH = 9.2). In order to verify if the decomposition of purpurin 

at each pH value follows the 1st order reaction, the natural log of fluorescence intensity of purpurin 

was plotted with respect to time under different pH conditions. Since all graphs had a linear profile 

with a negative slope, the reactions must be 1st order reactions following the 1st order rate equation 

4>. 1. 

J{ ?J|0;.*[.{[. = −!B + ln	[?J|0;.*[.{[.]R																																						4>. 1															 

where:  

J{ ?J|0;.*[.{[. = natural log of fluorescence intensity of purpurin at time B 

! =1st order rate constant *(+,  

J{	[?J|0;.*[.{[.]R = natural log of fluorescence intensity of purpurin at time 0 
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 Figure 4.4 shows the natural log of fluorescence plotted with respect to time under different 

pH conditions. For these experiments the decrease in fluorescence of purpurin followed 1st order 

kinetics with a high degree of linearity (r2 = 0.99 or higher) under all pH conditions. For compar-

ison, when the fluorescence data were also plotted using 2nd order kinetics, a linear plot was not 

achieved. Based on this it can be concluded that a 1st order reaction mechanism can be used to 

describe the photochemical fading of purpurin.  

 

Figure 4.4 The change in fluorescence of purpurin after exposure to visible light under different 
pH conditions. Adapted from Ref [1].  – Copyright: Elsevier 

Using the data from Figure 4.4 1st order rate constants were calculated for this reaction under 

different pH conditions and the results are summarized in Table 4.1.  

For comparison, rate constants for the fading of purpurin were also calculated under dark con-

ditions. The half-life data in Table 4.1 demonstrates that the stability of a 10 µg ml-1 solution can 

be doubled simply by decreasing the pH from 9.2 to 8.5. Decreasing the pH of a buffer solution 
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containing purpurin can certainly have noticeable beneficial effects on the peak shapes of most 

anthraquinone dyes depending on their respective pKa value. Unfortunately, decreasing the pH can 

have serious consequences on the separations of dye mixtures, especially if their respective pKa 

values are similar. 

Table 4.1 Rate constants for the decrease in fluorescence of purpurin under light and dark condi-
tions Adapted from Ref [1].  – Copyright: Elsevier 

pH  Light    Dark  
k(s-1) Half-Life (s) k(s-1) Half-Life (s) 

9.0  4.5	×	10(Å	 158  9	×	10()	 7.70	×	10Ç 

8.5 

8.0 

7.5 

7.0 

6.5 

 2.1	×	10(Å 

0.6	×	10(Å 

2.0	×	10(Ç 

5.0	×	10(É 

8.0	×	10() 

330 

1.16	×	10Å 

3.47	×	10Å 

13.9	×	10Å 

86.6	×	10Å 

 9	×	10() 

8	×	10() 

1	×	10() 

1	×	10() 

0.9	×	10() 

7.70	×	10Ç 

8.66	×	10Ç 

6.93	×	10É 

6.93	×	10É 

6.93	×	10É 

 
Experiments were also carried out to determine the identity of the degradation products. The 

goal of this part of the research was not to develop a reaction mechanism, rather it was to confirm 

the decrease in fluorescence was consistent with the expected decomposition products. Spectro-

photometry revealed that the decrease in fluorescence was consistent with the formation of a de-

composition product. Figure 4.5 shows the change in the UV-Vis absorption spectra of purpurin 

in borate buffer at pH = 9.2 over time. 
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Figure 4.5 Changes in the UV-Vis absorption spectra of purpurin over time under light condition 
at pH = 9.2 at different times (a = 0, b = 20, c = 60 minutes). Adapted from Ref [1].  – Copyright: 
Elsevier 

Previous research has speculated the formation of phthalic acid and salicylic acid as a result of 

decomposition of purpurin, [14] [15] however structural information was not provided. Figure 4.6 

shows a UV-Vis spectrum of phthalic acid in borate buffer at pH=9.2. The small peak which ap-

peared in faded purpurin at 280 nm appears to be consistent with phthalate, however other ap-

proaches were required to reveal the decomposition product with a reasonable amount of certainty. 

 

Figure 4.6 Absorption signal of phthalic acid at pH = 9.2. Adapted from Ref [1].  – Copyright: 
Elsevier 
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Thin layer chromatography (TLC) was also employed to determine if other decomposition 

products were formed from the photodecomposition of purpurin. There were 2 faded purpurin 

samples, one was faded in borate buffer and the other faded in deuterated chloroform. 1000 µg ml-

1 standard solutions of oxalic acid, salicylic acid, potassium phthalate acid (KHP), and 200 µg ml-

1 standard solution of phthalic acid in ethyl acetate were prepared. The standard solutions and 2 

faded purpurin samples were spotted with a 25 µl micropipette onto a TLC plate. The results of 

TLC separations (Figure 4.7) indicated the formation of 2 decomposition products from the faded 

purpurin and the mobility of these species were similar to that of salicylic acid (2) and potassium 

phthalate acid (3). 

 

Figure 4.7 Thin-layer chromatogram of: 1= oxalic acid, 2= salicylic acid, 3= potassium 
phthalate acid (KHP), 4= phthalic acid, 5= faded purpurin dissolved in borate buffer, 6= faded 
purpurin dissolved in CDCl3. 

Proton (1H) NMR studies were carried out on purpurin using deuterated DMSO and CHCl3 as 

solvents. The 1H NMR of fresh purpurin in DMSO-d6 (Figure A.4.1) showed a singlet at δ 6.68 

ppm (1H, s, H-3), multiples at δ 7.91-7.95 ppm (2H, m, H-6 and H-7), multiples at δ 8.21-8.23 

ppm (2H, m, H-5 and H-8), and singlets for the phenolic hydroxyl groups (OH-1, OH-2, OH-4) 
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at δ 11.63, 13.12 and 13.39 ppm.  The broad peak at δ 11.63 belongs to OH-2 which indicates 

weak intra-molecular H-bonding. The 1H NMR of faded purpurin in DMSO-d6 (Figure A.4.2) 

showed signals belonging to purpurin as well as faded products. The 1H NMR spectra of both 

purpurin and faded purpurin were found to be similar except for the 2 multiples at δ 7.57-7.63 ppm 

(2H, m, H-4 and H-5) and δ 7.77-7.78 ppm (2H, m, H-3 and H-6) as well as a singlet for the 

phenolic hydroxyl group OH-3. The 1H NMR of phthalic acid in DMSO-d6 (Figure A.4.3) also 

gave a pair of multiples at δ 7.57-7.60 ppm (2H, m, H-4 and H-5) and δ 7.65-7.68 ppm (2H, m, 

H-3 and H-6), the broad peak at δ 13.05 ppm is assigned to OH in the 2 carboxylic acid groups. 

These signals are consistent with those detected in faded purpurin. The NMR data for the faded 

purpurin was helpful in that it provided structural information that was consistent with phthalic 

acid. Unfortunately, the low sensitivity of 1H-NMR did not permit the identification of other de-

composition species.  

Gas chromatography with mass spectrometry (GC-MS) was also used to detect the decompo-

sition compounds in a 10 µg ml-1 solution of purpurin after exposure to light. For this experiment 

CHCl3 was used as a solvent and the GC-MS analysis of the faded purpurin solution identified as 

phthalic anhydride (phthalate ion) as the most significant species. When compared to the phthalic 

anhydride, other species such as salicylic acid (salicylate ion) and oxalic acid (oxalate ion) were 

not detected in significant quantities Figure 4.8 shows their chemical structures.  
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Figure 4.8 The chemical structures of salicylic acid and oxalic acid 
 

Ahn et al.  studied the mechanism of aerobic degradation pathway for alizarin and they be-

lieved the degradation products of other anthraquinones such as purpurin would be the same as 

alizarin. Figure 4.9 shows the mechanism and the degraded products introduced by Ahn et al [16]. 

 

 

Figure 4.9 The mechanism of aerobic degradation pathway for alizarin and degraded products 
 

 

The gas chromatogram and mass spectra of faded purpurin and phthalic acid are provided in 

appendix A: Figures A.4.4- A.4.6. Based on the kinetics experiments it was clear that pH could 

play an important role in improving the separation properties of purpurin. As shown in Chapter 3 

the peak shape and peak reproducibility of purpurin was affected drastically by slight changes in 
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pH. Regarding flavonols under alkaline conditions the reproducibility in peak height and peak 

shape was poor for morin and quercetin. Therefore, it was decided to study the UV-Vis absorption 

properties as well as the photochemical degradation properties of selected flavonols by following 

the same procedure applied for purpurin. Except for the concentration of dyes and the distance 

from the light source were different: 10 µg ml-1 vs 5 µg ml-1, and 20 vs 30 cm.  

4.4.3 UV-Vis absorption properties of flavonoids 

The flavonols used for this study were: kaempferol, quercetin, morin and myricetin. As men-

tioned in introduction under alkaline conditions (pH > 9) peak height of dye morin was also ob-

served to decrease noticeably with successive separations over periods of time that exceeded 1 

hour. The observed decrease in peak height ultimately resulted in a significant decrease in the 

sensitivity for these types of measurements over time. In order to evaluate the extent of this prob-

lem with flavonol dyes, UV-Vis spectrophotometry was employed to observe changes in the spec-

tral properties of flavonoids which would be indicative of changes in the flavonol dye structure. 

The UV-Vis absorption of flavonoids were studied employing the same procedure used for an-

thraquinones.  

The close consideration of chemical structure of flavonoids Figure 4.10 shows that they are 

made of 2 major systems: benzoyl and cinnamoyl consisted of A-ring and half of ring C; B-ring 

and other half of ring C, respectively. UV spectra of flavonoids are consisted of 2 major bands 

known as band I and II, which are located at 300-380 nm and 240-280 nm, respectively. Band I 

and II are considered to be associated with absorption involving B-ring and A-ring, respectively 

[17]. 
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Figure 4.10 The benzoyl and cinnamoyl systems in flavonoids 

The UV spectra of oxygenated A-ring flavonoids have more intense peaks in band II. Also, by 

introduction hydroxyl groups in B-ring in the same system (oxygenated A-ring flavonoids), show 

more intense peaks in band I with red shift. The position of band I helps to distinguish between 

flavones and flavonols. Where band I of flavones and flavonols occur between 304-350 nm and 

352-385 nm, respectively. It was reported in the case of B-ring ortho-dihydroxy flavones in the 

presence of sodium acetate /boric acid, band I had a consistent 12- 30 nm red shift, which is the 

evident of formation of the borate complex (Figure 4.11). The red shifts for luteolin, lu-7-O-glu, 

quercetin and myricetin are reported as: 21 nm, 24 nm, 17 nm and 18 nm, respectively [17].  
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Figure 4.11  The borate complex with ortho- dihydroxy flavones 

The absorption maxima of apigenin and luteolin in methanol are reported at 337 nm and 347 

nm, respectively [18].  The UV absorption spectra of luteolin and apigenin at different pH values 

at zero minute are shown in Figure 4.12.  

 0 minute 60 minute 

a 

 

b 

 
 Figure 4.12 The absorption spectra of flavones at pH= 7.0, 9.2 and 11: a: luteolin, b: apigenin. 
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The changes of UV absorption of luteolin and apigenin after 1 hour also were investigated and 

the results are presented in Figure 4.12-a and 4.12-b. Also, the lmax of band I of flavonoids at 

different pH values are summarized in Table A.4.1. It can be seen that at pH= 7.0, the lmax for 

apigenin and luteolin occurred at 342 nm and 372 nm, respectively. These findings are in agree-

ment with those of reported for apigenin and luteolin in the solution of sodium acetate and boric 

acid were: 338 nm and 370 nm, respectively [17]. This is an evident that luteolin with the B-ring 

ortho-dihydroxy structure, has formed the borate complex. According to Markham et al. the UV 

absorption maxima of 7-O-glycosltaed apigenin and luteolin located at longer wavelength: 340 

nm and 372 nm, respectively [16]. 

It is worth noting, the UV spectra of methylated or glycosylated flavonols at position 3 (the 

difference between flavones and flavonols is the hydroxyl group at position 3), display blue shift 

and their band I occur between 324-325 nm, which indicate that the band has shifted toward the 

flavones band I.  The Results of UV-Vis absorption for flavonols are presented in Figure 4.13 

  



4.4 Discussion 195 

 

 

 0 minute 60 minute 

a 

 

b 

 

c 

 

d 

 
 
Figure 4.13 The absorption spectra of flavones at pH= 7.0, 9.2 and 11: a: kaempferol, b: quercetin, 
c: morin, d: myricetin. 
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Table 4.2 shows the absorption maxima of flavonoids reported by Markham et al. [16] in 

methanol and borate solution as well as our findings in borate buffer at pH values of 7.0, 9.0 and 

11.0. It can be concluded that in the case of quercetin and myricetin with the B-ring ortho-dihy-

droxy structure, the borate complex form at pH= 7.0 and 9.0, respectively. 

Table 4.2 The absorption maxima of flavonoids in methanol and borate buffer [17] and my data 

Dye lmax  (nm)                             
in methanol 

lmax (nm)                      
in borate 

 

lmax  (nm)  my data 

pH= 7.0 pH= 9.0 pH= 11.0 
kaempferol 367 372 368 390 419 
quercetin 370 386 382 395 414 

morin 370 374 381 398 415 
myricetin 374 392 388 397 419 

 

By comparing the changes of molar absorptivity of flavonoids at all pH values after one hour 

(Table A.4.1) it can be concluded that luteolin, apigenin at all pH values and kaempferol (only at 

pH=7.0) were the one flavonol dye that showed slight changes as opposed to quercetin, morin and 

myricetin, where the percentage of changes of their molar absorptivity increased with increasing 

of pH. The percentage decrease of molar absorptivity for myricetin, quercetin and morin at pH= 

7.0, 9.2 and 11.0 after 60 minutes showed the following trend: myricetin> quercetin> morin. My-

ricetin showed the highest percentage decrease: 21.60% (pH=7.0), 79.08 % (pH=9.2), and at 

pH=11.0, after 60 minutes the absorption could not be detected. The decrease of molar absorptivity 

(e) for quercetin at pH values of 7.0, 9.2 and 11.0 after 60 minutes were :11.14%, 48.70% and 

90.26%, respectively. (It shows that the most unstable flavonoid is myricetin). 

Structural change that occurs in these flavonol dyes can be explained as follows: the 3 absorp-

tion peaks in the non-degraded dyes are evident at between 280 and 440 nm. These absorption 
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peaks occur at approximately the same wavelengths for each dye in the UV and the shorter visible 

regions of the electromagnetic spectrum. The wavelengths of these absorption peaks can be ob-

served at 284 nm, 324 nm and 420 nm. After 60 minutes, the peaks at 284 nm and 450 nm de-

creased significantly in magnitude and the peak at 324 nm appeared to increase. As these dyes 

were dissolved in an alkaline solution, it would seem logical that the C3-OH group on the ‘B’ ring 

of the dye structure was deprotonated [19] [20]. Under alkaline conditions, de-protonation is 

thought to lead to oxidation and fragmentation resulting in the formation of hydroxyl benzoic 

acids. This is observed by the rather dramatic increase in the peak at 310-324 nm in the absorption 

spectrum [21]. Figure 4.14 shows the fragmentation mechanism as well as degraded products of 

quercetin [21].  

 

 
Figure 4.14 The fragmentation pathway of quercetin resulted in hydroxyl benzoic acids. 
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4.4.4 Photochemistry of flavonols 

Fluorescence spectrophotometry was used to investigate the chemical properties associated 

with the photochemical decomposition flavonols. For these experiments the fluorescence of each 

dye was measured following a similar procedure used for purpurin, except that the concentration 

of myricetin was 10 µg ml-1 and the distance between cuvette and light source was 30 cm. In 

following the detail of this study was enlightened by presenting myricetin as the representative of 

flavonols which was the most unstable dye in alkaline condition. Figure 4.15 shows the change 

in fluorescence spectra that was observed for 10 µg ml-1 myricetin which was prepared in 20 mM 

borate buffer at pH = 9.2. 

In this experiment, the myricetin solution was placed in a quartz cuvette and exposed to visible 

light from a Solux bulb. After 1 hour of light exposure, a decrease in fluorescence of the myricetin 

could be detected. After 3 hours, the fluorescence signals were approximately 25% lower (650 

counts) than the peak height of the fluorescence signals that were acquired initially (880 counts, t 

= 0). It is worth noting that the same myricetin solution which was kept under dark conditions, 

had relatively little change in fluorescence intensity. In this case, it is possible that the small de-

crease in fluorescence under dark conditions can partially be attributed to unavoidable light expo-

sure when taking the fluorescence measurement. However, it may also indicate more likely some 

de-protonation and possibly oxidation of the dye solution under alkaline conditions [7]. 
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Figure 4.15 Decrease in fluorescence of myricetin (10 µg ml-1) in 20 mM borate buffer (pH = 
9.2) over time: a = 0, b = 120, c = 180, d = 240 and e = 360 minutes under light conditions and 
dark conditions. Excitation wavelength = 407 nm. Adapted from Ref. [22] – Copyright: Taylor 
and Francis 
 

 
Nevertheless, the exposure of a dilute solution of myricetin to light from a visible light source 

(380-750) indicates the extent of photo-degradation of this dye over time. Although, not shown, 

similar results were also observed for 10 µg ml-1 solutions of kaempferol, quercetin, and morin 

under these conditions. 

 In order to compare the relative stability of these dye solutions, the rate of photo-decomposi-

tion was determined by measuring the decrease in the fluorescence over time. For this experiment, 

each dye solution was placed in a quartz cuvette prior to exposure from the light source. The 

magnitude of the fluorescence intensity was measured after specific time intervals for dye solu-

tions that were exposed to light as well as dyes that were kept under dark conditions. To monitor 

instrument, drift a dilute solution of fluorescein (10 µg ml-1) was also prepared and its fluorescence 

was measured at the same time as the dyes. The natural log of the fluorescence peak height was 

then plotted with respect to time. Figure 4.16 shows the decrease in fluorescence signals of 10 µg 

ml-1 solutions of kaempferol, quercetin, morin and myricetin, under both light and dark conditions.  
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(a) (b) 

  
(c) (d) 

Figure 4.16 Plot of ln (fluorescence) of: a: kaempferol, b: quercetin, c: myricetin and d: 
morin with respect to time. Each dye (10 µg ml-1) was dissolved in 20 mM borate buffer 
(pH = 9.2). Adapted from Ref. [22] – Copyright: Taylor and Francis 

 These plots revealed that the decrease in fluorescence of each dye appeared to follow 1st order 

kinetics. The significant decrease in fluorescence under dark conditions would strongly suggest 

that another degradation process (oxidation) was likely taking place as well, specially in case of 

quercetin Figure 4.16-b [7]. Second order plots were also constructed using the same fluorescence 

data for these dyes, however none of these reactions demonstrated a linear relationship between 

[dye]-1 and time. Although degradation by oxidation must be occurring, under these conditions 

only the 1st order kinetics of the photochemical decomposition was being observed. In order to 

compare the rates of photochemical decomposition, 1st order rates constants, k of each dye were 

calculated at pH = 7.0, 9.2 and 11.0 and the results are presented in Table 4.3. 
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Table 4.3 First-order rate constants calculated from fluorescence spectrum data in 20 mM borate 
buffer at pH 7.0, 9.2, and 11.0 under light and dark conditions. Reproduced from Ref. [22] – Cop-
yright: Taylor and Francis 

pH 
Light  Dark 

Rate constant (s-1) 

 

Rate constant (s-1) 

kaempferol quercetin morin myricetin kaempferol quercetin morin myricetin 

7.0 0.018 0.024 

 

0.012 0.06 0.0001 0.006 0.012 0.018 

9.2 0.108 

 

0.162 0.126 0.468 0.006 0.048 0.006 0.0162 

11.0 0.444 0.876 0.138 1.266 0.288 0.276 0.036 1.320 

 The rate constants for each dye that are shown in Table 4.3 indicate that myricetin photode-

graded at the highest rate under all pH conditions while morin and kaempferol photodegraded at 

a significantly lower rate than myricetin, under all pH conditions. It is also worth noting that for 

all of the dyes in this study, the rate of loss of fluorescence increased significantly under more 

alkaline buffer conditions. The magnitude of the rate constants suggests that in a typical lab setting, 

a decrease in peak height using CE would likely be observed within 30 minutes or less.  

The effect of time on the fluorescence signals of dyes that were separated using CE can be 

seen in Figure 4.17. In this figure, a sample containing 1.0 µg ml-1 of myricetin, quercetin, 

kaempferol and morin was prepared in borate buffer (pH = 9.2) and kept in an open plastic centri-

fuge tube. The dye mixture was electrophoretically injected into a 50 cm (10 µm dia.) capillary 

and separated after 0, 15, 30, 105 and 180 minutes. In this experiment, a Solux bulb was not used, 

rather the dyes were simply exposed to the 50 W fluorescent lights used in the research laboratory.  
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Figure 4.17 Separation of 4 flavonol dyes: (1) kaempferol, (2) myricetin; (3), quercetin; (4) morin. 
(1 µg ml-1) at pH = 9.2. Each trace represents one separation after different time intervals. Separa-
tions were carried out using 20 mM borate buffer with 20 mM SDS and 20 kV applied voltage. 
Adapted from Ref. [22] – Copyright: Taylor and Francis  

In Figure 4.17 the rates of photochemical degradation of each dye can be observed by the 

decrease in their peak heights in the electropherograms over time. After 15 minutes, the size of the 

peak for myricetin decreased indicating that it is likely photodegrading at a higher rate than the 

other dyes. This is consistent with the kinetics experiments whereby myricetin had the highest rate 

constant. The electropherograms in Figure 4.17 indicate that morin photodegrades at the slowest 

rate. This was not consistent with the kinetics experiment since kaempferol had a slightly smaller 

rate constant. After 30 minutes the peak for myricetin has almost completely disappeared and after 

180 minutes, all of the peaks detected were either gone or significantly reduced. 

According to the findings in Chapter 3, reasonably good separations were achieved at pH= 8.5. 

In order to determine if reproducible CE separations could be achieved over longer periods of 

time, a mixture of flavonols (1 µg ml-1) was dissolved in 20 mM borate buffer at pH = 8.5. The 

same dye mixture was then separated repeatedly using CE after 0, 15 and 30 minutes and the 
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results of this experiment are shown in Figure 4.18. The results from this experiment indicate that 

these dyes are stable over a longer period of time with only a modest decrease in pH and the 

reproducibility of the peak heights for these separations is significantly improved. It should be 

noted, however that storing these dyes for longer periods of time (1-2 hours) will still likely result 

in their photodegradation, even at pH = 8.5. 

 

Figure 4.18  Separation of 4 flavonol dyes: (1) kaempferol, (2) myricetin, (3) quercetin and (4) 
morin (1 µg ml-1) at pH = 8.5. Each trace represents one separation after a specified time interval. 
Separations were carried out using 20 mM borate buffer with 20 mM SDS and 20 kV applied 
voltage. Adapted from Ref. [22] – Copyright: Taylor and Francis 
 

4.5 Conclusions 

The objective of this study was to evaluate the relationship between the peak shape and peak re-

producibility of purpurin and some flavonols with their photo-chemical behavior under the influ-

ence of pH in CE separation. The UV-Vis spectra of each class of dyes including: anthraquinones, 

flavones and falvonols were collected at pH values: 7.0, 9.2, and 11.0. These pH values were 
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chosen to have maximum and minimum criteria around the pH used in CE. The analysis of the 

changes in UV-Vis spectra of each class of dyes showed that under alkaline conditions the 60 

minute old solution of purpurin the peak at 520 nm decreased drastically and the peak at 280 nm 

showed an increase in absorbance. It indicates that the chemical structure of purpurin has under-

gone the chemical changes.  The increase in peak at 280 nm was in agreement with  the absorbance 

of phthalic acid. The photodegraded products of purpurin were also identified by thin layer chro-

matography, NMR, and GC-MS, as: phthalic acid and salicylic acid. 

Similar experiments were completed on flavonoids and it was concluded that at pH=11 the 60 

minute old solution of myricetin did not show any absorbance at 450 nm as opposed other flavo-

nols where at 450 nm their absorbance decreased. It was also observed that in all flavonols the 

peak at 324 nm appeared to increase. The peak could be assigned to hydroxyl benzoic acids, which 

were the products of decomposition of flavonols under alkaline conditions. The degraded com-

pounds of flavonols were not identified in this work. It is recommended to identify degradation 

products in flavonols using the same techniques used for purpurin. The UV-Vis data showed that 

purpurin, quercetin and myricetin were the least stable dyes at alkaline conditions. To investigate 

the rate of decomposition of these dyes, the changes of their fluorescence intensity was measured 

over time. By plotting the natural log of fluorescence intensity of dyes as a function of time under 

different pH conditions it was concluded that all reactions followed the 1° kinetics.  The kinetics 

data also showed that the rate of decomposition of these dyes increased by exposing to light and 

higher pH value. 

The results from this study would be used for defining the optimum pH for CE separation, 

while according to literature the best pH conditions for separating anthraquinones with CE is under 
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alkaline conditions. While these pH conditions (pH = 9.2) are well suited for most separations of 

anthraquinone dyes with CE, they are not for purpurin. Regarding flavonols the rate of their deg-

radation (either oxidative or photochemical) is greatly increased under alkaline pH conditions. 

This experiment demonstrated that lowering the pH had a profound effect on separations with CE 

which resulted in the baseline separation of the mixture of anthraquinones as well as and flavo-

noids. The photostability of the flavonol dyes and purpurin as well as peak shape of purpurin could 

be improved dramatically by modest changes to pH of the running buffer.  

 Furthermore, the increased stability of purpurin at the lower pH (pH = 8.5) allowed for mul-

tiple separations to be carried out on the same solution with good reproducibility. Fluorescence 

detection is extremely sensitive, especially if a laser is used as a light source. The high sensitivity 

with laser induced fluorescence is critical in order to work with small samples. The best solution 

to minimize the photochemical decomposition of purpurin as well as flavonols is to run only fresh 

solutions, to store the standard in the dark and to carry out the CE separations at slightly lower pH 

with high applied voltages. Unfortunately, the downside of improving the stability of the dyes is 

the decreased ability to resolve peaks of flavonol dyes using CE. 
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5.1 Introduction 

In most textiles, dyes are bonded to the substrate with a mordant, a metal which has the role of a 

‘connector’ between the dye and the textile. Dyes adhere to the substrate by intermolecular forces 

of attraction such as Van der Waals and dipole-dipole interactions. In order to extract dyes from 

substrates including textiles and paintings, a proper solvent should be used. If the textile is mor-

danted the dye can be extracted using acid to hydrolyse the bond between the dye and metal, which 

is considered to be a ‘harsh’ method. Conversely, a ‘mild’ extraction refers to the application of 

organic solvents [1]. Experimental conditions of extraction such as: temperature, time, and agita-

tion (vortexing or using ultrasonication) also can affect the extraction efficiency. The optimum 

temperature and extraction time were defined from the results obtained from analytical methods 

performed on the textile samples to achieve extracts.  

In these extraction methods time and temperature were manipulated and the amount of extract 

from each experimental condition was evaluated. A favorable temperature should be below the 

boiling point of the solvent, to avoid vaporization of the solvent in an open tube. This also prevents 

the loss of the microsamples as well as the extract through pressure build up in a closed tube. Also, 

the optimum extraction time can be evaluated by the analytical method, when the most extract is 

achieved. A literature review was done on the extraction methods used by other research groups 

for dyes and different textiles. The most common solvents used for extraction were H2SO4, HCl 

(strong acid), HCOOH (weak acid), methanol, pyridine, dimethyl sulfoxide, and dimethylforma-

mide.  
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The dyes in a big chunk of red and yellow samples belonging to 16-17th century were extracted 

using few drops of strong H2SO4 and were studied by TLC [2]. Hydrochloric acid has been used 

in different concentrations and conditions: For example, HCl 6 N at 20°C for 6 hours was used to 

extract dyes from red samples belonging to the 16th century and the presence of lac dye; pseudo 

purpurin, alizarin and munjistin; carminic acid were detected using TLC [3]. Red dyes were also 

extracted from 2 mg samples using HCl 3N at 100°C for 30 minutes and running HPLC-DAD 

could confirm the presence of alizarin, pseudo purpurin, purpurin, rutin, kermesic acid, alizarin 

and purpurin [4]. The application of the mixture of HCl with methanol, and HCl with ethanol at 

different v/v ratios were reported. The range of temperatures and time for extractions were 60-

100°C, 10-30 minutes [5-19]. The results from these studies showed that the application of meth-

anolic HCl was preferable to extract red dyes since they are mostly aglycone and did not hydrolyse 

with acid as opposed to yellow dyes. It was also reported that HCl based extraction can destroy 

the fiber samples, based on the concentration, as well as the experimental conditions [19]. There-

fore, some mild extractions were developed including the application of formic acid, and other 

organic solvents. A mixture of formic acid and methanol was used by others and the temperature 

and the time of extraction were in the following ranges: 40-100°C and 5-30 minute [12], [15], 

[18], [19]. Based on the findings from these studies, formic acid was more favorable for extracting 

of glycone flavonoids as the glycosides were intact. Moreover, pyridine, dimethyl sulfoxide, and 

dimethylformamide were used for dyes’ extraction. The application of a mixture of pyridine and 

water at 90°C for 1 hour on 10 mg red and yellow samples was reported [20].  Dimethyl sulfoxide 

was used at 100°C on 1-2 mg samples dyed with weld and all glycone and aglycone flavonoids 
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were detected using HPLC-DAD [15]. A few articles on the study of dyes extracted from textiles 

and paintings using CE equipped with other detection systems have been published. The extraction 

method used in these studies was different:  e.g. for the study of dyes from a map extraction was 

achieved using a brush imbedded with 0.1 M SDS, directly applied on the map surface. The red 

dye was identified as carminic acid. Two yellow samples were extracted from different locations 

on the map. A very small peak of gambogic acid could be detected in one of the yellow samples. 

In another one crocetin and gambogic acid were detected where the peak assigned for crocetin was 

a poor- shaped peak [21]. The application of H2SO4 1 M has been reported for the acid hydrolysis 

of dyes from the small red samples from a 17th century oil painting. The sample and acid were 

kept under mechanical shaking for 15 minutes; the residue was extracted with dichloromethane 

applying mechanical shaking. The solution was left under N2 stream at 60°C to dryness following 

dissolving into the electrolyte for CE-DAD study. Three small poorly shaped peaks in the elec-

tropherogram of the red sample were assigned as alizarin, quinizarin and purpurin [22]. 

A summary of this survey is presented in Appendix B Table B5.1, indicating different solvents 

used for extraction of dyes as well as the conditions of application including: concentration of 

solvent, temperature and time. The qualities of each sample (wool/silk, colour) and the results after 

analysis are given. Table B5.1. This table assisted in choosing a selection of solvents used for 

extraction of red and yellow dyes. The list of the compounds and their abbreviations introduced in 

list of symbols (page XXIV).  

From this survey, it was concluded that despite the important role of extraction in study of the 

micro samples, it has not been investigated systematically. Since each dye has unique chemical 

structure and properties, there is no one single extraction method. Therefore, some research groups 
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have investigated different solvents for the extraction of dyes. Time and temperature were also 

manipulated to achieve the optimum conditions for extraction. However, other research groups 

based on the similarity between their work, mimic the same extraction method introduced by oth-

ers without maneuvering the parameters. In this project, for the first time CE-LIF was used to 

identify dyes extracted from textiles. Therefore, in order to find out the most effective extraction 

procedure compatible with CE-LIF, the extraction methodology was designed based on the several 

common extraction procedures used in different analytical approaches.  

The goal of the research presented in this chapter is to examine the efficiency of different 

solvents for the extraction of madder and weld from the laboratory dyed wool samples using the 

solvents selected from the literature. The results on the original samples belonged to different eras: 

7th BC, 17th and 21th AD. The extracted dyes were analyzed using CE-LIF and separation condi-

tions were defined based on the results obtained from Chapter 3: using 20 mM borate buffer at pH 

= 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. 

The experimental design for this chapter is as follow: the wool honks were dyed using madder 

and weld, the procedure is given in next section: “preparation laboratory samples dyes with mad-

der and weld”. The dyes were extracted from 1mg wool samples using a list of solvents selected 

from literature by manipulating extraction parameters: time, temperature and ultrasonication. The 

number of solvents were narrowed down based on the observation of changes in colour of extract 

solution and the wool samples. The results from observation were verified using CE-LIF. The 

results presented here is the representative of running CE-LIF on 3 replicates of the extract solu-

tion.  
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It should be noted that the migration time of the dyes extracted from the samples were different 

with those of standard solutions. It can be due to the extraction of unwanted compounds from the 

samples where could not be separated from the dyes by filtration.  

5.2 Evaluation of 15 solvents  

Based on the information obtained from the literature review, extraction experiments were de-

signed to evaluate the effect of different solvents as well as extraction conditions on the red and 

yellow laboratory prepared textiles dyed with madder and weld.  

For this research 8 solvents were chosen, and H2SO4, HCl and HCOOH were used at different 

concentrations as a mixture with other solvents such as methanol (MeOH), ethanol (EtOH), dis-

tilled water (W), and acetonitrile (ACN).  The solvents used for this research are as follows:  

1. HCl 37%, HCl37%: MeOH: W (2:1:1, v/v), HCl 3N, HCl 3N: (EtOH) (1:1, v/v) 

2. H2SO4 10%, H2SO4 10%: EtOH (1:3, v/v) 

3. HCOOH: MeOH (5:95, v/v), HCOOH: MeOH: W (2:1:1, v/v/v)  

4. MeOH: W (1:1, v/v) 

5. EDTA 0.001 M: ACN: MeOH (1:5:44, v/v/v)  

6. Pyridine 

7. DMSO 

8. DMF 

The extraction was performed on samples at 60°C and 90°C, for 5 and 10 minutes for harsh 

extractions, and 15 and 30 minutes for mild extractions. All experiments were performed in 2 
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replicates to investigate the effect of ultrasonication. By considering the number of parameters to 

investigate, 104 red and 104 yellow dyed samples were needed for each batch of experiments. 

5.3 Preparation of laboratory samples dyed with mad-

der and weld 

Coarse wool hanks, madder, weld, all mordants salts and Potassium bitartrate, known as potassium 

hydrogen tartrate or cream of tartar, were purchased from Grant Bazar in Tehran and the wool was 

dyed according to Scheweppe’s recipe [23]. The wool was washed, mordanted and dyed in 3 steps.

  

Washing step 

 Ten 100.0 g of wool hanks were washed thoroughly with detergent to remove spinning oil. They 

were soaked in 30-40°C bath for 2 hours then they were drained and immersed into another 30-

35°C bath containing detergent. The hanks were washed, drained and left to air dry. 

Mordanting process 

The wool hanks were mordanted prior to dyeing. The salts used as mordants for madder dyeing 

were: hydrated potassium aluminium sulfate (KAl(SO4)2
. 12H2O) known as alum, tin II chloride 

(SnCl2
. 2H2O) known as ‘tin’, iron II sulfate (FeSO4

.7H2O) known as ‘iron’, copper sulfate 

(CuSO4
.5H2O) known as ‘copper’ and potassium dichromate; K2Cr2O7 known as ‘chrome’. Alum 

was the only mordant used for dying with weld. For each mordant salt a 40°C water bath contain-

ing 2.5-3.5 L was used.  Specific amounts of each salt were dissolved in 100 ml of hot water and 
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added to the water bath except for Fe+2 which was added directly to the dye bath. The wet hank 

wool was immersed into the mordant bath and the temperature of the bath was increased from 

40°C to 90°C in one hour. The wool stayed in the mordant solution for specific time: In case of 

alum, chrome, and tin the immersing time was 60 minutes. While for iron and cupper the immers-

ing time was 30 minutes and 90 minutes, respectively. After that the wool samples were taken out 

and left to air dry. 

The amount of mordant salts used for 100.0 g of hank wools were as follows: alum: 15.0 g 

alum with 6.0 g of cream of tartar (potassium hydrogen tartrate, KC4H5O6), chrome: 3.0 g of 

chrome, iron: 3.0 g iron with 6.0 g of cream of tartar, cupper: 6.0 g, tin: 3.0 g tin, 3.0 g cream of 

tartar and 3.0 g oxalic acid. 

Dyeing process 

Weld (300 g) was pulverised and wrapped in the cotton cloth and it was suspended in 3 L water 

bath for about 6 hours. The temperature was increased until the water boiled and the weld wrap 

was left at 80°C for 45 minutes. Then it was taken out, and the temperature of dye bath dropped 

to 35-40°C, next wet alum mordanted wool was immersed into the dye bath and the temperature 

was increased to 80°C and the wool was left there for 60 minutes. 

In the case of madder, 100 g of pulverised madder was wrapped in a cotton cloth and it was 

soaked in 40°C, 6 L water bath for 12 hours. Next, in one hour the temperature of the dye bath 

was increased to boiling point and the madder wrap was left 10 minutes at this temperature. Then 

it was taken out, and the temperature of dye bath dropped to 40°C. Later, wet mordanted wool was 
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immersed into the dye bath and the temperature was increased to 80°C and the wool was left there 

for 30 minutes. 

After the temperature of the dye bath was dropped to 35-40°C the wool was removed and it 

was rinsed and left to dry at room temperature. 

5.4 Visual evaluation of the extraction efficiency     

The extraction efficiency of 15 solvents on madder and weld dyed samples was evaluated visually. 

Red and yellow samples were cut in 1.000 ± 0.001 mg. They were transferred to the 1.5 ml test 

tubes and 60 µl of the solvent was added to each sample and hydrolysed under specific conditions. 

The test tubes were labeled as 1, 2, 3, 4, 1U, 2U, 3U, 4U where: 1, defines a 1.000 ± 0.001 mg of 

a sample hydrolysed in a 500 µl solvent, at 60°C, for 5 minutes. Code 1U shows the same extrac-

tion procedure as 1, including using ultrasonication. Using underline in coding refers to longer 

extraction time. Table 5.1 shows the summary of the labels used for the samples. 

Table 5.1 Introducing the labels used for the extraction condition applied on the samples 

label Temperature (°C) time (minute) ultrasonic wave (U) 
harsh extraction mild extraction 

1 60 5 15 n/a 
2 60 10 30 n/a 
3 92 5 15 n/a 
4 92 10 30 n/a 

1U 60 5 15 U 
2U 60 10 30 U 
3U 92 5 15 U 
4U 92 10 30 U 
 



5.4 Visual evaluation of the extraction efficiency  217 

 

In order to evaluate the extraction method, 2 parameters were checked: comparing the colour 

of the wool sample before and after extraction, and checking the colour of extraction solutions or 

the dye residue after drying the solution. Therefore, the methods that discoloured wool samples 

more and gave stronger solutions were chosen for CE study. Based on the following observation, 

the extraction methods were chosen for CE. 

Wool samples dyed with madder 

HCl 37%: All substrates were destroyed by this solution and the residues inside the test tube (were 

indivisible mixtures of digested wool sample and red dye). 

HCl: MeOH: W (2: 1: 1, v/v/v): The wool samples at 60°C were grey and at 92°C were black 

and brittle. The colour of extraction solutions at 60°C was bright red and by increasing the heat it 

got deeper. The best result was achieved at 60°C for 10 minutes (2).  

HCl 3N:  The samples remained intact and their colour changed to very light orange. Using ultra-

sonication did not improve the extraction and destroyed the samples. It seems using 92°C, with 

the extraction time of 5 minutes gave the best result (3).  

HCl 3N: EtOH (1:1, v/v): The presence of ethanol improved the extraction results. These samples 

were much lighter than the samples from HCl 3N. The best extraction was obtained using 92°C, 

with the extraction time of 5 minutes (3). 

H2SO4 10%: Sulfuric acid digested all samples and the solution in all test tubes was clear. No 

methods were chosen. 

H2SO4 10%: EtOH (1:3, v/v): Similar to H2SO4 10%, all samples were destroyed, but adding 

ethanol to sulfuric acid increased the extraction efficiency which can be due to ‘leveling effect’ of 

ethanol on sulfuric acid [24]. Leveling effect refers to the impact of the solvents on the strong acid 
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or strong base. While base is added to a strong acid solution the strength of acid is leveled or by 

adding acid to the strong base solution, the basicity of the solution is leveled. The solutions were 

tinged yellow-orange in comparison to the clear solutions obtained using H2SO4 10%. It was con-

cluded that by increasing heat and time of extraction, the results were improved. No conditions 

were chosen. 

HCOOH: MeOH (5:95, v/v): The extraction solution was dried in less than 12 hours. All samples 

were faded to the same extent at 60 and 92°C. Using ultrasonication improved the results. The best 

result was achieved using 92°C, 15 minutes extraction time using ultrasonication (2U). 

HCOOH: MeOH: W (2:1:1, v/v/v): It was concluded that by increasing the pH, the extraction 

did not improve. All samples were faded and the solutions were orange. Based on the colour of 

the samples and the solutions, method 3U was chosen: 92°C, 15 minutes extraction time including 

ultrasonication. 

MeOH: W (1:1, v/v): As opposed to the samples extracted with HCl and H2SO4, all samples were 

intact. It was concluded increasing the temperature and time increased the discolouration of the 

wool samples. The colour of the extraction solutions were kind of clear. The recommended con-

dition was extraction at 92°C for 30 minutes, including ultrasonication (4U). 

EDTA 0.001 M: ACN: MeOH (1:5:44, v/v/v): The colour of the wool samples did not change 

and it was the same as before extraction. The extraction solution evaporated during the night and 

there was no colour residue left behind. No extraction condition was chosen. 

Pyridine: Small changes in colour of the samples could be observed. The solutions were clear. 

Using higher temperature and ultrasonication improved the results. The solution from method 4U 
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showed a little stronger red solution to compare to the rest. The recommended condition was ex-

traction at 92°C for 30 minutes, including ultrasonication (4U) 

DMSO: The best result was achieved using 92°C for 30 minutes, including ultrasonication (4U). 

DMF: The best result was achieved using 92°C for 30 minutes, including ultrasonication (4U). 

Wool samples dyed with weld 

HCl 37%: The strong acid had destroyed all samples and it was not possible to separate the di-

gested samples from yellow bright solutions. 

HCl: MeOH: W (2:1:1, v/v/v): The extraction solutions were less yellow to compare the solutions 

obtained using HCl 37%. The wool samples after extraction at 92°C were brittle, similar to the 

results observed in samples dyed with madder. The samples treated with ultrasonication could not 

be separated from the solution. Using a centrifuge followed by using filter tubes also did not im-

prove the separation phases. Method 2 (60°C, 10 minutes) was chosen. 

HCl 3N: All samples did not show any changes in their colour and the solutions were clear. 

Method 2/3U was chosen. (60°C, extraction time of 10 minutes, including ultrasonication) 

HCl 3N: EtOH (1:1, v/v): The results of extraction were improved using higher temperature and 

applying ultrasonication. All solutions were clear the same as solutions obtained using HCl 3N. 

The extraction method of 4U was chosen. (92°C, extraction time of 10 minutes, including ultra-

sonication) 

H2SO4 10%: All wool samples were digested and very weak yellow solutions were obtained, 

which were inseparable from each other.  
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H2SO4 10%: EtOH: All samples were digested, and the bright yellow solutions were achieved. 

The intensity of the yellow colour was similar to the solutions achieved using HCl: MeOH: W. 

The digested samples could not be separated from their solutions. 

HCOOH: MeOH (5:95, v/v): The wool samples were intact however faded by treatment but the 

solutions were still clear. The extraction efficiency was increased using higher temperature, longer 

extraction time and applying agitation. But, using higher temperature and longer extraction time 

ended up bursting the test tubes and the samples and extraction solutions were lost. Therefore, 

method 2U was chosen: 60°C, 30 minutes, using ultrasonication. 

HCOOH: MeOH: W (2:1:1, v/v/v): The samples faded but they still showed a tint of yellow 

colour. The solutions were less yellow than the solutions obtained using HCOOH: MeOH (5:95). 

It was observed that increasing the extraction time did not improve the results, as opposed to using 

ultrasonication. Since the samples were burst at 92°C, method 3/2U was chosen (92°C, 15 minutes, 

and using ultrasonication). 

MeOH: W (1:1, v/v): All wool samples were intact. Increasing the temperature did not improve 

the extraction results. All solutions were clear except for 4U: extraction at 92°C, 30 minutes, using 

ultrasonication. 

EDTA 0.001 M: ACN: MeOH (1:5:44, v/v/v): Similar to extraction of madder samples, there 

was no observation of colour changing in samples or solutions after extraction. 

Pyridine: The samples were intact after extraction and the solutions were weak yellow. Using 

ultrasonication improved the extraction. Method 4U was chosen: extraction at 92°C, 30 minutes, 

using ultrasonication. 
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DMSO: The samples were yellow and the solution was weak yellow. The best results were 

achieved using 4U: extraction at 92°C, 15 minutes, using ultrasonication. 

DMF: The samples were yellow and the solution was weak yellow. The best results were achieved 

using 4U: extraction at 92°C, 30 minutes, using ultrasonication. 

In following the details of the observations of each extraction method are documented. Table 5.2 

and 5.3 presents the summary of the whole set of extractions performed on red and yellow sam-

ples. The cells highlighted refer to the methods that were chosen for CE studies. 
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Table 5.2 The summary of extraction methods applied on the yellow wool samples dyed with 
madder  

  Temperature (°C) 
Time (minutes) 
Ultrasonication (U) 
 
Solvent 

60 
 5 
¾ 

60 
10  
¾ 

92 
5  
¾ 

92 
10 
¾  

60 
 5  
U 

92 
10 
U 

92 
5 
U 

92 
10 
U 
  

1 HCl 37% 1 2 3 4 1U 2U 3U 4U 

2 HCl: MeOH: W (1:1:1, 

v/v/v) 

1 2 3 4 1U 2U 3U 4U 

3 HCl 3N 1 2 3 4 1U 2U 3U 4U 

4 HCl 3N: EtOH (1:1, v/v) 1 2 3 4 1U 2U 3U 4U 

5 H2SO4 10% 1 2 3 4 1U 2U 3U 4U 

6 H2SO4 10%: EtOH (1:3, v/v) 1 2 3 4 1U 2U 3U 4U 

  Temperature (°C) 
Time (minutes) 
Ultrasonication (U) 
 
Solvent 

60 
 15 
¾ 

60 
 30 
¾ 

92 
15  
¾ 

92 
30 
¾  

60 
15  
U 

60 
30 
U 

92 
15 
U 

92 
30 
U 
  

7 HCOOH: MeOH (1:1, v/v)  

 

1 2 3 4 1U 2U 3U 4U 

8 HCOOH: MeOH: W 

(2:1:1, v/v/v)  

1 2 3 4 1U 2U 3U 4U 

9 MeOH: W (1:1, v/v) 1 2 3  4  1U 2U 3 U 4U 

10 EDTA 0.001 M: ACN: 

MeOH 

(1:5:44, v/v/v) 

1 2 3 4 1U 2U 3U 4U 

11 Pyridine 1 2 3  4  1U 2U 3U 4U 

12 DMSO 1 2 3  4  1 U 2U 3U 4U 

13 DMF 1 2 3  4  1 U 2U 3U 4U 
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Table 5.3 The summary of extraction methods applied on the red wool samples dyed with weld 

  Temperature (°C) 
Time (minutes) 
Ultrasonication (U) 
 
Solvent 

60 
 5 
¾ 

60 
 10  
¾ 

92 
5  
¾ 

92 
10 
¾  

60 
 5  
U 

60 
10 
U 

92 
5 
U 

92 
10 
U 
  

1 HCl 37% 1 2 3 4 1U 2U 3U 4U 

2 HCl: MeOH: W (1:1:1, 

v/v/v) 

1 2 3 4 1U 2U 3U 4U 

3 HCl 3N 1 2 3 4 1U 2U 3U 4U 

4 HCl 3N: EtOH (1:1, v/v) 1 2 3 4 1U 2U 3U 4U 

5 H2SO4 10% 1 2 3 4 1U 2U 3U 4U 

6 H2SO4 10%: EtOH (1:3, v/v) 1 2 3 4 1U 2U 3U 4U 

  Temperature (°C) 
Time (minutes) 
Ultrasonication (U) 
 
Solvent 

60 
 15 
¾ 

60 
 30 
¾ 

92 
15  
¾ 

92 
30 
¾  

60 
 15  
U 

60 
30 
U 

92 
15 
U 

92 
30 
U 
  

7 HCOOH: MeOH (1:1, v/v)  

 

1 2 3 4 1U 2U 3U 4U 

8 HCOOH: MeOH: W 

(2:1:1, v/v/v)  

1 2 3 4 1U 2U 3U 4U 

9 MeOH: W (1:1, v/v) 1 2 3  4  1U 2U 3 U 4U 

10 EDTA 0.001 M: ACN: 

MeOH 

(1:5:44, v/v/v)  

1 2 3 4 1U 2U 3U 4U 

11 Pyridine 1 2 3 4 1U 2U 3U 4U 

12 DMSO 1 2 3 4  1U 2U 3U 4U 

13 DMF 1 2 3  4 1U 2U 3U 4U 
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5.5 CE-LIF and extraction efficiency  

As mentioned previously, the dye was extracted in the sample using different solvents and CE-

LIF was performed to study the extraction efficiency of the selected 6 representative solvents. 

5.5.1 Sample preparation for CE injection 

The residue of dye extract in the test tube was dissolved by adding 5 µl of DMSO and vortexing 

for 1 minute. The test tube was centrifuged to sediment the undissolved residue. In order to prepare 

the sample for CE injection between 1 to 5 µl of solution (based on the colour intensity of the 

solution) was added to the borate buffer pH = 8.5 which in total had 5% acetonitrile and 10%  (v/v) 

DMSO in total volume of 25 µl. It should be mentioned since sensitivity of the CE fluctuated daily, 

the amount of the spike was checked based on the fluorescence intensity of 5 µg ml-1 standard 

solution of dye daily. As mentioned before, the dye was extracted in the sample using different 

solvents and the efficiency of the extraction method was studied using CE-LIF. The amount of the 

spike was checked based on the fluorescence intensity of 5 µg ml-1 standard solution of dye daily. 

5.5.2 The effect of DMSO on migration time 

 It is worth mentioning that the standard solution of dye was in DMSO and spiking changed the 

DMSO percentage, which affected the dyes migration time after spiking. Figure 5.1 shows the 

relationship between current and DMSO concentration in a 20 mM borate buffer containing 20 

mM SDS and 5% acetonitrile using 22 kV applied voltage. It can be concluded that by each 1% 



5.5 CE-LIF and extraction efficiency  225 

 

DMSO increment, the current dropped by 5%, which resulted in an increase in the migration time 

of the eluents. 

 
Figure 5.1 The changes of current (mA) as a function of DMSO concentration (v/v %) in 20 mM 
borate buffer at pH = 8.5 with 20mM SDS and 5% acetonitrile under 22kV  

5.5.3 Hansen solubility parameter 

In this work, extraction was affected by 4 parameters: solvent, temperature, time and mechanical 

agitation. Table B5.1 represents the application of popular solvents for extraction dyes from tex-

tiles. In the literature, the reasons for choosing the solvents for extraction of dyes from textiles has 

not been explained. Moreover, how different solvents can result in different extraction efficiency 

has also not been considered in detail. 

Regarding the effect of the solvents on extraction, Hansen solubility parameter can be used to 

explain the reason why some solvents could extract more dyes than the others. 

The Hansen solubility index is based on 3 molecular interaction forces: van der waals interaction 

force, static electronic interaction force, and hydrogen bonding, which are equivalent to dispersion 
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energy (D), polar energy (P) and hydrogen bonding energy (H) respectively. The amount of energy 

required to overcome these molecular forces to evaporate the solvent is known as cohesive energy 

(EW6Ñ ) [25]. Therefore, cohesive energy is defined as 4>. 5.1. 

EW6Ñ = D + P + H																																																																																																														Eq. 5.1  

On the other hand, cohesive energy is equal to the heat of vaporization, which is defined as in 

Eq. 5.2: 

4W6Ñ = Hà − RT																																																																																																																			Eq. 5.2 

Where  4W6Ñ= cohesive energy, :	\0J(+, Hà = the heat of evaporation, :	\0J(+ 

R= the universal gas constant,  8.314	:	\0J(+ã(+, T= the absolute temperature, ã 

Since the cohesive energy is not proportional to the size of the molecules (it means, the bigger 

molecules do not have the higher cohesive energy), it is used as cohesive energy density, which is 

the ratio of cohesive energy to molar volume (Eq. 5.3): 

4W6Ñ
1 =

Hà − RT			
1 =

D
1 +

P
1 +

H
1 																																																																																		Eq. 5.3 

4W6Ñ= cohesive energy, :	\0J(+, 1= molar volume, [\Å	\0J(+ 

Hilderbrand introduced the solubility parameters	åE6E as the square root of cohesive energy density 

(Eq. 5.4) 

åE6Ee
4W6Ñ
1 																																																																																																																						4>. 5.4 

åE6Ee Hilderband solubility parameter, çé+ = 

Therefore, the solubility parameter can be introduced as (Eq. 5.5) 
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åE6E = åq + åé + åè																																																																																																											4>. 5.5 

These 3 parameters can be used as 3 coordinates to depict a point in space. Plotting the 3 

pairwise showed that åé vs åè was spherical as opposed to åè vs. åq and åé vs. åq. Hansen 

modified this by adding the factor of 4 in åq as 4>. 5.6: 

åE6E = 4	åq + åé + åè																																																																																															4>. 5.6 

These parameters 4	åq, åé, åè can be used as coordinates for a point in space, which gives 

the Hansen sphere. If 2 molecules have similar HSP they are alike and are soluble with each other 

or they are miscible. In order to find out if 2 molecules are compatible, @ê parameter, interaction 

radius of the solute is used. It is the radius of the sphere belonging to the solute in Hansen space 

and is defined through the results from testing the solubility of the solute in a large number of 

solvents [26]. Therefore, a solvent can dissolve a solute if its Hansen solubility parameters lie 

within the solute’s parameters. The distance between HSP values of solvent and solute known as 

@y solubility parameter distance, defined as 4>. 5.7: 

@y = 4 åq+ − åq= = + åé+ − åé= = + åè+ − åè= =																																		4>. 5.7 

Where: @y = distance between solvent and solute solubility sphere, çé+ = 

åë+= solute Hansen component parameter  

åë== solvent Hansen component parameter  

if @y is small, it means that the solvent and solute are alike and solvent can dissolve the solute, the 

smaller @y, the better solvent. 

The ratio of @y  to @ê  known as relative energy difference @4q  is shown as (4>. 5.8) 
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@4q =
@y
@ê

																																																																																																																						4>. 5.8 

Where: @4q = Relative energy difference, @y= solubility parameter distance, çé+ =  

@ê= radius of a Hansen solubility sphere, çé+ =  

If @4q < 1 it means the solvent is more effective in dissolving the solute, as opposed to 

@4q > 1 which means the solvent has no effect [27]. 

In this work, for the first time Hansen solubility parameters are used to compare the effect of 

different solvents in extraction of dyes from wool samples. In order to evaluate the most effective 

solvent for dissolving alizarin, the Ra distance between alizarin and the solvents were calculated 

using Eq.5-5. The estimation of HSPs of alizarin was taken from literature [28], and the HSP 

values of the solvents were obtained from Hansen Solubility Parameters A User’s Handbook, 2nd 

edition. [26]. The HSPs of luteolin and apigenin were kindly provided by Dr. Steven Abbott by 

using HSPiP’s automatic system (personal communication, March 4, 2015). These HSPs are given 

in Table 5.4. Also, the distances (Ra) of alizarin with all solvents are compared in Table 5.4. The 

Ra values are used to compare the solubility of alizarin, luteolin and apigenin in different extraction 

solvents.  The Ra values are used to compare the solubility of alizarin, luteolin and apigenin in 

different extraction solvents.  
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Table 5.4 The HSP values of alizarin, luteolin, apigenin and the solvents, as well as the Ra distance 
between these dyes and the solvents 

Compound dD dP dH Ra 

alizarin 
Ra  

luteolin 
Ra 

apigenin 

alizarin 21.0 11.3 22.0    

luteolin  20.8 5.9 9.5    

apigenin 20.5 5.8 12.1    

formic acid 14.3 11.9 16.6 14.4 16.0 14.5 

water 15.6 16.0 42.3 23.4 35.9 33.3 

formic acid: MeOH (5:95, v/v) 15.1 12.3 22.0 11.8 18.1 16.0 

formic acid: MeOH: W (2:1:1, v/v) 14.8 13.0 24.5 12.6 20.4 18.3 

methanol 15.1 12.3 22.3 11.8 18.3 16.2 

methanol: W (1:1, v/v) 15.4 14.2 32.3 15.5 26.6 24.2 

pyridine 19.0 8.8 5.9 16.8 5.9 7.5 

dimethylformamide (DMF) 17.4 13.7 11.3 13.1 10.5 10.1 

dimethylsulphoxide (DMSO) 18.4 16.4 10.2 13.8 11.6 11.6 

  

5.5.4 Extraction efficiency of madder dyed samples using CE-LIF 

CE-LIF was performed to evaluate the extraction efficiency of alizarin using selected 6 representa-

tive solvents including: HCl, formic acid, methanol, pyridine, DMSO and DMF. 
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Hydrochloric acid (HCl) extraction of wool samples dyed with madder 

From the literature review it was concluded that HCl, at different concentrations and different 

mixtures with alcohol, is the most common solvent for extraction of red dyes. The application of 

HCl at 2, 3, and 6 M under different conditions to extract red dyes from textiles has been reported 

by different researchers. Karadağ et al. used HCl 6M at 20°C for 6 hours to extract the red dyes 

from 16th century red textiles. Lac dye, pseudo purpurin and carminic acid were identified by using 

TLC and UV spectroscopy in 3 samples respectively [3]. Wouters used 3M HCl at 100°C for 30 

minutes and by using HPLC-DAD alizarin; pseudo purpurin; munjistin; purpurin and rubidian, 

kermesic acid and alizarin, carminic acid and kermesic acid were identified in 3 red textiles re-

spectively [4]. Kharbade et al. used HCl 2M to extract the different dye components from Indian 

textiles belong to the 16-19th century using TLC. Only red dyes such as alizarin and pseudo pur-

purin could be identified [29]. Regarding HCl with the mixture of alcohols, it can be noted that 

the most widespread mixture is HCl 37%: MeOH: W (2,1,1, v/v/v). This mixture has been used 

for decades to extract mostly red dyes and aglycone precursors of yellow dyes from textiles. Clem-

enti et al. stated that HCl extraction is the most effective method to extract colouring matters from 

madder [30]. The extraction can be affected by time and applied temperature, in most studies the 

applied extraction conditions were: 100°C for 10 minutes [5], [10], [11], [12], [13], [19], or 105°C 

for 10 minutes [16], [17] and 60°C for 30 minutes [18]. A lower concentration of HCl with meth-

anol (HCl 3M: MeOH, 1:1, v/v) at 100°C for 15 minutes has been used [6]. Moreover, Surowiec 

et al. and Trojanowicz et al. extracted dyes from Coptic textiles belonging to the 4-5th and 7-9th 

centuries by a mixture of HCl 3M with ethanol (1:1, v/v) at 90°C for 20 minutes [8], [9]. Surowiec 
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et al. used HPLC-FLD and Trojanowicz et al. performed CE- DAD on the same extract.  Appli-

cation of both techniques could be used to identify the presence of purpurin, kaempferol in a black 

sample, while munjistin could be identified using HPLC-FLD and alizarin using CE-DAD.  

 In this work, the dyes were extracted using HCl 3M, HCl 3M: EtOH (1:1, v/v) at 92°C for 5 

minutes and HCl 37%: MeOH: W (2:1,1, v/v/v) at 60°C for 10 minutes. The extracted dyes were 

studied using CE (Figure 5.2).  In these 3 separations, by spiking with alizarin standard solution 

in DMSO (run a-1 in embedded Figure) peak 1 was identified as alizarin. The comparison between 

the runs shows that 3N HCl in the presence of ethanol (run c) was more effective to extract alizarin 

than other 3N HCl applications: by itself (run b), or the mixture of HCl with methanol and distilled 

water (run a).  

 
Figure 5.2 Electropherograms of dye extract from wool samples dyed with madder, using HCl: 
(a) HCl: methanol: distilled water (1:1:1, v/v/v), (b) HCl 3N, (c) HCl 3N: ethanol (1:1, v/v). Sep-
aration conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an 
applied potential of 22 kV. 
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These results are in accordance with our observation of choosing the solvent for extraction and 

in agreement with Orska-Gawry et al. that replacing methanol with ethanol due to higher B.P 

increases the extraction time and in return increases the amount of extracted dyes [7]. It should be 

mentioned that alizarin in the standard solution with the same ionic strength as in the extract dye 

solution (containing 5% acetonitrile, 10% DMSO), eluted around 8 minute (results from Chapter 

1). However, the delay observed in HCl extractions can be due to the presence of the unwanted 

residue extract from wool samples. Surowiec et al.  could extract dyes using the mixture of HCl 

3M: EtOH (1:1, v/v) by performing CE- DAD alizarin and purpurin could be detected [8]. 

Formic acid (HCOOH) extraction of wool samples dyed with madder 

 Formic acid is another common solvent used for extraction of dyes from textiles typically used as 

a mixture with methanol at (5:95, v/v). According to the findings of the literature review extraction 

conditions were applied at different temperatures for different times; for example, 40°C for 30 

minutes [12], [31], [19] 60°C for 30 minutes [18]. The application of formic acid at the lower 

concentration but higher temperature and shorter time was reported by Valianou et al. Where the 

mixture of formic acid: methanol: water (2:1:1, v/v/v) at 100°C for 15 minutes was used [15]. 

The red dye was extracted from the wool samples dyed with madder using formic acid in 

different mixtures: HCOOH: MeOH (5:95, v/v) and HCOOH: MeOH: W (2:1,1, v/v/v) at 92°C 

for 15 minutes, including ultrasonication. The extracted dyes were studied using CE (Figure 5.3). 

When a mixture of formic acid and methanol; HCOOH: MeOH (5:95, v/v) was used (run a), more 

alizarin was extracted to compare to a mixture of formic acid and methanol with distilled water; 

HCOOH: MeOH: W (2:1,1, v/v/v) (run b and c). The same sample used in run b was injected in 
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run c while the PMT setting was changed from 1000 V to 1200 V. The comparison of these 2 runs 

showed that the dye extract in run b was reproducible and spiking showed that peak 1 belongs to 

alizarin. 

 
Figure 5.3 Electropherograms of dye extracted from the wool dyed with madder, using HCOOH 
(a) HCOOH: MeOH (5:95, v/v), (b and c) HCOOH: MeOH: W (2:1:1, v/v/v). Separation condi-
tions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential 
of 22 kV. 

The amount of the alizarin extracted using different mixtures of formic acid can be explained 

by HSP values of the solvent. The corresponding Ra values of alizarin versus HCOOH: MeOH 

(5:95, v/v), HCOOH: MeOH: W (2:1:1, v/v/v) are shown in Table 5.4. It can be concluded that 

the mixture of formic acid and methanol with lower Ra value, 11.8 MP1/2 should dissolve alizarin 

more than the mixture of formic acid, methanol and distilled water with Ra value 12.6 MP1/2. The 

CE results are in agreement with these values.  
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Methanol extraction of wool samples dyed with madder 

The application of the mixture of methanol and distilled water (1:1, v/v) was reported by Huang 

et al. [32]. The solvent was used to extract synthetic dyes from textiles. The solvent was used 

under 100°C for unspecified time. In this study for the first time alizarin in the wool sample dyed 

with madder was extracted using a mixture of methanol and distilled water, at 92°C for 30 minutes, 

including ultrasonication. Figure 5.4 shows the result (run a).  

 

Figure 5.4 Electropherograms of (a) dye extract from the wool dyed with madder using methanol: 
distilled water (1:1, v/v), (b) the sample from run a was spiked with alizarin. Separation conditions 
20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 
kV. 

In order to identify the small peak eluted around 8 minute, the same sample used in run’a’ was 

spiked with alizarin and it confirmed that the peak belongs to alizarin. 

Pyridine, DMSO and DMF extraction of wool samples dyed with madder 

Manhita et al. reported the application of different solvents including pyridine, and DMF for ex-

traction of dyes from textile samples belonging to the18th century. The extraction was performed 
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at 100°C for 10 minutes [19]. The application of DMSO at 100°C for 10 minutes or as a mixture 

with HCl at 80°C for 5 minutes were reported [15], [17].  

In this study pyridine, DMSO and DMF were used to extract red dye from wool samples dyed 

with madder. The extraction parameter for these 3 solvents were the same (92°C, for 30 minutes, 

using ultrasonic wave). The efficiency of the extraction methods was studied by CE. The results 

from these studies are given in Figure 5.5.  

 

Figure 5.5 Electropherograms of dye extract from madder, using (a) DMF, (b) DMSO, (c) pyri-
dine, (b-1) run b was spiked with alizarin (peak 1). Separation conditions 20 mM borate buffer at 
pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. 

The comparison of the electropherograms shows that DMF (run a) and DMSO (run b) could 

extract a greater amount of alizarin than pyridine (run c). These results are in accordance with the 

observation of choosing the solvent for extraction. By using Hansen solubility parameters, the 

extraction efficiency in different solvents can be explained.  The corresponding Ra value of alizarin 

versus DMF, DMSO and pyridine are shown in Table 5.4. It can be concluded that DMF with 
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smallest Ra value, 13.1 MP1/2 should dissolve alizarin more than DMSO and pyridine with Ra 

values as 13.8 and 16.8 MP1/2, respectively. All these calculated values are in agreement with data 

from experiment. 

5.5.5 Extraction efficiency of weld dyed samples using CE-LIF  

Hydrochloric acid (HCl) extraction of wool samples dyed with weld 

According to the literature, HCl is not an appropriate solvent to extract yellow dyes since most of 

the yellow dyes have the glycones and aglycones colouring matters and strong acid hydrolyses the 

glycosidic bonds [12], [13], [15], [33]. Hydrochloric acid has been diluted with water or water and 

alcohol to extract yellow dyes. When a solution of 2 M HCl was used to extract the different dye 

components from Indian textiles and TLC was performed on the extract dye, the yellow dyes were 

not detected [29]. In terms of application of a mixture of HCl with alcohols, It was reported that 

(HCl 3M: MeOH, 1:1, v/v) at 100°C for 15 minutes could extract dyes from textiles belonging to 

the 18th century and luteolin and apigenin could be identified in cream, mustard and green samples 

by performing HPLC-DAD [34]. Moreover, the mixture of 3 M HCl with ethanol (1:1, v/v) was 

used to extract yellow dyes. For example, in one study the extraction was performed at 100°C for 

15 minutes on the Coptic textiles belonging to the 8th century and luteolin and apigenin were iden-

tified in the orange sample, and luteolin in the green one [7]. Moreover, extracted dyes from Coptic 

textiles by a mixture of 3 M HCl with ethanol (1:1, v/v) were analysed by HPLC-FLD and CE- 

DAD. It was reported that luteolin and apigenin, and luteolin were identified in yellow and orange 
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samples, respectively by running CE- DAD, while HPLC-FLD could not identify those dyes [8], 

[9].  

Zhang et al. reported the application of methanolic hydrochloric acid in higher concentration 

HCl 37%: MeOH: W (2,1,1, v/v/v) at different conditions for extraction of yellow dyes. The ex-

traction of dyes from a wool sample dyed with weld using methanolic hydrochloric acid at 100°C 

for 10 minutes, formic acid and EDTA 0.001M: ACN: MeOH, was compared by performing LC-

DAD. Luteolin was the only dye component that could be extracted using different solvents [12]. 

Peggi et al. [13] and Valianou et al. [15] studied the extraction efficiency of the wool samples 

dyed with weld using HCl 37%: MeOH: W (2,1,1, v/v/v) at 100°C introduced by Zhang et al. [12] 

at longer time.  They showed that increasing the extraction time from 10 to 15 minutes did not 

change the extraction results [13], [15]. In these 2 studies by performing LC-DAD the extract dyes 

were identified as luteolin, apigenin and chrysoeriol (3'-methoxyluteolin). 

In this work, 3 M HCl at 60°C for 10 minutes, HCl 3M: EtOH (1:1, v/v) at 92°C for 10 minutes, 

including ultrasonication, and HCl 37%: MeOH: W (2:1,1, v/v/v) at 60°C for 10 minutes were 

chosen for extraction from the wool samples dyed with weld. The extracted dyes were studied 

using CE under separation conditions using 20 mM borate buffer at pH = 8.5; 20 mM SDS with 

5% acetonitrile and an applied potential of 22kV. The results were in agreement with those of 

other research groups and only the aglycones of luteolin and apigenin were detected. The trend of 

extraction efficiency of luteolin and apigenin was as follows: 

HCl 3M: EtOH (1:1, v/v) > HCl 37%: MeOH: W (2:1,1, v/v/v) > HCl 3M. 

The comparison between the results of extraction of samples dyed with madder and weld using 

HCl, HCl 3M: EtOH (1:1, v/v) extractions proved to be the most efficient methods for extracting, 
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alizarin, luteolin and apigenin in the samples. The comparison between the migration time of ex-

tracted dyes with the mixture of standard solution of dyes, shows that extracted dyes eluted later. 

The delay observed was likely due to the extraction of unwanted residue from wool samples by 

HCl. 

Formic acid (HCOOH) extraction of wool samples dyed with weld 

The mixture of formic acid and methanol (5:95, v/v) has been used as a favorable solvent for 

extraction of yellow dyes [12], [15], [31], [19], [18]. The extraction conditions were varied, it was 

used at lower temperature 40°C for 30 minutes or higher temperatures 60°C for 30 minutes [18]. 

Also, the mixture of formic acid: methanol: water (2:1:1, v/v/v) was used at 100°C for 15 minutes 

[15]. Zhang et al. believed increasing the temperature of extraction from 40 to 60 °C causes the 

hydrolysis of the glycosidic bond, while the results from [18] and [15] were not in agreement with 

this conclusion. However, in this work the extraction was performed at high temperatures (60 and 

92°C) and 7-O-glycosidic of luteolin and apigenin were detected. 

Based on the evaluation of the conditions applied for extraction of dyes from the weld dyed 

wool samples, 2 methods were preferred: HCOOH: MeOH (5:95, v/v) at 60°C for 30 minutes 

and HCOOH: MeOH: W (2:1,1, v/v/v) at 92°C for 15 minutes, including ultrasonication. The 

extraction efficiency was evaluated by CE –LIF and separation results are given in Figure 5. 6.  

The comparison of electropherograms showed that the mixture of HCOOH: MeOH (5:95, v/v) 

(run a) could extract 4 flavones: lu-7-O-glu (peak 1), ap-7-O-glu (peak 2), apigenin (peak 3) and 

luteolin (peak 4). The mixture of HCOOH: MeOH: W (run b) extracted lu-7-O-glu (peak 1), and 
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ap-7-O-glu (peak 2), the same amount as formic acid and methanol did. This solvent could ex-

tract more luteolin (run b, peak 3) compared to the mixture of formic acid and methanol (run a, 

peak 4). Apigenin was not extracted using this method. 

 
Figure 5.6 Electropherograms of dye extract from the wool dyed with weld, using HCOOH: (a) 
HCOOH: MeOH (5:95, v/v) lu-7-O-glu (peak 1), ap-7-O-glu (peak 2), apigenin (peak 3) and lu-
teolin (peak 4), (b) HCOOH: MeOH: W (2:1:1, v/v/v) lu-7-O-glu (peak 1), ap-7-O-glu (peak 2), 
and luteolin (peak 3). Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 
5% acetonitrile and an applied potential of 22 kV. 

The amount of the flavones extracted using different mixtures of formic acid can be explained 

by HSP values of the solvent. The corresponding Ra values of luteolin and apigenin versus 

HCOOH: MeOH (5:95, v/v), and HCOOH: MeOH: W (2:1:1, v/v/v) are shown in Table 5.4. The 

Ra values of luteolin and apigenin in a mixture of HCOOH: MeOH (5:95, v/v) 18.1, and 16 MP1/2 

were lower than those in the mixture of HCOOH: MeOH: W (2:1:1, v/v/v) 20.4 and 18.3 MP1/2.  

A reduced Ra value should show more solubility; however, the CE results did not confirm this 
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hypothesis. It is possible that performing the extractions at 2 different temperatures could affect 

the HSP values of solvent mixtures and in return have affected the Ra values.  

According to the literature, the colouring matter in the sample dyed with weld was varied, which 

may be due to the extraction method or the source of the weld. Peggie et al. [13] and Valour et al. 

[15] used HPLC-DAD to detect luteolin, apigenin and chrysoeriol as the colouring matters ex-

tracted using methanolic HCl from the samples dyed with weld [13], [15]. However, by using the 

milder extraction solvent; methanolic formic acid for weld dyed samples and running the same 

detection technique, both glycones and aglycones colouring matters in weld were detected: lu-7-

O-glu and apigenin-O-glucoside as well as luteolin, apigenin, chrysoeriol [15].  Furthermore, 

Sanyova et al. [14] reported that both glycosides and aglycone flavones were extracted by using 4 

M HF as the mild extraction method. The colourant matters from the samples dyed with weld were 

detected as: luteolin-3,7'-di-O- glucoside, lu-7-O-glu, apigenin-O- glucoside, luteolin and apigenin 

[14]. Moreover, Petroviciu et al. used methanolic hydrochloric acid for the extraction and by   per-

forming HPLC-DAD on the extract only chrysoeriol was detected [16].  Zhang et al. performed 

the same extraction technique on the extract obtained using methanolic formic acid and the only 

dye among other eluted components assigned was luteolin [12].  

Methanol extraction of wool samples dyed with weld 

 Huang et al. also used methanol and water at 100°C for extraction of synthetic dyes from textiles 

[32]. In our work for the first time the colouring matters of weld dyed wool sample were extracted 

using a mixture of methanol and distilled water (1:1, v/v) at 92°C for 30 minutes, including ultra-

sonication.  
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The CE study of these samples (Figure 5.7) showed that methanol: water (1:1, v/v) could 

extract 4 yellow flavones (run a). The dyes were assigned by spiking with standard solutions (run 

b) as: lu-7-O-glu (peak 1), ap-7-O-glu (peak 2), apigenin (peak 3) and luteolin (peak 4).  

 

Figure 5.7 Electropherograms of dye extract from the wool samples dyed with weld, using (a) 
MeOH : distilled water (1:1, v/v), (b) the extract solution was spiked with standard dyes solution, 
and the peaks were assigned as lu-7-O-glu (peak 1), ap-7-O-glu (peak 2), apigenin (peak 3) and 
luteolin (peak 4). Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% 
acetonitrile and an applied potential of 22 kV. 

According to Table 5.4 higher Ra values were observed for luteolin and apigenin in the mixture 

of methanol and water compared with methanol. Since higher temperatures could be applied to 

the mixture of methanol and water, more dyes were extracted. 
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Pyridine, DMSO and DMF extraction of wool samples dyed with weld 

Pyridine and DMF were used at 100°C for 10 minutes for extraction of the 18th century textile 

samples [19]. Valiar et al. has reported the use of DMSO at 100°C for unspecified time [15]. In 

this study pyridine, DMSO and DMF were used to extract flavone dyes from the weld dyed wool 

samples at 92°C, for 30 minutes, using ultrasonication. The efficiency of the extraction methods 

was studied by CE. The results from these studies are given in Figure 5.8.  

 

Figure 5.8 Electropherograms of extracted dyes from the wool samples dyed with weld, using (a) 
pyridine, (b) DMSO and (c) DMF. Embedded picture (b-1) is the spiking of run (b) with luteolin 
(peak 3). Spiking showed that. The peaks were eluted as lu-7-O-glu (peak 1), ap-7-O-glu (peak 2) 
and luteolin (peak 3). Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 
5% acetonitrile and an applied potential of 22 kV. 

This study showed that none of these solvents were able to extract apigenin. Pyridine (run a) 

was able to extract only 2 dyes: lu-7-O-glu (peak 1) and ap-7-O-glu (peak 2), while DMSO and 

DMF could extract 3 dyes: lu-7-O-glu (peak 1) and ap-7-O-glu (peak 2), and luteolin (peak 3) (run 

b and c, respectively). DMF was able to extract more amounts of lu-7-O-glu (peak 1) and ap-7-O-
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glu (peak 2), in comparison with DMSO and pyridine. However, luteolin (peak 3) was extracted 

more with DMSO which is in contradiction to the Ra values given in Table 5.4. According to 

Table 5.4 pyridine should dissolve more amount of luteolin in comparison with other solvents.  

The comparison between the electropherograms of extract from the samples dyed with madder 

and weld showed that most solvents could extract alizarin to the same extent. In terms of flavones, 

the mixture of HCl with ethanol, formic acid and methanol as well as methanol and water could 

extract all 4 colouring agents in weld while other solvents could extract 2-3 of the flavones. There-

fore, to extract dyes from the case study samples methanol and water (1:1, v/v) was selected due 

to low cost, environmentally friendly, and low boiling point compared to other organic solvents. 

This property enables the extract to dry at room temperate in a shorter period of time. In following, 

the results from the separation and identification of colouring agents in the case study samples 

with CE-LIF are given. 

5.6 Case studies  

The dyes were extracted from following authentic samples using a methanol and water mixture. 

The historical samples for this research were: yellow, red, green and brown threads from a 

piece of hand woven carpet (100-year-old). Yellow and red silk threads from a Chinese robe be-

longing to Chinese dynasty (1700 AD) afforded by Alberta Museum (Edmonton). Yellow and red 

wool threads from clothing of the “Salt Man” (600 BC) provided by Research Center for Conser-

vation 
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of Cultural Relics (RCCCR), Tehran. And a piece of cloth with yellow, red and gold threads from 

Safavid time (1700 AD) was kindly provided by the National Museum of Iran. A red thread of a 

table cloth from the 20th century was afforded by Winnipeg Art Gallery. Moreover, the colourants 

in paper dyed with henna, clove, cochineal, madder were investigated using CE-LIF. Also, the 

extraction colourants in some plants including: onion skin, henna, clove, madder, weld, Persian 

burries were explored. 

5.6.1  Persian Carpet  

A piece of 100-year-old hand woven colourful Per-

sian carpet was provided from Iran by a carpet mer-

chant (Figure 5.9). 

Different threads were chosen to study the dye com-

ponent using CE-LIF. The results of CE separation 

(run a) and spiking with standard solutions (run b) of 

red, yellow, brown and green threads are presented in Figures 5.10 to 5.13. 

Persian Carpet: Red wool  

The extract from 1mg of red thread was dissolved in borate buffer and CE separation was per-

formed on the sample, Figure 5.10, run ‘a’. Spiking the same solution with 1µg ml-1 alizarin 

standard solution confirmed that peak 1 belonged to alizarin. It could be concluded that the thread 

was dyed with madder plant. 

 

Figure 5.9 A piece of 100-year-old hand 
woven colourful Persian carpet 
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Figure 5.10 Electropherograms of (a) dye extract from the red wool from the carpet using meth-
anol: distilled water (1:1, v/v), (b) the sample from run a was spiked with alizarin. Separation 
conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied 
potential of 22 kV. 

Persian Carpet: Yellow wool  

The extract from 1mg of yellow thread was dissolved in borate buffer and CE separation was 

performed on the sample, Figure 5.11, run’a’. The same solution was spiked with 0.1and 0.2 µg 

ml-1 apigenin and luteolin (run b). The comparison between 2 runs confirmed that peak 1 and 2 

belonged to apigenin and luteolin, respectively. The CE separation of the spiked sample with lu-

7-O-glu and ap-7-O-glu confirmed their presence. It could be concluded that the yellow thread 

was dyed with weld plant.  
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Figure 5.11 Electropherograms of (a) dye extract from the yellow wool from the carpet using 
methanol: distilled water (1:1, v/v), (b) the sample from run a was spiked with apigenin and lute-
olin. Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile 
and an applied potential of 22 kV. 

Persian Carpet: Brown wool  

The extract from 1mg brown thread was dissolved in borate buffer and CE separation was per-

formed on the sample, Figure 5.12, run ‘a’. The same solution was spiked with 2 µg ml-1 alizarin 

(run b). It was noticed that only peak 1 in run ‘a’ showed an increment after spiking and it was 

assigned as alizarin. Spiking with flavonoids did not confirm the presence of yellow dyes. The 

brown colour can be made by mixing red and blue dyes. Also, madder with iron mordanting in-

duces brown colour [35]. Performing HPLC-DAD on the extract from the brown sample from 

Coptic textile belonging to the 4th century could detect following dyes: indigo, purpurin, alizarin, 

and indigotin. Moreover, the same study on the sample from the 6th century only revealed the 

presence of alizarin and purpurin [7].  
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Figure 5.12 Electropherograms of (a) dye extract from the brown wool from the carpet using 
methanol: distilled water (1:1, v/v), (b) the sample from run a was spiked with alizarin. Separation 
conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied 
potential of 22 kV. 

Persian Carpet: Green wool 

The extract from 1mg of green thread was dissolved in borate buffer and CE separation was per-

formed on the sample, Figure 5.13, run ‘a’. The same solution was spiked with 0.5 µg ml-1 alizarin 

and luteolin standard solutions (run b). The comparison of the results confirmed that peak 1 and 2 

belonged to alizarin and luteolin, respectively.  The green colour is mostly achieved by overdyeing 

a weld dyed yarn with indigo [10]. Also, the presence of red dye in the green colour has been 

reported by Orska-Gawryś.  The analysis of green samples from the Coptic textiles belonging to 

the 7-9th and 6th centuries, indicated the presence of indigo, indigotin, alizarin and luteolin. Fur-

thermore, a study on another green sample from 7-9th centuries could detect indigo, indigotin and 

alizarin [7]. 
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Figure 5.13 Electropherograms of (a) dye extract from the green wool from the carpet using meth-
anol: distilled water (1:1, v/v) (b) the sample from run a was spiked with a lu-7-O-glu and luteolin. 
Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an 
applied potential of 22 kV. 

It can be concluded that weld and madder have been used with other dyes like indigo and woad 

to achieve green colour [36]. The CE separation confirmed that the source of yellow colourants to 

dye yellow and green samples were different. 

5.6.2 Imperial Chinese Robe Samples 

Two minute yellow and one small red thread samples belonging to an embroidered yellow silk 

imperial twelve dragon robe (1736-1795), as well as a minute yellow thread from imperial yellow 

semiformal (1775-1795) were provided by the Royal Alberta Museum.  They are known as: 1: 

2005.5.375 Embroidered yellow silk imperial twelve dragon robe (1736-1795): yellow sample 

from under in-seam (0.75mg); 2: 2005.5.375 Embroidered yellow silk imperial twelve dragon robe 
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(1736-1795): yellow sample from loose end (0.31mg), 3: 2005.5.375 Embroidered yellow silk 

imperial twelve dragon robe (1736-1795): red embroidery thread sample from loose end (0.28mg), 

and 4: 2005.5.9 imperial yellow semiformal (1775-1795): yellow sample from R.R. lower in seam 

CL (1mg used). Less than 1mg of these samples were used to extract dyes using methanol and 

water as explained in the previous section. The extract was dissolved in DMSO and the preparation 

was followed according to the procedure explained in CE sample preparation. The results of CE 

separation are given in Figure 5.14 to 5.17. Figure 5.14 run ‘a’ shows the separation of compo-

nents in the yellow sample from embroidered yellow silk imperial twelve dragon robe (yellow 1).  

 
Figure 5.14 Electropherograms of  (a) dye extract from embroidered yellow silk imperial twelve 
dragon robe (yellow 1) using methanol: distilled water (1:1, v/v), (b) the same sample spiked with 
1 µg ml-1 of standard solutions as assigned peaks: kaempferol (1), myricetin (2), quercetin(3), and 
morin (4), (c) the fresh extract spiked with 3 µg ml-1 lu-7-O-glu (1), 1 µg ml-1 ap-7-O-glu (2), 
apigenin (3) and luteolin (4).Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS 
with 5% acetonitrile and an applied potential of 22 kV. 
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In order to assign the peaks a fresh sample of the extract was used for spiking with flavonols (run 

b) and flavones (run c). None of the dyes could be assigned using the 8 common dyes in our data 

bank.  

Figure 5.15 run a shows CE separation of another yellow sample from the same robe.   

 

Figure 5.15 Electropherograms of (a) dye extract from embroidered yellow silk imperial twelve 
dragon robe (yellow 2) using methanol: distilled water (1:1, v/v), (b) the same sample spiked with 
standard solutions as assigned: peak (1) µg ml-1 lu-7-O-glu, peak (2) 1 µg ml-1 ap-7-O-glu , peak 
(3) 0.1 µg ml-1 apigenin and peak (4)1 µg ml-1 luteolin. Separation conditions 20 mM borate buffer 
at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. 
 

Figure 5.15 run ’b’ shows the spiking the fresh solution of yellow dye (run a) with standard solu-

tions of flavones and none of the peaks could be identified. 

CE was performed on the extract from the third yellow sample, imperial yellow semiformal 

(1775-1795) but the same as other yellow samples the spiking with standards did not help to iden-

tify the peaks. The CE profile of these 3 yellow samples are presented in Figure 5.16. The com-

parison between the CE runs shows that these samples were dyed with the same source of dye. 
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Figure 5.16  Electropherograms of dye extract from embroidered yellow silk imperial twelve 
dragon robe: (a) sample yellow 1, (b) sample yellow 2 and (c) imperial yellow semiformal sample 
yellow 3; using methanol: distilled water (1:1, v/v). Separation conditions 20 mM borate buffer at 
pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. 

Figure 5.17 run a shows the separation of components in the red sample from embroidered 

silk imperial twelve dragon robe. In order to assign the peaks a fresh sample of the extract was 

used for spiking with red standard solutions (run b). The spiking confirmed the presence of alizarin 

in the extract. Since the peak of carmine (peak 3) was not a match, it could be concluded that the 

animal base dyes (cochineal) had not been used for dying the red threads. 
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Figure 5.17 Electropherograms of (a) red dye extract from embroidered silk imperial twelve 
dragon robe using methanol: distilled water (1:1, v/v); peak 1 assigned as alizarin, (b) the same 
sample spiked with 2 µg ml-1 standard solution of alizarin (peak 1) and 5 µg ml-1 solutions of 
emodin (peak 2) and carmine (peak 3), respectively. Separation conditions 20 mM borate buffer 
at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. 

Other research groups studied different Chinese items belonging to the same time span. This 

showed that the source of the dye used in the objects were different. For example, the dyes detected 

in the pink colour of the 18th century wall paper were carminic acid, laccaic acid A, indigotin, and 

indirubin [14]. While the red dyes in a pair of shoes and the head band were identified as carthamin 

the colourant in safflower and brazilin the colourant in brazilwood. The yellow dyes in these sam-

ple were analysed and reported as berberine, palmatin the main colourants found in Asian berberis 

and rutin (quercetin-3-o-glucoside), quercetin the main colourants in Chinese yellow berries [31]. 
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5.6.3 The textile samples from “Salt Man” 

Six human mummified remains were found in a Chehrabad (Douzlakh) salt mine located in Zanjan 

province, northwest of Iran, during the time span of 1993 to 2008. These remains were designated 

“Salt Men” numbered one to 6 [37], [38]. In this study the samples were taken from the clothing 

of the first “Salt Man” who was found in 1993 in a mine excavation. The 14C studies showed that 

he lived during the early Sassanid dynasty (224-651 AD) [39]. His clothing and possessions sug-

gest that he belonged to a high rank of society [40].  

 Red, yellow and green threads belonging to a multi-coloured sample 10141, a piece of gar-

ment, as well as minute red thread from sample 10050 a fragment of belt were provided by The 

National Museum of Iran located in Tehran. It was reported previously that these samples were 

mostly made of wool and minor amount of goat hair [35]. 

 Less than 1mg of these samples was used to extract dyes using methanol and water as ex-

plained in the previous section. The extract was dissolved in DMSO and procedure explained in 

CE sample preparation was used. The results of CE separation are given in Figures 5.18 to 5.21. 

The CE separations of the red samples 10141 and 10050 are presented as run ‘a’ in Figure 5.18 

and 5.19, respectively. In order to assign the peaks, the solutions used in run ‘a’ were spiked with 

a 1 µg ml-1 standard solution of alizarin (run’b’ in both Figures) and it was concluded that the peak 

eluting at 8:30 minutes belonged to alizarin. The results of this study were in agreement with the 

findings reported by other research groups who worked on red threads from samples 10141 and 

10050 [40]. In a preliminary study the red dyes from samples were extracted using hot HCl, and 

by performing TLC and IR spectroscopy alizarin was detected and it was concluded that these 

samples would be dyed using madder [40]. 
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Figure 5.18 Electropherograms of (a) dye extract from red thread from sample 10141 using meth-
anol: distilled water (1:1, v/v), (b) the same sample spiked with 1 µg ml-1 of alizarin standard 
solution. Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile 
and an applied potential of 22 kV. 

 
Figure 5.19 Electropherograms of (a) dye extract from red thread from sample 10050 using meth-
anol: distilled water (1:1, v/v), (b) the same sample spiked with 1 µg ml-1 of alizarin standard. 
Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an 
applied potential of 22 kV. 
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Also, the chemistry department of Boston University and Williamstown Art Conservation Center 

analysed the same samples and the presence of alizarin and a little amount of purpurin were re-

ported [35]. 

The CE separation of the yellow sample 10141 is presented as run ‘a’ in Figure 5.20. In order 

to assign the peaks, the solution used in run ‘a’ was spiked with standard solutions of 0.2 µg ml-1 

lu-7-O-glu, ap-7-O-glu, luteolin and 0.01µg ml-1 apigenin 

 

Figure 5.20 Electropherograms of (a) dye extract from yellow thread from sample 10141 using 
methanol: distilled water (1:1, v/v), (b) the same sample spiked with flavones standard solutions 
and the peaks were assigned as: lu-7-O-glu (peak 1), ap-7-O-glu (peak 2), apigenin (peak 3) and 
luteolin (peak 4). Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% 
acetonitrile and an applied potential of 22 kV. 

 
The elution order of these dyes is assigned in run ‘b’ as luteolin-7- o- glucoside, ap-7-O-glu, 

apigenin and luteolin. Except apigenin eluted before luteolin; the order of elution was in agreement 

with the order reported by Sanyova for the samples dyed with weld [14]. From these results, it can 
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be concluded that the yellow thread was dyed with weld. Also, the findings from performing FT-

IR and UV spectroscopy showed that the yellow thread should be dyed by weld [35]. Moreover, 

the Chemistry Department of Boston University and Williamstown Art Conservation Center ana-

lysed the same sample and flavonol sulfate was detected. This dye is one of the rare colourants 

which was not included in the 200 dyes database. It was concluded the plant used for dying should 

be a local one growing in Zanjan province [35]. 

The CE separation of the green sample 10141 is presented as run ‘a’ in Figure 5.21. In order 

to assign the peaks, a fresh solution as used in run ‘a’ was spiked with standard solutions of 0.04 

µg ml-1 yellow and red dyes including: lu-7-O-glu, ap-7-O-glu, luteolin, apigenin and alizarin. 

Spiking confirmed the presence of a small amount of alizarin in the green sample, as opposed to 

the other research groups reporting that the green dye in this sample was a mixture of only blue 

and yellow dyes [35]. Moreover, the findings of the Chemistry Department of Boston University 

and Williamstown Art Conservation Center showed that the green colour was achieved by mixing 

flavonoids and indigoids [35]. Our finding regarding alizarin, may be due to the dye pot have been 

contaminated with madder. 
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Figure 5.21 Electropherograms of (a) dye extract from green thread from sample 10141 using 
methanol: distilled water (1:1, v/v) , (b) the same sample spiked with flavones standard solutions 
and the peaks were assigned as: lu-7-O-glu (peak 1), ap-7-O-glu (peak 2) , alizarin ( peak 3),  
apigenin (peak 4) and luteolin (peak 5).Separation conditions 20 mM borate buffer at pH = 8.5; 
20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. 

Moreover, all dyes in the samples under this study were also analysed by Mouri et al. The dyes 

were extracted using pyridine: water: oxalic acid 1.0M (95:95:10) at 100°C for 15 minutes and 

detected by HPLC-DAD-MS [41]. The results for red samples were in agreement with our find-

ings. The peak belong to alizarin was detected at 50 minute and it was concluded that the samples 

were dyed by madder [41]. In terms of yellow dyes, this research group had 2 yellow samples from 

2 different textile fragments 10050 and 10141. HPLC- DAD was performed on the sample 10050 

and the following dyes were detected: ellagic acid, quercetin glucuronide, quercetin 3-o-sulfate, 

kaempferol 3-o-sulfate, isorhamnetin or tamarixetin 3-o-sulfate, quercetin (3’,4 or 7)-o-sulfate, 

quercetin and alizarin. These dyes are the most common dye components found in the tamarix 
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plant, the local plant grows near the salt mine. However, the results for yellow sample 10141 (the 

sample studied in our lab) was not the same as sample 10051, and the following dye components 

were identified: quercetin 3-o- glucuronide, quercetin 3-o-glucoside, and other 3-o-flavonol glu-

cosides. From this data the conclusion was drawn that these 2 yellow samples had different sources 

and the source of sample 10041 was unidentified.  

Regarding the green sample (10041), it was concluded that it was made of the mixture of blue 

and yellow dyes. Where the source of yellow dyes was the same as the one used for dying yellow 

sample 10040 sample and blue source could be possibly woad [41]. 

5.6.4 Safavid Brocade 

A piece of brocade belonging to the 17th century used for Shah-

Abbas funeral was provided by The National Museum of Iran lo-

cated in Tehran. Figure 5.22 shows the verso (back) and recto 

(front) of this fragment.  As it can be seen the red and blue threads 

were used in verso and the golden, blue and yellow threads were 

used in recto. The blue threads were used for writing the verses of 

Surah al-Nasr and in perpendicular and vertical forms in the wrap 

golden threads, and the yellow-orange threads were used as decoration among the blue calligraphy. 

The 2 large pieces of this textile are in the National Museum of Iran (Tehran) and Shrine Museum 

in Qum. These textiles are introduced in the book of Shah Abbas: The Remaking of Iran [42]. 

  

 

Figure 5.22 The verso and 
recto of the fragment be-
longing to the Safavid pe-
riod.  
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Safavid Brocade: Golden thread 

The art of using gold threads in Persian textiles goes back to the Achaemenid era (529-550 B.C.) 

and it reached to its apex in the Sassanid time (226-642 A.D.). This art declined in the early cen-

turies after the Arab invasion. During the Mongol period (1220 A.D.) so many weaving centers 

were destroyed and the pure gold threads were replaced with yarns covered with gold or silver 

layers. After the founding of the Safavid dynasty in 1502 A.D. the textile art flourished again and 

in Shah- Abas time (17th century), a famous textile complex was established in Isfahan compro-

mising of dyeing, weaving and designing centers, only for export purposes.  The gold textiles 

which are known as zarbaft (zar= gold, baft= weaving) or brocade belonging to the Safavid time 

are well-known due to the application of high quality silver and gold threads as well as having 

sophisticated designs with beautiful colours. It is worth noting that in 1700 A.D. for fabrication of 

metal threads, a manual was used describing: the ratio of silver and gold for production of silver 

threads, the golden threads using in brocades, and highest quality golden threads. The percentage 

of Au in these 3 items was defined as 5, 10 and 15 %, respectively [43].  

The threads of the fragment were analysed using portable XRF and the red, yellow threads 

were studied using CE-LIF.  The results are given in following. The bright yellow colour of the 

wrap threads suggested that it was Au. The results from XRF confirmed this thread is made mostly 

of Au, Ag and has a small amount of Fe and Cu (Figure 5.23). 
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Figure 5.23 The XRF spectrum of the golden thread used in the Safavid brocade belonging to 17th 
century 

The study of a golden thread belonging to the Safavid time by SEM showed the presence of 

Au, Ag, Hg, S and Cl [43]. However, the XRF spectrum did not show the K, L and M Hg- lines: 

80.255, 70.82 (K lines), 11.824 (L line), and 2.281, 2.195 (M lines); as well as K S- lines at 2.3, 

2.45. Also, it could be there was an overlap between Au M and Cl K X-ray energies at 2.622, 

2.812. Shibayama et al. also reported the application of metal threads in the Persian velvet belong-

ing to the 16th – 18th centuries.  The SEM analysis revealed that the metal threads were made of 

silver with a very small amount of copper and most of them were gilded [44].  

The yellow and red dyes were extracted from the threads using the procedure explained in 

previous section and the dyes were dissolved in DMSO following the procedure for sample prep-

aration for CE studies. Results are given in Figures 5.24 and 5.25. 

  



5.6 Case studies  261 

 

Safavid Brocade: Yellow thread 

The CE separation of the yellow thread is presented in Figure 5.24. In order to assign the peaks, 

8 fresh solutions of the yellow extract were spiked with each yellow standard dye solution (the   

electropherograms are not given) and the comparison of the changes in the peaks helped to assign 

peaks 1, 2 and 3 as luteolin-7- o- glucoside, apigenin and luteolin, respectively. It can be concluded 

that weld was used as the source of yellow dye. However, HPLC-PAD study of the yellow and 

dyes used in the Persian velvet belonging to the 16- 18th A.D. showed that 8 out of 10 yellow pile 

samples were dyed with larkspur (main colourants: quercetin 3-o-hexoside, and kaempferol 3-o-

hexoside) and the rest with luteolin, and apigenin containing dye [44].  

 
Figure 5.24 Electropherogram of dye extract from yellow thread from the Safavid fragment using 
methanol: distilled water (1:1, v/v) peaks were assigned as: lu-7-O-glu (peak 1), apigenin (peak 2) 
and luteolin (peak 3). Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 
5% acetonitrile and an applied potential of 22 kV. 
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Safavid Brocade: Red thread 

The CE separation of the dye extract from the red thread is shown in Figure 5.25. In order to 

assign the peak eluted in run-a (peak 1), a fresh solution used in run-a was spiked with standard 

solutions of alizarin and carmine 0.8 and 1.2 µg ml-1, respectively. The spiking method did not 

help to identify the peak in the red thread, as it was eluted between alizarin (peak 1) and carmine 

(peak 3).  

 

Figure 5.25 Electropherogram of (a) dye extract from red thread from the Safavid fragment using 
methanol: distilled water (1:1, v/v). (b) A fresh solution was spiked with standard solution of aliz-
arin (peak 1) and carmine (peak 3). Separation conditions 20 mM borate buffer at pH = 8.5; 20 
mM SDS with 5% acetonitrile and an applied potential of 22 kV Reproduced with permission from 
Ref [45].  – Copyright:  MDPI AG. 

In this work the red dye could not be identified. However, it can be concluded that neither 

madder nor cochineal was used. By referring to the literature it can be inferred that it was lac dye 

[44]. The hypothesis suggesting that the red dye can be lac dye or kermesic acid since carminic 
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acid, kermesic acid were detected using HPLC-DAD in red Persian velvet textiles and red yarns 

of Persian carpet belonging to the 17th century A.D [18].  

5.6.5 Antique Ukrainian tablecloth 

 An antique Ukrainian tablecloth sample was provided by the Winnipeg Art Gallery. One mg red 

thread was taken from the tablecloth and alizarin could be detected in the extract obtained from 

the sample. The results are given in Figure 5.26.  

 

Figure 5.26 Electropherograms of dye extract from red thread belonging to the tablecloth. The 
peak was assigned as alizarin (peak 1). Separation conditions 20 mM borate buffer at pH = 8.5; 20 
mM SDS with 5% acetonitrile and an applied potential of 22 kV. Reproduced with permission 
from Ref [45].  – Copyright:  MDPI AG 

5.6.6 Wool dyed with walnut shell (Juglans regia) 

The brown wool sample dyed with walnut was provided by Art University in Tehran, Iran. 

 One mg of sample was used for extraction of dyes following the procedure explained in previous 

section.  
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The results are given in Figure 5.27. Spiking the fresh sample with all flavonoid dyes helped to 

identify myricetin in the sample (peak 1). 

 

Figure 5.27  Electropherograms of dye extract from brown wool sample dyed with walnut. The 
peak was assigned as: myricetin (peak 1). Separation conditions 20 mM borate buffer at pH = 8.5; 
20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. Reproduced with permission 
from Ref [45].  – Copyright:  MDPI AG 

5.6.7 Mordant studies 

The effect of different mordants on extraction of dyes using methanol and water mixture from 

madder dyed wool samples was investigated. Therefore, the coarse hank wools was mordanted 

using following salts as described in section 5.1: alum: hydrated potassium aluminium sulfate 

(KAl(SO4)2
. 12H2O), tin: tin II chloride (SnCl2

. 2H2O), iron: iron II sulfate (FeSO4
.7H2O), copper: 

copper sulfate (CuSO4
.5H2O) known as copper and chrome: potassium dichromate; K2Cr2O7. Aliz-

arin was extracted from madder dyed wool samples mordanted with different salts using methanol 

and water mixture following the procedure described in previous section. The visual observation 
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of the colour intensity of the extract solutions in DMSO indicated the following ranking:  amount 

of dye extracted from the unmordanted wool > copper and chrome mordanted wools> iron mor-

danted wool >alum mordanted wool > tin mordanted sample.  The CE- LIF was performed on the 

extracts and the results are given in Figure 5.28. The spiking showed that the peak number 1 

belonged to alizarin. The results from the comparison of the runs are in agreement with the find-

ings from visual observation. 

 
Figure 5.28 Electropherograms of dye extract from madder dyed wool samples: (a) unmordanted, 
(b) copper mordanted wool, (c) chrome mordanted wool, (d) iron mordanted wool, (e) alum mor-
danted wool, (f) tin mordanted sample. Separation conditions 20 mM borate buffer at pH = 8.5; 
20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. 

A comprehensive study was done by other researchers on the effect of different mordants on 

wash fastness of madder dyed wool samples. The wash fastness refers to the resistance of the dye 

to fading or running. The findings indicated that the wash fastness of the wool samples mordanted 

with chrome, tin, alum, and iron were in the same range (3-4) and higher than those of copper (2-

3) [46]. 
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5.6.8 Extracted dyes from papers 

Several pieces of paper used for restoration of historical books dyed with different sources were 

provided by the Center of Document Restoration of Tehran University Library. The dyes were 

extracted from these samples using the mixture of methanol and water, following the procedure 

explained in previous section. 

Paper dyed with henna 

In order to identify the colourants in the light green colour paper dyed with henna, 2 µl of extract 

was dissolved in borate buffer and CE was performed, the results are given in Figure 5.29, run 

‘a’.  

 
Figure 5.29 Electropherograms of (a) dye extract from paper dyed with henna using methanol: 
distilled water (1:1, v/v), (b) the sample from run a was spiked with standard solutions and the 
peaks were assigned as: lu-7-O-glu (peak 1), ap-7-O-glu (peak 2), Kaempferol (peak *), 0.2 µg 
ml-1 apigenin (peak 3), 0.3 µg ml-1 quercetin (peak 4), luteolin (peak 5) and morin (peak 6). Sep-
aration conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an 
applied potential of 22 kV. 
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To assign the peaks the same solution was spiked with the following standard solutions: 0.8µg 

ml-1 lu-7-O-glu, ap-7-O-glu, 0.3 µg ml-1 Kaempferol, 0.2 µg ml-1 apigenin, 0.3 µg ml-1 quercetin, 

morin and luteolin (run b). 

The comparison of run a and b confirmed that the colourants in the hennas were: lu-7-O-glu, 

ap-7-O-glu, apigenin, quercetin, luteolin and morin.  

Paper dyed with Clove (Syzygium aromaticum) 

The same method of extraction was applied to the light-yellow paper dyed with clove. Two µl of 

extract were used for the CE separation study. Figure 5.30 run ‘a’ shows the separation of com-

ponents in the extract of clove from the paper.  

 

Figure 5.30 Electropherograms of (a) dye extract from paper dyed with clove using methanol: 
distilled water (1:1, v/v), (b) the sample from run a was spiked with standard solutions 1 µg ml-1 

lu-7-O-glu and ap-7-O-glu, 0.5 µg ml-1 Kaempferol, 0.2 µg ml-1 apigenin ,0.5 µg ml-1 quercetin, 1 
µg ml-1 luteolin, and 0.5 µg ml-1  morin . Separation conditions 20 mM borate buffer at pH = 8.5; 
20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. 
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To identify the peaks, 0.5 ul of extract was used to spike with the standard solutions of flavones 

and flavonols: lu-7-O-glu, (peak 1), ap-7-O-glu (peak 2), kaempferol (peak 3), apigenin (peak 4), 

quercetin (peak 5), luteolin (peak 6) and morin (peak 7).  

By comparison of run ‘a’ and ‘b’ it can be concluded that the main colourants in clove in run ‘a’ 

were: lu-7-O-glu (peak 1), kaempferol (peak 2), quercetin (peak3),  

luteolin (peak 4) and morin (peak 5). 

In order to confirm the presence of luteolin, CE was performed on the another fresh solution 

of extract in borate buffer (ran a, Figure 5.31) and it was spiked with standard solutions of lu-7-

O-glu, ap-7-O-glu, apigenin, and luteolin (run b). The comparison of the runs confirmed that peak 

1 and 2 in run ‘a’ belonged to lu-7-O-glu and luteolin respectively. 

 
Figure 5.31  Electropherograms of (a) dye extract from paper dyed with clove using methanol: 
distilled water (1:1, v/v), (b) the sample from run a was spiked with standard solutions of 1 µg ml-

1 lu-7-O-glu, ap-7-O-glu, 0.1 µg ml-1 apigenin, and 2 µg ml-1 luteolin. Separation conditions 20 
mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 
kV. 
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The phenolic colourants of clove were reported as flavonoids compounds including 

kaempferol and quercetin, were in agreement with the findings from this research [47]. 

Paper dyed with cochineal  

The same method of extraction was applied on the light pink paper dyed with cochineal. Two µl 

of extract was used for the CE separation study. Figure 5.32 run ‘a’ shows the separation of com-

ponents in the extract. In order to identify the peaks, the same solution was spiked with the standard 

solution of carminic acid (run b). The comparison of runs ‘a’ and ‘b’ showed that the peak eluting 

at 8:40 minutes belonged to carminic acid.  

 
Figure 5.32 Electropherograms of (a) dye extract from paper dyed with cochineal using methanol: 
distilled water (1:1, v/v), (b) the sample from run a was spiked with standard solution of 3 µg ml-

1 carmine. Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetoni-
trile and an applied potential of 22 kV. 
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Paper dyed with madder 

The dyes in 1mg light red paper dyed with madder were extracted using methanol and water. Two 

µl of extract was used for CE separation study. Figure 5.33 run ‘a’ shows the separation of com-

ponents in the extract. In order to identify the peaks, the same solution was spiked with the standard 

solution of alizarin (run b). The comparison of runs ‘a’ and ‘b’ showed that the peak 1 eluting at 

6:40 minutes belonged to alizarin.  

 

Figure 5.33 Electropherograms of dye extract (a) from paper dyed with madder using methanol: 
distilled water (1:1, v/v), (b) the sample from run a was spiked with standard solution of 5 µg ml-

1 alizarin. Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetoni-
trile and an applied potential of 22 kV. 

5.6.9 Dyes in the plants 

In following the colourants in plants were extracted and analysed using the CE-LIF. The plants 

were: onion skin, henna, clove, weld, madder root, Persian berries, and walnut shell. 
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Onion skin 

 One gram of onion skin was left in 5ml DMSO for 10 minutes causing the solution to turn yellow. 

It was observed that 2ml of solvent were absorbed by the onion skin. The yellow extract was 

filtered by using a 45 µm filter and syringe.  CE was performed on the solution of the 0.5 µl extract 

in the borate buffer (Figure 5.34, run a). A fresh solution made of 0.25 µl of filtered extract was 

spiked with kaempferol, myricetin, quercetin, morin, apigenin, and luteolin (run b). The compari-

son of the runs showed that peaks 1, 2 and 3 in run ‘a’ correspond to peaks 1, 4, and 5, were 

assigned as kaempferol, luteolin and quercetin, respectively.  

 

Figure 5.34 Electropherograms of dye extract from (a) onion skin using DMSO, (b) the sample 
from run a was spiked with standard solutions 2 µg ml-1 kaempferol (peak 1), 1 µg ml-1 myricetin 
(peak 2), 0.5 µg ml-1 apigenin (peak 3), 1 µg ml-1 luteolin (peak 4), 1 µg ml-1 quercetin (peak 5), 
morin (peak 6) (run b). Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 
5% acetonitrile and an applied potential of 22 kV. 

The results are in agreement with findings reported by other research group who extracted dyes 

using the harsh method, methanolic hydrochloric acid and milder methods including methanolic 
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formic acid and the mixture of EDTA, methanol and acetonitrile. Using the milder methods could 

identify quercetin-4’-o-glucoside as well as kaempferol and quercetin [12]. 

Henna (lawsonia inermis Inn) 

 One gram of henna was dissolved in 5 ml DMSO and left in a test tube for 1 day. Most plant 

powder precipitated and 4 ml of the supernatant was filtered using a syringe and filter (0.45µm). 

In return 0.5 µl of this solution was dissolved in the borate buffer and CE was performed on the 

sample (Figure 5.35, run a). The same solution was spiked with standard solutions of kaempferol, 

apigenin, luteolin, quercetin and morin. The CE profile is given as run b. As opposed to the col-

ourants were identified in the paper dyed with henna: apigenin, quercetin, luteolin and morin, this 

source of henna did not contain those colourants and none of the peaks were matched.  

 
Figure 5.35 Electropherograms of (a) dye extract from henna using DMSO, (b) the sample from 
run a was spiked with standard solutions 0.5 µg ml-1 Kaempferol (peak 1), 0.3 µg ml-1 apigenin 
(peak 2), 0.5 µg ml-1 luteolin and quercetin (peak 3 + 4), and morin (peak 5). Separation conditions 
20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 
kV. 
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In Figure 5.35 since the dyes are in the region before kaempferol, there is a possibility that 1 

or 2 of these peaks matched with lu-7-O-glu or ap-7-O-glu. CE was performed on the fresh solu-

tion (run a) after 24 hours Figure 5.36. A fresh solution was spiked with aforementioned dyes (run 

b). The comparison of 2 runs proved the presence of those dyes. Running CE on the extract from 

henna plant could confirm the presence of aglycone flavones, among other unidentified colourants. 

These findings are in agreement with the results from the study of chemical constituents of henna 

(lawsonia inermis Inn) [48]. The other research groups detected only luteolin and its 7-O-glucoside 

as well as other 3-o-glucoside of kaempferol, myricetin and quercetin [49]. 

 

Figure 5.36 Electropherograms of (a) dye extract from henna using DMSO, (b) the sample from 
run a was spiked with standard solutions 1 µg ml-1 lu-7-O-glu and (peak 1) and ap-7-O-glu (peak 
2). Separation conditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and 
an applied potential of 22 kV. 
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Weld (Reseda luteola) 

The yellow dyes in weld plant were extracted using DMSO following the procedure used for henna 

plant. The fresh extract was spiked with all yellow standard flavonoid dyes and 3 peaks corre-

sponding to lu-7-O-glu and (peak 1), ap-7-O-glu (peak 2), and luteolin (peak 3) could be assigned 

as shown in Figure 5.37.  

 
Figure 5.37 Electropherograms of dye extract from weld plant using DMSO. The peaks were 
assigned as: lu-7-O-glu and (peak 1), ap-7-O-glu (peak 2), and luteolin (peak 3). Separation con-
ditions 20 mM borate buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential 
of 22 kV. 

Madder root (Rubia tinctorum) 

For this experiment, a mild extraction was used in order to maximize the number of compounds 

detected. The madder root was purchased as a fine powder that had been previously dried. A 100 

mg sample of powder was dissolved in 5 mL DMSO and heated gently (50ºC) for 60 minutes with 

agitation. The mixture was allowed to cool for 1 hour with occasional stirring, prior to centrifuging 
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it for 5 minutes with a bench-top centrifuge. The clear solution was then diluted (5 µL in 0.5 mL) 

using 20 mM borate buffer (pH= 9.3) and the 0.5 mL samples were again centrifuged to avoid the 

injection of particulate matter into the capillary. Figure 5.38 shows 2 electropherograms of aliza-

rin extracted from madder (Rubia tinctorum) that was purchased in: (a) Tehran, Iran and (b) Mash-

had, Iran. Although the 2 sources of powdered madder root were different in appearance with 

sample 1 being somewhat lighter in colour, their chemical properties with respect to alizarin and 

purpurin were quite similar.  

 

Figure 5.38 Electropherograms of alizarin extracted from powdered Rubia tinctorum (madder) 
from 2 sources (a) Tehran, Iran and (b) Mashhad, Iran. Separation conditions 20 mM borate buffer 
at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. Adapted from 
Ref. [50] – Copyright: Taylor and Francis 
 

Using an external calibration curve of peak heights, the concentration of alizarin in each mad-

der root was determined to be 10.2 mg g-1 and 10.7 mg g-1 for source 1 and source 2 respectively. 

These concentrations of alizarin are similar to those reported by Zarkogianni et al. [51],  who 



5.6 Case studies  276 

 

reported the alizarin content in Madder root at 10.5 mg g-1 and Derksen et al. [52] who reported 

an alizarin concentration range between 6.1 and 11.8 mg g-1. This is significantly higher than con-

centrations reported by others for concentrations of alizarin as 0.94 g kg-1 [53]. However, it has 

also been reported that the values for alizarin in madder root are quite variable [54]. Interestingly, 

purpurin and other anthroquiniod dyes were not detected. This may indicate that other dyes such 

as purpurin were destroyed in the preparation of these powdered mixtures.  

Persian berries (Rhamnus catharic) 

The yellow dye in Persian berries were extracted using DMSO, and the dyes were separated using 

CE-LIF. The results are shown in Figure 5.39. The fresh extract was spiked with all yellow stand-

ard flavonoid dyes and the peaks eluting at 7:50 and 9:20 minutes were assigned as kaempferol 

and quercetin respectively.  

 

Figure 5.39  Electropherograms of dye extract from Persian berries using DMSO. The peaks were 
assigned as:  kaempferol (peak 1) and quercetin (peak 2). Separation conditions 20 mM borate 
buffer at pH = 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. Repro-
duced with permission from Ref [45].  – Copyright:  MDPI AG 
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The results are in agreement with findings reported by other research groups, using LC-DAD 

to study dyes from different flavonoids dyes [16], [55].  

5.7 Conclusion 

The extraction of anthraquinones and flavonoids from wool samples were investigated using HCl, 

formic acid, methanol, DMSO, DMF and pyridine. The 6 extraction methods were compared on 

the basis of the CE-LIF results:  number of the colourants extracted from the wool samples as well 

as the fluorescence intensity of the extracts. It was found that the application of the mixture of 

methanol and water resulted in extraction of both flavonoid glycones, aglycones and anthraqui-

none dyes. The application of methanol was preferred due to its lower boiling point, which allowed 

low temperature evaporation and drying the extract in the shortest time. 

Based on the above, the methanol extraction method was selected and successfully applied on 

1mg different samples: wool (“Salt Man” and carpet), silk (Safavid fragment and Chinese samples) 

and paper samples dyed with different natural plants.  As mentioned before, the extraction effi-

ciency can be affected by experimental conditions and it is an ongoing project to evaluate the 

application of different solvents at different conditions in term of using HPLC as the analysis 

technique. On Eu-ARTECH website [56] the information is shared.  It is highly recommended that 

the same evaluation approaches used for HPLC studies are applied for CE-LIF [56]. Therefore, 

the research groups who are using CE-LIF can share their results and provide a very comprehen-

sive data base.  
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As mentioned before, each dye has a unique chemical structure. Therefore, commercially 

available synthetic alizarin and alizarin obtained from plant material (madder) have the same 

chemical structure but the chromatograms obtained from these 2 sources would be quite different. 

The chromatogram obtained from a modern synthetic dye would be very simple containing only 

sharp peak belonging to the dye itself with only a few small peaks depending on the purity of the 

dye. However, it is expected that the chromatogram of dyes extracted from a plant, or historical 

object would have several peaks including the peak of the dye and the peaks of unwanted com-

pounds extracted along with the dye.  

The following is recommended for future studies: 

• In this study, the yellow dye used in the Chinese silk fabric belonging to 1700 A.D. was 

not assigned due to the limitation of yellow standards in our data bank. Based on the 

sources of natural dyes reported for yellow colours in Chinese textiles, it is highly recom-

mended to study the main colourants in Asian berberis:  berberine, palmatin and Chinese 

yellow berries rutin (quercetin-3-o-glucoside). 

• The red dye used for the wrapping the verso of the Safavid fragment belonging to 1700 

A.D. was not identified. There is limited study on the different dyes used in Safavid tex-

tiles. It is recommended to study the CE-LIF properties of kermesic acid and lac dyes 

which are reported as 2 other sources of red dyes in 17th century. 

• Moreover, the dye in blue threads belonging to Safavid brocade was not identified. In our 

lab 407 nm and 488 nm lasers light sources were available and none of these sources would 

be able to cause blue dyes to fluoresce. It is recommended to use different sources of lasers 

for identification of blue dyes using CE-LIF. However, organometallic approaches may 
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help to form complex compounds with the blue dyes, which fluoresce at 407 or 488 nm. 
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6.1 Conclusion 

The objective of this doctoral research was to develop an innovative and novel methodology for 

the separation and identification of natural dyes in historical objects (textiles) using CE equipped 

with laser induced fluorescence (CE-LIF); as well as to validate existing extraction methods with 

special focus on Hanson solubility parameters. 

One of the most important principles in art conservation is to maintain the integrity of objects. 

Therefore, conservation scientists strive to achieve this goal by applying an analytical technique 

which needs the smallest amount of sample to minimize the damage to valuable objects. The iden-

tification of minute amounts of natural dyes in historical textiles could be achieved by means of 

CE-LIF due to its high sensitivity using fluorescence technique and the following goals were 

achieved: 

Capillary electrophoresis equipped with laser induced fluorescence separations can be affected 

by buffer concentration, buffer pH, application of micelles; modifiers, and applied voltage. A sep-

aration procedure for the mixture of historically important dyes was developed by manipulating 

the separation factors. The optimum separation condition was found to be: 20 mM borate buffer 

at pH= 8.5; 20 mM SDS with 5% acetonitrile and an applied potential of 22 kV. Reproducible 

electropherograms of standard solutions of pure dyes under alkaline conditions (at pH= 8.5) were 

achieved. Purpurin and flavonols at pH>8.5 did not show reproducible peaks. It was suspected that 

some degradation was occurring, therefore, their UV-Vis absorption properties under alkaline con-

ditions were evaluated to understand if any changes in chemical structure occurred. The poor peak 

reproducibility of CE separations for these dyes at pH>8.5 was attributed to their photochemical 
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properties. The rate constants for photochemical fading of flavonols and purpurin at pH= 7.0, and 

9.2, in light and dark conditions was measured. The kinetics data showed that the rate of decom-

position of these dyes increased by exposing to intense light and higher pH value. The 1st order 

rate constant indicated that a photochemical reaction was the cause of decomposition of these dyes. 

The photodegraded products of purpurin were identified as: phthalic acid and salicylic acid by thin 

layer chromatography, NMR, and GC-MS.  To minimize the effect of light on degradation of dyes, 

it was concluded that for CE separation the samples should be prepared freshly and the stock 

solutions should be stored in a dark condition. 

Another objective of this research was to optimize a procedure for extraction of dyes from a 

minute sample. The existing extraction methods (different solvents and extraction conditions: 

time, temperature, agitation) were validated on laboratory wool samples dyed using weld and mad-

der, and the extraction efficiency was evaluated by Hanson solubility parameters as well as run-

ning CE on extracted samples. The results showed that the application of the mixture of methanol 

and distilled water, at 92°C for 30 minutes, with ultrasonication appeared to be promising for the 

extraction of all dyes under this study. 

The optimum separation procedure and methanol extraction were validated on genuine minute 

samples ≤1mg including: wool threads from a piece of hand woven carpet (100-year-old), silk 

threads from a Chinese robe belonging to 1700 AD, wool threads from clothing of the “Salt Man” 

(600 BC), piece of cloth from Safavid time (1700 AD), and a red thread of a table cloth belonging 

to the 20th century.  The optimum separation conditions were used successfully for identification 

of dyes in plants: onion skin, henna, clove, madder, weld, Persian berries; as well as for evaluation 

of the role of different mordants (Al3+, Cu2+, Cr3+, Fe3+ and Sn2+) on wash fastness of madder dyed 
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wool samples. Generally speaking, CE-LIF was useful for the separation and identification of 

small quantities of natural dyes extracted from less than 1 mg samples including wool, silk, and 

paper.	In this research, it was showed that methanol could be used to extract dyes from less than 

0.5 mg of genuine textiles. Methanol extraction was considered as a minimally destructive method. 

Furthermore, the extracted dyes from the minute samples could also be extracted for further stud-

ies. This opportunity was possible because of the high sensitivity and low detection limit of CE-

LIF (pg). As opposed to HPLC and GC that the required larger amounts of sample (0.5 to 1 mg) 

with the detection limits in the range of ng. The results from GC-MS are comparable with CE 

while the application of CE has an advantage over GC, which does not need the derivatization.  

Vibrational techniques (IR, RAMAN) had disadvantages of spectral interferences from the sub-

strate itself. Furthermore, CE had much better detection limits than spectroscopic approaches in-

cluding UV-Vis spectrophotometry.  

6.2 Future studies and outlook 

The following subjects are recommended for further studies:  

It was observed that the dyes with similar pKa and chemical structure showed co-elution or 

displacement in elution order by using a pH close to their pKa values.  The changes in elution was 

due to the influence of pH on mobility and retention factor of the dyes, whereby increasing pH, 

the retention factor (!ï) and the mobility of more hydrophobic compounds declined [1]. In order 

to study the changes in elution order, retention factor (!ï) should be calculated using Eq. 6.1 [1] : 
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!ï =
Bñ − BR

BR 1 − Bñ BCW
																																																		4>. 6.1 

where:  Bñ= dye migration time (minute), BR =	buffer solution migration time (minute), and BCW= 

micelle migration time (minute) 

In order to measure the migration time of buffer solution (BR) methanol is used, since its !ï 

between micelle and buffer is very small and methanol can be detected by UV detector. Sudan III 

or IV are used to trace SDS and measure BCW. When CE-LIF is employed BR	 and BCW cannot be 

measured since neither methanol nor Sudan III or IV fluoresce [2]. Therefore, the change of the 

elution order can be systematically studied by CE equipped with other schematic detectors e.g. 

DAD is recommended. 

In Chapter 2, the effect of 3 modifiers: methanol, acetonitrile and isopropanol were studied on 

the fluorescence properties of alizarin, purpurin, carmine and morin. The impact of these solvents 

on the fluorescence of the dyes could be explained in regard to intra and inter molecular hydrogen 

bonding interactions. It was observed that fluorescence intensity of purpurin in the presence of 

acetonitrile was greater than alizarin. Alizarin is more stable in the ground state and it forms in-

tramolecular hydrogen bonds, while in the excited state a proton transfer (ESPT) happens, and 

hydrogen transfers from the phenolic OH group to the carbonyl group, which changes the molec-

ular geometry of alizarin. In terms of purpurin, the intramolecular hydrogen bond remained in 

excited state. It is recommended to study the effect of these modifiers as well as SDS on fluores-

cence properties of all dyes.  
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The metal cations such as: Mg2+, Zn2+, Ca2+, Be2+, Al3+, In3+, Ga3+, Zr4+,  have been used to 

achieve lower detection limits in spectrophotometry and fluorometry studies of dyes [3-9]. It is 

recommended to investigate if the formation of metal complexes:  

• will improve the fluorescence properties of some dyes such as indigo, curcumin, henna while 

the 407 nm laser source is used (or other available laser sources). Also, if forming complex 

will stabilize some dyes such as purpurin, myricetin, and quercetin in alkaline conditions 

(pH> 9.2). Hollman et al. showed that the fluorescence intensity of flavonols specially quer-

cetin increased by forming Al3+ complex and the flavonols could be separated and identified 

using HPLC equipped with fluorescence detection [6]. The effect of Be2+ on the improving 

the fluorescence intensity of some flavonols have also been repotted [10] 

• will have a promising impact on mobility of dyes and enhance their separation efficiency. 

Široká et al. showed that the selectivity and sensitivity of CE separation could be improved 

by forming complexes between organic ligands such as flavonoids and metal ions [11]. 

The role of different mordants (alum, copper, chrome, iron and tin) was studied on the fastness 

of the madder dyed wool samples. The same study is recommended for wool, and silk samples 

dyed with other natural dyes such as: weld, clove, walnut shells, and carmine. This study would 

show the effect of different mordants on the fastness of silk and wool samples. 

In this study the concentration of alizarin in 2 different madder sources were calculated. For 

future studies the concentrations of colouring matters in other plant sources: weld, clove, henna 

and onion skin would be calculated. 
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In this study by means of proton NMR, thin layer chromatography and gas chromatography, 

the degraded products in purpurin were identified. It is recommended to use the same techniques 

as well as CE equipped with MS to identify degradation products in flavonols [12], [13]. 

In case studies, the yellow dye used in clothing of “Salt Man” and in Chinese robe could not 

be identified due to the limited available data. Regarding the yellow wool samples from clothing 

of “Salt Man”, different centers have reported different colourants. It is recommended to extract 

dyes from tamarix plant, the local plant grows near the salt mine which is consisted of ellagic acid, 

quercetin glucuronide, quercetin 3-o-sulfate, kaempferol 3-o-sulfate, isorhamnetin or tamarixetin 

3-o-sulfate, quercetin (3’,4 or 7)-o-sulfate. Therefore, the study of the separation behavior of stand-

ard solutions of these dyes with CE-LIF, would be a proof for the findings by Mouri et al. [14]. 

According to published literature in China, in 1700 AD the textiles were dyed by Asian berberis 

and Chinese yellow berries to achieve yellow colour. It is recommended to study separation and 

identification of berberine, palmatin the main colourants in Asian berberis as well as rutin (quer-

cetin-3-o-glucoside) the main colourant in Chinese yellow berries [15]. 
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Figure A.4. 1 The 1H NMR of purpurin in deuterated DMSO 
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Figure A.4.2 The 1H NMR of faded purpurin in deuterated DMSO 
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Figure A.6.3 The 1H NMR of phthalic acid in deuterated DMSO 
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Figure A.6.4. a The gas chromatogram of faded purpurin 
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Figure 64.4. b The mass spectrum of peak at 14.169 and 14.284 minutes 
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Figure 6.4.5. a The gas chromatogram of phthalic acid 

 

 
 

Figure A.6.5. b The mass spectrum of peak at 14.147 minute 
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Table A.4.1 Absorption characteristics of dyes in 8 µgml-1 borate buffer, at pH values of 7.0, 9.2 and 11.0 in minute zero and in 
minute 60. 
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Table B5.1 The summary of literature reviews on extraction of dyes from textiles 

Sample (S): colour; date Extraction solvent conc temp 
(�) 

t 
(min) 

I.D Ref. 

red satin,16thC 

few drops H2SO4  18M   few 
min 

ca, ka 

[2] 
red Ushak carpet, 17thC:  madder 
yellow Ushak carpet, 17thC  weld 
red Kazak carpet, 19thC madder 
red Kazak carpet, 19thC acid red azo dye 
red Angelo-Scand textile, 10-11thC 

Pyridine: W (1:1, v: v) followed 
by Et:H2SO410%, (3:1, v:v)    

90 60 madder 

[20] red Angelo-Scand textile, 10-11thC     maybe kermes  

some red and yellow samples 90 60 unidentified 

red Indian textiles, 16-19thC 

few drops HCl 2M N/A 30 

p, psp 

[29] blue Indian textiles, 16-19th C indigo 
yellow Indian textiles, 16-19thC unidentified 

red sample dyed with cochineal 

HCl  3N 100 30 

al, psp-mu, p, ru 

[4] red sample dyed with cochineal ka, al, p 
red sample dyed with cochineal ca, ka 

yarns dyed with coccid insect: HCl 37%: MeOH: W (2:1:1, 
v/v/v) 6M NA 10 ka, ca, fka, la [5] 

orange red Goblin tapestry, 18thC 

HCl 3N: MeOH (1:1, v/v) 1.5N 100 15 

ca, car 

[6] 

brown red Goblin tapestry, 18thC ca, al, lu, ap 

light red Goblin tapestry, 18thC ca, al, xp 

cream Goblin tapestry, 18thC lu, ap, unidentified 

mustard Goblin tapestry, 18thC lu, ap, unidentified 

green Goblin tapestry, 18thC lu, in 
 

 



Appendix B: Supplementary information for chapter 5  301 

 

Table B5.1 The summary of literature reviews on extraction of dyes from textiles 

Sample (S): colour; date Extraction solvent conc temp 
(�) 

t 
(min) 

I.D 
Ref. 

red textile samples from Topkapi museum, 
16th C   

HCl 37%: W (1:1, v/v) 6N 20 360 la; psp, al, mu; ca [3] 

yellow Coptic textile, 7-9th C 

HCl 3N: EtOH (1:1, v/v) 1.5N 100 15 

al, p (mordant Fe) 

[7] 

orange Coptic textile, 7-9th C al, p (mordant Fe, Al) 

orange Coptic textile, 6th C al, p, lu, ap 

red Coptic textile, 7-9th C al, p 

green Coptic textile, 7-9th C al, lu, in (mordant Fe) 

green Coptic textile, 7-9thC al, in (no mordant) 

black Coptic textile, 4-5thC 

HCl 3N: EtOH (1:1, v/v) 1.5N 90 20 

p, kf, mu 

[8] yellow Coptic textile, 7-9thC p, kf 

orange Coptic textile no date p 

black Coptic textile, 4- 5thC 

HCl 3N: EtOH (1:1, v/v) 1.5N 90 20 

al, p, kf 

[9] yellow Coptic textile, 7-9thC al, p, lu, ap 

orange Coptic textile no date p, lu 

light brown Scottish bog costume,17thC HCl 37%: MeOH: W (2:1:1, 
v/v/v)      followed by                                                  
DMF: MeOH (1:1, v/v) 

6N 100 10 lu, ap 

[10] 

light brown Scottish bog costume,17thC ea 

brown/red Scottish bog costume,17th C 100 5 lu 

brown/red Scottish bog costume,17th C al, p 

red Scottish bog costume,17th C al, p 

orange fabric samples, 3rd-4th BC HCl 37%: MeOH: W (2:1:1, 
v/v/v) method 1 6N 100 10 al, p, qu, lu, ap, ca, em 

[11] 
orange tapestry, 19th C method 1 followed by DMSO   100 5 al, p, xp, qu, 3,4dhb 
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Table B5.1 The summary of literature reviews on extraction of dyes from textiles 

Sample (S): colour; date Extraction solvent conc temp 
(�) 

t 
(min) 

I.D 
Ref. 

yellow sample dyed with pagoda tree buds HCl37%: MeOH: W (2:1:1, 
v/v/v) 6N 100 10 qu 

[12] 

yellow sample dyed with pagoda tree buds Formic acid: MeOH (5:95, 
v/v)   40 30 rut, qu, kf, kf-3,7-di-g 

yellow sample dyed with pagoda tree buds EDTA 0.001 M: ACN: 
MeOH (2:10:88, v/v/v)   60 30 rut, qu, kf, kf-3,7-di-g 

yellow sample dyed with onionskins formic and EDTA protocol    
      

qu, qu-4'-o-g, kf                    

yellow sample dyed with onionskins HCl protocol qu, kf            

red sample dyed with madder 3 protocols       al 

yellow sample dyed with weld  3 protocols       lu 

red sample dyed with cochineal 3 protocols       ca 

yellow sample from map, 18-19thC                                                                                 
SDS                                                                                                               
(using a brush imbedded 
with 0.1M SDS, directly  ap-
plied on the map surface) 

                                                            
0.1M   

  ga 

[21] 

red sample from map, 18-19thC ca 

brown sample from map, 18-19thC cr, ga 

brown sample from map, 18-19thC ca, ga 

blue sample from map, 18-19thC in 

green sample from map, 18-19thC cr, ga 

orange sample from map, 18-19th C ca, ga 

green sample from map, 18-19th C in 

red painting samples, 17th C H2SO4                                                         1M                                 25 15 al, p, qz; ca; la 
[22]  followed by: adding 2ml 

DCM (3 times) 
vortex   10  
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Table B5.1 The summary of literature reviews on extraction of dyes from textiles 

Sample (S): colour; date Extraction solvent conc temp 
(�) 

t 
(min) 

I.D 
Ref. 

yellow wool dyed with weld  HCl 37%: MeOH: W (2:1:1, 
v/v/v) 6M 100 10 

lu, ap, chr 
[13] red wool dyed with cochineal ca, ka,fka 

yellow sample dyed with weld  ACN: MeOH (1:1, v/v) (to swell 
the sample) followed by adding 
HF followed by drying and tak-
ing up the residue into ACN: W 
(1:1, v/v) 

4M 25 30 

lu-3,7'-di-o-glu, lu-7-O-
glu, ap-7-O-glu, lu, ap 

[14] 

pink wall paper from Chinese, 18th C la, in, ind 

red-brown painting, 19th C ca, qu, br, syn bl 

dyed with dryer's bloom gn-o-glu, ap-o-glu, gn, 
ap 

dyed with dryer's bloom HCl 37%: MeOH: W (2:1:1, 
v/v/v)                   

6M 110 10 gn, ap 

sample dyed with weld HCl37%: MeOH: W (2:1:1, 
v/v/v) 6N 100 15 lu, ap, chr, 

[15] 

sample dyed with weld Formic acid: MeOH: W (2:1:1, 
v/v/v) followed by EDTA 

5M 
0.5M 

100       
100 

5           
5 

lu-7-O-glu, ap-O-glu, 
lu, ap, chr 

sample dyed with weld Citric acid 0.5M 100 15 The same as above 

sample dyed with weld Oxalic acid 1M 100 15 The same as above 

sample dyed with weld DMSO   100   The same as above 

sample dyed with weld 

TFA 2M 100 10 

The same as above 

blue wool samples, 13-16th C in, ind   

blue silk samples, 13-16th C in, ind 

red wool samples, 13-16th C luc, al, p, ru 

red silk samples, 13-16th C al, p, in 

Red silk samples, 17th C HCl37%: MeOH: W (2:1:1, 
v/v/v) 

6N 105 10 ea, ca, al, p, mu, xp, ru [16] 
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Table B5.1 The summary of literature reviews on extraction of dyes from textiles 

Sample (S): colour; date Extraction solvent conc temp 
(�) 

t 
(min) 

I.D 
Ref. 

red wool sample, 3rd BC-5th C             HCl37%: MeOH: W (2:1:1, 
v/v/v) and for blue and green 
colours HCl37%: DMSO 
(1:20 v/v) 

6N 105 10 al,p 

[17] 

yellow wool from robe, 3rd BC-5th C             lu 
brown sample from embroidered trousers 0.5M 80 5 al 
green sample embroidered trousers in, ind 
red silk sample from tabby  al 
red wool sample from taquete al 
yellow wool sample from taquete lu 
blue wool sample from taquete in, ind 
Chinese shoes, silk robes from, 18th & 20th 

C 
Formic acid: MeOH (5:95,  
v/v) followed by  MeOH: 
DMF (1:1, v/v) 

  

45-50   
100 

30       
5 

 

[31] 
yellow samples:   cur; ber, pal; rut, qu 
blue and dark blue in, ind 

brown gal, ea 
red samples br; megII, fuc; ca, 

dcII,VII; car 
sample dyed with cochineal HCl37%: MeOH: W (2:1:1, 

v/v/v) 6N 60 30 ca, fka, ka, dc II, IV& 
VII 

[18] 

sample dyed with cochineal Formic acid: MeOH (5:95, 
v/v)  5M                    60 30 The same as above 

sample dyed with cochineal TFA 2M 60 30 The same as above 
sample dyed with cochineal Oxali cacid (0.2M): acetone: 

MeOH: W (0.1:3:3:4, 
v/v/v/v) 

2M 60 30 The same as above 
red silk European textile, 15th & 16th C  ca, fka, ka, dc II, IV & 

VII ea 
red silk European textile, 16th C  The same as above 
red silk Turkish textile, 17th C The same as above 
red velvet Iranian textile, 17th C The same as above 

red wool Iranian rug, 19th C The same as above ex-
cluding ea 
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Table B5.1 The summary of literature reviews on extraction of dyes from textiles 

Sample (S): colour; date Extraction solvent conc temp 
(�) 

t 
(min) 

I.D 
Ref. 

  HCl 37%: MeOH: W (2:1:1, 
v/v/v) (method 1) 

6N 100 10  

[19] 

method 1 followed by MeOH: 
DMF (1:1, v/v) 

  100 10   

Formic acid: MeOH 5:95, v/v)  5M                      40 30  
EDTA 0.1% in water: DMF (1:1, 
v/v) 

  60 30   

Oxalic acid: MeOH: acetone: W: 
(1:30:30:40, v/v/v/v) 

  60 30  

pyridine   100 15   
DMF   100 15  

Yellow, green and blue samples from   Ar-
raiolos carpet 18th C 

EDTA 0.001 M: ACN: MeOH 
(2:10:88, v/v/v) 

  60 30 lu3',7diglu, lu-7- O -glu, 
lu4'-O-glu, ap-7-O-glu, 
chr-7-O-glu, lu-3'-O-
glu, ap, lu 

 


