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In cultural heritage the characterization of organic colorants is a challenging task. Currently, different 

chromatographic techniques are used to analyze natural and synthetic dyes separately, since the classes 

differ significantly in chemical properties and, therefore, chromatographic behavior. To save time, costs 

and sample material, we developed a method suitable for a wide variety of organic colorants using ultra- 

high-performance liquid chromatography coupled to a photo-diode-array detector. Gradient elution was 

performed with a mobile phase consisting of water and methanol with 5 mM triethylamine added as 

an ion-pairing agent at a pH of 3. Both linear and step gradients were optimized using the ‘Program 

for Interpretive Optimization of Two-dimensional Resolution’ (PIOTR) Pirok et al. [22] . Two optimized 

linear gradients and two step gradients were evaluated experimentally. The method was applied on a 

complex dye mixture containing nearly 130 natural- and synthetic-dye reference compounds. More than 

100 of these compounds could be identified in a single experiment. The feasibility of the method was 

demonstrated by analyzing samples of several precious objects that were found in the Texel shipwreck 

Vos et al. [2] and of two embroideries of Emile Bernard, the results of which are described in this paper. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Dyes and pigments have fascinated humankind ever since their 

iscovery. Colorants have been used to enhance the aesthetics of 

aintings, textiles, furniture, and later also plastics. Dyeing itself 

s one of the most ancient arts, with history dating at least 50 0 0

ears back [3] . Until the mid-19th century all organic colorants 

ere derived from natural sources, such as plants and animals. 

ence, these are called ‘natural dyes’. After the discovery of the 

rst synthetic dye, mauveine, in 1856, brighter colors could be 

roduced that were also cheaper to manufacture on a large scale. 

ithin just a few decades natural dyes were replaced by their syn- 
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021-9673/© 2022 The Authors. Published by Elsevier B.V. This is an open access article u
hetic analogues, which led to a decline in the production of nat- 

ral dyes [3] . Objects originating from this time period may con- 

ain natural or synthetic dyes or a mixture of both. Natural and 

ynthetic dyes differ significantly in their chemical properties. Nat- 

ral dyes are mostly neutral or slightly acidic compounds, while 

here is a huge range of neutral, acidic and basic synthetic dyes. 

uch compounds are typically analyzed using liquid chromatogra- 

hy (LC). Since the chromatographic behavior of these components 

aries significantly, different chromatographic methods are needed 

or an optimal separation of the dyestuffs in question. In order to 

elect a suitable analysis method for cultural-heritage objects, in- 

ormation on the origin of the used dyestuffs is required. Unfortu- 

ately, in most cases information about the investigated object is 

nsufficient to determine which method should be used. The typi- 

al solution to this problem is to apply multiple analytical methods 

n the sample to obtain sufficient chemical information, however, 

his is more time consuming. In addition, in cultural heritage sam- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.chroma.2022.463038
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2022.463038&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:i.groeneveld@vu.nl
https://doi.org/10.1016/j.chroma.2022.463038
http://creativecommons.org/licenses/by/4.0/


I. Groeneveld, B.W.J. Pirok, S.R.A. Molenaar et al. Journal of Chromatography A 1673 (2022) 463038 

p

o

m

f

I

i

[

(

m

m

d

I

f

t

f

e

r

l

w

l

m

a

a

t

fl

i

e

e  

a

p

s

p

t

o

a

d

T

W

t

e

T

m

r

a

[

w

t

a

p

w

f

1

T

a

b

c

m

t

g

s

p

t

r

m

C

1

T

t

A

c

c

a

c

e

m

s

a

d

p

t

g

(

m

p

v

r

b

p

t  

a

t

o

c

m

m

a

O

u

t

s

R

e

w

[

u

5

p

a

c

c

m

P

n

l

w

a

g

a

o

t

t

s

n

o

t

d

le material is limited as one must avoid jeopardizing the integrity 

f the object. Therefore, it is paramount that LC methods yield as 

uch information as possible. 

To illustrate the vast diversity and specificity of LC methods 

or dyestuffs in cultural heritage, we discuss several of them here. 

n 1985, Wouters and colleagues introduced an LC method us- 

ng photodiode-array (PDA) detection for red anthraquinone dyes 

4] . The chromatographic method was based on a reversed-phase 

RP) mechanism and employed gradient elution using water and 

ethanol (MeOH) with 1% formic acid (FA). The sensitivity of this 

ethod allowed determining kermesic acid in both Polish and or- 

inary species of cochineal, insect species often used to dye red. 

n later research, the authors replaced FA by 0.5% phosphoric acid 

or the analysis of natural dyes, which could then also be applied 

o purple and blue indigoid dyes [5–7] . Another LC-PDA method 

or the analysis of natural dyes was presented in 1996 by Halpine 

t al., who used a water/acetonitrile gradient with 0.1% trifluo- 

oacetic acid (TFA) to analyze fibers from furniture tapestries and 

ake pigments from a watercolor box [8] . The organic colorants that 

ere analyzed ranged from indigo and Indian yellow to madder 

akes. Subsequently, in 2013, Serrano et al. described the perfor- 

ance and method development of a UHPLC system for the char- 

cterization of natural dyestuffs, including flavonoids, carotenoids, 

nthraquinones and indigoids [9] . Seven UHPLC columns were 

ested with different gradient-elution programs, different eluents, 

ow rates, temperatures, and run times. In addition, the differences 

n performance between 5% phosphoric acid and 1% FA were also 

valuated. The final UHPLC method used a water/methanol gradi- 

nt with 1% FA instead of phosphoric acid. The use of FA as an

dditive yielded better resolution and a larger peak capacity com- 

ared to phosphoric acid and allowed for hyphenation with mass 

pectrometry (MS), thanks to its volatility. 

The analysis of synthetic dyes proved to require a different ap- 

roach. Van Bommel et al. performed LC analyses on early syn- 

hetic dyes that were used in the period 1850–1900 [10] . The aim 

f their study was to investigate the performance of several an- 

lytical methods on a selection of 65 synthetic dyes, covering all 

ye classes from that period. They applied two gradient methods. 

he first was similar to the phosphoric acid method developed by 

outers, except that a different C18 column was used. Many of 

he synthetic acid dyes could be detected with this method. How- 

ver, for most acid dyes broad and tailing peaks were observed. 

herefore, a second method was investigated, using tetrabutylam- 

onium (TBA) as an ion-pairing agent, which was based on earlier 

esearch on modern synthetic dyes, where TBA was introduced as 

 positively charged counter ion to neutralize sulfonic-acid groups 

11–13] . Using the TBA method, good chromatographic behavior 

as observed for all acid and direct dyes. Direct dyes are bound to 

he substrate directly and are generally defined as anionic. Neutral 

nd basic dyes, however, showed better peak shapes and higher 

eak capacities with the phosphoric-acid method. Both methods 

ere successfully tested in practice by analyzing samples taken 

rom two faded embroideries from Emile Bernard (ca. 1892 and 

904) [14] . As a result of this research, the phosphoric-acid and 

BA methods were then accepted by the authors as the appropri- 

te methods for natural and synthetic dyes, respectively. It should 

e stressed that each of the above mentioned methods either fo- 

uses on the analysis of natural or synthetic dyes, due to the vast 

olecular differences between the two dye classes. While each of 

he methods offered selective separation power, none provided a 

eneral approach. 

Since then, there have been several reports that describe the 

uccessful analysis of both natural and synthetic dyes by reversed 

hase LC methods. However, most of these methods were limited 

o a small number of dyes or dye classes [15–17] and/or needed 

e-analysis for identification of synthetic dyes by a second system, 
2 
ostly MS, using different gradient programs and solvents [ 18 , 19 ]. 

hen et al. [20] reported on the identification of 42 synthetic and 

7 natural dyes in fourteen silk samples by a single LC method. 

hey applied LC-DAD-ESI-MS using gradient elution with a mix- 

ure of water, acetonitrile and a constant amount of FA at 0.1%. 

lthough successful, the authors stated that some synthetic dyes 

ould be better analyzed using an ion-pair. They also shared their 

oncern about the complexity of establishing a generic method for 

ll dyes. 

In an attempt to resolve this problem, Pirok et al. applied 

omprehensive two-dimensional LC (LC × LC) to analyze differ- 

nt types of synthetic dyes and their degradation products in one 

ethod [21] . In LC × LC fractions of the first-dimension eluents are 

ubjected to a very different (‘orthogonal’) second-dimension sep- 

ration to yield additional selectivity and separation power. One 

rawback of LC × LC is that method development is rather com- 

lex and time consuming. To reduce method-development time, 

he authors developed a computer-optimization tool called ‘Pro- 

ram for Interpretive Optimization of Two-dimensional Resolution’ 

PIOTR) [1] . It was based on retention modeling and on efficient 

ethods to obtain the unique retention parameters for each com- 

ound. The latter was used to derive method parameters that pro- 

ided optimal separations considering various optimization crite- 

ia. Among the possible chromatographic parameters that must 

e selected in reversed-phase liquid chromatography (RPLC) ex- 

eriments are the starting time of the gradient ( t init ), the dura- 

ion of the gradient ( t G ), the flow rate ( F ), and the initial ( ϕ init )

nd final ( ϕ final ) fractions of the organic modifier. Other condi- 

ions such as column dimensions, the type of solvents and type 

f instrument are considered by the program to improve the ac- 

uracy of the prediction. Adjusting chromatographic parameters by 

eans of a software program, instead of by trial-and-error experi- 

ents in the laboratory, saves a significant amount of work, time, 

nd solvents. More information about the mathematics behind PI- 

TR is described in the Supporting Information (SI). The authors 

sed the program to develop a method for a mixture of 54 syn- 

hetic dyestuffs. Compounds were separated in the first LC dimen- 

ion by ion-exchange chromatography (IEC), followed by ion-pair 

PLC (IP-RPLC) in the second dimension, using 10 mM tetram- 

thylammonium (TMA) or TBA at a pH of 3 (water/acetonitrile) 

ith an Agilent ZORBAX Eclipse Plus C18 RRHD column 

21] . 

Later, Pirok et al. optimized the LC × LC method for both nat- 

ral and synthetic dyes, with TMA and TBA being replaced by 

 mM triethylamine (TEA) [22] . This method was successfully ap- 

lied to extracts from cultural-heritage objects containing natural 

nd synthetic dyes. While the method was widely applicable to all 

lasses of dyes and allowed more unknown species to be detected, 

osts and detection sensitivity still favor a one-dimensional UHPLC 

ethod for routine analysis. 

Therefore, we set out to develop a novel highly-optimized UH- 

LC method for the simultaneous analysis of acidic, basic and 

eutral dye components in a single experiment. With the rather 

arge number of dyes, baseline separation between all compounds 

ithin a reasonable analysis time is challenging. We therefore 

im to the computer-optimization strategy (PIOTR) to optimize a 

radient-elution method for a large number (nearly 130) natural 

nd synthetic dye components. The final UHPLC method is applied 

n several artefacts to evaluate its performance and practicality for 

he analysis of historical objects, taking analysis time and resolu- 

ion into consideration. The results will be compared with the re- 

ults obtained with the previously discussed LC × LC method for 

atural and synthetic dyes [22] . Our final objective is to use the 

ptimized method to create a compound library based on retention 

imes and PDA spectra obtained from the most commonly applied 

yestuffs in the field of cultural heritage. 
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. Material and methods 

.1. Chemicals 

Aqueous solutions were prepared using ultrapure deionized 

ater (Millipore Simplicity Simpak 2, R = 18.2 M � cm, U.S.A.). 

he mobile phases were prepared using methanol (LC-MS grade, 

99.9%) and acetonitrile (LC-MS grade, ≥99.9%) obtained from 

oneywell (Seelze, Germany), FA (99%) obtained from Acros Or- 

anics (Geel, Belgium), sodium hydroxide (NaOH) ( ≥97%) and TEA 

98%) both obtained from Sigma-Aldrich (Steinheim, Germany). 

imethyl sulfoxide (DMSO) (99.9%) from Sigma-Aldrich was used 

or the preparation of reference solutions. In total, 100 natural and 

ynthetic reference dyestuffs were obtained from the reference col- 

ection of the Cultural-Heritage Agency of the Netherlands (Ams- 

erdam, The Netherlands). 

.2. Instruments 

All analyses were carried out on a Waters Acquity H-class 

HPLC system (Waters, Nilford, MA, USA) equipped with a qua- 

ernary solvent-delivery system, a column oven, an autosampler 

nd a PDA detector. The flow rate was set at 0.2 mL ·min 

−1 and

he column oven was held at 40 °C. The two chromatographic 

olumns that were used for separation of analytes were a BEH 

hield RP C18 column (150 × 2.1 mm i.d., 1.7 μm) from Wa- 

ers (part number 186,003,977) and a ZORBAX Eclipse RRHD C18 

olumn (150 × 2.1 mm i.d., 1.8 μm) from Agilent (part number 

21,725–901). Both columns were protected with guard columns 

5 × 2.1 mm i.d.) containing the same C18 packing from the same 

anufacturer as the analytical column. PDA data were recorded 

rom 200 to 800 nm with a resolution of 1.2 nm and a sampling

requency of 2 Hz. The equipment was controlled by Empower 2.0 

hromatography Data Software (Waters). 

.3. Preparation and optimization of mobile phases 

For the preparation of the mobile phases, ultrapure water and 

ethanol or acetonitrile were used. First, FA and NaOH were added 

o 1 L of ultrapure water at concentrations of 0.1 and 0.02 M, re-

pectively, to obtain a pH of 3. The eluent was prepared by mixing 

uffered water and MeOH in ratios of 95/5 (by volume) for mobile 

hase A, and 5/95 for B, respectively. TEA was added as an ion- 

airing agent to both A and B at a concentration of 1 or 5 mM,

r was left out of mobile phase B entirely. In addition to MeOH, 

nalyses were also executed with ACN as the organic modifier to 

ompare the performance of the two modifiers. 

.4. Reference dyestuffs 

Different mixtures containing reference dyestuffs were used 

hroughout the process of method optimization. An overview of 

he composition of the used dye mixtures is presented in the SI 

Tables S1–S3). It should be noted that many of these reference 

amples comprise original dye powders, which may originate from 

everal decades ago. As a consequence, some dye powders may 

ontain degradation products and/or impurities or side products 

ormed during the synthesis, which would otherwise not be found 

n pure analogues. However, samples from cultural-heritage objects 

ay feature these same components, which renders the references 

ery useful for method development. 

Stock solutions of each dyestuff were prepared at 1 mg/mL in 

MSO. Using the stock solutions of the dyestuffs (henceforth re- 

erred to as ‘dyes’), ten mixtures (henceforth referred to as ‘dye 

ixtures’) were created. The first two, mixtures A and B, were cre- 

ted for selection of the chromatographic column and the opti- 
3 
ization of chromatographic parameters, such as the composition 

f the mobile phase (SI, Tables S1 and S2). Both mixtures contained 

everal natural and synthetic dyes covering different dye classes. 

heir molecular structures are presented in Figs. S1 and S2. The 

yes were divided over mixtures A and B based on their reten- 

ion times with the aim to prevent co-elution as much as possible 

or easy interpretation. Mix A was created by combining 100 μL of 

ight dyes into one vial with a final concentration of 125 μg/mL 

or each dye. The same procedure was followed for ten other dyes 

ith a final concentration of 100 μg/mL for each dye to obtain mix 

. 

For the computer-aided optimization of the gradients, eight ad- 

itional dye mixtures were created (SI, Table S3). The natural dyes 

ere divided across mixtures 1–5 and the synthetic dyes across 

ixtures 6–8 by transferring 100 μL of each dye in a new vial 

o obtain final concentrations ranging from 66.7 to 100 μg/mL for 

ach dye. 

Lastly, a dye mixture containing all dyes, hereafter called mix X, 

as prepared by combining 100 μL each of dye mixtures 1 through 

 in one sample vial, which was used to test the performance of 

he developed LC gradient methods. As a result, mix X contained 

8 dyes, representing close to 130 dye components (including side 

roducts, impurities and degradation products). 

.5. Sample preparation and analysis of historical objects 

To examine the suitability of the optimized LC-PDA method de- 

cribed in this paper, hereafter called the TEA method, samples 

rom several historical objects of different age were analyzed. The 

amples were selected such that a wide range of natural and syn- 

hetic dyes were represented. The first group of samples originated 

rom a unique archeological find of textiles in a shipwreck near 

exel [2] , an Island in the north of The Netherlands. Sport divers 

iscovered the wreck in 2009 and in 2015 several garments were 

iscovered and brought to the surface. Among those were a com- 

lete 17th century gown, two kaftans, a large cape and several in- 

erior textiles, such as used for cushions (Figs. S8–S11). The colors 

ere surprisingly well preserved and, based on the dating, natural 

yes were expected to be present. To complement the research, 

wo late 19th century embroideries were investigated (Figs. S12 

nd S13), which were designed by Emile Bernard (1868–1941), who 

as known as a painter and a good friend of Vincent van Gogh. 

e designed a number of embroideries, several of which are now 

wned by the van-Gogh museum. Due to their date of origin, syn- 

hetic dyes were expected to be present. The same samples were 

lso analyzed by the LC × LC method for natural and synthetic 

yes recently developed by Pirok et al. [22] . Sample preparation 

as the same for both analytical methods, using the HCl method 

hat was described in detail by Pirok et al. [22] . 

. Results and discussion 

.1. Chromatographic column 

The first step towards optimization of the method was the com- 

arison of the two types of stationary phases used by Serrano et al. 

9] and Pirok et al. [ 21 , 22 ], a BEH Shield C18 and a ZORBAX Eclipse

lus C18 RRHD column, respectively. The BEH column contains tri- 

unctional silica particles, with an additional hydrophilic carbamate 

roup bonded to C18 groups, and is endcapped. The ZORBAX col- 

mn contains silica particles treated with a monolayer of C18 sta- 

ionary phase and is doubly endcapped. 

Figs. 1 and S3 show the results of the analyses of mixtures 

 and B, respectively, on the two RP columns. The mobile phase 

as prepared as described in Section 2.3 , containing MeOH and 

 mM TEA. A gradient was applied with mobile phase B increasing 
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Fig. 1. UHPLC-PDA chromatograms of dye mixture A analyzed with the BEH Shield C18 (top) and the ZORBAX C18 column (bottom) extracted at 300 nm; LC conditions as 

specified in Section 3.1 ; (1) isatin, (2) amaranth, (3/4) yellowish light green, (5) diamond green B, (6) crystal ponceau 6R, (7) quercetin, (8) martius yellow, and (9) congo 

red. 

Fig. 2. UHPLC-PDA chromatograms of dye mixture A extracted at 300 nm analyzed with 1 mM (blue) or 5 mM (beige) TEA in the mobile phase. The same gradient was 

applied as in Fig. 1 . 
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rom 5% to 95% from 1.50 till 20.0 min, isocratic between 20.0 and 

5.0 min, then again from 95% to 5% B within 2 min, and finally

socratic for 5 more minutes. The chromatogram obtained with the 

ORBAX column shows narrower peaks and less tailing when com- 

ared to the BEH Shield column. This is especially observed for 

maranth (A2), crystal ponceau 6R (A6), martius yellow (A8) and 

ongo red (A9) in mixture A, as well as for tartrazine (B1), ponceau 

 (B6) and silk scarlet N (B9, B10) in mixture B. The broader peaks 

bserved for the BEH Shield column may be explained by the addi- 

ional hydrophilic carbamate groups of the stationary phase, which 

ncrease the affinity of very acidic compounds. Natural dyestuffs, 

n contrast to synthetic dyestuffs, contain mostly neutral or slightly 

cidic compounds, which is why natural dyes show narrower peak 

hapes on the BEH column and also why this column has proven to 
4

ork well for natural dyes before [9] . Most of the dyes that show 

eak broadening are indeed synthetic acid dyes, except for tar- 

razine which is a synthetic direct dye. The latter, however, shows 

hromatographic behavior more like that of an acid dye, due to the 

resence of two sulfonic acid groups. 

Other compounds that showed poor peak shape on the BEH 

olumn contain either one or more sulfonic-acid groups that is 

harged at a pH of 3. These charged groups may undergo specific 

nteraction with free amide groups on the surface of the stationary 

hase of the BEH column, resulting in increased band broadening 

10] . This effect is not present with the ZORBAX C18 column as the 

tationary phase does not contain amide groups and free silanol 

roups that may cause additional band broadening are shielded off

ore effectively due to the double endcapping. 
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Fig. 3. Retention plots for 127 analytes calculated by PIOTR after analyzing all components by UHPLC-PDA with 10 and 30 min linear gradients from 5% to 95% ACN or 

MeOH. 

5 
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Fig. 4. Pareto-plots presented as in PIOTR obtained after computing different experimental parameters for linear and step gradients. Two of both were chosen to be experi- 

mentally tested in the lab: L1, L2, S1, and S2. 
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The challenging collection of compounds included in this study 

sks for an analytical column that facilitates sufficient retention for 

 wide range of analytes. As the stationary phase of the ZORBAX 

olumn yielded a more homogenous performance for this wide set 

f acidic, neutral and basic compounds, further experiments were 

onducted using this column. 

.2. Effect of organic modifier and ion pair 

The effect of the composition of the mobile phase on the chro- 

atographic performance was studied by varying the concentra- 

ion of the ion-pairing agent between 1 and 5 mM TEA in mo- 

ile phase A and B, and by omitting TEA from eluent B during 

nalyses of mixtures A and B. In addition, the effects of MeOH or 

CN as organic modifiers were studied. The same gradient as in 

ection 3.1 was applied. Increasing the concentration of TEA from 

 to 5 mM resulted in improved peak shapes and an increased 

eak capacity ( Figs. 2 and S4, for mixtures A and B, respectively). 

mproved peak symmetry was especially observed for compounds 

hat possess multiple charged sites (crystal ponceau 6R, tartrazine, 

hodamine B and silk scarlet N). More polar compounds (i.e. mar- 

ius yellow and cochineal) eluted earlier using 5 mM compared to 

 mM TEA. 

The decreased retention may be caused by competition be- 

ween the dye and TEA for interaction with the stationary phase, 

r by ion pairing of TEA with remaining silanol groups on the 

tationary phase. Several compounds that elute later at a higher 

oncentration of TEA are those that contain additional sulfonate 

nd/or azo groups (amaranth, crystal ponceau 6R and tartrazine). 

ositively charged ion-pairing agents, such as TEA, are generally 

dded to neutralize anionic fractions and to enhance retention of 

he ion pair based on hydrophobicity through alkyl chains on the 

mmonium ion [3] . The improved peak shapes and increased re- 

ention times for acid dyes with 5 mM TEA compared to 1 mM 

EA can be assigned to an increased neutralizing effect of the ion- 

airing agent, as there are more counterions present. 

When TEA was omitted from mobile phase B, a narrower reten- 

ion window was observed, with poor peak shapes, especially for 

ater eluting peaks (Fig. S5). This starts to be noticeable after ap- 

roximately 12 min, when the ratio of A and B is roughly 50/50%. 

f both mobile phases contain an equal amount of TEA, the ion-pair 

oncentration will remain constant throughout the analysis. There- 

ore, TEA should be added to both A and B, as is generally done for

P-RPLC [ 9 , 23 , 24 ]. In some particular situations the ion-pair agent

ay be left out of the organic modifier, as Pirok et al. did to reduce

he elution time in the second dimension in LC × LC [21] . 
6 
The differences between MeOH and ACN as the organic mod- 

fier were assessed by analyzing dye mixtures 1–8 and importing 

he obtained retention times in PIOTR. Analyses with ACN resulted 

n significantly shorter retention times for all analytes, as shown 

or mixture 1 in Fig. S6. Their respective peak widths, however, 

id not change, which led to more peak overlap and an overall de- 

rease in peak capacity. Fig. 3 shows the retention plots for MeOH 

nd ACN generated by PIOTR. The lines in these graphs represent 

ll 127 dye components and show their retention characteristics 

 ln k ) at any organic modifier fraction ( φ). For MeOH the reten-

ion lines are distributed more evenly than for ACN, which im- 

lies that many of the compounds show different elution behavior. 

his phenomenon increases the possibility of computing a gradi- 

nt method that results in the separation of as many compounds 

s possible. Based on these graphs, and because ACN is less envi- 

onmental friendly and more expensive, further experiments were 

arried out with MeOH. 

.3. Gradient optimization by PIOTR 

The gradient-elution method was optimized using PIOTR and 

ncluded the evaluation of both linear and step gradients. To op- 

imize the LC gradient for a mixture of compounds based on 

 log-linear retention model, the retention parameters, i.e. the 

lope ( S ) and the intercept ( ln k 0 ), of the retention lines must be

nown ( Fig. 3 ) [25] . To obtain these, two or more experimental

etention times are needed, which can most-conveniently be es- 

ablished from two gradient experiments, the effective slopes of 

hich are substantially different. In general, more measurements 

ead to more accurate retention parameters. However, previous re- 

orts showed that robust findings could be obtained using just two 

couting gradients [ 26 , 27 ]. Conventional wisdom prescribes a dif- 

erence in slopes by at least a factor of three, but recent research 

as shown that smaller differences may suffice [26] . Nevertheless, 

wo gradient experiments of 10 and 30 min duration ranging from 

% to 95% of B were performed for mixes 1 through 8. The reten- 

ion times of all dye components for both the short and the long 

radient were entered in PIOTR. Next, the ln k 0 and S values for 

ach analyte were calculated (SI, Table S4). These values were used 

or computational optimization of the gradient method. 

Parameters that were optimized for both step gradients and lin- 

ar gradients were the time before the gradient is programmed to 

tart ( t init ), the duration of the gradient ( t G ), and the initial ( φinit )

nd final ( φfinal ) concentration of the organic modifier. The flow 

ate F was fixed at 0.2 mL ·min 

−1 . The maximum t G for linear and

tep gradients was set at 70 and 90 min, respectively. The con- 

entration of the organic modifier was varied from at least 5% as 
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Fig. 5. LC-PDA chromatograms of dye mixture X obtained after analysis using two linear (L1 and L2) and two step gradients (S1 and S2), which closely matched the retention 

predictions of PIOTR. Indicated peaks are (1) quercitrin, (2) martius yellow, (3) xantho-purpurin and (4) emodin. 

Table 1 

Overview of the selected natural and synthetic dyes that were used to assess the within-day and inter-day repeatability. The RSDs were 

calculated based on the differences between triplicates on each day. 

Compound 

name 

t R 
(min) 

RSD% 

Day 1 Day 2 Day 3 Day 4 Day 5 

Tartrazin 8.81 0.30% 0.39% 0.17% 0.06% 0.11% 

Catechin hydrate 10.33 0.06% 0.09% 0.11% 0.00% 

Amido naphthol red G 18.88 0.05% 0.15% 0.08% 0.06% 0.08% 

Fuchsine, component 1 21.05 0.07% 0.12% 0.12% 0.09% 0.10% 

Chrysoidin 21.82 0.07% 0.12% 0.14% 0.09% 0.09% 

Methylene blue 22.97 0.07% 0.09% 0.11% 0.02% 0.09% 

Munjistin 22.97 0.03% 0.07% 0.05% 0.02% 

Fuchsine, component 2 23.53 0.06% 0.09% 0.13% 0.08% 0.09% 

Quercitrin 23.96 0.02% 0.06% 0.02% 0.02% 

Fast red B 25.64 0.02% 0.06% 0.10% 0.04% 0.06% 

Rhamnetin 27.22 0.04% 0.06% 0.00% 0.04% 

Luteolin 28.42 0.04% 0.05% 0.00% 0.04% 

Uranine A 29.63 0.02% 0.13% 0.09% 0.05% 0.04% 

Diamond green B 32.30 0.03% 0.14% 0.08% 0.06% 0.06% 

Alizarin 33.53 0.00% 0.06% 0.02% 0.03% 

Purpurin 37.52 0.02% 0.04% 0.02% 0.02% 

Victoria blue B 40.39 0.01% 0.08% 0.07% 0.04% 0.03% 

Wool scarlet 41.19 0.01% 0.06% 0.03% 0.01% 0.01% 

Flavazine L 43.69 0.01% 0.05% 0.03% 0.01% 0.03% 
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nitial condition up to 95% at the end of the gradient. For step gra-

ients t init , t G (in this case the time another gradient starts), φinit 

nd φfinal were varied for each individual step. This was done by 

 ‘funneling approach’, with broad settings being applied first and 

arrowing these down after observing their effects in the Pareto- 

ptimization (PO) plots, the framework in which objectives such 

s the resolution, time of last eluting peak, or orthogonality are 

onsidered. In a PO plot every optimization criterion (e.g. analy- 

is time, resolution score, detector sensitivity) is a dimension. PO- 

oints are those for which no conditions exist that yield equal or 

etter values for all optimization criteria simultaneously. 

Eventually, a final optimization experiment was conducted for 

hich the settings can be found in the SI, Tables S5 and S6. Two 

inear (L1 and L2) and two step gradients (S1 and S2) were cho- 

en from the PO plots. L1 and S1 were chosen based on the opti-

um theoretical resolution score ( Fig. 4 ). Gradients L2 and S2 are 

ot PO-points, however, were chosen as sub-optimal references to 

ompare to L1 and S1. The settings of the four gradients can be 

ound in the SI, Table S7. 
7 
The four gradients were first applied on dye mixtures 1–8 to 

btain retention times of each analyte. Next, the mixture of all 98 

yes (mix X, Fig. 5 ) was analyzed. The retention times and ab- 

orption spectra retrieved from the analyses of mixes 1–8 were 

sed to interpret the results obtained from the analysis of mix 

. For several compounds that could not be assigned, we noted 

hat the concentration was very low, which caused those peaks to 

e overshadowed by overlapping peaks of more-concentrated or 

ore-absorbing compounds. These components were re-injected 

ndividually, several at higher concentrations, and all eluted at the 

xpected retention times. It is good to note that most overlap- 

ing peaks showed very distinguishable PDA spectra, which would 

ake it easier to identify both peaks when present at higher con- 

entrations. This also brings forward the importance of the use of 

S for identification of dyes in general, but especially in such com- 

lex mixtures. Fortunately, the ion pair in the optimized method is 

ompatible with MS, however, implementation thereof was out of 

he scope of this work. 
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Table 2 

Results of the analysis of the historical samples T038.1, T044.1, T087.5, T095.1, V111–11, V111–13, V111–21, V113–3, V113–11, V113–18 analyzed by both the TEA method 

and the LC × LC method described by Mandal et al. [16] . Several components were present at low concentrations. As a result the identification is not conclusive 

and these components are labelled ‘possibly’. Components with spectra resembling known reference materials but eluting at different retention times are labelled 

‘equivalent’. Unidentified compounds in the second dimension of the LC × LC method are suspected to be degradation products (DP), thus are labelled ‘DP’. 

Sample Compound detected TEA method LC × LC method 

T038.1 Carminic acid X X 

Possibly DP of carminic acid X 

dcIV X 

Ellagic acid X 

dcVII X 

Possibly kermesic acid X 

Alizarin X 

Purpurin X 

Possibly Pseudo-purpurin X 

T044.14 Carminic acid X X 

Possibly DP of carminic acid X 

Type C component X 

Ellagic acid X 

Fisetin X 

Possibly Kermesic acid X 

Carminic acid equivalent X 

T087.5 Carminic acid X X 

Possibly DP of carminic acid X 

Possibly dcIV/dcVII X 

Purpurin equivalent X 

Alizarin X X 

Possibly DP of alizarin X X 

Purpurin X X 

Possibly Pseudo-purpurin X 

T095.1 Carminic acid X X 

Possibly DP of carminic acid X 

dcIV X 

Ellagic acid X 

Possibly dcVII X 

Possibly dcVII equivalent X 

Possibly Kermesic acid X 

V111–11 (green) Naphthol yellow equivalent X X 

Ellagic acid X X 

Quinoline yellow, component 1 X X 

Quinoline yellow, component 2 X X 

Diamond green B equivalent X X 

Quinoline yellow equivalent X X 

V111–13 (turquoise) Picric acid X X 

Unknown yellow(s) X 

Diamond green equivalent 1 X 

Diamond green equivalent 2 X 

Victoria blue equivalent(s) X X 

Victoria blue B X X 

Diamond green B X 

Diamond green equivalent(s) 3–8 X 

V111–21 (beige) Methyl violet equivalent(s) X X 

Methyl violet, trimethylated X X 

Methyl violet, tetramethylated X X 

Methyl violet, pentamethylated X X 

Crystal violet X X 

V113–3 (carmine) Azo fuchsine 6B X 

Amido naphthol red G X X 

Rhodamine B equivalent X X 

Orange II X X 

Rhodamine B equivalent X X 

Eosin equivalent X 

Rhodamine B equivalent X X 

Rhodamine B X X 

Fast acid magenta B X 

V113–11 (yellow) Naphthol yellow S X X 

Picric acid X X 

Orange II X X 

Orange IV X X 

Diamond green B equivalent X X 

Diamond green B equivalent X X 

Diamond green G equivalent X X 

V113–18 (blue - cobalt) Patent blue V equivalent(s) X 

Crystal violet equivalent X X 

Victoria blue R equivalent(s) X X 

Victoria blue R X X 

8 



I. Groeneveld, B.W.J. Pirok, S.R.A. Molenaar et al. Journal of Chromatography A 1673 (2022) 463038 

u

t

d

f

a

e

t

a

i

t

c

s

m

a

a

i

l

t

o

P

w

s

o

m

b

a

c

W

w

s

p

n

n

w

s

t  

f

g

H

t

i

t

i

o

t

(

i

r

d

s

3

d

e

c

c

i

w

v

t

r

o  

d

d

c

g

3

f

a

s

a

[

a

s

e

i

m

t

a

u

w

t

s

w

f

s

t

e

t

d

m

u

i

p

m

r

m

4

w

c

v

c

r

a

o

R

c  

O

e

R

l

T

c

t

c

t

The performance of PIOTR to predict retention models was eval- 

ated based on the accuracy of the prediction of the retention 

imes for each compound in mix X. The error between the pre- 

icted and experimentally obtained retention times was very small 

or all four gradients and are presented as two overlays (SI, Fig. S7 

nd Table S8). Prediction accuracies of 97.8% and 97.1% for gradi- 

nts L1 and L2, and 96.4% and 97.2% for gradients S1 and S2 show 

hat PIOTR can predict retention models accurately for both linear 

nd step gradients. 

The experimental results of the four gradients were evaluated 

n terms of chromatographic separation, the number of analytes 

hat could be assigned, and the total analysis time. Due to the high 

omplexity of the mixture, in contrast to what the PO plots may 

how, it is difficult to make a distinction between the four experi- 

entally obtained chromatograms based on chromatographic sep- 

ration. Furthermore, the percentage of compounds that could be 

ssigned in mix X analyzed by each gradient method was very sim- 

lar: 75% for gradients L1, S1 and S2, and 77% for gradient L2, the 

atter being the sub-optimal PO-point. This shows that the resolu- 

ion score as a criterium for PO plots is not very meaningful for the 

ptimization of such complex mixtures. The objective function of 

IOTR was to maximize the product of corrected resolution scores, 

hich means that two overlapping peaks will lower the resolution 

core towards zero. In PIOTR, the peak widths are estimated based 

n a standard plate number and a general Van Deemter model, 

eaning that peaks with higher retention times will be simulated 

roader than early eluting peaks. Nowadays, this may not be an 

ccurate estimation anymore as UPLC methods with smaller parti- 

le columns are used more frequently, such as for the TEA method. 

ith regards to the current work, the calculated resolution score 

as extremely low due to the use of nearly 130 compounds in the 

imulations. A better criterium for method optimization of com- 

lex samples may have been ‘number of peaks’, which unfortu- 

ately, was not an available option at the moment of optimization. 

A choice for a method could not be made based solely on the 

umber of identified peaks. The patterns and peak shapes obtained 

ith gradients L1, L2 and S2 are quite similar. Method S1 results in 

lightly broader peaks due to the small gradient step from 60/40 

o 50/50 A/B in 20 min, the relatively long isocratic step of 15 min,

ollowed by the slow gradient (30 min) to 5/95 A/B (Table S7). Step 

radient S1 shows good peak shapes early in the chromatogram. 

owever, the space between 40 and 80 min is relatively empty and 

his space could be used more efficiently. The overall analysis time 

s one of the criteria in the PO optimization. A shorter analysis 

ime is generally preferred. Since the better resolution score seen 

n Fig. 4 for method L1 is barely reflected in the chromatogram 

f the very complex mixture, both linear methods (L1 and L2) are 

hought to perform equally well. Therefore, the shortest method 

L1) was selected as the decrease in analysis time weighed heav- 

er than the marginal improvement in resolution score. Using the 

esults obtained with this gradient on mixture X, a compound 

atabase was created, which included the retention times and ab- 

orption spectra of each analyte. 

.4. Repeatability 

The final method, using gradient L1, was validated for within- 

ay and inter-day repeatability. This was done by analyzing sev- 

ral natural and synthetic compounds (listed in Table 1 ) in tripli- 

ate during five successi ve days (a technical error on the 5th day 

aused the exclusion of data for a few compounds). The data were 

nterpreted manually using the new compound database and the 

ithin-day and inter-day repeatability were calculated from the 

ariation in retention times. 

The repeatability is calculated as the RSD% of the retention 

imes between triplicates within each day. The obtained RSDs 
9 
anged from 0.00% to 0.39%, indicating a good repeatability. An 

verview of the RSDs of each compound is shown in Table 1 in or-

er of elution time. The inter-day repeatability of the method from 

ay to day was calculated by applying a one way ANOVA on the 

omplete data set. A P -value of 0.999 was obtained, indicating a 

ood inter-day repeatability. 

.5. Analysis of historical objects 

To assess the performance and applicability of the TEA method 

or the characterization of historical artefacts containing natural 

nd synthetic dyes, several samples taken from the objects de- 

cribed in paragraph 2.5 were analyzed. The same samples were 

lso analyzed by the LC × LC method described by Pirok et al. 

22] since this method was successfully applied for both natural 

nd synthetic dyes and can be used as a benchmark for compari- 

on. Table 2 presents the results obtained by both methods. A more 

xtensive overview of the obtained results are given in section S7 

n the SI, together with the obtained LC-PDA data and measured 

asses in Section S8. 

The results described in Table 2 and the SI show that, like 

he LC × LC method, the TEA method is perfectly capable of an- 

lyzing a wide range of natural and synthetic organic colorants 

sed in historical objects from different periods. Therefore, even 

ith little knowledge about the historical background of a sample, 

his method may be successfully applied, saving time and precious 

ample material. 

In comparison with the LC × LC method, the TEA method 

as able to detect more compounds especially in the samples 

rom the Texel shipwreck. This may be due to dilution of the 

ample in the second dimension in LC × LC, causing analytes 

hat are already in low abundance to be non-detectable. How- 

ver, the LC × LC method also showed non-identified analytes in 

he second dimension, which could be isomers, side-products or 

egradation products, which were not separated by the 1D TEA 

ethod. 

Overall, both methods are comparatively strong, but may be 

sed for different purposes. The LC × LC method provides more 

n-depth information about the presence of possible isomers, side- 

roducts and degradation products, but data processing requires 

ore time. In situations where the additional information is not 

equired, the TEA method may serve as a robust routine analysis 

ethod providing high throughput and good sensitivity. 

. Conclusions 

A UHPLC-PDA analysis method for natural and synthetic dyes 

as developed and a compound library for nearly 130 dyestuff

ompounds was created. It is important to note that dyes are a 

ery diverse group of small molecules with vastly ranging chemi- 

al properties (e.g. charge and hydrophobicity) which renders them 

epresentative of other chemical classes. Consequently, this work 

nd the method-development strategy will be of use to the devel- 

pment of methods for other classes of small molecules. 

The method included the use of a ZORBAX Eclipse Plus C18 

RHD column and a linear gradient elution with a mobile phase 

onsisting of water and methanol with 5 mM TEA at a pH of 3. PI-

TR proved to be an extremely useful tool to build retention mod- 

ls and to predict the outcomes of linear and step gradients for 

PLC. However, the resolution score used in this study proved of 

imited use for the separation of such a complex chromatogram. 

hus, more research is required into the development of suitable 

hromatographic response functions (i.e. objective function or op- 

imization criteria). Fortunately, a more advanced version of PIOTR, 

alled MOREPEAKS [28] , is being developed which does include 

his feature. 
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The TEA method described in this paper was successfully ap- 

lied for the characterization of historical artefacts containing syn- 

hetic and natural dyes. Comparison with the LC × LC method for 

atural and synthetic dyes proved that this method is equally ca- 

able of analyzing a broad range of acidic, basic and neutral dye 

omponents in a single run, which circumvents the need of hav- 

ng to perform different methods on the same sample, saving pre- 

ious sample material and time in the lab. The TEA method re- 

uires less data processing and specialized knowledge than the 

C × LC method and, therefore, provides a good alternative for 

igh-throughput routine analysis. 
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