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a b s t r a c t 

Iris flowers have been used for their dying properties at least since the Middle Ages and for centuries 

later in Europe. In particular, as regards the Iris germanica species, the colours that can be obtained from 

the petals are violet (the pure juice), dark blue (upon addition of alum) and green (upon alkalisation). 

The ancient technical treatises are rich with recipes describing the preparation of these dyes. 

Nevertheless, the dyes of Iris germanica have rarely, if ever, been identified on paintings. This could be due 

to a lack of diagnostic information, useful for the selective identification of these dyes. In fact, normally 

the identification of organic colourants throughout non-invasive methods is complex and generally harder 

than for inorganic colourants. In this study, non-invasive spectroscopic techniques, such as UV–visible 

diffuse reflectance spectrophotometry with optical fibres (FORS), FT-IR spectrophotometry in reflectance 

mode and Fibre Optic Molecular Fluorescence (FOMF), as well as micro-invasive techniques such as Sur- 

face Enhanced Raman Spectroscopy (SERS) and FT-IR spectrophotometry in transmittance mode, have 

been used to characterise the dyes extracted from the petals of Iris germanica. In the end, the meth- 

ods exploited in this work have been built to move from laboratory-based information retrieved through 

non-invasive and micro-invasive techniques, to the in-situ study of manuscripts in which we identified 

selectively the dyes and, in particular, the iris green cited by the ancient technical treatises. Moreover, 

the combined application of these techniques could allow to identify its presence even in cases when the 

dye is mixed with verdigris or superimposed on it. 

© 2026 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license ( http://creativecommons.org/licenses/by/4.0/ ) 

1

e

f

p

e

s

c

—

d

e

d

w

s  

s

I

t

m

j

p

t

c

(

b

p

b

s

a

h

1

. Introduction 

Many plant-derived colourants have attracted considerable sci- 

ntific interest, not only for their aesthetic appeal but also for their 

unctional significance. Indeed, beyond the beauty of the colours 

roduced by their molecules, these natural dyes have long been 

mployed in both painting and dyeing practices. The molecules re- 

ponsible for plant colouration are primarily flavonoids, betalains, 

hlorophylls, and carotenoids. Among the flavonoids, anthocyanins 

a subclass derived from phenylalanine — play a key role in pro- 

ucing the vivid red, purple, and blue hues typical of many veg- 

tables, fruits, grains, and flowers. A notable example of flowers 

isplaying such vibrant colours is found within Iris genus, among 

hich the Iris germanica is studied in this work. 

The flowers of Iris germanica were mentioned as a specific dye 

ource for the first time in 1993 by Schweppe [ 1 ], but there are
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everal ancient texts that mention its use in miniature painting. 

n 12th century Theophilus Presbiter, the German monk author of 

he Schedula diversarum artium [ 2 ], in book I, recipe XXXII ( Quo- 

odo colores in libris temperentur ) briefly cited sucum gladioli , a 

uice used to shade viride hispanicum (basically the mixture of cop- 

er acetates collectively known as verdigris). It can be assumed 

hat the term “gladioli” refers to the iris flower, also known in an- 

ient Italian as “ghiadiuolo” - a word derived from the Latin gladius 

sword), in reference to its sword-shaped (ensiform) leaves. 

The use of zuco gladioli (again iris juice) is recommended also 

y a Magister Bernardus to dilute verdigris to obtain a better green 

aint. The text, a treatise devoted to the technique of painting on 

ooks and datable to the 13th century, is known as Liber colorum 

ecundum Magistrum Bernardum [ 3 ]. 

A similar recommendation is contained in the Liber diversarum 

rcium , perhaps the largest collections of technical recipes for 

ainting, commented by Clarke in his edition of the book [ 4 ]. The

ollection was contained in the 14th century manuscript H 277 

oused in the Bibliothèque Universitaire Historique de Médecine 
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n Montpellier (France) and therefore known as the “Montpel- 

ier manuscript”. Inside the collection, the recipe §1.16.17 suggests 

dding sucum gladiolli to verdigris. 

In the 14th century De arte illuminandi by anonymous [ 5 ], a 

ecipe in chapter X ( Del colore verde , “On the green colour”) de- 

cribes the extraction of the juice from the flowers of iris, suc- 

essively used to produce a green dye upon addition of alum - 

l2 (SO4 ) ·3K2 SO4 ·H2 O. After this, the recipe describes in detail how 

o fix the dye on a pecia or pezzuola , a small piece of cloth, a

ractice commonly used in the Middle Ages to have a reservoir of 

yes for periods in which it was not possible to extract them from 

lants. 

Again Clarke, in his previous collection of medieval recipe books 

 6 ], lists four other manuscripts citing a green dye from iris: ms. 

.8.25(14th century) kept at Trinity College Library in Cambridge, 

s. 1247 (15th century) kept at Biblioteca Riccardiana in Florence, 

s. Sloane 416 or “Venetian manuscript” (15th century) kept at 

ritish Library in London, and ms. Canonici Misc. 128 (15th cen- 

ury) kept at Bodleian Library in Oxford. 

The 15th century manuscript Segreti per colori (Secrets for 

olours) also known as "Bolognese manuscript" [ 7 ], provides sev- 

ral instructions involving iris-based dyes. In recipe no 92, Affare 

erde chiaro per miniare optimo (“To make a light green, excellent 

or miniatures”), it describes how to prepare the green dye and fix 

t on the pezzuola . Later, in recipe no 237, A campeggiare et fare 

ogliami (“To lay flat tints and make ornamental foliage”), it recom- 

ends using la pezola de lo giglio (“the clothlet with lily”—iris was 

ften referred to as lilium ) for shading. 

In the Renaissance, Felice Feliciano, an Italian artist and scholar, 

n his Praecepta colourum published in 1463, described in detail 

ow to produce a green dye from iris flowers [ 8 ]. The recipe A

criver di verde (“to write in green”) says “Prima trova del mese 

i marzo, osia di aprille, el fior gazuolo e quelle tre foglie pendente 

ista molto bene e premi fuora el sugo, e ponili dentro l’alume de 

oza, e poi meteli le peze de lino e bambase, prima lavade nella 

escivia, e fa’ che dela dita lescivia siano alquanto molle. E gietale 

el dicto liquore, nel quale fai che stiano per zorni X in XII, e sug-

le poi al vento. E quando vorai cavare el colore verde, habii una 

oza con un poco de liscivio et chiaro spongato, e molto bene pre- 

ila dicta peza, tanto che ne esca fuori il verde colorito, e di quello

crivi e serà bello. E se ‘l dicto colore fusse troppo chiaro, strengilo 

n poco al sole e poi ne scrivi.” (“At first, find in March, or April, 

he iris flower and mash its petals very well to extract the juice. 

hen add the alum and soak pieces of linen, previously washed in 

ye to soften them, and leave them in the solution from X to XII

ays and then dry them to the wind. To have green colour treat 

he pezzuola with lye and egg white and then press it”). Basically, 

he dye described by Feliciano is produced from Iris germanica by 

xtracting the juice, adding to it a proper amount of alum which 

urns the colour of the juice from violet to dark blue, and then 

aking the solution basic by adding potash to obtain a final green 

olour. The recipe also recommends soaking a piece of pezzuola 

n the alum solution, allowing it to serve as a reservoir for the 

ye. 

Later on, in the 17th century Ricette per far ogni sorte di col- 

re (“Recipes to do all sorts of colour”) also known as “Paduan 

anuscript” [ 7 ], kept in the Library of the University of Padua, the 

ecipe nr. 86 Per fare il verde gilio ("To make the lily green”) rec- 

mmends extracting the juice from the petals, then soak in it a 

lothlet together with quicklime and alum until the green colour 

s developed. The recipe nr. 112 Per fare verde gilio is similar, with- 

ut citing the clothlet. 

Still, in the early 17th century the Portuguese artist Felipe 

unes [ 9 ], in his treatise Arte poetica, e da pintura e symetria, com

rincipios da perspectiva , described a dye called catasol , extracted 

rom lily and turned to green upon addition of alum. 
387
Ultimately, the information reported in the ancient treatises 

uggest that three dyes can be obtained from the petals of Iris ger- 

anica : 

• natural violet of the pure juice extracted from the petals; 
• dark blue obtained upon addition of alum; 
• green obtained upon change of pH to slightly alkaline values. 

In particular, the description of the green dye is coherent with 

he dye sometimes cited as iris green or lily green [ 10 ]. 

The numerous references in ancient technical treatises sug- 

est that dyes extracted from Iris germanica were likely used by 

ainters during the late Middle Ages and the Renaissance. How- 

ver, to the best of our knowledge, there is scarce diagnostic ev- 

dence of the use of these dyes in painting or textile dyeing re- 

orted in the scientific literature. A first identification was reported 

n the late ‘90 s by Majolino et al. [ 11 , 12 ] in the 13th century

anuscript Messanensis Graecus S. Salvatore 88 kept at Biblioteca 

egionale di Messina (Sicily, Italy) that was analysed by means of 

ortable FT-IR technique. The authors identified a green dye made 

y iris flowers, according to two main bands at 1124 cm−1 and 

596 cm−1 attributed to the juice, and a band at 1040 cm−1 at- 

ributed to alum, with a good correspondence to the recipe by Fe- 

ice Feliciano. Recently, Rönnerstam et al. [ 13 ] analysed a colour 

hart dated to 1680, titled Nomenclatura et species Colorum Mini- 

tae Picturae, Thet är: Förteckning och Proff på Miniatur Färgår . Here, 

 dark greenish sample, labelled in Latin, French, and Swedish 

s Succus foliorum gladioli / le verd d’Iris / Iris grönt , exhibited a re-

ectance minimum approximately at 605 nm when examined us- 

ng UV-visible diffuse reflectance spectrophotometry with optical 

bres (FORS), while no inorganic components were detected by 

RF analysis. Based on these results, the authors suggested that 

he material used for the green dye was consistent with iris green. 

ccording to references in ancient treatises, iris dyes are expected 

o be found mainly on illuminated manuscripts, which are both 

ighly precious and extremely fragile. These requisites usually re- 

uire a non-invasive approach to preserve the integrity of materi- 

ls, with non-negligible limitations on dye identification. Therefore, 

s a consequence of the limited availability of diagnostic informa- 

ion, the identification of iris-based dyes is so far still challenging. 

. Research aims 

Most spectroscopic studies concerning Iris-derived compounds, 

nthocyanins or related plant colourants have been mainly carried 

ut in botanical, phytochemical or food-science contexts, generally 

n extracts or solutions rather than on solid paint layers applied 

o historical substrates [ 14–17 ]. As a consequence, these data can- 

ot always be directly transferred to the interpretation of histori- 

al materials, where the spectral response may be affected by the 

ubstrate, the preparation method, the presence of binding media, 

geing phenomena and possible mixtures or superimpositions with 

ther pigments. 

During the Middle Ages, iris green has been introduced as 

 popular alternative to other green pigments, especially in 

anuscript illumination, where potentially reactive copper-based 

reens, such as verdigris, could raise concerns due to their in- 

eraction with delicate organic substrates. In this context, the 

resent study was designed as a broad and comprehensive analyti- 

al screening, mainly focused on non-invasive techniques, aimed at 

ssessing both the potential and the limitations of different spec- 

roscopic methods for the study of Iris germanica dyes applied on 

archment. The aim was therefore twofold: to identify useful di- 

gnostic features, where possible, and to clarify what type of in- 

ormation can realistically be obtained from each technique, avoid- 

ng overinterpretation of the analytical results. Such an approach 

s intended to provide heritage scientists and conservators with a 
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eference framework for choosing the most appropriate analytical 

trategy according to the specific constraints of each case study, es- 

ecially when sampling is not allowed or only very limited micro- 

ampling is possible. 

To improve the current knowledge on the dyes extractable 

rom Iris germanica , as well as their possible identification in 

anuscripts and more generally in historical artworks, a spec- 

roscopic study combining non-invasive and micro-invasive tech- 

iques was carried out. The potentialities of the use of non- 

nvasive analytical methods, such as UV-visible diffuse reflectance 

pectrophotometry with optical fibres (FORS), Fourier Transform 

nfrared spectroscopy (FT-IR) and fibre optic molecular fluorime- 

ry (FOMF), was investigated on reference mock-ups prepared on 

archment. The experimental conditions were therefore optimised 

or the analysis of solid samples rather than solutions, with the 

im of identifying spectral features useful for detecting iris-based 

yes on manuscript materials. 

In addition, Surface Enhanced Raman Spectroscopy (SERS) has 

een used to improve the identification in cases where micro sam- 

les were available. 

. Materials and methods 

.1. Extraction of dyes from Iris germanica flowers 

Dyes were prepared following a recipe cited by Ziggiotti [ 18 ] 

hat recalls closely the recipe of Felice Feliciano. Flowers of Iris ger- 

anica were collected in full bloom (Figure S1) and then stored 

n freezer. For the extraction, 10 g of frozen petals were previously 

insed with ultrapure water, then boiled in 100 g of water under 

tirring for 10 min (Figure S1). The solution, with a pH of approx- 

mately 6, quickly turned dark violet, indicating successful extrac- 

ion of the dyes, and was then separated from the petals by filtra- 

ion. For reference, this extract will hereafter be referred to as iris 

iolet . 

.2. Preparation of mock-up samples 

The addition of 0.5 g of alum to the violet solution caused it 

o turn dark blue under stirring for five minutes. This mixture is 

ereafter referred to as iris blue . Finally, KOH was added to adjust 

he pH to 10, producing a green solution, hereafter referred to as 

ris green . 

The solutions were purified by filtration through Whatman No. 

 filter paper. The resulting solutions were kept in refrigerator at 

 °C in order to stop any fermentation process. In these conditions, 

he dye solutions were found to be stable for several months. 

After purification, small drops of each solution were applied to 

archment and allowed to dry. The process was repeated several 

imes, until an intense colour was achieved for each dye. Figure S1 

hows the resulting colours of the three dyes on parchment. 

Mixtures of iris green and verdigris were prepared by mixing 

 few drops of iris green, 10 mg of verdigris and a drop of gum

rabic solution as binder. The gum Arabic solution was prepared 

ccording to the recipe described by Ziggiotti [ 18 ], that is 1 part of

um Arabic and 1 part of distilled water; the solution was ready 

or use after 3 days. For overpaints of iris green on verdigris, a 

aint of verdigris was firstly prepared by mixing 10 mg of verdigris 

ith a drop of gum Arabic solution and applying it to parchment, 

hen, after drying, a few drops of iris green were applied on top of 

he verdigris paint. 

.3. Fibre optic reflectance spectrophotometry (FORS) 

FORS analysis was performed with an Avantes (Apeldoorn, The 

etherlands) AvaSpec-ULS2048XL-USB2 model spectrophotometer 
388
nd an AvaLight-HAL-S-IND tungsten halogen light source; detec- 

or and light source were connected with fibre optic cables to 

n Avantes FCR-7UV200–2–1,5 × 100 probe. In this configuration, 

oth the incident and detecting angles were 45 ° from the surface 

ormal, in order not to include specular reflectance. The spectral 

ange of the detector was 200–1160 nm; the overall operational 

ange of the device (combination of lamp + detector) was 375–

100 nm. Depending on the features of the monochromator (slit 

idth 50 μm, grating of UA type with 300 lines/mm) and of the 

etector (2048 pixels), the best spectra resolution was 2,4 nm cal- 

ulated as FWHM. Diffuse reflectance spectra of the samples were 

eferenced against the WS-2 reference tile provided by Avantes and 

uaranteed to be reflective at 98% or more in the spectral range in- 

estigated. The investigated area on the sample had a 1 mm diam- 

ter. The probe was held by hand and in all measurements the dis- 

ance between probe and sample was kept constant to 0 mm. The 

nstrumental parameters were as follows: 10 ms integration time, 

00 scans for a total acquisition time of 1.0 s for each spectrum. 

he whole system was managed by means of AvaSoft v. 8 dedi- 

ated software, running under Windows 11TM . 

.4. FT-IR spectroscopy 

FT-IR analysis was carried out with a portable Bruker Optics Inc. 

Billerica, MA, USA) spectrometer model ALPHA II, supplied with 

he external reflectance and transmittance modules. The spectrom- 

ter was equipped with a SiC globar type source (silicon carbide 

ith emission comparable to that of a black body with a tempera- 

ure of about 10 0 0 K) and a DTGS pyroelectric detector (deuterated 

riglycine sulphate). For each spectrum, 256 scans were acquired 

n the spectral range 7500–375 cm−1 with a resolution of 4 cm−1 . 

ata were processed using OPUS 9.0.6 and EZ OMNIC 7.3 software. 

ackground spectra were acquired on a gold mirror for reflectance 

easurements and on pure KBr pellets for transmission mode. 

The iris dye extracts were analysed in transmission mode, us- 

ng KBr pellets to maximise spectral transparency and allow direct 

omparison with reference spectra. On the contrary, the iris-based 

aint layers applied on parchment were investigated in external 

eflectance mode, a non-invasive configuration suited for in situ 

nalysis of painted or coated surfaces. 

It should be noted that FTIR in reflectance mode is affected 

y distortions in the mid infra-red region, caused by anomalous 

ispersions due to variations in the refractive index across an ab- 

orption band [ 19 ]. To minimise these effects, Kramers-Kronig al- 

orithm (KK) - included in the OMNIC software package – was ap- 

lied to the reflectance spectra to obtain pseudo-absorbance spec- 

ra The use of the KK algorithm compensates for phase distortions 

ssociated with specular reflection, allowing reliable comparison 

ith transmission mode and database reference spectra [ 20 ]. 

.5. Fibre optic molecular fluorescence (FOMF) 

FOMF measurements were carried out using an Avantes 

vaLight-HPLED-385 LED source as excitation source, a Semrock 

Rochester, NY) 442 nm EdgeBasicTM long-pass edge filter accom- 

odated inside an Avantes FH-INLINE filter holder to selectively 

emove the Rayleigh line, and an Avante AvaSpec-ULS2048XL-USB2 

pectrophotometer to collect the fluorescence emission light. Both 

etector and LED source were connected with fibre optic cables to 

n Avantes FCR-7UV200–2–1,5 × 100 probe. The spectral features 

ere the same as FORS analysis. The instrumental parameters were 

s follows: 0.5 s integration time, 10 scans for a total acquisition 

ime of 5 s for each spectrum. The whole system was managed by 

eans of AvaSoft v. 8 dedicated software, running under Windows 

1TM . The edge filter with cutoff at 442 nm was used in order to 

emove the Rayleigh emission provoked by the elastic scattering of 
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he 385 nm LED source, therefore allowing to use higher acquisi- 

ion times. 

.6. Surface enhanced Raman spectroscopy (SERS) 

Raman analysis of iris dyes could not be performed using con- 

entional modes. Measurements on mock-ups with 532, 633 and 

85 nm lasers all yielded spectra lacking useful features due to 

igh levels of fluorescence. Consequently, the SERS method was 

mployed, as is common practice for the analysis of dyes. 

SER spectra were collected with a high-resolution dispersive 

oriba (Villeneuve d’Ascq, France) LabRAM HR Evolution model 

pectrometer coupled with a confocal microscope. The instrument 

as equipped with 532, 633 and 785 nm excitation lasers, a 1800 

ines/mm dispersive grating, an 800 mm focal length achromatic 

at field monochromator and a multichannel air-cooled CCD detec- 

or. The spectral resolution was 2 cm−1 . Spectra were taken with 

ong working distance 50x and 80x objectives. The 532 nm excita- 

ion laser resulted to give the best results, so its use was optimised. 

aser power at the sample was < 1 mW. Exposure time was 1–

0 s according to needs (3 accumulations). Good and reproducible 

pectra were obtained in this way. The system was managed with 

abSpec 6 software running under Windows 11TM . 

SERS analysis was performed by means of Ag nanoparticles 

olloidal pastes (AgNP), according to the procedure developed by 

done et al. [ 21 ], based on the method developed by Brosseau et

l . [ 22 ]. A drop of dye solution was poured on a glass and allowed

o dry; then 1 μL of AgNP was poured on it and allowed to dry

efore exposing it to the laser beam. 

.7. X-ray fluorescence spectrometry (XRF) 

XRF measurements were performed with an EDXRF Thermo 

Waltham, MA, USA) NITON spectrometer XL3T-900 GOLDD model, 

quipped with a Ag tube (max. 50 kV, 100 μA, 2 W), a large area

DD detector and an energy resolution of about 136 eV at 5.9 keV. 

he analysed spot had an average diameter of 3 or 8 mm and was

ocused by a CCD camera, with a working distance of 2 mm. The 

otal time of analysis was 60 s. The instrument was held in posi- 

ion with a moving stage allowing micrometric shifts, in order to 

each the desired probe-to-sample distance; the stage was laid on 

 tripod. 

.8. Manuscripts analysed 

The list of illuminated manuscripts in which iris dyes were 

dentified is reported in Table 1 , with information concerning their 

ocation and historical period. All the manuscripts analysed are 

n parchment and in good conservation conditions. The identi- 

cation of iris green was obtained in all instances by means of 

ORS analysis, according to the spectral features that will be pre- 

ented in paragraph 4.1. Representative FORS spectra taken from 

he manuscripts, together with the images of the areas analysed, 

an be seen in Table S1. 

. Results and discussion 

Before proceeding, it is important to recall the chemical com- 

osition of the dyes extracted from the petals of Iris german- 

ca . Thompson [ 23 ] in 1956 suggested that the primary colouring 

atter of iris green could be chlorophyll. According to Schweppe 

 1 ], instead, the flavonoid mangiferin or 2- β- d -glucopyranosyl- 

,3,6,7-tetrahydroxy-9H-xanthen-9-one was the main colourant. 

hile not addressing the green dye specifically, Ashtakala and 

orward [ 24 ] proposed in 1975 that the violet-blue colour of Iris 
389
ermanica petals arises from the anthocyanin delphinidin-3-(p- 

oumaroylrutinoside)-5-glucoside (delphinin), likely in combina- 

ion with mangiferin through copigmentation effects. Mizuno and 

washina [ 25 ] confirmed that the violet colour is due to copig- 

entation of delphanin (also called violanin) with other flavonoids, 

mong which mangiferin and swertisin 2′′ - O -arabinoside. There- 

ore, in the following discussion the characterisation of the dyes is 

o be referred mainly to the presence of anthocyanins that turned 

rom violet to blue to green upon addition of chemical reagents. 

A recent study by Bahreini et al. [ 26 ] further characterised the 

igments of Iris germanica , confirming that its colour arises from 

 mixture of anthocyanins—notably cyanidin , delphinidin , petuni- 

in , malvidin , and pelargonidin—together with their glycosylated 

erivatives. The same authors verified also the bathochromic shifts, 

nd therefore the change in visual colour, occurring after metal 

omplexation by means of Al3 + and Cu2 + ions. The first one is of 

articular interest because, as cited previously, alum was used in 

early all the ancient recipes to change the colour of the natural 

ris juice from violet to blue and eventually to green. 

After replicating the recipe described by Felice Feliciano, we 

haracterised the spectral features of the three dyes that can be 

btained from Iris germanica : (1) iris violet from the pure juice, (2) 

ark iris blue upon addition of alum and (3) iris green upon alka- 

isation. 

.1. Reflectance spectroscopy (FORS) 

The absorption properties of the dyes extracted from Iris ger- 

anica have been already described before. Mizuno and Iwashina 

 25 ], analysing the violet aqueous extract at natural pH indicated 

 main absorption maximum at ca. 580 nm with two shoulders at 

44 and 636 nm. Bahreini et al. [ 26 ] found an absorption maxi- 

um at 538 nm, which underwent a bathochromic shift at 584 nm 

pon addition of Al3 + , explained by the authors with the fact 

hat the metal coordination stabilises the quinoidal base structures 

f the anthocyanins. However, in both cases, the reported spec- 

ral data were acquired in absorption mode in solution, which is 

ot necessarily equivalent to spectra obtained in reflectance mode 

rom solid samples. Moreover, the absorption measurements are 

ypically not feasible when analysing miniature paintings, as this 

pproach is invasive and destructive. Therefore, in this section we 

resent the spectral information acquired in reflectance mode, the 

nly technique suitable for non-invasive analysis, with the aim of 

dentifying diagnostic spectral features useful for detecting these 

yes on manuscripts. The absorption band, i.e. the reflectance min- 

mum, will be the diagnostic spectral feature useful for the iden- 

ification of the iris dyes cited in the ancient treatises, while the 

eflection band is not a reliable spectral feature as it can shift ac- 

ording to the concentration of the dyes or to mixture with other 

olourants [ 27 , 28 ]. 

.1.1. Iris violet 

Violet is the natural colour of the flowers and the colour of 

he pure juice obtained by pressing them. Its reflectance spectrum, 

hown in Fig. 1 in Log(1/R) coordinates (solid line), is dominated 

y an absorption band centred around 590 nm with well-defined 

houlders at 549 and 629 nm, and by a reflectance band centred 

round 462 nm with a shoulder beyond 770 nm. Considering the 

H of the juice, these features should correspond to the quinoidal 

nhydrobase form of the anthocyanins present. 

The spectral features are compatible with those reported by 

izuno and Iwashina [ 25 ], but are somewhat different from those 

eported by Bahreini et al. [ 26 ], possibly due to the difference be-

ween the measurement in solid and in solution state. 
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Table 1 

List of manuscripts in which iris green has been identified. 

Manuscript Library Date 

Libro d’Ore , ms. 449/M Torino, Museo Civico di Arte Antica 1450–1460 

Ercole Senofontio , ms. B.P. 1099 Padova, Biblioteca Civica 1463 

Memorabilia , ms. Reg. Lat. 1388 Città del Vaticano, Biblioteca Apostolica Vaticana 1463 

Collectio antiquitatum , ms. alfa.I.5.15 Modena, Biblioteca Estense Universitaria 1465 

Epigrammata , ms. Vat. Lat. 3616 Città del Vaticano, Biblioteca Apostolica Vaticana 1478/1479 

Libro d’Ore detto di Ippolita Maria Sforza , ms. A617 Rivoli, collezione Cerruti 1480/1488 

Offiziolo Durazzo , ms. Arm. 1 Genova, Biblioteca Civica Berio 1502/1503 

Consolato dell’arte della seta. Matricole Napoli, Archivio di Stato 1514–1557 

Commissione dogale del Doge Andrea Gritti Torino, Archivio di Stato 1531 

Graduale , choral V Alessandria, Museo Civico 1568–1585 

Graduale , choral XI Alessandria, Museo Civico 1568–1585 

Graduale , choral XII Alessandria, Museo Civico 1568–1585 

Graduale , choral XIII Alessandria, Museo Civico 1568–1585 

Antifonario , choral XXIV Alessandria, Museo Civico 1568–1585 

Antifonario , choral XXVII Alessandria, Museo Civico 1568–1585 

Antifonario , choral XXXIII Alessandria, Museo Civico 1568–1585 

Innario , choral XXXVI Alessandria, Museo Civico 1568–1585 

Graduale , choral Q (XLII) Alessandria, Museo Civico 1568–1585 

Graduale , choral H (XLIII) Alessandria, Museo Civico 1568–1585 

Graduale , choral R (XLIV) Alessandria, Museo Civico 1568–1585 

Fig. 1. FORS spectra in Log(1/R) coordinates of iris violet obtained from flowers of Iris germanica (solid line), iris blue obtained by addition of alum (dashed line), iris green 

obtained by addition of KOH (dotted line) and iris violet taken to pH 10 without alum (dashed-dotted line). Spectra are offset for clarity on Y axis. 
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.1.2. Iris blue 

The iris blue, obtained by addition of alum, has spectral features 

imilar to the violet ( Fig. 1 , dashed line). The reflectance maximum 

entred at 484 nm accounts for its blue colour, while the absorp- 

ion band is again centred at 590 with less pronounced shoulders 

t 549 and 629 nm. The addition of Al3 + ions, therefore, seems not 

o change the absorption properties of the dye. Even increasing 

he alum concentration up to 50-fold did not affect the absorp- 

ion spectra (data not shown). An interesting feature is that no 

recipitation of Al hydroxide occurs, as it is usual in the prepa- 

ation of lakes (see [ 18 ]), even if the pH is brought up to 10 (see

ater), which suggests a strong interaction between Al3 + and an- 

hocyanins. 

.1.3. Iris green 

The spectrum of iris green ( Fig. 1 , dotted line) shows an absorp-

ion band centred at 613 nm. The reflection band is centred around 

04 nm, accounting for the green colour. This behaviour, however, 

imply reflects the typical change of anthocyanin solutions from 

iolet-blue to green as the pH shifts from acidic to neutral and 
390
hen to alkaline [ 29 ]. In this process, the flavylium cation is turned 

o the chalcone form, resulting in a significant bathochromic shift 

f the absorption band. 

Following this spectral evidence, the influence of pH and Al ³+ 

oordination on the spectral features of the dyes was further in- 

estigated. A violet extract was adjusted to pH 10 using KOH with- 

ut prior addition of alum. As expected, the solution turned green, 

s indicated by the reflectance maximum in the FORS spectrum 

 Fig. 1 , dotted-dashed line). However, the absorption behaviour re- 

ained essentially the same as that observed in the presence of 

lum. 

Based on these results, the role of alum in the preparation of 

ris green - described in the ancient treatises – was reconsidered. 

ather than modifying the colour, alum may have been used as a 

ordant when soaking small clothlets - the aforementioned pez- 

uole - in the juice solution. In this process, alum and the Al3 + ion 

cted to ensure the anchoring of dye molecules to the textile sub- 

trate, acting as a mordant and forming a chemical bridge between 

he fibre and the dye. This common medieval practice allowed the 

ye to be stored and used even when fresh plant material was not 
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vailable. The juice solution could then be easily reconstructed by 

reating a piece of clothlet in alkaline media. 

Another possible explanation is that artisans were aware that 

lum — or, more precisely, the Al ³+ ion — could stabilise the colour 

f anthocyanins, as demonstrated by several studies reporting the 

ormation of coordination complexes [ 30 ]. 

.1.4. Role of pH in colour variation 

To elucidate the influence of pH and alum on the colour varia- 

ion of the iris dyes, the violet and blue extracts were subjected to 

ontrolled pH adjustments. Small volumes of 2 M KOH were added 

o each dye solution to modify the pH without significantly alter- 

ng the concentration. The procedure was like this: firstly, the de- 

ired pH value was set with KOH, then a drop of the solution was

ithdrawn and deposited on parchment; after drying, all the re- 

ectance spectra were collected from the drops. For the iris vio- 

et extract, the pH was varied from 5.1 to 10.4, while for iris blue 

xtract, the range was 3.0–10.1. The lower initial pH observed for 

ris blue resulted from the acidic conditions produced by the hy- 

rolysis of alum. The colour changes induced by pH variation were 

valuated using reflectance spectroscopy, and the results are pre- 

ented in Fig. 1 . These reflectance plots enable a clearer visualisa- 

ion of the chromatic shifts occurring across the tested pH ranges. 

s it can be seen ( Fig. 2 , top spectrum), the spectral features typ-

cal of iris violet, i.e. a main absorption band at 590 nm with two 

inor bands at 549 and 629 nm, are kept almost unaltered in the 

H range 5.1–10.4, while a bathochromic shift occurs for the re- 

ectance maximum, that moves from ca. 470 nm to 520 nm, ac- 

ounting for the change from violet to green. 

The behaviour of iris blue ( Fig. 2 , bottom spectrum) is more 

ignificant from the diagnostic point of view, because, according 

o the ancient recipes, alum was always added to the juice, after 

hich the pH was increased to obtain the green colour. This be- 

aviour is different from iris violet: as the pH changes from acid to 

lkaline values, the main absorption band at 590 nm becomes less 

erceivable, while a second band at 613 nm, typical of iris green, 

ecomes dominant. The shift in the reflectance maximum is nar- 

ow, but it is enough to change the colour from blue to green, 

hich seems to occur between pH 8 and pH 9. 

According to the results described below, the identification of 

ris green in historical paintings is strongly influenced by the pH 

onditions employed during the preparation of the dye. The prin- 

ipal spectral feature associated with iris green is an absorption 

and at 613 nm, which becomes prominent at pH values above 

. Additionally, the presence of a band at 590 nm, with possible 

houlders at approximately 549 and 629 nm, may also serve as di- 

gnostic indicators, particularly in cases where the dye was pre- 

ared in moderately alkaline conditions and already exhibited a 

reen hue. 

.1.5. Mixtures of verdigris and iris green 

It is of particular interest to assess the possibility of identify- 

ng iris green when mixed with verdigris, as this specific com- 

ination is mentioned in several medieval treatises [ 2–4 ]. Given 

hat the absorption features of individual components are gener- 

lly discernible in the reflectance spectrum of a mixture, the spec- 

rum of a verdigris/iris green mixture should display the princi- 

al spectral characteristics of both constituents, provided that the 

roportions are not heavily biased toward one component. The re- 

ectance spectrum of verdigris is characterised by a wide absorp- 

ion band centred at ca. 720 nm [ 28 ] ( Fig. 1 , solid line). The spec-

rum obtained from the verdigris/iris green mixture ( Fig. 3 , dot- 

ed line) shows that the spectral features of verdigris are modified 

y the presence of iris green: as the concentration of iris green 

ncreases, a second absorption band emerges at shorter wave- 

engths, corresponding to the dye. However, it should be noted 
391
hat the absorption band becomes evident only when a substan- 

ial amount of iris green is present. When iris green is applied 

n top of verdigris ( Fig. 3 , dashed-dotted line), the spectral fea- 

ures are similar to those of the mixture with a significant amount 

f iris green, due to the fact that the dye has a very low hiding

ower, therefore the absorption properties of verdigris are clearly 

isible. 

.2. FT-IR spectroscopy 

So far, few studies have reported detailed spectroscopic data 

n anthocyanins, and comprehensive investigations that accurately 

orrelate band patterns with molecular structure are still lack- 

ng [ 31 ]. Nevertheless, previous works on different Iris species al- 

owed identifying and isolating multiple flavonoids, including an- 

hocyanins [ 32 ]. 

Anthocyanins are polyphenolic chromophores with aromatic 

ings linked to oxygen-containing heterocyclic systems, often fur- 

her substituted or connected to additional aromatic units through 

–C bonds [ 33 ]. The purple-to-blue colour of iris flowers is pre- 

ominately attributed to acylated glycosides of delphinidin, mal- 

idin and petunidin, while reddish to purple hue are associated to 

yanidin and peonidin derivatives [ 34 ]. 

Considering both the intrinsic spectral complexity of antho- 

yanins and the significant influence of environmental and matrix- 

elated factors, the identification of characteristic FTIR bands must 

e approached with caution. The following section therefore sum- 

arises the main absorption features commonly reported for 

nthocyanin-based systems, highlighting their variability and the 

otential overlap with contributions from other components typi- 

ally present in complex matrices. 

A characteristic band in the ∼1655–1630 cm−¹ region is com- 

only observed in anthocyanins, generally attributed to aro- 

atic C= C skeletal vibrations of the conjugated flavonoid sys- 

em, with possible contributions from C= O stretching depending 

n the molecular form (e.g. flavylium, quinoidal base or chalcone) 

nd surrounding environment (e.g., water or protein substrates) 

 31 , 35 , 36 ]. The 170 0–160 0 cm−¹ region is strongly influenced by

–O–H bending ( ∼1640 cm−¹) of water and overlapping contribu- 

ions from aromatic rings and polysaccharides, thereby limiting di- 

gnostic specificity of this region for anthocyanins [ 37 ]. 

An intense band at ∼1050 cm−¹ is assigned to C–O and C–O–C 

tretching vibrations of carbohydrate moieties, including glycosidic 

inkages associated with flavonoid glycosides [ 31 ]. Additional bands 

t ∼1516, ∼1450, ∼1270 and ∼1070 cm−¹ are attributed to C–O–C 

nd aromatic ring vibrations of flavonoid structures, although these 

eatures are often partially overlapped by signals from polysaccha- 

ides in plant matrices [ 31 , 38 ]. Finally, bands in the region ∼820–

60 cm−¹ have been tentatively associated with out-of-plane aro- 

atic ring vibrations of anthocyanins [ 39 ]. Structural differences 

mong anthocyanidins (e.g., delphinidin, malvidin, petunidin vs. 

yanidin and peonidin) may induce subtle variations in band po- 

ition and intensity, mainly related to the degree of hydroxylation 

nd methoxylation of the aromatic rings [ 36 , 39 ]. 

The FTIR spectra of anthocyanins are therefore predominantly 

riven by the carbohydrate fraction rather than the structure of 

he chromophore, limiting the diagnostic specificity of the tech- 

ique. This limitation is further increased by the complex sys- 

em investigated in the present study, where overlapping con- 

ributions from the proteinaceous substrate and additional com- 

onents (e.g., alum and/or other pigments) must be taken into 

ccount. 

The application on parchment (collagen substrate) introduces 

ominant protein bands, namely Amide I ( ∼1650 cm−¹, C= O 

tretching) and Amide II ( ∼1550 cm−¹, N–H bending and C–N 

tretching), as well as weaker contributions in the 1230–1200 cm−¹
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Fig. 2. FORS spectra of iris violet (top) and iris blue (bottom) at different pH values. 
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egion (Amide III) [ 40 ]. The addition of alum (KAl(SO4 )2 ·12H2 O) to 

btain blue and green metal complexes introduces sulphate species 

haracterised by bands typically observed at ∼1120–1100 cm−¹
 ν3 SO4 ²

− asymmetric stretching), ∼10 0 0–980 cm−¹ ( ν1 symmetric 

tretching) and in the 650–600 cm−¹ region ( ν4 bending) [ 41 , 42 ]. 

n the presence of verdigris, either in mixture or as an underly- 

ng layer, additional absorptions due to asymmetric and symmetric 

tretching of carboxylate groups (COO−) are typically observed in 

he ∼1600–1550 cm−¹ and ∼1450–1400 cm−¹ ranges [ 43 ], further 

verlapping with both aromatic and protein-related bands. 

Overall, FTIR interpretation of Iris germanica -derived dyes on 

archment must be approached using a multicomponent spectral 

odel, where overlapping contributions from carbohydrates, sul- 

hates, metal–organic species, and collagen preclude unequivocal 

and attribution. Within this framework, the aim of FTIR analy- 

is is not the identification of dye-specific spectral markers, but 

ather the recognition of characteristic spectral patterns resulting 

rom the interaction of different components. 

In this setting, the FTIR study was structured in three analytical 

teps in order to progressively assess the spectral contribution of 

ach component: 

t

392
• Pure dyes (iris violet, blue and green), prepared following his- 

torical recipes, were analysed in transmission mode using KBr 

pellets, in order to isolate and characterise the intrinsic spectral 

features of the dye systems, including dye–alum complexes in 

the case of the blue and green samples. 
• Mock-up samples, consisting of the same dyes applied on 

parchment without binders, together with one sample of iris 

green mixed with gum Arabic and selected mixtures of iris 

green and verdigris with gum Arabic. The FTIR analysis was per- 

formed in reflectance mode. This step allowed evaluation of the 

influence of the substrate and of additional components. 
• Historical samples, corresponding to iris green paint layers from 

illuminated manuscripts. The samples were analysed in re- 

flectance mode under the same conditions, enabling compari- 

son with the reference systems. 

The main absorption bands typical of parchment, anthocyanin, 

ulphates and verdigris are summarised in Table 2 , based on lit- 

rature assignments. Although FTIR has limited capability for the 

irect identification of iris green, its use in the present study is 

ustified by the complementary information it provides on the ma- 

erial system associated with Iris germanica-derived colourants on 
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Fig. 3. FORS spectra in Log(1/R) coordinates of verdigris (solid line), iris green (dashed line), a mixture verdigris/iris green (dotted line) and iris green on top of verdigris 

(dashed-dotted line). 

Table 2 

Assignment of main infrared absorption bands (cm−¹) of parchment, anthocyanins, alum and verdigris. 

Parchment Anthocyanin ( Iris germanica ) Sulphates (from alum) Verdigris (Cu-acetate) 

Assignment [ 66 , 67 ] cm−1 

Assignment 

[ 17 , 26 , 31 , 44 , 45 ] cm−1 

Assignment 
[ 42 , 52,68,69 ] cm−1 

Assignment 

[ 57 , 58 ] cm−1 

ν(CH3 ), ν(CH2 ) 2931, 2853 ν(CH3 /CH2 ) 

asymmetric – aliphatic 

C–H stretch 

2924–2854 - - ν(CH3 ) 2930 

Amide I – C= O 

stretch 

1652 ν(C= C), ν(C= O) 

aromatic / heterocyclic 

stretch 

1655–1636 δ(HOH) bending of 

hydrated sulphate 

/ Al–OH 

1640 

Amide II –

ν(CN) + δ(NH) 

1538 ν(C= C), ν(CO) 

aromatic / carboxylate 

1575–1500 - - νas (COO) 1574–1523 

δ(CH2 ) scissoring 1454 ν(C= C) aromatic ring 1450 - - νs (COO) 1429 

δ(COH), δ(NH2 ) 1408 ν(C–O–C) + δ(C–OH) 

carboxylate / phenolic 

O–H def. 

1404 - - δ(CH3 ) 1354 

Amide III –

ν(CN) + δ(NH) 

1279–1230 ν(C–O), ν(C–O–C) of 

glycosidic units 

1270, 1210 - - – - 

ν(CC) ring 1024 ν(CC) aromatic ring / 

C–O stretch of phenols 

1200, 1170 - - – - 

ν(CC) skeletal 1081, 1062, 1034 ν(C–O) of glycosides 

and sugars 

1120, 1080, 

1045 

ν3 (SO4 ) asym . 

stretch 

1130–1135 ρ(CH3 ) methyl 1053–1028 

- - - - ν1 (SO4 ) sym . 

stretch (activated 

by Al-coordination ) 

∼986 δ(Cu-OH) 

ν(CC) 

977, 909 

954, 935 

- - Anthocyanins ring 

vibrations 

820–760 ν(Al–O), δ(Al–O) 868, 685 - - 

- - - - ν4 (SO4 ) + ν(Al–O) 

bending 

613 δ(OCO) 

carboxylate 

679 

π (COO) 626–617 

- - - - - - δ(Cu-OH) 548, 492 
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archment. In particular, FTIR allows the investigation of interac- 

ions between the dye, recipe-related additives such as alum, and 

he collagen-based substrate, as well as the recognition of sulphate 

hases and possible transformation products formed during dry- 

ng and ageing. This information is especially relevant for future 

tudies on the stability of iris green and for preliminary assess- 

ents when more selective analytical techniques are unavailable 

r microsampling cannot be performed. The inclusion of the violet 

nd blue forms was also relevant for FTIR interpretation, since it 

llowed the spectral contribution of the pure plant extract to be 

ompared with that of the alum-containing systems. This compar- 

son was essential for assessing the appearance and evolution of 
(

393
ulphate-related bands, their interaction with the parchment sub- 

trate, and their possible transformation during drying and ageing. 

herefore, the study of the three forms was not intended to ex- 

and the scope beyond iris green, but to reconstruct the material 

equence leading to its preparation and to clarify the origin of the 

pectral features observed in the final dye system 

.2.1. Iris violet 

The FTIR absorbance spectrum of the iris violet dye ( Fig. 1 , 

olid line) is dominated by carbohydrate-related features (e.g. free 

ugars and flavonoid glycosides). The broad O–H stretching band 

360 0–30 0 0 cm−¹) reflects both water and hydroxyl groups from 
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Fig. 4. FT-IR spectra of extracts of iris violet (solid line), iris blue (dashed line) and iris green (dotted line) measured in transmittance. Spectra are offset for clarity on Y axis. 
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ugars, while weak C–H stretching bands ( ∼2930–2850 cm−¹) are 

lso observed. A broad and structured band in the 1650–1600 cm−¹
egion is predominantly attributed to H–O–H bending vibrations 

f water, with overlapping contributions from aromatic C= C skele- 

al modes of flavonoid compounds. The absence of a well-defined 

and in the ∼1700 cm−¹ region suggests a limited contribution of 

on-conjugated C= O groups, consistent with the predominance of 

he quinoidal form of anthocyanins under these conditions [ 26 ]. 

A further band at ∼1404 cm−¹ can be attributed to the C–OH 

eformation vibration, with an additional contribution from the 

ymmetric O–C–O stretching of carboxylate groups [ 44 , 45 ]. How- 

ver, partial overlap with bending modes of aliphatic or phenolic 

–H groups cannot be excluded. 

The most intense absorptions occur in the 1100–1000 cm−¹
ange ( ∼1121, ∼1080 and ∼1045 cm−1) , corresponding to C–O 

nd C–O–C stretching vibrations of carbohydrate moieties [ 45 , 46 ], 

hose relative intensities can fluctuate according to sugar con- 

ent [ 47 ]. This region is further characterised by multiple overlap- 

ing contributions from non-anthocyanic phenolic compounds and 

avonoids (e.g., flavones and flavanols, commonly occurring in Iris 

pecies), which exhibit broad and poorly resolved aryl and alco- 

olic C–O stretching vibrations at ∼1210–1170 to 1020 cm−¹ [ 46 ]. 

The FT-IR spectrum of iris violet applied on parchment obtained 

n reflectance mode ( Fig. 1 ) is dominated by the absorption of 

he collagen substrate — particularly the amide I, II and III bands 

1660–1550–1200 cm−¹) and no evidence of the violet dye are vis- 

ble. 

.2.2. Iris blue 

The FTIR spectrum of iris blue dye, shown in Fig. 4 (dashed 

ine), is dominated by sulphate-related modes, consistent with 

he addition of alum to promote anthocyanin-metal complexation. 

he interaction between anthocyanins and alum (KAl(SO4 )2 ·12H2 O) 

eads to the formation of Al–anthocyanin complexes, which are 

esponsible of the blue chromatic shift [ 17 ]. The resulting solid 

hase typically exhibits enhanced colour stability compared to the 

ree anthocyanins, as the chelation of the metal centre restricts 

tructural rearrangements and favours the quinoidal resonance 

orm. 

Upon dissolution, alum releases Al ³+ and SO4 ²
− ions into so- 

ution. When pH ranges between 5 and 7, partial hydrolysis of 

luminium species may occur, leading to the formation of hy- 
394
roxylated Al complexes [ 48 ]. During solvent evaporation, progres- 

ive concentration of the solution promotes supersaturation and 

avours the simultaneous occurrence of multiple processes result- 

ng in multiple sulphate species incorporated into different phases 

 from more ordered crystalline salts (e.g., K2 SO4 ) to aluminium- 

ssociated sulphate environments and poorly ordered or amor- 

hous phases, depending on local conditions such as hydration, co- 

rdination and drying kinetics. 

Sulphate IR signatures are typically observed through the asym- 

etric stretching mode ( ν3 ) in the ∼1150–1080 cm−¹ region, the 

ymmetric stretching mode ( ν1 ) around ∼990–980 cm−¹ (activated 

nder reduced symmetry), and the asymmetric bending mode ( ν4 ) 

n the ∼620–600 cm−¹ range. 

As expected, the composite feature of the 1200–970 cm−¹ re- 

ion suggests the presence of multiple sulphate-bearing species 

ssociated with different local environment. As shown in Fig. 4 , 

 band at ∼1106 cm−¹, together with the activation of the ν1 

ode at ∼990 cm−¹ and a broad ν4 band at ∼614 cm−¹, indi- 

ates sulphate tetrahedra in distorted, low-symmetry environments 

 49–51 ]. This distortion is likely related to coordination to alu- 

inium, hydrogen bonding and/or local structural heterogeneity, 

ather than the presence of fully crystalline K2 SO4 [ 52 ] and is 

ypically associated with a broadening of the asymmetric bending 

ode at ∼620–600 cm−¹, as observed in the spectrum of iris blue 

 

An intense band at ∼1139 cm−¹ can be interpreted as the up- 

er component of a split ν3 envelope, reflecting further distortion 

nd the presence of non-equivalent sulphate sites with different 

egrees of hydration, coordination and structural order [ 41 ]. In Al–

nthocyanin complexes, coordination is expected to affect bands 

ssociated with oxygen-containing functional groups, particularly 

henolic C–O vibrations in the ∼1270–1200 cm−¹ region and gly- 

osidic/carbohydrate C–O–C vibrations in the ∼1100–1000 cm−¹ re- 

ion [ 26 , 48 ]. These effects mainly result in band broadening and

inor shifts, which may contribute to the overall spectral profile 

n this region, although to a lesser extent compared to the domi- 

ant sulphate-related absorptions. 

Additional bands at ∼895, ∼819 and ∼770 cm−¹ can be 

ttributed to out-of-plane vibrations, possibly associated with 

ulphate-related modes and/or aromatic ring vibrations of the 

rganic fraction compatible with flavonoids/anthocyanin residues 

 31 ]. 
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Fig. 5. FT-IR spectra of mock-ups on parchment of iris violet, iris blue, iris green, iris/verdigris mixture, iris on verdigris and of parchment, measured in reflectance and 

converted in pseudo-absorbance. Spectra are offset for clarity on Y axis. 
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When iris blue is applied on parchment ( Fig. 5 ), the FTIR spec-

rum shows significant changes, particularly in the 120 0–10 0 0 

m−¹ region, where a broad band centred at ∼1126 cm−¹ is ob- 

erved. This feature, together with a well-defined band at ∼623 

m−¹, is consistent with the presence of more ordered sulphate 

hases, likely including crystalline K2 SO4 [ 53 ]. In this context, the 

orous collagen substrate may accelerate water loss and act as a 

eterogeneous nucleation site, promoting the late-stage precipita- 

ion of free K+ /SO4 ²
− as well-ordered K2 SO4 [ 54 ]. 

At the same time, the occurrence of the ν1 symmetric stretch- 

ng mode band around ∼990 cm−¹, indicates the coexistence of 

ulphate species in less symmetric environments, likely associ- 

ted with coordination to aluminium or structural disorder within 

morphous phases. Additional bands at ∼896, ∼819 and ∼770 

m−¹ can be attributed to out-of-plane vibrations, possibly asso- 

iated with sulphate-related modes and/or aromatic ring vibra- 

ions of the organic fraction. Overall, these spectral changes sug- 

est a transition toward a more structured sulphate environment 

pon drying on the parchment substrate, likely promoted by sol- 

ent evaporation and heterogeneous nucleation. 

.2.3. Iris green 

The FT-IR spectrum of iris green extract is shown in Fig. 4 (dot- 

ed line). Sulphate-associated absorption bands are visible at 618 

m−¹ and within the 1200–970 cm−1 region, where the contribu- 

ions from carbohydrate C–O/C–O–C modes should be also con- 

idered. The broadening of the 618 cm−1 toward lower frequen- 

ies, together with the presence of a well-defined band at 991 cm- 
 (consistent with partial activation of the ν1 symmetric stretch) 

uggests the coexistence of crystalline K2 SO4 and basic aluminium 

ulphate phases [ 42 ]. The bending modes of the water molecule 

or the hydrated Al-sulphates occur around 1650 cm−1 . 

When iris green is applied on parchment ( Fig. 5 ), the crystalli- 

ation of K2 SO4 is favoured by the substrate and sharper absorp- 

ion bands at 1126 cm−1 and 619 cm−1 are visible. 

The FTIR spectrum of iris–gum Arabic mixture was also in- 

estigated in order to assess the potential influence of the or- 

anic binder on the spectral signature of iris green. The spectrum 

s largely dominated by the polysaccharide component, with the 
395
ost intense features observed in the 120 0–10 0 0 cm−¹ region, cor- 

esponding to overlapping C–O and C–O–C stretching vibrations 

f glycosidic linkages. Additional contributions in the 1425–1400 

m−¹ range can be attributed to CH2 bending and C–OH defor- 

ation modes of the polysaccharide backbone [ 55 , 56 ]. No dis- 

inct bands that can be unambiguously assigned to the iris-based 

olourant are resolved, while sulphate-related features are absent 

r not clearly distinguishable. Notably, sulphate-related bands, typ- 

cally expected around ∼620–610 cm−¹, are not detectable. This 

bsence is interpreted as the result of combined effects, includ- 

ng low concentration, structural disorder, and spectral masking 

nduced by the dominant organic matrix, rather than the actual 

bsence of sulphate species. This behaviour suggests that, in such 

ystems, the FTIR response is primarily governed by the organic 

inder, which effectively masks the weaker and less specific vibra- 

ional signatures of the dye. 

.2.4. Mixtures of verdigris and iris green 

The FT-IR spectra of verdigris and iris green mixtures applied on 

archment ( Fig. 5 ) are predominantly governed by the spectral re- 

ponse of gum Arabic, whose characteristic polysaccharide features 

ominate the overall profile. Within this framework, a relative en- 

ancement of the 160 0–140 0 cm−¹ region can be observed, which 

s consistent with the presence of verdigris and can be attributed 

o the asymmetric and symmetric stretching of carboxylate groups 

 57 , 58 ]. Conversely, no distinct spectral features attributable to the 

ris-based dye are detectable, indicating that its contribution is ef- 

ectively masked within this complex system. 

On the other hand, the spectrum of the iris layer applied over 

erdigris is characterised by the dominant contribution of the 

opper-based pigment. The bands at ∼1569 and ∼1432 cm−¹ are 

ssigned to the asymmetric and symmetric stretching vibrations of 

arboxylate groups (COO−), which are diagnostic of verdigris, while 

he feature at ∼1348 cm−¹ can be attributed to additional acetate- 

elated vibrations. In the 1070–1030 cm−¹ region, a structured en- 

elope is observed, likely resulting from the overlap between C–O 

ibrations of the acetate groups and the ν3 asymmetric stretching 

f sulphate species. The presence of sulphates is further supported 

y the band at ∼623 cm−¹, assigned to the ν bending mode of 
4 
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Fig. 6. FT-IR spectra of green areas in the Collectio antiquitatum (solid line), the Matricola dell’arte della seta (dashed line) and the Ercole Senofontio (dotted line), measured 

in reflectance and converted in pseudo-absorbance. Spectra are offset for clarity on Y axis. 
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O4 ²
−, while the signal at ∼685 cm−¹ is consistent with Cu–O vi- 

rations of the verdigris structure. Minor bands at ∼876 and ∼770 

m−¹ may be related to secondary components, such as carbonates 

r out-of-plane vibrations of aromatic systems. 

.2.5. Application of FT-IR spectroscopy to historical manuscripts 

The investigation of iris green found in three Renaissance 

odices - the Collectio antiquitatum (ms. alfa.I.5.15, Biblioteca Es- 

ense Universitaria, Modena, Italy), the Matricola dell’arte della seta 

Archivio di Stato, Naples, Italy) and the Ercole Senofontio (ms. B.P. 

099, Biblioteca Civica, Padova, Italy) revealed distinctive spectral 

eatures compared with the mock-up samples. The FTIR spectrum 

f green layers applied on parchment ( Fig. 6 ) is characterised by 

 composite signature dominated by the proteinaceous substrate 

nd sulphate-related phases. The region 170 0–150 0 cm−¹ shows 

he typical amide I ( ∼1650–1635 cm−¹) and amide II ( ∼1555–1540 

m−¹) bands of collagen, partially overlapped by water bending 

ontributions. The 120 0–10 0 0 cm−¹ region is characterised by an 

ntense and structured absorption band centred at ∼1123 cm−¹, to- 

ether with further bands at ∼1141, ∼1095 and ∼1034 cm−¹, that 

an be attributed to the ν3 asymmetric stretching of SO4 ²
− in mul- 

iple local environments. The presence of a well-defined band at 

603 cm−¹, together with contributions at ∼642 and ∼658 cm−¹, 
upports the occurrence of sulphate phases with different degrees 

f structural order. Additional bands at ∼876 cm−¹ and in the 

450–1400 cm−¹ region suggest the presence of calcium carbonate, 

ikely related to parchment processing residues [ 59 ]. No evidence 

f verdigris can be observed. 

The possible presence of a polysaccharide binder, such as gum 

rabic, was also considered. However, the characteristic carboxy- 

ate bands of gum Arabic ( ∼1610–1600 and ∼1420–1410 cm−¹) are 

ot distinctly resolved, as they are largely overlapped by the in- 

ense amide bands of the collagen substrate and by possible car- 

onate contributions. Similarly, the 120 0–10 0 0 cm−¹ region, where 

um Arabic typically exhibits strong C–O and C–O–C stretching vi- 

rations, is dominated by sulphate absorptions. Based on the re- 

ults obtained from the reference mixtures, the presence of gum 

rabic would be expected to exert a dominant influence on the 

TIR spectral profile, leading to clearly recognisable polysaccharide 

eatures and to the masking of contributions from other compo- 

ents. Since such a spectral pattern is not observed in the anal- 
396
sed samples, it can be reasonably inferred that a polysaccharide 

inder is either absent or present in negligible amounts, and there- 

ore does not play a significant role in the spectral response. 

The most interesting aspect of the original paint layers concerns 

he complex sulphate signature. 

In particular, the presence of a high-wavenumber component 

t ∼1140 cm−¹, together with multiple of bands in the 650–600 

m−¹ region, suggests the coexistence of sulphate species in non- 

quivalent structural environments. These features are particularly 

onsistent with the presence of mixed K–Ca sulphate hydrates 

hases (e.g. syngenite-like phase, K2 Ca(SO4 )2 ·H2 O) that can form 

hrough the interaction of migrating SO4 
2− and K+ ions (released 

rom alum decomposition) with Ca2 + ions from the substrate, orig- 

nating from residues of lime-based treatments carried out during 

archment manufacture [ 59 ]. Although the formation of mixed K–

a sulphate phases during the initial drying stage cannot be en- 

irely excluded, their absence in the modern reference sample sug- 

ests that the syngenite-like signature observed in the historical 

archment is more likely related to long-term post-depositional 

rocesses, possibly driven by repeated humidity cycles and pro- 

ressive salt reorganisation over time [ 52 , 60 , 61 ]. 

In conclusion, although FTIR cannot be regarded as a stand- 

lone technique for the direct identification of iris green, it can 

rovide relevant information on materials and reaction products 

ssociated with the dye. In particular, the identification of alum- 

erived sulphate phases, together with the investigation of chem- 

cal processes occurring during drying and long-term ageing on 

archment, provides complementary information that is essential 

or a broader understanding of Iris germanica -derived colourants 

nd their application on parchment. 

Despite FTIR signatures cannot be considered diagnostic for dye 

dentification on their own, sulphate speciation and its interac- 

ion with the parchment substrate may retain valuable information 

n the long-term chemical evolution of iris-based colour layers. 

ithin this framework, the comparison between historical samples 

nd modern mock-ups highlights the potential of FTIR as a tool for 

ssessing material compatibility and post-depositional transforma- 

ions, rather than for direct molecular identification. Future stud- 

es should therefore focus on ageing experiments on parchment- 

ased mock-ups, including humidity cycling, light exposure, and 

ontrolled variations in calcium-rich surface residues, in order to 
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valuate whether the complex sulphate signatures observed in his- 

orical samples can be reproduced and related to long-term alter- 

tion pathways. This would provide useful indications for assessing 

he stability of iris green and for defining more appropriate conser- 

ation strategies. 

.3. Spectrofluorimetry analysis (FOMF) 

Contrarily to UV-visible absorption, reference data for the fluo- 

escence of petals or extracts of Iris germanica are not available. As 

reviously stated, analytical evidence from earlier studies [ 21 , 22 ] 

uggests that iris dyes are composed primarily of anthocyanins 

long with copigmentation agents. However, anthocyanins are re- 

orted to be poorly fluorescent [ 62 ]. Therefore, to obtain meaning- 

ul information using this technique, the measurement conditions 

ust be optimised to maximise the inherently weak emission. We 

sed an edge filter with cutoff at 442 nm in order to remove the 

ayleigh emission provoked by the elastic scattering of the 385 nm 

ED source. In this way it was possible to collect the fluorescence 

pectra of the three dyes with long excitation times, without the 

isk of overloading the detector. 

The comparison with the scientific literature is challenging, as 

ost available data were obtained in solution, which differs from 

he method used in our study. Among the few comparable inves- 

igations, Iriel and Lagorio [ 63 ] examined the optical properties of 

hododendron indicum petals, whose colouration is due to antho- 

yanins. The authors reported one emission band between 400 and 

00 nm, attributed to hydroxycinnamic-type phenolic compounds, 

nd another band at 624 nm, attributed to anthocyanins. 

When applying molecular fluorescence to a solid sample, it 

s important to compare the spectrum of the dyes with that of 

he parchment, since most of the fluorescence emission originates 

rom the parchment itself. This is particularly relevant given that 

he mock-up paints lack a body, being composed solely of dyes 

ather than pigments or lakes. 

Although the overall fluorescence emission of the iris dyes was 

ow in all three cases, specific spectral features could still be iden- 

ified, providing a means to detect the dyes non-invasively. 

.3.1. Iris violet 

The fluorescence spectrum of iris violet has an emission band 

entred at ca. 514 nm with a shoulder at ca. 543 nm ( Fig. 1 , solid

ine). According to Iriel and Lagorio [ 63 ], this band could be due to

ydroxycinnamic-type phenolic compounds. 

.3.2. Iris blue 

The spectrum of iris blue has a small band at ca. 680 nm ( Fig. 7 ,

ashed line), which can be attributed to anthocyanins. 

.3.3. Iris green 

The spectrum of iris green ( Fig. 7 , dotted line) is the richest

n spectral features. It shows a band with high fluorescence at 

74 nm, possibly due to other phenolic compounds, and a signif- 

cant band centred at 720 nm, which could be attributed to antho- 

yanins. This band could be a useful feature to specifically identify 

ris green in paints. ( Fig. 6 , 8 ) 

.3.4. Mixtures of verdigris and iris green 

Unlike the FORS spectrum of the mixture, the FOMF response 

oes not permit the identification the mixture. This is because the 

mission band of iris green, at 720 nm, coincides with the absorp- 

ion band of verdigris, which is centred at the same position, re- 

ulting in complete absorption of the emission. Consequently, the 

resence of iris green cannot be detected with FOMF when it is 

ixed with verdigris. 
397
.4. Surface enhanced Raman spectroscopy analysis (SERS) 

The SERS spectra shown below ( Fig. 8 ) are, to the best of our

nowledge, the first published spectra of extracts from the petals 

f Iris germanica . The three spectra exhibit similar features, and 

he corresponding peak assignments are reported in Table 3 . Spec- 

ra were interpreted based on the assignments provided by Mer- 

in et al. [ 64 ] and by Zaffino et al. [ 65 ] in their studies on an-

hocyanins and anthocyanidins. It should be noted, however, that 

olecules other than anthocyanins may also contribute to the ob- 

erved spectra. 

.4.1. Iris violet 

The SERS spectrum of iris violet is characterised by strong and 

edium peaks at 1262, 1291, 1431, 1551 and 1608 cm−1 , with mi- 

or peaks at 431, 480, 528, 550, 627, 738, 807, 878, 1214, 1331 and 

634 cm−1 . 

.4.2. Iris blue 

Despite the coordination of anthocyanins with Al3 + , the SERS 

pectrum of iris blue is very similar to the previous. The main dif- 

erence is the shift of the band at 1551 cm−1 to 1537 cm−1 . 

.4.3. Iris green 

The SERS spectrum of iris green is dominated by two peaks oc- 

urring at 1527 and 1597 cm−1 , the other features being nearly 

naltered. 

.4.4. Mixtures of verdigris and iris green 

In this case, given the high spatial resolution of the Raman 

echnique, it is easy to recognise the presence – and therefore 

o obtain a selective identification – of verdigris mixed with iris 

reen. 

.5. Elemental analysis 

Elemental analysis, typically performed by X-ray fluorescence 

pectrometry (XRF), does not directly detect the elements in iris 

yes. However, the contextual identification of Al, K, and S can in- 

icate the presence of alum, and thus suggest the use of iris blue 

nd iris green. Indeed, XRF analysis has not been performed on 

he mock-ups but it was performed on the manuscripts cited in 

his work, in order to verify whether it was the dye or a mixed 

ris green/copper pigment. In some cases, in fact, iris green may be 

ixed with or superimposed on verdigris, as discussed previously. 

n such instances, the detection of Cu would be expected, suggest- 

ng either the exclusive presence of verdigris or other copper-based 

reen pigments. In the XRF spectrum reported in Figure S1, taken 

n the Commissione dogale del Doge Andrea Gritti (16th century, 

orino, Archivio di Stato) from a light green paint containing iris 

reen (red line), it is possible to see that the peak of Cu is lower –

ut not absent – than in a green paint containing verdigris (black 

ine). Moreover, at low energy values the peaks of Al and K high- 

ight the presence of alum, while these elements are absent in the 

aint with verdigris. The presence of S cannot be ascertained due 

o the positive interference of the Mα peak of Pb on the Kα peak of 

. The possible mixture or superimposition of iris green and verdi- 

ris, however, should be critically interpreted in conjunction with 

ORS and FOMF evidence. 

.6. Identification on manuscripts 

As previously stated in the Research aims section, during differ- 

nt analytical sessions on illuminated manuscripts dated between 

450 and 1585, the list of which is reported in Table 1 , in several

ORS measurements on green areas we obtained spectral responses 
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Fig. 7. FOMF spectra of iris violet (solid black line), iris blue (dashed black line), iris green (dotted black line) and parchment (solid grey line). Spectra are offset for clarity 

on Y axis. 

Fig. 8. SER spectra of iris violet (solid line), iris blue (dashed line) and iris green (dotted line). Spectra are offset for clarity on Y axis. 
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hich we were unable to assign to known green colourants. Us- 

ng the spectral features of the FORS analysis highlighted in the 

resent study, the identification of iris green is now suggested in 

his series of manuscripts produced between the late Middle Ages 

nd the Renaissance, in agreement with the period during which 

ost of the ancient recipes were published. In particular, the dye 

as identified in three of the volumes produced and decorated by 

elice Feliciano ( Ercole Senofontio, Collectio antiquitatum and Epi- 

rammata ), who used iris green to prepare a green ink but also 

 green paint with low hiding power. The green painted areas con- 

ained in these volumes were very useful for this study, as they 

ould be considered sort of “standard” paints. ( Table 2 , 3 ) 

Based on this limited, but significant, number of identifica- 

ions, the use of iris green appears to span the Late Middle Ages 

nd the Renaissance. However, the earliest documented recipes 

ate back to the 12th century (Theophilus Presbiter) [ 2 ], suggest- 

ng that more comprehensive analyses across a wider corpus of 

anuscripts are warranted. 
398
Although the characteristic FTIR bands of anthocyanins cannot 

e unambiguously identified due to extensive spectral overlap with 

he substrate and other components, the combined analysis of vio- 

et, blue and green dyes (in transmission mode), their correspond- 

ng mock-ups on parchment, and historical manuscript samples 

both in reflectance mode) reveals the presence of consistent spec- 

ral patterns. These patterns are primarily defined by the relative 

ontributions and evolution of sulphate-related modes, their de- 

ree of structural order, and their interaction with the parchment 

ubstrate. In particular, the progressive modification of the ν3 sul- 

hate envelope in the 120 0–10 0 0 cm−¹ region, together with the 

ehaviour of the ν4 band ( ∼620 cm−¹) and the activation of the 

1 mode ( ∼990 cm−¹), provides a diagnostic framework for char- 

cterising iris-based colourants. Therefore, even in the absence of 

learly resolved anthocyanin bands, FTIR analysis allows the iden- 

ification of specific spectral signatures associated with iris-derived 

olour layers, based on the overall spectral pattern rather than on 

ndividual marker bands. 
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Table 3 

List of Raman peaks. 

Raman shift (cm−1 ) Assignment ∗ Iris violet ∗∗ Iris blue ∗∗ Iris green ∗∗

431 Г(CC) w w vw 

480 Г(CC) w vw vw 

528 δ(CC) m w vw 

550 δ(CC) w m w 

627 δ(CC) m m vw 

738 γ (CH) w m vw 

807 γ (CH) w vw vw 

878 γ (CH) m m w 

1214 δ(OH) m 1204m w 

1262 ν(CO) s s m 

1291 ν(CO)/ ν(CC)/ δ(CCC) s m vw 

1331 ν(CC) sh m m 

1431 ν(CC) vs s m 

1551 ν(CC) vs 1537s 1527vs 

1608 ν(CC) m 1602m 1597s 

1634 ν(CO)/ ν(CC) sh sh sh 

∗ ν , stretching; δ, in-plane bending; γ , out-of-plane bending; Г, skeleton out-of-plane bending. 
∗∗ vw, very weak; w, weak; m, medium; s, strong; vs, very strong; sh, shoulder. 
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XRF analysis was systematically carried out on the manuscripts 

nalysed in this work (listed in Table S1). The results evidenced in 

ll cases a low but significant amount of Cu, suggesting that iris 

reen was used on top of a copper pigment, rather than mixed 

o it, a feature compatible with most of the recipes described in 

he introduction. Moreover, the content of Al and K in the green 

aints was higher than in the parchment, confirming in all cases 

he presence of alum, while it was difficult to estimate the con- 

ent of S, due to its content in parchment and sometimes to 

he occurrence of Pb, which Mα line overlaps with the K lines 

f S. 

. Conclusions 

Ultimately, the four techniques employed in this study enable 

he selective identification of dyes extractable from Iris germanica , 

n particular the iris green referenced in ancient technical treatises. 

ORS and FT-IR in reflectance mode showed to be reliable for ob- 

aining a totally non-invasive identification; SERS added the possi- 

ility to obtain a fingerprint identification, though micro-invasive 

nd destructive. Furthermore, the combined application of FORS 

nd FOMF analyses may allow detection of the dye even when it is 

ixed with verdigris, as suggested by the treatises themselves. Ad- 

itionally, relevant information can be obtained by means of XRF 

nalysis, in order to verify whether iris green was used (1) as a 

ure juice, (2) in mixture with verdigris or (3) on top of a verdi-

ris layer. 

The historical interest of iris green also lies in its possible use as 

n organic alternative to more reactive green pigments, particularly 

n manuscript illumination, where delicate supports such as parch- 

ent could be affected by potentially aggressive or unstable ma- 

erials. In this perspective, the study of iris green was not limited 

o the identification of the chromophore alone, but also considered 

he behaviour of the whole paint system. Although FTIR does not 

rovide a direct identification of the anthocyanin dye, it proved 

seful for investigating the interactions between the colourant, 

ecipe-related additives such as alum, and the parchment sub- 

trate. The recognition of alum-derived sulphate phases and other 

ssociated spectral features provides complementary information 

n drying processes, substrate–colourant interactions and possible 

ong-term alteration pathways. These aspects are particularly rele- 

ant for understanding the stability of iris green on parchment and 

ay contribute to defining more appropriate conservation strate- 

ies for illuminated manuscripts. 
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39] R. Różyło, M. Szymańska-Chargot, U. Gawlik-Dziki, D. Dziki, Spectroscopic, 

mineral, and antioxidant characteristics of blue colored powders prepared 
from cornflower aqueous extracts, Food Chem. 346 (2021) 128889 . 

40] H.G.M. Edwards, D.W. Farwell, E.M. Newton, F.R. Perez, S.J. Villar, Applica- 
tion of FT-Raman spectroscopy to the characterisation of parchment and vel- 

lum, I; novel information for paleographic and historiated manuscript studies, 
400
Spectrochim. Acta, Part A 57 (2001) 1223–1234, doi: 10.1016/S1386-1425(00) 
00467-4 . 

[41] M.D. Lane, Mid-infrared emission spectroscopy of sulfate and sulfate-bearing 
minerals, Am. Mineral. 92 (2007) 1–18, doi: 10.2138/am.2007.2170 . 

42] H. Cao, J. Chen, Z. Ling, Laboratory synthesis and spectroscopic studies of hy- 
drated Al-sulfates relevant to Mars, Icarus 333 (2019) 283–293, doi: 10.1016/j. 

icarus.2019.05.039 . 
43] S. Bette, R.K. Kremer, G. Eggert, C.C. Tang, R.E. Dinnebier, On verdigris, part I: 

synthesis, crystal structure solution and characterisation of the 1–2–0 phase 

(Cu3 (CH3 COO)2 (OH)4 ), Dalton. Trans. 46 (2017) 14847–14858, doi: 10.1039/ 
C7DT03288A . 

44] D. Leal, B. Matsuhiro, M. Rossi, F. Caruso, FT-IR spectra of alginic acid block 
fractions in three species of brown seaweeds, Carbohydr. Res. 343 (2008) 308–

316, doi: 10.1016/j.carres.2007.10.016 . 
45] E. Gómez-Ordóñez, P. Rupérez, FTIR-ATR spectroscopy as a tool for polysac- 

charide identification in edible brown and red seaweeds, Food Hydrocoll. 25 

(2011) 1514–1520, doi: 10.1016/j.foodhyd.2011.02.009 . 
46] C. Schütz, M. Quitschau, M. Hamburger, O. Potterat, Profiling of isoflavonoids in 

Iris germanica rhizome extracts by microprobe NMR and HPLC–PDA–MS anal- 
ysis, Fitoterapia 82 (2011) 1021–1026, doi: 10.1016/j.fitote.2011.06.005 . 

[47] T. Hong, J.-Y. Yin, S.-P. Nie, M.-Y. Xie, Applications of infrared spectroscopy in 
polysaccharide structural analysis: progress, challenge and perspective, Food 

Chem. X. 12 (2021) 100168, doi: 10.1016/j.fochx.2021.100168 . 

48] M.H. Wathon, E. Susilowati, S.R.D. Ariani, L. Sari, Complexation and colour sta- 
bility of anthocyanins from the extracts of Java plum fruits (Syzygium cumini) 

with selected metal cations (Al3 + , Fe3 + , and Ca2 + ) at various pHs, Sci. Technol. 
Indonesia 10 (2025) 43–55 . 

49] H.H. Adler, P.F. Kerr, Variations in infrared spectra, molecular symmetry and 
site symmetry of sulfate minerals, Am. Mineralog. 50 (1965) 132–147 . 

50] V. Petrusevski, B. Soptrajanov, Description of molecular distortions II. Intensi- 

ties of the symmetric stretching bands of tetrahedral molecules, J. Mol. Struct. 
175 (1988) 349–354 . 

[51] F.C. Hawthorne, S.V. Krivovichev, P.C. Burns, The crystal chemistry of sulfate 
minerals, Rev. Mineral. Geochem. 40 (20 0 0) 1–112 . 

52] J.T. Kloprogge, H. Ruan, R.L. Frost, Near-infrared spectroscopic study of basic 
aluminum sulfate and nitrate, J. Mater. Sci. 36 (2001) 603–607, doi: 10.1023/A: 

1004860118470 . 

53] R.A. Durie, J.W. Milne, Infrared spectra of anhydrous alkali metal sulphates, 
Spectrochim. Acta A 34 (1978) 215–220 . 

54] M.R. Derrick, D. Stulik, J.M. Landry, Infrared Spectroscopy in Conservation Sci- 
ence, Getty Publications, 20 0 0 https://books.google.com/books?hl=it&lr=&id= 

kpNQAgAAQBAJ&oi=fnd&pg=PR7&dq=Infrared+Spectroscopy+in+Conservation+ 
Science&ots=FsI1ryEPJL&sig=M2vY8VKsoCpW58CJHidqubXdZwc (accessed 

April 13, 2026) . 

55] M.K. Lima-Tenório, L.P. Karas, F. Furmam-Cherobim, E. Guerlinguer, A.F. Ru- 
bira, M.B.R. Steffens, C.W. Galvão, E.T. Tenório-Neto, R.M. Etto, Encapsulation 

of plant growth-promoting bacteria with gum arabic hydrogels: a potential 
system for sustainable agriculture, J. Polym. Environ. 32 (2024) 5702–5712, 

doi: 10.1007/s10924-024-03339-w . 
56] N. Thombare, A. Mahto, D. Singh, A.R. Chowdhury, M.F. Ansari, Com- 

parative FTIR characterization of various natural gums: a criterion for 
their identification, J. Polym. Environ. 31 (2023) 3372–3380, doi: 10.1007/ 

s10924- 023- 02821- 1 . 

57] M. San Andrés, J.M. De La Roja, V.G. Baonza, N. Sancho, Verdigris pigment: a 
mixture of compounds. Input from Raman spectroscopy, J. Raman Spectrosc. 

41 (2010) 1468–1476, doi: 10.1002/jrs.2786 . 
58] S. Prati, I. Bonacini, G. Sciutto, A. Genty-Vincent, M. Cotte, M. Eveno, M. Menu,

R. Mazzeo, ATR-FTIR microscopy in mapping mode for the study of verdi- 
gris and its secondary products, Appl. Phys. A 122 (2016) 10, doi: 10.1007/ 

s00339- 015- 9519- z . 

59] M. Bicchieri, M. Monti, G. Piantanida, F. Pinzari, A. Sodo, Non-destructive spec- 
troscopic characterization of parchment documents, Vib. Spectrosc. 55 (2011) 

267–272, doi: 10.1016/j.vibspec.2010.12.006 . 
60] Y. Oubelkacem, T. Lamhasni, A. El Bakkali, S.A. Lyazidi, M. Haddad, A. Ben- 

Ncer, Parchments and coloring materials in two IXth century manuscripts: on- 
site non-invasive multi-techniques investigation, Spectrochim. Acta, Part A 247 

(2021) 119093, doi: 10.1016/j.saa.2020.119093 . 

61] D. Peggie, H. Howard, J. Kirby, J. Najorka, The unexpected discovery of Syn- 
genite on Margarito d’Arezzo’s The Virgin and Child enthroned, with scenes 

of the nativity and the lives of the saints (Probably 1263–4) and its possi-
ble use as a yellow Lake substrate, Heritage 6 (2023) 762–778, doi: 10.3390/ 

heritage6020041 . 
62] P.F. Moreira, L. Giestas, C. Yihwa, C. Vautier-Giongo, F.H. Quina, A.L. Maçanita, 

J.C. Lima, Ground- and excited-State proton transfer in anthocyanins: from 

weak acids to superphotoacids, J. Phys. Chem. A 107 (2003) 4203–4210, doi: 10. 
1021/jp027260i . 

63] A. Iriel, M.G. Lagorio, Biospectroscopy of Rhododendron indicum flowers. Non- 
destructive assessment of anthocyanins in petals using a reflectance-based 

method, Photochem. Photobiol. Sci. 8 (2009) 337–344, doi: 10.1039/b814461c . 
64] J.C. Merlin, J.P. Cornard, A. Stastoua, M. Saidi-Idrissi, M.F. Lautie, R. Brouillard, 

Vibrational analysis of hydroxyflavylium derivatives by IR, Fourier transform 

Raman and resonance Raman spectroscopies, Spectrochim. Acta A 50 (1994) 
703–712, doi: 10.1016/0584-8539(94)80 0 07-3 . 

65] C. Zaffino, B. Russo, S. Bruni, Surface-enhanced Raman scattering (SERS) study 
of anthocyanidins, Spectrochim. Acta, Part A 149 (2015) 41–47, doi: 10.1016/j. 

saa.2015.04.039 . 

http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0014
https://doi.org/10.3390/agronomy9120815
https://doi.org/10.1038/s41598-024-penalty -@M 58362-7
https://doi.org/10.1088/1757-899X/193/1/012047
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0018
https://doi.org/10.1366/000370207780220840
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0020
https://doi.org/10.1039/c3an00788j
https://doi.org/10.1002/jrs.2877
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0023
https://doi.org/10.1139/b71-276
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0025
https://doi.org/10.1016/j.heliyon.2024.e31795
https://doi.org/10.1515/psr-2018-0008
https://doi.org/10.1039/c3ay41904e
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0029
https://doi.org/10.1002/app.34415
https://doi.org/10.1016/j.foodchem.2022.133430
https://doi.org/10.1093/jpp/rgab008
https://doi.org/10.1016/j.infrared.2020.103477
https://doi.org/10.1177/1934578�egingroup count@ "00D7
elax 
elax uccode `unhbox voidb@x �group let unhbox voidb@x setbox @tempboxa hbox {count@ global mathchardef accent@spacefactor spacefactor }accent 126 count@ egroup spacefactor accent@spacefactor uppercase {gdef protect $
elax 	imes ${{LY1	extasciitilde }}}endgroup setbox 	hr@@ hbox {protect $
elax 	imes $}@tempdima wd 	hr@@ advance @tempdima ht 	hr@@ advance @tempdima dp 	hr@@ protect $
elax 	imes $20937151
https://doi.org/10.1088/1757-899X/193/1/012047
https://doi.org/10.1016/j.afres.2023.100282
https://doi.org/10.1155/2013/159502
https://doi.org/10.1016/j.carbpol.2021.117935
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0039
https://doi.org/10.1016/S1386-1425(00)00467-4
https://doi.org/10.2138/am.2007.2170
https://doi.org/10.1016/j.icarus.2019.05.039
https://doi.org/10.1039/C7DT03288A
https://doi.org/10.1016/j.carres.2007.10.016
https://doi.org/10.1016/j.foodhyd.2011.02.009
https://doi.org/10.1016/j.fitote.2011.06.005
https://doi.org/10.1016/j.fochx.2021.100168
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0055
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0056
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0057
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0058
https://doi.org/10.1023/A:1004860118470
http://refhub.elsevier.com/S1296-2074(26)00222-0/sbref0059
https://books.google.com/books?hl=it&lr=&id=kpNQAgAAQBAJ&oi=fnd&pg=PR7&dq=Infrared+Spectroscopy+in+Conservation+Science&ots=FsI1ryEPJL&sig=M2vY8VKsoCpW58CJHidqubXdZwc
https://doi.org/10.1007/s10924-024-03339-w
https://doi.org/10.1007/s10924-023-02821-1
https://doi.org/10.1002/jrs.2786
https://doi.org/10.1007/s00339-015-9519-z
https://doi.org/10.1016/j.vibspec.2010.12.006
https://doi.org/10.1016/j.saa.2020.119093
https://doi.org/10.3390/heritage6020041
https://doi.org/10.1021/jp027260i
https://doi.org/10.1039/b814461c
https://doi.org/10.1016/0584-8539(94)80007-3
https://doi.org/10.1016/j.saa.2015.04.039


E. Calà, C. Fornacelli, F. Gulino et al. Journal of Cultural Heritage 82 (2026) 386–401

[

[

[

[

66] S.C. Boyatzis, G. Velivasaki, E. Malea, A study of the deterioration of aged 
parchment marked with laboratory iron gall inks using FTIR-ATR spectroscopy 

and micro hot table, Herit. Sci. 4 (2016) 13, doi: 10.1186/s40494- 016- 0083- 4 . 
67] H.G.M. Edwards, F.R. Perez, Application of Fourier transform Raman spec- 

troscopy to the characterization of parchment and vellum. II—Effect of biodete- 
rioration and chemical deterioration on spectral interpretation, J. Raman Spec- 

trosc. 35 (2004) 754–760, doi: 10.1002/jrs.1155 . 
401
68] I.N. Bhattacharya, P.K. Gochhayat, P.S. Mukherjee, S. Paul, P.K. Mitra, Ther- 
mal decomposition of precipitated low bulk density basic aluminium sulfate, 

Mater. Chem. Phys. 88 (2004) 32–40, doi: 10.1016/j.matchemphys.2004.04.024 . 
69] Y. Ennaciri, H.E. Alaoui-Belghiti, M. Bettach, Comparative study of K2 SO4 pro- 

duction by wet conversion from phosphogypsum and synthetic gypsum, J. 
Mater. Res. Technol. 8 (2019) 2586–2596, doi: 10.1016/j.jmrt.2019.02.013 . 

https://doi.org/10.1186/s40494-016-0083-4
https://doi.org/10.1002/jrs.1155
https://doi.org/10.1016/j.matchemphys.2004.04.024
https://doi.org/10.1016/j.jmrt.2019.02.013

	A spectroscopic characterisation of the dyes extracted from Iris germanica and their identification on illuminated manuscripts
	1 Introduction
	2 Research aims
	3 Materials and methods
	3.1 Extraction of dyes from Iris germanica flowers
	3.2 Preparation of mock-up samples
	3.3 Fibre optic reflectance spectrophotometry (FORS)
	3.4 FT-IR spectroscopy
	3.5 Fibre optic molecular fluorescence (FOMF)
	3.6 Surface enhanced Raman spectroscopy (SERS)
	3.7 X-ray fluorescence spectrometry (XRF)
	3.8 Manuscripts analysed

	4 Results and discussion
	4.1 Reflectance spectroscopy (FORS)
	4.1.1 Iris violet
	4.1.2 Iris blue
	4.1.3 Iris green
	4.1.4 Role of pH in colour variation
	4.1.5 Mixtures of verdigris and iris green

	4.2 FT-IR spectroscopy
	4.2.1 Iris violet
	4.2.2 Iris blue
	4.2.3 Iris green
	4.2.4 Mixtures of verdigris and iris green
	4.2.5 Application of FT-IR spectroscopy to historical manuscripts

	4.3 Spectrofluorimetry analysis (FOMF)
	4.3.1 Iris violet
	4.3.2 Iris blue
	4.3.3 Iris green
	4.3.4 Mixtures of verdigris and iris green

	4.4 Surface enhanced Raman spectroscopy analysis (SERS)
	4.4.1 Iris violet
	4.4.2 Iris blue
	4.4.3 Iris green
	4.4.4 Mixtures of verdigris and iris green

	4.5 Elemental analysis
	4.6 Identification on manuscripts

	5 Conclusions
	Acknowledgements
	Supplementary materials
	References


