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ABSTRACT

Natural dyes have been utilized since ancient times to produce colorful garments and, at the same time,
each culture has developped its own traditional designs and techniques during the centuries. Hence, in
order to accomplish a proper conservation program of these artefacts, it is fundamental the importance of
studying the used dyes on historic textiles. Traditionally, the identification is carried out through invasive or
micro-invasive techniques such as HPLC or Raman-SERS. However, a first screening using non-invasive
approaches, that could tentatively identify some of the dyes in a contactless mode, is strongly
reccommended. The present study focuses on the application of non-invasive spectroscopic techniques,
namely FORS and hyperspectral imaging in the visible and near infrared range, for the identification of dyes
on textiles. Twelve natural dyestuffs (twelve from plant, two insect dyes and a lichen) and three mordants
(KAI(SOy),, CuSO, - 5H,0, FeS0O, - 7H,0) were selected and combined to create a set of wool samples
whose reflectance spectra, acquired using FORS technique, were the basis for a spectral database. The
same set was used to test the Specim IQ hyperspectral camera, with positive results for a non-invasive
investigation on wider areas. The application of Spectral Angle Mapping (SAM) gave the possibility to map
directly on the image pixel with similar spectral features. Finally, colorimetric data were acquired with a
spectrocolorimeter to obtain chromaticity coordinates.
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1. Introduction

Natural dyestuffs have been used since ancient times to
dye fabrics and yarns to obtain colorful clothes. Every
culture has its own traditions, which include materials and
processes of manufacturing. For this reason, in order to
accomplish a complete investigation on ancient textiles it
is fundamental to be able to recognize which dye has
been used to understand those techniques and materials,
both to pursue a proper conservation program and to
discover more about the manufacturer who made the
object.

Natural dyes can be classified according to two criteria:
color or dyeing method (Hofenk de Graaff, Roelofs and
Bommel, 2004; Cardon, 2007). The classification based
on the dyeing methods includes direct-, mordant-, and
vat-dyes. Direct dyes are chemical compounds, soluble in
water, whose structures are full of polar groups that can
bind directly to the fibers without using any other
compound. Mordant dyes, on the other hand, need a
medium, the mordant, which is a metal salt with a
chelating structure that binds the color to the fiber. Some
typical mordants are alum, sulphates (mainly iron or
copper), stannous chloride and potassium chromate, but
also tannins were used (Cardon, 2007). Vat dyes are
chemical compounds that are not soluble in water;
therefore, they must undergo a redox reaction to give the
thread a color. First, the dye is dissolved in an alkaline
bath where the fibers are impregnated with the soluble
form of the dye and then exposed to air to oxidize and
reach the final color.

Traditionally the possibility to make an accurate
identification of dyes on archaeological and historical
clothes and textiles is accomplished through invasive or
micro-invasive methods. In this sense, the most used
technique is High Pressure Liquid Chromatography
(HPLC) (Ferreira et al., 2000; Rosenberg, 2008) which
involves the extraction of the dye from the fiber. A more
recent application to the identification of dyes is Raman-
SERS (Leona, 2004), that involves the use of metal
colloids to enhance the Raman signal and avoid
fluorescence, but that is still micro-invasive (Leona,
Stenger and Ferloni, 2006; Zaffino et al., 2014;
Bernardino, de Faria and Negrén, 2015; Ricci et al.,
2016). Nonetheless, the use of non-invasive
methodologies is fundamental when working with object
of artistic and cultural importance. That is the reason why
a spectroscopic approach could be useful as a first
screening to try to identify some of the dyes without direct
contact with the analyzed object.

Dyeing molecules contain functional groups
(chromophores) that cause color and other groups, called
auxochromes, which — although not directly responsible
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of color — can influence the absorption of radiation and
consequently make the molecule colored (McMurry,
2012). The possibility of acquiring reflectance spectra in
the ultraviolet (UV), visible (Vis) and near infrared (NIR),
in some cases, can lead to the identification of the main
spectroscopic features of each dye and to distinguish the
dyes, or at least their nature (flavonoids, anthraquinones,
etc.), despite all the boundary conditions that can affect
the spectrum (McMurry, 2012). In particular, fiber optics
reflectance spectroscopy (FORS) in the UV-Vis-NIR
range, which has been used for the investigation of works
of art since the 1990s and has become an established
technique for the study of artists’ materials (Bacci, 2000),
represent a valid option because of its portability and
ability to perform non-invasive fast in situ analysis.
Moreover it is reported in many recent studies, as for
example (Angelini et al., 2010; Gulmini et al., 2013;
Maynez-Rojas, Casanova-Gonzéalez and Ruvalcaba-Sil,
2017; de Ferri et al., 2018; Aceto et al., 2020) that this
techniqgue has shown positive results for a preliminary
identification of dyes on textiles.

The present study is focused to create a UV-Vis-NIR
spectroscopic database on colored wool fibers, whose
aim is to help conservation scientists and conservators —
albeit in the preliminary stages of their investigation — to
recognize dyes in a non-invasive way. Therefore, twelve
natural dyestuffs, selected among those sources of color
historically used to dye textiles, and three mordants were
employed to tint raw wool according to ancient recipes.
Data were collected in the 350-1000 nm range using
FORS technique. Also colorimetric data were acquired
using a spectrocolorimeter to calculate for each sample
its chromaticity coordinates.

Furthermore, the application of the emerging imaging
spectroscopic technique (Casini et al., 2005; Delaney et
al.,, 2010; Vitorino et al.,, 2015; Cucci, Delaney and
Picollo, 2016; Blanch-Perez-del-Notario, Saeys and
Lambrechts, 2019; Striova, Dal Fovo and Fontana, 2020)
which combines the potentiality of spot spectroscopic
with imaging techniques, made it possible to extend the
FORS analysis to larger areas. This was the reason for
testing the Specim 1Q (Cucci et al., 2017, 2018; Picollo et
al.,, 2020) hyperspectral camera (Specim, Spectral
Imaging Ltd, Oulu, Finland) which is compact and
portable, to the same samples used to create the
spectroscopic database.

2. Method
2.1. Preparation of samples

In the present work, twelve dyes and three mordants
were selected within those historically used in dyeing.
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Among the selected dyes, nine are from plants (Alkanna
Tinctoria, Anthemis Tinctoria, Indigofera Tinctoria,
Haematoxylum Campechianum, Rubia Tinctorum,
Carthamus Tinctorius, Curcuma Longa, Juglans Regia,
Reseda Luteola), two are insect dyes (Dactylopius
Coccus Cacti and Kerria Lacca) and one is a lichen
(Roccella Tinctoria). The preparation of samples was
made by a specialist in the field following historical
recipes on a set of skeins of raw wool, each of 20 g, that
was prepared with three selected mordants (KAI(SO4)2,
CuS0O4 - 5H20, FeS04 - 7H20) to enrich the color
palette.

The cochineal dyed wool was etched with both alum and
a mixture of alum and iron sulfate. The indigo and orchil
dyes were employed with a vat procedure. The quantity
of material used (% weight/weight is referred to dry
material) is reported in table 1.

Table 1:Percentage of the amount of dyeing material
used referred to dry weight.

%wiw
Alkanet Alkanna Tinctoria 100%
Chamomile Anthemis Tinctoria 100%
Cochineal Dactylogius C occus 12%
acti
Indigo Indigofera Tinctoria 5-6%
Lac Kerria Lacca 8%
Haematoxylum o
Logwood Campechianum 30%
Madder Rubia Tinctoria 100%
unknown amount of
lichen macerated
Orchil Roccella Tinctoria for a month in water
and ammonia
solution
Safflower Carthamus Tinctorius 100%
Turmeric Curcuma Longa 100%
Walnut Juglans Regia 100%
Weld Reseda Luteola 100%

The extraction of the dyes was carried out by soaking
most of the plants and cochineal in water for twelve hours
and then boiling the mixture for at least one hour. The
alkanet dye was extracted in alcohol and the Kerria
Lacca insect was left in a solution of water and citric acid.
Subsequently, the whole was filtered to obtain the bath-
color in which the skeins were soaked. Some skeins were
mordanted before the dyeing process using alum 25% by
weight, while iron and copper sulfate (both 10%) were
used simultaneously with dyes in the bath-color.

The vat dyeing process was carried out for indigo and
orchil. The indigo was left to ferment in a solution with 5%
indigo, 5% sodium hydrosulfite, 10% soda Solvay to
obtain the water-soluble compound. The yarn was then
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soaked in the bath for twenty minutes at 55°C and
subsequently exposed to air to oxidize and reach the final
color. Orchil dye was instead extracted by leaving the
lichens in a solution of water and ammonia for one
month. Therefore, the dyeing process was similar to the
indigo vat process.
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Figure 1: Overall of the set analyzed. Samples etched
with alum (a), iron sulfate (b) and copper sulfate (c),
without mordant (d).

2.2. Experimental

Colorimetric analysis were carried out using a Konica
Minolta CM-700d spectrocolorimeter, operating in the 360-
740 nm range with a 10 nm wavelength pitch. The
instrument features a diffraction grating, a silicon photodiode
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double array and a pulsed xenon lamp with UV cut filter.
The measurement setup was: 8mm g illumination area, d/8°
geometry with both specular component included (SCI) and
excluded (SCE). The colorimetric calculation was done for
CIE 10° standard observer and D65 illuminant.

The FORS data were acquired using a compact module,
which is portable and features in a unique chassis two
spectroanalysers equipped with fiber optics. Here, it was
decided to use only the Zeiss MCS601 UV-NIR
spectroanalyser, which is equipped with a multi-channel
spectrometer (MCS) polychromator with 1024 diodes, 0.8
nm spectral pixel pitch and 2.4 nm spectral resolution. The
reflectance spectra were acquired in the 350-1000 nm
range with 298.5 ms integration time, continuous dark
current mode, and each spectrum was the average of three
acquisitions to improve the s/n ratio. Silica fiber optic
bundles were used to send and to collect the radiation to
and from the samples with a 2x45°/0° geometrical
configuration to avoid the reflected specular radiation
(Bacci, 2000). All samples were previously analyzed using a
Perkin Elmer Lambda 1050 UV-Vis-NIR spectrophotometer
in the 200-2500 nm range to obtain full information over the
UV-Vis-NIR range and to understand were to focus the
FORS measurements. The 1000-2200 nm region was
excluded from the FORS measurements as it is practically
covered by the wool spectral features.

Hyperspectral data were acquired using a Specim IQ
hyperspectral camera, compact and portable, with an user-
friendly interface, reduced weight and dimensions
compared to those instruments conventionally used in
hyperspectral imaging. The IQ camera operates in the 400-
1000 nm range with a 7 nm spectral resolution. It features a
CMOS linear sensor with a sampling pitch of 3.5 nm for 204
spectral bands. Images resolution is 512x512 pixel and data
(file-cube) are almost 300MB (Cucci et al., 2017, 2018). The
experimental setup chosen consists of an illumination
system with a fiber optic bundle and two light diffusers to
send the radiation from the source (150W halogen lamp
equipped with a IR cut filter) to the sampling zone, with a
2x45°/0° geometry. Integration time was fixed for all
measurements at 55ms, for an overall of 50s acquisition
time. The ‘custom’ modality was selected to collect data,
and the reference was taken using a 99% reflectance
Spectralon® Labsphere. Calibration of wavelengths was
done using a reference of orange plexiglass. Furthermore, a
luxmeter was employed during the data acquisition to record
the amount of radiation sent over the sample, which was
approximately 2000 lux, 45 mW/m? (almost 22.5 pW/Iim of
UVa radiation). It is important to underline that these
parameters are within the recommended values of UVa
radiation dose for objects that are sensitive of UV-Vis
radiation, such as dyes and textiles.
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3. Results
3.1. Colorimetry

Measurements were carried out on all samples, including
those with raw wool and cardboard only. Three spectra
were recorded for each sample to assure repeatability and
to evaluate the error for each set of measurements. In table
2 arithmetic averages are shown for both SCI and SCE
L*a*b* (CIE1976) values and their color difference, AE, was
obtained using the CIEDE2000 formula. Colorimetric data
show that SCI and SCE values are not dissimilar and that
AE is below the threshold of human difference color
perception.

3.2. Fiber Optics Reflectance Spectroscopy (FORS)

For each sample, three FORS measurements were
acquired, positioning the bundles parallel, orthogonal and
oblique to the yarn’s fibers. The three reflectance spectra
compared did not show differences despite the reflectance
intensity. Hence, it was decide to choose the orthogonal
configuration to build up the spectral database, since it
showed the highest reflectance values.

The comparison between spectra of wool with the three
mordants highlights the influence of the metallic salts on the
spectral features. In particular, wool samples etched with
iron and copper sulfate show important absorptions in the
UV-Vis region that can affect the spectral features of dyes,
making it possible to distinguish dyes not only depending on
their chemical nature but also on the mordant used.

Through the identification of dyes of the same color
emerged the impossibility to distinguish yellows (chamomile,
safflower, turmeric, weld) etched with iron and copper
sulfate (Angelini et al., 2010). Instead, it is possible to
partially discern yellow dyes etched with alum (Fig.2) since
all samples show a wide absorption band in the 300-450 nm
region, but safflower and chamomile absorb at lower
wavelengths compared to turmeric and weld. Moreover,
weld and chamomile show a smooth shoulder at 660-670
nm. Regardless, to accomplish a deep discrimination of
yellow dyes it would be useful to apply statistical and
multivariate procedure, such as PCA (Cazenobe et al.,
2002).

Red dyes can be divided into animal and vegetal according
to the n—n* absorption of the anthraquinones’ carbonyl
group, which occurs at 500 nm and 540 nm for madder and
at 524 nm and 560 nm for cochineal and lac (Gulmini et al.,
2013; Vitorino et al., 2015; de Ferri et al., 2018). Though, it
is not possible to distinguish the two insect dyes except by
studying their first derivative as reported in (Fonseca et al.,
2019) and shown in Fig. 3. The identification of animal and
vegetal red, instead, it is not possible with samples etched
with iron and copper sulfate.
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Table 2: CIEL*a*bh*1976 values and color difference (4Eqy) between SCI and
CIEDE2000 formula for each sample

SCE measurements obtained with

SCI SCE AEoo
SAMPLE L* a* b* L* a* b*
Alk_Cu 4571+022 | 169+024 |656+019 (4569+025|1.70+0.24 6.58 £ 0.19 0.03
Alk_Fe 3995+036 | 1.36+005 539+0.16 (3988+038 | 1.38+0.05 541+0.16 0.06
Alk_Al 3391+015 | 7.24+015 -506+0.18 |(3384+012 | 7261016 | -5.04+0.18 0.07
Card_ 7052+001  125+001 | 796+001 7036+001 | 126 +0.01 7.99+0.01 0.13
Cha_Cu 5299+106 |-365+0.28 (26.11+0.27 (5293 +1.10 |-3.64+0.28 | 26.12+0.29 | 0.06
Cha_Fe |5310+038|280+004 (17.74+0.15|53.01+£025|279+005 | 17.76+0.16 | 0.09
Cha_Al 62.39+0.07 [1259+0.05 (4983 +0.04 ([62.34+0.09 (1260+0.05 | 4983+ 0.04 | 0.04
Coc_Al 56.43+004 2588+002 | 359+001 5640+005 2587+003 | 362+0.03 0.03
Coc_AlFe |53.13+0.01 |1494+001 | 257+0.01 (53.02+0.01 |[1495+0.02 | 2.60+0.01 0.08
Ind_ 4627 +003 |-6.16 +0.01 |-13.87+0.01 (46.22+0.02 |-6.18+0.01 |-13.84+0.02 | 0.05
Lac_Cu 4846 +002 | 276 +0.01 | 7.76 £0.01 (48.44+0.01 |2.77+0.001 | 7.79+0.01 0.03
Lac_Fe 4826 +0.02 | 3.08+0.01 | 539+0.01 (48.15+0.01 | 3.09+0.01 542 +0.01 0.12
Lac_Al 3214+0.01 (2536+0.02 | 234+ 001 |32.03+0.02 (25.38+0.01 | 2.38+0.02 0.09
Log_Cu 4260+018 [-196+003 | 844+0.15 (4259+018 (-195+003 | 846+0.16 0.03
Log_Fe 4648 +1.06 | 1.34+0.06 (10.34+0.24 (46.39+1.06 | 1.35+0.06 | 10.36 +0.23 | 0.09
Log_Al 2526+013 (1671001 [-591+0.03 [2521+0.13 | 1.66 +0.01 -5.88 £ 0.03 0.05
Mad_Cu (4662 +001 (1027 +001 (10.38+001 4658+ 001 (1028 +0.01 | 10.40 + 0.01 0.04
Mad_Fe 43.17+0.02 10.03+0.01 (11.67+0.01 (43.05+0.01 |10.04+£0.01 | 11.69+0.01 0.11
Mad_Al 43.09+0.01 |37.73+£0.01 |26.06 +0.01 (43.05+0.01 |37.75+0.01 | 26.10+0.01 | 0.05
Orc_ 3997+0.01 3216+ 0.01 [-6.85+0.01 (3995+0.01 (32.23+0.01 | -6.80+0.01 0.05
Saf Cu 5568+002 -727+004 2566+016 5562+025 -725+003 | 2569+0.18 | 0.07
Saf_Fe 5585+013 | 528+002 2428+007 5579+009 528+002 |2431+0.06 | 0.07
Saf_Al 71561004 | 543+002 47351001 71561004 545+002 | 4745+0.02 | 0.03
Tur_Cu 5574+010 | -206+005 3756+019 5568+006 -204+006 | 37.58+0.19 | 0.04
Tur_Fe 5575+042 (11.35+009 3469+009 5578+034 (11.34+0.06 | 34.69+0.01 0.11
Tur_Al 63.78+0.04 (17.84+0.04 [7499+0.02 [63.72+0.03 (1796+0.04 | 7514+ 0.04 | 0.06
Wal_Cu 3470+003 | 453+002 11831002 3467+003 | 455+003 | 11.84+0.02 | 0.03
Wal_Fe 4210+0.02 | 567 +0.01 (11.60+0.01 [41.98+0.01 | 5.69+0.01 11.62 £ 0.01 0.11
Wal_Al 4220+0.03|890+0.01 [16.03+0.02 [42.07+0.02 | 894+0.02 | 16.07 £ 0.01 0.12
Wel_Cu 56.30+0.06 |-3.34 +0.01 4210+ 0.05 |56.19+0.07 |-3.33+£0.01 | 42.11+£0.04 | 0.11
Wel_Fe 4204 +003 | 386+001 |1855+0.01 (4202+002 | 3.87+001 | 1859+0.01 | 0.03
Wel_Al 6846 +001 [ 6.36+0.01 [77.51+001 (6841+003 |6.37+001 | 7755+002 | 0.04
Woo_Cu (6993 +001 -959+001 (1243 +0.01 [69.87 +0.02 |-957 +0.01 | 1247 +0.02 | 0.06
Woo_Fe (5848 +0.26 (14.26+0.03 |30.42+0.16 |58.47 +0.25 (1427 +0.03 | 30.43+0.16 | 0.02
Woo_Al 8567+001 -054+001 (1575+001 |8564+003 -058+001 | 15.82+0.01 0.06
Woo_raw (84.16 +0.03 |-0.20+0.01 (1497 +0.01 (84.12+£0.03 |-0.22+0.01 | 15.02 £ 0.01 0.04
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Figure 2: Reflectance spectra of yellow dyes etched with alum: chamomile
(solid line), safflower (dash line), turmeric (dot line), weld (dash dot line).
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Figure 3: First derivative spectra of animal red dyes: cochineal (solid line) and

T
600

T
700

T
800

Wavelenght (nm)

lac (dash line), both etched with alum.
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Purple-bluish samples (alkanet, logwood, orchil and
indigo) show reflectance spectra that make their
identification possible according to values reported in
literature (Fig. 4). In particular it is possible to observe
two bands at 424 nm and 588 nm (Gulmini et al., 2013)
for logwood with alum mordant and two bands at 545 nm
and 580 nm (Aceto et al.,, 2015) for the orchil dyed
sample. Instead the indigo dyed sample shows the typical
n—7* absorption of the indigo molecule around 660 nm

60 -

50

o
o
1

Reflectance (%R)
8
1

20

T T T T T T T T T T T T 1
400 500 600 700 800 900 1000
Wavelenght (nm)

and another week band at 550 nm (Monahan and Kuder,
1972) and a shoulder at 345 nm (Gulmini et al., 2013).

The only dark dye present in the investigated set of
samples (walnut) did not show any characteristic
absorption. However, its spectral features in the three
spectra corresponding to different mordants makes
walnut dye easily distinguishable from the others in the
set.

Reflectance (%R)

T T T T T T T T T T T T 1
400 500 600 700 800 900 1000
Wavelenght (nm)

Figure 4: a) Reflectance spectra of indigo (solid line), orchil (dash line), logwood (dot line) and alkanet (dot dash line)
both etched with alum. b) Reflectance spectra of logwood etched with alum (solid line), copper sulfate (dash line), iron

sulfate (dot line).

/T

Reflectance ®)

Wavelenght (nm)

Reflectance (R)

{,

(
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Figure 5: Reflectance spectra of indigo (a) and cochineal
(b) extracted out of the file-cube using Specim 1Q Studio.
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3.3. Hyperspectral imaging

Hyperspectral data were acquired grouping samples both
by hues (reds, yellows, etc.) and by the same type of dye
in order to compare shades of the same dye etched with
the three different salts.

Results show that spectra obtained with Specim 1Q
camera are comparable to those obtained with FORS.
Indeed, for most of the samples it was possible to
qualitatively identify the compound immediately after the
acquisition of file-cube data. For examples, samples dyed
with cochineal and indigo have the same spectroscopic
features encountered in FORS spectra (Fig. 5). Quite the
opposite happens with lac and madder both etched with
alum which are difficult to discriminate, since spectra
extracted out from file-cubes show a wide absorption
band: at 400-550 nm in the case of madder and at 500-
600 nm for lac.

The same consideration applies to the purple-bluish
dyes, especially in the case of alkanet and logwood
where spectra are not well resolved. Nevertheless,
thanks to the use of the Spectral Angle Mapping (SAM)

DOI: 10.23738/€CSJ. 130207



Non-invasive identification of dyed textiles by using Vis-NIR FORS and hyperspectral imaging techniques

algorithm, it is possible to map directly on the image
pixels with similar spectral features to recognize areas
where alkanet was used rather than logwood (Fig. 6).

Hyperspectral data of yellow dyes etched with alum show
that, as predictable, it is impossible to identify dyes

because all spectra extracted out from the file-cube
present similar features. However, the SAM algorithm
permits to distinguish the four yellow dyes applying a high

tolerance angle between 256 and 1.81 rad.
b

Wavelenght (nm)

T

Reflectance (R)

Wavelenght (nm)

Figure 6: a) Areal distribution of pixel with the same spectral features obtained applying SAM algorithm on logwood file
cube.Reflectance spectra of logwood etched with alum (b) and alkanet etched with alum (c), both extracted out of the

file-cube using Specim IQ Studio.

4. Conclusion

Results obtained in the present study constitute the basis
for the creation of a spectroscopic database that will be
soon online on the IFAC-CNR website. The twelve dyes
here analyzed represent only a starting point and it is
already planned to include more dyes and typology of
yarns in the future.

The acquired data show convincing results for a
qualitative, in situ analysis to identify dyes. FORS was
confirmed to be a valid technique to preliminary discern
dyes according to their spectral features, being a non-
invasive portable technique.

Finally, the Specim 1Q camera permitted the non-invasive
acquisition of imaging hyperspectral data on the set.
Spectra extracted out of file-cubes were comparable to
those obtained with FORS for most of the samples and
made it possible a qualitative analysis on wider areas for
each file-cube. Furthermore, the application of SAM
algorithm permitted to map pixels with the same spectral
features in order to recognize areas dyed with the same
colorant.
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