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ABSTRACT

Article history: his work investigates the possibility of identification of natural dyes

R.ecelved:.so June 2023 (madder and cochineal) and mordant types (Al, Sn, Cr, Cu, Fe) in dyed
Final Revised: 11 Nov 2023 . . . . .
Accented: 13 Nov 2023 wool fibers using spectral imaging-based methods. For this purpose,
cce_p ec: _OV technical imaging, including UVL, IRR and UVR, and obtained IRFC and UVFC
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images were used, along with multispectral imaging (350-1100 nm) and

Keyworqs: ) hyperspectral imaging (400-950 nm). The grayscales of multispectral and

Spectral |rn_ag|r_lg hyperspectral images were extracted to quantify the imaging data. The grayscale

Dye c.IaSS|f|cat|on ) and the first derivative of the reflectance spectra obtained from the hyperspectral

Non-invasive analysis camera were investigated using multivariate principal component analysis and

'V'O“?‘a”? ] hierarchical clustering to separate the different groups of dyed fibers. According

Multivariate analysis to results, aluminum and tin mordanted fibers could be distinguished from other
groups as per UVL and IRFC images; similarly, the type of dye (madder or
cochineal) was distinguishable from UVFC images. Interestingly, PCA analysis
of grayscales of multispectral images provided an appropriate separation of all
groups of fibers with different mordants and dyes. The 3d PCA plot and the
hierarchical clustering of the first derivative of the reflectance spectra also
resulted in better separation and classification of the dyed fiber groups.
Nevertheless, the best performance in clustering fibers groups can be seen in the
PCA analysis of grayscales obtained from hyperspectral images recorded at
430-830 nm. Therefore, hyperspectral imaging can be considered a more
appropriate method for categorizing dyed fibers with different dyes and
mordants. Prog. Color Colorants Coat. 17 (2024), 227-238© Institute for Color
Science and Technology.

and cultural, economic, and commercial conditions.
Based on these factors, a large volume of various dyed

1. Introduction
Throughout  history, humankind has exploited

numerous natural sources to dye all kinds of textiles
and fabrics using different methods. The selection of
dyestuffs is influenced by some variables, such as the
type of final product, access to primary dye sources,
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historical textiles and fabrics have remained today in
different societies. Examination and identification of
the dyeing materials and methods of these artifacts can
help evaluating the reasons for the stability of some
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colors over time, the conservation of historical
fabrics and using these methods in contemporary
dyeing [1].

Red is one of the most important color tones used to
dye historical fabrics [2, 3]. This color has been the
most popular for all kinds of fabrics and rugs,
including Iranian carpets, due to its wide range of
applications, high cultural value, and easy access [4-6].
The variety of red dyestuff materials, along with the
mordants and various additives, leads to the production
of a wide range of colors, which has led to the variety
of its use in the production of cultural-artistic works
[7, 8]. Most red natural dyes include cochineal,
madder, dragon's blood and lac. However, due to their
brightness and high hiding power, cochineal and
madder are more favoured by craftsmen, and other
dyes are often used in combination with these two
dyes. Based on traditional instructions, there have
been different ways to use these dyes. Usually,
depending on the type of fibers, different additives
such as alum, iron alum, tin alum, calcium and copper
salts have been used to improve color fastness and
brightness [7, 9-11].

Identifying the material components of textiles,
including fibers, colorants, and mordents, is essential in
studying historical artifacts. These data help better
understand cultural and economic conditions and
business relationships [12]. The organic dyes are usually
identified by chromatography methods such as TLC,
GC, HPLC, GC/MS, and LC-MS [6, 13-15]. In addition,
spectroscopy methods, including Raman, FTIR, and
UV-Vis spectrophotometer, are also interesting in
identifying the dyes in historical textiles. However, most
of these methods require sampling and dye extraction,
but this is not always possible due to the limitations and
value of historical artifacts. Therefore, non-invasive and
portable methods have received more attention in the last
two decades. However, applying some of these methods
has been limited to preliminary examination and
classification of dye/pigments [13-16]. In recent years,
the approach to non-invasive examination has turned
from spectroscopic methods such as fiber optic
reflectance spectroscopy (FORS) and Raman [17-21] to
multispectral and hyperspectral imaging methods [21-
23]. In addition, using FORS with the development of
spectral databases has made the identification process
easier and more accurate [24]. It has also made it easier
to analyze the reflectance spectra of hyperspectral
imaging. On the other hand, multispectral imaging, as a
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method for primary classification, has effectively
identified the colorants remaining in the fibers [25, 26]
and provides the possibility of holistic examination
along with spot analysis methods. However, most
research about the application of imaging methods in the
study of colorants in historical and cultural artifacts has
been limited to the preliminary investigation of pure
dyes and pigments used in paintings or manuscripts [27-
29] and less attention has been paid to dyed fibers [23,
30].

On the other hand, the technical studies of dyes in
fabrics have mainly focused on identifying colorants.
Therefore, investigating other factors affecting the
dyeing process, especially the mordants, has received
less attention. Mordant identification is generally made
using X-ray-based atomic spectroscopy methods, which
require sampling and sometimes destroying historical
artifacts [31, 32]. Therefore, expanding the use of non-
destructive and holistic methods with the ability to
identify dyes and mordants simultaneously, which leads
to easy, faster and lower-cost identification, is one of the
important issues in the study of historical textiles. The
most effective strategy would be to use a combination of
methods. In this strategy, non-invasive methods are used
as a primary method to classify different materials. It
leads to the initial classification of all types of samples.
On the other hand, it determines the appropriate
sampling location based on the study strategy to avoid
excessive sampling of valuable artifacts.

Accordingly, considering the effect of dyes and
mordants on the spectral characteristics of fibers,
methods based on spectral imaging, including technical,
multispectral and hyperspectral imaging, can be
considered a potential tool for identifying colorants
materials in fabrics. Although technical imaging is faster
and cheaper than other spectral imaging methods,
multispectral and hyperspectral imaging are more
accurate.

Therefore, this study aims to expand the efficiency
of multispectral, hyperspectral and technical imaging
as non-destructive, low-cost methods that can be
implemented on-site to identify different dyes and
mordant types of dyed fibers. Each method has
advantages and capabilities that can be useful in
classifying dyed fibers with different mordants in
various operational conditions.
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2. Experimental
2.1. Mock-up preparation

2.1.1. Mordanting method

In this study, a pre-mordanting method was used.
Before mordanting, wool yarns were scoured in a
solution containing 5 g/L nonionic detergent at 60 °C
for 30 min, and L:R (liquor to good ratio) of 40:1.
Then, wool yarns were pre-mordanted in an open
beaker using different metal salts such as aluminium
sulfate (Al (SO4)3.18H,0), copper (Il) sulfate
(CuS0,4.5H,0), iron (1) sulfate (FeSO,.5H,0), tin (1)
chloride  (SnCl,.2H,0), potassium  dichromate
(K»Cr,07), Merck, Germany. Briefly, 5 g wool yarns
were added to the prepared mordant solution at 35 °C,
the temperature was raised (2 °C/min) to boil (ca. 93
°C), and mordanting was done for 60 min. Then, the
bath was cooled down to 60 °C, and the mordanted
samples were removed, rinsed thoroughly with tap
water several times to remove unfixed metal cations,
dried at room temperature, and used in the dyeing
process [33, 34].

2.1.2. Dyeing procedure

Dyeing of raw (unmordanted) and metal mordanted
wool yarns with natural dyes (cochineal 20 % owf (on
weight of fiber), madder 75 % owf) was carried out at
pH=4 (adjusted by glacial acetic acid), using L:R=
40:1. Briefly, the weighed dye powder was added to
dyeing bath, boiled for ca. 1 h to extract the dye, and
then cooled down to room temperature. Then, the wool
samples (raw or metal mordanted, 5 g each) were
introduced into the extracted dyed bath at 35 °C; the
temperature was raised within 30 min (2 °C/min) to
dyeing temperature (boil, ca. 93 °C) and kept at this
temperature for 60 min. Next, the dye bath was cooled
down to 60 °C, and the dyed samples were removed,
thoroughly rinsed with tap water several times to
remove unfixed dyes, and air-dried and analyzed [35,
36].

2.2. Methods
2.2.1. Hyperspectral imaging

Hyperspectral Imaging was conducted using the
HYSPIM hyperspectral camera model Gamma, which
captures information within the 400-950 nm range.

Four halogen lamps with a 60-degree angle relative to
the sample were used as light sources, and the exposure
time was set to 150 ms.

2.2.2. Multispectral imaging (MSI)

All images were captured by the modified camera
Nikon D750 after removal of the inbuilt UV-IR
blocking filter to exploit the full sensitivity of the
CMOS sensor (ca. 350-1100 nm). The camera was
equipped with a Nikon AF Nikkor 50 mm /1.8D lens.
The camera was operated in fully manual mode.
Following the instructions of Verri and Sanders [37],
two electronic xenon flashlights (Youngenu NY660)
placed at 45 degrees angle to the subject were used as
illuminate sources, and an X-rite ColorChecker was
used as a spectral reference to correct images and
compare with reference samples. The Lightroom
software was used to adjust the white balance of the
images using the 18 % grey patch. Following this, the
exposure was corrected in the three image channels,
with values of 200 for red, green, and blue.

Broadband MSI methods, including Visible-
Reflected (VIS), Infrared-Reflected (IR), Ultraviolet-
Reflected (UVR) and Ultraviolet-induced Visible
Luminescence (UVL) were recorded in RAW format
and the highest resolution (24MP: 6016x4016 pixel)
using the filters described in Table 1. Multiband
spectral imaging was also performed using the 55-85
nm filters shown in Figure 1. Raw images obtained
from the camera were converted into 16-bit TIF format
in Adobe Photoshop software. Post-processing and
calibration procedures were performed according to the
Kushel method [38] and Cosentino recommendations
[39]. False-color infrared (IRFC) and false-color
ultraviolet (UVFC) images were obtained by
combining VIS with IR and UVR images, respectively,
based on the method proposed by Dyer et al. [40]. The
false color technique combines the RGB visible image
channel with the reflected image. The IRFC method
replaces the R and G channels in the visible image with
the G and B channels, respectively, and then replaces
the black and white IR image with the R channel to
produce an IR-R-G final image. The UVFC method
replaces the G and B channels in the visible image with
the R and G channels, respectively, and then replaces
the black and white UVR image with the B channel,
resulting in a G-B-UV final image.
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Table 1: Summary of radiation sources and filters used for each imaging method.

Broadbar_1d MSI Filter(s) in front of Radiation Sources Filter(s) in front of . Raf‘ge
Technique camera investigated

Visible-Reflected
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imaging (UVL)

Infrared-Reflected 2 x Youngenu NY660 Xenon flashlight, CIRESL (A LAV B0l
L . . - Schott RG830 830-1100 nm
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Figure 1: Transmission spectra of Baader UV/IR-Cut/L, Midopt BP470, Midopt BP 525, Midopt BP 590, Midopt BP 635,
Midopt BP 660 and Midopt BN785 band-pass glass filters.

The analysis of reflectance spectra was performed
using the Originpro2021 software. After smoothing and
normalization to the 0-1 range, spectra’ first derivatives
were obtained. The Savitzky-Golay filter was
employed with window points 30 and a polynomial
order of 5 to smoothen the data. The identical approach
with window point 20 was used to smooth and
minimize noise to obtain the derivative spectra.
The first derivatives were analyzed using multivariate
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analyzes, including Principal Component Analysis
(PCA) and hierarchical clustering. In PCA, three
principal components were extracted, and the
discriminatory power of different components in three
dimensions was assessed using a correlation matrix. In
addition to the reflectance spectra, hyperspectral and
multispectral images recorded at different wavelengths
were also investigated using principal component
analysis. Quantitative data from these images were
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obtained by measuring the Mean Gray Value by
ImageJ software.

3. Results and Discussion
3.1. Technical and multispectral imaging

The results of technical imaging are presented in Figure
2. The UVL images can usually be used to distinguish
the origin of the red color in works of art. In this method,
organic base dyes have luminescence properties that are
not found in other dyes. Previous studies reported light
pink and dark red luminescence for madder and
cochineal red dyes [41]. What is clear is the difference in
luminescence observed in the fibers with different
mordants compared to the previous report [41].
Although the substrate, preparation method, and
mordant type affect the intensity and color of the
luminescence [42], only the specimens mordanted with
aluminium and tin, which produce a brighter red color in
the fibers, have a red luminescence. Fibers mordanted
with copper, chromium and iron, which are darker red,
do not show any luminescence. Dark red colors emit
weaker luminescence intensity due to higher UV
absorption [25].

UVFC images were a good indicator of separating
cochineal and madder dyes. In UVFC images,
cochineal and madder are usually seen in green and

CO-Fe CO-Cr CO-Cu CO-Al CO-Sn

Vis

IR-FC UV-FC

UVL

brown color shades, respectively. Separation based on
these images is easier on mordanted fibers with tin and
aluminium. Madder-dyed fibers, mordanted with
aluminium and tin, and cochineal-dyed fibers,
mordanted with tin, are yellow in IRFC images.
However, cochineal-dyed fibers with aluminium
mordant have created an orange tint in IRFC images,
which can be considered an indicator of this sample.
But in other samples, an orange-red color is generally
observed, which cannot be separated. So, we can say
that the mordant significantly affects the colors
observed in technical imaging. Previous studies have
also shown that madder and cochineal, without the
mordant on the paper substrate, produce red-orange in
IRFC images and red-brown and green in UVFC
images, respectively [43-45]. However, madder with
aluminium mordant on silk fibers causes yellow and
brown in IRFC and UVFC images, respectively, but
iron mordant causes orange in IRFC and no
luminescence in UVL [24].

Multispectral images are presented in Figure 3a.
These images show grey shades; at first sight, it is
impossible to separate them qualitatively. Nevertheless,
the images recorded at 660-590 nm wavelengths make
separating tin and aluminium mordanted fibers possible
due to different absorption and higher reflectance.

MD-Fe MD-Cr MD-Cu MD-Al MD-Sn

Figure 2: Technical images including visible, UV-FC, IRFC and UVL images of fiber dyed with cochineal (CO) and
madder (MD), mordanted with different materials.
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Figure 3: a: Multispectral images recorded of fibers dyed with madder (MD) and cochineal (CO) in the wavelength range
of 350-1110 nm; b: scree plot of grayscale data obtained from multispectral images, which shows the sufficiency of two
principal components to analyze the data using the PCA method; c: PCA score plot of two components, PC1 and PC2,

which show the proper separation of dyed fiber groups based on grayscale values.

However, the quantitative examination of data
provides better classification than the images.
Therefore, the reflection intensity was calculated based
on the grayscale values of multispectral images.
Grayscale allows the quantitative examination of
brightness changes in these images. The logarithm of
grayscale values was investigated using PCA analysis.
The scree plot shows that the eigenvalues form a
straight line after the second principal component.
Therefore, PC1 and PC2, with 93.83 and 5.35 % of the
variance, are sufficient for data analysis. The PC1-PC2
score plot resulting from the principal component
analysis of grayscale logarithms is presented in Figure
3c. What is clear is the capability of the grayscale
values of multispectral images in classifying fibers
with different dyes and mordants. Also, the results
show that aluminium and tin mordants produce
relatively similar color shades in the fibers dyed with
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madder. This phenomenon can also be observed in the
fibers dyed with madder with chrome mordant and red
cochineal with copper mordant.

3.2. Hyperspectral imaging

To separate samples using hyperspectral imaging,
images recorded in different wavelengths were used
along with reflectance spectra. The reflectance spectra
of different samples are presented in Figure 4a. The
most significant difference between the spectra is
observed at 550 to 850 nm. The first spectra derivative
was calculated to investigate better the minor
differences in the spectra (Figure 4b). Derivative
spectrophotometry enhances the ability to detect
spectral features by improving resolution, eliminating
background interference, and creating distinct
fingerprints [46].
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Figure 4: Hyperspectral reflectance spectra in the
range of 400-950 nm (a) and their first derivative (b).

An experiment was conducted using this method to
study the dyeing process of Iranian carpet wool yarns
with varying amounts of dyes derived from different
types of madder, yielding more accurate outcomes than
the initial spectra [47]. As seen in Figure 4, the
essential difference of the spectra's first derivative is at
550 to 750 nm. However, due to slight differences
below 500 nm and the NIR range, the normalized data
of the whole spectrum derivative was used for
multivariate analysis.

According to the PCA analysis of the first
derivative of spectra, the first (69.35 % variance),
second (25.77 % variance), and third (2.73 % variance)

components are sufficient to evaluate the data. For this
reason, the first three principal components, including
97.49 % of the variance, were examined in the three-
dimensional PCA plot presented in Figure 5a. These
three main components made it possible to separate all
the dyed fibers with different dyes and mordants.
Although the percentage of variance for PC3 is low,
this principal component has helped to separate the
samples better. In addition to PCA, hierarchical
clustering analysis was also performed on the first
derivative of the spectra, which can be seen in
Figure 5b. In this analysis, the dyed fibers were placed
in 10 separate clusters. Similar to the findings from
multispectral imaging, hierarchical clustering analysis
reveals the minimum distance between the madder-
dyed fibres mordanted with aluminium and tin based
on the reflection spectra. In fact, aluminium and tin
mordants seem to cause very close color spectra in the
dyeing of wool fibers using madder.

Figure 6 shows the recorded hyperspectral images
of fibers at wavelengths 430, 580, 600, 630, 680, 730,
800 and 830 nm. These wavelengths were selected due
to observing different reflection intensities of the dyed
fibers. Examining these images shows the possibility of
separating madder-dyed fibers with a tin mordant at
430 nm. At 580 nm, it is possible to see the separation
of the cochineal dyed fibers with aluminium and tin
mordants due to higher reflectance than other fibers.
However, it is impossible to distinguish the tin and
aluminium mordanted cochineal-dyed fibers in this
Figure. Also, copper-mordanted fibers, both in dyeing
with cochineal and madder, show the lowest amount of
reflection. But in general, separating the dyed fibers
based only on the qualitative description of the images
is not easy. Therefore, for a quantitative review of the
results, the grayscale value was calculated for images
recorded in different wavelengths, and their logarithm
was analyzed by the PCA method. Accordingly, the 3D
PCA plot, based on PC1l (78.78 % of the total
variance), PC2 (17.08 % of the total variance) and PC3
(3.91 % of the total variance), is presented in Figure 6.
Examining this plot shows the possibility of separating
all the investigated fibers groups and the significant
correlation of the samples of each group. In addition to
the possibility of separating fibers based on the type of
dye, hyperspectral imaging provides the opportunity
for separation based on the mordants used in the dyeing
process. This separation can be done based on the
reflective spectra or the grayscale values obtained from
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the recorded images at different wavelengths. the flowchart illustrated in Figure 7 as a viable
In addition, utilizing the results obtained from approach for effectively discerning and distinguishing
technical and hyperspectral imaging conducted at between a wide range of diverse samples.

different wavelengths makes it feasible to put forward
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Figure 5: 3D PCA score plot (a) and hierarchical clustering (b) derived from the first derivative of the Hyperspectral
reflectance spectra after normalization between 0-1.
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Figure 6: Hyperspectral images in various wavelengths that showed different reflections of the dyed fibers (left) and a 3D
Score plot of PCA analysis of logarithms of grayscale values obtained from the hyperspectral images that show the
separation of dyed fibers groups (right).
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Figure 7: The Proposed flowchart for separating dyed fibers with madder and cochineal, with different mordants, based
on the technical and hyperspectral imaging results.

4. Conclusion

The possibility of classification of wool fibers dyed in
different conditions, i.e., natural dyes (cochineal and
madder) and mordants (Al, Sn, Cr, Cu, and Fe) were
investigated based on spectral imaging such as
technical, multispectral and hyperspectral imaging,

Principal Component Analysis (PCA) and Hierarchical
Clustering. Although, madder and cochineal are usually

reported with rose pink and dark red luminescence in
UVL images, respectively, our results showed that the
observed luminescence is influenced by the type of
mordants used in dyeing. In this study, only the
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mordanted fibers with aluminium and tin exhibit red

luminescence. In contrast, no luminescence was

observed in fibers mordanted with copper, chromium
and iron. This matter can be due to more UV
absorption in these samples due to their darker final
color. In the UVFC images, cochineal and madder are
observed with green and brown colors, respectively.
Thus, UVFC is a suitable method for classifying
cochineal from madder. Also, the IRFC images can
distinguish the aluminium and tin-mordanted fibers
from other dyed fibers.

Due to different absorption and more reflection, it
was also possible to distinguish aluminium and tin-
mordanted samples from others via multispectral
images (in the range of 590-660 nm). The two-
dimensional PCA plot of PC1 and PC2 from the data
related to the grayscale of the multispectral recorded
images showed an acceptable separation of the fibers
dyed with madder and cochineal with different
mordants. Therefore, the results show the ability of this
method to separate wool fibers dyed in different
conditions.

In addition, the results from hyperspectral imaging
(examining reflective spectra and examining images
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recorded at different wavelengths) through evaluation
of the first derivative of the reflectance spectrum using
the PCA test and Hierarchical Clustering showed the
appropriate resolution of all groups of fibers with
different dyes and mordants. As per hyperspectral
images, different dyes and mordants resulted in
different reflections at wavelengths of 430, 580, 600,
630, 680, 730, 800, and 830 nm. Subsequently, the
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