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A pattern-recognition algorithm combined with near-infra-red reflectance spectroscopy has been
modified to function as a non-destructive analysis technique for identifying dyes present on textiles.
Samples of 261 dyes and textiles were measured in the 1100-2500 nm region to form a near-infra-
red (reflectance) spectral library. Principal component analysis (PCA) was used to generate an
orthonormal reference library from the library of original spectra. The PCA aigorithm treats the spectra
in the library as an n component quantitative analysis problem in which each spectrum represents a
standard mixture having a concentration of 1.0 for that component. Spectra of dyed textiles were
used as an unknown set in a library search. This new method saves time and materials in comparison
with traditional methods of analysing dyes present on textile fibres. The library of dye spectra can be
developed from measurements made directly on dye powder without interference from inorganic
diluents. The method was successfully used to identify the dyes present on five textiles. The
technique is particularly well suited for studying forensic, historic and archaeological textiles because

of its non-destructive nature and ability to analyse small amounts of sample.

INTRODUCTION

The identification of dyes on dyed textiles is traditionally
carried out by destructive techniques [1]. Characteristic
colour changes of the dye present on the textile following
treatment with various reagents have been used, although
more usually some kind of solvent treatment to remove
the dye is involved. The nature of the solvent that effects
removal can be useful in determining the class of dye on
the fibre. Once the dye is removed, characteristic colour
reactions can again be used to identify and classify the
particular dye [2]. Comparison of the visible absorption
spectrum of the extracted dye with that of a known
sample can be used as a confirmation [3]. Chroma-
tography, especially thin layer, is a powerful tool in the
identification of extracted dye.

The traditional methods are destructive and the process
of stripping the dye from the fibre destroys the dye—fibre
complex, leading to the loss of potentially useful infor-
mation concerning the distribution of dye(s) within the
fibres and thus the dyeing process itself. There is
considerable scope for the development and use of
alternative non-destructive methods. In the past it was felt
that near-IR spectra were too weak and complicated for
identification purposes. Spectra in the mid-IR region were
stronger and provided a good fingerprint. Howevet, recent
advances in near-IR detectors coupled with a strong light
source have resulted in excellent spectra. Moreover,
methods of chemometrics, ie. applying statistics to
chemical analysis problems, has greatly increased the use of

near-IR spectroscopy for numerous chemical problems. In
addition, reflection/absorption spectra of solid samples are
very easy to measure in the near-IR region. This region of
the electromagnetic spectrum (700-2500 nm) is a fertile
source of chemical information in the form of overtone and
combination bands of the fundamental infra-red absorp-
tions and low-energy electronic transitions.

Near-infra-red spectrophotometry (NIRS) has found
widespread use in analytical biochemistry [4], food
processing [5], polymer [6], pulp and paper, tobacco,
petrochemical, textile and pharmaceutical industries [6,7].
In the textile area NIRS has been widely adopted for the
qualitative and quantitative analysis of fibres, of sizing
materials and of finishes. Its use for analysing dyes has
been less widely adopted [8,9].

In the present study, we investigated the capability of
near-infra-red spectroscopy to perform non-destructive
identification of dyes present on dyed textiles. An
algorithm for identifying components in a mixture of
components was employed to identify dyes present in
textiles and the composition of the textile. This algorithm
is referred to as a ‘mix-match’ search and was developed
at the University of Rhode Island over a period of five
years [10-14]. It has been applied to mid-IR gas-phase
pollutant spectra [11], near-IR spectra of neat mixtures of
organic solvent [12] and UV-visible spectra of solutions of
organic mixtures [13]. In the present case, it will be shown
that both the fabric and the dye can be identified from the
spectrum despite the dominance of the fabric component.

JSDC Vorume 113 Fesruary 1997 51




MATERIALS AND METHODS

Spectroscopic measurements

NIR reflectance spectra were measured on an NIR
Systems mode! 5000 scanning spectrophotometer. The
spectra were measured in a range from 1100 to 2500 nm at
2.0 nm intervals. A library was developed which consisted
of 261 NIR spectra including those of 26 undyed textiles
and 235 dyes. Fabric samples were laid on a quartz
window located directly above the instrument detectors.
Dyes were measured as powders directly from the boitle
(thus including the diluent commonly present in
commercial dyes). Samples of dye powder were laid on
the quartz window in the same manner. The spectrum of
each sample was an averaged signal of 32 scans, e.g. the
spectrum of the same spot on a piece of fabric or the same
area of dye powder was measured 32 times consecutively.
In this investigation the spectra of five textiles, each dyed
with 1% o.w.f. of a single dye, were used as unknown
spectra (Table 1). The components (dyes and textiles) in
the five unknowns were known to be present in the
spectral library. Spectra of all unknowns were measured
under the same conditions as used for developing the
library.

Table 1 Compositions of dyed textiles

Textile component Dye component
Unknown  Name No Name No
1 Cotton T05 Cl Direct Red 23 D224
2 Wool T23 Cl Acid Blue 43 D232
3 Cotton TO5 Cl Direct Yellow 50 D229
4 Wool T23 Cl Acid CI Black 58 D234
5 Cotton TO5 Cl Direct Yellow 110 D230
Spectral processing

All spectra were transferred to Lab-Calc software (Galactic
Industries) for preliminary processing and display.
Computer programs for performing the library training
and mix—match search were written in Quick Basic. All
computations needed for training the library and for
searching the library were performed on a Dell 80486DX
33 MHz computer.

Library calibration and composition identification

Prior to unknown spectra analysis, principal component
analysis (PCA) was used to generate an orthonormal
reference library for the 261 standard spectra using 50
loading vectors (i.e. principal component spectra). These
orthogonal vectors for principal component regression
(PCR) were obtained by successive average orthogonal-
isation [15]. The mix-match algorithm treated the spectra
in the library as an n component quantitative analysis
problem in which each spectrum represents a pure
compound having a concentration of 1.0 for that
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component. The scores of the library spectra were
calculated by taking the projection of each spectrum onto
the principal component loading vectors. The concen-
trations of each library sample were regressed onto the
scores to produce regression coefficients. A flow chart for
training a library and searching unknowns is shown in
Figure 1. After the library had been trained, the
components of a dyed textile could be determined by
mix-match search.
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Figure 1 Complete procedural flow chart for mix-match search

In the case of an unknown, its spectrum was projected
onto the principal component loading vectors and the
resulting scores were multiplied by the regression
coefficients to obtain composition indices (I, values),
which were pseudo-concentrations of the components in
the library in the unknown sample. During the first pass
through the spectral library, the top 20 hits with the
highest I, values were selected and these were subjected
to a full PCA. The search was repeated on this 20-
compound subset using all 20 loading vectors to give an
exact fit of the unknown spectrum. Following this, an
adaptive filter was used to remove all similarity of the first
target spectrum from the mixture spectrum and from the
subset of 20 spectra [16,17]. This modified data set was
subjected to PCA, and another mix-match search per-
formed on this set to identify the second component in the
mixture spectrum.

The spectral pattern of a dyed textile is dominated by
the textile substrate. The library was therefore searched for
the textile spectrum first. In most of the searches the dye
did not appear in the top 20 hits in this first search. In such
a case the adaptive filter was applied to the entire library,
i.e. the entire library of spectra was made orthogonal to
the spectrum of the textile. These modified spectral data
were subjected to a PCA and the mix-match search
repeated. The search results were now limited to the dye
candidates that were listed in order of composifion index.
In all cases one candidate had a large composition
index indicating that it was most likely to be the dye



present on the textile (i.e. the target dye). The search was
repeated on the top 20 candidates using all 20 loading
vectors to give an exact fit of the unknown spectrum; in all
cases the composition index of the prime candidate was
increased and the likely identity of the dye made more
certain. As further confirmation, the process was repeated
after removing the spectrum of the target dye. Residual 1.
values of the order of 0.05 indicated that no further
components were present.

RESULTS AND DISCUSSION

The analysis was used to identify the dye present on five
dyed textiles; each dyed textile consisted of a single dye
and the textile. In this investigation, the first unknown
mixture was the only case in which the target dye was
listed in the top 20 hits during the primary search, For the
other unknown mixtures, the target dyes were not in the
top 20 hits during the first pass primary search. The first
unknown consisted of cotton (T05) dyed with CI Direct
Red 23 (D224); the spectra are shown in Figure 2. The
analysis results for this dyed textile are shown in Figure
3(aand b).

In the first round primary search, cotton was the first
hit (I. = 0.288) and CI Direct Red 23 was the fourth hit (I,
= (.141). After the primary search through the library, the
top 20 hits with highest [. value were selected and these
were subjected to a full principal component analysis. The
search was repeated on this 20 compound subset using 20
loading vectors to give an exact fit of the unknown
spectrum. Cotton was still the first choice (I. = 0.889) and
CI Direct Red 23 was the fourth choice (I. = 0.084). The
adaptive filter was then applied to remove all similarity of
the cotton from the dyed textile spectrum and from all
spectra in the library. This was because some of the library
spectra might have had bands similar to some of the
absorptions in the spectrum of cotton and it was
important that these be removed before proceeding with
the analysis. During the second pass through the entire
library, CI Direct Red 23 was the first choice (Figure 3b,
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Figure 2 Near-IR spectra of unknown 1, cotton and Cl Direct Red 23
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Figure 3 Results of match search for unknown 1 (T05/D224); (a) first
pass through library, {b) second pass through library after making
library spectra and unknown spectra orthogonal to the spectrum of
cotton

primary search). In the search of the top 20 hits (Figure 3b,
subgroup search), ClI Direct Red 23 was clearly the major
component contributing to the modified spectrum. As a
confirmation, the adaptive filter was applied to remove
the result for this dye. Following this the I, values of CI
Direct Red 23 was zero and the residuals were reduced to
0.05. The small residuals indicated that the mix-match
search had correctly identified both the textile and the
dye, and that no other component was present.

The spectra of the second unknown dyed textile and its
two components, wool and CI Acid Blue 43, are shown in
Figure 4. The results for the mixture analysis are displayed
in Figure 5(a and b). Once again, during the first pass
through the entire library of 261 spectra, wool (T23) was in
the first position. The dye component, CI Acid Blue 43
(D232), did not appear in the top 20 candidates. In the pass
through the subgroup, wool was still in the highest
position. The adaptive filter was applied to remove all
similarity of the wool from the mixture spectrum and the
library spectra. During the second pass through the library
spectra, CI Acid Blue 43 was in the top position. Both
components were in the top 20 only in the analysis of the
first unknown. In the other unknowns, only the textile
appeared in the top 20 during the first pass. Thus it was
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Figure 4 Near-IR spectra of unknown 2, wool and Cl Acid Blue 43
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Figure 5 Results of match search for unknown 2 (123/D232); (a) first
pass through library, (b} second pass through library after making
library spectra and unknown spectra orthogonal to the spectrum of
wool {for key see Figure 3)

necessary to perform the second pass on the entire library.
After the result for CI Acid Blue 43 was filtered from the
library, all the I, values were reduced to the residual level,
indicating that all components had been identified.

The third unknown was a cotton fabric dyed with CI
Direct Yellow 50; the spectra are shown in Figure 6. The
library spectrum of this dye is very similar to that of 1
Direct Red 23 in Figure 2. Using traditional methods of IR
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or near-IR analysis relying on direct visual comparison of
spectra these two would be barely distinguishable. The
mix-match search results are shown in Figure 7(a and b).
The textile component, cotton (T05), was identified during
the first pass through the library. The subgroup search
confirmed the results of the primary search. After
applying the adaptive filter, the dye CI Direct Yellow 50
(D229) was correctly identified, and was clearly the only
component contributing to the modified spectrum. These
results demonstrate the power of the present method and
its clear advantage over traditional comparative methods.
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Figure 6 Near-IR spectra of unknown 3, cotton and CI Direct Yellow
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Figure 7 Results of match search for unknown 3 (T05/D229); (a) first
pass through library, (b) second pass through library after making library
spectra and unknown spectra orthogonal to the spectrum of cotton




The remaining two dyed textiles consisted of wool (123)
dyed with CI Acid Black 58 (D234), and cotton (TO5) dyed
with CI Direct Yellow 110 (D230). The spectra of the
unknown mixtures and their components are shown in
Figures 8 and 10. The results of a mix-match search for
these two dyed textiles are shown in Figures 9(a and b,
and Figures 11(a and b) respectively. In each case both
textile components were correctly identified in the first
pass through the library and the dye components
identified correctly after removing the spectra of the textile
substrates with the adaptive filter.
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Figure 8 Near-IR spectra of unknown 4, wool and Cl Acid Black 58
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Figure 9 Results of match search for unknown 4 (T23/D234}; (a) first
pass through library, (b} second pass through library after making
library spectra and unknown spectra orthogonal to the spectrum of
wool (for key see Figure 3}
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Figure 10 Near-IR spectra of unknown 5, cotton and CI Direct Yellow
110
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Figure 11 Results of match search for unknown 5 (TO5/D230); (a) first
pass through library, (b) second pass through library after making
library spectra and unknown spectra orthogonal to the spectrum of
cotton (for key see Figure 3)

CONCLUSIONS

A recently developed pattern-recognition algorithm, mix—
match search, was combined with near-infra-red reflect-
ance spectroscopy as a non-destructive analysis technique
for identifying dyes present on textiles. This new method
saves time and materials in comparison with traditional
methods of analysing dyed textiles and provides
identification information otherwise unobtainable with
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usual NIR spectral analysis. A library of dye spectra can be
developed from measurements made directly on dye
powders without interference from inorganic diluents,
eliminating the need for dyes to be applied to a textile
substrate. In this investigation the method was success-
fully used to identify the dyes present on five textiles. In
no cases did the method fail to identify the dye present.

As a spectrometric technique, near-infra-red analysis is
fast, simple to perform (dyed textiles are placed in a
holder, scanned, and then removed) and relatively
inexpensive. The textile makes a much larger contribution
to the spectrum than the dye. However, the mix-match
algorithm makes it possible to identify both. In the past the
algorithm has been used to identify as many as four
components in mixtures of organic chemicals. Currently
we are exploring the feasibility of using it to identity
multiple dye components that would be found in textiles
dyed with more than one dye. We are also investigating
the lower limit of dye concentration on textiles that the
method will successfully analyse.

The technique is particularly well suited for studying
forensic, historic and archaeological textiles because of its
non-destructive nature and ability to analyse very small
samples. The method is as suitable as any other spectro-
metric technique for use on the microscopic scale. The
analysis has been successfully performed on samples of

0.5 cm diameter. However, the lower limit of sample size
has yet to be established but is currently under
investigation.
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