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a b s t r a c t

The use of forensic dye analysis in the field of cultural heritage is introduced, and a case study is pre-
sented determining the dating of a potentially important textile fragment from the Cleveland Museum of
Art. The fragment, attributed on stylistic grounds to the 15th century, is purportedly the oldest surviving
example of a Persian knotted-pile silk carpet. Raman spectroscopy combined with liquid chromatog-
raphy e mass spectrometry determined the dyes used in the fragment include Metanil yellow, Congo
red, and indigo, possibly in its synthetic form. Based on the dates of introduction for these dyes (1879,
1884, and 1897, respectively) and the first appearance of the textile fragment in 1928, the object is shown
to be almost certainly a late 19th or early 20th century creation. Furthermore, impurities found in the red
dye are suggested as potential markers of a pre-1970s synthetic route for manufacturing Congo red or
possibly degraded Congo red due to environmental pollutants.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dye analysis is a common aspect of forensic investigations
involving crime scene evidence such as textile fibers [1], hairs [2],
plastics [3], and inks [4]. These investigations employ a variety of
analytical approaches including UVevisible, Fourier transform
infrared (FTIR), Raman, and mass spectroscopies (MS), as well as
separation techniques such as thin layer chromatography (TLC) and
liquid chromatography (LC). In most instances involving textiles,
the analyst seeks to differentiate a range of dyes to show similarity
or dissimilarity between a piece of evidence and comparable items
found on a suspect or within their possession. This approach can
sometimes involve chemometric methods that help discriminate
dyes based on subtle differences in their analytical data [5]. Abso-
lute identification of the dye molecules is not always necessary.

Similar material analyses take place in museums, where tech-
nical examination of cultural heritage objectsdincluding dye ana-
lysisdis routine [6]. In this instance, however, the goals can be
more diverse, and sometimes more demanding in terms of the
specificity required. For instance, precise identification of dyes is
.D. Smith).
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necessary to inform decisions made by art conservators, who care
for museum collections, such as defining display parameters to
safeguard colorants with known light sensitivities [7]. Dye identi-
fication can also allow curators, who interpret museum collections,
to suggest a particular cultural association or a specific geographic
region for an artifact [8], or to establish potential trade routes
connecting groups of people [9]. These investigations sharemany of
the same practical considerations as those in crime scene evidence
analyses - complex samples in minute quantities that are often
irreplaceable - making the fields of forensic and cultural heritage
dye analysis similar.

One “forensic” application of dye analysis tomuseum collections
is the unmasking of forgeries or reproductions and other innocent
creations that have worked their way into the art market under
false pretenses. Such objects are a constant concern for museums
and collectors as they represent large financial investments, pollute
the art historical record, and deceive the visiting public. As a result,
museum professionals have sought to identify and remove such
objects from their collections, and scientific approaches to the
study of questioned artifacts in combination with connoisseurship
have long been useful tools for those efforts [10,11].

Throughout history, societies have used organic colorants to dye
the fibers used to make textiles. Initially, these colorants were
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. Carpet fragment CMA 1988.243 (a) with samples of blue (b), green (c), and red
(d) silk tufts for dye analysis. Sample locations are marked in (a). The fragment mea-
sures 60.6 � 37.5 cm. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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natural extracts from plants, fungi, and animal dyestuffs [12,13].
Examples include carmine from the cochineal insect (Dactylopius
coccus) [14] or indigoids from the Indigofera genus of plants [15].
Identification of these natural dyes provides little information
about the date of an object, as they have been available since an-
tiquity and are still available today. In 1856 with the discovery of
mauvine by the English scientist William Perkin, chemists began
producing synthetic dyes, initially from starting materials derived
from coal tar [16]. Since then, the chemical industry has generated
many economically important synthetic dyes and organic pig-
ments. Through the creation and use of synthetic dyes, a collection
of temporal waypoints has been created that can link the presence
of a synthetic color to specific dates of introduction [17e19]. In
cultural heritage, this is referred to by the Latin phrase terminus
post quem, or the “limit (date) after which” an object was made.

Terminus post quem dating can only provide the earliest date of
manufacture. For instance, Chen and coworkers identified the
synthetic dye Direct Red 23 (C.I. 29160) from red embroidery on a
man’s ceremonial coat (khalat) from Uzbekistan (2012.85) in the
collection of the Indianapolis Museum of Art at Newfields (IMA)
[20]; that dye was introduced in 1900 byWA. Israel& R. Kothe [17],
establishing the coat as a 20th century artifact. This identification
provided curators with an objectivemeasure of the object’s age that
supported dating based on the garment’s style and craftsmanship.
When a dye is identified whose creation post-dates the purported
date of the object, then the artifact’s datemust be reconsidered. The
presence of anachronistic materials, other than those due to a
repair or later addition, can be evidence of accidental misattribu-
tion or intentional misrepresentation. Examples of this approach to
unmasking forgeries using a variety of analytical techniques
abound in published analyses of paintings [21], postage stamps
[22], and enamels [23], for instance. Many additional examples of
using pigment anachronisms to identify fakes are collected in
published books on forger’s techniques [10,11].

Although the presence of synthetic colorants can indicate the
earliest possible date of production, the latest possible date usually
cannot be determined without other information, such as the ob-
ject’s provenance (history of ownership), since dyes theoretically
remain available forever after their discovery. A relatively small
number of colorants, however, saw only short periods of use that
might help bookend the date; for instance, the Naphthol AS
pigment PR11 (C.I.12,430) was introduced in 1911 [17], and dis-
continued in the mid-1990s [24]. Even in such cases, one cannot
rule out the use of old caches of a defunct colorant [25], the
intentional re-creation of an obsolete colorant [26], or the clever
ruse of a forger to acquire period artists’ materials to mislead
buyers or curators [27]. Regardless, the terminus post quem date
alone is often enough to unmask inauthentic objects, whether
made to deceive or not; it is otherwise difficult to explain an object
whose imagery and other traits suggest manufacture before its
colorants were available.

This paper describes the application of forensic dye analysis to
cultural heritage as part of a technical study of an intriguing and
potentially important Persian carpet fragment (1988.243) in the
collections of the Cleveland Museum of Art (CMA). The scientific
analysis of museum artworks does not appear to be common in the
forensic science literature; to the authors’ knowledge, in the past
forty years Forensic Science International has published only four
articles based on cultural heritage [28e31], and none of them dealt
with dye analysis. Partnerships between cultural heritage chemists,
also known as conservation scientists, and forensic analytical
chemists have in the past resulted in exciting synergy. For instance,
author Smith collaborated with forensic analytical chemists at
Curtin University to repurpose an ancient Egyptian pigment as a
modern luminescent fingerprint dusting powder [32,33]. The
2

authors hope that reports on the forensic analysis of cultural arti-
facts will be of interest to this specialist readership, especially
considering art-based crimes ranked as the third largest source of
criminal activity in 2014 according to the US Department of Justice
and UNESCO [34].
1.1. The earliest Persian silk knotted-pile carpet fragment

In 1988 CMA acquired a fragment (1988.243) believed by some
on stylistic and other grounds to represent the earliest known
Persian silk knotted-pile carpet, possibly dating from the 15th
century, Fig. 1. Others believe the fragment to be a fake. As detailed
below, the fragment’s provenance extends only as far back as 1928,
when it was already in its present, fragmentary state. Despite
questions raised about its authenticity, no technical or scientific
analysis has been undertaken on the fragment since it entered the
CMA’s collection [35].

The fragment first appeared in about 1928 and was described in
Oriental Art: Ceramics, Fabrics, Carpets by Raymond Koechlin and
Gaston Migeon [36]. Migeon (1861e1930) was a French art histo-
rian and former curator at the Louvre Museum, Paris; Koechlin
(1860e1931) was president of the French Council of National Mu-
seums. In their introductory essay on carpets, they state:

“We have however the good fortune to be able to illustrate here
a piece of silk carpet decorated with conventionalized animals so
unique in its archaic style (whether original or survival) that we feel
justified in offering it as the oldest known example of a carpet
containing living figures though we are unable to claim Persia or
Egypt as its origin, rather than Sicily or Spain. Persia is however the
most probable.” [36, p. 17, pl. LXXXII].

A color photographic reproduction was included, and the text
accompanying the image reads, “Piece of a silk carpet decorated
with conventionalized animals and lettering decoratively distorsed
[sic]… Islamic art before XV century. Belongs to Mr. George Hewitz
[sic, Hewitt] Myers, Washington.” The text continues, “Without
doubt the oldest specimen of carpet known with the exception of
the small piece with Cufic inscriptions from the excavations at
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Fostat (Arabian Museum at CairodAli Bey Bagtrat and Gabriel, pl.
XXXI, Paris 1921).” As organic, perishable artifacts, carpets of sig-
nificant age rarely survive, and silk objects are particularly prone to
degradation, depolymerization, hydrolysis, and yellowing when
exposed to light, heat, pollution, insects, and bio-organisms.

George Hewitt Myers (1875e1957), who owned the carpet
fragment at the time of the Koechlin and Migeon publication, was a
well-known carpet collector in the 1920s. He founded The Textile
Museum in Washington, DC (now the George Washington Univer-
sity Museum and The Textile Museum) in 1925 and was its primary
benefactor. By then his collection numbered some 275 carpets. In
the 1930s, his attention turned to collecting other types of textiles
and from that point onward his carpet collection grew only slowly
[37]. Myers purchased the fragment in question from the noted
Parisian dealer PaulMallon by 1928 according to handwritten notes
by Mallon’s stepson in the CMA’s files.

CMA records go on to say that in 1947, Maurice Sven Dimand,
curator of Near Eastern Art at the Metropolitan Museum of Art, told
Myers that the carpet fragment was a fake. As a result, Myers asked
Mallon to refund the purchase price and presumably sent the
fragment back to Paris. The fragment’s whereabouts for the next
four decades are unknown. Mallon died in Paris in December 1975;
in 1988, his stepson, Milton Girod-Mallon, gave the fragment to the
CMA [35].

In the fall of 2018, a London carpet expert and dealer asked that
the fragment be radiocarbon (14C) dated to lay to rest questions
about its age. Radiocarbon dating is seen by some as the gold
standard for ancient rug authentication and dating [38], and its use
has helped uncover fake textiles, such as some of the purportedly
medieval ‘Buyid Silks’ held in several collections, including the
CMA’s [39]. This request prompted author Hanson, CMA’s textile
conservator, to consider more conservative initial steps, and she
recommended that dye analysis precede radiocarbon dating
because it is less invasive. While both techniques require sample(s)
to be removed, dye analysis would allow less than 1 mg of a pile
knot to be taken from an unobtrusive area. In contrast, radiocarbon
dating would require a much larger sample of the undyed foun-
dation warp yarn, which would compromise the stability of the
knotted-pile structure in the area sampled. One caveat to this
procedure was that if only natural dyes were identified, the frag-
ment’s date would still be in question, although additional impor-
tant technical information would be added to our understanding of
the fragment.

2. Materials & methods

2.1. Samples

Sampling was preceded by examination using stereo, bright-
field, fluorescence, and polarized light microscopy, which indicated
the sampled pile was natural silk from an unrestored area of the
fragment. Three small samples (bundles), one each of the red,
green, and blue dyed silk were taken from the locations indicated in
Fig. 1(a) without compromising the structure of the fragment. The
samples were sent to the IMA for chemical analysis. Each bundle
was divided into two roughly equal parts. One was used for non-
destructive spectroscopic analysis followed by dye extraction and
chromatographic analysis while the other was retained for future
study. Authentic reference dye samples were acquired from various
suppliers as detailed in Table 1.

2.2. X-ray fluorescence spectroscopy (XRF)

A Bruker Tracer III-V handheld XRF with rhodium tube, silicon-
pin detector, and polymer window (~3 � 5 mm oval spot) was used
3

to identify any inorganic salts, i.e. mordants, applied to the silk fi-
bers during the dyeing process. Experimental parameters included
40 keV tube voltage, 6.5 mA current, and 180 s live time acquisitions
with no filtering of the excitation beam. A vacuum attachment
allowed for light element detection. Elemental survey spectra were
collected in the region from 0 to 40 keV.

2.3. Raman microspectroscopy

Raman spectra were acquired using a Bruker Senterra micro-
spectrometer on a Z-axis gantry. The analysis utilized a 785 nm
laser to overcome innate fluorescence in the fibers. Laser power at
the sample was 7.67 mW. The spectra are the result of 3 s in-
tegrations with 120 co-additions. A 50� ultra-long working dis-
tance objectivewas used to focus on a single fiber. The analysis spot
size was on the order of 1 mm, and the spectral resolutionwas in the
range of 9e18 cm�1. OPUS software allowed for automated cosmic
spike removal, peak shape correction, and spectral calibration.

2.4. Liquid chromatography e diode array detector - mass
spectrometry (LC-DAD-MS)

Analysis of dyes by LC-DAD-MS was performed as described in
detail by the authors elsewhere [20]. Because sample sizes were
necessarily limited and the nature of the colorants were unknown,
the method described was intentionally generic, capable of iden-
tifying a wide array of natural and synthetic colorants. LC-DAD-MS
was performed on dye extracts of each sample using a Thermo
Accela LC system coupled to both a DAD and an LTQ electrospray
ionization MS detector in sequence. The entire system was under
the control of Thermo Xcalibur ver 2.2 software. LC analysis was
performed using a Restek Ultra C18 reverse phase column
(150 mm � 4.6 mm, 5 mm particle). The column was eluted at
0.5 mL/min using a water-acetonitrile gradient system containing
0.1% formic acid. After equilibration at 3% acetonitrile, separation
was affected by a linear gradient of acetonitrile increasing from 3 to
93% in 60 min. The DAD detector was set to record spectra in the
range 200e800 nm at 20 Hz. The MS collected a full-scan mass
spectrum (FSMS) in the m/z range 50e2000 followed by two MS/
MS spectra of fragment ions resulting from helium collision-
induced dissociation (CID) respectively of the highest and second
highest ion detected in the FSMS. The sequence alternated rapidly
between positive and negative ionization modes.

The weights of fiber extracted for dye analysis were 396 mg for
blue, 458 mg for red, and 524 mg for green. Each fiber sample was
extracted in 200 mL of a 1:1 pyridine:water solution containing
50 mM oxalic acid (OAPW) at 80 �C for 60 min. Dye extraction ef-
ficiency has been studied thoroughly in the forensic science com-
munity. Wiggens has reviewed the extraction of synthetic dyes
from crime scene fibers [40]; however, natural dyes from historic
samples require special considerations in the cultural heritage field.
Wiggens only cursorily mentions the largest class of natural, his-
toric dyes, the mordant dyes, which he calls metallized dyes. Acidic
solutions are required to hydrolyze dye molecules from their
inorganic mordants, although strong mineral acids like HCl are
prone to also degrading important glycosyl conjugates of natural
dyes that can provide indications of plant species and other
botanical and biological information. OAPW was originally devel-
oped to effectively liberate dyes from the mordant and fiber while
maintaining glycosidic linkages [41], and it has since been found to
recover synthetic dyes from historic textile fibers [42]. Indigoid
compounds are not completely extracted using OAPW, and so a
60 min extraction in dimethylsulfoxide (DMSO) at 80 �C is used
when indigoids were suspected or traces of indigotinwere detected
in OAPW extracts. Indigoids are vat dyes and are not bound to the



Table 1
Compounds in CMA 1988.243 as determined by LC-DAD-MS, as well as data from relevant standards. The samples are color coded for clarity according to their visual
appearance.
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fiber with mordants, and therefore do not require an acidic solvent.
Following extraction, the OAPW solutions were evaporated us-

ing heat with a nitrogen purge, and the dried residues were re-
dissolved in 100 mL of a 1:1 methanol:water solution and filtered
through a 0.45 mm syringe filter to remove any insoluble materials
prior to analysis by LC-DAD-MS. However, extracts in DMSO were
filtered and analyzed directly. A blank chromatogram was run
before each sample extract to verify that there was no carryover or
contaminants from the previous injection.
3. Results & discussion

3.1. XRF

Many natural, historic dyes require the fiber to be pretreated
with an inorganic salt (a mordant) prior to the dyebath to generate
a washfast product [13]. The mordant binds to both the fiber and
the dye molecule to create an insoluble complex. Mordants also
affect the final color of the fiber: a limited number of dyes used
5

with several mordants can subtly alter hues in a textile. The entire
fiber bundle of each color was analyzed directly on the polymer
window of the portable XRF prior to dividing the sample. All three
fiber colors were found to contain aluminum, sulfur, calcium, po-
tassium, and iron. This suggests the silk threads may have been
treated with alum (K2SO4Al(SO4)3$24H2O), cream of tartar (potas-
sium bitartrate, KC4H5O6) and/or ferrous sulfate (FeSO4$7H2O) as
mordants, although greater specificity could not be determined.
These results are qualitatively similar to a recent study of ancient
Persian wool rugs from the Safavid Period (1499e1722) using
particle induced x-ray emission (PIXE) that also identified the
widespread use of Al and Fe mordants [43]. However, sulfur also
exists in small amounts in the silk biopolymer fibroin, and it and
the other elements detected could also occur naturally in the dust
and debris that have accumulated in the fibers over time, in hard
water used in the dying process, or in the previous use life of the
object [44]. It is worth noting that the results of this potentially
non-invasive analysis are entirely consistent with a 15th century
silk textile.



Fig. 3. Chromatogram of the DMSO extract of the blue fiber showing the main chro-
mophoric peak assigned to indigotin and a minor peak for the degradation product
isatin. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3.2. Raman spectroscopy

Raman microspectroscopy was used as a rapid, non-destructive
approach to pre-screen the colored fibers for their dye content. The
Raman scattering of the red fiber was extremely weak, yielding a
poor quality, unidentifiable Raman spectrum. However, the Raman
scattering of components in both the blue and green fibers was
stronger, as shown in Fig. 2. These spectra are consistent with the
Raman spectrum for both synthetic (C.I. 73000) and genuine nat-
ural indigo (C.I. 75780) as shown. The spectrumwas weaker for the
green fiber compared to the blue fiber, probably due to a lower
concentration of indigo in the former where it is likelymixedwith a
yellow dye that did not yield a strong Raman spectral component.

Vandenabeele and Moens have shown that natural and syn-
thetic indigo can be discriminated based on their dispersive Raman
spectra [45]. In their study, 20 pure pigment samples, from both
synthetic indigotin and natural extracts from the indigo and woad
plants, were analyzed five times each to build a spectral library of
known samples. Using chemometric techniques including principle
component analysis, hierarchical cluster analysis, and linear
discriminant analysis, the natural and synthetic samples could be
separated. This approach was not applied to the data from the
carpet fragment, however, because the authors did not have an
appropriate number of authentic indigo standards, and the
approach has not been proven on dyed fibers or extracts of historic
fiber samples.
3.3. LC-DAD-MS analysis

The extracts of all three fiber colors were analyzed by LC-DAD-
MS to identify principal colorant molecules, dye adjuvants, and
serendipitously transferred color from the dyeing process or pre-
vious use of the textile. Fig. 3 shows the chromatogram from the
blue fiber bundle extracted with DMSO. The main chromatographic
peak at 46 min was identified as indigotin, the principle colorant of
natural and synthetic indigo, based on its characteristic UVevis and
MS spectra [46]. Identification of each compound was based on the
physical data described in Table 1, which includes chromatographic
retention time, wavelength maxima in the UVevis absorption
spectrum, parent ion from the FSMS in both the positive and
negative modes, and the MS/MS fragmentation data whenever
possible. Additionally, comparisons were made with data from
reference materials run under the same conditions and literature
resources [47].

Indigo was found in both the blue and green thread samples
Fig. 2. Raman spectra of the green (bottom) and blue (lower middle) fibers from CMA
1988.243 compared to that of synthetic indigo (top) and natural indigo (upper middle).
The offset intensity scale shows comparative signal strength, although some spectra
were multiplied as indicated in the legend to increase their readability. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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(Table 1), although only a relatively small amount was seen in the
green fiber. The presence of indigo in these samples, and the
reduced signal of indigo in the green thread, are consistent with
their Raman spectra (vide supra). The blue fiber may also contain a
small amount of isatin; a minor component elutes at 24.3 min,
which is similar to that of an isatin standard (Table 1). Because of
the low amount of this component present in the blue fiber, the
UVevis and MS signals were both weak, making conclusive
assignment difficult. However, since isatin is a known light-induced
degradation product of indigo and is also used in its synthesis, its
presence in the sample is not unexpected [46]. No other indigoids
were found, including the red isomer of indigotin, i.e. indirubin,
which could indicate that the indigo in the sample is synthetic.
Textiles dyed with natural sources of plant-derived indigo
commonly contain both indigo and indirubin, along with isatin,
although an absolute criterion for determining if indigo is natural or
synthetic based on LC-MS data remains elusive. Synthetic indigo
was first produced by the German manufacturer BASF in 1897 [17].
The potential presence of synthetic indigo could indicate that the
silk in the carpet fragment was dyed sometime between 1897when
the dye was first available and 1928 when the carpet was first
documented.

In addition to indigo, the green fiber was also found to contain
the synthetic dye Metanil yellow (C.I. 13065), also known as Acid
Yellow 36. Based on the chromatographic data, the amount of
Metanil yellow is much greater than that of indigo in the green
fiber. As a poor dispersive Raman scatterer with near-infrared
excitation, Metanil yellow was not detected in the initial spectro-
scopic survey. Metanil yellow was first synthesized by C. Rumpff in
1879 [17]. It has been found in other late 19th/early 20th century
museum textiles using LC techniques including several Uzbek
suzani [48], a sitara that hung on the Bab al-Tawba inside the Ka’ba
in Mecca [49], and a Baluchi prayer rug and bag [50].

The red fiber sample was found to contain predominantly syn-
thetic dyes along with a smaller amount of several compounds
from natural sources (Table 1). The natural materials detected
include ellagic acid, a hydrolysis product of tannins from gallnuts,
which is sometimes used to treat silk as a weighting agent. Because
silk was sold based on its weight, the addition of metal salts or
organic compounds to the silk fiber or fabric addedweight and thus
increased its price. Weighting silk was a common practice in the
19th century, and Hacke reports the use of tannic compounds for
this purpose [51]. Unfortunately, weighting negatively affects the
preservation of silk. Selected ion monitoring at ellagic acid’s
psuedomolecular negative ion mass of m/z 301 revealed a trace
presence in the green fiber extract too, but no conclusive evidence
was found for it in the blue sample.

In addition, several components consistent with the use of the



Fig. 5. Negative ionization FSMS of Congo red eluting at 36.1 min in the red fiber from
CMA 1988.243 (a), and MS/MS spectrum from CID of the anion at m/z 651 (b). These
data are consistent with those from a Congo red standard (not shown).
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natural plant-based dye madder were identified in the red dyed
silk: munjistin, pseudopurpurin, purpurin, and a small amount of
alizarin. Of the Rubia species used as dyestuffs previously examined
by LC methods, only Rubia tinctorum is known to contain both
alizarin and purpurin [52]. Their combined presence in the red fiber
suggests this is the plant species used to generate the dye
appearing as a minor color component in the carpet fragment.

In addition to the natural compounds found in the extract of the
red fiber sample, the synthetic dye Metanil yellow was again
identified in the chromatogram at 43.1min in significant quantities,
suggesting intentional use rather than transfer from other areas of
the textile. Three other major components eluted at 28.5, 32.3, and
36.1 min. One of the primary coloring components observed at
36.1 min was identified as the synthetic disazo dye Congo red (C.I.
22120). Congo red, created by P. Bottinger in 1884 [17,53], was the
first of the so-called “direct dyes,” Direct Red 28, meaning that it is
taken up directly by the fiber without the need of a mordant.
Interestingly, in a recent LC-DAD analysis of red dyes in 20th cen-
tury Iranian carpets, the azo dyes Acid Red 88 (C.I. 15620) and/or
Acid Orange 7 (C.I. 15510) were found on 14 of 18 red fiber samples,
sometimes also with natural madder [54]. The use of both natural
and synthetic dyes in the same colored fiber was also observed by
the authors in the study of a 20th century Uzbek garment [20].

The other two major components observed in the red fiber
sample have not yet been positively identified, although they are
similar in their MS behavior to Congo red and are shown by the
evidence here to be structurally related. The FSMS of Congo red in
negative ionizationmode from the chromatogram in Fig. 4 is shown
in Fig. 5(a). It contains the pseudomolecular ion [M� H]- peak atm/
z 651 along with a peak of m/z 325 that is assignable to the doubly
charged ion [M � 2H]2- [55]. Furthermore, cluster ions were iden-
tified at higher m/z including 978 and 1305, although these are
highly dependent on the ESI conditions.

Fig. 5(b) shows the MS/MS spectrum of the Congo red anion of
m/z 651 in the FSMS after CID. Fig. 6 illustrates the fragments
formed in the MS/MS experiment. Cleavage between the nitrogens
of the azo group yields an ion of m/z 416 along with smaller frag-
ments atm/z 233, 234, or 235 [55]. Sequential neutral losses of two
equivalents of SO3 from the parent ion forms ions at first m/z 571
Fig. 4. Chromatogram of the red fiber from CMA 1988.243 recorded at 200e800 nm.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 6. MS/MS fragmentation scheme for Congo red. Molecules are shown as neutral
species, but the molecular weights are for the singly charged negative ion.
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and then 491. Neutral losses of N2 from the parent molecule and the
mono- and di-de-sulfonated species generate ions at m/z 623, 543,
and 463. The neutral loss of one SO3 and one SO2 from the parent
molecule to leave a hydroxy-substituted analog accounts for the
peak at m/z 507.

The two unidentified compounds observed in the chromato-
gram of the red fiber extract have similar mass spectra to Congo red
with respect to the presence of [M � H]- and [M � 2H]2-, although
their psuedomolecular ions are larger in mass by 24 (-m/z 675) and
12 units (- m/z 663), respectively (Table 1). Like Congo red, the
fragmentation of their [M � H]- ion in negative ionization MS/MS
includes loss of SO3 (�80) to give daughter ions (of relative abun-
dance)m/z 595 (3%) and 583 (35%), respectively, indicating they are
sulfonates. While the daughter ion m/z 595 is too small to attempt
further CID fragmentation (MS/MS/MS), the daughter ion at m/z
583 was further fragmented to produce a series of MS/MS/MS sub-
fragments, amongwhichwere ions ofm/z value 555 (21%), 519 (8%),
503 (100%), and 475 (20%). When these ions are mapped in the



Fig. 8. Chromatogram of the 1:1 methanol/water extract from Congo red pH paper
(inset) showing two unknown compounds along with Congo red. Retention times are
shifted by 0.26 min to correct for faster elution in a replacement LC column. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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scheme shown in Fig. 7, fragmentation for the unknown compound
of m/z 663 shows an analogous pattern to Congo red. These simi-
larities in the MS data suggest the unknowns are related to Congo
red, either as synthetic byproducts of its manufacture or from
subsequent reactions or degradations.

LC-DAD-MS analysis of modern Congo red stains from three
different suppliers (Sigma, Damon Educational Division, and Fisher
Scientific) exhibited high purity and did not show the additional
unknown compounds. Importantly, light aging experiments con-
ducted with the pure reference samples of Congo red from Sigma
and Damon did not create the two unknown compounds as photo-
products of Congo red degradation (not shown). The early synthesis
of Congo red used benzidine as starting material, but it was aban-
doned in the 1970s due to its carcinogenic nature (47, 53]. The
Congo red in the carpet fragment may have been made using this
earlier synthetic procedure, potentially resulting in synthetic
byproducts not seen in modern manufacture of the dye. Indeed,
other studies of Congo red have notedmajor impurities [56,57], and
one of those studies separated the compounds using normal phase
TLC with an elution order consistent with that found here using
reverse phase LC [56]. The contaminants, however, were never
identified.

A much older sample of Congo red was located in the form of pH
test strips that were found in a university chemical stock room,
inset of Fig. 8. Although the exact age of the sample is unknown, the
Fig. 7. Proposed negative ionization fragmentation pathway for unknown compounds
in the red fiber sample for the species eluting at 32.3 min. All ions except m/z 635 are
observed in MS/MS and MS/MS/MS experiments. The pattern mimics that of Congo
red, suggesting a structural relationship between the unknowns and Congo red.

8

product packaging - a cork stoppered glass tube with a brittle,
discolored brown paper printed commercial label - suggests that it
is of considerable age, perhaps even the first half of the 20th cen-
tury. When the dye was extracted from these test strips and
analyzed using the LC-DAD-MS method, the same two major un-
known bands at 28.5 and 32.3 min were seen in significant relative
concentrations to Congo red as observed in the carpet fragment
sample, Fig. 8. Although the exact chemical identification of these
impurities remains elusive, their presence offers the tantalizing
possibility that these unknown compounds could be markers for
the earlier (pre-1970s) synthesis of Congo red. However, the au-
thors cannot at this time rule out degradation reactions that could
have generated the unknown compounds in the carpet sample and
pH test papers over long periods of time. Additional efforts are
currently underway to test these hypotheses and identify the un-
knowns’ chemical structures.

4. Conclusions

Dye analysis of the CMA textile 1988.243 confirms that it is not a
15th century Persian carpet, but rather of more recentmanufacture.
This analysis was undertaken prior to radiocarbon dating in part
because it is a less invasive analytical technique; the current un-
derstanding of the textile now obviates the need for further sam-
pling or testing. Analysis of silk fiber samples from the carpet
fragment using both spectroscopic and chromatographic tech-
niques revealed that the blue fibers contained indigo, free of its
companion isomer indirubin that commonly occurs in many nat-
ural indigo dyes. As noted, differentiation of natural versus syn-
thetic indigo is difficult to achieve with confidence, but if the blue
colorant is in fact synthetic indigo, that dye was first available in
1897. The green fiber contains a combination of indigo and Metanil
yellow; the latter was first synthesized in 1879. The red dye used on
the silk is largely Congo red, created in 1884, but also with signif-
icant Metanil yellow present. That sample also contains significant
relative quantities of unknown, but related, disazo compounds that
perhaps result from early synthetic routes to Congo red or from
degradation reactions other than photooxidation by light exposure.

From these analyses it is apparent that two of the three carpet
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samplesdthe red and the yellowdare dyed using synthetic color-
ants not available until the last quarter of the 19th century. The
third silk color, blue, may also be a synthetic dyestuff, advancing the
terminus post quem to 1897 with the discovery of synthetic indigo,
just 30 years prior to the first appearance of the fragment in the
hands of a prominent collector in 1928. These results put to rest
questions of the object’s antiquity and the carpet’s importance in
the art historical record e it is a modern creation. Based on these
findings, radiocarbon dating would add nothing further to the
understanding of the object since the date range provided by dye
analysis is narrower than that typical of radiocarbon dating [38]. If
nothing else, the analysis presented here redirects future art his-
torical research on the carpet fragment to the first three decades of
the 20th century, enabling the CMA to concentrate its provenance
research on this time period to untangle the story of the carpet’s
manufacture and introduction to the market.

Declaration of competing interest

The authors have no competing interests

Acknowledgments

Author JME acknowledges Otterbein University’s generosity in
granting her sabbatical leave to work in the conservation science
laboratory of the IMA under the program Project MUSE: MUseum
Sabbatical Experiences for Faculty Teaching at the Arts-Science
Interface. Her participation in Project MUSE was funded by the
generous donation of Dr. andMrs. John and Sarah Lechleiter.We are
indebted to Dr. Chris Cooksey for pointing us to the early literature
on Congo red impurities. Author RH and the CMA are thankful to
the conservation scientists at the IMA for their willingness to un-
dertake dye analysis on the carpet fragment from the museum’s
collection.

References

[1] T.G. Schotman, X. Xu, N. Rodewijk, J. van der Weerd, Application of dye
analysis in forensic fibre and textile examination: case examples, Forensic Sci.
Int. 278 (2017) 338e350.

[2] J.A. Barrett, J.A. Siegel, J.V. Goodpaster, Forensic discrimination of dyed hair
color: I. UV-visible microspectrophotometry, J. Forensic Sci. 55 (2010)
323e333, https://doi.org/10.1111/j.1556-4029.2009.01306.x.

[3] C. Muehlethaler, Y.P. Cheng, S.K. Islam, J.R. Lombardi, Contribution of Raman
and surface enhanced Raman spectroscopy (SERS) to the analysis of vehicle
headlights: dye characterization, Forensic Sci. Int. 287 (2018) 98e107.

[4] X.-F. Wang, Y. Zhang, Y. Wu, M.-X. Xie, Identification and differentiation of the
red ink seals on document by laser desorption ionization mass spectrometry,
Forensic Sci. Int. (2014) 99e108.

[5] G. Sauzier, P. Giles, S.W. Lewis, W. van Bronswijk, In situ studies into the
characterisation and degradation of blue ballpoint inks by diffuse reflectance
visible spectroscopy, Anal. Meth. 7 (2015) 4892e4900.

[6] J. Kirby (Ed.), The Diversity of Dyes in History and Archaeology, Archetype,
London, 2017.

[7] G.D. Smith, V.J. Chen, K.F. Hostettler, C.E. Phipps, Disappearing ink! Unraveling
the fading of a contemporary design object, Phys. Sci. Revs. 4 (2019)
20180018, https://doi.org/10.1515/psr-2018-0018.

[8] A. Jolly, I.V. Berghe, J. Wouters, Europe or China? Dyestuff analyses as a tool for
attributions, in: J. Kirby (Ed.), The Diversity of Dyes in History and Archae-
ology, Archetype, London, 2017, pp. 6e17.

[9] M.M. Dusenbury (Ed.), Color in Ancient and Medieval East Asia, Spencer
Museum of Art, Lawrence, Kansas, USA, 2015.

[10] S.J. Fleming, Authenticity in Art: the Scientific Detection of Forgery, Institute
of Physics, London, 1975.

[11] P. Craddock (Ed.), Scientific Investigation of Copies, Fakes and Forgeries,
Butterworth Heinemann, Oxford, 2009.

[12] E.S. Ferreira, A.N. Hulme, H. McNab, A. Quye, The natural constituents of
historical textile dyes, Chem. Soc. Rev. 33 (2004) 329-336, https://doi.org/
10.1039/b305697j.

[13] D. Cardon, Natural Days: Sources, Tradition, Technology and Science, Arche-
type, London, 2007.

[14] E. Phipps, Cochineal Red: the Art History of a Color, Metropolitan Museum of
Art, New York, 2010.
9

[15] J. Balfour-Paul, Indigo, Archetype, London, 2007.
[16] S. Garfield, Mauve: How One Man Invented a Colour that Changed the World,

Faber & Faber, London, 2000.
[17] Bradford, Yorkshire, UK Colour Index, Society of Dyers and Colourists,

American Association of Textile Chemists and Colorists vol. 4, 1971.
[18] N. Eastaugh, V. Walsh, T. Chaplin, R. Siddall, Pigment Compendium: A Dic-

tionary and Optical Microscopy of Historical Pigments, Butterworth Heine-
mann, Oxford, 2008.

[19] M. de Keijzer, The history of modern synthetic inorganic and organic artists’
pigments, in: J.A. Mosk, N.H. Tennant (Eds.), Contributions to Conservation:
Research in Conservation at the Netherlands Institute for Cultural Heritage
(ICN), James and James, 2001, pp. 42e54. London.

[20] V.J. Chen, G.D. Smith, A. Holden, N. Paydar, K. Kiefer, Chemical analysis of dyes
on an Uzbek ceremonial coat: objective evidence for artifact dating and the
chemistry of early synthetic dyes, Dyes Pigments 131 (2016) 320e332.

[21] G.D. Smith, J.F. Hamm, D.A. Kushel, C.E. Rogge, What’s wrong with this pic-
ture? The technical analysis of a known forgery, in: P. Lang, R.A. Armitage
(Eds.), Collaborative Endeavors in the Chemical Analysis of Art and Cultural
Heritage Materials, vol. 1103, American Chemical Society, Washington, 2013,
pp. 1e21.

[22] T.D. Chaplin, R.J.H. Clark, D.R. Beech, Comparison of genuine (1851-1852 AD)
and forged or reproduction Hawaiian missionary stamps using, Raman
spectroscopy 33 (2002) 424e428.

[23] H.C. Santos, C. Caliri, L. Pappalardo, R. Catalano, A. Orlando, F. Rizzo,
F.P. Romano, Identification of forgeries in historical enamels by combining the
non-destructive scanning XRF imaging and alpha-PIXE portable techniques,
Microchem. J. 124 (2016) 241e246.

[24] J.F. Lomax, S.Q. Lomax, T.J.T. Moore, Synthesis of historical azo pigments: the
challenge and opportunity of the nearly forgotten, MRS Adv 2 (2017)
2007e2019.

[25] A. Lluveras, A. Torrents, P. Gir�aldez, M. Vendrell-Saz, Evidence for the use of
Egyptian blue in an 11th century mural altarpiece by SEM-EDS, FTIR and SR
XRD (Church of Sant Pere, Terrassa, Spain), Archaeometry 52 (2010) 308e319.

[26] S.Q. Lomax, J.F. Lomax, The synthesis characterization of historical novel azo
pigments: implications for conservation science, Herit. Sci. 7 (2019) 101,
https://doi.org/10.1186/s40494-019-0343-1.

[27] E. Hebborn, The Art Forger’s Handbook, Overlook Press, Woodstock, NY, USA,
1997.

[28] A. Dom�enech-Carb�o, M.T. Dom�enech-Carb�o, M.L. P�erez, M. Herrero-Cortell,
Detection of archaeological forgeries of Iberian lead plates using nano-
electrochemical techniques. The lot of fake plates from Bugarra (Spain),
Forensic Sci. Int. 247 (2015) 79e88, https://doi.org/10.1016/
j.forsciint.2014.12.001.

[29] J. del Hoyo-Mel�endez, K. Gondko, A. Mendys-Frodyma, M. Kr�ol, A. Klisi�nska-
Kopacz, J. Sobczyk, A. Jaworucka-Drath, A multi-technique approach for
detecting and evaluating material inconsistencies in historical banknotes,
Forensic Sci. Int. 266 (2016) 329e337, https://doi.org/10.1016/
j.forsciint.2016.06.018.

[30] D.L.A. de Faria, H.G.M. Edwards, V. Careagad, N. Walte, M.S. Maierd,
A definitive analytical spectroscopic study of Indian yellow, an ancient
pigment used for dating purposes, Forensic Sci. Int. 271 (2017) 1e7.

[31] G.D. Smith, Cow urine, Indian yellow, and art forgeries: an update, Forensic
Sci. Int. 276 (2017) e30ee34, https://doi.org/10.1016/j.forsciint.2017.04.013.

[32] B. Errington, G. Lawson, S.W. Lewis, G.D. Smith, Micronised Egyptian blue
pigment: a novel near-infrared luminescent fingerprint dusting powder, Dyes
Pigments 132 (2016) 310e315, https://doi.org/10.1016/j.dyepig.2016.05.008.

[33] S. Shahbazi, J.V. Goodpaster, G.D. Smith, T. Becker, S.W. Lewis, Preparation,
characterization, and application of a lipophilic coated exfoliated Egyptian
blue for near-infrared luminescent latent fingermark detection, Forensic
Chem 18 (2020) 100208, https://doi.org/10.1016/j.forc.2019.100208.

[34] K. Hollington, After Drugs and Guns, Art Theft Is the Biggest Criminal Enter-
prise in the World, Newsweek Mag., 2014, p. 18. July 2014. Accessed 7 July
2020, https://www.newsweek.com/2014/07/18/after-drugs-and-guns-art-
theft-biggest-criminal-enterprise-world-260386.html.

[35] The year in review for 1988, Bull. Cleve. Mus. Art 76 (2) (1989) 30e75.
Accessed May 27, 2020, www.jstor.org/stable/25160061.

[36] R. Koechlin, F. Heywood, G. Migeon, Oriental Art. Ceramics, Fabrics, Carpets.
One Hundred Plates in Colour, in: F. Heywood (Trans) (Ed.), Pl. C. Ernest Benn,
London, 1928.

[37] S.P. Collins, Collectors: George Hewitt Myers 1875-1957, Hali Int. J. Orient 27
(1985) 6e7.

[38] C. Prior, A carbon-14 primer, Hali Int. J. Orient. 174 (2012) 24e27.
[39] S.S. Blair, J.M. Bloom, A.E. Wardwell, Reevaluating the date of the ‘Buyid’ silks

by epigraphic and radiocarbon analysis, Ars Orient. 22 (1992) 1e41.
[40] K.G. Wiggins, Fiber dyes analysis, in: J. Robertson, C. Roux, K.G. Wiggins (Eds.),

Forensic Analysis of Fibres, third ed., CRC Press, Boca Raton, FL, USA, 2018,
pp. 224e243.

[41] C. Mouri, R. Laursen, Identification and partial characterization of C-glyco-
sylflavone markers in Asian plant dyes using liquid chromatographyetandem
mass spectrometry, J. Chromatogr., A 1218 (2011) 7325e7330, https://doi.org/
10.1016/j.chroma.2011.08.048.

[42] J. Liu, Y. Zhou, F. Zhao, Z. Peng, S. Wang, Identification of early synthetic dyes
in historical Chinese textiles of the late nineteenth century by high-perfor-
mance liquid chromatography coupled with diode array detection and mass
spectrometry, Color. Technol. 132 (2016) 177e185, https://doi.org/10.1111/

http://refhub.elsevier.com/S2589-871X(20)30068-1/sref1
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref1
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref1
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref1
https://doi.org/10.1111/j.1556-4029.2009.01306.x
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref3
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref3
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref3
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref3
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref4
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref4
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref4
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref4
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref5
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref5
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref5
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref5
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref6
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref6
https://doi.org/10.1515/psr-2018-0018
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref8
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref8
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref8
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref8
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref9
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref9
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref10
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref10
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref11
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref11
https://doi.org/10.1039/b305697j
https://doi.org/10.1039/b305697j
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref13
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref13
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref14
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref14
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref15
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref16
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref16
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref16
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref17
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref17
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref18
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref18
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref18
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref19
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref19
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref19
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref19
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref19
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref20
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref20
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref20
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref20
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref21
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref21
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref21
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref21
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref21
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref21
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref22
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref22
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref22
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref22
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref23
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref23
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref23
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref23
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref23
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref24
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref24
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref24
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref24
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref25
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref25
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref25
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref25
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref25
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref25
https://doi.org/10.1186/s40494-019-0343-1
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref27
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref27
https://doi.org/10.1016/j.forsciint.2014.12.001
https://doi.org/10.1016/j.forsciint.2014.12.001
https://doi.org/10.1016/j.forsciint.2016.06.018
https://doi.org/10.1016/j.forsciint.2016.06.018
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref30
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref30
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref30
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref30
https://doi.org/10.1016/j.forsciint.2017.04.013
https://doi.org/10.1016/j.dyepig.2016.05.008
https://doi.org/10.1016/j.forc.2019.100208
https://www.newsweek.com/2014/07/18/after-drugs-and-guns-art-theft-biggest-criminal-enterprise-world-260386.html
https://www.newsweek.com/2014/07/18/after-drugs-and-guns-art-theft-biggest-criminal-enterprise-world-260386.html
http://www.jstor.org/stable/25160061
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref36
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref36
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref36
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref37
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref37
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref37
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref38
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref38
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref39
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref39
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref39
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref40
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref40
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref40
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref40
https://doi.org/10.1016/j.chroma.2011.08.048
https://doi.org/10.1016/j.chroma.2011.08.048
https://doi.org/10.1111/cote.12205


G.D. Smith, J.M. Esson, V.J. Chen et al. Forensic Science International: Synergy 3 (2021) 100130
cote.12205.
[43] O. Kakuee, V. Fathollahi, P. Oliaiy, S. Mesbahi, Investigation of mordants for

dyeing of yarns in ancient Persian carpets (15th-17th century) by IBA methods,
Nucl. Instrum. Methods Phys. Res. B 450 (2019) 294e298.

[44] J. Alc�antara-García, M. Nix, Multi-instrumental approach with archival
research to study the Norwich textile industry in the late nineteenth and early
nineteenth centuries: the example of a Norwich pattern book dated c. 1790-
1793, Herit. Sci 6 (2018) 76, https://doi.org/10.1186/s40494-018-0242-x.

[45] P. Vandenabeele, L. Moens, Micro-Raman spectroscopy of natural and syn-
thetic indigo samples, Analyst 128 (2003) 187e193.

[46] M. Puchalska, K. Połe�c-Pawlak, I. Zadro _zna, H. Hryszko, M. Jarosz, Identifica-
tion of indigoid dyes in natural organic pigments used in historical art objects
by high-performance liquid chromatography coupled to electrospray ioniza-
tion mass spectrometry, J. Mass Spectrom. 39 (2004) 1441e1449.

[47] F.J. Green, The Sigma-Aldrich Handbook of Stains, Dyes and Indicators, Aldrich
Chemical Co., Milwaukee, WI, USA, 1990.

[48] X. Zhang, R. Laursen, S. Osipova, Analysis of dyes in some 19th century Uzbek
suzanis, in: J. Kirby (Ed.), The Diversity of Dyes in History and Archaeology,
Archetype, London, 2017, pp. 339e348.

[49] K.M. Kern, Y. Rosenfield, F. Car�o, N. Shibayama, The sacred and the modern:
the history, conservation, and science of the Madina sitara, Metrop. Mus. J. 52
(2017) 72e93.

[50] K. Kagouridi, E. Mexa, V.J. Chen, G.D. Smith, Y. Xu, In the Field of Baluch: Dye
Analysis on Weavings from the Sarzetakis Collection, Academia.com, March
10
16, 2018. Accessed 8 July 2020, https://www.academia.edu/36169761/In_the_
field_of_Baluch_Dye_analysis_on_weavings_from_the_Sarzetakis_Collection.

[51] M. Hacke, Weighted silk: history, analysis and conservation, Rev. Conserv. 9
(2008) 3e15.

[52] C. Mouri, R. Laursen, Identification of anthraquinone markers for dis-
tinguishing Rubia species in madder-dyed textiles by HPLC, Microchim. Acta
179 (2012) 105e113.

[53] C. Cooksey, Quirks of dye nomenclature. 2. Congo red, Biotech. Histochem. 89
(2014) 384e387, https://doi.org/10.3109/10520295.2014.880513.

[54] Z. Chahardoli, I. van den Berghe, R. Mazzeo, Twentieth century Iranian car-
pets: investigation of red dye molecules and study of traditional madder
dyeing techniques, Herit. Sci. 7 (2019) 57, https://doi.org/10.1186/s40494-
019-0288-4.

[55] Y. Ding, C. Sun, X. Xu, Simultaneous identification of nine carcinogenic dyes
from textiles by liquid chromatography/electrospray ionization mass spec-
trometry via negative/positive ion switching mode, Eur. J. Mass Spectrom. 15
(2009) 705e713, https://doi.org/10.1255/ejms.1032.

[56] T.M. Reid, K.C. Morton, C.Y. Wang, C.M. King, Mutagenicity of azo dyes
following metabolism by different reductive/oxidative systems, Environ.
Mutagen. 6 (1984) 705e717.

[57] O.I. Antimonova, N.A. Grudinina, V.V. Egorov, D.S. Polyakov, V.V. Il’in,
M.M. Shavlovskii, Interaction of Congo red with fibrils of lysozyme, beta2-
microglobulin, and transthyretin, Cell Tissue Bio 10 (2016) 468e475.

https://doi.org/10.1111/cote.12205
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref43
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref43
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref43
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref43
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref43
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref43
https://doi.org/10.1186/s40494-018-0242-x
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref45
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref45
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref45
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref46
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref46
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref46
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref46
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref46
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref46
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref46
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref47
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref47
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref48
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref48
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref48
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref48
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref49
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref49
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref49
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref49
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref49
https://www.academia.edu/36169761/In_the_field_of_Baluch_Dye_analysis_on_weavings_from_the_Sarzetakis_Collection
https://www.academia.edu/36169761/In_the_field_of_Baluch_Dye_analysis_on_weavings_from_the_Sarzetakis_Collection
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref51
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref51
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref51
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref52
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref52
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref52
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref52
https://doi.org/10.3109/10520295.2014.880513
https://doi.org/10.1186/s40494-019-0288-4
https://doi.org/10.1186/s40494-019-0288-4
https://doi.org/10.1255/ejms.1032
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref56
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref56
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref56
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref56
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref57
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref57
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref57
http://refhub.elsevier.com/S2589-871X(20)30068-1/sref57

	Forensic dye analysis in cultural heritage: Unraveling the authenticity of the earliest Persian knotted-pile silk carpet
	1. Introduction
	1.1. The earliest Persian silk knotted-pile carpet fragment

	2. Materials & methods
	2.1. Samples
	2.2. X-ray fluorescence spectroscopy (XRF)
	2.3. Raman microspectroscopy
	2.4. Liquid chromatography – diode array detector - mass spectrometry (LC-DAD-MS)

	3. Results & discussion
	3.1. XRF
	3.2. Raman spectroscopy
	3.3. LC-DAD-MS analysis

	4. Conclusions
	Declaration of competing interest
	Acknowledgments
	References


