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Abstract

This paper explores the use of portable Raman instruments to characterise nat-

ural dye lakes in paint mixtures, as an alternative approach to other Raman

techniques (e.g. SERS). Raman spectroscopy has indeed been used extensively

to study natural dyes as pure substances or as artistic pigments (dye lakes).

However, the examination of these compounds with Raman spectroscopy is

particularly challenging because of a strong fluorescence, a relatively weak

Raman signal and their occurrence at low concentrations in artefacts. Because

of these challenges, the typical way of analysing these materials is through

either surface-enhanced Raman spectroscopy (SERS) or Fourier-transform

(FT) Raman spectroscopy, yet those approaches are not always desirable in art

analysis, especially as they often require micro-sampling. Therefore, this study

explores the potential of using commercial mobile instruments, which would

open the possibilities for direct in situ analysis. Two dispersive instruments,

one using a fibre-optic probe and a 1064-nm excitation laser and the other

using the subtracted-shifted excitation (SSE) post-processing algorithm, have

been tested in their feasibility to characterise dye lakes. Raman spectra were

acquired from a set of laboratory reproductions of paint mixtures prepared

with a chosen set of common lakes, three red (brazilwood, cochineal and

madder) and one yellow (weld), mixed with natural proteinaceous and

polysaccharide binders. The feasibility has been evaluated, and it is shown that

these lakes produce a detectable Raman signal, in spite of the strong interfer-

ence of the painting support (parchment) and that the two instruments provide

significantly different information.
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1 | INTRODUCTION

A major challenge for conservation scientists is the
identification of historical organic dyes in painted art-
works. These encompass the dyestuffs derived from such
natural sources as animal and plant juices, which were
typically further processed prior to pictorial use. Because
of their strong solubility in the aqueous medium, natural
dyes are not suitable for direct use and need to be con-
verted to a water-insoluble form, for instance through
precipitation as an insoluble metal-dye complex,[1–3] with
alum (KAl [SO4]2 � 12 H2O) being the predominant
choice to obtain Al3+ and form the Al (III)-chelates.[4–6]

These complexes are commonly named lakes and found
large use in painted artefacts like easel paintings[7], print
colouring[8,9] or illuminated manuscripts.[10–12]

To detect historical lakes' composition, Raman
spectroscopy has proved to be a useful method, yet with
some challenges. Lakes typically contain molecules with
a large absorption cross-section of visible radiation like
hydroxyanthraquinones, homoisoflavonoids, flavonols or
indigoids,[13,14] and consequently, their tinting strength is
very high. As a result, these materials generally occur at
low concentrations in artefacts.[15] Another factor is that
some dyes are strongly fluorescent in the visible
range,[14,16,17] resulting in a dominating fluorescence
background that obscures their Raman signal. Moreover,
in artworks, Raman features can also be overwhelmed by
the interfering fluorescence of other materials present
like binders and extenders in the same matrix, of other
pictorial levels or even of the painting support.

Some strategies have been elaborated to work around
these challenges. The most common approach is to amplify
the Raman cross-section by adsorbing a small portion of
these materials on metal surfaces (surface-enhanced Raman
spectroscopy, SERS; surface-enhanced resonance Raman
spectroscopy, SERRS) that allowed to obtain Raman spectra
of several major chromophores in their pure form, includ-
ing alizarin,[18–21] purpurin,[20,21] carminic acid,[20,22] laccaic
acid,[20,23] indigo,[15] luteolin and apigenin.[24,25] Fourier-
transform Raman spectroscopy (FT-Raman spectroscopy) is
another approach to reduce the interference from fluores-
cence, that is, however, less frequently used. However, it
was implemented to characterise alizarin,[18] chrysin,
apigenin, luteolin[26] and brazilein—either pure[27] or in
association with other compounds from wood samples.[28]

Not only individual natural dyes but also their coordi-
nation complexes have been investigated with Raman
methods. In some cases, those studies involved laboratory
reproductions[29–31]; other times, they were characterised
with subtracted-shifted Raman microscopy,[32–36]

FT-Raman spectroscopy,[37] SERRS[38,39] and SERS the
red lakes of historical textile[40–44] or paint[45,46] samples.

Yellow and blue lakes have also been studied through
SERS[42,47] or SERS-derived techniques.[50]

Although efficient, the mentioned methods present
several drawbacks. The most apparent is that analysing
with benchtop instruments requires either displacing the
artwork bearing the dye lake-containing paints to an
analytical facility or micro-sampling the materials of
interest. Moreover, specific training is needed to prepare
the SERS substrates to examine the dye. In general, in
cultural heritage research, sample-based techniques are
not desirable as they cause micro-destruction of the
artefact under study. As the collected samples typically
cannot be recovered from the SERS surfaces, they are not
available for further analysis. Finally, one or more stages
of sample preparation can be necessary, reducing the
advantages of Raman spectroscopy.

Portable Raman methods offer an interesting alterna-
tive. Relatively low-weight instrumentation can be carried
around to inspect an artistic object on its site of conserva-
tion.[51] Adopting portable devices allows minimising the
threat of mechanical and chemical micro-damage caused
by dislocation while avoiding the need of micro-sampling.
These opportunities encouraged archaeometric applica-
tions of the technique[52–57]; thus, a variety of artistic
objects was characterised in field surveys with mobile
instruments: amongst others, stained glasses,[58,59] glazed
ceramic artefacts[60–64] or illuminated manuscripts.[65,66]

The growing popularity of portable Raman methods
for art technical examinations motivated closer attention
to challenge their adequacy to lake analysis through this
paper. More specifically, this study evaluates two com-
mercial portable Raman instruments. One is a dispersive
spectrometer equipped with a near-infrared laser
(1064 nm), and the other instrument uses subtracted-
shifted excitation (SSE) Raman spectroscopy[67,68] to
eliminate the fluorescence. The infrared instrument in
this study uses a fibre-optics probe to focus the laser
beam, while using the SSE device, the beam is directly
focussed on the artwork, and the spectrometer head has
to touch the artwork for optimal results.

This study considers a set of accurate historical paint
reproductions of widely studied lakes (madder, cochineal,
brazilwood and weld), all prepared according to the
instructions of technical texts on book illumination from
the 12th–16th century. This choice was driven by two
major reasons: one is that the pictorial stratigraphy of
book illumination is relatively simplified when compared
with other painting techniques. The other is that in situ
measurements of these mixtures are heavily affected by
the fluorescence arising from the parchment support. The
current work aims at addressing four major points: (i) to
evaluate the ability of portable instruments to detect the
main chromophores of lakes, (ii) to discriminate the
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binding media, (iii) to evaluate the spectral information
contributed by each portable approach and (iv) to assess
the spectral differences between these methods and micro-
invasive techniques (SERS and FT-Raman spectroscopy)
that are extensively described in previous studies.

2 | EXPERIMENTAL

2.1 | Samples

The materials for the reproductions were all prepared
from raw materials purchased from Kremer-Pigmente

GmbH & Co., Germany, and they are presented in
Table 1. The mixtures for the paint models were applied
directly on parchment sheets (no preparatory layer) as
1.5 � 1.5 cm squares, with a dye lake-to-binder ratio fixed
to 1:4 (wt:wt, dry weight).

The chosen set of lakes contains dyes with a well-
documented chemical structure. The natural precursors
never contain a single chromophore, but rather a mixture
of compounds, as demonstrated by chromatographic
characterisations. These studies further proved that
dyes may occur as residual glycosides, aside from their
free (aglycone) form,[69,70] at rates depending on the
conditions of lake preparation and on the composition of

TABLE 1 List of the materials used for the preparation of the laboratory mock-ups

Class Material Supplier Kremer reference code

Dyes Brazilwood, shavings Kremer-Pigmente #36150

Cochineal, dried scale insects Kremer-Pigmente #36040

Madder, roots Kremer-Pigmente #37201

Weld, Reseda luteola L. dried plant Kremer-Pigmente #36250

Binders Egg white Biological hen eggs,
local supplier

-

Egg yolk Biological hen eggs,
local supplier

-

Gum Arabic, pieces of dry exudate Kremer-Pigmente # 63300

Support Parchment, artisanal Museé du Parchemin
(Rouen, France)

-

FIGURE 1 Major chromophores

and backbones found in the considered

lakes: (A) anthraquinone, (B) alizarin,

(C) purpurin, (D) carminic acid,

(E) brazilin, (F) brazilein, (G) apigenin

and (H) luteolin. The images at the right

of (A) and (B) represent the mock-ups of

madder lake mixed with egg white, gum

Arabic and yolk (from left to right); that

right to (C) represents the mock-ups of

cochineal lake mixed to the same

binders and before; the image right to

(F) represents the mock-ups of

brazilwood lake; the images right to

(G) and (H) represent the mock-ups of

weld lake.
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the natural precursors. Two of the considered red lakes
(madder and cochineal) have chromophores of the
anthraquinone class: their main structure is an anthra-
quinone (9,10-anthracenedione) (Figure 1A) to which
methyl-, carboxy-, hydroxyl-, glucosidal or other aliphatic
groups are attached (Figure 1B–D). The chromophore for
the other red lake (brazilwood) is a homoisoflavonoid
of the brazilin type that has two tautomeric forms
(Figure 1E,F). The yellow lake (weld) under study
contains two hydroxyflavones (Figure 1G,H).

2.2 | Instrumentation

Part of the Raman spectra was recorded with a
dispersive, laptop-controlled fibre-optic portable Raman
spectrometer i-Raman® EX by B&WTek (Newark, USA).
The spectrometer is coupled with a 1064-nm excitation
laser and a TE-Cooled InGaAs detector, and it is able
to record spectra from 100 to 2500 cm�1 with a spectral
resolution of <10.0 cm�1 (at 1296 nm). The fibre-optics
probe was fixed to the BAC150B XYZ stage (B&WTek)
for short-distance measurements. The laser power was
adapted to ensure that no detector saturation occurred,
nor that material was ablated, and a good signal-to-noise
ratio (S/N) was achieved. Typical measurement
conditions were 30-s integration time, 10 accumulations
and 60% laser power (approximately 70 mW at the
sample). Data collection was performed with BWSpec
(v.4.10_4) software, using a USB 2.0 connection between
the spectrometer and laptop computer. The dark spectra
and calibration standards were recorded individually
to allow for spectral post-processing with MATLAB
R2022b (spectral averaging of 10 accumulations, dark
subtraction, wavenumber calibration, polynomial base-
line correction, smoothing). The wavenumber calibration
was based on the main bands of sulfur, caprolactone,
acetonitrile/toluene (50/50, v/v) and polystyrene[71];
baseline subtraction was performed by iteratively
fitting a third-degree polynomial function; and the
spectra were slightly smoothed using a smoothing spline
with p coefficient adjusted between 0.004 and 0.051.

Other Raman spectra were recorded with a Bruker
BRAVO (Ettlingen, Germany) handheld Raman instru-
ment. The spectrometer is coupled with two excitation
lasers (785 and 853 nm) and a CCD detector, allowing for
a spectral range between 300 and 3200 cm�1 with a
resolution of 10–12 cm�1. The system has a fixed laser
power of less than 100 mW at the sample. For the
analysis, the sample sheet was mounted vertically in
front of the device that was placed on a laboratory lift
platform, allowing to adjust the height according to the
need. Data were typically recorded with 10- to 50-s

integration time. The software records for each laser
three different spectra with slightly different excitation
wavelengths, and by using the shifted wavelength
spectral subtraction algorithm, the background-corrected
Raman spectra are reconstructed.

3 | RESULTS AND DISCUSSION

3.1 | Identification of the lake
chromophores

Baseline-corrected Raman spectra of the lakes under
investigation revealed the constant presence of some
characteristic bands for each class of compounds
(Figures 2 and 3), all being prepared according to
traditional recipes with respect to both lake synthesis
and paint formulation, and applied on parchment.
A spectrum of the blank parchment has been added at
the bottom of the figures for clarity (Figures 2D and 3B).

At first sight of the Raman spectra of laboratory repro-
ductions, they showed that the most distinct information
was in those recorded with the fibre-optic instrument.
These latter spectra show more features than the others,
with the only challenge that some bands that can be asso-
ciated with the collagen of the parchment support are also

FIGURE 2 Raman spectra of red dye mock-ups (mixed in gum

Arabic), all excited with 1064-nm laser, 10 accumulations, 30-s

integration time and captured with the fibre-optic instrument:

(A) madder lake, (B), cochineal lake, (C) brazilwood lake and

(D) parchment ground. Raman band positions (cm�1) are marked

as discussed in the text.
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observed (Figure 2D), starting from the red lakes model
(Figure 2 and Table 2). In fact, amide I and III features
around 1650 and 1250 cm�1 are clearly observed, and the
δ (CH) bending vibrations yield an intense Raman band
around 1550 cm�1. Amide modes are characteristic of pro-
teinaceous materials like parchment as well as protein-
based binding agents used in illumination, namely glair-
denatured hen egg white. Together with the mentioned
bands, two more intense features are present in the region
between 1000 and 800 cm�1, where occur vibrational
modes associated ν (CO) and ν (CC) stretching modes as ρ
(CH₃) and ρ (CH2) deformations. Despite these Raman
bands of the support—and probably the binder—being
present in the spectra, characteristic Raman features of the
lakes can still be detected clearly.

At the low wavenumber shoulder of the amide I band
(ν [CONH]), some of those peculiar features are observed.
Madder lake-based paints show a weak Raman band at
1637 cm�1 from the ν (C=O) stretching vibration of the
carbonyl groups of the anthraquinone backbone[35] and
at 1591 cm�1 assigned to the ν (CC) of alizarin and
purpurin.[19,35] In cochineal lake-based paints, the bands
are slightly higher in wavenumber (shifting from 1637 to
1639 cm�1) and have been assigned to the ν (CO) and

ν (CC) stretching vibrations of carminic acid.[22] In the
Raman spectrum of the historical reproductions of
brazilwood lake, an intense feature is observed around
1570 cm�1. It shows different overlapping Raman bands,
understood as the ν (C=C) and ν (C=O) stretching
vibrations of both tautomeric forms of brazilin.[27,44]

In the region between the parchment's δ (CH) bending
vibration (approximately 1450 cm�1) and the amide III
band (approximately 1250 cm�1), several overlapping
Raman bands are observed, all associated with δ
(CH) bending vibrations and ν (CC) stretching vibrations
of the chromophores.[19,35,71] As to the anthraquinoid
lakes, the most intense band of those of cochineal is
slightly upshifted (approximately 1320 cm�1) when com-
pared with those of madder (approximately 1290 cm�1)[22];
the Raman spectra of brazilwood lake display a broader
massif of overlapping Raman bands in the same spectral
region.[27] Between approximately 1000 and 1450 cm�1,
the spectra of red lakes reveal combinations of stretching
with bending modes, including aromatic ring vibrations.
Indeed, the bands at approximately 1460,[19,72] 1294,[19,35]

1247[19] and 1195 cm�1[19,35] of madder lakes have been
reported in literature of alizarin and purpurin, and they
could arise from the anthraquinone backbone and the
hydroxyl functional groups attached between the C1–C4
positions. In the cochineal lake samples, two significant
bands are observed at approximately 855 and 1058 cm�1,
being assigned to the Glu and δ (CH₃) deformations of the
glucitol and methyl functions of carminic acid.[22]

Similarly, the mock-ups of brazilwood lake show a series
of bands characteristic of the chromophore brazilin,
namely those at approximately 1241[27] and 1168 cm�1[27];
those at 1310, 1294 and 1272 cm�1 are attributed to
ν (C–O), ν (C–C) and δ (CH₂) vibrations.[27]

The spectral region between 700 and 900 cm�1 con-
tains δ (C–O) and δ (C–H) bending modes of aliphatic
substituents and hydroxyl groups (850–863 cm�1 for
alizarin and purpurin,[19,35] 814–820 cm�1 for carminic
acid[22] and 764 cm�1 for brazilin).[44] The region
between 400 and 600 cm�1 reveals two broad features
consisting of several overlapping Raman bands, all attrib-
uted to skeletal deformations. Especially while inspecting
madder lake and cochineal, a clear band centred around
453 cm�1 is observed in the latter spectrum.

The Raman spectra of the weld yellow lake consid-
ered in this study also revealed a set of characteristic
bands (Figure 3), which are listed in Table 3. The
ν (C=O) stretching vibrations of apigenin and luteolin
are expected in the spectral region around 1650 cm�1,
but these cannot be detected in our samples, as the bands
are overwhelmed by the amide I band (ν [CONH]) of the
parchment. The main spectral features of weld seem to
be observed in the spectral region below approximately

FIGURE 3 Raman spectra of the yellow dye mock-ups (mixed

in gum Arabic), all excited with 1064-nm laser, 10 accumulations,

30-s integration time and captured with the fibre-optic instrument.

Raman band positions (cm�1) are marked as discussed in the text.

The band at 1650 cm�1 is put between brackets because it could

either come from the parchment support or several stretching

modes of the chromophore luteolin (compare with Table 3).
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1400 cm�1. These can be attributed to δ (CH) and δ
(OH) deformations,[26] whereas the intense features
around 1000 and 900 cm�1 are rather associated with
ring stretching vibrations of the substituted benzene and
the substituted benzopyran units, respectively.

3.2 | Identification of the binding agents

Lakes and pigments applied in painted artefacts are
mixed with organic, viscous substances (binding agents)
to form suspensions of chromatic particles and ensure
their adhesion to the support.[73] The spectra presented
in Figures 2 and 3 all originate from samples where gum
Arabic—the exudate of A. Senegal trees consisting of
glycoproteins and polysaccharides—was used as a binder.
However, the Raman spectra of pictorial binders are
prone to overlapping with those of the lake, because of
their organic nature. In order to evaluate this possible
interference, Raman spectra have been recorded of
historical reconstructions of painted lakes prepared with
different binding media. In Figure 4, the Raman
spectrum of cochineal lake mixed with the chosen media
is presented, namely gum Arabic, glair and egg yolk. The
information on the binding media is summarised in
Table 4; the Raman bands that are mentioned are present
in Table 4 and were also detected in the Raman spectra
of the other possible lake-binder mixtures: For instance,
all lakes mixed with gum Arabic revealed characteristic

doublets around 972–983 cm�1 and 875–881 cm�1, both
assigned to the δ (COC) deformations of polysaccharides.
At higher Raman wavenumbers, a weak Raman band
was observed at approximately 1160 cm�1, which is
related to the ν (CC) or ν (CO) stretching vibrations of
saccharides[73] (Figure 4A).

The analysis of the lakes mixed with glair (denatured
egg white) also showed a comparable response across the
models (Figure 4B), corresponding to the bands arising
from amide I and amide III modes as well as further
stretching vibrations and other vibrational modes associ-
ated to the phenylalanine and tyrosine amino acids.[72,73]

However, it should also be remarked that the parchment
support consists of proteinaceous molecules, thus
presenting highly similar Raman bands.

As for the analysis of the lakes with egg yolk, it might
be characterised through a limited set of characteristic
bands (Figure 4C). One is at 1006 cm�1 associated with
phenylalanine; another is the one at 765 cm�1, possibly
related to the tryptophan fraction.[73,74] Finally, some
weak bands are present at 1669 and 1736–1741 cm�1,
arising from the ν (C=O) mode of esters in fatty acids,[74]

and can be observed at the high wavenumber edge of the
amide I band of the parchment.

TABLE 3 List of characteristic Raman bands detected for the

chromophores in the yellow dye paint mock-ups and their tentative

assignment

Band (cm�1) Tentative assignment Reference

682–689 δ (CC), ring deformation l [26]

838–857 δ (CH) l [26]

917–923 δ (COC) ap l [26]

1000–1012 δ (CH) l [26]

1124–1128 δ (CH) + δ (OH) l [26]

1167–1178 δ (CH) ap [26]

1245 δ (CH) + δ (OH) ap [26]

1267–1272 ν (OH) l [26]

1316 δ (CH) + δ (OH) ap [26]

1404 δ (OH) ap [26]

1448–1453 δ (OH) ap [26]

1560 ν (C=O) ap [26]

1585 ν (C=O) + δ (OH) ap/ν (C=C) l [26]

1664–1669 ν (C=O) + ν (C=C) + δ (OH) l [26]

Abbreviations: L, luteolin; ap, apigenin. FIGURE 4 Raman spectra of mock-ups of the same dye lake

(cochineal lake, CL) mixed to different binders, all excited with

1064-nm laser, 10 accumulations, 30-s integration time and

captured with the fibre-optic instrument: (A) CL + gum Arabic,

(B) CL + egg white, (C) CL + egg yolk and (D) parchment support.

Raman band positions (cm�1) are marked as discussed in the text.
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3.3 | Comparative assessment

At a close look, the Raman spectra of the same sample
obtained from 1064-nm excitation with the two handheld
instruments—the dispersive one and the one using the
SSE algorithm—showed important differences. From
these spectra, it seems that the instrument using the
fibre-optic instrument picks up more spectral features
originating from the parchment, whereas the parchment
Raman bands are less dominant in the Raman spectra
processed with the SSE algorithm (1064 nm). On the

other hand, it seems that the spectral quality between the
spectrum from the fibre-optic device (Figure 5A) and the
reconstructed SSE spectrum (Figure 5B) is significantly
different. In the region with mainly skeletal vibrations
(400–700 cm�1), the SSE algorithm suppresses most of
the useful signal for all dye lakes, hampering the identifi-
cation of these spectra in this range of Raman shifts. In
fact, discrimination of the most characteristic vibrations
reported for the individual chromophores is possible with
dispersive near-infrared Raman spectroscopy, although
these spectra appear quite noisy compared with pure

TABLE 4 List of characteristic Raman bands detected for gum Arabic, egg white and egg yolk and their tentative assignment

Gum Arabic Egg white Egg yolk

Band (cm�1) Tent. assign. Ref. Band (cm�1) Tent. assign. Ref. Band (cm�1) Tent. assign. Ref.

875–881 δ (COC) [72] 637 δ (ring)/ν (CS) [73] 764 Trp [72,73]

972–983 δ (COC) [72] 650 δ (ring)/ν (CS) [73] 1006

1161 ν (CC)/ν (CO) [72] 935 ρ (CH₃), [73] 1664 ν (C=O)/ν (C=O),
esters of f.a.

[72,73]

1006 ν (CC), ar. ring
breath

[73] 1736 ν (C=O), esters of
fatty acids

[73]

1133 ν (CC), [72,73]

1167 ν (CC), Phe [72,73]

FIGURE 5 Spectra of the same mixture: (A) cochineal dye lake in gum Arabic, captured with the two instruments. The results are

denoted as (a1) fibre-optic spectrum, all excited with 1064 nm laser; (a2) SSE spectrum, excited with lasers in the range 700–1100 nm; and

(a3) parchment ground, analysed with the fibre-optic instrument. (B) Fibre-optic versus SSE spectra of madder lake in gum Arabic

compared: (b1) fibre-optic spectrum, (b2) SSE spectrum and (b3) parchment ground
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standards (i.e. non-complexed dyes). At higher Raman
shifts, the SSE algorithm amplifies several bands for most
lake mixtures, except for madder lake (Figure 5B): In this
case, the portable instrument fails at detecting those
falling between 1200 and 1400 cm�1 as well as between
1500 and 1600 cm�1. However, concerning the better
signal-to-noise ratio of the spectra obtained with the
Bruker Bravo (SSE) instrument, some remarks should be
made. Firstly, the laser power at the sample is unknown.
No visual damage to the paint surface was observed, but
working with cultural heritage objects, one should pay
sufficient attention to this issue. Moreover, the spectrum
that is obtained from this instrument is a reconstruction,
based on the recording of six different spectra, excited
with two different lasers (785 and 853 nm). During the
mathematical reconstruction of the baseline correction,
inherently, some smoothing is applied, which results in a
seemingly better spectral quality.

Further differences arose in terms of band shifts
between the spectra of the two devices. Differences in
Raman band positions are observed in most of the cases,
with shifts ranging between approximately 2 and
6.5 cm�1. These shifts seem to be random and do not
seem to obey some trends over the spectral range. Next to
random variations, laser-induced degradation could be a
possible reason for this observation. Moreover, the band
positions as recorded in this study differ significantly
from the band positions reported in the literature, based
on SERS and FT-Raman spectroscopy (Table 5).

Looking at Table 5, it can be seen that the shifts are
not consistent for all red dyes in the study. It should be
noted that shifts can be caused not only by spectroscopic
reasons (e.g. calibration) but also that different samples
are considered, having different extraction and prepara-
tion procedures from those followed in the cited
references. The complexation, or more generally, the for-
mation of a dye-binder network, can have a strong effect
on the Raman spectra. Moreover, when comparing with
SERS spectra, also because of the interaction with the

metal, changes in band position can occur. Finally, the
mentioned SERS and FT-Raman spectroscopy studies
were performed on dye lakes in either their extracted or
pure form, thus neglecting the effects arising from the
creation of such a complex system as a paint model.

4 | CONCLUSIONS

This paper illustrates the test of the applicability of
portable Raman instruments for the analysis of historic
dye lakes. For the study, two commercial instruments
using two different acquisition and data processing
technologies were considered and their analytical poten-
tial was tested on a set of laboratory reproductions. The
models studied were mock-ups of historically accurate
paint mixtures prepared according to the instructions of
mediaeval technical texts (12th–16th century) including a
number of common lakes (madder lake, cochineal lake,
brazilwood lake and weld lake) mixed with binding
agents of different chemical classes (polysaccharide,
protein, mixed protein-fatty acids). The acquired data
showed that the discrimination of the different lakes is
possible, based on certain marker bands. Moreover, this
study showed that the spectra acquired with the two
instruments bear different spectral content.
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TABLE 5 List of the calculated difference in band centres across the two portable instruments evaluated in this study, and reference

values for the analysis of pure standards of pure chromophores with SERS and FTRS (values from[15,27,37,44,49])

Parameter

Difference in energy (cm�1)

Madder lake Cochineal lake Brazilwood lake

Fibre-optic instrument vs SSE instrument 2.3–6.5 (± 2.3)

Fibre-optic instrument vs SERS 7.8 ± 3.9 8.0 ± 4.0 4.1 ± 2.1

SSE instrument vs SERS 6.5 ± 3.3 10.3 ± 5.2 7.0 ± 3.5

Fibre-optic instrument vs FTRS 4.8 ± 2.4 18.0 ± 9.0 9.2 ± 4.6

SSE instrument vs FTRS 7.0 ± 3.5 17.6 ± 8.8 8.8 ± 4.4
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