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a b s t r a c t

An electrochemical method for identifying indigoid, anthraquinonic, naphtoquinonic, flavonoid, pyrone,
pyran, and other related dyes in microsamples from works of art is reported using the voltammetry of
microparticles methodology. Products of solid state oxidation/reduction of dyes form a layer on the lateral
faces of the dye crystals as suggested by ATR-FTIR and AFM data. This method is based on the sequential
application of oxidative and reductive constant-potential polarization steps coupled with the record of
eywords:
oltammetry of microparticles
rganic dyes
olarization steps
onservation and restoration
FM

square wave voltammograms to solid microsamples of dyes in contact with aqueous electrolytes.
© 2009 Elsevier B.V. All rights reserved.
TR-FTIR

. Introduction

The identification of organic dyeing components in works of art
nd archaeological materials is an obvious target for archaeome-
ry, conservation and restoration [1,2]. Apart from the need to use

inimal amounts of sample as possible (at the microgram level
r less), analytical methods are conditioned by the high dilution
f the colouring components in the matrix, and the simultaneous
resence of minerals, binders, alteration products and other mate-
ials. Recently reported analytical methods for studying dyes in
istorical paints involve, among others [3], high performance liq-
id chromatography (HPLC) [4–9], gas chromatography [10,11] and

nfrared and Raman spectroscopies [12,13].
Along the last two decades, electrochemical methods have

een applied for analyzing dyes in solution phase having differ-
nt chromophores, including anthraquinone [14,15], azo [16–18]
nd reactive dyes [19,20]. Additionally, dye electrochemistry has
eceived attention in relation with ‘green chemistry’ vat dyeing
21,22], their use as mediators for the indirect cathodic reduction

f dispersed organic compounds [23–25] and mediators for elec-
rocatalysis [26] and photoelectrocatalysis [27].

In this context, solid state electrochemical methods for ana-
yzing dyes in work of art samples have been proposed [3,28,29].

∗ Corresponding author. Tel.: +34 963544533; fax: +34 963544436.
E-mail address: antonio.domenech@uv.es (A. Doménech-Carbó).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.12.016
These procedures are based on the voltammetry of microparticles
(VMP), a methodology tailored by Scholz et al. [30–32], which pro-
vides highly sensitive electrochemical responses of solid materials
with minimal amounts of sample, thus enabling for the charac-
terization of organic solids [33–37]. The VMP methodology has
been previously applied to the identification of anthraquinonic
and naphtoquinonic [38,39], flavonoid [39,40], curcumoid [41] and
indigoid [35,39,42] dyes in work of art and ancient textile samples,
as well as indigo characterization in samples of Maya Blue pigment
[43–46].

The electrochemical identification of individual dyes in real
samples from works of art and archaeological pieces is made
difficult, apart from the aforementioned general factors, by the sim-
ilarity in the voltammetric responses of several dyes, frequently
having close structural properties. In this report we present an elec-
trochemical procedure for dye identification in solid microsamples
using the VMP consisting on the sequential record of the square
wave voltammetric responses of solid samples in contact with
an aqueous electrolyte before and after the application of oxida-
tive and reductive polarization steps. The proposed procedure is
devoted to improve the diagnostic criteria for electrochemically
identifying the most frequently used anthraquinone, naphto-

quinone, indigoid, flavonoid, pyrone, pyran, and other related dyes,
providing a sequential diagnostic criteria for discerning each one
of those families of dyes and further distinguishing individual
dyes within each group. This procedure, that extends those pre-
viously reported [38,40,41] and, in particular, that for discerning
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Fig. 1. SWVs for (a) morin-, (b) alizarin- and (c) indigo-modified PIGEs immersed
into 0.50 M potassium phosphate buffer (pH 7.0). Potential initiated a −0.85 V in the
positive direction. Potential step increment 4 mV; square wave amplitude 25 mV;
A. Doménech-Carbó et a

nthraquinonic dyes [28], is devoted to establish sequential diag-
ostic criteria for electrochemically discerning each one of those

amilies of dyes and further distinguishing individual dyes within
ach group.

The studied dyes include: (a) anthraquinonic and naphto-
uinonic dyes—alizarin (1,2-dihydroxy-9,10-anthraquinone),
urpurin (1,2,4-trihydroxy-9,10-anthraquinone), and natural dyes
loe, cochineal red, madder, kermes, shellac and henna. Aloe is
ctually a mixture of aloin (aloin A: (10S)-10-glucopyranosyl-
,8-dihydroxy-3-(hydroxymethyl)-9(10H)-anthracenone,
loin B: (10R)-10-glucopyranosyl-1,8-dihydroxy-3-
hydroxymethyl)-9(10H)-anthracenone) and emodin
6-methyl-1,3,8-trihydroxyanthraquinone), while madder is

mixture of alizarin, purpurin, pseudopurpurin, alizarin 2-
ethyl ether, rubiadin and munjistin. Henna is composed of
mixture of two naphtoquinones, lawsone (2-hydroxy-1,4-

aphthoquinone) and juglone (5-hydroxy-1,4-naphthoquinone).
hellac consists of a mixture of laccaic acids, whereas kermes
nd cochineal red are constituted, respectively, by kermesic acid
nd carminic acid, as colouring components. (b) Flavonoid, pyran
nd pyrone dyes, including luteolin, morin, dragoon’s blood,
eld, old fustic, gamboge, Brazilwood and logwood. Luteolin

3′,4′,5,7-tetrahydroxyflavone) is the main colouring component
f weld (or arizca) while morin (2′,3,4′,5,7-pentahydroxyflavone)
s the colouring agent of old fustic, with maclurin and mori-
amnic acid as minor components. The main component of
amboge is gambogic acid, whereas dracorubin and draco-
ordin are the pigmenting agents of dragoon’s blood. In turn,
razilwood is composed of a mixture of brazilin ((6aS,11bR)-
,11b-dihydro-6H-indeno[2,1-c]chromene-3,6a,9,10-tetrol) and
razilein (6a,7-dihydro-3,6a,10-trihydroxy-benz[b]indeno[1,2-
]pyran-9(6H)-one), compounds of similar structure
o those of hematein (3,4,6a,10-tetrahydroxy-6,7-
ihydroindeno[2,1-c]chromen-9-one) and hematoxylin
7,11b-dihydroindeno[2,1-c]chromene-3,4,6a,9,10(6H)-pentol),
esponsible of the coloration of logwood (or litmus Campeche).
c) The main curcumoid dyes are safflower, obtained from
arthamus tinctoria and composed of a mixture of carthomone,
arthamin and pricarthamin, and curcuma, obtained from Cur-
uma longa, whose main colouring component is curcumin
1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione.
d) Indigotin (3H-indol-3-one, 2-(1,3-dihydro-3-oxo-2H-indol-
-ylidene)-1,2-dihydro) is the colouring agent of indigo dye,
xtracted from different plants, namely, Indigofera tinctoria (India),
ndigofera indigotica (or tein-cheing, China), Polygonum tinctorium
the Far East), Isatis tinctoria (Europe) and Indigofera suffruticosa
Mesoamerica). Tyrian purple is its 6,6′-dibromo derivative,
btained from several muricides such as Murex brandaris, such
yes being the most representative of the indigoid group.

Within the studied systems, we include saffron and sepia.
lthough the hue of saffron (extracted from Crocus sativus) is
ainly due to the degraded carotenoids (crocin and crocetin),

he flavor comes from the carotenoid oxidation products, mainly
afranal, (2,6,6-trimethylcyclohexa-1,3-dien-1-carboxaldehyde),
,2,6-trimethyl-1,4-cyclohexanedione, 4-ketoisophorone and
-hydroxy-4,4,6-trimethyl-2,5-cyclohexadien-1-one [47]. In turn,
epia is a dark-blue pigment obtained from Seppia officinalis,
onstituted of melanin polymers mainly derived from eumelanin
nd eomelanin.

In the present study, cyclic and square wave voltammetries, con-
rolled potential coulometry and chronoamperometry have been

pplied in parallel to atomic force microscopy (AFM) and atten-
ated total reflectance-Fourier transform infrared spectroscopy
ATR-FTIR) in order to characterize possible mechanisms involved
n electrochemical processes, in correlation with the theoretical

odel developed by Lovric, Scholz, Oldham and coworkers [48–52]

frequency 5 Hz.
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Electrochemical experiments were performed at 298 K in a
ig. 2. Topographic AFM images of morin crystals adhered to a graphite plate in con-
act with 0.50 M aqueous sodium acetate buffer before (a), and after (b) application
f a linear potential scan between 0.00 and +1.0 V at a sweep rate of 10 mV/s.

hus extending prior results on the electrochemistry of organic dyes
53,54]. Square wave voltammetry (SWV) has been used as a detect-
ng technique by its high sensitivity and immunity to capacitive
ffects. This technique, whose theory for immobilized reactants
as developed by Lovric, Komorsky-Lovric and Bond [55,56], is of

nterest with regard the electrochemistry of solids [57].

. Experimental
Alizarin, purpurin, luteolin and morin (Sigma) and indigo (Fluka)
eagents were used as reference materials. Carmine (cochineal type
rom Coccus cacti insect), curcuma, safflower, dragoon’s blood, and
amboge were supplied from AP Fitzpatrick. Shellac from Coccus
Fig. 3. Chronoamperometric curves for indigo microparticles attached to PIGE in
contact with 0.50 M sodium acetate buffer (pH 4.75) under applied potentials of: (a)
−0.35 V, (b) +0.50 V.

lacca (K 36020), red henna (K 37500) aloe (K 38010), madder (K
37202), weld (K 37202), Brazilwood (K 36150), logwood (K 36100),
Tyrian purple (K 36010) and saffron (K 37110) were Kremer pig-
ments. An aqueous 0.50 M potassium phosphate solution (Buffer,
pH 7.0) (Panreac) was used as a supporting electrolyte.

Paraffin-impregnated graphite electrodes (PIGEs) consist on
cylindrical rods of 5 mm diameter of graphite impregnated under
vacuum by paraffin [18–20]. To prepare dye-modified PIGEs,
0.1–1 mg of the material was powdered in an agate mortar and
pestle, and placed on a glazed porcelain tile forming a spot of finely
distributed material and then abrasively transferred to the surface
of a PIGE by rubbing the electrode over that spot of sample.
three-electrode cell under argon atmosphere using a Ag/AgCl/3 M
NaCl reference electrode (BAS MF 2010) and a platinum-wire aux-
iliary electrode. Cyclic and square wave voltammograms (CVs and
SWVs, respectively) were obtained with a CH 420I equipment.
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Fig. 4. SWVs for sepia microparticles attached to PIGEs in contact with 0.50 M
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otassium phosphate buffer (pH 7.0). (a) pristine sepia deposit, and (b and c) sepia
eposits after application during 10 min of a potential step: (b) at +1.25 V; (c) at
1.25 V. Potential initiated at −0.75 V in the positive direction. Potential step incre-
ent 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

QWVs at dye-modified PIGEs were performed on initiating the
otential scan either at +1.25 and −0.85 V using a potential step

ncrement of 4 mV and a square wave amplitude of 25 mV. The fre-
uency was varied from 2 to 200 Hz. LSVs and CVs were performed
t potential scan rates ranging between 20 and 500 mV/s. Polariza-
ion steps were performed by applying potentials between −1.50 or
1.50 V during times between 2 and 15 min to freshly modified elec-
rodes. After this polarization step, detection scans are performed
sing the conditions described in the above paragraph.

ATR-FTIR spectra were obtained with a Perkin Elmer BX
pectrum Fourier transform infrared spectrometer. Number of co-
dded scans: 24; resolution: 4 cm−1. Spectra were obtained at
uorine-doped tin oxide electrodes (FTOs, Flexitec) covered by

icroparticulate deposits of alizarin and indigo, dried in air, before

nd after applying different potential steps in contact with phos-
hate buffer.

A Multimode AFM (Digital Instruments VEECO Methodology
roup) with a NanoScope IIIa controller and equipped with a J-type
Fig. 5. ATR-FTIR spectra of alizarin-modified FTO electrodes, (a) before, and (b)
after application of a constant potential step of +1.0 V during 30 min in contact with
potassium phosphate buffer.

scanner (maximum scan size of 150 �m × 150 �m × 6 �m) was
used. The topography of the samples was studied in contact mode.
An oxide-sharpened silicon nitride probe Olympus, VEECO Method-
ology Group, model NP-S has been used with a V-shaped cantilever
configuration. The spring constant is 0.06 N/m and the tip radius
of curvature is 5–40 nm. For electrochemical measurements, the
AFM was coupled to a Digital Instruments universal bipotentiostat
(VEECO Methodology Group). All measurements were performed
at room temperature in solutions previously deaerated by bubbling
argon during 15 min. Statistical analyses were performed with the
Minitab 14 software package.

3. Results and discussion

3.1. Electrochemical mechanisms

As described in literature [28–40], voltammetry of organic dyes
in contact with aqueous media involve both oxidation and reduc-
tion proton-assisted solid-state electron transfer processes and,
eventually, reductive or oxidative dissolution processes. Fig. 1
shows typical SWVs initiated at −0.75 V vs. Ag/AgCl/3 M NaCl
in the positive direction for: (a) morin-, (b) alizarin- and (c)
indigo-modified PIGEs immersed into phosphate buffer. Oxida-
tion processes at +0.25 V for morin and +0.40 V for alizarin can be
attributed to the oxidation of the o-diphenol moieties to the cor-

responding quinone [38–40]. The parent quinone group of alizarin
is also reduced to the diphenol at −0.72 V. Indigo is oxidized to
dehydroindigo at +0.35 V and reduced to leucoindigo at −0.40 V
[35].
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Fig. 6. SWVs for PIGEs modified with: (a) Brazil wood, (b) a 50:50 (w/w) Brazil wood
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lus logwood mixture, and (c) logwood, in contact with 0.50 M phosphate buffer (pH
.0). Potential initiated at −0.85 V in the positive direction. Potential step increment
mV; square wave amplitude 25 mV; frequency 5 Hz.

This voltammetry can be rationalized on the basis of the theo-
etical models developed by Lovric, Scholz, Oldham and coworkers
48–52]. For sparingly soluble organic compounds, the electro-
hemical process initiates at the particle/electrode/electrolyte
nterface and propagates through coupled proton and electron
ransfer processes over the surface and into the body of the par-
icle. Charge transport occurs via proton hopping and electron
opping between adjacent molecules in the solid, charge conser-
ation requiring the simultaneous ingress (or issue) of electron and
rotons in the solid particles in reduction (or oxidation) processes.
nalysis of chronoamperometric data for different dyes using the
forementioned model indicated that proton hopping is slower
han electron hopping in organic solids [53,54]. As a result, proton-
ssisted reduction and oxidation processes should be localized in

shallow layer in the vicinity of the particle/electrolyte inter-

ace, in agreement with expectances from the Lovric and Scholz
odel with significantly restricted proton diffusion across the

olids.
Fig. 7. Identification scheme using voltammetric data in Table 1 for discerning
between the families of dyes studied here.

As previously reported [38,40,41], under repetitive voltam-
metry, the electrochemical response becomes more complicated
because additional oxidation and/or reduction peaks are recorded
in the second and successive scans. The appearance of addi-
tional voltammetric peaks can be attributed to the electrochemical
response of the new products formed during the initial oxidation
or reduction of the parent product.

In situ atomic force microscopy (AFM) images of crystals
of morin and indigo recorded along the electrochemical oxida-
tion/reduction of such compounds in contact with aqueous acetate
buffer are consistent with the above expectances. Fig. 2 shows in
situ topographic AFM images from the upper face and sides of
crystals of morin: (a) before, and, (b) after application of a linear
potential step between 0.0 and +1.0 V. Here, an agglomerate of crys-
tals of ca. 1 �m × 0.5 �m exhibits significant changes during the
potential scan, consisting of an apparent erosion of several regions
of lateral sides, while several minor crystals apparently growth
(continuous arrow) with a maximum extent of ca. 50–80 nm. As
judged by these morphological changes, the advance of the electro-
chemical reaction decays rapidly with time, thus denoting that no
reductive/oxidative dissolution processes occur under our experi-
mental conditions. Interestingly, the thickness of the lateral layer
is essentially identical to the effective breadth of the electroactive
layer calculated from the values for the diffusion coefficients of pro-
tons (DH) and electrons (De) [53,54], which in turn, can be estimated
from chronoamperometric data using the Lovric and Scholz model
[48–52] (typical values in contact with potassium phosphate buffer
are DH = 2 × 10−10 cm2/s and De = 8 × 10−7 cm2/s).

As previously discussed [46,54], it appears that the solid
state reduction or oxidation of dyes takes initially place without
morphological disintegration as a topotactic process eventually
accompanied by exfoliation and restacking, similarly to other pro-
cesses [58,59]. At longer times, the advance of the electrochemical
reaction through the crystals should involve a significant crys-
tal re-structuring and eventually phase transition, as suggested
by voltammetric curves at different timescales [46]. The appear-
ance of phase transition steps is in principle consistent with
long-time chronoamperometric data, as illustrated in Fig. 3. Here,

current/time curves for (a) the reduction of indigo (applied poten-
tial −0.35 V), and, (b) its oxidation (applied potential +0.50 V),
are shown. In both cases, the current initially decreases until
a transient current growth at ca. 4 min appears, followed by
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ig. 8. Scheme for the identification of individual (a) anthraquinonic and naphtoq
oltammetric data in Table 1.

monotonically decreasing current at longer times. This situa-
ion parallels that existing in, for instance, nucleation processes
n the electrodeposition of quinolein derivatives on mercury
lectrodes [60,61] and layer-by-layer electrodeposition processes
62,63], thus suggesting that the formation of a new phase is
nvolved.

The possibility of formation of new phases of oxidized or
educed products and the appearance of additional redox processes
t separated potentials is consistent with the recognized structural

exibility of the majority of involved organic compounds. In fact,
onformational changes in dye molecules can produce significant
hanges in terms of electronic properties as discussed for hema-
oxylin/haematein by Shirai and Matsuoka [64] and morin hydrate
y Wu et al. [65].
ic, (b) flavonoid, pyran, curcumoid, carthamoid and sepia dyes studied here using

3.2. Application of polarization steps

Although voltammetric responses for selected dyes are signifi-
cantly different (see Fig. 1), discerning between dyes of the same
family is often difficult [38–41]. The difficulty for identifying indi-
vidual dyes is increased in real samples due to the frequent use
of mixtures of dyes and the presence of interfering compounds.
Accordingly, introduction of analytical strategies is of interest for
discerning individual dyes. The application of a constant potential

at relatively high negative or positive potentials should produce a
layer of reduction or oxidation product(s) in a narrow surface region
of the particles. Then, application of different potential stages can
lead to the formation of different layers along the potential steps.
This is consistent with the observations of Grygar et al. [39] and
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Table 1
Peak potential data (mV vs. AgCl/Ag) recorded in the initial potential scan of freshly
prepared dye-modified PIGEs (a) before, and, (b) after applying: (1) oxidative poten-
tial step of +1.50 V during 10 min, (2) a reductive potential step of −1.50 V during
10 min.

Dye Ep (a) Ep (b1) Ep (b2)

Alizarin +395* −600* +383 −625 −715* +605 −290 −715*
Henna +250 −525 −620* −620*
Shellac −650* +170 −590*
Purpurin +295* −620 +285* +214* −650 +225 −215* −560*
Madder +685 −300 +675 +365 +205 −715*
Cochineal red +235 −720* +235 −715 +205 −430
Kermes +220 −695 +210 +190
Brazil wood +650* +250* +250* +250*
Logwood +250* +250*
Gamboge −50*
Dragon’s blood −50* −50*
Morin +250*
Old fustic +250*
Weld −50* +250*
Curcuma −50* −50* −50*
Safflower
Sepia −50*
Saffron −250 −700 −700
Indigo +240* −505* +240* −505*
Tyrian purple +230* −510* +230* −510*
Isatin +325* −680* +325* −600*
10 A. Doménech-Carbó et al

ai and Shin [66] relative to the high sensitivity of anthraquinone
lectrochemistry to the application of different polarization steps.
he application of a subsequent potential scan should produce sig-
ificant changes in the voltammetric response due to the presence
f new product(s) [54], thus increasing the disposable diagnostic
riteria for identifying the parent compound (vide infra).

Remarkably, in most cases, the voltammetric record changes
ignificantly upon application of polarization potentials. In the case
f sepia (Fig. 4), the pristine material remains electrochemically
ilent, as well as after application of oxidative potential steps. After
eductive step, however, a prominent oxidation signal is recorded.
he appearance of different voltammetric responses after appli-
ation of reductive or oxidative potential steps can be attributed
o the formation of layers of oxidable/reducible new crystalline
hases whose electrochemical response differs from that of the
arent compound.

Interestingly, the post-polarization voltammograms recorded
t times longer than 5 min were essentially identical, thus sug-
esting, in agreement with a prior chronoamperometric data [54],
hat the redox reaction of dyes is rapidly exhausted. ATR-FTIR
xperiments confirm the formation of a layer of new compounds
ia electrochemical oxidation or reduction of dye micropartic-
late deposits. Thus, the oxidation and reduction of alizarin
eposits on FTO electrodes results in the appearance of signif-

cant modifications in its infrared spectrum, as can be seen in
ig. 5. In particular, upon alizarin oxidation at +1.0 V, the mor-
hology of 1258/1296 and 1452/1478 cm−1 bands, attributed,
espectively, to (�(CO)/�(CC)/ı(CCC)) and ((�(CC)/ı(COH)/ı(CCC))
ibrations [70,71], is clearly modified. New bands at 1395 cm−1

�(CC)/ı(CH)) and 1140 cm−1 (�(CC)/ı(CH)/ı(CCC)) are recorded in
he spectra obtained after electrochemical treatments.

Similarly, for indigo, intense bands at 1746 (�(CO)/�(CC)),
677 (�(CC)), 1592 (ı(CCring), ı(NH) and �(CC)), 1559 (ı(CCring),
(NH) and �(CH)), and 1470 and 1451 cm−1 (ı(CCring), ı(NH) and
(CH)) can be observed, in agreement with literature [67–69].
pon electrochemical oxidation in contact with aqueous potassium
hosphate buffer at +1.0 V during 30 min, the spectrum shows sev-
ral significant changes: appearance of additional weak peaks in the
800–1700 cm−1 region, around 1100 cm−1 and in the wavenum-
er range 1000–800 cm−1. To rationalize these features, it can be
aken into account that, following electrochemical data, only a nar-
ow layer of oxidized product is formed in the lateral sides of indigo
rystals. This implies that the contribution of the minority oxidized
orm to the resulting spectrum should be clearly lower than that of
he parent indigo. Accordingly, differences can be more clearly seen
ust in the fingerprint 1000–800 cm−1 region where the bands of
ndigo are weaker. Remarkably, the band at 750 cm−1, attributable
o the �(NH) mode, is considerably weakened upon oxidation, a
eature which, in agreement with Tomkinson et al. [69] could char-
cterize the pass from indigo to dehydroindigo.

.3. Analytical performance

For our purposes, the relevant point to emphasize is that the
pplication of oxidative and reductive polarization steps increases
he number of parameters able to be used for identification with
espect to the use of pristine material alone, thus increasing the
nalytical performance for the electrochemical recognition of the
tudied dyes. Obtained results for the studied dyes are summarized
n Table 1. The use of a single set of peak potential data, however,

akes difficult to discriminate individual dyes in dye mixtures.

his can be seen in Fig. 6, where SWVs for (a) Brazil wood, (b) a
0:50 (w/w) Brazil wood plus logwood mixture, and (c) logwood,
re shown.

Data in Table 1 are limited to the most intense voltammet-
ic peaks because, in real samples from works of art, weak peaks
Electrolyte: 0.50 M potassium phosphate buffer, pH 7.0. Potential scan initiated
at −0.85 V in the positive direction. Potential step increment 4 mV; square wave
amplitude 25 mV; frequency 15 Hz. The symbol * denotes particularly strong peaks.

can be significantly obscured by matrix effects. Repeatability test
were performed for all dyes using 5 freshly prepared modified elec-
trodes. In all cases, peak potentials exhibited standard deviations
of 5–10 mV for pristine dyes and after application of oxidative or
reductive potential steps during times of 5–10 min. Application of
longer polarization steps results in larger dispersion of peak poten-
tial data. It should be noted that the increase in the number of
available parameters enhances significantly the discerning abil-
ity of electrochemical data as can be seen on comparing cluster
analysis. Examination of Table 1 reveals that, if data are limited to
those obtained in the voltammograms of pristine dyes, distinction
between several dyes cannot be obtained. Upon adding the com-
plete set of data (including after polarization steps), all dyes can
be separated and the percentage of difference in cluster analysis
increases significantly.

For practical purposes, it is convenient to use identifica-
tion sequences based, solely, in strong peaks in voltammograms
recorded at dye-modified electrodes. Identification of saffron and
safflower, both displaying weak peaks, remains uncertain. Fig. 7
shows an identification scheme for the groups of dyes studied here
using SWVs initiated at −0.85 V in the positive direction. Combi-
nation of data for initial voltammograms and for voltammograms
recorded after oxidative and reductive polarization steps provides
a procedure for identifying each one of the dyes within each one of
the above families. This is schematically depicted in Fig. 8, where
identification schemes for individual (a) anthraquinonic and naph-
toquinonic and (b) flavonoid, pyran, curcumoid, carthamoid and
sepia dyes studied here using the voltammetric data listed in Table 1
is presented.

4. Conclusions

Solid organic dyes attached to graphite electrodes yield charac-

teristic responses in contact with aqueous buffers. Application of
constant potential polarization steps results in significant modifi-
cations of the voltammetric response. Solid state proton-assisted
electrochemical processes result in the formation of narrow lay-
ers of oxidized/reduced products in the faces of the crystals of
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nvolved organic compounds. These layers of oxidized or reduced
ompounds display characteristic voltammetric responses able to
e used for identification purposes.

Dye identification can be obtained for discerning between the
ifferent types of pigments and for identifying the majority of the
tudied dyes using peak potential for the most intense voltammet-
ic peaks before and after application of such polarization steps.
his methodology enhances the number of parameters usable as
iagnostic criteria for identifying dyes thus increasing the analyt-

cal performance of the voltammetry of microparticles in the field
f conservation science.
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