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Analytical characterization of reference carbon-based black pigments has been performed using Fourier
transform infrared spectroscopy (FTIR) with attenuated total reflectance (ATR) and scanning electron mi-
croscopy (SEM) coupled to an energy-dispersive X-ray spectrometer (EDS). The unambiguous identification
of these pigments, which are found in paintings, rock art and archeological artifacts, still remains a big chal-
lenge due to the variety of sources and manufacturing processes used in their preparation. The analytical re-
sults achieved in this study allowed us to discriminate between carbon-based pigments from different
sources and detect adulterations. The methodological approach was successfully applied to the identification
of vegetable charcoal and bone black in two colonial paintings dated from the eighteenth century. Conclu-
sions regarding the pictorial techniques were drawn from FTIR data.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Carbon-based black pigments are a group of dark-colored materials
composed by some form of elemental carbon [1]. According to Winter
[2] they may be classified taking into account the source material and
the manufacturing process. Four groups may be distinguished: graphite
(either natural or artificial), flame carbons, chars, and cokes. Flame
carbons comprise any carbon produced in the gas phase that originates
from the incomplete combustion of hydrocarbon precursors such as oil
and resins. Lampblack is soot collected from burning oil, while bistre is
obtained from the burning of resinous wood. Chars are carbons formed
from solid precursors such as wood, bark and stone fruits that remain
solid through the carbonization process. Thus, the end products retain
much of the morphology of the starting material. Coke is defined as
any carbonized product for which the precursor was in a liquid or
plastic state immediately before carbonization. This group includes the
carbonization product of collagen, the organic component from animal
bones.

Other pigments containing amorphous carbonaceous material com-
prise bitumen, the organic component of asphalt [3], and humic-earth
materials, such as Vandyke brown and Cassel earth [4]. These pigments
are composed of complex mixtures of natural organic substances
derived from animal and vegetable sources.

Carbon-based pigments have been identified in archeological artifacts
[5], rock art [6,7], and in easel and wall paintings [1,3,4,8]. Generally,
the presence of a carbon-based pigment was inferred from the absence
of black iron and manganese oxides. In most cases the pigment was as-
sumed to be charcoal or simply “carbon black”, a term generally used to
mean any pigment based on carbon [9,10]. As the precise identification
of pigments is important for understanding the technology employed in
the manufacture of an artwork as well as the resources available, the
unambiguous characterization of carbon-based pigments remains a
big challenge.

Scanning electronmicroscopy (SEM) coupled to an energy-dispersive
X-ray spectrometer (EDS) and powder X-ray diffraction (XRD) have tra-
ditionally been applied to the analysis of carbon-based pigments, in par-
ticular for the identification of mineral phases such as hydroxyapatite in
charred ivory and bone or when black oxides were used in combination
with carbon-based pigments [2,9].

Raman and Fourier-transformed infrared spectroscopy (FTIR) have
the advantage of beingmolecular techniques that are able to characterize
both organic and inorganic components [11,12]. The identification of car-
bonaceous material can be easily accomplished by Raman spectroscopy
based on characteristic bands of carbon at ~1580 cm−1 (G band) and
~1350 cm−1 (D band) [13]. Nevertheless, it is very difficult to discrimi-
nate the source of carbon-based pigments because their Raman spectra
are very similar, although differences in band positions, intensities, and
bandwidthsmaybe observed after a detailed study of the spectra [14,15].

FTIR is a well established technique that has been extensively ap-
plied to the investigation of painted surfaces containing organic and
inorganic materials such as pigments and binding media [11]. It has
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the advantage of being available in many museums and archeometry
laboratories. In particular, attenuated total reflectance (ATR) tech-
nique allows the analysis of small samples and requires no previous
preparation. Recently, FTIR has been successfully applied to the char-
acterization of black printing inks [16] and to the differentiation of
earth pigments [17].

In this work ten carbon-based black pigments used in art and as ref-
erences for archeometric studies, togetherwith a sample of commercial
vegetable charcoal, have been studied in detail by a combination of
FTIR-ATR and SEM-EDS microscopy. XRD was useful for characterizing
crystalline inorganic materials related to a particular pigment, helping
in the assignment of bands in IR spectra. The aim of this studywas to es-
tablish discriminative criteria to distinguish between carbon-based pig-
ments and extend this approach to the identification of black pigments
in two paintings dated from the early eighteenth century and housed in
two churches in Bolivia.

2. Materials and methods

2.1. Reference samples

Ten pigments based on carbon were analyzed (supplied by Kremer
Pigmente, Germany, and Zecchi, Italy). For comparison purposes we in-
cluded a sample of algarrobo (Prosopis sp.) charcoal. Table 1 lists sources
and characteristics of the samples studied.

2.2. Painting samples

Twomicrosamples were extracted from black areas of the figure of
Leviathan in a wall painting (A) and an easel painting (C) from two
churches of Bolivia, Copacabana de Andamarca and Caquiaviri, re-
spectively. Both paintings, dated from the eighteenth century, depict
the escathological subjects of Death, Judgment, Glory and Hell. The
pictures of the Last Four Things were vital for the Catholic believe,
since they had as purpose to recall the believer the finitude of life
and the eternal bliss that awaited those who pursued God's path
and the endless punishments reserved for sinners. Both samples
were analyzed by SEM, EDS, and FTIR in the transmission mode. For
sample A, the pigment layer was carefully separated from the prepa-
ration layer under a Leica MZ6 stereomicroscope and each layer was
analyzed separately by FTIR.

2.3. Analytical instrumentation and methods

2.3.1. Fourier-transformed infrared spectroscopy
IR spectra were obtained on a Nicolet i510 FTIR spectrometer with

the “Smart iTR” single-bounce ATR accessory with ZnSe crystal. For
each reference sample 32 scans were recorded in the 4000–650 cm−1

spectral range in the transmittance mode with a resolution of 4 cm−1.

Spectral data were collected with Omnic v8.0 (Thermo Electron Corp.)
software without post-run processing. The spectrum of air was used
as background.

Infrared spectra of painting samples were obtained on a Nicolet
Magna 550 Fourier transform spectrometer. For each sample 32 scans
were recorded in the 4000–400 cm−1 spectral range in the transmit-
tance mode with a resolution of 4 cm−1. Spectral data were collected
with OMNIC 7.3 (Thermo Electron Corp.) software. The KBr pressed
disk technique (1% sample in KBr) was used.

2.3.2. Scanning electron microscopy
Information on surface morphology of the samples was obtained by

using a Field Environmental scanning electron microscope (FE-SEM)
Zeiss:Supra 40 coupled with an energy-dispersive X-ray spectrometer
(SEM-EDS) INCAX Sight, Oxford Instrument, for the elemental chemical
analyses.

2.3.3. X-ray diffraction
X-ray diffraction (XRD) patterns were recorded on a Siemens D-

5000 powder diffractometer with CuKα radiation at a wavelength of
1.54056 Å, a diffracted beam graphite monochromator, and a scintil-
lator counter. Experiments were performed at steps of (2θ) 0.02°
and a counting time of 1.0 s/step.

3. Results and discussion

In this section we describe the results of the analytical characteriza-
tion of reference carbon-based pigments and the discriminative criteria
established to distinguish between them. Themethodological approach
was applied to the identification of black pigments in two colonial art-
works from the eighteenth century.

3.1. Reference pigments

3.1.1. Graphite
SEM micrograph of sample GRZ (Fig. 1a) showed an amorphous

morphology compared to that expected for graphite. The elemental
composition of the sample as obtained by EDS (Table 2) indicated a
high concentration of oxygen in addition to carbon and minor amounts
of silicon, iron, aluminum, and magnesium, which can be part of a mix-
ture of oxides or clays.

The infrared spectrum (Fig. 2a) showed very few bands; the weak
band at ~1580 cm−1 can be assigned to graphite in its transition
state E2g [18]. The abundant amount of oxygen (41.53%) and the low
cristallinity of the sample were indicative of oxidized graphite. As fully
oxidized graphite shows pronounced bands at 1700 and 1070 cm−1

[19], sample GRZ is suggested to be partially oxidized. On the other
hand, the band at 992 cm−1 and those at lower wavenumbers were
assigned to quartz andmagnesiumand iron aluminosilicates, aswas ev-
ident from its elemental composition.

3.1.2. Lampblack
Sample LPZ showed a typical SEM image (Fig. 1b) of carbon soot [20].

Spherical structures of 80–200 nm, apparently homogeneous with
smooth surfaces, were observed. EDS analysis (Table 2) clearly showed
carbon as the most abundant element. As expected, the infrared spec-
trum (Fig. 2b) did not show any significant bands. A very weak stagger-
ing around 1650 cm−1 suggested the presence of C_C bonds of
polycyclic aromatic compounds present in the amorphous domains [21].

3.1.3. Vine Black
Vine black pigments originate from charred vine (Vitis sp.) wood

but the pigment name has historically been applied to char and
coke from a wide variety of other materials [3,10].

Sample VBZ, at a micrometer level showed crystals of 1–2 μm in size
and small globular particles with a rough surface. At a nanometer level,

Table 1
Reference pigments.

Reference
samples name

Type Commercial name and
reference number

Manufacturer

GRZ Crystalline
carbon

Graphite — 1300 Zecchi

LBZ Flame carbon Lampblack — 0998 Zecchi
BSZ Flame carbon Bistre — 1200 Zecchi
VBZ Char Vine Black — 0941 Zecchi
VBK Char Vine Black — 47000 Kremer
CWC Char Prosopis sp. Wood Charcoal Local supplier
IBZ Coke Ivory Black — 0979 Zecchi
BTZ Coke Asphaltum (Bitumen) — 0098 Zecchi
VDK Earth Van Dyck Brown — 41000 Kremer
EKZ Earth Cassel Earth — 0796 Zecchi
VDZ Earth Van Dyck Brown — 0011 Zecchi
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globular particles of ~50 nm and needle-like particles of ~500 nm and
~100 nm were observed (Fig. 1c). Chemical analysis by EDS showed
an elemental composition indicative for the presence of oxides and
clays (Table 2).

The FTIR spectrum (Fig. 2c) showed bands at 989, 870, 793, and
667 cm−1 related to clayminerals, aluminosilicates based on structures
such as 2(Si,Al)-O tetrahedral sheets enclosing one (Mg, Al, Fe)-OH oc-
tahedral sheet [22]. The band at 1631 cm−1 may correspond to H2O
trapped between crystals. Although the mineral components predomi-
nate, the presence of weak bands at 2902 and 2841 cm−1 due to C–H
vibration frequencies as well as EDS results suggested the presence of
minor organic components.

Analysis by XRD confirmed the presence of pyrolusite (MnO2) and
magnetite (Fe3O4), which are probably the components responsible
for the black color of the pigment.

Sample VBK presented triangular and rhombic crystals of 100 to
300 nm and pseudocubic particles of ~100 nm (Fig. 1d). The results

of EDS analysis (Table 2) suggested the presence of barium sulfate,
probably used as a filler due to its low cost [23]. The amount of carbon
in the pigment was too low for a carbonization plant product and the
presence of iron may be related to the addition of iron oxides to ob-
tain a dark-colored material. Finally, the presence of strontium was
not surprising considering that it can replace barium in nature.

The IR spectrum (Fig. 2d) clearly showed characteristic bands of
barium sulfate at 1161, 1066 and 982 cm−1. No bands of organic
compounds were observed. Analysis by XRD confirmed the presence
of barium sulfate and magnetite (Fe3O4).Z

These results indicate that pigments VBZ and VBK are not original
vine black pigments but adulterated products.

3.1.4. Charcoal
Sample CWC, a commercial wood charcoal (Prosopis sp.), was an-

alyzed in order to compare it with the reference samples of charcoals
VBZ and VBK.

Fig. 1. SEMmicrographs of carbon-based pigments: (a) Graphite (GRZ); (b) Lampblack (LBZ); (c) Zecchi vine black (VBZ); (d) Kremer vine black (VBK); (e) and (f) Prosopis sp. charcoal.
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SEM micrographs (Fig. 1e and f) showed cell wall structures, chan-
nels and holes due to the dehydration process ofwood. This observation
is coincident with the fact that the wood structure of algarrobo suffers
significant qualitative changes because of the temperature effect [24].

The elemental composition of CWC (Table 2) showed carbon as
the most abundant element. The presence of oxygen was indicative
of oxidized compounds arising from incomplete degradation of lignin,
cellulose and hemicellulose in the wood. Minor elements as calcium,
potassium and chloride are expected to derive from plant material.

The infrared spectrum of CWC (Fig. 2e) showed weak stretching vi-
brations of calcium carbonate (CaCO3) at 1420, 873.7, and 711.8 cm−1

[17]. XRD confirmed the presence of CaCO3 and showed broad peaks
at 24.1° and 43.8° (2θ) corresponding to graphitic peaks (002) and
(100), respectively due to short-range order of graphenes [25].

3.1.5. Ivory Black
SEM analysis of sample IBZ (Fig. 3a) at a micrometric level showed

amorphous crystals tending to be angular with a wide range of sizes.
At a nanometric level, layered structures with spherical particles
around 50 nm were observed on the surface of the crystals.

According to EDS analysis (Table 2), the presence of calcium and
phosphorous was indicative of hydroxyapatite. The carbon content
may be ascribed to carbonized remains of bone tissue whose main
component is collagen; this carbonaceous material is responsible for
the deep black color of the pigment.

Fig. 2f showed the IR spectrum of pigment IBZ. The stretching vi-
brations of calcium carbonate at 1456, 1411 and 872 cm−1 are char-
acteristic of carbonated hydroxyapatite, as expected for bone
samples [26]. The strong band at 1018 cm−1, with a shoulder at
1086 cm−1, together with bands at 559 and 600 cm−1of the phos-
phate group coincide with a poorly crystalline non-stoichiometric ap-
atite [27]. The IR spectrum also showed bands due to remains of
collagen, the main bioorganic part of bone, after calcination [28,29].
A broad band at 1589 cm−1 was assigned to the C_O stretching of
amides, while the sharp band at 2013 cm−1 is characteristic of isocy-
anate (RNCO), thiocyanate (RSCN), and isothyocianate (RNCS) groups
related to degradation products of proteins.

This pigment is generally identified by its inorganic composition,
either by the presence of phosphorous in SEM-EDS analysis or by
the characteristic bands of hydroxyapatite in the IR spectrum.

3.1.6. Bitumen
Sample BTZ showed an amorphousmorphology by SEM (Fig. 3b). EDS

microanalysis (Table 2), indicated the presence of C (95.85%) as themajor
component togetherwithminor amounts of oxygen (4.15%). The IR spec-
trum of the sample (Fig. 4a) showed characteristic absorptions of

hydrocarbons. Strong bands at 2950, 2922, and 2853 cm−1 are due to
asymmetric and symmetric stretchings of C–H of methylene and methyl
groups. The twobands at 1456 and1375 cm−1 are characteristic of asym-
metric and symmetric bending of themethyl group. The broad band cen-
tered at 1600 cm−1 can be assigned to C_C vibration in olefins and
aromatic rings, while bands at 868, 810 and 722 cm−1 can be ascribed
to the deformation mode of aromatic C\H bonds. These observations
are in accordance with the presence of complex mixtures of aliphatic
and aromatic compounds, as described previously [30].

3.1.7. Bistre
According to the manufacturer this pigment is prepared from

wood soot. Analysis by SEM of sample BSZ (Fig. 3c) showed an amor-
phous structure and a few irregular-shaped crystals. The overall com-
position obtained by EDS is shown in Table 2. Besides carbon, a high
percentage of oxygen was observed. The presence of potassium is
typical for the carbonization of wood and it can be found as an
oxide or carbonate. Minor components (b1%) may correspond to
ashes resulting from the carbonized wood.

The IR spectrum (Fig. 4b) showed a broad band in the region of
3500–3000 cm−1 that was assigned to O–H stretching of alcohols.
Weak bands at 2951 and 2838 cm−1 were assigned to aliphatic C–H
stretching while the broad band at 1568 cm−1 was indicative for ar-
omatic ring vibrations. Bands occuring at 1400–1370 cm−1 corre-
sponded to aliphatic methylene and methyl groups. The band
centered at 1110 cm−1 was assigned to C–O stretching of aryl ether
structures and phenol groups. In the region from 872 to 745 cm−1,
sharp bands due to benzene ring substitution were observed. Finally,
the bands between 701 and 576 cm−1 were assigned to C–C stretch-
ing of phenolic and polycyclic aromatic hydrocarbons (PAH) typically
found in tarry residues [31].

3.1.8. Vandyke and Cassel earth
Pigments VDK and EKZ are described together since they show the

same characteristics, despite having been provided by different man-
ufacturers. Both pigments showed lamellar and irregular morphol-
ogies by SEM (Fig. 3d and e). The carbon content was significant in
both samples (71–77%), with a low percentage of iron (Table 2).
The presence of calcium and magnesium may be related to compo-
nents of plant origin.

The infrared spectra of samples VDK and EKZ (Fig. 4c) showed typical
bands of humic substances, which are the main components of organic
matter in soils and are responsible for their dark color [32]. Bands at
3600–2900, 1700–1600, 1430–1410, and 1275–1260 cm−1 may be at-
tributed to carboxylic, aromatic and phenolic groups responsible for
the acid character of the humic substances. The bands at 2919 and

Table 2
Results from elemental microanalysis (SEM-EDS) of carbon-based pigments.

ELEMENT Graphite
(GRZ)

Lampblack
(LBZ)

Bistre
(BSZ)

Vine B.
(VBZ)

Vine B.
(VBK)

Charcoal
(CWC)

Ivory Black
(IBZ)

Bitumen
(BTZ)

Vandyke
(VDK)

Cassel E.
(EKZ)

Vandyke
(VDZ)

C 47.46 97.55 65.3 42.44 8.56 89.8 29.69 95.85 77.54 71.01 8.84
O 41.53 2.35 28.64 43.23 59.33 8.52 47.22 4.15 21.02 27.86 60.63
Si 7.98 0.13 5.66 0.43 0.93
Fe 1.57 0.14 4.04 1.44 0.14 0.24 0.12 0.33 27.26
Al 1.52 1.73
Mg 0.23 1.29 0.13 0.37 0.30
S – 0.30 0.18 0.33 14.41 0.36 0.22
K 5.37 0.27
Ca 0.24 0.30 1.00 13.42 0.66 0.57
Na 0.54 0.66
Cl 0.13
Mn 0.44 1.57
Ba 15.39
Sr 0.96
P 7.97
Ti 0.76

Results expressed as percentages of total content (%)
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2850 cm−1 due to C–H stretchings of methylene and methyl groups
were indicative of the presence of aliphatic chains in themacromolecule
structure. The absence of characteristic bands due to aromatic C–H
stretching (3000–3100 cm−1)may indicate a highdegree of substitution
in the aromatic systems.

The SEM micrograph of VDZ (Fig. 3f) showed particles of
50–100 nm with pseudocubic shape. EDS mycroanalysis (Table 2) in-
dicated the presence of oxygen (60.63%) and iron (27.26%) as the
major elements together with a low carbon content (8.84%).

The infrared spectrum (Fig. 2j) showed weak bands at 1073–1020,
899, and 819 cm−1 common to several clay minerals and iron oxides,
together with a strong band at 695 cm−1 attributable to magnetite
[22]. XRD analysis confirmed the presence of magnetite and hematite
in coincidence with the observation of pseudocubic crystals by SEM
[33]. The absence of pyrolusite (MnO2) intense peaks in the XRD

pattern suggests that manganese is part of clays minerals like those
of the Neotocite group, which may contain titanium, an element
detected by EDS microanalysis of VDZ.

Pigment VDZ consists mainly of iron oxides and is completely dif-
ferent from VDK and EKZ.

3.2. Criteria for discrimination of carbon-based black pigments

The application of quantitative microanalysis (SEM-EDS) and FTIR,
two of the techniques most commonly used to examine works of art,
allowed the characterization of reference carbon-based pigments. The
information obtained by both techniques was organized in two flow
charts in order to help in the discrimination of the pigments studied.
In Fig. 5, pigments are grouped on the basis of the atomic percentage
of carbon in each sample, as determined by EDS microanalysis.

Fig. 2. FT-IR ATR spectra of carbon-based pigments: (a) Graphite (GRZ); (b) Lampblack (LBZ); (c) Zecchi vine black (VBZ); (d) Kremer vine black (VBK); (e) Prosopis sp. Charcoal; (f)
Ivory black (IBZ).
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Further differentiation between the pigments in each group is based
on the presence of elements, which may be characteristic for each
pigment.

Lampblack (LBZ), commercial charcoal (CWC), and bitumen (BTZ)
are characterized by their high content of carbon (>85%). LBZ is dis-
tinguished from BTZ and CWC by the presence of sulfur, presumably
from heterocyclic aromatic hydrocarbons, while WCW is distin-
guished from BTZ by the presence of potassium, among other minor
elements derived from plant material. Bistre (BSZ), Vandyke (VDK)
and Cassel earth (EKZ) are pigments, which contain a high amount
of organic matter together with variable amounts of inorganic matter.
BSZ can be easily differentiated from VDK and EKZ due to the high
content of potassium, while VDK and EKZ differ only in the presence
of magnesium in VDK.

Grafite (GRZ), Vine Black (VBZ) and Ivory Black (IBZ) from Zecchi
contain 20–50% of carbon. IBZ can be easily distinguished from GRZ

and VBZ by the presence of phosphorous and the high content of cal-
cium derived from hydroxyapatite. VBZ differs from GRZ in the pres-
ence of calcium and sodium, minor elements present in plant cells.

The last group comprises pigments VBK and VDZ, which are char-
acterized by a low content of carbon (b10%) and a high content of ox-
ygen (ca. 60%) due to the presence of inorganic components. VBK can
be easily distinguished from VDZ by the presence of high amounts of
barium and sulfur, while VDZ is rich in iron (27%).

Fig. 6 shows the discrimination of the reference pigments by FTIR-
ATR taking into account the presence of certain characteristic bands.
As Lampblack (LBZ) shows no bands in the IR spectrum, it will not
be included in the discrimination analysis. Pigments BTZ, BSZ, VDK,
and EKZ show typical C–H bands at 3000–2800 cm−1. The FTIR spec-
tra of VDK, EKZ and BSZ are quite different from that of bitumen (BTZ)
and the presence of sharp bands at 1375 and 1455 cm−1 due to ali-
phatic C–H methyl groups allows the discrimination of BTZ from

Fig. 3. SEM micrographs of carbon-based pigments: (a) Ivory black (IBZ); (b) Bitumen (BTZ); (c) Bistre (BSZ); (d) Zecchi Cassel earth (EKZ); (e) Kremer Vandyke (VDK); (f) Zecchi
Vandyke (VDZ).
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Fig. 4. FTIR-ATR spectra of carbon-based pigments: (a) Bitumen (BTZ); (b) Bistre (BSZ); (c) Kremer Vandyke (VDK) and Zecchi Cassel earth (EKZ); (d) Zecchi Vandyke (VDZ).

Fig. 5. Flow chart for carbon-based pigments discrimination by EDS analysis.
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BSZ, VDK, and EKZ. The latter three pigments show similar FTIR spec-
tra but VDK and EKZ can be distinguished from BSZ by a broad band at
1350–1200 cm−1 characteristic of C–O and C–N stretchings of humic
substances.

The FTIR spectrum of Ivory Black (IBZ) shows a distinctive band at
2013 cm−1 associated with collagen degradation products, together
with strong bands at 1018, 600 and 559 cm−1 due to the phosphate
group. The presence of weak bands at 1700–1400 cm−1 characteristic
of organic compounds makes it possible to separate CWC, GRZ and
VBZ from the oxide-based pigments VBK and VDZ. These two pig-
ments can be distinguished by the sharp band at 1066 cm−1 for the
barium sulfate group in VBK.

Finally, the broad band at 1250–1000 cm−1 makes it possible to
separate CWC from VBZ and GRZ, which can be distinguished on the
basis of the broad band at 1000–800 cm−1 characteristic of an alumi-
nosilicate based pigment as VBZ.

3.3. Identification of carbon-based black pigments in paintings

Analysis of microsample A by optical microscopy (Fig. 7a) and SEM
(Fig. 7b) showed the presence of a hetereogenous pigment layer con-
sisting of irregular black particles. Further analysis of one of these parti-
cles by SEM (Fig. 7c) showed a structure resembling that of charred
wood and suggested the use of charcoal as the black pigment. EDS mi-
croanalysis indicated the presence of carbon (84.04%) and oxygen
(15.14%) as the major elements together with minor amounts of sulfur
(0.27%), calcium (0.48%), and potassium (0.06%). This elemental com-
position discarded bone black and oxide-based pigments. The presence
of potassium indicated the vegetable origin of the pigment. White par-
ticles observed in the micrograph (Fig. x) were consistent with calcium
sulfate, as determined by EDS analysis.

The FTIR spectrum of the black pigment layer (Fig. 7d) showed no
bands except a weak band centered at 1157 cm−1, which might corre-
spond to calcium sulfate hydrate (gypsum) [11]. Indeed, structurally

disordered graphitic materials do not present strong resolved IR
bands, as samples GRZ and CWC. The absence of any strong spectral fea-
tures due to organic groups such as methyl and methylene, carbonyl
and hydroxyl groups related to the use of an organic binder and the
presence of small particles of calcium sulfate in the micrograph of the
sample suggested that the pigment might have been mixed with gyp-
sum and applied using water as the vehicle. The FTIR spectrum of the
preparation layer (Fig. 7d) was dominated by characteristic peaks of
sulfate (601 cm−1, 668 cm−1, 1144 cm−1, 1624 cm−1, 1682 cm−1,
3405 cm−1, 3549 cm−1), which are indicative for the presence of calci-
um sulfate hydrate [11].

Microsample C showed an intense black color under the stereomi-
croscope (Fig. 8a). Analysis by SEM-EDS of the black layer indicated
the presence of carbon (77.3%) and oxygen (22.3%) as the major ele-
ments together with phosphorous (0.03%), aluminum (0.10%), silicon
(0.16%), sulfur (0.04%), potassium (0.02%), and calcium (0.06%). The
presence of phosphorous and calcium was indicative of a bone black
pigment. EDS microanalysis of the preparation layer revealed the pres-
ence of aluminum, silicon, iron, and calcium, characteristic of an earth.

The FTIR spectrum of sample C (Fig. 8b) depicted bands at 2012, 599
and 559 cm−1, characteristic of a hydroxyapatite based black. The broad
band at 1066 cm−1 due to Si–O–Si and Si–O–Al stretchings of silicate
minerals from the preparation layer may be superimposed to the band
around 1020 cm−1 related to the phosphate group. Bands at 2931 and
2863 cm−1 of C–H bonds and a broad band at 1750–1715 cm−1 of
C_O were indicative of triacylglycerides and fatty acids as degradation
products of a siccative oil used as a binder of the bone black pigment.
The presence of bands at 1645 and 1557 cm−1 suggested the use of a
proteinaceous binder for the preparation layer.

4. Conclusions

Identification of the sources of carbon-based black pigments in
works of art and archeology is a challenging goal. In this study, a

Fig. 6. Flow chart for carbon-based pigments discrimination by FTIR-ATR analysis.
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methodological approach to discriminate between reference carbon-
based pigments is described. The procedure is based on the combined
application of SEM, EDS microanalysis and FTIR-ATR spectroscopy.
These techniques are widely used in the fields of art and art conserva-
tion and require a minimum amount of sample.

Morphology and semiquantitative microanalysis, as determined by
SEM and EDS, permitted a rapid differentiation between pigments with
high content of carbon and those containing inorganic matter as major
components. Further identification of minor elements such as sulfur,
phosphorous, potassium and calcium enabled a conclusion regarding
the type of carbon-based pigment. FTIRwas helpful in the differentiation
of those pigments with high content of organic compounds, such as

bitumen, bister, and the humic-earth materials, Vandyke and Cassel
earth, as well as in the characterization of the mineral-based pigments.
The proposed analytical approach allowed the detection of adulteration
in the reference vine black pigments by addition of black mineral pig-
ments and barite as an extender.

The paths proposed for the characterization of carbon-based black
pigments are easy to follow and are strongly recommended when the
presence of a carbon-based black pigment has been previously detected
by Raman spectroscopy.

We have successfully applied our methodological approach to the
identification of black pigments in two colonial artworks from the
eighteenth century. Although micro-sampling was necessary, the

Fig. 7. (a) Sample of the black pigment (A) taken from a mural painting of the church of Copacabana de Andamarca; (b) SEM micrograph of the black pigment layer; (c) SEM
micrograph of the black pigment layer with calcium sulfate particles; (d) FTIR spectra of the black layer and the preparation layer.

Fig. 8. (a) Sample of the black pigment (C) taken from a painting of the church of Caquiaviri; (b) FTIR spectrum of sample C.
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amount of sample required did not affect the integrity of the paint-
ings, which were further restored. The chemical information obtained
on the materials and technology used in the manufacture of the
paintings contributed to increase our knowledge on Andean colonial
art.
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