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Abstract

The most common synthetic carbon-based black pigments can be divided into
three main groups on the basis of the material used for their production: bone
blacks, vine blacks and lampblacks. This work reports on the physicochemical
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characterization of the three commercial pigments purchased from Kremer
Pigmente (Germany) and Zecchi (Italy) by means of a multi-analytical
approach, which included thermoanalytical (thermogravimetry,
thermogravimetry coupled with FTIR and differential scanning calorimetry)
and spectroscopic techniques (laser-induced breakdown spectroscopy, Fourier-
transform infrared spectroscopy, Raman spectroscopy and X-ray powder
diffraction). Combining the results obtained from this multi-analytical
approach, qualitative and quantitative conclusions are drawn for the first time.
Lampblacks are mainly composed of amorphous carbon. In vine black
(Kremer), amorphous carbon and cellulose pyrolysis by-products are the main
constituents. In bone blacks and vine black (Zecchi), carbonaceous materials
are minor components. Hydroxyapatite and calcium carbonate are the main
constituents of bone blacks, and iron and magnesium oxides are the main
constituents of vine black (Zecchi). Results from this multi-analytical study on
the composition of such widespread pigments can provide valuable
information in the decision-making process for restorers and conservators.
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Introduction
Pigment identification is key to understanding the history of an artwork, the
technical know-how of a culture, trade routes and the solution of problems
related to conservation, restoration, dating and artist attribution. Pigments have
been used for the authentication of Russian Icons [1] or to establish that the
trading of Indian lac was already occurring back in the twelfth century [2].
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AQ3

Black pigments are synthetic pigments that can be found in paintings,
polychromies and archeological artifacts [3, 4, 5]. They have a long history,
being the first pigments to be used in prehistory identified in archeological
painted plaquettes from Paleolithic caves in Spain [6], in the prehistoric wall
paintings from Domus Janas necropolis (Italy) [7] or in the ink residues from a
Qumran inkwell [8]. Carbon-based pigments form a very diverse group which
includes many subgroups, such as crystalline carbon, flame carbons, chars, cokes
and black hearts. However, in art, they are generally identified by the source or
manufacturing process used in their production. [9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20].

Carbon black was the first black used. This dull black is the easiest to
manufacture as it is made of charcoal. Vine black, traditionally made by charring
desiccated grape vines and stems, is a beautiful bluish black. Bone black,
synthesisted since prehistoric times by burning bones, is the darkest black
available. Lampblack, the most recent pigment of the group, was traditionally
manufactured by collecting soot from oil lamps. Many techniques have been
used for identifying black pigments in artworks, including SEM–EDS [9, 13, 16,
21], laser-induced breakdown spectroscopy (LIBS) [22, 23, 24, 25, 26], Fourier-
transform infrared spectroscopy (FTIR) [13, 16, 27, 28, 29, 30, 31, 32, 33, 34]
and Raman spectroscopy [11, 13, 16, 35, 36, 37, 38, 39, 40].

However, identifying carbon-based pigments in paintings and polychromies is
not straightforward. The absence of any element (such as Mn or Fe) or
crystallographic pattern associated with other black pigments, such as magnetite
(Fe O ) or pyrolusite (MnO ) [18, 19], is considered as an evidence of the use of
a carbon-based black [20]. Raman seems to be the best nondestructive technique
to establish the presence of black carbon pigments in artworks [35, 37, 40, 41,
42]. The noninvasive in situ nature of Raman analysis has been key in the
identification of carbon black pigments in prehistoric mural paintings from the
Paleolithic rock art of Quercy (France) [43]. The presence of P from the
elemental analysis and the observation of the band at ca 961 cm  in the Raman
spectrum typical of PO   are used as an indicator of bone/ivory black [21].

Reference materials, mainly lampblack, wine, bone and ivory black together
with bitumen, Mars black, Van Dick black all from Zecchi Colori Belle Arti
(Italy) and Kremer Pigmente (Germany), have been investigated in the literature
by means of different techniques such as FTIR and Raman in order to establish
criteria to distinguish the origin of various carbon black pigments [11, 27, 28,
34].
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When studied by Raman, synthetic carbon-based pigments present similar
spectral features (two broad and overlapping bands centered at 1580 and
1350 cm ) [11, 27]. However, the statistical combined analysis of spectral
parameters enabled pigment differentiation [27]. In another study, ten synthetic
carbon-based black pigments were characterized by a combination of FTIR-
ATR, Raman, SEM–EDS and XRD to establish discriminative criteria [37].
However, the results mainly highlighted that little is known about the pigment
actual compositions and that the information described on the labels is
misrepresenting.

Thermoanalytical techniques have recently been applied in the field of cultural
heritage to characterize organic and inorganic pigments, in particular to study
their nature, thermal stability and interactions with binders [41, 42, 44, 45, 46,
47, 48, 49, 50, 51, 52]. Thermogravimetry in air of powdered reference black
pigments purchased from specialized producers has been reported in the work of
Gatta et al. [53]. Data were used to identify the black pigment in an ancient
Roman wall painting (Imperial Age, 30 B.C.).

In this work, the three among the most commonly used synthetic carbon-based
black pigments (bone black, vine black and lampblack, purchased from two
different specialized manufacturers—Zecchi and Kremer) were studied and
compared using a multi-analytical approach. Raman spectroscopy was used to
discriminate between crystalline and amorphous carbon structures. LIBS
characterized the elemental content, and when used with XRD it revealed traces
of inorganic species. FTIR gave information mostly on the organic parts of the
pigments. Thermoanalytical analysis enabled us to study the thermal stability of
the pigments, their decomposition products and their inorganic/organic ratio. To
the best of our knowledge, differential scanning calorimetry (DSC) and
thermogravimetry coupled with FTIR for evolved gas analysis (TG-FTIR) under
nitrogen flow have not been performed on black pigments to date. The aim of
this study was to provide detailed information on the chemical composition,
thermal stability and physicochemical characteristics of the investigated
pigments, highlighting qualitative and quantitative differences. Results from this
multi-analytical study on the composition of such widespread pigments provide
valuable information in the decision-making process for restorers and
conservators.

Experimental

Materials

−1
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The reference materials used for this study were bone black, vine black and
lampblack purchased from Kremer Pigmente (Germany) and Zecchi (Italy). The
commercial names and reference numbers are specified in Table 1.

Table 1

Reference black pigments studied: commercial name, manufacturer, source of pigment as
described by the manufacturer

Commercial name and
catalog number

Source of pigment as described by
the manufacturer Manufacturer

Ivory Black-0979 Charred ivory–calcium phosphate
containing carbon Zecchi

Bone Black-47100 Carbonization of bones over 400C Kremer

Vine Black-0941 Vegetal carbon Zecchi

Vine Black-4700 Carbon, insoluble carbon compounds
and ashes Kremer

Lampblack-C0998 Residue of carbonization Zecchi

Lampblack-47250 Nearly pure amorphous carbon Kremer

The reference materials were studied as it is. The lampblack samples were pre-
dried before DSC analysis and TG analysis under oxygen.

Methods
A summary of the techniques employed in this work starting with the
nondestructive and leading to the destructive ones is reported in Scheme 1.

Scheme 1

Flowchart of the techniques employed in this work from the nondestructive to the
destructive ones
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A TA Instruments Thermobalance model Q5000IR was used. Measurements
were performed at a rate of 10 °C min , from 30 to 1000 °C under nitrogen and
800 °C under airflow (25 ml min ). The amount of sample in each TG
measurement varied between 2 and 4 mg. TG balance was calibrated for the
weight by means of weighted platinum calibrated pans. The temperature
calibration was performed measuring the Curie point of a set of three magnetic
standards. The same instrument equipped with an FTIR Agilent Technologies
spectrophotometer model Cary 640 for evolved gas analysis (EGA) was used for
the TG-FTIR experiments. TG-FTIR measurements were performed at a rate of
20 °C min , from 40 to 900 °C under nitrogen flow (70 ml min ), from 600 to
4000 cm  with a resolution of 4 cm . To reduce the strong background
absorption from water and carbon dioxide in the atmosphere, the optical bench
was purged with nitrogen. In addition, a background spectrum was taken before

−1

−1

−1 −1

−1 −1



22/10/2019 e.Proofing

https://eproofing.springer.com/journals_v2/printpage.php?token=Of0Cl4cbS-_BHkHjrSv7S7fQMvnr8u_GjZWPfXvbM0M 8/36

each analysis in order to zero the signal in the gas cell and to eliminate the
contribution due to the amount of ambient water and carbon dioxide. The
amount of sample in each TG-FTIR measurement varied between 6 and 8 mg.
Data were collected using Agilent Resolution Pro version 5.2.0.

A PerkinElmer differential scanning calorimeter Pyris Diamond was used. Solid
samples (8–10 mg) were crimped in aluminum pans and scanned from 30 to
550 °C at 10 °C min  under nitrogen flow and from 150 to 550 °C at 5 °C min
under airflow. A pinhole was made on the pan to allow the release of gases.
Empty pans were used as references. The calorimeter was calibrated with indium
as a standard.

The LIBS analysis was performed using the Modì double-pulse LIBS instrument
in the “Smart” configuration, equipped with a dual-pulse laser (Nd-YAG, λ = 
1064 nm, single-pulse energy up to 60 mJ in 10 ns) and a non-intensified
double-grating spectrometer (AvaSpec Dual-Channel Fiber Optic Spectrometer
from Avantes). The spectrometer simultaneously covers the spectral interval
between 200 and 430 nm (with a resolution of 0.1 nm) and between 415 and
900 nm (with resolution of 0.3 nm). The inter-pulse delay was fixed at 1 μs,
whereas the acquisition gate and delay were set at 2.48 ms and 2 μs,
respectively. To analyze the samples, it was necessary to prepare a pellet that
was at least 2–3 mm thick by applying a pressure of about 10 atm using a
hydraulic press. Each LIBS spectrum corresponded to five laser shots in
different sample points.

Raman spectra were recorded on a Raman Invia system (Renishaw) equipped
with CCD detector with a resolution of 1800 lines/mm, coupled to an imaging
microscope with 10×, 50× and 100× magnifications. The HeNe laser at 633 nm
was used as an excitation source and was filtered to give a laser density power at
the exit of the objective lens which varied from 0.1 to 2 W mm . Several
measurements were performed, adjusting the laser fluence to 0.5 W mm , to
ensure that the heating produced by the laser was minimized and the sample was
not altered. Typically, a 50× magnification was used and the spot size diameter
was about 2–3 μm. To register the Raman spectra, we took ten different points
randomly from each pigment under the same conditions. Each spectrum was
averaged over four scans corresponding to a collection time of 30 s.

A Nicolet 510 Fourier-transform infrared spectrometer equipped with a DTGS
detector was used for transmittance measurements on KBr pellets. FTIR spectra
were recorded with a resolution of 4 cm , and 32 scans were taken in order to
obtain an appropriate signal-to-noise ratio. The spectral range was measured
between 4000 and 400 cm .
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A Siemens D-500 X-ray diffractometer with Bragg–Brentano optics was
operated in θ/2θ from 4° to 70° with a step scan of 0°, 2° using the CuKa
radiation and a secondary graphite monochromator for the characterization of the
powdered samples. Results were compared with the ICDD database in order to
determine the phases present in the sample.

Results and discussion
FTIR spectra, FTIR signals and their attributions for the black samples
investigated are reported in Fig. S.1 of ESI and Table 2.

Table 2

FTIR absorption peak table together with their attributions for the black samples
investigated (bone blacks, vine blacks and lampblacks)

Sample Absorption/cm Attribution Species References

Bone blacks
(Kremer/Zecchi) 3450 (broad) ν O–H

H O

[29]  the
correct
refenence is
[38] Vila et al

 1620 (broad) δ O–H  

 1456, 872, 712 ν C–O
(CO )

Calcite
hydroxyapatite
(Ca (PO ) OH)

[17] the
correct
refenence is
[21]Van Loon
A, Boon JJ.  

 1090, 1030, ν P–O
(PO )

[7] the
correct
refenence is
[32] Tomasini
et al.

 604 δ P–O
(PO )  

 2050 ν SCN Proteinaceous
residues

[29] the
correct
refenence is
[38] Vila et al

 962 ν Si–O
Silicates

[46]the
correct
refenence is
[54]
Silverstein.

 872, 799 δ Si–O  
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Sample Absorption/cm Attribution Species References

Vine Black
Zecchi 3450 (broad) ν O–H

OH group of
hydrated
species and
confined H O

[35] the
correct
reference is
[32] Tomasini
Siracusano

 1636 δ O–H H O trapped
[29]  the
correct
refenence is
[38] Vila et al

 1030 ν Si–O/S–O
(SO ) Clays/sulfates

[29, 35]  the
correct
refenence is
[38] Vila et
aland [32]
Tomasini
Siracusan

 520, 464 ν Fe–O Iron oxides

[47] the
correct
reference is
[55] spepi et
al

Vine Black
Kremer 3390 broad ν O–H

OH group of
hydrated
species and
confined H O

[29, 35]  the
correct
refenence is
[38] Vila et
aland [32]
Tomasini
Siracusan

 3060 ν C–H
aromatic

Aromatic
residues

 

 870–700 range δ C–H
aromatic

[35, 46] the
correct
referencies
are32 and54 

 1595, 1430 ν C–C
aromatic  

 2980, 2920, 2850 ν C–H
aliphatic Aliphatic

residues

[35, 46]the
correct
referencies
are32 and54

 1300–1400 range δ C–H
aliphatic  

 1022 ν Si–O
Clays

[46]he correct
refenence is
[54]
Silverstein.

 872, 800 ν Si–O  
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Sample Absorption/cm Attribution Species References

 520, 460 ν Fe–O Iron oxides
[47]he correct
reference is
[55] spepi et
al

The LIBS and FTIR spectra of bone and ivory black pigments showed very
similar spectral features. LIBS spectra presented a strong signal relative to the
atomic emission of calcium at 393 and 397 nm (saturated signals) and a signal at
247.8 nm due to the atomic emission of carbon (Fig. S.2 of ESI). The main
emission lines of Mg and Fe are also present. The FTIR spectra (Table 2 and Fig.
S.1 of ESI) highlighted the signals due to water, carbonates and P–O bond
vibration in agreement with the presence of calcite and hydroxyapatite
(Ca (PO ) OH), as expected for pigments obtained by bone calcination [32], as
well as spectral features ascribable to SCN groups, deriving from collagen
pyrolysis. Silicates are also detectable [28][32]. The XRD pattern confirmed the
presence of hydroxyapatite and silicates, allowing the identification of quartz,
feldspars and illite (Fig. S.3 of ESI). The data are coherent with the animal
origin of the pigments, in agreement with the literature [28, 34][32, 38].

The LIBS spectra of the vine black pigments showed signals due to the atomic
emissions of Mg (279.5, 280.2 and 285.1 nm) and Fe (371.9, 373.4, 373.7, 374.5
and 374.8 nm) (Fig. 1).

Fig. 1

LIBS spectra of vine black from Zecchi (black line) and Kremer (dotted line). I
and II indicate neutral and single ionized species, respectively

−1
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The FTIR spectrum of vine black from Zecchi showed the presence of silicates,
in agreement with the literature [11]. XRD confirmed the presence of clays and
other mineral phases, allowing the identification of talc (Mg Si O (OH) ),
tiptopite K (Na,Ca) Li Be (PO ) (OH) ·(H O), quartz (SiO ), dolomite
(MgCa(CO ) ) and kaolinite (Al [(OH) Si O ]). Relatively low amounts of
calcite (CaCO ) and gypsum (CaSO ·2H O) were also detected by XRD (Fig.
S.4 of ESI). The spectral features of vine black from Kremer presented signals
ascribable to silicates and metal oxides, in agreement with Vila et al. [34][38].
Absorption peaks related to aromatic and aliphatic compounds were also clearly
visible in the FTIR spectrum, in agreement with the presence of a non-crystalline
material detected by XRD, in the form of a high background. XRD enabled the
identification of relatively low amounts of quartz (SiO ), dolomite
(MgCa(CO ) ), kaolinite (Al [(OH) Si O ]), calcite (CaCO ) and gypsum
(CaSO ·2H O).

Interestingly, these data are in disagreement with those reported by Tomasini et
al. [28][32] who mainly highlighted the presence of barium sulfate in the vine
black from Kremer. Barium sulfate is a filler commonly used in pigment

3 4 10 2
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manufacturing, and its presence in commercial pigments might be inconsistent
and unrelated to the pigment production.

The LIBS spectra of the lampblack pigments showed signals due to the atomic
emission of carbon (247.8, 283.6, 392.0 and 426.7 nm). Lampblack from Kremer
showed a small signal due to manganese at 257 nm (Fig. 2), whose presence
could be due to small amounts of added manganese oxide, which has not been
reported before for this pigment [11, 34, 1138]. The XRD pattern of both
lampblacks does not show any crystallographic phase (Fig. S.5 of ESI), and the
infrared spectra do not present significant spectral features, indicating that these
pigments are mainly composed of amorphous charcoal.

Fig. 2

LIBS spectra of lampblack from Zecchi (black line) and Kremer (dotted line). I
and II indicate neutral and single ionized species, respectively
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Raman has been extensively used for the identification of black pigments in the
literature as it is the only technique which allows the direct detection of
amorphous carbon [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 54, 55, 56, 57,
58][10, 12, 13, 14, 15, 16, 17, 18, 19, 56, 57, 58, 59, 60]. The Raman spectra in
the range 500–1800 cm  of all samples analyzed are shown in Fig. 3.

Fig. 3

Raman spectra from 500 to 1800 cm  of all the black samples

All the spectra obtained were very similar, showing a typical signal of a poorly
organized microcrystalline graphite [12, 13, 14, 15, 16, 17, 18, 19], as observed
in the literature for an array of black-based pigments [11].

−1
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The peak at about 1582 cm  is due to an “in-plane” displacement of the carbons
strongly coupled in the hexagonal sheets and is called G (graphite) mode. This
band is the only signal in a single perfect crystal graphite, thus corresponding to
an ideal graphitic lattice vibration mode with E  symmetry [38][39].

When disorder is introduced into the graphite structure, this band broadens and
an additional peak appears at about 1350 cm , which is usually called the
“disorder-induced” or D (disorder) mode, which corresponds to a graphitic
lattice vibration mode with A  symmetry. Other weaker “disorder bands” appear
in the Raman spectra, as the disorder of graphite increases. These bands are
called D2 (shoulder of G mode around 1620 cm ), D3 (the strongest at around
1500 cm ) and D4 (shoulder of D around 1150 cm ) [8][12].

In order to improve the accuracy in the determination of spectroscopic
parameters such as peak position, bandwidth and intensity, a curve fitting was
carried out for each spectrum [11, 12]. Several fits were tried leaving all the
spectroscopic parameters free to progress. The best fitting was obtained for the
six samples with four Gaussian bands (band D, D2, D3 and D4) and one
Lorentzian band (band G) (see Fig. 4, as an example). The result of this fitting
was in good agreement with recently published work [11, 12].

Fig. 4

Raman spectrum of lampblack Zecchi (black line) with the corresponding curve
fitted bands (Gaussian dotted lines)
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Table 3 summarizes all the Raman spectroscopic parameters obtained after curve
fitting the experimental spectra using Gaussian and Lorentzian bands.

Table 3

Raman spectroscopic parameters obtained after curve fitting the experimental spectra
(Lorentzian and Gaussian bands) of all the samples analyzed and the same values for pure
microcrystalline graphite

Sample Peak position/cm Intensity (peak Area) R L /nm

Microcrystalline graphite [24]

 G 1582 235   

 D 1369 184  5.6

Bone black—Zecchi

 G 1592 86   

 D 1352 432 0.73 0.9

 D2 1602 69   

 D3 1518 88   

−1 2
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Sample Peak position/cm Intensity (peak Area) R L /nm

 D4 1102 63   

Bone black—Kremer

 G 1593 102   

 D 1349 458 0.72 0.9

 D2 1603 71   

 D3 1519 94   

 D4 1104 73   

Vine black—Zecchi

 G 1590 83   

 D 1354 434 0.75 0.8

 D2 1601 59   

 D3 1520 80   

 D4 1096 57   

Vine black—Kremer

 G 1587 79   

 D 1338 535 0.76 0.6

 D2 1608 86   

 D3 1522 77   

 D4 1108 88   

Lampblack—Zecchi

 G 1590 184   

 D 1346 546 0.68 1.5

 D2 1600 67   

 D3 1526 172   

 D4 1095 69   

Lampblack—Kremer

 G 1592 168   

 D 1358 494 0.67 1.5

 D2 1601 74   

 D3 1524 156   

−1 2
a
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Sample Peak position/cm Intensity (peak Area) R L /nm

 D4 1097 73   

All samples showed R  values (corresponding to the D/(G + D+D2) area ratio)
higher than 0.5, thus indicating the presence of amorphous material [5, 6, 8][10,
11, 12]. This was confirmed by the L  values (L  (nm) = 4.4 [D/G] ) in the
range of 0.6–1.5. As demonstrated by Tuinstra and Koenig [59], these values
indicate a low degree of structural order, which is very high in vine and bone
blacks (0.6–0.9) and lower in lampblack (1.5), which show a small graphitic
domain in addition to an amorphous phase [10, 12, 60][10, 12, 62].

The spectra of vine black show additional bands at 224, 243 and 290 cm  due to
symmetric bending of the Fe–O bond, bands at 408, 495, 608 and 659 cm  due
to symmetric and asymmetric vibrational modes of Fe–O bond [61] and bands at
196 and 172 cm  due to stretching of Mg–O bond [62] (Fig. S.6 of ESI).

All the pigments were characterized by TG-FTIR and DSC under inert (nitrogen)
atmosphere (Figs. 5–8) and by TG and DSC under oxidative atmosphere
(Figs. 9–10).

Fig. 5

Thermogravimetric curve (left axis) and its DTG (right axis) under nitrogen flow
at 10 °C min  heating rate of bone black (a), vine black (b) and lampblack (c)
purchased from Zecchi and Kremer
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a a
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Figure 5 shows a comparison between the thermodegradative curves and the
corresponding derivative curves recorded under nitrogen flow for each of the
black pigments. Table 4 summarizes the experimental temperatures and the
percentage weight losses of each thermal decomposition step.

Table 4

Temperatures (maximum of DTG curve), mass loss percentage of the thermal degradation
steps and residual masses at 1000 °C of the black pigments studied under nitrogen flow

Step
Bone black Vine black Lampblack

Kremer Zecchi Kremer Zecchi Kremer Zecchi
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Step
Bone black Vine black Lampblack

Kremer Zecchi Kremer Zecchi Kremer Zecchi

1 28 °C
(4.7%)

30 °C
(3.7%)

28.1 °C
(1.3%)

63 °C
(4.5%)   

2    279 °C
(3.2%)

240 °C
(1.3%)

202 °C
(1.0%)

3    420 °C
(1.8%)   

4    515 °C
(3.3%)   

5 608°C
(18.4%)

600–
900°C
(8.3%)

450–
1000°C
(8.8%)

687 °C
(3.6%)   

6      798°C
(2.3%)

7    853 °C
(3.2%)   

Residual mass at
1000 °C 76.9% 88% 89.9% 80.4% 98.7% 96.7%

Maximum of derivative in the range 400–1000 °C

Total mass loss in the range 600–1000 °C

Total mass loss in the range 450–1000 °C

Maximum of derivative in the range 600–1000 °C

Bone and vine black pigments present mass losses below 100 °C in the TG
curves (DTG peaks between 40 and 70 °C, Fig. 5a–c), corresponding to broad
endothermic peaks centered between 74 °C and 90 °C (Fig. S.7–S.9 of ESI) of
the DSC. These are due to the loss of moisture, in accordance with the relative
FTIR spectra of the evolved gases, presenting a series of narrow bands typical of
moisture water (4000–3500 cm  and 2000–1300 cm , Figs. 6, 8).

Fig. 6

FTIR spectra of evolved gas from the decomposition of bone black (Zecchi) under
nitrogen atmosphere: (a) degradation at 668 °C, (b) degradation at 945 °C

a b c

d

a

b

c

d

−1 −1
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The thermogravimetric curves of bone black (Fig. 5a) exhibited a second mass
loss with the DTG peak centered at 600–700 °C. As shown by the FTIR spectra
of the evolved gases, this mass loss is mainly due to the CO  release (2360,
2305 cm  and 668 cm ) (Fig. 6a), likely due to the decomposition of residues
of bone calcite. The sample from Zecchi shows a third mass loss above 900 °C.
The FTIR spectra show a weak absorption due to CO traces (two broad bands at
2180 and 2113 cm ) (Fig. 6b). The formation of CO at these temperatures could
be the result of traces of iron oxides, not detected by LIBS, or, possibly other
trace minerals, which can catalyze the formation of CO from carbon. [54][64].

The thermogravimetric curves of vine black from Zecchi were quite different
from those of the Kremer pigment (Fig. 5b) and show that the former is a more
complex mixture of different materials. Except for the first DTG peak due to
water release (DSC endothermic peak under 90 °C), all the mass losses in the
200–1000 °C temperature range of the Zecchi Vine Black are due to CO
elimination, as evident from the TG-FTIR analysis (Fig. S.10 in ESI). The mass
loss around 280 °C corresponds to an endothermic process, such as
decarboxylation (DSC peak centered at 288 °C, Fig. 7). This may be due to the
decomposition of residual pyrolysis products originating from vine cellulose and
lignin [53]. The mass loss centered at 515 °C, which is well visible for the
Zecchi sample, may be due to the presence of hydrated silicates included in vine
black during the combustion of wood, in accordance with the crystalline phases
identified by XRD. The thermal decomposition of crystalline silicates, sulfates
and carbonates identified by XRD in vine black from Kremer is not observed, as
their mass losses are most likely hidden by the broad mass loss in the range 450–
900 °C [53].

Fig. 7

DSC curve of Zecchi vine black in nitrogen atmosphere at 20 °C min

2
−1 −1

−1

2
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The FTIR spectra of gases evolved from the pyrolytic decomposition of the
Kremer sample at 650 °C (Fig. 8) show the spectral features of CO  as well as
those of CH  (3010 and 1303 cm ). At about 800 °C, CO  and CO are released
in addition to signals ascribable to organic species (signals from 1300 to
1754 cm  due to C–C, C–O stretching and C–H bending, and signals in the
range 2860–2950 cm  due to C–H stretching). Methane, ethane, methanol,
carbon dioxide and monoxide are in fact typical products of the pyrolysis of
lignin and cellulose (from residues of vine plants during the production of this
pigment) formed over 600 °C [63][65]. The presence of organic residues in the
vine black from Kremer was also suggested by the FTIR spectra and XRD
pattern of this sample, showing characteristic vibrations of aromatic rings and
non-crystalline material, respectively. The production process of vine black
purchased from Zecchi is very likely to be different from that purchased from
Kremer, based on the absence of pyrolysis products of lignin and cellulose, as
indicated by all techniques investigated. This suggests that vine black purchased
from Zecchi was produced at a higher temperature, or with prolonged heating
with respect to that purchased from Kremer.

2

4
−1

2

−1

−1
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Fig. 8

FTIR spectra of evolved gas from decomposition of vine black from Kremer under
nitrogen atmosphere at 650 °C

The lampblacks show the simplest thermal profiles with the highest residual
mass (Fig. 5c). The DSC curves do not show any peaks in the temperature range
50–550 °C (Fig. S.11 of ESI), and the TG-FTIR analysis of the gaseous species
evolved from the thermal decomposition of lampblack did not reveal the
formation of any species.

All these features suggest that the lampblack samples were the purest samples,
with the highest percentage of carbon.

Figure 9 compares the thermo-oxidative degradation curves and the
corresponding derivative curves recorded under airflow for each of the black
pigments. Table 5 summarizes the experimental temperatures and the percentage
weight losses of the thermal decomposition steps.
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Fig. 9

Thermogravimetric curve (left axis) and its DTG (right axis) under nitrogen flow
at 10 °C min  heating rate of bone black (a), vine black (b) and lampblack (c)
from Zecchi and Kremer

Table 5

Temperatures (maximum of the DTG curve), mass loss percentage of the thermal
degradation steps and residual masses at 800 °C of black pigments under airflow

Step
Bone black Vine black Lampblack

Kremer Zecchi Kremer Zecchi Kremer ZecchiTotal mass loss in the range 300–550 °C

Total mass loss in the range 400–700 °C

−1

a

b
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Step
Bone black Vine black Lampblack

Kremer Zecchi Kremer Zecchi Kremer Zecchi

1 25 °C
(3.7%)

28 °C
(3.1%)  47 °C

(4.1%)   

2    275 °C
(2.9%)   

3 439 °C
(12.1%)

439°C
(11.8)     

4 541 °C
(4.2%)  578°C

(90.5%)
514 °C
(6.1%)   

5 625 °C
(1.1%)

652 °C
(2.2%)  626 °C

(3.7%)   

6    713 °C
(2.7%)

712 °C
(99.2%)

678 °C
(99.3%)

Residual mass at
800 °C 78.9% 82.9% 9.5% 80.5% 0.8% 0.7%

Total mass loss in the range 300–550 °C

Total mass loss in the range 400–700 °C

Mass losses occurring below 50 °C (DTG peaks between 25 °C, 28 °C and
47 °C, Fig. 9a, b) are due to the loss of moisture, which is absent in the
lampblack samples. Measurements performed in air confirmed that bone and
vine blacks purchased from Zecchi and Kremer had a different composition and
thermal profile. The DSC curves relative to these samples show a strong
exothermic peak in the range 420–530 °C (Fig. 10), which may be ascribed to
the combustion of charcoal as well as organic residues from proteinaceous
material at lower (439 °C) and higher (541 °C) molecular weights for the bone
blacks, and wood (578 °C) for the vine blacks. The sum of the areas of the DSC
exothermic peaks of the bone black from Kremer is almost the same than that of
the single exothermic peak of the bone black from Zecchi, thus confirming that
the samples contain almost the same quantity of organic material as
demonstrated by the very similar values of the residual masses at 800 °C.

Fig. 10

DSC curve in air atmosphere at 20 °C min  of Bone Black (a) and Vine Black
samples (b) purchased from Zecchi and Kremer

a

b

a

b

−1
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The vine black purchased from Kremer appears to comprise the highest content
of carbonaceous material (about 90%) with respect to that purchased from
Zecchi, showing a single broad mass loss in the range 300–550 °C,
corresponding to a strong exothermic peak at 498 °C in the DSC (with an area
about 10 times higher than that of the corresponding exothermic peak of vine
black from Zecchi Fig. 10b). The mass loss observed above 600 °C in the bone
blacks (652 and 625 °C for Zecchi and Kremer, respectively) is due to the
degradation of the residual calcium carbonate originating from the bones, as
identified with other techniques.

The combustion of lampblack samples occurs at higher temperatures than the
other samples (678 and 712 °C for Zecchi and Kremer, respectively). This might
relate to the different sizes of carbon particles in each sample [53].

Results obtained are summarized in Table 6 and Table S.1 where spectroscopic
and thermogravimetric data were combined to describe the qualitative and
semiquantitative composition of the different pigments.

Table 6

Summary of main, secondary and traces constituents of carbon black samples studied

Black
pigment

Main constituent (above
75%)

Secondary constituents
(below 20%)

Traces
(below
5%)

Bone—
Zecchi

Hydroxyapatite
(Ca (PO ) OH)
Calcium carbonate
(CaCO )

Amorphous carbon (charcoal)
Organic species originating
from the pyrolysis of collagen

Water5 4 3

3
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Black
pigment

Main constituent (above
75%)

Secondary constituents
(below 20%)

Traces
(below
5%)

Bone—
Kremer

Hydroxyapatite
(Ca (PO ) OH)
Calcium carbonate
(CaCO )

Amorphous carbon (charcoal)
Organic species originating
from the pyrolysis of collagen

Water

Vine—
Zecchi

Ashes
Iron oxides (Fe O )
Magnesium oxide
(MgO)

Amorphous carbon (charcoal)
Organic species originating
from the pyrolysis of lignin
and cellulose (aliphatic)

Water
Silicates
Calcium
carbonate
(CaCO )

Vine—
Kremer

Amorphous carbon
(charcoal)
Organic species
originating from the
pyrolysis of lignin and
cellulose
(aliphatic/aromatic)

 

Water
Iron oxides
(Fe O )
Magnesium
oxide
(MgO)
Calcium
carbonate
(CaCO )

Lamp—
Zecchi

Amorphous carbon with
small graphitic domains   

Lamp—
Kremer

Amorphous carbon with
small graphitic domains  

Manganese
dioxide
(MnO )

AQ4

Conclusions
The multi-analytical approach applied enabled us to identify the different
constituents (both organic and inorganic) of the pigments and their relative
contents, highlighting qualitative and—for the first time—quantitative
differences, based on the type of pigment (bone, vine and lamp) and the
manufacturer (Zecchi and Kremer):

• In the two bone blacks, CaCO  and Ca (PO ) OH, ascribable to the
pyrolysis of bones, were found as main constituents, and organic material,
in particular amorphous carbon and nitrogen-containing materials
originating from the pyrolysis of collagen, as secondary constituents.

• In the two vine blacks, organic material residues were identified, originating
from the pyrolysis of vine cellulose and lignin, as well as amorphous
carbon. However, the results highlighted a key difference between the
Kremer and Zecchi products: The first is in fact made up of 90% organic
material, while the second presents only 10%. Inorganic compounds

5 4 3

3

x y

3

x y

3

2

3 5 4 3
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(sulfates, carbonates, clays and phosphates) had been added to the pigment
as fillers, to produce pigments with suitable artistic properties. [28]

• The two lampblacks were essentially made up of amorphous carbon. The
lampblack purchased from Kremer also contained a small percentage of
MnO . The manganese oxide is blackish in color, suggesting that it was
added to the pigment formulation, most likely to increase its covering
power.

The present paper, complementing previous studies reported in the literature, has
established the complete qualitative and quantitative characterization of the
composition and of the thermal (oxidative) degradation patterns of different
synthetic black pigments based on carbon, whose use has been established since
prehistoric times. Data provide key information for the pigment identification in
samples of unknown composition, as well as potentially important information
for model studies on the physicochemical behavior of paints under natural and
accelerated aging, aimed at understanding degradation patterns and planning
efficient conservation strategies of paintings and polychromies for the future
generations.
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