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A B S T R A C T

Understanding and building knowledge about color pigments, their history and development have always been a
matter of great interest through scientific exploration in the complex system of identification. The character-
ization of historical works of art is complicated due to the association of several other elements that influence the
recorded observations. This entails investigations with multi-analytical techniques to identify the archaeological
pigments and confirm their characteristics. The spectroscopic techniques especially Raman spectroscopy and
Infrared spectroscopy are very useful for the identification of such materials. In the present communication, the
pigments of an historical 18th century wall painting were investigated with micro-Raman spectroscopy, FTIR-
ATR & FTIR-KBr, and scanning electron microscopy coupled with energy dispersive x-ray micro-analysis (SEM-
EDX). The temple is an exquisite Hindu architecture with valuable artworks still surviving in New Delhi. The
results demonstrated the use of red ochre contaminated with carbon for red, yellow ochre for yellow, green
ochre for green color and gypsum for the white color in decorations. Lapis lazuli was identified as a pigment for
blue probably sourced from Afghanistan through trade on the silk route. The stratigraphy of layers showed the
use of lime as a priming layer. FTIR spectroscopy revealed the minor transformation of proteinaceous binding
material into calcium oxalate in the paint layer. GC–MS results indicated the possible use of beeswax as a binder
for pigments which was further support by FTIR analysis. The analytical data also reveals the trade and resources
available in that period.

1. Introduction

Historical works of arts are parts of imprints left by an ancient ci-
vilization and preserving them is mandatory to extend the life of the
objects. One of the major concerns of historical conservators of dec-
orative arts is the improper documentation of past conservation inter-
ventions due to difficulties experienced in selecting the right kind of
materials. In India, it is often noticed that certain materials used in past
conservation are not at all compatible with the original works of art [1].
At many instances selection of unsuitable materials has caused damage
to original surfaces [2,3]. To select the right kind of materials for
conservation interventions, it is essential to study the material char-
acteristics of each constituent applied to the original works of art [4].
Most of the historical wall paintings in India have mainly been executed
by inorganic pigments either pure or mixed. The pigments were mixed
with the adhesive binder and directly applied to the dry lime plasters
(tempera or secco techniques) [5]. Knowledge and accurate identifica-
tion of different constituents of the paint are crucial for their adequate

conservation interventions. Since for the ancient artworks, the local
materials have generally been exploited whose availability have also
changed through time, their identification and chemical characteriza-
tion is important to acquire in-depth knowledge about the techniques
and cultural advancement of the period [5,6]. Moreover, the novelty in
ancient Indian decorative art lies in the use of blue and green pigments.
Mines of lapis lazuli, the main natural pigment for blue color does not
occur in India and the pigment has to be traded from Afghanistan or
Persian countries. In ancient Indian palm leaf manuscripts (12th -18th

CE) and in other archival materials the main pigment for blue illus-
trations is Indigo 4extracted from the plant leaves of Indigofera tinctoria
[7]. We have not observed the application of any blue color in the 2nd

century B.C. monument of paintings, the cave murals of India’s Ajanta
[8]. Subsequent application of lapis lazuli as a blue colour pigment was
identified in later paintings (4th-5th CE) at Ajanta [9]. Similarly, the
natural green earth, the most desired pigment for the green in ancient
India is available in certain remote locations of India’s Deccan Trap not
easily accessible. The artists have either to depend on copper corrosion
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products for green or search for natural green earth. Thus, identification
of these pigments gives information about the trade and availability of
resources in those periods.

The instrumental techniques of XRF, SEM-EDX and micro-Raman
help in identifying the pigment materials and also need only micro-
sampling. In the present time, micro-Raman spectroscopy has proved
the most versatile and accurate technique in the identification of his-
torical pigments. The high sensitivity of the Raman instrument allows
detection of coloured pigments, impurities, past conservation materials
and identification of mix colors [4,10–18]. The other important tech-
nique for pigment analysis is SEM-EDX giving the elemental composi-
tion of each constituent of the pigments [10,19–21]. Raman spectro-
metry is a powerful tool for the investigation of mineral pigments and
organic dyes used in ancient artworks since it provides molecular in-
formation [14]. It is now a well-established instrumental technique
applied for investigation of pigments from wall painting, easel painting,
ceramic shards, illuminated manuscripts, pigment mixtures [22–24].
The versatility of Raman microscopy in the study of pigments has led to
the development of several useful pigments and their spectral databases
[18,22–29].

In this work, we have focused on the chemical and elemental
characterization of historical mural paintings coming from 18th century
Hindu temple situated within the premises of International Airport at
New Delhi. We carried out micro-Raman spectroscopy followed by FTIR
analysis in both ATR and KBr methods and EDX analysis on the micro-
grains of the samples extracted from the painted wall. The analysis was
performed in the laboratory of Indian Institute of Technology, New
Delhi on 150–200micron size grain pigment samples of various colors.

2. Materials and methods

2.1. Site, painting description and samples

The temple lies in the zone of an international airport (Indira
Gandhi International Airport Terminal T3) in New Delhi, the capital
city of India, and is frequented by very few people. The temple has
beautiful decorations of wall paintings in its inner sanctum, on the
upper portion of side walls and ceiling, and they display a classic ex-
ample of mural painting techniques. The temple is not under the pro-
tection and exposed to all forms of risks including the everyday offering
of worship, burning of oil lamps, and lack of awareness regarding his-
torical and artistic importance of these wall murals. However, except
the lower portion of the walls, paintings are still not much damaged and
require immediate attention to prevent further deterioration. The
paintings in the inner side of the central dome are well preserved and
only superficial dust and dirt have deposited on the surface. The visible
damages are present in the forms of scratches and abrasions at several
places especially at the lower level of the wall. On the sidewalls, nu-
merous cobwebs and beehives have also disfigured the paintings
(Fig. 1). The present study is an effort to research into the materials
used for the execution of the paintings, the accurate diagnosis of the
existing problems and provide a suitable course of conservation of
precious murals.

The temple wall painting has been executed on dry lime plaster
ground in the tempera technique. Preliminary observation under a
magnifying lens showed a layer of dry lime plaster about 1–1.5 cm
thick. A thin layer of lime wash was found applied over the plaster layer
on which the paintings were executed. A view of the interior part of the
temple is shown in Fig. 1. There are traces of paintings on the exterior
surfaces still surviving in the sheltered area of the temple. The pigments
of the temple are in their original form and have never been touched in
the past for any restoration treatment. We have also not observed any
past application of the preservative coating on the paint layer. There is
a slight deposition of soot on some part of the painted surface due to
daily rituals and burning of incense sticks and oil lamps. The avail-
ability of samples was very less (around 200 μms) as only the micro

fragments of pigment were collected for scientific examination. Some
loss of painted plasters was observed at the lower panels and the pig-
ment fragments were extricated from those portions without causing
any visual damage to the painted surfaces. The samples were taken as
small fragments from the pictorial layers. All the pigment fragments
were surface examined under Dinolite edge digital microscope at 100x
magnification.

2.2. Instrumentation

Raman analysis was carried out by Renishaw dispersive micro-
Raman spectrometer model–InVia (Gloucestershire, UK) with attached
Leica microscope. The sample was analyzed under 50X objective lens.
Average exposure time was kept to 20 s with 2 accumulations and laser
power of 50mW was used for all measurements. The excitation radia-
tion was provided by Kr+ -Ar+ laser operating at 514.5 nm wave-
length and near -IR laser diode emitting at 785 nm. Except for green
and blue pigments, no Raman activity was observed under 514 nm laser
and therefore all other pigments were analyzed with 785 nm laser. In
the case of blue pigment, Raman signals were obtained from both 514
and 785 nm lasers. Integration time was set between 20–50 s with 2
accumulations. Data acquisition and processing were carried out with
Wire software. All the spectra were baseline corrected.

FTIR-ATR spectra of the samples were collected on a Nicolet i550
FTIR from Thermo scientific using a Spectra-Tech ATR objective with
diamond crystal. All the samples were scanned at 4 cm−1 resolutions.
The number of 128 scans were taken to increase the signal to noise
ratio. FTIR spectrum was obtained in the wavenumber region between
4000-400 cm-1 and the resultant characteristic peaks were recorded in
absorbance mode. No corrections were made to any spectra. Data were
compared with Spectragryph software. FTIR spectra were also collected
in KBr mode on a Perkin Elmer spectrometer (FT-IR spectrum 2) be-
tween 4000-400 cm-1 and 8 signal-averaged scans were acquired. The
KBr pressed pellet technique was used by mixing the powdered samples
with KBr in a weight proportion of 1:20. The precision of the instrument
was± 5 cm-1. The surface examination was done with ATR method and
the bulk analysis (whole particles investigated) was carried out using
the KBr method and the peaks were collected in transmission mode.

The SEM-EDX analysis was carried out using Carl Zeiss EVO 50
scanning electron microscope at various magnifications at high vacuum
mode. Scanning electron microscope coupled with EDX instrument of
Bruker was used for analysis. The accelerating voltage was set at 20 kV
at a working distance of 8mm at a resolution of 2250 nm. The EDX data
was processed with Roentag software.

The GC–MS analysis was also carried out to find the binder present
in the pigment sample. A slightly larger sample was taken for GC–MS
analysis (50mg) and was dissolved in 50ml of methanol (HPLC grade –
Sigma Aldrich) at room temperature for 24 h. After the complete dis-
solution of the soluble components of the pigment sample, it was fil-
tered using grade -1 Whatman filter paper. The filtered extract was
analysed with GCMS-QP2010 Ultra instrument (Shimadzu, Kyoto,
Japan), equipped with an AOC-5000 plus autosampler an OPTIC-4 in-
jection system and a nonpolar Restek Rxi-5 Sil MS column (5% di-
phenyl- 95% dimethylpolysiloxane, 30m x 0.25mm x 0.25-micron film
thickness). Helium (99.999% Linde) was used as the carrier gas with a
flow rate of 0.9mm per minute. The column oven temperature was held
at 50 °C for 3min and ramped at 10 °C per minute to 250 °C and was
held at that temperature for 5 min and then again ramped at 15 °C per
minute to 300 °C and held for19min. The injection temperature was
kept at 260 °C in splitless mode, the split ratio was 10.0, the sampling
time was 1:00min. Total run time was 50min. The mass spectrometer
was operated with electron impact ionization (70 electron volts) and in
the SCAN monitoring. GC–MS chromatogram was interpreted using
National Institute standard and Technology (NIST) and Wiley database
having more than 62,000 patterns and the unknown spectrum was
compared with known components from these two libraries.

A.P. Kanth and M.R. Singh Vibrational Spectroscopy 104 (2019) 102947

2



3. Results

The results obtained by μ-Raman spectroscopy and correlated with
FTIR-ATR, FTIR-KBr, SEM-EDX and GC–MS analyses are presented and
discussed below:

3.1. Ground layer

The ground layer was targeted under 785 nm laser and the peaks
obtained is shown in Fig. 2. Raman spectra showed a strong intense
band at 1086 cm−1 and a band at 280 cm-1 which are the diagnostic
bands of calcite that indicated the ground layer is of pure lime which
has merged with the paint layer. The FTIR spectra also showed the
characteristic bands of calcite at 1394, 871 and 712 cm-1 and indicated
the use of pure lime (Fig. 4). The microscopic examination of all pig-
ments showed the ground layer visible between the particles of the
pigments. Blue pigment particles were very scarcely spread exposing
the ground layer. Even in black pigment, mostly the white ground was
visible. In yellow pigment surface, lots of sand particles were seen on
the ground and the surface was rough in comparison to other painted
surfaces.

3.2. Pigments

The pigments used in the murals are mainly red, black, blue, yellow,
white and green.

3.2.1. White pigment
The Raman spectra were obtained for white pigment by targeting

the pigment under 785 nm infrared laser. The main components of
white pigments were identified as a mixture of calcite, silica, and
gypsum (Fig. 3). The Raman spectra showed the presence of both cal-
cite and gypsum from their characteristic bands 1086 and 1008 cm−1

respectively. Out of the three crystal phases of calcium carbonate viz.
aragonite, calcite, and vaterite, the presence of calcite phase which is
thermodynamically most stable phase was confirmed from the addi-
tional band at 712 cm−1 apart from the main characteristic strong and
intense band at 1086 cm-1 and a band at 281 cm−1. For aragonite and
vaterite, additional characteristic bands have been reported at 700 and
750 cm−1 respectively, though for all three crystal forms of calcium
carbonate the main characteristic band appears at 1086 cm-1 [28]. The
FTIR-ATR analysis done on the white fragment showed the sharp and
intense bands at 1406, 872 and 712 cm−1 which correspond to calcite
(Fig. 4). The silicic bands at 1032, 1008 cm-1 and faint peaks in the

Fig. 1. (a) Overview of the temple (b) Paintings in the ceiling of the central dome (c) Beehive stuck on the painted surface in the arch (d) The coarse plaster is exposed
showing the stratigraphy including the overplaster on the topmost layer (e) Paint surface badly damaged due to scratches and abrasions.

Fig. 2. Stratigraphy of the paint layer. Raman spectrum of the ground layer showing the strong peaks of calcite at 280 and 1086 cm−1.

A.P. Kanth and M.R. Singh Vibrational Spectroscopy 104 (2019) 102947

3



outer and inner hydroxyl regions also indicate kaolinite. The SEM-EDX
spectra showed the major elements of oxygen, silicon, aluminium,
carbon, calcium, magnesium, and sulfur (Table 1). The high percentage
of silicon and aluminium also indicates the presence of kaolinite in the
white fragment.

3.2.2. Black pigment
Carbon-based black pigments have been used since antiquity and

collected as soot from the internal combustion of various kinds of or-
ganic oils [30]. In the ancient Indian decorative art, the application of
black pigment was preferably made for outlining of the panels [5].
Characterization of carbon-based black pigments which are immensely
disordered materials becomes convenient by Raman spectroscopic
technique [21].

When the black particles of the sample were focused upon with the
785 nm laser beam, there were two doublet peaks at 1345 and 1607
cm−1 observed [30] in the Raman spectra (Fig. 3). This doublet peaks
can be attributed to traces of low crystalline carbon due to the D band
(also called disorder band) and G band, respectively [21]. The doublet
of peaks actually helps in distinguishing between amorphous and
crystalline structures of carbon. The result of FTIR-ATR analysis showed
sharp and intense bands of calcite present at 1407, 872 and 712 cm−1

(Fig. 4). The peaks at 3727 and 3704 cm-1 are of outer hydroxyl ions
and peaks at 3624 and 3600 cm-1 are of inner hydroxyl ions re-
presenting silicic content in the sample. Carbon always signals poor
bands in the infrared and has to be oxidized for any proper identifica-
tion with IR spectroscopy [31]. The minor peaks observed at 1618,
1316 and 781 cm−1 showed the presence of calcium oxalate. The band
at 1117 cm-1 indicates the presence of gypsum in minor quantity
(Table 2). These results were also correlated with SEM/EDX analysis of
the black pigment that revealed very high percentages of oxygen, high
percentages of carbon and calcium and a minor percentage of mo-
lybdenum and magnesium (Table 1). The high percentage of carbon
clearly indicates carbon-based pigment. The presence of a high amount

of calcium and oxygen shows the presence of calcite (CaCO3) origi-
nating from the priming layer of lime.

3.2.3. Red pigment
Red ochre is one of the oldest pigment even used today. When the

red pigments were targeted under 785 nm laser, the obtained Raman
spectra showed the characteristic bands of red ochre. The narrow
doublet of peaks at 224 and 291 cm−1 and peaks at 405 and 618 cm−1

are the characteristic peaks of iron oxides mainly found in red ochre
(Fig. 3). Raman spectra also revealed the presence of calcite mixed in
the red pigment with a strong intense band at 1086 cm-1. There is also a
small peak at 1008 cm-1 which suggests the presence of a small amount
of gypsum. This indicated that the red color of the pigment comes from
red ochre and the red pigment was prepared by mixing red ochre with
gypsum/calcite. However, the Raman spectra also revealed the pre-
sence of amorphous carbon in the pigment mixture with its character-
istic doublet of peaks at ∼1343 and ∼1589 cm−1 (Fig. 3). The carbon
black identified in the red color may be contamination coming from the
daily rituals of the living temple. The red colour, therefore, is described
as the pigment of ochre rather than pure haematite. The obtained FTIR-
ATR spectra of red pigment also showed the participation of kaolinite in
the red pigment (Fig. 4). The kaolinite has increased the luminosity of
the red ochre [26]. The broad peaks at 536 and 465 cm−1 show the
presence of ferric oxide [26].The doublet of peaks at 1032 and
1008 cm−1 are the characteristic peaks of ochres as well as of kaolinite
along with other peaks at 913 and 536 cm-1 as the infrared spectra of
ochres and kaolinite are almost similar. The sharp and intense bands at
1398 cm−1 (due to the C–O stretching mode of carbonate), 871 cm−1

(C–O bending mode of carbonate), and a small peak at 712 cm-1 cor-
respond to calcite. The presence of bands at 1116, 913, 671 and
601 cm−1 indicated the presence of gypsum. There was a shoulder peak
at 1316 and a peak at 781 cm−1 which indicated the minor presence of
calcium oxalate. The SEM/EDX spectra collected at three different
points on the red pigment supported the Raman spectra results and the

Fig. 3. Raman spectra of the various color pigment samples of the temple.
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major elements identified were oxygen, calcium, carbon, iron, silicon,
aluminium, and sulfur (Table 1). These major elements in the EDX
spectra indicated the presence of calcium carbonate (CaCO3), calcium
sulfate (CaSO4. 2H2O), iron oxide (Fe2O3), quartz (SiO2), aluminium
oxide (Al2O3) which together confirms the presence of red ochre,
kaolinite, calcite, and gypsum mixed in the red pigment.

3.2.4. Blue pigment
The blue pigment was investigated by Raman spectroscopy with

both green (514 nm) and near-infrared (785 nm) lasers. At 785 nm the
dominant spectral feature is a strong band at 548 cm−1 arising from the
SeS stretching mode of S3- trisulfur radical anion chromophore re-
sponsible for the deep blue color of the lapis lazuli (Fig. 3). The pre-
sence of calcite inclusion is also noticed by a strong characteristic band
at 1086 cm−1 as lazurite occurs mostly with calcite and pyrite that form
the rock called lapis lazuli. The strong band at 548 cm-1 and a band at
1086 cm−1 show the blue materials lazurite. Lazurite is an aluminosi-
licate mineral with the presence of sodium and calcium in its compo-
sition (Na, Ca)8 [(Al, Si)12 O24]S3. In this composition, the sulfur anions
(highly reactive species trapped in sodalite cages) are responsible for
producing the blue color [32]. The genesis of lazurite is in the meta-
morphosis of limestones and marbles that are correlated with volcanic
activity [32]. It is important to note that for the natural blue color,
there were no mines in India and lapis lazuli were traded from Afgha-
nistan through silk route. The Kokcha River valley in Afghanistan was
the most reputed source for lazurite mines for thousands of years [32].
The synthetic variant of lapis lazuli is ultramarine. The probability of
blue pigment being lazurite was also supported by FTIR-ATR spectra,
however, the characteristic peaks of lazurite occur in the same region as
of gypsum (Fig. 4). The spectra of blue pigment showed doublet of
peaks at 1032 cm−1 (SieOeSi) and 1004 cm-1 (SieOeAl) and other
peaks at 913 cm−1 (AleOeH) and 538 cm−1 (SieOeAl) which corre-
spond to the presence of kaolinite. The peaks at 1118, 1004, 672 and
598 cm−1 are characteristic peaks of gypsum but the bands at 1114,

Fig. 4. FTIR spectra of the coloured pigments obtained in ATR mode.

Table 1
SEM-EDX data of weight percentages of elemental composition of color pig-
ments.

Element Atomic
Number

Series Yellow Green Black Red Blue White

O 8 K-series 55.17 51.73 56.88 46.12 52.76 54.41
C 6 K-series 08.31 11.27 22.64 15.53 13.88 11.13
Ca 20 K-series 04.56 06.95 18.95 18.55 10.28 10.57
Si 14 K-series 10.37 08.83 – 04.29 06.91 07.36
Al 13 K-series 09.12 06.52 – 03.65 06.54 07.27
Fe 26 K-series 03.30 02.57 – 09.89 0.99 –
Na 11 K-series 03.28 – – – 02.57 02.31
Te 52 L-series 02.10 – – – – –
Mg 12 K-series 01.42 01.41 0.30 0.51 01.01 01.10
S 16 K-series 01.35 0.79 – 01.45 03.46 04.53
K 19 K-series 01.15 01.28 – – 0.86 01.32
F 9 K-Series – 06.47 – – –
As 33 K-Series – 01.39 – – –
Ti 22 K-Series – 0.52 – – 0.45 –
Cl 17 K-Series – 0.26 – – 0.28 –
Mo 42 L-series – – 01.23 –

– –
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1004, 913 and 672 cm-1 also show the characteristic infrared bands of
lapis lazuli. The presence of bands at 3727 and 3704 cm−1 correspond
to outer hydroxyl ions and peaks at 3624 and 3600 cm−1 are of inner
hydroxyl ions representing silica. Again in this sample, the evidence of
calcium oxalate was noticed by their characteristic peaks at 1617, 1320
and 780 cm−1 (Fig. 4). The SEM-EDX spectra collected at three points
in the blue pigment detected the major elements O, C, Ca, Si, Al, S, Na,
and Mg which supported the chemical composition of lazurite
(Table 1). Correlating all these data confirms the presence of lapis lazuli
in blue pigment.

3.2.5. Green pigment
When the green pigment was targeted under a 785 nm laser, no

Raman signal was observed. Therefore, the green pigment was targeted
under 514 nm laser and the spectra obtained is shown in Fig. 3. The
Raman spectra of the green pigment did not show any characteristic
peaks of any green pigment. The spectra gave very weak peaks which
made the interpretation rather difficult at the frequencies reported as
typical for green ochre pigments [33]. It was also difficult due to in-
terferences coming from the white component of green pigment mix-
ture of priming layer since there are characteristic Raman bands of
gypsum present at 1008 and 1122 cm−1 which are due to the ν3(SO42-)
vibration. The presence of carbon is also reflected in the Raman spectra
of green pigment as double peaks at 1415 and 1580 cm-1. In the FTIR-
ATR spectra (Fig. 4) in the zone of hydroxyl stretching, there are two
narrow bands at 3624 and 3600 cm-1 and also there are two narrow
bands at 3727 and 3704 cm-1 in the outer side of hydroxyl stretching
that are found in almost all spectra. The IR spectrum of green pigments
showed an intense band at 1115 cm−1 which indicated the presence of
gypsum with its other peaks at 672 and 600 cm-1. Again, in the spectra
of the green pigment, there is a doublet of peaks at 1029 and 1004 cm-1

which are characteristic bands of ochre pigments. The transformation of
proteinacous component of the binder into calcium oxalate is also
clearly noticed in the FTIR spectra (Fig. 4). The SEM-EDX examination
revealed major elements O, Ca, S, C, As, Si, K, and Al which showed the
probability of green earth as a pigment for green color (Table 1). The
application of green earth as a pigment for green color has been in
practice since antiquity [33].

3.2.6. Yellow pigment
The Raman spectra obtained by targeting the yellow pigment is

shown in Fig. 3. Raman spectra did not give clear peaks, however, two
Raman bands at 254 and 416 cm−1 indicated the nature of the pigment
as yellow ochre and particularly of Goethite. Ochre is a mixture of silica
and clay in which the component responsible for imparting color is an
iron oxide [26]. For yellow paint, ochre is frequently used in all forms
of painting including rock paintings. The chemical composition of ochre
is complex. The infrared spectra of hydrous ferric oxide are attributed
to double peaks at 1032 cm−1 and 1004 cm-1 (Fig. 4). The double peaks
at 1032 and 1004 cm-1 and a shoulder peak at 1091 cm-1 characterize
the presence of kaolinite in the yellow ochre. The peak at 1032 cm-1 was

due to Si-O-Si and at 1004 cm-1 was due to Si-O-Al. The peak at 912 cm-

1 was due to (Al-O-H) bond and at 536 cm-1 due to Si-O-Al bond. These
peaks are common is yellow ochre, red ochre, and spectra of kaolin
[26]. Another common infrared absorbance peaks are found in the
functional group region. The peaks at 3727 and 3698 cm−1 are of outer
hydroxyl ions and peaks at 3624 and 3600 cm−1 are of inner hydroxyl
ions. These all indicated the presence of kaolinite in the red and yellow
ochre [26]. The peak at 875 cm−1 was due to calcite and 672 cm-1 due
to gypsum and the presence of calcium oxalate was also noticed by its
fundamental bands at 1618, 1320 and 780 cm−1. The SEM/EDX ana-
lysis of the yellow pigment detected the major elements like oxygen,
carbon, silicon, calcium, aluminium, iron, potassium, sodium and sulfur
and magnesium as trace elements (Table 1). In the medieval period, the
common yellow pigments used were orpiment, yellow ochre, lead, and
tin-based yellow pigments. However, in the present investigation, the
EDX data showed the yellow pigment used was probably yellow ochre.
The EDX spectra of yellow pigment (Table 1) showed a significant
presence of aluminium and silicon which indicated the presence of
aluminosilicate clay and also the probable presence of kaolinite [26].

3.3. Binder

The chromatogram obtained by the GC–MS analysis of pigment
sample is shown in Fig. 6 and the result compared with the chroma-
togram of beeswax available in the literature. In the total ion chro-
matogram (Table 3) the compound identified mostly belongs to fatty
acids and their esters, fatty alcohols, hydrocarbons, and steroids.
Among these classes, 8,11,14-docosatrienoic acid, methyl ester was
found to be present as major constituent with the peak area 30.44% and
the retention time 21.750min, followed by 11,14-octadecadienoic acid,
methyl ester with the peak area 18.20%, retention time 21.690min
followed by hexadecanoic acid, methyl ester with the peak area 14.35%
and the retention time of 20.045min (Fig. 7). These compounds in-
dicated the possibility of the use of beeswax as the binder. Beeswax is a
complex viscoelastic material which is produced endogenously by
honeybees by some specialized organs which are present in adult ones
[34]. Beeswax is generally categorized into esters (67%), hydrocarbons
(14%), fatty acids (12%) and alcohols (1%) [35]. Tulloch has further
elaborated the presence of esters in the form of monoesters 34.7%,
diesters 13.7%, triesters 3.3%, hydroxy monoesters 3.6%, hydroxy
polyesters 7.7.%, free acids 11.9%, acid monoesters 0.8% and acid
polyesters 1.7% [36]. The composition of the beeswax also varies de-
pending on the nature of honeybee species as there are nine types of
honeybee species known today which produces beeswax [37]. Alcohols
are present from each ester fraction with only minor variations in the
relative amounts of each alcohol [38]. For the characterization of
beeswax GC–MS operated in the electron impact ionization (EI) mode
and chemical ionization mode have been successfully used to determine
the beeswax in works of art and in archaeological finds [39,40] and it
was one the first spectrometric techniques applied for the determina-
tion of protein-based binder in works of art [41–43].

Table 2
Absorbance intensity of calcite, gypsum and calcium oxalate in pigment samples.

Sample Calcite
absorbance
(centred at
1405 cm−1)

Gypsum
absorbance
(centred at
1114 cm−1)

Calcium
oxalate
absorbance
(centred at
1320 cm−1)

Total absorbance of calcium
(carbonate+ sulphate+ oxalate)

Calcite intensity ratio
(A1405/
A1405+A1114+A1320)

Gypsum intensity ratio
(A1114/
A1405+A1114+A1320)

Calcium oxalate
intensity ratio
(A1320/
A1405+A1114+A1320)

Ground 0.338 0.000 0.00 0.338 – – –
Red 0.450 0.109 0.164 0.723 62.24 15.07 22.68
White 0.435 0.00 0.00 0.435 – – –
Black 0.058 0.038 0.040 0.136 42.64 27.94 29.41
Blue 0.022 0.025 0.022 0.069 31.88 36.23 31.88
Green 0.013 0.081 0.017 0.111 11.71 72.97 15.31
Yellow 0.011 0.025 0.015 0.051 21.56 49.01 29.41
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Overall the presence of fatty acid esters and hydrocarbons such as
docosatrienoic acid, methyl ester, heptadecene, hexadecanoic acid,
dodecenoic acid, octadecenoic acid, octadecadienoic acid, tetra-
cosanoic acid, dodecanol, nonene, etc. indicate a strong probability of
the beeswax being used as a binding agent for pigments. This gives an
interesting aspect of usage of beeswax as the wax is solid at room
temperature, the artists must have melted the wax and after partial
cooling, the artists used to collect the fluid discharging the supernatant
layer containing the solidified compound. In this physical process, ar-
tists were able to produce more transparent soft wax which could give
them the workability with the material [40]. The use of beeswax as a
binder for pigment and plasters has also recently been reported from
Central Asian mural art of Bezeklik, China [44].

4. Discussion

The complementarity of the two methods, Raman with XRF and
Raman with SEM-EDX has been well established for the identification of
the mineral pigments. There was a slight deviation in the Raman bands
of red color probably due to calcium sulfate and calcium carbonate in
the ground which has created fluorescence in Raman spectra [26]. It
was interesting to see that in all FTIR spectra there was a band present
around 1316-1320 cm−1 and 780 cm−1 which indicated that some of
the proteinaceous parts of the binding medium might have converted
into calcium oxalate. The SEM images also revealed the formation of
calcium oxalate crystals by their extended crystal shapes in comparison
to the rounded crystals of calcium carbonate (Fig. 8a & b). The ap-
proximate amount of calcium oxalate formation in all the samples was
calculated by analyzing the ratio of calcite, gypsum and calcium oxalate
obtained through FTIR analysis of all color pigments (Table 2). For this
purpose, the intensity of absorbance of the carbonate band centered
around 1405 cm-1, the sulfate band centered around 1114 cm-1 and
oxalate band around 1320 cm−1 were taken for measuring the con-
centration of the individual components in the samples. From the cal-
culated values (Table 2) it is observed that proteinaceous material has
transformed into calcium oxalate in different color pigments. However,
the high heterogeneity of the samples does not allow the precise
quantitative comparison.

Table 3
Identified compounds in the chromatogram of the pigment sample indicating
the presence of binder as beeswax.

Peak# Retention
Time

Area Area% Name of the chemical constituents

1 11.162 28913 0.56 3-Cyclohexene–1-methanol,
alpha,alpha.,4-trimethyl-, (S)-

2 19.137 29247 0.56 (Z)-Cis-9,10-epoxyheptadec-6-ene
3 19.833 29108 0.56 Methanesulfonic acid, trifluoro-,

2,3-dimethyl-1-butenyl ester, (Z)-
4 20.045 744161 14.35 Hexadecanoic acid, methyl ester
5 20.447 65385 1.26 Hexadecanoic acid
6 21.69 944136 18.2 11,14-Octadecadienoic acid, methyl

ester
7 21.75 1578882 30.44 8,11,14-Docosatrienoic acid, methyl

ester
8 21.798 30284 0.58 Methyl 9-octadecenoate
9 21.869 173601 3.35
10 21.977 158467 3.06 Octadecanoic acid, methyl ester
11 22.165 155759 3 5,8-Octadecadienoic acid, methyl

ester
12 22.55 54448 1.05 9,12-Octadecadienoic acid, methyl

ester, (E,E)-
13 23.101 26615 0.51
14 23.526 35317 0.68 Cyclodecanol
15 23.576 313016 6.03 Methyl 9-eicosenoate
16 23.636 24363 0.47 9-Dodecenoic acid, methyl ester,

(E)-
17 23.822 72095 1.39 Tetracosanoic acid, methyl ester
18 25.475 58919 1.14 10-Undecyn-1-ol
19 25.568 68400 1.32
20 25.917 250514 4.83 13-Docosenoic acid, methyl ester,

(Z)-
21 28.809 33107 0.64 .Delta.-(3)-Dodecanol
22 29.166 57906 1.12 Cyclopentane, 1,1,3-trimethyl-
23 31.068 30484 0.59 1-Cyclohexylnonene
24 32.116 32795 0.63 Cholest-5-en-3-ol (3.beta.)-
25 32.943 158127 3.05 .beta.-Sitosterol acetate
26 35.517 33044 0.64

5187093 100

Fig. 5. FTIR spectra of the coloured pigments obtained in KBr mode.
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Fig. 6. GC–MS Chromatogram of the methanol extract of the binder present in the pigment.

Fig. 7. MS Chromatogram of the main components found in the binder sample (Library: Wiley8.Lie).

Fig. 8. a & b. Formation of calcium oxalate noticed by extended crystal shapes.
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Though, the FTIR measurements were done in ATR mode in order to
conduct the surface analysis of the pigment samples and to retrieve the
samples as ATR mode is non-destructive, these pigments were also
analysed with KBr (a destructive technique that required sample pre-
paration by crushing the samples and mixing with KBr) method to in-
vestigate the whole (bulk) particles and to obtain the better resolved
spectra. The FTIR spectra obtained in transmittance mode by KBr
method reflected predominantly the bands of calcite (Fig. 5). Most of
the peaks were dominated by the presence of carbonate peaks of calcite
which are at 2515, 1796, 1425, 871, 786, 712 cm−1. The appearance of
characteristic absorption bands of hydrocarbon at 3448, 2927, 2871,
1460 and 780 cm−1 are the typical bands representing possibly the
molecular structure of beeswax [45,37,43,46]. The observed peaks in
KBr spectra were mostly similar to ATR spectra. However, it is inter-
esting to note that the calcite bands at 2515 and 1796 cm-1 did not
appear in the ATR method but were dominant in KBr spectra. Similarly,
the bands at 3448, 2927, 2871 cm-1 were not present in ATR spectra but
were dominant in spectra of all pigments obtained through KBr method
which added significant information about the possibility of beeswax as
a binder. The obtained FTIR spectra represented the complex mixture of
inorganic and organic materials.

5. Conclusion

The analytical investigation of the extricated wall painting frag-
ments from the 18thcentury temple revealed the knowledge about the
materials used for painted surfaces. Nature of the white fragment was
identified as gypsum/calcite along with the presence of kaolinite. Red
was identified as red ochre, blue as lapis lazuli, yellow as yellow ochre,
green as green ochre and black as carbon black. Raman analysis was
very helpful in identifying the blue, black, red colors. However, Raman
spectra were not very clear in case of yellow and green colors and
identification of these two pigments became convenient when the
Raman data were correlated with the spectra obtained from FITR
spectroscopy and with the elemental composition of the materials ob-
tained by SEM-EDX analysis. The transformation of proteinaceous
component of the binder into calcium oxalate was noticed in all the
samples except white. GC–MS and FTIR in transmittance mode in-
dicated a strong possibility of the binder used as beeswax. Since the
present condition of paintings in the temple requires comprehensive
effort for their preservation, the information obtained in this research
will be valuable for the conservation of wall painting of the temple.
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