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The influence of UV-Vis radiation, and
oscillations of temperature and relative
humidity, on malachite alteration in the
presence of different organic binders and
varnishes’

Tanja Spec,®* Klara Retko,” Polonca Ropret,>® Anton Meden® and Janez Bernard®

The presented study describes the deterioration of a traditional pigment, malachite—[Cu,(CO3)(OH),] in different binders, as a
consequence of environmental effects acting on paint layers which were prepared according to traditional Baroque recipes.
Malachite has often been reported to be very permanent in all binding media; however, investigations of aged and non-
aged paint layers by means of Raman microscopy have shown instability of the carbonate part of the molecule, especially
when malachite is present in an egg yolk medium. Decomposition of the pigment and the formation of degradation products
such as copper oxide (tenorite—CuO) were observed. The possible formation of another copper oxide, paramelaconite—Cu,0;
was also taken into consideration. In order to obtain additional information on the degradation processes which affect malachite
paint layers, supporting analytical methods, such as scanning electron microscopy and X-ray diffraction, were used.
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Introduction

The precise characterization of materials which are present in works
of art, and examination of their degradation processes, has a great
impact on the understanding of the different degradation
processes which affect pigments, binders, protective layers, as well
as their possible interactions. Such research work can make an
important contribution to the development of safer, long-term res-
toration and conservation procedures. The degradation processes
of cultural heritage materials are, due to diversity of their causes,
complex. For example, they can be a consequence of inappropriate
climate conditions which may accelerate the decomposition of
organic or inorganic materials, as well as interactions between the
different components, or they can be a result of the tendency to
ageing according to the structure of the material itself. The under-
standing of such phenomena can be further complicated by the
heterogeneity of the used materials and their various interactions.

Materials used in paintings can be investigated using numer-
ous different analytical approaches, such as Raman microscopy
(RM),"" scanning electron microscopy (SEM),®! Fourier Trans-
form infrared spectroscopy (FT-IR),”® X-ray fluorescence
(XRF),>'° X-ray diffraction (XRD),!"""'? synchrotron radiation based
X-ray techniques (u-XANES, p-EXFAS, p-XRF, p-FT-IR, p-XRD,
p-XRF...),['*7"8 chromatographic,!'®?” immunological tech-
niques,'?'?? etc. Among other analytical methods, RM is fre-
quently used in the field of the cultural heritage since it is,
in fact, an effective tool for the detection of various different
inorganic components, such as pigments and minerals,'*%*!
as well as corrosion products.**2%! Thus, RM can be used to
investigate mural  paintings,'*?”! easel paintings,?®2"

[30,31] [32,33]

textiles, ceramics and glass, etc. Moreover, in the case
of paintings that have several layers, the technique can provide
vibrational information about layers of interest, when analysing
the cross section of a sample. It can also provide precise knowledge
about which materials have been subjected to degradation
according to their location and the composition of the layer. Its
non-destructive character, high sensitivity and micrometric spatial
resolution are the benefits of its application for the study of degrada-
tion processes. Due to the variety of materials used in traditional
paintings, the systematic study of materials characterization and
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assessment of the degradation processes require careful decisions
with respect to the applied analytical method.

To acquire a better understanding of pigments, their interac-
tions with accompanying materials, determination of their degra-
dation products and specifications with respect to further
degradation processes, many studies have been carried out on
traditional pigments, such as lead white,**3¢ vermilion,3’3%
azurite,***" malachite,****! natural ultramarine,'*® smalt,*”!
prussian blue,*® lead tin yellow (type 1),2%4°°" red lead,**>?
verdigris,* lapis lazuli®* and madder lakes.>>>®

Malachite, the basic copper carbonate [Cu,(CO3)(OH),], is his-
torically one of the oldest green pigments, and has been used
to a great extent in different works of art from Antiquity until
the late 1800s.°”) It has often been reported to be permanent
and unaffected by strong light or alkalis."? On the other hand,
malachite and other copper pigments are sensitive to environ-
mental pollutants, where transformation into copper chlorides
(atacamite, paratacamite) or sulphates (brochantite, prosnjakite
and langite) has been reported by several authors.**>8-¢% More-
over, when exposed to biochemical activity, such as lichens, fungi
or bacteria, which are strong producers of oxalic acid, transforma-
tion into copper oxalates may occur.*>**! In works of art, decom-
position of copper pigments into the copper oxide tenorite is
more characteristic for another carbonate of copper, azurite
[Cu3(CO3),(0H),], which is likely to decompose in the presence
of alkalis and heat.®" However, due to its similar structure, the
formation of tenorite needs to be taken into account also in the
case of malachite-containing paint layers.

The aim of this work was to study the decomposition of mala-
chite paint layers, and the formation of degradation products in
easel paintings, where different combinations of binders and var-
nishes have been used. Special attention was paid to the forma-
tion of degradation products caused by UV-Vis radiation,
exposure to humidity and temperature oscillations.

Experimental
Materials

The malachite pigment used in this study was purchased from
Kremer Chemicals as a Malachite natural standard (Kremer pig-
ments, 10300). Sun-bleached linseed oil was purchased from
Lefrance & Bourgeois. Gummi Mastic was purchased from Kremer
Chemicals Nr. 60050 and mixed with Fir Turpentine, purchased
from Kremer Chemicals Nr. 70010. (The ratio between the Gumi
Mastic and the Fir Turpentine was 1:3).

Preparation of the model paintings

Easel (model) paintings containing malachite paint layers were pre-
pared according to traditional Baroque recipes. The canvas was
stretched across a wooden sub-frame and treated with a hot rabbit
glue solution. Subsequently, white Gesso ground was applied. After
it had dried, the surface was polished with sand papers. The Gesso
application procedure was repeated three times.

Four different binders were used as binding media: non-fatty
egg tempera, fatty egg tempera (egg tempera mixed with linseed
oil), linseed oil and linseed oil mixed with mastic. In order to pre-
pare the egg tempera, one egg yolk was mixed with the same
volume of water and a drop of apple cider vinegar was added.
For the remaining binders, commercially available linseed oil
and mastic were used. The paint was prepared by grinding the

pigment (malachite) together with the medium. After this, the
prepared malachite paint was applied to the Gesso ground.

As finishing protective layers, egg white and mastics were ap-
plied to the malachite paint layers. In order to prepare the egg
white, it was separated from the yolk and beaten until foam
was formed. The egg white was then left to stand in a fridge
for one night, and the foam was separated from the liquid part.
Two grams of sugar per egg was added to the liquid part of the
egg white 0253

Environmental exposure

The prepared easel (model) paintings were exposed to accelerated
artificial ageing in climatic chambers with a well-defined and con-
trolled temperature and relative humidity, as well as light conditions.

For the simulation of UV-Vis radiation, a metal halide lamp
(with an irradiance of 100 W/m?) was used. It was equipped with
window glass filters, so that good simulation of sun light was
achieved. Thirty days of light exposure was followed by another
30-day exposure in the climatic chamber, with oscillations of
the temperature and relative humidity (from 0°C to 50°C, and
from 20% to 90%, respectively).

Sample preparation

Micro samples were collected from the malachite paint layers of the
model painting, embedded in a polyester casting resin, and then
ground and polished. One sample was collected from a green paint
layer of the easel painting entitled ‘Madonna of the Rosary’ (17"
century, unknown author), which was selected for the case study.
The cross sections of the micro samples were then examined by
means of an Olympus BX 60 microscope, which was connected to
a JVC 3-CCD video camera using visible light. Further characteriza-
tion of the cross-sections of the samples was performed by making
use of RM, SEM/energy dispersive spectrometry (EDS) and XRD.

Methods
RM

The Raman spectra of paint layers were recorded using a 785-
nm laser excitation line with a Horiba Jobin Yvon LabRAM
HR800 Raman spectrometer coupled to an Olympus BXFM
optical microscope. The spectra were recorded using a 100x
objective lens and a 600 grooves/mm grating, which gave a
spectral resolution of 0.83 cm™'/pixel. The power at the samples
was set to between 0.4 and 26.9 mW, using neutral density
filters. A multi-channel, air-cooled CCD detector was used, with
integration times of between 20 and 50s, and the spectral
range was set to between 50 and 4000 cm . The wave number
calibration was performed using a silicon wafer. For each non-
aged malachite paint layer, five spectra were recorded, whereas
in the case of the aged layers, 10-15 spectra were recorded. The
spectra were baseline corrected and normalized. The average
spectra were calculated using the OPUS 7.0 data collection
software package (Bruker, Germany).

SEM/EDS

The microstructures of the paint layers in the cross sections of the
samples were observed by means of a scanning electron micro-
scope—SEM (Jeol 5500 LV, Japan), using an acceleration voltage
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of 20kV. The elemental chemical compositions of the selected  Results and discusion

sample surfaces were determined by energy dispersive spec-

troscopy, which was controlled by INCA software (Oxford In-  RM results of the aged and non-aged malachite paint layers
struments, UK). For point analysis, the spectra acquisition
times were 60s. SEM examinations of the samples were
performed in the low-vacuum mode in order to avoid the

Raman bands of malachite were determined in the spectra of all
the control samples (Fig. 1), where the bands were in good agree-
! ment with the data in the literature™® and were found at: 153,
'need for §putterlng, and thus preserve the samples for further 166, 179, 218, 269, 354, 431, 512, 531, 596, 717, 750, 1058, 1096,
investigations. 1369 and 1492 cm ', The analyses carried out on the aged sam-
ples of malachite paint layers not protected by varnish layers
(egg white or mastic) showed the most pronounced differences
when egg yolk was present as a binder. When comparing the Ra-
Diffraction patterns of the samples were recorded by using a  man spectra of malachite paint layers prepared in unfatty (egg
PANalytical X'Pert Pro MPD diffractometer (PANalytical, Netherlands)  yolk) and fatty egg (egg yolk, linseed oil) tempera, a decrease in
with CuKa radiation (1.541874A) in the 2-8 range from 10 to 80° the relative intensities of the bands assigned as carbonate symmet-
in steps of 0.039°, and an integration time of 100s per step (the  ric (v;) at 1059 cm ™' and carbonate asymmetric (v5) at 1495 cm™'—
full range of the PIXcel detector, covering 3.347° 20 was used).  stretching vibrations was observed (Fig. 1 (a),(0)).°" These results
The patterns were collected during heating of the samples, are corroborated by the results of calculations of the ratio of the
which was performed in an Anton Paar HTK-1200 oven-type relative intensities of the asymmetric (v3) and symmetric (v;)
chamber which was mounted on the diffractometer. The heat  stretching vibrations, which is 1.5 in the case of the non-aged
conditioning consisted of heating from 25°C to 500°C, samples, and decreased to 0.7 in the case of the corresponding
followed by cooling down to room temperature. In the aged samples. (Table 1,a)). For the malachite paint layer where
temperature range from 250°C to 400°C, the patterns were  oil was added to the binding media (fatty egg yolk tempera
recorded with increments of 10°C (the heating rate between  and linseed oil), some differences can be seen in the ratio vs/v;,
individual data collections was 10°C/min), whereas at other  but they are less prominent. (Table 1,(b, c)). According to the
temperatures a 50 °C increment was used. In order to improve  Raman spectra of the analysed samples prepared with malachite,
the signal-to-noise ratio for the phase analysis of the decom- linseed oil and mastic (Fig. 1(d)) and the calculated ratio vs/v;
position products of the specimens after they had been (Table 1, d)), it can be concluded that these colour layers are
cooled to room temperature, a series of diffraction patterns  the most stable.

(260) were collected and merged (resulting in an effective The Raman spectra of the malachite colour layers, coated with
integration time of 26.000s per step). The diffraction patterns  finishing protective layers such as mastic and egg white, are
were processed using X'Pert HighScore Plus version 2.2d  shown in Fig. 2. Degradation of the malachite layers, which was

XRD

(PANalytical, Netherlands) software. evident from the decrease in the relative intensities of the bands
a) Malachite in egg yolk paint layers (without varnish) b) Malachite in egg yolk and linseed oil paint layers (without varnish
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Figure 1. Comparison of the Raman spectra of the malachite paint layer prepared (a) in egg yolk, before and after ageing, (b) in egg yolk and linseed
oil, before and after ageing, (c) in linseed oil, before and after ageing and (d) in linseed oil and mastic, before and after ageing.
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prepared in different binders without varnishes

Table 1. The ratios between the relative intensities of carbonate asymmetric (v3) and symmetric (v;) stretching vibrations in malachite paint layers

a) b) <) d)
Unfatty egg tempera Fatty egg tempera Linseed oil Linseed oil and mastic
Binder Non-aged Aged Non-aged Aged Non-aged Aged Non-aged Aged
Intensity ratio vs/v, 15 0.7 13 0.9 1.4 0.9 1.7 1.3

Malachite in egg yolk paint layers with finishing protective layers:
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Figure 2. Comparison of the Raman spectra of the malachite paint
layers prepared in egg yolk coated with (a) egg white and mastic
(non-aged), (b) egg white and mastic (aged), (c) egg white (non aged)
and (d) egg white (aged).

located at 1059 and 1495 cm ™' (v; CO%~, v; CO37) (Fig. 2(b),(d)), was
observed only in the malachite colour layers that had been pre-
pared with an egg yolk. The values of the calculated ratio vs/v;
are shown in Table 2. According to these results, malachite paint
layers prepared with an egg yolk and protected with both varnishes
are more stable than those protected with only one finishing pro-
tective layer of egg white. For the remaining colour layers protected
with a finishing protective coating, no changes in the relative inten-
sities were observed (these spectra are not shown).

Small variations were observed in the symmetric and asym-
metric stretching vibrations of the carbonate group band posi-
tions when linseed oil was added to the binder. From
1056 cm ' in egg yolk to 1055cm ™" in the mixture of egg yolk
and linseed oil, and to 1054cm ™" when only oil were used as a
binder. On the other hand, a shift to a higher wavenumber was
observed in the case of the asymmetric stretching vibrations of

1 1

the carbonate group. From 1490cm™ " in egg yolk to 1491 cm™
in the mixture of egg yolk and linseed oil, and 1492cm ™' when
only oil were used as a binder. These results suggest instability
of the malachite carbonate group in paint layers when egg yolk
and linseed oil are used as binders. Furthermore, in the case of
egg yolk, the protection achieved by the application of varnish
layers was not enough to prevent deterioration.

Utilizing RM, characterization of pigments was also
performed along the cross section of a sample removed from
a green layer of the Baroque painting entitled ‘Madonna of
the Rosary’ (Fig. 3(a) and (b)). Investigation of particles,
marked as MDR_1 and MDR_2 (Fig. 3(c)) showed Raman
bands at ~ 153, 177, 217, 268, 353, 433 and 1098cm ™' for
MDR1 and at ~ 153, 177, 217, 268, 353, 433, 1098 and
1495cm ' for MDR_2 (Fig. 3(d)), which was sufficient for a
positive identification of malachite. However, a decrease in
the relative intensity of the bands that are significant for car-
bonate symmetric (v;) at 1059cm™' and asymmetric (v5) at
1369 and 1495 cm ™' stretching vibrations was noticed. Similar
to the previously described results for the malachite model
paint layers, instability of the malachite carbonate group
was also noticed for this selected case study.

Micro-Raman analyses of dark particles on a green malachite
paint layer

Apart from the green particles of malachite, black particles were
also seen in the cross sections of all of the samples. Nevertheless,
a much higher proportion of the latter was observed in the aged
samples (Fig. 4(a)). The exposure of malachite paint layers to arti-
ficial ageing resulted in transformation of the pigment, and a col-
our change of malachite particles as a consequence of the
degradation process. The Raman bands of the analysed black
particles, at 296, 346 and 608 cm™! (Fig. 4(b)) indicate the pres-
ence of a copper oxide: tenorite (CuO). However, differences in
the spectra between the reference material and the sample can
be seen, especially in the relative intensities of the bands at 296

Varnishes a)

Table 2. The ratios between the relative intensities of carbonate asymmetric (v3) and symmetric (v) stretching vibrations in malachite paint layers
prepared in egg yolk and: a) protected only by egg white; b) protected by egg white and a second layer of mastic

b)

Non-aged

Aged Non-aged Aged

Intensity ratio vs3/v 1.8

0.8 1.4 0.8
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Figure 3. (a) Photo of the picture ‘Madonna of the Rosary’, by an unknown Slovenian author (cca. 17th century). (b) Detail of the sampling area (green
leaf). () Photomicrograph of the polished cross section of the removed sample. (d) Comparison of the Raman spectra of the reference material of the

green particles (MDR_ 1 and MDR_2).

and 603cm~'. The presence of an another copper oxide,
paramelaconite Cu,Os, was suggested, supported by the pres-
ence of an additional very weak band at 320 cm ™" and a shoulder
at 541cm”, which can be assigned to its £ and A;4 modes, re-
spectively.® In this oxide, copper is present in both oxidation
states, Cu(l) and Cu(ll). Despite the close relation of the two struc-
tures (CuyO3 can be described as a CuO crystal without a mono-
clinic distortion, where one-quarter of the oxygen atoms has
been removed), RM proved to be a good method for
distinguishing between tenorite and paramelaconite.!

However, in the actual case, the Raman bands, which could be-
long to paramelaconite, were too weak for a positive identifica-
tion to be made. In order to gain further information about the
black particles in the malachite paint layers, two supporting ana-
lytical techniques, i.e. SEM/EDS and XRD, were employed.

SEM/EDS analyses of the dark particles

A SEM/BE (back-scattered electron) micrograph of the polished
surface of one of the aged specimens of paint layers containing

J. Raman Spectrosc. (2014)
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Figure 4. (a) Photomicrograph of the polished cross section of a
malachite paint layer, prepared in egg yolk with linseed oil and aged.
(b) Comparison of the Raman spectra of tenorite (reference material)

and the dark particles on the malachite paint layer (Spectrum of particle
1, see Fig. 4(a)).

Figure 5. The SEM/BE image of the polished cross section of the aged
sample of the malachite paint. Layer 1 shows the elemental EDS analysis
of the green layer, whereas 2 shows the EDS analysis of a dark particle in
the green layer.

malachite is presented in Fig. 5. The top paint layer, with bright
pigment particles, can be easily distinguished from the dark
ground layer. EDS analysis revealed the elemental composition

of the pigment (Table 3). Malachite particles contain a
considerable amount of copper (1.3% to 2.5%). Note that the
pigment particles are quite heterogeneous, so that precise
EDS analysis could not be performed. A small number of dark
particles were found on the non-aged samples, these particles
containing higher amounts of copper. However, the proportion
of dark particles was higher in the case of the aged samples,
where the concentration of copper in the dark pigment
particles, found in the malachite paint layer (Fig. 5, the particle
denoted as 2), was much higher than could be expected for
malachite (Table 3). According to these results, the formation
of dark particles on malachite paint layers is caused by ageing
processes.

XRD analysis

XRD powder patterns were obtained during controlled heating of
the raw malachite powder from 25°C to 500°C, followed by
cooling to room temperature. At 25°C, the powder primarily
consists of monoclinic malachite (PDF card 010-72-8421) and
some traces of a secondary phase, which can be detected by a
peak at a 20 angle of around 20°, which does not belong to
malachite. It is assumed that the presence of a secondary phase is
a consequence of impurities, presented in the natural sourced
malachite (Fig. 6).

The malachite started to decompose at approximately 300 °C,
where its diffraction peak intensities started to decrease. At
400°C, it decomposed completely into monoclinic tenorite (PDF
card 010-70-6831), whereas the impurities were not affected
by temperature and were still present in the specimen. On
the basis of the presented XRD analysis, the occurrence of
paramelaconite as a product of the thermal decomposition of
malachite could not be confirmed. Despite a quite significant
overlap of the diffraction peaks of paramelaconite with those
of tenorite, there is a relatively strong (relative intensity of
17%, compared to the highest peak) non-overlapping peak of
paramelaconite at a 20 angle of about 40° (PDF card 040-08-4362).
According to our experience with similar samples, the detection
limit of paramelaconite in a mixture with tenorite could, in a
routinely measured pattern, such as the one that is labelled ‘a" in
the inset shown in Fig. 6, be up to 2 or 3% (the noise can be
clearly seen).

In order to improve the detection limit for the possible
presence of paramelaconite in the malachite decomposition
product (tenorite), a series of 260 diffraction patterns (a week-
end run) of the specimen cooled to 25°C were collected and
merged. The inset in Fig. 6 shows the 20 range from 40° to
50° of (a) the specimen heated to 400°C, and (b) the merged
pattern of the cooled specimen. It can be seen that the noise
in (b) was significantly less, and it was estimated that the
detection limit of paramelaconite was, in this case, less than
0.5%. However, the (1 2 3) peak of tetragonal paramelaconite
at 20=44° was not detected in the merged pattern. It can be
concluded that, most probably, paramelaconite is not formed
at all during thermal decomposition of the specimen, when
the latter is heated to 400°C. If it is formed, then its quantity
in the final cooled specimen is very low (definitely less than
0.5%). It may, however, form as a transition product in
somewhat higher quantities (up to 3%) without being detected
by XRD analysis.

wileyonlinelibrary.com/journal/jrs
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Table 3. Elemental EDS analysis of the malachite paint layers

Material/% C Si

Malachite paint layer

Green particle in the non-aged sample
Dark particle in the non-aged sample
1: Green particle in the aged sample
2: Dark particle in the aged sample

26.32
21.10
2491
18.92

0.04

0.14

0.42 0.57 1.30
18.14
245

24.21

7135
60.77
69.62
56.60

1.27 0.16

0.28
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Figure 6. XRD powder patterns of malachite powder obtained during
heating at 25°C, 250°C, 300 °C and 400 °C. The diffraction peak denoted
by (*) corresponds to an impurity. The inset corresponds to the pattern
of a specimen heated to 400°C (a), and the merged pattern of a cooled
specimen (b). 164 x 161 mm (600 x 600 DPI).

Conclusions

An extended study on the degradation of malachite paint layers
was carried out, by preparing easel (model) paintings and exposing
them to different environmental parameters (UV-Vis radiation,
temperature and humidity oscillations). When RM was applied to
aged and non-aged samples, a decrease in the intensity of the
bands assigned to symmetric and asymmetric carbonate
stretching (~1496, 1369, 1098 and 1059 cm™ ") was observed. This
decrease was much more pronounced in cases when egg tempera
was used as a binder. Even when the finishing protective layers,
such as egg white and mastic, were applied, the paint layers of
malachite prepared in egg tempera showed a lower level of stabil-
ity than when prepared in linseed oil. Investigation of green paint
layers was also performed on the painting entitled ‘Madonna of the
Rosary’, which has been dated to the 17" century and is by an un-
known Slovenian artist. RM analyses showed similar results with re-
gard to the decomposition of malachite (a decrease in the intensity
of the malachite characteristic bands at ~ 1496, 1369, 1098 and
1059cm ), as in the case of the model paints. This means that
malachite-containing paints are prone to degradation also when
subjected, over centuries, to real life conditions.

As well as green particles of malachite, black particles, too,
were observed in cross sections of all the samples, although a
higher proportion of them was detected in the case of the aged
samples. Additionally, the results of SEM/EDS showed an in-
creased relative amount of copper in the dark particles in com-
parison with the green ones. Using RM, the presence of the
copper oxide tenorite was confirmed, and the presence of an-
other oxide—paramelaconite was suspected.

In order to confirm the presence of paramalaconite as a decom-
position product of malachite, in-situ XRD analyses were performed
during thermal decomposition of the malachite samples.
Paramelaconite was not detected, either due to its very small con-
centration, but more likely it is not formed during the thermal de-
composition of malachite in air. This is because, in the ageing
process described in the experimental part, the specimen is ex-
posed to conditions which differ significantly from those in the
case of heating, so that it is quite possible that the decomposition
path of the malachite is different in these two cases.

For a more complete investigation, some other analytical tech-
niques should be used in order to overcome the above-mentioned
ambiguities. The detection of paramelaconite, where copper is
present in two different oxidation states (I, Il), would be possible if
synchrotron-based spectroscopic methods, such as p-XANES, were
used, in which point analyses of the sample’s cross section can be
performed, and distinctions made between the different oxidation
states of the metal. In their further research, the authors intend to
expand this study by making use of this method.
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