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Some of the main concerns when attempting to preserve artwork regard environmental factors,
such as luminosity, temperature and, recently, even atmospheric pollution. From this perspective,
volatile organic compounds (VOC) stand out due to the wide availability of contaminating sources in
internal museum environments. Amongst artistic objects susceptible to VOC interference, paintings
are more likely to undergo it because their stability is closely related to each component. Thus,
it is crucial to comprehend the interaction between VOC and paintings, specifically those with
inorganic and adhesive pigments, and evaluate changes in chromatic parameters and the formation
of metallic carboxylates. Mock-ups of paintings were prepared with cadmium yellow, chromium
oxide, ultramarine blue, linseed oil, and lead white or gypsum primer. Exposure was arranged within
an airtight container containing a VOC-saturated atmosphere: formaldehyde, acetic acid, hexanal
and 2-butanone oxime. Color alteration occurred for ultramarine blue (greenish coloration) and
cadmium yellow (lost luminosity). Infrared analysis showed the formation of lead carboxylates
(acetate, formate and hexanoate) in all pigments. Micrographs of ultramarine models, verified via
scanning electron microscopy, showed that an otherwise flat and homogenous appearance replaced
the granular aspect of the paint; the flat regions being indicative of carboxylate formation.
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Introduction

Artwork plays an essential role in the cultural heritage
of people, much like their history, language, customs, and
accumulated knowledge. Unfortunately, cultural heritage
undergoes aging processes which affect its materials, many
of which are caused by biological, chemical, and physical
agents.! Conservation techniques have the great chore of
preserving these materials as best as possible, thus raising
awareness of the need for control over environmental
conditions, such as light quantity, temperature, relative
humidity and, as of recently, even atmospheric pollution.?

Atmospheric composition has greatly changed due
to increased pollutant quantity and variety.>* Internal air
quality is of great significance within this context since
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concentrations of chemical and biological contaminants
increase considerably in these environments due to poor/
limited air circulation.’ In addition to external pollutants,
confined spaces have their own environmental emission
sources, primarily those of volatile organic compounds
(VOC).5" Internal museum environments might be brought
to attention because, within these spaces, there are several
contaminating VOC sources caused by construction
material, coatings, decor and finishes or materials used in
manufacturing displays, such as paints and binders, as well
as chemical products used to clean, restore and store.®!!
Acetic acid (CH;COOH), formic acid (HCOOH) and
formaldehyde (CH,O) are often analyzed as VOCs due
to their high corrosion potential.>*'*'* Their emission
sources are mainly objects, adhesive materials, paints
and wooden furniture, artifacts which are quite common
in museums.!’ Formaldehyde, significantly, has resin
used in the manufacture of plywood, paper, plastic and
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fabrics as one of its main emission sources. Acetic acid
may be released from acidic cure silicone employed when
sealing displays. Other VOC currently found within these
environments are siloxanes and oximes, released from
neutral cure silicone used in modern displays*'®!7 and
aldehydes emitted by cleaning products and plant decors
as hexanal and heptanal.'®

Studies regarding organic acids and formaldehyde in
museum environments have been done for decades.'*!*%
They were usually related to quantification in the
environment®!%121521.22 without evaluating their interaction
with artworks. A significant part of interaction studies
deals with metals.”*?¢ The work described in this article
collaborates with another smaller portion of the literature,
where studies use paints (real or simulations) or powdered
pigments in tests.>?”*® Regarding hexanal and 2-butanone
oxime, no studies analyzed pigments and paints degradation
after exposure to such VOCs. Among countless artistic
objects that may undergo interference caused by VOCs,
paintings stand out because of their stability depending
on the physical-chemical characteristics of each of
their components, wherein the modification of these
characteristics is referred to as degradation. Color change
is one of the easiest deterioration characteristics to detect,
as it compromises artwork. Common phenomena are
fading, whitening, darkening, yellowing and manifestation
of spots.®3 Yet, another common form of degradation
is the formation of metallic carboxylate, once up to
70% of oil paintings in and around museums contain
these subproducts.’® From a preservation standpoint, the
formation of these structures is highly prejudicial due
to amounting into deposits which are tough to remove,
insoluble and completely adhered to the painting.*® In
most cases, the presence of metallic soap makes the
painting fragile and damages its structural integrity, which
can be detected on account of protrusions, efflorescence,
spots, darkening, dimming, loss of opacity or paint, sandy
textures, and transparency.’'**#* Acknowledging how vital
research regarding VOC within museum atmospheres is, it
is clear that interactions between paint and pigments and
these compounds, even the more common ones such as
acetic acid and formic acid, are not widely understood.?**’
Henceforth, there is a need for research surrounding
interactions between several VOCs, inorganic pigments
and binders used in paintings, evaluating the chromatic
parameter shift and formation of metallic carboxylate, the
first being caused by the organic portion of VOCs, the latter
by the metallic portion within pigments. Studies regarding
the effects of variations in the museum atmosphere have
already been done. However, in order for these predictions
to be made before any damage occurs, such studies are
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carried out in accelerated degradation situations to produce
faster results and interfere in conservation processes before
irreversible damage occurs.?3233:374649

Experimental
Preparation of painting models

Paintings were prepared by employing a mixture of
synthetic pigments of yellow cadmium (CdS, Manuel
Riesgo S.A, Madri, Spain), chromium oxide (Cr,0;,
Manuel Riesgo S.A, Madri, Spain) or ultramarine blue
(NagAlSig0,,S,, Manuel Riesgo S.A, Madri, Spain) and
linseed oil (Titan, Barcelona, Spain) in the pigment/binder
mass proportion of 1:0.25. Painting was carried out with a
paintbrush on the surface of a cotton canvas. This support
was cut into rectangles, with dimensions of 10 cm high and
4 cm wide (Figure 1), which were then fixed to a wooden
base of the same size to maintain its shape. Some models
were painted with a lead white primer (2PbCO,-Pb(OH),,
Sigma-Aldrich, St. Louis, USA) or gypsum (CaSO,-2H,0,
Sigma-Aldrich, St. Louis, USA) backdrop as a form of
preparatory step used to flatten painting surfaces.” The
types of models are: (i) only the paint pigment; (ii) lead
white primer + pigment; (iii) gypsum primer + pigment.

Therefore, 3 different models were employed for each
pigment type (with a total of 3 pigments) and exposed to
5 types of atmospheres (4 contaminated and 1 control),
reaching a total of 45 samples, which were then put through
Fourier transform infrared attenuated total reflection
(FTIR-ATR) and colorimetry analysis. The drying time
for primers and pigments was approximately 15 days for
linseed oil paintings. Figure 1 exemplifies the preparation
of models for malachite pigment.

Cotton canvas

Humidity Temperature
control control

Glass container

Gypsum Lead white

¥ voc ‘

I I Malachite T

painting model

Figure 1. Making off and display of the painting models.

In order to confirm the yellowing process within
some models, the experiment was then re-run with
ultramarine blue and a water-based animal glue binder as
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a replacement for linseed oil with the mass proportion of
1:2:4 (pigment:adhesive:water), repeating combinations
(i) and (iii), for a total of 10 samples.

Accelerated aging and analysis

After the paintings dried, they were exposed to VOC in
an airtight glass container and positioned vertically with
the help of a support structure of stainless steel (Figure 1).
VOC saturated atmospheres were created by adding a
small container with 98% glacial acetic acid (standard,
Sigma-Aldrich, St. Louis, USA), 37% m/v formaldehyde,
hexanal or 2-butanone oxime (standard, Sigma-Aldrich,
St. Louis, USA). A control group was also produced.
The environmental temperature was set to 25 °C, and
relative humidity was between 50-60% (experiments were
conducted in Madrid, Spain).

Color measurements were done with reflectance
measurement equipment placed directly on model
surfaces after 0, 7, 21 and 42 days of exposure. These
times were considered adequate for a minimum number
of color analyses to be carried out periodically, so the
trend of changes could be presented. UV-Vis (Lambda
650, PerkinElmer, Shelton, USA) spectrometer was used
within the range of 295 to 835 nm, with 5 nm intervals.
According to the International Commission on Illumination
(CIE, Commission Internationale de 1’éclairage), this
method allows for a quantitative approach, defined by
luminosity parameter (L*) and coordinates that define color
directions a* and b*. The CIE 1976 (L*, a*, b*) color system,
CIELAB for short, presents an L* parameter which ranges
from O (black) to 100 (white), and the coordinates indicate
tonal shifts towards red (+a*), green (—a*), yellow (+b*)
or blue (—b*). Color difference is calculated by subtracting
the L*, a* and b* results of a control sample from a treated
sample, thus obtaining the AL*, Aa* and Ab* variants. This
information may be presented in a single numeric value (AE*,
equation 1), indicating effective amounts of color shifts.”!
When AE* is higher than 5, color shifts are significant, and
observers can visualize two distinct colors.>"

AE" = ((AL) +(aa’) + (Ab*)z)% (1)

Color discussion was based on more relevant colorimetric
shifts, these being when samples simultaneously presented
the following conditions: (i) AE* value above the tolerance
limit of 5;°52 (ii) AE* value of the treated sample at most
1.5 times higher than the AE* value of the control sample.

Data regarding the infrared spectrum was obtained after
42 days of exposure via a spectrometer Fourier transformed
infrared (FTIR) (Nicolet 5700, Thermo, Madison, USA)
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with a resolution of 1.93 cm™, spectral ranging from 4000
to 400 cm™, 124 scans and equipped with an attenuated
total reflection (ATR) accessory, onto which the paintings
were pressed directly over the ZnSe crystal. Superficial
modifications to the paintings’ surfaces were shown in
the spectrum with presence or lack of characteristic bands
connected to specific chemical bonds or functional groups.

In order to comprehend how the formation of metallic
carboxylate affected painting topography, scanning
electron microscopy (SEM) analysis was carried out
(JEOL JSM 6400 Scanning Microscope, 20.00 KV, Work
Distance (WD): 15 mm, Tokyo, Japan) with a secondary
electron detector; thus, providing high-resolution images of
sample surfaces. For the analysis, ultramarine blue models
with lead white primer were selected, onto which there
was carboxylate formation in the presence of acetic acid,
formaldehyde and hexanal VOCs, whilst significant color
variation was also observed.

Results and Discussion
Colorimetric measures

Ultramarine blue pigment showed significant color
shifts in samples exposed to 2-butanone oxime, acetic
acid, hexanal and formaldehyde (Figure 2). Color variation
occurred with increased b* parameters (direction towards
yellow) and decreased a* parameters (direction towards
green), making the Pearson correlation coefficient (r) a
reasonable estimate of the tendency (Aa* versus Ab*;
r=—0.977). Total color variation (AE) occurred primarily
due to these two simultaneous factors (AE versus Aa*;
r=-0.987 and AE versus Ab*; r = 0.997).

Yellowing mainly affects blue and white pigments,
giving the first a greenish hue since green is a secondary
color obtained by mixing the blue and yellow primary
colors.’*3* The same color changing process from
ultramarine blue to green was observed in real paintings
and correlated to the yellowing of lipid binders such as
linseed oil or egg yolk.?®3 Verily, it is recommended that
when preparing ultramarine paint, linseed oil be preferably
replaced by binders that tend to undergo less yellowing,
such as poppy or nut oil. Another recommendation is the
replacement of lipid binders with water-based ones, such
as Arabic gum and animal glue.>*

In the ultramarine experiment (Figure 3), by
substituting linseed oil with animal glue, no significant
color variation was observed (AE < 5), except for the
sample prepared with ultramarine, lead white primer
and exposed to acetic acid (AE = 32). Hence, the color
changing process in the experimental conditions with
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Figure 2. Color simulation for both control and exposed samples, and AE values for ultramarine samples.

linseed oil was directly linked to its subsequent yellowing
caused by VOC (Figure 2). For the exception presented in
the conditions in which animal glue was used (Figure 3),
formation of lead acetate may contribute to sample
yellowing. It is noticeable that for samples prepared
with ultramarine and linseed oil (Figure 2), this same
composition (ultramarine + lead white primer + acetic
acid exposure) presented the highest total color variation
(AE =40). This elevated color variation is explained due to
the synergetic effect regarding both lipid binder yellowing
and carboxylate formation. It is known that formed lead
acetate, when impure, may present a brownish hue, which
would justify sample yellowing. Furthermore, some paints
which use lead acetate as a drying agent have shown a
yellower hue, confirming these results.>

45 -
40 -
35
30 A
25 A

AE

20 +
15 A
10 A

Significant color shifts also occurred for cadmium
yellow when exposed to 2-butanone-oxime (Figure 4). A
slight decrease in luminosity (L*) was observed in exposed
samples.

For chromium oxide, all color alteration was both
inferior to the limit for differentiating two colors (AE > 5)
and for clear color distinction (3.5 < AE < 5).%?

Yellowing of compounds such as linseed oil and
natural resin favored by VOCs has already been previously
mentioned in the literature. It has been shown to strongly
affect final colors of ultramarine paintings.’*>’ This is due
to these pigments’ high transparency when mixed with
linseed oil, given that both their refractive indexes are
similar. Accordingly, the painting acquired greenish hues
when the binder became yellow. The same did not occur
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Figure 3. AE values for ultramarine samples prepared with linseed oil (LO) or animal glue (AG) exposed to VOC. Preparation conditions used: pigment

in monolayer (M) or with lead white (LW) or gypsum (G) primer.
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Day 0 — Day 42 Day 0 — Day 42

Control 2-Butanone Oxime

Cadmium yellow (monolayer)

Gypsum primer + cadmium yellow layer

Lead white primer + cadmium yellow layer

Figure 4. Color simulation for both control and exposed samples and AE
values for cadmium yellow samples.

for chromium oxide and cadmium yellow, which both
have a relatively high disparity concerning the linseed oil
refractive index, compared to ultramarine blue, conferring
these paints higher opacity. Cadmium yellow, in addition

to its opacity, is naturally yellow, which also decreases
yellowing impacts.**8

FTIR-ATR analysis

Ultramarine blue, cadmium yellow, and chromium
oxide pigments combined with gypsum did not show
interactions with selected VOCs. However, when lead white
primer was used, lead carboxylate formed in addition to
decreased bands in 1392 and 679 cm' regarding the CO,*
group stretches (Figures 5-7). Lead acetate, formate and
hexanoate were formed in the ultramarine blue models
(Figure 5), and lead acetate and hexanoate were formed in
the cadmium yellow models (Figure 6).

Only lead acetate was formed for the chromium oxide
pigment (Figure 7). This indicates that chromium oxide
might have acted as a more effective protective layer for lead
white primer when compared to ultramarine blue or cadmium
yellow. This result is likely related to the fact that this
pigment has catalytic activities in the degradation processes
of other compounds, which may have interfered with VOCs;
however, further research is required.’** Chromium oxides
are generally considered highly stable, and there are not many
works concerning their degradation, only studies indicating
the pigment’s presence in paintings.®"-°
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Figure 5. FTIR-ATR spectra for models made with lead white prime and an ultramarine layer. Black + highlights carboxylate absorption; black * highlights
decreased lead white absorption, and black X highlights increased ultramarine absorption (658 and 687 cm™).
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Figure 6. FTIR-ATR spectra for models with lead white primer and a cadmium yellow layer. Black + highlights carboxylate absorption; black * highlights
decreased white lead absorption, and black X highlights cotton absorption.
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Other spectra not discussed (pure pigments and pigments
added to gypsum primer) are available in Figures S1-S6 of
the Supplementary Information (SI) section.

Tables 1-3 present bands referring to each formed
carboxylate.

Table 1 describes bands referring to lead acetate
formed in the three pigment models. Bands that occur at
approximately 1405 and 1540 cm™ are due to symmetrical
and asymmetrical stretches, respectively, of the C—O
vibration, both of the acetate ion (COO~). The band at
660 cm! refers to folding to the same functional group.5®¢

Table 2 describes the lead hexanoate bands formed in the
ultramarine blue and cadmium yellow models. Absorptions
that confirm the formation of this lead carboxylate are
the bands at 1542-1512 and 1400-1420 cm’', referring
to asymmetric and symmetric stretching of the carboxyl,
respectively. Bands between 1150 and 1350 cm! refer to
the wagging and twisting vibrations of the hydrocarbon
chain. The band at 725 cm™ is also due to the hydrocarbon
chain (rocking folding for hydrocarbons with more than
4 methylene groups).

Table 3 describes lead formate bands formed only in
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models with ultramarine blue. Bands at 1338/1347 cm'’!
(mode 2) and 1537/1555 cm™ (mode 4) are related to the
symmetric and asymmetric OCO~ stretching from lead
formate, respectively. This last band suffered a shift to a
lower frequency, probably due to the interaction between
the carboxyl and the pigment surface. In general, spectra of
metallic carboxylates can vary mainly due to shifts in the
frequencies of modes 2 and 4 of the carboxyl vibrations (as
seen for mode 4) and the possibility of band division due to
the type of crystalline structure formed. Regarding the second
factor, modes 4 and 6 occasionally appear as doublets, whereas
modes 2, 3 and 5 may appear more frequently in divided
bands.” Bands at 762 cm™ (mode 3) and 1376/1392 c¢cm!
(mode 5) refer to the OCO- folding for the same compound.

Frequently cited carboxylate in literature, also known
as metallic soaps, are formed primarily from reactions
between metals, such as lead, calcium and zinc, contained
in pigments and free fatty acids in binders, lipids such as
linseed oil and egg yolk.’">78 In the experiment mentioned
above, however, carboxylic acids did not come from linseed
oil but from VOCs instead, which have just recently begun
being discussed in the literature.

Table 1. Values concerning formed lead acetate bands for each pigment compared with the standard compound

Carboxylate in ultramarine Carboxylate in cadmium

Carboxylate in chromium

sample / cm’! yellow sample / cm™! oxide sample / cm’! Lead acetate / et Assignment
1544 1540 1536 1540 v,,COO~
1412 1415 1410 1405 v,COO~
_ - - 1335% 0,,CH,

- - 93268 vC-C

ultramarine blue

possibly overlaid to the wide
band centered at 610 cm™' of 6600068 00CO~
chromium oxide

668 667

v stretching; O: folding; s: symmetric; as: asymmetric.

Table 2. Values concerning formed lead hexanoate bands for each pigment compared with the standard compound

Carboxylate in ultramarine Carboxylate in cadmium

sample / cm’ yellow sample / cm’ Lead hexanoate / cm’! Assignment

2951 2952 2955/2920% v,CH;v,CH, .,
2870 2870 2870/2850% vCH;vCH, .,
1541-1510 1512 1542-1512% v,COO~

- - 1472/1465/1460% O0CH, and CH,

_ - 1435% o0CH,
1399-1416 1418 1400-1420%7 v, COO~

- - 1380 0,CH,
1164-1337 1350-1300 1150-1350%-72 OCH, (wagging, twisting)
7771768 768-878 700-1100% OCH, (rocking)

v: stretching; d: folding; s: symmetric; as: asymmetric; resp: respectively.
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Table 3. Values concerning formed lead formate bands for each pigment compared with the standard compound

Carboxylate in ultramarine .
y Lead formate”™ / cm™!

Lead formate™ / cm'! Assignment

sample / cm’!

- 2833 - vCH (mode 1)
1537/1555 1577 1530/1580 v,,OCO~ (mode 4)
1376/1392 1372/1389 1390 0,,0CO"~ (mode 5)
1338/1347 1333/1348 1350 v,0CO™ (mode 2)

— 1066/1075 - AO0CO out of the field (mode 6)
762 7581763 760 0,0CO™ (mode 3)

v: stretching; O: folding; s: symmetric; as: asymmetric.
SEM for ultramarine blue-control micrographs

The model prepared exclusively with ultramarine blue
(Figure 8a) presented a grainy, round and relatively regularly
sized morphology and some round crevasses characteristic
of ultramarine blue.””®® In the sample with lead white
primer (Figure 8b), the grainy and round morphology
of ultramarine blue is mixed with the appearance of flat,
tabular and hexagonally shaped particles characteristic of
lead white pigment.®!

VOC exposure

Only samples with metallic carboxylate formation that
is, samples in which lead white was utilized as a primer,
presented surface changes compared with the control. When
exposed to acetic acid, the paint’s granular aspect shifted
towards a smoother, homogenous surface with a few cracks
(Figure 8c). X-ray energy dispersion spectroscopy analysis
results (EDX, Figure S7 in the SI section) show that lead
is found in the micrograph dark region and not in lighter
regions (cracked region). It is likely that in the first region
(highlighted in red), lead acetate was deposited, leading
to apparent changes. In the second region (highlighted
in blue), cracked areas are shown, where only elements
pertaining to ultramarine blue were found (Al, Si, Na
and S). Thus, cracked areas may be interpreted as regions
with no lead acetate deposits, maintaining the original
painting. Results for hexanal exposure were similar to those
obtained for acetic acid exposure, although smaller in scale
(Figure 8d). In some regions, a smooth layer was formed
over the paint’s granular surface, probably due to formation
of lead hexanoate. EDX analysis results (Figure S8 in SI
section) show that the element lead is found in the dark
smooth region of the micrograph (highlighted in red, lead
hexanoate) and was not found in the light grainy region
(highlighted in blue, ultramarine).

These micrographs show that the ultramarine blue
pigment did not suffer any direct effects caused by

exposure, which did affect the lead white primer.
Henceforth, the mobile capacity of metallic soaps and their
tendency to migrate from internal layers towards painting
surfaces ought to be discussed.” Formation of lead soap
from lead white used as a primer layer may significantly
modify the appearance of several paintings; therefore,
this effect must be closely observed and discussed. Paints
are a semi-permeable system that may be influenced
by physical factors such as micro-fissures, nanopores,
climate variation”’#* and atmospheric pollution. The
best documented conditions contributing to formation of
metallic soaps are humidity, luminosity and temperature;
however, understanding how each of these factors acts is
yet to be optimal. What is already clear is that this process
is spontaneous, irreversible and generally influenced by the
concentration of metallic ions and free carboxylic acids, in
addition to forming a low solubility product.*'#377:7

Degradation of specific painting components may
promote several visual alterations, such as darkening,
color, tone and contrast shifts, and loss of detail, which
negatively impact its aesthetics and preservation.’®%?
Regarding carboxylate formation, it is very likely that
lead white goes through initial dissolution, leading to
carboxylates being found in deposits along the darkest
regions, with higher organic content from VOCs. Lead soap
micrographs, commonly found in literature, are formed in
areas containing lead particles with affected or disintegrated
edges and lead-rich undefined areas. Thus, the total or
partial lead white particle dissolution process originates
in saponified regions.

Conclusions

Previous experiments allowed for further comprehension
of the interaction between VOCs, inorganic pigments
and binders used in paintings. Concerning chromatic
parameters, yellowing which affects linseed oil caused
by VOC interactions, modified the ultramarine blue color
with a greenish tint. A lowered luminosity was the most
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Figure 8. Control micrographs: (a) ultramarine; (b) ultramarine + lead white primer. Exposed sample micrographs: (c) lead acetate; (d) lead hexanoate.

Enlargements are highlighted in black.

distinguishable change for the models with cadmium
yellow or chromium oxide. For chromium oxide, there were
no noticeable color changes higher than the established
limit for differentiating between two colors (AE > 5).
Regarding the formation of metallic carboxylate (when
lead white was used as a primer) several lead carboxylates
were formed, such as lead acetate, formate and hexanoate
for the models with cadmium yellow and lead acetate
for the models with chromium oxide. The topography of
ultramarine blue models containing carboxylates showed
that the painting’s granular aspect was replaced by a smooth
and homogenous appearance, being this the place where
saponification occurred due to the dissolution of lead white
particles.

Supplementary Information

Supplementary information (Figures S1-S8) is available
free of charge at http://jbcs.sbq.org.br as PDF file.
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