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Effect of iron rust on color layer and
structural integrity of historical oil
paintings

Niazy Mostafa Mohamed?, Ezz Arabi Orabi', Abdullah A. Alamri?3, Abadi M. Mashlawi*,
A. El-Shabasy** & Thanaa Ali Abo Taleb!

In recent years, the study of the deterioration phenomena and factors of oil paintings has attracted
great attention from the scientific community. However, the number of articles that contain a study
of the phenomenon of rust damage on paintings and an explanation of the mechanism of damage on
canvas is small, so this article focused on studying the effect of rust resulting from the use of iron nails
in fixing the canvas holder and due to aging and exposure to damaging conditions on colors containing
metals (red—yellow-blue) in oil paintings, which results in damage products from rust, and different
on the surface appearance of the colors and change the chemical composition of the color. This article
aims to discuss (1) the phenomenon of rust that affects paintings (2) the problems associated with the
effect of rust that migrates through the layers on the rest of the parts of the painting other than the
colors, such as the canvas layer and the preparation layer (3) describing the mechanism of atmospheric
corrosion of iron by interacting with ground colors (red ochre-yellow ochre-blue) using experimental
models covered with rust and exposed to thermal and light aging to evaluate damage before and after
accelerated aging and the most important damage products (4) and the evaluation of damage was
done by using color change measurement For the samples, the front and back morphological surfaces
of the fabrics were monitored before and after aging through the average color measurements of

the three colors. It became clear that the blue color shows the greatest change after complete aging

in color AE=*42.7 Followed by red, which shows a complete change in color AE* =23.6, followed by
yellow, which shows a complete change in color, AE* =21.7. Microscopic examination showed that the
rust was distributed in an uneven manner on the back surface of the fabric, and the front surface with
the colors, and the appearance of large orange spots on the surface randomly, and the appearance

of fine cracks penetrating the layers in the areas mixed with iron rust products, and their mixing with
the color grains. The change in the chemical composition of the colors was monitored before and

after aging by FTIR, EDS, which showed changes in terms of the appearance of the iron element (Fe)
and an increase in its concentration after aging, which confirms that the color was affected by iron
rust resulting from the rust of the iron nails fixed to the fabric layer stained with rust that migrates
through the layers that are damaged due to the migration of Fe?* ions to the surface of the colors in
the presence of alkaline metal cations in the chemical composition of the three earth colors. In the
presence of moisture, the damage increases because the ionic diffusion across the thickness of the
formed film leads to the disintegration of the paint because the polarization of the cathodic substrate
encourages the migration of cations through the color layer, and the color change in the yellow and red
colors resulted from the presence of the iron ion that reacts with Fatty acids in oil.
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Paintings undergo chemical, mechanical and biological damage over time. While chemical and biological
changes have been extensively studied in recent decades, the study of the mechanical behavior of oil paintings
deserves more attention. Damage to paintings (such as cracks, rust or peeling) has traditionally been associated
with fluctuations in humidity and temperature. While such assumptions are not entirely wrong, the environment
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is not always the cause of the observed failure of paintings, but rather internal damage such as the deterioration
of the medium over time that affects the different layers of paint. The causes of damage to paintings must be
studied to ensure that paintings are treated and preserved over time'.

Iron rust from nails that were used in fixing canvas may play a major role in the damage of old oil paintings
when exposed to uncontrolled environments, numerous internal and environmental factors can cause oil
paintings to deteriorate. Variations in the physical characteristics of the layers cause internal problems where the
environment changes, cause strain and harm to the painting’s basic structure?,

The study of the mechanical behavior of oil paintings deserves more attention. Damage to paintings (such as
cracks, rust, or peeling) has traditionally been associated with fluctuations in humidity and temperature. While
such assumptions are not entirely wrong, the environment is not always the cause of the observed failure of
paintings. The interactions between pigment and medium, as well as between different paint layers, are crucial
to interpreting damage to the painted surface, but also to making good conservation decisions to ensure the
stability of paintings™®.

There are several ways that deterioration might appear including cracks, craquelure (microcracks), fading,
darkening, blanching7, multiple paint layer flaking areas, separation from the foundation, preparation layers,
surface protrusions, separation of color, disturbance, and formation of rust products from the contact of iron
nails with the oil painting canvas®’.

In addition, the linen layer support is compromised. Degradation results from cellulose’s hydrolysis and
oxidation, which are influenced by temperature, pH, moisture content, and crystallinity level. The process of
crystallization and chain bond breakdown take place. Linear cellulose; B-(1,4)-glycosidic, causes cellulose to
depolymerize, which results in the mechanical qualities of oil paintings on canvas being lost!*-!2. Unsuitable
environmental conditions have an impact on the iron nails used to secure the canvas easel. It causes rust to
develop in the nails that come into touch with the canvas and rust compounds to spread throughout the layers
and the fibers are affected and become more brittle and susceptible to breakage in the rust area®.

Three types of atmospheric corrosion can be distinguished based on the amount of moisture present on
the damaged metal’s surface: A certain relative humidity value is required for dry atmospheric corrosion, tidal
atmospheric corrosion, and wet atmospheric corrosion. This figure is known as critical relative humidity, and it
is exceeded when the environment’s relative humidity rises above it, causing the metal to corrode more quickly.
Different metals have varying relative humidity levels; iron and other regularly used metals have a relative
humidity of 65%".

It is an intriguing topic when it comes to corrosion because of the component of atmospheric aerosols. In
addition to the oxygen and moisture found in the ground, the chem-aerosol components have the ability to
dissolve the protective layers that prevent corrosion on the metallic surface. Sulfates, nitrates, carbonates, and
ammoniums make up the chem-aerosols'”.

The best relative humidity range for oil painting is between 40 and 60%, and the ideal temperature range
is between 18 and 24 °C (65- and 75-degrees Fahrenheit). These circumstances offer a steady atmosphere that
facilitates oil paints’ appropriate aging and drying. Higher humidity and temperatures outside of this range
might hasten unwanted chemical processes including oxidation and hydrolysis, which may compromise the
lifespan and integrity of paint films'®.

Rust can develop on the nails used in an oil painting when it is exposed to high humidity, which occurs when
iron corrodes in a moist environment with dissolved oxygen. This is particularly true in places close to the colors.
The painting’s surface can then gradually turn into a layer of rust-colored corrosion products. Higher oxidation
state layers arise in the exterior layer of corrosion products, which are often stacked with lower oxidation state
chemicals and form immediately on the metal surface'”. In exterior layer corrosion products, magnetite (Fe,0,)
is the most frequent iron oxide detected on archaeological iron, and it is often found next to the metal surface.

One of the studies conducted to study the effect of rust on fabric is a study of a Qing Dynasty Chinese armor
consisting of an outer and an inner layer'®, The outer layer is cotton fabric, and the inner layer is iron sheets, the
two layers of which are fixed together with nails. The cotton fabric is stained with rust compounds due to the
severe corrosion of the iron sheets.

Rust affects the fibers and they become more susceptible to breakage in areas stained with rust compounds.
This is due not only to the corrosion of iron rust but also to the acidic decomposition of the fibers accelerated
by metal ions'*%°.

The most common iron compounds that can be recognized in these products are goethite (a-FeOOH) and
lepidocrocite (y-FeOOH), Additionally, iron, oxygen, and chlorine were found in the orange and brown patches,
indicating the existence of akageneite and Goethite?!.

When iron nails are exposed to the atmosphere, the following process occurs in Egs. 1, 2:

2Fe + H20 + 3/905 — 2FeOOH (1)

In exchange, in saline aerosol media, the primary reaction is:

Fe + Cl,, + H2O + 1402 — [Fe’* + 2HO™ + C1] @)

(aq)

Because the oxidation process can be accelerated by the presence of the chloride anion, resulting in the creation
of the Fe?* slightly hydrated basic oxide. Following this, the processes occur in accordance with the components’
creation sequence from the rust layer structure: the Fe,O, (inert) loadstone, the a-FeO(OH) lepidocrocite, the
a-Fe,O, hematite, and the a-FeO(OH) goethite. Goethite transforms into lepidocrocite by crystalline reforming
processes, whereas lepidocrocite transforms into loadstone through a gradual aging process hase in surface
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layers, while goethite and magnetite are often found in the inner layer of rust scales and exhibit isolating
behavior??. In this step, Fe?* ions spread in water-saturated pores and cracks based on their domain stability,
and in regions with restricted oxygen availability, they precipitated as magnetite in the form of inter-dispersed
phases in iron (IIT) oxyhydroxides at the interior layer (dark phase). Fe?* ions were transformed at the internal
and exterior layer into iron (IIT) oxyhydroxides such goethite and lepidocrocite at locations with greater oxygen
accessibility?’.

Ferric oxyhydroxide generation is linked to volume expansion, which exfoliates the corrosion layers
and creates fissures, perhaps hastening the degradation. There is an orange powder that has been identified
as akaganeite, or b-FeOOH. Additionally, to prevent akaganeite production and related corrosion, the iron
should be kept and shown at less than 20% relative humidity**. Siderite (FeCO,) is also present in carbonate
settings®. Akageneite -FeO(OH) and occasionally B-Fe,(OH),Cl can develop when chloride ions are present?.
Moisture diffusion has the potential to exacerbate corrosion by weakening the physical and chemical bonds that
are formed between the paint layer and the metal, which can lead to binding medium swelling and hydrolysis.
The paint layer may delaminate as a result of the metal modification products’ increased volume, especially
those containing iron. One notices an orange tone caused by iron corrosion products. The presence of salts
in the interface, which can promote osmotic pressure gradients; and the generation of hydroxyl ions by the
cathodic reaction which creates an increase in alkalinity, are also mentioned as factors that can contribute to
blister formation and delamination of the paint layer. So, the interaction between iron rust and archaeological oil
paintings can significantly impact the colors and overall preservation of these valuable artworks?’.

The colors change is occurred due to the low relative humidity, as the medium absorbs water and the adhesive
force between the color atoms is lost. Therefore, a large amount of fine grains became visible on the surface,
as well as the formation of small pits on the surface of paint, and the surface becomes uneven due to the basic
formation?®.

Rust and corrosion products, resulting from the nails fixed to the rust-stained cloth layer, migrate through
the layers that are damaged due to the migration of Fe2 +ions to the surface of the colors in the presence of alkali
metal cations in the chemical composition of the colors such as hematite red, gossite yellow and ultramarine
blue. In the presence of moisture, the damage increases because the ionic diffusion through the thickness of
the formed film leads to the disintegration of the coating because the polarization of the cathodic substrate
encourages the migration of cations through the color layer®.

Several analytical techniques help to identify the components of the studied painting and highlight its
deterioration mechanisms to develop a suitable conservation plan, Different analytical methods used for
investigation of the formation of degradation products and crosslinked materials®’. These techniques include
a USB Digital microscope, Scanning Electron Microscope (SEM) used to study the surface and the various
deterioration aspects, such as cracks and iron rust morphology, also, used color measurements, Energy-
dispersive X-ray spectroscopy Analysis and Fourier transform infra-red spectroscopy (FTIR) to identify and
observe of microstructural characteristics and elemental analysis of the iron rust and oil paint layers, such as
binders and pigments and changes in function group®'.

This study aims to identify the causes of damage to oil paintings when they come into contact with iron, such
as iron nails used to fix the canvas of the painting, which also affect the colors, and the mechanism of damage and
to estimate the various changes that may occur as a result of this interaction or contact between them.

Materials and methods

Materials

Preparing samples

This study was carried out on the three colored ground oxides (ocher red-gothite yellow-azurite blue), the
colors is consisting of ground oxides that are based on silica, such as quartz, clay, carbonates, and sulphates. The
yellow and red color is accompanied by kaolina, because silicate pigments contain a large number from natural
elements®2. The samples were made based on a study conducted on several paintings in the Manial Museum at
Egypt, as painting Turkish baby with registration number 49/2 and size 70 cm x 52 cm & painting Landscape
painting, size 44 cm/70 cm, oil on canvas, signed “F. Zomaro” and registration number 79 which showed the
effect of rust on the front surface of the paintings, especially the colors, as Fig. 1.

Color samples were prepared by using the same preparation methods used in the old method in oil painting®.
Three colors red, blue, and yellow were prepared by using color oxides, the samples dimension is 4 cm x 4 cm
in length and wide. The rusty iron nails were placed and fixed on the surface of the colors and exposed to
continuous humidity for 10 days*, then they were left dry and then and then aged for 100 h by hygrothermal
aging, Thermal aging oven (temperature + relative humidity) type (SHEL LAB) at the National Research Center,
Polymers Department under an temperature of 120+2 °C and a humidity of RH 80+ 5% for 48 h to obtain the
same aging conditions that exposed to oil paintings and iron nails**, as Figs. 2, 3, 4.

Methods

Morphological examination

USB digital microscope A USB digital from GAOSUO Digital Engineering Dept., Image CMOS Sensor, Con-
troller High-Speed DSP (Driver Free available), Focus Range 0-40 mm, Built-in 8 White-light LED, Still Image
Capture Resolution 640 x 480-1600 x 1200, Frame Rate 30 f./s under 600 LUX Brightness, Digital Zoom 5X
Sequence Mode, Magnification Range: 1000X. was used to analyze the collections. A digital microscope is a
favorite in the examination for convenient carrying and usage in the workplace; it has been used to record the
deteriorating features and investigation of color’s surface at various magnifications.
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Fig. 1. A study of the phenomenon of rust on some paintings in the Manial Museum in Cairo, Egypt, such as

the painting of the [(a). front of Turkish Child painting shows traces of iron nails rust, (b). Back of the Turkish
Child canvas shows traces of iron nails rust on the back of the painting], [(c). front of The City painting shows
traces of iron nails rust, d. Back of The City painting shows traces of iron nails rust].

Fig. 2. The prepared samples before put the rusty nails touching the color surface.

Scanning electron microscope (SEM) Colors surfaces and iron rust effect on it were examined with Scan-
ning Electron Microscope (SEM) Oxford detector, JEOL JSM 5400 LV EDX Link ISIS model, it is designed for
high-resolution imaging and microanalysis of a wide range of materials. The instrument features a tungsten fila-
ment as the electron source and provides a magnification range from 8x to 300,000x. The samples were inspected
after gold coating at a high vacuum, The sample size used is 1 cm.
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Fig. 4. Effect of rust on the back surface of the color samples.

Color measurements

Color surface inspection was performed to evaluate the color change of the samples both before and after aging
by using a Color i7 benchtop spectrophotometer (Color i7, X-rite, USA), reflectance / transmittance reference-
level, Measurement time 2.7-4.0 s (flash & data acquisition), Duty cycle 480 measurements per hour max,
Spectral Range 360-750 nm, Wavelength Interval 10 nm, Photometric range 0.0-200%, Photometric resolution
0.001% reflectance, as well as the difference values (AE) for all color samples before and after deterioration.

Energy-dispersive X-ray spectroscopy analysis (EDS)

The three-color samples (Blue, Yellow and Red) were analyzed with scanning electron microscope coupled
with (SEM-EDS) model Prisma E (thermos fisher company), Frequency: 50 or 60 Hz, Voltage 100-240 V AC.
samples were fixed on aluminum stubs with standard diameter using a carbon double sticky tape, The sample
size used is 1 cm.

Fourier transform infrared spectroscopy (FTIR)

The three-color samples (Blue, Yellow and Red) were analyzed with FTIR spectroscopy. The FTIR spectra were
recorded using a The Agilent Cary 630 FTIR. The spectra were obtained in the range from 7000 to 350 cm™!
using FTIR absorption analysis, with a scan resolution of <2 cm™!, Measurement time < 10 s. Samples were made
by mixed powder sample was with 200 mg of dry KBr then milled in an agate mortar and pressed to be pellets.
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Results and discussion

Morphological examination

USB digital microscope

The surface colors of the samples were examined before and after aging. Microscopic examination of the surface
colors showed the appearance of iron rust on the surface mixing with color grains, which led to clear changes
in the three-color shades, as they turned dark and the appearance of rust products characteristic of iron rust
in orange, brown, or orange-yellow color. All of the colors contributed to the separation of the color grains
in the regions impacted by the rust products by slipping between the color grains and emerging from behind
them. Iron rust products were also evident in the areas where the iron nails that were permeable to the canvas
were located, and the surrounding region was also covered in iron rust products. The blue color before damage
is bright as shown in Fig. 5a but after damaged was the color most affected by damage, as cracks appeared,
separation of the color layer, and blackening in other areas, especially the areas affected by iron rust also the color
appeared darker as shown in Fig. 5b, and its surface was covered with dark brown rust products and black color
in other areas as we show in Fig. 5c and d. As for The yellow color before damage is bright as shown in Fig. 5e
but after damaged the microscopic examination showed the appearance of products iron rust in a dark yellow
or yellow-brown color as we show in Fig. 5f and g, and the color was more consistent than the blue color, The
examination also showed that the position of the nail greatly affected the condition of the fabric, and iron rust
appeared mixed with the layers of fabric and color as shown in Fig. 5h. As for the red color before damage is
bright as shown in Fig. 5I, but after damaged a white color appeared on the surface of its samples in some places
as shown in Fig. 5j, with bright spots appearing on the surface resulting from the products of iron rust in a light
yellow color with color changes as shown in Fig. 5k and the red color turned into the light color in other places
and the mixing of rust products with the surface of the color and their penetration with the appearance of fine
cracks penetrating the color layer and the photography ground in areas mixed with products of iron rust, and
the surface appearance of the red color was more cohesive and homogeneous in its grains like the yellow color
as shown in Fig. 51.

Scanning electron microscope (SEM)
Color samples were examined before and after aging using a scanning electron microscope as Fig. 6a, b, ¢, d,
e, f. The results showed that all color samples before aging had a very smooth, soft, and homogeneous surface,
and the surface showed the presence of the oily medium mixed with the color granules. As for the samples
after aging, the examination showed surface roughness and disintegration of color granules with the appearance
of formation. The distinctive crystalline of the products of iron rust and their penetration and intermingling
between the color grains mixed with calcite crystals with the disappearance of the oily medium that used to
give the color surface a homogeneous, shiny appearance. The (SEM) examination of the blue color as Fig. 6a
showed the homogeneity of the surface before aging but the samples after aging, Fig. 6b the appearance of the
crystalline formation of iron rust with the disintegration of the color grains and the penetration of rust products
between the grains. Showed calcifications of rust products on the surface of the color with the appearance of
space and gaps in the color surface and loss in some area and the brightness in the areas affected by iron rust. The
examination (SEM) of the yellow color as Fig. 6¢ the homogeneity of the surface before aging but the samples
after aging, Fig. 6d showed the disintegration of the color granules and the mixing of rust products with them
and their penetration inside. As for the examination (SEM) of the red color as Fig. 6e the homogeneity of the
surface before aging but the samples after aging, Fig. 6f, it showed the presence of some cracks in the color layer
with the spread of crystalline calcification of the iron rust and their penetration into the cracks and mixing with
the color granules.

Chemical interactions between the two layers can lead to significant visual changes. The most obvious is due
to the migration and diffusion of metallic ions into the paint layers. Iron corrosion often leads to an orange-

Fig. 5. Show (a, e, i) colors before aging and (b, ¢, d blue color, f, g, h, yellow color, j, k, i red color) after aging
show deterioration aspects of iron rust products on the colors, with magnifications 200X.

Scientific Reports |

(2025) 15:15756 | https://doi.org/10.1038/s41598-024-84752-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1SkV XSee 1086pm ©OOBSS 15kV X200

Fig. 6. (a, b, ¢, d, e, f) Examination by Scanning electron microscopy Before aging, the surface was smooth,
and highly homogeneous (a) blue, (c) yellow, and (e) red. After aging, the surface appeared rough and the color
grains disintegrated with the appearance of rust. (b) blue, (d) yellow, and (f) red .

Color Color sample | L* | a* | b* AE (a, b)
Blue before - 13 |5 -29
: 2.7

Blue after ] 22 | -7 |11
Red before - 22 130 |15

23.6
Red after 45 |25 |17
Yellow before - 35|29 |26

21.7
Yellow after 53 |24 |37

Table 1. Showing the color changes results of color samples.

brown color change in the paint layer. Also shows white granular paint layers which are tinted due to corrosion
of the iron support (orange, brown). The orange color visible in both layers is clearly due to the presence of (Fe).
The metallic ions (mostly Fe**) most likely migrated into the paint layers from the metal following the oxidation
of the underlying metal®®.

Color measurements
The degree of change in colors were measured according to the following Eq. (3):

AE = \J (L3 - L3)" + (a3 — a5)? + (b5 — b3)? G)

The values of color alteration of the selected color samples varied as in the Table 1, And the images placed in
the table are illustrative images of the color changes that occurred in the experimental samples before and after
aging, taken with a camera. The result indicated that the color with the highest AE values were recorded in the
blue color and the lowest AE values in the case of yellow, as for the red color, its color change value was average
between the color change values of the previous two colors but closer to the change value for the yellow color,,
which confirms that the blue color was the color most affected by damage and rusting of iron, while the yellow
color was the least affected by damage and rusting of iron.

In truth, oil paintings may become more yellow when placed in the dark and lose it when exposed to light
after being stored in a dark environment, heated, or humidified. Recent color measurements have shown AEs of
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4-15 units, which indicate a significant and continuous loss of yellowness over years with little sign of when it
would reach an end-point®’.

In the case of pigments, Discoloration is the primary modification in visual and color measures (i.e. fading,
darkening, color change). Exposure to light, heat, relative humidity, reactions with air pollutants including sulfur
and nitrogen-containing gases, restoration efforts, iron rust, and metal corrosion are some of the causes of these
alterations’®%,

Energy-dispersive X-ray spectroscopy analysis (EDS)

It is an analytical technique used for the elemental analysis as in Table 2, Fig. 7a—f of the color samples before
and after aging showed that the colors appeared to change in terms of the appearance of new elements that were
not present in the samples before aging, as all samples showed the appearance of the element iron (Fe) in the
blue color after aging, also the iron concentration increases in yellow and red colors after aging. The analysis
confirmed that the blue color as Fig. 7a, b after aging appeared in a high concentration of iron at a rate of 14.1%,
while the blue color before aging was completely devoid of iron. The concentration of the oxygen element in the
blue color after aging also increased by a percentage of (32.6% to 37.7%) As for the analysis of the yellow color
as Fig. 7¢, d, it confirmed that the basic composition of the color consists of one of the iron compounds, but the
analysis showed an increase in the concentration of the iron element in the yellow color sample after aging from
18.4 to 22.5%, as well as an increase in the oxygen element in the yellow color after aging. With a percentage of
(31.7-38.7%), which confirms that the color is affected by the rust of iron resulting from the rust of iron nails. As
for the red color as Fig. 7e, f, the analysis showed a significant increase in the concentration of the iron element,
and because the chemical composition of the red color consists mainly of iron, we find that the concentration
of the iron element has increased. The change increased from (18.5-29.7%), and the oxygen element in the
red color increased after aging by (32.7-39.5%), which confirms that the colour was affected by iron rust in its
internal composition. The appearance of iron in blue color after aging and its concentration increasing in yellow
and red colors after aging, as well as the increase in the concentration of the element oxygen (O) by a large
percentage in all samples after aging, confirms that iron rust has greatly interfered in the internal composition of
colors, which led noticeably to the appearance of changes. Color in all three colors, with the appearance of rust
spots on the surface, which distorted the general appearance of the colors, which also confirms the formation of
iron rust products on the surface of the color and inside its grains. The carbon element’s concentration dropped
in the blue color (from 21.4 to 16.9%) and the yellow color (from 35.6 to 22.6%) after aging, according to the
analysis, which also verified a decline in the carbon element’s concentration in all color samples. As for the red
color, the concentration decreased Carbon element (from 16.8 to 15.8%), which confirms the decomposition of
the organic medium binding the color granules, their disintegration and separation, and their effect on heat and
humidity.

Iron nails frequently cause oil paintings to gradually deteriorate. The mechanisms and kinetics involved in
this phenomenon are dependent on a number of variables, including the storage environment (controlled or
uncontrolled, with temperature and relative humidity fluctuations), pollution particles, the presence of other
hazardous materials, and prior use or restoration procedures. Because of this, metal corrosion products may
develop and stain the paint layer, detracting from the object’s visual appeal. More significantly, as they continue
to develop, the colors may become badly faded due to fissures, color changes, blistering, and flaking. The carbon
in the sample or the carbon adhesive tabs used to adhere the sample might be the source of the carbon®.
Additionally, the development of iron rust products is confirmed by the rise in carbon and oxygen during age. In
addition, the organic mediator’s carbon causes a reaction with iron that results in the creation of siderite, one of

| Element [T BIueColor ] Yellow Color
Wt.% Before aging After aging Before aging After aging Before aging After aging
C 21.4 16.9 35.6 22.6 16.8 15.8
[0} 32.6 37.7 31.7 38.7 32.7 39.5
Na 2.6 Nd 1.3 0.2 0.3 0.5
Si 0.5 1.2 1.3 1.8 1.4 23
S 1.4 0.8 0.7 0.5 1.6 0.8
Cl 0.6 0.5 0.9 0.5 Nd 0.6
Ca 39.7 26.1 9.4 12.1 283 10.1
Al 1.2 2.7 0.3 0.8 0.4 0.6
Fe Nd 14.1 18.4 22.5 18.5 29.7
K Nd Nd Nd Nd Nd 0.1
Mg Nd Nd 0.4 0.3 Nd Nd
Total 100% 100% 100% 100% 100% 100%
Nd: Not detected.

Table 2. Elemental chemical composition of the three oxide samples evaluated before and after ageing.

Signficant values are in bold.
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Fig.7. (a,b, ¢, d, e, f). EDS analysis of the three samples before aging showed blue (a)/yellow (c)/red (e) color
and after aging blue (b)/yellow (d)/red (f) color and increased iron and decreased carbon.

the byproducts of iron rust. Wet-dry cycles are the primary driver of long-term atmospheric corrosion processes.
The amount of iron oxidized exceeds the associated oxygen intake, just as it did during the wetting stage®!.

Metal oxide is a chemically unstable condition that occurs when metal and oxygen come into contact. For
evident geometrical considerations, a metal can only react with oxygen in the vicinity of its surface. Consequently,
a coating of metal oxide covers every non-metal surface?’. Iron oxidation proceeds quickly as a result of the
easier access to oxygen, and Fe** ions are formed. Along with the production of hydrogen ions, iron oxide
hydroxide (FeOOH) is deposited®’.

This is caused by both the hydrolysis of fiber acid, which is sped up by metal ions, and the corrosion of
iron rust*. Iron rust through the layers of oil paintings, causing harm to the colors and overall deterioration.
There will be a noticeable drastic shift in the color medium. There is a reduction of adhesive strength between
the color atoms and a partial loss of the color medium®’, It made it easier for the sample’s surface to develop
tiny holes caused by the leading dissolving processes. Additionally, when the saturated fatty acids spread out
of the paint and crystallize on its surface, they cause cracks to develop and accelerate degradation®® and have
a destructive effect, not just on the painting’s look but also on the structural composition’s integrity because of
the development of metallic soap, which causes the color medium and colors to (partially) deteriorate?’. Red
and yellow represent the separation of the mineral soap from the medium, the fatty acid crystallization, and its
surface dispersion. The degradation process operates by the formation of metal soaps that permeate into paint
and decrease adhesion, which is caused by metal ion interactions with the lower acids created by paint oxidation,
or by chemical reactions between metal cations and the pendant carboxylic groups of oil paint*.

At the oil paint/iron interface, poor surface wetting and flawed chemical bonding result in gaps that limit
interfacial contact and retain moisture and air. Differences in dried paint thickness between the interior and
exterior of voids might lead to further issues by creating strains that lower paint stability?’. The presence of water
at the metal-polymer border might cause loss of adhesion when these issues are coupled with linseed oil paint’s
susceptibility to water and ionic ions™.

we notice the blue color changing to gray in some parts due to the deterioration of the oil in the presence
of moisture on the surface of the color®!, and reaction calcium in the color composition with the oil due to the
increase in moisture on the surface of the color®. Ultramarine blue can have a catalytic effect on the deterioration
of the color medium which may explain the non-uniform appearance of the deterioration of the blue color®?, The
red color change occurs in some red areas as a result of unsuitable environmental conditions. Iron is redistributed
during weathering, and iron is released during the decomposition of primary aluminosilicates, increasing the
iron content (Fe), indicating that Fe forms a distinctive mineral of the (iron oxides) phase>*.

The color change in yellow and red is due to the presence of iron ions that react with the fatty acids in the 0il*,

The darkening of the color is explained by the partial conversion of red Fe,O, to black Fe,0,®, The yellow color
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is damaged as a result of the decrease in the components associated with the alkaline content in its chemical
composition®.

Fourier transform infrared spectroscopy (FTIR)
An essential test for determining the extent of trace degradation at the molecular level is FTIR spectroscopy”®™.
where the structural information of infrared spectra is determined®®°!,

It was proven that the yellow color is goethite FeFOOH due to the appearance in the spectrum of an absorption
peak at wavelengths 898.7 cm™ and 2925.7 cm ™.

hydroxyl group OH at wavelength 3650 cm™ 3430 cm™ and the group Al -OH spectrum showed an
absorption peak at wavelength 938 cm!62%3. The spectrum showed an absorption peak at wavelength 1085.5 cm™,
which is attributed to the Si-O-Si and Si-O-Fe groups, which play an important role in determining the
components of ochre. Which is the include of other minerals, as clay minerals. The spectrum at wavelength
593.2 cm™!, which is attributed to the group (Fe-O stretches)®, and sulphate at 593.2 cm™!, 648.8 cm™'%°. The
same compounds appeared after damage, with a difference in the wavelength and intensity, and appear new
compound as magnetite appearing at wavelength 602.3 cm™, The peaks of pyrite (Fe=S), stretching of S-S at
wavelength 1150-1160 cm™! and 602 cm™! 6, We noticed an increase in the intensity of the esterification curve
and wavelength may be observed from (1734.9-1744.5 cm'!) after damage due to aliphatic ester formation or
saponification as shown in Fig. 8a.

As for the red samples before damage we noticed the spectrum of wavelengths at 864.366 cm™' and
471.7 cm™16768 which is attributed to FeO. In the red ocher pigment, it is accompanied by the presence of quartz
through the (Si-O-Si) group at wavelength 1032.1 cm™!, and the same compounds appeared after damage,
with a difference in wave number and intensity, and appear new compound as with magnetite appearing at
602.3 cm™, the presence of ferrous sulfate is at 604.8 cm™!, The presence of siderite is at 1068.7 cm™!. We noticed
an increase in the intensity of the esterification curve and decrease wavelength from (1742.8-1701.1 cm™!) after
damage due to aliphatic ester formation or saponification as a result of saponification as shown in Fig. 8b.

As for the samples of synthetic ultramarine blue color appeared at wavelength 2927.1 cm™. before damage,
as well as aluminum silicate groups [(AlSiy) O,,] at wavelengths 774.6 cm~! and 607.7 cm™}, and a sodalite
group at wavelengths 1077.0 cm™! and 1167.9 cm™! which is attributed to the Si-O stretching band group®.
An absorption peak was visible in the spectra at 1420 cm™" in wavelength”®, which is attributed to the CaCO,
group. The same compounds appeared after damage, with a difference in the wave number and intensity. You
may notice a decrease in the intensity of the esterification curve and wavelength from (1734.1 cm™! before to
1730.5 cm ™ after) as a result of saponification as well as the appearance of the iron rust production as magnetite
of strong signals at 588 and 3437 cm™!, Goethite spectrum strong peaks at 615, 798 and 905 cm™! respectively,
together with two broad bands at 3136 and 3431 cm™!, The Lepidocrocite spectrum stood out by the presence
of a main peak at 1023 cm™, followed by several secondary signals at 485, 615, 759, 1152, 3014 cm™! and
3414 cm™!, as shown in Fig. 8c. The akaganeite standard yielded a wide band at 3385 cm™!, two faint signals at
844 and 1623 cm™!, and a strong double peak at 648 and 693 cm™!. the principal constituents are lepidocrocite
(y-FeOOH), magnetite (Fe,0,), and akaganeite (B-FeOOH), with a little quantity of maghemite (y-Fe,0,)"""2

We find that the hydroxyl group OH increased from 3437.1 cm™ before damage to 3446.3 cm™' after
damage, and the C-H Stretching group decreased slightly, from 2927.5 cm™! before damage to 2927 cm™! after
damage, indicating that the water content of cellulose was affected by the fabric of the support causing breakage
Converting long molecular chains into short chains, and the C=O group increased from 1401 to 1452 cm™,
which indicates the influence of the group hemicellulose”>.

1

1

Conclusions

The study’s findings demonstrated that the iron nails used to secure the canvas in old oil paintings under
improper circumstances rusted and impacted the fabric that came into contact with the rust over time. This can
cause the layers of the paintings, including the canvas holder, to deteriorate, as demonstrated by the experimental
samples’ appearance after aging. a shift in the canvas’s color and the development of rust spots as a result of iron
oxides interacting with the canvas when oxygen and moisture are present. The canvas is affected and become
more brittle and susceptible to breakage in the rust area and the appearance of holes, weakness of the canvas
and corrosion. This was indicated by USB microscopic examination, SEM and FTIR analysis showed a loss of
content. The hydrolysis of cellulose and the effect of hemicellulose through the change of function groups before
and after deterioration, which led to weak fibers and fragility.

The color layer is affected by iron rust, and this appeared with the experimental samples after aging of the
colors (hematite red, goethite yellow, ultramarine blue), which showed many aspects of change and deterioration.
Which was revealed through examination with (SEM-USB) or analysis with Color Measurements, FTIR, EDS.

The blue color is the color most affected by damage, as cracks, separation of the color layer, and blackening
appeared in other areas, especially the areas affected by iron rust. The color also appeared darker, and the
crystalline formation of iron rust appeared, where a mixture of iron (II) oxide, FeO, and iron (III) oxide, Fe,O,,
was formed in addition to iron (IIT) hydroxide FeO(OH) Fe(OH), with the disintegration of the color granules
and the penetration of rust products between the granules, the medium and the colors lose the strength of
cohesion between the atoms, causing the particles to appear clearly on the surface and the surface suffers from
concavity. The change in the mechanical properties of the paint and the formation of cracks and color change
occurs. The result of the reaction of calcium present in the color composition with oil due to increased humidity
and acidic contaminants that attack the color.

As for the yellow color, it appears that the iron rust products appear in a dark yellow or yellowish-brown
color, and the color granules disintegrate and the rust products that contain the iron ion mix with them and
penetrate inside Which reacts with the fatty acids in the oil and produces mineral soap as a result of moisture,
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Fig. 8. FTIR spectrum of (a. yellow color, b. red color, c. blue color) before and after deterioration by iron rust.

the formation of soap, and an increase in the transparency of the paint layer. The formation of a crust and the
accumulation of mineral soap on the surface leads to increased fragility and loss of strength of the bond between
the color atoms and the medium.

As for the red color, a white color appeared on the surface of his samples in some places, with shiny spots
appearing on the surface resulting from the products of iron rust, in a light-yellow color with the color changing,
and cracks occurring in the color layer as the crystalline calcification of the iron rust spread and penetrated into
the cracks and mixed with the colored grains. This is explained. The darkening of the color is the result of the
conversion of red Fe,O, molecules to black Fe,O, due to the rich atmosphere (SO,).

Color measurements confirmed that blue was the color most affected by iron rust, while yellow was the least
affected by iron rust. EDS analysis of color samples before and after aging showed that the colors appeared to
change in terms of the appearance of new elements that were not present in the samples before aging. All samples
also showed the appearance of iron (Fe) in blue color after aging, and the concentration of iron in yellow and red
colors increased after aging. An increase in the concentration of Fe leads to the destabilization of kaolinites due
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to mineral transformations, which consist either of increasing iron concentrations through gradual replacement
or replacing kaolinite with hematite, Also, The FTIR provide the same EDS results confirmed changes in all
colors.

These findings all support the presence of iron rust on all sample colors and its detrimental impact on the
colors and their grains, which altersthe appearance or the internal composition of the color.

Based on the above results, we recommend that to treat this phenomenon, all nails used to fix the canvas are
removed, then the nails are treatment by immersing them in corrosion inhibitors, then fixing them again, or
but a strip of treated textile against iron rust on top of the canvas in the place where the iron nails were placed.

Data availability
Every dataset was acquired, utilized, and examined for the current investigation. They were incorporated into
this document.
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