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INTRODUCTION 

Contributing to the growing efforts to preserve cultural heritage, special 

attention must be paid to historical books. The book is evidence of people's 

cultural heritage, traveling from generation to generation. Their form has 

changed throughout the historical period, and the structure is one of the most 

complex objects [1, 2].  

Some of the most impressive objects were created during the medieval 

and Renaissance periods. Researchers in various fields are interested in the 

origin of components or elements, the materials they are made off, recipes, 

degradation processes, etc. It should be noted that in ancient manuscripts, 

pigments, which are one of the many components, often retained their 

original colour appearance in the illuminations of medieval and Renaissance 

manuscripts. Pigments were often better protected in book volumes from 

external environmental influences: aggressive atmosphere, humidity, 

temperature fluctuations, light, or other potential factors influencing 

destruction. Therefore, by studying pigments and paint compositions, we can 

provide detailed insights into the materials and techniques used by medieval 

and Renaissance artists‘, showing geographical changes, their evolution over 

time, and assessing chemical and physical changes [3–6]. 

Lithuanian heritage institutions, as all over the world, collect, preserve, 

investigate, and provide the public with valuable documentary heritage 

objects. However, the processes of manuscript production, especially for 

illuminated or rubricated manuscripts have not been sufficiently studied. For 

a long time, the cultural heritage of Lithuanian books has been studied only 

from the point of view of book science or art history. As more research 

opportunities arise, it is important to start researching the manuscripts of the 

Grand Duchy of Lithuania period. The study of these manuscripts is 

important not only from the historical or identity point of view, but also in 

defining their production processes, the structure of the manuscripts, the 

materials used, and their change during the time of the Grand Duchy of 

Lithuania [7, 8]. 

Information on the composition of pigments or paints is especially useful 

for restorers when they need to choose the right materials and appropriate 

colour tones for restoration work. The characterization of binders in paints is 

particularly difficult due to the sample size, the high content of inorganic 

pigment, the decomposition phenomena that have occurred over time, and at 

the same time other additives [9, 10]. Discolouration and degradation 

phenomena are a complex matter, and they are not always easy for scientists 

and restorers to recognize. Surface impurities, mold, light, and moisture 
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cause chemical and/or physical changes in the pigments that affect their 

transformation. It is important to have a good knowledge of paint 

components and their interactions [11–13].  

The ideal way to study these substances is to use non-invasive analytical 

methods, however, many heritage institutions have techniques that can be 

classified as micro-destructive, non-invasive analytical techniques have not 

fully satisfied features and have limitations. For this reason, several test 

methods are used in most cases [2, 8, 14]. 

Lithuanian and world restorers have to restore books in which red paint is 

particularly common: rubrics, miniatures, various footnotes, drawings, etc. 

These are destroyed or damaged over time or bounce off the surface during 

paper washing. Therefore, it is important to know the composition of the 

paint, what kind of pigments or mixtures there were used.  

The main scientific novelty of this doctoral dissertation is the 

development of the database of six historical red pigments and three different 

binding media and their application to completely unexplored chemical 

researchers for the collections of books kept in the Wroblewski Library of 

the Lithuanian Academy of Sciences. In funds: Russian Manuscripts (F19), 

Vilnius Public library (F22), and Vilnius Belarusians found (F21), are good 

representatives of the tendencies of book development in the territory of the 

Grand Duchy of Lithuania [7]. 

The aim of this PhD thesis was to investigate the six different red 

pigments (cinnabar, red lead, realgar, red ochre, hematite, and red bole) and 

three binding media (gum Arabic, parchment glue, fish glue), and to create a 

short database. For this reason, the tasks of this work were formulated as 

follows: 

1. To explore the possibility of FTIR, SEM/EDX, XRD, and

TG/DTG/DSC analysis techniques as standards for the comprehensive 

characterization of six different red pigments and three binding media.  

2. To prepare the analogous to historical red paints with application of

accelerated photochemical aging, describing the reconstituted paints before 

and after artificial aging by FTIR, SEM/EDX, XRD, and TG/DTG/DSC 

analysis methods. 

3. For the first time, to identify and compare red paints and binding media

in ancient books using the results summarized as a short database. 

4. The further development of capillary washing for water-sensitive

objects. 
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1. LITERATURE SURVEY 

1.1.  Brief review of inorganic historical pigments and binding media 

Books researcher, conservation scientist, or another person uses different 

tools to study the technique of artists. The approach of each of them can 

provide valuable information about the ways in which an individual artist or 

school performs work, the historical period or the fashion prevailing at the 

time. But each approach individually leaves something unexplained, 

something missing in the overall context, including everything from the 

artist’s technique of performance to the preference for certain materials [15].  

The first to leave their mark were prehistoric people. Punching on a stone, 

marking a trail or food source, or perhaps just soaking a hand in a soot and 

touching the surface noticed that they could leave a mark. It was later 

observed that some materials worked more effectively when mixed with a 

medium such as water or saliva, and painting was born. With the discovery 

of pigments, it was possible to paint various objects, surfaces, or even the 

body. As can be inferred, prehistoric people used pigments near them – 

natural colours from minerals on earth (inorganic) or from plants and 

animals (organic). The colours were yellow, red, brown ochres (iron oxides 

in various states of hydration) and carbon blacks (soot, charcoal). The first 

binding agent was water. Some of the oldest surviving drawings in caves 

were found in Spain, France, and South Africa drawn about 30,000 to 70,000 

years ago (Fig. 1). 

 

  
Figure 1. The first known drawings on the stone: left in South Africa, right in France 

[16, 17]. 

The palette of pigments in early people was limited and only basic 

technology was used to prepare the paint. By cleverly using what they had, 
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they created vivid images, although they did not have a large part of the 

spectrum of colours [16–18]. 

With the advent of new civilizations began serious colour production. The 

Egyptians, Mesopotamia and China civilizations started manufacture from 

about 4000 BC. Their perfected the technologies, introduced new materials: 

green malachite (CuCO3∙Cu(OH)2), blue azurite (2CuCO3∙Cu(OH)2), red 

cinnabar (HgS), reddish yellow to orange realgar (As4S4). The most famous 

in Egypt was Egyptian blue (CaCuSi4O10) produced around 3000 BC [19]. 

The Greek contribution to the production of pigments was also important, a 

new group of toxic lead pigment: white lead (2Pb(CO3)2∙Pb(OH)2), red lead 

(Pb3O4), and yellow lead (PbO). The Romans used pigments created by the 

Egyptians and the Greeks. One of the most important colours introduced by 

the Romans was Tyrian purple (organic one), extracted from molluscs 

around 1600 BC. The widely used cinnabar was mined in Almaden in Spain 

[16].  

The paint of the Middle Ages and the Renaissance was characterized by a 

palette of clearly defined and bright colours. In the Middle Ages, bone white, 

obtained by burning bones and grinding ashes, was used instead of white 

lead. In the Renaissance, was used umber, sienna, high price pigment 

ultramarine. Hardly available and expensive cinnabar was replaced by the 

red lead (minium). The confusing name of the minium was used for red lead 

and cinnabar. Other pigments discovered in the Renaissance were lead tin 

yellow (SnO∙SiO2∙PbO), Naples yellow (Pb(SbO3)2 or PbSbO4). Gold 

substitutes have also been used to reduce the cost of gilding. A popular 

substitute was tin sulphide, known as mosaic gold and first used in the early 

15th century. Other substitutes were a mixture of egg yolk and mercury with 

various additives [15–17].  

The biggest breakthrough in pigment production took place in the 18th – 

19th centuries. It was promoted by an industrial manufactory. The first 

chemical test for the synthesized pigment was made by Diesbach in 

Germany in 1704. He, using a batch contaminated with animal oil, 

accidentally made a blue pigment, now known as Prussian blue. Poisonous 

Scheele’s green (CuHAsO3) was introduced in 1775, cobalt blue (CoAl2O4) 

was first obtained by Leithner in 1775, cobalt green (CoO∙nZnO) was 

developed by Rinmann in 1780, various chromates pigments were used since 

1809, synthetic barium sulfate BaSO4, was used since 1830. In the 18th – 

19th centuries, synthetic iron oxides, so-called mars pigments, appeared. 

Only in the 19th century some inorganic pigments began to replace organic 

pigments, but new inorganic pigments production never stopped [16, 17, 19]. 
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In a similar period, around 1780 an analytical approach to art and its 

objects began. The ideas of the art historian Johann Wincklemann (1717–

1768) were gradually applied in the history of art and technology. Since 

then, methods of analysis applied to the study of works of art have grown 

steadily, and among the materials that make up an object of art, organic 

compounds used as binders or protective coatings have attracted the attention 

of the conservation specialist [20]. Traditionally, several naturally occurring 

materials have been used in works of art, given their ability to form uniform 

and flexible thin films by mixing them with pigments and dyes. The main 

binders used to illuminate the manuscripts were egg white or glair, gums 

such as gum Arabic and glue such as fish glue, casein or parchment glue. In 

most cases the binding media were used alone, but depending on the 

technique or pigment, the mixtures were also prepared in different 

proportions. The glair consists mainly of water and protein (with hydrophilic 

and hydrophobic amino acids), and the strong whipping that produces foam 

means that the protein is completely denatured, and once the glair has 

settled, it can be mixed with water to become a binding media. It has been 

popular since medieval times. The main disadvantages of this binder were 

the long preparation and the reduced saturation of the natural colours. The 

medium was better as it got older. Many of these difficulties have been 

solved with an adhesive mixture. Often, when the glair dried quickly, egg 

yolk was added and at the same time the intensity and gloss of the egg yolk 

were combined with the durability of the glair. Egg yolk was the foremost 

medium for painting in late medieval and early Renaissance Europe, but it 

was rarely used alone as a binder in manuscript illumination. This resulted in 

it not having good adhesion and the pigment surface cracked and stains 

formed. Commonly used in mixtures with other binders. Gum Arabic was 

one of the most common pigment binding media in illuminated manuscript 

and the exclusive medium in writing inks. The gum was very easy to prepare 

and use, has a high water solubility, good adhesion and the fact that the 

colours become more intense. The disadvantage is its fragility. Glues of 

animal origin were used since Antiquity in different art techniques. Animal 

glue is derived from collagen, a protein found in the skin, bones, and 

connective tissues. Different types of animal glue are available, depending 

on the animal or part used [21–24]. 

In addition to natural products, synthetic polymers were introduced. In 

1846 by Schönbein was the first synthetic polymer cellulose nitrate 

introduced. Alexander Parkes exhibited various molded cellulose nitrate 

objects at an international exhibition in London. In the 20th century, the use 

of synthetic polymers has become widespread, and these days they are found 
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not only as materials that make up an art object, but also as adhesives, 

consolidants, paint varnishes, or fillers for missing parts used in restoration 

work. Among a wide range of synthetic resins in art and conservation, 

acrylic, polyvinyl acetate, and polycyclohexanone are widely used as artist’s 

paint media or paint varnishes [20]. 

Thanks to successful chemical discoveries, the artists’ palettes have 

become much richer than before, customization has become available to 

almost everyone, however, the harmfulness of some synthetic pigments has 

further increased. There is no doubt that the last 150 years have been the 

golden age of pigments, dyes and binding media. Pigments and binding 

media are still improving, small changes in chemical structure allow to 

obtain new properties, better absorption, reflective or simply reduce 

production costs. Art historians can use in-depth knowledge of the artist’s 

technique and its evolution throughout the artist’s career in the 

authentication process, and conservators rely on specific information about 

pigments, binders, and materials from previous restorations to ensure a safe 

work strategy, when planning conservation or restoration work. This 

information can also help to determine the proper chronology of known 

works by a particular artist [15–17]. 

 

1.2.  The red paints in book decor 

The significant artistic and documentary contribution of the manuscripts 

makes them unique. The culture of manuscripts was inherently diverse, the 

texts were compiled alongside additional texts throughout the history of the 

manuscript. The owner, writer, or customer of a book could add something 

new at any stage in the creation of the book. And if possible, specially 

decorate the manuscript book [25].  

One of the decor or explanatory elements in the book was the rubrics 

(headings). The word derives from the Latin – rubrica, meaning red colour 

and was especially prevalent in medieval illuminated manuscripts in the 13th 

century or earlier. However, it did not lose its popularity in the Renaissance 

too. When the press appeared, other typographic effects were used to 

emphasize the text section: italics, bold, or a different font size. Two-colour 

printing was a more expensive and time-consuming method, so handwritten 

rubrics survived for a long time. The role of the rubricator in early printed 

texts is often shortened to that of a book decorator, in red (and sometimes 

blue, green) ink. It helps the book reader to follow useful links: coloured 

initials, paragraph marks, instructions. Each person, who assumed the 
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responsibility of the rubrication, often interpreted their duty differently, 

leaving researchers with a unique canon of the rubric [26, 27].  

The next decor element in the books were miniatures in which red colour 

paint was used. The artist working with the minium (red lead) was called the 

miniaturist who made the miniature. The term miniature comes from the 

Italian language for illuminations, originally used to describe the red capital 

letters used in illuminated manuscripts. But later, the term was eventually 

applied to any small feature and meant everything that declined. Miniatures 

or the more common word illuminations are small paintings around the 

initial capital letters of a paragraph, often found in sacred medieval books in 

the Middle Ages [16, 17]. An illuminated manuscript adorned with coloured 

and finely painted miniatures, decorations, letters, and borders, added to the 

text was to enrich and emphasize the content and value of the book. 

Miniatures, placed in handwritten pages caused a certain lighting, a 

luxurious effect. Famous artists were often invited to decorate the 

manuscripts of the early Renaissance, so such manuscripts have not only 

great historical and cultural value, but also artistic [4]. 

Red mercury sulphide (natural or synthetic), or red lead were often 

prepared with a proteinaceous binding media from the 12th–13th century in 

medieval monasteries important for the production of miniatures or rubrics. 

Standard pigment palette was a challenge for the illuminators, they tried to 

improve the quality of their materials, to extract bright shades, rich tones and 

surface effects, which were so appreciated by patrons at the beginning of the 

15th century. The pigments were mostly used purely in manuscript 

illumination. The most commonly used red pigments were cinnabar, red 

lead, different red ochres or realgar. The mixing of the paint was done 

mainly to obtain secondary colours whose pure form was not satisfactory. To 

add depth to the form, an organic dye was applied on an opaque middle tone. 

Today, the technical treatises „Il libro dell 'arte“ are well known, author 

Cennino Cennini (1370–1427) and anonymous „De arte illuminandi“. There 

is also an important Johannes Alcherius (1380–1420) collection of recipes. 

Unlike these two treatises, Alcherius’s set of recipes reflects the latest 

technical information and insights gathered from master illuminators, 

painters, and other craftsmen known to him. In addition to these special book 

decoration elements, red paint was used to decorate the exterior of the books 

as well: the edge of the block, the cover, using organic dyes for the cover 

textiles, clasp fragments or other parts [22, 28, 29].  

The Middle Ages and the Renaissance have left us beautiful works that 

we want to grow for centuries. The choice of materials and techniques used 

by the artists depended on the geographical, cultural and historical context. 
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There were secret recipes, typical workshops and workshop procedures that 

were entrusted to produce the book. Fortunately, many of these manuscripts 

reached us in quite good condition and, most importantly, probably with 

almost no restorations. Therefore, they provide an opportunity to disclose 

materials and techniques previously used, also to investigate paint 

compositions, origins, aging mechanisms, and more [30, 31]. 

 

1.2.1. Red iron pigments 

Iron pigments (ochres) are some of the oldest pigments used from 

prehistoric times until these days. Their use has been associated with the 

beginning of many people’s cultural activities based on the symbolism of 

colours, such as painting, funeral rituals, or beauty treatments. The vast 

majority of inorganic pigments are found in the form of natural minerals or 

these days can be synthesized. Therefore, the researcher must have good 

skills to describe and distinguish the materials used in a work of art. Iron 

pigments of various shades are widespread throughout the world (yellow 

ochres, red earths and boles, dark yellow or brown siennas and umbers). The 

colour may vary depending on the amount of impurities [19, 32, 33].  

The most common iron oxide minerals are magnetite (Fe3O4), maghemite 

(γ-Fe2O3), hematite (α-Fe2O3) and goethite (α-FeOOH), but their red colour 

is always given by hematite. In most compounds the iron is in the trivalent 

state, in magnetite the iron contains FeII and FeIII state [34, 35].  

Hematite is the oldest known iron oxide and is widespread in rocks and 

soils. The name hematite is derived from the Greek word haimas meaning 

blood. It is also known as ferric oxide, iron sesquioxide or red ochre. The 

colour is blood red if finely crushed, black or gray if coarsely crystalline and 

is particularly stable in environmental conditions. Hematite has the 

corundum structure, the unit cell is hexagonal, space group R3̅c, number 

167. The crystal structure is close-packed planes of oxygen anions with iron 

cations in octahedral or tetrahedral interstitial sites (see Fig. 2). According to 

its chemical composition, the hematite has about 80% of Fe2O3 and a small 

amount of impurities of silicon, aluminium, calcium, potassium, magnesium 

and other oxides. Hematite powders were used in canvas and wall paintings 

in the Middle Ages, later adapted for book decoration, ceramics. Depending 

on the particle size and impurities, the paint has pure and strong shades. 

They are particularly stable and highly resistant to acids and alkalis [19, 35–

39]. 
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Figure 2. Crystal structure of hematite [40] 

 

Red bolus is a natural, ferruginous aluminium silicate, changing the 

colour from red to orange. It is similar to ochres in its chemical composition, 

but is softer and more unctuous. For the first time, the term bole (or bolus) 

was used for clays that have healing properties since ancient times. The place 

of origin of the bolus (formerly Armenia, now probably eastern Turkey) is 

associated with a specific quality. Therefore, various sources have called 

Armenian bolus. Later, due to its useful properties, Armenian bolus was 

applied not only in medicine but also in painting technology. The most 

common mineral found in bolus is kaolinite. This has a neutral charge, which 

helps to form stable suspensions and facilitates distribution on the surface. 

Usually, bolus was agglutinated with animal glue (fish, parchment, rabbit), 

they act as a protective colloid, increasing suspension stability and particle 

binding. The bolus is capable of receiving a high polish, thus it was used in 

early medieval times, especially, as a ground for gilding [41, 42].  

The use of bolus in Western European art reached its highest point 

between the 14th and 18th centuries, and it is interesting that the same thing 

happened in the art of Eastern tradition. In the 17th – 18th centuries, clay 

mining spread to many parts of Europe, imports of Mediterranean clays 

gradually decreased and the original Armenian bolus during the first half of 

the 18th century ceased to be available on the European market. To this day, 

there is a lack of knowledge about the Armenian bole composition used by 

artists. Eventually, the term bole lost its precision and began to be confused 
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with terms such as red earth or even red ocher. Historical paints can be found 

in red earths of various compositions corresponding to different sources and 

geological origins, and the pigment fillers and paint base used in the early 

Baroque period bring even more confusion [43]. 

In general, ochre is a durable pigment, it can be mixed with all pigments, 

with all binding media, has a good coating, and is resistant to various factors. 

Its names usually change from location to place, in ancient times the best red 

ochre was considered from Egypt, later – from Spain. Red ocher is used in 

all painting techniques to this day [19]. 

1.2.2. Cinnabar 

Colour technology has accompanied human history since Neolithic times. 

Mercury (II) sulphide HgS, known as cinnabar, has been a widely used 

pigment throughout history and played an important role of red colour in 

many fields of art. It has been mined since the Neolithic age and the earliest 

use of this pigment dates back to 7000 – 8000 BC, in wall paintings at the 

Neolithic site of Catahöyük in Turkey. Other important early decorative uses 

are known in Chinese civilization, as well as in Mayan Tombs, frescoes in 

Pompeii, and Nasrid polychrome carpentry in the Alhambra palaces. It has 

been identified in a wide variety of masterpieces in Egypt, was very 

appreciated in the Middle Ages, Renaissance, and Baroque [44].  

The name cinnabar is from the Greek kinnabari, from old Persian sources 

(about 7th century BC). It was sometimes used to designate dragon's blood 

or a red resin. Theophrastus wrote that the two kinds of cinnabar were 

known to the Greeks. One of them was definitely a real cinnabar (mostly 

from Spain), the other was red lead. The Latin name miniaria, used by Pliny, 

meaning quicksilver (Hg) mine, originated in India, where it referred to 

minium, which was used to adulterate cinnabar. Three types of mercury 

sulphide pigment are known: the natural mineral form that is just finely 

ground cinnabar, and synthetic – vermilion, a form made in the dry or wet 

process [45, 46]. The name cinnabar was also confused by vermilion from 

the 17th century, which was previously used interchangeably to describe 

natural or manufactured products. Cinnabar from China was the best of all, 

and the vermilion from Spain was known on the markets as a cleaned ground 

powder ideal for painting. It is not always possible to distinguish analytically 

natural HgS from the synthetic HgS. This fact leads to inaccuracies in 

determining the origin of works of art [47]. 
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Cinnabar was a favorite for its deep red colour, exceptional gloss, good 

coverage properties, and adhesion to the surface. Due to its low hardness and 

high density, it was suitable for painting. In addition, it is highly resistant to 

oxidation, acids and alkalis, and does not react with other pigments or 

binders. Many of the old artifacts are intact bright red. However, it is light 

sensitive and its darkening is known when used in binding media such as 

lime, oil and tempera. There are also specific impurities that can cause the 

decomposition effects of HgS, catalytic elements (such as halides) to 

accelerate the darkening process. Degradation processes also depend on 

where and in what way of preparations cinnabar was obtained [44, 48]. 

Cinnabar is a red mineral found in nature. The pigment colour is very stable. 

Shades from light to dark red are observed, depending on the deposit and its 

crystallization conditions. The darker cinnabar has larger grains; the light red 

mineral is purer and is excellent for use as a pigment [47]. 

There are basically four chemico-structural types of cinnabar: red 

cinnabar α-HgS is hexagonal at low temperature, black metacinnabar β-HgS 

is cubic at average temperature, amorphous HgS and black colour with a 

tinge of violet hypercinnabar γ-HgS is hexagonal at high temperature. Due to 

the impurities in the composition, the α-HgS phase converts to cubic 

metacinnabar β-HgS in the temperature range of 100–362 °C. The 

metacinnabar β-HgS transforms to hypercinnabar γ-HgS at about 525 °C [45, 

48–50].  

It is now believed that the knowledge of vermilion production was 

brought to Europe by the Arabs. They already knew the reaction of sulfur 

with mercury to form a red compound in the 8th–9th centuries. In addition to 

the many different ways of preparing the pigment and mixing it with other 

dyes, two production technologies dry and wet are mainly described. Both 

methods involve the production of vermilion by converting black β-HgS. In 

the dry method, mercury is heated with sulfur to give a black phase of β-HgS 

with lime on an iron pan. The direct reaction leading to the formation of 

vermilion is complex and the temperature is the crucial parameter to exceed 

the kinetic barrier of the cubic to hexagonal phase conversion. The colour 

stability depends on the Hg:S ratio. To remove excess of sulfur, the 

substance is washed in an alkaline solution (KOH with K2CO3) and water, 

and to remove mercury, the pigment is treated with sulfur and soda 

(Na2CO3). However, this product is thought to darken easily. The second, the 

wet method to get vermilion was discovered in 1687 by Gottfried Schulz, 

and it is easier than dry. This method also starts with β-HgS formed by the 

reaction of sulfur with mercury or mercury salts in an ammonium or 

potassium sulphide solution in order to decrease the heating temperature. 
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Pure Hg or HgO were used for synthesis by cleaning the metal in a solution 

with sulfur and heating it to 40–60 °C in NaOH solution. Vermilion 

produced in the wet method darkened faster than in the dry process, and the 

synthetic forms usually degraded faster than those produced in nature 

(cinnabar) [46–48, 51]. The darkening of cinnabar induced by light has been 

noted at various times. The cinnabar is photosensitive, especially in the sun 

or even in the moonlight. The cause was thought to be related to the 

continuous exsolution of mercury from the sulphide, even without the 

influence of oxygen [45]. 

Several research groups have explored works of art in recent decades and 

investigated the degradation mechanisms of red mercury sulphide 

(cinnabar/vermilion) to devise better conservation strategies. Many sources 

offer different mechanisms to be assigned darkening of cinnabar:  

1. Phase transformation of red hexagonal (α-cinnabar) into black cubic

metacinnabar (β-HgS), this case implies that reflectance properties of red 

cinnabar are altered by light exposure because of the production of dark 

phase metacinnabar. The effect is accentuated by the original composition of 

the pigment in addition to its production process (wet or dry synthesis). 

2. Reaction with halogens. It is known that chlorine can be incorporated

during the formation of natural or synthetic cinnabar. McCormack [52] 

found that light-sensitive cinnabar contains 0.05-1% chlorine, while non-

photosensitive cinnabar contains less than 0.01% chlorine. Halogens play a 

dominant role in the darkening process of photosensitive coatings that 

develop on α-HgS. The region in which cinnabar absorbs exposure to light is 

from 400 to 570 nm wavelengths.  

Vermilion is transformed into the photosensitive α-Hg3S2Cl2 (corderoite), 

after exposure to humidity and chloride ions. This α-Hg3S2Cl2 degraded into 

the black β-HgS, white Hg2Cl2 (calomel) and elemental sulfur by a light-

induced reaction. 

3. Photochemical redox reaction. At high relative humidity in the

presence of sunlight elemental Hg0 and S0 are obtained after catalysis with 

halogens. The red pigment turns into a gray pigment with a metallic luster. 

4. Thermodynamic effect. Dissociation of α-HgS to the metallic Hg0 and

β-HgS, due to a transition temperature in the range of 100–400 °C. The 

transition temperature can decrease drastically in presence of chlorine ions, 

in the system Hg–S–Cl–H2O with prevalence of Hg ions. At 30 °C the effect 

of pH leads to a simultaneous presence of Hg0 and α-HgS with mutual 

concentration depending on pH. In this condition the presence of β-HgS is 

not excluded. However, a predominant concentration of chlorine ions, 
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depending on the pH, implies the formation of Cl-based compounds like 

calomel or corderoite. 

Sometimes, the cleaning with a laser can also cause discolouration. This 

is due to the energy of the radiation applied. If it is higher than the colour-

specific energy of cinnabar, it activates photochemical processes. Mercury 

readily forms amalgams and reacts with copper to produce Hg–Cu and a 

patina of CuS at the surface [47].  

Cinnabar has been used to colour wooden objects, not only for 

colouration, but also as a fungicide. Hg has a high adsorption capacity on 

lignin. HgS is a good wood preservative because reduction to free mercury 

does not occur and prevents deeper penetration of harmful substances. In an 

alkaline environment, cinnabar stabilizes colours, especially when it is mixed 

with lead oxide, red lead, red or yellow iron oxides, and chalk. The 

red/yellow pigment of arsenic (realgar As4S4 and orpiment As2S3) with 

cinnabar is also common in China as well as in India [11, 44, 46–48, 51, 53].  

As we can see, cinnabar/vermilion has been used in various arts: painting, 

polychrome, book decoration, and etc. This pigment can also be found in the 

manuscript head, fore edge and tail, this form of decoration was initiated by 

British bookbinders in the mid-seventeenth century. Cinnabar was used for 

miniatures, rubrics, and inks in the Middle Ages and remained popular until 

the 20th century, when due to its toxicity was replaced by cadmium red [54, 

55]. 

Sunlight and other lighting systems induce the degradation process of 

cinnabar. The origin of chlorine, natural (chlorine could as well as in the 

materials of the works of art themselves, such as varnishes, binders or 

protein-based adhesives) or sources related to human activities (chlorine 

compounds in the air), is very important because it determines the way 

works of art are stored, cleaned and consolidated. All of this is important to 

evaluate before selecting the right materials for conservation, storage, and 

exhibition works [56]. 

 

1.2.3. Realgar 

Arsenic sulphide minerals are found naturally and have been used as 

artists’ pigments since prehistoric times until the end of the 19th century, 

when they were gradually replaced by new pigments such as chromium 

yellow [57]. Natural orpiment (As2S3) and pararealgar (As4S4) are yellow, 

however, the realgar (α-As4S4) is a red mineral. The name realgar comes 

from the Arabic rahj al ghar, powder of the mine. Pliny used the Latin term 
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by realgar – sandarach, which became the name sandaraca used by Agricola 

[19].  

Arsenic sulfide pigments have been used in polychrome works of art, 

particularly in Egypt and Asia, as well as found in European paintings, 

monumental decorative panels, illuminated manuscripts, Japanese prints or 

easel paintings. Both pigments orpiment and the realgar are mentioned in the 

early bookbinding manuscripts. Orpiment has been identified on Armenian 

manuscripts in the 11-16th centuries, on Arab – in the 14th century 

manuscripts, and on Persian miniatures from the early 14th to 16th centuries. 

Both orpiment and realgar are described in 15th to 18th century recipes from 

Russia, Armenia, and Azerbaijan. In China, both pigments were known 

possibly by the 4th century B.C. They later spread to India, Japan and 

neighbouring regions. In European art, these pigments were not common, but 

they were used from the 9th century (e. g. Book of Kells) to the late 19th 

century (e. g. impressionist paintings). Medieval artists used pigment 

imported from Asia Minor and African-Genoese [58–60]. 

Realgar contains 70% of As, and is formed under reducing conditions. It 

is commonly found in low-temperature hydrothermal veins, hot spring 

deposits and volcanic debris, and is often associated with ores containing 

gold, silver, or lead. The same terminology was used for the production of 

artificial orpiment and realgar as for the production of vermilion. Pigment 

production by heating, with or without sublimation, can be referred to as dry 

process methods while precipitation methods using substances in solution 

may be referred to as wet process methods. There are not many historical 

facts about the production of realgar. The 17th century Paduan manuscript 

describes melting, cooling, and grinding to obtain a „red orpiment“. There is 

some knowledge about wet process orpiment production (hydrogen sulfide 

passing through a hydrochloric acid solution of arsenic trioxide), but there is 

no evidence that the precipitated material was used as a pigment [58].  

Realgar forms different structures depending on temperature and 

pressure. The structures are generally divided into four types: the monoclinic 

space group P21/n (α-As4S4), which is the raw form of As ore, the C21/n space 

group (β-As4S4), pararealgar, and As4S4 (II). In addition, other allomorphs of 

As and S also exist, but these are usually intermediates or a mixture of 

different conformations. The chemical bonds between As and S vary 

between the different realgar allomorphs. Realgar molecules are held 

together by Van de Waals forces, it has a very symmetrical structure, and is 

relatively stable. However, realgar can be easily oxidized to As (III) and As 

(V) forms, which have higher toxicity [58, 59]. 
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Wind, water and other physical factors can change the physical structure 

of realgar, while light changes its chemical structure. Light between 500 – 

670 nm wavelength transforms realgar (red mineral, As4S4) in arsenolite 

(white powder, As2O3) and pararealgar (yellow, As4S4), a compound with the 

same formula of realgar but different structural arrangement of sulphur and 

arsenic atoms. The highest degradation efficiency is in the part of 

wavelength between 530–560 nm. The result of the realgar’s reaction with 

oxygen and light is via a phase (χ-As4S5) to pararealgar. In χ-As4S5 a sulphur 

atom is inserted between the As atoms in realgar molecules, because the As-

As bonds are weaker than the As-S bond. Several authors suggested a 

reactions to substantiate the result (Eq. 1-4) [60–62]:  

5As4S4(realgar) + 3O2 + hν→ 4χ-As4S5 + 2As2O3 (1) 

χ-As4S5 → As4S4(pararealgar) + S (2) 

As4S4(realgar) + S → χ-As4S5 (3) 

χ-As4S5 → As4S4(pararealgar) + S (4) 

The process works cyclically. Pararealgar is formed by releasing a sulfur 

atom which can be attracted again by other realgar molecules [61].The 

transformation of realgar into pararealgar consists of two modes of dynamic 

reactions: the first stage is the production of arsenolite. It requires 

photoexcitation (light phase) and the second is a self-accelerated solid-state 

chain reaction that does not require the effects of light (dark phase). At the 

end of the process some As4S5 molecules co-exist with pararealgar, and the 

red mineral or pigment turns yellow, see Fig. 3 [63–68].  
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Figure 3. Effect of irradiation by light on the transition of red realgar crystals to yellow 

pararealgar crystals [68] 

 

The oxidation reaction of realgar also takes place in water, where realgar 

can form oxidized forms of As (III) and As (V). The state of As in water is 

largely dependent on changes of oxidation/reduction potential and pH. In the 

oxidizing environment, As exists as As (V) (negative ion), whereas under 

reduction conditions at pH < 9.2, it exists as As (III) and As(OH)3.  

The reduction reaction of realgar takes place under hypoxic conditions 

and an S-rich environment. The resulting product is As2S3. This reciprocal 

transformation of As2S3–As4S4 is also influenced by Fe, which has a strong 

adsorption relationship with As but is also able to precipitate with As, thus 

further impacting upon its structure and valency. Microorganisms also play 

an important role in the transformation of realgar. They greatly promote the 

oxidation of realgar. For example, S- and Fe-oxidizing bacteria act to oxidize 

realgar to As (III) and As (V). The reducing effects of microorganisms in the 

Fe–S–As system is also important, As (III) and As (V) can be reduced to 

FeAsS and As4S4 [59].  

Research on multilevel reverse transformations and their processes can 

help to understand better the structural modifications of realgar molecules 

and the dynamics of the process. This can be useful in restoring damaged 

works of art. 
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1.2.4. Red lead 

Red lead was one of the earliest pigments artificially prepared and is still 

used today. The naturally occurring mineral minium was used as a pigment 

only at an early date. Pliny the Elder of the first century A.D. applied the 

name minium to cinnabar, the naturally occurring form of the pigment 

vermilion and called red lead minium secondarium. Cinnabar was often 

adulterated with red lead and the name minium was used for the mixture. 

Other writers used a false term sandarach for structure, which was attributed 

to realgar, the term sandyx was a mixture of red lead and red ochre; sy ricum 

or siricum were synonyms for red lead or litharge. In a Chinese text from 5th 

century B.C. it was described as „lead cinnabar“ used in the Han Dynasty (2 

century B.C. – 2 century A.D.), indicating the pigment was prepared 

artificially from lead, Vitruvian texts also mention that red lead was 

inadvertently obtained from lead white in a fire. The earliest objects on 

which red lead has been found in Egypt were identified on Roman Fayum 

portraits of the 2 – 4th centuries A.D. Red lead was used in the 5 – 8th 

centuries in China, India and Turkey for wall painting, on illuminated 

manuscripts and in miniature painting in Europe from the 8th century, in 

Byzantine manuscripts beginning in the 7th century. The pigment has been 

found from the 12th to 15th centuries on polychrome sculpture and panel 

paintings, and occasionally on mural paintings. Red lead was widely used in 

medieval manuscripts, mixed with vermilion, white lead or ochre. Often red 

lead has been used over vermilion to produce a silk effect, or to prevent the 

oxidation of sulfur and thus stabilizing cinnabar [19, 47, 69].  

Red lead and the mineral minium have the same chemical lead tetroxide 

(Pb3O4) composition and crystallographic structure. It belongs to the 

tetragonal crystal system (see Fig. 4). It is a brilliant red or orange-red mixed 

valence compound containing lead atoms both in the Pb (II) and Pb (IV) 

states. The colour could be related to the amount of unchanged litharge 

presence and to particle size. This pigment has a high refractive index and 

good covering properties. Red lead is sometimes confused with the 

tetragonal form of leady oxide (α-PbO), which also has a red colour, but 

actually is the raw material for the production of red lead [69, 70]. 
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Figure 4. Crystal structure of red lead (Pb3O4) [70] 

The red pigment preparation from lead white was known in Greek and 

Roman times. From the Far East, descriptions of the production of red lead 

using metal have been known much earlier. White lead is obtained from 

metallic lead. Lead sheets are corroded into lead acetate which is 

subsequently roasted to form 2PbCO3
.Pb(OH)2. Further heating allows the 

production of litharge due to the consistent loss of water and carbonate. At 

higher temperatures and oxidizing conditions, litharge eventually converted 

into minium. Another method is when the α-PbO is heated at around 450–

500 °C. To obtain pure Pb3O4 the dilute acetic acid can be used to remove 

PbO. The process of converting lead oxide to red lead can be stopped at 

nearly any percent of oxidation. In the 19th century, industrial processes 

used an artificial lead monoxide produced by the oxidation of molten lead in 

reverberatory furnaces. The complete reaction of litharge oxidation into 

minium occurs after 24 h thermal treatment at 470 °C [69, 71, 72].  

The natural aging of lead pigments is often the result of different types of 

chromatic alterations, associated with the formation of various secondary 

phases. Both red lead darkening and lightening have been observed on 

artworks. The unsuitability of red lead as a pigment on frescoes and in 

watercolor has been noted in the early 15th century by Cennino Cennini. 

Dark or brown red lead has been reported on medieval manuscripts and 

miniatures too. These phenomena depend on environmental or internal 

factors such as pictorial technique or the presence of other pigments. Red 

lead blackening is strongly influenced by the presence of hydrogen sulfide 

(H2S) in the atmosphere to form lead sulfide PbS (galena). This path of 

degradation is particularly common in manuscripts. The formation of lead 

sulfide could be caused also by the interaction of the lead pigments with 

sulfur-based pigments. Other studies show the presence of microorganisms 
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such as bacteria can accelerate decomposition of white and red lead into 

plattnerite (α-PbO2) [73, 74]. Red lead can darken in the presence of 

hydrogen peroxide (H2O2) caused by the metabolic activity of 

microorganisms. In addition, some bacteria can convert white lead, red lead, 

and massicot into PbS. This is caused by the interaction of hydrogen sulfide, 

produced by bacteria using sulfur-containing amino acids with lead-based 

pigments. In the case of whitening, red lead may be transformed into lead 

salts (PbCO3, 2PbCO3
.Pb(OH)2, PbSO4). This phenomenon is thought to be 

due to the interaction of the pigment with atmospheric pollutants such as SO2 

and CO2, which develop into acids under humid conditions (H2SO4 and 

H2CO3). Another view is that when plattnerite is formed, it later turns into a 

more stable anglesite which results in a total loss of colour. Whitening may 

also be affected by other lead compounds, such as lead monoxides (β-PbO 

and α-PbO) identified together with red lead. They may be present as 

pigments or as impurities in the same red lead [71, 73–76]. 

Nowadays, red lead is no longer used as a pigment by artists due to its 

toxicity, poor light stability, and colour changes with aging [54]. 

Understanding the mechanism of red lead decomposition will allow the 

development and testing of new conservation strategies that will help 

preserve the values of art for future generations. 

 

1.3.  Capillary washing method 

One of the most widely used materials for recording and storing 

information is paper. In cultural heritage institutions, most of the protected 

heritage consists of paper documents printed or written at various times. 

Since the emergence of this material, there has also been a problem in how to 

preserve it for future generations. About one third of the paper items in large 

libraries are too brittle to handle, with another third in need of attention over 

the coming century. Chemistry is at the heart of paper preservation, but as a 

science, paper preservation is a relatively new field. The principal 

component of paper is cellulose (consisting of β-D-glucose chains and 

hydrogen bonding between cellulose chains that stick them together). 

Natural cellulose based materials (wood, hemp, cotton, linen, etc.) have been 

used by our society as source materials for thousands of years. Raw cellulose 

fibres are suspended in water, when a grid of the right size is pulled through 

the suspension, the water drains out, forming an intertwined cellulose fiber – 

paper. To give the paper better properties (strength, whiteness, 
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hydrophobicity) were added various additives, sizing materials (gelatin, 

starch, alum salt), fillers (chalk) [77, 78]. 

Paper like all other materials ages over time, depending in particular on 

the technology in which it was produced, the materials used in its 

manufacture and the quality with which it was written, drawn or otherwise 

decorated. The durability and survival of the paper are affected by storage 

conditions (chemical, physical and biological). The most significant and 

unpleasant method of paper decomposition is the hydrolysis and oxidation 

reactions of cellulose. The colour of the paper changes with the formation of 

oxidation and decomposition products. The strength of the paper-forming 

fibers decreases very rapidly as the cellulose chains shorten, therefore 

decreases and mechanical strength of paper document becomes fragile, 

vulnerable, and there is a risk of losing information on the paper (text, 

drawings, stamps, etc.). Most problems with paper are caused by a change in 

pH balance. The paper becomes brown, brittle and discoloured as the acidity 

increases. The problem is compounded when acid pigments and dyes are 

also used. An effort to stop it is called deacidification [77, 79–87]. 

During conservation procedures the fibers of papers cannot be renewed, 

but there are ways to renew a document. Common paper preservation 

procedures include surface cleaning, wrinkle reduction, tear and hole repair, 

and reinforcement of paper supports through the lining. Poor quality 

mounting materials, stains, bad composition glue are removed mechanically 

and using water or other solvents. Stabilization of paper usually involves 

reducing the level of acidity and discolouration by washing in deionised 

water or alkaline solutions. Washing of paper objects is very important in the 

field of paper preservation and is constantly applied in conservation studies. 

Since washing is intended to remove water-soluble components, washing of 

paper objects containing water-sensitive media presents a challenge for paper 

conservators. The paper may contain media which dissolve immediately 

after contact with water or change their morphological properties, may 

contain a binder which becomes soluble in water after prolonged contact 

with water, but is relatively stable. Heavily deteriorated, or very thin paper is 

also considered sensitive to water because it is easily vulnerable to 

mechanical stress and can suffer from water movement when washed by 

immersion. There are many types of washing methods, involving capillary 

unit treatment. The capillary unit was developed by Peter Zajicek and Derek 

Tinwell at the State Library of South Australia and was introduced in 1993. 

But it became better known when Susanne Kirchner published the results of 

her final thesis in 2001 in Cologne. In the treatment of a capillary unit, the 

object is placed on a layer of absorbent material that acts as a reservoir of 
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water. One end of the material takes clean water from the container, the 

water travels up the slope, and at the other end dirty water drips down from 

the material (Fig. 5). In this way, water is constantly moving from one end of 

the material to the other. Solvents that migrate from the object to the 

absorbent material are actively removed from the system. The slope of the 

capillary unit has been found to be an important factor and slope of 2 ° is 

recommended. The most suitable material for washing water-sensitive 

objects is Paraprint OL60, a 0.5 mm thick white viscose nonwoven fabric. 
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Figure 5. Schematic drawing of the modified capillary unit treatment [88] 
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At the beginning of the wash, the capillaries of the tissue need to be filled 

with water. This can be done by spraying or immersing Paraprint OL60 in 

water. Paraprint OL60 absorbs water in a capillary manner. Capillary action 

is a phenomenon in which fluid travels higher than the surrounding fluid 

level in thin tubes (capillaries). This is due to the combination of cohesion 

and grip forces. Saturation of the porous material or reaching a point where 

gravity is equal to capillary forces creates an equilibrium between capillary 

forces and gravity. At this point, there is no longer a driving force for further 

upward movement and water uptake stops. In capillary washing, capillarity 

allows water to enter the material, but this is not the driving force of the 

water flow. The water flow is created when one end of the Paraprint OL60 is 

placed in a container of clean water and the other end is stuck, reaching a 

lower level than the clean water level. The system acts as a siphon. The 

driving force of the water flow is the height difference between the two 

sides, which results in a hydrostatic head or a pressure column. Increasing 

the height difference, lengthening the hanging end of the fabric, or increasing 

the water level increases the pressure and speeds up water transport. The 

purpose of washing is to remove water-soluble discoloration or harmful 

components from the object. In the treatment of a capillary unit, this transfer 

occurs due to diffusion. Diffusion transport is determined by the 

concentration gradient of the solute (Fig. 6) [89].  

 

 
Figure 6. Transport in the capillary unit treatment by diffusion and convection [89] 

 

The siphoning action, clean water flowing through the Paraprint OL60 

fabric. Solute molecules that pass the interface are transported away from the 
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object by this water flow, called convection. Transport by convection is 

much faster than by diffusion. The water that transports the solutes finally 

leaves the Paraprint OL60 by dripping down into the container for dirty 

water. Paraprint washing is recommended for aqueous treatment of most 

water-sensitive paper objects. Using this washing method, alkalizing agents, 

ink stabilizing additives sizing agents can be added to clean water during the 

process. This is especially convenient because no additional treatment is 

required after washing [89–93]. 

Information collected on medieval inorganic pigments show how it can 

be difficult to preserve the cultural objects. It is necessary to understand the 

stability of pigments for specific factors and it is important to know their 

chemical reactivity. Then it is necessary to consider the study of pigment-

binder-additive-base interaction and how they interact with each other. 

Finally, it is necessary to implement appropriate storage and exhibition 

conditions to preserve art treasures for future generations. 
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2. EXPERIMENTAL SECTION 

2.1.  Reagents and materials 

Six different historical red pigments and three binding media were 

purchased from Kremer Pigmente as a standard: natural cinnabar Monte 

Amiata (HgS, 10610), red lead (Pb3O4, 42500), realgar (As4S4, 10800), red 

bolus (Fe2O3∙xSiO2∙yAl2O3, 40503), Andalusian red ochre (Fe2O3, 11274), 

hematite (Fe2O3, 48651), gum Arabic (63320), fish glue (63080), and 

parchment glue (63035). The chemical formulas given in the brackets are as 

the producer stated. Next, these materials were used for the preparation of 

analogous to historical red paints. Acetic acid (CH3COOH, 99.5% 

Eurochemicals Reachem) diluted to 9% with distilled water was used to 

prepare the paint. 

The real paint samples were taken from the illuminated and rubricated 

manuscripts. They are kept in the Manuscript Department of the Wroblewski 

Library of the Lithuanian Academy of Science, in Vilnius. The basic 

information about the analyzed manuscript is given in Table 1. Most of the 

red paint samples were in bad condition or had a thick layer of paint, taken 

on a cotton swab, or collected with the spatula, using an Olympus SZX16 

stereomicroscope. From each sample it was taken approximately 8 mg of 

paint. One sample was taken per one folio and prepared in powder form. 

 

Table 1. Basic information for the analyzed manuscripts 

Manuscript 
Analyzed 

folios 

Representative 

details 
Abbrev. 

Hirmalagionas (1662). 

Liturgical manuscript 

on paper written in the 

Church Slavonic 

language. Analyzed 

paint sample represents 

an initial letter . 

170 

 

F19-115 

Hirmalagionas (1638-

1639). Liturgical 

manuscript on paper 

written in the Church 

5 

 

F19-116 
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Slavonic language. 

Analyzed paint 

samples represent a 

headpiece (5 and 260 

folios) and an initial 

letter (154 folio). 

154 

 

260 

 

Tetraevangelija. 

Mažųjų Žuchavičių 

evangelija (XVI). 

Liturgical manuscript 

on paper written in the 

Church Slavonic 

language. Analyzed 

paint sample represents 

illumination. 

250 

 

F21-805 

Antifonalas (1469-

1494, 1607). 

Ecclesiastical 

hymnbook on 

parchment, text in 

latin. Analyzed paint 

samples represent 

initial letters. 

6 

 

F22-101 81 

 

138 

 

Continued table. 
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2.2.  Paints preparation 

A set of pigment-binding media combinations were prepared according to 

contemporary medieval recipes. For the preparation of binding media 

slightly different procedures were used. The parchment and fish glue were 

washed with distilled water, cut into small pieces and covered with water for 

24 h. Next, the glue gently heated (40–50 °C) and stirred for 4 h till it 

became liquid. Then, a 9% acetic acid solution was added to the prepared 

binding media with ratio (4:1). Gum Arabic was fine-cut, covered with 

distilled water and was left to swell. Then it was stirred and filtered through 

linen fabric. Finally, the glue was mixed with the same concentration 

solution of acetic acid with ratio (4:1). Small quantities of acetic acid added 

to animal glues could prevent the formation of a gel at room temperature, to 

gum Arabic to control pH and the tone of the colour accordingly. Finally it 

was used to prevent from mould and insects [21].  

The red pigments were first ground in an agate mortar with a drop of 

distilled water and then mixed with the binders resulting in ~ 85 wt% of 

binding media on a dry-paint composition [28, 94]. Eighteen different 

analogous to ancient red paints were fabricated using the compositions of 

each pigment with each binding material. A set of pigment-binding media 

combinations were coated on microscope glass slides and dried in the dark at 

room temperature.  

 

2.3.  Artificial photochemical aging 

The prepared red paint samples on the microscope glass slides were 

artificially aged at intervals of 1, 4, 7, 14, 21, 28 and 35 days in a chamber 

with a constant intensity of UV irradiation of 14887 mW/m2. Measurements 

were made using a versatile lux-hygrometer ELSEC 764 UV. The UV source 

in the aging chamber was the 10-luminescent Osram Eversun L40W/79K 

fluorescent lamp with a power output of 40W (400W total). Lamps 

disseminated a wavelength of 310–400 nm and were hung 50 cm above the 

samples. The temperature in the chamber did not exceed 35 °C and the 

relative humidity (RH) was 21%.  

Artificially aged samples were removed at the indicated day intervals and 

analyzed by the methods described below. 
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2.4.  Characterization techniques 

CIE(Lab)* colour characterisation. The colour change of the paint was 

evaluated by the CIELab colourimetric method, which is recommended by 

the Commission Internationale de l’Eclairage. Artificially aged samples were 

measured for all the time of aging intervals with a the FLAME-S-VIS-NIR-

ES spectrometer with a light source HL-2000-FHSA 20W, resolution ~1.5 

nm, measuring time – 2 s, measuring angle – 45 °,measuring range 350–1000 

nm, the used standard was WS-1 Reflectance Standard. 

Each sample was measured three times and the measurement results were 

recorded at the CIE(Lab)* system. The coordinate L* represents the lightness 

of the colour (L* = 0 and L* = 100 represents black and white, respectively). 

The negative/positive values of coordinate a* represent green/red hue, 

respectively, and the parameter b* corresponds to blue/yellow hue. The 

colour difference ∆E in the CIE(Lab)* system of paints was calculated 

according to equation (Eq. 5) [95]:  

 

                      ΔE = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 (5) 

here ∆L*(lightness – darkness difference) = L*
aged – L*

non-aged; 

∆a*(redness – greenness difference) =a*
aged – a*

non-aged; 

∆b*(yellowness – blueness difference) = b*
aged – b*

non-aged. 

 

Scanning electron microscopy coupled with energy-dispersive X-ray 

spectroscopy (SEM/EDX). The morphological features of samples were 

investigated using a scanning electron microscope Hitachi SU-70 at different 

magnifications. The surface morphology of the samples and elemental 

analysis were studied by the scanning electron microscope coupled with 

energy dispersive X-ray spectroscopy (SEM/EDX) using Hitachi TM3000. 

Several micro-crystals of pigment or paint were taken from an initial sample. 

The analysis was carried out on the surfaces without coating at 15 kV 

accelerating voltage.  

Fourier-transform infrared spectroscopy (FTIR). Infrared spectra were 

recorded on the FTIR spectrophotometer Perkin Elmer Spectrum TWO with 

ATR accessory in the 4000–450 cm–1 region, with the 24 scans and 

resolution of 4 cm-1. A diamond ATR cell was used for measurements of the 

samples.  
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X-ray diffraction analysis (XRD). XRD analysis was performed using 

Benchtop XRD MiniFlex II, Rigaku in the scanning range of 10 to 80° 2θ, 

5o/min. speed, using CuKα λ = 1.541874 Å radiation  

Thermal analysis (TG/DTG/DSC analysis). The thermogravimetric and 

differential scanning calorimetric analysis was performed by the 

simultaneous thermal analyzer (STA) 6000 PerkinElmer. The heating rate 

was 10 °C/min in air flow from 30 to 900 °C using Pt crucible. 

Optical microscopy (OM). The samples were collected from the 

manuscripts using an Olympus SZX16 stereomicroscope at different 

magnifications. The digital images of the pigment, paint and binding media 

samples were taken using a FUJIFILM X-A2 digital camera. The 

photographs were processed with Photoshop CC software. 
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3. RESULTS AND DISCUSSION 

3.1.  Characterization of analogous to historical red pigments and binding 

media 

In this part of the dissertation the results of the characterization of 

commercial analogous historical red pigments and binding media using 

SEM/EDX, FTIR, XRD, and TG/DTG/DSC analysis methods are presented. 

3.1.1. SEM/EDX analysis 

The first aim was to determine the amount of main and trace elements in 

the commercial red pigments and binding media. For this purpose, the EDX 

analysis method was applied. The results are given in Tables 2 and 3. 

 

Table 2. The EDX analysis results of commercial red pigments  

Pigment Element, wt.% 

Cinnabar 
Hg 

77.17 

S 

15.68 

Si 

5.03 

Al 

2.12 
   

Red lead 
Pb 

84.52 

O 

15.48 
     

Realgar 
As 

42.80 

S 

16.42 

C 

40.78 
    

Red ochre 
Fe 

48.16 

O 

16.80 

Si 

7.43 

Al 

2.23 

C 

25.38 

 

 

 

 

Red bolus 
Fe 

12.73 

O 

48.67 

Si 

16.84 

Al 

8.79 

C  

9.90 

K  

2.32 

Mg 

0.75 

Hematite 
Fe  

34.74 

O 

45.10 

Si  

1.39 

Al  

0.97 

C 

17.30 

Ca 

0.50 
 

 

Table 3. The EDX analysis results of commercial binding media 

Binding media Element, wt.% 

Gum Arabic 
C 

49.48 

O 

43.85 

Ca 

3.52 

Al 

2.51 

K 

0.64 
 

Parchment glue 
C 

68.16 

O 

30.34 

Al 

0.61 

Ca 

0.31 

S 

0.30 

Na 

0.28 

Fish glue 
C 

35.77 

O 

49.43 

Mg 

9.23 

Al 

4.37 

S 

0.94 

Ca 

0.26 
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The SEM micrograph (Fig. 7a) shows that cinnabar is composed of plate-

like crystals 2–5 μm in size, 77.17 wt.% of mercury and 15.68 wt.% of 

sulfur. Besides, a small amount of Si (5.03 wt.%) and Al (2.12 wt.%) was 

also determined. Therefore, it is likely that in addition to HgS there is also a 

small amount of clay in the commercial cinnabar. 

 

 
Figure 7. SEM micrograph of red pigments and binding media: a – cinnabar, b – red lead, c – 

realgar, d – red ochre, e – red bolus, f – hematite, g – gum Arabic, h – parchment glue, i – fish 

glue. 

As it seen from the SEM micrograph (Fig. 7b), a narrow particle size 

distribution is evident for the pigment red lead. Moreover, the spherical 

particles less than 100 nm are finely distributed within the entire SEM 

image. The EDX results presented in Table 2 confirm that the material 

contains only lead (84.52 wt.%) and oxygen (15.49 wt.%). The SEM 

micrograph of realgar is shown in Fig. 7c. The particles of realgar are 

differently shaped, varying in size from 5 to 40 μm. The EDX data showed 

that the amount of arsenic was 42.80 wt.%, sulfur 16.42 wt.% and carbon 
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40.78 wt.%. The carbon signal visible in the EDX spectrum is from a carbon 

film used for the sample preparation.  

The surface microstructure and elemental composition of the iron 

pigments are very similar. Red ochre and red bolus (Fig. 7d and e, 

respectively) shows a plate-like microstructure with a particle size about 2–

10 μm. The pigment hematite is composed of nanosized particles, the part of 

which forms spherical agglomerates (Fig. 7f). The main components are the 

iron and oxygen in different amounts, and a small amount of impurities Si, 

Al, Ca, K, Mg. These side elements (Si and Al) can be found in a form of 

kaolin Al2Si2O5(OH)4, iron aluminium silicates, CaCO3, or different oxides.  

Gum Arabic is a complex polysaccharide, either neutral or slightly acidic, 

found as a mixed calcium salt of polysaccharide acid (arabic acid). The 

backbone of gum Arabic is composed of 1,3-linked β-D-galactopyranosyl 

units. The side chains are composed of two or five 1,3-linked β-D-

galactopyranosyl units, joined to the main chain by 1,6-linkages. Both the 

main and the side chains contain units of α-L-arabinofuranosyl, α-L-

rhamnopyranosyl, β-D-glucuronopyranosyl and 4-O-methyl-β-D-

glucuropyranosyl, the last two mostly as end units [96]. The SEM 

micrograph of gum Arabic is presented in Fig. 7g. As seen, the material is 

composed of lengthened crystals about 15 μm in width and 50–60 μm in 

length. The EDX elemental analysis shows the highest amount of C (49.48 

wt.%) and O (43.85 wt.%) with a smaller amount of Ca (3.52 wt.%), Al 

(2.51 wt.%) and K (0.64 wt.%).  

Parchment glue, like fish glue, is a proteinaceous substance that consists 

of collagen, whose typical microstructures are presented in Fig. 7h and i. The 

SEM image of parchment glue presents a monolithic microstructure of this 

material. According to the EDX analysis, the main elements in the glue are C 

(68.18 wt.%) and O (30.34 wt.%), and it also contains Al (0.61 wt.%), Ca 

(0.31 wt.%), S (0.30 wt.%), and Na (0.28 wt.%). The fish glue crystals are 

about 100 μm in length and 10–20 μm thick. Contains C (35.77 wt.%), O 

(49.43 wt.%), amd small amounts of Mg (9.23 wt.%), Al (4.37 wt.%), S 

(0.94 wt.%) and Ca (0.26 wt.%). These elements may remain over from glue 

preparation and processing processes. 

 

3.1.2. FTIR analysis 

Infrared spectroscopy was applied to test the possibility for the 

characterisation and determination of analogous to historical red pigments 
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and binding media. The FTIR spectra of all specimens are represented in 

Figs. 8–10.  

It is known that the red pigment cinnabar does not absorb infrared 

radiation in the range of 4000–350 cm–1 [14]. However, in the FTIR 

spectrum (Fig. 8a) at 1017 cm–1 cinnabar has an intensive absorption band, 

which is a characteristic vibration of the Si–O bond. The absorption peaks 

determined at 773 and 692 cm–1 could be attributed to the Si–O–Al 

vibrations. The FTIR spectrum of the pigment red lead presented in Fig. 8b 

shows the absorption bands in low frequency regions of 682 and 521 cm–1 

and one band at 1398 cm–1 which are characteristic of lead oxide [14]. No 

characteristic absorption bands could be seen in the FTIR spectrum of the 

pigment realgar (Fig. 8c). 

 

 
Figure 8. FTIR spectra of red pigments: a – cinnabar, b – red lead, c - realgar 

 

The FTIR spectra of three red iron pigments are represented in Fig. 9. 

Red ochre (Fig. 9d) has an absorption band at 1030 cm–1, which can be 

identified as an asymmetric Si–O–Si stretching band. The peak at 795 cm–1 

is due to vibrations of Si–O–Al. The absorption bands located at 531 and 431 

cm–1 could be attributed to the Fe–O vibrations in iron oxide. The spectrum 

of the pigment red bolus (Fig. 9e) represents the absorption bands 

characteristic of kaolin (Al2Si2O5(OH)4): the O–H stretching bands are 

located at 3689 and at 3616 cm–1, an asymmetric Si–O–Si stretching band at 

1001 cm–1 and Si–O stretching bands at 913 cm–1. The absorption peaks 

visible at 795 and 694 cm–1 are due to the Si–O–Al vibrations and at 526 and 
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464 cm–1 are due to the Fe–O vibrations. The FTIR spectrum of the pigment 

hematite (Fig. 9f) also shows the characteristic absorption bands of 

asymmetric Si–O–Si stretching band at 1028 cm–1, and iron oxide at the 

wavenumbers of 519 and 431 cm–1. Two intensive absorption peaks visible 

at 1432 and 876 cm–1 could be attributed to the vibrations in ionic carbonate 

(CO3
2-) [14]. 

 

 
Figure 9. FTIR spectra of red pigments: d – red ochre, e – red bolus, f - hematite 

 

The FTIR spectra of three different binding media are represented in Fig. 

10. The absorption band specific for gum Arabic (Fig. 10g) is observed at 

3300 cm–1 could be attributed to the stretch vibrations of OH group, the band 

at 2923 cm–1 is due to CH stretch and indicates the presence of sugars, 

galactose, arabinose, and rhamnose. The other characteristic bands of C=C 

stretch, amide NH bend, NO2 from both aliphatic and aromatic galacto 

proteins, and amino acids are around 1600 cm–1. The glucuronic acids have 

specific vibrations band at 1413 and 1364 cm–1 due to C=O symmetric 

stretching and OH bending, respectively. A distinct band at 1008 cm–1 

represents alkene C-H band from polysaccharides for all gum samples [14, 

97]. 
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Figure 10. FTIR spectra of binding media: g – gum Arabic, h – parchment glue, i – fish 

glue 

 

The FTIR spectra of parchment and fish glue (Fig. 10h–i) are almost 

identical, since collagen is the main component of these materials. The 

typical absorption band in the region of 3500–3400 cm–1 for the amino group 

is masked by the broad absorption band of the OH group. Protein 

fingerprints are clearly observed in infrared spectra by the characteristic 

absorption peaks: amide I (C=O stretching, ~ 1630 cm−1), amide II (CN 

stretching and NH bending, ~ 1530 cm−1), CN bending at 1450 cm−1, and 

amide III at ~ 1230 cm−1. The band at about 1070–1020 cm–1 is attributed to 

C-O stretching vibration of the carbohydrate residues in collagen [94, 98].  

 

3.1.3. XRD analysis 

The X-ray diffraction patterns of different red pigments are presented in 

Fig. 11, and the binding media in Fig. 12. The diffractogram of HgS shows 

that the purchased pigment cinnabar with the main HgS phase (PDF 96-901-

2083) also contains an additional SiO2 phase (PDF 00-078-1253) and the 

crystalline Al2Si2O5(OH)4 phase (PDF 00-075-1593). These results confirm 

the results obtained by SEM/EDX and FTIR spectroscopy. The pigment red 

lead consists only of Pb3O4 (PDF 00-041-1493), the realgar also consists 

only of As4S4 (PDF 00-072-0686).  

The diffractograms of the red iron pigments show in all samples the main 

phase of Fe2O3 (PDF 00-033-0664). 
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Figure 11. XRD patterns of red pigments. The side phases are marked: ♦ SiO2 ● 

Al2Si2O5(OH)4 

 

The red ochre and red bolus have an additional SiO2 phase (PDF 00-078-

1253) and impurity of the crystalline Al2Si2O5(OH)4 phase (PDF 00-075-

1593). The XRD pattern of pigment hematite matches very well correlated 

with the XRD pattern of standard Fe2O3 phase, but has an impurity of SiO2 

phase as well. According to the results of the SEM/EDX, FTIR and XRD 

analysis the chemical composition of the pigments realgar and red lead 
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purchased from Kremer Pigmente corresponds to that described in the 

catalogue. The rest four pigments, however, contain different impurities. 

 

 

Based on literature sources, the main diffraction line in the XRD pattern 

of pure gum Arabic is located at 2θ  18.9° [99]. As mentioned before, the 

collagen is the main component of parchment and fish glue. Collagen has 

two diffraction lines. The first one is at 7° 2θ, which is indicative of the 

position of the characteristic equatorial peak of collagen and the second one 

broad peak is at 20° 2θ, which indicates the position of the characteristic 

interchain spacing of the collagen triple helix [100, 101]. In our investigated 

samples (see Fig. 12), the characteristic diffraction peaks are correlated well 

in parchment glue samples and slightly are shifted of gum Arabic and fish 

glue samples. It was affected by a small amount of inorganic impurities in 

the composition of the materials. 

 

3.1.4. TG/DTG/DSC analysis 

The TG/DTG/DSC curves of cinnabar are shown in Fig. 13a. The first 

and the main mass loss (about 45%) is observed at about 400 °C, when the 

 
Figure 12. XRD patterns of different binding media 
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hexagonal red mercury sulphide α-HgS rearranges to the cubic black 

metacinnabar β-HgS in the temperature range of 300–410 °C. These thermal 

transformations are also related to the presence of O2 in the chamber. 

Decomposes of HgS is described by complex reactions (Eq. 6-8) [102, 103]: 

 

HgS(s) → Hgo
(g) + 1/2 S2(g) (6) 

HgS(s) + O2(g) → Hgo
(g) + SO2(g) (7) 

HgS(s) + 3/2 O2(g) → HgSO3(s) (8) 

 

The second mass loss ~ 2%, in the temperature range of 510–600 °C is 

related to the metacinnabar β-HgS transformation to hypercinnabar γ-HgS at 

about 527 °C, or decomposition of intermediates, such as HgO, HgSO4 in air 

condition. This is in good agreement with the DSC curve, which shows a 

slight endothermic process in this temperature range [28, 45, 48, 102]. 

 

  

 
Figure 13. TG/DTG/DSC curves of: a – cinnabar, b – red lead, c - realgar  

 

Figure 13b shows the TG/DTG/DSC curves of red lead. Red lead forms 

through an oxidation process when α-PbO is heated to around 450–500 °C, 

but decomposes at atmospheric pressure to yellow litharge (β-PbO, 

orthorhombic) when temperature exceeds 585 °C [70]. The mass loss during 
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the decomposition of Pb3O4 to the β-PbO process was determined to be about 

2%. 

As seen from the TG/DTG/DSC curves of the pigment realgar (Fig. 13c), 

the first mass loss (~ 18%) occurs at 307–370 °C. Red pigment (As4S4) at 

about 256 °C temperature under normal pressure transforms to the yellow 

As4S4 phase, which melts at about 307 °C temperature. The second (~ 45%) 

mass loss occurs at 370–430 °C, which could be associated with the 

transformation of the yellow As4S4 phase to arsenolite. And finally, the third 

(~ 37%) mass loss starts at 430–500 °C and continuously lasts until 100%, 

related to the evaporation of material [104]. 

 

  

 
Figure 14. TG/DTG/DSC curves of: d – red ochre, e – red bolus, f - hematite 

 

The TG/DTG/DSC curves of red ochre, red bolus and hematite are 

presented in Fig. 14. Differences in the thermal analysis curves are evident, 

despite the composition of the materials investigated is very similar. The 

differences are mainly due to the presence of impurities. The red ochre and 

red bolus contain the Al2Si2O5(OH)4 impurity phase which decomposes 

monotonically by heating the sample up to 700–800 °C. Hematite also 

contains calcium carbonate according to the FTIR results, which decomposes 

between 600 and 800 °C [105]. 
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Weight loss of ~ 1% to 145 °C and ~ 1,5% from 145 to 280 °C were due 

to desorption of physically and chemically adsorbed water, respectively. 

Endothermic peaks at about 450–650 °C were found in the heating process 

due to the decomposition of α-Fe2O3 to γ-Fe2O3, respectively. The γ-Fe2O3 

phase formation temperature is about 500 °C [106, 107]. The mass loss in all 

cases was found to be about 6–7%.  

 

  

 
Figure 15. TG/DTG/DSC curves of: g – gum Arabic, h – parchment glue, i – fish glue 

 

Fig. 15 shows the TG/DTG/DSC curves of gum Arabic, parchment and 

fish glue. In Fig. 15g the TG/DTG/DSC curves of gum Arabic are presented. 

Three main mass losses are visible in the TG curve. The first mass loss (10–

15%) is due to the loss of adsorbed and structural water of gums and is 

observed between 30 and 200 °C. The second mass loss of about 50% at 

250–350°C is related to the decomposition of polysaccharide [97, 108]. The 

final mass loss (30%) in the temperature range of 400–600 °C could be 

associated with the thermal decomposition of intermediate residues formed 

in the carboxymethylated samples with inorganic compounds [109]. 

The thermal behaviour of parchment and fish glue is very similar during 

the heating procedure. The main reason for the different behaviour probably 
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lies in the different preparation methods, the natural aging process, and the 

presence of impurities.  

DSC curve for parchment and fish glue shows a very small fraction of 

gelatinized collagen, first peak at 40–50 °C, thermal dehydration peak at about 

140–200 °C, and a small fraction of crystalline collagen, peak three at 220–270 

°C. Conformational changes of the collagen molecules form a triple helix 

structure to random coil. The broad endothermic peak two is mainly due to the 

moisture loss and fully overlaps the denaturation endotherm of fibrillar collagen 

[110, 111]. The mass loss is about 10–12%. 

The main DTG peak can be attributed to the thermal decomposition of 

collagen between 270 and 530 °C. At temperature 300–315 °C are the first stage 

bulk degradation of dried collagen fibril. The mass loss is about 52%. The 

second observed peak is between 530–670 °C, which is related to the second 

stage of gelatin matrix degradation, and the decomposition of intermediate 

inorganic compounds. The last mass loss is about 36–38% [112–114].  

 

3.2.  Characterization of reconstructed historical red paints 

In this part of the dissertation the results of the characterization of 

reconstructed analogous historical red pigments before and after artificial 

photochemical aging using colourimetric, SEM, FTIR, XRD, and TG/DTG/DSC 

analysis methods are presented.  

 

3.2.1. Colourimetric measurements 

To investigate the colour stability, the artificial aging was initially performed 

on the reconstructed red paints with different binding media [95]. The colour 

changes are represented in Fig. 16 and Tables 4 and 5.  

Figure 16. The digital images of reconstructed red paints: a – cinnabar, b – red lead, c – 

realgar, d – red ochre, e – red bolus, f – hematite with gum Arabic, parchment and fish glue 

(from left to right); and binding medias: g – gum Arabic, h – parchment glue and i – fish glue. 

Before (top) and after 35 days artificial aging (bottom). 
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Table 4. Determined ∆E values for the reconstructed red paints after 35 days aging. 

Pigment 
Gum Arabic Parchment glue Fish glue 

Before After Before After Before After 

Cinnabar 

L* 52.6 50.7 65.9 65.1 56.1 53.2 

a* 37.8 36.2 39.8 38.7 42.2 38.5 

b* 31.5 30.5 32.9 31.5 32.8 27.7 

ΔE - 2.7 - 2.0 - 6.9 

Red lead 

L* 70.9 69.3 78.1 72.9 67.8 65.6 

a* 51.1 48.8 52.4 49.3 50.5 47.3 

b* 54.3 56,7 61.1 56.5 54.9 57.6 

ΔE - 3.7 - 7.7 - 4.7 

Realgar 

L* 74.6 75.4 75.5 83.7 72.9 73.5 

a* 42.9 16.1 43.6 15.9 40.7 20.9 

b* 57.8 43.3 55.4 25.5 62.8 59.7 

ΔE - 30.4 - 41.5 - 20.0 

Red 

ochre 

L* 43.0 40.8 50.3 45.4 50.1 43.7 

a* 32.9 30.2 30.7 27.4 32.8 28.9 

b* 22.6 20.8 21.4 20.0 24.1 20.6 

ΔE - 4.5 - 6.2 - 8.3 

Red 

bolus 

L* 39.6 34.8 58.4 52.6 51.6 50.0 

a* 25.1 21.4 28.3 25.3 29.0 24.8 

b* 20.9 15.7 26.0 19.9 24.3 19.2 

ΔE - 8.0 - 8.9 - 8.7 

Hematite 

L* 42.2 37.3 48.7 40.7 43.1 39.5 

a* 25.4 23.5 31.0 26.5 27.2 24.9 

b* 16.6 16.3 22.2 16.8 20.3 16.5 

ΔE - 5.3 - 10.6 - 5.6 

 

 

Table 5. Determined ∆E values for the binding media after 35 days aging. 

 Gum Arabic Parchment glue Fish glue 

 Before After Before After Before After 

L* 73.1 66.8 75.2 62.3 73.6 69.7 

a* 0.2 0.2 -0.2 -0.3 -0.4 -0.8 

b* 2.0 4.3 0.0 3.0 -0.6 1.0 

ΔE - 6.7 - 13.2 - 4.2 
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The colour difference ∆E in the CIE(Lab)* system of paints was 

calculated according to the formula (see Para. 2.4., Eq. 5). Each sample was 

photographed under the same lighting and at the same height from the 

sample to capture the appropriate colour. Since the binding media are 

transparent their photos were made using a white sheet of the paper base.  

From the digital images, as we can see, the deep red colour change was 

observed in cinnabar (Fig. 16a). The colour difference is ≤ 3, except for the 

cinnabar with the fish glue ∆E value is 6.9 and the paint looks a bit brighter. 

Red lead pigment produced the paint with red-orange colour (Fig. 16b). A 

visual assessment of the colour of the pigment with different binders shows 

that the colours are very close with gum Arabic and fish glue. The more 

intensive colour before aging was of the paint obtained from red lead with 

parchment glue. After accelerated aging, the colour changed considerably. 

The colour difference ∆E was 3.7 with gum Arabic, 4.7 with fish glue and 

7.7 with parchment glue. The paint with gum Arabic was cracked after 

accelerated aging also showing a low adhesion of the paint to the surface. 

The same effect (lower adhesion and pigment „dusting“) was observed with 

the remaining binders. The colour of red lead with parchment glue has 

changed from red-orange to orange after accelerated aging. The biggest 

colour change determined from the digital images of paints was observed for 

realgar pigment based paints (Fig. 16c). The colour with different binders 

before aging was bright red-orange, and the paint did not crack. After 

accelerated aging the paint with gum Arabic was cracked, and the colour 

faded to a greenish tint with a colour difference of 30.4. The biggest colour 

change to beige was observed for the paint with parchment glue, and ∆E was 

41.5. The paint had a poor adhesion to the surface. The paint with fish glue 

changed the colour to brightly yellow. There was the pigment „dusting“ 

process, and the ∆E was 20.0.  

Visually, the paints fabricated using red ochre (Fig. 16d) exhibit deep red 

colour independent of the used binding media. After accelerated aging, the 

colour changed slightly, ∆E was 4.5 with gum Arabic, 6.2 with parchment 

glue and a little bit more 8.3 with fish glue. However, the paints produced 

from red bolus (Fig. 16e) and parchment or fish glue have a slightly 

yellowish tint. The colour difference ∆E was 8.0 with gum Arabic, 8.9 with 

parchment glue and 8.7 with fish glue. Red-brownish colour was observed 

for the paints prepared using hematite pigment (Fig. 16f). The colour 

difference ∆E was almost the same with gum Arabic – 5.3 and the fish glue – 

5.6. The biggest colour change was observed for the paint with parchment 

glue, ∆E was 10.6. 
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Evidently, the colours of most of the paints have changed after artificial 

aging. The dependence of colour difference ∆E on accelerated aging time for 

the parchment glue was mostly affected by artificial aging, while determined 

∆E for the fish glue and gum Arabic are negligible. The results of 

dependencies of colour differences ∆E for different reconstructed paints on 

accelerated aging time, however, were distributed very widely. The results 

show that the colour changes during artificial aging are not distributed 

evenly and are dependent very much on individual composition. Note that a 

colour difference of ∆E ≤ 3 is invisible to the human eye [115]. 

 

3.2.2. SEM analysis 

SEM analysis was performed to evaluate the morphologic changes of the 

paint before and after accelerated aging. The SEM micrographs for different 

paints are presented in Fig. 17–22. The surface morphology of cinnabar 

paints is very similar independent of the binding media used. The surface is 

mostly composed of plate-like particles (see Fig. 17).  

 

 
Figure 17. SEM micrographs of different paint composition of cinnabar (a) with (from left to 

right) gum Arabic, parchment and fish glue before (top) and after 35 days of accelerated  

aging (bottom) 

 

The particle size of paint with gum Arabic and fish glue was almost 

unaffected by accelerated aging (1–15 μm before and 1–10 μm after aging 

with gum Arabic and 1–5 μm before and after aging with fish glue). The 

biggest changes in particle size were determined by the paint of the cinnabar 

with parchment glue. The particle size varied from 1 to 15 μm before aging 

and from 1 to 3 μm after artificial aging. 
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The biggest changes of surface morphology before and after artificial 

aging were observed for the paints fabricated with red lead pigment (Fig. 

18). The paints were composed of differently shaped particles with a size of 

1–10 μm before aging. However, the particle size decreased significantly 

after accelerated aging. Moreover, these mostly spherically shaped particles 

showed a tendency to form hard agglomerates. 

 

 
Figure 18. SEM micrographs of different paint composition of red lead (b) with (from left to 

right) gum Arabic, parchment and fish glue before (top) and after 35 days of accelerated  

aging (bottom) 

 
Figure 19. SEM micrographs of different paint composition of realgar (c) with (from left to 

right) gum Arabic, parchment and fish glue before (top) and after 35 days of accelerated  

aging (bottom) 
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The morphological features determined for the realgar paints were almost 

identical as for the case of cinnabar (see Fig. 19). Volumetric rectangular 

particles of 5–40 μm in size have formed and no specific changes after aging 

were observed. 

According to the SEM images (Fig. 20–22), the surface morphology of 

the red iron paints has changed significantly after 35 days of accelerated 

aging. The microstructure of three red paints containing the gum Arabic is 

quite different. Red bolus and hematite paints with gum Arabic are 

composed of different shape particles of about 10–20 μm in size. However, 

the particles of red bolus show evident tendency to form agglomerates. On 

the other hand red ochre paint with gum Arabic is composed of smaller 

mostly spherical particles. It is clear that the particle size of all red paints 

with gum Arabic decreased to 3–10 μm after aging for 35 days.  

 

 
Figure 20. SEM micrographs of different paint composition of red ochre (d) with (from left to 

right) gum Arabic, parchment and fish glue before (top) and after 35 days of accelerated  

aging (bottom) 

 

The microstructure of red paints fabricated with fish glue is also mostly 

determined by used pigment but not by binding media, which like parchment 

glue is a proteinaceous substance consisting of collagen. The SEM 

micrograph of composition of hematite and fish glue shows the presence of 

large microsized particles. When red bolus was used for the preparation of 

red paints with fish glue the distribution of smaller particles around the large 

ones is clearly seen. Again, the red ochre paint with fish glue is composed of 

smaller mostly spherical particles. After artificial aging the particle sizes 

reduced to approximately 10 μm for all red iron paints obtained with fish 

glue. 
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Figure 21. SEM micrographs of different paint composition of red bolus (e) with (from left to 

right) gum Arabic, parchment and fish glue before (top) and after 35 days of accelerated  

aging (bottom) 

 

 
Figure 22. SEM micrographs of different paint composition of hematite (f) with (from left to 

right) gum Arabic, parchment and fish glue before (top) and after 35 days of accelerated  

aging (bottom) 

 

The similar microstructure before and after aging was observed for the 

red iron paint samples fabricated with parchment glue.  

In conclusion, the microstructure of red paints is mostly influenced by the 

nature of red pigment. In most of the cases the decrease of particle size of 

paint components was observed during the artificial aging. 
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3.2.3. FTIR analysis 

FTIR spectroscopy has been used to understand better the colour change 

of paint during accelerated aging, providing additional information. The 

FTIR spectra of binding media before and after accelerated aging did not 

change, or changes were insignificant, so these results confirm that artificial 

aging does not destroy the chemical composition of gum Arabic, parchment 

and fish glue. The main vibrations could be attributable to the functional 

groups of binding media and acetic acid (see Fig. 23) [14, 18, 21].  

 

 
Figure 23. FTIR spectra of binding media with acetic acid before (1) and after (2) 35 days 

of accelerated aging: g – gum Arabic, h – parchment glue, i – fish glue 

 

In the FTIR spectrum of gum Arabic, the intensive absorption bands at 

3300 cm–1 and 1012 cm–1 are characteristic stretching vibrations of the O–H 

bond [116]. The band at 2929 cm–1 is due to characteristic vibrations of C–H, 

indicating the presence of sugars, galactose, arabinose, and rhamnose. The 

absorption band at 1600 cm–1 could be attributed to vibration of the 

characteristic bands of C=C stretch, amide NH bend, NO2 from both 

aliphatic and aromatic galacto proteins, and amino acids. The glucuronic 

acids have specific vibrations band at 1415 and 1373 cm–1 due to C=O 

symmetric stretching and OH bending, respectively. The new absorption 
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band of low intensity was observed at 1727 cm–1 after aging, which could be 

attributed to C=O stretching vibrations and representative of a partial 

hydrolysis of the polysaccharide units [97].  

The FTIR spectra of parchment and fish glue are almost identical since 

the collagen is the main component of these materials. The assignment of 

absorption band visible at 3286 cm–1 is the same as for gum Arabic. The 

bands detected at 2930 and 2945 cm–1, from 1480 to 1300 cm–1 could be 

attributed to C–H vibrations. Absorption bands of amides coupled to C=O 

are seen at 1634 cm–1 (amide I), at 1535 and 1525 cm–1 (amide II) and at 

1235, 1229 cm–1 (amide III) [117]. Thus, the FTIR spectra of binding media 

samples qualitatively are the same before and after artificial aging. Just the 

intensity of some absorption bands is slightly different upon the aging of the 

specimens. 

The representative absorption bands observed in the FTIR spectra of red 

paints with various compositions are represented in Fig. 24–29.  

 

  

 
Figure 24. FTIR spectra of cinnabar with gum Arabic (top, left), parchment glue (top, 

right), and fish glue (bottom). Before (1) and after (2) 35 days of accelerated aging  

 

The red pigment cinnabar does not absorb infrared radiation in a range of 

4000–350 cm–1 [14], however, an intensive absorption band at  
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1100–500 cm–1 are presented in our investigated red paint: cinnabar 

fabricated with different binding media (Fig. 24). This band could be 

attributed to the characteristic vibration of Si–O bond confirming the 

presence of silica impurity in commercial cinnabar pigment. The absorption 

peaks determined at about 780–530 cm–1 could be attributed to the Si–O–Al, 

Al–O, Al–O–Al vibrations. The binding media had no changes in the FTIR 

spectra. 

 

  

 
Figure 25. FTIR spectra of red lead with gum Arabic (top, left), parchment glue (top, 

right), and fish glue (bottom). Before (1) and after (2) 35 days of accelerated aging 

 

Red lead has infrared absorption bands in low frequency regions of 680–

531 cm–1 and one band at 1398–1390 cm–1 which is characteristic of lead 

oxide [14]. New peaks in the red lead paint with different binders (Fig. 25) 

are not seen after accelerated aging, only small shifts in the paint with gum 

Arabic, which is related to displacement of C-H band from polysaccharides 

at 1050–1010 cm–1. 

Before accelerated aging, no bands other than the binding media were 

detected in the FTIR spectra of realgar paint (Fig. 26). After accelerated 

aging, the realgar paint with gum Arabic showed a new peaks at 1724 cm–1 
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and very insignificant at about 790 and 480 cm–1. The new absorption band 

at 1724 cm–1 could be attributed to C=O stretching vibrations and 

representative of a partial hydrolysis of the polysaccharide units [118, 119]. 

Three new peaks were noticed in the paint with parchment and fish glue 

at about 1040, 790 and 480 cm–1. The first peak is attributed to C-O 

stretching vibration of the carbohydrate residues in collagen and the second 

group to a specific As–O vibration band, which could be linked to the paint 

discolouration. Arsenic trioxide and various sulphate compounds are 

expected to be formed as degradation products for all the arsenic sulphide 

pigments. Aging of arsenic sulphide containing painting systems often leads 

to whitening or increased transparency due to the formation of water-soluble 

white arsenic trioxide and/or arsenate species plane movements [120]. The 

origin of the main band detected at 478 cm−1 is related to the As–S vibration 

[121, 122].  

 

  

 
Figure 26. FTIR spectra of realgar with gum Arabic (top, left), parchment glue (top, 

right), and fish glue (bottom). Before (1) and after (2) 35 days of accelerated aging 

 

Figure 27 shows the FTIR spectra of red ochre with different binding 

media. Before and after accelerated aging, no bands other than the binding 
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media, Si–O–Al at about 790 cm–1, and the Fe–O vibrations in iron oxide at 

531 cm-1 were detected in the FTIR spectra. 

 

  

 
Figure 27. FTIR spectra of red ochre with gum Arabic (top, left), parchment glue (top, 

right), and fish glue (bottom). Before (1) and after (2) 35 days of accelerated aging 

 

The FTIR spectrum of the red paint fabricated from pigment red bolus 

with different binding media represents all absorption bands characteristic to 

gum Arabic, parchment and fish glue (Fig. 28). Additional bands for kaolin 

(Al2Si2O5(OH)4) are observed too. 

The asymmetric Si–O–Si stretching band and Si–O stretching bands are 

visible at 1000 cm–1 and 908 cm–1, respectively. The absorption bands 

determined at 795 and 690 cm–1 are due to Si–O–Al vibrations, and the 

origin of absorption at 525 cm–1 is Fe-O vibrations. 
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Figure 28. FTIR spectra of red bolus with gum Arabic (top, left), parchment glue (top, 

right), and fish glue (bottom). Before (1) and after (2) 35 days of accelerated aging 

 

The FTIR spectrum of the hematite paints (Fig. 29) with different binding 

media also shows the characteristic absorption bands of iron oxide at about 

520 cm–1. The absorption bands at 1435 cm–1 and 872 cm–1 are due to 

vibrations in ionic carbonate (CO3
2-). Again, the absorption band at  

1017 cm–1 could be identified as asymmetric Si–O–Si stretching band, at 795 

cm–1 are due to Si–O–Al vibrations [14]. Other absorption bands are due to 

binding media. 
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Figure 29. FTIR spectra of hematite with gum Arabic (top, left), parchment glue (top, 

right), and fish glue (bottom). Before (1) and after (2) 35 days of accelerated aging 

 

According to the FTIR spectroscopy results, artificial aging had no 

deleterious effect on the fabricated red iron paints. The biggest changes are 

visible at realgar paint with all binding media, and insignificant at cinnabar 

and red lead paint.  

 

3.2.4. XRD analysis 

The XRD analysis of reconstructed red paints and binding media before 

and after artificial aging was also performed. XRD patterns of gum Arabic, 

parchment glue, and fish glue with acetic acid as was expected, these 

materials are mostly amorphous but crystalline phases could be detected 

(Fig. 30) [99–101].  
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Figure 30. XRD patterns of gum Arabic, parchment glue and fish glue with acetic acid 

before and after accelerated aging for 35 days 

 

The only one diffraction peak of low intensity at around 2θ  23.5° could 

be detected in the XRD pattern of fish glue. The exact origin of this 

diffraction line is unknown. Interestingly, this peak disappeared after 

artificial aging of material for 35 days. The XRD patterns of binding media 

samples before and after 35 days of accelerated aging are just slightly 

different with small shifts of amorphous bumps to various directions. 

The XRD patterns of all compositions of red paints are represented in Fig. 

31–36. 

The XRD patterns of cinnabar with different binders (Fig. 31) showed the 

diffraction peaks attributable to the main HgS crystalline phase (PDF 96-

901-2083). Also, the XRD patterns contain an additional SiO2 phase (PDF 

00-078-1253) at 2θ = 26.60°, 36.55°, 37.68°, 45.68° and 59.84° and the 

crystalline Al2Si2O5(OH)4 phase (PDF 00-075-1593) at 2θ = 20.34°. The 

characteristic peaks of gum Arabic were not detected in the XRD patterns 

before and after 35 days of accelerated aging. In the cinnabar paints with 

parchment and fish glue were detected at small peaks at 2θ = 7° before aging 
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and only in fish glue after 35 days accelerating aging, which belongs to the 

equatorial peak of collagen [100, 101].  

 

  

 
Figure 31. XRD patterns of cinnabar with gum Arabic (top left), parchment glue (top 

right) and fish glue (bottom) before and after accelerated aging for 35 days 
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According to the XRD analysis data, the paint of red lead with different 

binding media consists only of Pb3O4 (PDF 00-041-1493) (see Fig. 32). 

However, in the XRD patterns of red lead with fish glue and parchment glue 

diffraction lines at 2θ = 17.69° and at 2θ = 50 to 60° were determined 

showing the possible formation of PbO after aging. 

 

  

 
Figure 32. XRD patterns of red lead with gum Arabic (top left), parchment glue (top 

right) and fish glue (bottom) before and after accelerated aging for 35 days 
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The characteristic diffraction peaks of collagen were observed only in the 

XRD patterns of red lead paints with fish glue. The characteristic peaks of other 

binders were not detected in the XRD patterns of these paints. 

The XRD patterns of red paints with realgar were quite different before and 

after artificial aging (see Fig. 33). Realgar, which is a red mineral, As4S4, 

partially transforms in arsenolite (white powder, As2O3) and pararealgar (yellow, 

As4S4) and the χ-phase (As4S5) when exposed to light. Pararealgar has the same 

formula as realgar, and is characterized as having a different structural 

arrangement of sulphur and arsenic atoms. At the end of the process, As4S5 

coexists with pararealgar, and the colour of pigment turns from red-orange to 

yellow [66].  

  

 
Figure 33. XRD patterns of realgar with gum Arabic (top left), parchment glue (top right) 

and fish glue (bottom) before and after accelerated aging for 35 days 
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In the XRD pattern of realgar paints, after aging the diffraction peaks 

attributed to arsenolite and pararealgar were detected. The XRD patterns of 

realgar paints with gum Arabic and with fish glue have diffraction lines at 2θ = 

8.99 and 12.85° from pararealgar, and 2θ = 13.62 and 25.13° from arsenolite. 

The XRD patterns of realgar paint with parchment glue also have diffraction 

lines attributable to the pararealgar and arsenolite phase. The binding media 

diffraction peaks were detected only in realgar paint with fish glue, at 2θ = 7 and 

23° after aging [100, 101].  

The XRD patterns of all compositions of red iron paints were without any big 

differences after aging. The red ochre paint with different binding media was 

shown in Fig. 34.  

 

 

 
Figure 34. XRD patterns of red ochre with gum Arabic (top left), parchment glue (top 

right) and fish glue (bottom) before and after accelerated aging for 35 days 
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The main crystalline phase of the red ochre paint is Fe2O3 (PDF 00-033-

0664), but additional crystalline Al2Si2O5(OH)4 phase at 2θ = 12.33°, 20.98°, 

68.29° and an impurity of SiO2 phase at 2θ = 26.60°, 36.37°, 37.68°, 45.68°, 

59.84° are also present in the paint. The binding media diffraction peaks 

were detected in all paints before and after aging at 2θ = 18° with gum 

Arabic, 2θ = 7° with parchment glue, and 2θ = 7 and ~ 23° with fish glue. 

 

 
Figure 35. XRD patterns of red bolus with gum Arabic (top left), parchment glue (top 

right) and fish glue (bottom) before and after accelerated aging for 35 days 
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The XRD patterns of all compositions of red bolus paints were also almost 

identical before and after aging (Fig. 35). Additionally, the paints of red 

bolus contain three Fe2O3, SiO2, and Al2Si2O5(OH)4 crystalline phases.  

The XRD patterns recorded for the hematite paint with parchment glue 

before and after aging were almost identical. However, the phase 

compositions of hematite with fish glue and gum Arabic were slightly 

different after artificial aging (see Fig. 36). 

 

  

 
Figure 36. XRD patterns of hematite with gum Arabic (top left), parchment glue (top 

right) and fish glue (bottom) before and after accelerated aging for 35 days 
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As seen, the paints of hematite also contain diffraction peaks attributable 

to the impurity of SiO2 phase at 2θ = 30.74° and to CaCO3 phase at 2θ = 

29.64°. CaCO3 phase is lower after aging. Moreover, the diffraction peak at 

around 2θ = 23.5° visible in the XRD pattern of hematite paint with fish glue 

is not detectable already after artificial aging. This peak probably originates 

from fish glue. Also, a small diffraction line located at about 2θ = 34.5° in 

the XRD pattern of hematite paint with fish glue is not visible anymore after 

aging. Small changes in the XRD patterns upon aging could be determined in 

the range of 2θ = 44–46° for the hematite and gum Arabic system. 

 

3.2.5. TG/DTG/DSC analysis 

Thermal analysis is suitable for the investigation of stability of biological 

macromolecules presented with gum Arabic, parchment and fish glue 

(polysaccharide and collagen). It was reported that this method is useful to 

detect the changes in the biomaterials, such as protein denaturation and 

aggregation, and degradation during thermal treatment [123]. Fig. 37 shows 

the TG/DTG/DSC curves of binding media before and after artificial aging 

of 35 days. 

Multistep decomposition with several mass losses could be determined 

from the TG curve of the gum Arabic. The first mass loss (~ 11%) observed 

in the temperature range of 30–250 °C is due to the loss of adsorbed and 

structural water of gums. The next mass losses of about 89% at the 

temperatures 250–450 °C, 450–480 °C, 480–560 °C, 560–660 °C is related 

to the decomposition of polysaccharide and could be also associated with 

thermal decomposition of intermediate residues formed in 

carboxymethylated samples with inorganic compounds [97, 108, 109]. As 

seen, the total mass loss for gum Arabic aged for 35 days is also about 100%. 

TG/DTG/DSC curves are relevant and without major changes before and 

after artificial aging. 

The thermal behaviour of parchment and fish glues is very similar and 

proceeds via three main decomposition steps. The total mass loss of 100% 

was determined for both specimens, however, the full combustion of the fish 

glue reaches at about 680 °C and the full decomposition of parchment glue 

could be achieved at a lower temperature (~ 630 °C). The initial mass loss of 

these glues (up to 200 °C) is associated with broad endotherms and could be 

attributed to the evaporation of moisture, so-called structurally bound water, 

and decomposition of hydroxyl groups present in the collagen molecule. 
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Figure 37. TG/DTG/DSC curves of binding media before and after artificial aging of 35 

days: gum Arabic (top left), parchment glue (top right) and fish glue (bottom) 

 

Conformational changes of the collagen molecules form a triple helix 

structure to a random coil [110, 111]. The mass loss is about 10%. The main 

DTG peak can be attributed to the thermal decomposition of collagen 

between 200 and 470 °C, this is a lower temperature range, compared with 

the single material [113]. At temperatures, 300–310 °C are the first stage 

bulk degradation of the dried collagen fibril. The mass loss is about 60%. 

The second observed peaks are between 500–670 °C in parchment glue and 

between 450–680 °C in fish glue, which is related to the second stage of 

gelatin matrix degradation, and the decomposition of intermediate inorganic 

compounds. The last mass loss is about 30% [112–114]. As in the gum 

Arabic samples, these also did not show changes before and after artificial 

aging.  

The TG/DTG/DSC curves of cinnabar paints in all compositions are very 

similar (Fig. 38). The first mass loss (~ 3 and ~ 1% before and after aging, 

respectively) observed in a temperature range of 30–250 °C is due to the loss 

of adsorbed and structural water of gums. The second mass loss of about 

12% before and 14% after aging observed at 260–350 °C is related to the 

decomposition of polysaccharide. The third mass loss before aging is 24%, 

and after aging 22% is related to structural changes of cinnabar in a 



71 

temperature range of 350–410 °C. The hexagonal red mercury sulphide α-

HgS rearranges to the black mercury sulphide β-HgS having a cubic crystal 

structure in this temperature interval. Also, thermal transformation are 

related to the presence of O2 in the chamber, where HgS decomposes to 

HgO, SO2 and HgSO3 [102, 103].  

The fourth mass loss ~ 1%, in the temperature range of 500–600 °C is 

related to the metacinnabar β-HgS transformation to hypercinnabar γ-HgS, 

or decomposition of intermediates, such as HgO, HgSO4 in air [28, 45, 48, 

102]. 

 

 

 
Figure 38. TG/DTG/DSC curves of cinnabar before and after artificial aging of 35 days: 

with gum Arabic (top left), parchment glue (top right) and fish glue (bottom) 

 

Cinnabar with parchment and fish glues before and after artificial aging 

are very similar and have three decomposition steps. The first one is very 

insignificant, from 30 to 250 °C, and total mass loss is about 1%. The second 

one and the main are from 280 to 450 °C, total mass loss is about 45–47%, 

and the last, ~ 1% mass loss in the temperature range of 450–570 °C. The 

main TG/DTG/DSC curves are related to HgS transformation and thermal 

behaviour of parchment and fish glues are not seen. 
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Figure 39 shows the TG/DTG/DSC curves of red lead paints 

reconstructed with the gum Arabic, parchment and fish glues. The main 

weight losses could be explained in the same manner as in the case of 

cinnabar paint. However, for the red lead paints a negligible weight gain is 

seen in a temperature range of 450–550°C. This is related to the reversible 

oxidation–reduction process. 

 

 

 
Figure 39. TG/DTG/DSC curves of red lead before and after artificial aging of 35 days: 

with gum Arabic (top left), parchment glue (top right) and fish glue (bottom) 

 

Red lead forms through an oxidation process when α-PbO is heated to 

around 450–500 °C, but decomposes at atmospheric pressure to yellow 

litharge (β-PbO, orthorhombic) when temperature exceeds 585 °C [70]. The 

mass loss during the decomposition of Pb3O4 to the PbO process was 

determined about 1–2% in gum Arabic and parchment glue. The sample with 

fish glue shows a very weak DSC peak at 560 °C. In all cases, total mass loss 

is about 6–8%.  

The realgar paint with different binding media is shown in Fig. 40. At 

about 250 °C temperature, under normal pressure, realgar transforms to the 

pararealgar (As4S4) phase, which was detected in the paints after aging by 

XRD analysis. Pararealgar melts at about 310 °C temperature, which is 
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supported by endotherms visible in the DSC curves. Next, in a range of 

about 350–430 °C the transformation of pararealgar to arsenolite takes place. 

And finally, the material formed starts to evaporate in a temperature range of 

430–530 °C as an endothermic process [104]. 

The DTG curves in realgar paint with parchment and fish glue after aging 

are shifted toward lower temperatures at about 20–50 °C, which are good 

correlates with other analysis methods, where the most noticeable 

degradation process was confirmed. 

 

 

 
Figure 40. TG/DTG/DSC curves of realgar before and after artificial aging of 35 days: 

with gum Arabic (top left), parchment glue (top right) and fish glue (bottom) 

 

The TG/DTG/DSC curves of fabricated red ochre, red bolus and hematite 

paints with selected binding media are presented in Fig. 41–43. Differences 

in the thermal analysis curves are insignificant. The differences are mainly 

due to the presence of impurities. The red ochre and red bolus contain the 

Al2Si2O5(OH)4 impurity phase which decomposes monotonically by heating 

the sample up to 650–800 °C. Hematite also contains calcium carbonate 

according to the FTIR results, which decomposes between 600 and 750 °C 

[105]. 
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Figure 41. TG/DTG/DSC curves of red ochre before and after artificial aging of 35 days: 

with gum Arabic (top left), parchment glue (top right) and fish glue (bottom) 

 

 

 
Figure 42. TG/DTG/DSC curves of red bolus before and after artificial aging of 35 days: 

with gum Arabic (top left), parchment glue (top right) and fish glue (bottom) 
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Figure 43. TG/DTG/DSC curves of hematite before and after artificial aging of 35 days: 

with gum Arabic (top left), parchment glue (top right) and fish glue (bottom) 

 

Weight loss of ~ 1–3% to 150 °C due to desorption of physically and 

chemically adsorbed water, respectively. The mass loss ~ 10–20% from 150 

to 400 °C is related to the decomposition of polysaccharide in samples with 

gum Arabic. The mass loss ~ 5–10% from 150–450 °C is related to the 

thermal decomposition of collagen in parchment and fish glue. Endothermic 

peaks at about 450–650 °C were found in the heating process due to the 

phase transition of α-Fe2O3 to γ-Fe2O3, respectively. The γ-Fe2O3 phase 

formation temperature is about 500 °C [106, 107]. The mass loss in all cases 

was found to be about 12–23%.  

 

3.3.  Application of the reconstructed red pain database to the original 

manuscript 

In this part of the dissertation the previously created red paints database 

has been applied to investigate and characterize the manuscripts from the 

time of the Grand Duchy of Lithuania. Most of the manuscripts studied 

belonged to the F19 collection, but with the predominance of one type of red 

pigment (cinnabar), the F21 and F22 collections were studied to find and 
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adapt a database of other red pigments. The original samples were analyzed 

using SEM/EDX, FTIR, XRD, and TG/DTG/DSC analysis methods.  

The basic information about the analyzed manuscripts (which are kept in 

the Manuscript Department of the Wroblewski Library of the Lithuanian 

Academy of Science, in Vilnius), dating, the number of analyzed folios, and 

the place of each manuscript are given in Para. 2.1., Table 1. 

 

3.3.1. SEM/EDX analysis 

The red colour is a dominant colour in the illuminations and rubrications 

of all investigated four books (see Table 1.). Shades of pigments vary 

widely, ranging from orange-red, bright red, red, and deep-red. Mixtures of 

red pigments, especially cinnabar with red lead are very common in old 

manuscripts [124, 125], however, were not found in the study of the 

collection F19, F21, and F22. The cinnabar (HgS) was identified in all 

investigated manuscripts. Exceptionally, the red lead (Pb3O4) was detected 

only in one manuscript. The morphology of cinnabar paints in the same book 

but different pages were very similar. The representative SEM micrographs 

of different samples are presented in Fig. 44. 

 

 
Figure 44. SEM micrograph of red paint samples from analyzed manuscripts: F19-115, f. 

170 (a); F19-116, f. 154 (b); F22-805, f. 250 (c) and F21-101, f. 6 (d) 

 

The red paint in book F19-115 was composed of differently shaped 

particles with size of 1 to 20 μm. For the determination of the amount of 
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main and trace elements in the paints the SEM/EDX analysis method was 

applied. The EDX elemental analysis of these books showed that the amount 

of lead in the sample was 63.5 wt.%, which was in a good agreement with 

red lead. Carbon (26.3 wt.%), oxygen (6.8 wt.%), and aluminium (3.4 wt.%) 

determined in the sample probably come from paper or binding media. 

The red paints in the remaining books are composed of cinnabar and 

different kinds of binding media. In the F19-116 the pigment is evenly 

distributed on the surface of the binding media, the surface composed of 

plate-like particles from 1 to 10 μm sizes. The EDX elemental analysis 

showed that red paints are composed of mercury (62.3 wt.%), sulphur (11.4 

wt.%), and impurities of paper or binding media elements, such as carbon 

(19.5 wt.%), oxygen (6.1 wt.%) and aluminium (0.7 wt.%). 

The paint from book F21-805 is composed of different size sharp 

agglomerates from 1 to 20 μm in size. The EDX elemental analysis showed 

that mercury (72.1 wt.%) and sulphur (14.5 wt.%) are the main elements of 

the paints, and oxygen (10.8 wt.%) and aluminium (2.6 wt.%) are as 

impurities. The pigment is well mixed with binding media in the last book 

F22-101. The particle size of the paints varied from 1 to 5 μm. The EDX 

elemental analysis again showed the presence of cinnabar (mercury – 67.3 

wt.%, sulphur – 13.7 wt.%) and impurities (carbon – 15.7 wt.%, oxygen 2.5 

wt.% and aluminium 0.6 wt.%). It is not surprising that slightly different 

morphological features were observed for different red paints. For example, 

the microstructure of red iron (III) oxide pigment depends on the synthesis 

temperature influencing the particle size and shade of the pigment [39]. 

Thus, the red paints studied in these books were sufficiently pure. 

Interestingly, the halogens which could play a dominant role in the 

darkening process of cinnabar, or sulphur compounds that cause darkening 

of the Pb3O4 were not detected in the paints. It can be assumed that the 

pigments have been particularly thoroughly cleaned and used only of the 

highest quality. 

 

3.3.2. FTIR analysis 

The FTIR analysis was an excellent tool for the identification of binding 

media. The FTIR spectra of original red paint samples taken from the 

manuscripts were successfully compared with the recorded ones for the 

reconstructed and artificially aged red paints containing different binding 

media. Red pigments were also investigated using the FTIR spectroscopy. 

The obtained FTIR spectra showed high similarity with FTIR spectra of 
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commercial ones. The representative FTIR spectra are presented in Figs. 45–

48. 

It can be seen from the spectra presented from our database they coincide 

well with the original red paints spectra. The absorption bands specific for 

gum Arabic are observed at 3400–3200 cm–1 could be attributed to the 

stretch vibrations of OH group, the bands at 2930–2900 cm–1 are due to C-H 

stretch and indicate the presence of sugars, galactose, arabinose, and 

rhamnose. The other characteristic bands of C=C stretch, amide NH bend, 

NO2 from both aliphatic and aromatic galacto proteins, and amino acids are 

around 1600 cm–1. The glucuronic acids have specific vibrations band at 

about 1410 and 1360 cm–1 due to C=O symmetric stretching and OH 

bending, respectively. A distinct band at around 1030 cm–1 represents alkene 

C-H band from polysaccharides for all gum samples [97]. 

Animal glues (parchment, fish or other) are natural polymers derived 

from animal collagen. These adhesives can have a variety of physical, 

chemical, and mechanical properties depending on their origin and method 

of preparation. The FTIR spectra of parchment glue and fish glue are almost 

identical. The assignment of absorption bands at 3400 and 3200 cm–1 is the 

same as for gum Arabic. The typical absorption band in the region of 3500–

3400 cm–1 for the amino group is masked by the broad absorption band of 

the OH group. Protein fingerprints are clearly observed in infrared spectra by 

the characteristic absorption peaks: amide I (C=O stretching, ~ 1650 cm−1), 

amide II (CN stretching and NH bending, ~ 1550 cm−1), CN bending at 1450 

cm−1, and amide III at ~ 1230 cm−1 [94]. Typical bands assigned to cellulose 

are observed in the region of 1630–900 cm−1. The peaks located at about 

1630 cm−1 correspond to the vibration of water molecules absorbed in 

cellulose. The absorption bands at 1420, 1360, 1330, 1020 cm−1 and 890 

cm−1 belong to stretching and bending vibrations of CH2 and CH, OH and C-

O bonds in cellulose [126]. 

Figure 45 shows the red lead with gum Arabic in the original sample. The 

paint adhered poorly to the surface of the paper and crumbled. The 

absorption bands in low frequency regions of 680–520 cm–1 and one band at 

1398 cm–1 are attributed to lead oxide. A more intense band in the original 

sample than in an artificially aged reconstructed paint sample at 678 cm–1 

can be associated with lead (II) oxide formation or as impurities in the same 

red lead, which affects the colour change of the pigment. The new absorption 

band at 1732 cm–1 could be attributed to C=O stretching vibrations and 

representative of a partial hydrolysis of the polysaccharide units [118, 119]. 

The FTIR spectra of gum Arabic also showed the characteristic bands of 

C=C stretch, amide NH bend, NO2 from both aliphatic and aromatic galacto 
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proteins, and amino acids at around 1600 cm–1, but in the original sample 

spectra, the absorption band are shifted towards the shorter waves at 1525 

cm–1. A distinct band at 1031 cm–1 represents alkene C-H band from 

polysaccharides for all gum samples [14]. 

 

 
Figure 45. FTIR spectra of original 

sample from book F19-115, f. 170 (1) and 

reconstructed paint: red lead with gum 

Arabic after accelerating aging (2) 

Figure 46. FTIR spectra of original sample 

from book F19-116, f. 5 (3), 154 (2), 260 (1) 

and reconstructed paint: cinnabar with fish 

glue after accelerating aging (4)  

 

Figure 46 represents cinnabar with fish glue in the original sample. Aged 

reconstructed red paint (4) and original samples (1, 2, 3) spectra showed 

different absorption bands of the amides group. In the book F19-116 the 

absorption band of amides coupled to C=O is seen at 1620 cm–1 (amide I), 

and in the aged reconstructed paint spectra at 1640 cm–1. In the original 

spectra, there are not seen the absorption band of amide II at 1530 cm–1. The 

main band at 1022 cm–1 is attributed to C-O stretching vibration of the 

carbohydrate residues in collagen. The absorption peaks determined at 780-

600 cm–1 could be attributed to the Al-O and Al-O-Al vibrations.  

Figure 47 shows cinnabar with parchment glue in the original sample. 

The spectra are almost identical. The main protein absorption bands of 

amides coupled to C=O are seen at 1640 cm–1 (amide I), at 1530 cm–1 (amide 

II) and at 1445 cm−1 very weak CH2 asymmetric bending vibration in 

collagen or overlapping with ionic carbonate (CO3
2-). The main band at 1013 

cm–1 is attributed to C-O stretching vibration of the carbohydrate residues in 

collagen. The absorption band visible in the original sample at 872 cm–1 is 

due to the vibrations in ionic carbonate (CO3
2-), peaks from 780–530 cm–1 

could be attributed to the Al-O and Al-O-Al vibrations. These paint and 

binding media are in good condition, there are no signs of degradation. 
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Figure 47. FTIR spectra of original 

sample from book F21-805, f. 250 (1) and 

reconstructed paint: cinnabar with parchment 

glue after accelerating aging (2)  

 
Figure 48. FTIR spectra of original 

sample from book F22-101, f. 6 (3), 81 (2), 

138 (1) and reconstructed paint: cinnabar 

with parchment glue (5) and with gum 

Arabic (4) after accelerating aging 

 

The FTIR spectrum of the last sample F22-101 presented in Fig. 48 

contains absorption bands characteristic to parchment glue and gum Arabic. 

This could have happened by the base of the manuscript was parchment. In 

the IR spectra of the original samples there are no signs of parchment or gum 

Arabic degradation. Only a new peak at 872 cm–1 from ionic carbonate is 

observed.  

In summary, the first two samples showed signs of paint degradation: 

gum Arabic acidified and hydrolysis of polysaccharide chains took place, 

which could have caused poor adhesion of the paint to the surface. The 

intense peak of lead (II) oxide also indicates aging of the pigment and causes 

discolouration of the paint. The second sample with fish glue media lost 

structure in the amide II. This is because the collagen in the paint binders is 

partially hydrolysed. The presence of the pigment in paint composition 

induces a conformation and even more in aged paint. The shift of peaks in 

gum Arabic and fish glue may also have been influenced by the metal center 

with the oxygen atoms of proteins [127]. Calcium carbonate peaks in the last 

two samples were observed from the binding media or substrate. This 

material is used in the process of making parchment glue or parchment itself. 

The rest features were stable and unchanged [117, 120, 128–131]. 

 

3.3.3. XRD analysis 

By the XRD analysis, based on the reconstructed red paint database, 

original materials were tried to identify and compare the crystalline forms of 

the components determined in our original sample. The XRD patterns of red 
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paint collected from the same book from different pages were very similar 

and the results correlate well with the results obtained by EDX and FTIR 

analysis.  

 

 

  
Figure 49. XRD patterns of different book red paint: F19-115, f 170 (top left), F19-116, f. 

154 (top right), F21-805, f. 250 (bottom left) and F22-101, f. 6 (bottom right) – top, middle – 

reconstructed red paint with different binding media after accelerated aging and bottom – 

standard XRD patterns 
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The first sample F19-115 (see Fig. 49) consists of red lead (Pb3O4 PDF 

00-041-1493). No significant differences were observed in comparison with 

library data, only small fluctuations in the intensity of side PbO phase at 2θ = 

50° to 60° were observed. The diffraction lines of binding media are not 

observed in our sample. The next samples F19-116, F21-805, F22-101 (Fig. 

49) consist of HgS crystalline phase (PDF 96-901-2083). Again, the 

diffraction lines of binding media (fish glue, parchment glue and gum 

Arabic) are not observed in the XRD patterns. The XRD patterns of 

reconstructed HgS paint show additional reflections attributable to SiO2 

phase (PDF 00-078-1253) at 2θ = 20.86°, 26.60°, 36.37°, 37.68°, 45.68°, 

59.84°, but these diffraction lines are not visible in the XRD patterns of 

original sample.  

The standard XRD patterns coincide well with those of the original 

samples. However, in the F21-805 and F22-101 samples new diffraction 

lines at 2θ = 29.64° are visible, which could be attributed to CaCO3 phase. 

Moreover, the diffraction line at 2θ = 7° seen in the XRD pattern of F21-805 

sample could be attributed to the collagen from parchment glue [99–101, 

132].  

 

3.3.4. TG/DTG/DSC analysis 

The original samples were characterized by thermogravimetric (TG) 

analysis method under air flow. The obtained results were compared with the 

artificially aged reconstructed red paint TG/DTG/DSC analysis data (Fig. 

50).  

The sample of red lead with gum Arabic from book F19-115 showed the 

first decomposition step between 30–150 °C with mass loss ~ 2,5% due to 

the evolution of adsorbed and structural water of gum Arabic. The second 

mass loss of about 12% at about 200–370 °C is related to the decomposition 

of polysaccharides, and the third mass loss of about 8% at about 370–500 °C 

is associated with thermal decomposition of intermediate residues formed in 

carboxymethylated samples. The mass loss of about 2% from 480–600 °C is 

related to the red lead reversible oxidation-reduction process when PbO is 

forming. And the last mass loss of about 1,5% is related to the other 

inorganic components (aluminium or other) which could have entered in to 

the sample from the surface of the paper [70, 133, 134]. The thermal events 

of the original sample compared with reconstructed red paint are shifted 

toward lower temperatures about 50–70 °C. This could be related to the 

partial hydrolysis of gum Arabic. 
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Figure 50. TG/DTG/DSC curves of original samples from the book and reconstructed red 

paint: F19-115, f 170 compared to Pb3O4 with gum Arabic (top left), F19-116, f. 154 

compared to HgS with fish glue (top right), F21-805, f. 250 compared to HgS with parchment 

glue, (bottom left) and F22-101, f. 6 compared to HgS with gum Arabic (bottom right) 

 

Similar binding media processes occur in the last sample F22-101, where 

cinnabar with gum Arabic was identified. First mass loss in the original 

sample about 10% was observed between 30–150 °C, the second mass loss 

about 30% was detected in the range of 200–320 °C, the third mass loss ~ 

30% is seen at 350–450 °C, the fourth mass loss 20% is seen at 450–550 °C 

and the last mass loss 3% is visible from 600 °C. The structural changes of 

HgS occur in the third step. The hexagonal red mercury sulphide α-HgS 

rearranges to the black mercury sulphide β-HgS [28, 69]. Also, the HgS 

decomposes to HgO, HgSO3, HgSO4 and SO2 in air [102, 103]. 

The last two samples (F19-116 and F21-805) have the proteinaceous 

materials and the same inorganic pigment HgS. The decomposition of 

proteinaceous substances via two main stages of decomposition always takes 

place. The first proceeds at about 300 °C, which is characteristic of the 

thermal oxidative cleavage of the polypeptide chain, and the second one at 

about 500 °C, which is due to the entire combustion process [9, 135]. In our 
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case, the binding media are almost identical (fish and parchment glue), but 

only in one case (F19-116) thermal decomposition is clearly visible. 

However in the second case (F21-805) the observed thermal behaviour is 

very insignificant. The structural changes of HgS from the hexagonal red 

mercury sulphide α-HgS to the black mercury sulphide β-HgS, and 

decomposition in air occurs at almost identical temperatures. 

 

4. Capillary washing of water-sensitive objects 

Although the viscose non-woven fabric Paraprint OL60 was introduced 

into conservation in 2001 by S. Kirchner for the wet cleaning of water-

sensitive paper objects carrying coloured media [89], there was no 

knowledge of its use in the workshops of Lithuanian restorers. Using the 

paraprint fabric, these objects were exposed only on their reverse to 

streaming water passing through a capillary unit. Paraprint OL60 is a 100% 

alkaline-resist, which is particularly convenient for introducing alkaline 

agents, binding media or other into the paper medium after washing. This 

non-woven fabric is also interesting for conservation due to its strong 

capillary action, high diffusion rate and wet strength, as well as its physical 

stability. The high rate of diffusion is due to the pore size. By the capillary 

action on thin viscose fibers, discolouration products are removed from the 

object in contact with the fabric. This prevents the dissolved compounds 

from migrating back into the paper. Due to the good wet strength of the 

material, it is an ideal intermediate support for aqueous procedures [91]. 

With water-sensitive paper objects, the challenge is to remove water-

soluble degradation products, while keeping the water-sensitive medium in 

its place. In this work, the washing method on Paraprint OL60 fabric was 

tested. Initially, samples of different reconstructed paint compositions were 

prepared on filter paper (5 cm x 10 cm) sheets. The paraprint fabric was 

placed over the organic glass and wetted thoroughly. The prepared samples 

were gently wetted in a GoreTex® system (many restorers agreed that 

GoreTex® was most suitable for slow and controlled humidification of very 

reactive paper-based artefacts). The upper edge of the paraprint is placed in 

the reservoir with clean water, the lower edge is hanging over a second 

reservoir placed underneath it to collect the dirty water. The edge was cut 

into a blunt v-shape of 145°, to make it easier for the water to collect and 

drip down. The samples were placed on the Paraprint OL60 (Fig. 51). The 

capillary unit was then covered with a second sheet of organic glass, resting 
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on supports to maintain enough distance from the samples and to diminish 

the evaporation of the water along the surface of the paper. 

 

 
Figure 51. Paraprint OL60 washing of prepared sample 

 

In our case, the washing process took about 1 h. Dripping water was 

collected for further investigation. Washing the real object stops the process 

when water comes out of it completely clear. The process also should be 

monitored at every moment in case inks or colours start to bleed or move 

through the paper. 

The samples after washing were photographed with an optical microscope 

to observe the changes. The collected water was evaporated to dryness and 

examined with FTIR and SEM/EDX analysis methods. The paint contour 

lines after washing on Paraprint OL60 capillary fabric did not show any 

changes in the samples with parchment and fish glue binders, except gum 

Arabic (see Fig. 52). The micrographs show the removal of paint colour in 

the direction of washing. The lowest paint flow was observed in paint gum 

Arabic with red lead. The paint is spread on the paper surface at a distance of 

about 1–2 mm from the contour line. 
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Figure 52. Paint samples micrographs after washing on Paraprint OL60 capillary fabric. 

Left – gum Arabic, middle – parchment glue, right – fish glue. A – cinnabar, b – red lead, c – 

realgar,d – red ochre, e – red bolus, f – hematite 

 

FTIR analysis of the dried washes showed mainly the binding media (Fig. 

53). All samples more or less have acetic acid characteristic absorption 

bands in the region from 1780–1720 cm–1, C=O stretching and from 700–500 

cm–1, C=O op-bend and C–O torsion [136]. The paint with parchment and 

fish glue did not show the band at ~ 1630 cm–1 (amide I, C=O stretching), 

and the amide II band ~ 1545 cm–1 were shifted or overlapped in the region 

1590–1575 cm–1 with the acetic acid absorption band. No specific pigment 

absorption bands were found in any FTIR spectra.  
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Figure 53. FTIR analysis of different dried washes: 1 – cinnabar, 2 – red lead, 3 – realgar, 

4 – red ochre, 5 – red bolus, 6 – hematite with: top left – gum Arabic with acetic a. (7), top 

right – parchment glue with (7), bottom – fish glue (7). 

 

SEM/EDX analysis of the dried washes showed the same elements in all 

samples. The main elements were C (~ 50–60 wt.%) and O (~ 20–30 wt.%), 

the remaining elements were Na, Mg, Al, Si, P, S, Cl, K, Ca and Cu. Only 

samples of gum Arabic with cinnabar, realgar and hematite had a small 

amount of pigment impurities (~ 0.4–0.7 wt.%). SEM/EDX analysis of the 

filter paper before washing showed C (61.17 wt.%), O (36.51 wt.%), Al 

(1.77 wt.%), Si (0.20 wt.%), Ca (0.20 wt.%), Cu (0.15 wt.%) elements, after 

washing – C (59.13 wt.%), O (38.81 wt.%), Al (1.85 wt.%), Si (0.07 wt.%), 

Cu (0.14 wt.%).  

The capillary washing method was suitable and safe for the samples with 

parchment and fish glue, however, the samples with gum Arabic were 

sensitive. Migration of paint was observed, as well as a paint uptake on the 

other side of the paper sheet was determined. However, this method also has 

its advantages: a convenient, easily controlled process, it is possible to stop 

washing at any time, a safe top layer of paint during washing, economical. 
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CONCLUSIONS 

1. In this study, six different historical red pigments, as a standard (natural 

cinnabar Monte Amiata (HgS), red lead (Pb3O4), realgar (As4S4), red 

bolus (Fe2O3∙xSiO2∙yAl2O3), Andalusian red ochre (Fe2O3), hematite 

(Fe2O3)) and three binding media (gum Arabic, parchment glue and fish 

glue) were investigated using SEM/EDX, FTIR, XRD, and 

TG/DTG/DSC analysis techniques. Eighteen different analogous paint 

compositions were prepared for historical red paints. The obtained 

models of the red paints before and after accelerating aging for 35 days 

have been characterized by SEM/EDX, FTIR, XRD, and TG/DTG/DSC 

analysis methods. The short data library of red pigments, paint and 

binding media was created.  

2. The SEM micrographs of single materials showed that the surface 

microstructure of pigments and binding media depend very much on the 

nature of materials. The EDX results demonstrated the presence of side 

chemical elements in the investigated specimens, while the FTIR spectra 

showed additional absorption bands. Finally, the XRD results were in 

good agreement with the SEM/EDX and FTIR analyses results 

confirming that the chemical composition of realgar and red lead 

pigments purchased from Kremer Pigmente corresponded to that one 

described in the catalogue. The rest of the four pigments, however, 

contained different impurities. The main peaks of the single materials 

were determined from the TG/DTG/DSC curves.  

3. The fabricated paints with cinnabar exhibited deep red colour, red lead 

and realgar were red-orange, red ochre was deep red colour independent 

of the used binding media. However, the paints produced from red bolus 

and parchment or fish glue had a slightly yellowish tint. Red-brownish 

colour was observed for the paints prepared using hematite pigment. 

After accelerated aging, the biggest colour change and colour difference 

∆E was observed for the realgar paints. These paints have brightened and 

turned to greenish, yellowish colour. The red lead paints changed the 

colour negligibly, and the paints fabricated with cinnabar sustained 

colour almost without any changes. Red iron paints have changed 

slightly after artificial aging. 

4. According to the SEM micrographs, the surface morphology of red 

paints has not changed significantly after 35 days of artificial aging. 

However, the particle size in most of the cases decreased significantly 

after accelerated aging. FTIR spectroscopy results let us to conclude that 

the artificial aging had some deleterious effect. The biggest changes and 
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new absorption bands at 790 and 480 cm-1 were visible at realgar paint 

with all binding media spectra. The XRD analysis results confirmed the 

FTIR spectroscopy data. In the XRD patterns of red lead with fish glue 

and parchment glue after aging, the diffraction lines attributable to the 

PbO were detected. The XRD patterns of red paints with realgar showed 

the formation of white arsenolite (As2O3) and yellow pararealgar (As4S4) 

during the artificial aging. The TG/DTG/DSC curves after artificial 

aging are slightly shifted toward a lower temperature range. 

5. For the first time, a short database of red paints was applied to 

investigate and characterize the manuscripts from the time of the Grand 

Duchy of Lithuania. SEM/EDX and XRD analysis data showed that the 

cinnabar pigment was predominated in the F19 collection during the 

studied period, however, the red lead was also detected. The red paint 

was sufficiently pure without a large amount of impurities, only in the 

book F19-115, PbO which causes the colour change in the paint was 

identified. 

6. The FTIR spectra of the samples F19-115 and F19-116 showed binding 

media degradation. The formation of acid groups has been identified in 

the gum Arabic, which affects the hydrolysis of the polysaccharide chain 

and poor adhesion of the paint to the surface. The FTIR spectrum of the 

fish glue binder did not show an amide II group. This may be related to 

the collagen partial hydrolysis in the paint.  

7. Capillary washing of water-sensitive objects on Paraprint OL60 non-

woven fabric were applied to the reconstructed red paint samples, which 

have not been used by Lithuanian restorers yet. This washing method 

was suitable and safe for the samples with parchment and fish glue, 

however, samples with gum Arabic were sensitive. In any case, in order 

to apply this washing method to original cultural heritage objects, it 

would be necessary to know the exact composition of the paint and to 

assess the possible consequences. 

8. This work once again demonstrated the role of several methods 

providing very important information for the characterization of cultural 

heritage materials. The non-invasive methods of characterization of 

cultural heritage objects always could be more advantageous. However, 

having a sufficient amount of sample the combination of SEM/EDX, 

FTIR, XRD, and TG/DTG/DSC analysis methods could be successfully 

employed instead of non-invasive methods to avoid the possible 

influence of the constituents on the reliability of obtained results.  
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SUMMARY IN LITHUANIAN 

ĮVADAS 

Prisidedant prie vis didesnių pastangų išsaugoti kultūros paveldą, 

ypatingas dėmesys turi būti skiriamas istorinėms knygoms. Knyga yra 

žmonių kultūros paveldo, keliaujanti iš kartos į kartą, įrodymas. Jos forma 

keitėsi per visą istorinį laikotarpį, o struktūra yra viena iš sudėtingiausių ir 

daugialypiškiausių. 

Vieni įspūdingiausių dokumentų buvo sukurti Viduramžių ir Renesanso 

laikotarpiais. Įvairių sričių tyrėjus domina skirtingų sudėtinių dalių kilmė, 

medžiagos, iš kurių jie gaminami, receptūros, įvairūs degradacijos procesai ir 

kt. Ypač svarbu atkreipti dėmesį į senųjų rankraščių pigmentus, kurie yra 

vieni iš nedaugelio komponentų, dažnai aptinkami jų originalia spalvine 

išvaizda. Pigmentai knygų tomuose dažnai buvo geriau apsaugoti nuo 

išorinio aplinkos poveikio: agresyvios atmosferos, drėgmės, temperatūros 

svyravimų, šviesos ar kitų galimų žalingų veiksnių. Todėl, analizuodami 

pigmentus ir jų dažų kompozicijas, galime pateikti išsamias įžvalgas apie 

Viduramžių ir Renesanso menininkų naudotas medžiagas ir receptūras, 

geografininę pigmentų kilmę, jų kaitą bėgant laikui ir įvertinti cheminius bei 

fizinius pokyčius.  

Lietuvos paveldo institucijos, kaip ir visame pasaulyje, renka, saugo, tiria 

ir teikia visuomenei vertingus dokumentinio paveldo objektus. Tačiau 

rankraščių, ypač su įvairiais dekoro elementais (miniatiūromis, rubrikomis ir 

kt.), gamybos procesai nėra pakankamai tyrinėjami. Ilgą laiką lietuviškos 

knygos kultūros paveldas buvo tiriamas tik knygotyros ar meno istorijos 

požiūriu. Atsiradus daugiau tyrimų galimybių, svarbu pradėti tirti Lietuvos 

Didžiosios Kunigaikštystės (LDK) laikotarpio rankraščius. Šių rankraščių 

tyrimas ypač svarbus ne tik istoriniu ar tapatybės požiūriu, bet ir apibrėžiant 

jų gamybos procesus, rankraščių struktūrą, naudotas medžiagas ir jų kitimą 

LDK laikotarpiu.  

Informacija apie pigmentų ar dažų sudėtį ypač naudinga restauratoriams, 

kai restauravimo darbams atlikti reikia pasirinkti tinkamas medžiagas ir 

restauravimo metodus. Rišiklius dažuose apibūdinti ypač sunku dėl mėginio 

dydžio, didelio neorganinio pigmento kiekio, laikui bėgant įvykusių skilimo 

procesų, ir tuo pačiu kitų priedų. Atsiradę spalvos pokyčiai ir degradacijos 

reiškiniai yra sudėtingas procesas, o juos mokslininkams, ypač 

restauratoriams, ne visada lengva atpažinti. Idealiausias būdas tirti šias 

medžiagas yra neinvaziniais analizės metodais, tačiau daugelis Lietuvos ir 

pasaulio paveldo institucijų turi galimybes taikyti mikrodestruktyvius, o 
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neinvaziniai – pilnai nepatenkina savo tyrimo galimybėmis ir turi tam tikrus 

trūkumus. Dėl šios priežasties daugeliu atvejų naudojami keli tyrimo 

metodai. 

Lietuvos ir pasaulio restauratoriai turi restauruoti knygas, kuriose yra 

ypač dažni raudonos spalvos dažai: rubrikos, miniatiūros, įvairios išnašos, 

piešiniai ir kt. Laikui bėgant, juose dažnai stebimos įvairios destrukcijos, 

dažai tampa takūs plovimo metu. Todėl labai svarbu žinoti jų sudėtį, kokie 

pigmentai ar mišiniai buvo naudojami. 

Šios disertacijos naujumas – šešių istorinių raudonų pigmentų ir trijų 

skirtingų rišiklių duomenų bazės sukūrimas ir jos taikymas visiškai 

netyrinėtiems chemijos tyrėjų knygų rinkiniams, saugomiems Lietuvos 

mokslų akademijos Vrublevskių bibliotekos Rusiškų rankraštinių knygų 

(F19), Vilniaus viešosios bibliotekos (F22) bei Vilniaus baltarusių (F21) 

knygų fonduose. Šie, ypač gerai atspindi knygų raidos tendencijas Lietuvos 

Didžiosios Kunigaikštystės teritorijoje. 

Pagrindinis šios daktaro disertacijos tikslas buvo šešių istorinių raudonų 

pigmentų (cinoberio, raudonojo švino, realgaro, raudonosios ochros, 

raudonojo molio ir hematito), bei trijų skirtingų rišiklių (gumiarabiko, 

pergamento ir žuvų klijų) duomenų bazės sukūrimas ir kapiliarinio plovimo 

taikymas vadeniui jautriems objektams. Šiam tikslui įgyvendinti buvo 

suformuluoti tokie disertacijos uždaviniai: 

1. Ištirti šešis skirtingus raudonus pigmentus bei tris rišiklius kaip 

standartines medžiagas SEM/EDX, FTIR, XRD ir TG/DTG/DSC analizės 

metodais. 

2. Remiantis senosiomis receptūromis, pagaminti analogiškas istoriniams, 

18 skirtingų rūšių raudonų dažų kompozicijas. Jas dirbtinai pasendinti 

fotocheminio sendinimo kameroje, ir atlikti SEM/EDX, FTIR, XRD ir 

TG/DTG/DSC analizės tyrimus prieš ir po sendinimo. 

3. Praktiškai pritaikyti sukurtą raudonų dažų duomenų bazę senųjų knygų 

raudonų dažų ir rišiklių identifikavimui. 

4. Išbandyti jautrių vandeniui objektų plovimą ant kapiliarinio neaustinio 

audinio Paraprint OL60.  

 

1. EKSPERIMENTO METODIKA 

Šeši istoriniai raudoni pigmentai ir trys rišikliai buvo įsigyti iš Kremer 

Pigmente. Vieninės medžiagos ištirtos SEM/EDX, FTIR, XRD ir 

TG/DTG/DSC analizės metodais. Po to paruošta 18 skirtingų raudonų dažų 

kompozicijų analogiškų senosioms. Mėginiai dirbtinai pasendinti 
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fotocheminio sendinimo kameroje 1, 4, 7, 14, 21, 28 ir 35 dienas, veikiant 

šviesai, temperatūrai ir drėgmei. Pagaminti dažai prieš ir po dirbtinio 

fotocheminio sendinimo tirti ankčiau minėtais tyrimo metodais. Sukurta 

trumpa raudonų pigmentų, rišiklių ir jų kompozicijų duomenų bazė. Po to 

imti realūs mėginiai iš knygų fonduose F19, F21, F22 ir lyginti su turimais 

duomenis. Išbandytas paruoštų dažų pavyzdžių plovimas ant kapiliarinio 

neaustinio audinio Paraprint OL60. Atlikti OM, FTIR, SEM/EDX tyrimai.  

 

2. REZULTATAI IR JŲ APTARIMAS 

2.1. Pigmentų, analogiškų istoriniams raudoniems pigmentams, ir 

rišamųjų terpių apibūdinimas 

Šioje disertacijos dalyje pateikiami komercinių, analogiškų istoriniams 

raudoniems pigmentams, ir rišiklių apibūdinimo rezultatai naudojant 

SEM/EDX, FTIR, XRD ir TGA/DTA/DSK analizės metodus. 

 

2.1.1. SEM/EDX analizės rezultatai 

Pirmiausia buvo nustatyta komercinių raudonų pigmentų ir rišiklių 

elementinė sudėtis. EDX analizės duomenys pateikti 1 ir 2 lentelėje. 

 

Lentelė 1. Komercinių raudonų pigmentų EDX analizės rezultatai 

Pigmentas Elementas, m.% 

Cinoberis 
Hg 

77,17 

S 

15,68 

Si 

5,03 

Al 

2,12 
   

Raudonasis 

švinas 

Pb 

84,52 

O 

15,48 
     

Realgaras 
As 

42,80 

S 

16,42 

C 

40,78 
    

Raudonoji 

ochra 

Fe 

48,16 

O 

16,80 

Si 

7,43 

Al 

2,23 

C 

25,38 

 

 

 

 

Raudonasis 

molis 

Fe 

12,73 

O 

48,67 

Si 

16,84 

Al  

8,79 

C  

9,90 

K  

2,32 

Mg 

0,75 

Hematitas 
Fe  

34,74 

O 

45,10 

Si  

1,39 

Al  

0,97 

C 

17,30 

Ca 

0,50 
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Lentelė 2. Rišiklių EDX analizės rezultatai 

Rišiklis Elementas, m.% 

Gumiarabikas 
C 

49,48 

O 

43,85 

Ca 

3,52 

Al 

2,51 

K 

0,64 
 

Pergamento klijai 
C 

68,16 

O 

30,34 

Al 

0,61 

Ca 

0,31 

S 

0,30 

Na 

0,28 

Žuvų klijai 
C 

35,77 

O 

49,43 

Mg 

9,23 

Al 

4,37 

S 

0,94 

Ca 

0,26 

 

SEM analizės rezultatai parodė, kad cinoberis sudarytas iš į plokštelę 

panašių apie 2–5 μm dydžio kristalų. Raudonojo švino dalelės sferinės, 

mažesnės nei 100 μm. Realgaro dalelės labai skirtingų formų, jų dydis 

svyruoja nuo 5 iki 40 μm. Raudonoji ochra ir raudonasis molis turi panašią 

plokštelių mikrostruktūrą, dalelių dydis svyruoja 2–10 μm intervale. 

Pigmentas hematitas susideda iš nanodalelių, kurios sudaro sferinius 

aglomeratus. Gumiarabikas – gamtinis polisacharidas, susideda iš pailgų, 

maždaug 15 μm pločio ir 50–60 μm ilgio kristalų, pergamento ir žuvų klijai 

– baltyminės kilmės medžiagos, todėl SEM nuotraukose stebima monolitinė 

mikrostruktūra.  

 

2.1.2. FTIR analizės rezultatai 

Infraraudonųjų spindulių spektroskopijos metodas buvo panaudotas 

analogiškų istoriniams raudonų pigmentų ir rišiklių apibūdinimui, bei 

identifikavimo galimybėms nustati. Visų komercinių mėginių FTIR spektrų 

sugerties juostos pateiktos 3 ir 4 lentelėse. 

 

Lentelė 3. Komerciniams pigmentams būdingos IR sugerties juostos 

Pigmentas Būdingos IR sugerties juostos, cm-1 

Cinoberis 1017 cm–1 (Si–O); 773, 692 cm–1 (Si–O–Al).  

Raudonasis 

švinas 

1398, 682, 521 cm–1 (Pb–O). 

Realgaras - 

Raudonoji 

ochra 

1030 cm–1 (Si–O–Si); 795 cm–1 (Si–O–Al); 531, 431 cm–1 (Fe–O).  

Raudonasis 

molis 

3689, 3616 cm–1 (O–H); 1001 cm–1 (Si–O–Si); 913 cm–1 (Si–O); 

795,694 cm–1 (Si–O–Al); 526, 464 cm–1 (Fe–O). 

Hematitas 1432, 876 cm–1 (CO3
2-); 1028 cm–1 (Si–O–Si); 519 ir 431 cm–1 (Fe–

O).  
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Lentelė 4. Rišikliams būdingos IR sugerties juostos 

Rišiklis Būdingos IR sugerties juostos, cm-1 

Gumiarabikas 3300 cm–1 (OH); 2923 cm–1 (CH); 1600 cm–1 (C=C, NH, 

NO2); 1413, 1364 cm–1 (C=O, OH); 1008 cm–1 (C–H). 

Pergamento ir žuvų 

klijai 

3500–3400 cm–1 (NH); ~ 1630 cm−1 (amidas I (C=O)); ~ 

1530 cm−1 (amidas II (CN ir NH)); 1450 cm−1 (CN); ~ 1230 

cm−1 (amidas III); 1070–1020 cm–1 (C–O). 

 

Pigmentai – cinoberis ir realgaras nesugeria infraraudonųjų spindulių 

4000–350 cm–1 srityje, o pergamento ir žuvų klijų FTIR spektrai beveik 

identiški, stebimi tik nežymūs sugerties juostų poslinkiai.  

 

2.1.3. XRD analizės rezultatai 

Skirtingų raudonų pigmentų ir rišiklių difraktogramos pateiktos 1 ir 2 

paveiksluose. Cinoberio difraktograma rodo, kad įsigytame pigmente yra 

pagrindinė HgS fazė (PDF 96-901-2083), taip pat papildomos SiO2 (PDF 00-

078-1253) ir Al2Si2O5(OH)4 (PDF 00-075-1593) fazės. Kitus du pigmentus 

raudonąjį šviną ir realgarą sudaro tik Pb3O4 (PDF 00-041-1493) ir As4S4 

(PDF 00-072-0686) fazės. Raudonų geležies pigmentų difraktogramose 

visuose mėginiuose identifikuota pagrindinė Fe2O3 fazė (PDF 00-033-0664). 

Raudonoji ochra ir raudonasis molis turi papildomas SiO2 (PDF 00-078-

1253) ir Al2Si2O5(OH)4 (PDF 00-075-1593) fazes. Pigmento hematito XRD 

difraktograma labai gerai korealiuoja su standartine Fe2O3 faze, tačiau taip 

pat turi SiO2 fazės priemaišų. Remiantis SEM/EDX, FTIR ir XRD analizės 

rezultatais, iš Kremer Pigmente įsigytų pigmentų realgaro ir raudonojo švino 

cheminė sudėtis atitinka aprašytą kataloge, o likusiuose keturiuose 

pigmentuose yra skirtingų priemaišų. 
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1 pav. Raudonų pigmentų difraktogramos (viršuje: kairė – cinoberis, dešinėje – 

raudonasis švinas, apačioje: kairėje – realgaras, dešinėje – geležies pigmentai). Pažymėtos 

fazės: ♦ SiO2 ● Al2Si2O5(OH)4 

 

Remiantis literatūros šaltiniais, gryno gumiarabiko XRD pagrindinė 

difrakcijos linija yra prie 2θ = 18,9°, o pergamento ir žuvų klijų, kurių 

pagrindinė sudedamoji dalis kolagenas, ties 2θ = 7° ir 20°. Mūsų tirtuose 

mėginiuose (žr. 2 pav.), charakteringos difrakcijos smailės gerai koreliuoja 

pergamento klijų mėginyje ir šiek tiek pasislinkusios gumiarabiko ir žuvų 
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klijų pavyzdžiuose. Tam įtakos galėjo turėti nedidelis neorganinių priemaišų 

kiekis šių medžiagų sudėtyje. 

 

 
2 pav. Skirtingų rišiklių difraktogramos, viršuje – gumiaraikas, viduryje – pergamento 

klijai, apačioje – žuvų klijai 

2.1.4. TG/DTG/DSC analizės rezultatai 

Cinoberio TG/DTG/DSC analizės metu, pirmasis ir pagrindinis masės 

nuostolis (apie 55%) stebimas ties 400 °C temperatūra, kai heksagoninės 

struktūros raudonas gyvsidabrio sulfidas α-HgS virsta į kubinės strukūros 

juodąjį metacinoberį β-HgS 300–410 °C temperatūrų intervale. Taip pat, 

šiame temperatūrų intervale vyksta HgS garavimas. Kameroje esant 

deguoniui susidaro Hg0 ir S2, o reakcijoms vykstant toliau, gali susidaryti 

SO2 ar HgSO3. Antrasis masės nuostolis ~ 2% (510–600 °C) yra susijęs su 

metacinoberio β-HgS virsmu į hipercinoberį γ-HgS ties 527 °C temperatūra. 

Šie virsmai taip pat gali būti siejami su susidariusių tarpinių produktų, tokių 

kaip HgO ar HgSO4, skilimu ore. Raudonasis švinas susidaro oksidacijos 

metu, kai α-PbO pašildomas iki maždaug 450–500 °C temperatūros, tačiau 

atmosferos slėgyje suyra iki geltonos spalvos β-PbO, kai temperatūra viršija 

585 °C. Masės nuostoliai skylant Pb3O4 iki PbO buvo apie 2%. Realgaro 

terminės analizės metu, pirmasis masės nuostolis (~ 18%) stebimas 307–370 
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°C temperatūroje. Raudonas pigmentas As4S4, esant maždaug 256 °C 

temperatūrai, virsta geltona As4S4 faze, kuri lydosi esant maždaug 307 °C. 

Antrasis (~ 45%) masės nuostolis įvyksta 370–430 °C temperatūroje, o tai 

gali būti siejama su geltonos As4S4 fazės virsmu į arsenolitą As2O3. Ir 

galiausiai trečiasis (~ 37%) masės nuostolis prasideda nuo 430–500 °C ir 

nuolat tęsiasi iki 100%, susijęs su medžiagos garavimu. Raudonų geležies 

pigmentų TG/DTG/DSC analizės duomenys šiek tiek skiriasi dėl skirtingo 

priemaišų kiekio. Tačiau pagrindinės nustatytos endoterminės smailės esant 

450–650 °C temperatūrai stebimos visuose trijuose mėginiuose: α-Fe2O3 

virsta į γ-Fe2O3. γ -Fe2O3 fazės susidarymo temperatūra yra apie 500 °C. 

Nustatyta, kad visais atvejais masės nuostoliai yra apie 6–7%. 

Gumiarabiko TG kreivė rodo tris pagrindinius masės nuostolius. Pirmasis 

masės praradimas (10–15%) nuo 30 iki 200 °C atsiranda dėl adsorbuoto ir 

struktūrinio vandens praradimo. Antrasis ~ 50% masės nuostolis 250–350 °C 

temperatūros intervale yra susijęs su polisacharidų skilimu, o paskutinis 

masės nuostolis (30%) 400–600 °C temperatūros intervale gali būti siejamas 

su tarpinių likučių, susidariusių karboksimetilintuose junginiuose skilimu. 

Pergamento ir žuvų klijų terminis skilimas kaitinimo metu yra labai panašus, 

nedideli skirtumai stebimi tik dėl skirtingų priemaišų kiekio. Plati 

endoterminė smailė susijusi su drėgmės praradimu ir visiškai sutampa su 

fibrilinio kolageno denatūracine endoterma 30–270°C. Masės nuostolis apie 

10–12%. Pagrindinę DTG smailę galima priskirti terminiam kolageno 

skilimui tarp 270 ir 530 °C. Esant 300–315 °C temperatūrai, vyksta pirmasis 

kolageno skilimo procesas. Masės nuostolis yra apie 52%. Antroji smailė yra 

tarp 530–670 °C, kuri siejama su antruoju želatinos matricos skilimo etapu ir 

tarpinių neorganinių junginių skilimu. Paskutinis masės nuostolis yra apie 

36–38%. 

 

2.2. Rekonstruotų raudonų dažų apibūdinimas 

Šioje disertacijos dalyje pateikiami rekonstruotų analogiškų istorinių 

raudonų pigmentų apibūdinimo prieš ir po dirbtinio fotocheminio sendinimo, 

naudojant kolorimetrinius, SEM, FTIR, XRD ir TG/DTG/DSC analizės 

metodus, rezultatai. Aptariami duomenys tik po 35 dienų fotocheminio 

sendinimo, nes tarpiniuose žymių pokyčių nepastebėta.  
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2.2.1. Kolorimetrinių matavimų rezultatai 

Norint ištirti pigmentų ir rišiklių stabilumą, rekonstruoti raudoni dažai su 

skirtingais rišikliais buvo dirbtinai fotochemiškai pasendinti. Spalvų 

pokyčiai prieš ir po dirbtinio fotocheminio sendinimo pateikti 3 pav.  

 

 
3 pav. Rekonstruotų raudonų dažų vaizdai: a – cinoberis, b – raudonasis švinas, c – 

realgaras, d – raudonoji ochra, e – raudonasis molis, f – hematitas su gumiarabiku, 

pergamento ir žuvų klijais (iš kairės į dešinę); ir rišikliai: g – gumiarabikas, h – pergamento 

klijai ir i – žuvų klijai. Prieš (viršuje) ir po 35 dienų dirbtinio sendinimo (apačioje) 

 

Kaip matyti iš nuotraukų, cinoberio dažuose ryškiai raudonos spalvos 

pokytis nežymus, išskyrus kompoziciją su žuvų klijais, kur ∆E vertė buvo 

6,9 ir dažai atrodė šiek tiek ryškesni. Pagaminti raudonojo švino dažai buvo 

raudonai oranžinės spalvos. Intensyviausias spalvos pasikeitimas stebimas 

pavyzdyje su pergamento klijais, o ∆E vertė buvo 7,7. Visos švino dažų 

kompozicijos po dirbtinio sendinimo buvo suskeldėjusios, silpnai laikėsi ant 

padėklo paviršiaus. Didžiausias spalvų pokytis stebėtas realgaro dažų 

kompozicijose. Prieš dirbtinį fotocheminį sendinimą, dažai buvo ryškiai 

raudonai oranžinės spalvos, nesuskilinėję. Po sendinimo – dažų paviršius 

sutrūkinėjo, spalvos išbluko ar perėjo į žalsvą, gelsvą, o ∆E vertės buvo nuo 

20 iki 41. Dažai, pagaminti naudojant raudonąją ochrą buvo tamsiai 

raudonos spalvos nepriklausomai nuo rišiklio. Tačiau kompozicijos su 

raudonuoju moliu ir pergamento ar žuvų klijais, turėjo šiek tiek gelsvą 

atspalvį. Hematito dažų spalva – raudonai rusva. Pergamento klijai po 

dirtinio sendinimo labiausiai pakeitė savo spalvą, ∆E vertė buvo 13,2, 

gumiarabiko – 6,7, žuvų klijų – 4.2. 

 

2.2.2. SEM analizės rezultatai 

SEM analizė buvo atlikta siekiant įvertinti dažų morfologinius pokyčius 

prieš ir po dirbtinio sendinimo. Cinoberio dažų paviršiaus morfologija visais 
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atvejais buvo labai panaši, nepriklausomai nuo naudojamų rišiklių. Dirbtinis 

sendinimas beveik neturėjo įtakos dalelių dydžiui: 1–15 μm prieš ir 1–10 μm 

po sendinimo. Tik kompozicijoje su pergamento klijais dalelių dydis svyravo 

nuo 1 iki 15 μm prieš ir nuo 1 iki 3 μm po sendinimo. Realgaro dažų 

morfologija buvo beveik identiška cinoberio dažų atveju. Didžiausi 

paviršiaus morfologijos pokyčiai prieš ir po dirbtinio sendinimo pastebėti 

dažų kompozicijoms su raudonojo švino pigmentu (žr. 4 pav.) ir raudonų 

geležies pigmentų. 

 

 
4 pav. Skirtingos raudonos švino dažų kompozicijos SEM nuotraukos (iš kairės į dešinę) 

su gumiarabiku, pergamento ir žuvų klijais prieš (viršuje) ir po 35 dienų dirbtinio sendinimo 

(apačioje) 

 

Prieš sendinimą, raudono švino dažų kompozicijas sudarė skirtingos 

formos dalelės, kurių dydis svyravo nuo 1–10 μm. Tačiau po sendinimo, 

dalelės stipriai sumažėjo, buvo linkusios formuoti aglomeratus. Raudonų 

geležies dažų kompozijos po sendinimo taip pat formavo aglomeratus, 

dalelių dydis stipriai sumažėjo nuo 50–60 μm prieš iki 3–20 μm po 

sendinimo.  

 

2.2.3. FTIR analizės rezultatai 

FTIR spektroskopija buvo naudojama siekiant geriau suprasti dažų 

spalvos pasikeitimą dirbtinio sendinimo metu ir nustatyti naujas funkcines 

grupes. Rišiklių FTIR spektrai prieš ir po sendinimo nepasikeitė arba jų 

pokyčiai buvo nereikšmingi. Nauja, nedidelio intensyvumo absorbcijos 

juosta gumiarabiko spektre po sendinimo buvo pastebėta prie 1727 cm–1, 
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kurią galima priskirti C=O grupei, vykstant dalinei polisacharidų grandinių 

hidrolizei.  

Raudonų dažų kompozicijose prieš ir po dirbtinio sendinimo pokyčiai 

stebėti tik realgaro dažų spektruose (5 pav.). Likę dažai pokyčių nerodė. 

Prieš sendinimą realgaro dažų FTIR spektruose nebuvo matoma kitų smailių, 

išskyrus rišiklio. Po dirbtinio sendinimo realgaro dažų su gumiarabiku FTIR 

spektre stebima nauja smailė prie 1724 cm–1, priskiriama susidariusiai 

rišiklio C=O grupei, ir labai nežymios prie 790 ir 480 cm–1. Apie 1040, 790 

ir 480 cm–1 realgaro dažų kompozicijų su pergamento ir žuvų klijais FTIR 

spektruose stebimos trys naujos smailės. Pirmoji smailė siejama su C–O 

ryšiu kolagene, antroji su As–O grupės ryšiu, o trečioji su As–S grupės ryšiu. 

Arseno trioksidas ir įvairūs sulfatų junginiai yra arseno sulfido pigmentų 

skilimo produktai, dėl šios priežaties dažų kompozicijos šviesėja ir blunka.  

 

 

 
5 pav. Realgaro dažų FTIR spektrai su gumiarabiku (viršuje, kairėje), pergamento klijais 

(viršuje, dešinėje) ir žuvų klijais (apačioje), prieš (1) ir po (2) 35 dienų dirbtinio sendinimo 

2.2.4. XRD analizės rezultatai 

Atlikus XRD analizę rišikliams po dirbtinio fotocheminio sendinimo, 

kaip ir buvo galima tikėtis, kristalinių fazių nenustatyta. Cinoberio dažų 
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XRD difraktogramose prieš ir po dirbtinio sendinimo reikšmingų pokyčių taip 

pat neįvyko. Buvo stebimos priemaišinių fazių linijos, o dažuose su pergamento 

ir žuvų klijais buvo aptiktos mažo intensyvumo linijos prie 2θ = 7° prieš 

sendinimą, ir tik žuvų klijuose po 35 dienų sendinimo. Raudonojo švino dažų 

kompozicijos su pergamento ir žuvų klijais po dirbtinio sendinimo turėjo naujas 

difrakcines linijas prie 2θ = 17,69° ir tarp 50–60°, kurios rodo PbO formavimąsi. 

PbO susidarymas turėjo įtakos dažų spalvos pokyčiui.  

 

 
6 pav. Realgaro su gumiarabiku (viršuje, kairėje), pergamento klijais (viršuje dešinėje) ir 

žuvų klijais (apačioje) XRD modeliai prieš ir po 35 dienų dirbtinio sendinimo  
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Didžiausi XRD pokyčiai difraktogramose stebimi dažų kompozicijose su 

realgaru (6 pav.). Po dirbtinio sendinimo, dažų kompozicijose buvo 

nustatytos arsenolitui ir pararealgarui būdingos difrakcinės linijos. Realgaro 

dažuose su gumiarabiku ir žuvų klijais difrakcinės linijos prie 2θ = 8,99° ir 

12,85° yra priskiriamos pararealgarui, o 2θ = 13,62° ir 25,13° – arsenolitui. 

Dažuose su pergamento klijais nustatytos tiek pararealgarui, tiek arsenolitui 

priskiriamos difrakcinės linijos.  

Raudonose geležies dažų kompozicijose didelių pokyčių nepastebėta. 

Stebimos priemaišinių ir rišiklių fazių smailės, hematito dažuose matoma 

CaCO3 būdinga linija prie 2θ = 29,64°.  

 

2.2.5. TG/DTG/DSC analizės rezultatai 

Rišiklių terminė analizė neparodė didelių pokyčių po 35 dienų dirbtinio 

sendinimo. Buvo nežymūs TG/DTG/DSC kreivių poslinkiai ~ 10–20 °C 

temperatūros intervale. Cinoberio dažų kompozicijose pokyčių taip pat 

mažai. Raudonojo švino dažuose pastebėti tie patys pagrindiniai masės 

nuostoliai. Realgaro dažų su pergamento ir žuvų klijais DTG kreivės po 

sendinimo pasislinko į žemesnių temperatūrų intervalą apie 20–50 °C, o tai 

gerai koreliuoja su kitais analizės rezultatais, kur buvo patvirtintas 

pastebimas degradacijos procesas. Raudonų geležies pigmentų terminės 

analizės pokyčiai nereikšmingi, daugiausia skirtumai susiję su neorganinių 

priemaišų buvimu.  

 

2.3. Rekonstruotų raudonų dažų duomenų bazės taikymas  

originaliems rankraščiams 

Šioje disertacijos dalyje anksčiau sukurta raudonų dažų duomenų bazė 

pritaikyta tirti ir apibūdinti LDK laikų rankraščius. Dauguma tirtų rankraščių 

priklausė F19 fondui, tačiau vyraujant vienos rūšies raudonam pigmentui 

(cinoberiui), buvo tirti F21 ir F22 fondai, siekiant surasti ir pritaikyti kitų 

raudonų pigmentų duomenų bazę. Pagrindinė informacija apie 

analizuojamus rankraščius (kurie saugomi LMAVB RS, Vilniuje), pateikta 5 

lentelėje. Originalūs mėginiai buvo analizuojami SEM/EDX, FTIR, XRD ir 

TG/DTG/DSC analizės metodais. 
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Lentelė 5. Pagrindinė informacija apie analizuojamus rankraščius 

F19-115 

(1662),  

psl. 170 

F19-116 

(1638-1639), 

psl. 5, 154, 260 

F21-805 

(XVI a.), 

psl. 250 

F22-101 

(1469-1494, 1607), 

psl. 6, 81, 138 

    
 

 

 

 
 

 

 

 

 

2.3.1. SEM/EDX analizės rezultatai 

Raudona spalva yra dominuojanti visų tiriamų keturių knygų miniatiūrose 

ir rubrikose (žr. 5 lentelę). Pigmentų atspalviai labai įvairūs – nuo raudonai 

oranžinės, šviesiai raudonos iki ryškiai raudonos spalvos. Raudonų pigmentų 

mišiniai, ypač cinoberio su raudonuoju švinu, labai paplitę senuosiuose 

rankraščiuose, tačiau fondo F19, F21 ir F22 knygose jų nebuvo rasta. 

Cinoberis buvo nustatytas visuose tirtuose rankraščiuose, išskyrus vieną, 

kuriame buvo identifikuotas raudonasis švinas. Cinoberio dažų morfologija 

toje pačioje knygoje, bet skirtinguose puslapiuose buvo labai panaši. 

Reprezentacinės skirtingų mėginių SEM nuotraukos pateiktos 7 pav. 

Raudoni dažai knygoje F19-115 buvo sudaryti iš skirtingos formos 

dalelių, kurių dydis svyravo nuo 1 iki 20 μm. EDX elementinė analizė 

parodė, kad švino kiekis mėginyje buvo 63,5 m.%, taip pat nustatyta anglis 

(26,3 m.%) ir aliuminis (3,4 m.%). Likusiose knygose identifikuotas 

cinoberis. F19-116 knygoje pigmentas plokštelių pavidalo, tolygiai 

pasiskirstęs ant rišamosios medžiagos paviršiaus, nuo 1 iki 10 μm dyžio. 

EDX elementinė analizė parodė gyvsidabrį (62,3 m.%), sierą (11,4 m.%) ir 

popieriaus ar rišiklio priemaišas: anglį (19,5 m.%), deguonį (6,1 m.%) ir 

aliuminį (0,7 m.%). 
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7 pav. Raudonų dažų mėginių SEM nuotraukos iš analizuotų rankraščių: F19-115, psl. 

170 (a); F19-116, psl. 154 (b); F22-805, psl. 250 (c) ir F21-101, psl. 6 (d) 

 

F21-805 knygos dažai sudaryti iš skirtingo dydžio aštrių aglomeratų, 

kurių dydis nuo 1 iki 20 μm. EDX elementinė analizė parodė gyvsidabrį 

(72,1 m.%) ir sierą (14,5 m.%), be šių pagrindinių elementų nustatytas 

deguonis (10,8 m.%) ir aliuminis (2,6 m.%). Paskutinėje knygoje F22-101 

pigmentas gerai sumaišytas su rišikliu. Dalelių dydis svyruoja nuo 1 iki 5 

μm. EDX elementinė analizė vėl parodė gyvsidabrio – 67,3 m.%, sieros – 

13,7 m.% ir priemaišų (anglies – 15,7 m.%, deguonies 2,5 m.% ir aliuminio 

0,6 m.%) buvimą.  

Taigi, šiose knygose tirti raudoni dažai buvo pakankamai gryni. Įdomu 

tai, kad dažuose neaptikta halogenų, kurie turi įtakos cinoberio tamsėjimui, 

arba sieros junginių, kurie sukelia Pb3O4 patamsėjimą. Galima manyti, kad 

pigmentai buvo ypač kruopščiai paruošti ir naudoti tik aukščiausios kokybės. 

 

2.3.1. FTIR analizės rezultatai 

FTIR analizės metodas buvo puikus būdas identifikuoti rišikliams. 

Originalių raudonų dažų mėginių, paimtų iš rankraščių, FTIR spektrai buvo 

sėkmingai lyginami su užrašytais rekonstruotais ir dirbtinai pasendintais 

raudonų dažų, turinčių skirtingas rišamąsias medžiagas, spektrais. Tipiniai 

FTIR spektrai pateikti 8 pav. Knygos F19-115 dažai palyginti su 
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rekonstruotais raudonojo švino ir gumiarabiko dažais. Knygos dažuose 

aiškiai matomos Pb–O būdingos smailės prie 1398 ir 678 cm–1. 

 

 
8 pav. Palyginamieji FTIR spektrai: kairėje F19-115, psl. 170 (B), (A) – raudonasis švinas 

su gumiarabiku po 35 dienų dirbtinio sendinimo, dešinėje F19-116, psl. 5 (B), 154 (C), 260 

(D), (A) – cinoberis su žuvų klijais po 35 dienų dirbtinio sendinimo. 

 

Intensyvesnės originalaus mėginio, nei dirbtinai sendinto rekonstruoto 

dažų mėginio smailės, gali būti siejamos su švino (II) oksido susidarymu, 

kuris turi įtakos pigmento spalvos pokyčiams. Naują absorbcijos smailę, 

esančią prie 1732 cm–1, galima priskirti polisacharidinių grandinių hidrolizei 

rišiklyje. Likusios smailės taip pat priskiriamos gumiarabikui.  

Knygos F19-116 mėginiai palyginti su cinoberio ir žuvų klijais. 

Rekonstruotų raudonų dažų (A) ir originalių mėginių (B, C, D) spektrai 

parodė nedidelius amidų grupės absorbcijos juostų skirtumus. Knygoje F19-

116 matoma smailė prie 1620 cm–1 (amidas I), o sendintų rekonstruotų dažų 

spektre prie 1640 cm–1. Tiriamuose spektruose nėra matoma amido II 

absorbcijos smailė ~ 1530 cm–1. Likusios smailės priskiriamos rišikliui ir 

neorganiniams priedams. Knygoje F21-805 nustatytas cinoberis su 

pergamento klijais. FTIR spektrai beveik vienodi. 

 

2.3.2. XRD analizės rezultatai 

Atlikus XRD analizę, remiantis rekonstruota raudonų dažų duomenų 

baze, originaliuose mėginiuose iš knygų, buvo bandoma nustatyti ir palyginti 

komponentų kristalines formas. Raudonų dažų, surinktų iš tos pačios knygos, 

bet skirtingų puslapių, XRD duomenys buvo labai panašūs, o rezultatai gerai 

koreliavo su EDX ir FTIR analizės rezultatais. Pirmąjame mėginyje F19-115 

nustatyta raudonojo švino (Pb3O4 PDF 00-041-1493) fazė. Reikšmingų 

skirtumų, palyginus su rekonstruotų dažų bazės duomenimis, nepastebėta, tik 
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nedideli PbO fazės intensyvumo svyravimai esant 2θ = 50–60°. Kiti mėginiai 

F19-116, F21-805, F22-101 susideda iš HgS kristalinės fazės (PDF 96-901-

2083). Vėlgi, XRD difraktogramose nestebimos rišiklio (gumiarabiko, 

pergamento ir žuvų klijų) difrakcijos linijos. Standartiniai XRD modeliai 

gerai sutampa su originalių pavyzdžių modeliais. Tačiau F21-805 ir F22-101 

knygų mėginiuose matomos naujos difrakcijos linijos prie 2θ = 29,64°, 

kurias galima priskirti CaCO3 fazei.  

 

2.3.3. TG/DTG/DSC analizės rezultatai 

Originaliems mėginiams iš knygų buvo atlikta terminė analizė, o gauti 

duomenys palyginti su rekonstruotų raudonų dažų terminės analizės 

rezultatais. Raudonojo švino su gumiarabiku pavyzdys iš knygos F19-115 

pradėjo skilti tarp 30–150 °C dėl adsorbuoto ir struktūrinio vandens rišiklyje, 

o masės nuostoliai buvo ~ 2,5%. Antrasis, apie 12% masės nuostolis, esant 

maždaug 200–370 °C temperatūrai, susijęs su polisacharidų skilimu, o 

trečiasis – ~ 8% masės nuostolis, esant maždaug 370–500 °C temperatūrai, 

yra susijęs su terminiu tarpinių liekanų, susidariusių karboksimetilintuose 

junginiuose, skaidymu. Maždaug 2% masės nuostolis nuo 480–600 °C yra 

susijęs su raudonojo švino grįžtamuoju oksidacijos-redukcijos procesu, kai 

formuojasi PbO. Paskutinis, ~ 1,5% masės nuostolis yra susijęs su kitais 

neorganiniais komponentais (aliuminiu ar kt.), kurie galėjo patekti į mėginį 

nuo popieriaus paviršiaus. Originalaus mėginio termogravimetrinės kreivės, 

palyginti su rekonstruotais raudonais dažais, yra apie 50–70 °C žemesniame 

temperatūrų intervale. Tai gali būti susiejama su daline gumiarabiko 

hidrolize. Panašūs rišiklio terminiai procesai vyksta ir paskutiniame 

mėginyje F22-101, kur buvo nustatytas cinoberis su gumiarabiku. Cinoberis 

iš heksagoninės struktūros α-HgS persitvarko į kubinės strukūros juodąjį 

metacinoberį β-HgS 350–450 °C temperatūros intervale, taip pat gali vykti 

HgS garavimas ir esant deguoniui susidaryti SO2 ar HgSO3. 

Likusiuose mėginiuose (F19-116 ir F21-805) yra baltyminis rišiklis ir tas 

pats neorganinis pigmentas HgS. Baltyminių medžiagų skilimas visada 

vyksta dviem etapais. Pirmasis skilimas vyksta apie 300 °C temperatūroje, 

antrasis – maždaug 500 °C temperatūroje, kurie būdingi polipeptido 

grandinės terminiam oksidaciniam skilimui. Mūsų tiriamu atveju rišikliai yra 

beveik identiški (žuvų ir pergamento klijai), tačiau tik vienu atveju (F19-

116) terminis skilimas yra aiškiai matomas. Antruoju atveju (F21-805) 

terminis kitimas yra labai nereikšmingas. HgS struktūriniai pokyčiai vyksta 

beveik vienodoje temperatūroje. 
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3. Jautrių vandeniui objektų plovimas ant kapiliarinio audinio  

Restauravime nuo 2001 metų yra žinomas ir naudojamas kapiliarinis 

neaustinis audinys Paraprint OL60 spalvotų, vandeniui jautrių objektų, 

plovimui. Tačiau iki šiol nebuvo žinių apie jo panaudojimą Lietuvos 

restauravimo dirbtuvėse. Paraprint OL60 audinys yra 100% atsparus 

šarmams, plovimo metu ypač patogus, nes galima į plaunamą objektą iš 

karto įvesti norimas medžiagas (rišiklius, šarminį agentą, rankraščius, 

parašytus geležies-galo rašalais, apdoroti fitatais ir t.t.). Šis neaustinis 

audinys taip pat įdomus restauratoriams dėl savo stipraus kapiliarinio 

veikimo mechanizmo, didelio difuzijos greičio ir savo fizinio stabilumo. Tai 

neleidžia plovimo metu ištirpusiems junginiams migruoti atgal i plaunamą 

objektą.  

Plaunat vandeniui jautrius objektus, restauratoriui yra didelis iššūkis 

pašalinti tirpius degradacijos produktus ir išaugoti takius įrašus. 

Šiame darbe buvo išbandytas plovimas ant Paraprint OL60 audinio. Iš 

pradžių ant filtrinio popieriaus (5 cm x 10 cm) lakštų buvo paruošti skirtingi 

rekonstruotų raudonų dažų kompozicijų pavyzdžiai. Paraprint OL60 audinys 

buvo uždėtas ant organinio stiklo ir kruopščiai sudrėkintas. Paruošti mėginiai 

buvo švelniai drėkinami „GoreTex®“ sistemoje. Viršutinis Paraprint OL60 

kraštas dedamas į rezervuarą su švariu vandeniu, apatinis kraštas kabo 

žemiau, ir į indą renkamas pratekėjes vanduo. Apatinis Paraprint OL60 

kraštas nukirptas 145 ° kampu, kad būtų lengiau surinkti vandenį. Sudrėkinti 

mėginiai buvo dedami ant Paraprint OL60 ir uždengiami antru organinio 

stiklo lakštu, siekiant sumažinti vandens garavimą iš popieriaus paviršiaus. 

Mūsų atveju plovimo procesas užtruko apie 1 val, o pratekėjęs vanduo 

surinktas tolimesniems tyrimams.  

Originalaus objekto plovimas sustabdomas, kai ištekantis vanduo yra 

visiškai skaidrus. Procesas taip pat turėtų būti visą laiką stebimas, jei rašalai 

ar dažai pradėtų migruoti ar „judėti“ per popierių. Po plovimo, tiriami 

mėginiai buvo fotografuoti optiniu mikroskopu. Surinkti plovimo vandenys 

išgarinti iki sausos liekanos ir tirti FTIR ir SEM/EDX analizės metodais. 

Dažai su pergamento ir žuvų klijais po plovimo ant Paraprint OL60 

kapiliarinio audinio nerodė jokių pokyčių, tačiau kompozicijose su 

gumiarabiku stebėta dažų migracija plovimo kryptimi (9 pav.). 
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9 pav. Dažų išplautų ant Paraprint OL60 audinio optinės nuotraukos: kairėje – 

gumiarabikas, viduryje – pergamento klijai, dešinėje – žuvų klijai. a – cinoberis, b – 

raudonasis švinas, c – realgaras, d – raudonoji ochra, e – raudonasis molis, f – hematitas 

 

Ištyrus visas nuosėdas FTIR analizės metodu, nustatytos acto rūgšties, 

kuri buvo naudota dažų kompozicijų gamybos procese, būdingos absorbcijos 

smailės prie 1780–1720 cm–1 C=O, ir 700–500 cm–1 C=O ir C–O, taip pat 

nežymūs baltyminių rišiklių amidų poslinkiai. Nė viename FTIR spektre 

nebuvo identifikuotos smailės, priskiriamos konkrečiam pigmentui.  

Nuosėdų SEM/EDX analizė parodė, kad visuose mėginiuose pagrindiniai 

elementai buvo C (~ 50–60 m.%) ir O (~ 20–30 m.%), likę elementai buvo 

Na, Mg, Al, Si, P, S, Cl, K, Ca ir Cu. Tik gumiarabiko su cinoberiu, realgaru 

ir hematitu mėginiuose buvo nedidelis pigmento priemaišų kiekis (~ 0,4–0,7 

m.%). Filtro popieriaus SEM/EDX analizės rezultatai: C (61,17 m.%), O 

(36,51 m.%), Al (1,77 m.%), Si (0,20 m.%), Ca (0,20 m.%) , Cu (0,15 m.%), 
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o po plovimo – C (59,13 m.%), O (38,81 m.%), Al (1,85 m.%), Si (0,07 

m.%), Cu (0,14 m.%). 

Kapiliarinis plovimo būdas buvo tinkamas ir saugus mėginiams su 

pergamento ir žuvų klijais, tačiau netiko mėginiams su gumiarabiku. Kaip ir 

visi plovimo būdai, šis turi savo privalumų: patogus, lengvai kontroliuojamas 

procesas, plovimo metu viršutinis dažų sluoksnis mažiau veikiamas vandens, 

ekonomiškas. 

 

IŠVADOS 

1.  Šiame darbe SEM/EDX, FTIR, XRD ir TG/DTG/DSC analizės 

metodais ištyrus šešis skirtingus istorinius raudonus pigmentus (natūralų 

cinoberį, Monte Amiata (HgS), raudonąjį šviną (Pb3O4), realgarą (As4S4), 

Andalūzijos raudonąją ochrą (Fe2O3), raudonąjį molį (Fe2O3∙xSiO2∙yAl2O3), 

hematitą (Fe2O3)) ir tris rišiklius (gumiarabiką, pergamento ir žuvų klijus) 

kaip standartines medžiagas, pagaminta aštuoniolika skirtingų, analogiškų 

istorimiams, raudonų dažų kompozicijų. Paruoštas kompozicijas pasendinus 

35 dienas dirbtinio fotocheminio sendinimo kameroje ir atlikus spalvos 

pokyčio, SEM/EDX, FTIR, XRD ir TG/DTG/DSC tyrimus prieš ir po 

sendinimo sukurta raudonų pigmentų, dažų ir rišiklių duomenų bazė. 

2.  Vieninių medžiagų SEM analizė parodė, kad medžiagų morfologija 

labai priklauso nuo jų prigimties, o EDX parodė, kad tirtuose mėginiuose yra 

priemaišinių cheminių elementų. FTIR spektruose buvo stebimos 

papildomos priemaišinių junginių absorbcijos juostos, o XRD rezultatai gerai 

sutapo su SEM/EDX ir FTIR analizės rezultatais. Iš Kremer Pigmente 

įsigytų realgaro ir raudonojo švino pigmentų cheminė sudėtis atitiko aprašytą 

kataloge, tačiau likusiuose keturiuose pigmentuose buvo skirtingų priemaišų. 

3.  Pagamintos raudonų dažų kompozicijos, nepriklausomai nuo naudotų 

rišiklių, su cinoberiu buvo ryškiai raudonos spalvos, raudonojo švino ir 

realgaro – raudonai oranžinės, raudonosios ochros – tamsiai raudonos 

spalvos. Kompozicijos su raudonojo molio ir pergamento ar žuvų klijais 

turėjo šiek tiek gelsvą atspalvį. Raudonai rusvos spalvos dažai buvo gauti 

naudojant hematitą. Po dirbtinio sendinimo didžiausias spalvų pokytis buvo 

realgaro dažų kompozijoms. Šie dažai pašviesėjo ir įgijo žalsvą, gelsvą 

atspalvį. Nežymiai pakeitė spalvą raudoni švino dažai, o cinoberio ir raudoni 

geležies dažai beveik nepasikeitė. 

4.  Remiantis SEM rezultatais, po 35 dienų dirbtinio sendinimo raudonų 

dažų paviršiaus morfologija reikšmingai nepasikeitė. Tačiau daugeliu atvejų 

dalelių dydis sumažėjo. FTIR spektroskopijos rezultatai leido daryti išvadą, 
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kad dirbtinis sendinimas turėjo žalingą poveikį. Naujos absorbcijos juostos 

prie 790 ir 480 cm-1 buvo matomos realgaro dažuose su visais rišikliais. 

XRD analizės rezultatai taip pat patvirtino FTIR spektroskopijos rezultatus. 

Raudonojo švino su pergamento ir žuvų klijais XRD difraktogramose po 

senėjimo buvo nustatytos difrakcinės linijos, priskirtos PbO. Realgaro XRD 

difraktogramos po dirbtinio sendinimo parodė balto arsenolito As2O3 ir 

geltono pararealgaro As4S4 susidarymą. TG/DTG/DSC kreivės po dirbtinio 

sendinimo buvo nežymiai pasislinkusios į žemesnių temperatūrų intervalą. 

5.  Pirmą kartą LDK laikų rankraščiams tirti ir apibūdinti buvo pritaikyta 

sukurta raudonų dažų duomenų bazė. SEM/EDX ir XRD analizės duomenys 

parodė, kad tiriamuoju laikotarpiu F19 fonde vyravo cinoberio pigmentas, 

tačiau buvo aptiktas ir raudonasis švinas. Raudoni dažai buvo pakankamai 

gryni ir neturėjo daug priemaišų, tik knygoje F19-115 identifikuotas PbO, 

kuris turi įtakos dažų šviesėjimui.  

6.  Knygų F19-115 ir F19-116 dažų mėginių FTIR spektruose matomos 

rišiklio destrukcijai būdingos absorbcijos juostos. Gumiarabike 

identifikuotas C=O grupių formavimasis, susijęs su polisacharidų grandinės 

hidrolize ir turintis įtakos blogam dažų sukibimui su paviršiumi. Žuvų klijų 

FTIR spektras nerodė amido II grupės, o tai gali būti siejama su kolageno 

daline hidrolize dažuose. 

7.  Išbandytas naujas, iki šiol Lietuvos restauratorių netaikytas, vandeniui 

jautrių objektų kapiliarinis plovimas ant neaustinio Paraprint OL60 audinio. 

Plovimas atliktas visoms rekonstruotų raudonų dažų kompozicijoms. Šis 

būdas buvo tinkamas ir saugus mėginiams su pergamento ir žuvų klijais, 

tačiau mėginiai su gumiarabiku buvo takūs. Norint pritaikyti šį plovimo būdą 

originaliems kultūros paveldo objektams, reikėtų žinoti tikslią dažų sudėtį. 

8.  Šis darbas dar kartą parodė, kaip svarbu tiriant kultūros paveldo 

objektus taikyti kelis tyrimo metodus. Neinvaziniai kultūros paveldo objektų 

tyrimo metodai visada galėtų būti naudingesni, tačiau, turint pakankamą 

mėginio kiekį, galima sėkmingai naudoti FTIR, SEM/EDX, XRD ir 

TG/DTG/DSC analizės metodus, taip išvengiant galimos sudedamųjų dalių 

įtakos rezultatų patikimumui.  
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In this study, the red iron paints used in ancient manuscripts for rubrics and miniatures were fabricated and investigated. 
The commercial three different iron pigments (red ochre (Fe2O3), red bolus (Fe2O3.xSiO2.yAl2O3), and hematite (Fe2O3)) 
and three binding media (gum Arabic, fish glue and parchment glue) were used for the preparation of analogous to 
historical red iron paints. The obtained model red iron paints were analyzed with the aim to create a short data library 
which could be used for the characterization of different model compositions of red paints as well as real historical and 
archaeological red paints. The obtained red paints and binding media were characterized using Fourier-transform infrared 
spectroscopy (FTIR), scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM/EDX), X-
ray diffraction (XRD) analysis and thermal (TG/DSC) analysis techniques. The accelerated aging test was also applied for 
the analogous to historical red iron paints. These results are useful to develop red paint guidelines for the storage and 
display for improved conservation and accessibility of manuscripts. 
Keywords: iron pigments, binders, red iron paints, model compositions, accelerated aging. 
 

1. INTRODUCTION  
The accurate identification of pigments should be done 

by conservation and restoration scientists and specialists 
prior the restoration of the object of cultural heritage. Such 
necessity is related with several reasons. It is very important 
that the entire recovery will be done with the pigment 
having the same chemical composition as original rather 
than a similar shade. The alternative pigments can react with 
nearby original pigments and irreversible changes occur 
damaging the painting or other object of restoration. The 
second reason is necessity to identify any degradation 
products of pigments and to suspend or cancel proposals for 
possible treatments that can cause decomposition processes 
[1, 2]. In addition, the authenticity of the cultural heritage 
objects is very important as well. One of the possible ways 
to check the fake object is to check if the used pigments are 
in the first production or later period. Moreover, important 
information on the chemical composition of historical 
writing inks and paints could be useful for the investigation 
of various degradation mechanisms of cultural heritage 
artefacts [3, 4].  

Clay and iron oxides were used as artistic pigments in 
pre-historic times and quickly become very common in all 
over the world. Clay minerals and iron oxides are closely 
related to their natural formation [5 – 7]. Their structural and 
mineralogical properties are directly related to their natural 
genesis and origin and help us to explore historical painting 
techniques and materials of each painting layer which the 
main building element [8 – 10]. Paint is the mixture of 
pigments and binding media, and their composition gives 
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colour quality. The main aspects of this quality are colour 
stability and coating capacity [11 – 13]. The colour quality 
can be highly dependent on the chemical interactions within 
the mixtures and the surrounding environment. Clay and 
iron oxides as artistic pigments are found in paintings of 
each region and at most of the historical periods [14].  

If we want to identify an unknown person, we have to 
compare an unknown fingerprint with one of a specific 
individual and so know if it was left by that individual. This 
test method can be described as a “fingerprinting”. The 
study of the materials used for making manuscripts is not so 
much, probably because the research started in the late 
eighteenth century [15]. Knowledge of the composition of 
the original materials and pigments is very helpful for 
restorers when they have to choose suitable materials and 
relevant colour tones. The characterization of paint binders 
in general are in particular is complex due to the sample size, 
the high inorganic content, the degradation phenomena 
undergone with time, and the simultaneous presence of 
other additives [16, 17]. Therefore, non-invasive analytical 
techniques have not fully satisfied features and can not be 
used as a self-consistent analytical tool. The optimal 
strategy to recognize colourants and other additives used in 
miniatures or rubrics should, therefore, provide for a multi-
technique approach. 

This study is a continuous work carried out 
reconstructing red paints using proteinaceous and natural 
gums binders aimed to clarify how these materials are aging 
together and create a short data library which could be used 
for the characterization of red paints in ancient manuscripts. 
Nine different analogous to ancient red paints using three 
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red pigment (red ochre, red bolus, hematite) and three 
binding media (gum Arabic, fish glue, parchment glue) were 
fabricated in this study. The reconstructed paints before and 
after artificial aging were then characterized by SEM/EDX, 
FTIR, XRD, TG/DTG/DSC analysis methods. 

2. EXPERIMENTAL 

2.1. Materials 
Three different red pigments (red ochre (Fe2O3), 

(11274), red bolus (Fe2O3
.
xSiO2

.
yAl2O3), (40503), and 

hematite (Fe2O3), (48651)) and three binding media (gum 
Arabic (63320), fish glue (63080), and parchment glue 
(63035)) were purchased from Kremer Pigmente and used 
for the preparation of red paints. These samples were 
characterized at first by XRD, SEM/EDX, FTIR, and 
TG/DTG/DSC analysis. The results of this characterization 
are already published elsewhere [18].  

2.2. Paints preparation 
A set of pigment-binding media combinations were 

prepared in the following way. For the preparation of 
binding media slightly different procedures were used. The 
parchment and fish glue were washed with distilled water, 
cut into small pieces and covered with water for 24 h. Next, 
the glue gently heated (40 – 50 °C) and stirred for 4 h till 
became liquid. Then, 9 % acetic acid (Eurochemicals 
Reachem) solution was added to the prepared binding media 
with ratio 1:4. Gum Arabic was fine-cut, covered with 
distilled water and was left to swell. Then was stirred and 
filtered through linen fabric. Finally, the glue was mixed 
with the same concentration solution of acetic acid with 
ratio (4:1). The red iron pigments were first ground in an 
agate mortar with a drop of distilled water and then mixed 
with the binders resulting in ~ 85 wt.% of binding media on 
a dry-paint composition. Nine different analogous to ancient 
red paints were fabricated using the compositions of each 
iron pigment with each binding material. A set of pigment-
binding media combinations were coated on microscope 
glass slides and dried in the dark. The prepared samples 
were artificially aged at intervals of 1, 4, 7, 14, 21, 28 and 
35 days in a chamber with a constant intensity of UV 
irradiation of 14887 mW/m2. Measurements were made 
using a versatile lux-hygrometer ELSEC 764 UV. The UV 
source in the aging chamber was the 10-luminescent Osram 
Eversun L40W/79K fluorescent lamp with a power output 
of 40 W (400 W total). Lamps disseminated a wavelength 
of  
310 – 400 nm and are hung 50 cm above the samples. The 
temperature in the chamber did not exceed 35 °C and the 
relative humidity was 21 % RH [19]. 

2.3. Characterization 
The colour change of the paint was measured with a 

FLAME-S-VIS-NIR-ES spectrometer with light source HL-
2000-FHSA 20 W, resolution ~ 1.5 nm, measuring time – 
2 s, measuring range 350 – 1000 nm, used the standard – 
WS-1 Reflectance Standard. The surface morphology of the 
samples and elemental analysis was studied by the scanning 
electron microscope coupled with energy dispersive X-ray 
spectroscopy (SEM/EDX) using Hitachi TM3000 and with 

the scanning electron microscope (SEM) SU70, 5 kV. IR 
spectroscopy was used for the identification and 
characterization of functional groups of pigments and 
binding media in the paint. Infrared spectra were obtained 
by an FTIR spectrophotometer Perkin Elmer Spectrum 
TWO with ATR accessory. All spectra were recorded at 
4 cm–1 resolution in an interval of 450 – 4000 cm–1 and 
24 scans were accumulated before Fourier transformation. 
The  
X-ray diffraction (XRD) analysis was performed using 
Benchtop XRD MiniFlex II, Rigaku in the range of 10 to 
80° 2θ, 5o/min speed, using CuKα1 radiation. The thermal 
analysis (TG/DTG/DSC) was recorded using a Perkin Elmer 
pyris TGA instrument. The heating rate was 10 °C/min in 
air flow from 30 to 900 °C.  

3. RESULTS AND DISCUSSION 

3.1. Colorimetric measurements 
To investigate the colour stability, the accelerated aging 

was initially performed on the fabricated red paints [20]. 
The colour difference ∆E in the CIE(Lab)* system of paints 
was calculated according to the formula [19, 21, 22]:  

∆E = [(∆L*)2 + (∆a*)2 + (∆b*)2]½, (1) 

where ∆L* (lightness-darkness difference)=L*
aged – L*

unaged; 
∆a* (redness-greenness difference) = a*

aged – a*
unaged; and 

∆b* (yellowness-blueness difference) = b*
aged – b*

unaged. 
Each sample was photographed under the same lighting 

and at the same height from the sample to capture the 
appropriate colour. Since the binding media are transparent 
their photos were made using a white sheet of the paper 
base. The colour changes of red paints and binding medias 
before and after accelerated aging are represented in Fig. 1. 
Visually, the paints fabricated using red ochre exhibit deep 
red colour independent on the used binding media. 
However, the paints produced from red bolus and parchment 
or fish glue have slightly yellowish tint. Red-brownish 
colour was observed for the paints prepared using hematite 
pigment. Evidently, the colours of most of the paints have 
changed after artificial aging.  

 
Fig. 1. The digital images of paints fabricated from mixtures:  

a – red ochre; b – red bolus; c – hematite; with gum Arabic, 
fish glue and parchment glue (from left to right);  
d – binding medias, gum Arabic, fish glue and parchment 
glue before (top) and after 35 days accelerated aging 
(bottom) 
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The paint having the composition of red bolus and 
parchment glue, probably, had least changes during 
accelerated aging of paints. The dependence of colour 
difference ∆E on accelerated aging time for the parchment 
glue was mostly affected by artificial aging, while 
determined ∆E for the fish glue and gum Arabic are 
negligible. The results of dependences of colour differences 
∆E for different fabricated paints on accelerated aging time, 
however, were distributed very widely. The results show 
that the colour changes during artificial aging are not 
distributed evenly and are dependent very much on 
individual composition. All paints, except red bolus with 
parchment glue, (∆E = 0.2), were affected by accelerated 
light temperature and relative humidity. For instance, the 
red ochre with gum Arabic changed colour at about 11 
times, with fish and parchment glue about 2 times. Red 
bolus with gum Arabic and fish glue changed colour a bit 
less ( 6 – 7 times), with parchment glue the colour 
difference was almost unnoticeable. The colour difference 
was the same for hematite with all binding media, at about 
two times higher than the baseline. Note, that a colour 
difference of ∆E ≥ 3 is perceptible to the human eye [23]. 

3.2. Scanning electron microscopy (SEM/EDX) 
According to the SEM images, the surface morphology 

of red paints has changed significantly after 35 days of 
accelerated aging. The gum Arabic is a complex 
polysaccharide found as a mixed calcium salt of a 
polysaccharide acid (Arabic acid) [24]. However, the 
microstructure of three red paints containing the gum Arabic 
is quite different. Red bolus and hematite gum Arabic paints 
are composed of different shape particles of about 
50 – 60 m in size. However, the particles of red bolus show 
evident tendency to form agglomerates. On the other hand 
red ochre paint with gum Arabic is composed of smaller 
mostly spherical particles. It is clearly, that the particle size 
of all red paints with gum Arabic decreased to 3 – 20 m 
after aging for 35 days. The microstructure of red paints 
fabricated with fish glue is also mostly determined by used 
pigment but not by binding media, which like parchment 
glue is a proteinaceous substance consisting of collagen. 
The SEM micrograph of composition of hematite and fish 
glue shows the presence of large microsized particles. When 
red bolus was used for the preparation of red paints with fish 
glue the distribution of smaller particles around the large 
ones is clearly seen. Again, the red ochre paint with fish glue 
is composed of smaller mostly spherical particles. After 
artificial aging the particle sizes reduced to approximately 
of 10 m for all red paints obtained with fish glue. The 
similar microstructure before and after aging was observed 
for the red paint samples fabricated with parchment glue. In 
conclusion, the microstructure of red paints is mostly 
influenced by the nature of red pigment. In most of the cases 
the decreasing of particle size of paint components was 
observed during the artificial aging.  

3.3. FTIR spectroscopy 
FTIR spectra of binding media before and after 

accelerated aging did not change after artificial aging for 
35 days. These results confirm that artificial aging does not 
destroy chemical composition of gum Arabic, fish glue and 

parchment glue. The main vibrations attributable to the 
functional groups of binding media and acetic acid [25] 
were determined in all three FTIR spectra. In the FTIR 
spectrum of gum Arabic, the intensive absorption bands at 
3300 cm-1 and 1008 cm-1 are characteristic stretching 
vibrations of the O–H bond [26]. The band at 2929 cm-1 is 
due to characteristic vibrations of C–H. The absorption band 
at 1600 cm-1could be attributed to vibration of the double 
bond in C=O. The new absorption band of low intensity was 
observed at 1727 cm-1 after aging. The FTIR spectra of fish 
glue and parchment glue are almost identical since the 
collagen is the main component of these materials. The 
assignment of absorption bands visible at 3286 and 
3266 cm-1 is the same as for gum Arabic. The bands detected 
at 2945 and 2930 cm-1, from 1480 to 1300 cm-1 could be 
attributed to C–H vibrations. Absorption bands of amides 
coupled to C=O are seen at 1634 cm-1 (amide I), at 1525 and 
1535 cm-1 (amide II) and at 1229, 1235 cm−1 (amide III) 
[27]. Thus, the FTIR spectra of binding media samples 
qualitatively are the same before and after artificial aging. 
Just the intensity of some absorption bands is slightly 
different upon the aging of the specimens. The 
representative FTIR spectra of red paints with various 
compositions are depicted in Fig. 2. 

 

 

 
Fig. 2. FTIR spectra of red paint before (1) and after (2) 

accelerated aging: red ochre with parchment glue (top), red 
bolus with gum Arabic (middle) and hematite with fish glue 
(bottom) 

In the FTIR spectrum of paint obtained from pigment 
red ochre with parchment glue the absorption band at 
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1020 cm-1 can be identified as asymmetric Si–O–Si 
stretching band from silica which is present in commercial 
red ochre. The band at 795 cm-1 could be attributed to the 
stretching vibrations of Si–O–Al. The intensive absorption 
band at 530 cm-1 is characteristic Fe–O vibration in iron 
oxide. Absorption bands attributable to the parchment glue 
are also seen just with decreased intensity. The FTIR 
spectrum of the red paint fabricated from pigment red bolus 
and gum Arabic represents all absorption bands 
characteristic to gum Arabic and additional bands for kaolin 
(Al2Si2O5(OH)4). The O–H stretching bands are located at 
3690 and 3618 cm-1, and asymmetric Si–O–Si stretching 
band and Si–O stretching bands are visible at 1000 cm-1 and 
908 cm-1, respectively. The absorption bands determined at 
690 and 795 cm-1 are due to Si–O–Al vibrations, and the 
origin of absorption at 525 cm-1 is Fe-O vibrations. The 
FTIR spectrum of the mixture of hematite and fish glue also 
shows the characteristic absorption bands of iron oxide at 
the wavenumbers of 515 cm-1. The absorption bands at 
1435 cm-1 and 872 cm-1 are due to vibrations in ionic 
carbonate (CO3

2-). Again, the absorption band at 1017 cm-1 
could be identified as asymmetric  
Si–O–Si stretching band [28, 29]. According to the FTIR 
spectroscopy results, the artificial aging had no any 
deleterious effect on the fabricated red paints.  

3.4. XRD analysis 
XRD patterns of gum Arabic, fish glue, and parchment 

glue as was expected, these materials are amorphous and no 
any crystalline phases could be detected [30 – 32]. The only 
one diffraction peak of low intensity at around 2  23.5° 
could be detected in the XRD pattern of fish glue. The exact 
origin of this diffraction line is unknown. Interestingly, this 
peak disappeared after artificial aging of material for 
35 days. The XRD patterns of binding media samples before 
and after 35 days of accelerated aging are just slightly 
different with small shifts of amorphous bumps to various 
directions.  

The XRD patterns of all compositions of red iron paints 
were without any big differences after aging. The main 
crystalline phase of the red ochre paint is  
Fe2O3 (PDF 00-033-0664), but additional crystalline 
Al2Si2O5(OH)4 phase (at 2 = 12.33°, 20.98°, 68.29°) and 
an impurity of SiO2 phase (at 2 = 26.60°, 36.37°, 37.68°, 
45.68°, 59.84°) are also present in the paint. The XRD 
patterns of all compositions of red bolus paints were also 
almost identical before and after aging. Additionally, the 
paints of red bolus contain three Fe2O3, SiO2, and 
Al2Si2O5(OH)4 crystalline phases. The XRD patterns 
recorded for the hematite paint with and parchment glue 
before and after aging were almost identical. However, the 
phase compositions of hematite with fish glue and gum 
Arabic were slightly different after artificial aging (see 
Fig. 3). As seen, the paints of hematite also contain 
diffraction peaks attributable to the impurity SiO2 phase (at 
2 = 30.74°). Moreover, the diffraction peak at around 
2  23.5° visible in the XRD pattern of hematite paint with 
fish glue is not detectable already after artificial aging. This 
peak probably originates from fish glue. Also, small 
diffraction line located at about 2  34.5° in the XRD 

pattern of hematite paint with fish glue is not visible 
anymore after aging. 

  
Fig. 3. XRD patterns of hematite paint with fish glue (left) and 

with gum Arabic (right) before (middle) and after 
accelerated aging (top) for 35 days. The standard XRD 
pattern of Fe2O3 is presented as vertical lines at the bottom 

Small changes in the XRD patterns upon aging could be 
determined in the range of 2  44 – 46° for the hematite and 
gum Arabic system.  

3.5. Thermal analysis 
Thermal analysis is suitable for the investigation of 

stability of biological macromolecules presented gum 
Arabic, fish and parchment glue (polysaccharide and 
collagen). It was reported, that this method is useful to 
detect the changes in the biomaterials, such as protein 
denaturing and aggregation, and degradation during thermal 
treatment [33]. Fig. 4 shows the TG/DTG/DSC curves of 
binding media affected by artificial aging for 35 days. 

Thermal behaviour of parchment and fish glues is very 
similar and proceeds via three main decomposition steps. 
The total mass loss of 100  was determined for both 
specimens, however, the full combustion of the fish glue 
reaches at about 680 °C and the full decomposition of 
parchment glue could be achieved at lower temperature 
(  630 °C). The initial mass loss of these glues (up to 
200 °C) is associated with broad endotherms and could be 
attributed to the evaporation of moisture, so-called 
structurally bound water and decomposition of hydroxyl 
groups present in the collagen molecule. The main 
exothermic decomposition proceeds in two steps very 
similarly for both samples [17, 18, 34 – 38]. Multistep 
decomposition with several mass losses could be 
determined from the TG curve of the gum Arabic. The first 
mass loss ( 9 %) observed in the temperature range of 
30 – 250 °C is due to the loss of adsorbed and structural 
water of gums. The next mass losses of about 89 % at the 
temperatures 250 – 450 °C, 450 – 480 °C, 480 – 560 °C, 
560 – 660 °C is related to the decomposition of 
polysaccharide and could be also associated with thermal 
decomposition of intermediate residues formed in 
carboxymethylated samples with inorganic compounds [18, 
39 – 41]. As seen, the total mass loss for gum Arabic aged 
for 35 days is about 98 %. 
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Fig. 4. TG/DTG/DSC curves of binding media affected by 

artificial aging for 35 days: parchment glue (top) and gum 
Arabic (bottom). 

The TG/DTG/DSC curves of fabricated red ochre, red 
bolus and hematite paints with selected binding media are 
presented in Fig. 5.  

 

 

 

Fig. 5. TG/DTG/DSC curves of different red paints after artificial 
aging for 35 days: red ochre with parchment glue (top), red 
bolus with gum Arabic (middle) and hematite with fish glue 
(bottom) 

The main thermal events in these curves correlate very 
well with those determined for the individual binding media 
samples. The differences observed in thermal analysis 
curves for different paints are mainly caused by the presence 
of different impurities. The red ochre and bolus pigments 
contain Al2Si2O5(OH)4 as impurity phase which 
decomposes monotonically by heating the sample up to 
700 – 800 °C. Moreover, according to FTIR results the 
hematite contains also calcium carbonate which 
decomposes between 600 and 700 °C [18]. The determined 
total mass loss varied in the range of 13 – 26 % depending 
on the composition of red paints. 

4. CONCLUSIONS 
In this study the red iron paints used in ancient 

manuscripts were fabricated by combining three different 
iron pigments (red ochre (Fe2O3), red bolus 
(Fe2O3

.
xSiO2

.
yAl2O3) and hematite (Fe2O3)) with three 

binding media (gum Arabic, fish glue and parchment glue). 
The obtained model red iron paints before and after 
accelerating aging for 35 days have been investigated. 
Visually, the paints fabricated using red ochre exhibit deep 
red colour independent on the used binding media. 
However, the paints produced from red bolus and parchment 
or fish glue have slightly yellowish tint. Red-brownish 
colour was observed for the paints prepared using hematite 
pigment. It was determined that the colours the paints have 
changed slightly after artificial aging. The composition of 
red bolus and gum Arabic had least changes during 
accelerated aging of paints. According to the SEM 
micrographs, the surface morphology of red paints has 
changed significantly after 35 days of accelerated aging 
depending on the nature of red pigment. In most of the cases 
the decreasing of particle size of paints was observed during 
the artificial aging. According to the FTIR spectroscopy 
results, the artificial aging had no any deleterious effect on 
the fabricated red paints. Thus, the characterization of 
historical red paints by FTIR spectroscopy along with XRD 
analysis data would serve valuable information on the initial 
composition of samples. The thermal analysis of red paints 
before and after accelerating aging showed that the most 
thermal events observed in the TG/DTG/DSC curves are 
related with changes of chemical composition of binding 
media. In conclusion, it should be emphasized that the most 
effective identification of historical paints could be done 
using combination of several characterization methods, 
including FTIR spectroscopy, X-ray diffraction, SEM/EDX, 
thermal analyses and specific characterization of colour. 
Finally, these analytical data can be successfully used to 
identify iron pigments and corresponding red paints in the 
ancient manuscripts.  
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