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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. 
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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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