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ABSTRACT 

 
This work reports the analysis of the elemental composition of paper employed in books from XVIII and XIX 

centuries and also the characterization of pigments used to decorate its edges by means of Energy Dispersive X-

Ray Fluorescence (EDXRF). The measurements were carried out with a portable system developed at the 

Nuclear Instrumentation Laboratory (PEN/COPPE/UFRJ), consisting of an Oxford TF3005 X-ray tube (with W 

anode) and a Si-PIN XR-100CR detector from Amptek. The angle between the X-ray tube and the detector 

window is 60°, the source-sample and the detector-sample distances are 4 cm. Several spectra were obtained, 

working at 25 kV and 100 µA, with an acquisition time of 300 seconds and a beam collimation of 2 mm. The 

results identified the elemental composition of the paper used in the books and the use of the following pigments 

to decorate its edges: chromium yellow (PbCrO4), barium yellow (BaCrO4), chromium oxide (Cr2O3) or viridian 

(Cr2O3.H2O), vermilion (HgS) and Prussian blue (Fe4[Fe(CN)6]3.14-16H2O). These results revealed the presence 

of highly toxic elements/compounds - like lead, mercury and chromates - which were used in the manufacture of 

ancient pigments. This fact evidences that restorers, conservators and researchers who work directly with these 

kind of compounds need to take adequate safety measures and use personal protective equipments. 

 

 

 

1. INTRODUCTION 

 

The elemental composition of paper provides information related to its provenance, 

production technology and historical period. These data can assist in the authentication, 

restoration and conservation of historical documents, manuscripts and books. The differences 

in the elemental composition - presence or absence of an specific chemical element, showing 

low or high concentrations - allow to differentiate papers of distinct periods. The ink used in 

a document and the pigments used in engravings, illustrations and maps can also provide the 

same kind of information. This work reports the analysis of the elemental composition of 

paper employed in books from XVIII and XIX centuries - belonging to the library of the 

Saint Anthony Convent (Recife, PE) - and also the characterization of pigments used to 

decorate its edges by means of Energy Dispersive X-Ray Fluorescence (EDXRF). Figure 1 

shows a book during the analysis. 
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X-ray fluorescence (XRF) is the most used analytical technique in archaeometry, in order to 

investigate the composition of pigments (in manuscripts, paintings, ceramics, and other 

artifacts), metal alloys, coins, and statuary. It is a nondestructive technique that enables 

qualitative and quantitative multielemental analysis with good precision and accuracy. The 

latest developments in X-ray tubes and detectors have enabled the introduction of small and 

portable equipments, which can be used for in situ analysis of cultural objects in museums 

and galleries [1-6]. 

 

The analytical identification of a pigment by means of XRF involves its color and 

composition. Since the chronology of pigments use is well-known, is possible to determine 

the provenance, historical period and, consequently, the authenticity of an artifact [2, 7]. 

Organic pigments, or pigments composed only by light elements, cannot be directly detected 

by XRF. However, their presence may, in some cases, be implied by the absence of certain 

characteristic elements associated with the color under investigation. For blue colors, an 

absence of copper would exclude azurite, verditer blue, etc.; an absence of cobalt would 

exclude cobalt blue, cerulean blue, smalt, etc.; and an absence of iron would exclude Prussian 

blue, for example [8]. 

 

 

 

 
 

 

Figure 1. One of the analyzed books and the EDXRF portable system.  

 

 

 

2. EXPERIMENTAL 

  

The EDXRF analyses were carried out with a portable system developed in the Nuclear 

Instrumentation Laboratory, consisting of an Oxford TF3005 X-ray tube and a Si-PIN XR-

100CR detector from Amptek (with 6 mm
2
 active area and a 25 μm Be window). The X-ray 

tube presents a tungsten (W) anode, a 127 μm Be window and maximum operating current 

and voltage of 0.5 mA and 30 kV, respectively. The angle between the X-ray tube and the 

detector window is 60◦, the source-sample and the detector-sample distances are 4 cm. A 

metallic device (Fig. 2(a)) was developed in order to indicate the exact point of analysis and 
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to maintain the same distance between the system and the sample for all sampling points, 

ensuring the reproducibility of the measurements. Another device (Fig. 2(b)) makes possible 

a fine adjustment of the system: approaching or moving away with regard to the sample. The 

use of external collimators (Fig. 2(c)) of aluminum allows analyses near the frames of 

paintings, in concave or convex areas, in statues and vessels, etc. Furthermore, the system is 

connected to a tripod (Fig. 2(d)), whichmakes it possible to reach higher regions during the 

analysis of paintings and statues. The tripod is light to carry and can be easily disassembled 

for transport. In each book were analyzed the paper and the pigments used in the colored 

edges, working at 25 kV and 100 µA, with an acquisition time of 300 seconds and a beam 

collimation of 2 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The The EDXRF portable system: (a) device that indicates the exact 

point of analysis; (b) fine adjustment of the system position; (c) aluminum 

external collimators; (d) tripod. 

 

 

 

3. RESULTS AND DISCUSSION 

 

The pigments used to decorate the edges of the books were identified based on its key 

elements (detected by EDXRF) and characteristic color of the analyzed regions. Table 1 

shows the pigments, key elements, color, chemical composition and period of use. The 

element tungsten (W) presented in the spectra is due to the X-ray tube anode.  

 

In a book from XVIII century, exhibiting blue color in the edges, the paper analysis presented 

the elements Ca and Fe in the XRF spectra. During papermaking process, cellulose fiber can 

rapidly accumulates metals dissolved in water, therefore, the presence of Fe can be related to 

the water contamination with this element and also to the stampers head, which was shod 

with iron. Calcium compounds - such as lime or chalk - are known to have been used in 

D 

A 

C 
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papermaking since ancient times. Lime was added to the stamper pits in order to help swell 

the cellulose and expedite fiber shortening and fibrillation during stamping. Ground chalk 

was added in small amounts as a whitener to counteract the yellowing effects of retting or 

iron in the water. Limed skins and other animal parts, such as bones, used to make gelatin 

size may have been another source. Finally, at least a portion of the calcium compounds 

entered the paper via the water supply. Calcium and magnesium carbonate can appear as 

sources of hardness in ground and surface water [9]. The spectra of the blue edge revealed the 

same elements, although the iron intensities have been considerably higher than in the paper. 

In this case, the pigment used was Prussian blue (Fe4[Fe(CN)6]3.14-16H2O). This pigment 

was the first modern artificially manufactured color, discovered accidentally in 1704 by 

Diesbach, in Germany, when he was trying to produce red lake pigments using potash and 

alkali as substrate. When using a batch contaminated with animal oil, he accidentally made a 

purple and then a blue pigment. The pigment was available to artists in 1724 and it has been 

extremely popular since its discovery [10, 11]. Figure 3 shows the analyzed book and a 

characteristic XRF spectrum of the blue colored edge. 

 

 

 

 
 

 

 
 

Figure 3. XVIII century book and a characteristic XRF spectrum of the blue pigment 

used to decorate the edges. 
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In a book from XIX century, exhibiting yellow color in the edges, the paper analysis 

presented: K, Ca and Fe. The presence of calcium and iron in the spectra was previously 

discussed. On the other hand, K was mostly added in papermaking as alum, a sizing agent, 

and also as muscovite, a mineral filler [12]. The spectra of the yellow edge presented the 

following elements: K, Ca, Cr, Fe and Pb. The elements Cr and Pb characterized the use of 

chromium yellow pigment (PbCrO4). Chromium was discovered in XVIII century as a deep 

orange mineral called crocoite, a natural form of lead chromate. It was analyzed, in 1797, by 

the French chemist Nicolas Vauquelin, whose identified the new element chromium as the 

source of the color. He studied the Cr compounds and concluded that was possible to obtain 

bright yellow and rich orange versions of lead chromate. The chromium colors did not 

become widespread, however, until the discovery of chromium-containing mineral deposits 

in France, USA and Great Britain. The preparation of chromates of lead, specifically chrome 

yellow, was published by Vauquelin in the Annales de Chimie IXX in 1809. Afterwards, this 

pigment was replaced by cadmium yellow [10]. 

 

 

 

 

 
 

 

 
 

Figure 4. XIX century book and a characteristic XRF spectrum of the yellow pigment 

used to decorate the edges. 
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In a book from XIX century, exhibiting yellow-greenish color in the edges, the spectra 

obtained for paper analysis presented Ca and Fe. The spectra of the edge presented the 

following elements: Ca, Ba, Cr, Fe and Pb. This distinct color hue was probably obtained by 

a mixture of yellow and green pigments: barium and chromium yellow, in the first, case and 

viridian or chromium oxide, in the second. Three more yellow colors were developed from 

chromium - all of them sold under the name lemon yellow - and introduced to the artists' 

palette around 1830: strontium yellow, zinc yellow and barium yellow. Barium yellow 

(BaCrO4) was made by mixing solutions of barium chloride with neutral potassium chromate. 

Chromium oxide green (Cr2O3) was first produced in 1809 and was used on a limited basis 

until 1820, when a substantial source of chromium ore was found in North America and a 

large scale production began. Viridian green (Cr2O3.2H2O) was discovered as a pigment in 

1838 and the process of its manufacturing was patented by Guignet in 1859. The name 

viridian comes from Latin viridis (green) [13]. 

 

 

 

 

 
 

 

 

 
 

Figure 5. XIX century book and a characteristic XRF spectrum of the yellow-greenish 

pigment used to decorate the edges. 
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In a book from XIX century, exhibiting deep red color in the edges, the paper analysis 

presented: K, Ca and Fe. The spectra of the edge presented the following elements: K, Ca, Fe 

and Hg. The pigment used in this case was vermilion (HgS), developed by the Chinese 

around 2000 years before the Romans used it. This pigment was made by crushing, washing 

and heating the mineral cinnabar to give a strong red powder. Alternatively, it was made by 

mixing mercury and molten sulphur with heating. In the Roman age, cinnabar was mined at 

Almaden, Spain. It was extensively used in wall decorations, statues and also by gladiators 

(as body paint) and Roman ladies (as lipstick) [10].  

 

 

 

 
 

 

 

 
 

Figure 6. XIX century book and a characteristic XRF spectrum of the red pigment used 

to decorate the edges. 

 

 

 

These results revealed the presence of highly toxic elements/compounds - like lead, mercury 

and chromates - which were used in the manufacture of ancient pigments. Occupational 

exposure to Cr(VI) compounds - as lead chromate (chromium yellow) and barium chromate 

(barium yellow) - has been associated with increased risk of respiratory system cancers. 
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showed a statistically significant association between worker exposure to Cr(VI) and lung 

cancer [14, 15]. Lead poisoning, known as saturnism, has been present throughout the history 

of mankind. In addition to possible ingestion from contaminated food, one of the most 

important ways in which poisoning caused morbid processes was by occupational exposure. 

In the case of artists, and since the Renaissance period, this toxicity has been called painter's 

colic or painter's madness. The latter term is partly due to the mental disorders displayed by 

some of the great masters, including Michelangelo and Caravaggio, although it was long 

recognized that even house and industrial painters were prone to the disorder [16]. Toxic 

effects of mercury include damage to the brain, kidneys and lungs. Mercury poisoning can 

result in several diseases, including acrodynia, Hunter-Russell syndrome and Minamata 

disease. Symptoms typically include sensory impairment (vision, hearing, speech), disturbed 

sensation and a lack of coordination. The type and degree of symptoms exhibited depend 

upon the individual dose, method and duration of exposure. Since these toxic elements can be 

absorbed by skin, inhalation or accidental ingestion, restorers, conservators and researchers 

who work directly with these kind of compounds - in pigments, paintings, books, etc. - need 

to take adequate safety measures and use personal protective equipments (PPE) such as 

gloves, masks and gowns. 

 

 

 

Table 1. Possible pigments identified by XRF, key elements, color, composition and 

period of use. 

 

PIGMENTS ELEMENTS COLOR COMPOSITION PERIOD OF USE 

Chromium yellow Pb, Cr Yellow PbCrO4  1809/Still in use 

Barium yellow Ba, Cr Yellow BaCrO4 1830/Still in use 

Vermilion Hg Red HgS Antiquity/XIX century 

Chromium oxide Cr Green Cr2O3 1820/Still in use 

Viridian Cr Green Cr2O3.2H2O  1838/Still in use 

Prussian blue Fe Blue 
Fe4[Fe(CN)6]3.14-

16H2O 
1704/Still in use 

 

 

 

 

4. CONCLUSIONS  

 

The results identified the elemental composition of the paper used in books, from XVIII and 

XIX centuries, and the use of the following pigments to decorate its edges: chromium yellow, 

barium yellow, chromium oxide or viridian, vermilion and Prussian blue. These results 

revealed the presence of highly toxic elements/compounds - like lead, mercury and chromates 

- which were used in the manufacture of ancient pigments. This fact evidences that restorers, 

conservators and researchers who work directly with these kind of compounds need to take 

adequate safety measures and use personal protective equipments. 
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