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Egg-tempera painting was a pictorial technique widespread in the Middle Ages. In this work, Sienna earth and
yolk have been used to formulate tempera paints according to historical recipes. Micro- and macroscopic
properties were investigated to understand the interactions between the pigment and the binder. The pigment,
inorganic part of the paint, was characterized by X-Ray Diffraction (XRD), thermal analysis (TG-DTA), Fourier
Transform Infrared (FT-IR) Spectroscopy, granulometry, as well as Scanning Electron Microscopy (SEM). Then
lecithin adsorption onto pigment particles was probed to understand yolk interaction with Sienna earth, pure

kaolinite and goethite particles. NMR-Relaxometry was used to investigate the behavior and accessibility of the
mineral surfaces to yolk and water. Macroscopic rheological properties of the paint systems were finally

investigated.

1. Introduction

Until the end of the 15th century, the predominant painting tech-
nique was tempera, i.e. a mixture of a colored pigment with an aqueous
binder. In Western Europe, between the 13th and 15th centuries, the
most commonly used aqueous binder was egg yolk and many artists
therefore painted with an egg-tempera technique. Some tempera binder
recipes are reported in medieval manuscripts. For instance, in the
famous manuscript “Libro Del Arte”, the apprentice painter Cennino
Cennini (1390-1437) described the mixing of egg yolk and pigments,
and mentioned that such a mixture could be used to paint a wide range
of materials: walls, panels, or iron among others (Cennini and Broecke,
2015). Numerous pigments both synthetic and natural were employed
by artists at that time. Among them, as mentioned in several medieval
manuscripts (Mayer and Sheehan, 1991; Merrifield, 1999; Clarke, 2011;
Cennini and Broecke, 2015), natural earths and ochres were particularly
popular, as they were used to form the base of the first paint layers of
flesh tones. Sienna earth is a typical example of this family of pigments.

Most of these pigments are complex mineral mixtures. Sienna earth
mainly contains goethite, various clay minerals (kaolinite, smectite,
illite....), and additional accessory minerals, the nature of which de-
pends on the geological setting (Helwig, 1998; Grygar et al., 2003;
Hradil et al., 2003).

Identification techniques classically used on tempera artworks and
mock-ups do not provide any information about the interactions be-
tween pigments and binders, even though these interactions are of prime
importance since they govern the final properties of the paints. Still,
some spectroscopic analyses have been carried out in mock-ups after
drying (Meilunas et al., 1990; Mazzeo et al., 2008; Navas et al., 2010;
Romero-Pastor et al., 2011; Manea et al., 2012). In the case of egg-
tempera paint with Sienna, some interactions between the pigments
and egg yolk could be evidenced from the spectral evolution of the
aliphatic and aromatic C—H regions of aromatic amino acids (Romero-
Pastor et al., 2011). Fanost and coworkers studied green earth tempera
paints (Fanost, 2019; Fanost et al., 2022) and showed that the combi-
nation of NMR-relaxometry and rheology measurements on fresh paints
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provides fruitful information on the binder-pigment network that con-
trols to a large extent the rheological properties of paints and conse-
quently the way they flow and spread on canvases (Salvant Plisson et al.,
2014) which often explains why painters chose specific formulations.

The present paper deals with egg-tempera painting with Sienna earth
as pigment. After characterizing in details the structural and morpho-
logical properties of Sienna by various techniques (XRD, FTIR, Laser
diffraction, Gas adsorption, Thermo Gravimetric Analysis, Scanning
Electron Microscopy), we focused on the interactions between the
pigment and the binder, analyzing the adsorption of lecithin, one of the
main components of egg yolk, on the pigments and probing interfaces
between binder and pigment with NMR relaxometry. Sienna earth being
a complex natural system, we also investigated the possibility to use a
mixture of pure minerals as a synthetic Sienna. The rheological prop-
erties of natural Sienna tempera paint were then compared to the ones of
tempera paints based on the reconstituted Sienna as well as its indi-
vidual components. Model systems are often employed in physico-
chemical studies but, to the best of our knowledge, it is the first use of a
model pigment in the cultural heritage field.

2. Materials and methods
2.1. Materials

Italian raw Sienna (#40400) and synthetic goethite (#48000, purity
>99.4%) were supplied by Kremer Pigmente (Germany). Clay minerals
kaolinite (KGa-1b, purity kaolin 95-100%, quartz 1-2%) and montmo-
rillonite (Texas STx-1, purity montmorillonite 95-100%, quartz 1-5%)
were purchased from The Clay Minerals Society (USA). Calcite (purity
>99%) was obtained from Sigma-Aldrich.

Reconstituted Sienna is the mix of the pure minerals with pro-
portions by weight of 37% kaolinite, 27% goethite, 14% montmoril-
lonite and 22% calcite.

Fresh organic hen eggs were purchased from a local store.

Soybean L-a-Lecithin (CAS 8002-43-5 — Calbiochem®) was obtained
from Sigma-Aldrich and was solubilized in ethanol denatured >96%
(CAS 64-17-5, GPR RECTAPUR®) from VWR BDH Chemicals. The
headgroup area of lecithin (a0 = 0.58 nm?) was determined with Avo-
gadro software (Version 1.2.0) using Universal Force Field (UFF) and is
consistent with literature values (Brouillette et al., 1982; Israelachvili,
2011).

2.2. Sample preparation

2.2.1. Adsorption isotherms

As lecithin is not soluble in water, it was solubilized into ethanol. 20
mL of lecithin/ethanol solutions (at concentrations in the range 2-100
mM for Sienna and kaolinite and 2-350 mM for goethite) were added to
300 mg of powder in closed flasks and stirred for 24 h. Dispersions were
then centrifuged at 4000g during 15 min. Solid substrates were analyzed
by thermogravimetric analysis coupled with differential thermal anal-
ysis (TG-DTA) to determine the charge Q (mass of lecithin adsorbed per
gram of powder). For Sienna and goethite isotherms, lecithin charge was
not directly measurable by TGA analysis because lecithin decomposition
and goethite to hematite transition occur in the same temperature range
(Fig. 2 and Fig. S2). We estimated the loss of weight due to iron oxides
transformation and the remaining loss of weight was assigned to lecithin
decomposition.

2.2.2. Paint reconstruction protocol

Paints were formulated after selecting recipes from medieval man-
uscripts and more recent manuals (Laurie, 1926; Thompson and York,
1962; De L’escalopier, 1977; Mayer and Sheehan, 1991; Merrifield,
1999; Clarke, 2011; Cennini and Broecke, 2015) and further discussion
with restorers. A simplified preparation protocol was elaborated to be
applicable and reproducible in the laboratory. Pure yolk was obtained
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by rolling the yolk from one hand to another to remove the white, and by
piercing the yolk to eliminate the membrane (Mayer and Sheehan,
1991). In order to improve reproducibility, 3 fresh organic hen egg yolks
from the same box were mixed. Tempera binder was prepared by mixing
egg yolk (75 wt%) with ultra-pure water (25 wt%).

For rheology measurements, tempera paints were prepared as fol-
lows: 3 g of pigment were manually ground into 2 g of ultra-pure water
during 2 min with a glass muller. Then 4 g of tempera binder were added
to the pigment paste and mixed again with the glass muller during 4 min.
In the end, paint systems correspond to /5 pigment, '/; water and /5 egg
yolk.

For relaxometry measurements, */; of pigment was dispersed in
water or in tempera binder and ground with a glass muller.

2.3. Analytical techniques

2.3.1. X-ray diffraction (XRD) and Rietveld refinement

XRD patterns were collected on natural Sienna using a Bruker D8
diffractometer equipped with Co radiation (A = 1.78897 A) operated at
40 kV and 40 mA. Intensities were measured with a Vortex 60EX silicon
drift detector (Hitachi High-Tech America) for 8 s per 0.026° 26 step
over the 5-90° 260 Co Ka angular range. Divergence slit, the two Soller
slits, the antiscatter, and resolution slits were fixed at 0.3°, 2.3°, 0.3°,
and 0.2°, respectively. Quantitative phase analysis was performed from
the Rietveld refinement of XRD data using the Profex software (Doebelin
and Kleeberg, 2015). Quantification of the sample amorphous content
was also performed from the Rietveld refinement of XRD data after
addition of an internal standard (~20 wt% of corundum — a-Al,O3) to
the sample and careful mixing and homogenization.

2.3.2. Scanning electron microscopy (SEM)

Analyses were carried out with a FEI Nova NanoSEM 450 microscope
equipped with a FEG source and an immersion lens. Secondary electron
imaging was performed with a through-the-lens detector (TLD) between
2 and 5 kV.

2.3.3. Laser diffraction particle size analyzer

Size measurements were performed with a Mastersizer 3000 laser
diffraction particle size analyzer with Hydro EV accessory (Malvern
Panalytical). Powders were dispersed in water. 3 measurements were
made per sample and the values are reported as volume and number
distributions.

2.3.4. Gas adsorption

N, adsorption-desorption isotherms of natural Sienna and goethite
were carried out at 77 K on a Micromeritics ASAP 2010 gas analyzer.
Prior to the analysis, the samples were outgassed under vacuum at
200 °C for 6 h. Specific surface areas were determined using the BET
model.

2.3.5. Thermogravimetric analysis (TGA)

Thermal analyses were performed with a SDT-Q600 (TA In-
struments). Approximatively 20 mg of powder were placed in an
alumina crucible and a temperature ramp of 5 °C/min was applied from
25 to 1000 °C. Measurements were conducted with an air flow of 75 mL/
min.

2.3.6. NMR-relaxometry

Measurements of the water 'H longitudinal relaxation rates R; = 1/
T; were performed using a SpinMaster Field Cycling relaxometer (Ste-
lar) in the 0.01-30 MHz frequency range. From 10 kHz to 10 MHz a pre-
polarized sequence was used whereas a non-polarized sequence was
employed between 10 MHz and 30 MHz (Anoardo et al., 2001). The
magnetization curves, built with 16-time increments, exhibit a mono-
exponential dependency. Samples were conditioned in glass tubes (10
mm external diameter, 38 mm length) closed by a silicon cap (Fanost
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et al., 2020). 30 wt% suspensions of mineral were prepared by grinding
the powder in a water with a glass muller. For calcite suspension, which
is not very stable, measurements were taken point by point and samples
were shaken between each measurement. The sample almost completely
filled the tube to prevent evaporation during the experiments. Samples
were thermostated at 298 K using regulated air flux.

2.3.7. FT-IR spectroscopy

Fourier-transform infrared (FT-IR) spectra were acquired on a Bruker
Tensor 27 spectrometer. Transmission measurements were performed
using KBr (CAS 7758-02-3 — Uvasol®, for IR spectroscopy, Merck, Ger-
many) transparent pellets that were obtained by applying a weight of 10
tons on mixtures of about 2 mg of powder and 100 mg of anhydrous KBr
previously crushed and homogenized in an agate mortar. A 32-scan
average spectrum was recorded from 4000 to 400 cm ™! with a resolu-
tion of 4 cm™!. Baseline subtraction and peak indexation were per-
formed using OriginPro 9.0 software.

2.3.8. Rheology

Rheological measurements were carried out using a Thermo Scien-
tific HAAKE MARS 40 rheometer. A sandblasted titanium 35 mm-
diameter and 2°-angle cone/plate geometry was used. Tests were per-
formed at 25 °C using a plastic hood to avoid drying of the paint during
the measurements. All tests were carried out at least twice on the same
paint and on the same day. Error bars were computed as the standard
deviation of these measurements.

Flow measurements were performed by increasing and decreasing
the shear rate between 7 = 0.01 and 1000 s~'. Because back and forth
measurements were almost superimposed (i.e. thixotropic effects are
negligible), only the downward ramp is plotted in the following;
exception for kaolinite where the upward ramp is shown because the
low viscosity of the suspension caused sedimentation during the
measurement.

Strain sweep measurements were performed at increasing stresses
from 7z = 0.01 to 100 Pa at a constant oscillatory frequency of 1 Hz.

Frequency sweep measurements were carried out at constant stress ¢
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=0.1 Pa (value chosen in the linear viscoelastic regime) with decreasing
frequency from 100 to 0.1 Hz.

3. Results and discussion
3.1. Natural Sienna characterization and reconstruction

The X-ray diffraction pattern of natural Sienna (Fig. 1) reveals the
presence of numerous mineral phases, the relative proportions of which
were deduced from a Rietveld refinement of XRD data (Table 1).

Natural Sienna is mainly composed of clay minerals (~33% kaolinite
and ~12% smectite) and iron oxide (~24% goethite). A significant
amount of calcite (~13%) is also present in the pigment. The systematic
presence of broad and sharp lines corresponding to goethite (Fig. S1)
indicated the coexistence of two goethite populations in natural Sienna.
Positions of sharp lines are typical of ideal goethite whereas broad lines
are systematically shifted towards higher angle (Fig. S1) most likely
owing to common Al-for-Fe substitutions in goethite (Schulze, 1984;
Schwertmann and Cornell, 2000). The associated decrease of volume
unit cell (from 0.1387 nm?® in ideal goethite to 0.1366 nm?® in Al-
substituted goethite) indicates the presence of 10-15 mol% Al in the
prevailing (~75% of the total goethite content in natural Sienna) Al-
substituted goethite (Schwertmann and Carlson, 1994). Peak

Table 1
Quantitative phase analysis of natural Sienna
determined by Rietveld refinement.

Minerals %wt
Kaolinite 32.7(5)
Goethite 23.5(4)
Calcite 12.9(2)
Smectite 12.1(5)
Anatase 2.7(1)
Quartz 1.6(1)
Gypsum 0.7(1)
Amorphous 13.8(11)
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Fig. 1. Rietveld refinement results (experimental pattern in black, calculated pattern in red, difference in grey) of natural Sienna. Rp = 7.77%, Rwp = 10.12%, Rexp
= 8.41%, GoF = 1.20. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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broadening associated to Al-for-Fe substitution in goethite indicates a
decrease of the average coherent scattering domain size from ~80 nm to
~15 nm.

The IR spectrum of natural Sienna is presented in Fig. 2a. Vibration
bands corresponding to kaolinite, goethite and calcite can be identified
in this spectrum. The presence of kaolinite is evidenced by the Si—O
stretching band at 1034 cm™! and the Si-O-Al band at 1011 cm™L. The
two OH stretching bands at 3695 and 3620 cm™! that correspond to
structural hydroxyls can also be linked to the presence of kaolinite.
Bands corresponding to goethite are also observed particularly in the
low wavenumber region where signals at 538, 469 and 430 cm
correspond to Fe—O, in addition of those at 3423 and 3238 cm !
assigned to the hydroxyl groups. However, the latter bands could also be
related to the presence of smectite. Finally, the presence of calcite in the
sample is evidenced by the occurrence of the carbonate stretching vi-
bration band at 1425 cm ™~ (Helwig, 1998; Bikiaris et al., 2000; Genestar
and Pons, 2005; Manasse and Mellini, 2006).

The TG-DTA curve of natural Sienna (Fig. 2b) displays various
weight losses. The features below 150 °C can be assigned to the out-
gassing of physisorbed water. The event around 285 °C corresponds to
the goethite/hematite transition (Manasse and Mellini, 2006). In
quantitative terms, this event corresponds to a weight loss of 2.5% of the
initial mass. The weight loss for pure goethite would correspond to 10%,
leading to an estimation of 25% of goethite in natural Sienna, a value
extremely close to the one deduced from the Rietveld refinement. The
weight losses around 465 °C and 675 °C can be assigned to respectively
kaolinite dehydroxylation and calcite decomposition (Genestar Julia
and Pons Bonafé, 2004). There again the quantitative results are
consistent with mineral proportions deduced from the Rietveld analysis.

The particle size distribution of Sienna was determined by laser
diffraction (Fig. 3). The volume distribution (dashed line) exhibits a
wide range of sizes and is centered around 25 pm. However, such a
representation of the results tends to favor the larger particles and it is
relevant to plot the number distribution (solid line). This shows that
most particles in Sienna are submicronic in size with a distribution
centered around 1 pm. It must be recalled however that laser diffraction
results assume the presence of spherical objects, which is obviously not
the case here as shown by SEM images (Fig. 4). The sizes determined
should then be considered as indicative rather than a precise value.

Scanning Electron Microscopy (SEM) micrographs of natural Sienna
(Fig. 4) reveal two main crystal morphologies. Indeed, platy particles
and needle-like ones can be observed. EDX analyses (not shown) reveal
that the platy particles contain mainly silicon, aluminum and/or cal-
cium whereas the needle-like ones are iron-rich. It then appears that the
platelets can be assigned to clay minerals and the needles to goethite. In
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Fig. 3. Size distribution in volume and in number of Sienna particles in water.

terms of size, the goethite particles are about 1 pm long and 0.1 pm wide
whereas the platelets have a diameter (d) of about 100 nm and a
thickness (e) of about 20 nm, i.e. an aspect ratio d/e of 0.2. Literature
reports that natural Sienna can contain low amounts of manganese
oxide, giving it a brownish hue (Hradil et al., 2003), and that arsenic is
sometimes present in Sienna samples (Manasse and Mellini, 2006).
These two elements were not observed in the Sienna used in the present
study.

The specific surface area (SSA) of natural Sienna determined by gas
adsorption is 45.8 m2.g™1, a large value that appears consistent with the
submicron size of most particles deduced from SEM images and laser
diffraction results.

Sizes and morphological properties of pure goethite and pure
kaolinite later used as model systems in this study have also been
characterized. Size measurements of both minerals are compared to
those obtained for natural Sienna in Fig. 5. The range of sizes of both
goethite and kaolinite is similar to that of natural Sienna, most particles
being submicronic (Fig. 5 right).

SEM images of pure minerals goethite and kaolinite are presented on
Fig. 6. The shape and size of goethite particles are similar to those of the
needle-like grains observed in natural Sienna (about 1 pm x 0.1 pm),
whereas the pure kaolinite appears to be formed of slightly larger par-
ticles (about 1 pm in the layer plane for the largest) than those observed
in natural Sienna.

The specific surface area of pure goethite was measured as 14.7 m>.
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Fig. 2. (a) Transmission infrared spectrum of natural Sienna in the region 4000-400 cm L. (b) TG-DTA curves of Sienna.



F. Gerony et al.

Natural Sienna

Volume distribution (%)

Applied Clay Science 249 (2024) 107236

Fig. 4. SEM photos of natural Sienna.

o
1

—Natural Sienna
—FKaolinite

—Goethite

1000

6 ,I \\ —~~
[ S
' \ Pl ~
] \ K4 \
! . / % c
’
: s 4 \ il
 ; \ ’ \ —
H \ / \ =
4 T N \ o] 4
4 Il / SO “ = 10
1 g (U \ -
o LV \ L2
] § \
" ] AN 1 ©
E W I N A =
1 o ~ \ [0}
] ;s\ e 0
[ ] ’ \ ~——l o)
Do J \ PR [=
H [ / N 7 W N
2 ' / N NN =]
Do / N ’ v N
[ / y / Y =z
[ X / - |
[ N \
Y A 4 W
’ '~ W\
1 N, Ry \
[ O §
L, [ Y
i W \
e S,
P L N
— T — T Y T

Size Classes (um)

10 100
Size Classes (um)

Fig. 5. Size distribution in volume (left) and in number (right) of particles in Sienna (brown curve), pure kaolinite (green curve) and pure goethite (purple curve) in

water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Kaolinite

Fig. 6. SEM photos of pure goethite and pure kaolinite.

g~ ! and the SSA of pure kaolinite is reported by the supplier as 10.1 m?.
g1, whereas for STx-1 montmorillonite a SSA of 83.8 m2%g~! is

indicated.

At first sight, in terms of morphological features, pure kaolinite and
pure goethite thus appear as proper models for understanding the
properties of natural Sienna employed as pigment in tempera paint.

3.2. Adsorption of the binder on the pigment

In order to get more insight into the effect of binder in egg yolk-based
tempera paints, it seems relevant to examine the adsorption of binder
molecules onto pigment particles. Egg yolk is mainly composed of water
(around 50%), lipids (around 30%), and proteins (around 15%). The

remaining 5% correspond to carbohydrates, minerals, colored molecules

and vitamins (Phenix, 1997; Anton, 2007, 2013; Xiao et al., 2020). The
main phospholipid present in yolk, phosphatidylcholine, generally
referred to as lecithin accounts for 12% of dry matter of yolk (Phenix,
1997). We therefore chose in a first step to use lecithin and studied its
adsorption onto natural Sienna and some of its component minerals.

The isotherm adsorption of lecithin on natural Sienna (brown
squares in Fig. 7) exhibits a sharp increase at low equilibrium concen-
tration followed by a plateau at Qgjenna = 0.16 g/g for lecithin concen-
tration > 10 mmol/L. Such a shape is indicative of a high affinity of
lecithin towards Sienna earth. Looking at the individual components, it

appears that the isotherm corresponding to kaolinite displays a similar
shape with a plateau around Qgaolinite = 0.03 g/g (green triangles in
Fig. 7), whereas the isotherm for goethite exhibits a low adsorbed
amount at low equilibrium concentration followed by a steady increase
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Fig. 7. Adsorption isotherms of lecithin on natural Sienna (brown squares), on
goethite (purple circles) and on kaolinite (green triangles): evolution of the
adsorbed charge of lecithin Q in function of the equilibrium concentration of
lecithin Ceq. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

of the amount adsorbed. This latter result is rather surprising, as goethite
is known to have a strong affinity towards phosphate groups (Chitrakar
et al., 2006; Luengo et al., 2006; Zhong et al., 2007), even in natural
materials (Torrent, 1992). However, when looking at the structure of
lecithin, it appears that the phosphate groups in lecithin may not be
easily accessible since the phosphate is bound to a choline and a glycerol
moieties. Furthermore, lecithin is positively charged on the choline
group (Li et al., 2023), which could explain its low affinity for goethite
that has an isoelectric point around 7.0. Still, adsorption isotherms here
were carried out in ethanol and such reasoning may not fully apply.

All these results tend to show that lecithin adsorption on natural
Sienna is likely dominated by adsorption onto clay fractions. Such an
interpretation is reinforced by the fact that the specific surface area ratio
between pure kaolinite (~10 mz.g’l) and natural Sienna (/50 mz.g’l)
is very close to the adsorbed amount ratio of lecithin between the two
systems. Furthermore, the shape of the adsorption isotherm with a
plateau highlights saturation of the adsorbed lecithin charge. Consid-
ering a surface headgroup of the lecithin molecule of 0.58 nm?, the
saturation value corresponds to the charge of almost two layers of
lecithin molecules absorbed on Sienna and kaolinite. This would suggest
a bilayer adsorption, which has been reported in the literature for
intercalation between bentonite sheets (Li et al., 2023).”. Still, it is
rather difficult to obtain a full quantitative picture of lecithin adsorption
on natural Sienna considering that the surface areas of the various
components in the complex system is not known. Moreover, goethite in
natural Sienna is not equivalent to the pure goethite used in our study.
Indeed, detailed analysis of the diffractogram have shown that most of
the goethite present in natural Sienna earth was in fact microcrystalline
Al-substituted goethite (Fig. S1).

3.3. Solvent accessibility to mineral: NMR relaxometry

As presented above, Sienna earth is composed of several minerals,
whose precise chemical composition and proportions vary according to
their provenance. We thus decided to prepare a synthetic Sienna by
mixing pure minerals (goethite, kaolinite, montmorillonite and calcite)
in proportions similar to those determined from the Rietveld refinement
of natural Sienna (Table 1) and to compare their behavior as paints, as
well as those of the individual minerals. For montmorillonite, we chose
to use the STx-1 sample from the Clay Minerals Society as it is a classical
representative of a Ca%t exchanged montmorillonite. Amorphous phases
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were replaced by calcite.

An important feature to understand paint behavior is to assess the
proportion of pigment surfaces that are actually accessible to solvent
molecules, i.e. in this case mainly water and lipoprotein molecules. NMR
relaxometry is a perfectly suited tool for probing such phenomena as it
provides information on the multiscale dynamics of molecules (Kim-
mich, 1997; Korb, 2018). In particular, measuring the NMR relaxation
rate Ry = 1/T; of 'H at Larmor frequency spanning from 0.01 to 30 MHz,
provide insights into the dynamics of water and lipoproteins in the vi-
cinity of mineral surfaces, and into their interactions with surface atoms
(Cooper et al., 2013; Yuan et al., 2017; Fanost et al., 2021).

Fig. 8 shows the 'H NMR relaxation dispersion (NMRD) profiles of
tempera paints pigmented with the main mineral components of Sienna
(goethite, kaolinite, montmorillonite), and of both natural and recon-
stituted Sienna earths. The relaxation rate R; at each frequency is
determined by the fitting of the magnetization curves by exponential
decays. Here, two populations of protons have been identified, a fast
relaxation rate named Ry fasc and a slow one named R; gow. The profiles
of the fast population of the five minerals differ from each other. Peaks
are visible at 2-4 MHz corresponding to 'H—*N quadrupolar peaks
(Kimmich, 1977; Fanost et al., 2022) assessing the presence of poorly
mobile proteins. Conversely, R; slow curves are similar for all mineral
components. Quadrupolar peaks are also present assessing the presence
of more mobile proteins. Rj g, represent 70% of the signal relaxation
and R; gow the remaining 30% which is close to the proportions
respectively of water 'H and of lipoproteins H contained in the tempera
binder. Consequently, Rj st can be attributed to the relaxation rates of
water 'H in the vicinity of proteins and R gow to the lipoproteins H.

To go further in the understanding of the interactions between the
solvent and the pigment, NMRD profiles of aqueous dispersions of the
mineral components have been recorded without egg yolk (Fig. S5).
Similarly to Fanost et al. (2022), magnetization curves have mono-
exponential dependence. The shape of the NMRD profiles of aqueous
dispersions is very similar to the Rj gt curves (corresponding to in-
teractions with water 'H) in tempera dispersions. This is a strong
confirmation that R; ¢, corresponds to water in the vicinity of mineral
in the tempera paint. Again, the different suspensions display signifi-
cantly different NMRD profiles that seem to be mineral-specific, as re-
ported by Fanost et al. (2021) in the case of green earth pigments. The
curve corresponding to goethite is the one that exhibits the highest Ry
values over the whole frequency range. This is linked to the presence in
this sample of high amounts of paramagnetic species, mainly Fe(IIl). The
more Fe(III) is present in a mineral, the higher its R; value (Helm, 2006).
Furthermore, in the case of goethite, the magnetic moment of Fe(IIl) are
aligned yielding to a super magnetic moment with a strong magnetic
anisotropy (magnetic moment blocked on the structural axis of the
particle) (Mgrup et al., 1983; Dekkers, 1989; Bocquet et al., 1992). The
NMRD profile of goethite (Fig. 8 and Fig. S5) is characteristic of such
magnetic particles. Curves corresponding to clay minerals, i.e. kaolinite
and montmorillonite display a significantly different shape with a
smooth and steady decreases of R; with frequency. Furthermore, the
profile corresponding to montmorillonite is located at higher R; values
than that of kaolinite. Such a difference can be assigned to the difference
in surface area between those two phyllosilicates. Indeed, R; is sensitive
to the amount of surface accessible to water (the higher the surface, the
higher R;).

In multicomponent systems, the NMRD profiles of a suspension
formed with a mixture of minerals is equal to the sum of the NMRD
profiles of each component weighted by its proportion in the mixture
(Fanost et al., 2021). This is indeed the case for the profile of the
reconstituted Sienna up to 3 MHz. Comparing the latter with that of
natural Sienna, both profiles are almost superimposed at low fre-
quencies. This is even more evident considering the NMRD profiles in
tempera binder (Fig. 8). However, for frequencies higher than 3 MHz, a
marked difference in shape can be observed. Indeed, the R; curve cor-
responding to natural Sienna exhibit a slighter decrease of R; at high
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Fig. 8. Relaxation rates (R;) for tempera paints. Left: R g5 and right: Ry 0w, Obtained from biexponential fit of the magnetization decays.

frequency than reconstituted Sienna which shows a goethite-like shape.
Such a difference could be assigned to a non-accessibility of water to
goethite in the natural sample but, in view of the morphological features
described above, this appears rather unlikely. Another explanation
could be found in the crystal-chemistry of goethite revealed by X-ray
diffraction, most of which being Al-substituted. Such crystal chemistry
significantly decreases the amount of structural paramagnetic atoms,

which could explain the observed difference in profile shapes (Fig. 8 and
Fig. S5). In any case, this shows that defining proper model systems able
to reproduce natural samples requires a thorough mineralogical, crystal-
chemical, and morphological characterization of the natural samples as
subtle variations in crystal chemistry or texture may have a significant
impact on some properties.

10000 3
(a) : Egg yolk
- @5, + Natural Sienna
: "Fe + Reconstituted Sienna
1 *
— + Goethite
9 & *
- '0.: ‘e, * et + Kaolinite
. ] oy s, b
© LE TR 2" *s
o 109
[y 57 iifz";‘ .‘0
E }f§§§§c. “.':.‘Q ‘e
] MR T TN teaste, Cees
0,1 ] ”““"00. :’::,’QQQQ °
13 ."”00000."”":::::
0¢¢.§§§§§§§
0,01 SRS S SR LSS S S AP D
0,01 0,1 1 10 100 1000
v (o1
y (s7)
(b) (c)
1000 1000
100 o o8 s s ?
100 é?????@féf é é ; z Z ; ; :) ; e ; g o i
—_ P [ ]
© QQQOQQgg © QQQQQiggSOB?
o iﬁi i§ i% 428@5@9?% € 10855900
= 10 §¢ % o =
o CPINTETII N Ree b
o e )
140 s Egg yolk
T Jreraeens 0,1 o Natural Sienna
i » Reconstituted Sienna
0,1 T T LA i T T T T T TTE T L 1 0,01 T T T T T T T T T T T T T T L
0,1 1 10 100 0,1 1 10
Y (%) f (Hz)

Fig. 9. Rheological measurements of egg yolk and tempera paints with natural Sienna and reconstituted Sienna. For comparison with pure minerals, flow mea-
surements of paint preparations with goethite and kaolinite are plotted. Flow measurements (a), strain sweep (b) and frequency sweep (c). G’ in full circles and G" in

empty circles. Error bars for 2 measurements of the same paint.
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3.4. Formulation of tempera paints: effect of the mineral on rheological
properties of paints

Rheological properties give insights into the consistency and texture
of paints from low solicitation to high deformation, corresponding to the
flow under the painter’s brush. Tempera paints prepared with natural
Sienna are stable in time as no significant sedimentation is observed
during the time of use, which may be due to swelling clays present in
natural Sienna, such as montmorillonite.

Fig. 9a displays the flow curves of tempera prepared with kaolinite
and goethite, and those of both natural and reconstituted Siennas. The
flow curve of pure egg yolk is also plotted as a reference. Egg yolk ex-
hibits a low viscosity (= 1 Pa s) and a moderate shear thinning in
agreement with previous studies (Fanost, 2019). Kaolinite and goethite-
based tempera formulae both display a much more pronounced shear
thinning behavior. For the same mass fraction, and despite a lower
volume fraction, goethite suspension exhibits a viscosity much higher
than that of the kaolinite suspension. This difference may be due to the
differences in size and shape between both samples (Mueller et al., 2010;
Puisto et al., 2012), goethite being smaller and more anisotropic (Fig. 5
and Fig. 6). Tempera paints based on both natural and reconstituted
Siennas exhibit a flow behavior intermediate between those of their two
main components, i.e. kaolinite and goethite. Furthermore, the viscosity
of the natural sample is slightly higher than that of its reconstituted
counterpart, which can be due to the higher specific surface area of
natural Sienna that possibly allows for more interactions between the
pigment and the binder. It is worth pointing out the fact that shear
thinning is a required property for industrial paints, and can therefore be
a feature of interest for artists. Indeed, for low shear rates, a high vis-
cosity is needed to prevent settling and dripping after application, while
for shear rates between 100 and 1000 s, corresponding to the shear
rates exerted by a painter’s brush, the viscosity should be low enough to
allow easy flow and spreading (Larson et al., 2022). Dynamic oscillatory
measurements confirm a different behavior between pure binder and
paint formulations (Fig. 9b and 10c). The strain sweep measurements of
pure egg yolk (Fig. 9b) reveal a liquid-like behavior whatever the
applied strain with a viscous modulus (G") higher than the elastic one
(G*). Conversely, at low strain (from 0.1 to 1%), tempera paints prepared
with both natural and reconstituted Siennas display viscoelastic prop-
erties with G’ values significantly higher than G". The Linear Visco-
Elastic Region (LVER) extends up to strains of 1%. G’ and G" intersect
at the critical strain (for y &~ 20%), which is a characteristic behavior of
suspension pastes and a feature common to numerous paint formula-
tions (Salvant Plisson et al., 2014). In agreement with flow measure-
ments, for the same volume fraction, the elastic and viscous moduli of
formulae based on natural Sienna are slightly higher than those of the
reconstituted sample.

Frequency sweep measurements (Fig. 9c) were carried out in the
LVER for an applied stress of 0.1 Pa, i.e. a strain of y ~ 0.1%. Whereas
both G’ and G" increase with frequency for pure egg yolk, the curves
corresponding to natural and reconstituted Sienna samples exhibit
constant G’ and G" values independent of the applied frequency, which
tends to a gel-like behavior. All these experiments suggest that the main
rheological features of tempera based on natural Sienna are well
captured by using a model system, despite the imperfection of the pre-
sent one.

4. Conclusion

This paper proposes a detailed investigation of egg-tempera paint
based on Sienna earth, a very common pigment of complex composition,
focusing first on the pigment composition, then probing its physico-
chemical properties in interaction with the binder. Different systems
were monitored, considering either historical reconstructions (natural
Sienna earth and egg yolk), simplified model systems (with lecithin and
a synthetic Sienna earth) or even the pure components of the pigment.
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Interactions between lecithin and Sienna or its main constituents were
studied. The high amount of the surfactant adsorbed on Sienna
compared to kaolinite and goethite highlighted probably the synergy
between all minerals constituting natural Sienna. Relaxation rates
measured on the different minerals in water pointed out that Sienna is a
complex microstructure that cannot result from a simple physical mix of
pure minerals, even though the rheological properties might suggest the
opposite. Due to the complexity of modelling the behavior of tempera
paint, the relevance of the models proposed depends on the scale of the
properties studied: for macroscopic properties, it seems that recon-
stituted Sienna fits well with the natural one while at the mesoscopic
scale, systems should be chosen carefully. All in all, the composition of
the pigment is of great importance while mixing with the binder,
allowing the artist to give the desired texture to its paint based on
rheological properties.
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