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Abstract

Painting technique in Europe underwent a major change in the 15" century, when the use of egg yolk
as a binder in tempera painting was gradually replaced by oil paint. This transitional period probably
saw the occasional use of a mixed technique called tempera grassa, in which both types of binders,
egg and oil, are mixed in the form of an emulsion. In order to better understand and document this
historical painting practice, this article describes the physico-chemical aspects of emulsion-based
binders, prepared with egg yolk and either raw linseed oil, or linseed oil partially saponified with lead
oxide. Highly stable direct emulsions can be prepared with linseed oil (raw or lead-treated) and egg
yolk. Remarkably, lead-treated oil also allows the formation of stable inverse emulsions. The
rheological properties of direct emulsions are driven by the oil fraction: as this parameter increases
from 0 to 70 wt% oil, the emulsion changes from a viscous liquid to a viscoelastic solid, which allows
its flow to be easily tuned by the painter. The impact of egg yolk on the drying mechanism of the
emulsion is elucidated thanks to the combined use of NMR relaxometry and FTIR spectroscopy.
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1. Introduction

In its simplest form, paint is composed of a pigment, a colored solid powder, dispersed in a binder, a
liquid phase which has the ability to dry, leading to the formation of a stiff cohesive paint film. Until
the 15th century, the most widely used binder was egg yolk, in a painting technique called a
tempera. The discovery and control of the siccative (i.e. ‘drying’) properties of vegetable oils, such as
linseed or walnut oil, during the 15th century, eventually led artists to abandon egg tempera to the
profit of oil paint, favored for its aesthetical advantages and longer drying times, which allowed
further corrections of the works [1,2]. The evolution of painting practices during the 15th century is a
topic of major interest in the field; the shift from egg tempera to oil paint probably occured as a long
continuous transition rather than a sudden change. In particular, analyses of a number of European
works from the 15th century revealed that both types of binders were commonly used in the same
painting in different ways: in different areas of the painting [3-5], in different paint layers within the
same area [6], and even mixed together in the same layer. The term tempera grassa is used to
describe this latter painting technique, where egg yolk and oil are mixed together in a single pictorial
layer. Despite a lack of historical texts from the Renaissance period describing the preparation of
such a binder [1,7], the use of tempera grassa has been highlighted in the 1970s by staining tests
carried out on cross sections from 15th century works [8]. More recently, a number of studies using
chromatographic techniques coupled with mass spectrometry further supported this hypothesis [9—
11], without being indisputable proof of the use of tempera grassa in Renaissance paintings (as these
techniques do not allow the unambiguous demonstration of the co-location of oil and egg in the
same paint layer). What is more certain is the use of this practice of emulsion painting in the 19th
and 20th centuries by artists willing to rediscover the technique of the Renaissance Old Masters [12].
This revival was fostered by the writings of authors such as Max Doerner or Ralph Mayer, who
published recipes of emulsion-based paints [13,14]. For instance, 20th century German painter Otto
Dix was likely inspired by Doerner’s recipe to develop his oil-tempera technique [15].

From a physico-chemical point of view, a binder whose major components are egg yolk and oil, is an
emulsion. Indeed, the main constituent of egg yolk is water (ca. 51%), the remaining part being
primarily lipids (31%) and proteins (16%) [16,17]. Previous research on egg yolk and oil emulsions
have been conducted in the field of food industry, with a focus on their stability [18,19], and on the
influence of parameters relevant to food applications, such as added salt or reduced cholesterol [20].
The stability of these emulsions is explained by the presence of supramolecular assemblies of egg
yolk proteins and lipids, called lipoproteins. These lipoproteins adsorb on the oil/water interface and
spread at the surface of oil droplets. The interfacial tension is thus lowered, stabilizing the emulsion
[19,21].

Although widely studied in the field of food industry, the colloidal organization and properties of egg-
oil emulsions as paint binders has been barely explored. P. Dietemann made hypotheses on the
different possible colloidal systems formed in the case of tempera grassa [22], and investigated the
effect of egg addition on an oil paint system [23], but no in-depth physico-chemical characterization
has been carried on emulsion-based paint binders. It is therefore interesting to extend the research
conducted by food scientists to investigate properties and materials of interest in the field of cultural
heritage. In particular, we report in this study the preparation of emulsions made from egg yolk and
linseed oil, commonly used by painters over centuries. Although linseed oil exhibit siccative
properties, i.e. has the ability to form a solid film after a period of air exposure, this drying process,
based on complex mechanism of oxidation and reticulation, is very long compared to tempera
(days/weeks vs hours) where the drying process is led by evaporation of water. A very common
practice was to reduce this drying time by heating the oil in the presence of lead compounds, in



particular litharge (lead oxide) as observed in numerous recipes [24]. This process results in the
formation of lead soaps [25], which tend to organize at the mesoscale into structures such as liquid
crystals [26,27]. Fat crystals have been reported as efficient stabilizers for o/w or w/o emulsions, in
particular through Pickering mechanisms [28].

We thus studied emulsions based on egg yolk and raw linseed oil as well as lead-treated oil, to
investigate how this oil treatment modifies the stability and organization of such binder, probed with
confocal microscopy. Then the rheological properties of the formed emulsions were investigated,
due to their particular interest for painters. Finally the drying properties of the emulsions applied as
films were monitored thanks to the combination of NMR relaxometry and FTIR spectroscopy.

2. Materials and methods
2.1 Materials

Fresh organic hen eggs were purchased from a local supermarket. The egg yolk (EY) was manually
separated from the white, and carefully rolled from one hand to another in order to remove all the
remaining white on its surface. The vitelline membrane was punctured and the yolk collected in a
beaker. To reduce the impact of variability between eggs and improve reproducibility, three egg
yolks were systematically blended together manually before preparing emulsions.

Cold-pressed linseed oil (LO) from Sweden was purchased from Kremer Pigmente. The composition
in fatty acids is given by the supplier as follows: 61.3% linolenic acid, 15.3% oleic acid, 14.6% linoleic
acid, 4.4% palmitic acid, 2.9% stearic acid, and 1.5% others.

Lead(ll) oxide PbO (>99.0%, for analysis, Emsure) was purchased from Merck. Fluorescein sodium salt
(>97.5%, analytical standard, Sigma-Aldrich) and Nile Red (for microscopy, Sigma-Aldrich) were used
as fluorescent dyes for confocal microscopy.

2.2 Preparation of siccativised oil with lead oxide

Lead-heated oil (LOPb) was prepared following a process described by Laporte [27], and inspired by
historical recipes written by Theodore Turquet de Mayerne in 1620 [29]. 1 g of PbO was dispersed in
a total of 19 g of LO at room temperature: PbO was first dispersed for 20 seconds in 2 mL of LO using
a mortar and pestle. The rest of the LO was then added to the mixture, gently ground for 40 seconds
and transferred into a 100 mL beaker. It was heated in a silicon oil bath at 150 °C for 2 h under
magnetic stirring at 300 rpm. The final extent of the reaction was assessed by measuring the
saponification rate (i.e. the percentage of saponified ester bonds) by FTIR-ATR (see Supplementary
Fig. S1), following a protocol described in detail elsewhere [25]. Saponification rates of 15 + 1 mol%
were measured, in accordance with the results reported by Laporte [27].

2.3 Preparation of the emulsions

Emulsions were prepared with various weight fractions ¢ of LO or LOPb, ranging from 10 to 90 wt%,
and defined as ¢ = my;;/ (mgy + my;;). A suitable amount of EY, then oil, were added in a 10 mL
glass vial, for a total sample mass of 5 g. The oil was dispersed using a high-speed homogenizer
(UltraTurrax T18 digital, IKA, Germany) equipped with a S18N-10G dispersing head, and operated at
15000 rpm for a total of 90 s. Every 30 s, the homogenizer was stopped to prevent the sample from
heating, and the emulsion was stirred with a spatula. Emulsions were stored in the refrigerator at 5
°C.



For conductivity measurements, samples were prepared by slowly adding the oil into the EY in a
mortar, while thoroughly grinding with a pestle. The slow addition of oil in this case led to an
extended range of stable emulsions at high oil fractions.

For confocal microscopy, water-soluble fluorescein sodium salt was dissolved in EY. Lipophilic Nile
Red was dissolved in the oil. Emulsions were then prepared using the UltraTurrax as described above.

2.4 Rheology

Rheology measurements were performed at 20 °C on a Thermo Scientific HAAKE MARS 40
rheometer, equipped with a sandblasted titanium cone and plate geometry (diameter: 35 mm, angle:
2°). A solvent hood was used to prevent water evaporation. Measurements were repeated at least
twice on independently prepared samples to check reproducibility.

Dynamic properties were assessed using the following protocol:

- frequency sweep at constant strain in the linear viscoelastic regime (y = 0.1 %) from
f =100to f = 0.01 Hz,
- strain sweep at constant frequency (f =1 Hz) fromy = 0.01 % toy = 1000 %.

Flow measurements were carried out by increasing the shear rate from y = 0.01 to 1000 s™. For
shear rates lower than 1 s™, y was increased by steps, each measurement point being taken when
the measured stress value had reached a steady state. Between 1 stand 1000 s, y was increased
following a continuous ramp.

2.5 Confocal microscopy

Confocal microscopy was performed on a Zeiss LSM 980 upright confocal microscope. A 10x dry
objective (numerical aperture: 0.3) or a 63x oil-immersion objective (numerical aperture: 1.4) were
used. Fluorescein and Nile Red were excited using the 488 and 561 nm laser lines respectively, and
the emitted fluorescence was collected in the 490 — 543 nm and 570 — 693 nm ranges respectively
(see Supplementary Fig. S2). Images were analyzed using Fiji (Imagel) for droplet size measurement.
The average diameter was either measured manually on a large number of droplets, or using the
Particle Analysis program of Fiji on binarized images after application of a Gaussian blur. Both
methods gave similar results.

2.6 Conductimetry

Conductivity measurements were performed on a Mettler Toledo Seven Excellence conductimeter,
with an InLab 731-ISM probe. A linear temperature correction was applied, so that conductivity
values are reported at 25 °C.

2.7 NMR relaxometry

NMR (Nuclear Magnetic Resonance) relaxometry was carried out with the 27.63 MHz (0.65 T) NMR
MOUSE PM2 (Magritek) to follow the drying of emulsions. Transverse relaxation was measured on
250 um thick emulsion films, using a CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence, with 4096
echoes separated by 38.7 ps. 90° and 180° pulses had the same duration (2.3 ps) but a 7 dB
difference in the RF output power. Data were collected from a 50 um thick region within the film.
The recycle delay was 3200 ms. 1000 scans (only 75 during the first 40 min of drying) were
systematically accumulated to improve signal-to-noise ratio. Data were treated using a Python code
adapted from [30]: transverse relaxation signals were fitted with an inverse Laplace transform, to



compute continuous T, spectra [31]. The regularization parameter « for these fits was set at 0.5 (the
choice of this value did not significantly impact the results).

2.8 FTIR — ATR

Changes in chemical composition during the drying of emulsions were followed using ATR — FTIR
(Attenuated Total Reflexion — Fourier Transform Infrared Spectroscopy). Spectra were recorded at
room temperature with a Cary 630 Agilent spectrometer equipped with the ATR module, in the 650-
4000 cm™ range. Small samples were regularly taken from three drying films (for reproducibility) by
scratching the film with a scalpel blade. For each measurement, 64 scans were accumulated, with a
spectral resolution of 4 cm™ The spectra were analyzed using OMNIC software (ThermoScientific) for
integration of the band areas. Three bands were followed in particular: the OH band in the 3692-
3073 cm™ region (base line: 3746-3073 cm™), the C-H elongation peak in cis-HC=CH, in the 3034-2987
cm™ region (base line: 3034-2987 cm™), and the C-H deformation peak in trans-HC=CH, in the 999-
945cm™ region (base line: 1006-945 cm™). Area values are reported without further normalization.

3. Results and discussion
3.1 Nature and stability of the emulsions
3.1.1 Emulsions with linseed oil

Emulsions with various fractions of EY and LO were prepared. When LO and EY are put together in a
vial, shaken by hand as proposed by Doerner [32], the resulting emulsion is systematically highly
unstable, with a visible phase separation happening in around 10 minutes (see Supplementary Fig.
S3). When LO is slowly added into the EY while continuously grinding, stable emulsions can be
obtained within a wide range of oil fraction, up to about 80 wt%. These emulsions, shown in Fig. 1a
are stable over months when stored at 5 °C. For ¢ = 90 wt%, phase separation happens in minutes
after dispersing the LO in EY, with the latter settling at the bottom of the vial. The importance of a
cautious process to prepare stable emulsions to be used as paint binders, and the deficiency of
Doerner’s method had already been stressed by Mayer in 1940 [14]. Indeed, the emulsification
process should provide sufficient energy to generate small droplets [33]. Thus, depending on the
emulsification time and intensity, emulsions of similar composition can exhibit remarkable
differences in stability [34]. In this study, high shear forces are able to disrupt the oil into small
droplets in emulsions formed with the mortar and pestle or with the UltraTurrax. This is not the case
with emulsions prepared according to Doerner’s recipe by manual shaking.



Oowt%  10wt% 30wt% 45wt% 60wt% 70wt% 80wt% 90wt% 100wt

(b) 43,1.0 . '
S ® Oil added into egg
‘g 0.8- % Egg added into oil
S
c
So0.6
0
0
:CD 0.4 1
‘»
o 0:2 sowtss
I= 70wt%
809 . : :
0.0 0.2 0.4 0.6 0.8

Oil volume fraction

Figure 1: (a) EY + LO emulsions with various oil fractions obtained with the mortar and pestle by
slowly adding LO into EY. From left to right: ¢ = 0, 10, 30, 45, 60, 70, 80, 90 and 100 wt%. (b)
Influence of the oil volume fraction on the conductivity of these emulsions (black squares). The
corresponding mass fractions are given beside each point. Conductivity values are normalized by the
conductivity of pure EY. Orange star: conductivity of an emulsion prepared with the mortar and pestle
by slowly adding EY into LO. Black curve: Maxwell model (see eq. 1). Error bars: standard deviation
from three independently prepared emulsions. (c) Confocal microscopy images (63x objective) of an
emulsion with ¢ = 10 wt% and (d) ¢ = 40 wt%. Water-soluble fluorescein appears in green, and
oil-soluble Nile Red in red.

The nature of emulsions formed with the mortar and pestle was confirmed by conductimetry (Fig.
1b). This method has been used in the literature to track phase inversion [35]. From ¢ = 0 wt%
(pure EY) to 80 wt%, emulsions have a non-zero conductivity, showing that water is the continuous
phase: they are direct (o/w) emulsions. Given the high water-solubility of egg yolk lipoproteins [36],
these observations are in accordance with the Bancroft rule, which states that the phase in which a
surfactant has the higher solubility is the continuous phase [37]. When dividing conductivity values
by the conductivity of the continuous phase (i.e. the conductivity of pure EY), theoretical conductivity
values may be computed with a law proposed by Maxwell [38]:

k 1+2B¢,

K=—=
k. 1—-Bg,

[1]

where K is the dimensionless conductivity, k the emulsion conductivity, k. the conductivity of the
continuous phase, ¢, the dispersed phase volume fraction, and B is defined as B = (kg —
k.)/(kq + 2k.), with k; the conductivity of the dispersed phase. This theoretical model was
originally developed for dilute dispersions of spheres, where the distance between particles is much
larger than their diameter. However, it has been shown to accurately match experimental data on
emulsions over a much wider range of oil volume fractions [39]. In our samples, k; < k., so
equation 1 simplifies to K = (1 —¢,)/(1 + ¢,/2). Experimental data shown in Fig 1.b follow



Maxwell’s model reasonably well, even though the dispersed phase volume fractions computed here
only take into account the oil volume, and not the dispersed components of EY, such as granules or
lipoproteins.

Emulsions with ¢ > 90 wt% have a conductivity equal to zero: phase inversion happens during
preparation, yielding inverse (w/o) emulsions. However, as described earlier, such emulsions are
highly unstable. In order to try to promote the formation of a stable inverse emulsion, EY was slowly
added into LO while thoroughly grinding with the pestle. Once again, the conductivity value for this
sample is zero (star-shaped marker on Fig 1.b), but this emulsion is also highly unstable: phase
separation happens in a few minutes. Thus, as exposed elsewhere [22], and in accordance with the
Bancroft rule, it was not possible to obtain a stable w/o emulsion with LO and EY.

Direct imaging of emulsions can be achieved using confocal microscopy after labeling each phase
with a fluorescent dye [40,41]. Such a protocol was optimized for our samples using Nile Red and
fluorescein to stain the oil and aqueous phase respectively. This strategy was applied to emulsions
with 10 wt% and 40 wt% LO. Pictures shown in Fig. 1c-d confirm conductimetry results: oil droplets
stained with Nile Red can clearly be distinguished from the continuous aqueous phase stained with
fluorescein. A median droplet diameter of 1.5 um with a standard deviation of 0.3 um were
measured on 120 droplets from picture 1c.

3.1.2 Influence of the oil preparation: emulsions with lead-heated oil

The impact of the oil preparation on the formulation of these emulsions was further studied. As
mentioned in the introduction, in order to improve the oil siccativity, numerous recipes recommend
the use of lead compounds, added during heating of the oil, which leads to the partial saponification
of the triglycerides in the oil. LO was thus heated with 5 wt% of lead oxide PbO in accordance with
the historical recipes, resulting in saponification rates of 15+ 1 % (see section 2.2).

Once again, using a high-speed homogenizer, stable direct emulsions can be obtained with EY and
LOPb on a wide range of oil fractions. These emulsions are shown in Figure 2a. A confocal microscopy
image of a direct emulsion with 50 wt% LOPb is displayed in Figure 2c. As observed previously with
uncooked LO, small droplets stained with lipophilic Nile Red can be seen. The average LOPb droplet
diameter is around a few hundreds of nanometers, a value significantly lower than in emulsions
made with uncooked LO. Due to the small size of these droplets (of the order of magnitude of the
microscope resolution), an exact diameter measurement could not be made in this case. A mixed
mechanism could therefore be considered to explain the stability of these emulsions, with
lipoproteins from the EY lowering the interfacial tension and facilitating the emulsion as exposed in
section 3.1.1, while the lead soaps would act as an additional stabilizer.
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Figure 2: (a) EY and LOPb direct emulsions with various oil fractions, obtained with the UltraTurrax.
From left to right: ¢ = 0, 10, 25, 45, 60, and 100 wt%. (b) EY and LOPb inverse emulsion with
¢ =50wt% oil, obtained by manually shaking the glass vial containing both phases. (c) Confocal
microscopy image of a 50wt% direct emulsion obtained with the UltraTurrax (63x objective) and (d) of
a 50wt% inverse emulsion obtained by manually shaking the glass vial containing both phases (10x
objective). Fluorescein appears in green, and Nile Red in red. For the sake of clarity, only Nile Red is
shown on picture (c)

Furthermore, emulsions were also prepared by brief vial shaking, following Doerner’s process.
Remarkably, emulsions stable for several days were obtained with LOPb (see Fig. 2b), in contrast to
the case of LO where such process yields highly unstable emulsions (section 3.1.1). The
characterization by confocal microscopy suprinsinlgy reveals the presence of large droplets of
aqueous phase with characteristic sizes ranging from around 10 um to more than 100 um, dispersed
in a continuous oil phase (Fig. 2d): w/o emulsions could be thus prepared this way for the first time.
These droplets are in contact with each other but do not coalesce. The reasons for this increased
stability are still uncertain, but these observations may suggest a different mechanism for the
stabilization of this emulsion. Saturated lead soaps have been shown to organize into crystalline
domains [26,42], with a mechanism similar to what is observed more generally with fatty acids. Fat
crystals are known for their ability to stabilize o/w or w/o emulsions, with three reported
mechanisms depending on their surface activity and concentration [28,43]. Fat crystals may work as
Pickering stabilizers, covering the surface of the droplets and providing steric barriers against
coalescence [44]. They may also form a percolating network within the continuous phase. As a result,
the viscosity of this continuous phase is increased, and the diffusion of dispersed droplets is
hindered. Finally, both Pickering and network mechanisms may happen simultaneously. In our
samples, the oil phase is composed of saturated, mono- and polyunsaturated chains. Despite the
high amount of such polyunsaturated chains, aggregates of lamellar domains in LOPb were reported
by Laporte [27,45]. Further research is currently being carried out to state whether such domains are
able to stabilize the emulsions or to evolve into fat crystals in the emulsions formed, which would



explain the distinctive stability of w/o emulsions prepared with LOPb compared to unstable
emulsions prepared with LO.

3.2 Rheological properties

The way paint flows is a critical criterion for an artist, as it impacts not only the way it can be applied
when still fresh, but also the final aspect of the paint after drying [46]. In the field of food science,
rheological studies are generally limited to the domain of concentrated emulsions only, such as the
mayonnaise system, due to their importance in the food industry [47,48]. Investigating the
rheological properties of emulsions paint binders of different formulations over a wide range of
concentrations is thus crucial to better understand the artist’s gesture and choices. Rheological
measurements were thus carried out on EY and LO direct emulsions.

First, flow properties are presented in Figure 3. Measurements on a wide range of shear rates are
particularly relevant in the field of paint materials, as paint is subjected to shear rates as high as
1000 s* when applied with a brush, as well as very low shear rates when drying [49]. As usually
observed with emulsions, the viscosity 7 increases with an increasing fraction of dispersed phase
[50-52]. Another noticeable effect is the evolution of the dependence of 1 with the shear rate y.
Emulsions with low dispersed phase fraction (¢ = 10 wt% for instance) exhibit an almost Newtonian
behavior, with a viscosity barely dependent on the shear rate. As the fraction of oil is increased, non-
Newtonian effects become stronger, and emulsions display a strong shear-thinning behavior, which
can be described with a power-law equation:

n=Ky"!
[2]

Experimental values obtained for K and n are given in Table 1. The flow behavior index n is smaller
than 1 for all the emulsions prepared, and decreases with an increasing oil fraction in the emulsion,
in line with the more pronounced shear-thinning behavior of such concentrated emulsions. This
evolution may be explained by the structure of the emulsions at the colloidal scale. As mentioned in
the introduction, lipoproteins in egg yolk cover the interface of the oil droplets and stabilize the
emulsion. Lipoproteins adsorbed on neighboring droplets can interact with each other, leading to the
formation of networks in the emulsion [47,48]. As the oil fraction increases, the average distance
between neighboring droplets is reduced, allowing more interactions between the adsorbed
proteins, and hence the observed evolution of rheological properties. Thanks to this strong shear-
thinning, despite the high viscosity at rest (i.e. at low y values) of concentrated emulsions, which
prevents pigment sedimentation, these materials remain easily spreadable at higher shear rates,
typical of paint film application.

¢ (wtn) K (Pas") n

10 3.2 0.84
25 7.9 0.74
35 19 0.63
45 35 0.53
60 101 0.40

Table 1: influence of oil fraction on the flow properties of o/w emulsions. K and n measured from a
power-law model as defined in equation 2.
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Fig 3: Effect of the oil weight fraction on the flow curves of EY and LO direct emulsions. Error bars:
standard deviation for two independently prepared emulsions.

Dynamic oscillatory measurements are presented in Figure 4. In accordance with results obtained in
continuous flow, the storage modulus G’ and loss modulus G”’ both increase with the oil fraction in
the sample. Another noticeable effect is the evolution of the dependency of G’ and G” with
frequency as the oil fraction is increased. Low oil fraction emulsions exhibit a liquid-like behavior with
a high dependency of G and G” with frequency. When ¢ is increased, G’ and G"” become less
dependent with frequency, as would be expected from a more solid-like material. This tendency is
confirmed when plotting tand, defined as tand = G'' /G’ (Fig 4.b). The values of tand strongly
decrease with an increasing fraction of dispersed oil, going from tand ~ 10 for ¢ = 10 wt%, to
tan 6~0.1 for ¢ = 60 wt%. The inversion between G’ and G” (ie. tand = 1) occurs when
¢ =~ 45 wt%, which is consistent with the fact that below this value, emulsions tend to flow
spontaneously, whereas more concentrated samples do not exhibit this behavior. The rheological
properties of o/w emulsions prepared with LOPb follow the same tendencies than those obtained
with uncooked LO (see Supplementary Fig. S4).
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Fig 4: Dynamic rheological properties of EY and LO o/w emulsions. (a) Frequency sweep: storage
modulus G’ (closed symbols) and loss modulus G” (open symbols) versus frequency for LO weight
fractions ranging from 10 to 60wt%. (b) tand versus frequency. Error bars: standard deviation for
three independently prepared emulsions.

Strain sweeps were also performed on these samples. The yield stress, defined by the intersection of
the horizontal line representing the behavior of G’ in the linear viscoelastic region with the power-
law equation representing the behavior of G’ well above the yielding point [53], was measured on
emulsions with ¢ = 45 wt% and 60 wt% (see Supplementary Fig. S5). Yield stress values of ca. 5 Pa
and 40 Pa were measured on emulsions with 45 wt% and 60 wt% LO respectively.

Therefore, the wide range of stable compositions allowed by the stabilizing species in EY results in
various rheological properties for these emulsions. An artist preparing a paint could then easily tune
the flow characteristics of its binder by changing the amount of oil added to the system.

3.3 Drying of direct emulsions



Drying properties of direct emulsions were explored. The drying of a paint binder indeed strongly
influences the artistic practice. In this context, the word “drying” actually covers two different
mechanisms: the drying of aqueous binders happens first through evaporation of water, whereas the
drying of oil paints is the result of slower chemical processes involving the oxidation and
polymerization of unsaturated oil molecules, leading to a solid crosslinked macromolecular network
[54,55]. In this study the drying of o/w emulsions was followed by NMR relaxometry. Transverse
nuclear magnetic relaxation happens with a time T, and is determined by the molecular dynamics
experienced by the nuclear spins. Fast magnetic relaxation (low T,) indicates a slow molecular
mobility (rigid materials), whereas slow relaxation (high T,) corresponds to fast molecular mobility
(fluids). In order to reduce the global drying time of our samples, siccativised LOPb was used to
prepare the emulsions, as it dries through similar mechanisms as LO, but in much shorter times [56].
The evolution of the relaxation of transverse magnetization during the drying of a film of emulsion is
reported in Fig. 5. Two steps can be distinguished. During the first ten minutes of drying (Fig. 5a), the
transverse relaxation curves quickly evolve. In the meantime, the aspect of the sample qualitatively
goes from a viscoelastic material as described in section 3.2 to a solid-like film. When a biexponential
function is used to measure the two main T, components of a fresh emulsion and of the same
emulsion after 1h of drying (see Supplementary Fig. S6), the main effect observed is the strong
decrease of the amplitude of the short T, component around 16 ms, attributed to water from the
egg yolk. This first drying step thus corresponds to water evaporation from the continuous phase.

A much slower evolution follows this first step (Fig. 5b). The transverse relaxation time T, gradually
gets shorter, until relaxation curves superimpose after about 50 h. This second step can be more
accurately analyzed by plotting the evolution of the spectrum of transverse relaxation times during
the drying process. The numerical inverse Laplace transform of transverse relaxation curves
measured every hour after the end of the first step of drying was computed and is reported in Fig. 6.
During the first ten hours of the second stage of drying, the major T, component is around 100 ms.
This value decreases over 30 h to 10 ms. Meanwhile, shorter components appear at 5 ms, 1 ms and
0.25 ms. The latter becomes the major component after 30 hours of drying and corresponds to the
very fast drop observed on the final relaxation curves (dark blue lines in Fig. 5b). This evolution
towards shorter T; is typical of the formation of a solid material by cross-linking [31] and attributed
by Busse et al. to the polymerization of the oil molecules [57].

Based on these observations, the drying of the emulsion can be modelled by a two-step mechanism:
a first step with a characteristic timescale of 10 minutes corresponding to water evaporation,
followed by the shortening of transverse relaxation times due to the cross-linking of unsaturated oil
molecules.
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Figure 5: Evolution of the relaxation of transverse magnetization during the drying of a 250um thick
film of an o/w emulsion with ¢ = 40wt% LOPb, (a) at short timescale and (b) at long timescale. For
the sake of clarity in representation, data are smoothed via a running average over 10 points.
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Figure 6: Evolution of the T, spectrum of a drying 250 um thick film of a direct emulsion with
¢ = 40wt% LOPb, during the second stage of drying. Color values : normalized T, amplitudes
computed using the numerical inverse Laplace transform of relaxation data displayed in Fig. 5b..

To further understand the molecular mechanisms involved in the drying of emulsion films, FTIR-ATR
measurements were carried out (see Fig. 7a), as previously used in the literature to monitor the
drying of linseed oil films [56]. The OH band around 3350 cm™, initially very strong due to the high
water content in EY, quickly fades. Its area is reduced by 80 % in 10 min before reaching a plateau
(Fig. 7b). This first step can be assigned to the evaporation of water and is consistent with the NMR
relaxometry results. The second step displays evolutions of peaks typically expected for the drying of
a siccative oil. This step was thus assessed by following the evolution of two peaks commonly used as
markers of the oxidation and cross-linking processes in siccative oils [56]: the band centered around
3010 cm™, attributed to C—H elongation in cis-HC=HC, and the band centered around 968 cm™,
attributed to C—H deformation in trans-HC=HC (Fig. 7c). The simultaneous decrease of the 3010 cm™
band and increase of the 968 cm™ band over about 100 h is a marker of the isomerization process,



typically observed among molecular transformations during the drying of siccative oils: starting from
unconjugated cis-cis molecules, this reaction produces more thermodynamically favorable
conjugated cis-trans or trans-trans species [54]. The crosslinking of the triglycerides highlighted by
FTIR is in good agreement with the evolution of the T, reported earlier with NMR relaxometry.
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Figure 7: FTIR-ATR spectroscopy of drying direct emulsions with ¢ = 40wt% LOPb. (a) Evolution of
FTIR spectra during the drying of a 250um thick film (b) Evolution of the OH band area in the 3692-
3073cm™ region (base line: 3746-3073 cm™) over 30min (c) Evolution of the C-H elongation peak in
cis-HC=CH, in the 3034-2987 cm™ region (base line: 3034-2987 cm™) and of the C-H deformation peak
in trans-HC=CH, in the 999-945cm™ region (base line: 1006-945 cm™), over 400h. Error bars: standard
deviation on three different films.

Thus, the drying of an emulsion-based binder actually covers both aspects of drying discussed earlier:
a first physical process of evaporation of water happening in minutes after spreading of a film,
followed by a slower chemical process of oxidation and reticulation of the oil molecules, happening
in tens of hours in the case of siccativised oils used here.

The drying kinetics of LOPb and of an emulsion with 60 wt% EY and 40 wt% LOPb were compared to
assess the impact of the presence of EY on the drying of oil. The evolution of the 968 cm™ band of
these two materials is displayed in Fig. 8. Without added EY, the 968 cm™ band area reaches a
plateau after about 20 h. When oil is dispersed in EY as an emulsion, the cis-trans isomerization
processes described earlier are considerably slowed down, with a plateau starting after more than
100 h. Egg yolk contains a variety of substances known for their antioxidant activity, such as
phosvitin, phospholipids, carotenoids, vitamin E and aromatic amino-acids [58]. The ability of these
species to scavenge free radicals formed during the auto-oxidation of unsaturated fatty acid chains
may explain the slowdown of the isomerization process observed here. In the context of an artistic
practice, this effect could have an impact on the ability of the painter to apply successive layers of
paint. As described earlier, the first step of drying quickly yields a solid-like, dry-to-the-touch film.
Therefore, as expected with a tempera paint, it would not be possible for an artist to use a “wet-in-
wet” technique to apply successive layers of an emulsion-based paint. Conversely it allows the
painter to superimpose layers without having to wait a considerable amount of time, required in the
case of oil binder. However, as proved with these experiments, the oil remains liquid for a very long
time after evaporation of the water. This slowed-down drying could therefore still enable a certain



degree of fusion between successive layers, which would have a definitive impact on the final aspect
and on the conservation of a painting. Further tests are being conducted to assess this point.
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Figure 8: Impact of the presence of EY on the drying kinetics of oil: evolution of the C — H deformation
peak in trans-HC=CH, in the 999-945cm™ region (base line: 1006-945 cm™), over 200h, for LOPb (blue
circles, left axis), and a direct emulsion with ¢ = 40wt% LOPb (yellow squares, right axis). Error bars:
standard deviation on three different films, 250um in thickness.

4. Conclusion

In this work, we explored the physico-chemical properties of egg yolk and linseed oil emulsions to
shed new light on their potential use as a paint binder in the tempera grassa painting technique, and
focused on both preparation and drying of such systems. Direct (o/w) stable emulsions were
prepared with a wide range of oil fractions, associated with various rheological properties, from
viscous liquids to gel-like behaviors. In particular, emulsions with high oil fractions exhibit high
viscosities at rest and a yield stress, but remain easily spreadable thanks to their pronounced shear-
thinning. Stable reverse (w/o) emulsions could not be obtained with uncooked linseed oil.
Conversely, partial saponification of the oil triglycerides with lead oxide allowed the formation of
both o/w and w/o emulsions, as confirmed by confocal microscopy observations. Further research
will be carried out to better understand the mechanisms at stake here. In particular, in the case of
o/w emulsions, the role of the surface active properties of the lead carboxylates in the presence of
egg yolk lipoproteins should be explored. In the case of w/o emulsions, research will focus on a
possible Pickering mechanism, allowed by the presence of structures similar to fat crystals described
in the literature as stabilizers for such emulsions [27]. Such mechanisms has been proven effective in
stabilizing reverse system right in the field of food and hydrocolloids [43]. The possibility of stabilizing
w/o emulsions by partially saponified oil also opens new perspectives in the cultural heritage field
and raises numerous questions about their specific properties as a paint binder.

NMR relaxometry combined with FTIR analyses demonstrated a two-step drying mechanism of direct
emulsions: a first step related to the evaporation of water, followed by the curing of the oil. This
second step was shown to be slowed down by the presence of egg yolk, with potential impact on the
painting practice and the visual aspect of the paint. Further studies are now planned to investigate
the properties and advantages of paint (i.e. pigment-binder) systems based on such emulsions to



better understand how their peculiar properties influence the characteristics of the paint itself and
may have led artists to adopt this painting technique.
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Figure S1: FTIR-ATR spectra of uncooked linseed oil LO (yellow) and lead-heated oil LOPb (black). The
dashed lines indicate the regions used to compute the saponification rate, following the protocol
proposed by Cotte [25].
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Figure S2: Strategy used for confocal microscopy imaging: (a) schematic representation of the sample
used to tune the conditions of observation. (b) Imaging of the Nile Red. (c) Imaging of the fluorescein
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Figure S3: Photographs of an emulsion with 50wt% LO, prepared by a brief manual shaking of the
vial, (left) right after emulsification, (right) 25 min later.
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Figure S4: Frequency sweep measurements on o/w emulsions prepared with uncooked linseed oil LO
(circles) or lead-heated linseed oil LOPb (squares), with various oil fractions. For the sake of clarity,
only G’ values are reported.
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Figure S5: Yield-stress measurement: strain sweep experiment on an o/w emulsion with ¢ = 60wt%
LO. The yield stress is defined by the intersection of the horizontal line representing the behavior of G’
(closed circles) in the linear viscoelastic region well below the yielding point, with the power-law
equation representing the behavior of G’ well above the yielding point.
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Figure S6 : Blue lines : relaxation of transverse magnetization of (a) a fresh emulsion with ¢ =
40wt% LOPb, (b) a 250um thick film of this emulsion after 1h of drying. Yellow dashed line :
biexponential fit: Ae~t/Tza 4+ Be~t/T2b, The strong decrease of the amplitude A of the component
T,,~16ms can be attributed to water evaporation.



