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We present formulations of dispersions based on beeswax for consolidating encaustic paintings, which use
beeswax as a binder and are applied on a canvas or wooden substrate. Commercial natural and synthetic ad-
hesives are used for consolidation of such paintings, but they often have problems due to the consolidant material
not being compatible with the original painting. The dispersions were prepared by combining Pickering beeswax
emulsions stabilized by cellulose nanocrystals (CNC) with hydrophobically modified ethylhydroxyethylcellulose
(EHM). The drop size of the emulsion varied with the beeswax content and the emulsion drops displayed in-
clusions of water droplets. These inclusions led upon drying to films that showed a hollow micromorphology,
which enhanced the water evaporation, giving high breathability. The dispersions comprising beeswax, CNC and
EHM were stable over time and the viscosity was governed by the amount of EHM in the formulation. The dried
films were very hydrophobic with a water contact angle of about 130°. The emulsion-based formulations were
tested on encaustic painting mock-ups made on wood substrate to examine their adhesive strength and water
resistance. The formulations achieved better performance than commercial products used as consolidants for
encaustic paintings. The beeswax-based compositions, which contain only green components and free of volatile

organic compounds, offer an interesting platform for consolidation in the field of cultural heritage.

1. Introduction

Environmental changes, such as temperature and moisture fluctua-
tion, or chemical processes resulting from the adsorption of volatile
pollutants can give rise to severe degradation of work of arts, such as
delamination, cracking, and ultimately flaking of paint artworks [1,2]. A
common treatment, consolidation, is therefore often needed. It consists
of the deposition of a suitable material, often a polymer, on top of
cracked or flaking layers of painted surfaces. This treatment is one of the
most delicate operations because it may be invasive from chemical and
aesthetical points of view and there are therefore severe criteria
regarding the performance of consolidants [3].

Historically, a variety of natural adhesives, such as animal glue, wax,
starch and resin, have been used for consolidation of paintings; however,
the often-poor stability and low performance reported have limited their
application [4]. Synthetic adhesives were introduced during the 20th
century as a substitute for natural adhesives for consolidation of
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deteriorated paintings. These adhesives are homo- or copolymers based
on common monomers such as vinyl acetate, acrylate, methacrylate and
ethylene [5]. However, such polymeric adhesives tend to form a coating
layer, i.e. a film, that prevents the migration of soluble salts and mois-
ture, which may lead to severe damage to the artworks [6,7]. Moreover,
their incompatibility with the original substrate often results in poor
long-term stability and strong mechanical stress that can cause further
deterioration. In an attempt to overcome these problems combinations
of natural and synthetic adhesives have been used for consolidation;
however, with limited success [8]. Relatively few efforts have been
made to develop consolidating adhesives specifically for the field of
cultural heritage [9]. However, over the past two decades, nanotech-
nology has emerged at the forefront of the development of innovative
solutions for the restoration and conservation of works of art [10],
showing promising results in cleaning [7], deacidification [11],
consolidation [12] and microbial control [13] on various artefacts, such
as stone [14], paintings [15,16], paper [17-19], leather [20] and wood
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[21]. Nanocellulose has been proposed as a novel consolidant for his-
torical papers and canvases [22,23]. It has many attractive features such
as excellent mechanical properties and a large surface area. In addition,
it is renewable and biodegradable, and it is, by nature, compatible with
artworks containing cellulose [24].

Wax, both natural and synthetic, is commonly found in various his-
torical collections. Encaustic paintings are examples of wax artefacts.
These are composed of a paint with beeswax as binder applied to a
canvas or to a wooden object or a wall [25]. Beeswax is a complex hy-
drophobic material containing many constituents, including long-chain
hydrocarbons, fatty acids, fatty alcohols, and esters of long-chain acids
and alcohols [26]. Waxes are sensitive to many solvents, they are
malleable and susceptible to damage by heat and pressure. In addition,
they often display white surface bloom, and they can become hard and
brittle with aging [27].

The traditional hot-melt wax application method is risky for paint-
ings because an increase in temperature and/or pressure may distort the
painting and the adhesive may penetrate in an uncontrollable way,
which might permanently darken the surface [28]. When BEVA® 371
was developed, it has proven to counteract effectively these issues. It has
therefore been widely used for conservation of works of art. It is
composed of paraffin wax, poly (ethylene-vinyl acetate) and aromatic
hydrocarbons and has been found to improve the bonding capacity. In
addition, its penetration is limited. However, the heating and toxicity
issues remain a challenge for BEVA [29,30]. Thus, the field is still
searching for novel consolidation strategies based on eco-friendly ma-
terials to fulfill current practice requirements. Ideally the material
should present material similarities with both substrate and wax. In that
context, formulation of emulsions of wax may have appealing features.

Pickering emulsions, i.e., particle stabilized emulsions, have received
considerable attention lately because of their higher stability, lower
toxicity, and better stimuli-responsiveness, compared with emulsions
that are stabilized by surfactants [31,32]. Recently, Pickering emulsions
with halloysite nanotubes as stabilizing particles have been applied for
cleaning and consolidation of cultural heritage [33,34].

Cellulose nanocrystals (CNCs) are bio-sourced nanoparticles that can
stabilize emulsions through the Pickering mechanism [35]. We have
previously used CNCs to produce Pickering emulsions of paraffin wax for
fabrication of continuous filaments [36]. To the authors' knowledge, up
to now CNC has not been used to make Pickering emulsions of wax for
conservation of culture heritage.

The development of tailored consolidants for art objects based on
renewable natural sources can be regarded as a sustainable route, pro-
vided the new materials cope with the specific requirements [16].

In the work presented here, we prepared and evaluated a Pickering
emulsion of beeswax with a cellulose ether added to increase the vis-
cosity and with CNC as stabilizing nanoparticles. As cellulose ether, we
used Bermocoll® EHM (called only EHM in the following), which is a
hydrophobically modified ethylhydroxyethylcellulose, known to in-
crease the viscosity in paint formulations through self-association and
through interaction with surfactant micelles [37,38]. In the present
formulation there are no surfactants; instead, the hydrophobic side
chains of EHM will interact with the hydrophobic beeswax/CNC mi-
croparticles, thus forming a network in the dispersion. The viscosity can
be adjusted by the content of EHM and beeswax/CNC. Moreover, the
dispersion forms a highly hydrophobic layer with hierarchical structure
after drying, making it an ideal material as adhesive for flaking encaustic
paintings. It is noteworthy that all the ingredients in the dispersion,
beeswax, cellulose nanocrystals and a cellulose ether, are green and
compatible with encaustic artefacts, thus representing a promising
alternative material to natural and synthetic polymers in the cultural
heritage conservation field.
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2. Materials and methods
2.1. Materials

Cellulose nanocrystals (CNC) were obtained from CelluForce, Can-
ada. Red ocher pigment and beeswax (bleached) were purchased from
Kremer Pigmente GmbH & Co. Bermocoll® EHM 200 (Hydrophobically
modified EHEC) was obtained from Nouryon, Sweden. The Masonite
sheet with 3 mm thickness was purchased from Creative Deco. Calcium
chloride dihydrate (98 %), the fluorescence dye Rhodamine B and
Whatman filter paper were purchased from Sigma-Aldrich, Sweden.
Poly(2-ethyl-2-oxazoline) with M.W. 500,000 (Aquazol® 500) was
purchased from Thermo Scientific, Sweden.

2.2. Preparation of green consolidants

Beeswax Pickering emulsions with CNC as stabilizing agent, in
presence of CaCly, were prepared at 80 °C with a high-speed homoge-
nizer (Heidolph Instruments, 10 mm shaft) operating at 15000 rpm for 2
min. In brief, beeswax20/CNC1 was prepared by dispersing 4 g of
beeswax (20 wt%) in 16 g of 1 % CNC dispersion with 4.7 mg of CaCl..
Other formulations followed the same procedure with different ratios.
The microspheres were characterized after cooling to room temperature.
Various concentrations of EHM (0.2 %-3 %) were also added to the
emulsions at ambient temperature, the prepared formulations were lis-
ted in Table S1.

2.3. Preparation of encaustic painting mockups

500 mg of red ocher was mixed with 5 g of natural unbleached
beeswax that had been melted at 85 °C in a glass vial. The hot mixture
was spread on a preheated pan-shaped parchment paper, creating a
smooth surface, which was cooled to room temperature to give a paint
layer about 1 mm thick that was cut into 1 x 1 cm pieces. The beeswax
bonding area was prepared by applying 15 mg of beeswax to the heated
Masonite onto which the paint layer was applied and lightly pressed. A
similar procedure was carried out with the other consolidants. The
mockups were then immersed in a petri dish filled with Milli-Q water
and observed for 13 days.

2.4. Characterization

Fluorescence microscopy, laser diffraction analysis, scanning elec-
tron microscopy, viscometry, UV-Vis spectroscopy, tensiometry, ATR-
FTIR, thermogravimetric analyses and measurement of water vapor
transmissions were performed to characterize the Pickering emulsions
and consolidants. Tensile measurements, colorimetry and dynamic
mechanical analysis were performed to evaluate the consolidation effi-
ciency. The details of the preparation of the test samples and instrument
parameters are given in supporting information.

3. Results and discussion
3.1. Characterization of the Pickering emulsions

The green dispersion designed for consolidation of deteriorated
encaustic paintings is schematically shown in Fig. 1. The CNC used has a
diameter of 7.5 + 2.8 nm and a length of about 500 nm [23]. The Zeta
potential of the CNC dispersion was tested at different pH values and
remained stable between pH 2 and 12 (Fig. S1a). The contact angle of
the CNC dry film is 49° (Fig. S1b). The 1 % CNC dispersion exhibited a
viscosity of 2.5 cP. The beeswax microspheres stabilized by CNC will
ensure compatibility with the painting's original wax binder and EHM
was hypothesized to provide additional adhesion strength. After drying,
over 80 % of the composite is made up of the Pickering emulsion, in
which the beeswax content is the highest. The influence of beeswax
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Fig. 1. Schematic illustration of (a) preparation and (b) structure of the beeswax/CNC/EHM dispersions.
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Fig. 2. (a) Pickering emulsions with 1 % CNC and 2, 5, 10, 20, 30, 40 % beeswax (from left to right); micrograph of Rhodamine B stained beeswax20/CNC1
emulsion: (b) bright field and (c) fluorescence microscopy; (d) laser diffraction of emulsions with 1 % CNC and 2-40 % beeswax; (e) D4 3 diameter changes with
beeswax contents; SEM image of beeswax20/CNC1/EHM1 coating: (f, g) before and (h, i) after heating at 85 °C for 15 min.
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concentration on the droplet size in the emulsions was first investigated.
Fig. 2a shows the appearance of Pickering emulsions stabilized by 1 %
CNC and with the weight percentage of beeswax varied from 2 to 40 %.
The Pickering emulsions remain stable regardless of the beeswax con-
centration. Fig. S2 shows optical microscopy images of the Pickering
emulsions. As can be seen, the emulsion drops are spherical and seem to
contain tiny spherical inclusions. The droplet size increases significantly
with increasing concentration of beeswax. Rhodamine B was used to
stain the emulsion containing 20 % beeswax and 1 % CNC. As shown in
Fig. 2b and c, fluorescence microscopy images confirm the presence of
droplet inclusions in the emulsion drops.

The size distribution of the drops of the Pickering emulsions was
analyzed by laser diffraction. As seen in Fig. 2d and e, all the emulsions
display a trimodal drop size distribution with the first peak centered at
0.1-1 pm, the second peak centered at 1-10 pm, and the third and the
most intense peak centered above 10 pm. The drop distribution is broad,
and the beeswax concentration significantly affects the distribution. The
average drop size increased from 11 to 44 pm with an increase in
beeswax content. The emulsion with 20 % beeswax and stabilized by 1
% CNC was chosen for more in-depth investigations as a consolidant due
to its medium size and relatively homogeneous particle size distribution.
This formulation is referred to as beeswax20/CNC1. Fig. 1a shows the
appearance of this emulsion with 0.5 % EHM added (beeswax20/CNC1/
EHMO.5). It displays a creamy and sticky texture. Fig. S3 shows the
appearance of consolidants after drying on glass slides. The dry layer
gives a white translucent surface with no glare. As the beeswax con-
centration decreases, the transparency of the consolidant increases. It is
essential that the treatment of historical artefacts does not negatively
impact their aesthetics. Application of the beeswax/CNC/EHM formu-
lations for consolidation of cracked and flaking surfaces seems not to
have a negative impact on the appearance of the painting surface.

SEM (scanning electron microscopy) images of beeswax20/CNC1
and beeswax20/CNC1/EHM1 are shown in Figs. S4 and 2f and g,
respectively. It can clearly be seen that the dry films exhibit micro-
spheres and small pores in a wide variety of shapes and sizes. The broken
microsphere shown in Fig. 2g reveals its hollow nature. Fig. 2h and i
shows the dry beeswax20/CNC1/EHM]1 after heating. The beeswax has
melted and become compressed, forming a porous structure, which
confirms the hollow structure of the microspheres. Such a porous layer
may be more breathable than the films from conventional polymeric
consolidants.
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3.2. Characterization of the consolidant film

ATR-FTIR (attenuated total reflectance — Fourier-transform infrared
spectroscopy) was applied to characterize the beeswax20/CNC1/EHM1
dispersion after drying, as shown in Fig. 3. The characteristic bands of
beeswax were identified at 2917 and 2849 cm ™!, corresponding to CHs
and CH: stretching, 1737 cm ™! for ester C=O stretching, 1473 and 1463
em ™! for C—H scissoring, 1170 cm™! for C—H bending, and 730 and
720 ecm~! for C—H rocking [39]. Additionally, a weak broad band
around 3350 cm~! was observed, which was attributed to O—H
stretching from CNC and EHM. Due to the overlap between the ab-
sorptions of beeswax and cellulose based material around 1050 cm ™},
the C—O stretching of CNC and EHM was difficult to identify. However,
the presence of CNC and EHM was evidenced by the increased intensity
of vibrations in this region. No new absorption bands were detected in
the composite, indicating that the combination of the components was
achieved solely through physical interactions.

TGA (thermogravimetric analysis) was applied to further charac-
terize the beeswax20/CNC1/EHM1 dispersion after drying. As shown in
Fig. 4, a slight water weight loss was observed on both CNC and EHM in
the range 30-100 °C. For CNC, cellulose decomposition led to a signif-
icant weight loss of 66.5 % between 250 and 400 °C, with a maximum
degradation temperature of 306 °C and a residual ash content of 18.4 %
[40]. In the case of EHM, backbone decomposition resulted in a 78.7 %
weight loss within the 250-450 °C range, reaching a maximum degra-
dation temperature of 360 °C and leaving a residual ash content of 11.3
%. Beeswax exhibited an initial weight loss around 220 °C, completing
vaporization by 450 °C due to hydrocarbon decomposition, with a
maximum degradation temperature observed at 402 °C. The DSC anal-
ysis shown in Fig. S5 revealed a solid-liquid phase transition at 62 °C
[41]. As expected, the weight loss curves for beeswax20/CNC1,
beeswax20/CNC1/EHM1 and beeswax20/CNC1/EHM2 closely aligned
with that of plain beeswax, with maximum degradation temperatures in
the range 395-402 °C. The influence of CNC and EHM on the thermal
stability of composites is minimal due to their low content in
composites.

The wettability of the emulsion-based consolidant layer was assessed
by measuring contact angle on a glass slide. Initially, the surface layer
from beeswax20/CNC1 emulsions with a weight percentage of added
EHM of 0.0 %, 0.2 %, 0.5 %, 1.0 %, 2.0 % and 3.0 % were investigated.
Only EHM at 1 %, 2 % and 3 % were included as references. As shown in
Fig. S6, the layers formed by only EHM are highly hydrophilic with a
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Fig. 3. ATR-FTIR spectra of beeswax20/CNC1/EHM1, EHM, beeswax20/CNC1, CNC and beeswax.
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Fig. 5. (a) Contact angle measurements of the formulations with 20 % beeswax; (b) formulations with 5 % beeswax; (c) formulations with 2 % beeswax.

water contact angle of around 20°. The formulation without EHM, i.e.
beeswax20/CNC1, is very hydrophobic giving a contact angle of about
130° (Fig. 5a). A formulation with a small amount of added EHM,
beeswax20/CNC1/EHMO0.2, gives approximately the same high contact
angle while increasing amounts of EHM in the formulation results in
progressively decreasing contact angles. However, also with the highest
added amount of EHM, beeswax20/CNC1/EHM3, the contact angle is
quite high, 109°. Thus, there is only a slight reduction of hydrophobicity
with an increase in the EHM concentration up to 3 %. The high degree of
hydrophobicity of the consolidant layers was maintained also in a humid
environment.

Next, compositions with low amount of beeswax, 2 % and 5 %,
together with 1 % CNC and 0.5 % or 1.0 % EHM were examined. Fig. 5b
and c shows water contact angles of 118°, 116° 131° and 126° for
beeswax2/CNC1/EHMO0.5, beeswax2/CNC1/EHM1, beeswax5/CNC1l/
EHMO0.5 and beeswax5/CNC1/EHM]1, respectively. The results show
that a higher beeswax content in the emulsion gives a higher degree of
hydrophobicity to the consolidant layer, which is according to expec-
tations. Without EHM the values were somewhat lower, 93° and 105° for
beeswax2/CNC1 and beeswax5/CNC1, respectively. This result in-
dicates that when the beeswax concentration in the emulsion is low, the
addition of EHM enhances hydrophobicity compared to the beeswax/
CNC Pickering emulsion alone. This is probably because EHM promotes

the formation of a continuous layer with the beeswax/CNC micropar-
ticles. When the beeswax content is high, the microparticles become
densely packed, ensuring pronounced hydrophobicity. However, at
lower beeswax concentrations, the continuous layer becomes essential
as it minimizes water penetration into the porous structure of the loosely
packed microparticles.

Formulations with a low content of CNC (0.2 % and 0.5 %) and with
an EHM content of 0.5 % were also investigated. The contact angles of
the consolidant layers from the emulsions beeswax2/CNC0.2/EHMO0.5
and beeswax5/CNC0.2/EHMO0.5 gave water contact angles of 109° and
126°, respectively. Corresponding formulations without EHM, i.e.
beeswax2/CNC0.2 and beeswax5/CNC0.2, gave contact angles of 109°
and 115°, respectively. Thus, the effect on the hydrophobicity of small
amounts of added EHM is not obvious.

The viscosity of the emulsions was investigated by a Brookfield
viscometer. Three different beeswax contents, 2 %, 5 % and 20 %, were
used while the CNC content was kept constant at 1 %. EHM was added in
concentrations from 0 % to 3 %. As shown in Table 1, the viscosity of
beeswax2/CNC1, beeswax5/CNC1 and beeswax20/CNC1 emulsions
were 12.8 cP, 13.6 cP and 29.0 cP, respectively. Thus, an increasing
amount of beeswax in the emulsion gave an increase in viscosity, as
expected. However, even with the highest beeswax content the viscosity
was deemed too low for the emulsion to be used as a consolidant for
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Table 1

Viscosity of beeswax20/CNC1/EHM(0, 0.2, 0.5, 1, 2, 3), beeswax(2, 5)/CNC1/
EHM(0.5, 1), beeswax(2, 5)/CNC1, CNC1/EHM(1, 2) and EHM(0.2 %, 0.5 %, 1
%, 2 %, 3 %).

Formulations Viscosity Formulations Viscosity (cP)
(cP)
Beeswax2/ 12.8 £ 0.1 3 % EHM 36,933 + 205
CNC1®
Beeswax5/CNC1 13.6 £ 0.2 Beeswax2/CNC1/ 349.3 + 1.5
EHMO.5
Beeswax20/ 29.0 £ 0.2 Beeswax5/CNC1/ 349.7 £ 2.1
CNC1 EHMO.5
Beeswax20/ 47.9 +£ 0.3 Beeswax2/CNC1/EHM1 54,810 + 165
EHM1
CNC1/EHM1 352.5+ 0.5 Beeswax5/CNC1/EHM1 68,200 + 1479
CNC1/EHM2 32,773 £23  Beeswax20/CNC1/ 2180 + 20
EHMO.2
0.2 % EHM 60.8 £ 1.6 Beeswax20/CNC1/ 48,400 + 400
EHMO.5
0.5 % EHM 83.2+0.8 Beeswax20/CNC1/ 236,000 + 2000
EHM1
1 % EHM 90.2 +£ 0.8 Beeswax20/CNC1/ 667,333 £+ 3055
EHM2
2 % EHM 10,640 + 40  Beeswax20/CNC1/ 1,182,667 +
EHM3 11,015

2 2 wt% beeswax and 1 wt% CNC in water.

flaking encaustic paintings. Additions of EHM result in a very pro-
nounced viscosity increase, as can be seen from Table 1. The interaction
between EHM and beeswax/CNC is evident from the values. As an
example, the viscosity of 1 % EHM is 90.2 cP and that of beeswax20/
CNC1 is 29.0 cP; however, the viscosity after mixing, i.e. of beeswax20/
CNC1/EHM], is 236,000 cP. To verify the interactions, the viscosity of
beeswax20/EHM1 and CNC1/EHM1 were also measured and showed
47.9 cP and 352.5 cP, respectively. Thus, the viscosity resulting from the
interaction among all three components is significantly higher than that
observed from the interaction between any two components.

Reducing the beeswax content from 20 % to 5 % and further to 2 %,
decreased the viscosity of the dispersion from 236,000 cP to 68,200 cP
(beeswax5/CNC1/EHM1) and to 54,810 cP (beeswax2/CNC1/EHM1),
respectively. Reducing the EHM content from 1 % to 0.5 % resulted in a
very pronounced drop in viscosity. Both beeswax2/CNC1/EHMO.5 and
beeswax5/CNC1/EHMO.5 exhibited a viscosity of only 349 cP. Reducing
the CNC content from 1 % to 0.5 % and 0.2 % gave viscosities so low that
they could not be quantified with the viscometer.

Taken together, the results from the viscosity measurements provide
clear evidence of the strong interaction between EHM, CNC and beeswax
in the dispersion and that this interaction is concentration dependent,
mainly through hydrophobic interaction. Subsequently, UV-Vis (ultra-
violet-visible spectroscopy) was used to investigate the turbidity of a
CNC dispersion at a low concentration of 0.1 % as a function of added
EHM. The results are shown in Fig. S7, where the absorbance of EHM
solutions at different concentrations is also included for comparison.
Both the CNC absorbance vs. EHM concentration and the EHM absor-
bance at varying concentrations show a linear relationship, which could
be expected in case of minor interactions. The data obtained supports
the view that there is no significant interaction between EHM and CNC
at low concentrations, explaining the almost undetectable viscosity of
the low concentration dispersions such as beeswax0.5/CNC0.5/EHMO0.5
and beeswax0.5/CNC0.2/EHMO.5. The very strong increase in viscosity
when EHM is added to the beeswax/CNC system is most likely due to
hydrophobic interactions between the hydrophobic side chains of EHM
and the hydrophobic beeswax/CNC microparticles' surface. EHM acts as
a crosslinker for the beeswax/CNC, just as it does for surfactant micelles
in regular coatings formulations [37,38].

Furthermore, the results indicate that the viscosity of the dispersions
is tunable by varying the amounts of the three components, beeswax,
CNC and EHM. The higher the concentration, the stronger the
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interaction and the higher the viscosity. Fine-tuning of the viscosity of
the consolidant is important because the optimal viscosity will vary with
the application method - by brush or by injection through syringes, etc. -
on the flaking painting layer.

The load-extension curves of single lap joints and average failure
forces with different adhesives are shown in Figs. 6 and S8. The adhesive
strength of beeswax/CNC/EHM dispersions was compared with the
strength of the natural consolidant gelatin and the synthetic consolidant
Aquazol (poly(2-ethyl-2-oxazoline)). Plain beeswax and plain EHM were
also included as references. The curves show a nearly linear behavior
and remain steady until the load reaches complete failure, which leads
to delamination of the bonded area. Some of the samples, such as 2 %
Aquazol, 3 % gelatin and 1 % EHM display a weak load force and shear
strength of 40 N or below, which may be due to a combination of low
concentrations and hydrophilic nature. A hydrophilic polymer is likely
not to spread well between the smooth Masonite surface and the hy-
drophobic wax layer and without proper wetting and spreading the bond
strength will be poor.

The 2 % EHM solution is thicker and shows a strength comparable
with that of the beeswax20/CNC1 emulsion, giving a failure load of
about 70 N. However, their shear strengths are still lower than that of
hot beeswax. A significant increase in bonding strength was observed
after including EHM in the formulation. Beeswax20/CNC1/EHM1 gave
a failure load of 95 N, which is comparable to that of beeswax. The
failure load of beeswax20/CNC1/EHM2 was higher, reaching 116 N. As
can be seen, when the concentration of Aquazol was increased to 20 %,
the failure load became even higher, 169 N. However, a very high
bonding strength may not be optimal. For conservation of cultural
heritage, the strength of a consolidant should be comparable to the
strength of the substrate to avoid unnecessary additional stress on the
artwork.

The water vapor transmission rate (WVTR) of different consolidants
was evaluated and is shown in Figs. 6¢ and S9. Beeswax and Aquazol
were selected as reference materials to represent hydrophobic and hy-
drophilic coatings, respectively, for comparison with the developed
beeswax/CNC/EHM formulations. The uncoated Whatman filter paper
initially exhibited a WVTR of 37.8 g/hem?, which decreased to 22.6 g/
hem? within the first 3-22 h. Over time, the WVTR gradually stabilized
at around 21 g/hem? The observed decrease in the beginning is
attributed to the equilibration process when the dry samples were
exposed to a humid environment. A similar trend was observed for all
coated samples, except for the beeswax coated sample, where the pores
of the paper were clogged and sealed by the beeswax layer. As a result,
the sample exhibited a significantly lower WVTR. The Aquazol coated
sample exhibited an initial WVTR of 26.4 g/hem?, which decreased to
15.1 g/hem? before stabilizing at around 18 g/hem?. As a hydrophilic,
non-porous coating, Aquazol facilitates water vapor transfer through
chemical diffusion, absorbing water molecules from the high-humidity
side and releasing them on the low-humidity side [42]. However, hy-
drophilic coatings may lose mechanical properties in humid environ-
ments. For the beeswax20/CNC1/EHM1 coating, the WVTR decreased
from 31.9 g/hem? to 20.2 g/hem? before stabilizing at about 18 g/hem?,
which was slightly higher than was obtained with the Aquazol coating.
The beeswax2/CNC1/EHM1 coating demonstrated a WVTR range from
33.3 g/hem? to 21.4 g/hem? before stabilizing at around 20 g/hem?,
showing the best WVTR performance, which is comparable with the
uncoated Whatman filter paper. The beeswax/CNC/EHM formulations
contain beeswax hollow microparticles, which provide channels for
water vapor transfer while preventing external water from penetrating,
thus exhibiting both water resistance and breathability.

3.3. Evaluation of consolidation efficiency
The color differences of various consolidants were measured on both

encaustic mockup and Whatman filter paper (Fig. S10). As shown in
Fig. 7a and Table S2, the CIE color coordinates (L*, a*, b*) represent the
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Fig. 6. (a) Force-extension curves of the lap-shear test; (b) average failure load of various materials; (c) water vapor transmission rate (WVTR) of Whatman filter
paper before and after coating with beeswax, 20 % Aquazol, beeswax20/CNC1/EHM1 and beeswax2/CNC1/EHMI.
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beeswax2/CNC1/EHM1; (b) UV light aging and temperature effect on the above consolidants.
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Fig. 8. Images of mockups immersed in a Petri dish filled with water over time. The composition of the formulations is given on the top, left picture.
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color values in the color space, while AE* indicates the overall color
change of the consolidants applied to the mockup surface. From the
results, the AE* values for beeswax, Aquazol, beeswax20/CNC1/EHM1,
beeswax5/CNC1/EHM1 and beeswax2/CNC1/EHM1 were 13.5, 11.2,
16.2, 4.8 and 1.2, respectively. Aquazol exhibited a glossy appearance
and showed significant color variations depending on the measuring
angle. The beeswax20/CNC1/EHM1 formulation appeared whitish
when applied to the red encaustic surface. The high beeswax content
formulation is more suitable for adhesion of flaking paint layers rather
than as a surface coating. Reducing the beeswax content from 20 % to 2
% significantly reduced the impact of the hydrophobic consolidant on
the appearance of the mockup. To assess the color stability of the con-
solidants before and after aging, a uniform layer was applied to a flat
Whatman paper surface. As shown in Fig. 7b, the AE* values of the
beeswax/CNC/EHM consolidants were lower than those of beeswax and
Aquazol, making the color change nearly imperceptible to the human
eye. Additionally, after 50 h of UV aging, only beeswax showed a slight
increase in AE*. No significant AE* changes were observed in any of the
consolidants after 50 h of aging at 40 °C.

In order to investigate the water resistance of the films from the
beeswax20/CNC1/EHM1 and beeswax20/CNC1/EHM2 emulsions,
mockups were prepared by bonding paint layer pieces on Masonite
support with various adhesives. The paint layer was composed of a
beeswax binder and red ochre pigment to simulate an encaustic paint-
ing. The mockup was immersed in a petri dish filled with water. Fig. 8
shows the flaking of the samples over time. As can be seen, the samples
bonded with 3 % gelatin, 2 % Aquazol, and 1 % EHM detached from the
Masonite during the first hour, most likely as a result of the hydrophilic
nature of the binders and the relatively low concentration. After 3 h, the
beeswax bonded sample flaked off. The sample bonded with 2 % EHM
came off after 4 h and the one with 20 % Aquazol after 7 h. Comparison
of the results with 2 % and 20 % Aquazol shows that a higher polymer
concentration gives better adhesion in water.

The sample bonded with the beeswax20/CNC1 emulsion flaked off
after 8 h while the samples bonded with the two beeswax20/CNC1/EHM
emulsions remained on the Masonite for the entire test period of 300 h.
Their water resistance was evidently much higher than that obtained
with commonly used consolidants such as gelatin and Aquazol. This is
important for the consolidation of objects that are kept in humid envi-
ronments. It is remarkable that this high degree of water resistance, as
well as pronounced hydrophobicity of the applied layer, as discussed
above, is obtained with an adhesive that is water-based and free from
organic volatile components.

An evaluation of the performance of the consolidants under varying
humidity was performed by DMA (dynamical mechanical analysis),
using paper as a substrate. Paper was deemed to be a good proxy of
typical substrate of encaustic painting. A super glue was used as a
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moisture-inert reference compound and Aquazol was employed as a
highly water-sensitive reference. As shown in Fig. 9a, the consolidant
formulations beeswax20/CNC1/EHM1 and beeswax20/CNC1/EHM2
show a behavior similar to that of super glue. The storage modulus
shows that both the consolidants and the super glue soften with
increasing RH. This is most likely due to softening of the paper caused by
plasticization by water. Aquazol, on the other hand, becomes tougher
and more difficult to deform at 60 % RH but softens completely at 80 %
RH. The toughening is likely related to better contact between the paper
and the adhesive when both components have been plasticized with
water. The softening at 80 % is probably a result of a glass transition of
the Aquazol as it takes up enough water. Aquazol has been shown to
have a Ty close to room temperature at ambient conditions [43]. This
suggestion is supported by the loss modulus peaking as the RH ramps
from 60 to 80 % RH (Fig. S11), typical of a glass transition.

As the DMA instrument records the length of the sample, it is possible
to monitor the extension of the material, however, as the static force
changes throughout the experiment, these results are not as informative
as they would have been with an unchanging static force. As shown in
Fig. 9b, all materials elongate upon increasing the moisture content, but
the elongation of the Aquazol sample is exceptionally large, most likely
due to a drawing out of the joint. The two consolidants behave like the
super glue, indicating that the elongation of these samples is mainly the
result of a softening of the paper.

4. Conclusion

We here report an approach to combine CNC stabilized Pickering
emulsions of beeswax with EHM for consolidation of deteriorated
encaustic paintings. The formulations are entirely composed of eco-
friendly materials, beeswax, cellulose nanocrystals and a surface
active cellulose derivative and contain no volatile components. They are
easy to prepare and can be used at room temperature. The Pickering
emulsion displays a microsphere structure with droplet inclusion, and
the microspheres' size is governed by the concentration of beeswax in
the formulation. The viscosity of the dispersion is governed by the
amount of EHM. The dried film is highly hydrophobic, with a water
contact angle of about 130°, which is beneficial to have similar property
as the original artefact. This hydrophobicity remained stable under
humid conditions while allowing efficient water vapor transfer, ensuring
high breathability. The mechanical and water resistance tests conducted
on mockups showed that the dried films have very good adhesive
strength and excellent water resistance.

Since the components of the beeswax dispersion are all based on
natural raw materials and of similar nature as the encaustic painting's
original materials, i.e. lignocellulosic materials and beeswax, the risk of
incompatibility between the consolidant and the painting, which is
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Fig. 9. (a) Max-min normalized storage modulus and (b) elongation, as a function of time, with the relative humidity displayed on the right axes.
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sometimes encountered with consolidants based on synthetic polymers,
is eliminated. In summary, this study presents a novel, efficient, eco-
friendly, and humidity-resistant consolidant for the cultural heritage
conservation field that should be of particular value for encaustic
paintings.
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