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Abstract: This work investigates the suitability of supercritical fluid technology for designing a
safe, efficient and sustainable consolidation treatment for a pair of heavily degraded goalkeeper
gloves. Traditional methods have revealed themselves as unsafe and inefficient, leading to material
loss and a minimal enhancement of surface cohesion. To overcome these limitations, the use of
supercritical carbon dioxide (scCO2) was explored in a treatment, where scCO2 behaves as a green
solvent and consolidant carrier. In-depth and homogeneous application of the consolidant, without
the need for direct contact with the foam material, was sought. As a proof of concept, the procedure
was tested on samples that mimic the synthetic latex-based foam composition and condition of the
object. Poly(vinyl acetate) was selected as a consolidant because its behaviour and solubility in scCO2

are known. Several experimental conditions were explored to assess the impact and feasibility of
the scCO2-assisted consolidation procedure. Empirical observations, optical microscopy, scanning
electron microscopy and infrared spectroscopy were used to monitor potential modifications in the
samples and assess the treatment efficacy. The results highlighted the advantages and pitfalls of
scCO2-assisted consolidation, paving the way for fine-tuning the process. It neither damaged the
fragile surfaces of the foam samples nor increased material loss, which is an advantage compared
to traditional treatments. The performed analysis suggested that homogeneous impregnation of
the foams was achieved. This study might be a turning point in the conservation of foam-based
museum objects, as the results indicate the suitability of the scCO2-assisted consolidation process as
a non-toxic and more efficient alternative, being safer for the object.

Keywords: supercritical CO2; impregnation; poly(vinyl acetate); sustainable conservation; cultural
heritage; modern and contemporary materials; synthetic polymer materials; historical plastic objects

1. Introduction

The conservation of modern and contemporary artworks or design objects can prove
challenging with respect to interventive conservation treatments, due to their inherent
chemical-physical properties and the fact that plastics meant for everyday use have an
intended shorter service life than other materials in museum collections. Research efforts
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have focused on finding solutions for the most common and most unstable plastics encoun-
tered in museums, but there is still a lack of knowledge and strategic conservation plans for
many other synthetic materials. Increasingly, plastic objects created for daily life activities
and used by celebrities have achieved iconic status and historical value and have found
their way into museums and collections, such as sports memorabilia [1–3].

These items are usually complex systems and highly challenging for the establishment
of conservation strategies, as they are generally made of a combination of materials for
which limited information on degradation pathways is available. In addition, they are
often found in a post-use, worn condition with compromised physical integrity as a cumu-
lative result of natural degradation and extensive use, jeopardising their legacy to future
generations.

An example of such a complex case study is represented by a pair of goalkeeper gloves
in the collection of Museu Benfica–Cosme Damião (Lisbon, Portugal) (Figure 1). The gloves
were used by the professional football player Robert Enke, and the player’s signature and
handwritten dedication are visible on both palms (Figure 1b).
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Figure 1. General views of Robert Enke’s goalkeeper gloves (ca. 2000), currently part of Museu
Benfica–Cosme Damião’s collection. © Sport Lisboa e Benfica: (a) back and (b) palm section.

An interventive conservation treatment of this foam was considered urgent to min-
imise further loss or damage to the gloves, namely, the stabilisation of the top foam layer
of the palms where the signature and dedications are, and its adhesion to the underneath
layer. The treatment, however, proved to be particularly challenging due to the extensive
degradation of the palm and its complex composition. Visual and molecular analysis of the
material in previous studies [2,3] showed that it comprised a dense, semi-rigid foam with
an open-cell structure and pores of varying sizes, based on synthetic latex, namely a blend
of polyisoprene, polybutadiene and polystyrene, with the last two possibly as a copolymer.

While consolidation options for polyurethane (ether- and ester-based) foams have
been the focus of some studies [4–9], there is currently no published research into ap-
propriate consolidants and treatment methodologies for synthetic latex-based foams in
the conservation literature. Consolidants are generally applied via direct methods like
brushing or facing (brushing through a separating membrane), or indirect methods such
as nebulisation or spraying. These procedures, however, have a series of drawbacks: the
former has the risk of disrupting the surface and promoting detachment or loss, which
would compromise the signatures and handwritten dedications on the palms, and the latter
enables only a shallow penetration of the consolidant into the material, which would not
inhibit the crumbling phenomena.

Despite recent efforts to find suitable procedures for the in-depth and safe penetration
of consolidants, such as the study of low vacuum pressure to treat shoe soles made of closed-
cell ester-based polyurethane (PUR) [10], an entirely satisfactory treatment has not yet
been found. In addition, established consolidants used in conservation involve potentially
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irritant or toxic materials that require appropriate health and safety requirements and
PPE, such as the mixture of Impranil® DLV/1 (Covestro AG, Leverkusen, Germany) with
Tinuvin B75 (BASF, Ludwigshafen, Germany) or hexamethyldisilane (HMDS) for ether-
and ester-based PUR foams consolidation, respectively [4–7,9].

To explore appropriate conservation strategies for the goalkeeper gloves, initial
tests were performed using currently available, aqueous dispersion-based consolidants
(Impranil® DLV/1, Evacon-RTM (CXD - Conservation by Design, Milton Keynes, UK), Plex-
tol B500 (Synthomer, London, UK), Mowilith® LDM 7667 and Mowilith® LDM 1871(Celanese
Corporation, Texas, USA)), applied through nebulisation and facing techniques [3]. Among
the tested consolidants, Evacon-RTM and Mowilith® LDM 1871 performed best but could
only guarantee a minimal enhancement of the surface cohesion. As expected, neither
of the application procedures (nebulisation and facing) were suitable for the case study.
Additionally, although consolidants applied via facing generally resulted in a deeper and
more uniform penetration than spraying or nebulisation, their migration into the foam
mock-ups remained superficial [3].

In the absence of safe and low-risk conservation procedures among those traditionally
used by conservators [3], options used in other fields were evaluated. In industrial research,
the difficulties and limitations of incorporating compounds into a matrix, such as the use
of high temperatures, organic solvents, limited penetration depth, etc., can be overcome by
using supercritical fluid technology [11].

A supercritical fluid is a highly compressible gas that, above a specific temperature and
pressure values, the so-called critical temperature, Tc, and critical pressure, pc (also known
as critical point), simultaneously behaves like and exhibits physicochemical properties of
a gas and a liquid. In common with a gas, it has low viscosity, high diffusivity and lack
of surface tension. As a liquid, it has high density and solvation power [12–15]. These
properties can be easily tuned by varying the temperature and pressure conditions of
the system.

Carbon dioxide (CO2) has a relatively accessible critical point (Tc = 31 ◦C and
pc = 7.38 MPa) compared with other supercritical fluids and, for this reason, is most
frequently selected for various industrial applications [12–14,16]. In addition, it is con-
sidered a green solvent because it is non-flammable, non-toxic, and relatively chemically
inert. It is available in large quantities and high purity as a by-product of many industrial
processes and can be readily recycled and reused [17–19].

The working principle of the scCO2-assisted impregnation is based on the previously
described versatile properties of fluids in supercritical conditions in which CO2 has a
double function: it behaves as a solvent due to its high density and as a carrier, thanks
to its high diffusion rate and lack of interfacial tension, which enables an easy in-depth
and homogeneous penetration in a wide range of materials with minimal interaction. The
procedure is performed in a high-pressure apparatus where the temperature and pressure
are increased to achieve the supercritical conditions. At the end of the experiment, by
returning to atmospheric pressure and temperature, CO2 can be easily released as a gas
without leaving residues in the material [20].

Several variables can contribute to a successful impregnation: high solubility of the
compound to impregnate in scCO2; affinity of the compound solution with the matrix,
optimal temperature and pressure, and exposure and depressurisation times. Supercritical
CO2 is a suitable solvent for nonpolar, very slightly polar and low molecular weight (MW)
compounds [21–25], whilst it is a poor one for hydrophilic, polar molecules or compounds
that have a MW above 1000 (such as polymers, proteins, aliphatic fatty acids, etc.) [21,22,25].
However, this does not apply to all polymers, as some are known to be soluble in scCO2,
even with high MW, such as the case of poly(vinyl acetate) [19,21,26,27]. In addition, scCO2
solvation power can be tuned either by adjusting temperature and pressure, which will
impact its density and diffusivity, or by adding entrainers (i.e., co-solvents, surfactants,
etc.) to increase or decrease its polarity, such as ethanol or methanol [13]. Exposure and
depressurisation times can also be adjusted for better impregnation results. Exposure
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should be sufficiently long to allow the transport and penetration of the compound into the
material to be impregnated, while depressurisation time needs to be adjusted to minimise
swelling and consequent deformation of the matrix under treatment (shorter times) or the
complete removal of the impregnated compound during the exit of the CO2 from the cell
(longer times).

Examples of scCO2-assisted impregnation include the impregnation process for the
dyeing of synthetic and natural textiles [28,29], preparation of drug-eluting implants [30–37],
softwood processing [38–43], the preparation of hybrid silk material [44] or for food packag-
ing applications [45,46]. In the conservation field, supercritical CO2 technology is still niche,
with a few examples of application such as the cleaning of textiles [47–51], deacidification of
paper [52–56] and the removal of pesticides from objects in ethnographic collections [57–59].
However, there are no examples of consolidation treatments (the equivalent to impregna-
tion as a conservation treatment), except for a study by Tuminello et al. on the solubility of
fluorinated resins in liquid CO2 and their application via CO2 spraying for stone preserva-
tion [60]. The use of scCO2 is also relatively unexplored in treating plastics of historical
value [61,62], with no previous investigation of application on synthetic latex-based foam
materials or even in more frequently found types of foams, such as polyurethane (PUR).

Aim and Viability of the Research

The present study aimed to assess the impact of scCO2 on a synthetic latex-based
foam composed of a blend of polyisoprene, polybutadiene and polystyrene (the last two
possibly as a copolymer) and the feasibility of the scCO2-assisted consolidation process for
this material, which was tested on mock-ups representing the goalkeeper gloves case study,
prepared using modern equivalent materials and selected based on previous research [2,3].
The scCO2-assisted consolidation was investigated as an alternative method to the tradi-
tional consolidation procedures previously tested for the treatment of the same case study,
namely brushing and nebulisation [3]. In particular, it aimed to overcome the limitations of
the need for direct contact with the material, which can potentially lead to material losses,
while still achieving an in-depth and homogeneous deposition of the consolidant.

As mentioned above, polymers exhibit very low solubility in CO2, including those
found in the gloves [21,23,26]; hence, it is expected that scCO2 will not affect the synthetic
latex-based foam. However, published studies have focused on unaged polymers [21,23,26],
and the solubility of a polymer in CO2 might alter with deterioration, particularly consider-
ing that the presence of an interaction site such as a carbonyl group (which is present in
degradation products) is known to improve its solubility in CO2 [22,23,63,64]. Moreover,
sorption of CO2 by the polymer might occur, with consequent swelling, potential variations
in mechanical properties and a decrease in the glass transition temperature (Tg) [65–68].

To test the viability of the scCO2-assisted consolidation for this particular case study,
and in general, for foam-based materials, poly(vinyl acetate) (PVAc) was selected as a
consolidant, because its solubility and behaviour in scCO2 are known, even with a high
MW [21,22,26,27,69]. In addition, vinyl acetate is the component with adhesive properties in
the aqueous copolymer dispersions Evacon-RTM and Mowilith® LDM 1871, which provided
the best results in previous consolidation tests for this foam material [3]. Previous studies
have also shown its good stability towards ageing when used as a homopolymer [70,71].

Extensive trials were performed on mock-up samples prepared using modern equiv-
alents for the aged historical material of the gloves. A multi-analytical characterisation
approach, comprising empirical observation, colour measurements, imaging with stere-
omicroscopy, optical microscopy (OM) and scanning electron microscopy (SEM), and
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was used to
monitor physical and chemical changes in the samples and the effect of consolidation.
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2. Materials and Methods
2.1. Mock-Up Sample Preparation

Mock-up samples were prepared using modern equivalent materials to the case study.
Goalkeeper gloves from Nike (model Nike GK Match, Nike, Beaverton, OR, USA) were
selected based on their similarity in appearance, structure and composition with the
original materials of the gloves, as discussed elsewhere [2,3]. To simulate the degradation
conditions of the original pair of gloves, the test gloves were first used, to introduce
some deterioration due to mechanical wear and to transfer some natural perspiration,
which was considered a crucial agent in the ageing of the original gloves and was covered
elsewhere [2,3]. Ageing with polychromatic irradiation was carried out in a light chamber
(Solarbox 3000e, CO.FO.ME.GRA, Milan, Italy) equipped with a Xenon-arc light source
and an outdoor filter (λ ≥ 280 nm, CO.FO.ME.GRA, Milan, Italy) with constant irradiation
of 800 W/m2. The temperature inside the apparatus was stable at approximately 40 ◦C.
Samples were irradiated for six days, then transferred to a climatic chamber and heated at
60 ◦C and 75% of relative humidy for twelve additional days. After finalising accelerated
ageing, the back and the palm sections were separated, and small pieces of approximately
10 × 15 × 5 mm were cut from the latter and used for scCO2 trials.

2.2. Materials

Poly(vinyl acetate) (PVAc) with molecular weights (MW) of approximately 83,000
and 167,000 in the form of beads, and ethanol (EtOH, assay ≥ 99.8%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The PVAc beads were ground finely to reduce
particle size and facilitate their solubilisation in scCO2. Carbon dioxide (purity 99.998%)
was purchased from Air Liquide (Paris, France).

2.3. Carbon Dioxide (CO2) Apparatus, Experimental Conditions and Procedure

As previously stated, the use of scCO2 is relatively unexplored in treating plastics
of historical value [61,62], with no previous research of application on foams, including
synthetic latex-based or the more frequently common PUR ones. Hence, initial tests were
performed to assess the safety of the method for the foam samples, i.e., the impact of the
scCO2 and the selected experimental conditions on the samples, and to evaluate potential
induced changes, such as visual, morphological or molecular alterations.

These initial trials were performed in low- and high-pressure conditions with different
pressurisation, exposure and depressurisation times to assess the safety of the method at
these conditions for the foams. Test 1 (Table 1) was conducted at milder conditions with
temperature and pressure values of 33 ◦C and 10 MPa. Up to a pressure of approximately
30 MPa, it was possible to use the high-pressure cell with a sapphire window at each
end, which enabled visual access to the samples during the experiment. To monitor the
response of the samples to variations in pressure and avoid inducing damage, the desired
pressure was reached by a slow pressurisation over 40 min; samples remained at the
selected experimental conditions for 30 min and were brought back to atmospheric values
through a very slow depressurisation (120 min). By contrast, Test 2 (Table 1) was performed
at more extreme conditions: a pressure of 36 MPa, which required the substitution of
the sapphire windows for stainless-steel ones with no visual access to the interior of the
cell, faster pressurisation and depressurisation times (10 and 5 min, respectively) and a
longer exposure time (120 min). The temperature was also slightly increased to 40 ◦C.
Higher temperature values were not considered to avoid inducing thermal degradation
to specimens.
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Table 1. Summary of experimental conditions used for testing the safety of CO2 at supercritical
conditions on the test gloves samples.

Test
Type

Test
No.

Temp.
(◦C)

Pressure
(MPa)

CO2 Density
(g/mL)

Pressurisation
Time (min)

Exposure
Time (min)

Depressurisation
Time (min)

PVAc
(MW)

Co-
Solvent

Sa
fe

ty 1 33 10 0.73834 40 30 120 - -

2 40 36 0.93932 10 120 5 - -

C
on

so
lid

at
io

n

3 40 28 0.89853 10 120 10 167,000 -

4 40 28 0.89853 10 120 11 167,000 -

5 40 28 0.89853 8 120 9 167,000 -

6 40 28 0.89853 7 120 7 167,000 -

7 40 36 0.93932 8 120 2 167,000 -

8 40 36 0.93932 6 120 10 83,000 -

9 40 36 0.93932 5 120 5 83,000 -

10 40 36 0.93932 7 120 5.5 83,000 -

11 40 36 0.93932 4.5 120 5.5 83,000 -

12 40 36 0.93932 5.5 120 2 83,000 -

13 40 36 0.93932 5 120 4.5 83,000 EtOH (1)

14 40 36 0.93932 4.5 120 3.5 83,000 EtOH (1)

15 40 36 0.93932 10 120 1 83,000 EtOH (1)

16 (2) 40 36 0.93932 4 120 5.5 83,000 -

17 (2) 40 36 0.93932 8 120 5 83,000 -

18 (2) 40 36 0.93932 8 120 4.5 83,000 -

(1) 1 mL of ethanol (assay ≥ 99.8%) was added at the bottom of the high-pressure cell. (2) Three samples of
approximately 10 × 15 mm were placed in the high-pressure cell and treated simultaneously.

These trials enabled a better assessment of the behaviour and response of the samples
to different experimental conditions, of potential alterations primarily due to rapid pressure
variations and of the suitability of the method for synthetic latex-based foams.

For the scCO2-assisted consolidation trials (Tests 3–18, Table 1), approximately 0.5 g of
ground PVAc was used, a quantity that proved to be enough for the trials to be conducted
in saturated conditions. Trials were performed at a fixed temperature (40 ◦C) and impreg-
nation time (120 min), and variable pressure (28 MPa and 36 MPa) and depressurisation
times (approximately 10, 5 and 2 min). Initial pressure values of 28 MPa were selected
based on the ability to still use the sapphire windows on the high-pressure cell to monitor
the samples. To achieve efficient and reproducible results, further tests were performed at
higher pressure values of 36 MPa, which was the maximum pressure considered safe for
the synthetic latex-based foam during safety trials, although it required the substitution of
the sapphire windows for stainless-steel ones. According to the literature [21,22,26,27,69],
the cloud-point pressures increase with PVAc chain length, meaning that the two PVAc
compounds tested (MW 83,000 and 167,000) would possibly need higher pressure values
to be completely dissolved in CO2. However, considering a polymer’s molecular weight
distribution (polydispersity), it is believed to be possible to solubilise and impregnate
the shorter PVAc chains at the selected pressure values to successfully consolidate the
foam samples.

A complete list of the experimental conditions used is summarised in Table 1.
Trials were performed in a high-pressure, laboratory-scale apparatus, as shown

schematically in Figure 2.



Sustainability 2024, 16, 1562 7 of 25Sustainability 2024, 16, x FOR PEER REVIEW 7 of 25 
 

 
Figure 2. Schematic diagram showing the apparatus used for trials: (1) CO2 cylinder, (2) refrigerator 
unit, (3) high-pressure pump, (4) check valve, (5) pressure transducer, (6) thermostatic bath, (7) tem-
perature controller, (8) high-pressure cell, (9) cell supporter, (10) magnetic stirrer, (11) consolidant, 
(12) magnetic bar, (13) sample over stainless-steel grid, (V1 to V6) pressure valves. 

A sample of approximately 10 × 15 × 5 mm per test (unless otherwise specified in 
Table 1) was placed on a stainless-steel grid support and inserted into a 33 mL stainless-
steel cell. For consolidation experiments, the ground PVAc was placed at the bottom of the 
cell beneath the net, on the opposite side to the sample. A magnetic stirring bar was also 
added at the bottom of the reactor (Figure 2) to ensure the homogeneity of the CO2 phase 
and promote the dissolution of the consolidant. The cell was sealed and immersed in a 
thermostatic water bath, pre-heated to the desired temperature. A BlueShadow Pump 40P 
(Knauer, Berlin, Germany) was used to pump fresh CO2 until the desired pressure was 
reached inside the cell. At this point, the magnetic stirring was turned on (100 rpm), and 
the temperature and pressure were kept constant during the exposure time. At the end of 
each experiment, the cell was manually depressurised back to atmospheric pressure. 
Throughout experiments, different depressurisation times were tested (Table 1) to mini-
mise consolidant removal during the exit of the CO2 from the cell and to maximise the 
consolidant loading. Ethanol was selected as a co-solvent since it has good miscibility in 
scCO2, can improve the polarity of the scCO2-phase and thereby increase the solubility of 
polar molecules [13], as well as promote solubility of PVAc in scCO2 [27,69]. In this case, 1 
mL of ethanol (assay ≥ 99.8%) was added to the bottom of the cell, and experiments were 
performed as discussed above. The experiments were performed in duplicate to assess the 
reproducibility of the method. 

2.4. Sample Characterisation 
After trials, the treated samples were left in ambient conditions for at least 3 h prior 

to commencing the post-treatment assessment. The characterisation of samples was per-
formed through a combination of empirical observation and microscopic and spectro-
scopic techniques, described in detail below. 

2.4.1. Empirical Observations 
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(7) temperature controller, (8) high-pressure cell, (9) cell supporter, (10) magnetic stirrer, (11) consoli-
dant, (12) magnetic bar, (13) sample over stainless-steel grid, (V1 to V6) pressure valves.

A sample of approximately 10 × 15 × 5 mm per test (unless otherwise specified in
Table 1) was placed on a stainless-steel grid support and inserted into a 33 mL stainless-steel
cell. For consolidation experiments, the ground PVAc was placed at the bottom of the
cell beneath the net, on the opposite side to the sample. A magnetic stirring bar was also
added at the bottom of the reactor (Figure 2) to ensure the homogeneity of the CO2 phase
and promote the dissolution of the consolidant. The cell was sealed and immersed in a
thermostatic water bath, pre-heated to the desired temperature. A BlueShadow Pump 40P
(Knauer, Berlin, Germany) was used to pump fresh CO2 until the desired pressure was
reached inside the cell. At this point, the magnetic stirring was turned on (100 rpm), and the
temperature and pressure were kept constant during the exposure time. At the end of each
experiment, the cell was manually depressurised back to atmospheric pressure. Throughout
experiments, different depressurisation times were tested (Table 1) to minimise consolidant
removal during the exit of the CO2 from the cell and to maximise the consolidant loading.
Ethanol was selected as a co-solvent since it has good miscibility in scCO2, can improve
the polarity of the scCO2-phase and thereby increase the solubility of polar molecules [13],
as well as promote solubility of PVAc in scCO2 [27,69]. In this case, 1 mL of ethanol
(assay ≥ 99.8%) was added to the bottom of the cell, and experiments were performed as
discussed above. The experiments were performed in duplicate to assess the reproducibility
of the method.

2.4. Sample Characterisation

After trials, the treated samples were left in ambient conditions for at least 3 h prior
to commencing the post-treatment assessment. The characterisation of samples was per-
formed through a combination of empirical observation and microscopic and spectroscopic
techniques, described in detail below.

2.4.1. Empirical Observations

Changes in the appearance of the scCO2-exposed samples (colour, gloss and shape)
were assessed visually under daylight based on observations, notes and macro photographs
of the samples taken before trials and by visual comparison with untreated control samples.
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Changes in the samples’ dimensions were determined by imaging with the stereomicro-
scope, using a template mask made with millimetre-scale paper to ensure the identical
positioning of the sample before and after treatment.

Qualitative evaluation of the effects of treatment on the tactile properties (such as
firmness, cohesion and flexibility) was conducted by gently pinching the samples between
fingers and comparing them with untreated control samples analysed in the same way.

For samples subjected to scCO2-assisted consolidation trials, the efficacy of the con-
solidation treatment was evaluated based on the samples’ response to abrasion. This
was a visual assessment achieved by rubbing a piece of Whatman filter paper number
1 (Sigma-Aldrich, St. Louis, MO, USA) across the sample surface in one direction un-
der the light pressure of one finger [8] until noting crumbling and fragment detachment.
Indirect information on the friability of the sample’s surface was also provided during
the micro-sampling of the model foam specimens to perform ATR-FTIR measurements.
Micro-samples were taken with a sharp surgical scalpel, and it was noted that in case of
unsuccessful consolidation, the surface would crumble on contact with the blade.

2.4.2. Colour Measurements

For samples subjected to safety trials (Tests 1 and 2, Table 1), colourimetric measure-
ments were also acquired to better evaluate potential colour changes induced by exposure
to scCO2 and the procedure’s suitability for the synthetic latex-based foam.

Colourimetric measurements were performed using a Microflash mobile colourimeter
(DataColor International, Lucerne, Switzerland) equipped with a Xenon lamp. The 1976
CIELAB coordinates (L*, a*, b*) were calculated over a 10 mm diameter measuring area,
a 10◦ viewing angle geometry and a D65 illuminant. The instrument was calibrated
with white (100% reflective) and black (0% reflective) standard plates provided by the
manufacturer. Lab* coordinates were measured in two predetermined areas per sample
using a custom-made positioning mask, which enabled the collection of measurements
on the same area before and after treatment. Three measurements per area were collected,
and the average and standard deviation were calculated for each Lab* coordinate, along
with the variation (∆) of each coordinate after treatment. Total colour variation (∆E*) was
also calculated according to CIELAB 1976 (∆E*ab) expression [72,73]. Colour variations are
considered significantly different and can also be appreciated by the naked eye for ∆E*
values ≥ 2.3 [72].

2.4.3. Imaging

Samples were observed before and after treatment under an MZ16 stereomicroscope
(Leica Microsystems GmbH, Wetzlar, Germany), coupled with a Leica ICD digital camera
and a fibre-optic light Leica system (Leica KL 1500 LCD, Leica Microsystems GmbH,
Wetzlar, Germany) and Leica FireCam software at a magnification of ×10, ×50 and ×80.

Detailed images of the samples’ surface were acquired using an Axioplan 2 Imaging
microscope system (Zeiss, Jena, Germany), equipped with halogen (HAL 100) and mercury
(N HBO 103) light sources and coupled with a DXM1200F digital camera and ACT-1 control
software (Nikon Corporation, Tokyo, Japan). Microphotographs were captured within
a few days from CO2 exposure, using reflected (incident) light in brightfield at varied
magnifications (×50, ×100, ×200). Observation was also undertaken using a magnification
of ×500, which was achieved using a long working distance ×50 Olympus LMPlanFL N
objective (Olympus Corporation, Tokyo, Japan).

2.4.4. Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Infrared analysis was performed on micro-samples taken with a surgical scalpel from
the synthetic latex-based foam surface, core and edge (or side), collecting at least two
spectra per micro-sample.

ATR-FTIR spectra were obtained using a handheld Agilent 4300 spectrophotometer
(Agilent, Santa Clara, CA, USA) equipped with a ZnSe beam splitter, a Michelson inter-
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ferometer and a thermoelectrically cooled DTGS detector. Spectra were collected with a
diamond ATR crystal interface, 128 scans and a resolution of 4 cm−1 in the spectral region
between 4000 and 650 cm−1. Background spectra were collected between every acquisition.
The OriginPro 8 software (OriginLab Corporation, Northampton, MA, USA) was used to
analyse the spectra. All spectra are presented as acquired without baseline corrections or
other manipulations.

2.4.5. Scanning Electron Microscopy (SEM) Imaging

Morphological analysis of the samples’ surface and cross-section was performed using
a Phenom ProX G6 Scanning Electron Microscope (SEM) (Thermo-Scientific, Waltham,
MA, USA). Foam samples were cut with a scalpel blade into small pieces, mounted on an
aluminium sample holder with double-sided carbon tape and coated with a homogeneous
thin film of Au–Pd alloy using a sputtering device (Q150T ES, Quorum Technologies, East
Sussex, UK). SEM observations were performed in low vacuum mode, using a large field
detector (LFD) and an acceleration voltage of 15 kV.

3. Results and Discussion
3.1. Safety Assessment: Impact of scCO2 and Selected Experimental Conditions on Mock-Ups

Trials to assess a potentially negative impact of scCO2 on the foam samples were
performed and revealed that exposure to CO2 at supercritical conditions neither caused
alterations in the samples’ appearance and tactile properties nor induced modifications at
the molecular level.

For Test 1, performed at 33 ◦C and 10 MPa (Table 1), it was possible to observe the
specimens through the sapphire windows of the cell throughout the experiment. No visible
changes, such as swelling or shrinkage, were noted in the specimen during pressurisation,
exposure and depressurisation. Test 2 was performed at 40 ◦C and a much higher pressure
of 36 MPa, which required substituting the sapphire windows with stainless-steel ones,
leading to the impossibility of monitoring the sample during the experiment. However,
upon removal of the specimen from the high-pressure cell, it appeared unchanged.

For both trials, mock-ups seem to have retained their original appearance, shape and
dimensions. In particular, the specimens neither shrunk under the high pressure applied,
possibly due to their porous structure and existence of pore interconnectivity, nor expanded
during depressurisation, suggesting that scCO2 induced no or minimal swelling of the
polymers. However, it cannot be excluded that minimal variations have occurred and were
not noticeable by the naked eye.

Colourimetric measurements confirmed that no alterations noticeable by the naked
eye occurred, reporting average colour difference values of ∆E*ab of 1.14 and 0.28 for Tests
1 and 2, respectively (visible colour change for ∆E* values ≥ 2.3 [72]) (Table 2).

Table 2. Average values and standard deviation for colour coordinates (L*, a*, b*) of the test samples,
measured in the two predetermined areas per sample (α and β) before and after safety trials, and
respective ∆b* and ∆E*ab variations.

Test No. Area
Before After Variations

L* a* b* L* a* b* ∆b* ∆E*ab

Test 1
α

73.41
(±0.10)

1.47
(±0.09)

17.64
(±0.21)

72.76
(±0.11)

1.03
(±0.04)

18.46
(±0.37) 0.82 1.14

β
74.72

(±0.55)
1.00

(±0.04)
17.94

(±0.13)
74.95

(±0.32)
0.86

(±0.05)
19.05

(±0.13) 1.10 1.14

Test 2
α

67.88
(±0.13)

13.41
(±0.03)

41.94
(±0.04)

67.94
(±0.07)

13.40
(±0.02)

42.15
(±0.66) 0.21 0.22

β
71.33

(±0.03)
13.95

(±0.03)
46.38

(±0.02)
71.40

(±0.07)
13.64

(±0.02)
46.23

(±0.02) −0.14 0.35
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The procedure also did not compromise the fragile surface of the specimens, and
no surface disruption or material loss were noted (Figure 3), representing an enormous
advantage compared to the traditional consolidation approach via brushing or facing
previously tested [3]. In addition, the pre-existing network of fractures and fissures on the
surface did not expand, and no new ones were created at the macroscale (Figure 3).
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Figure 3. Representative photograph for a sample (a) before and (b) after exposure to supercritical
CO2 at 40 ◦C and 36 MPa (Test 2). Colour differences are due to minimal variations in the illumination
setting (magnification ×10).

Observation at high magnification via SEM imaging also confirmed that no significant
alterations occurred in the samples exposed to scCO2 compared to the unexposed control
(Figure 4). Both specimens exhibit smooth surfaces, and the presence of small micro-
cracks (highlighted by red arrows) was detected in both unexposed and exposed samples.
Although one can see a higher number of microfractures for the sample subjected to scCO2
at 40 ◦C and 36 MPa (Test 2), these are not believed to have been caused by exposure to
high pressure but are more likely due to the heterogeneous distribution of the micro-cracks
throughout the foam’s surface and/or due to handling and preparation of the sample
before and after exposure to scCO2. Regarding the latter, it should be noted that for scCO2
trials and subsequent analysis via ATR-FTIR and SEM, samples had to be cut repeatedly
into smaller pieces. This proved challenging due to the intrinsic elasticity of the foam and
the friability of the uppermost degraded layer.

Exposure to CO2 at supercritical conditions also did not impact the tactile properties of
both exposed samples, as specimens retained their original elasticity and flexibility. These
properties were assessed by slightly pinching and touching the samples, with enough care
to avoid inducing damage, and comparison to unexposed control samples.
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Figure 4. Representative SEM images for (a) control unexposed sample and (b) sample exposed
to supercritical CO2 at 40 ◦C and 36 MPa with no consolidant (Test 2). Red arrows highlight the
presence of micro-cracks (magnification ×1000).

Finally, no alterations were detected at the molecular level via infrared spectroscopy.
Figure 5 shows ATR-FTIR spectra for micro-samples taken from the top surface and core
of the foam of a control unexposed specimen and the one of Test 2, exposed at 40 ◦C and
36 MPa (Table 1). It is noteworthy that, for these samples, the lateral surface of the foam
has an identical spectral profile to the core and was treated likewise. All spectra present
a similar spectral profile, which is typical of a synthetic latex-based foam composed of a
mixture of poly(isoprene) and poly(butadiene-styrene) (band assignments summarised
in Table 3 [74–76]). However, significant differences are noticed between the core and top
surface of the foam due to a more extended degradation of the latter, with the formation
of a band at approximately 3380 cm−1, assigned to stretching vibrations of hydroxyl func-
tional groups, a peak at approximately 1710 cm−1, characteristic of ketones and aldehydes,
and a shoulder at higher wavenumbers assigned to the presence of anhydrides, lactones
and peracids [74,75]. Spectra acquired from the top surface and core for the samples ex-
posed to scCO2 at 40 ◦C and 36 MPa did not exhibit variations or shifts in absorption
bands when compared to the respective area of the unexposed control specimen, suggest-
ing that no alterations at the molecular level occurred as a result of exposure to CO2 at
supercritical conditions.

Table 3. Infrared assignment of relevant bands for polyisoprene and poly(butadiene-styrene).

Polyisoprene [74] Poly(Butadiene-Styrene) [75]

Wavenumber (cm−1) Assignment Wavenumber (cm−1) Assignment

3036 ν(=C–H) 3077 ν(C–H)
2962 νas(CH3) 3025 ν(C–H)
2928 νas(CH2) 2919 νas(CH3)
2855 νs(CH2) 2845 νs(CH3)
1450 δ(CH2) 1493 ν(aromatic ring)
1377 δas(CH3) 1450 δ(CH2)
899 δ(CH3) 967 δ(C–H) (1,4-trans)
837 δ(=C–H) 910 δ(C–H) (1,2 vinyl)

758 δ(C–H) (phenyl
groups)

700 δ(C–H) (1,4-cis)
ν—stretching; δ—bending (scissoring); s—symmetric; as—asymmetric.
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Figure 5. ATR-FTIR spectra of micro-samples taken from the core (top) and the top surface (bottom)
of the foam of an unexposed control sample (— black line) and of a sample exposed to scCO2 at 40 ◦C
and 36 MPa (Test 2, — red line).

3.2. Supercritical Carbon Dioxide (CO2)-Assisted Impregnation

A summary of the samples’ assessment regarding the presence of consolidant and
surface cohesion after the scCO2-assisted consolidation trials is reported in Table 4.

Table 4. Results of analysis performed on samples subjected to scCO2-assisted consolidation trials.

Test No.
Presence of Consolidant (via ATR-FTIR) Surface Cohesion

(Empirical Obs.)Top Surface Core Lateral

3 Y Y Y Y
4 N N N N
5 N N N N
6 M N N N
7 Y M N M
8 Y M M N
9 Y M N Y
10 Y M M Y
11 Y M M Y
12 Y M Y Y *
13 M M M N
14 Y M M Y
15 Y Y M Y *
16 Y M Y M
17 Y M M M
18 Y M M M

Y: yes; N: no; M: minimal. * Presence of white solid deposits on the top surface, visible to the naked eye.

Initial consolidation trials (Tests 3–6, Table 1) were performed using PVAc with a MW
of 167,000 at a pressure of 28 MPa, an exposure time of 120 min and similar pressurisation
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and depressurisation times of approximately 10 min each. At this experimental pressure,
it was possible to use the high-pressure cell with sapphire windows and thus monitor
the samples throughout the experiment and observe the behaviour of the consolidant. As
expected, and in agreement with the results from the safety assessment (see Section 3.1),
no changes were noted in the samples’ appearance, shape and dimensions after treatment.
Concerning the consolidant, strong visual indicators of a possible solubilisation of the
PVAc in CO2 at these conditions were observed: first, a good interaction with the CO2
during depressurisation leading to morphological modifications of the consolidant, more
specifically, its rapid expansion and turning into a white amorphous material with a foam-
like appearance due to CO2 sorption (as expected for polymers [65–68]); in addition, the
occurrence of the Tyndall effect during depressurisation (the inside of the cell turned
from clear and colourless to cloudy orangish), strongly indicating density interferences
of solubilised or dispersed material in the scCO2 leading to the scattering of the light.
Moreover, the presence of the consolidant in the cell after the experiments indicated they
were conducted in saturated conditions, as initially intended.

The successful solubilisation of the PVAc in CO2 was proven by the effective con-
solidation of the Test 3 sample, confirmed by analysis via optical microscopy, ATR-FTIR
and friability tests (see also Table 4). However, successes were not obtained for Tests 4–6,
although performed under similar conditions (same temperature and pressure values and
similar pressurisation, exposure and depressurisation times).

Optical microscopy (OM) examination revealed that the Test 3–6 samples were charac-
terised by pristine surfaces, similar to the untreated control sample (Figure 6). However,
for Test 6 (Figure 6c,d), tiny rounded deposits and lumps were also noted, which might be
attributed to the presence of consolidant deposited on the surface in minimal amounts. On
the contrary, for Test 3 (Figure 6e,f), one can notice that the surface appears more or less
homogeneously covered by a thin layer, as a “second skin”, and that some of the (smaller)
pores are closed and filled with a transparent and shiny material, suggesting the presence
and homogeneous deposition and distribution of the consolidant on the surface.

Friability tests highlighted an increased surface cohesion for Test 3, since no crumbling
or fragment detachment was noted when rubbing the surface with the Whatman filter
paper. At the same time, the sample retained its original flexibility and did not become
overly rigid. On the other hand, the surfaces of the Test 4–6 samples were still very
brittle, and fragments were easily removed when using the Whatman filter paper. In
addition, indirect information on the cohesion of the foams was provided when taking
micro-samples for ATR-FTIR analysis, which proved difficult for the Test 4–6 samples due
to their fragile surface.

Infrared spectroscopy also showed significant variations in the spectral profile of Test
3 sample compared to those of Tests 4–6 and the untreated control sample, as shown in
Figure 7. The top surface and core of Test 3 (Figure 7, top) sample clearly exhibit spectral
signatures of PVAc (red line and highlighted by red arrows), namely the strong C=O
stretching absorption band at 1730 cm−1 and the fingerprint region characterised by the
CH3 bending at 1373 cm−1; C–O and C–C stretching at 1225 cm−1; and C–O, C–C and
CH–O stretching at 1018 cm−1 [71,77,78]. Whilst, for Tests 4 and 5, infrared analysis did
not show any evidence of the presence of the consolidant in any of the specimens’ layers,
a tiny shoulder and peak were observed for Test 6 at approximately 1730 and 1240 cm−1,
respectively (Figure 7, bottom), which were not present in the untreated control sample and
can be attributed to PVAc. Considering that clues for its presence on the sample surface for
Test 6 were also noted under OM (i.e., tiny rounded deposits and lumps on the sample’s
surface observed in Figure 6c,d), deposition of the consolidant possibly occurred during
this experiment, but in quantities too small to provide a strengthening effect. The possibility
cannot be excluded that PVAc was deposited on the surfaces of Tests 4 and 5, but in tiny
amounts below the instrument detection limit that were, hence, not detected.
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Figure 6. Representative microphotographs acquired in reflected light in brightfield showing the top
surface for (a,b) control unexposed sample, (c,d) Test 6 and (e,f) Test 3. Magnification (left) ×200 and
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Figure 7. Representative ATR-FTIR spectra from micro-samples taken from the top surface and core
of the foam of Tests 3 and 6 treated samples (— black line), control unexposed sample (—green line)
and PVAc (— red line). Red arrows point to absorption peaks in the treated samples that may be
attributed to PVAc.

Thereby, despite the similarity of the conditions used during Tests 3–6, the results
show a clear difference in the extent of consolidant penetration onto the latex-based foams,
highlighting a difficulty in reproducing the successful consolidation of Test 3 at these
conditions. Several factors can be pointed out to possibly explain this phenomenon,
such as differences in the morphology of the samples, the size of the PVAc beads and
the rate of depressurisation. The morphology of the latex-based foams might influence
the diffusion and deposition of the consolidant: in general, the top degraded surface
is characterised by a more porous structure, whilst the less degraded areas have fewer
pores of smaller size. Therefore, differences between samples might have contributed to
a deeper or shallower penetration of the consolidant. In addition, the particle size of the
grounded PVAc beads might have varied between experiments, which influences mass
transference and ease of dissolution in CO2. Lastly, although it was possible to control
the overall time of depressurisation so that it would be the same for all tests, the speed
of depressurisation was not, since it was performed manually due to a limitation of the
equipment. Therefore, fluctuations in the depressurisation rate could have interfered with
the amount of consolidant that remained impregnated into the foams and deposited on the
surface of the samples.

Based on these results, four variables were considered and fine-tuned in order to im-
prove the chances of success in consolidating the latex-based foams with PVAc: (i) increasing
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the pressure value up to 36 MPa, (ii) using a PVAc with a lower MW (namely 83,000),
(iii) assessing various depressurisation times (i.e., 10, 5 and 2 min) and (iv) the addition of
ethanol as a co-solvent to improve the solubility of PVAc in CO2.

Since a successful impregnation was achieved with the higher MW PVAc, further
tests were first performed by firstly increasing the experimental pressure to 36 MPa and
reducing the depressurisation time to 2 min (Test 7, Table 1).

The optical microscopy examination of the Test 7 sample showed the presence of
deposits of different sizes on the surface (Figure 8a), and the presence of PVAc was clearly
detected on the top surface and in smaller amounts in the core of the latex-based foam by
ATR-FTIR analysis (Figure 8b). However, minimal enhancement of the surface cohesion
was achieved, and the sample was still crumbling.

Sustainability 2024, 16, x FOR PEER REVIEW 16 of 25 
 

Based on these results, four variables were considered and fine-tuned in order to im-

prove the chances of success in consolidating the latex-based foams with PVAc: (i) increas-

ing the pressure value up to 36 MPa, (ii) using a PVAc with a lower MW (namely 83,000), 

(iii) assessing various depressurisation times (i.e., 10, 5 and 2 min) and (iv) the addition of 

ethanol as a co-solvent to improve the solubility of PVAc in CO2. 

Since a successful impregnation was achieved with the higher MW PVAc, further 

tests were first performed by firstly increasing the experimental pressure to 36 MPa and 

reducing the depressurisation time to 2 min (Test 7, Table 1). 

The optical microscopy examination of the Test 7 sample showed the presence of de-

posits of different sizes on the surface (Figure 8a), and the presence of PVAc was clearly 

detected on the top surface and in smaller amounts in the core of the latex-based foam by 

ATR-FTIR analysis (Figure 8b). However, minimal enhancement of the surface cohesion 

was achieved, and the sample was still crumbling. 

 

Figure 8. (a) Representative microphotographs acquired in reflected light in brightfield showing the 

top surface of the Test 7 sample. Black arrows highlight the presence of consolidant deposits on the 

surface. Magnification of (left) ×200 and (right) ×500. (b) Representative ATR-FTIR spectra from mi-

cro-samples taken from (left) the top surface and (right) core of the foam of the Test 7 treated sample 

(— black line), control unexposed sample (— green line) and PVAc (— red line). Red arrows point 

to absorption peaks in the treated sample that may be attributed to PVAc. 

Raising the pressure to 36 MPa and working with a PVAc with a lower molecular 

weight resulted in successful and reproducible results for all tests performed (Tests 8–18, 

Tables 1 and 4). However, differences were noted based on the depressurisation times, 

and shorter ones seem to increase the amount of deposited consolidant. 

OM and SEM imaging show, for 10 min depressurisation (Test 8, Table 1), the pres-

ence of tiny droplets of different sizes on the sample’s top surface (Figures 9a,b and 10b, 

respectively). For 5 min depressurisation instead (Tests 9–11, Table 1), areas with a homo-

Figure 8. (a) Representative microphotographs acquired in reflected light in brightfield showing
the top surface of the Test 7 sample. Black arrows highlight the presence of consolidant deposits
on the surface. Magnification of (left) ×200 and (right) ×500. (b) Representative ATR-FTIR spectra
from micro-samples taken from (left) the top surface and (right) core of the foam of the Test 7 treated
sample (— black line), control unexposed sample (—green line) and PVAc (—red line). Red arrows
point to absorption peaks in the treated sample that may be attributed to PVAc.

Raising the pressure to 36 MPa and working with a PVAc with a lower molecular
weight resulted in successful and reproducible results for all tests performed (Tests 8–18,
Tables 1 and 4). However, differences were noted based on the depressurisation times, and
shorter ones seem to increase the amount of deposited consolidant.

OM and SEM imaging show, for 10 min depressurisation (Test 8, Table 1), the presence
of tiny droplets of different sizes on the sample’s top surface (Figures 9a,b and 10b, respec-
tively). For 5 min depressurisation instead (Tests 9–11, Table 1), areas with a homogeneous
layer covering the sample surface and filling the smaller pores and others characterised
by the presence of droplets were noted (Figures 9c,d and 10c). Finally, for 2 min depres-
surisation (Test 12, Table 1), a homogeneous layer covering the sample surface and filling
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the smaller pores was observed (Figures 9e,f and 10d). However, at this depressurisation
time, excessive expansion of the consolidant occurred, resulting in the samples’ attachment
to the metallic net and the presence of white solid deposits on their top surface, visible
to the naked eye. The formation of deposits might be avoided using a filter to place the
consolidants, as discussed by Champeau et al., 2015 [31].

Sustainability 2024, 16, x FOR PEER REVIEW 17 of 25 
 

geneous layer covering the sample surface and filling the smaller pores and others char-

acterised by the presence of droplets were noted (Figures 9c,d and 10c). Finally, for 2 min 

depressurisation (Test 12, Table 1), a homogeneous layer covering the sample surface and 

filling the smaller pores was observed (Figures 9e,f and 10d). However, at this depressur-

isation time, excessive expansion of the consolidant occurred, resulting in the samples’ 

attachment to the metallic net and the presence of white solid deposits on their top surface, 

visible to the naked eye. The formation of deposits might be avoided using a filter to place 

the consolidants, as discussed by Champeau et al., 2015 [31]. 

 

Figure 9. Representative microphotographs acquired in reflected light in brightfield for samples 

treated with consolidant at 40 °C and 36 MPa at different depressurisation times of (a,b) 10 min (Test 

Figure 9. Representative microphotographs acquired in reflected light in brightfield for samples
treated with consolidant at 40 ◦C and 36 MPa at different depressurisation times of (a,b) 10 min (Test
8), (c,d) 5 min (Test 9) and (e,f) 2 min (Test 12). Black arrows highlight the presence of consolidant
deposits on the foam’s surface. Magnification of (c,e) ×100, (a,f) ×200 and (b,d) ×500.
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sation time) seemed significantly more rigid due to deposits on its top surface, as previ-
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Figure 10. Representative SEM images showing (a) sample exposed to scCO2 at 40 ◦C and 36 MPa
with no consolidant (Test 2) and samples treated with consolidant at 40 ◦C and 36 MPa with
different depressurisation times of (b) 10 min (Test 8), (c) 5 min (Test 9) and (d) 2 min (Test 12).
Magnification ×720.

ATR-FTIR analysis clearly confirmed the presence of the consolidant on the top sur-
faces of Test 8–12 samples (treated at 40 ◦C, 36 MPa, with different depressurisation times)
and in trace amounts in the core of the foams (Figure 11). In addition, infrared analysis also
suggests that the amount of deposited PVAc seems to increase by reducing the depressuri-
sation time. Moreover, concerning the cohesion of the foams, despite the detection of the
presence of PVAc, the Test 8 sample (10 min depressurisation time) was not properly consol-
idated, as it kept crumbling when micro-samples for ATR-FTIR were taken and when the
friability test was performed. On the other hand, a satisfactory enhancement of the surface
cohesion was achieved for Tests 9–11 (treated at 40 ◦C, 36 MPa, with a 5 min depressurisa-
tion time). The Test 12 sample (same conditions but with a 2 min depressurisation time)
seemed significantly more rigid due to deposits on its top surface, as previously stated.

At the same conditions of 40 ◦C and 36 MPa, the addition of ethanol as a co-solvent to
improve the solubility of PVAc and its effect at different depressurisation times were also
explored (Tests 13–15, Table 1).

By adding ethanol, the consolidant did not expand as in the previous trials during
depressurisation but instead remained in a viscous state, confirming a chemical interaction
with the co-solvent. For a shorter depressurisation time of 1 min (Test 15), the sample felt
over-consolidated, and the deposits observed on the Test 12 sample, which was treated
at similar temperature, pressure and depressurisation time but without ethanol, were not
possible to avoid with the addition of the co-solvent. On the other hand, the previously
successful 5 min depressurisation time without ethanol (Tests 9–11) was not enough to
consolidate a sample when the co-solvent was added in the same conditions (Test 13),
as the specimen was still fragile and the presence of PVAc could barely be detected by
imaging and infrared analysis. A successful consolidation with ethanol was achieved when
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depressurisation time was slightly reduced to fit in between the timeframe of the previous
two tests (Test 14). The cohesion of the sample’s surface was improved, and the presence of
consolidant was confirmed by ATR-FTIR.
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Figure 11. Representative ATR-FTIR spectra from micro-samples taken from the top surface and core
of samples treated at 40 ◦C and 36 MPa, with different depressurisation times, namely: (top row) Test
8, 10 min; (middle row) Test 9, 5 min; and (bottom row) Test 12, 2 min. All spectra show the treated
samples in black (—), control unexposed samples in green (—) and PVAc in red (—). Red arrows
point to absorption peaks in the treated samples that can be attributed to PVAc.

These results indicate that the presence of ethanol might be enhancing the diffusivity
of the scCO2 into the sample and, possibly, the deposition and penetration depth of the
consolidant. Consequently, its presence also affects the depressurisation time required
to guarantee deposition of the consolidant, as shorter times are enough to reach an ade-
quate level of consolidation in the samples. However, ethanol might also be aiding the
removal of the solubilised and deposited consolidant during depressurisation, which is
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confirmed by the opposite results regarding the presence of consolidant and surface cohe-
sion of Test 13 and Tests 9–11 (Table 4), performed at similar conditions, with and without
ethanol, respectively.

Thus, the presence of ethanol did not seem to be crucial for the solubilisation of PVAc
when working at these experimental conditions (40 ◦C and 36 MPa), as similar or better
results were obtained by working without it for similar depressurisation times (for example,
Tests 12 vs. 15 and Tests 9 vs. 13, Table 1). Furthermore, the only successfully consolidated
sample with ethanol (Test 14) did not show a better surface cohesion than the previous
successful tests performed without its addition.

The preliminary results of this study suggest that, besides the impregnation of the
PVAc into the samples during the exposure time, consolidation might have also occurred
via precipitation of the consolidant on the latex-based foams during depressurisation. This
suggestion is based on the observation of white deposits on the top surface of some samples,
namely Tests 12 and 15. Moreover, the results of ATR-FTIR analysis (Table 4) also show
that, for most samples where the consolidant was detected on the top surface, it was barely
present on the laterals. This precipitation phenomenon occurs due to a decrease in solubility
of the PVAc in CO2 when the pressure is brought back from supercritical conditions to
atmospheric values during depressurisation.

Considering that experimental conditions enabling optimum and reproducible results
were found (Tests 9–11, treated at 40 ◦C, 36 MPa and 5 min depressurisation time), further
tests focused on repeating the successful trial by treating three samples simultaneously
instead of one at similar conditions (Tests 16–18). In this case, however, only a minimum
increase in the surface cohesion was obtained in all tests, potentially due to the limited
solubility of PVAc and the fact that the solubilised fraction was equally distributed over
three samples rather than one. Further trials with increased exposure time might produce
similar results to the successful ones obtained in Tests 9–11. These tests highlight the
need for further research into scaling up the process to larger samples in order to find an
appropriate consolidation treatment for real case objects. In addition, it is important to
emphasise that, although this study was conducted in a laboratory-scale apparatus with a
33 mL stainless-steel cell, larger samples and/or real case objects may be treated in available
high-pressure vessels with appropriate size.

4. Conclusions

This study tested the scCO2-assisted impregnation process for the first time as an
alternative approach to traditional methods for consolidating synthetic latex-based foam
objects. Namely, the procedure was assessed for a pair of goalkeeper gloves in the collection
of Museu Benfica–Cosme Damião (Lisbon, Portugal), made of a blend of polyisoprene,
polybutadiene and polystyrene, with the last two possibly as a copolymer. The presented
study aimed to overcome the drawbacks and limitations of previously performed consoli-
dation trials via facing and nebulisation [3], by eliminating the need for direct contact with
the material for the deposition of the consolidant, which can lead to material losses, while
still potentially achieving an in-depth and homogeneous consolidation.

Trials were performed on mock-up samples prepared using modern equivalent ma-
terials, and poly(vinyl acetate) (PVAc) was selected as a suitable consolidant due to its
already-known solubility and behaviour in scCO2. Several experimental variables were
considered, such as pressure, the consolidant’s molecular weight, depressurisation time,
and addition of ethanol as a co-solvent.

The exposure to high pressure (up to 36 MPa) and the scCO2 consolidation procedure
proved compatible with the synthetic latex-based foam. Alongside no alterations in the
visual aesthetic, no changes to the dimensions or shape of the samples were observed due
to high pressure and rapid pressure variations (i.e., swelling or shrinkage). The spectral
profile also remained unchanged, suggesting that no alterations at the molecular level
occurred. In addition, no disruption or material loss from the friable surface were noted,
representing an enormous advantage of the scCO2-assisted consolidation compared to the
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traditional techniques via facing/brushing, in which direct contact with the material is
needed for the application of the consolidant.

Consolidation trials also showed that scCO2-assisted consolidation technology could
be a viable alternative to traditional methods to perform consolidation treatments on foam
objects of historical value, as with the appropriate experimental conditions it was possible
to achieve a safe homogeneous deposition of the consolidant, i.e., with no material loss.

For trials conducted at 40 ◦C and 28 MPa, with a 10 min depressurisation time and
PVAc with MW of 167,000, it was not possible to achieve reproducible results. A satisfactory
consolidation was achieved for one test only (Test 3) out of four. This sample retained
its original appearance and flexibility, whilst an increased cohesion of the surface was
registered via friability tests. The presence of PVAc on the surface and in the core of the
sample was clearly detected via OM and ATR-FTIR analysis. However, the deposition of
the consolidant in other samples treated at the same temperature and pressure and similar
pressurisation, exposure and depressurisation times (Tests 4–6) occurred in minor amounts
and did not successfully strengthen the sample. Increasing the experimental pressure to
36 MPa and reducing the depressurisation time to 2 min led to the same unsatisfactory
results.

On the contrary, increasing the pressure up to 36 MPa and working with a PVAc with
a MW of 83,000 enabled reproducible results. Several depressurisation times were tested,
and optimum results were achieved with 5 min time (Tests 9–11). In these conditions,
a homogeneous deposition of the consolidant on the surface was achieved, as well as
penetration into the foam, and samples showed increased mechanical strength and surface
cohesion, retaining the mock-up appearance unchanged. Shorter depressurisation times
of 2 min (Test 12) led to the presence of white solid deposits on the surface of the samples
(also visible by the naked eye). In contrast, in longer times (10 min, Test 8), the quantity of
consolidant deposited on the surface was insufficient to properly consolidate and improve
the surface cohesion of the foam, leaving it still crumbling and fragile.

Alongside promising results, further research is still needed to scale up with satis-
factory results the scCO2-assisted consolidation process to larger samples, to enable the
possibility of treating real-scale items. Future work should involve the validation of the
method in naturally aged samples with no historical value that replicate more accurately the
condition of the original pair of goalkeeper gloves and also in mock-up samples that mimic
the composite and complex nature of the item as a whole. Additionally, future research
should address the long-term stability and efficacy of the treatment on the consolidated
foam samples. Research is also ongoing involving the study of the solubility of different
consolidants, including those used for PUR foams, such as alkoxysilanes.

As the present study proved the safety and suitability of the scCO2-assisted consolida-
tion for synthetic latex-based foams, it might represent a turning point in the conservation
of foam-based historical objects as a non-toxic and potentially more efficient alternative
to traditional methods, with no material losses. Experiments are also being performed to
test the feasibility of this procedure for those based on polyurethane. The validation of
these preliminary outcomes can pave the way for new conservation treatment options for
foam-based objects, which are some of the most problematic and less studied materials in
the heritage conservation field.
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