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Abstract

Hypothesis

A combination of acid and iron ions inside the wood has been corroding the cellulose matrix of
the Swedish warship Vasa, imposing its deacidification. Past deacidification treatments displayed
poor penetration inside the wood matrix with limited efficacy. A vacuum assisted treatment of
wood using newly developed calcium hydroxide nanoparticle dispersions represents a possible
candidate for the treatment of acidic waterlogged wood objects such as sculptures and decorative

artifacts.

Experiments

A solvothermal process was used for the synthesis of calcium hydroxide nanoparticle
dispersions. Before the application on waterlogged wood, the physico-chemical characterization
of these systems was carried out using several techniques. The efficacy of the deacidification
treatment of wood samples from the Vasa was assessed by determination of pH and Differential

Thermal Gravimetric (DTG) measurements.

Findings

The proposed solvothermal reactions can be used to produce stable and highly concentrated
calcium hydroxide nanoparticle dispersions in alcohols, needing no further purification before
the application. This process has also the advantage to be upscalable to industrial level. Both pH

and DTG measurements showed that the newly developed dispersions can homogenously



penetrate inside the wood up to 20 cm, neutralizing acidity and creating an alkaline buffer inside

the wooden matrix, to hinder the degradation of residual cellulose.
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Introduction

In 1628, on the day of its maiden voyage, the Vasa sunk into the brackish and polluted water of
the Stockholm harbor, from which it was recovered more than 300 years later. In order to prevent
the shrinkage of the wet wooden structure, PEG aqueous solutions were sprayed on the
shipwreck for 17 years. Nowadays, the preservation of the Vasa is threatened by the concomitant
action of acid-catalyzed hydrolysis and metal-catalyzed oxidation (Fenton reactions). Acidic
compounds include sulfuric acid, mainly present in the upper layers, and organic acids, such as
oxalic acid, whose concentration increases with depth. Oxidative degradation is promoted by
iron salts present inside the wood.[1-7] For the extraction of iron ions the usage of aqueous
solutions of chelating agents (e.g. ethylenediimino-bis(2-hydroxy-4-methylphenyl) acetic acid,
EDDHMA) has been proposed and tested, [8] but the preservation of the Swedish warship Vasa
is still a challenge for wood conservators. The Vasa is indeed a unique conservation challenge,
but there are several other waterlogged ships and objects, such as, for instance, the English
carrack-type warship Mary Rose or the Norwegian Oseberg burial finds, whose preservation is

threatened by acidity and oxidation.



Hydrolysis and oxidation are the two main degradation processes that affect cellulose-based
works of art. Since hydrolysis and oxidation usually act in a synergistic way by creating the so-
called spiraling effect,[9] both a deacidification intervention and an antioxidant treatment should
be applied. Several groups have indeed proposed antioxidant materials to be combined with the
commonly used deacidification treatments.[10—14] Recently we proposed a new method, based
on the use of nanoparticles of calcium or magnesium hydroxide,[15,16] able to stop cellulose
degradation mechanisms induced by metal ions and acidity. The method takes advantage from
the much slower pace of the catalytic activity of metal ions around neutrality.[17] Conservation
of cellulose can be achieved in a single-step pH-controlled deacidification treatment to inhibit
the acid-catalyzed hydrolysis and the metal-catalyzed oxidation, prolonging the useful life of the
artifacts.

Calcium hydroxide nanoparticles, obtained from homogeneous-phase reactions, were
originally designed for the consolidation of wall paintings,[18] and subsequently used for the
deacidification of cellulosic materials, i.e., paper, canvas, wood.[19-25] However, the required
purification and the small amount of particles obtained from the homogeneous-phase pathway
made this procedure time-consuming. Preparation pathways based on the grinding and dispersion
of slaked lime have been also considered as potentially rapid and simple ways to obtain high
amounts of particles. [26,27] The size of particles obtained with this method is in the range from
300 nm to 700-800 nm, which can result in limited penetration when the porosity of the
substrates is lowered by the presence of protective coatings or consolidants. An improvement
was achieved using a thermo-mechanical treatment for hydration of calcium oxide,[26,27] but
the need of highly reproducible particles’ size distributions led to the development of different

strategies. In particular, a bottom-up synthetic procedure for the “scaling down” of particles size



is presented here, and the obtained particles penetrate more homogenously through low porous
materials, i.e. PEG-consolidated archeological wood.

Calcium hydroxide nanoparticles were synthesized starting from metallic calcium and short-
chain alcohols, i.e., ethanol, and n-propanol. At high temperature and pressure, calcium alkoxide
is formed; the subsequent hydrolysis of this compound yields nanoparticles of calcium hydroxide
already dispersed in the appropriate solvent, and the system can thus be directly applied for
conservation purposes because no purification step is needed. It is worth noting that the usage of
non-aqueous medium for the synthesis hinders the growth of nanoparticles due to Ostwald
ripening.[28-32] Besides the decreased particles’ dimensions, the advantage of this new
synthetic procedure, based on the widely used solvothermal process for oxide nanoparticles
syntheses,[33-35] relies in the feasible upscale of the process to industrial level, with great
benefits in terms of costs.

Calcium hydroxide nanoparticle dispersions obtained from the solvothermal reactions were
characterized by Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR), X-Ray Powder Diffraction (XRPD), High Resolution Transmission Electron Microscopy
(HR-TEM), Selected Area Electron Diffraction (SAED), Dynamic Light Scattering (DLS),
surface area analysis, and turbidimetry measurements, before being applied to hardwood samples
from the Vasa warship. The efficacy of the deacidification treatment was assessed by

determination of pH and Differential Thermal Gravimetric (DTG) measurements.

Materials And Methods

Chemicals



Ethanol absolute (99.8%, Fluka), n-propanol (99.5%, Sigma-Aldrich), and metal granular
calcium (99%, Aldrich) were used for nanoparticle syntheses. Highly pure water (resistivity > 18

MQ cm, by a Millipore Milli-Q UV system) was used.

Nanoparticles synthesis

The hydroxide nanoparticle syntheses were performed in a high-pressure reactor (Parr-
instruments) by a one-pot reaction consisting of two steps:

Ca + Alcohol — Ca(alkoxide) + H» (1)

Ca(alkoxide), + Ho O — Ca(OH). + Alcohol (2)

During the first step of the reaction, the alcohol (ethanol or n-propanol) oxidizes metal calcium
to the corresponding alkoxide (1). The subsequent addition of water induces the formation of

calcium hydroxide via a hydrolysis reaction (2).

Table 1. Relative permittivity, solvent acidity (SA) and temperature used for the alkoxide

formation and the alkoxide hydrolysis.

Alcohol System | Relative SA Alkoxide Alkoxide
Name | Permittivity synthesis hydrolysis
Q®) (°C)
ethanol E 24.5 0.4 65 70
n-propanol | 1P 20 0.367 | 130 70




In particular, 10 g of granular calcium and 500 mL of alcohol (ethanol or 1-propanol) were
placed inside a high-pressure reactor. Before starting the reaction, vacuum/nitrogen cycles were
performed to ensure an oxygen-free atmosphere inside the sealed reaction chamber. During the
reaction, an increase in pressure due to both solvent evaporation and hydrogen release was
observed. In order to hydrolyze the alkoxide to calcium hydroxide, 35mL of water were added
inside the reaction chamber by means of steel pipette in a nitrogen atmosphere. Water addition
was carried out at 70 °C for 60 minutes, regardless the alkoxide nature. In Table 1 the reaction

temperatures are indicated.

Nanoparticles characterization

Dynamic Light Scattering (DLS) measurements were performed with a 90Plus Particle Size
Analyzer (Brookhaven Instrument Corporation). The light scattered from the sample was
collected at 90° with the incident 659 nm laser light radiation. The measurements were recorded
at 25 °C. Particles size distributions were obtained from the fitting of the measured
autocorrelation functions using the CONTIN method.[36] Each sample was diluted to 1 g/L
before the measurement.

Transmission Electron Microscopy (TEM) was performed using a JEOL JEM3010 operating at
a 300 kV acceleration voltage, point to point resolution 0.17 nm at Scherzer defocus. For the
preparation of TEM samples, each dispersion was diluted to 0.25 g/L, that is an appropriate
concentration to obtain systems homogenously distributed on a holey carbon Cu-grid. The
images were analyzed by the ImagelJ routine as decribed by Pyrz and Buttrey.[37] Ellipses with a
cut off area set at 50 nm? were used to circumscribe the particles and their major axis values

were plotted as a function of counts.



The chemical composition of the obtained particles was determined by ATR measurements,
carried out with a Thermo Nicolet Nexus 870 spectrometer equipped with a liquid nitrogen-
cooled Mercury Cadmium Telluride detector and a single reflection diamond crystal ATR unit.
The spectra were obtained from 128 scans with 4 cm™! of optical resolution, in the 4000-650 cm™!
range.

XRPD patterns were recorded at 25 °C, with a step size of 0.05° in a 20 scattering angle. A
Philips X Pert system equipped with a focusing graphite monochromator on the diffracted beam
and a proportional counter with an electronic pulse height discrimination was used. Moreover, a
divergence slit of 0.5°, a receiving slit of 0.2 mm, an antiscatter slit of 0.5°, and Ni-filtered Cu
KR radiation (30 mA, 40 kV) were used.

To evaluate the stability of nanoparticle dispersions, turbidimetry measurements were
performed with a Varian Cary 100 Bio spectrophotometer, equipped with a Peltier Multi-block;
the absorbance of the sample at 600 nm was measured as a function of time. Absorbance was
assumed proportional to the system turbidity: the decrease of absorbance over time is due to
particles aggregation and settling. Measurements were carried out at 25 °C, using sealed quartz
cuvettes with an optical path of 1 cm.

Specific surface area of nanoparticles was measured by N> sorption isotherms (BET) using a
Coulter SA 3100 Surface area analyzer. This gives access to the value of the surface area with an
error of about 5%. From the BET surface area an average particles size can be estimated by
calculating the equivalent spherical diameter, or BET particle diameter (dger), from the equation:
dser = 6/(p - Sw), where p is the density of calcium hydroxide (2.211 g/cm®) and S is the
specific surface area.[38] The particle surface area determined by Brunauer-Emmett-Teller

(BET) measurements is about 34 m?/g for the 1P system and 36 m?/g for the E system. From this



value, a spherical equivalent diameter of 80 nm and 75 nm, respectively, can be calculated.[38]
The dger particles diameter are lower than those obtained from TEM images analysis due to the

fact that nanoparticles tend to cluster once dried on the TEM holey carbon Cu-grid.

Deacidification and characterization of wood samples

Oak wood specimens (20 mm x 20 mm x 80 mm) were obtained from an original Vasa timber
(sample number 65517, loose piece found in the neighborhood of the ship). Before the
deacidification treatments, the samples were immersed for 7 days in a continuous flux of
demineralized water. The samples were then dried in air at room temperature for a week, before
being treated. As shown in the experimental section, this treatment leads only to a partial
removal of PEG, preventing the shrinkage of the wood structure. A specific vacuum treatment
was designed (Figure 1) for the deacidification of wood samples. Washed and dried specimens
were covered with a sealing film leaving uncovered only 5 mm from the bottom face. From now
on the bottom face will be referred to as “Ocm”. On top of the sample, a vacuum junction was
placed and fastened to the top face with the sealing film. The top face will be referred to as
“8cm”. A diaphragm pump, connected to the junction, was used to create a small pressure
depression on the 8cm surface. This facilitates the intake of the deacidifying dispersion where
the uncovered portion of the samples was immersed. A 1 mm gap was left between the sealed
portion of the wood and the meniscus of the dispersion, to avoid suction of the latter into the
interspace between the sealing film and the longitudinal faces.

A deacidification cycle consisted in the suction of 5 mL of dispersion and in a subsequent 24 h
drying step. Six cycles were performed for each sample, until a total amount of 30 mL of

dispersion was drawn through the oak wood.



After deacidification, possible small white deposits present on “8cm” were gently removed
mechanically with a soft brush. Then, each sample was cut in half, recovering the sawdust (from
now on the samples taken from the middle section will be referred to as “4cm”). Sawdust was
also collected from the top and bottom face.

The thermal behavior of wood specimens was studied with a SDT Q600 TA Instrument,
operating between 25 and 550 °C at a heating rate of 10 °C/min under nitrogen flow (100
mL/min). For each measurement, ca. 5 mg of sawdust was placed inside an aluminum pan. 125
mg of sawdust, preconditioned at 25 °C and 50% RH for two days in vials, was used for the pH
measurements of wood. 9 mL of de-carbonated water was added in each vial, which was
subsequently sealed, in order to avoid the solubilization of CO, from air. The vials were kept
under stirring for 1 h, before measuring the pH of the "extraction" water with a digital pH-meter
CrisonBasic 20, equipped with a combined electrode, model 52-21. Measurements on highly
inhomogeneous samples like archeological wood are affected by an error of ca. 0.5 pH units.

Further experiments were conducted on larger Vasa wood samples (sample number 65517),
measuring 20 mm x 20 mm x 200 mm. For these samples, 80mL of nanoparticle dispersions
were applied using the same experimental procedures described above. As previously indicated,

wood samples were characterized by pH determinations and DTG measurements.
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Figure 1. View of the vacuum treatment of Vasa samples.

Results And Discussion

Synthesis and characterization of calcium hydroxide nanoparticles

The deacidification treatment of wooden artifacts must fulfill some applicative requirements: 1)
the treatment must not induce any changes in the appearance of artifacts; ii) in order to achieve a
highly homogenous treatment, dispersions must be stable for a considerable amount of time, i.e.
from several hours up to days; iii) the final pH of samples should not be excessively basic
because, in the presence of oxidized cellulose, high pH values may induce depolymerization due
to the B-alkoxy elimination mechanism.[39,40]

Solutions of alkaline earth metal alkoxides are nowadays used for deacidification purposes,
e.g., the Papersave Process®.[41] In our case, alkoxides were chosen as precursors of calcium
hydroxide dispersions, with the purpose of obtaining smaller particles as compared to those
previously synthesized by us for the conservation of wall paintings.[26]

Ethanol and n-propanol, having different reactivity towards the metal, were used. Ethanol has a

higher oxidizing capacity[42] as shown in Table 1. The solvent acidities indicated in Table 1 are
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obtained comparing the solvatochromism of two betaine dyes[43] (o-tert-butylstilbazolium
betaine dye, TBSB, and 0,0' -di-tert-butylstilbazolium betaine dye, DTBSB) as suggested by
Kamlet and Taft.[44] Relative permittivity and solvent acidity are both related to the solvent
reactivity. Therefore, the oxidizing reaction of metal calcium has been performed at 65 °C for
ethanol and 130 °C for n-propanol. A higher amount of water than the stoichiometric value is
required to completely hydrolyze the alkoxide (see Experimental section). In Figure 2, the IR
spectra of E and 1P dried powders are reported. The characteristic peak of calcium hydroxide can
be observed at 3640 cm!. The presence of a weak C=O stretching peak at 1500 cm™!, and bands
at 876 cm! and 713 cm, is due to incipient conversion into carbonate of the hydroxide
nanoparticles that, due to their high surface area, react readily with atmospheric CO,. Weak
bands at 2830-2960 ¢m! (C—H stretching) and around 1075 ¢m™! (C—O stretching) can be
ascribed to alcohol or alkoxide. [45]

The size distribution of the calcium hydroxide particles was obtained from DLS measurements
(cumulant method) and TEM image analysis. TEM images of system E showed a homogenous

distribution of particles over the thin graphite film, even though some clusters of particles are

I

1P

visible (Figure 3-A).

Abs

4000 3500 3000 2500 20001 1500 1000
Wavenumber (cm )

Figure 2. IR spectra of calcium hydroxide dried powders obtained from the nanoparticle

dispersions E and 1P (produced in ethanol and n-propanol respectively).
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Figure 3. (A) TEM image of system E nanoparticles (8k nominal magnification). (B) Size
distribution of system E nanoparticles obtained from TEM images analysis. (C) TEM image of a
system E nanoparticle (50k nominal magnification). (D) Electron Diffraction (SAED) analysis

conducted on Selected Area of A.

The mean hydrodynamic diameter of E system particles, obtained by DLS measurements, is
206 nm (see Figure S1-A), whereas the size distribution obtained from image analysis (TEM) is
centered at 170 nm (Figure 3-B).

Selected Area Electron Diffraction (SAED) analysis performed on a single hexagonal
nanoparticle (Figure 3-C and 3-D) confirms the presence of calcium hydroxide: the experimental
lattice parameters are in good accordance with the reference values of Portlandite, i.e. the

crystalline form of calcium hydroxide (see Table S2).
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Figure 4. Comparison between XRPD spectra of system E and 1P powders. Stars label the

Portlandite peaks used as a reference.[46]

XRPD measurements of system E confirmed that the reaction product is composed of highly
crystalline particles of Portlandite (see Figure 4), supporting that calcium hydroxide
nanoparticles obtained from the proposed synthesis can be safely used on works of art without
further purification.

During the drying step required by TEM sample preparation, 1P system nanoparticles
clustered, as can be seen from the electron microscopy images (Figure 5-A). Despite the fact that
this behavior makes the dimensional analysis of particles difficult, after a meticulous preliminary
elaboration of the images,[37] accurate size distributions were obtained. Analysis of the TEM
revealed a mean particle diameter of 180 nm (Figure 5-B). The CONTIN fitting of system 1P
showed a monomodal distribution of particles size centered at 239 nm (see Figure S1-B). SAED
analysis performed on a particles cluster (black square in Figure 5-A), displays the typical
pattern of calcium hydroxide lattice: in particular, reflexes from the reciprocal lattice planes

(100) and (101) corresponding to 3.10 A and 2.61 A lattice distances are present (Figure 5-C).
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Figure 5. (A) TEM image of system 1P nanoparticles (4k nominal magnification). (B) Size
distribution of system 1P nanoparticles obtained from TEM images analysis. (C) SAED analysis
conducted on a nanoparticles cluster (system 1P, black square in Figure 6-A). (D) HR-TEM
image (800k nominal magnification) of a single particle of the 1P system, in which

polycrystalline structures of 3-4 nm are visible.

It is interesting to note that the synthesized nanoparticles are polycrystalline, meaning that
differently orientated calcium hydroxide crystallites can be found, as shown in the HR-TEM
picture (Figure 5-B).

As for the E system, XRDP showed that calcium n-propoxide was hydrolyzed into hydroxide
(see Figure 4).

The kinetic stability of the synthesized calcium hydroxide dispersions was evaluated before
proceeding to the application. The kinetic stability of E and 1P dispersions is particularly high.
The normalized absorbance at 600 nm, monitored for 6 hours, showed that no settling of

Ca(OH)> nanoparticles occurred (Figure S3). Visual inspection showed that the particles
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dispersions are stable even after months from preparation. Therefore, both dispersions are
eligible for practical application onto works of art.

Overall, the physico-chemical characterization of E and 1P systems showed that the
solvothermal reaction presented in this paper yields stable and highly concentrated (35 g/L)
nanoparticle dispersions that do not require any purification step before the application. The time
required for the synthesis and the amount of produced particles, are both critical aspects in the
case of the treatment of large objects, i.e., statues and decorative artifacts from the Vasa. The
solvothermal process allows for a significant decrease in terms of costs with respect with the

state-of-the-art synthetic routes for the preparation of alkaline nanoparticles for deacidification.

Deacidification of wood samples from Vasa

In order to evaluate the deacidification efficacy of the synthesized dispersions E and 1P, pH
determinations and DTG measurements were carried out on wood samples. For each pH
determination, 125 mg of sawdust are required, which is a significantly high amount of sample
as far as artistic objects are concerned. On the other hand, the use of thermogravimetry for
characterizing archeological and historical wood is advantageous because it provides reliable
results and only few milligrams of sample are needed for a single thermal measurement. The
pyrolysis temperature of cellulose (T,), that is the temperature at which the weight loss
derivative is maximum, can be considered as an indicator of the conservation status of the wood.
The thermal behavior of cellulose is strictly related to its the chemical environment: the
dehydration of cellulose, that is the first step of the thermal degradation, is promoted and

accelerated by acidity.[47] In previous studies, we have shown that after a deacidification
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treatment the thermal behavior of cellulose changes, and higher values of the pyrolysis

temperature are associated to a better conservation state of cellulose.[20,22]

Derivative Weight (%/°C)

—— Untreated
—— Washed Ocm

200 300 400 500
Temperature (°C)
Figure 6. Comparison between of DTG curves of untreated, washed and deacidified Vasa

samples (E Ocm and 1P 8cm). The dotted lines help the comparison between cellulose T, before

and after the deacidification treatment.

In Figure 6, a comparison between Vasa samples before and after the washing treatment
(Untreated and Washed) is reported: the peak ascribed to cellulose pyrolysis (Tp) can be seen at
about 330 °C, whereas that due to the thermal degradation of PEG is found at higher
temperature. In fact, depending on the My of the pristine polymer (or on the average My when
mixed solutions of PEG were applied), the pyrolysis temperature of polyethylene glycol ranges
between 370 °C and 420 °C.[48,49] After the washing treatment, the decrease in the area of the
PEG peak is due to partial removal of the PEG oligomer. Cellulose Tj slightly increased after the
washing treatment (see Figure 7), in agreement with the partial removal of acidic compounds,
such as oxalic acid produced by the oxidation of cellulose and formic acid formed by the
degradation of PEG (induced by the combined action of iron ions and acidity).[5] It is worth

noting that a slight increase in wood pH after washing (about 0.4 unit) was measured regardless
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of the depth. This increase, even if close to the experimental error, seems to confirm the DTG

data.

PH |16

P
1.4

1T
507 1.2
5 40+ 1.0
2
< 304 0.8 ©
20 -0.6
0.4
10+
0.2
0 |

Washed Ocm Washed 4cm

1 %V

Figure 7. pH and T, of washed samples expressed in terms of percentage variation as compared

to Untreated samples.

During water immersion, PEG is solubilized starting from the surface. A seven-day immersion
in flowing water ensured partial removal of the consolidant. As it is shown below, the water
treatment did not cause shrinkage of the wooden structure upon drying owing to the presence of
remaining PEG. Nonetheless, the partial removal of PEG granted good penetration of the
particles dispersion.

Both the nanoparticle dispersions in ethanol and n-propanol were applied at 5 g/L
concentration for the deacidification of Vasa wood sample using the mild vacuum treatment
described above.

Characterization of treated wood was carried out at different depths, i.e. at 0 cm, 4 cm and 8
cm from the bottom surface (where the dispersion was being suctioned), in order to obtain

information about the penetration of particles and deacidification efficacy.
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For what concerns the specimen treated with the E system, pH and DTG values are in good
accordance, regardless of the depth (Figure 8). It is worth noting that the pH values at Ocm and
8cm are very similar, indicating that removal of PEG was sufficient for letting the dispersion
flow through the wood and efficiently neutralize acidity. This is also clearly shown by the
comparison between the thermograms of deacidified samples reported in Figure 6. Higher pH
variations correspond to significant increases in Tp, confirming that the neutralization of acidity

improves the thermal resistance of archeological wood (Figure 8).

pH
1 Tp
- 50+ 1.2
S 40- g
X P>
430+ +0.8 <
20+ I
+0.4
10
J H"H"H "B "}

E8m E4cm EOcm 1P 8cm 1P 4cm 1P Ocm

Figure 8. pH and T, of deacidified samples expressed in terms of percentage variation as

compared to washed samples.

The same good deacidification efficiency was shown by the 1P dispersion. At a depth of 4 cm,
a pH close to neutrality was reached, whereas, on both the extremities (Ocm and 8cm) a pH
around 8 was measured. These values are suitable for granting the long-term preservation of the
cellulose-based structure. The good accordance between pH and T, values (Figure 8)
demonstrates that the stabilization of pH around neutrality is crucial for improving the
conservation status of cellulose.

From the same original Vasa timber, larger samples (20 mm x 20 mm x 200 mm) were

obtained and subjected to the same washing and deacidification treatments described above. For
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these samples, pH values above neutrality were measured regardless of the depth, as reported in

Figure 9.
14
M Untreated m Washed
12 E 1P
10

T T T T T 1
0O 0 O 10 20 0 10 20
Depth (cm)

Figure 9. pH values as a function of depth measured for 20cm-long Vasa samples. Untreated and

Washed pH values are also reported for comparison.

Conclusions

The major limitation in past deacidification treatments of archeological wood relied in the poor
penetration of the deacidification systems [20,21,50,51] or, in case of alkaline solutions, in the
low amount of deacidification agent that could be uploaded into the wood [52]. A mild vacuum
assisted treatment of wood using newly developed pure and highly crystalline calcium hydroxide
nanoparticle dispersions was tested. Both pH and DTG measurements on Vasa waterlogged
wood showed that dispersions can homogenously penetrate inside the wood up to 20 cm,
neutralizing acidity and creating an alkaline buffer inside the wooden matrix to hinder the
degradation of residual cellulose and prevent the loss of mechanical properties of the wood. The
proposed synthetic pathway yields highly concentrated dispersions of nanoparticles in alcohol

needing no further purification before the application, which is a critical aspect for practical
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applications. The up-scalability of preservation methods is rarely considered in Conservation
Science, even though it is a fundamental factor. In our opinion, the mild vacuum assisted
treatment coupled with the newly developed nanoparticle dispersions obtained by a solvothermal
method is a feasible application methodology and, hopefully, it will be used for the
deacidification of large acidic waterlogged wood objects, i.e, statues and decorative artifacts

from the warship Vasa.
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Figure S1. Size distribution of system E nanoparticles (A) and system 1P nanoparticles (B)
obtained from DLS measurements. Autocorrelation functions were analyzed using CONTIN

method, a LaPlace integral transform algorithm.
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Table S2. Reticular distances obtained from SAED on E system nanoparticles (Figure 3-C) in

comparison to the Portlandite reference.

dsaep (A) dier(A)

(100) 3.11 3.11

(110) 1.80 1.79

Abs (A.U.)

T T T T T T T
50 100 150 200 250 300 350
Time (min)

Figure S3. Normalized absorbance at 600 nm as a function of time for E and 1P dispersions in

alcohol. Systems are extremely stable for days (for a six hours scan reported in the figure the

stability is 100%).
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Table S4. Pyrolysis temperature (T,) and pH values of the Untreated, Washed and Deacidified

specimens (indicated by the name of the applied dispersion) from the Vasa.

Systems T, (°C) pH

Untreated 331 49

Washed Ocm 336 53

Washed 4cm 333 53

E 8cm 338 9.2
E 4cm 336 7.5
E Ocm 342 93
1P 8cm 340 8.5
1P 4cm 336 7.1
1P Ocm 339 8.3
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