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Summary. — One of the most significant parameters used to evaluate the efficacy
of a conservation treatment is the diffusion of the product on the surface and in-
side the monument porous materials. Though a lot of information has been obtained
about the surface, there is a lack of data on the distribution of the organic-polymeric
or inorganic-mineral conservation products inside a decayed porous substrate. The
aim of this study is to evaluate the effectiveness of neutron radiography and spec-
troscopic techniques (Raman and FTIR) on the diffusion of ammonium oxalate, an
inorganic-mineral conservation treatment, and of three organic-polymeric commer-
cial products widely used in the conservation yards. The results highlighted that
the coupling of these techniques turns out to be an effective integrated approach;
advantages and drawbacks were evaluated and discussed.

PACS 87.64.km — Infrared.
PACS 87.64.kp — Raman.
PACS 87.57.Va — Neutron imaging; neutron tomography.

1. — Introduction

In recent years, there has been an increasing interest in the study of the conservation
treatments diffusion inside the Cultural Heritage matrices. In fact, one of the key factors
to define the effectiveness and durability of a treatment is its distribution and penetra-
tion. For several years the conservation scientists have been working to find the most
suitable methods to evaluate, in a direct way, the diffusion of a treatment in the porous
materials [1-7]. Most of them are destructive and they are unable to provide an overview
of the treatment diffusion inside the sample in its entirety; the distribution of some or-
ganic products was also probed by X-ray microcomputed tomography (micro-CT) [8] and
by neutron imaging, an emerging method for Cultural Heritage investigation. Due to the
their charge neutrality, neutrons can penetrate thick samples showing hidden details past
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TABLE L. — Treatments of specimens: substrate, product, applied quantities (n.d.: not detectable)
and application method.

Applied Amount of Application
Specimen Substrate product Composition Solvent product method
(mg/cm?)
RC Plaster Ammonium oxalate (NH4)2C204 Water n.d. Poultice
N1 Stone  Ammonium oxalate (NH4)2C204 Water n.d. Immersion
N2 Stone Untreated
PB Plaster Paraloid B72 Ethylmethacrylate/methacrylate chloroform 14.0 Pipette
MW Plaster Mowilith 50 polyvinylacetate homopolymer chloroform 14.0 Pipette
S1 Plaster Silres BS290 mixture of silane 66.0 Pipette
2-propanol
S2 Plaster Silres BS290 and alkylalkoxysilane 14.0 Pipette

outer corrosion and/or buried layers into bulky objects [9-13]. Neutrons interact signif-
icantly with light elements, such as hydrogen, giving detectable image contrast. Such
a circumstance candidates the neutron imaging as a possible tool to determine the water
absorption and distribution inside the material [14-16] and to identify the content and the
penetration depth of hydrogen-rich conservation products inside porous stone samples or
other materials such as bricks or wood [17-19]. However, the scientific community agrees
on the importance of an integrated approach in an attempt to obtain a deeper under-
standing of the treatment distribution merging the data coming from different analytical
techniques.

The aim of this study is to evaluate the effectiveness of the combined application
of neutron radiography and vibrational spectroscopy (Raman and FTIR). The diffu-
sion of ammonium oxalate [(NHy)2(C204)], an inorganic-mineral conservation treatment
widely used for several years in order to preserve the surfaces of limestones, marbles or
plasters, has been studied with pRaman spectroscopy and neutron radiography. This
compound reacts with the calcium carbonate of the substrate to induce the formation of
whewellite (CaC204 - H,0O) and weddellite [CaC20y4 - (2 + 2)H20)] [20]. These minerals
have got intense and distinguishable Raman lines, especially in the O-C-O stretching
range (1400-1500 cm~1), thus gRaman mapping of whewellite and weddellite allows ob-
taining the penetration depth of the treatment [6,7]. Moreover, the presence of hydrogen
in the composition of the newly formed minerals supports the hypothesis of a different
neutron absorption of the treated portions compared with the untreated ones [17-19]. For
this reason, even though neutron radiography has never been applied to probe inorganic
products so far, it has been tested here in order to achieve the diffusion overview of am-
monium oxalate. Neutron radiography has been used as well to investigate the diffusion
of three organic-polymeric commercial products widely used in the conservation yards.
The results have been supported by FTIR reflectance measurements, a spectroscopic
technique suitable for the analysis of organic-polymeric substances.

2. — Materials

a) An actual painted plaster fragment (1x 1.5 x 1 cm) from a historical mural painting
treated with ammonium oxalate (table I) was analysed by pRaman spectroscopy in order
to map the distribution of calcium oxalate phases.
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b) “Noto” stone specimens (5 x 5 x 1 cm?) were treated in laboratory with ammonium
oxalate in order to study its diffusion into the stone by neutron radiography (table I).
“Noto” stone is a calcarenite (mainly consisting of calcite [CaCO3]) employed for a long
time as construction material for historical buildings. The specimens were treated by
immersion in an ammonium oxalate solution 5% w/w in water (24 hours).

c) Plaster specimens (40 x 40 x 10mm?) were treated in laboratory (table I) with
organic-polymeric conservation products (Paraloid B72, Mowilith 50, Silres BS290) in
order to study the diffusion of the treatments by neutron radiography and FTIR spec-
troscopy. The treatments were performed using a pipette; suitable solutions of the prod-
ucts were deposited on each specimen in multiple steps. The quantities applied for every
sample (shown in table I) were in the range commonly used in restoration works [1].

3. — Analysis methods

w-Raman spectroscopy. — Analyses were carried out with a Senterra dispersive u-
Raman spectrometer (Bruker) using 785 nm laser source (NIR Diodes). The instrument
is equipped with a Peltier-cooled CCD detector (1024 x 256 pixels; —70 °C) and is coupled
to an Olympus BX51 microscope. All spectra were collected through a 20x objective,
that focuses the laser in a spot size of 3 um of diameter approximately. The power at the
sample and the exposure time ranged between 50-100 mW and 100-200s, respectively.
The spectral resolution is about 3-5cm ™! (1200 grooves/mm gratings).

Portable FTIR (pFTIR). — FTIR analyses were performed with a portable ALPHA-
R spectrometer (Bruker Optik GmbH), equipped with a cube mirror interferometer,
a reflectance head with specular optics and long working distance (about 2cm). The
detector works at room temperature and the investigated spot is circular with a diameter
of about 6 mm. The spectral range covered by the instrument is 350-7500 cm ™! with
4cm™! spectral resolution. The spectra were acquired only in the 350-6000 cm ™! range
and the obvious procedure for their interpretation is to apply the well known Kramers-
Kronig (KK) transformation in order to achieve the absorption spectrum to be compared

with those of the reference materials.

Neutron radiography. — Neutron radiographies were performed at the ISIS neutron
source. In the present case, radiographies were collected at the ROTAX station where a
beam with a flux of ~ 2 x 1055~ cm™2 thermal neutrons covering a ~ 3 x 3cm? area
is available. The radiography set-up was made of a 100 um thick SLiF/ZnS scintilla-
tor as neutron-to-light converter coupled to a Peltier-cooled CCD (Andor iStar DH712,
512 x 512 pixels) as image sensor [21]. Images were obtained by using a 135mm lens,
corresponding to a ~ 5 x 5cm? field of view. In order to minimize blurring from the
finite neutron source size, each sample was placed in contact with the outer scintillator
face.

Images were processed through the IMAGEJ 1.47t package: 16-bit grey levels (cor-
responding to the different neutron-absorption values in different spots of the sample)
were transformed in the corresponding numerical values (0 being maximum absorption
and 65535 minimum absorption in the sample).

4. — Results and discussion

Micro-Raman mapping applied to polished cross sections of plasters treated with
conservation products turns out to be an innovative and powerful tool for assessing their
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diffusion inside the porous substrate. The behaviour of ammonium oxalate applied to
painted plasters has been studied, with an immediate consequence for the conservation
works, in particular concerning the treatment methodology and the influence of the
plaster nature [6,7].

Figure 1 shows an actual specimen from a mural painting treated with ammonium
oxalate; the painted layer consists of red ochre pigment spread in a magnesium lime
binder with an average thickness of 100 um. The plaster is made of a magnesium lime
binder as well and a silicatic aggregate with a diameter ranging from 50 pm to 300 pm.
Micro-Raman mapping allowed to define the distribution of the phases from the surface
to the inner domains of the samples: the reaction of ammonium oxalate with the sub-
strate has been ascertained by the occurrence of the C-O stretching bands of whewellite
(CaC30, - H20) and glunshinskite (MgCoOy4 - 2H20) [22]. The latter is the result of the
ammonium oxalate reaction with the binder component rich in magnesium. Calcite and
dolomite, ascribed to the binder, and gypsum, a decay product, have been detected as
well (fig. 2). As shown in fig. 1 the penetration depth of the treatment ranges approx-
imately from 80 um to 200 pm; in fact whewellite and glunshinskite have been detected
up to this depth. Such data have a great relevance for the restoration works, even though
it is destructive and it only gives point-like information. However, the overview of the
ammonium oxalate diffusion has been provided by neutron techniques applied to stone
specimens; the comparison of the neutron radiography of a treated (N1) and an un-
treated (N2) specimen highlights a strong difference: in the treated sample a noticeable
absorption on the edges and a smooth absorption decrease towards the inner portion
are detected (fig. 3). The radiography shows that the diffusion of the product is quite
homogeneous along the entire surface reaching shallow depths (a few hundreds pm). In
fig. 4 the grey scale along a line perpendicular to the edge of the two samples is plotted.
The curve from the treated stone shows lower (i.e. darker) grey values than those of the
untreated sample curve. Moreover, two absorption dips occur at the edge portions. In
order to support the radiography results, py-Raman spectra were acquired in different
points along the edges. The spectroscopic findings confirm that the darker areas are
really involved in the treatment: signatures of calcium oxalate (whewellite) are observed,
mainly in the O-C-O stretching region (1463 and 1487 cm~1!), together with those of the
CO stretching of the substrate calcite.

As a second step, neutron radiography was used to shed some light on the diffusion
of organic products commonly used in the conservation sites. Different amounts of Silres
BS290 were applied on the surface of plaster specimens and the neutron radiographies
were compared (fig. 5). The specimen treated with 66 mg/cm? of product (S1) shows
a strong absorption in the sample surface due to the occurrence of Silres BS290 (fig. 5,
left), as confirmed by FTIR measurements (fig. 6e-f). The distribution of the product is
poorly homogeneous and the penetration achieves different depths. The same product
applied in a lower amount (S2) does not reveal any evidence of the product absorption
(fig. 5, right). The detection limit of the system affects the results namely Silres BS290
is not visible at low concentrations.

Finally, neutron radiographies obtained on samples treated with Silres BS290, Par-
aloid B72 and Mowilith 50 at the same low concentration (14 mg/cm?) were compared.
Differently from Silres BS290, the distribution of Paraloid B72 and Mowilith 50 is clearly
visible on the sample surface as a homogeneous layer (fig, 7). Considering the solvents
which have been used and the different properties of these compounds (such as viscos-
ity and polymerization reaction), it is reasonable to infer that the low amount of Silres
BS290 is dispersed into the matrix and it is unlikely visible in the neutron radiography.
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Fig. 1. — Optical image of the RC cross section with yfRaman mapping results: grey and black
boxes indicate the occurrence or the absence of oxalates, respectively, thus the dashed line marks
the depth achieved by the treatment.

Paraloid B72 and Mowilith 50 films observed in their radiography images are analysed
with FTIR spectroscopy that confirms the reliability of the neutron technique (fig. 6a-d).

5. — Conclusions

The coupling of spectroscopy techniques and neutron radiography turns out to be
an effective integrated approach for the investigation of a tricky issue in conservation
field, namely the diffusion of organic-polymeric or inorganic-mineral products on the
surface and inside stone materials. Advantages and disadvantages of these analytical
techniques were highlighted; neutron radiography allows obtaining, in a non-destructive
way, the overview of the treatment diffusion also in the case of inorganic compounds.
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Fig. 2. — Raman spectra acquired in the RC specimen. Glunshinskite (a) and whewellite (b)
confirmed the reaction between the ammonium oxalate and the calcite of the substrate (see [22]
for reference spectra).
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Fig. 3. — Neutron radiographies of N2 (left) and N1 (right) samples. Black arrows mark the two
treated edges in which the absorption is higher.
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Fig. 4. — Curves of the grey scale along the line perpendicular to the edge of the specimens N1

(treated) and N2 (untreated). Note the two absorption dips occurring at the edge of the treated
specimen.
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Fig. 5. — Neutron radiography of S1 (left) and S2 (right) specimens. Note the strong absorption
in the surface of S1 (marked by the dashed arrows) due to the occurrence of the product and
the lack of absorption in S2 specimen.

The results permit to compare the behaviour of different conservation products and also
to evaluate different application methods in order to obtain the widest diffusion. On the
other hand, spectroscopic techniques turn out to be essential for the identification of the
product and its transformation mechanisms, as well as for a correct interpretation and
full exploitation of neutron radiographies. This study provides new knowledge on the
interaction between the product and the matrix and the transfer to the conservation sites
of the obtained results allows the optimization of the treatments. New experiments are
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Fig. 6. — IR reflectance spectra acquired with portable instrument on the surface of the specimens
before (dotted lines) and after (continuous line) KKT transformation; PB (a-b), MW (c-d) [23],
S1 (e-f). Spectra a, ¢ and e are ascribable to Paraloid B72, Mowilith 50 and Silres BS290,
respectively (see [24,25] for reference spectra).
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Fig. 7. — Neutron radiography of PB (left) and of MW (right) specimens. The dashed arrows
mark the specimen portions with a higher neutron absorption, ascribed to the product.

in progress to improve the sensibility of the neutron radiography system thus allowing
to observe smaller quantity of product distributed in a few tens of pum.
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