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Abstract

The paper reports on the development of an analytitcethod based on the use of a new
miniaturised short-wave infrared (SWIR) spectromé&te the analysis of cultural heritage samples.
The spectrometer is a prototype characterised @}l shmension (45.0 mm in diameter x 47.5 mm
in height x 60 grams weight), easily handled arahdferable out of research laboratories. The
prototype enables the acquisition of spectra inSN¢IR range of 1200 — 2200 nm, which is a
unique feature for miniaturised spectrometers. @kgloitation of this spectral range allows the
detection of a high number of combination and areet bands, which guarantees significant
diagnostic power to the instrument. The presentlystlays a significant foundation to the
development of analytical strategies based on munsed NIR spectrometers working in the SWIR
spectral range for the characterization of com@armples such as cultural heritage specimens.
Analytical performances of the new spectrometer ewassessed on archaeological bones,
cinematographic films and bronze patinas. The sallecases of study present challenging
conservation issues not properly addressed, amdahalyses usually require to be performed on-
site, in places not easily accessible by restomdhaeologists and/or scientists. The data aadjuire
with the prototype, combined with a multivariatedadanalysis approach, show the possibility to i)
differentiate between the materials used as a stppocinematographic film namely cellulose
nitrate (CN), cellulose acetates (CA) and polyathgl terephthalate (PET); ii) sort out
archaeological bone fragments according to thdiagen content as an initial screening test for
bones characterization; iii) differentiate betwesmrosion products on outdoor bronze sculpture,
which is important for assessing the state of cvasen of the artwork. The prototype enabled
rapid information acquisition to guide restoratgirategies, which need to be supported in real time
by quick and easy analytical procedures.

Keywords

Miniaturised palm-sized spectrometer; Short-wavdraned (SWIR) spectroscopy; On-site
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1. Introduction

The miniaturization of vibrational spectrometersl &ensors has revolutionised the analytical field
and has led to portability, simplified use throwgtiomation, and the reduction in time and costs of
the analyses [1]. These advantages have attracteicst from end-users and product developers
for on-site and on-line analytical applications. nMturised spectrometers represent a new
generation of portable diagnostic systems [2], Whaan be associated with automatic data
processing methods, leading to an easy interpoetatif the results even by non-specialist
technicians. Near infrared (NIR) spectrometers wed for developing miniaturised analytical
tools: no sample preparation is required, and nreasents are usually fast and completely non-
invasive [3]. NIR spectrometers have already be&tehy used in industry for quality control via
data processing methods. In addition, miniaturisé/d spectrometers have been applied in agro-
food [4, 5] and pharmaceutical research [6, 7{yval as in diagnostic studies in forensic fieldg [8

Miniaturised NIR spectrometers could also represegntning point in the chemical investigation of
the cultural heritage. Although the importance oestific analyses in the conservation field is
largely acknowledged, the related cost, time anpkdise required are often not feasible.

In cultural heritage research, the use of NIR spscbpy (1000 — 2500 nm) has had a late and slow
introduction, with respect to other research fielddevertheless, in the last decades NIR
spectrometry has moved from laboratory benchtofpungents to portable devices that can be used
on-site, attracting an increasing interest for tlo@-invasive study of works of art in galleries or
museums, without requiring precious objects to loged or sampled.

NIR molecular investigation has been carried outstomes [9], paintings [10] and illuminated
manuscript [11, 12] using optical fibre spot reféawe spectroscopy. The spectral range used for
the single point analysis varies according to fpe tof sensor spectrometer used, typically: 400-
1000 nm (Visible-NIR range), 780-1000 (NIR rangg&)50-1700 nm and 1050-2500 nm (Short-
Wave-IR ranges) [13]. More recently, research Has #ocused on NIR hyperspectral imaging
which provides chemical images, simultaneously iobtg information on the molecular
composition and spatial distribution of the consitts [14, 15].

In this paper we assess the potential of a newattinsed SWIR prototype for the qualitative
investigation of artistic and archaeological olgedor on-site use (Fig. 1). The prototype is very
small (45 mm in diameter x 47.5 mm in height), vimsigzery little (60 grams) and uses a simple
method based on bringing the sensor into contaitt thie surface to be analysed. The prototype
exploits a SWIR range of 1200 — 2200 nm, presenéingnique feature for miniaturised NIR
devices which usually have a limited range betw@@®1700 nm [16-18]. The analysis guarantees
the good diagnostic power of the data in heterogesartwork samples, exploiting a spectral range
characterized by a high number of combination arettone bands [19].

We believe that this is the first time that a minrissed NIR spectrometer working in the SWIR
spectral range has been proposed for the charzatien of cultural heritage materials.

Challenging conservation issues were consideraghiattempt to address new specific needs and
conservation issues that to date have not beeniedtusufficiently. Archaeological bones,
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cinematographic films and bronze patinas were inyat®d. All our case studies were linked to
particular needs: the analysis had to be performeeite (archaeological excavations, film
restoration laboratories, and sites of monumemtg)ta be carried out in places that were not easily
accessible (scaffolding, isolated places) by restprarchaeologists and/or scientists. The NIR
prototype enabled rapid information acquisitiorgtode restoration strategies, which needed to be
supported in real time by quick and easy analyficatedures. We thus implemented appropriate
reflectance spectral databases and tailored-daegsing methods for the identification of the
materials.

2. Materialsand Methods
2.1 Miniaturised NIR spectrometer and data elaboration

The NIR prototype was designed by Viavi Solutiod®$%U Corporation, Milpitas, CA) (Fig. 1) [5,
6]. The system measures the diffuse reflectandbarspectral region of 1208-2160.5 nm (8278—
4629 cm?). It is controlled by a portable computer via UB&t. A linear-variable filter (LVF) is
used as the dispersing element. LVF is directlynected to a 128-pixel linear Indium Gallium
Arsenide (InGaAs) uncooled detector, which resulta compact device. Two tungsten light bulbs
were used as the radiation source. The spot of/sisat approximately 3 mm in diameter. All the
collected spectra were recorded nominal spectral mbminal resolution of 7.68 nm. Spectralon
was used as the NIR-reflectance standard with 98f4sd reflectance. The spectrum acquisition
was performed with an integration time of 3 ms @060 scans resulting in a measurement time of
3 s per sample. The MicroNIR Pro software (JDSUpGmation, Milpitas, CA) was used for data
acquisition.

Multivariate data processing was performed by medims-house Matlab routines (The Mathworks

Inc., Natick, USA). Suitable row pre-treatments aveelected and applied in attempt to minimise
systematic unwanted variations, which could aftbet signals. In more details, standard normal
variate (SNV) transform was selected to correct foth baseline shifts and global intensity

variations, while first Savitzky-Golay derivationas applied to enhance details within complex
spectral features (e.g. unresolved broad shapeshaAfterwards, the spectra range considered
were the following: 1369.3-2122.1 nm for cinematggric films, 1254.9- 2122.1 nm for bone

samples and 1307.9-2091.4 nm for copper-based stomroproducts. Column centring was

performed prior to principal component analysis AP.C

2.2 Cinematographic films

A total of 79 developed cinematographic film robs roll sections characterised by different

polymeric bases (cellulose nitrate -CN-, cellul@metates -CA- and polyethylene terephthalate
PET) were analyzed. Samples belonged to diffesgralogies (Black and white, Colour, Negative,

Positive and intermediate elements) and manufagfucdompanies (Eastman Kodak®©, Agfa®©,

3M©, Ferrania®©, Pathe©, Orwo© and Fu;ji©). Prelimyanformation about the polymeric base

composition was obtained by films inscriptions amwhventional mechanical and visual films

examination. According to their state of conseafilm samples were broadly grouped in “well-

preserved” (10 CN samples, 19 CA samples, and T3dakples) and “degraded” (16 CN samples,
11 CA samples, and 10 PET samples).



At least 5 spectra from each sample were recorgepldring the film between the spectrometer
and the gold-coated glass holder. All films weralgred directly in contact with the polymeric
base.

2.3 Ancient Bones

A total of 7 bone samples coming from differentli#ta archaeological sites (Table 1) were
analysed. Samples were selected based on their(iagesca. 45 ka to Early modern times) and
provenances (from Southern to Northern Italy). Mokthem (RB63, R313, UC86, UC88) are
undetermined bone fragments of animal origin, wiile bones (RP and SMM) belongedHomo
sapiens. Sample OV is attributable to an ovicaprid. Boaeples are characterized by different
state of conservation, according to the excavagitenand age. On these bases it was possible to
argue that samples RP, SMM and OV could presengleeh collagen content in comparison to
samples RB and to those from Uluzzo archaeologital

Table 1. Bone samplesinvestigated

Sample Provenance Date Species Anatomy  Notes

RP Roccapelago (Modenal6th-18th ~ Homo sapiens femur Partially mummified
Italy) cent. section individual

SMM Santa Maria Maggiore 15th cent. Homo sapiens talus -

(Trento, Italy)

ov Ostra Vetere (Ancona,6th-7th Ovicaprid tibia -
Italy) cent.

RB63 Riparo Broion 45 ka undetermined/fauna  bone -
(Vicenza, ltaly) fragment

R313 Uluzzo C (Nardo, 42 ka undetermined/fauna  bone badly preserved
Italy) fragment

uC86 Uluzzo C (Nardo, 42 ka undetermined/fauna  bone badly preserved
Italy) fragment

uCss Uluzzo C (Nardo, 42 ka undetermined/fauna  bone badly preserved
Italy) fragment

A total of 11 spectra were recorded for each sangasitioning the sensor directly in contact with
the bone surface.

2.4 Copper-based corrosion products

Brochantite (CuSOy(OH)e), antlerite (CeSOy(OH)s), and atacamite (GGI(OH);) were
synthesized in laboratory and characterized by XRD FTIR spectroscopy, in order to have pure
standard reference materials. The analysis of taedards was performed by positioning the
instrument on pressed pellets made of 200 mg oé mampound [20]. Eleven spectra were
recorded for each sample.



Copper and bronze plates (5 x 7 cm) naturally andiceally aged have been selected as
representative samples of outdoor bronze patinihsafples show similar stratigraphy represented
by a brown layer of cuprite adherent to the metalfjaand an external layer of green copper
hydroxysalts on top of the cuprite layer. The urlmatural sample (UN) is characterised by the
presence of a thin layer of cuprite and brochamiteluced on a copper plate coming from a roof
which has been exposed to the urban atmosphereuafchl (Germany) for almost 80 years; the
natural patina was further subjected to artificigeing under UV radiation [21] and salt exposure
[22] for a total of 2000 hours. The urban artificatina (UA) was artificially generated by
employing the Pichler process, which allows to twean external green thick layer of copper
hydroxysulphate brochantite. Antlerite was obseriredhe UA patina as well, in minor amount
compared to brochantite [23]. The UA sample wasystibd to the same artificial ageing process
previously described for the UN sample. The manawriral (MN) sample, is characterised by the
presence of an external layer of atacamite withsphates, silicates and malachite in minor amount
and was obtained exposing samples to the marineoanvent of Cabo Raso (Portugal) for 31
months. The patina components of UN, UA and MN damwere characterized by XRD and FTIR
analysis [24]. The analysis was performed by plathe spectrometer in contact with the patina.
Eleven spectra were recorded for each sample.

3. Results and Discussion
3.1 Historical cinematographic films

In general terms, cinematographic films are madefup thick, transparent polymeric base, which
supports the thinner sub-layers that contain therdeed image and/or sound. Three general types of
materials are used to produce the bases for fisltulose nitrate (CN), cellulose acetates (CA), and
polyethylene terephthalate (PET). CN and CA filnsdmare intrinsically unstable, tending to lose
their acetyl and nitro functional groups via hygsis [25, 26]. Such phenomena, together with the
decomposition of gelatine and the plasticizer ntigra are the most important causes of
cinematographic film degradation. To slow down fhe’s degradation rate, controlled storing
conditions need be adopted, according to the tyg®olymeric base (such as the freezing of CN
elements). However, this may drastically incredme dost of the conservation of film collections.
Thus, accurate identification of the film base mportant for the most rational resource
management of a movie archive.

The traditional approach to identifying film basamnsists in a simple visual examination of the
film’s inscriptions and an empirical assessmenit®fitructural characteristics. However, this can
sometimes lead to an erroneous identification. @latographic techniques have also been
proposed for characterizing the polymers used bothnimation cels and cinematographic films
[27, 28]. However, chromatographic analyses in noases are costly, long, and require complex
instrumentation and reagents, and they are invasieguiring samples [29]. In comparison,
spectroscopic analyses are a simpler and moresbleeg/ay to characterize film and animation cel
bases: Raman spectroscopy [25, 30], FTIR spectpgsao transmission and Attenuated Total
Reflection (ATR) modes [27, 30, 31] and NIR spestapy have been proposed. However, these
techniques involve several drawbacks such as thepodability of the instruments, the danger of
damaging the sample during the analysis, or tharoexce of fluorescence in Raman spectra.
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Portable NIR sensors are a promising alternativeilim base studies, as they require much less
analysis time and less expensive instruments. theyalso be used on-site in a completely non-
invasive way.

In order to offer a suitable diagnostic tool fdnfibase identification, the performance of our new

NIR prototype system was evaluated. Spectra othhee classes of polymers used as film bases
showed patrticular spectral profiles in the NIR cagof between 1200 and 2200 nm, which enabled
them to be identified (Table2, Fig. 2a).

Table 2: Absorption bands in the NIR region of cellulose nitrate (CN), celulose acetates (CA) and
polyethylene (PE).

Cdlulose Cellulose Polyethylene | Tentative Assignment
nitrate acetate (nm)
(nm) (nm)
1423 1415 1*'overtone of OH stretching [32-34]
1415 ' overtone of OH stretching [35]
1677 1661 1 overtone of CH stretching [35-39]
1707 1723 1707 Slovertone of CH stretching [34, 35, 40, 41]
1799 -
1899 1% combination of OH stretching and bending [40]
1907 1915 1°' combination of OH stretching and bending [32,44),
2nd overtone C=0 stretching [34, 35, 43]
1945 2" overtone of C=0 stretching [42, 44]
2021 -
2137 2137 Cpmbmanon band of aromatic CH stretching and fing
vibration [42]

CN features diagnostic bands at 1423 nm (1st owertd OH stretching), and at 1707 nm (1st
overtone of CH stretching) [39]. CA samples canebsily identified and differentiated from the
nitrocellulose-based films due to the characteridtuble band at 1677 nm (1st overtone stretching
of CH)[39] and at 1723 nm {1overtone of CH stretching) [41]. Finally, the @ifént chemical
nature of PE bases led to a NIR spectrum that weag dissimilar from the previous ones and
characterised by a very strong band at 1661 nmddwatbe attributed to the 1st overtone of CH
stretching [37]. PE spectra were also charactefised band at 2138 nm due to the combination
band of aromatic CH stretching and ring vibratid8][

This simple identification of the diagnostic bahaig differentiates among the film bases. The data
obtained were processed with principal componealyais (PCA) in order to assess the robustness
and the discriminatory power of the method. Chemadméools may also enable simple analysis
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methods to be developed that can support consesvatal archive staff in interpreting the results.
The resulting score scatter plot clearly showsehddferent clusters associated with the three
classes of cinematographic film bases (Fig. 2cg ifkerpretation of the loadings scatter plots .(Fig
2d) enables the variables involved in the sampbarsgion to be clearly identified. The diagnostic
bands at 1423 and 1707 nm (in the loading plotées at around 1690 nm and 1400 nm related to
bands after derivative correction) played a crumé& in the separation of CN samples, as expected.
On the other hand, CA samples were characteriséxhibgs at 1723 and 1907 nm (variables around
1707 and 1892 related to bands after derivativeection), while the PE basis can be clustered
thanks to the presence of bands at 1661 and atr@h3®8orresponding to bands with a derivative-
like shape at about 1638 and 2114 nm).

The correct identification of film bases is evenrenanportant in degraded and partially altered
films, which usually require urgent conservatiori@ats together with appropriate storage. The
performance of the micro NIR prototype was therefalso evaluated on degraded samples
belonging to the three different classes. Degrdied are characterized by a reduced mechanical
resistance, embrittlement, distortion and shrinkayee plasticizer exudation, dye fade, gelatine
decomposition, delamination and “channelling” c¢ #'mulsion [45].

Spectra collected from CA degraded samples shovgtbag decrease in the bands at 1661 and at
1723 nm. Conversely, a broad band appeared at Ag6&hich was attributed to the 1st overtone
of free OH (Fig. 3a). These outcomes may be relatatde hydrolytic degradation observed in CA
degraded materials [46]. To test the discriminagbiiity of the unsupervised model, a new dataset
was created, including both well-preserved and atipt samples, and then submitted to PCA. The
resulting plot described three main clusters assediwith the three different types of polymers,
each containing well-preserved and degraded sanfipigs3c). The limited dispersion of samples
belonging to the same class led to a good discatian among the various polymeric classes. The
loadings plot (Fig. 3d) confirmed the diagnostiterof bands at 1661, 1707, 1723 and 2138 nm, as
previously described. Our NIR prototype is thugahle for the identification of the film support
irrespectively of the state of conservation.

3.2 Ancient Bones

The characterization of bone proteins in humanamuahal remains is fundamental for phylogenetic
and diagenetic studies of ancient populations. &elh is the main protein in bone, with non-
collagenous proteins (NCPs) being less abundardte®mnic, radiocarbon and stable isotope
analyses of bones, can provide information on th®romy, age, diet and mobility of ancient
populations. Unfortunately, the effectiveness adsth investigations can be compromised if the
amount of preserved collagen is too low [47-49]. fatt, collagen is subject to significant

alterations mostly due to changes in the climate #e burial environment [50]. The above-

mentioned analyses are therefore usually perforomea very large number of samples, with a high
cost in terms of time and money.

Rapid screening methods are thus increasingly egragl@o detect collagen in bones before the
bones are subjected to further analyses. Bone sangan be investigated through elemental
analyses for the evaluation of the %N content [4®man and Fourier-transformed infrared
spectroscopy have also been proposed as screenisddr the detection of collagen in bones, with
the use of microscopes and bench instruments [bab@ell as portable instrumentation [54, 55].



However, these analytical approaches are desteudivd/or time consuming, limiting their
application to large numbers of bone samples.

NIR has been applied for taxonomical discriminatidrbones [56] as well as for the non-invasive
evaluation of bone preservation. Bone collageneteated thanks to the presence of diagnostic
proteinaceous bands in the NIR spectral region5®]7-To date bones samples have mainly been
analysed in the laboratory with benchtop spectremsetA portable NIR spectrometer coupled with
fibre-optic reflectance probe was recently testedif situ analyses [60]. Our new miniaturized
device, which is inexpensive and easier to use tlhanentional portable spectrometers, appears to
have great potential as a screening tool for us@unduring archeological excavations.

To evaluate the performance of our NIR device, wealysed seven bone samples, from two
archaeological sites and characterized by diffecenservation stories (Table 1). We speculated a
higher collagen content (%) for specimen RP (pytmummified individual) and a lower content
for the Palaeolithic samples (RB63, R313, UC86 ai@B8; <1%). Although older in terms of
absolute age, macroscopically sample RB63 appedrs better preserved than the Uluzzo samples
(R313, UC86 and UCB88). This may be related to tifierdnt burial environments of the two
places. RB63 comes from the northern site of thgaRi Broion (Vicenza, Italy), which has a lower
annual temperature than Uluzzo. Samples OV and SKtbin the Late Antiquity and Late
Medieval periods respectively, should present d&ageh content that is somewhere between the
content found in Palaeolithic and modern specimens.

Our preliminary hypotheses were in line with thesetvations of the spectra profiles (Fig. 4a),
which enabled us to identify the collagen diagrmoband at 2053 nm (N-H combination bands) in
four samples: RP, SMM, OV and RB63. A shoulder bamd also identified at about 1692 nm
likely due to the first overtone C-H stretchingttlee visible after the first derivative correctiwith

a band at 1677 nm) in sample RP, SMM, OV. On therdband, for the other samples (Uluzzo), no
evidence of collagen was found either in the ratada in the spectra after the first derivative
correction, which is commonly applied to increalse teadability and identification of weak and
broad NIR bands.

The PC1 vs PC3 score plot showed an appreciabkraem of the samples (Fig. 4c). Spectra
obtained on RP, SMM, OV and RB63 samples showedaa geproducibility leading to a low
dispersion in the scatter plot. Conversely, sampl843, UC86, UC88 were characterized by a
higher dispersion, making a clear separation betvwkeem difficult. The analysis of the loadings
plot (Fig. 4d) indicated the crucial role playedthye band at 2053 nm (2022 nm in derivative) in
differentiating the bones according to their caflagcontent. The wavelengths around 1910-1935
nm (1891-1945 nm in derivative) that can be attabdweither to the O-H bands of hydroxyapatite or
to the water content in the samples, seemed toeinfle the dispersion of the spectra belonging to
the same sample. Based on PCA results we werdatdatatively describe the bones according to
their collagen content. The sample presenting tlgbdst relative content of collagen was RP,
followed by SMM and OV. Collagen was also deteatedgample RB63 although probably in a
lower amount. Finally, samples R313, UC86, UC88msm to be characterized by the lowest
content of collagen. Since the characteristic gellabands were not detected, collagen may have
been present possibly in a very low amount or e ebsent.

3.3 Metal samples



Although little has been done to explore the uséNBR spectroscopy for identifying corrosion
products in bronze patinas, the infrared microscextended range of MCT detectors (7800-650
cm-1) was recently exploited to study small samptesn the corrosion surface of the bronze
sculpture of Neptune in Bologna [20]. In additi@WIR imaging system (1000-2500 nm) has also
been used for on-site mapping of corrosion prodaontswo sites of a bronze sculpture of Auguste
Rodin [61].

However, neither analytical approach can be easi&d on-site by inexperienced operators.

Since accurately characterizing outdoor bronzenpatiis fundamental in planning appropriate
conservation interventions, the on-site characéon of corrosion products using our miniaturized
spectrometer seems extremely promising.

Brochantite (CySOy(OH)s), antlerite (CeSOQy(OH)4) and atacamite (GGI(OH)s) are three copper-
based corrosion products commonly found on theasarbf outdoor bronze sculptures. Brochantite
and antlerite typically grow on outdoor sculpturesposed in urban environments, whereas
atacamite is mainly found in marine environmentsede compounds indicate a proliferation of
dangerous corrosion processes and thus being abigentify helps in revealing the state of
conservation of the sculpture. Brochantite andegittl are the result of electrochemical processes
involving the interaction of the bronze alloy wit©, from the atmosphere. Atacamite is a warning
signal of the presence of copper chlorides, whidhy rbe related to a dangerous and highly
corrosive phenomenon called “bronze disease” [62].

The above-mentioned corrosion products can beyeasihtified by their characteristic absorption
bands in the near infrared [20]. The spectra ofsyr@hesised compounds, collected by means of
the NIR prototype, are presented in Fig. 5a. Theelmntite spectrum has a weak band at 1431 nm
due to the T overtone of the OH stretching and a broad bari®4% nm. Antlerite shows two well-
defined bands at 1431 and 1477 nm, the former meditp the T overtone of the OH stretching,
and a broad band at 1968 nm. Atacamite presen&sadwands, the most characteristic located at
1469 (£' overtone OH stretching), 1861, 1953 (shoulder) B982 nm (not assigned).

Eleven spectra from each standard compound wekectad and submitted to PCA. Fig. 5b shows
the first derivative spectra submitted to PCA. Bhere plot PC1 vs PC2 (Fig. 5c) shows the well-
separated compounds, while the loading plot PCRG2 highlights the relevance of the variable at
1992 nm (2007 nm in derivative) for atacamite ad@1land 1477 nm for antlerite (1423 and 1461
nm in first derivative) as the reason for the sapan.

Since the multivariate method differentiated amahg three standard compounds, it was also
applied to data collected from naturally-occurrzggrosion products in different environments or
artificially produced in the laboratory. Thus, sdegppresenting corrosion products grown in the
urban environment (sample UN), marine environmsatmple MN), and an artificial patina (sample
UA) were submitted to the analysis. The spectraegperted in Fig. 6a.

Although the NIR spectrum of the UN sample is npisyshows a weak band at 1438 nm thus
assigning the first overtone of OH stretching ajdbrantite. The spectrum of the UA sample shows
the OH overtone at 1431 nm and a very week band46® nm, revealing the presence of
brochantite and, in a smaller amount, antlerite.cBgnparing the standard spectrum of atacamite
with the MN spectrum, the signal in the first owe® region (1461 nm) as well as the strong band
at 1984 nm can be linked to the presence of atdeakRD and FTIR data collected on the three
patina samples and reported in the pertinent tileed23, 24] confirm the results obtained with the
NIR prototype.



PCA analysis applied to the near infrared datattéechteresting results for the differentiation of
bronze patinas grown in different environments (lig). The near infrared data of UN, MN and
UA show a good separation in the score plot PCP@2 (Fig. 6¢). The loading plot (Fig. 6d)

highlights the important role of the variables 884 nm (2015 in first derivative) for the separatio

of MN spectra. The separation of spectra recoraded and UA samples, was linked to variables
in the first overtone region, and also to the bahd438 nm (1484 nm in first derivative). We
believe that these results underline the usefulokessr small portable micro NIR sensor for the in-
situ study of copper-based corrosion products.

4. Conclusions

We have proposed a new SWIR portable prototype Q-P2ZD0 nm) in combination with
multivariate data analysis. This can be used asrasitu, rapid, non-invasive methodology for
identifying and differentiating materials in objecof artistic and archaeological interest. Our
instrument is at the cutting edge of the develogneéminiaturized devices. In terms of its use in
the cultural heritage is concerned, the methodolotgnaged to: i) differentiate between the
materials used as a support for cinematographig, fil) sort out archaeological bone fragments
according to their collagen content, and iii) diffietiate between corrosion products on outdoor
bronze sculpture. The spectral range employed prewebe well suited for the analysis of the
selected objects as they all presented charaaterigtrtone or combination bands.

We believe that the results obtained using our odkilogy have important implications in the
study and preservation of the different materidlee differentiation of cinematographic film
samples, for instance, helps conservators-resttwesafely classify the samples according to their
chemical composition, thus reducing the risks cotete to degradation. The identification of
collagen in bone fragments means that bones catehgfied according to the collagen content and
thus represents an initial screening test. Finalg, presence of certain corrosion compounds on
bronze sculptures may help in determining the stht®nservation of the objects and consequently
help in deciding whether conservation is urgendgaded.

The advantages of the device in terms of costapdity, ease of use could be exploited not only by
conservation scientists but also conservators andesvator-restorers. To this aim, further efforts
will be devoted to the development of new chemoimespproaches for the automatic data
processing and interpretation.
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Figure Captions

Fig. 1: The prototype SWIR spectrometer.

Fig. 2. Analysis of cinematographic film samples well-preserved; a) representative spectra of
cinematographic film support cellulose acetate (CA), cellulose nitrate (CN) and polyethylene
terephthalate (PET); b) first derivative spectra of cellulose acetate (CA), cellulose nitrate (CN) and
polyethylene terephthalate (PET); c) Score plot of CA, CN and PET samples; d) loading plot of CA,
CN and PET.

Fig. 3: Analysis of cinematographic film samples well-preserved and degraded; a) representative
spectra of degraded cinematographic film support cellulose acetate (CA-d),cellulose nitrate (CN-d)
and polyethylene terephthalate (PET-d);b) first derivative spectra of degraded cellulose acetate
(CA-d),cellulose nitrate (CN-d) and polyethylene terephthalate (PET-d); c¢) Score plot of well-
preserved and degraded CA, CN and PET samples; d) loading plot of well-preserved and degraded
CA ,CN and PET

Fig. 4: Analysis of bone samples; @) representative spectra of samples UC86, UC888, R313, OV,
RB63,RP and SMN ;b) first derivative spectra of UC86, UC888, R313, OV, RB63,RP and SMN; ¢)
Score plot of bone samples with convex polygons calculated for each class; d) loading plot of bone
samples.

Fig. 5: Analysis of standard powder copper-based corrosion products; @) representative spectra of
antlerite, atacamite and brochantite; b) first derivative spectra of antlerite, atacamite and
brochantite; ¢) Score plot of copper-based corrosion product samples; d) loading plot of copper-
based corrosion product samples.

Fig. 6. Anaysis of natural and artificial copper-based corrosion products on copper or bronze
substrates; a) representative spectra of copper-based corrosion products grown in urban artificial
(UA), marine natural (MN) and urban natural (UN) environment. b) first derivative spectra of
copper-based corrosion products of UA, MN and UN samples; ¢) score plot of UA, MN, UN
samples; d) loading plot of UA, MN, UN samples.
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A new miniaturized SWIR spectrometer is proposed for cultural heritage analyses
The prototype enables rapid information acquisition to guide restoration strategies
The prototype can be used as an in-situ, rapid, non-invasive analytica method
Cinematographic films, bones and bronze patinas were efficiently characterised
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