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Higlights:

AReflection FTIR spectroscopy and OCT, when used togethenanimsight into the details of cleaning
of easel paintings

AFTIR complements OCT structural images by providing crucial information on the chemicasitiompo
of superficial layers

AOCT complements the FTIR spectral data with information on the trisksefdyers, bothremoved
and left

AThis integrated approach increases the safety of the cleaning treatment.

Abstract

Although the solventemoval of unwantedayers(e.g. aged varnishes, overpaintxalate patinas, difrom
easel paintings is one of the mdsequently performed restoration treatments is questioned regarding its
controllability and safety to the artworl here is thus a need for developing suited diagnostic methodologies
able to inform restores on the chemical, optical and morphological effects of cleaning. To this aim, we have
exploredthe possibility of complementary use of tiyal Coherent Tomography (OCT) and reflection FTIR. On
the one handthe OCT technique provides cresectional images with varnish layers visible and thus permits
for measurement of their thicknesseSombiningmany crosssections into 3D datarovidesinsight into the
varnish thickness distribution over a given area of the paintings. On the bémel reflection FTIR allows for

a chemical characterization of the surface compounds revealing the nature of thistvamd monitoring its
removal. Artificially aged model samples ama historical paintingsvere investigatecht different steps of
solvent cleaning testaind the results of the twdechniques comparedhighlighting the benefits of their
combined exploitabn.
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1. Introduction

Yellowedor otherwisedeteriorated varnishesnay significantly impair visual perception of an easel painting.
This also holds for surface dirt, crusts/erpaints and some other substances introduced during past
restoration treatments Removal of suclvisually obscuringgenerally nororiginal materialsfrom painting$2
surfacesusing solventsdza dzI f £ @ NER2T SNENEIR iOFES of gha yidstchmmon conservation
proceduresin paintings conservatiorit is also considered to bene of the mospotentially hazardous to the
historical objects, espeally when fragileor solvent sensitiveoriginal structures are present under the
undesired layer$l, 2] Muchsystematic research has been done to improiak assessment and practical
application of solventcleaning methodoloigs [3]. However, the develpment of additional analytical
instruments that improve thevaluationof varnish removal is still highly encouraged amongst conservators.
Within the joint research activities of the IPERIQMN project[4] a specific task is dedicated to the
developmentof nonrinvasive analytical methodologies, whjdby combining different techniques currently
available through the European mobile infrastructure MOL®B6], would offer to conservatorgestorers
access to advanced chemical and physical information ereffect of solvent cleaning. As a result of this
researchhere an approach based on the integration of the strafiyia information obtained fromoptical
coherence tomographydCT) with the chemical characterization of superficial layers acaes$hiblugh
reflection FTIR spectroscopy is presented and discussed

The potential of each technique fax noninvasive irsitu monitoring of cleaning of paintingsas been
already proved by feasibility studies performed during the restoration of some painiivigisin the activity

of MOLABYreflection FTIR spectroscopws been used to assess the removal of compounds such as oxalates
[7, 8], nonionic surfactants[9] and natural varnishe$7, 10] proving to have adequate sensitivity and
specificity.

Optical coterence tomography (OCT)1-14] has been used previously for the assessment of removal of
varnishes or overpaints from historical easel paintings by means of solvent cleaning. The evaluation of the
removal of layers was based on the analysis of OCT-seotiens exclusivel{yl5, 16]in order to aid the
conservatorgestorers to choose optimal solvent composition and application procedure. The technique was
also used for the redime monitoring of laser cleaning of painted and varnished samjdlés18] Several
optical noninvasive techniques (colorimetryconoscopic profilometry, OCBnd reflection FTIR) ere
explored by Striova et al. fahe monitoring of cleaning of mural paintingd both chemical and laser
thinning of shellac varnigii9] or calciumoxalate pating20].

Here a systematic evaluation of limits apdtential of reflection FTIR and high resolution OCT used in a
complementary approach for monitoring of the selective removal of natural and/or synthetic varnishes from
oil-based easel paintgs has been carried outofelations between the characterization ahe chemical
surface composition by FTIR with the OCT stratigraphic information (both 2D andied3®)critically
investigatedworking on multilayered paint modelsThe integrated apprach was then tested for cleaning
experiments on two historical oil easel paintings.

2. Materials and methods

2.1. Model samples and easel paintings examined

For the IPERION CH projedbraad set of moclkupswas prepared. They were mada different supports
and with different paints, all varnished with dammar varniapedand later covered with four types of other
varnishes The resultsfor the assessment of cleaning tests on the following four model san{pkssTable 1
and Fig. &) have beerchosen to baliscussed in this paper.
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Table 1: list and description of the paint models and cleaning treatments

Paint models Cleaning
Name Layer structure and composition (from bottom) Solvents Procedure
Sample D+A| a: canvas white spirit | Solvent mixture
b: priming + xylene applied by
c: oil paint (titanium white, Rembrandt, Talens)* applied 4 (1:1 parts | swabbing in 3
brushing by volume) | steps
d: natural surface dirt* (3 rolls per step)
e: one layer of dammar applied by brushing**
f: one layer of acrylic varnish (Maimeri 586@pplied by
brushing
Sample D+M| a: canvas white spirit | Solvent applied
b: priming by swabbing in
c: oil paint (titanium white, Rembrandt, Talens)* applied b 2 steps
brushing (3 rolls per step)
d: natural surface dirt*
e: one layer of dammar applied by brushing**
f: 1 layer ofmicrocrystalline wax (Zecchi, dissolved in ligro
applied by brushing
Sample a: cardboard white spirit | Solvent mixtue
D+A+L b: priming + xylene applied by
c: acrylic paint (ochre, Rembrandt, Talens) applied by | (1:1 Pbv) | swabbing in 2
brushing* steps
dithreef @ SNE 2F YI GG RFYYE NI (3 rolls per step)
brushing*
e: one layer of matt acrylic varnigialens 113japplied by
spraying*
f: one layer of ureaaldehyde varnish Laropal A 81 (CTS)
applied by brushing
Sample D+B | a: cardboard white spirit | Solvent applied
b: priming by swabbing in
c: acrylic paint (burnt umber, Rembrandt, Talens) applied 2 steps
brushing* (3 rolls per step)
RY 2yS @SN 2F YIGd RIYY]
brushing*
e: one layer of artificial diffpure carbon soqgtKremer
Pigmentg
f: one layer of beeswax (dissolved in ligrapplied by
brushing

letters ae correspond to markers of layers in Fig. 1a
* naturally aged indoor for 10 years
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Fig.1 (a) a schematic illustration (not to scalejtadita of samples used, letters refer to layers described in Table 1,

depth of OCT imaging marked in pink; (b): measuring procedure projected on the time axis. Vertical lines correspond to
translation of the object betweethe instruments. Coordinategtt; etc. show times when 3D OCT data were collected.
Surface maps extracted are referred to as surfagegurface(f) etc.

é i - -

Fig.2. Portrait of a womanunknown artist, oil on canvadl.5 x 30 crh late 19" century,pink square marks location of
the cleaning testarea. (a)Visible light photography, yellow lines mark the range of bottom varn{bhyisible light
photography, blue lines mark the range of upgacrylig varnish;(c) photography of UMnduced fluorescence

After completing the resealc on the samplesthe assessment of clearg tests on the following two
historical easel paintings was performedhe first painting wa$ortrait & a woman(Fig. 2)of unknown
origin and history of restoratioiMacro XRF scannirfdata not shownyevealeda rather simple buileup of
ground and paint layers: barium and lead were found in the readgde ground, unpainted in the area of
tacking margins (indicating the use of barium sulphate and lead wHteparatory drawing had been
executed with achromium-based pigmentLead, zinc, mercury and iramere identified in the area of the
flesh (pointing to thepossibleoccurrence of lead white, zinc white, vermillion, umber), iron in the brown
background and hair (umber), titanium in retouchings in Hrea ofthe flesh (titanium white). The non
invasive examination by means of OCT and analysis of the photographyindus€d fluorescence={g 2c)
revealed that there are two types of varnishes present on the surfacéottom one, of yellowish
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fluorescence (marked yellow Fig 2a) which had been removed from the outskirts of the composition, and

an upper one, of blueish fluorescence, appliaslone thin layer inthd NI 2 F (GKS L2 NI NI & SR

(marked by lighblue lines in Figgb) andasat least two thick layers in the background (markeddayk blue
lines inFig 2b). This procedure, very far froourrentconservation ethics, was performed by an anonymous
in unknown past as a probable attempt of forgery lbé tsignature which had been previously investigated
and reported[21]. The cleaning procedure chosen aftareliminary solubility testsvas conductedn the
area in the dark background (marked by pink square in the figarthree stepswith a mixture d white
spirit and xylene (1:pbbv) applied by swabbing (3 ropier step.

Fig 3. Floral painting unknown master, oil on panel, 20.8 x 27.42;:mrobably 19" century, study collection
RijksmuseumAmsterdamVisible light photograph with the indication of the cleaned test area (yellow square) and the
sample collection spot (yellogircle).

The secondartwork, the Floral paintingwas cleanedn the areaof the red background (marked by yellow
square inFig 3) in two steps with ethanolapplied by swabbing (10 rolfger step. The cleaning procedure
involved rolling a cotton swab mounted on a bamboo stick, moistened with an appropriate solvent or solvent
mixture overselected areas (12x1m?) of the varnished pint surface to swell and dissolve the varnish
layers
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2.2. Methods

2.2.1. Optical coherence tomography (OCT)

Optical Coherence Tomograplexaminations were performed both on models and paintings usiriggh
resolution (ca8x Y | EA | f  hiladdech 2zlih @méterialyf refractive index p=1.5;mp kY f I G SNI
resolution) spectral domain OCT instrumdg@R] with a broadband superluminescent light source of a
spectral range of 74970 nm and 0.8 mW power at the object.

The OCT crosectonal images (tomogramer B-scan3 are presented in false colour scakéth colours
codified automatically byhe software the areas noscattering IR radiatio(i770-970 nm),or not reached by

it, are shown as black. The lay@fsincreasing, but still mierate scattering properties, are shown in colours
from blue to greenrespectively whereas the centres of high scatteriggrom yellow to red. The presented
tomograms are vertically stretched for better readability. Scale bars in all the tomograms shown in the
figures are equivalenttén n > Varnéhofr= 1.9 in both directions.

In this contribution OCT data are prested not only inthe form of crosssectional images (tomograms), but
also asenface images (differential mapgR3] of examination areas, which enable assessing the bulk of
material removed in every step. In order to generate such maps, from 3D OCdubataollected after every
cleaning stemand composed of 150-8cans a surface profilavasextracted. Surface profilesbtained after
cleaning are subtracteffom the ones acquired before a given step to obtain a maghefmaterial deficit

after in thisstep, or from the first profile, collected before cleaning, to obtain the magnefoverall material
deficit. Resultant difierential maps are coded ialse colour scalghe same in all figures

2.2.2. Reflection FTIR spectroscopy

The chemical characterization of the surface compounds on both model samples and easel paintings during

the different cleaning steps, was performed by means of a portable FTIR spectrophotometer (ALPHA, Bruker
Optics, Germany/USAMA) equipped with a SIC @ld NJ &2 dzZNOS> | w201 {2t ARn RS&aA.
of parabolic gold mirrors) and a DLaTGS detector. Measurements were carried out by an external reflectance
Y2RdzZ S 6AGK |y 2LIGAOFT f ingtledatrared Mdiation cefteadifom dikirfade | £ £ 2 &
located about 1 cm away. Pseudbsorption spectra [log(1/R); R = reflectance] webtainedfrom areas of

about 5 mm in diameter, in the spectral range from 7000dm 375 cni*, with a spectral resolution of 4

cm and usingaverageof 186 acquisitions. Spectfeom aflat gold mirror were used as background.

2.3. Combined monitoring procedure

In the case of the model samples and tPertrait of a womanto provide reference data for the subsequent

FTIR measurements, spectra botlr faot varnished areas and areas covered by the varnish layer were
collected. The resultant spectra are showrigs4b, 5b, 6b, 8bin the Results section. For both the samples

and paintings, e areas of the cleaning tests (12x12 fwere defined and nrked with the use of paper

tape (on the model samplesind byWg A Yy R26a Q Odzii Ay the @abel paintiig®)Atfthe 6 Ay OF
beginning of every test, before cleaning, FTIR measuremestperformed in the middle of the marked
area.Thenthe object was placed under the OCT hedth a scanning beam projecting dow@CT data as

collected, and the cleaning procedure was appli€dere was a 43 mm distance from the head lens to the
202S500aQ adz2NFI OSz ¢ KA OK tonfswaBsiostRe pairiiy withauy rioSinglihe OGTNJI (i 2
head.Subsequentlythe OCT data were collected agalinis wasiecessaryor the repeatability of scans and
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thus for a precise comparison between those scans obtained before and after treatfrtestithe olject

was moved to perform FTIR analysis on the same marked Afteawardsit was reinstalled again under OCT
head for the next cleaning steffhe described procedure was repeated for as many steps as there were
needed.The whole procedure ishown atthe time axis in Fig. 1b, where vertical lines mark transferring of
the object between installationsind t coordinates mark subsequent OCT data acquireméaitgen the
comparatively large size of the FTIR measuring spot, repeatable repositioning of the wligectthe FTIR
head was not problematic. Conversdigr the OCT measurements a precision at micrometric scale is needed
especially after different cleaning steps (mainly for generation of differential maps). The coarse reposition
was performed with mechaical limiters preventing rotation of the objeend repeating X,Y position to
about 50>m but with no control of elevation of the objecthe desired micrometric precision: betterah

the distance between Bcans in Y direction (89 Y 0 = 6 & iwic&the laterdl resolution in X direction

and better than thewice theaxial resolution (in air) in Z directiavas achieved by software matching of the
B-scans (separately for the first and the last in the cube) taken from the OCT data collected befafeeand
repositioning. Obtained translations were applied to data to ensure proper alignment of the surface profiles.
The same procedure was applied OCT data acquired directly before and after cleaning to correct for
possible small displacement of the ebj during mechanical action.

3. Results

In the herein presented tomograms the beam of light approaches the objectthertop and therefore the
uppermost medium in all the tomograms is air above the object (seen as black). The surface of the object is
the airvarnish interface, visible as a strong green line. The varnishes are presented as black/dark blue
stripes and the interfaces between varnish layers are usually visible as thin blueish lines (the existence of dirt
between varnish layers enhancesStA NJ RA A G Ay ddzh aKF oAt AG& AYy hi/eBbd t I Ay
structures and their permeability to near infrared radiation is usually limited to thin or uppermost layers.
Reflection FTIR spectra are reported at different stey cleaningin order to compare/combine the
information. As forthe models, spectra collected on the samples prepared with various final layers (no
varnish, one layer of varnish, two layers of different varnishes) are also shown for facilitating the
interpretation. Hee the probing radiations are typically confined to the upper part, although, depending on
the spectral range, spectral properties of the different paints and their thickness, also bands from inner
layers may emerge. The spectral profiles collected ireecdfin mode are composed of both specular and
diffuse reflected components and thus highly distorted: the specular reflection typically appears with
derivative or reststrahlen (inverted shape) features while relative intensity is changed by the diffuse
component[24].

3.1. Combining OCT and FTIR for assessing cleaning: study of models

Sample D+A: monitoring throgressiveemovalof synthetic resin (acryliend natural (dammar)

The OCT tomogram and FTIR spectrum collected on the D+A neddet lthe cleaning tesare shown in
figure 4a and 4b.wWo varnish layershe upper beingfully transparent(acrylig and lower slightly scattering
(dammal), are dearly distinguishable in the tomogram (Hg). Reflection FTIR speatm (Fig.4b,d,f,.h, gey
line) collected from the samarea showshe characteristic bands d240 cnmi A 63-C) 1170 cm' A 6Q)and
1150 cm' A 6Q@) of an acrylic componeri5]. After the first ceaning step, OCT notékinning of thetop
(acrylig varnish layer, while ithe FTIR examination significant chandeshot emergein comparison to the

Microchemical JournalVol. 138, May 2018, Paged &
Received 30 August 201&yailable online 17 December 2Q1dbi: 10.1016/j.microc.2017.12.016
This author manuscript version is made available under th& @IGND 4.0 license

7



uncleanedsurface confirming the persistence of the acrylic varnish (Bgd. The acrylic varnisks no
longer distinguishable in the OCT tomogram acquired after the second cleanindFitept¢, and the
dammar layem@ppearsuncovered Interestingly, FTIR spectrum at the same step (Fig. 4f) shows no evidence
of the typical spectral features of the naal resin, generally identified by stretching of tbarbonyl groupat
about 1714 cnit and by the signals at 1474 c¢hul(CH), at 1383 cri d,{CH) and 1225 cmA 6Q).On the
other hand, theinfrared spectralpattern reveals that residues of the ackylivarnish are still present
explaining the difficulty in detection of the dammar varnish. Nevertheldesappearanceat low frequencies

of a band ascribable to titanium whit¢26] (featuring areststrahlenshape), not clearly evident in the
presence of dammar (Fig. 4b, black line)ggess the removal or thinning of this natural varnish layer.
Acrylic residuesre also found in the FTIR spectrum acquired after the final cleaning step along fuithex
intensity increase of titanium white signal (Fp). In detail, this evidence could be correlatedetaposing
the titanium white paint layemwith the risk of some abrasioonf the paint as confirmed by the OCT
measurement.In fact, h the last tomogram ctécted (Fig. 4g) some remains of varnis{probably the
bottom layer of dammarhpre still visible in concaves along brushstrokes, while the paint lsgems to be
affected. Fromthe study of this specific multayered paint model, OCT permitted to digfirish the two
varnish layers. On the other hand, the spectroscopic technique sti@vhigher sensitivity towards the
acrylic detection the signal from an acrylic varnish was presatso after the second and third cleaning
steps, whereas it was not seen the OCT examinatioifhis could have been either because after the second
cleaning stepghe acrylic layemwasthinner thanthe OCT axial resolution (ca¥@n) or, more likely it was
presentonly as residue the porous structure of the paint rather thanthe form of alayer.
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Fig 4. Sample D+A. OCT tomogramsblpre cleaningat t, (varnish layer thickness: dammars-60>m, acrylic: 3660
>m); (c) after step 1, at t;; (e) after step 2at ts5; (g) after step 3 at t; total length of the OCTomograms is 12 mm
Reflection FTIR spectra: (b) of unvarnished (violet line) and varnished (dagnibteck line dammar + acrylic grey
line) paint layer; (d) after step 1, (f) after step 2; (h) after step 3dJfhh) FTIR spectra of varnished and umished
(only in(h)) paint layer are also reported for comparison.

Sample D+M: monitoring therogressiveemoval ofmicrocrystalline wax and natural resin (dammar)

The model sample was prepared with use of the same paint layer and dammar theniséimple D+Abut
covered with microcrystalline wak the OCT tomogram of the uncleaned area (bag, differently from the
case ofthe sample D+Athe underlying dammar layés thicker in comparison to the overlaid layefhis
partially explainsvhy the dammar layer waalready detectabldy the FTIRanalysisefore the cleaning (Fig.
5b). In details the absence of the ester functionality in thmicrocrystalline wax allosvdetecting a
broadening of the oil binder carbonyl bandeftred at ~1740 ci) due to the contribution of the natural
varnish (G=0 stretch at slightly lower frequencies)Furthermore, the spectrum showbe marker bands
referable toawax at 2954&m"* (asymmetric stretchin@H), 2922 and 2853 ci{asymmetric and symmetric
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stretching CH, respectively), 1474 cirassigned to CHscissor deformation vibrations, as well as the doublet

at 732 and 716 cihdue to the CHrocking modg27]. The signals of Gldeformation modes (1383 and 1474

cm™), instead, are present in both wax andtural varnisi{10], therefore they cannot baisedas dammar
marker bandsAfter the first cleaning step, in the OCT investigation the thiorocrystalline layefs not

visible anynore (Fig. 5§ Wax residues ardetected in the infrared spectrum, showvin figure5d, especially
through the sharp profiles and strong intensity of the hydrocarbons signals, as well as from the still visible
doublet at lower wavenumbers. Furthermore, a weak increase of the titanium white band can be observed,
while the broadeing of the band at 1473 cirsuggess a possible contribution of the dammar. Considering

the final cleaning step, from FTIR analysis a spectrum very similar to that acquired on the unvarnished paint
layer, without anymarker bands ascribable to possibleniah/wax residuesis obtained (Fighf). Conversely,

in the OCT tomogramshown in figure5e, dammaris still evident, particularly in depressions along the
brushstrokes of the painted surface.

In conclusion, the investigatienperformed on this area allv exploringthe possibility to detect varnish
residues by both OCT and FTIR. Additionally, in this case it was possible to identify the underlying dammar
layer on an uncleaned area by FTIR spectroscopy.

Fig 5. Sample D+MOCT tomograms(a) before cleaning at t; (varnish layer thickness: dammar: -26 >m,
microcrystalline wax: 80 >m); (c) after step 1 at t;; (e) after step 2 at t; length of OCT tomograms is 12 mm.
Reflection FTIR spectrdb) of unvarnished (violet line) and varnished (dammdrlack line dammar + microcrystalline
wax ¢ grey line) paint layer(d) after step 1 (f) after step 2. In(d) and (f) FTIR spectra of varnished and unvarnished
(only (f)) paint layer are also reported for comparison.
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