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Abstract

This work is an extension of a method for monitoring the conservation state of pigmented surfaces presented in a previous paper. A cotton
canvas painted with an organic pigment (Alizarin) was exposed to UV light in order to evaluate the effects of the applied treatment on the
surface of the sample. The conservation state of the pigmented surface was monitored with ATR–FT-IR spectroscopy and multivariate control
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The IR spectra were analysed by principal component analysis (PCA) and the relevant principal components (PCs) were used for c
ultivariate Shewhart, cumulative sums (CUSUM) and simultaneous scores monitoring and residuals tracking (SMART) control c
These tools were successfully applied for the identification of the presence of relevant modifications occurring on the surface of t
Finally, with the aim to more deeply investigate what happened to the sample surface during the UV exposure, a PCA of the
atrix of degradation analyses only, not present in the previous paper, was performed. This analysis produced interesting results

he identification of the processes taking place on the irradiated surface.
2005 Elsevier B.V. All rights reserved.
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. Introduction

There are in literature several applications of infrared spec-
roscopy[1–7] in the field of cultural heritage preservation as
his technique is able to characterise both the inorganic and
rganic constituents of a wide variety of artworks, giving an

nsight into the materials and techniques of execution of the
rtefacts[7].

An important method called internal reflection spec-
roscopy (IRS) or attenuated total reflection (ATR) for ob-
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taining the infrared spectra of solids or films has been
scribed by Fahrenfort[8] and Harrick[9–11]; this techniqu
is suitable to analyse works-of-art as it does not require
sample pre-treatment and it is a non-destructive analys

Chemometric techniques (like principal component a
ysis, classification methods, cluster analysis and so on)
already been applied in the field of cultural heritage[12–14]
as they are able to extract the systematic information fr
complex data set, as the spectroscopic ones.

The main problem in the field of cultural heritage is
degradation since artworks, and especially paintings, are
sensitive to environmental damages[15,16].

In this study, a method based on ATR–FT-IR spectros
coupled to multivariate control charts is proposed for m
toring thestate-of-healthof pigmented surfaces, with rega
to the oxidation processes induced on the medium, the
ment and the canvas, by artificial ageing, caused by th
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posure of the samples to UV rays, simulating an aggressive
portion of the sun-light. The principles of statistical process
control (SPC)[17–20]can be used in the study of superficial
degradation processes as it has already been demonstrated
by the monitoring of the conservation state of wooden ob-
jects and canvas painted with inorganic pigments, analysed
by Raman spectroscopy[21,22]. This paper is an extension
of the previous method, applied in the present case to an or-
ganic pigment, with a different analytical technique, namely
ATR–FT-IR spectroscopy, with an additional statistical treat-
ment devoted to the identification of the changes occurring
on the irradiated surface. In this work a cotton canvas strip
painted with an organic pigment (Alizarin) mixed with lin-
seed oil, is exposed to an accelerated ageing process, simu-
lated in our laboratories by exposing its surface to UV light
produced by a lamp emitting at 254 nm. The aim was to check
if the control charts are able to suggest that an effect can be
measured, which is obviously related to the applied treatment.
The spectroscopic data obtained were analysed by principal
component analysis and the relevant PCs were used to build
multivariate Shewhart[23–25], CUSUM[26,27]and simul-
taneous scores monitoring and residual tracking (SMART)
[28,29] control charts. The multivariate approach has been
preferred rather than the classical monoviariate one, owing
to the complexity of the data set.
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not very sensitive to small changes of the process mean and
in order to effectively detect the occurrence of such changes,
a powerful tool is the so-called cumulative sums (CUSUM)
control chart[26].

Multivariate processes can be also analysed by the so-
called simultaneous scores monitoring and residual track-
ing (SMART) charts originally described by Swante Wold
[28,29], for monitoring scores and residuals at the same time.
The first chart consists of a typicalT2 Hotelling control chart,
built with all the significant PCs. The second chart is the
DModX control chart, which represents the residuals calcu-
lated by the application of the soft independent model of class
analogy (SIMCA)[39] classification model based on the sig-
nificant PCs. These two graphs show the process in its whole,
nevertheless a possible disadvantage consists in the more dif-
ficult interpretation of the final result due to the combination
of the information of all the significant components together.

2.1. The applied procedure

The procedure for monitoring the conservation state of
the painted surface under study is the same proposed in a
previous paper[17] with the exception of point six:

(1) Characterisation of the painted surface.
(2) Principal component analysis of the characterisation
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. Theory

Chemical data sets are often characterised by a large
er of variables, with complex correlation patterns. In th
ases, the application of a multivariate approach[28,30,31]
epresents the best procedure for the process monitorin
dentifying trends and systematic behaviours. In this w
he application of a multivariate approach is even more
ortant because of the great number of variables (the p

ntensities) which are inherently correlated with each ot
A simplification of the problem can be obtained by me

f principal component analysis (PCA)[32–35], providing
new set of orthogonal variables, linear combination o
riginal ones, to describe the system under investigatio

PCA can be applied in order to identify the relev
hanges caused by a degradation process, through the
sis of the projections (scores) of the original data (obse
ions at different time) in the PCs space, while the ana
f the composition of each PC in terms of the contributio

he original variables (loadings) may lead to the identifi
ion of the causes which produced the changes. Further
he residuals obtained subtracting from the original data
nformation contained in the set of significant PCs, acc
or the remaining information; if a treatment leads to a de
ation of the studied sample, with production of new spe

he related information shall be probably present in the re
als.

Shewhart control charts can be constructed both usin
cores of the relevant PCs or the residuals[36–38]; they are
l-

measurements.
3) Application of the simulated accelerated ageing tr

ment (UV exposure) and monitoring by regular time
spectroscopic analyses (treated samples).

4) Re-projection of each observation of the degrada
analyses onto the space given by the relevant PCs
culated from the characterisation measurements.

5) Multivariate control charts construction.
6) Principal components analysis of the residuals of de

dation analyses: this step is usefull for the comprehen
of the phenomena that may occur on the sample su
during the UV exposure: in fact this information is n
contained in the characterisation data matrix that is
for first PCA.

. Experimental

.1. ATR–FT-IR spectroscopy and software

The IR spectra were registered by an AVATAR 370
R Thermo Nicolet spectrometer (Thermo Nicolet Corpo
ion, USA) equipped with a He–Ne laser at 50 mW, wit
arge emission intensity at 630 nm. The spectrophotom
s directly controlled by a PC with the software EZ OMN
Thermo Nicolet Corporation, USA). The IR spectra w
ollected with the SMART Accessory that pressed the s
le over the Zn–Se crystal. All spectra were registered
600 to 650 cm−1, with a resolution of 4 cm−1 and 32 scans

he background was collected before each spectrum.
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Fig. 1. Chemical structure of alizarin (1,2-dihydroxyanthraquinone).

For principal component analysis and control charts, the
following softwares were used: “Statistica” version 6 (Sta-
Soft Inc., USA), “The Unscrambler” version 7.6 (Camo Inc.,
Norway), “Microsoft Excel 2000” (Microsoft Corporation,
USA), “Matlab” version 6.1 (The Mathworks, USA); the
spectra transformations were performed by “Origin” version
6.1 (Microcal Software Inc., USA).

3.2. Sample preparation and UV treatment

For this study, Alizarin[40] was chosen (Fig. 1) since it
is one of the most stable natural pigments.

In our application Alizarin was mixed with linseed oil
[41] 1:1 and spread on a cotton canvas strip (cellulose 98%,
lignin–pectine 2%[42]). After the complete drying of the pig-
ment, the characterisation analyses were performed in order
to have a description of the sample in its normal conserva-
tion state. The IR spectra were always registered on the same
point of the canvas strip.

The simulation of the exposure to sunlight was obtained
by irradiating the coloured canvas strip with light from a UV
lamp (λ: 254 nm, power: 15 W). The analyses were collected
every 12 h of exposure (the 12 h of UV irradiation were inter-
rupted for about 5 min to register each IR spectra) for a total
of 276 h.
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Table 1
IR vibrational assignments of row linseed oil

Band position (cm−1) Assignementa

3001 ν(C H) CH
2960 νa(C H)CH3

2926 νa(C H)CH2

2885 νs(C H)CH2

1747 ν(C O)
1658 ν(C C)
1464 ν(CH2)
1418 Wagging(CH2) CH2 CO O
1378 Wagging(CH2)
1240 νa(C C O)
1164 ν(C O)
1100 νa(O CH2 C)
990 δ(CH) (alkene)
723 γ (CH2) + wag(C H) CH
a ν: stretching;δ: bending;γ: rocking; a: asymmetric; s: symmetric.

Table 2
Principal IR vibrational assignments of cotton canvas

Band position (cm−1) Assignementa

3012 ν(CH)
2933 νa(CH2)
2853 νs(CH2)
1747 ν(CO)
1657 ν(C C)
1440 νs(OCO)
1302 δ(CH2) twisting
1266 ν(CH)
990 δ(CH) (alkene)
a ν: stretching;δ: bending; a: asymmetric; s: symmetric.

is still far from being completely understood; it seems that in
the initial phase an autoxidation of the unsaturated fatty acid
components occurs, with the development of an extensive
cross-linking and the formation of conjugated unsaturations.
In the following phase, a slow consumption of some labile
cross-links brings to a very stable network, containing small
amounts of low molecular weigh molecules, either formed
by fragmentation or as unreacted triglycerides.

The continuation of the hardening process in natural con-
ditions, leads to the oxidative degradation of linseed oil, and
only for long periods of artificial ageing (for example UV or
high temperatures exposure) corresponding to years of natu-
ral ageing, the oxidation takes place on the alkylic segments,
leading to partial fragmentation of the structure[41].

Table 3
IR vibrational assignments of Alizarin

Band position (cm−1) Assignementa

3300 ν(OH)
3030 Aromaticν(CH)
1730 ν(C O)
1600 Aromaticν(C C)
1349 δ(C C)
1268–1000 ν(C O)
896–600 Aromaticδ(CH)

a ν: stretching;δ: bending.
. Results and discussion

Fig. 2a shows the IR spectrum of the sample before
fter the UV exposure; the peaks whose intensity cha
uring the treatment are pointed out inFig. 2b–d.

Tables 1–3report the IR vibrational assignments of linse
il [41], cotton[42] and Alizarin [43]. It can be seen th

here are several common bands among the three mat
he peaks grouped at 2950 cm−1, relative to the alkyl CH
tretch of linseed oil and canvas, are the only ones n
ommon with Alizarin.

The exposure of the sample to UV light caused a los
loss of the surface, and, for what regards the instrum
nalysis, a general decrease of the peak intensities wi
xception of the peaks at 1027 and at 997 that increase
f the peak at 1465 cm−1 that disappeared during the exp
ure; these effects could be due to degradation of linse
44], pigment[45] and cotton canvas[46]. The drying of lin-
eed oil, in particular, has been largely studied in the past
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Fig. 2. IR spectra of the studied sample before (thin line) and after (thick line) UV exposure; the peaks which showed relevant changes during UV exposure are
indicated (i = increasing while d = decreasing) (a); spectrum details: region between 3000 and 2800 cm−1 (b); region between 1630 and 1450 cm−1 (c); region
between 1060 and 900 cm−1 (d).
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Table 4
% Explained variance and % cumulative explained variance for the first six
PCs calculated for characterisation analyses of the sample

Characterisation analyses (29 spectra)

% Explained variance % Cumulative explained variance

PC1 67.98 67.98
PC2 19.26 87.24
PC3 7.90 95.14
PC4 1.16 96.30
PC5 0.81 97.11
PC6 0.44 97.55

4.1. Principal component analysis on characterisation
analyses

The results of PCA applied to the characterisation samples
are reported inTable 4. The first three PCs, accounting for
95% of the total variance, are the significant ones.

In the score plot of PC1 and PC2 (Fig. 3a), that account
for 87% of the total variance, there is not a clear separation
between characterisation and treated analyses.

In the corresponding loading plot, it can be seen that the
group of peaks registered at 2950 cm−1 (alkyl CH stretch of
linseed oil and cotton canvas) has a big weight on PC1; given
that these peaks are not assignable to Alizarin, it can be stated
that PC1 accounts for the information related to linseed oil
and/or cotton canvas.

The two peaks around 985 cm−1 (alkenyl CH bend) have
a large weight on PC2: it can be remarked that only for
the region from 1027 to 997 cm−1 the peak intensities in-
crease during the UV exposure. This modification could mean
that the UV treatment has caused an oxidation of the unsat-
urated components of the sample (linseed oil and canvas)
[44].

The score plot of PC1 and PC3 (Fig. 3b), that accounts
for 76% of the total variance, shows a very good separation
of the characterisation (at low values) and treated analyses
(at high values) along PC. The loading plot of PCshows
t c
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a series of nine point over the average score and, moreover,
one analysis is beyond the upper control limit. Besides, the
treated analyses are affected by a much larger variability with
respect to the characterisation ones. This chart suggests that
something happened to linseed oil, namely the component
whose PC1 account for, probably related to the process of
drying as a consequence of the exposition to UV light. This
shows that taking into account the temporary sequence of the
data may add important information on the process status, in
fact the analysis of the scores of PC1 did not suggest evident
correlations with the UV exposure.

In the Shewhart chart of PC2 (Fig. 4b), at the end of the
UV exposure, the monitored process went out of statistical
control, in fact there is a series of eight points below the mean
and one point is beyond the lower control limit. This second
chart shows that UV exposure caused a modification of two
peaks at 1027 and 997 cm−1 whose intensities increased in
the last treated analyses (probably an oxidation).

Fig. 4c represents the Shewhart chart of PC3: this chart
shows clearly that UV irradiation caused a significant change
of the painted surface: in fact, after a stable behaviour corre-
sponding to the characterisation analyses, the scores suddenly
increase and fall beyond the upper control limit. This means
that the bonds accounted for by PC3 (namely the alkenyl and
the aromatic CC stretch at 1600 and 1530 cm−1) have been
significantly influenced: it can be supposed that the exposure
h mpo-
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hat the peaks at 1600 and 1550 cm−1 (alkenyl and aromati

C stretch) have a large weight on this PC: the intens
f these peaks decrease during the UV exposure. This m

hat probably the UV treatment has caused an oxidative e
n the aromatic portion of the sample (pigment) and on
nsaturated components, linseed oil and canvas.

.2. Multivariate control charts

.2.1. Shewhart charts
Fig. 4 represents the Shewhart control charts of the

vant PCs. The residual control chart coincides with on
he SMART charts and shall be considered later.

The Shewhart chart of PC1 (Fig. 4a) shows that after
table situation corresponding to the characterisation a
es, during the exposure to UV light, the conservation
f the sample went out of statistical control: in fact ther
as probably caused an oxidation of the unsaturated co
ents (linseed oil and canvas) and of the aromatic ring,
ubsequent loss of aromaticity (Alizarin)[45].

.2.2. CUSUM charts
Fig. 5a reports the CUSUM chart for the scores

C1. This chart shows that also during the charac
ation analyses apparently there were some chang
he surface. In particular four trends of different sl
negative–positive–negative–stable) characterise the
roup of analysis in absence of UV irradiation. After
nal stable behaviour, the irradiation causes a steep po
rend which then stabilises. This means that the accele
geing treatment has caused a change of the process

owards values higher than the average in the first period
he process has afterwards returned to its normal valu
alues slightly smaller than normal. This can be confir
nalysing retrospectively the corresponding Shewhart c
his can support the assumption of an accelerated d
rocess of linseed oil.

Fig. 5b reports the CUSUM chart of the scores of PC2. In
his case the evident trend, with negative slope, starts
ine treatment analyses and continues for the whole tr
eriod. This means that the change of the surface acco

or by this principal component does not start with the tr
ent but needs an induction period, when no effect ca
bserved. Again the same behaviour can be observed
hewhart control chart, but the CUSUM chart is extrem
ffective in permitting to unequivocally identify the existe
f the change of the mean value of the process and the
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Fig. 3. Score and loading plot of PC1 and PC2 (a); score and loading plot of PC1 and PC3 (b); the characterisation analyses are represented as black circles,
while the treated analyses are represented as black triangles. The peaks showing the larger weight are indicated in the loading plots.
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Fig. 4. Multivariate Shewhart control charts for the samples exposed to UV
light: Shewhart chart of PC1 (a); Shewhart chart of PC2 (b); Shewhart chart
of PC3 (c). The characterisation analyses are represented as black circles,
while the treated analyses are represented as black triangles.

instant when this modification started. This can support the
assumption of a starting oxidation of the unsaturated fatty
acid components of linseed oil in the last degradation analy-
ses.

Fig. 5c shows the CUSUM chart of the scores of PC3. This
chart clearly points out the precise moment when the UV ex-
posure begins, which means that the modification accounted
for by PC3 started immediately after the irradiation with the
UV lamp. This can reinforce the assumption concerning the
information contained in PC3, namely the oxidation of the
aromatic (Alizarin) and of the unsaturated components (lin-
seed oil and canvas) of the sample surface.

The calculation of the control limits of the CUSUM charts
by the V-mask[47] was not necessary, given the evident
trends, easily recognisable by visual inspection.

Fig. 5. Multivariate CUSUM control charts for the samples exposed to UV
light: CUSUM chart of PC1 (a); CUSUM chart of PC2 (b); CUSUM chart
of PC3 (c). The characterisation analyses are represented as black circles,
while the treated analyses are represented as black triangles.

The results obtained with the CUSUM charts have
confirmed what already observed analysing the Shewhart
charts, but the CUSUM charts allowed to individuate the
precise moment when the effect started. The two charts
provide complementary information, the CUSUM chart
being more sensitive to small changes of the process
mean.

4.2.3. SMART charts
Fig. 6 reports the SMART charts, calculated in this case

on the basis of a SIMCA classification model built with the
first three PCs. TheT2 Hotelling chart, clearly shows that
there is a modification of the conservation state of the sample
surface during the UV exposure, since all treated analyses
fall beyond theT 2

critical. Besides, the treated analyses are af-
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Fig. 6. Multivariate SMART chart for the samples exposed to UV light:T2 Hotelling chart and DModX chart.

fected by a larger variability than the characterisation ones.
This means that the sample surface has been changed by the
applied treatment. This chart is effective to recognize out-
of-control situations, but the interpretation of the causes is
much more difficult. In fact it is not possible, from this chart,
to understand immediately which PCs have lead to the out-
of-control.

In the DModX chart, i.e. the residual chart, all treated anal-
yses are beyond the upper control limit and they are continu-
ously increasing. Analysis 10 of the characterisation analyses

is probably an outlier. The change observed in the DModX
chart indicates that some phenomena, not accounted for by
the first three PCs, has taken place on the painted surface.
The identification of what has happened requires a deeper
analysis of the residuals.

In conclusion, we can state that among all control charts,
the CUSUM and the SMART ones produced the best re-
sults since they allowed to clearly identify a change of the
state of the sample surface during the accelerated ageing
treatment.

F
l

ig. 7. Score and loading plot of PC1 and PC2; the treated analyses are represe
oading plot.
nted as black triangles. The peaks showing the larger weight are indicated in the
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Table 5
% Explained variance and % cumulative explained variance for the first six
PCs calculated for the residuals of analyses corresponding to UV exposure
of the sample

Residuals of degradation analyses (23 spectra)

% Explained variance % Cumulative explained variance

PC1 41.03 41.03
PC2 30.82 71.85
PC3 9.51 81.36
PC4 3.52 84.88
PC5 3.23 88.11
PC6 2.19 90.30

4.3. Principal component analysis on residuals of
degradation analyses

The previous PCA had been performed on the charac-
terisation data matrix. However, the three considered PCs
showed that the conservation state of the sample surface had
changed because the spectral profiles had been modified by
the UV exposure. The DModX chart had showed that new
information had risen as a consequence of the degradation
process. With the aim to analyse the effects of the applied
treatment on the sample surfaces, the residuals data matrix
was further investigated. The residual of each degradation
analysis is a spectrum that contains the peaks not accounted
for by the three PCs obtained from the PCA performed on the
characterisation analyses. So a new PCA was performed on
the residuals data matrix of the degradation analyses.Table 5
shows the result of this PCA. The first PC, accounting for
41% of the total variance, is significant: in fact, looking at
the score plot of the first two PCs (Fig. 7), PC1 separates
the degradation analyses in two groups: first analyses (from
1 to 11) at negative values and the last analyses (from 12 to
23) at positive values of PC1. Looking at the loading plot of
PC1 it can noticed that the peak at 916 cm−1 (alkenyl CH
bend) has a big negative weight and the peak at 1475 cm−1

(alkyl CH bend) has a big positive weight on this PC.Fig. 2d
shows that the intensity of the first peak decreased while the
s . 2c).
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a ight
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The exposure to UV light produced some changes on the sam-
ple surface, clearly identified by the multivariate Shewhart,
and especially by the CUSUM and SMART charts. The in-
terpretation of the phenomena taking place was very difficult
and only a further statistical analysis of the residuals of the
treated analyses by PCA could shed light on the effect of the
degradation processes.

From the results obtained it can be concluded that the UV
exposure has accelerated the natural drying process of linseed
oil (namely the autoxidation of the unsaturated component,
followed by the formation of the of cross-links) and caused
a degradation (oxidation) of the pigment and of the cotton
canvas.

The actual results were obtained on a simple model of a
painted work-of-art. Work is in progress in our lab to gener-
alise this methodology to more complex systems with several
pigments simultaneously present in mixture on the canvas,
with the final target of applying the method to a real painting.
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