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Abstract

This paper describes the results and conclusions of rescarch directed towards the development
and evaluation ol a chemical sensor which would provide information on the quality of indoor en-
vironments surrounding cultural objects. In our case these objects were paintings houscd in major
European galleries and the main objective is their preservation through an improved under-
standing of their microenvironment, The concept was to prepare and cxpose test tempera paint-
ings which would bchave as dosimeters and inlegrale the environmental response at these loca-
tions. Artificial ageing of similar samples was performed to provide a means of calibrating the test
paintings. Samples from the test paintings were compared with artificially aged samples and this
enahled the sites to be ranked in terms of their suitability for exposure of cultural objects.

Additionally, novel methodology involving piezoelectric sensors was designed for monitoring
the relative humidity and temperature of the microenvironment of paintings. Diclectric techniques
were also used for measuring the cffect of relative humidity fluctuations on artists’ materials and
novel non-invasive dielectric techniques in the microwave region were used for the determination
of their moisture content,

Keywords: environmential monitoring, indoor environments, musgums and galleries, risk asscss-
ment, tempera paint dosimeters

Introduction

The concept of using test tempera paintings as dosimeters in gallerics and the re-
sulting data from their exposure at selecled sites has been recently reported [ 1-3]. The
work was conducted in collaboration with the FOM Institule (Amsterdam, NL) and
IROE (Florence, It} and supported by the EU Environmental Programme. The results
presented in this paper focus on the Birkbeck contribution and contain thermoanalyti-
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cal and spectroscopic data i.e. the results of evaluation of some of the pigmented
strips in the test tempera paintings by differential scanning calorimetry (DSC), dy-
namic mechanical thermat analysis (DMTA) and infrared spectroscopy (I'TIR).

Sample preparation

A set of differcntly pigmented temperas was prepared. This has been fully de-
scribed elsewhere [1], but a brief outline of the procedure is given here. The tempera
medium was prepared according to a recipe used by restorers at the Opificio Pietre
Dure (Florence, Italy). The yolk was separated from the white of an egg. The foam
from the egg white was then discarded and the liquid part was mixed with the yolk.
A fow drops of vinegar and a solution of mastic in white spirit were also added. The
paint was then deposited (wet layer thickness 200 um) on a sheet of Melinex using a
film applicator. It was allowed 1o cure for a period of three months hefore it was sub-
jected to artificial ageing.

Artificial ageing

The paint films were cut into strips and exposed in a light ageing cabinet at the
Conservation Department of the Tate Gallery (London) for 4, 8, 16, 32 and 64 days.
The lighting (acility uses 6 Philips TLD94 58 Watt daylight rendering fluorescent
light filtered with a perspex VE ultraviolet filier with a cut-off wavelength of 400 nm.
Light intensity was 18000 lux. Coeoling fans maintained the temperature at 4-5°C
above ambient and 5-10% below ambient RH. This gave average values of 28-29°C
and 27-28% RH during the period of ageing.

The effect of pollutants was also studied. Samples were exposed for 4 days (o
flows of SO, and NO, (10 and 16.7 ppm respectively) in a chamber maintained at a
temperature of 23°C and RH at 55% in the TNO Laboratories, The Netherlands [11].

Thermal ageing of samples was carried out in an oven at the Conservation De-
partment of the Tate Gallery at a temperature of 60°C and 55% RH. No light was ad-
milted to the oven. Samples were exposcd for 7, 14 and 21 days,

Natural ageing

Other samples, after their period of curing, were exposed in selected major art
gallerics and historic monuments, A range of pigmented and unpigmented samplcs
(sliip size 35x10 mim) was sclected and mounted on a dark card supported in a frame
(14x19 cm) to create a test tempera painting which was then exposed at the chosen
site.

In this paper data from only three of the inorganic pigmented temperas will be
discussed in more detail, namely lead white (basic lead carbonate), smalt (quartz sin-
tered with cobalt oxide) and Naples yellow (lead antimoniate), Resulls are presented
from the artificial ageing experiments and compared with the natural ageing of sam-
ples from the same batch exposed at the sites for a nine month period. Sites were
chosen to provide a range of environmental conditions for the test tempera paintings
(Table 1). Each site is labelled with a threc letter code: Tate Gallery (TAT),
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Table 1 Summary of ficld site data

Site RIL% e Light {E;Cnsilyl UVPilw;nmsAity/ Nl\l/t:ﬁ{(:;;’:)f
ALC 20-80 6.5-28 80-1000 7500 (UV-A) 417 461
RDO 28--61 i6-29 2-12 0 negligible
RNW 42-71 17-24.5 <100 0 848 791
SAC 54-68 8.8-21 30-600° 30 (UV) 8200
TAT 40-60 19-22 <200 0 190 000"
UFF 30-60 13-30 120-150 500-700 (UV-A) | 044 350

a) Occaslonal direct sunltght gives iltuminance of up 1o 30 000 lux
b} Number of visitors to the Clore Gallery specifically, rather than to the entire Tate Gallery

Rijksmuscum, Amsterdam (RNW and RDO), Uflizi Gallery, Florence (UFF), Sand-
ham Memoaorial Chapel, Burgelere, UK (SAC) and Alcdzar, Segovia, Spain (ALC).
Two sensors were placed in the Rijksmuseum. One was exposed in the Nightwatch
room (RNW), diagonally opposite the famous painting by Rembrandt with a further
sensor in the depot ‘Oast’ storage arca, which is located in the attic (RDO), The sen-
sor was placed in the middle of one of the storage racks where, like the paintings, it
cannot be reached by direct sunlight. Overall light intensitics are also very low.

In the Tate Gallery the ERA dosimeter was exposed in the Clore Gallery close to
the painting ‘The Opening of the Walhalla’ by Turner (1775-1851), N00533, oil on
mahogany. The light, temperature and relative humidity levels in the Clore Gallery
are controlled.

At the UfTizi Gallery, the ERA sensor was localed in Leonardo’s room on an S-
SW wall next to “The Baptism of Christ” by Andrea Verrocchio and Leonardo da
Vinci (painted between 1472—1475) and opposite the predella by Luca Signorelli on
which colorimetric measurcments have been performed [4]. Previous monitoring in
the Botticelli room of the Uffizi Gallery has detected in addition to NO,, observed
levels of nitrous and nitric acid indoors {formed from the reaction of NO; and H.,O
in heterogeneous phase) of up to 12 pg m™ [5).

In Sandham Memorial Chapel, Burghclere, UK, the sensor was placed to the up-
per lelt of the painting ‘Sorting and Moving Kit-Bags® on the north wall. At iy lo-
calion the sensor, just like the painting, on some occasions could be illuminated by
sunlight entering through one of the windows, although blinds are normaily used (o
avoid high levels of illumination by direct sunlight, At this site piczoclectric sensors,
which are discussed later in this paper, were also used to maenitor variations in values
of RH and temperature close to the surface and back of the painting to determine
whether a gradient developed across the painting.

The ERA sensor at the Aledzar was placed in the Cord Room. This name derives
from the cord thal surrounds it. According to Segovian legend, Alphonse X (the
wise) ordered this Franciscan cord to be placed there as a sign of penance for his ex-
cessive pride. The walls are decorated with a lapestry showing the Battle of Arcila, a
15th cent. panel of the annunciation, another of St. Barbara and St. Lucia and a trip-
tych altar made of carved and gilded wood showing different saints and martyrs. The
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lighting in the room was unfiltered daylight. The high value registered by the paint
dosimeter needs to be taken into consideration for the future preservation particu-
larly of the tapesiry in the room.

After artificial and natural ageing, samples were evaluated by DSC, DMTA and
FTIR. DSC provides information on the thermal stability of the material. Ther-
mooxidative degradation studics were made to determine the chemical state of the
paint at the start and afler its exposure to the various ageing conditions. The changes
on ageing or exposurc to certain cnvironments were evaluated in terms of a change
in the peak shape which could be directly linked, with the aid of mass spectrometric
data, to the chemical changes in the samples [1].

DSC evaluation

Samples for DSC were prepared as follows: they were lightly scraped from the
Melinex substrate and the powdered samples were weighed (1 to 2 mg) in open mi-
cro Al crucibles (5 mm O.D.) on a Sartorius electronic micro balance. They were
then heated in Oy (60 cm® min™") in a Shimadzn DSC-50 analyser at 10°C min",
DSC measurements were made in triplicate.

DSC curves arc presented with individually scaled vertical axes to emphasisc
their similar features. All the pigmented tempera control samples are shown to iltus-
trate the characteristic shape of the DSC curves (Fig. 1). The intensity of the peak
maximum is high in the case of sienna due to the higher medium content, In the case
of the pigmented basic lead carbonate and azurite there are additional contributions
which appear from the pigment alone,

The main response in each case is from the oxidative decomposition of the
binder. DSC curves of unpigmented tempera and also of egg eomponents such as
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Fig. 1 DSC curves lor the thermooxidative degradation of the differently pigmented tempera
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Fig. 2 DSC curves for the thermooxidative degradation of the artificially light aged basic
lead carbonate (lead white) tempera samples

cholesterol provide evidence for this. The overall shape and (cmperature of this peak
is modified through the presence of different metallic ions from the pigment,

After artificial ageing, with light, temperature or pollutants (NO,, SO,), similar
changes can be seen in several of the pigmented temperas. Curves for lead white tem-
pera arc shown in Fig. 2. Light ageing causes changes at the low temperature end of the
curve. Information on the chemical nature of the structures which evolve in this region
was ohtained from mass spectrometry [6]. Increased levels of saturated fatty acids
{palmitic, stearic) werc identificd as cholesterol levels were depleted and its oxidation
products were formed. The formation of these products with changes in the chemical
composition are then responsible for the changes in the shape of the DSC curves.

Quantification of the changes described above was achieved by calculation of the
partial area of the low temperature region of the curve (180-220°C in the case of lead
white). A similar calculation was performed for the smalt tempera samples. In this case
the partial area of the curve was calculated between 140-235°C and rhis 1s plotied
against days of light ageing in Fig. 3. The graph can then be used o evaluate the degree
of light ageing experienced by the samples exposed in the museum galleries. The values
for the diflerent sites are shown on the vertical axis on the right hand side of the graph.

Values for samples from sites such as Sandham Memorial Chapel (SAC) and the
Alcdzar (ALC) arc high (Fig. 3) and ¢xceed those for the 64 days artificially light
aged sample. This is due to the environmental conditions at the sites (Table 1) and
the variable and high light levels, which include UV radiation.

The accepted procedure for determining the amount of damage suffered by an
ohject on exposure 1o museum conditions is to determine the total light cxposure re-
ceived (calculated [rom the product of time and light level) [7]. An interesting point
from Fig. 3 is that all gallery sites show light exposure levels significantly higher
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Fig. 3 Calibration graph for the artificially light aged smalt tempera samples

than would be expected, given that average museum light levels of 200 lux over the
period of ninc months’ exposure is calculated to be 504 Kluxh. Tate Gallery, the low-
est, shows ageing equivalent to 12 days at 18000 lux which can be calculated to give
a value of 5.2 Miuxh. This clearly exceeds the expected level. RNW and RDO give
values equivalent to about 28 and 30 days of light ageing and 11.2 and 13.8 Miux re-
spectively and the Uffizi Gallery those of 29.4 days and 60 Mlux. Alcézar and Sand-
ham Chapel! sites are ofl the scale of the graph.
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Fig. 4 Artificially aged {thermal and NO, /SO, ) and naturatly aged smalt tempera samples

Additionally, it is known that RDO (Rijksmuseum store) is a dark site and thug
should be below TAT (Tate Gallery). The resulting order for the sensors, however, in-
dicates that the Tate sample is the least light aged, which is somewhat surprising. It
may be the case that the low temperature features on which the calibration is based
are affected by other factors, such as pollutants (NOy, SO;), as well as light. These
additional factors will not affect the artificially light aged samples, and thus the cali-
bration cnrve is accurate. However, they will be present in the sensors,

Results from thermal and NO,/SO; studics show that changes affect the high
temperature patt of the DSC curve. NO,/SO, cffects arc particularly noticeable and
result in an increase in the area of the peak at 300°C. A calculation was made based
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on the change in peak ratio of the peak at the high temperature end of the DSC curve
{(where NO,SO; effects are dominant) to the major peak. Thus a plot is shown of the
relative height of the peak between 335-400°C for the sensor samples alongside the
data from the artificially aged thermal and NO,SO; aged samples (where the relative
height is expressed as a fraction of the total height of the main peak). The plot in
Fig. 4 shows the difference in relative height between cach sample and the control.
The ranking of exposed sensors shows that the Clore Gallery (in the Tate Gallery)
exhibits the least chemical change followed by the Rijksmuscum store and Night-
walch, which are about the same, and then Sandham Chapel and Alcézar, which are
higher and are about the same and finally the Uffizi Gallery which appears to be the
most affected. Hence the order according to predominantly light ageing effects is:

TAT<RNW<RDO<UFF<ALC<SAC
In terms of predominantly NO,SOz cffects the order is as follows:

TAT<RDO=RNW<SAC=ALC<UFF

The position of the Uffizi sensor indicates that levels of pollutants are higher than at the
other sites.

DMTA evaluation

DMTA was used to determine the physical state of the pigmented samples with
the parameter of interest being the glass transition temperature (7). Samples were
measured on a Melinex substrate. Although this substrate had many advantages and
gave the paint coaling enough mechanical stiffness 1o be measured the two transi-
tions for the Melinex or PET (polyethylene terephthalate) polymer had to be consid-
ered. These occur at {1) beta transition —70°C (1 Hz) and the alpha transition at
120°C (1 Hz). The sample response fortunately could be measured between these
transitions. Samples were measured in triplicate in the single cantilever bending
mode and an applied {requency of 1 Hz and over the temperature range of -130 to
200°C at 3°C min™". Sample size was 5 mmx5 mm. Sample thickness was measured
using a digital micrometer and was of the order of 150 pm.

Data for the differently pigmented temperas are presented as plots of tand vs.
temperature {°C). (and is a ratio of the loss modulus (£”) to the storage modulus
{E’) as mentioned above, It can also be taken as the glass transition temperature (T
Since il is a ratio measurement differences in sample thickness are minimised. The
tand traces are shown (or the unaged (control) pigmented tempera samples together
with the unpigmented sample and the Mclinex substrate (Fig. 5). All the traces have
been haseline shifted to give a zero tand value at —70°C.

Figure 5 shows that smalt tempera has the suongest tand response and this is fol-
lowed by measurable peaks present in azurite and Naples yvellow temperas. The un-
pigmented tempera sample has a weak tand response. An explanation for this can be
given in chemical and physical terms; (1) induced polymcrisation of the binding me-
dium by the metallic lead, cobalt and copper ions: the cobalt ion hag been shown to
form nctwork structures with lecithins composed of cross-linked aggregates [8] and
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Fig. 6 DMTA curves (tand vs. temperature) for artificially aged smalt tempera samples. The
curves have been vertically offset for clarity

{2) high pigment volume concentration in the smakt tempera sample. The pigmented
tempera samples used in this study contained, on average. approximately 90 wi%
pigment as determined by thermogravimetry |1]. Additional smalt tempera samples
that were prepared with higher medium content (ca 40 wt%) did not show the
equivalent high tand values.

The DMTA (and curves for artificially aged smalt tempera samples are shown in
Fig. 6. To demonstrate the full range of effects, curves have been plotted which ex-
hibit the most extreme changes in response to light, relative humidity, thermal and
pollutant exposure with respect to the control which is also shown. The charac-
teristic changes for the light aged samples can be described in terms of evelution of
structures at higher lemperatures with a shift of +17°C from 3°C to 20°C.

The precise shape and position of the complex DM'TA curve was dependent on
the pigment used. For example, Naples yellow tempera, unlike smalt tempera, ap-
peared more as a single peak, but as can be seen from the [itted curve of the control
sample shown in Fig. 7, this peak was complex and contained ewo main components,
the major one, with a peak arca 81% of the total, centred at -5°C and a minor feature
at —43°C. In comparison, the main [eature in smalt tempera control was located at
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ODLYHA ¢t al.. ART CONSERVATION 1227

T
0.04
0.03
-]
B o
A\
\
A
001 Meline:
\
\
\
~
-120 Rl D] 0 40

Temperature /°C

Fig, 7 DMTA curve {land vs, temperature) for the Naples yellow tempera control sample,
showing individual hitted components plus the Melinex {FET) peak

0.08 :
Control ]
006y - =~UFF . !
e ALC :
@ 0.04
8

.02 B :
<100 -50 0 50
lemperature / °C

Fig. 8 DMTA curves {tand vs. temperature) for smalt tempera samples, naturally aged at se-
lecied gallery sites

2°C with the minor feature at 22°C. The behaviour of Naples yellow tecmpera on age-
ing was, however, similar to that in smalt tempera, with a small positive shift in peak
temperature of the main feature with light ageing (to +2°C).

The DMTA curves of the smalt tempera sensors that had been naturally exposcd
in the muscum and gallery sites arc shown in Fig. 8. All show the enhanced evolution
of high temperature structure characteristic of ageing, but it is interesting to note thal
the smalt sensor from the Clore Gallery in the Tate Gallery, where the light levels
and atmospherc arc controlled, is the lcast changed and is similar to the control,
whereas that from the Alcdzar, for example, where light levels are high, is signifi-
cantly different. Figurc 8 [urther shows that the curves for ALLC and UFF move 1o
higher temperatures in relation to the control smalt sensor. This demonstrates that
the difference in conditions does influence the respouse uf the smalt sensors and that
the effect can be measured as a shift to higher temperatures. According to the data
and the degree of change the sites have been ranked as follows:

J. Therm. Anal. Col,, 50, 1999
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Control<TAT<RDO<RNW<SAC<UFF<ALC.

The ranking confirms the order obtained through other techniques and also from the
separate glass sensor measurements [1].

FTIR evaluation

In the infrared spectra of egg tempera the carbonyl peak was selected for moni-
toring changes in the tempera paint. The marker for the lipid component at 1746 em’!
represents the carbonyl region from C=0 bonds in the fatty acid esters. This broad-
ens as the lipid portion is oxidised with the formation of long chain frec fatty acids
[9]. which have their absorption peaks at the lower wavelength of 1710 e, This is
seen in the DSC curves as an increase in the low temperature shoulder of the broad
exothermic peak and has heen confirmed by mass spectrometry [1]. Changes in the
width of the carbonyl peak were measured.

13 T T T T T T T T

P Light aged
3 B Sensors

Change in peak width relative 1 control
wavenumber / cm!

0 4 B 16 32 64 TAT RDDRNW UFF SAC ALC

Fig. 9 Change in carbonyl peak width for basic lead carbonate tempera sensars: artificially
aged (light) and scnsors exposed at ficld sites relative to the control

The basic lead carbonate tempera samples. for example, show a steady increase in
carbony] peak width. In the unpigmenlted samples, the sensors all lie within 8 and 16
days of the light aged controls. The presence of the lead white pigment, however, locates
the ficld site sensors between 32 and 64 days of light ageing (Fig. 9). The pigment has
enhanced the oxidation effect due to the additional catalytic effect of the Pb*™ ion.

Additional microclimate monitoring of RH and temperature

In the context of this project, localised relative humidity and temperalure sensors
were constructed. These are based on coaled piczoelectric sensors where the poly-
meric coating absorbs and desorbs moisture over a range of relative humidities.

The piczoclectric humidity sensor is based on a modified quartz crystal resona-
tor, where the frequency of oscillation of the crystal is modified by the properties of
its coating. A coating was specifically chosen which reversibly absorbs and desorbs
moisture over a range of relative humidities [10]. The sorption of water vapour re-
sults in a change of mass and this in turn results in a shift in oscillation frequency of

J. Therm. Anal. Cal., 56, 1999
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Fig. 10 Piezoelectric humidity scnsor together with complete sensor in housing

the crystal that can be directly related, after calibration, to the RH value. Figure 10
shows the crystal resonator (5 mm gold coated surface onto which the polymer coat-
ing is applied) and also the sensor in its housing. The sensor surface is protected
from dust by PTFE tape just behind the perforated steel cover. The size of the cover
is about 2 cmx1 cm. Spacers above and below the steel plates were made to ensurc a
small distance between the sieel plate and the surface of the painting.

The precise frequency of oscillation depends upon a number of factors, some of
which are fixed, such as the thickness of the quartz, and some which may be modi-
fied, such as the mass at the surface of the device, The deposition of a coating layer
will change the surface mass and therefore the oscillation frequency. The difference
hetween the original fundamental frequency and the fundamental frequency after
coating (the coating frequency) gives an accurate measure of the mass of deposited
martcrial. This may be quantificd by the Sauerbrey equation:

AF = -2.3-10°F Am/A

where AF is the change in frequency in Hertz, Fyis the fundamental frequency of the
device in MegaHertz, Am is the change in mass in grams and A is the active arca in
cm?. Tt can be seen, using the Saucrbrey equation, that changes in mass of nanogram
proportions will be detectable. Typical coaling {requencies of 10 kHz arc used
which, depending upon the density of the material, cquate to coating thickness of ap-
proximately 1 pm.

Sorbent malterials commonly selected are polymers which are used as stationary
phases gas chromatography since the sorbent propertics are well characterised and the
stabilities are known. However, in principle any volatile material may be used to coat the
crystal. Once the erystal is coated with the sorbent material further changes in mass {(and
thus frequency} will occur as gas phase materials are absorbed or desorbed by the coat-
ing material. This is a partitioning phenomenon (as occurs on a gas chromatography col-
umn) between the gas phase and the condensed phase (coating material). The use of hy-
drophilic materials as coaling materials allows, after calibration, the relative humidity of
the ambient environment (o be calculated, Calibration of the sensors was performed un-
der laboratory conditions to relate frequency shift to given relative hamidity values.

Platinum resistance thermometers were included in the completed modules to
provide the corresponding temperature values. The hardware set—up consists of a
standard PC connecled via a GateWay unit to a number of sensor modules. The con-

I Therm. Anal. Cal, 56, 1599
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neclion between the GateWay and the sensor modules utilises the SensNet protocol,
a multi-drop asynchronous serial communication protocol.

Calibration of temperature and RH was performed by placing both sensors (in
their housings) into atmospheres of known RH and temperature. The values rcad
from the sensors which were expressed in machine units were then rclated to the
known RH values, The latter were then cotered into the calibration software of the
computer. The sensors were also tested on a painting set up in the laboratory under
an imposed RH gradient [¢.24% (above) and ¢.70% (below)] [3].
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Fig. 11 Overall results from temperature and humidity monitoring at Sandham Memorial Chapel

The system was installed at Sandham Chapel alongside the ERA tempera sen-
sors, the aim being to determine whether gradients of relative humidity and tempera-
ture exist across individual paintings. Measurcments were made over an exiended
period by sensors located both in front and behind a selected painting. From the data
(Fig. 11) it is possible to see the higher temperature and lower humidity in the sum-
mer months than the winter months, as expected given that there is no control of the
cnvironmental conditions within the chapel. It is also clear that the environment be-
hind the painting is shiclded somewhat from the extremes in {ront, although it is still
possible 1o see changes that mirror the effectin front. Closer examination ol the data
[1] shows that there is an increase in temperature during the day with a drop at night.
More specifically, however, the large spikes in both the temperature and RH data for
April occur around noon and are caused by direct sunlight from cither the windows
or through an open door falling directly on the painting.

Dielectric measurements

Monitoring RH and temperature is also essential in studying the cffect of humidi-
fication processes uscd in the treatment of paintings. At this stage the piezoelectric
sensors have nol as yet been applied to this arca. Instead some basic rescarch into the
effects of humidification has been made using diclectric analysis both in the Giga-
hertz and lower frequency regions (107 to 10% Hz). In the Gigahertz region novel
methodology has been developed for the direct determination of moisture content
using a micro coaxial probe in conjunclion with a microprocessor controlled net-
work analyser [11, 12]. The network analyser generates the microwaves which are

I Therm. Anal. Cal., 56, 1999
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then reflected by contact with the sample. The reflection coefficient via a complex
mathematical function makes it possible to measure directly the permittivity or di-
clectric constant of the sample over a frequency range (c.g. | Gllz to 20 GllIz) or at
a single selected frequency as a function of time. The measured permitlivity at the

selected frequency and at a given temperature can be compared to that of water
alone, to obtain the moisture content of the sample.
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Fig. 12 Log capacitance (C) and loss {G/w) vs. log frequency for mixed Prussian blue and ba-
sic lead carbonate paint film at 30%, 60% and 75% RH

In the low frequency range (107% Hz-10° Hz) dielectric analysis was also used to
study the humidification processes on painting canvases and paint films [11]. Typical
curves for paint samples are shown, Two curves are presented for cach sample at a
particular value of RH. The upper curve in each case (G/w) is the trace [or the imagi-
nary componenl of the complex capacitance, the lower curve {C) is the real compo-
nent of the complex capacitance. Values for these parameters change with the cxpo-
sure of the paint films (o different RH environments (Fig. 12) and are accompanied
by changes in the moisture content of the sample and in the glass transition tempera-
ture, The low frequency diclectric measurements have been used to provide some in-
formation on the mechanism of moisture transport through the samples [13].

Conclusions

Test paintings can he used as dosimeters for testing the quality of indoor environ-
ments, The results show that the sample exhibited in the Clore Gallery (within the
Tate Gallery) is the least affected both from the DSC data for the smalt sensor and
from the FTIR data for the unpigmented and basic lead white sensors, The interest-
ing outcome irom the DSC data is the fact that the effect of light can to some extent
be distinguished from that of pollutants and temperaturc. This indicates that condi-
tions at the Uftizi Gallery may need to be improved in terms of providing better {il-
ters for NO, and SO, pollutants. With respect to the Alcdzar and Sandham some im-
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provement in the overall control of the environment is recommended as the data
show that in all cases they appear in a high risk category. At the Alcdzar some alten-
tion could be given o providing UV filters oo the windows of the Cord room; in the
case of Sandham Chapel blinds have already been installed.

The other oulcome of this work is that it directly addresses one of the major prob-
lems facing chemists when they become involved in conservation science and are inter-
ested in understanding the mechanisms involved in ageing of matcrials. This is the
preparation of fresh samples and how they are to be aged and the measurement of ageing
effects. The next stage will be to determine whether there is similarity with naturally
aged and historical materials, The preparation of such samples and understanding of el-
fects of ageing is fundamental to rescarch in conservation science where there is a need
1o understand the mechanism of change in histaric materials. The other aspect is under-
standing changes which are made during the conservation treatment of paintings involv-
ing humidification and for this purpose diclectric analysis has been employed.
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