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ABSTRACT

Air pollution influences all aspects of social and economical life nowadays. In order to investigate the
impact of air pollution on materials of works of art, the method of Reversed Flow-Inverse Gas Chro-
matography has been selected. The presence of various atmospheric pollutants is studied on marbles,
oxides—building materials and samples of authentic statues from the Greek Archaeological Museums of
Kavala and of Philippi. The method leads to the determination of several physicochemical quantities and
the characterization of the heterogeneous surfaces of these solids. Moreover, the influence of a second
pollutant (synergistic effect) is examined. The structure, the properties and the behavior of the materials
are examined by X-Ray Diffraction, Scanning Electron Microscopy and Raman Spectroscopy. Therefore,
the precise measurement of the above mentioned quantities form the scientific basis for elucidation of
the mechanism of the whole phenomenon of the degradation, thus providing a scientific platform to

Degradation inside museums
conservation procedures.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Air pollution has increased dramatically the last decades. Major
sources of air pollution are the exhaust gases from vehicles, power
plants and heaters from apartments. Global warming, deteriora-
tion of forests, pollution of water basins are some of the sequences.
Moreover, an important question arises from the influence of gas
pollutants on the surfaces of various monuments and works of art
[1,2].

Air pollution is essentially caused by sulphur and nitrogen
oxides as well as hydrocarbons which are emitted into the atmo-
sphere by sources related to industry, transportation and heating.
The quality of indoor air in museums as far as the presence of
potentially aggressive species such as SO,, NOy and O3 is usu-
ally characterized through concentration measurements easily
made by means of automatic instrumentation. Typical results of
measurements for the mentioned pollutants and comparisons of
indoor-outdoor pollution in museums, libraries and archives have
been reported in review articles by Baer and Banks [1] and, more
recently, by Bimblecombe [2]. These species are sometimes trans-
formed, through complex reaction pathways, into others more
aggressive ones. As far as air pollutants are concerned an important
process which contributes to the damage of artworks is pollutant
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deposition and adsorption. Adsorption is a pure physicochemical
phenomenon [3,4].

Qualitative evidence from monuments and buildings in indus-
trialized countries indicates that rates of stone deterioration rise
in the presence of urban and industrial pollutants. Measurements,
which took place in Australia on surface reduction of marble tomb-
stones, show that mean weathering rates have increased over the
period 1885-1955. Weathering rates were lower before the estab-
lishment of sulphur dioxide-emitting plants [5].

In parallel, the effects of nitrogen dioxide on three calcare-
ous stones (Pentelic marble, Portland limestone and Baumberger
sandstone), used extensively in historic buildings, have been inves-
tigated under different conditions of relative humidity, mass of
stone and grain size of stone. It was found that all three stones
are not good sinks for NO,. Pentelic marble and Portland limestone
exhibit relatively low vulnerability to NO, and this does not vary
with relative humidity significantly [6].

Furthermore, the objective of an interesting study was to
compare the concentration of some air pollutants relevant to depo-
sition, in an important Italian Gallery (Galleria degli Uffizi) [7].
Other remarkable studies are those concerning the environmental
influence on several known monuments [8-10].

The reactivity of CaO(s) is believed to be strongly surface-
dependent. The porosities of calcined CaCO3 and Ca(OH),, have
been shown to increase by 35-40% and to react more rapidly than
non-porous Ca0. The property of calcined limestone to react with
SO, at elevated temperatures to form calcium sulphate is well
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known and it is exploited in coal furnaces to reduce the SO, con-
centration in the flue gas [11].

A precise contribution to the elucidation of the mechanism of
the deterioration of marbles and other building materials as well
as metal oxide pigments of various works of art in museums has
recently been published [12-14].

A suitable method, the so called Reversed Flow-(Inverse)
Gas Chromatography (RF-IGC or RF-GC), has been selected in
order to study in depth the air pollution impact, by study-
ing adsorption and desorption phenomena of gases on solids
[15-17]. Several important physicochemical quantities are deter-
mined, as local adsorption energy, local adsorption isotherm, local
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monolayer capacity, density probability function, local adsorption
equilibrium concentration and energy from lateral interactions.
The determination of all these physicochemical quantities is
based on an appropriate mathematical model [18-21]. This
simple method has been proved accurate and in contrast to
classical Gas Chromatography, it is interested in solid proper-
ties and the physicochemical characterization of heterogeneous
surfaces. Furthermore, time resolved analysis is achieved, pro-
viding detailed investigation of phenomena and mechanisms
[22-24].

In this paper the impact of aliphatic hydrocarbon C,-C4 on build-
ing materials (marbles, oxides) and samples of authentic statues
from the Greek Archaeological Museums of Kavala and of Philippi
is investigated. Furthermore, the coexistence of a second pollutant
(03, SO5) is also studied.

2. Materials and methods
2.1. Experimental arrangement of RF-IGC

Gas chromatography instrumentation, somehow modified [3],
can be used in order to determine the solid deterioration. The
experimental arrangement is shown in Fig. 1. The whole sampling
cell is accommodated inside the oven of a gas chromatograph Shi-
madzu GA-8A, having temperature control accuracy 1°C. Thus, a
small quantity of gas was injected into the column L,. In the exper-
iments for the synergistic effects of ozone and sulphur dioxide, this
second pollutant was injected through the same column. Typical
chromatograms obtained are shown in Figs. 2-4.
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Fig. 2. Chromatogram of RF-IGC for the system C,H,/Statue L291 of Kavala, Greece.

2.2. Procedure of RF-IGC

Naturally the sampling procedure will give continuous asym-
metric chromatographic signals, owing to the slow diffusion of the
pollutants species out of the diffusion column. The RF-IGC method
consists in reversing the direction of the carrier gas flow through
the sampling column for a short time interval, by turning the valve
from one position (Fig. 1, solid lines) to the other (Fig. 1, broken
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Fig. 3. Chromatogram of RF-IGC for the system C,H4/Statue L291 of Kavala, Greece.
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Fig. 4. Chromatogram of RF-IGC for the system C,Hg/Statue L291 of Kavala, Greece.
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lines), and vice versa. If the reversal time above is smaller than the
dead time in the sampling column, each flow reversal creates one
extra chromatographic peak (or more than one), which is a measure
of the concentration at x=1' (Fig. 1), at the time when the reversal
was made.

2.3. Other methods

(1) X-Ray Diffraction (Siemens D5000 diffractometer with nickel-
filtered CuKa; radiation (1.5405 A), 40 kV and 30 mA)

(2) Scanning Electron Microscopy (Jeol 6100)

(3) Raman Spectroscopy (Nicolet Almega dispersive Raman sys-
tem).

2.4. Materials

The systems examined are of the type A/X, B/X and A/B/X, where

e A: corresponds to one aliphatic hydrocarbon C,-C4, saturated or
unsaturated (C;Hg 99.95%, C;H4 99.5%, CoHy 99.6%, C3Hg 99.4%,
1-C4Hg 99.0%, all products of Air-Liquide, Hellas)

e B: is an inorganic gas O3 (Ozoneur OZ1-L, Ozonia Int., Greece) or
SO, (99.99%, Air-Liquide, Hellas)

e X: is the solid adsorbent, i.e. building materials (Pentelic mar-
ble, Ca0, SiO, (M300), SiO, (M0010)) as well as sample of statues
kindly supplied by the Greek Archeological museums of Kavala
and Philippi (L291 and L351 of Kavala, L1991 of Philippi). Pen-
telic marble was a recently cut sample from Penteli’s mountain
ore. The oxides used were obtained from the Greek company
Adamacopoulos S.A., 10-30 mesh, and had a purity of 99%.

The carrier gas in all cases was nitrogen 99.0% from Air-Liquide,
Hellas.

3. Theory—calculation

The calculation of all physicochemical quantities has been per-
formed using recently published models [3].
The main equation is Eq. (1)

4
£)=") A exp(Bit)t (1)
i=1

where H: height of sample peaks resulting from the flow reversal,
cm. M: response factor of the detector, dimensionless. g: calibration
factor of the detector, cm (molcm~3)~1; ¢(!, t): measured sampling
concentration of the pollutant (e.g. benzene) at x=1' (molcm—3).

H]/M — gc(l/

The explicit calculation of the adsorption parameters for the
gases studied can be carried out in an analogous way to the one
described earlier. All parameters refer to the values of ¢, (0, t), i.e.
the concentration of the gaseous pollutant at y =0:

4
cy(0, t)_—c —%Z exp(B;t) (2)
i=1

where v is the linear velocity of the carrier gas (cms~!) in the sam-
pling column, L; the length of the diffusion column (cm) and D,
the diffusion coefficient of each hydrocarbon pollutant into the
nitrogen carrier gas (cm? s~1). From this, the value of the adsorbed
concentration ¢ is calculated

e ozy vlq i
= % gDZZB [exp(B;t) — 1] 3)

where the first fraction corresponds to the ratio of the cross sec-
tional area of the void diffusion column (cm?) to the amount of solid
adsorbent per unit length of the same column (gcm~1), kq is the
local adsorption coefficient, and the rest of the symbols have been
explained after Eq. (2). The local adsorption isotherm is given by

*
Cs

6; = (4)

Clﬁ'laX
where c},,, is the local monolayer capacity, and c} is given by Eq. (3).

act/ocy
KRT

C;knax = C; + (5)
Thus, for the c},,, determination the above derivative and KRT
from Eqgs. (6) and (7), respectively, are needed
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KRT = (7)

In all equations above A; and B; are the pre-exponential factors
and the exponential coefficients of Eq. (1). The relations for calculat-
ing the adsorption energy ¢ (k] mol~1) and the modified probability
density function ¢(¢) from experimental data are given by Egs. (8)
and (9):

¢ = RT[In(KRT) — In(RT) — In K°] (8)
oo, 1= 2 ©)
where

fle)= ac";“"‘ = % (10)

The energy from lateral interactions is given by

B =" (11)

The procedure of the calculation is indicated in the following
diagram.
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4. Results and discussion

Symmetrical and narrow extra chromatographic peaks are
observed on an asymmetric continuous signal, considered as base-
line. The height H, as a function of time, is measured, giving the
concentration of the pollutant at x=1 (Fig. 1) and time t. It is
observed that the height H is a function both of the system and
the time.

Using a suitable PC program the determination of the fol-
lowing physicochemical quantities is achieved: local adsorption
energy &, local adsorption isotherm 6, distribution function of local
adsorption energy ¢(¢;t), lateral interactions 86, local non adsorbed
gaseous concentration cy, local monolayer capacity Csmax.

The local adsorption energy, ¢, versus t is depicted in Fig. 5,
as well as the local adsorption isotherm, 6, versus t in Fig. 6. The
curves of every system gas pollutant-solid have analogous shape
and their maxima and minima are observed at the same time. The
minimum corresponds to the time when the monolayer coverage
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Fig. 5. Plots of local adsorption energy, ¢, versus t for the systems C,H,/CaO,
Cy H4/Ca0, CzHe/CaO, C3H5/Ca0, 1—C4H3/Ca0 at 50°C.

has been completed. This depends on the number of C atoms that
the adsorbed gas has in its molecule. At the time where the maxi-
mum of the curve ¢ =f{t) appears, minimum occurs in the diagram
of distribution density function ¢(¢, t) for the respective system,
as is shown in Fig. 6. That happens because the probability to find
active centres with the maximum energy is very low.

Plots of distribution density function, ¢(¢, t), versus local adsorp-
tion energy, ¢, are presented in Fig. 7, where the curves have the
shape of a normal distribution function (Gauss), with the initial, in
time, region (A) and the last (C) to be very close to the central one
(B).

On the contrary, the regions A, B, C, are totally different in Fig. 8a,
where the density probability function is plotted versus t, which
can be explained with the mechanism of Bakaev and Steele [25],
attributed to three different kinds of active centers of adsorption.
Moreover, the shape of the curves remains almost stable, except
for those of the marbles (Fig. 8b), where two maxima exist and the
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Fig. 6. Plots of local adsorption isotherm, 0, versus t for the systems C,H,/CaO,
C2H4/CaO, CzHG/CaO, Cs HG/CaO, 1—C4H3/C&O at 50°C.
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Fig. 7. Plots of distribution density function ¢(¢; t) versus local adsorption energy,
g, for the systems C2H2/Si02/03/5i02 (M300), C2H4/03/Si02 (M300), C, H5/03/SiOz
(M300), C3Hg/03/Si02 (M300), 1-C4Hg/03/Si02 (M300) at 50°C.

percentage of the active centers is much lower. The magnification
indeed reveals a third region which is much lower than the first two.
The value of the maximum of the third region is now relevant with
the one of Fig. 8a but the area under the curve is smaller, something
that means less percentage of active centers. In addition, the first
two peaks in the case of marble are narrower and higher.

The results do not change significantly with the presence of O3,
but change with the presence of SO, (Fig. 8c). The times of max-
ima and minima increase from the lower molecular weight of the
adsorbed gas to the higher one, under the same experimental con-
ditions. The greater time intervals are attributed to 1-butene and
the lower to acetylene. This fact is justified by the respective dif-
fusion coefficients, since lower the diffusion coefficient, higher the
respective time. A change in percentage of the region under the
third maximum is presented. Furthermore, a different behavior of
the solid adsorbents occurs.

The three maxima and the two minima in Fig. 8 occur in the
same time with the three maxima and the two minima in the plot
of the energy from lateral interactions, 86;, versus t (Fig. 9).

For the plots of local adsorption equilibrium concentration, cy,
versus t (Fig. 10) it is observed for all the systems studied that
the shape of the curve does not change, the slopes and the max-
imum values change. This curve ensues from the mathematical
model, but is also the same as the so called diffusion band, which
emerges directly from the experiment; a fact which shows that the
results from the experiment and the mathematical model are in
total agreement.

The influence of the type of the bond of the adsorbate molecules
on the same adsorbent (statue) is evident. There is also a relation-
ship between the adsorbate and the non adsorbate gas pollutant in
equilibrium.

Regarding the plot of local monolayer capacity, c};.,, versus ¢,
a different behavior is observed in the presence of SO, (Fig. 11).
In analogous experiments, in the presence of O3, lower values for
Ciax are determined. This is attributed to the oxidation in homoge-
neous phase of hydrocarbon by O3 before the adsorption, so lower
quantities of gas are detected. Alternatively, O3 acts competitively
towards organic pollutant, as it covers active sites on the surface,
which leads to lower adsorption of the organic gas.

The classification of the mineral was done according to XRD,
SEM-EDAX analysis and Raman spectra.

XRD analysis was performed in the samples of marble and the
statues from the Greek Archaeological Museums of Kavala and
Philippi before and after the injection of the pollutants. It was
found that no qualitative change occurred. As it can be seen from
the XRD diagram (Fig. 12) the L351 Kavala’s statue sample is a
marble with major component dolomite and quite less calcite.

As it can also be revealed from the XRD analysis some gypsum
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Fig. 8. Plots of distribution density function, ¢(e, t) versus t for the sys-
tems: (a) Csz/Og/SiOz (MOU]O), C2H4/O3/Si02 (MOO]O), CzHe/Og/SiOz (MOOlO),
C3Hg/03/Si02 (M0010), 1-C4Hg/03/Si0O, (M0010), (b) C;Hg/Statue L1991 Museum
Philippi, C;H4/Statue L1991 Museum Philippi, C;H,/Statue L1991 Museum Philippi,
(c) C2Hy /Pentelic marble, C;H, /SO, [Pentelic marble, at 50°C.

was present before the exposure to the pollutants, so either the
gypsum was a minor component of the marble or it was formed
during previous exposure of the statue to an atmosphere that per-
mitted this formation. After the exposure to the pollutants no
gypsum was detected by any method used. This is rather expected
because there was no humidity during the SO, contact with the
marble.
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Fig. 10. Local adsorption equilibrium concentration, cy, versus t for the systems
CyHg/Statue L291 Museum Kavala, C;Ha/Statue L291 Museum Kavala, C;H, /Statue
L291 Museum Kavala.

Raman analysis was performed in the sample of statue of the
Greek Archaeological Museum of Kavala before and after the influ-
ence of the hydrocarbons. Bonds of C-C kot C=C were detected,
which is attributed to ethane and acetylene adsorption. More pre-
cisely, in the spectra of L351 Kavala’s statue (Fig. 13) before the
sample be exposed to the pollutants, it is clear that the main peak,
corresponding to vy symmetric stretch (A} ) of the carbonate ion, at
about 1095 cm~! is absent. Instead, a weak peak at approximately
998 cm~! is observed, attributed to the SO4~2 of the gypsum, as it
was also detected by XRD. Another rather weak band at 720 cm~! is
due to the v,4 vibrational mode of CO3~2. To the rotational oscillation
of CO3~2 about the symmetry axis is expressed by the quite strong
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Fig. 11. Time resolved analysis of local monolayer capacity, c,.,, for the systems
CyHg/Statue L1991 Museum Philippi, C;Hg/SO/Statue L1991 Museum Philippi.
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Fig. 12. XRD diagram for the Statue L351 Museum Kavala (a) before and (b) after
the influence of air pollutants.

band at 90-125cm~!. The very weak peaks at 1640-1660cm™!
and 1745-1750 cm~! are attributed to a stretching vibration of C=C
and C=O0 respectively. Other two very weak peaks are observed at
the end of the right side spectra at 2884cm~! and at 3103cm™1.
The former is due to the presence of n-alkanes and the later is
attributed to the anti-symmetric vibration of =CH,, present in
CyHy. After the exposure, at the left end of spectra the two medium
bands present at 150-190cm~! and 280-300cm™"! are attributed
to the interactions between cation and anion. The main peak of
C032 at 1095 cm™! is present. All the other weak peaks have been
smoothed and a band at 1970-2200cm™! is distinguished. This

[ Kavala's Statue L3561 after pollutants’ injection
-]

1970-2200

1440.1450
17451750

Kavala's Statue L351 before pollutants’ injection

Raman Intensity (a.u.)
125 m—

998
1640-1660

17454750

2550

2800

3100

0 500 1000 1500 2000 2500 3000 3500
Wavenumbers (cm-1)

Fig. 13. Raman spectra from a sample of statue from Museum of Kavala, before
(black line) and after (red line) the influence of air pollutants. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)
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Fig. 14. SEM images showing the shapes of (a) calcite and (b) dolomite.

band is not signed by the intensity of the peaks, but as a num-
ber of them. This band is due to the C;H,. From the combination of
Raman and SEM-EDAX analysis, SO, was found, showing that it was
adsorbed.

Last but not least Fig. 14a and b shows the difference between
a grain of calcite and dolomite. The dolomite sample seems to be
better adsorbent than the calcite ones. This property of dolomite is
attributed to its more coarse crystallites, as it can be seen in SEM
micrographs. Calcite’s aspect is more tight and compact while the
one of dolomite seems to be more porous.

Itis evident that RF-IGC method combined with a suitable math-
ematical model, provides a valuable tool, in a modern laboratory, in
order to investigate the impact of atmospheric pollution on solids.
A significant finding is that, in this case, all local physicochemical
quantities are obtained experimentally.

The methods used at the second part of this study, have been
selected in order to reveal the components’ nature of marbles and
statues before exposure and to detect any differentiation after that.
It was also an attempt to cross over the results of RF-IGC with these
of the used classical methods.

From this part it is also confirmed that the gas pollutants are
adsorbed from the marbles and statues with different rates and
especially CoH, is the most retained on them. This is a fact that
explains the synergy between SO, and C;H, and shows that C,H,
collaborates better with SO,, which it seems to be the “bridge”
between marble and C;H,.

5. Conclusions

In order to investigate the impact of air pollution on build-
ing materials as well as on authentic samples of Greek statues,
providing at the same time a scientific platform to conservation
procedures, the method of RF-IGC has been used. It is the adsorp-
tion phenomenon that has been studied both experimentally and
through suitable mathematical models. The all phenomenon has
been investigated qualitatively and quantitatively with different
pollutants. The synergistic effect of a second pollutant has also been
examined. Thus, the SO, favors the adsorption of all hydrocarbons
studied, but especially this of acetylene. On the contrary, O3 acts
competitively towards organic pollutant, as it covers active sites on
the surface, which leads to lower adsorption of the organic gas. The
time-resolved chromatographic analysis focuses on expressing the
pollutant impact, in physicochemical terms, in order to study the
deterioration mechanism, in detail. When the deterioration mecha-
nism is well known, then the effective conservation of monuments
of cultural heritage can be approached. The XRD, SEM-EDAX and
Raman analysis revealed the components’ nature of marbles before
and after the exposure to the pollutants. It was also confirmed that
dolomite adsorbs more than the other and the more retained gas
was the acetylene. The dolomite sample seems to be better adsor-
bent than the calcite ones. This property of dolomite is attributed
to its more coarse crystallites.
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Appendix A

Ly length of the empty section z of diffusion column (cm)

Ly length of the filled section y of diffusion column (cm)

Vi gaseous volume of the empty column L; (cm3)

Ve gaseous volume of the filled column L, (cm?3)

AY, cross sectional area of section L; (cm?)

oy cross sectional area of the void space in region y (cm?)

|74 volumetric flow-rate of carrier gas (cm? min—1)

v linear flow velocity of carrier gas (cms~1)

E external porosity (dimensionless)

AS mass of adsorbate per height (gcm~1)

SSA specific surface area (cm?g=1)

M molar mass of the adsorbate (kg mol~1)

Np amount of adsorbate injected (mol)

D diffusion coefficient of gas adsorbate into the nitrogen
carrier gas (cm?s~1)

T temperature (K)
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