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Sensors based on sol-gel glassy coatings doped with 2[4-(dimethyl-amino) phenylazo] benzoic acid are able to change their
optical absorption when they are submitted to different concentration of H,O* and OH:. The sensors behaviour in field tests
was studied in Cracow (Poland), varying the normal procedure of operation to improve their response. Both the sensors
optical parameters and the environmental conditions (temperature, humidity, pressure, SO, and NO, concentrations)
were measured. The sensors response was analysed in terms of their visible absorbance changes, which are due to local
neutralisation reactions in the sensors surface by the join effect of acid pollutants and humidity. Correlations between the
main acid pollutant (SO,) concentration and the sensors response are established to provide a relation between the optical
absorption and the environmental pH. The sensors are able to detect and monitorise environmental acidity, as well as to alert
on the pollutant concentration that may damage most of the historical materials
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Mejora de sensores vitreos sol-gel para la conservacién preventiva de materiales histdricos frente a la acidez.

Los sensores a base de recubrimientos vitreos sol-gel dopados con &cido 2[4-(dimetil-amino) fenilazo] benzoico son
capaces de cambiar su absorcién 6ptica cuando se someten a distintas concentraciones de iones H,O* y OH". La respuesta
de los sensores en ensayos de campo se estudié en Cracovia (Polonia) variando el procedimiento normal de uso, con el
fin de mejorar su respuesta. Se midieron tanto los pardmetros 6pticos de los sensores como las condiciones ambientales
(temperatura, humedad, presién y concentraciones de SO, y de NOX). La respuesta de los sensores se analizé en términos
de los cambios de su absorcién visible. Dichos cambios se deben a reacciones locales de neutralizacién que tienen lugar en
la superficie de los sensores, debido al efecto conjunto de los contaminantes de cardcter dcido y a la humedad ambiental.
Se establecieron correlaciones entre la concentracién del contaminante principal (SO,) y la respuesta de los sensores para
elaborar una calibracién directa entre la absorcién 6ptica y el pH ambiental. Los sensores pueden detectar y evaluar la acidez
ambiental, asf como alertar sobre la concentracién de contaminantes dcidos que pueden dafiar a la mayorfa de los materiales

histoéricos.

Palabras clave: recubrimientos vitreos, sol-gel, sensores, acidez ambiental, conservacion del Patrimonio

1. INTRODUCTION

Air pollutants contribute to damage historical objects
whose materials are more or less sensitive depending on
their provenance, time of production, storage and exhibition
conditions, and previous cleaning and restoration works (1-
6). Combination of air pollutants with environmental agents
(relative humidity, temperature, atmospheric pressure, light,
etc.) could enhance and / or start deterioration processes which
often deal with deep corrosion and degradation mechanisms.
One of the main chemical parameters affecting most of
materials is acidity (7-10). Stones, mortars, ceramics, papers,
textiles, leathers, glasses, metals, photographs, paintings,
pigments, etc. are seriously deteriorated by acid environment.
Acid rain formed by combination of pollutants (SOZ, NO,
CO,, etc.) and environmental humidity causes deep damage
not only on people and living organisms, but also promotes
chemical attack to the surface of works of art and other
historical and cultural assets currently exhibited or outdoor
maintained.
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The monitoring of the air quality could be useful when a
preventive conservation of historical works of art and other
cultural heritage assets is intended. In comparison with
other systems, chemical sensors provide a fast and accurate
response against pollutants and give information about their
concentration before degradation mechanisms advance or
even start. Moreover, sensors with an optical response could
be effective enough to give visual changes, which may be
helpful to make an easy and fast evaluation (11-17). This kind
of chemical sensors with optical response can be designed and
synthesised by the sol-gel glassy coatings technology. Sensors
based on the entrapment of a sensitive organic dye against
acidity into a thin glassy sol-gel coating have been previously
prepared (18-22). Apart from environmental simulations in
the laboratory, some field tests have been carried out with the
aim to check the sensors behaviour for a final calibration and
real validation. Glassy sol-gel optical sensors include several
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advantages: they can operate qualitatively without electrical
devices or wires, they are reversible and re-usable, they have
short response times, they are accurate enough for evaluation
of the environmental acidity and they are inexpensive (23,24).

The objectives of the present work are focussed on the
design and preparation of sol-gel optical sensors in which
a sensitive pH organic dye is entrapped into a polysiloxane
network. In such a way the organic dye maintains its
chemical properties. The study of the sensors optical response
includes their characterisation under both liquid media in the
laboratory and real environmental conditions in field tests
measurements. In this latter task, parameters such as SO, and
NO, concentration, relative humidity and temperature were
also monitored. Finally, this research is aimed at improving the
sensors response, varying their standard starting conditions,
in order to elaborate better calibration relationships.

2. EXPERIMENTAL

Sensitive coatings were prepared from a sol obtained by
hydrolysis of silicon tetraethoxide (TEOS, Si(OEt),) in aqueous-
acetone medium, catalysed by HCI (0.1 M). Molar ratio TEOS/
Acetone/HCI was 1/8/4. 2[4-(dimethyl-amino) phenyl-azo]
benzoic acid (methyl red) was used as pH sensitive organic
dye. Dye concentration, in respect of the SiO, weight to be
obtained after hydrolysis and complete polycondensation of
TEOS, was 3 wt %.

The coatings application upon the substrates (common
glass slides) was performed by dip-coating technology using
a home-made coater. Drawing rate was in the 5-35 cm min™
range. Coatings thickness varied from 250-450 nm. Once the
coatings were obtained on the glass substrates, the samples
were thermally treated at 60°C for 3 days in a forced air stove.
After such partial densification treatment, the sensors are
ready to be used under both liquid and gaseous media.

Optical response of the sensors was recorded with a
Shimadzu model 3100 spectrophotometer in the 300-800 nm
wavelength range. The current methodology consisted of
recording the sensors optical absorbance or transmission,
before and after the exposure to the corresponding liquid
media or real gaseous environment. To evaluate the sensors
behaviour under liquid conditions, buffered solutions ranging
over the whole pH scale were used from Hydrion (Sigma-
Aldrich).

Environmental parameters (relative humidity, temperature
and atmospheric pressure) were monitored by conventional
automatic meteorological stations. Such stations were placed
as close as possible to the selected sites for field tests
measurements with the sensors. Likewise, concentration of the
main gaseous acid pollutants (SO, and NO ) was determined
by the monitoring stations. SO, content was measured by
recording the characteristic SO, level in the air with a Thermo
Model 43C, once activated by ultraviolet radiation. The
detection range and the precision of the equipment were 1-500
and 1 ppb, respectively. NO_ concentrations were analysed by
means of a conventional device based on chemiluminescence.

Two places downtown Cracow (Poland) were selected for
the sensors exposure. The first was the Wawel Royal Castle
site, with a high and symbolic cultural and historical value.
The second was Krasinskiego Avenue, with heavy and intense
traffic. Both places are located near the Vistula River and very
close to the automatic meteorological stations, which were able
to provide data on atmospheric parameters day by day. Since
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relative humidity, temperature and atmospheric pressure did
not change out of the range in which the sensors response is
independent of them; average data of these parameters were
estimated and taken into account for further calculations
(section 3.2 of results and discussion). Before exposure, the
sensors were maintained up to 3 days in distilled water
to ensure appropriate surface hydration. Then, they were
submitted to a pH=9 buffered solution for 4 h.

The environmental monitoring by means of both the
sensors and the conventional meteorological stations was
carried out during two consecutive weeks, between March
and April 2004. The sensors were always exposed during 24 h.
The same sensor was used for each set of measurements.

3. RESULTS AND DISCUSSION

3.1. Optical behaviour under liquid conditions. Laboratory
tests.

The sensors optical response under liquid conditions is
summarised in fig. 1. The sensors appearance under acid
conditions is deep pink, while under basic conditions is
yellowish orange. These colours are obviously connected with
the methyl red tautomeric forms (fig. 1a). The characteristic
absorption band when the sensor is submitted to an acid
buffered solution is centred at 493 nm, and the corresponding
band when submitted to a basic buffered solution is peaked
at 457 nm (fig. 1b). Intermediate pH solutions give rise to
intermediate sensors response with optical absorption bands
between the two former extremes.

(CH,),N-Ph-N=N-Ph-COOH + H,0 ¢ (CHj),N-Ph-N=N-Ph-COO" + H,0*

Pink colour (acid form) Yellow colour (basic form)

pKa =5.2

a)

A(a.u.)
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Fig. 1.- a) Tautomeric forms of the organic dye employed as a pH
sensitive dopant entrapped in the sensors sol-gel coatings, b) optical
absorption spectra of the sensors submitted to different buffered solu-
tions.

Bol. Soc. Esp. Ceram. V., 46, 4, 213-217 (2007)



IMPROVEMENT OF GLASSY SOL-GEL SENSORS FOR PREVENTIVE CONSERVATION OF HISTORICAL MATERIALS AGAINST ACIDITY

Calibration of the sensors under liquid conditions was
carried out by measuring the variation of the sensors optical
transmission (colour), as a function of the solution pH.
The experiment was performed as follows: the sensor was
successively dipped into several buffered solutions at different
pH for 5 min each run. During the experiment a fast response
time was observed (~1 min), as well as a reversible behaviour,
i.e. the sensors were able to change from pink to orange and
vice-versa when submitted to appropriate buffered solution.
Fig. 2 shows the plot of the optical transmission intensity
at A=480 nm, versus the pH of the liquid phase. As can be
observed, the lower the pH, the lower the sensor transmission
percentage, which corresponds to a deeper pink colour.
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Fig. 2.- Optical transmission intensity of the sensors measured at A=
480 nm versus the pH of the liquid phase to which the sensors were
dipped.

Other parameters concerning the sensors behaviour
were already investigated (21). When sensors sensitisation
proceeded under liquid conditions, response time recorded
was about 1 min. As far as reversibility concerns, good
reversible response without optical fatigue was observed, at
least up to 50 cycles. During all the experiments carried out
under liquid media, no memory effect of sensors was recorded.
In other words, the sensors optical behaviour when exposed
from acid to basic pH and from basic to acid pH is practically
the same. Nevertheless, due to the higher stability of the basic
tautomeric form of the organic dye in the polysiloxane matrix,
some reversibility minor deviation occurs (25).

3.2. Optical behaviour under gaseous conditions. Field
tests.

Since the objective of the present work was the sensors
response improvement during field tests measurements, they
were firstly sensitised at pH=9 under liquid medium. Thus,
the sensors starting colour was yellowish orange, which
corresponds to the basic tautomeric form of the entrapped
organic dye. In this way the presence of even small amount of
acid pollutants could neutralise such basic tautomeric forms,
dealing with the sensors change of colour towards a pinkie
hue.

Bol. Soc. Esp. Ceram. V., 46, 4, 213-217 (2007)

20

16 .
-’
—_ sensor starting at pH=9 .-®
3 12
S B
<
i)
kS .
§ 8 sensor starting at pH=7
'_
44
&
0 - 9 T T T T T T T T T 1
0 10 20 30 40 50

[SO,] (ug/m?)

Fig. 3.- Variation of the sensors optical transmission at the maximum
spectral intensity before and after their exposure in field tests, versus
the SO, concentration detected by automatic meteorological stations.
Black squares: data from Krasinskiego Avenue; white circles: data from
Wawel Royal castle; continuous line: former data from both places (ac-
cording to ref. 20).

The variation of the sensors optical transmission at the
maximum spectral intensity, before and after their exposure
downtown Cracow, versus the SO, concentration detected by
the meteorological stations, is shown in fig. 3. Data obtained
from both the Wawel Royal castle and Krasinskiego Avenue
can be fitted to a linear equation. The continuous line in fig.
3 indicates the corresponding fit found for data formerly
recorded in the same Cracow places, by using the same sensors
under standard starting conditions (i.e. previously sensitised
with a buffered solution at pH=7). The different slopes of
the lines in fig. 3 indicate that the higher the starting pH of
the sensors, the higher the transmission percentage changes
recorded. This means that modulation of the sensors optical
response is possible by adjusting the starting conditions, i.e.
controlling the relative proportion of basic/acid tautomeric
forms of the sensitive organic dye entrapped in the sol-gel
coating.

The present optical sensors can be used for monitoring
environmental acidity as far as a simple correlation between
the SO, concentration detected by the meteorological stations
and the environmental pH is accomplished. As Garcia-Heras et
al. proposed (22), simple calculations based on the reactions:

SO, +% 0, — SO, [1]
SO, + H,0 — H,S0, [2]
H,50, — 2H" + SO [3]

give rise to the formula:

pH = -log 10.8 x 10%° x [SO,] x RH x t/P [4]
where [SO,] is the SO, concentration in pg/m?® detected by the
meteorological stations, RH is the relative humidity (average

from measurements, 79.5 %), tis the temperature (average from
measurements, 277.14° K) and P is the atmospheric pressure
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(average from measurements, 712.5 mm Hg). Equation [4]
allows the representation of the environmental pH changes as
a function of the SO, concentration detected (fig. 4).
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Fig. 4.- Calculated environmental pH as a function of the SO, concen-
tration detected by automatic meteorological stations.
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Fig. 5.- Variation of the sensors optical transmission at the maximum
spectral intensity before and after their exposure in field tests, ver-
sus the calculated environmental pH, for each SO, concentration de-
tected by automatic meteorological stations. Black squares: data from
Krasinskiego Avenue, white circles: data from Wawel Royal castle.

Combination of data from figs. 3 and 4 yields a direct
relationship between the environmental pH and the variation
of the sensors optical transmission, i.e. their change of
colour (fig. 5). As expected, the higher the variation of the
optical transmission of sensors, the lower the environmental
pH detected. The curve of fig. 5 also indicates that pH
detection accuracy is about 0.1. Relative standard deviation of
experimental data in fig. 5 is around 2 %. The corresponding
fitting curve could be used as a calibration curve for semi
quantitative acidity evaluations.

Moreover, qualitative use of the sensors is possible by
visual comparison with a colour scale built from the two
main colours at extreme pH (e.g. yellowish orange from pH=9
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starting conditions, and the corresponding pink colour from
an acid pH for final conditions). Obviously, intermediate
pHs correspond to intermediate mixed colours from the two
extreme pure colours. This kind of qualitative environmental
pH evaluation is very useful when indoor atmosphere of
museums, exhibition halls, showcases and other limited
spaces would be monitorised. Some tests were carried out
indoor Wawel Royal castle: sensors were placed close to
ancient leather pieces, historical tapestries and stained glass
windows. Fast qualitative evaluations were reached with the
added value of the sensors small size and the absence of other
devices and wires.

The role of NO_ as an air acid pollutant has been already
investigated. It is possible that NO_gaseous emissions in the
presence of air humidity will form nitric acid. In fact, such an
acid is one of the main components of acid rain. However,
some authors have also pointed out the catalytic function
of nitrogen oxides in the SO, oxidation reaction (equation
[1]) (26,27). Moreover, intense light, high temperature and
intense traffic (which increase gaseous emissions of volatile
hydrocarbons) enhance the formation of NO and atomic
oxygen from NO,. Then, due to the combination of atomic
oxygen with environmental oxygen O, ozone O, can be
generated. Keeping in mind these reactions, as well as the low
reactivity of NO, in comparison with SO, and O, (27), it seems
possible that, under the conditions described, NO_ emissions
will not contribute directly to decrease the environmental
pH.

The plot of the sensors optical transmission variation
versus the NO_ concentration, detected by the meteorological
stations (fig. 6), shows disperse data. This indicates that
both parameters are working independently. Another
possible explanation involves an insensitive behaviour of the
sensors when exposed to the HNO, generated from NO_and
environmental humidity. However, such behaviour could
be discarded, since the sensors were currently sensitised in
the laboratory when dipped into HNO, aqueous solutions
of different concentration. Therefore, since no correlation
has been found between the sensors response and the NO_
concentration detected, we assume, according to several
authors (26,27), the role of NO, as a catalyst for reaction [1].
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Fig. 6.- Variation of the sensors optical transmission at the maximum
spectral intensity before and after their exposure in field tests, versus
the NO_ concentration detected by the automatic meteorological sta-
tion located at Krasinskiego Avenue.
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Nevertheless, possible interaction and interferences between
SO, and NO, in the sensors surface under humidity can
not be discarded and need to be further investigated. The
environmental pHs estimated by the present sensors are
within the range previously determined by Turzanski and
Wertz (28) in Cracow during 2002.

4. CONCLUSIONS

Chemical sensors with optical response based on sol-gel
coatings technology have been prepared and characterised.
Such sensors are able to fast monitor environmental acidity
generated by SO, under humid atmosphere.

The sensors optical response was improved by using them
previously treated under pH=9. In this case, small changes
in the environmental acidity give rise to a fast change in the
sensor optical transmission (colour). This fact allows their use
as visual sensors for qualitative evaluation of the air acidity
in museums and outdoors for preventive conservation of
historical materials.

Since no correlation between the sensors optical response
and the detected NO_ concentration has been recorded, the
effect of NO_ as a catalyst of the SO, oxidation reaction is
assumed.

ACKNOWLEDGEMENTS

The authors wish to acknowledge bilateral Polish-Spanish
project Ref. PAN-CSIC 2003PL0011, European Marie Curie
project Ref. MERG-CT-2004-516436 and Spanish project
Ref. CICYT-MAT-2003-03231 for financing support. N.C.
acknowledges CSIC-ESF for an I3P postdoctoral contract.

REFERENCES

1. D. Camuffo, R. van Grieken, H.J. Busse, G. Sturaro, A. Valentino, A.
Bernardi, N. Blades, D. Shooter, K. Gysels, F. Deutsch, M. Wieser, O. Kim
and U. Ulrych. “Environmental monitoring in four European museums”.
Atmos. Environ. 35 [1] 127-140 (2001).

2. P. Brimblecombe. “The composition of museum atmospheres”. Atmos.
Environ. 24 B [1], 1-8 (1990).

3. M. Cassar, P. Briblecombe, T. Nixon, C. Price, C. Sabbioni, C. Sdiz-Jiménez
and K. Van Balen. “Sustainable solutions in the conservation and protection
of historic monuments and archaeological remains: a critical assessment
of European research needs” pp. 249-261 in “Air Pollution and Cultural
Heritage”. A.A. Balkema Publishers, Taylor & Francis Group plc., London
(UK) 2004.

4.J.M. Ferndndez Navarro. “Procesos de alteracién de las vidrieras medievales.
Estudio y tratamientos de protecciéon”. Mater. Constr. 46 [242-243] 3-25
(1996).

5. M. Perez y Jorba, J.P. Dallas, C. Bauer, C. Bahezre and J.C. Martin.
“Deterjoration of stained glass by atmospheric corrosion and micro-
organisms”. J. Mat. Sci. 15, 1640-1647 (1980).

6.].1. Alava, .M. Valero, R. Solozabal and G. Ortiz de Urbina. “Deterioration
of ceramics and stained glasses of the city hall building of San Sebastian”.
Bol. Soc. Esp. Ceram. V., 38 [6] 467-470 (1998).

R.W. Douglas and M.A. Isard. “The action of water and the sulphur dioxide

on glass surfaces”. J. Soc. Glass Technol. 33, 289-335 (1949).

8. N. Carmona, M.A. Villegas and J.M. Fernandez Navarro. “Characterisation
of an intermediate decay phenomenon of historical glasses “. J. Mater. Sci.
41 [8] 2339-2346 (2006).

9. H. Brill. “The morphology of weathering on historical glasses”. Riv. Staz.
Sper. Vetro 6, 7-8 (2000).

10. N. Carmona, M. Garcia-Heras, C. Gil and M.A. Villegas. “Glass and
grisailles of the 15" century from the Cartuja de Miraflores (Burgos):
characterisation and state of conservation”. Bol. Soc. Esp. Ceram. V., 44[4]
251-258 (2005).

11. M.R. Shahriari and J.Y. Ding. “Doped sol-gel films for fibre optic chemical
sensors”, pp. 279-302 in “Sol-gel Optics: Processing and applications”, Ed.
L.C. Klein, Kluwer Academic Publishers, Norwell (USA) 1994.

12. ER. Zusman, C. Rotman, M. Ottolenghi and D. Avnir. “Doped sol-gel
glasses as chemical sensors”. J. Non-Cryst. Solids 122, 107-109 (1990).

13. P. Lavin, C.M. McDonagh and B.D. MacCraith. “Optimization of ormosil
films for optical sensor applications”. J. Sol-Gel Sci. Technol. 13, 641-645
(1998).

14. C. Rottman, A. Turniansky and D. Avnir. “Sol-gel physical and covalent
entrapment of three methyl red indicators: a comparative study”. J. Sol-Gel
Sci. Technol. 13, 17-25 (1998).

15. A. Lobnik, N. Majcen, K. Niederreiter and G. Uray. “Optical pH sensor
based on the absorption of antenna generated europium luminescence by
bromothymolblue in a sol-gel membrane”. Sens. & Actuat. B 74 [1-3], 200-
206 (2001).

16. EB.M. Suah, M. Ahmad and M.N. Taib. “Applications of artificial
neutral network on signal processing of optical fibre pH sensor based on
bromophenol blue doped with sol-gel films”. Sens. & Actuat. B 90, 182-188
(2003).

17. ER. Zaggout. “Entrapment of phenol red pH indicator into a sol-gel
matrix”. Mat. Lett. 60, 1026-1030 (2006).

18. M.A. Villegas and L. Pascual. “Chemical and optical properties of dye-
doped sol-gel films”. J. Mat. Sci. 35, 4615-4619 (2000).

19. M.A. Villegas, M.A. Garcia, S.E. Paje and ]. Llopis. “Incorporation and
optical behaviour of 4-dimethylaminazobenzene in sol-gel silica thin
coatings”. J. Eur. Ceram. Soc. 22, 1475-1482 (2002).

20. N. Carmona, M.A. Villegas and J.M. Ferndndez Navarro. “Optical sensors
for evaluating environmental acidity in the preventive conservation of
historical objects”. Sensor & Actuat. A 116, 398-404 (2004).

21. M. Garcia-Heras, C. Gil, N. Carmona, ]. Faber, K. Kromka and M.A.
Villegas. “Optical behaviour of pH detectors based on sol-gel technology”.
Anal. Chim. Acta 540, 147-152 (2005).

22. M. Garcia-Heras, K. Kromka, J. Faber, P. Karaszkiewicz and M.A. Villegas.
“Evaluation of the environmental pH through optical acidity sensors”.
Environ. Sci. Technol. 39, 3743-3747 (2005).

23. B. Dunn and J.I. Zink. “Optical properties of sol-gel glasses doped with
organic molecules”. J. Mat. Chem. 1 [6] 903-913 (1991).

24. “Handbook of sol-gel science and technology, vol. I, Sol-gel processing,
characterization and applications”. Ed. H. Kozuka, Springer, Amsterdam
(Netherlands) 2005.

25. M.A. Villegas and L. Pascual. “Sol-gel silica coatings doped with a pH
sensitive chromophore”. Thin Solid Films 351, 103-108 (1999).

26. C. Saiz-Jimenez, P. Brimblecombe, D. Camuffo, R.-A. Lefevre and R. Van
Grieken. “Damages caused to European monuments by air pollution:
assessment and preventive measures” pp. 91-109 in “Air Pollution and
Cultural Heritage”. A.A. Balkema Publishers, Taylor & Francis Group plc.,
London (UK) 2004.

27. A. Bernardi, F. Becherini, V. Kontozova, RH.M. Godoi, R. Van Grieken
and F. Deutsch. “Effects of air pollution and microclimate on stained glass
windows: preliminary results in the Sainte Chapelle (Paris)”, pp. 133-140 in
“Air Pollution and Cultural Heritage”. A.A. Balkema Publishers, Taylor &
Francis Group plc., London (UK) 2004.

28. K.P. Turzanski and J. Wertz. “Report on the State of Environment in
the Malopolska Voivodeship in 2002”. Wojewodzki Inspektorat Ochrony
Srodowiska w Krakowie, Cracow (Poland) 2003.

N

Recibido:  28.09.06
Aceptado: 26.01.07

LR 4

Bol. Soc. Esp. Ceram. V., 46 [4] 313-317 (2007)

217



