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INDOOR OZONE AND NITROGEN DIOXIDE .
CONCENTRATION IN TWO MUSEUMS OF THE SAO
PAULO MEGACITY - BRAZIL

Andrea Cavicchiolil, Ravi Orsini Camargo de Souza!, Guilherme Ranieri Reis!,
Adalgiza Fornaro?

This paper reports and discusses O3 and NO, concentration data col-
lected between 2009 and 2011 in the indoor environments of two
important Brazilian museums located in the megalopolis of Sdo Paulo:
the University of Sdo Paulo History Museum (Museu Paulista, MP) and
the Sdo Paulo State Art Museum (Pinacoteca do Estado de Sio Paulo,
PE). Two techniques were used to obtain the target information: con-
tinuous automatic monitors and passive sampling, the latter being test-
ed as a possible routine approach to the museum monitoring. In the MP,
both pollutants are found at concentrations that in the best situation
reach 50% of the outdoor concentrations, with some visible differences
between more or less internal areas. This confirms that the museum
exhibits broad air exchange which leads to potential risks for the col-
lection and ought to be regarded as a priority in the museum environ-
mental management strategies. In the Art Museum, filtration and air
conditioning systems do result in improvements in the air quality in
terms of Oz and NO,, especially in the storage area. Yet, the safety stan-
dards for this type of microenvironment are not always maintained
especially on account of the close proximity of the museum building to
intense traffic roads.

1 Introduction

Ozone (O3) and nitrogen dioxide (NO,) are common airborne pollutants in
urban centres characterised by large vehicular fleets and intense solar irra-
diation, as well as geographical and climatic factors unfavourable to pollu-
tion dispersion.

Air pollution in urban centres is primarily a matter of general health con-
cern. However, its effects on the stability and durability of materials cannot
be underestimated. As an example, a study carried out in 1996 estimated
the cost of Oz damage to materials in the UK in the range of £170- 345 mil-
lion per yearl,

In the case of the tangible cultural heritage, there is a two-fold problem.
Firstly, cultural artefacts are unique and their destruction is always an irre-
placeable loss. The natural decay of materials, although inevitable to the
long term, can be indefinitely delayed, however some of the airborne pol-
lutants that afflict large cities are also known to contribute for accelerating
the degradation process. Secondly, important museums are normally
located in large cities. Sdo Paulo is not an exception: it is the liveliest cul-
tural centre of the country and its museums shelter notable works of art,
mainly Brazilian and European collections.

The focus on the effect of airborne pollutants in the preservation of cultur-
al heritage gained momentum during the 1990s, after the publication of the
milestone paper of Brimblecombe? (1990) which followed a number of pio-
neering works on the subject3-10,

After that, several studies on the indoor contamination of these com-
pounds in museums were carried out!-1%, Among them, the study of nine
museums in Southern California highlighted the importance of architec-
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tonical and logistical aspects in determining the per-
meation of outdoor pollutants (in that case, NO;) in
indoor environments!3. The results of these investiga-
tions showed that the indoor concentrations of NO;
were very close to outdoor levels in all the museums
not equipped with air conditioning systems and their
fluctuations followed the same pattern. The highest
indoor level detected in the study was 120 ppb, that is,
considerably higher than the recommended standards
for museums (see discussion in the Results and
Discussion section).

The Uffizi Museum in Florence, that has no HVAC, also
exhibited outdoor dependence on the indoor levels of
O3, as well as several other pollutants investigated!4.

Distinct behaviours among different museums in the
same urban context were also reported in London
(Museum of London and Bethnal Green Museum with
average NO; indoor/outdoor levels of 0.19 and 0.84,
respectively!®) and in Krakow (with Oz i/o ratios of
0.42-0.44 at the National Museum and 0.17-0.19 at the
Wawel Castle!®). Both the Sainsbury Centre for Visual
Arts, Norwich, UKY and Royal Museum of Fine Arts,
Antwerp, Belgium!® displayed seasonal differences in
NO, concentrations attributed by Brimblecombe? to
changes in indoor Oz concentrations (higher in sum-
mer) which acts as an enhancement factor for NO,
formation by oxidation of NO.

Countermeasures commonly suggested for outdoor
pollutants in museums include, in general, the use of
activated charcoal either pure or with alkaline impreg-
nation, silica gel, zeolites, permanganate-impregnated
alumina20-22, Their effectiveness generally depends on
the target pollutants, on the support used (pellets,
woven fibre matrix, for example), on the volume of air
and on the mode of operation, i.e. whether by passive
diffusion or mechanical forcing through the sorption
media.

A number of studies based on the combination of
numerical simulations and site measurements of Os,
NO, and NO23-25 tend to agree with the conclusion
that the main factors that affect the indoor levels of
ozone are the mechanisms of transport from the out-
door environment and the rate of the deposition
process onto surfaces, with less contribution from
chemical transformations on the gas phase. In particu-
lar, the work of Druzik et al.23, corroborated by the
observations in 11 indoor locations in California, gets
to the following ranges for i/o ratios for different air
exchange schemes often encountered in museums:
0.7-0.8 (buildings with high rates of air exchange), 0.3-
0.4 (buildings with conventional air conditioning), 0.1-
0.2 (buildings with slow air exchange and no forced
ventilation) and <0.1 (buildings with efficient air filtra-
tion and no air infiltration).

The present work adds to the general picture sum-
marised above a discussion based on the results
obtained from a series of monitoring campaigns car-
ried out in two of the most important Brazilian
Museums located in the city of Sdo Paulo, between
2009 and 2010.

The metropolitan area of Sdo Paulo (MASP) undoubt-
edly gathers a number of conditions propitious to
quite high levels of atmospheric pollutants, among
which a population of almost 20 million and a fleet of
6.5 million vehicles?6. The average monthly air temper-

ature ranges from 15.6 to 23.8 °C, with an average
maximum temperature of 31.0 °C (February). The
global solar irradiation ranged from 370 (July) to
550 MJ m2 (February) over the 1983-2005 period and
its average solar energy incidence (397.4 MJ, based on
NASA data) was 16, 48 and 70% larger than in New York
City, Paris and Berlin, respectively?’. Thermal inver-
sions are not uncommon, especially during the dry
season, that is, from May to September: typically,
between 30 to 45 episodes of thermal inversion with a
mixing layer < 200m are experienced every year. In
2010, the Environmental Agency of the Sdo Paulo State
(CETESB) reported a peak of 59 days classified as
unfavourable to pollution dispersion2®.

The above situation determines in the MASP a level of
outdoor pollution whose extent can be depicted on
the basis of the information retrieved from the openly-
accessible databank of CETESB28. The actual lowest
and highest annual mean values recorded in 2010 in
the official monitoring network were 26 pg m-3
(14 ppb, at 23234'03"S, 46243'47"W) and 67 pug m-3
(36 ppb, at 23°36'57"S, 46239'47"W) for NO,2¢ and
27 ug m3 (14 ppb, at 23°32'40"S, 46°37'40"W) and
46 ug m-3 (23 ppb, at 23233'41"S, 46242'07"W) for O328,
Individual episodes can be particularly severe: in 2010,
ozone concentrations above 160 pg m=3 (81 ppb,
1-hour mean, Brazilian Air Quality Standard) were
recorded in 49 days (14% over the total monitored days
of the year) and in 23 days (7%) in the stations exhibit-
ing the highest and the lowest annual mean, respec-
tively?28.

2 Experimental

2.1 Sites

Measurements were carried out in the University of
S&do Paulo History Museum (Museu Paulista, MP) and in
the Sdo Paulo State Art Museum (Pinacoteca do
Estado, PE). Both museums are located in the central
area of the municipality of Sdo Paulo (Figure 1), close
to important connecting roads, normally affected by
heavy traffic. The PE faces a large avenue within a few
metres distance while the MP is settled in the middle of
a 1500 m? urban park. Yet, the former is housed in a
building (originally from 1900) that has been adapted
to some extent to function as a modern museum, with
substantial control of temperature, relative humidity
and light, as well as air filtration (see details in
Cavicchioli et al.2%), whereas the latter has no positive
environmental control, being hosted in a 1890 monu-
mental mansion which is bound to legal restrictions for
architectural modifications. Therefore, the two sites
exhibit distinct features in terms of location, architec-
ture, type of ventilation and exposure to outdoor con-
ditions.

In both museums, there is a clear distinction between
the exhibition area and storage rooms. In the PE, there
are two storage rooms that comprise a 260 m? area
located in the ground floor, in the east-facing side of
the building. One of them is for paintings and the other
contains mainly paper artefacts. There are no windows
and environmental control is ensured by a centralised
air conditioning system (fan coil units, by Trane), pro-
vided with polypropylene filters at the air inlet. In this
work, the monitored exhibition room was the Sala
Willys, on the 2nd floor (windows facing south).
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External measurements were carried out in the large
balcony situated on the 15t floor on the east side of the
building.

In the MP, the storage rooms are located on the 2™
level in the rear side (south) of the two towers (east
and west) adjacent to the central block. In this work,
the monitored exhibition areas were the Saldo Nobre,
on the 1%t floor of the central block (windows facing
north) and the east lower level corridor, an area where
the air ventilation from the outdoor atmosphere
occurs through a little hatch and the staircase con-
necting it with the main entrance hall at ground level.

It is interesting to note that the collection of the PE
includes mainly modern art paintings and sculptures,
whereas the MP focuses on furniture and textiles.

Figure 1: Locations of the monitored sites within the municipality of Sdo
Paulo and their plants. MP (geographic coordinates: 23235'08"S,
46936'35"W) and PE (geographic coordinates: 23232'03"S, 46238'02"W).
The white dot indicates the approximate location of the official air
monitoring station (23232'40"S, 46237°40"W).

2.2 Continuous monitors

Continuous monitoring of Oz was carried out in the
two museums using a Thermo 49i Ozone Analyzer
based on a dual cell photometer with UV detector at
256 nm. The equipment, that has a detection limit of
0.5 ppb (ca. 1.0 ug m-3), operates at a flow rate of 1 to
3 L min-! and stores 1-hour average concentration file
data (individual measurements are taken every 20 s
with a 10 s lag time). The analyser has a precision of at
least 1 ppb, according to the manufacturer’s specifica-
tion.

The official data of outdoor concentration were
retrieved from the internet site of CETESB, responsible
for the air quality monitoring network in the State of
S&o Paulo?8. In this network, the same Thermo 49i sys-
tem for ozone and a Thermo 42i NOx Analyzer for NO,
are employed. To guarantee for accuracy in the meas-
urements, the CETESB instruments are calibrated on a
daily basis against precisely-known concentrations of

analytes produced in-situ. The Oz automatic equip-
ment that was deployed in the two museums for this
work belongs to the Department of Atmospheric
Sciences of the University of Sdo Paulo and is periodi-
cally sent to CETESB for a calibration under the same
operating conditions, which ensures the comparability
of the data.

The official data information reported in this work
specifically refers to the Oz and NO, concentrations
measured by automatic monitors at the Parque Dom
Pedro station, located in-between the two monitored
sites at 23932'40"S, 46237°'40"W - that is, at ca. 1 km
from the PE and 5 km from the MP.

2.3 Passive sampling and analysis

The O3z determination by passive sampling was based
on the methodology described in Félix et al.30 (and,
subsequently in Garcia et al.31, among others) which
makes use of the reaction between the indigo
trisulphonate dye and ozone. The indigo dye reagent,
impregnated on the cellulose membrane placed with-
in the passive sampler, undergoes discoloration upon
reaction with ozone, thus enabling the determination
of average ozone concentration in ambient air during
the exposure. For this method, a precision of 8.6% was
reported3l. Furthermore, the correlation between the
ozone concentration obtained with this method and
with the same Thermo UV analyser described above
resulted in a linear relationship with angular coefficient
of 0.88 and R= 0.957, thus confirming a very good
degree of accuracy.

To this purpose, specific tubular passive samplers
assembled in our laboratory (Figure 2) using PTFE and
polycarbonate components were employed. The
reagent solution was potassium indigo trisulfonate
(Sigma Aldrich, 6.5 mmol L) in a 1:1 w/w mixture of
deionized water (18 MQ cm grade) and ethylene glycol
(Q.M. Ltda.). The amount dispensed onto the filter was
30 L.

For the NO, determination, the target compound was
collected in the tubular passive samplers described by
Melchert & Cardoso3? onto cellulose membranes
impregnated with the reactive solution proposed by
De Santis et al.33, that is, sodium carbonate (Reagen
Ltda., 1% w/w) plus ethylene glycol (1% w/w) in 1:1
water/methanol (Vetec Ltda.).

In both cases, the necessary amount of cellulose
membranes (Whatman N. 41) were cut, thoroughly
washed with deionised water, dried in a desiccator
overnight, impregnated with the reagent solutions and
then dried again overnight. To minimize contamina-
tion of the filters, desiccators was purged with N, for
10 min and then maintained under partial vacuum
(blanks were also kept under these conditions for the
entire duration of the exposures).

The exposures of the passive samplers in the sites,
which took place over typically 5 to 7 days, were
always conducted in duplicates. In addition to that, for
Oz measurements duplicates of field blanks were also
required to account for dye discoloration due to light
irradiation. In this case, the passive samplers were
sealed with Parafilm and PTFE tape.
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The analysis following the exposures involved soaking
the cellulose membranes in deionized water for 30 min
under mild shaking, thus allowing the exhaustive
extraction of the remaining indigo dye (O3 tubes) or of
nitrite and nitrate (NO, tubes). The former was quanti-
fied by photometric determination, using the
absorbance signal of the indigo dye at 600 nm obtained
in a Shimadzu, UV-1650 PC spectrophotometer. The
latter were quantified by a 761 Compact IC Metrohm
chromatograph with conductivity detection using
Metrohm accessories: A-Supp 5 (2504 mm) separator
column (eluent solution of Na,COz 1.8 mmol L1 /
NaHCOs3 1.7 mmol L, flow rate 1.0 mL min-) and anion
micromembrane suppressor (regenerating solution of
H,SO4 50 mmol L, flow rate 0.8 mL min-?).

In both cases, the Fick's law of diffusion provided a
means for estimating the average concentration (mol
cm3) of the ozone and nitrogen dioxide in the gas
phase:

C=Q-z / D-mrr2t

where r is the diameter (cm) of the diffusion tube, t the
exposure time (s), D the diffusion coefficient of Oz
(0.144 cm? s1) or NO; (0.136 cm? s71) in air34, z the dif-
fusion pathway (cm), i.e. the height of the diffusion
tube and Q is the amount (mol) of Oz or NO, that
reached the reacting membrane over the exposure
time. In the case of O3, Q is assumed to equal the num-
ber of moles of indigo dye that undergo discoloration
upon 1:1 reaction with ozone and, therefore, it is
obtained as the difference in the amount of indigo dye
left on the cellulose filter between the exposed sam-
plers and the field blanks (where discoloration results
from irradiation). As for NO,, this value is estimated
from the sum of nitrite and nitrate ions extracted from
the membranes of the exposed samplers, after dis-
counting the molar amount of the same anions deter-
mined in the blanks. Although the original method

———————————

Figure 2 Compact and exploded representation of passive samplers
developed for the work, comprising: a) Main tubular body in polycar-
bonate, 50 mm (h) x 25 mm (d); b) Ring spacer in PTFE, 2 mm (h); c)
Impregnated cellulose disk; d) Ring spacer in PTFE, 18 mm (h); e.
Polycarbonate protective disk membrane, 10 um pore size; f. Tight-fit-
ting ring stopper, 4 mm (h).

associates the absorption of NO; only with nitrite, in
this study both nitrite and nitrate concentrations were
employed. This is because unusually high values of
NO3z~ were found in the filters after exposure, which
could not be accounted for unless nitrite oxidation
(following its uptake on the filter's surface) was
assumed, a reaction that is known to occur in the pres-
ence of ozone (in fact, in an alternative method the
quantification of ozone by passive sampling is carried
out using nitrite-impregnated substrates3>.

3 Results and discussion

The results of ozone monitoring carried out in the dif-
ferent areas of the two museums are shown in Figures
3 and 4. In the same graphs, the data of an
Environmental Agency monitoring station located
almost halfway between the two museums are also
displayed for comparison. In general, each monitoring
phase took place over a period of 7-10 days, in
February and March, that is, late summer-early autumn
in the southern hemisphere. Typically, this time of the
year is characterised by a decrease in rainfall intensity
(if compared to mid-summer conditions), but still
under strong solar light incidence. This means that
during these weeks, although the high photochemical
pollution levels distinctive of the late dry season
(August-September) are not reached as a rule, signifi-
cant peaks of ozone concentration are not unusual.
Maxima tend to occur at around 3-4pm.

In the PE, the Oz concentration in the two storage
room (Figure 3C and 3D) exhibited over the monitored
period almost constant concentrations, with overall
mean values of 3.2 ppb (paper storage area) and 2.8
ppb (paintings storage room), within ranges of hourly
averages of 0.98-10.9 ppb and 0.71-3.5 ppb, respec-
tively. It is clear that the typical photochemical pat-
terns observed in the outdoor environment do not
directly reflect in these indoor areas, unless exception-
al high levels of outdoor ozone concentration occur,
as was the case of day 1 in the paper storage room,
when a 10.9 ppb peak of indoor concentration was
recorded corresponding to an external peak of more
than 100 ppb at 5pm (Figure 3C). Furthermore, there is
a patent difference between the two storage rooms in
terms of ozone level, with lower levels in the room
(paintings) that receives downstream air precisely from
the paper storage (which, in turn, is aspirated from the
exhibition area).

In the exhibition area (Figure 3B), only an overall aver-
age of 2.8 ppb is recorded, i.e. roughly as low as in the
storage rooms. Nonetheless, such a comparison of
average figures between different periods must take
into account the actual variability of the air quality in
external atmosphere: in this case, towards the end of
the monitored period, there was a distinct improve-
ment in outdoor air quality which explains the better
performance of the indoor environment as a whole
(Figure 3B). In fact, the exhibition area is somewhat
more vulnerable when compared with the storage
rooms, for it experiences peaks higher than 10 ppb
(hourly averages) every time the urban environment
outside the museum undergoes significant increases in
photochemical pollutants, that is, approximately
above 25 ppb (Figure 3B). Daily maxima occur simulta-
neously inside and outside the museum, implying in
rapid air exchange. Still, one ought also to pay atten-

Ozone and Nitrogen Dioxide Concentration in Two Museums, e-PS, 2013, 10, 114-122

117



www.e-PRESERVATIONScience.org

tion to the fact that the exhibition location monitored
in this work shows a more conspicuous drop in Oz
concentration at the end of each day, whereas the
storage rooms (and particularly the paintings depot)
tend to maintain a higher background. This might pos-
sibly be associated with the fact that the improved air
circulation taking place in the exhibition area also con-
tributes to refreshing the indoor atmosphere with

100 100
=) z
8 g
o o
50 50

s,

external air, precisely at the time when the outdoor
levels drop to practically zero ozone concentration (as
shown in all the graphs).The monitoring carried out in
the balcony of the museum (Figure 3A) resulted in data
that were very close to the official station’s informa-
tion, being in this case discrepant only at the end of the
monitored period. This tends to confirm that the
ozone concentration provided online and in real time
by the governmental body
B can indeed be used as reli-
able estimate on the
amount of the same gas
present in the surround-
ings of the museum.

The situation in the MP,
where there is no gaseous
pollutant filtration, is con-
siderably different: in all
the four monitored indoor
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areas of the building the
levels of Oz concentration
closely follow the outdoor
D fluctuations associated
with the typical daily pat-
tern (Figure 4). This occurs
in both the exhibition
rooms (Figure 4a and 4b)
and in two distinct storage
sectors (Figures 4c and
4d). Here again, the ozone
peaks take place, as a rule,
simultaneously inside and
outside the museum,
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Figure 3: Ozone concentrations by continuous monitoring at the PE (black line): comparison with official urban
ozone concentration in a nearby monitoring station (red line) measured simultaneously. External area of the muse-
um (A); exhibition room (Sala Wyillis, B); storage area (paper, C); storage area (paintings, D).
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areas (Figures 4a, 4c and
4d) the concentrations
indoors are generally quite
close to the values meas-
ured at the official station,
but rarely higher than
them. In the storage areas,
they drop significantly
over the weekends, which
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concentration of airborne
pollutants with an external
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higher than one are partic-
ularly frequent in the
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Figure 4: Ozone concentrations by continuous monitoring at the MP (black line): comparison with official urban
ozone concentration in a nearby monitoring station (red line) measured simultaneously. Upper level exhibition

lower level exhibition sec-
tor of the museum (Figure
4b), especially in late
afternoons (see days 23",
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room (Saldo Nobre, A); lower level exhibition room (B); storage area (east tower, C); storage area (west tower, D).
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24 and 25t of March). On average, during the moni-
tored period this area of the MP presented an i/o ratio
ca. equal to unity (Figure 5), unlike all the other rooms.
On this point, it should be recalled that the official sta-
tion where the outdoor monitoring was conducted, is
located at approximately 5 km from the museum. This
means that the MP is likely to experience a different
outdoor level of ozone than that showed by the official
data — probably even higher, as discussed below -
and, therefore, that the real i/o ratios might in fact be
lower than those reported in Figure 5. Yet, the distinct
behaviour of the lower-level exhibition area deserves
some attention. Here, indoor sources are in principle
ruled out, even considering that the lower level sector
is close to an administrative department where elec-
tronic devices are routinely used. For, if ozone sources
were present there, one would observe a drop of such
phenomenon on weekends when offices are closed,
which is not the case. Brimblecombe and cowork-
ersl7-18 pelieve that unusual high indoor levels of
ozone can occur as a result of the shift of the NO/NO,
redox equilibrium towards NO, in poorly illuminated
internal spaces, since the backward reaction is pre-
dominantly photochemical and favoured by radiation
with A < 430 nm. It is well known that nitric oxide acts
as a scavenger for Oz and, therefore, in this case one of
the mechanisms for ozone removal in the indoor
atmosphere would be partially inhibited. This could be
particularly true for the scarcely lighted room where
measurements were carried out in this study.

As a summary of the continuous monitoring campaign
so far discussed, Figure 5 shows the average concen-
tration for each location over each monitored period
and a comparison with average outdoor ozone level
measured by the official agency at the same time. The
differences between the two buildings in terms of
response to outdoor ozone concentrations can here
be clearly seen, as well as distinct behaviours within
the same building.

In the case of the PE, the comparison between the
indoor environments and the CETESB data must take
into account the lower levels of ozone experienced
outside the museum (Figure 5), a situation commonly
encountered in Sdo Paulo in the proximity to avenues
with heavy traffic, as it is the case. This is clearly asso-
ciated with higher concentrations of primary pollu-
tants, including the ozone scavenger NO. The infor-
mation on the outdoor Oz concentration outside the
MP could not be obtained in this work, but one may
assume to be slightly higher that at the official station,
since the MP is located at a certain distance from main
roads and within a park. This condition is known to
commonly favour ozone accumulation in the city and
occurs on regular basis near two other monitoring sta-
tions (Ibirapuera at 23235'30"S, 46239'38"W and IPEN
at 23234'03"S, 46243'47"W) of the same network. This
means that part of the higher i/o ratios calculated for
the MP on the basis of the official urban Oz concentra-
tions might indeed be accounted for a higher ozone
concentration in the immediately surroundings of the
museum. At any rate, the main contribution to this
effect is certainly associated with more substantial air
exchange on account of the MP own architectural
characteristics and management practices. Here,
internal differences at the MP are quite evident and
show different degrees of penetration of this gas with-
in the premises of the building.

104 (ppb)

25

1 Official 1 Official

Exhibition  Storage
(paper)

Exhibition
(paintings) (upper level) (lower level)

Storage Exhibition  Storage 5

torage
(east) (west)

Figure 5: Summary of ozone average concentrations (continuous mon-
itoring) at the PE and MP and official (CETESB) urban ozone data in
nearby station.

The same graph (Figure 5) highlights two different
commonly proposed threshold limits for ozone, 1 ppb
and 13 ppb!2. It is possible to observe that the second
threshold limit was always attended on average, but in
fact this is a boundary that was originally devised for
paper-based archive records rather than plastic arts.
The lowest limit of 1 ppb, which is always overcome in
all rooms to different degrees, is a target recommend-
ed on a more general basis, on account of the high
reactivity of ozone, its accumulative effects and the
high life expectancy for works of art. This means that
even levels considered safe for human health can
result, on the long term, in doses of Oz that represent
a threat for cultural heritage.

It should be emphasised that the campaign hereby
described was carried out in a part of the year when
only a moderate level of pollution by ozone takes
place, but there are seasons in which the concentra-
tion of the gas reaches larger values. Considering, for
example, the overall outdoor average concentration of
14 ppb measured in the same official station over 2010
and maintaining the i/o ratios calculated during the
2010 campaign for the different rooms in the two
museums, the indoor environments would experience
the average concentrations shown in Table 1 over the
same time span. In order to have a very rough percep-
tion of the meaning of such outdoors/indoors influ-
ence as far as ozone is concerned, the same table
reproduces the number of years that would be neces-
sary for materials to be exposed, in each monitored
area, to the same dose of ozone as if they were kept for
12 weeks in a 400 ppb ozone concentration environ-
ment. This reference was taken from the study of Cass
et al. (1989)8, that showed this level to be sufficient to
promote significant change in a variety of artists’ pig-
ments at 22 °C, 50% RH and in the absence of light*.

*Such figures should clearly be regarded as merely
indicative and mostly in relative terms, since in a real
world the degradation process depends on a series of
factors that should be taken into account for a realis-
tic projection, not least the synergistic action of other
environmental factors, the fact that different pigments
exhibit distinct sensitivity to ozone-mediated degrada-
tion and that artistic materials other than pigments
undergo ozone attack.

Ozone and Nitrogen Dioxide Concentration in Two Museums, e-PS, 2013, 10, 114-122

119



www.e-PRESERVATIONScience.org

PE MP
G = =
2 = _ 2z
& 2 B 5 3
© © © — -
N c 2 2 c =
o v 8 o @ | 2| &
g 8 2 & § 2 =2
S ° £ o S = %
(%] (%] L wm wm [NN) i

Measured i/o ratios 0.10 0.16 0.22 0.65 0.53 0.73 0.99

Average annual indoor
concentration in 2010 (ppb)
Estimated number of years
before damage

1

N

3 9 7 10 14
92.0 412 300 102 124 90 66

Table 1: Indoor/outdoor Oz concentration ratios measured during the
2010 February-March campaign in different locations at the two muse-
ums and extrapolated average annual indoor Oz concentrations based
on outdoor official data at Parque Dom Pedro Il station ([Oz] = 14 ppb).
The estimated number of years before damage is calculated on the
basis of the work of Cass et al. (1989)8 for a dose of 806400 ppb-h cor-
responding to 12 weeks at 400 ppb Oz concentration.

The threshold proposed by Tétreault3¢ based on the
concept of LOAED (lowest observed adverse effect
level) is rather stricter and indicates that the best
indoor average ozone concentration (1 ppb, at the
paintings storage area of the PE) would guarantee only
ten years of minimum damage if RH were kept
between 50 and 60%; a result that would cast a
gloomy perspective to the other monitored areas, if lit-
erally taken.

Undoubtedly, the i/o calculated from the data collect-
ed in this campaign are subject to large error due to
the fact that just one series of measurement were
taken at each site. It seems clear, nonetheless, that the
monitoring of the access of outdoor pollutants into
the museum should be a preoccupation of these insti-
tutions (and in general of museums in this city), as well
as the adoption of mitigation measures and means to
assess their efficiency.

In this perspective, there is an 80
interest in widening the

range of alternatives for
monitoring indoor areas in
museums, in order to provide 401
not only cheaper options
than the automatic equip-
ment employed in this work
(which furthermore requires 20
periodic calibration), but also
approaches enabling more
frequent and simultaneous 0

Outdoors

[0s] (ppb)

Exhibition (lower)

The average picture illustrated by Figure 6 indicates
that over a total of eleven monitored weeks, the out-
door ozone concentration at the museum is approxi-
mately 14% higher than at the site of the official sta-
tion, as already conjectured. The indoor areas exhibit
i/o values of 0.98 (exhibition lower level, average of
five weeks), 0.54 (exhibition upper level, average of
eleven weeks) and 0.22 (storage west, average of four
weeks). The outdoor values used for this evaluation
were those obtained from the Environmental Agency
network at the Parque Dom Pedro Il station. Here,
apart from the exhibition room at lower level, the pas-
sive samplers’ data point to a better behaviour of the
indoor environments in terms of insulation from the
outdoor atmosphere. Now, to this respect, it must be
observed that the passive samplers’ information is
based on an average of different weeks of measure-
ment which do exhibit a certain variability degrees of
i/o ratios. This is particularly evident in the graphs of
Figure 7 which illustrates the concentrations of Oz
[04] (ppb)
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i) g cutdoor
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Figure 6: Summary of ozone average concentrations (passive sam-
pling) at the MP and official urban ozone data in nearby station.
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sectors of the same institu- Week

tion. For this reason, passive 60,
samplers based on the use of
the Osz-sensitive indigo dye
were selected as a promising
solution and evaluated in the
indoor areas of the MP a few
months later (Oct-Dec 2010).
The more significant results
are shown in Figures 6 and 7.
In addition to that, Figure 8
presents data on NO, moni-
toring in both museums, also
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Figure 7 Comparative graphs of ozone average concentrations (passive sampling) in different sampling points

at the MP.
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measured at the MP indoors and outdoors (unlike
Figure 6, in this case the outdoor information refers to
measurements carried out by passive sampling imme-
diately outside the museum).

Although all graphs point to similar tendencies in the
indoor and outdoor environment (Figure 7), there is a
between-week variability in the i/o ratio. This is partic-
ularly evident in the case of the lower level exhibition
room in the case of weeks 1 and 5 vs. 3and 4, but to a
different degree in perceptible in the other monitored
areas. This denotes the fact that ventilation in the sev-
eral areas of the museum is indeed little controlled,
being influenced by a number of factors not necessar-
ily subordinated to a conservation priority, at least not
in all rooms.

It must be stressed that the MP has no HVAC system,
not least because of legal issues that restrict architec-
tural modifications in the historical building which
houses the museum. This implies in the tendency of
regulating the indoor climate by naturally enhancing
or moderating air exchange with outdoor atmosphere,
basically through opening and closing doors and win-
dows. It was observed that this practice is performed
by staff persons of different sectors (including cleaning
and security) and generally poorly supervised. A further
point that should have contributed to the picture
above is the fact that measurements were carried out
in spring, that is, when the season change favours the
alternating occurrence of warmer and cooler weeks.

Finally, Figure 8 presents the results of the NO, meas-
urements in both PE and MP by passive sampling, with
highlight on the i/o ratios referred to the data of the
official monitoring station. Firstly, it can be noted that
the NO; concentration immediately outside the muse-
ums was somewhat lower when compared to official
data. This might partly be due to the fact that the mon-
itoring station exhibits one of the highest levels of NO,
in the whole network with an annual average of
approximately 27 ppb (2010). Now, although there
might be a certain degree of underestimation in the
passive sampling method (that was not hereby quanti-
fied, thus making the present discussion only semi-
quantitative), it is quite clear that PE is exposed to out-
door levels of NO, higher than at MP, a circumstance
compatible with the close proximity of the former to a
major traffic road. However, the drop in concentration

i 0.63
0.57
047 ‘ ‘

Official  Storage  Exhibition External
{east) (main}

[NO.] (ppb)
30

20

Official

Storage  Storage Exhibition External
(paintings)  (paper)

Figure 8: Summary of NO; average concentrations (passive sampling)

in different sampling points at the PE (grey) and MP (white) and official
urban ozone data in nearby station. i/o ratios for indoor locations cal-
culated versus the official concentration are highlighted above bars.

between outdoor and indoor atmosphere is more sig-
nificant in the PE, with reductions of the order of 39
and 67% from external concentrations to exhibition
and storage (paintings) areas, respectively, vs. 9 and
25% in the MP for similar sectors. This improved per-
formance of PE moderates the risk associated with the
higher levels of this compound in the outdoor envi-
ronment of this museum, although here, as in the MP,
the indoor concentration resulted well above the rec-
ommended threshold of 5 ppb in all rooms3%. This
occurred in weeks where (Figure 8) the concentration
of NO, at the official station was below the annual
average of 27 ppb (2010) and, therefore, it is expected
to have average levels of this gas above the threshold
limit with certain regularity.

In neither case, there were signs of indoor sources of
NO,, hence it is likely that the broader presence of this
urban pollutant inside the museums compared to Oz
simply results from its reduced reactivity towards
materials.

4 Conclusions

The concentrations of ozone and nitrogen dioxide
measured in the indoor areas of the two museums
clearly show differences in behaviour between the two
buildings and within the same building. Physical barri-
ers seem to contribute to reduce air exchange and,
consequently, i/o ratios. However, it is quite evident
that, in the light of a substantial outdoor pollution
pressure, only efficient air filtration can effectively
reduce the indoor concentration of these airborne
pollutants to standards considered safe, according to
the available literature. Therefore, there should be lit-
tle doubt about the necessity of this kind of environ-
mental management solution when dealing with valu-
able collections or collections of objects made of sen-
sitive material.

Yet, it is also clear that, given the extent of outdoor
concentrations of pollutants and the fact that indoor
environments will always experience deterioration in
air quality to some extent, aggravated pollution-relat-
ed degradation risk is an issue for all institutions
involved in conservation in a fast-growing megacity
like Sdo Paulo. Owing to this, widespread awareness
among all the actors that play a role in the definition
and implementation of preventive conservation
actions should be the target of increasing efforts.

In this framework, the first step towards the manage-
ment of indoor air pollution is certainly a thorough
understanding of how indoor areas behave against
external stress, the dynamics of their performance and
the response to mitigative actions. In this sense, the
present work has shown that in certain situations sim-
ple solutions like the physical segregation of rooms do
have a visible effect, even if it might be only partially
satisfactory. Furthermore, it could be interesting to
relate indoor airborne pollutant concentrations to out-
door levels, especially when — as in the case of Sdo
Paulo — real-time data are available.

Air monitoring of selected species by passive sampling
is an attractive option for keeping track of the indoor
museum performance, though the advantages and
potentials of this approach ought always to be
weighed against its limitations.
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As final remark, it must be observed that the control of
indoor areas, though frequently hampered by lack of
investments, is especially hard to tackle with due to
restraints that go beyond the financial limitation and,
in the opinion of many, often concern the general way
of thinking conservation and managing human activi-
ties inside the museums. The absence of a tradition in
conservation science and preventive conservation, the
destination of historical, hardly-adaptable buildings for
use as museums, bureaucratic internal procedures,
poor communication among areas, unsuitable general
staff training are some of the issues that should be
regarded as preliminary in the approach to the prob-
lem.

5 Acknowledgements

The authors wish to acknowledge the financial support
of the State of Sdo Paulo Research Foundation (FAPE-
SP, Project N. 2006/61437-3) and the kind collabora-
tion of the staff of the Museu Paulista and the
Pinacoteca do Estado.

6 References

1. D.S. Lee, M.R. Holland, N. Falla, The potential impact of ozone on
materials in the UK, Atmos. Environ., 1996, 30, 1053-1065.

2. P. Brimblecombe, The composition of museum atmospheres,
Atmos. Environ., 1990, 1, 1-8

3. G. Thomson, The museum environment, Butterworth-Heinemann,
London, 2" Edition, 1986, 293 pp.

4. C.L. Shaver, G.R. Cass, J.R. Druzik, Ozone and the deterioration of
works of art, Environ. Sci. Technol.,, 1983, 17, 748-752.

5. P.M. Whitmore, G.R. Cass, J.R. Druzik, Ozone fading of traditional
natural organic colorants on paper, J. Am. Inst. Conserv., 1987, 26,
45-48.

6. T.D. Davies, B. Ramer, G. Kaspyzok, A.C. Delany, Indoor/outdoor
ozone concentrations at a contemporary art gallery, J. Air Pollut.
Control Assoc., 1984, 31, 135-137.

7. N. Baer, P. Banks, Indoor pollution effect on cultural and historical
materials, Int. J. Museum Manage. Curator., 1985, 4, 9-20.

8. G.R. Cass, J.R. Druzik, D. Grosjean, W.W. Nazaroff, P.M. Whitmore,
C.L. Whittman, The protection of works of art from atmospheric
ozone, The Getty Conservation Institute, Los Angeles, 1989, 94 pp.,
available on
http://www.getty.edu/conservation/publications_resources/pdf_publi-
cations/protection_atmospheric_ozone.html, last accessed on
30/4/13

9. P.M. Whitmore, G.R. Cass, The ozone fading of traditional Japanese
colorants, Stud. Conserv., 1988, 33, 29-40.

10. P.B. Hatchfield, J.M. Carpenter, The problem of formaldehyde in
museum collections, Int. J. Museum Manage. Curator., 1986, 5, 183-
188.

11. J.R. Druzik, M.S. Adams, C. Tiller, G.R. Cass, The measurement and
model predictions of indoor ozone concentrations in museums,
Atmos. Environ., 1990, 24, 1813-1823.

12. G.R. Cass, W.W. Nazaroff, C. Tiller, P.M. Whitmore, Protection of
works of art from damage due to atmospheric ozone, Atmos.
Environ., 1991, 25, 441-451.

13. M.\W.M. Hisham, D. Grosjean, Air pollution in Southern California
museums: Indoor and outdoor levels of nitrogen dioxide, peroxyacetyl
nitrate, nitric acid, and chlorinated hydrocarbons, Environ. Sci.
Technol,, 1991, 25, 857-862.

14. F. De Santis, V. Di Paolo, I. Allegrini, Determination of some atmos-
pheric pollutants inside a museum: relationship with the concentra-
tion outside, Sci. Total Environ., 1992, 127, 211-233.

15. M. Cassar, N. Blades, T. Oreszczyn, Air pollution levels in air-condi-
tioned and naturally ventilated museums: a pilot study, in Proceedings

of 12t International Council of Museum Triennial Meeting, Vol. 1,
James & James, London, 1999, 31-37.

16. L.G. Salmon, G.R. Cass, K. Bruckman, J. Haber, Ozone exposure
inside museums in the historic central district of Krakow, Poland,
Atmos. Environ., 2000, 34, 3823-3832.

17. P. Brimblecombe, N. Blades, D. Camuffo, G. Sturaro, A. Valentino,
K. Gysels, R. Van Grieken, H.-J. Busse, O. Kim, U. Ulrych, M. Wieser,
The indoor environment of a modern museum building, the Sainsbury
Centre for Visual Arts, Norwich, UK, Indoor Air, 1999, 9, 146-164.

18. 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, U. Ulrych, Environmental monitoring in four European museums,
Atmos. Environ., 2001, 35, S127-S140

19. K. Gysels, F. Delalieux, F. Deutsch, R. van Grieken, D. Camuffo, A.
Bernardi, G. Sturaro, H.-J. Busse, M. Wieser, Indoor environment and
conservation in the Royal Museum of Fine Arts, Antwerp, Belgium. J.
Cult. Herit., 2004, 5, 221-230.

20. M. Ryhl-Svendsen, G. Clausen, The Effect of Ventilation, Filtration
and Passive Sorption on Indoor Air Quality in Museum Storage Rooms,
Stud. Conserv., 2009, 54, 35-48.

21. A. Schieweck, Performance of Adsorbent Media for Sustainable
Mitigation of Organic Pollutants, in Abstracts from the 10t Indoor Air
Quality 2010 Meeting, London, 2012, available in
<http://www.ucl.ac.uk/iag2012/documents/IAQ2012_Book_of_Abstra
cts_on-line.pdf, last accessed on 24/06/2012 2012>

22. C.M. Grzywacz, Monitoring for gaseous pollutants in museum
environments, Getty Publications, Los Angeles, 2006, 190 pp.

23. J.R. Druzik, M.S. Adams, C. Tiller, G.R. Cass, The measurement and
model predictions of indoor ozone concentrations in museums,
Atmos. Environ., 1990, 24, 1813-1823.

24. G. Drakou, C. Zerefos, |. Ziomas, M. Voyatzaki, Measurements and
numerical simulations of indoor Oz and NOy in two different cases,
Atmos. Environ., 1998, 32, 595-610.

25. C.H. Halios, C.G. Helmis, Temporal evolution of the main process-
es that control indoor pollution in an office microenvironment: a case
study, Environ. Monit. Assess., 2010, 167, 199-217.

26. Companhia Ambiental do Estado de S&o Paulo (CETESB), Relatorio
de Qualidade do ar no estado de S&o Paulo, Sdo Paulo, 2011, 234 pp.,
available on:
http://www.cetesb.sp.gov.br/ar/qualidade-doar/31-publicacoes-e-
relatorios, last accessed on 30/4/2013.

27. NASA — Atmospheric Science Data Center, Surface Meteorology
and Solar Energy, http://eosweb.larc.nasa.gov/cgi-bin/sse, last
accessed on 03/02/2011

28. Companhia Ambiental do Estado de Sdo Paulo (CETESB),
http://sistemasinter.cetesb.sp.gov.br/Ar/ar_dados_horarios.asp, last
accessed on 30/04/2013

29. A. Cavicchioli, C.A. Neves, R.I. Paiva, D.L.A. Faria, An upgraded
automatic piezoelectric quartz crystal dosimeter for environmental
monitoring in indoor cultural heritage conservation areas (submitted
for publication).

30. E.P. Félix, K.A.F. Souza, C.M. Dias, AA. Cardoso, Measurements of
Ambient Ozone Using Indigo Blue-Coated-Filters, J. AOAC Int., 2006,
89, 480-485.

31. G. Garcia, A.G. Allen, A.A. Cardoso, Development of a sensitive
passive sampler using indigotrisulfonate for the determination of tro-
pospheric ozone, J. Environ. Monit., 2010, 12, 1323-1329.

32. W.R. Melchert, A.A. Cardoso, A low-cost passive sampler for moni-
toring nitrogen dioxide in air, Quim. Nova, 2006, 29, 365-367.

33. F. De Santis, T. Dogeroglu, A. Fino, S. Menichelli, C. Vazzana, |.
Allegrini, Laboratory development and field evaluation of a new diffu-
sive sampler to collect nitrogen oxides in the ambient air, Anal.
Bioanal. Chem., 2002, 373, 901-907.

34. W.J. Massman, A review of the molecular diffusivities of H>O, CO,
CHg4, CO, O3, SO, NH3 N>O, NO, and NO> in air, O, and N> near STP,
Atmos. Environ., 1998, 32, 1111-1127.

35. P. Koutrakis, .M. Wolfson, A. Bunyaviroch, S.E. Froehlich, K.
Hirano, J.D. Mulik, Measurement of ambient ozone using a nitrite
coated filter, Anal. Chem., 1993, 65, 209-214.

36. J. Tétreault, Airborne pollutants in museums, galleries, and
archives : risk assessment, control strategies, and preservation man-
agement, Canadian Conservation Institute, Ottawa, 2003, 168 pp.

Ozone and Nitrogen Dioxide Concentration in Two Museums, e-PS, 2013, 10, 114-122

122





