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Abstract: A project to assess air pollution at the National Archeological Museum in Naples was
carried out. The main goal of the project was to develop and test a reliable, yet simple, monitoring
system to be adopted at the same time in several exposition rooms. Nitrogen dioxide, hydrogen
chloride, nitrous acid, and sulphur dioxide were the chemical species addressed by the technique.
Monitoring was simultaneously performed in five rooms and pollutant concentrations were
determined using two passive samplers. The sampling time was approximately one month per
period. In addition to passive samplers, environmental data loggers were used to obtain temperature
and relative humidity data. Results show high concentrations of nitrogen dioxide inside rooms,
consistent with those found in outdoor environments and are close to the values calculated
considering the air exchange rates, estimated through time gradients of ambient temperature. The
minimum values were recorded in a basement room, having a low ventilation rate. The conversion
of nitrogen dioxide to real surfaces produces nitric acid and nitrous acid. Large amounts of nitrous
acid were found in exposition rooms up to 15 pg/m?3, with maximum values in the basement room,
where the air exchange rate is limited and the surface-to-volume ratio is the highest among the
monitored rooms. Data analysis demonstrate that the system could discriminate between nitrous acid
and nitrogen dioxide. The results show that, for the first time, passive samplers can overcome the
problem of mutual interference between nitrogen-containing species. It was found that the nitrates
and nitrites found in the alkaline passive sampler is not due to the interference of nitrogen dioxide.
Nitric acid was also found in the gas phase, likely generated by dissociation of ammonium nitrate in
particulate matter. Hydrogen chloride and sulphur dioxide are present at few pg/m?3. Nitrous acid is
the most relevant acidic species found indoors. The presence of pollutants was discussed in terms of
the reliability of the analytical procedure and its significance for indoor air pollution.

Keywords: indoor pollution; MANN museum environment; nitrogen containing pollutants; passive
samplers; ion chromatography (IC)

1. Introduction

The protection of cultural heritage is one important priority for our society. It is a significant
resource for economic growth in terms of services offered to tourism and in terms of cultural
exchange. In Italy only, a report updated to 2020 by the Italian National Statistical Institute [1];
indicates that in 2020, 4,265 museums and similar institutions, public and private, were open or

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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partially open, of which 3,337 museums, 295 archaeological areas, and 633 monuments or
monumental complexes. In addition, there are a huge number of structures that are not open to the
public, but where cultural heritages that require appropriate protection, [1]. Air pollution, in addition
to being one of the main causes of hazard to human health, to local and global environment, and to
materials, also poses a risk for the conservation of cultural heritage. Indeed, air pollution affects the
cultural heritage exhibited outdoor and indoor, causing irreversible damages to the artworks [2].

The major polluting species that may be found inside museums and pose a risk to cultural
materials are sulphur dioxide, nitrogen dioxide, nitrogen oxide, ozone, reduced sulphur gases such
as hydrogen sulphide, and particulate matter [3]. To effectively protect artworks preserved in
museums, it is therefore appropriate to develop monitoring activities with the aim of assessing the
nature of contaminants and their concentration levels. This information, coupled with the evaluation
of physical parameters such as temperature and relative humidity, can guide towards a more
effective prevention of the potential damage to which the artworks may be exposed. Although no
standard has been issued for the most common air pollutants of interest for cultural heritage
conservation, some limits have been reported [2]. They range from practically zero to a few parts per
billion; therefore, the assessment of pollution, especially in indoor environments (museums etc.)
requires techniques characterized by sufficient sensitivity and reliability.

To fulfil this requirement, many measurement campaigns have been conducted in museums
using analytical systems of different complexity [4-8]. However, these monitoring approaches have
two limitations. The first one is derived from the fact that the techniques can be very expensive and
require highly specialised personnel, leading to excessive expenses; in addition, they cannot be
applied simultaneously in several rooms inside museums where air contaminants may show
different concentrations. Secondly, most of these activities are usually carried out along a relatively
short period of time. This does not allow the acquisition of data over a wide time horizon, which may
be relevant for fully understanding the evolution of air pollution [9,10]. Although the most important
museums can afford and perform sophisticated campaigns for the characterization of atmospheric
pollutants, the number of sites that require protection and monitoring is very high. Therefore, the
complexity and the cost of monitoring exclude many important cultural sites from a proper
evaluation of risks posed by air pollution.

A direct solicitation for a very simple, low-cost, and easily adaptable methodology
simultaneously in several sites, brought to the development of the monitoring approach discussed
here. This approach offers significant opportunity for widespread applications, as it is compatible
with reduced budgets, and can provide important and preliminary information for possible and
desirable in-depth monitoring and control of atmospheric contaminants. The approach pursued in
our strategy is very similar to that established by the EU Directive on ambient air quality (European
Union, 2008), [11]. This, in fact, requires that in areas where the air quality does not present
sufficiently extensive information, the so-called “Preliminary assessment” by means of indicative
measurements should be carried out. This implies the use of less sophisticated systems than those
required from the Directive for the areas for which monitoring with certified and an approved system
is mandatory [12]. The preliminary assessment then provides data on which the control bodies may
plan the final monitoring network in compliance with the Directive.

According to this approach, a simple system based on the use of passive samplers with the aim
of monitoring the most important species causing damage to cultural heritage was adopted. The
system is based upon the use of Analyst type passive samplers that have been developed for the
measurement of acid gases [13] and nitrogen dioxide [14]. This configuration, integrated with an
environmental datalogger for the measurement of temperature and relative humidity, have been
used for a long time (1 year) monitoring in five rooms of one of the most important Italian museum:
the National Archaeological Museum of Naples (MANN). This demonstration project provided
useful data related to the presence of pollutants and also gave important and sometime unexpected
results about the reliability of the suggested technique, especially when intended for the evaluation
of nitrogen dioxide and nitrous acid.
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2. Material and Methods

2.1. Monitoring Sites and Monitoring Program

The National Archaeological Museum of Naples (MANN) is an Italian museum extending over
an exhibition area of 12,650 m?, and it is considered to be one of the most important archaeological
museums in the world. The main exhibitions include Roman sculptures from the Farnese collection,
a Pompeian collection that includes many finds from the area of Pompeii and other locations near the
Vesuvius volcano [15], and an important Egyptian collection
[https://www .electa.it/en/product/guide-to-the-egyptian-collection-in-the-mann/]. The museum is
located in the central area of the city of Naples in a historical building with nearby streets
characterised by very heavy traffic, causing significant atmospheric pollution episodes. A monitoring
station near the museum is always measuring high levels of pollutants, especially nitrogen dioxide.
The museum is extended over three floors and a basement. In Figure 1 site of the museum and maps
of the ground and underground floors, with the locations of the monitoring sites are shown.

3|

Figure 1. (1): External view of the museum building. (2): Underground map with monitoring site A in room 45
(Named Cavaiuole) that represents the underground deposit of the statues, not exhibited in the Museum. (3):
Ground floor map with sampling sites B and C is the room 26 where the Farnesina collection is shown, D site

where the Tyrannicides are exhibited; E is the outdoor restoration laboratories of marble sculptures.

In this demonstration project, the locations were mostly selected considering that the ground
level is the most exposed to air pollutants. It includes showrooms and deposits containing statues
and marbles that are very sensitive to air pollutants of acidic nature [16,17]. Site E is still located on
the ground floor but in a room (restoration laboratories) near the central garden, directly exposed to
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external air during working periods. Site A is underground, where many stone and marble artworks
that are not yet exhibited to the public are stored.
In the above sites measurements were carried out for 9 periods resumed in the next Table 1.

Table 1. Sampling periods at MANN with start and end days.

Sampling
Start day End day Exposure days/hours
periods
1 21/06/2021 27/07/2021 36/864
2 27/07/2021 07/09/2021 42/1008
3 07/09/2021 12/10/2021 35/840
4 12/10/2021 23/11/2021 42/1008
5 23/11/2021 21/12/2021 28/672
6 21/12/2021 25/01/2022 35/840
7 25/01/2022 22/02/2022 28/672
8 22/02/2022 22/03/2022 28/672
9 22/03/2022 19/07/2022 119/2856

As mentioned before, the average exposure of the samplers for the first eight periods was
approximately one month. The 9th period had duration of approximately 4 months. The overall
sampling period lasted approximately one year.

2.2. Passive Samplers and Exposition Shield

Analyst® passive samplers have long been used for the monitoring of air pollutants [13] The
basic design of this kind of passive sampler is shown in Figure 2.

Active Surface

Anti turbulence
Screen

Air Inlet

Figure 2. Scheme of the Analyst passive sampler.

It is characterised by extensive laboratory evaluation and for high capacity, allowing sampling
over extended periods of time (up to several months). The design also includes inlet diffusive screens
made by steel and polyester to reduce air turbulence which are known to affect the diffusion mass
flow. For this monitoring campaign, a three-place exposition shield was used. Two supports were
used to accommodate two passive samplers for the monitoring of acids and nitrogen dioxide
respectively. The third support accommodates a data logger for temperature/relative humidity
monitoring (see par. 2.6). The shield includes a front steel net that protects the passive samplers from
dust and insects and provides a first dumping of air turbulence. This is furtherly reduced by the inlet
screens on the passive samplers.
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The shields were fixed to the walls inside the rooms where monitoring was performed. They
were placed at a height of 3 m in rooms B, C, and D, while in rooms A and D they were operating at
approximately 2 m. The shields are characterised by an insignificant visual impact, which is essential
for exposition rooms. An example of the exposition in room C is given in the next Figure 3.

Passive samplers shield &
environmental datalogger

Figure 3. The exposure shield for two passive samplers and one environmental datalogger is shown in room C.

2.3. Passive Sampler for Acids

Acids are directly adsorbed onto the active surface of quartz filters (Whatman QM-A) coated
with an alkaline solution (1,8% Na2CO3 and 1.8% glycerine in water/ethanol 60/40). This solution is
also used for the preparation of passive samplers intended for NO: (see par. 2.4). Such an active
surface is able to collect inorganic and organic acids with high efficiency and retention. After the
sampling step, passive samplers were extracted with water and analysed by ion-chromatography

(IC). The apparent flow rates used for the calculations of concentration from IC data are shown in
Table 2.

Table 2. Apparent flow rates used for the calculations of the gas phase concentration for the investigated

pollutants.
Pollutants Ions by IC Flow Rate (ml min-)
Nitric Acid HNOs NOs 10.5+0.7
Hydrogen Chloride HCl Cl- 8.1+0.7
Nitrous Acid HNO:2 NO~ 9,1+ 0,2
Sulphur Dioxide SO: S5O 99+03
Formic Acid H-COO Not detected
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Acetic Acid CHs-COO- Not detected

These data were used to calculate the gas phase concentration by the concentration of relevant
ions extracted from the filter. Since laboratory and field blanks approach zero, the minimum
detectable amount of most acids is less than 0,2 ppb for a monthly sampling time. For nitrous and
nitric acids, this amount corresponds to less than 0,4 ug/m?3and 0,6 ug/m?respectively.

Earlier experimental data [13] confirm that the reproducibility of this type of passive sampler is
within 10%-15%. This good result is also due to the positive effects of the inlet steel screens that
smooth out any air turbulence at the inlet.

Data from passive samplers intended for acids, also include organic acids. However, formic acid
was not measured because it was emitted by the plastic shields. Acetic acid was always found below
the minimum detectable concentration.

One important point to be taken into account concerns the possibility that nitrogen dioxide
interferes with the substrate of the active surface intended for the collection of acids, yielding nitrite
and nitrate ions according to the following reaction:

should be taken into account (Eq. 1):

2NO: + H:0 HONO+ HNO: 1)

This reaction generates nitrite and nitrate ions that are retained on the filter, then interfering
with the same ions formed by nitrous and nitric acid respectively. Such interference can be very high
if the concentration of nitrogen dioxide largely exceeds those of the two acids.

Reaction occurs on all surfaces, and its extent depends on many variables such as the type of
surface, pH, and relative humidity. Thus, the extent to which nitrogen dioxide is converted into nitric
and nitrous acid is difficult to estimate a priori. However, as it will be shown in the discussion of
data, this reaction is practically not occurring on the active surfaces of passive samplers; thus, the
devices can measure acidic species with sufficient reliability without the interference of nitrogen
dioxide. The starting point is that, in case that reaction (Eq. 1) is occurring on filter, the resulting
nitrite and nitrate ions ware irreversibly adsorbed on the surface, yielding a 1:1 ratio. Experimental
values of this ratio are never close to 1:1.

Quality control was carried out by analysis of field blanks and replicates of passive samplers
used in the monitoring campaign. For each monitoring period, one sampling site was supplemented
by a pair of replicates and one field blank, i.e., a passive sampler not exposed. The variability found
between replicates was on average less than 6-7%

It is worth observing that the monitoring campaign required just 10 passive samplers per period
and then 10 analyses per month. This, in turn, positively reflects the low cost of the simultaneous
monitoring activity for the selected five rooms.

2.4. Passive Sampler for Nitrogen Dioxide

Most of passive samplers intended for the monitoring of nitrogen dioxide make use of
triethanolamine (TEA) as an active surface. TEA converts nitrogen dioxide into nitrite ions that can
be measured by ion chromatography. Although a number of experimental campaigns have been
carried out [18], datashows an evident poor reliability in terms of accuracy and precision. The reason
of deviations may be attributed to the fact that TEA is not a perfect sink for nitrogen dioxide, as it
was demonstrated by using a diffusion denuder [19]. Moreover, TEA collects nitrous acid which may
be present in indoor environments at high concentrations, often higher than those of nitrogen dioxide.
Since nitrous acid is also converted into nitrite ion, it may cause a 100% interference. The effect of
nitrous acid has been largely overlooked since most application of nitrogen dioxide passive samplers
was carried out in ambient atmosphere where the presence of nitrous acid is negligible.

The sampler used for collecting nitrogen dioxide in this campaign, was based on an active
surface prepared by impregnating a 20-mm carbon paper disk (Envint srl, Montopoli di Sabina, Italy)
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with the solution described in par. 2,3. This procedure follows the method developed in [20]. As
shown in previous studies, alkaline carbon directly converts nitrogen dioxide into nitrite ions that
can be analysed by IC. The conversion of NO: into nitrite ion was also confirmed by Raman
spectroscopy [21]. The apparent flow rate for this type of passive sampler for NOzis 12.3 + 0.7 ml min-
1

After sampling, the filter disc is removed from the passive sampler, extracted with 5 mL of water
for approximately 1 h, and analysed by ion chromatography (Dionex ICS-1000). The procedure is
such that, for an exposition of 1 month, the minimum detectable concentration is less than 0,4 pig/m3.

Unfortunately, this kind of passive sampler for nitrogen dioxide was not fully exploited in the
field. An interesting report [18] concluded that it can be used for the monitoring of nitrogen dioxide
without further details.

The carbon filter paper treatment ensures that the blanks are practically zero, and zero is the
field blank. The stability of nitrites on the filter is good, even in the presence of a huge amount of
ozone, which could oxidise nitrites into nitrates, causing negative deviations. However, the alkaline
carbon paper also adsorbs many other acidic substances. Very likely, nitrous acid (HONO) is
included, yielding nitrites and potentially interfering 100% with the measurement of nitrogen
dioxide.

The problem of HONO interference has been discussed in several papers, especially those in
which triethanolamine was used [22], but it was considered unimportant because the ambient
concentrations of HONO are much lower than those of NO:. Unfortunately, for indoor environments,
this is not always the case. Some device was also developed to reduce this interference. A paper
specifically addressed to this problem [23] describes a device based on three-layer active source. This
device is not simple to prepare and to use. So far its use was limited to few applications in achieves
and libraries.

Our measurements in MANN demonstrate that HONO is present at concentrations comparable
to, and often, larger than that of NO2. As will be shown later, data demonstrate that the interference
of HONO with the measurement of NO:z is not significant and that the passive samplers for nitrogen
dioxide is free from the interference due to nitrous acid. This is one of the major technical findings
for this monitoring campaign.

2.5. Analysis of the Samples

Analysis of the samples was performed by ion chromatography (IC). After exposure, the passive
samplers were extracted with 5-mL water and analysed using an ion chromatograph Dionex ICS-
1000. The analytical procedure ensures a limit of detection (LOD) and a limit of quantification (LOQ)
in ppm are given in Table 3.

Table 3. Analytical Parameters quantified in IC analytical method LOD (the Detection Limit) is quantified by
measuring and reading 10 blanks (and reported as the average value); LOQ (limit of quantification) is the first

calibration line point.

LOD LOQ
Ions @ (mL/min) | LOD (ug/m?3) | LOQ (ug/m3)
(ppm) (ppm)
Chloride/CI-
0,01 0,1 8,1 0,14 1,48
(from HCI)
Nitrite/NO>
0,02 0,2 12,3 0,18 1,8
(from NO2)
Nitrite/NOz
0,02 0,2 9,1 0,25 2,5
(from HNO2)
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Nitrate//NOs
0,02 0,5 10,5 0,22 5,5
(from HNOs)
Sulphate/SOs*
0,045 0,5 9,9 0,52 52
(from SO2)

Both passive samplers were analysed using the same analytical procedure. Corrections for
blanks are not significant and the reproducibility of collocated samplers shows standard deviation of
7%.

It is worth mentioning that, by using the apparent flow rate of pollutants into the passive
sampler and for an exposition time of one month (30 days), it is possible to convert LOD and LOQ in
ppm into concentrations in pg/m3. From the same table, it is possible to observe that for most of the
species of interest, the minimum detectable concentration is well below 1 pg/m? while reliable
quantifications are above a few pg/m?. The analysis of both passive samplers used in this monitoring
campaign uses the same procedure. This also reduces the effort required to improve the quality of
the data and, clearly, reduce the cost of the monitoring campaign.

2.6. Data Logger

Data loggers (Figure 4) used for this campaign are based on the Honeywell HumidIcon™ Digital
Humidity/Temperature sensor HIH8120 (Honeywell 1985 Douglas Drive North Golden Valley, MN
55422, USA).

Figure 4. Datalogger used in the campaign. Dimensions: 7x4.5x2.3 cm.

This sensor ensures an accuracy level of 2.0 %RH and a temperature accuracy level of + 0.5 °C;
thus, it is very suitable for indoor measurements. The sensor is within a small plastic box that fits the
clips used to hold the passive samplers, and can then be placed into the same exposition shield. The
data logger is battery operated and programmed to select the sampling frequency and to set up the
internal clock. The sampling frequency can be selected from 1 to 60 min. For the specific application,
the sampling frequency was 15 min, along which the dataloggers collect one measurement per minute
and then average the data. Thus, the data logger records 4 average temperature and humidity data
points every hour. At the end of the sampling period programmed for passive samplers, the data
loggers were removed and connected to a personal computer from which an Excel file is extracted.
After sampling and reading the output files, the data-loggers can be used repeatedly.

2.7. Outdoor Pollution Data

Monitoring of atmospheric pollution in the city of Naples is continuously carried out by the
technical authority in charge, in this case, the Regional Agency for Environmental Protection of
Campania ARPAC, (https://www.arpacampania.it/).
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The Agency manages a monitoring network in compliance with European Union Directives.
Data are regularly published at (https://www.arpacampania.it/bollettini). Our interest was in the
station “Museo” which is located near the MANN museum. This station provides an hourly average
of several pollutants, including nitrogen dioxide. Meteorological data were provided by the station
“Osservatorio” in Naples.

3. Results

3.1. Results of the Monitoring Campaign (NO2)

The results from the monitoring campaign are shown in the next Table 4, where data from
nitrogen dioxide (expressed in pg/m?) are reported for each period and for each sampling site (room).
As mentioned previously, the data were deduced by assuming that the nitrites in the individual
alkaline carbon passive samplers are due to the absorption of NO:2 only.

Table 4. Nitrogen Dioxide concentrations (pg/m?) in the sampling sites averaged over the sampling periods.

Sampling Periods
Sampling Average
rooms 1 2 3 4 5 6 7 8 9 Concentration
(ug/md)
Room A 10,74 | 10,08 7,10 1,99 2,09 10,50 7,60 6,48 11,58 7,57
Room B 23,56 18,84 | 26,48 18,39 15,81 13,36 18,49 | 21,88 | 22,59 19,93
Room C 23,56 15,68 17,18 14,02 12,38 9,78 20,73 16,56 | 20,31 16,69
Room D 26,84 18,53 16,58 17,20 13,57 10,86 16,55 17,74 21,40 17,70
Room E 26,84 | 22,40 | 24,10 14,40 10,88 12,05 | 24,16 19,50 | 25,40 19,97
Indooor
25,20 18,86 | 24,10 16,00 13,16 11,51 19,98 18,92 | 22,43
Averages
Outdoor
44,69 | 36,86 | 4550 | 47,50 | 46,48 | 42,24 | 52,72 | 3794 | 43,38
Averages
Out/In 1,77 1,95 1,89 2,97 3,53 3,67 2,64 2,01 1,93

Data shows that the average pollutant concentrations in Room A are much lower than those in
the other rooms. This result is understandable because site A is located in the basement and intrusion
of the outside air is strongly limited.

This is clearly shown in Figure 5, where temperature data from rooms A, B, and E during the
four days of sampling period 5 are reported, while the day/night modulation is high for room E (~ 5-
6°C), the modulation is much less for room B (about 1-1,5 °C) and close to zero for room A. In fact, as
mentioned before, room E is the restoration room with a glass door opening several times during the
work time (about 09:00 AM to 05:00 PM) to allow workers and visitors to be in and out. Therefore,
considering the temperature trends in the exposition rooms, site A shows the minimum intrusion.
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Figure 5. Temperature trend in the three rooms A, B and E.

The relationship between outdoor and indoor concentrations is also shown in Table 4. Indoor
averages ranged from 11 to 25 pg/mS3, whereas the average outdoor concentrations during the
sampling periods ranged from 37 to 47 pg/m3. The relationship between indoor and outdoor
pollution by NO: is shown graphically in Figure 6.

T 60 4 out/In
(@) - 3.5
= 50 |
@) \/ L 3
40 | | 25
30 | - 2
20 | - 1.5
——Indooor
!
10 | —— Outdoor | e
Out/In .
0 ; ; ; ; ; ; ; ; 0
1 2 3 i} 5 6 7 8 9
Sampling Period

Figure 6. Indoor (In) and outdoor (Out) nitrogen dioxide average concentration (C, ug/m?® along sampling

periods and ratio.

Outdoor values are fairly constant along the sampling periods, while indoor data show
minimum values during periods from 4 to 7, i.e, during winter. In fact, in this period windows and
doors are usually closed, limiting air intrusion from outside. However, as it is shown in Table 4, room
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E has a similar indoor/outdoor ratio of the other rooms, even though is the most exposed to external
air as shown in Figure 6.

3.2. Time Evolution of Outdoor Air Pollution

In order to explain this apparent contradiction, Figure 7 shows an example of the time evolution
of NO: pollution in the city of Naples, as recorded by the monitoring station near the museum on the
day January 15, 2022, when high NO2 concentrations were observed. A typical trend was an increase
in nitrogen dioxide concentration in the morning, coinciding with an increase in vehicular traffic,
reaching a high value of more than 100 ug/m3. In late morning, atmospheric turbulence is
experienced: air from the free troposphere dilutes the ground air, and the concentration of air is
drastically reduced. In the late afternoon, the atmospheric stability was restored, and the pollutant
concentration increased again to high values. Overnight, the reduction in traffic emissions decreases
the pollutant concentration. Atmospheric turbulence developing in the afternoon is also responsible
for the fumigation of ozone, which reaches maximum values. Therefore, even though room E is
exposed to outdoor air, the outdoor atmosphere is depleted of nitrogen dioxide. It is worth stressing
that the turbulence period in which air pollution is relatively low is about 3-4 hours in winter and
about 7 hours in summer.

140
Atmospheric turbulence & Traffic reduction
ozone fumugation
120
CG\
£ 100
o) Traffic increases
3
e
U 80 i
Atmospheric
60 | stability increases
40 |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time / hours

Figure 7. Time trend of nitrogen oxide (NO) in a specific day in winter.

The behaviour shown in Figure 7 is typical of periods in which synoptic meteorological situation
is dominated by high pressure. The air advected from aloft from late morning to late afternoon, as
said, is rich in ozone that shows maximum values just during the clean air window, (see Figure 8).
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Figure 8. Time trend of nitrogen dioxide () and ozone (e) concentration ratio as recorded in the monitoring

station near the museum for the week starting on Apr. 25th, 2022.

Ozone fumigation led to ground concentrations up to 100 pg/m? (about 50 ppb) and, in some
instance, even more. As is well known, ozone is another polluting species that may impact several
types of materials. Indoor concentrations of ozone are usually low and were not recorded during this
campaign. Since most of the artworks saved in the museum consist of stone and marble sculptures,
the effect of ozone is not very significant. On the contrary, ozone produces well documented damages
on other artworks such as paints, [24-26]. According to the preliminary nature of the monitoring
campaign, ozone is one of the best candidates for a future monitoring protocol.

From the data already shown in Figures 7 and 8, it is possible to understand the evolution of
HONO in the outdoor environment. Nitrogen dioxide starts to increase in concentration at
approximately 07:00 in the morning. However, at that time, the ozone concentration was low or near
zero because it is consumed in the boundary layer. In any case, the solar radiation intensity in the
photodissociation range useful for ozone (wavelength between 240 and 320 nm) is not sufficient to
promote the formation of OH* radicals necessary to start photochemical processes. However, OH*
radicals are easily provided by HONO, which is formed on real surfaces (see Eq (1)), [27]. This
explains the formation of NO:z in the morning by NO oxidation. In this study, no outdoor HONO
measurements were carried out.

3.3. Other Indoor Pollutants

As said before, the experimental apparatus adopted for sampling in the museum provides
information about the presence of indoor HONO. This species was collected on alkaline quartz fiber
filters and detected as nitrite. The results for HONO during the sampling campaigns are shown in
the following Figure 9a, which shows the averages for sites B, C, and D, compared with the average
NO: concentrations.

The amount of HONO found in the three rooms is about 1/3 to 1/10 that of nitrogen dioxide. No
clear correlation is between the two pollutants along the sampling period. The same graph for rooms
A and E are shown below in Figures 9b and 9c, respectively.
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Figure 9. a. Average concentrations profiles for NO2 and HONO, at B, C and D rooms. Sampling period is
according to Table 1. b. Nitrogen dioxide and nitrous acid in room A. ¢. Nitrogen dioxide and nitrous acid in

room E.

While room E shows about the same figures of the average values in Figure 8a, data in room A
shows that the amount of HONO and that of NO:2 are more or less the same and, in some instance,
the concentration of HONO is higher than that of NO2. Concentration levels for sulphur dioxide are
shown in the next Figure 10, which show average data on the three sampling sites B, C and D.
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Figure 10. Sulphur dioxide average concentrations in rooms B, C and D.

They are within a few pg/m?and do not show a definite trend. The average concentration in the
site A, like NOy, is less than the average of the other four sampling sites. This indicates that sulphur
dioxide is coming from air outside the museum. Unfortunately, sulphur dioxide levels measured by
the Naples monitoring network approach values that are near the minimum detectable concentration.
Therefore, no direct comparison between the two sets of data is possible. The amount of SOz is within
the range 1-3 ug/m?. The next Figure 11 shows the measured concentrations of HNOs as detected
through the alkaline quartz passive sampler.
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Figure 11. Nitric acid found indoor as average of rooms B, C, D and E and that of room A.

The Figure 11 shows the concentrations found in site A with the average concentrations found
for the other four sites B, C, D, and E. As expected, the concentrations found at site A were much
lower because of the limited air exchange with the ambient atmosphere and because of the high
deposition velocity for this species [28]. Even for HNOs, no data are available for external ambient
air. However, the data seem quite reasonable and coherent with those for NO-.

Figure 12 shows the concentration trend of Hydrogen chloride that is monitored by chloride
ions found on the fiber glass sampler.
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Figure 12. Hydrogen Chloride found indoor as average of rooms B, C, D and E and that of room A.

Hydrogen chloride shows very low concentration, if compared to those recorded for nitric acid.
These measurements are based on the amount of chloride ions found in the glass fiber filter, so it is
expected that they are affected by some uncertainty due to ubiquitous presence of chloride ions.

4. Discussion

This chapter is dedicated to a discussion of the results and has been organized into sub-
paragraphs, each concerning the individual measured species. Emphasis is placed on nitrogen-
containing compounds because they are in relatively high concentrations, causing fast deterioration
of the exposed artwork.

Dataloggers are essential in monitoring the evolution of temperature and relative humidity in
the exposition rooms. However, they are also valuable because they provide data to estimate the
evolution of pollutants entering the museum (Ci) from outside (Co). The indoor/outdoor concentration
ratio, can be expressed by the following Eq. 2,:

Ci av

= 2)

Co av+vgS

where:

a = Air-exchange rate, usually expressed as h”, i.e., exchanges per hours

V = Volume of the room (m?3)

S = Surface area of the room (m?)

vy = Deposition velocity of the pollutant (mass of the pollutant deposed on a unit surface per
unit time).

By knowing the deposition velocity of an individual pollutant and the geometrical
characteristics of the exposition rooms (V and S), it is possible to estimate the concentration ratio
(indoor to outdoor) if the air exchange rate a is known. As is well known, many pollutants show a
time trend that can be followed using equation 2. This is, for instance, the case of ozone that shows a
time trend defined by a vertical processes occurring in the atmosphere, causing the fumigation of this
pollutant from the free troposphere to the ground (see Figure 7).


https://doi.org/10.20944/preprints202502.1737.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 February 2025 d0i:10.20944/preprints202502.1737.v1

17 of 25

In order to estimate C;, it is necessary to know the term g4, air exchange rate. This can be achieved
using various techniques [29-31]. However, most of these experimental methods are expensive, time
consuming and not simple to implement. According to our main goal, which is to obtain preliminary
information on the museum atmospheric environment with simple methods to be reproduced in
many locations, we attempted to estimate the air exchange rate by the difference in indoor-outdoor
temperatures. In fact, the exposition rooms of MANN are not conditioned. The size of the rooms is
such that the visitor effect can be neglected, and the low surface-to-volume ratio is such that the
thermal effects of the walls can also be neglected.

In this hypothesis, the indoor air temperature Ti can be expressed as a function of the outdoor
temperature To according to Eq. 3:

dT; =< (To — Ti) 3)

where dTiis the increase (or decrease) in indoor temperature caused by ventilation of a volume of air
dV. T, and T: are the outdoor and indoor temperatures, respectively. Unfortunately, this equation
cannot be integrated directly because the variables involved in are both time dependent. The indoor
temperature in an unconditioned room, such as those of the MANN museum, will be just the low -
pass-filtered outdoor temperature. Therefore, in a steady state, the indoor temperature will be the
same as the outdoor temperature. However, the thermal capacity of the surfaces and the poor mixing
of outdoor air are such that strong deviations from this simple model can be expected.

Our simple approach starts by assuming that the time trend of indoor temperature follows the
external temperature and that the maximum value of room temperature can be used in Eq. (3). Then
it is possible to estimate, with the said uncertainties, the value of 4V and then the value of 4.

Several calculations through the periods of monitoring periods, showed that the term dV/V is
about 0,02 with little difference between the exposition rooms and monitoring periods. For instance,
in room B (dimensions 36 x 18 x h7 m), the volume is about 4500 m?, while the total surface area is
2000 m?. The ratio 5/V=2000/4500=0,44 m'.

For the term deposition velocity, it is possible to determine the average deposition velocity of all
surfaces in a room from Eq. 3, as well as the so-called ‘surface remouval rate’ Va(S/V). This rate is directly
comparable to the air exchange rate. The deposition velocity of a particular pollutant varies within
different material types and under different conditions, such as changing relative humidity [32]. A
study of museum buildings showed a surface removal rate of 0.4 h-! for a large and open gallery [33].
A surface removal rate of 0.4 h”' means a deposition velocity of approximately 1 m h-.

Adapting these data to Eq. 3 and using the value of deposition velocity ranging from 1 to 0,1 h-!
then the estimated CiCo ranges from 0,043 to 0,31. The ratio between the NO: concentrations found
in the outdoor and indoor ranges between 0,5 and 0,3, which fits the expected concentration ratios
calculated by our simple model.

4.1. Nitrogen Dioxide (NO:)

The average concentrations of NO2 pollutant reported in Table 4 appear to be relatively constant,
except for the data from room A. This means that the exposition to this pollutant in rooms B, C, and
E are approximately the same. This could not be consistent with the observation that data from site
E should be higher because this room is more exposed to external air. However, it should be
considered that the room is mostly affected by external air during the work time; while, as shown in
Figures 6 and 7 external air pollution is modulated in such a way that during the working time, the
concentration of pollutants (except ozone) in the external air is low.

The concentration of nitrogen dioxide in the external air is just a few pg/m?3 over the standard
fixed by the European Union for the protection of public health at a yearly average of 40 pg/m? [34].

The ratio between the concentrations found in the outdoor and indoor range was between 2 and
3.5. This result is consistent with similar data found in different museums and other indoor
environments where no internal sources of NOx were present [35]. The highest ratios between
outdoor and indoor data were found for periods 4 to 7, i.e., in autumn—-winter, when most of the
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atmospheric stability processes are likely to occur and when intrusion from external air is limited by
windows and doors closed during this period of the year.

The relatively high levels of air pollutants found inside the museum are associated with the
evolution of pollution in the outside environment. As mentioned before, the area of the MANN
museum is characterised by intense emissions, especially by vehicles, which cause high
concentrations of primary NOx pollutants. These, in turn, when irradiated by sunlight, generate
many photochemical pollutants, leading to high concentrations of nitrogen dioxide (as seen in Figure
6).

Nitrogen dioxide concentrations start to increase at approximately 6-7 AM, reaching a level of
more than 100 pg/m?. In the late morning through the early afternoon, the concentration drops to low
levels, increasing once again in the late afternoon, when it reaches values of more than 120 pg/m?.
This behaviour is very similar to that observed in many locations and can be easily explained by
considering the time development of the boundary layer. Overnight, the layer is quite stable, and in
the early morning, primary pollution increases because of intense traffic. Solar irradiation in the
morning provides heating of the ground, resulting in turbulence that causes mixing of ground air
with that in the free troposphere. At this time, ozone concentrations increase, whereas nitrogen
dioxide concentration decreases because of mixing with relatively clean air advected from the free
troposphere. In the late afternoon, solar radiation decreases and a ground-based mixed layer is again
established.

In this residual layer, the reactions of radicals are very active, oxidising nitrogen oxides into
nitrogen dioxide. Overnight, these reactions are quenched, and the decrease in emission decreases
the nitrogen dioxide concentration to low values. In conclusion, two peaks were experienced: one in
the morning and the other in the afternoon, with a minimum in the early afternoon. In most cases,
the daily maxima occur in the evening, whereas in some cases, they are recorded in the morning.
Such general behaviour is reproduced throughout the year, although in summer, due to the more
intense solar radiation, the window for clean air advected from the free troposphere is much wider
and can be as large as 7 hours, instead of 3—4 hours in winter.

4.2. Sulphur Dioxide (SO2)

Sulfur dioxide has long been considered an important pollutant in museums. Figure 9 shoes that
the concentration levels are in the range 1-3 pg/m?and do not show a definite trend. The average
concentration at site A, similar to NOz, was less than the average of the other four sampling sites. This
is a clear indication that sulphur dioxide is coming from the air outside the museum. Sulphur dioxide
is fairly correlated with nitrogen dioxide (Rsquarea=0,77), demonstrating that both of them are coming
from intrusion by external air.

Unfortunately, Sulphur dioxide levels measured by the public Naples monitoring network are
approaching values near the minimum detectable concentration. Therefore, no direct comparison
between the two sets of data is possible.

4.3. Hydrogen Chloride (HCI)

Acids measured using the suggested technique include hydrogen chloride and nitric acid. The
latter is reported in Figure 10, which shows the average values found in the data from locations B
through D. Data from site A do not show a definite difference from those from other sites. For HCI,
(Figure 11) the observed concentrations are about 1 pg/m3. This amount is very close to the minimum
detectable concentration and is derived from chloride ions extracted from the quartz alkaline passive
sampler. As is well known, contamination may play an important role in the analysis of chlorides;
thus, the reported data are not of sufficient reliability for further discussion. However, the data show
that HCI does not reach significantly high values; therefore, it does not imply an excessive risk.

4.4. Nitric Acid (HNOs)
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Nitric acid shows relatively high concentrations of up to 6 pg/m3. This species is generated by
the reaction of nitrogen dioxide with OH* radicals (according to the following Eq. 4):

NO: + OH* — HNO:s (4)

Under ambient conditions characterised by intense photochemical activity, the amount in the
atmosphere of both NO2 and OH* radicals are expected to be high; therefore, the formation of nitric
acid is highly probable. It is worth mentioning that nitric acid in ambient air reacts immediately with
ammonia, generating ammonium nitrate in particulate matter according to the reversible reaction
(Eq. 5):

HNOs+ NHs <> (NH4)NOs (5)

From Figure 10, it appears that HNOs, as expected, shows the highest concentrations during
sampling carried out in summer. During this period of the year, the temperature and humidity are
such that ammonium nitrate may dissociate back into HNOs and NHs, [36]. Thus, nitric acid inside
the museum may be generated by particulate matter entering the museum from outside. Ammonium
nitrate may migrate inside the rooms where thermodynamic conditions for dissociation may be
present, i.e., low humidity and high temperature. In order to show some data about the occurrence
of thermodynamic conditions leading to the formation of nitric acid from particulate nitrate, we used
data from the environmental data loggers. By adapting the formulas already developed in reference
[36] for the calculation of the deliquescence humidity (RHD) and the dissociation constant Ka
expressed in ppb?, it is possible to estimate the concentrations of nitric acid:

In Kn =84.6 — 24220/T - 6.11n (T/298) (6)

In (RHD)=723.7/T + 1.7037 7)

The evaluation of RHD (Deliquescence Relative Humidity) is the premise for applying
relationships/Equations 6 and 7. If the ambient humidity is higher than the RDH, ammonium nitrate
is in the deliquescent liquid phase and thus it is not dissociated. From the data from T and RH
obtained using data loggers installed in the sampling rooms, Table 5 can be compiled. This shows
that the calculated concentration of HNOs in equilibrium with ammonia is approximately 2 ppb in
winter, reaching 8 ppb in summer. Because the range of observed concentrations is between
approximately 6 and less than 2 pg/m3, these data are consistent with the calculated [HNO3]eq.

Table 5. Average Temperature, Relative Humidity, dissociation constant Kn and the Equilibrium concentration
of HNOs ([HNO3]eq).

Average T Average RHD Kn [HNOs]eq
Sampling period
(°K) RH (%) (%) (ppbz) (ppb)
2-Summertime 301,3 57,0 66 63,0 ~8
6-Wintertime 290.0 30.5 60.7 3.5 ~19

Therefore, the dissociation of ammonium nitrate particulate matter may bring a relatively high
amount of this acid inside the museum roomes. It is worth stressing that particulate nitrate does not
need to be formed locally because it can be transported over long distances [37].

The evaluation of nitric acid merits additional comments. This species was evaluated using
nitrate ions extracted from an alkaline quartz passive sampler. Simultaneously, the alkalinized
carbon paper sampler intended for NO2 was also in operation; therefore, it could be expected that the
nitrates found in both samplers are the same. However, the behaviour of the samplers with respect
to nitric acid was completely different. The average values in the quartz filter show a mean value of
2,14 against 1,94 from the carbon paper. The standard deviation of the first set was 2,14, whereas 1,11
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was the value observed for the second set because the nitrates found in the carbon paper filter did
not show any time variation. For instance, there were no significant differences between the data
collected in room A and those collected in other rooms.

One hypothesis could be the oxidation of collected nitrites by ozone. However, this is in contrast
with experimental data that exclude the collected nitrites from being oxidized to nitrate by ozone [20]
and, in addition, the amount of indoor ozone is expected to be very low. In another paper, it was
shown that the adsorption of peroxy-organic nitrates on alkaline carbon surfaces also yields nitrates
[38]. Because the concentration of these species is very low, at least compared with that of nitric acid,
this source is to be considered not significant. Thus, the presence of nitrates on the carbon paper
sampler has not yet been explained and merits further investigation.

4.5. Nitrous Acid (HONO)

Nitrous acid is a weak acid (K«=4,0 10#) that, at least in principle, moderately impacts the
conservation of artworks. However, its presence in the indoor environment is a clear evidence of the
occurrence of reaction (Eq. 1) that, with nitrous acid, also generates nitric acid, a strong and oxidant
acid that has a definite impact on the conservation of exposed materials. In addition, HONO is
important for human health because it may generate nitroso-amines [39]. Therefore, investigations
into the presence of HONO in the MANN museum are considered of high interest. The sources of
indoor HONO, [40] can be essentially caused by:

—  thereaction (Eq. 1) occurring on the surfaces followed by HONO desorption, or
—  The intrusion of HONO from the external atmosphere.

The extent of reaction (1), depends on the surface, ambient temperature, and relative humidity.
Additionally, the reaction is favoured by the surface-to-volume ratio (S5/V), which, in ambient air,
depends on the height of the mixed layer. After the conversion of NO2, HNO:s is retained on the
surfaces, and HONO can be desorbed into the atmosphere. During atmospheric stability conditions,
where the surface-to-volume ratio of the boundary layer is high, the formation of HONO leads to
noticeable concentrations in ambient air that can reach several pbbs [41].

Consequently, during the early mornings, relevant amounts of HONO may be formed, and thus
photolysis into OH* radicals may occur. If high concentrations of nitrogen oxides are present, high
amounts of nitrogen dioxide may also be generated by reaction radicals. This important aspect should
be properly considered in future monitoring initiatives.

Using the same reaction mechanism (Eq. 1), we can postulate the presence of HONO inside
museum rooms. Since the formation of HONO depends upon the surfaces and the S/V ratio [41, 42],
it is first useful to look into these ratios for the rooms selected as monitoring sites. The amount of
HONO, as shown in Figures 3 and 4, ranges from a few through 15 ug/m?3 and is only weakly
correlated with NO:2 that shows concentrations ranging from 10 to 25 pg/m?3. The amount of HONO
decreased during the last period of monitoring, exhibiting maximum values during the first three
periods. This is probably due to an increase in ambient temperature causing a more efficient
desorption of HONO formed on surfaces.

If we consider HONO found in room A, characterised by a higher S/V ratio, then the amount of
HONO is similar to that of NO2 and sometimes higher, as shown in Figure 4. This confirms the
hypothesis that the HONO found in the museum can be attributed mostly to the indoor formation
through Eq. 1 on the museum surfaces.

An important point to consider is the possible interference of HONO in the measurement of
NQoz. In principle, alkaline carbon paper can quantitatively collect nitrogen dioxide and nitrous acid.
On the other end, the active surface of the passive sampler intended for collecting acids, collect
HONO. In this hypothesis, the true concentration of nitrogen dioxide [NO:]o is a value lying between
[NO:z]1 and [NOg2]2, where the former is the value from the carbon paper filter and the second is the
difference between the value [NO:z]1 and the concentration of HONO derived from the quartz alkaline
filter:

[NO2]1 < [NO2]o <[NOz2]z2 = [NO2]1-[HONO]
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Data relevant to rooms B, C, and D show that the term [NO:]z is constantly less than [NO:z].
However, data from room A, which is characterized by a higher [HONO]/[NOz2] ratio, show that the
difference is often less than zero. This means that the interference of the HONO is very low. Data of
the nitrite/nitrate molar ratios in acid passive samplers are reported in the next Table 6.

Table 6. The nitrite/nitrate molar ratios in acid passive samplers.

Sapling sites Average [NO:]/[NOs]- Std, Deviation
Room B,C,D,E 1,25 0,85 (N=35)
Room A 3,08 1,89 (N=9)

As expected, the mean molar ratio is always greater than 1, especially in room A, demonstrating
that nitrites and nitrates in the acid filter are not generated by the disproportion of nitrogen dioxide.

This result (nitrous acid collected on the alkaline filter and not on the carbon filter) is not fully
unexpected because several acid species, such as formic acid, are not collected by the alkalinised
carbon paper filter. As mentioned before, in this campaign formic acid was not detected because it
was emitted by the plastic shield used and then collected in high amounts by the quartz alkaline
filter. Both passive samplers were exposed in the same container; however, no formate ions were
found in the carbon paper filter. Just to give some figure, the equivalent formic acid concentrations
found in the glass fiber filter were in the range 60-80 pig/m?, while the amount in the alkaline carbon
paper was always zero.

This means that this acid is not adsorbed by the carbon filter. Activated carbon is very effective
in removing formic and acetic acids [43,44]. The removal of HONO may follow the same basic
mechanism. This hypothesis is now being thoroughly tested through direct proper laboratory and
experimental tests.

5. Conclusions

The goal of a simple low-cost monitoring activity and preliminary assessment was fully achieved
at the MANN museum in Naples. In five rooms, it was possible to monitor many air pollutants, most
of which are crucial for the conservation of exposed art-work objects. Coupling the observations with
passive samplers and environmental dataloggers, a complete picture of indoor environment in the
museum can be achieved with minimum resources.

The results show that pollutants found in the museum indoor environment often exceed the
maximum recommended concentrations for protecting art-work objects. Nitrogen dioxide ranged
from 10 to 25 pg/m3that is from 2 to 3,5 less than the amount found outdoors, and sulphur dioxide
was found in the range 1-3 pg/m3. The source of nitrogen dioxide is the intense vehicular traffic in
the streets around the building hosting the museum, which releases nitrogen oxides that are
converted to nitrogen dioxide.

In addition to nitrogen dioxide, high concentrations of nitrous acid were found. This species is
generated on surfaces by the reaction of nitrogen dioxide with water; in fact, the highest amounts
were found in rooms where the surface-to-volume ratio is the highest. We were able to demonstrate
that the use of alkali impregnated carbon paper for the monitoring of nitrogen dioxide is not affected
by the presence of HONO that is, in turn, efficiently measured with the alkali impregnated quartz
filter. This is the first time that a measurement of nitrogen dioxide is not affected by nitrous acid and
vice versa.

The presence of HONO is of great concern because its formation also implies the formation of
nitric acid, an oxidant and corrosive species. HONO may also come directly from ambient air. In fact,
the nitrogen dioxide peaks are associated with very shallow mixed layers where the formation of
HONO is highly probable. Here, in ambient air, the ratio of the surface to the volume of ambient air
is small; thus, the formation is highly enhanced. Moreover, the presence of HONO in the atmosphere
triggers early morning photochemical processes, increasing the amount of nitrogen dioxide in the
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atmosphere. The formation of HONO can be partially controlled using appropriate materials applied
to the walls.

Data on gas-phase nitric acid showed maximum concentrations during summer sampling.
Because the formation in the ambient atmosphere is the direct oxidation of nitrogen dioxide by
hydroxyl radicals, nitric acid can be transported from ambient air to the museum either as nitric acid
or as ammonium nitrate. The concentration of this species can be as high as 6 pig/m?3. This corresponds
to a noticeable mass flow rate for deposition on surfaces.

The sources of nitric acid inside the museum could also be due to the dissociation of particulate
ammonium nitrate. Such a reaction, according to the indoor thermodynamic conditions, is highly
probable to explain the excess of nitric acid in the exposition rooms. For this reason, a campaign about
the content of ammonium nitrate in the gas phase is solicited. Sulphur dioxide data are consistent
with the average data found outdoor. However, the concentration of this species appears to be low,
if compared to nitrogen dioxide.

More attention should be paid to the presence of other sulphur species (H2S, H2SO4, etc.) in the
museum. The experiments carried out inside the MANN offer very clear ideas about the temporal
and spatial distribution of the pollutants and experiments that are recommended to clarify the many
aspects discussed in this paper.

The simplicity and low cost involved in this activity, compared with the reliability and amount
of gained information, make this campaign an example that can be easily replaced in other museums,
where such information is not yet available. Our preliminary assessment could be a good example of
how to address the problem of indoor museum contamination by external pollution and to evaluate,
even in the very first approximation, the risk of exposed art-work objects in thousands of museums
and sites where art-work objects are preserved, but where environmental pollution is not considered.

The full evaluation of pollutants is recommended after this preliminary assessment. Priority
should be given to particulate matter that should be monitored not only in terms of number or mass
concentration but also in terms of basic chemical composition, especially for nitrate and ammonium.
In addition, it is recommended to include ozone and hydrogen sulphide in future monitoring
campaigns, which are additional important pollutants for the conservation of cultural heritage. These
species are also efficiently monitored by passive samplers, maintaining the simplicity and low cost,
which were the basic objectives of this project.
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