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A B S T R A C T   

In the present study the concentration of some air pollutants (nitrogen dioxide, sulphur dioxide, hydrogen sul
phide, ammonia and BTEX, i.e. benzene, toluene, ethylbenzene and xylene) was monitored inside and outside the 
Sanctuary of the Beata Vergine dei Miracoli (Saronno, Italy) by passive air sampling (using radial samplers), 
during two sampling periods in 2022 (April 27-May 11 and May 11-May 25). Concurrently, particulate matter 
(PM10 and PM2.5) concentration was determined by using sensors based on laser scattering technology. 
Moreover, we took advantage of the location of this sanctuary (proximity to an air monitoring central unit) to 
evaluate the performance of a new axial-type sampler for nitrogen dioxide. Sulphur dioxide concentration was in 
the range 0.8–3.1 µg/m3, with outdoor values higher than indoor ones, whereas no detectable concentrations of 
hydrogen sulphide were found (<0.1 µg/m3). A different trend was observed for ammonia, where indoor con
centrations were higher than outdoor ones (3.6–5.5 vs 2.7–3.1 µg/m3). Among BTEX, only for benzene statistical 
differences (p-value < 0.05) between the indoor and outdoor concentrations were found, suggesting additional 
indoor sources for this hydrocarbon. Toluene results as the most abundant among these hydrocarbons (1.7–2.3 
µg/m3) in outdoor environments, whereas, in indoor environments, benzene has the higher concentration (6–9 
µg/m3). The indoor concentrations of NO2 (15.4–22.2 µg/m3 for radial samplers and 48–60 µg/m3 for axial 
samplers) are not only much higher than the recommended limit values to guarantee proper conservation of 
artefacts (5 µg/m3), but also close to the values for human health preservation (40 µg/m3), suggesting the need of 
proper strategy to improve indoor air quality inside the Sanctuary. The preliminary results obtained for the new 
axial-type sampler for nitrogen dioxide are very encouraging, given the closeness of the obtained concentration 
data to those measured by monitoring central unit, even though further experiments will have to be carried out 
to validate this sampler.   

1. Introduction 

To determine air quality in a specific environment and assess the 
sources of pollutants (such as gaseous inorganic or organic compounds), 
it is necessary to measure their concentration in order to take pre
cautions based on pollution levels. 

Air pollution is one of the greatest threats to the prevention of cul
tural heritage deterioration [1]. There are indeed several pollutants that, 

due to their acidic or oxidating characteristics, can cause damage to 
cultural heritage after exposure to certain concentrations for long pe
riods [2–4]. Among the acids, sulphur dioxide (SO2) [5] and nitrogen 
dioxide (NO2), typical pollutants in urban and industrial areas, are the 
most prominent, although organic acids such as acetic and formic acid 
are relevant in the degradation of metal artefacts [6]. Sulphur and ni
trogen oxides in the air can easily dissolve in water to generate the 
corresponding sulphuric and nitric acids, with significant corrosive 
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effects on various materials of cultural monuments (stones, metals, and 
wood products) [7]. In addition, sulphur dioxide, in combination with 
other pollutants such as atmospheric particulate matter, generates the 
degradation of calcite surfaces, i.e. the formation of black crusts [8–10]. 

Based on this evidence, Italian guidelines for museum environments 
suggest stringent limits for concentrations of these pollutants to safe
guard works of art (1.0 µg/m3 and 5.0 µg/m3 for sulphur dioxide and 
nitrogen dioxide respectively) [11]. However, there are still no legal 
limits internationally for this type of environment. For such harmful air 
pollutants, it is also very important to assess emission sources in order to 
identify suitable strategies for reducing their indoor concentrations. 

In this context, it is of great importance to choose methods that are 
simple, inexpensive, easily applicable, reliable, and allow simultaneous 
sampling of air pollutants at multiple sites even without the need for 
electricity. The use of diffusive or passive air samplers is precious to 
easily perform long-term monitoring activities without the need for 
expensive equipment, which are typically employed in active air sam
pling. Their small size, easy handling, and low cost make these systems 
ideal for monitoring air quality in cultural heritage sites [12–14], such 
as museums churches and archaeological sites, where bulkier systems 
can detract from the beauty of the artwork they contain. Moreover, 
comparison of passive samplers with the automatic analysers for gaseous 
pollutants (e.g. NOx) shows that these systems are reasonably reliable, 
providing a suitable and cheap alternative to the former [15]. 

Passive sampling is based on the diffusive processes of gases and is 
therefore governed by Fick’s first law [16–18]. In recent years, more and 
more efforts are being made to develop systems that are easy to use, can 
be reused several times and are made of inexpensive materials [19–21], 
so different passive sampling devices are commercially available. They 
differ in flow direction (axial or radial) and geometric features (diffusive 
path length and cross-sectional area of the diffusive surface) that affect 
the sampling rate, defined as the amount of pollutant the device samples 
in the unit of time [22]. In the case of axial geometry, although the 
sampling rate is lower than radial one, the high ratio between the 
diffusive path length and the cross-sectional area offers the advantage of 
minimizing the influence of external factors and obtained the concen
tration directly from Fick’s law [18]. 

The aim of this study is the air quality assessment inside the Sanc
tuary of the Beata Vergine dei Miracoli, in Saronno (Varese, Italy). 
Several pollutants were considered: NO2, SO2, hydrogen sulphide (H2S), 
ammonia (NH3), BTEX, i.e. benzene, toluene, ethylbenzene and xylene, 
and particulate matter (PM10 and PM2.5). Moreover, we took 

advantage of the location of this sanctuary (near a regional monitoring 
station) to evaluate the performance of a new axial-type sampler for 
NO2. 

2. Materials and methods 

2.1. Passive air sampling 

The air monitoring was conducted using passive samplers. Pollutants 
considered in this study were BTEX, NO2, SO2, NH3 and H2S. Axial and 
radial diffusive samplers were employed (Fig. 1). RING® devices (pur
chased from Aquaria S.r.l., Milan, Italy) were used as radial diffusive 
samplers for all analytes. Axial samplers, developed in collaboration 
with Sense Square S.r.l. (Salerno, Italy), were employed for nitrogen 
dioxide (CitiSense). 

Depending on the considered pollutants, different sorbent materials 
were employed: activated carbon for BTEX, triethanolamine solution 
(30 %) for NO2 and SO2, phosphoric acid solution (5 %) for NH3 and zinc 
acetate solution (10 %) for H2S. Details of analytical determinations are 
reported in the supporting materials. Briefly, UV–VIS spectroscopic as
says [23] were employed for NO2 (Griess-Saltzman), H2S (Methylene 
Blue method) and NH3 (Salicylic methods), whereas chromatographic 
analyses were used for SO2 (ion chromatography as sulphate) and BTEX 
(gas chromatography with flame ionization detector [24,25]). 

2.2. Particulate matter (PM10 and PM2.5) monitoring 

To monitor the levels of dispersed air pollutants two Sensy sensors 
have been installed. The Sensy sensor, developed by Sense Square S.r.l. 
(Salerno, Italy), is based on laser scattering technology that allows the 
continuous measurement of PM10 and PM2.5 particles with high tem
poral resolution and microclimatic parameters such as temperature, 
atmospheric pressure and relative humidity. The sensor characteristics 

Fig. 1. Schematic representation of the two types of samplers (radial and axial) used in this study; S is the cross-sectional area of the diffusive surface and l is the 
distance between the sampler inlet and the sorbent material. Dimensions are given in millimetres. 

Table 1 
Characteristics of Sensy sensor.  

Parameter Accuracy Technology 

Temperature ±0.3 ◦C Band-Gap 
Humidity ±3 % Capacitive 
PM10 ±5 μg/m3 Laser Scattering 
PM2.5 ±5 μg/m3 Laser Scattering  
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are shown in Table 1. 

2.3. Sampling points 

The sanctuary of the Beata Vergine dei Miracoli is located in the 
small town of Saronno (Varese, Italy) [12]. One Sensy sensor has been 
installed inside the sanctuary (near the wooden statues representing the 
Last Supper) and the other outside it, at first floor plan (Outdoor_FF). Five 
sampling points were monitored by passive sampling: three inside the 
Sanctuary and close to the works of art (indoor environments) and two 
outside (outdoor environments). Two sampling periods were considered 
for a sampling time of 2 weeks in the spring of 2022: one from April 27 to 
May 11 and the other from May 11 to May 25. A detailed description of 
all samples is reported in the supporting materials. The location of the 
selected sampling points for the indoor environment is shown in Fig. 2: 
two are on the ground floor, near the wooden sculptural groups of the 
Deposition and Last Supper (by Andrea da Corbetta and Alberto da Lodi), 
which, thanks to their artistic interest, are places often crowded by 
tourists and religious; one is on the first floor near the Choir, having a 
large influx of worshippers during religious rites. 

For outdoor environment, two sampling points were considered, one 
at ground floor plan (Outdoor_GF) and the other at first floor plan 
(Outdoor_FF). 

2.4. Statistical analysis 

Statistical analysis, one-way ANOVA (analysis of variance), was 
performed using R studio software (version 4.1.1). In particular, were 
evaluated: 

- the statistical differences between the indoor and outdoor concen
trations of the considered pollutants (different sampling points);  

- the statistical differences between the concentrations recorded in 
different sampling periods; 

- the statistical differences between the concentrations of NO2 recor
ded with axial and radial samplers. The null hypotheses for the 
ANOVA analysis were that there are no differences between: indoor 
and outdoor concentration values detected for the same pollutant 
during the same sampling period; concentration recorded in different 
sampling period; concentrations of NO2 recorded with axial and 
radial samplers. Hence, the independent variables were the “type of 
environment” (indoor and outdoor), the “sampling period” (27/04/ 

22–11/05/22 and 11/05/22–25/05/22), and the “type of sampler” 
(axial and radial), whereas the dependent variable was the air con
centration of the considered pollutants. The significance level was α 
= 0.05. Non-metric multidimensional scaling (NMDS) was also per
formed to confirm the presence of significative differences between 
the sampling periods and the two samplers. NMDS was conducted 
with the Bray-Curtis dissimilarity matrix and three ordination axes 
were generated for each analysis. The analyses to retain three ordi
nation axes, after some trials with two and four axes, as this appeared 
to generally capture a large amount of the variation in the data while 
minimizing NMDS stress. NMDS analyses were performed and visu
alized in R, through the vegan package, and 95 % confidence in
tervals around each group of datapoints were drawn. 

3. Results and discussion 

3.1. Air concentration of sulphur dioxide and ammonia 

The air concentration of sulphur dioxide and ammonia was moni
tored for the first time in the Sanctuary of the Beata Vergine dei Miracoli, 
by using radial passive air samplers, during two sampling periods (April 
27-May 11 and May 11-May 25). Sulphur dioxide is produced from in
dustrial activities (petroleum refining, non-ferrous metal smelting and 
burning of coal for energy production), as well as the combustion of 
solid fossil fuels, and is considered the most relevant pollutant for 
degradation of material (corrosion of metals and stone) [5]. Monitoring 
its indoor concentration is very important, as exposure to this pollutant 
can result in an increased risk of lung cancer and heart and respiratory 
diseases [26–28]. Not least, it is one of the most dangerous pollutants to 
cultural heritage precisely because of its corrosive properties. In fact, a 
concentration lower than 1.0 µg/m3 is recommended in museum envi
ronments to avoid deterioration of the works of art [11]. 

SO2 concentrations (Fig. 3) were in the range 0.8–3.1 µg/m3 in line 
with the concentration observed in other places of cultural interest 
located in historic centres [29]. 

The outdoor concentrations found on the ground floor (2.7 ± 0.4 µg/ 
m3 and 3.1 ± 0.5 µg/m3) are statistically higher than those detected on 
the first floor (1.7 ± 0.3 µg/m3 and 2.1 ± 0.3 µg/m3), following the 
principle of dilution of pollutants with the height of the sampling point. 
Regarding the indoor sampling points, the highest concentrations are 
observed at the Last Supper (2.5 ± 0.4 µg/m3 and 2.6 ± 0.3 µg/m3), and 
the lowest at the Deposition (0.8 ± 0.1 µg/m3). No statistical differences 
(p-value > 0.05) for SO2 concentrations measured at the same point in 
the different sampling periods were observed except for Choir, for which 
the concentration in the second sampling period is much greater than 
the first one (2.4 ± 0.4 µg/m3 vs 1.0 ± 0.1 µg/m3). Regarding the other 
sulphur pollutant sampled, i.e. H2S, air concentrations below the limit of 
detection (LOD) of the technique used were found (<0.1 µg/m3), indi
cating how the presence of this pollutant is negligible at the location 
examined. 

The ratio of the indoor (I) to the outdoor (O) air concentrations was 
calculated to evaluate the contribution of outdoor pollution to indoor 
one. The observed I/O ratios for SO2 were lower than 1, indicating 
transport of this pollutant from outside to inside the Sanctuary. More
over, it should be considered that most of these concentrations are above 
the recommended limit values for SO2 concentration (about 1.0 µg/m3) 
in museum environments to achieve proper conservation of works of art. 

As opposed to sulphur dioxide, even basic-type pollutants such as 
ammonia should be monitored in indoor environments containing works 
of art, as they can cause its degradation as well. In our case, ammonia 
concentrations (Fig. 4) are in the range 1.5–5.5 µg/m3 in line with the 
concentration observed in the “Refectory of Santa Maria delle Grazie” 
(Milan, Italy), which houses one of the most important paintings of 
Leonardo da Vinci (the Last Supper) [30], and other indoor environ
ments [31]. 

Statistically higher concentrations (p-value < 0.05) were observed in 

Fig. 2. Floor plans and sections of the sanctuary showing the placement of air 
samplers: (a) first floor plan, (b) ground floor plan. C: Choir; D: Deposition; LS: 
Last Supper; O_FF: Outdoor first floor; O_GF: Outdoor ground floor. 
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the second sampling period than in the first one for all sampling points 
except for Choir. Moreover, from the concentration data of the second 
sampling period, it is easily observed that the ammonia concentration in 
indoor environments (3.6–5.5 µg/m3) is higher than that in outdoor 
environments (2.7–3.1 µg/m3), with I/O ratios between 1.3 and 2.0. 
This can be explained by considering that ammonia is a pollutant often 
linked to the presence of humans in indoor environments. Thus, it can be 
assumed that the increase in concentration at the Last Supper and 
Deposition sites in the second sampling period is due to an increase in 
both external concentrations (given that the Sanctuary is located in an 
area of the Po Valley where manure is spread in May), but more 
importantly, the influx of visitors to these two sites inside the Sanctuary. 
Indeed, in May, the worshippers flock to this Marian Sanctuary because 

of the Marian celebrations that take place at this time of year. In the case 
of the Choir, no difference is observed in the two sampling periods given 
that it is a place of maximum attendance during religious rites, for 
which, in fact, the highest ammonia concentrations were detected (5.2 
± 0.8 µg/m3 and 5.5 ± 0.8 µg/m3). Although there are no guidelines for 
ammonia concentrations in museum areas, the concentrations observed 
near the works of art contained in the Sanctuary are not negligible and 
should be reduced for their safeguard. 

3.2. Air concentration of BTEX and diagnostic ratios 

Although the degradative effects of BTEX on cultural heritage are not 
yet known, their monitoring in indoor environments such as museums, 

Fig. 3. Air concentration of sulphur dioxide, with standard deviation, during the two sampling periods.  

Fig. 4. Air concentration of ammonia, with standard deviation, during the two sampling periods.  
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and religious places, is gaining momentum in recent years. Indeed, 
concentration levels of these pollutants can give an indication of the 
influence of urban traffic on indoor air quality in this type of environ
ments. Among BTEXs, benzene has a limit in outdoor air of 5 µg/m3 as 
the annual average value (European Directive 2008/50/CE) [32], so its 
air concentration is constantly monitored in Europe [33]. 

In a preliminary study, BTEX concentration in the Sanctuary of the 
Beata Vergine dei Miracoli was monitored during a period of lower 
afflux of visitors (from 23 March to 2 April 2021) in only one indoor 
sampling point (Deposition) [34]. Lower concentration of BTEX was 
observed, with similar values for benzene and toluene (1.6 and 1.7 µg/ 
m3, respectively). 

In this study, a complete characterization of the concentration of 
these compounds was performed during April− May 2022 (a period of 
the year with a high afflux of visitors at the Sanctuary), for both indoor 
and outdoor environment to evaluate the influence of visitors in the 
distribution of BTEX concentrations. BTEX concentrations during the 
two sampling periods are reported in Fig. 5. No statistical differences (p- 
value > 0.05) for concentrations measured at the same point in different 
sampling periods were observed. Considering the type of environment, 
only for benzene, statistical differences (p-value < 0.05) between the 
indoor and outdoor concentrations were found. 

As expected, in outdoor environments, toluene results as the most 
abundant among the monitored hydrocarbons (1.7–2.3 µg/m3), fol
lowed by xylenes (0.8–1.1 µg/m3), benzene (0.39–0.6 µg/m3) and eth
ylbenzene (0.21–0.27 µg/m3). In indoor environments, benzene 
concentration (6–9 µg/m3) is much higher than that of outdoor envi
ronments. Consequently, for this type of environment, benzene is the 
most abundant, followed by toluene (1.2–2.1 µg/m3), xylenes (0.6–1.2 
µg/m3), and ethylbenzene (0.21–0.33 µg/m3). The correlation analysis 
among BTEX concentrations in indoor and outdoor environments is 
shown in Table 2. No correlation is observed between the concentration 
of benzene and that of the other BTEX, both indoors and outdoors, 
suggesting a different source for this type of pollutant. On the contrary, 
significant positive correlation coefficients (at the 0.05 level) are found 
between toluene-ethylbenzene, toluene-xylenes and ethylbenzene- 
xylenes. This evidence suggested that these BTEX have a common 
source [35]. 

The higher correlations were found between ethylbenzene-xylenes, 
for both indoor (Pearson’s r of 0.99) and outdoor (Pearson’s r of 0.98) 
environments, and between toluene-ethylbenzene (Pearson’s r of 0.99) 
and toluene-xylenes (Pearson’s r of 0.98) for outdoor environments, 
indicating their possible origin from gasoline [36]. Lower correlation 
coefficients were observed between toluene-ethylbenzene (Pearson’s r 
of 0.80) and toluene-xylenes (Pearson’s r of 0.73) for indoor environ
ments, suggesting an additional source of toluene in this type of 

environment. 
In order to identify possible sources of BTEX, diagnostic ratios 

[37–40], such as toluene/benzene (T/B) and (m-p)xylene/ethylbenzene 
(X/E) were calculated for all sampling points (Fig. 6). 

Regarding the T/B ratio, opposite trends are observed between 
outdoor and indoor environments, as reflected by the higher concen
trations of benzene in indoor environments. In particular, T/B ratios in 
the range 2.8–3.5 and 4.3–5.4 were obtained for outdoor environments 
during the two sampling periods respectively, indicating vehicular 
traffic emission as sources (T/B > 3) [36,41]. This evidence is confirmed 
by the X/E mixing ratio (mean of 2.8 ± 0.4 and 3.9 ± 0.5, for the two 
sampling periods respectively), as reported in literature [35,42,43]. For 
indoor environment, the X/E mixing ratios (mean of 2.4 ± 0.3 and 2.6 
± 0.3, for the two sampling periods respectively) were close to those 
calculated for outdoor environment, whereas T/B ratios are very low 
(range 0.27–0.35 and 0.16–0.33, for the two sampling periods respec
tively). Different studies reported a T/B ratio lower than 1 as indicator of 
biomass combustion as BTEX main source [44,45], however this source 
is not present within the sanctuary so we can exclude it as a possible 
indoor source of benzene in our case study. 

The average I/O ratios for toluene, ethylbenzene and xylenes were 
close to 1 (0.9 ± 0.2, 1.1 ± 0.1, 1.0 ± 0.2 respectively), confirming the 
presence of strong outdoor sources of these compounds. In the case of 
benzene, on the contrary, an average value of 14 ± 5 is observed, 
indicating additional specific indoor sources for this pollutant such as 
incense, candle burning and cigarettes [46–48], as already suggested by 
diagnostic reports. Indeed, the first two may explain the higher con
centrations of benzene in the sanctuary, given that incense and candle 
burning are performed during all religious ceremonies. As reported in 
the literature, indoor benzene concentrations are often higher than 
outdoor concentrations due to limited forced and natural ventilation. 
Moreover, benzene concentrations in indoor environments are higher 

Fig. 5. Comparison of air concentration of BTEX, with standard deviation, during the two sampling periods: a) from 27/04/2022 to 11/05/2022; b) from 11/05/ 
2022 to 25/05/2022. 

Table 2 
Correlation coefficients (Pearson’s r) among BTEX concentrations in indoor and 
outdoor environments.  

Indoor Benzene Toluene Ethylbenzene Xylenes 

Benzene 1.00 0.12* 0.28* 0.30* 
Toluene  1.00 0.80 0.73 
Ethylbenzene   1.00 0.99 
Xylenes    1.00 
Outdoor Benzene Toluene Ethylbenzene Xylenes 
Benzene 1.00 0.35* 0.42* 0.40* 
Toluene  1.00 0.99 0.98 
Ethylbenzene   1.00 0.98 
Xylenes    1.00  

* Not statistically significant at the 0.05 level. 
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than the annual average regulatory limit (5 µg/m3) in Europe, posing a 
risk for human health [49]. These findings highlight possible problems 
for the health of visitors and workers, and for the preservation of the 
works of art, so better strategies are needed for reducing these high 
concentrations that occur during periods of high visitor influx. 

3.3. Air concentration of particulate matter (PM10 and PM2.5) 

The results of particulate matter monitoring at the Sanctuary of the 
Beata Vergine dei Miracoli during the sampling period 27 April – 25 May 
2022, for indoor (Last Supper) and outdoor (Outdoor_FF) environments, 
are reported in Fig. 7. The system used allows for the continuous 
monitoring of particulate matter by constantly returning observed 
concentration values, making it possible to check how the concentration 
varies daily over the sampling period. 

Observing the recorded data of fine particles indoors and outdoors, it 
is possible to identify a trend of higher concentration during the first two 

weeks of May 2022: PM10 and PM2.5 concentrations reached value 
close to 50 µg/m3 and 45 µg/m3 respectively. Furthermore, only during 
this period (May 1–15), the average daily concentration of PM10 at the 
Last Supper exceeded the limit recommended by the ministerial decree in 
numerous occasions (20–30 µg/m3). Concentrations above the afore
mentioned limit were observed only indoors, highlighting accumulation 
of particulate matter within the sanctuary. This finding is in agreement 
with the results obtained in a previous campaign conducted with a 
different optical particle counter [34]. 

To assess the differences in particulate concentrations over the two 
sampling periods, the average PM10 and PM2.5 concentrations at the 
two sampled points were calculated (Fig. 8). 

No significant differences were observed between the two sampling 
periods. Indoor concentrations of both PM10 and PM2.5 were compa
rable, whereas average outdoor values were higher during the first 
period but always below levels of concern. Average indoor concentra
tion of PM10 and PM2.5 were higher than outdoor ones, influenced by 
the indoor peaks in concentration observed during the first two weeks of 
May (Fig. 7). Several could be causes responsible for this difference, such 
as the afflux of visitors and worshippers during religious ceremonies and 
guided tours, incense and candle burning, and all cleaning activities 
which resuspend part of the deposited particles. When comparing indoor 
PM10 and PM2.5 values for the same period, it is evident that the en
tirety of PM10 is composed of PM2.5, meaning that the particles which 

Fig. 6. Comparison of diagnostic ratios, toluene/benzene (black) and (m-p)xylenes/ethylbenzene (red), with their standard deviation, during the two sampling 
periods: a) from 27/04/2022 to 11/05/2022; b) from 11/05/2022 to 25/05/2022. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. Comparison between outdoor (red) and indoor (black) concentration of 
particulate matter during the total sampling period, from 27/04/2022 to 25/ 
05/2022: a) PM10 and b) PM2.5. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Average concentrations of PM10 and PM2.5 in both indoor and outdoor 
environment during the two sampling periods, from 27/04/2022 to 11/05/ 
2022 (blue) and from 11/05/2022 to 25/05/2022 (orange). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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are present in the sanctuary are the smaller-sized ones, which are more 
dangerous both for human health and for the works of art. 

3.4. Air concentration of nitrogen dioxide and evaluation of the 
performance of a new axial sampler 

Nitrogen dioxide is among the most monitored pollutants in both 
outdoor and indoor environments [50,51]. The human health effects of 
this pollutant have long been known to regard mainly the respiratory 
system (coughing, wheezing or difficulty breathing, asthma and respi
ratory infections) [52], while due to its acidic character it has a strong 
corrosive effect on various materials of cultural monuments [1]. 
Consequently, European directives impose stringent concentration limit 
values for outdoor emission to protect human health (40 µg/m3), while 
lower concentrations (below 5 µg/m3) are recommended in museum 
environments to avoid deterioration of works of art [11]. 

In a previous study [34], NO2 concentration inside the Sanctuary of 
the Beata Vergine dei Miracoli was determined by radial passive air 
samplers in 2021, during spring (March-April for Deposition and Last 
Supper) and winter (December for Deposition, Last Supper and Choir). As 
expected, higher concentrations were detected in December (13–15 µg/ 
m3) respect to the spring period (5.2–6.7 µg/m3). These concentrations 
were above the limits reported, indicating a problematic situation for 
the works of art inside the sanctuary. 

Based on these assumptions, in this work, NO2 concentrations were 
evaluated for the same indoor environments (Deposition, Last Supper and 
Choir) and for two outdoor points (Outdoor_GF and Outdoor_FF) in cor
respondence with the monitored indoor points, during the peak visitor 
period throughout the year at the sanctuary (April 27–May 25, 2022), by 
using both radial and axial passive air samplers. The purpose of this 
monitoring was twofold: first, to determine the variation of NO2 con
centrations near the works of art compared to the outdoor values in a 
spring period that at the same time had a high influx of visitors and 
religious people, and second, to take advantage of the location of this 
sanctuary to evaluate the performance of a new axial-type sampler for 
NO2. In fact, the outdoor sampling points were chosen for their prox
imity to an ARPA (Agenzia Regionale per la Protezione Ambientale) 
Lombardy monitoring station. The values reported by this type of con
trol unit are a reference for nitrogen dioxide as they use the analytic 
technique provided for by the regulations UNI EN 14211:2012, i.e. the 
chemiluminescence analyser. Fig. 9 shows the concentrations measured 
by the ARPA station during the two sampling periods: NO2 air concen
tration ranges from 9.8 to 25.7 µg/m3, with an average value of 18.2 ±
1.0 µg/m3, in the first sampling period (from 27/04/2022 to 11/05/ 

2022), and from 10.9 to 24.3 µg/m3, with an average value of 16.3 ±
1.3 µg/m3, in the second sampling period (from 11/05/2022 to 25/05/ 
2022). 

The reported values are in line with the location of the sanctuary 
(near the A9 Highway) [34] and the sampling season. The concentration 
values obtained during sampling with both radial and axial samplers are 
shown in Fig. 10, where the average concentrations reported by the 
ARPA monitoring unit are also shown for outdoor sampling points. 

No statistical differences (p-value > 0.05) for NO2 concentrations 
measured at the same point in different sampling periods were observed, 
while statistical differences (p-value < 0.05) between the indoor and 
outdoor concentrations, were observed for both types of samplers. In 
fact, the indoor NO2 concentrations were in the range 15.4–22.2 µg/m3 

for radial samplers and 48–60 µg/m3 for axial samplers, values always 
higher than outdoor ones (range 6.6–8.1 µg/m3 and 18–20 µg/m3, 
respectively). 

ANOVA tables are showed in supporting material file. The NMDS 
analysis (Fig. 11) confirmed the results obtained by ANOVA. The ordi
nation plots clearly showed that no statistical differences were revealed 
between sampling periods, in fact, the confidence ellipses for each 
sampler in each period are completely superimposed (Fig. 11a). Instead, 
the ordination plot showing the differences between the two samplers 
(namely axial and radial) show a clear distance between the respective 
confidence ellipses (Fig. 11b). 

These results are in line with the principle of accumulation of pol
lutants in indoor environments [53], but in contrast with the results of a 
previous campaign [34]. In this case, it is possible that the sampling 
period played a significant role. Moreover, I/O ratios from 1.9 to 3.3 
were observed, indicating that there are also indoor sources of NO2 in
side the sanctuary, and plausible source can be the candle burning 
during religious rites, practice that increase during period of high afflux 
of visitors. 

Outdoor concentrations of NO2 recorded with axial samplers were 19 
± 5 µg/m3 (Outdoor_GF) and 20 ± 2 µg/m3 (Outdoor_FF) during the first 
sampling period, and 20 ± 5 µg/m3 (Outdoor_GF) and 18 ± 3 µg/m3 

(Outdoor_FF) during the second sampling period. Statistical differences 
(p-value < 0.05) were observed between NO2 concentrations obtained 
by radial versus axial samplers for each sampling point. Radial samplers, 
in fact, return NO2 concentrations 2.5–3 times lower than axial ones: 8.1 
± 0.8 µg/m3 (Outdoor_GF) and 6.6 ± 0.6 µg/m3 (Outdoor_FF), and 7.8 ±
0.4 µg/m3 (Outdoor_GF) and 7.1 ± 0.8 µg/m3 (Outdoor_FF) for the first 
and second sampling period respectively (Fig. 10). Based on these pre
liminary data, a strong correlation (Pearson’s r of 0.90, R2 of 0.81 and p- 
value < 0.05) is observed between the data obtained with the two types 

Fig. 9. Air concentration of nitrogen dioxide from ARPA Lombardy monitoring station during the two sampling periods: a) from 27/04/2022 to 11/05/2022; b) from 
11/05/2022 to 25/05/2022. Black lines indicate the average concentration value. 
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of samplers for both outdoor and indoor environments (see supporting 
material). 

It is interesting to note that the values obtained with axial samplers 
are closer to those of the control unit than the concentrations found with 
radial samplers (percentage differences from the control unit value of 
4–20 % for axials and 52–64 % for radials). This phenomenon can be 
explained if we consider that in the case of axial samplers there is no 
impediment to the diffusive path that may occur in the case of radial 
samplers due to the presence of the external diffusive body. In addition, 
the tube geometry of this sampler (the high ratio l/S) makes it possible to 
minimize the influence of external environmental factors on the sam
pling rate. This allow the sampled pollutant concentration to be ob
tained directly from theoretical consideration, based on Fick’s law, 
without the need for calibration [18]. These considerations may explain 
the evidence observed for axial samplers, whose measured concentra
tion values fall within the acceptable level of ±25 % for percent relative 
error respect to the control unit values. 

If on the one hand, passive samplers are often used to see the trend of 
concentrations rather than their absolute values, these data show how 
axial type samplers manage to give a concentration value much closer to 
the real one. The performance of the axial sampler CitiSense, although 
based on still preliminary data, were compared with the radial sampler 
used in this study (Ring®), the most used radial sampler (Radiello™), 
and the most widely used axial sampler, the Palmes tube, considering an 
exposure period of two weeks (Table 3). 

As expected, radial samplers have lower detection limits (0.5–0.9 µg/ 
m3), thanks to their higher flow rate, whereas CitiSense samplers reach a 
value (1.6 µg/m3) close to that of Palmes tube (1.4–2 µg/m3). An esti
mation of precision is given by the measure of relative standard devia
tion, which is higher for CitiSense than for other samplers but, even so, 
close to the acceptable value reported in literature (~20 %) [19]. This 
highlights the fact that these samplers need further studies to be vali
dated. However, the results of this study are encouraging in that the use 
of very simple sampler makes it possible to obtain concentration values 
close to those measured by the central unit. It should also be pointed out 

that the passive axial sampler CitiSense is cheaper than those on the 
market (the price is about a quarter of that of Radiello™, the most 
widely used passive sampler), leaving room for very wide use, such as in 
Citizen Science. The use of these systems for other types of air pollutants 
is also desirable, so future research will be directed in this regard. 

Focusing on the case study, the indoor concentrations of NO2 are not 
only much higher than the recommended limit values to achieve proper 
conservation of artefacts, but, in the case of axial samplers, also higher 
than the values for human health preservation, suggesting the need of 
proper strategy to improve indoor air quality inside the Sanctuary. 

4. Conclusions 

In this study NO2, SO2, H2S, NH3 and BTEX concentrations inside the 
Sanctuary of the Beata Vergine dei Miracoli and outside of it were 
determined by using radial passive air samplers, along with the moni
toring of particulate matter (PM10 and PM2.5) using Sensy sensors. SO2 
concentrations in the range 0.8–3.1 µg/m3 were observed, with outdoor 
values higher than indoor ones, indicating transport of this pollutant 
from outside to inside the Sanctuary. The opposite situation happens for 
NH3, where indoor concentrations are higher than outdoor ones 
(3.6–5.5 vs 2.7–3.1 µg/m3), since ammonia is a pollutant often linked to 
the presence of humans in indoor environments. Toluene results as the 
most abundant hydrocarbon (1.7–2.3 µg/m3) in outdoor environments, 
whereas, in indoors, benzene has the higher concentration (6–9 µg/m3), 
statistically different (p-value < 0.05) from that found in outdoors. The 
T/B ratio suggests vehicular traffic emission as sources in outdoors, 
while other origins must be assumed for benzene in indoors (e.g. in
cense, candle burning and cigarettes). Indoor NO2 concentrations 
(15.4–22.2 µg/m3), were always higher than outdoor ones (6.6–8.1 µg/ 
m3), with an I/O ratio from 1.9 to 3.3 that indicate indoor sources of NO2 
inside the sanctuary (e.g. candle burning during religious rites). It 
should be noted that indoor concentrations of SO2 and NO2 inside the 
Sanctuary are higher than the recommended limit values to guarantee 
proper conservation of artefacts (1 µg/m3 and 5 µg/m3 respectively). 

Fig. 10. Comparison of air concentration of nitrogen dioxide, with standard deviation, from axial (green) and radial (orange) samplers during the two sampling 
periods: a) and c) from 27/04/2022 to 11/05/2022; b) and d) from 11/05/2022 to 25/05/2022. The dashed red line represents the average concentration measured 
by the ARPA station over the specified sampling period. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 11. NMDS plots including 95% confidence interval ellipses for the comparison between: (a) the sampling periods 1(April 27 to May 11, 2022) and 2 (from May 
11 to May 25, 2022) for both axial (AX) and radial (RAD) type samplers; (b) all results from axial and the radial samplers for NO2. 
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This is true also for indoor PM10 and PM2.5 concentrations, suggesting 
the need of proper strategy to improve indoor air quality inside this 
Sanctuary. Moreover, the proximity of this sanctuary to an air moni
toring central unit, allowed us to evaluate the performance of a new 
axial-type sampler for NO2. This axial sampler returns NO2 concentra
tions 2.5–3 times higher than radial ones, and, in the case of outdoor 
environments, axial values are closer to those of the control unit than the 
radial ones (percentage differences from the control unit value of 4–20 
% for axials and 52–64 % for radials). The obtained results are 
encouraging in the use of the proposed very simple and cheap air 
sampler that makes it possible to obtain concentration values close to 
those measured by the central unit. 
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