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Abstract

The monitoring of indoor air pollutants is an important part of the management of heritage collections. In this work,
acetic acid, formic acid, formaldehyde, acetaldehyde and NO, were measured with passive samplers along with tem-
perature and relative humidity once per season in seven European institutions of different sizes with different types
of objects. The measurements were carried out in a variety of locations, from modern and old display cases in exhi-
bition rooms of different sizes to storage rooms and their enclosures for different types of objects. The results were
evaluated based on the characteristics of the sampling locations and the extent to which the changing seasons affect
pollutant concentrations were estimated. The dataset obtained from this study can be a valuable asset as a snapshot
of the current state of the environment in European heritage collections.
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Introduction
Volatile pollutants are an inescapable part of indoor envi-
ronments, including those housing heritage collections.
In recent years, the presence of pollutants [such as ace-
tic acid (AcOH), formic acid (HCOOH), formaldehyde
(FDH), acetaldehyde (ADH), ammonia, NO,, SO,, H,S,
O, and other volatile organic compounds (VOCs)] in
heritage environments has come under the spotlight due
to their ability to contribute to the degradation of various
materials the heritage objects are made from [1-5]. Air
quality in institutions housing heritage objects including
museums, libraries, archives [6-18] and storage loca-
tions [12, 19-22] has already been investigated as a part
of the ongoing development of preventive conservation
requirements.

The compounds of concern for preventive conserva-
tion are generally categorised by their prevalent source
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as outdoor-generated pollutants (entering the collection
environment mainly from the outside of buildings, e.g.
NO,, SO,, O,) and indoor-generated pollutants (emitted
mainly from the building materials, display and mounting
materials, old conservation treatments, and the materials
of the objects themselves, e.g. acetic acid, formic acid,
formaldehyde, acetaldehyde) [23]. Accordingly, the pol-
lutant concentrations are affected differently by param-
eters such as enclosure airtightness and ventilation rate:
while the outdoor pollutant concentrations are usually
low in spaces with low ventilation rates [24], the opposite
is usually true for indoor pollutants in near-airtight loca-
tions such as microclimate frames [6] or display cases [7,
8.

Similar to parameters such as air temperature (T) and
relative humidity (RH), the air pollutant concentrations
in museum environments fluctuate on an annual basis. It
has already been noted that organic acid concentrations
measured in the summer are higher than those measured
in the winter, and the opposite is true for NO, [11, 13,
25-27]. In museum galleries in Belgium, it was reported
that organic acid concentrations were 5—6 times higher
in the summer than in the winter, while outdoor concen-
trations were comparable between seasons [11]. In the

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http//creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-024-01164-x&domain=pdf

Krasevec et al. Heritage Science (2024) 12:50

Czech Republic, AcOH and HCOOH concentrations in
a historical library were found to be 4 times and 10 times
higher, respectively, in July than in February [13]. In stor-
age locations in Denmark, organic acid concentrations
were 2—-3 times higher in the summer than in the win-
ter [25]. Similar trends were also found in an archive [26]
and in display cases [23, 27].

The annual air temperature and humidity fluctuations
are considered the main cause of these concentration
variations, as more organic compounds are released from
paper, paints, and wooden materials at higher tempera-
tures [11, 23, 28]. Other relevant parameters affected by
the seasonal changes in T and RH include unassisted
outdoor air infiltration rates into the building, which
depend on T differences between indoors and outdoors,
and changes in the ventilation regimes of buildings (e.g.
window opening, air conditioning systems) [13], both of
which can affect the dilution of indoor pollutants and the
influx of outdoor pollutants.

While there are several guidelines for the pollutant
concentration limits available, their values should be con-
sidered with caution, because they generally do not con-
sider the synergistic effects between various parameters
(such as T, RH, light, and object conservation history)
and are usually not material specific. Also, the material
response to the pollutants more accurately depends on
their dose than the concentration (dose =time X concen-
tration). Therefore, the guidelines listed in Table 1 are
stated as “necessary to prevent damage to objects for at
least 1 year [29]” or for “long-term storage [30]" Where
the measured concentrations are compared to the guide-
line values in this work, it must be also taken into account
that a shorter sampling time can only result in estimates
of yearly concentrations.

The monitoring of the collection environment can
have several objectives: to ensure that conditions are

Table1 Guideline values for the maximum allowable
concentrations of pollutants in museums (in pug/m>)
General Sensitive General Long-
collections collections  collections term
(1] [1] [29] storage
[30]
Acetic acid 100-700 12.5 1000 2500 (250
for sen-
sitive
materials)
Formic acid 10-40 9.5 - 1000
Formaldehyde 12.5-25 0.1-6 - 375
Acetaldehyde - 2-37 - -
NO, 4-20 0.1-5 10 20
50, 1-5 0.1-1 - 3
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acceptable for the preventive conservation of objects;
to investigate the causes of detectable damage to the
objects; to evaluate the effectiveness of the measures to
prevent further damage; to ensure the health and safety
of the staff and visitors alike; to support the studies of
material degradation; and others [1, 31].

Various methods are available for the monitoring of
pollutants, usually separated into active and passive
types. Active sampling requires the use of a pump that
produces a continuous flow of air at a known flow rate.
The sampling time is short and provides a snapshot view
of the environment, which can be less representative of
long-term conditions. In this work, passive samplers
were used for all pollutants. Such samplers are typically
exposed for an extended period of time (several days to
weeks) but they are small and do not require an external
supply of power. As a result, sensitive but time-averaged
data is collected that is representative of the long-term
conditions of the object environment and is less affected
by short term variations or spikes in the concentrations
1, 31].

In this work, we aimed to evaluate the pollutant con-
centrations in seven European museums of different
sizes, many of which have never before conducted such
measurements. While many institutions nowadays moni-
tor T and RH, due to budget constraints, pollutants are
investigated at best occasionally.

Our goal was to estimate the magnitude of error that
can be obtained due to the seasonal changes in muse-
ums where measurements can only be performed once.
We also wanted to investigate the effects of the seasonal
changes in different types of locations: galleries/display
rooms, storage rooms, display cases and storage enclo-
sures such as boxes, crates, and cupboards. Additionally,
the results of the monitoring were used to select the loca-
tions where novel mitigation methods (VOC absorbers
of different types, modified cardboard material for boxes,
graphene membrane coatings) developed as a part of the
project APACHE (Active & intelligent PAckaging mate-
rials and display cases as a tool for preventive conserva-
tion of Cultural Heritage [32]) could best be applied. The
effect of these mitigation actions can also be later evalu-
ated against the results of this work. Finally, the data
set obtained during our research covers a wide variety
of locations and will be a valuable resource for future
research in the field.

Experimental

Acidic gases sampling and analysis

AcOH, HCOOH, as well as NO, and SO, were sam-
pled with UMEx 200 passive samplers (SKC, USA) with
triethanolamine, each containing a sampling and a blank
strip. Sampling was performed by the staff of respective
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institutions, while analysis was performed in a single lab-
oratory after the samplers were transferred by post. The
samplers were exposed for 7 days. The extraction proce-
dure was described in detail elsewhere [33], but briefly:
the strips were ultrasonicated in 2 mL of ultrapure water
(MQ; Millipore, USA) for 20 min. The extracts were fil-
tered through 0.45 pum filters (Chrom4, Germany) before
injection into an ion chromatograph, Dionex ICS-5000
(Thermo, USA), consisting of an eluent generator, an
electrochemical suppressor, and a conductivity detector.
For SO, analysis, the extract was diluted 1:1 with H,O,
prior to the injection, as specified in the manufacturer’s
instructions for use [34].

Aldehydes sampling and analysis

For the sampling of aldehydes, UMEx 100 passive sam-
plers (SKC, USA) with DNPH were used, each containing
a sampling and a blank strip. The samplers were exposed
for 7 days, then closed and transported to the laboratory.
Aldehyde DNPH-derivatives were eluted from the strips
with 3 mL of acetonitrile and the solutions were analysed
by HPLC with UV-VIS detection at 365 nm (Agilent
Series 1100, Agilent, USA). An YMC Triart C18 column
(150 4.6 mm x5 pum) was used with the HPLC method
from [9]. The calculations were performed as specified in
the manufacturer’s instructions for use [35].

Locations

The sampling locations (Table 2) were selected by the
staff of the collection institutions, with the guidelines to
select one display case (DC) and one storage enclosure
(SE), each in their respective rooms (display room (DR)
and storage room (SR)). In total, 33 locations were moni-
tored in 7 different institutions in four European coun-
tries: Fondazione Scienza e Tecnica, Florence (FST);
Peggy Guggenheim Collection, Venice (GGH); Chieti
State Archive, Abruzzo (MB) in Italy; Centre Georges
Pompidou (PPD) and Quai Branly Museum (QB) in Paris,
France; National Museum of Slovenia, Ljubljana (NMS)
and Hungarian National Museum, Budapest (NMH).
Additional information on the museum locations is pro-
vided in Additional file 2: S2.

Information about the locations such as ventilation,
materials present, T and RH was also provided by the
museum staff. Due to the pandemic, the museums were
closed to the public for most of the measuring period.
The sampling was performed between February 2020
and July 2021 (the detailed sampling intervals are avail-
able in Additional file 2: S2); the samplers were exposed
in duplicates.

An additional DC and its DR was investigated in FST,
while in PPD two DCs were evaluated without the DR
location. MB is an archive that has no display rooms, so
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two SR and two SE locations were investigated instead.
In GGH, in addition to DR and SR, the conditions on the
outside of DC and SE containers were also measured (BE
and NE), attached to the enclosures, but DR and SR were
not measured in summer.

Average outdoor concentrations of NO, during the
measuring intervals were calculated from the publicly
available data of respective national environmental agen-
cies for locations of FST, GGH, NMH and NMS.

Air temperature and relative humidity were measured
using HOBO MX 1101 loggers (Onset Corp., USA) with
a time step of 30 min.

Results and discussion

The average concentrations of the pollutants in all loca-
tions and seasons were 27.2 pg/m® for FDH (with the
maximum value of 251 pg/m?), 4.84 pg/m?* for ADH (max
29.7 ug/m?), 411 pg/m3 for AcOH (max over 9000 pg/m?3),
58.9 pg/m? for HCOOH (max 812 pg/m?) and 8.87 pg/m>
for NO, (max 39.6 pg/m?), while SO, was not detected
above the limit of detection (LOD) in any location. The
average repeatability between duplicate samplers was
6.83% FDH, 22.2% ADH, 11.9% AcOH, 10.1% HCOOH,
15.7% NO,, expressed as the average relative standard
deviation (%RSD) of all locations, which is acceptable in
all cases except for ADH, where RSD is over 15% in con-
nection to the low concentrations determined. The meas-
ured temperatures ranged from 10.7 to 28.9 °C, and the
relative humidity ranged from 42.9 to 75.2% during sam-
pling. All collected information is available in Additional
file 1: Dataset.

Generally, the organic pollutants were measured in
higher concentrations in museums FST, GGH and PPD
(see Fig. 1), and lower in MB, NMH, NMS and QB. In
most cases, higher concentrations of the indoor pollut-
ants were present in storage environments than in display
(except in PPD), which could be due to the usually higher
object density in the storage than on display, resulting in
higher emissions. In almost all museums, NO, concen-
trations were higher in the display environments than in
the storage, the only exception being NMS.

FST

Large seasonal variations in T were measured in this
museum, especially in the storage environment (10.7—
289 °C). This is probably due to the museum being
housed in a historical building, with the storage area
located just below the roof. A strong source of AcOH
appears to be present in the SR and SE, leading to high
concentrations in both locations (over 3000 pg/m? in the
summer), which exceeded all the recommended guide-
line values. The same source could also be the origin of
HCOOH (concentrations were about 10-times lower
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Fig. 1 Pollutant concentration by museum, season, and location type (A MB, NMH, NMS, QB; B FST, GGH, PPD)

than those of AcOH) and ADH. Mitigation actions such
as the use of sorbents were recommended in this location
and the source was narrowed down to the cardboard box
container SE. NO, concentrations and the derived ratio
of indoor vs. outdoor concentration (I/O ratio, see also
Table 3) were the highest in the ADDR and ADDC envi-
ronment; this room is located close to the main entrance,
through which the NO, presumably enters. NO, con-
centrations in SR/SE were much lower than elsewhere,
which is probably because SR is an enclosure of itself (a
cupboard), thereby containing an additional wall towards
the outside. This also leads to a high %RSD in the calcu-
lated I/O presented in Table 3 (107%, calculation based
on [13]).

GGH

The highest concentrations of all organic pollutants were
determined in this museum, FDH in the DC, and AcOH,
HCOOH and ADH in the SE frame, with AcOH concen-
trations exceeding the sampler linear capacities and all
the recommended values in several measurements. In
comparison to the concentrations, determined in paint-
ing frames by Grentoft et al. [36], the concentrations
determined here were comparable or higher for AcOH
(925 to over 9000 pg/m?) and HCOOH (239-697 pg/m?®)
and much higher for FDH (4-251 pg/m?). Considering
the much lower levels of these pollutants in the respec-
tive rooms of the enclosures (see Fig. 1), and the mate-
rials the contained objects are made from, the objects
themselves were considered to be the main source of

these pollutants, probably the canvas or the wood of the
painting frame and stretcher in the SE [36], and the wood
and the cardboard of the sculpture in the DC. A compari-
son between both acids’ levels close to the enclosures and
in the bulk rooms (NE vs. SR and BE vs. DR) shows lower
concentrations the latter, further confirming the possible
presence of a strong source inside the enclosures. Both
enclosures are relatively airtight, leading to an accumula-
tion of the emitted compounds. This could be mitigated
for example by regular airing out (with a short-term
effectiveness) or by opening the back of the frame, but
the objects could then be exposed to harmful effects from
RH, ozone or particulate matter [37], which have not
been investigated in this research. Mitigation with pol-
lutant absorbers was undertaken instead. The NO, con-
centrations were found to correlate well with the outdoor
values in DR (yearly average I/O ratio 0.96), but less in
SR (yearly average 1/O ratio 0.69), indicating a lower air
exchange rate (AER), a more effective air filtration or a
higher deposition velocity in SR. Higher concentrations
were determined in the bulk of both rooms than close to
the enclosures, indicating that concentrations reduce fur-
ther away from the outdoor sources.

MB

In this institution, a high relative humidity was noticed
(53-75%), and all of the pollutants were measured in low
concentrations, often <LOD (Fig. 1). Mitigation efforts
to reduce the humidity, such as air de-humidifiers, were
recommended. The AcOH and HCOOH concentrations
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Table 3 1/O ratios (standard deviation in parentheses), calculated from NO, concentrations (nd—no data; standard deviation could
not be calculated for data, collected from respective environmental agencies)

Museum DR/outdoor DC/DR SR/outdoor SE/SR additional additional
FST Spring 041 8(0.03) 0.022 <LOD 046 1.07 (0.06)
Summer 0.55 0.38 (0.15) 0.10 1.39 (nd) 0.66 1.05 (0.04)
Autumn 0.32 0.54 (0.07) 0.016 1.74(1.07) 048 0.96 (0.07)
Winter 0.25 042(0.12) 0.009 31(052) 0.34 (ADDR/out) 0.83(0.10)
(ADDC/
ADDR)
GGH Spring 0.98 ND 0.72 ND
Summer/ -
Autumn 1.04 0.83
Winter 0.88 0.52
NMH Spring 0.69 0.80 (0.04) 0.18 <LOD
Summer 0.90 0.95 (0.10) 0.54 042 (0.69)
Autumn 1.32 1(0.06) 0.39 0.33 (045)
Winter 0.82 0.70 (0.03) 0.20 6 (0.09)
NMS Spring 0.79 61(047) 1.05 0.20 (0.08)
Summer 0.97 0.52 (O 07) 1.92 0.55(0.16)
Autumn 0.88 1(0.11) 0.81 0.26 (0.29)
Winter / 041 (0‘23) - 0.22 (0.03)
QB ND Spring 0.85 (0.04) ND 0.057 (0.64)
Summer 0.69 (nd) 0.13 (nd)
Autumn 0.60 (0.32) 0.089 (0.60)
Winter 0.99 (0.17) 0.061 (0.70)

were highest in the locations SR2 and SR3, where a tem-
perature-induced emission from the nineteenth century
books could be a source of these organic acids. A good
linear correlation between the temperature and the con-
centrations of these acids was noticed in these locations
(AcOH R%?=0.87, HCOOH R?=0.86).

NMH

A source of AcOH in the form of acetate film negatives
is known to be located in the SR and SE environments,
and indeed increased concentrations were confirmed in
both locations, in the summer and autumn over the limit
of 250 pg/m? for sensitive materials (yearly averages were
192 pg/m? in SR and 218 pg/m? in SE). Higher values in
the SE than in SR (Fig. 1) indicate that the AcOH may
originate from the collection materials but diffuses well
into the room. NO, concentrations exceeded the recom-
mended 20 pg/m? in DR in the autumn and winter, but
the yearly average was just below this value. Generally,
the values inside DR were comparable to the outdoor val-
ues, this pollutant likely enters through the daily opened
windows (yearly average I/O 0.93). The concentrations in
SR were the highest in summer but did not exceed 10 pg/
m? (yearly average I/O 0.33), proving the effectiveness of
the air filtration used in this storage.

NMS

The concentrations of the volatile organic pollutants were
low in all locations (Fig. 1). NO, concentrations were
the highest in SR, with the yearly average of 21.6 pg/m?
exceeding the recommended values. The concentrations
inside SR were higher than those outdoors in the spring
and summer, but lower in the autumn (outdoor data was
not available in winter), resulting in the yearly average
I/0 value of 1.3. This was unexpected, since the central
air-conditioning system includes gas filtration modules.
It is possible that the outdoor value is not correct for
this location and that the contribution of the traffic to
the outdoor NO, is larger near the museum than at the
meteorological station (which is about 1 km away). An
abundance of nitrous acid (HONO) formed from surface
reactions inside the museum could also contribute to
an overestimation of the NO, sampled with the sampler
[38], although this compound is not declared as an inter-
ferant for the type of sampler used. NO, can be also re-
generated inside large rooms from NO and ozone [39] or
secondary atmospheric pollutants such as peroxyacetyl
nitrate [40], which could be an important contribution
in the summer, when the ozone concentrations outdoors
are the highest (max. reported value 59 pg/m?®). These
options indicate that the filtration system might not be
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working as expected. Other options for the higher inside
NO, concentrations, including a significant unfiltered air
intake and strong emissions from materials [29], are less
likely in this case. In DR, the yearly average I/O ratio was
0.9, which is quite high for a controlled environment and
again indicates a high AER with the outdoors or a contri-
bution from the reactions of other compounds.

PPD

DC1 was selected for sampling by the museum staff due
to a strong smell detected inside. Indeed, the concentra-
tions of volatile organic pollutants were found to be quite
high (Fig. 1), probably due to a large number of objects
present inside the closed display case. This large dis-
play case was sampled in four different micro-locations,
where the pollutant concentrations deviated up to 25%
from the display case average. FDH concentrations in
DC1 were among the highest in all investigated muse-
ums, indicating a strong source is present (possibly the
stuffed animals). HCOOH concentrations in DC1 are
5-times higher than in DC2, exceeding the recommended
value of 250 pg/m?® in the summer, which could be due
to the large number of emitting objects inside DC1. NO,
concentrations in all locations are very low, indicating
that the building and all enclosures act as good shields
toward NO.,,.

QB

In this museum, the location SE differed from the other
locations as it had higher concentrations of AcOH,
HCOOH, ADH, but not of formaldehyde and NO,
(Fig. 1). The source of these organic compounds could be
the SE box itself, as it is made from wood, which could
also contribute to lowering the NO, concentrations by
deposition. Additionally, the AER is likely low (as observ-
able from the low I/O ratios), and the emitted com-
pounds do not dissipate with the ventilation. The NO,
yearly average concentration in DR was just below the
recommended value of 20 pg/m?>.

Note that while generally the NO, I/O ratio increases
when the AER increases [13], the relation should be con-
sidered indicative only, due to NO, not being an inert
gas, but a reactive compound that participates in several
indoor air reactions with other pollutants [40].

Concentrations by location type

The investigated locations were very heterogenous in
influential parameters such as the AER, surface-to-vol-
ume ratios, object density, types and amounts of emissive
and absorptive materials present, [13, 29] resulting in dif-
ficulties for statistical analysis. The obtained results were
used in PCA analysis, but the separation of the different
locations was poor (PC1 described 50.5% variability, PC2
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23.2%, PC3 19.8%, PC4 5.4%; see Additional file 2: S2).
Instead, the method of t-distributed stochastic neighbour
embedding (tSNE) [41] was used to better visualise the
similarities of the different locations by museum and by
location type.

In the first tSNE plot (Fig. 2A), a green group can be
observed on the right, comprised of the measurements
performed in MB. This location is distinguished from the
others by the very high humidity (exceeding 75% in sum-
mer) and generally very low pollutant concentrations.
Additionally, NMH measurements (marked with green
triangles) are distributed in two groups, one consisting of
storage and the other of display locations, implying that
although all locations are physically present in the same
building, the conditions are quite different. Similar can
be observed for NMS and FST. For all museums except
MB, the results are not well grouped, showing that the
separation according to the location of the museum or
building type is weak, and that the results must be inves-
tigated according to the sampling location type.

This can be observed better in the second tSNE plot
(Fig. 2B). A strong distinction between the DR and SE
“box” locations is noticeable, based mainly on NO, con-
centrations (see also Fig. 2C), which are low in boxes and
high in display rooms. DR locations are grouped in the
lower left part of the plot and are further characterised
with medium concentrations of volatile organic pollut-
ants. A slight separation into two groups can be noticed,
correlating with the presence or absence of air condition-
ing in the rooms. The SE “metal cabinet” locations are
not grouped together, probably due to their starkly dif-
ferent contents (the cellulose acetate negatives in NMH
SE vs. the mixed plastics, wood, and textile in NMS SE).
SR locations are loosely grouped into four groups: a MB
group on the far right, separate QB and NMH groups in
the middle and an NMS/GGH group on the bottom left
of the plot, thus indicating that this type of location is
very loosely defined; some locations are more similar to
DR, while others are closer to SE. Finally, DC locations
are also separated into 4 groups. The top left and right-
most groups include locations with very high AcOH and
HCOOH concentrations from two different institutions
separated on the basis of FDH and ADH concentrations:
the left group (I.) has higher FDH and lower ADH con-
centrations and includes modern display cases housing
mixed wooden materials (PPD DC1, GGH DC), while
the right group (II.) consists of a modern painting frame
with higher ADH and lower FDH concentration, hous-
ing a painting on a canvas frame (GGH SE). The third DC
group on the bottom left (III.) appears to be similar to the
DR locations, with high NO, and medium organics con-
centrations (QB DC, NMH DC, FST ADDC), while the
fourth group (IV.) in the middle includes locations with
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lower NO, and medium organics concentrations (NMS
DC, EST DC, PPD DC2). The groups of DC seen in the
tSNE can be also classified according to their I/O ratio for
NO,: groups I and II have the yearly average I/O of <0.25,
group III 0.3-0.5 and group IV >0.75.

In rooms, the concentrations of indoor pollutants are
usually reduced by the application of a ventilation system
[42], where the spaces are flushed with clean air (filtered
for the outside pollutants or for the indoor pollutants if
circulation is applied). The action might be less effective
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in the cases where there are major sources of the pol-
lutants present or where the air flow rate is low [29]. In
our cases, both higher concentrations and larger sea-
sonal variations of indoor pollutants were detected in the
three DR locations without air conditioning (AC), than
in the three DRs with AC. For NO,, the distinction was
not as clear, which can be observed also in the I/O ratios
(Table 3): the non-AC NMH-DR location appears to be
more similar to the AC locations, than the non-AC FST
museum, where the I/O ratios and NO, concentrations
are much lower. This could correlate the concentration of
indoor pollutants not only with the presence of AC, but
also with building materials, since all non-AC locations
are housed in older buildings; or with the fact, that FST
was not intentionally ventilated at all during the measure-
ments. The effect of ventilation on AcOH concentrations
can be seen in the Fig. 3, where a correlation is observed
between the yearly averages of AcOH concentrations and
the I/O ratios of respective DR locations.

All SR locations (except MB) had AC, therefore this
comparison was not possible. Generally, the indoor pol-
lutant concentrations were higher in SR than in DR,
which could be due to a combination of a larger object
density and lower AER in SR, the latter is also indicated
by the lower NO, concentrations.

In DC, the concentrations of the outdoor pollutants
are usually reduced in comparison to the room lev-
els due to an effect of AER and deposition onto sur-
faces, resulting in lower pollutant concentrations at
lower AERs [24, 43], as described in Weschler’s equa-
tion for ozone [44]. Inversely, the indoor pollutant
concentrations are usually higher at lower AERs [24].
These effects can be directly observed in two of our
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investigated locations: (i) display cases DC and ADDC
in FST are of similar age (nineteenth century), placed
in the same museum, but have different constructions
(ADDC has wide gaps in the glass doors of the case),
resulting in higher NO, concentrations in ADDC than
in DC (Fig. 1) and different I/O ratios between the
display cases and their respective rooms (the yearly
average I/O of 0.98 in ADDC vs. 0.38 in DC, see also
Table 3); and (ii) GGH DC, where the heritage object
was moved for the last campaign from the original into
a new DC of the same type and materials, but sealed
closed. Consequently, the I/O ratio was reduced from
0.07-0.14 to effectively 0 (NO, was<LOD), but the
organic acid concentrations surged from 925-1258 pg/
m?® AcOH and 239-305 pg/m®> HCOOH in the origi-
nal to>7950 pg/m*® AcOH and 812 pg/m®> HCOOH in
the new DC. This confirms that the object is a strong
source of these organic acids, and the effect of low AER
is exacerbated by the low sorption capacity of these
compounds by glass and steel [24] that are the main
constituents of the DC. In contrast, FDH and ADH
concentrations did not increase in the new DC, possi-
bly the object could function both as a source and as a
sink for the aldehydes.

SE containers are ruled by the same rules as DC but
are strongly influenced by the different materials they
are made of. Although it has been reported, that SE usu-
ally have higher AERs than in DCs (a wooden box from
eighteenth to nineteenth century AER of 1-2 h™' vs
0.02-0.04 h™ for well-constructed DC [45]), the NO, I/O
ratios in our experiments show lower average values for
SEs than for most DCs (NMH SE 0.24, NMS SE 0.31 and
QB SE 0.08), which would indicate lower AERs, especially
in QB SE, where the SR NO, concentration was reduced
on average by 90%. The NMH and NMS SE enclosures
were of the same type (metal drawer cabinets) and show
similar I/O ratios, but differ especially in the organic acid
concentrations, probably due to the different materials
housed in the drawers (emissions from the photographic
materials contribute to the higher AcOH concentrations
in NMH SE [20]). QB SE and PPD SE are both wooden
crates, containing different materials, which are expected
to emit low to no organic acids (wool, polypropylene,
polyethylene, PVC). Concentrations ranged 127-252 ug/
m? for AcOH and 44-65 pg/m® for HCOOH in QB, and
86-422 pg/m*® AcOH and 2-21 pg/m® HCOOH in PPD
(Fig. 1), which is comparable to or higher than in liter-
ature [45]. While the SR information is not available in
PPD, in QB SR, the organic acid concentrations were 2.6-
to 9-times lower than in QB SE. This indicates that the
wood of the crates is a source of AcOH and HCOOH in
these locations. Similarly, the cardboard box of FST SE
was also shown to be a strong source of both compounds.
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Seasonal effects

Concentrations of the volatile pollutants followed in this
work change with seasons. For the organic compounds,
the highest concentrations were expected in the summer,
the lowest in the winter and medium in the spring and
autumn (due to the changes in T, RH, airflows, desorp-
tion and adsorption rates). At least partially (with one
deviation, e.g. an extreme in the spring or autumn) this
was found to be true for FDH in 82% of locations, AcOH
in 70%, HCOOH in 87%, but only in 27% for ADH, indi-
cating a difference in the mechanisms governing the
ADH concentrations. For NO,, the outside concentra-
tions are usually the highest in winter and the lowest
in summer (due to the stronger anthropogenic sources
and the lack of UV light for photolysis in winter [46]).
Indoors, this trend was followed at least partially only in
35% of locations for NO, and was actually the opposite
(similar to organics) in 32% of locations.

Averaged across all locations, the differences between
seasonal concentrations ranged between 1% (for NO,)
and 40% (for AcOH), falsely suggesting that the seasonal
effects are generally of low importance (this was calcu-
lated as the difference between the highest and lowest
average concentrations of each season for all locations
combined, as obtained from the 7-day measurements).
A closer look at the separate types of locations indicates
that the seasonal differences can be much larger. Table 4
shows the ratios between the averages of the concentra-
tions per location type, obtained in the seasons with the
highest and the lowest concentrations. An example of
the distribution and mean values of the seasonal meas-
urements for AcOH is shown in Fig. 4. It is observable,
that the relative concentration differences between the
seasons are larger in the storage environments than
in the display environments, and are larger for AcOH,
HCOOH and FDH than for ADH and NO,. The highest
ratios of the concentrations between the seasons in any
single location reached up to 9.9 for ADH, 9.5 for FDH,
7 for AcOH, 5.8 for NO, and 5.1 for HCOOH (Fig. 1).
These results indicate that, although generalisation by

Table 4 Ratios between the average concentration per location
type in the season with the highest and the lowest concentrations
of pollutants (value for NO, in SE not available due to most
concentrations below LOD)

DR SR DC SE
AcOH 1.93 2.35 1.57 24
HCOOH 1.60 2.26 1.53 2.16
FDH 1.93 1.84 1.54 348
ADH 14 1.12 1.13 1.75

NO, 13 106 167 /

Page 10 of 14

the location type is possible, up to 10-times higher con-
centrations may occur during the passing of a year than
the concentrations determined in a single measurement
campaign in one location.

It is difficult to assign specific environmental param-
eters as the causes for seasonal changes. Most commonly
regarded as important are temperature and humidity,
therefore we have also investigated the effect of these
parameters on the pollutant concentrations.

Changes in temperature are a driving force for many
processes influencing the pollutant concentrations. Fig-
ure 5 shows the relation between AcOH concentration
and temperature in all measured locations, together with
linear correlation attempts within the same locations.
While a general positive correlation between the tem-
perature and AcOH concentration can be observed, the
poor correlation coefficients confirm that the tempera-
ture is not the only factor affecting the concentration and
the correlation is probably not linear. Similar results are
obtained for the other pollutants (available in Additional
file 2: S2). The effect of temperature is more noticeable
in locations with strong sources of AcOH and low ven-
tilation, for example in FST SE and SR, PPD DCI1 and
NMH DC, indicating that material emission is an impor-
tant factor. Between the DRs investigated, the slope of
the correlation appears to depend on the presence of AC,
with the non-AC locations having steeper slopes than the
AC locations. This could be correlating also with other
factors such as the age of the building and the materials
in use (all non-AC locations are housed in older build-
ings) and was also observed with ADH, but not with
HCOOH or FDH.

Relative humidity can also influence some of the pro-
cesses involved in pollutant production, for example the
emission rates from materials are higher both at higher
temperature as well as higher RH [20, 24, 47]. In our
measurements, the relations between RH and pollutant
concentrations were even less clear than for the tempera-
ture, with the trends reversing depending on location for
all pollutants (example for HCOOH shown in Fig. 6).

Temperature changes lead also to changes in the AER
between the outdoors and the indoors, either driven by
temperature differences or by higher mechanical venti-
lation [13]. The NO, I/O ratio increases when the AER
increases, therefore for most of the investigated locations
the highest AER appears to be in the summer (Table 3),
which is both in agreement [48] and disagreement [13]
with literature.

In select locations, for example the GGH museum that
is located on the seashore, seasonal variations in other
compounds such as ozone may influence the concentra-
tions of other pollutants. For this museum, the highest
concentrations of ADH were determined in the autumn
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in all locations, which could be due to an oxidative effect
of the high ozone concentrations in the summer oxi-
dating ADH to AcOH, but this effect lessening in the
autumn when the ozone concentrations lessen.

Conclusions

Five volatile pollutants were determined in seven Euro-
pean museums. Generally, higher concentrations of
indoor pollutants were determined in the storage loca-
tions than in the display locations, while the opposite was
true for the outdoor pollutant NO,. Very high concen-
trations of acetic acid were determined in several of the
monitored locations and mitigation actions were recom-
mended to the institution personnel.

Average seasonal pollutant concentrations per location
types were found to differ for a factor of 2—-3 between the
seasons, but for single locations, the concentration ratios
between seasons for a single pollutant could reach up to
10. Therefore, while measuring the pollutant concentra-
tions in museums and other collection institutions with
the aim to evaluate the air quality in specific locations,
care should be taken to perform the measurements in the
seasons when the highest concentrations are expected, or
the location should be monitored for multiple seasons.

While the pollutant concentrations could be grouped
according to the location, further evaluation of the fac-
tors influencing the concentrations was difficult due to
the large variations between the monitored locations,
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which reflects the reality in the field. The museum insti-
tutions investigated are housing a wide range of objects
and materials in various types of enclosures, are of dif-
ferent sizes and are housed in different types and sizes
of buildings. The acquired dataset, available fully in
Additional file 1: Dataset, is therefore a valuable asset

45 55
relative humidity (%)

Fig. 6 Concentration of HCOOH in correlation to the average RH at the time of measurement. Colours mark the sampling locations

as a snapshot of the current status of environment in
European collections. It can be of use to museum pro-
fessionals with limited capabilities for their own moni-
toring, as well as to future researchers in the field.
Nevertheless, it could be further improved with the use
of additional sampling methods, such as sensors [49].
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Abbreviations

AC Air conditioning
AcOH Acetic acid
ADDC Additional display case

ADDR Additional display room

ADH Acetaldehyde

AER Air exchange rate

DC Display case

DNPH 24-Dinitrophenylhydrazine

DR Display room

FDH Formaldehyde

FST Fondazione Scienza e Tecnica

GGH Peggy Guggenheim Collection

HCOOH  Formic acid

HPLC High performance liquid chromatography
170 Ratio of indoor vs. outdoor concentration of NO,
LOD Limit of detection

MB Chieti State Archive

NMH Hungarian National Museum

NMS National Museum of Slovenia

PCA Principal component analysis

PPD Centre Georges Pompidou

QB Quai Branly Museum

RH Relative humidity

RSD Relative standard deviation

SE Storage enclosure

SR Storage room

T Temperature

tSNE t-distributed stochastic neighbour embedding
VOC Volatile organic compound
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