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a b s t r a c t

Concentrations of NO2, O3, SO2, acetic and formic acids, HNO3 and NH3 were measured inside and outside
a historical building, the Baroque Library Hall (BLH) in the National Library in Prague (Czech Republic).
The naturally ventilated system of the building, the restriction of personnel access, reduced groups of
visitors and absence of activities which could influence indoor pollutant concentrations are character-
istics that make the Baroque Library Hall a suitable location to study the influence of outdoor envi-
ronment on the indoor air quality. The relationship between indoor and outdoor (I/O) concentration was
investigated to assess the infiltration of outdoor generated pollutants. Outdoor and indoor pollution
sources were determined and, infiltration of ammonium nitrate and a shift of the equilibrium to the gas
phase were the reason for the high concentration of ammonia measured inside the BLH. A significant
seasonal variation was observed and interpreted as a consequence of different infiltration regime
associated with indooreoutdoor temperature differences, which in addition drives dilution processes of
indoor generated pollutants. Based on the indoor air quality assessment performed in the BLH with
regard to human and material exposure, there is reason for concern about material preservation and in
particular paper at the BLH.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Indoor air pollution is an important topic in modern times.
People in western countries spend approximately 90% of their time
indoors, so exposure to indoor air has a major impact on the overall
intake of potentially hazardous air pollutants. Air pollution affects
the durability of materials [1] and has been associated with the
induction or exacerbation of allergic conditions and asthma as well
as with fatigue, headache, cough, and nasal, eye, throat or skin irri-
tation [2,3]. Indoor pollutants constitute awide variety emitted from
both indoor and outdoor sources,whose concentration is in addition
related to the building envelope and the activities therein. Models
have been developed to address pollutant penetration across
building envelope [4,5]. However, research is still needed to deter-
mine to which extent the building envelope relates to the indoor air
quality. Oxidant compounds suchasNO2 andO3 arewidely known to
have negative effects on health [6] and to degrade materials such as
cultural heritage objects [7e9]. Exposure to acidic pollutants has
þ47 63 89 80 50.
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been suggested as a possible link to respiratory health problems [10]
and studies on indoor volatile organic compounds (VOCs) are
receiving an increasing interest in the scientific community [11e14].
Paper- or cellulosic-based materials from books and manuscripts
release a wide variety of volatile organic compounds (VOCs), which
are commonly found in high concentration in libraries and archives
due to degradation processes [15]. Some of these pollutants have
been found to cause damage such as a significant reduction in the
degree of polymerisation of cellulose in paper [16], which indicates
the complex relationship between the emission from the material
and the degradation of the material by the emitted pollutant. From
the point of viewof humanpollution exposure, the indoor air quality
inside libraries and archives is a major concern for the personnel
working there and for visitors.

Air pollutants in the indoorenvironment canbedivided according
to their sources into1) those generated outdoors,which infiltrate into
the indoor environment, and 2) those generated indoors. Abundant
indoor inorganic contaminants are SO2, NO2, O3, nitric acids (HNO3),
CO2, CO and nitrous acid (HNO2). Combustion processes are respon-
sible for the generation of NO2, SO2 and CO which, in the absence of
indoor sources (e.g. tobacco smoke, woodstoves and fireplaces, gas
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appliances and kerosene heaters), originate outdoor and subse-
quently infiltrate indoors. Ozone (O3) is a strong oxidant that can
drive indoor chemical reactions with organic compounds such as
terpenes, which concentration indoors can be several orders of
magnitude higher than outdoors, forming fine and ultra-fine parti-
cles, aldehydes, hydrogen peroxide, acetic and formic acids [17e19].
Volatile organic compounds on the other hand are released from
a wide variety of indoor building materials, including carpets, furni-
ture, power cables, and products such as paint, lacquers, cleaners,
pesticides, deodorisers, and fresheners amongothers. To the complex
nature of the indoor environment we need to add other parameters
which may influence the indoor pollutant concentrations, such
as the physical characteristics of the building shield, relationships
with the outdoor (e.g. air exchange rate, AER) and indoor activities
(e.g. cooking, smoking, pets).

The relationship between indoor and outdoor air pollutant
concentrations has been extensively studied to determine the
source of indoor pollutants. However, studies have focused mainly
on offices [20,21], restaurants [21], hotels [21], homes [22e25],
churches [26], museums [27] or university buildings/schools
[28,29]; all rather complex environments where a wide variety of
indoor activities takes place which might influence pollutant
concentrations (e.g. smoking, cooking, high number of visitors). In
our study, measurements of NO2, SO2, O3, NH3, HNO3 and organic
acids (i.e. acetic and formic acids) were performed inside and
outside the Baroque Library Hall (BLH) of the National Library in
Prague (Czech Republic) by passive diffusion gas samplers. The
study is one of few to measure and evaluate a range of pollutant
concentrations both inside and outside a naturally ventilated
historic building, with restricted personnel access, small groups of
visitors and reduced number of activities which could influence the
pollutant concentrations. The type of sampling location involves
only a low number of variables which affect the indoor pollutant
concentrations and indoor air quality. The study will contribute to
the understanding of indoor air quality under natural ventilation.
From the point of view of the protection of materials, libraries and
archives are interesting places to study due to the homogeneity of
material types they contain.

This paper addresses threemain questions: (1) How is the indoor
air quality in the BLH with regard to both outdoor and indoor
generated pollutants? (2) How does the outdoor environment
influence indoor air quality in the BLH? (3) How may indoor air
quality in the BLH affect human health and material conservation?

2. Methodology

2.1. Sampling location

The Baroque Library Hall (BLH) of the National Library in Prague
(Czech Republic) is located in the Clementinum historical complex
in the Vltava River Valley. The historical complex is placed in the city
centre of Prague and exposed to air pollution mainly from traffic
emissions. According to Ref. [30] the intensity of car traffic was
about 24 200 cars on this main road adjacent to the library between
6 am and 22 pm during a working day. Due to the location of the
historic building, one of the objectives of the study is to evaluate the
influence of outdoor pollutants into the indoor environment.

TheBLHwas completed in1726and is situated in the centre of the
Clementinum historical complex on the second floor. It is one of the
finest interiors of the Clementinum and constitutes an excellent
example of the Baroque style. The library holds approximately
20 000 theological books written in different languages dating from
the 16th century until recent times and stored on original wooden
shelves. Apart from the collection, theBLH is decoratedwith frescoes
illustrating themes such as science and art. The historical building is
naturally ventilated and the BLH in particular does not have a heat-
ing system. The BLH constitutes an excellent and interesting envi-
ronment to evaluate the protection of the building envelope against
outdoor pollutants since, in addition to its physical characteristics,
the visitor frequency is lowand thenumberof visitors barely reaches
200 persons per day.

The main sampling locations selected in the study were inside
the BLH (four sampling locations), one outdoors and one sampling
location inside an adjacent room to the BLH, which was selected for
comparison (Fig. 1).

2.2. Measurement campaigns

The measurement campaigns were divided in two different
types; 1) ninemonthsmeasurement campaign; and2) two-seasonal
campaign (i.e. summer andwinter). The ninemonthsmeasurement
campaign took place from the 1st of July 2009 to the 30th of March
2010. During this timemeasurementswereperformedon amonthly
basis both indoors and outdoors (Fig. 1). The main aim of the nine
months measurement campaign was to perform a characterisation
of the indoor air pollution based on monthly integrated measure-
ments. Therefore a wide range of gaseous pollutants such as NO2,
SO2, organic acids (i.e. acetic and formic acids), NH3, O3, and HNO3

were measured.
The two-seasonal measurement campaigns were performed in

July 2009 and January 2010 in four different indoor locations (Fig.1)
in order to evaluate possible seasonal variations. NO2 and organic
acids (i.e. acetic and formic acids) were selected as indicators of
outdoor and indoor generated pollutants, respectively. Three out of
the four indoor locations were in the BLHwhereas the fourth was in
an adjacent room used as depository or storage room (Fig. 1).

2.3. Passive diffusion samplers and analytical procedure

Gaseous NO2, SO2, acetic and formic acids and NH3 were
measured by passive diffusion gas samplers [31] from the Norwe-
gian Institute for Air Research (NILU), whereas O3 and HNO3 were
measured with passive diffusion gas samplers [31] from the
Swedish Environmental Institute (IVL). Two parallel samplers for
each compound were exposed in the selected sampling locations to
reduce uncertainty and the risk of data loss. After one-month
exposure the samplers were replaced with a new set of parallel
diffusion samplers for each single compound for the next month
and those demounted were sent back for analysis to the respective
laboratories.

The analytical procedure depends on the compound. The filter of
the NH3-passive sampler is impregnated with oxalic acid, which is
dissolved after exposures and the extracted nitric acid is determined
by photometry. The filter of the SO2-passive sampler is impregnated
in an alkali, which is dissolved in an aqueous solution after exposure
and the extracted sulphate (SO4

2�) is determined by ion chroma-
tography. A similar filter impregnated with an alkali solution and
procedure is used for the determination of acetic and formic acid. For
NO2, the filter is impregnated with iodide (I�) and the amount of
nitrite (NO2

�) is determined by photometry. The monthly averaged
mean concentration of all the different compounds is estimated
based on the quantity of the extracted component, the diffusion
constant for the gas of interest and on a factor based on the
dimensions of the passive sampler. The passive diffusion samplers
for O3 and NHO3 were analysed by the Swedish Environmental
Institute (IVL) which gives an estimate of uncertainty of 20%. The
lower detection limit of the samplers is determined by the use of
both laboratory and field blanks which are analysed along with the
exposed samplers. Thedetection limit afteronemonthof exposure is
for NO2 approximately 0.03 mgm�3, for SO2 it is 0.1 mgm�3, for acetic



Fig. 1. Sampling locations inside and outside the Baroque Library Hall of the National Library in Prague (Czech Republic). Shaded area represents the location of the BLH in the
Clementinum building. Black squares: sampling locations used in the nine months measurement campaign. Black and White squares: sampling locations used in the two-seasonal
measurement campaign.
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acidand formicacid it is 0.5mgm�3, forNH3 it is 0.5mgm�3 and forO3
andNHO3 it is reported to be 1 mgm�3 and 0.02 mgm�3, respectively.

Passive samplers were monthly collected in duplicate, thus the
average concentration of the samplers was used and the standard
deviation (SD) and relative standard deviation (%RSD) estimated as
indicators of uncertainty. The variations were found to be approx-
imately 5%, 14%, 16%, 7%, 3%, 17% and 32% for NO2, SO2, NH3, O3,
NHO3, acetic acid and formic acid, respectively. Most results were in
agreement with the variations found by other studies [32,33], and
with previous evaluations [e.g. [34]] which establish that the
majority of diffusion samplers fulfil the �25% uncertainty
requirement of the European Directive for indicative monitoring
[35]. This paper evaluates the I/O ratio thus the propagation of
uncertainties was estimated for each gaseous pollutant as the
squared relative standard deviation (siI/O):

siI=O ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
SDiI

½C�iI

�2

þ
�
SDiO

½C�iO

�2
s

(1)

where [C]iI and [C]iO represent the average concentration of the
component imeasured indoors and outdoors, respectively, and SDiI

and SDiO are the corresponding standard deviations. The propa-
gated uncertainties were found to be approximately 9%, 24%, 28%,
12%, 15%, 31% and 50% for NO2, SO2, NH3, O3, NHO3, acetic acid and
formic acid, respectively.

The uncertainty of the results obtained from passive samplers is
related to both the sampling (e.g. uptake capacity) and to the
analytical procedures. The analyses (i.e. NO2, SO2, NH3, acetic acid
and formic acid) were carried out at NILU where both the inorga-
nic and organic laboratories are accredited under ISO/IEC 17025
(accreditation number 008 TEST). According to the results obtained
from quality assurance the analytical precision was estimated to be
approximately 4%.
3. Results and discussion

3.1. Indoor air pollution in the BLH

Single pollutant concentrations obtainedduring theninemonths
measurement campaign are shown in the Fig. 2. The indoor and the
outdoor concentration of NO2 vary between 9 and 17 mg m�3 and
between 40 and 60 mg m�3, respectively. The indoor to outdoor
concentration ratio (I/O) is very low (i.e. 0.21e0.33; Table 1) indi-
cating the outdoor origin of the NO2 measured inside the BLH.
Indoor and outdoor concentrations correlate weakly (R2 ¼ 0.35)
which may be explained by indoor sink processes such as chemical
reactions or deposition processes. Other compounds such as O3 and
SO2 show higher correlations (R2

ozone¼ 0.53; R2
SO2¼ 0.56; Table 1).

Ozone concentrations measured inside the BLH vary between 2 and
5 mg m�3 (Fig. 2), whereas outdoors concentrations vary between 8
and 43 mg m�3 (Fig. 2). The low ozone I/O ratio (0.10e0.30; Table 1)
confirms the outdoor origin and subsequent infiltration through
the building envelope. I/O ratio of SO2 varies between 0.25 and 0.74,
and the concentration levels obtained indoors and outdoors vary
between 1.71 and 4.75 mg m�3, and 3 and 19 mg m�3, respectively.

From the results obtained both indoors and outdoors, and taking
into account the lack of combustion processes inside the BLH, it is
possible to establish the outdoor origin ofNO2, SO2 andO3measured
inside the BLH, which are subsequently infiltrated into the historic
building. SO2 shows the highest I/O average ratio (i.e. 0.49; standard
deviation: 0.16), followedbyNO2 (i.e. 0.25; standarddeviation: 0.04)
andO3 (i.e. 0.20, standard deviation: 0.07). These differencesmaybe



Fig. 2. Monthly pollutant concentrations obtained in the nine month measurement campaign. Average values obtained from two parallel passive diffusion samplers, the bars
represent the standard deviations.
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Table 1
Monthly indoor/outdoor concentration ratios in the BLH. R2 represents the correlation coefficient of the linear regression between indoor and outdoor concentrations. n.r.: not
relevant.

July’09 Aug’09 Sept’09 Oct’09 Nov’09 Dec’09 Jan’10 Feb’10 Mar’10 R2

I/O (NO2) 0.22 0.23 0.21 0.21 0.22 0.27 0.33 0.30 0.28 0.35
I/O (SO2) 0.58 0.59 0.34 0.74 0.55 0.25 0.35 0.48 0.56
I/O (O3) 0.10 0.11 0.13 0.22 0.28 0.30 0.27 0.18 0.21 0.53
I/O (NH3) 2.19 2.29 0.99 1.31 0.75 0.69 0.82 0.72 0.64 0.10
I/O (NHO3) 0.03 0.02 0.03 0.10 0.31 0.52 0.04 0.15 0.07 n.r.
I/O (Acetic acid) 17.45 18.99 14.65 16.74 13.94 6.48 5.54 17.29 n.r.
I/O (Formic acid) 7.61 14.08 7.62 25.47 9.02 3.46 2.23 6.05 n.r.
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explained by possible indoor homogeneous reactions or deposition
processes onto indoor surfaces [36]. A lower ratio of ozone than of
NO2 has previously been reported in other studies [e.g. [29]]; ozone
is a highly reactive pollutant [37] and its faster deposition on solid
surfaces or decomposition in the indoor environment can explain
the lower ratio.

The measurements show temporal variations in the infiltration
behaviour of outdoor pollutants (Fig. 3). The I/O ratios of NO2 and
O3 increase from summer towinter (Table 1, Fig. 3), which indicates
possible seasonal variations of the behaviour of the building
envelope, such as higher infiltration of outdoor air inwinter than in
summer.

The concentration of organic compounds (acetic and formic
acids) inside the BLH measured during the nine months measure-
ment campaign reaches values up to 420 mg m�3 and 100 mg m�3 of
acetic and formic acids, respectively, and its relationship with the
outdoor concentration is typical of indoor generated pollutants
(Fig. 2). The I/O ratios of acetic and formic acids reach values up to 19
and 26 (Table 1), respectively. The indoor concentrations of acetic
and formic acids decrease continuously from summer (July 2009) to
winter (2010) and finally to spring (March 2010). Differences in the
ventilation regime of the building may explain these differences,
such as higher ventilation and therefore higher dilution of indoor
generated pollutants in winter than in summer. These results
support the variation observed for outdoor generated pollutions,
which ratio indicates higher infiltration duringwinter. Other indoor
processes may still take action in parallel such as higher emission of
organic compounds in summer than in winter.
Fig. 3. Indoor/Outdoor concentration ratio of NO2 and O3.
3.2. Seasonal variation of indoor air pollution

NO2andorganic acids (acetic and formic acids)weremeasured in
summer (July 2009) and winter (January 2010) in four additional
indoor locations in order to evaluate possible seasonal variations.
Indoor NO2 concentration was much higher in winter than in
summer, whereas the concentration of organic acids showed an
inverse relationship (Fig. 4). This difference may be explained by
higher ventilation during winter than in summer. This hypothesis is
supported by the results obtained during the continuous measure-
ment campaign performed from July 2009 toMarch 2010, where an
increase of the I/O ratio of NO2 and O3 was observed (Fig. 3) along
with a decrease of the indoor concentration of organic acids (Fig. 2).

The BLH is naturally ventilated so the air exchange rate is driven
by the indooreoutdoor temperature differences. The intake of
outdoor air depends on internal temperature variations (e.g. “stack
effect”) and on the pressure gradients imposed by wind flow [38].
The temperature inside the BLH decreases gradually from summer
to winter (Fig. 5). The evaluation of the indoor to outdoor temper-
ature differences shows maximum values in winter (Fig. 5), which
causes pressure differences between the inside and outside, and as
a result outdoor air is drawn in, resulting in a higher flow rate
according to the following expression [39]:
Q ¼ C � A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gh

TI � TO
s

(2)

TI

where Q is the volume of ventilation rate (m3/s), C represents
a discharge coefficient, A is the flow area of the inlet opening which
equals the area of the outlet opening, g is acceleration due to
gravity, h is the height or distance between inlet and outlet (m), TI is
the average temperature indoors (K) and TO is the average
temperature outdoors. Winter marks a higher air exchange rate
(AER) than summer in the BLH, allowing higher infiltration of
outdoor pollutants and higher dilution of indoor pollutants.
Temperature variations (e.g. day/night) could influence the venti-
lation regimen, as ventilation varies more or less instantaneously
with the increase of the outdoor to indoor temperature differences
when ventilation is mainly driven by the “stack effect”. However,
the maximum and minimum temperatures show that possible
daily variations may not influence the sign of the ventilation.



Fig. 4. NO2 and organic acids (acetic and formic acids) concentrations measured in the two-seasonal measurement campaign.
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Previous studies performed in naturally ventilated buildings have
reported the opposite patterns, with a higher AER during spring/
summer than in winter [40,41]. Activities such as the opening of
windows and doors for increasing ventilation during warmer
weather conditions explain a higher AER during summer. However,
these activities do not take place in the BLH, which may explain the
present results.
3.3. Indoor concentration of NH3

One of the most interesting relationships of indoor and outdoor
air pollutant was observed for NH3. Indoor ammonia concentration
is higher than outdoor from July to October, whereas the opposite
pattern is observed from November to March (Fig. 2), although
indoor and outdoor concentrations are comparable. Several studies
have reported higher indoor than outdoor NH3 concentration
[23,26,28,42] but to date, to our knowledge no studies show the
opposite pattern. The I/O ratio varies from 0.64 to 2.29 indicating
possible indoor sources of gaseous NH3. Ammonia is mainly asso-
ciated with fertilisers, cleaning products [20], pets, human meta-
bolic activities [43] and smoking [44]. Since these indoor sources
were absent in the BLH, measured indoor concentration of NH3
Fig. 5. Monthly average temperature values inside the BLH (left) and indoore
could only be explained by another source. Indoor transformation
of outdoor particles has been proposed as a possible indoor source
for ammonia gas in several studies [28,42].

The equilibrium between gaseous ammonia and nitric acid, and
ammonium nitrate aerosol is defined by:

HNO3ðgÞ þ NH3ðgÞ4NH4NO3ðsÞ (3)

As ammonium nitrate moves from a cooler outdoor to warmer
indoor environment, the equilibrium shifts towards the gas phase.
Indoor concentrations of nitric acid are very low or below the
detection limit (Fig. 2), as obtained in other indoor studies [22,42].
A substantial loss of HNO3 may explain the low or even negligible
concentrations measured indoors, as HNO3 may have been
removed through dry deposition onto the indoor surfaces [21,22].
This phenomenon may be considered a main concern for the
preservation of books and manuscripts in the Baroque Library Hall
as nitric acid is a strong acid which has harmful effects on cellulosic
material [9].

The indoor concentration of gaseous NH3 and HNO3 was inter-
preted by comparing the product of their concentrations to the
equilibrium product expected from the gas-particle partitioning
equilibrium constant. If the relative humidity (RH) is below the
outdoor temperature differences (right) from July 2009 to March 2010.
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relative humidity of deliquescence (RHD) at any temperature, the
partitioning constant Kp is calculated according to [45] as:

ln Kp ¼ 84:6� 24220
T

� 6:1ln
T

298
(4)

where unit of Kp is (ppb)2 and T is temperature in Kelvin. The RHD is
calculated as [46]:

ln ðRHDÞ ¼ 732:7
T

þ 1:703 (5)

If the concentration product of ammonia and nitric acid (ppb2) is
lower than the partitioning constant (Kp), then ammonia and nitric
acids are the dominant species and the aerosol is not present or is
being lost. Equal concentration product to Kp means that the gases
are in equilibrium with ammonium nitrate aerosol, whereas
concentration products greater than Kp would be obtained if the
aerosol (i.e. ammonium nitrate) is forming.

The present study indicates that the product of indoor ammonia
and nitric acid concentration is lower than predicted by the gas-
particle equilibrium at temperatures measured inside the BLH
(Fig. 6). This indicates that ammonia and nitric acids dominate and
that the aerosol is not present or being lost indoors. These results
are supported by the dynamics of indoor ammonium nitrate, as it
has been found to evaporate at a time scale comparable with air
exchange, generating gaseous ammonia and nitric acid [47,48]. In
addition, the results obtained in the characterisation of the
particulate matter (PM) collected inside and outside the BLH of the
National Library in Prague revealed that indoor nitrate concentra-
tion decreases to zero andmass size distribution of indoor sulphate
and ammonium shifts to smaller particles. These results were
explained as a consequence of the evaporation of ammonium
nitrate after penetration indoors [49,50]. In addition, ammonium
nitrate was detected outdoors [49,50] where the concentration
products of gaseous ammonia and nitric acid show much closer
conformity to theoretical equilibrium predictions at the measured
outdoor temperatures (Fig. 6). Outdoors gaseous ammonium and
nitric acids are closer to equilibrium with ammonium nitrate
aerosol and it seems that during the coldest months (i.e. December,
January and February) the equilibrium slightly shifts to the
formation of the aerosol (Fig. 6).

3.4. Exposure levels for health

AER and ventilation of indoor air are associated with health
effects which range from odour annoyance to diseases [51]. Under
Fig. 6. [NH3][NHO3] indoor and outdoor concentration products vs. the p
low ventilation rate conditions, the dispersion of airborne virus or
bacteria might be reduced and the growth of microorganisms such
asmouldmight be enhanced. Ventilation reduces the concentration
of indoor generated pollutants such as volatile organic compounds,
and decreases complaints about indoor air quality perception and
“sick building syndrome” [52,53]. In this study, a lower ventilation
ratewas found for summer than inwinter based on the relationship
of indoor and outdoor air pollutant concentrations and based on
[39]. Concentrations between 800 and 1600 mg m�3 of acetic acid
and above 400 mg m�3 of formic acid were measured in four indoor
locations in the BLH in summer 2009. Although the acetic acid
concentration is below the recommendable values for industrial and
non-industrial settings (i.e. 25 000 mg m�3; [54,55]), its high
concentration compared to outdoors indicates a significant indoor
source of volatile organic compounds and low AER.

Other compounds such as gaseous ammonia are toxic and
corrosive [56], and have been associated with odour perception and
mucous membrane symptoms [57], and lung cancer [58] among
other health effects. However, concentration of indoor ammonia in
the BLH reached values up to 10 mg m�3 (14.35 ppb) during winter,
which is below the threshold limit value (TLV) allowed for work
environment according to theSwedish legislation (i.e. TLV ammonia:
25 ppm). The OSHA [55], on the other hand, set a 15 min exposure
limit for gaseous ammonia of 35 ppm and 8-h exposure limit of
25 ppm [58]. The concentration of ammonia detected in the BLH is
rather low compared to other indoor studies. For instance, studies
performed in residential buildings report values above 10 mgm�3 up
to 90 mg m�3 [e.g. [59]]. Lack of indoor sources for ammonia in
addition to the infiltration of ammonium nitrate and its evaporation
may explain the low ammonia values measured in the BLH.

The results obtained in this study show values for air pollutants
below the established exposure limits for work environment and/or
occupational exposure. The BLH is a special indoor location with
reduced human activity, and the indoor concentration is mainly
affected by infiltration or dilution processes associated with venti-
lation. The high concentration of pollutants such as acetic acid
indicates that indoor generated pollutants are trapped inside the
historical building envelope. Low ventilation may contribute to the
entrapment of other pollutants such as aldehydes, which presence
in libraries and archives is common [15], and is a potential risk to the
personnel in the BLH.

As this study reports average monthly values for the pollutant
concentrations, detailed information about pollutant concentration
variations (e.g. day versus night, daily peak concentration) is not
available, and human exposure related to such variations cannot be
assessed.
redicted equilibrium constant at indoor and outdoor temperatures.
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3.5. Exposure levels for paper-based material

The BLH, apart from being a cultural heritage institution, is
a long term storage location where books and manuscripts are
collected, preserved andmade available to the public. Therefore, air
quality is a critical factor for the preservation of these objects.

Infiltration of ammonium nitrate into the indoor environment
and a shift of the equilibrium to the gaseous phase, were proposed
as mechanisms to explain the observed indoor concentration of
ammonia. A consequence of this process is the loss a nitric acid
from the air by deposition on surfaces. This deposition poses a high
risk for the preservation of books and manuscripts, as nitric acid
tends to remain absorbed on the surfaces [60] and has adverse
effects on paper-based materials [9].

According to Ref. [61], air in a repository or storage area should
be kept free from air pollution; acidic and oxidising gases and
particles/dust. The effects of pollutants such as NO2, O3 and SO2 on
paper are well documented [62e64]; the main causes of paper
deterioration are the breakage of glycoside linkages in cellulose by
acid hydrolysis and deterioration by oxidation. The US National
Bureau of Standard [65] suggests 4.75 mg m�3 of NO2 (2.5 ppb) as
a recommended limit value for exposure of paper based materials.
The concentration of NO2 measured in the BLH is equal or above
this value in all sampling locations (i.e. NO2: 5e18 mgm�3). Ozone is
however below the exposure levels for paper based material rec-
ommended by both Ref. [65] 26 mg m�3] and by Ref. [57]
(10e20 mg m�3). Similarly to NO2, the concentration of SO2

measured inside the BLH is above (i.e. SO2: 1.7 to z5 mg m�3)
exposure levels recommended for paper based material by Ref. [65]
(i.e. < 1 mg m�3) and for leather book bindings recommended by
Ref. [66] (i.e. 0.26 mg m�3). Outdoor generated pollutants infiltrate
into the BLH and the concentrations of harmful pollutants such as
NO2 and SO2 reach values which involve certain risks for the
exposed books and manuscripts.

Indoor generatedpollutants such as acetic acidweremeasured to
be present at exceptionally high concentration in the BLH. Acetic
acid can cause significant reduction in the degree of polymerisation
of cellulose in paper [16], and therefore its presence at high
concentration inside libraries and archives is a concern. According to
Ref. [61], themaximum limit of tolerance for acetic acid is 10 mgm�3

(<4 ppb). This value is in the lower range of typical outdoor back-
ground concentrations and higher concentrations are usually
observed indoors, so it should be carefully considered. According to
Ref. [9] and due to generally high “no observed adverse effect level”
(NOAEL) for objects, concentrations below100mgm�3 of acetic acids
are not mandatory. In our study, concentrations of acetic acid were
always above 100 mg m�3 and in summer the concentrations even
reached values more than 10 times higher (e.g.1400e1600 mgm�3),
similar to the values measured inside enclosures for art objects
[9,67]. Therefore, the acetic acidmay be a risk for the preservation of
books and manuscript in the BLH.

4. Conclusions

The ventilation design and the weather conditions influence the
indoor air quality in the Baroque Hall of the National Library in
Prague (Czech Republic). This study reports for the first time the
behaviour of both outdoor and indoor generated pollutants in
a naturally ventilated historic building envelope, without indoor
activities which could influence indoor pollutant concentrations.

Pollutant concentration measurements show seasonal differ-
ences, which were associated with the ventilation and/or air
exchange rate between the Baroque Library Hall and the outdoor
environment. The I/O concentration ratios indicate higher infiltra-
tion of outdoor generated pollutants and higher dilution of indoor
air in winter than in summer. The seasonal variations are explained
by higher air exchange rate as a consequence of indooreoutdoor
temperature differences reaching a maximum during winter.

The relationship between indoor and outdoor pollutant con-
centrations allows us to distinguish between the origin of main
sources. On the one hand, NO2, O3 and SO2 show a clear outdoor
origin, and relate to emissions from traffic from the street adjacent
to the historical complex where the BLH is located. On the other
hand, organic acids like acetic and formic acids show a clear indoor
origin most probably from the building materials, such as the
wooden shelves. The indoor concentration of gaseous ammonia is
consistent with an origin that is a product of the infiltration of
ammonium nitrate from outdoors into the BLH and subsequent
evaporation forming gaseous ammonia and nitric acid.

The results obtained in this study do not allow us to establish
clear conclusions concerning the risk of human occupational expo-
sure to air pollutants inside the BLH. However, pollutant concen-
trations may pose a risk for the preservation of stored books and
manuscripts. The observed concentrations of outdoor generated
pollutants, such as NO2 and SO2, and of indoor generated pollutants,
such as acetic acid, are above the levels recommended in the avail-
able literature for the preservation of paper material and leather
bindings. In addition there is a risk that ozone and nitric acids
deposit on the indoor surfaces. Pollutant deposition processes on
surfaces constitute a risk for the preservation of sensitive cultural
heritage objects in the library.
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