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ARTICLE INFO ABSTRACT

X s People, including sensitive population groups such as children, spend over 90 % of their time indoors and are
I:é’:; Orrai.r exposed to volatile and very volatile organic compounds (VOCs/VVOCs) and endotoxins. We measured 34
voC VVOCs, 69 VOCs, two organic acids, and endotoxins in the indoor air of 34 apartments and 27 classrooms using
Very volatile organic compounds four different sampling techniques and analytical methods. Our study aimed to provide a comprehensive
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vvoC overview of a broad spectrum of substances rarely measured in indoor air. The following substance classes
Aldehydes showed the highest sum medians in classrooms and apartments: alcohols 249 pg/m® and 518 pg/m?, aldehydes/
TV;)C acetone 81.6 pg/m® and 121 pg/m® and organic acids 61 pg/m® and 82 pg/m®. The individual substances with
Endotoxin

the highest medians were ethanol > acetic acid > acetone > decamethylcyclopentasiloxane > formaldehyde >

acetaldehyde. The median of the total volatile organic compounds as the sum of the VOCs of Cs-C16 was 253 pg/
m® (range: 638-3369 pg/ms) in the apartments and 277 ug/m3 (61-900 pg/ms) in the classrooms. The median
(95th percentile) levels of endotoxins in the classrooms and apartments were 5.8 EU/m?® (15.3 EU/m®) and 0.26
EU/m® (0.91 EU/m®), respectively. Concentrations in apartments are significantly lower than in schools. Ac-
cording to current knowledge, levels pose no health risk.

In addition to the classic VOCs, VVOCs should also be measured to a greater extent, as considerable exposure
to substances from this group is expected indoors. These results underline the urgent need for further research to
improve indoor air quality and protect public health.

1. Introduction

People spend most of their lives indoors. For example, the US
Exposure Factor Handbook assumes that 6-11-year-old children and
adults spend 21 and 19 h indoors and 15 and 16 h in the home (US EPA,
2011). In these indoor spaces, users are exposed to many organic sub-
stances, which can occur in concentrations with significant health ef-
fects. In addition to residential interiors, children also spend a large
proportion of their daily time in school interiors, for which high indoor
air quality requirements must be met. However, our knowledge of the
exposure situation of room users is still limited, as measurement data is
often only available for some of the substances present, and their
composition also changes over time. This applies in particular to school
classrooms, although a high level of protection should be ensured due to
the specific sensitivity of children.

As the volatility of organic substances increases with their boiling
point, a WHO working group has proposed a general classification of
volatile and less volatile substances according to this criterion. Ac-
cording to this definition, VOCs (volatile organic compounds) are
gaseous substances with a boiling point between approx. 50-100 °C and
approx. 240-260 °C. If the boiling point is below 50-100 °C, these are
so-called VVOCs (very volatile organic compounds). In analytical prac-
tice, ISO 16000-6 defines VOCs as those organic compounds that are
collected on the solid sorbent Tenax® TA and elute from a non-polar or
slightly polar gas chromatographic separation column between n-hex-
ane and n-hexadecane (Cg-C16) (ISO 16000-6, 2021; DIN, 2020). In
contrast, a uniform definition of “VVOC” is missing so far. Salthammer
(2022) has discussed the differences between various approaches to
classifying VVOCs. Moreover, due to their low boiling points, other
analytical methods are required for their sampling and determination,
developed recently in detail by several working groups (Even et al. 2021,
2023; Schieweck et al., 2018).

VOCs are important substances in indoor air. In addition to the input
from outdoor air, the sources of VOCs in indoor spaces can be manifold.
In their summary of the results of 65 VOCs in 42 European studies from
2000 to 2020, Halios et al. (2022) concluded that building and con-
struction materials were the source of 80 % of the substances, consumer
goods of 63 %, combustion processes of 30 % and space heating of 14 %.
However, human activities such as tobacco smoking or humans them-
selves can also be a source of VOCs and VVOCs.

The effects of VOCs/VVOCs are complex due to the large number of
individual substances and range from slight disturbances of well-being
to toxic effects, depending on the level of exposure. A connection has
been made very often between the level of VOC concentration indoors
and unspecific symptoms such as tiredness, headaches, reduced perfor-
mance, and irritation of the mucous membranes of the eyes and upper
respiratory tract. To describe the health effects of indoor environments,
the World Health Organization has defined the term “sick building
syndrome” (SBS), which refers to non-specific health impairments
associated with indoor environments (Tran et al., 2020). However, not
only chemical factors such as VOCs/VVOCs are associated with the
increased incidence of SBS, but also physical, biological, and

building-related factors such as humidity, as well as psychosocial and
personal factors, are possible influencing factors (Aziz et al., 2023).
Regarding the severity of the health effects, carcinogenic substances
occurring indoors are of particular health concern. These include, for
example, VOCs such as benzene and 1-2-dichloroethane, as well as
VVOCs such as formaldehyde, acetaldehyde, acrolein, vinyl chloride, 1,
3-butadiene, 1,2-dichloropropane and trichloroethylene. Various re-
views have summarized the scientific knowledge on the link between
indoor air quality and health (Chithra and Shiva Nagendra, 2018,
Shrubsole et al., 2019; Tran et al., 2020; NICE, 2020; Palacios et al.,
2021; Halios et al., 2022; Kumar et al., 2023; Tran et al., 2023).

Until now, measurement data for VVOCs in indoor air have only been
available to a minimal extent. The typical VOC analysis cannot achieve
reliable results according to ISO 16000-6, and a unique analytical
method is rarely available. To trap VVOCs < Cg of different volatility and
polarity, at least three different analytical techniques are required, ac-
cording to Schieweck et al. (2018) and Schieweck (2021). For sampling
low-molecular aldehydes, such as formaldehyde and acetaldehyde, a
reliable analytical procedure has been established for years (ISO
16000-3). Thus, extensive measurement results are available for these
VVOCs.

Endotoxins are components of the outer cell wall of gram-negative
bacteria and consist of lipopolysaccharides (LPS). In a recent review,
Salthammer (2022) summarized the exposure to endotoxins in indoor
spaces. The main factors influencing indoor air concentrations were the
age of the house, the type and frequency of cleaning, the location in rural
or urban areas, the presence of textile or smooth floor coverings, and the
presence of pets in the rooms. It is assumed that the interaction of LPS
with receptors in the respiratory tract, particularly in the alveolar re-
gion, leads to inflammatory effects triggered and maintained by an
increased release of pro-inflammatory cytokines, reactive oxygen spe-
cies, and lysosomal enzymes (DECOS, 2010). The systemic effects could
also be due to pulmonary-produced cytokines that can enter the
bloodstream. Based on experimental and epidemiological studies,
especially in polluted agricultural workplaces, symptoms such as dry
cough, shortness of breath, reduced lung function, and fever and fatigue
have been observed in acute exposure (DECOS, 2010; Liebers et al.,
2020). Prolonged exposure can also cause bronchial constriction, joint
pain, and headaches. In occupational settings, the Dutch Expert Com-
mittee on Occupational Safety recommended a limit value of 90 EU/m>
based on a study of the effects of a 6-h exposure of volunteers selected
for their sensitivity to endotoxins (DECOS, 2010). This value, averaged
over 8 h, ensures adequate protection against acute and chronic effects.
No values have yet been set for general indoor living spaces.

Our study aimed to measure a broad spectrum of VVOCs (<C6;
including low-molecular aldehydes and acetone), VOCs (Cs-C16), and
low-molecular organic acids (formic acid and acetic acid) in the indoor
air of typical apartments and classrooms of elementary schools. Four
analytical methods were applied to cover this range of organic volatiles,
as demonstrated by Schieweck (2021), for measuring wooden material
emissions and indoor air in new prefabricated wooden houses. In
addition, the endotoxin concentrations in airborne dust (PMig) were



H. Fromme et al.

measured. Hence, it is the first time such a broad spectrum of airborne
pollutants and endotoxins in airborne dust were analyzed in apartments
and classrooms. This study is a sub-project of various studies performed
by health authorities of the German federal states
(Landeruntersuchungsprogramme, LUPE), the overall aim of which is to
determine the exposure of the population and sensitive subsets and to
develop strategies to minimize exposure (see, e.g., Fromme et al., 2023).

2. Material and methods
2.1. Study area, sampling locations, and sampling

The study was conducted in four German federal states: Bavaria,
Berlin, North Rhine-Westphalia, and Schleswig-Holstein (Figure S 1).
The school principals were contacted by the study group by e-mails
provided by the school authorities and asked to participate in the study.
Staff from the participating authorities asked people whether they
would be willing to take part in the survey. The people who responded
first were included in the study. Once the tenants or facility managers
had agreed to participate in the study, they were informed in detail
about the procedure and objectives of the study in a letter and, if
necessary, in an interview. Samples were taken from 27 school classes
between February 2019 and May 2019 and February 2020 and March
2020 and from 35 central areas of apartments between February 2019
and May 2019 and February 2020 and March 2020.

All schools were elementary schools except one secondary school.
The room sizes in the classrooms ranged from 31 to 104 m? (mean value:
61 m?). A total of 17 classrooms had linoleum flooring, 9 had wooden
flooring, and only one had plastic flooring. On average, 5 and 35 pupils
were present in the classrooms during the teaching day on which the
samples were taken. The apartments were between 46 and 180 m? in
size (average: 84 m?). All apartments had smooth flooring, with 25
wooden flooring, six laminate flooring, three tiled or stone flooring, and
one linoleum. Four apartments had carpet on the smooth flooring.

All classrooms and apartments were naturally ventilated. No tobacco
smoking, open fire sources, or work was known to be a source of VVOCs
or VOCs in any of the indoor spaces sampled.

The classrooms were ventilated before the start of the lesson. An
active sampling of VVOCs, aldehydes, and VOCs began 15 min after the
start of the first lesson and continued throughout the lesson, ending after
30 min. Only the organic acids were collected over 75 min during two
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lessons, starting 15 min after the first lesson. The rooms were ventilated
for 5 min between the first and second lessons by opening the windows.
The sampling of organic acids was carried out without interruption.

Sampling was carried out in the living rooms of apartments while the
occupants were present. All windows and doors were closed for 8 h
before and during sampling without ventilation. Sampling was carried
out in parallel in a central room area at a height of approximately 1.2 m.
In the classrooms, the sampling devices were located approximately in
the middle of the back wall, opposite the blackboard, about 50 cm from
the wall and about 90 cm above the floor.

2.2. Analysis of climate parameters

All measurements were carried out using the Testo 435/445 com-
bined measuring instrument (Testo, Lenzkirch). Carbon dioxide (CO3),
an indicator of indoor air quality, temperature, and relative humidity,
was measured continuously every minute.

The air exchange rates were determined approximately based on the
change in CO; concentration in the classrooms and living rooms. For this
purpose, the decrease in CO; concentration was measured as a function
of time. The air exchange rates were determined when the windows
were closed. In 16 of the 27 classrooms and 30 of the 35 apartments, the
air exchange rate was determined in this way. It ranged between 0 and
0.3/h (mean value: 0.11/h) in the classrooms and between 0.1/h and
1.7/h (mean value: 0.24/h) in the apartments.

2.3. Analysis of VVOCs

The analytical details were previously described by Schieweck et al.
(2018). For active sampling of VVOCs (C3-Cg), stainless steel desorption
tubes (Markes International Ltd., 89 mm length, 6.4 mm outer diameter)
filled with Carbograph™ 5TD (20/40 mesh, Markes International Ltd.,
Llantrisant, United Kingdom) were used. GilAir plus pumps (DEHA Haan
& Wittmer Ltd., Heimsheim, Germany) with a 125 ml/min sampling
flow rate were used. The total sampling volume was 2 L. Concentrations
of Cy-C¢ VVOCs were quantified using gas chromatography (Agilent
7890A, Agilent Technologies, Santa Clara, USA) with a mass spec-
trometer (Agilent 5975C, Agilent Technologies, Santa Clara, USA) and
an automated thermal desorption injector (TD-100, Markes Interna-
tional Ltd., Llantrisant, UK). The analytical method was validated
initially for VVOCs between C3 and Ce. Limitations occurred with polar
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Fig. 1. Total volatile organic compounds (TVOGs) in the indoor air in pg/m.>.
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substances and with some aldehydes < C3 (Schieweck et al., 2018).
However, data of some C; and C; compounds collected in indoor air are
also reported in the results section of the present study, as bell-shaped
peaks (Gaussian curves) and satisfactory separation were obtained.
The limits of detection (LOD) and the limits of quantification (LOQ)
were calculated from the linear calibration curves of the C; and C,
substances. Depending on the respective substance, the LOQ was be-
tween 1.0 pg/m? and 4.0 pg/m?> (see Table 1). Active air sampling was
performed in duplicate.

2.4. Organic acids (formic acid, acetic acid)

Active air sampling for formic and acetic acid was carried out using
silica gel-filled cartridges according to VDI 4301-7 (VDI, 2018). The
sample volume was 75 1, and the sampling flow was 1 1/min. BiVOC2V2
2-channel pumps (Umweltanalytik Holbach Ltd., Wadern, Germany)
were used for sampling. After sampling, the cartridges were eluted with
sodium carbonate and extracted in an ultrasonic bath. The concentra-
tions were quantified by ion chromatography (Metrohm 881 Compact IC
Pro, Vienne, Austria). The compounds were separated on a conductivity
detector coupled to a Metrosep A Supp 7 anion separation column
(Metrohm 881 Compact IC Pro, Vienne, Austria). The limit of quantifi-
cation for both formic acid and acetic acid was 5.0 pg/m®. Fraunhofer
WKI, Germany, carried out the provision and analysis of the sampling
tubes. Active air sampling was performed in duplicate.

2.5. Analysis of carbonyl compounds

The concentrations of acetone and C;-C4 aldehydes were determined
according to ISO 16000-3 (ISO 16000-3, 2022). The measurements were
performed using 2,4-dinitrophenylhydrazine (DNPH) low-pressure car-
tridges (Supelco STD, Steinheim, Germany) with GilAir plus pumps
(DEHA Haan & Wittmer Ltd., Heimsheim, Germany). The sample vol-
ume was 45 1, and the flow rate was 1.5 1/min. The DNPH cartridges
were eluted with acetonitrile (purity for HPLC-MS, Thermo Fisher Sci-
entific, Germany). The concentrations of acetone and the aldehydes
were quantified by high-performance liquid chromatography (HPLC)
with UV and diode array detector (UltiMate 3000, Thermo Fisher Sci-
entific, Germany). The analytical standards were purchased from Merck
(Supelco STD, Steinheim, Germany). The limit of quantification (LOQ)
for all compounds was 1.0 pg/m°>. The Bavarian Health and Food Safety
Authority carried out the provision and analysis of the sampling tubes.

2.6. Analysis of VOCs

VOCs were collected on stainless steel adsorption tubes filled with
Tenax TA (60/80 mesh) by active sampling with BIVOC 2 pumps
(Umweltanalytik Holbach Ltd., Wadern, Germany), or GilAir plus pumps
(DEHA Haan & Wittmer Ltd., Heimsheim, Germany). Two samples with
different volumes (3 standard liters at an airflow rate of 0.10 1/min and
0.6 standard liters at 0.02 1/min) were taken simultaneously per sam-
pling. The sampling systems were set up at a room height of 1-1.5 m and
a distance of at least 1 m from the walls. The samples in the apartments
were taken after at least 8 h without ventilation, while the samples in the
school classrooms were taken under conditions of use during lessons.
Before sampling, all adsorption tubes were conditioned under helium
flow (60 ml/min, 99.999 % purity, Air Liquide Germany) at 275 °C for
30 min.

Thermodesorption gas chromatography-mass spectrometry (TD-GC-
MS) analyses of the samples were performed using a PerkinElmer in-
strument consisting of an ATD350 thermal desorber with a Tenax® TA
(60/80 mesh) cold trap and a heated transfer line (260 °C), a Clarus 680
gas chromatograph and a Clarus SQ8 S quadrupole mass spectrometer.
Helium (99.999 % purity, Air Liquide Germany) was used as a desorp-
tion and carrier gas. The samples were desorbed via a two-stage
desorption. The primary desorption from the sample tube onto the
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cold trap (—8 °C) was carried out at 275 °C for 15.1 min with an inlet
split ratio of 30:1 ml/min. For secondary desorption and transfer to the
GC, the cold trap was rapidly heated to a temperature of 270 °C, which
was maintained for 15 min. The outlet split ratio was set to 5:1 ml/min.

Chromatographic separation was performed on a PerkinElmer Elite
VMS column (length: 30 m; inner diameter: 0.25 mm; film thickness:
1.40 pm) with a column flow rate of 1 ml/min. The temperature pro-
gram started at 36 °C (held for 3 min), was increased at a rate of 6 °C/
min to 120 °C, then at a rate of 8 °C/min to 230 °C (held for 6 min), and
finally at a rate of 20 °C/min to 240 °C (held for 3.52 min). The tem-
perature of the transfer line was set to 260 °C. MS analysis was per-
formed in TIC (total ion chromatogram) mode using electron ionization
(70 eV) at a source temperature of 240 °C. The target compounds were
identified by two characteristic ions, with one of the ions serving for
quantification.

Calibration was performed over eight concentration levels, each with
three data points ranging from 1 to 30 ng/pl. A control sample with a
medium concentration was analyzed for all ten samples or at least for
each run. Calibration and control samples were prepared by spiking
adsorbent tubes with analyte solutions in methanol while the tubes were
flushed with a nitrogen flow of 30 ml/min. The nitrogen flow was
maintained for 5 min after spiking. The analyte solutions were prepared
with naphthalene from Honeywell Fluka (>99 % purity). The limit of
detection (LOD) and limit of quantification (LOQ) were determined
using the signal-to-noise ratio at a ratio of 3:1 and 9:1, respectively (see
Table 1). The Schleswig-Holstein State Social Services Agency carried
out the provision and analysis of the sampling tubes.

2.7. Sampling of PM;¢ and analysis of endotoxins

PM; dust was collected in the classrooms during teaching time on
two consecutive days for approx. 5.5 h per day, using a medium volume
sampler (Derenda, Stahnsdorf, Germany) equipped with a flow-
controlled pump with a constant flow rate of 2.3 m3/h. The measuring
devices were located in the center of the room’s back wall, opposite the
panel, about 50 cm from the wall. The sampling heads were located at a
height of about 90 cm above the floor. The sample inlet was a PMjo
collector with a collection efficiency of 50 % for particles with an
aerodynamic diameter of 10 pm. PM; was collected on 47 mm binder-
free quartz fiber filters from Macherey-Nagel (MN 85/90 BF). The filter
was heated at 500 °C for 8 h before use and then packed in petri dishes
for transportation. Only decontaminated tweezers were used to handle
the filters. The filter cartridges were cleaned in an ultrasonic bath with
methanol, baked at 80 °C for 8 h, and then sterile-packed. After sam-
pling, the filters were stored in the laboratory at —20 °C until mea-
surement. The filters were placed near the sampling location as blank
samples. The same collection systems were also used in the apartments.
Here, dust was collected in the air in the central living area of the
apartments over 48 h on two consecutive days. The endotoxin concen-
tration was determined using Limulus amoebocyte lysate (LAL), for
which the filters were extracted with LAL water containing 0.05 %
Tween 20 on the shaker and measured using a kinetic color test (Kinetic-
QCLTM) from Lonza. This method is based on the spectrophotometric
measurement of the color at different time intervals after adding the
chromogenic substrate to the test sample. The time required for the color
change is inversely proportional to the amount of endotoxin present.
The concentration of unknown samples can be calculated by interpo-
lating them into a standard curve. Quantification was performed using a
5-point calibration ranging from 0.005 to 50 EU/ml.

2.8. Statistical methods

All data were analyzed using the statistical software package SPSS 21
(IBM Inc.). Unless otherwise stated, values below the LOQ were set to
half the LOQ. Correlations were performed using the Spearman rank
correlation coefficient. The equality of the groups’ central tendencies
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Table 1
VVOCs and VOCs in the indoor air of 35 apartments and 27 classrooms of schools in pg/m.°,
Name CAS No. L0OQ N> Mean Median  95th Max N> Mean Median  95th Max
LOQ percentile LOQ percentile
Apartments Classrooms
Alkanes
n-Pentane ° 109-66-0 1.0 28 10.2 4.0 40 115 9 1.5 5.5 6.0
iso-Pentane * 78-78-4 3.0 33 38.2 14.5 190 376 12 3.5 2.0 8.9 10.0
2-Methylpentane * 107-83-5 1.0 13 3.8 0.5 16.0 495 6 0.9 3.0 3.0
3-Methylpentan® 96-14-0 20 7 3.2 12.4 405 1 2.0
n-Hexane 110-54-3 01 32 2.3 0.4 10.2 280 26 0.6 0.4 1.3 3.7
n-Heptane 142-82-5 02 34 7.3 1.0 38.0 920 23 1.5 0.6 3.5 16.1
n-Octane 111-65-9 01 33 6.6 0.7 11.9 175 26 0.4 0.4 0.8 1.0
n-Nonane 111-84-2 01 33 5.4 0.6 11.1 133 19 0.3 0.3 0.7 1.5
n-Decane 124-18-5 01 35 3.7 0.9 12.4 61.0 25 0.8 0.5 1.3 6.3
n-Undecane 1120-21- 02 32 3.7 1.2 12.2 380 24 1.7 0.8 6.4 15.5
4
n-Dodecane 112-40-3 0.5 32 3.3 1.8 12.2 19.5 25 2.2 1.4 7.3 10.7
n-Tridecane 629-50-5 0.5 27 1.6 0.9 4.7 15.6 11 0.7 2.2 3.3
n-Tetradecane 629-59-4 0.2 34 1.2 1.0 2.5 4.4 26 0.8 0.8 1.7 1.8
n-Pentadecane 629-62-9 0.3 27 0.7 0.6 1.8 4.6 23 0.6 0.7 1.0 1.4
n-Hexadecane 544-76-3 0.3 31 0.8 0.7 1.8 3.5 27 0.8 0.7 1.2 1.6
Cyclohexane 110-82-7 0.1 16 0.8 1.0 22.0 7 0.1 0.6 0.7
Methylcyclopentane 96-37-7 0.1 16 1.2 5.6 24.0 10 0.2 0.4 1.9
Methylcyclohexane 108-87-2 0.1 28 7.3 0.4 5.7 225 16 0.5 0.2 2.3 4.1
Alcohols
Ethanol * 64-17-5 50 35 598 431 1257 2652 23 264 170 690 1433
n-Propanol * 71-23-8 6.0 33 5.1 1.8 21 38.0 26 34.5 2.2 50.0 726
Isopropanol® 67-63-0 70 35 19.2 7.9 53.4 236 27 87.7 9.4 570 865
1-Butanol 71-36-3 0.7 33 9.8 7.0 25.5 72.0 21 6.6 5.0 13.9 27.0
2-Ethyl-1-hexanol 104-76-7 1.7 30 5.9 5.0 11.1 25.0 22 8.4 6.0 17.5 64.0
Benzyl alcohol 100-61-6 4.4 0 2.5 6 10.8 2.5 26 161
Aromatics
Benzene 71-43-2 0.1 35 1.18 0.6 3.2 9.6 27 0.63 0.5 1.2 1.9
Toluene 108-88-3 0.1 35 16.3 2.9 77.5 194 27 2.4 1.6 7.8 10.1
m/p-Xylene 108-38-3 0.1 35 13.7 1.3 60.0 237 27 1.7 1.3 4.7 5.1
o-Xylene 95-47-6 0.1 35 5.0 0.8 17.1 88.0 27 0.7 0.7 1.9 2.2
Ethylbenzene 100-41-4 0.1 35 3.5 0.7 14.5 55.0 26 0.6 0.5 1.9 2.0
Styrene 100-42-5 0.1 34 1.4 0.7 6.7 8.8 25 0.5 0.4 1.3 1.6
1,2,4-Trimethylbenzene 95-63-3 0.2 35 6.3 1.1 29.3 92.0 25 1.0 0.7 2.3 4.6
1,3,5-Trimethylbenzene 108-67-8 0.2 25 1.9 0.3 7.2 34.0 17 0.29 0.2 1.0 1.1
2-Ethyltoluene 611-14-3 0.1 25 1.7 0.5 6.0 24.0 18 0.41 0.2 1.3 4.0
3-Ethyltoluene 620-14-4 0.1 35 5.1 0.8 19.8 88.0 27 0.66 0.4 1.8 2.4
n-Propylbenzene 103-65-1 0.1 27 1.1 0.2 3.2 19.0 15 0.15 0.1 0.5 0.7
Naphthalene 91-20-3 0.1 35 0.2 0.2 0.5 1.2 27 0.6 0.3 2.8 4.5
1-Methylnaphthalene 90-12-0 0.1 16 0.1 0.1 0.4 16 0.12 0.1 0.4 0.5
2-Methylnaphthalene 91-57-6 0.2 10 0.1 0.3 0.5 11 0.24 0.1 1.0 1.2
Biphenyl 92-52-4 0.1 2 0.05 0.1 5 0.07 0.2
Terpenes
Isoprene * 78-79-5 1.0 35 16.3 13.5 35.1 52.5 22 10.1 8.0 25.0 26.0
a-Pinene 80-56-8 0.1 34 16.9 5.9 67.6 145 27 4.4 1.9 16.0 36.0
p-Pinene 127-91-3 0.1 33 4.4 2 13.8 33.7 24 1.1 0.5 2.7 8.9
A3-Carene 498-15-7 0.1 34 7.4 3.2 26.8 29.4 27 3.7 0.9 15.5 49.0
Limonene 138-86-3 0.1 35 28 17.6 70 135 27 48 7.0 115 700
Cineole 470-82-6 0.4 34 3.8 2 16.1 21.7 22 7.4 1.0 3.3 171
Longifolene 475-20-7 0.2 12 0.2 1.1 9 0.2 0.6
Aldehydes/ketones
Aceton * 67-64-1 1.0 35 60.8 27.8 214 274 27 38.9 45.1 78.6 100
Formaldehyde * 50-00-0 1.0 34 19.1 17.0 43.9 76.3 26 15.5 15.7 34.7 41.8
Acetaldehyde * 75-07-0 1.0 33 19.5 10.5 72.2 97.4 22 8.7 7.8 21.6 25.2
Acrolein” 107-02-8 1.0 25 3.6 4.0 7.5 9.0 22 3.4 3.0 7.0 8.0
Methacrolein® 78-85-3 1.0 18 1.2 0.8 3.2 4.5 3 1.0 1.0
Propanal® 123-38-6 1.0 13 2.0 6.7 11.8 7 1.0 3.0 3.7
Butanal 123-72-8 1.3 16 1.5 3.0 12.0 11 1.4 0.5 2.7 8.0
Pentanal 110-62-3 1.0 33 6.3 4.0 15.0 22.0 26 3.1 2.0 7.4 9.0
Hexanal 66-25-1 0.8 34 12.7 10.0 32.0 37.0 27 5.9 5.0 12.8 15.0
Heptanal 11-71-7 2.2 15 2.1 1.0 4.0 7.0 7 1.5 4.0
Octanal 124-13-0 0.9 34 3.5 3.0 7.0 9.0 26 3.0 3.0 5.0 7.0
Nonanal 124-19-6 2.7 33 12.1 12.0 22.0 30.0 26 13.8 15.0 23.0 29.0
Decanal 112-31-2 10 3 14.3 14 17.6 18.0 0
Benzaldehyde 100-52-7 0.1 34 3.2 2.8 6.6 7.1 27 6.67 3.2 14.79 64.6
Ethers/esters
Methyl acetate * 79-20-9 1.0 22 2.9 2.0 9.8 12.5 13 1.6 1.0 3.0 10.0
Ethyl acetate ° 141-78-6 2.0 32 22.1 9.0 75.5 191 14 3.1 2.5 10.4 13.0
Butyl acetate 123-86-4 0.4 31 3.7 2.2 14.0 21.0 19 7.1 0.7 2.9 157
Ethylen glycol monomethyl ether 109-86-4 0.5 2 0.3 1.0 2 0.3 0.5
Ethylen glycol monoethyl ether 110-80-5 1.1 1 1.0 0

(continued on next page)
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Table 1 (continued)
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Name CAS No. LOQ N > Mean Median 95th Max N > Mean Median 95th Max
LOQ percentile LOQ percentile
Apartments Classrooms
Ethylen glycol monobutyl ether 111-76-2 1.2 16 4.4 0.5 6 100 22 19.0 9.0 69.1 119
Ethylen glycol monophenyl ether 122-99-6 2.0 7 1.4 1 3.3 4 26 13.6 7.0 50.0 55.0
Diethylen glycol monobutyl ether ~ 112-34-5 5.0 0 7 11.6 60.0 94.0
Butyldiglycol acetat 124-17-4 1.1 0 0
Propylene glycol monobuty ether ~ 5131-66- 1.3 13 3.6 19.0 30.0 23 11.3 3 53.0 74.0
8
TXIB 6846-50- 0.2 21 0.6 0.4 2.23 3.2 25 1.2 0.8 2.9 5.7
0
Halogenated compounds
Tetrachloroethylene 127-18-4 0.1 19 0.1 0.1 0.36 0.7 9 0.2 3.5
1,2-Dichloroethane 107-06-2 0.2 19 1.6 0.2 2.79 37.1 4 0.3 4.0
Organic acids
Formic acid” 64-18-6 5.0 34 13.6 15.0 20.2 21.5 18 12.7 15.0 23.0 27.5
Acetic acid” 64-19-7 5.0 34 77.3 71.5 145 210 18 66.5 64.0 135 168
Others
Octamethylcyclotetrasiloxane 556-67-2 0.1 32 1.5 1.0 3.65 9.7 27 1.17 0.8 2.7 2.8
(D4)
Decamethylcyclopentasiloxane 541-02-6 0.1 35 73.8 25.9 287 793 27 55.2 17.1 176 238
(D5)
Benzothiazole 95-16-9 0.5 7 0.4 0.8 1.1 14 0.8 0.5 1.6 8.7
TVOC (Cg-C16) 35 436 253 939 3369 27 329 277 793 900

TVOC: total volatile organic compounds;
# VVOC as defined by ISO 16000-6 (in bold).

was tested using the Wilcoxon test.
3. Results and discussion
3.1. Climate parameters and particulate matter

The results of the climate parameters, including carbon dioxide
(COy), are shown in Table S 1. The indoor air temperatures in the
classrooms were between 15 °C and 26 °C (median: 21 °C) and in the
apartments between 16 °C and 24 °C (median: 22 °C). The daily median
of relative humidity ranged between 25 % and 58 % (median: 43 %) and
between 29 % and 57 % (median: 40 %). No statistically significant
differences existed between schools and homes for the above climate
parameters. The CO, concentrations in the indoor air ranged from 433 to
1870 ppm (median: 1136 ppm; 95th percentile: 1814 ppm) in the
classrooms and from 403 to 1453 ppm (median: 799 ppm; 95th
percentile: 1360 ppm) in the apartments. As expected, the COy con-
centrations in school classrooms were statistically significantly higher
(p < 0.001) than in the apartments. In addition to the large number of
people per room volume, the generally poorer classroom ventilation is a
possible explanation. A statistically significant correlation was found
between the average number of pupils in the classrooms and the average
CO, concentrations.

In Germany, the German Working Group on Indoor Guideline Values
has derived hygiene-based guideline values for carbon dioxide in indoor
air from the evaluation of current intervention studies (Ad-hoc-AG,
2008). According to this, concentrations below 1000 ppm of CO in
indoor air are considered harmless, concentrations between 1000 and
2000 ppm are considered conspicuous, and concentrations above 2000
ppm are considered unacceptable. If the median CO, values are
considered, the levels were above 1000 ppm only in 15 % of the
apartments but in 62 % of the classrooms. Median CO concentrations of
over 2000 ppm were not measured in the two indoor spaces examined.

The results of the PM;o measurements are summarized in Table S 1.
The concentrations measured in classrooms were between 9.1 and 210
pg/m° (median: 82 pg/m>) and between 3.6 and 52 pg/m® (median:
10.2 pg/m?) in apartments. The measured PM; o values were statistically
significantly higher (p < 0.001) in the classrooms than in the
apartments.

3.2. VVOC and VOC concentrations

Overall, 35 VVOCs and 69 VOCs could be detected using different
independent analytical methods. The individual results of all VOCs and
the more frequently detected VVOCs are summarized in Table 1. The
statistical parameters of all VVOCs quantified are also listed in Table S 2.
In the apartments, the substances with the highest medians (>10 pg/m>)
were, in descending order, ethanol > acetic acid > acetone > deca-
methylcyclopentasiloxane (D5) > acetaldehyde > limonene > formal-
dehyde > formic acid > iso-pentane > decanal > isoprene > nonanal. In
the classrooms, the order was ethanol > acetic acid > acetone > D5 >
formaldehyde, formic acid > nonanal.

For the analyzed substance classes, the following sum medians were
found in the classrooms (apartments): Terpenes: 22.5 pg/m° (46.1 pg/
m>), aldehydes/acetone: 81.6 pg/m> (121 pg/m>), alkanes 15.2 pg/m>
(33.5 pg/m>), aromatics: 8.3 pg/m® (10.7 pg/m®), organic acids 61 pg/
m? (82 pg/m3), alcohols 249 pg/m3 (518 pg/mg’), siloxanes 17.4 pg/m3
(27.6 pg/m®), and ethers/esters 51.0 pg/m° (22.6 pg/m>). Overall, the
medians in the schools were lower, except for ethers. The differences
between the two study sites were statistically significant for the alde-
hydes, alkanes, aromatics, and alcohol groups. The proportion of sub-
stances defined as VVOCs in our study on the total content of the
respective group (sum of VOCs and VVOCs) in classrooms (apartments)
was 91 % (76 %) for the aldehydes and acetone, 6 % (53 %) for the
ethers/esters, 23 % (63 %) for the alkanes, 36 % (30 %) for the terpenes,
and 25 % (18 %) for the organic acids. Among the alcohols, ethanol
largely dominates the total content of this group. In addition to venti-
lation and using, e.g., cleaning agents, the level of VOCs in indoor air is
also influenced by the emissions from building materials and furnish-
ings. For example, Wang et al. (2022) critically reviewed the multiple
factors on VOC emission behaviors indoors and concluded that tem-
perature and relative humidity has a large impact. In our study, only
aromatic compounds, but not the other substance classes, showed a
statistically significant correlation with the schools’ mean temperature
(r = 0.41; p = 0.04) and median CO5 concentrations (r = 0.56; p =
0.002). No correlations were found for the median relative humidity. In
the living rooms, only the ethers were significantly correlated with the
mean indoor air temperature (r = 0.398; p = 0.02), while for the median
relative humidity, a significant positive correlation with the terpenes,
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aldehydes, alcohols, and organic acids (r = 0.42-0.59; p < 0.05) could
be observed. The median CO; values correlated in these indoor spaces
only for the group of terpenes and aldehydes. Likely, statistically sig-
nificant correlations can only be found to a limited extent due to the
many factors influencing indoor air concentration levels, the narrow
range of temperature and relative humidity, and the limited number of
properties examined.

The scientific literature contains many study results on the classic
VOCs in the Cg-C16 spectrum or individual groups such as aromatics. The
spectrum of the substances investigated is often very different and
sometimes limited in number. In our study, for the first time, many
VVOCs were determined in indoor air in addition to the classic VOCs to
generate meaningful data for two critical indoor spaces regarding
exposure. Table 2 compares the VOCs/VVOCs found at higher concen-
trations in our study with other studies. While Li et al. (2019) and Daniel
et al. (2019) report the results of extensive representative studies, the
results given by the other three publications are a compilation of several
studies. A nationwide study as part of the Canadian Health Measures
Survey (CHMS), in which 88 VOCs were examined in 3524 residential
homes, provided very comprehensive current results (Li et al., 2019).
The substances with the highest concentrations in this study compared
to our residential measurements were limonene (24.9 vs. 17.6 ug/mS),
decamethylcyclopentasiloxane (D5) (9.6 vs. 25.9 pg/m3), toluene (7.3
vs. 2.9 pg/m>), hexanal (8.7 vs. 10.0 pg/m>), nonanal (7.4 vs. 12.0
pg/m3), and a-pinene (5.8 vs. 5.9 pg/m>), which alone were responsible
for more than half of the total of all VOCs. The clear difference between
the two studies is striking in the case of D5. This siloxane is used in
various applications in cosmetics, personal care products, cleaning
agents, coatings for packaging and paints, lubricants, and medical de-
vices. Different application quantities and application areas appear to be
responsible for the differences. Nevertheless, emission behavior is very
complex. For example, in an experiment in a classroom, Yang et al.

Table 2
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(2018) characterized the emission behaviors of D5 from the skin lipids of
room users. Key parameters affecting emissions, like the physicochem-
ical characteristics of D5 and environmental conditions, were deter-
mined. They found that, in particular, the thermal conditions on the
skin, the penetration into clothing, and subsequent emission can be
important. Additionally, the reuse of personal care products also
significantly influences D5 emissions. In the second study, volatile
substances were analyzed in 639 homes between 2014 and 2017 as part
of the representative German Environmental Survey for Children and
Adolescents (GerES V) (Fernandez Lahore et al., 2025). The median
values found in this study are comparable, whereby differences can best
be explained by temporal changes in the utilization patterns of indi-
vidual substances. This applies, for example, to formaldehyde, whose
concentrations in indoor air have been declining in recent years.
Moreover, here is a brief description of the other studies. Halios et al.
(2022) compiled the results of 65 volatile substances measured in Eu-
ropean homes from 2000 to 2020 and calculated weighted average
geometric means for the individual substances. In a review paper, Logue
et al. (2011) compiled the results of 267 organic substances in resi-
dential interiors from 77 studies from 1995 to 2010, mainly from North
America and Europe. These data were then used to calculate represen-
tative mid- and upper-range concentrations relevant to chronic expo-
sures. In a further study, Cometto-Muniz and Abraham (2015)
summarized the results of 47 studies from homes and schools worldwide
and calculated, for example, the median concentrations. As expected,
the studies show differences in the respective concentrations. Overall,
the differences in the medians for some groups, such as terpenes, are
relatively small, while for others, such as aromatics, there are clear in-
dications of a decrease in indoor pollution.

More extensive studies that measured or estimated indoor air exposure to VOCs and VVOCs compared to substances found with high medians in our study in pg/m.°.

This study Halios et al., (2022) * Logue et al. (2011) Cometto-Muniz and Abraham (2015) Fernandez Lahore et al. (2025) Li et al. (2019)
Alcohols
Ethanol 431 92.0 160 92.0 - -
iso-Propanol 7.9 - - - - 2.1
1-Butanol 7.0 6.2 55.0 51.4 - 1.5
2-Ethyl-1-hexanol 5.0 3.7 4.6 1.6
Aldehydes/Aceton
Formaldehyde 17.0 18.0 23.0 53.4 24.9 -
Aceton 27.8 11.4 21.0 32.8 - 4.9
Acetaldehyde 10.5 10.1 13.0 20.0 5.5 -
Decanal 14.0 - 0.9 1.8 1.3 1.5
Nonanal 12.0 - - 18.0 6.1 7.4
Hexanal 10.0 13.3 8.4 7.5 10.9 8.7
Aromatics
Toluene 2.9 15.9 18.0 14.8 4.7 7.3
Xylenes 2.1 6.4 5.6 8.3 2.6 357
Ethers/esters
Ethylacetate 9.0 4.3 1.0 16.7 16.6 -
Butylacetate 2.2 - - 7.5 4.9 -
Alkanes
n-Pentane 4.0 1.7 - 3.6 - 2.5
iso-Pentane 14.5 - - 5.5 - -
Decane 0.9 - 3.8 16.0 1.1 1.0
Heptane 1.0 - 2.5 11.0 <1.0 1.1
Terpenes
Limonene 17.6 - 18.0 19.2 12.0 249
Isoprene 13.5 - 2.0 7.1 - -
3-Carene 3.2 - 3.7 15.8 2.3 -
o-Pinene 5.9 - 12.0 11.0 6.4 5.8
Organic acids
Acetic acid 71.5 - 9.4 21.9 -
Formic acid 15.0 - - - -
Siloxanes
D4 1.0 - - - <1.0 2.5
D5 25.9 - - - 14.0 9.6

? only m-,p-xylenes; * results as weighted average geometric mean.
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3.3. Comparison with toxicologically derived values

A health evaluation of individual VOCs/VVOCs is only possible to a
limited extent, as toxicologically based values are only available for a
few substances. Table S 3 shows the 95th percentiles of the indoor air
concentrations determined in our study with the reference concentra-
tion (RfC) of the US Environmental Protection Agency (US EPA) and the
guide value I (GV I) of the German Committee on Indoor Guide Values
(AIR), both of which describe a concentration below which no health
effects need be expected even in the case of lifelong exposure. In addi-
tion, the guide value II (GV II) is specified as a hazard value. In the in-
door rooms examined in this study, the GV II is not exceeded in any
room. In the 35 apartments, the GV I/RfC was exceeded in one room for
the sum of Co-Cj4 alkanes, for propanal, for deca-
methylcyclopentasiloxane (D5), and in two rooms for the sum of xylenes
and naphthalene (RfC only). In the 27 classrooms, benzaldehyde was
exceeded in one room and ethylene glycol monophenyl ether in four,
probably due to the use of perfumes. However, some substances were
present in concentrations in the room air which were not far from GV 1.
This applies in particular to aldehydes such as formaldehyde and acet-
aldehyde but also to D5, whose 95th percentiles in apartments utilized
44 % of the GV 1 for formaldehyde, 72 % for acetaldehyde, and 72 % for
D5.

Carcinogenic substances pose a particular assessment problem.
While the US EPA only specifies the concentrations associated with a
theoretical cancer risk assuming lifelong exposure of between 1 case per
1000000 (1 x 107°) exposed persons and 1 case per 10000 (1 x 10~%)
exposed persons, the German AIR derives so-called risk-related cancer
guide levels and preliminary cancer guide levels (for an explanation, see
Table S 5 and Fromme et al., 2019). For 1,3-butadiene, vinyl chloride,
and trichloroethylene, the analytical methods in our study are not sen-
sitive enough to cover the entire risk range between 1 x 107® and 1 x
10~*. However, the RfC for non-carcinogenic effects is always undercut
for vinyl chloride and trichloroethylene. For 1,2-dichloroethane, a
theoretical carcinogenic risk of 2.6 x 107 (64 x 10°® and 5.2 x 10°°
(73 x 107%) results in classrooms and apartments at the median (95th
percentile) using the US EPA unit risk and for benzene using the unit risk
of the German occupational health and safety authorities of 5 x 10~°
(12 x 107 and 6 x 107 (32 x 107°) respectively. There is no generally
accepted definition of a tolerable or acceptable risk to carcinogenic
substances for the general population with no specific occupational
exposure. Nevertheless, organizations such as the World Health Orga-
nization (WHO), the US EPA, and the US Agency for Toxic Substances
and Disease Registry (ATSDR) suggest that risk ranges between 10~* and
107° for staged regulatory action. Without legal regulation, the Euro-
pean Chemicals Agency (ECHA) recommends an indicative risk of 1 x
107 in its guidance on risk assessment for the general population
(ECHA, 2012). Against this background, further efforts are necessary to
reduce the population’s exposure to achieve the ECHA target value of a
risk of 1 x 1076,

3.4. Comparison with TVOC-value

In addition to determining individual VOCs, the sum of the concen-
trations of the individual volatile organic compounds, the so-called
TVOC value (Total Volatile Organic Compounds), can be used
(Mglhave et al., 1997, Ad-hoc-AG, 2007). In our study, TVOC is the sum
of all substances that elute analytically in the retention range between
n-hexane and n-hexadecane (from Cs-Cj¢). In addition to a toxicological
analysis of individual substances, this provides an impression of the
level of contamination in an indoor space and enables an initial rough
hygienic assessment (Ad-hoc-AG, 2007). It is important to note that the
TVOC concept does not consider the possibility of interactions between
the individual VOCs and is not a toxicological-based assessment
(Mglhave, 2003). Instead, it is an indicator or screening tool for
assessing indoor air quality (Salthammer, 2022).
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For TVOC in this study, a median (95th percentile) of 253 pg/m>
(939 pg/m>) and a range of 638-3369 pg/m® was determined in the
apartments. The classrooms’ median was 277 pg/m°, and the 95th
percentile was 793 pg/m® (range: 61-900 pg/m>). There are no statis-
tically significant differences in TVOC concentrations between apart-
ments and classrooms. The individual results for apartments and
classrooms are also shown graphically in Fig. 1. In the living rooms, the
TVOC values correlated significantly with the groups of alkanes (r =
0.861; p < 0.001) and aromatics (r = 0.881; p < 0.001) and in the
classrooms with the terpenes, aldehydes, alcohols, and siloxanes (r =
0.447-0.651; p < 0.05).

Compared to our study, a representative German study conducted in
2014-2017 showed a comparable pollution situation in 639 apartments
with a median of 270 pg/m® and a 95th percentile of 950 pg/m>
(Fernandez Lahore et al., 2025). Comparable medians were also re-
ported in a Swiss study in 169 energy-efficient homes (Yang et al., 2020)
with 212 pg/m? and in 20 conventional homes in Sweden (Langer et al.,
2015) with 272 pg/m°. In China, a very low median of 5 pg/m® (mean:
218 pg/mS; range: 5-1850 pg/m>) was observed in the control group of
an epidemiological study in 75 apartments (Sun et al., 2022), and a
significantly higher TVOC median of 1270 pg/m® (range: 290-3060
pg/m>) was reported in 31 living rooms of apartments in another Chi-
nese study (Chen et al., 2017). A concentration range of 104-1151
pg/m> was also seen in the study of 251 apartments in 8 Chinese cities
(Pei et al., 2020). Significantly fewer results have been published for
schools. For example, Madureira et al. (2015) found lower values in 73
classrooms of 20 Portuguese schools with a median of 140 pg/m? (range:
9-820 pg/m?) than in our study, while they were in a comparable range
in 9 Spanish classrooms with mean values between 214 and 452 pg/m>
(Becerra et al., 2020). A slightly lower TVOC median of 179 pg/m? was
also found in 63 German daycare centers (Fromme et al.,, 2016). A
comparison must always be made cautiously due to the different number
of individual substances measured.

Tsang et al. (2024) currently provide a worldwide overview of TVOC
quality standards set for indoor spaces, which range between 200 and
1000 pg/m>. For example, 200 and 600 pg/m? indoor air quality ob-
jectives in Hong Kong were recommended as an 8-h average value,
indicating excellent indoor air quality, respectively (GHK, 2019). In
China, a national standard of <600 pg/m> averaged over 8 h was set in
2022. In Germany, the Committee on Indoor Guide Values has set a
hygienically safe value of <300 pg/m® and a still safe range of
300-1000 pg/m>, at which initial measures are required (Ad-hoc-AG,
2007). In our study, a median of 41 % of classrooms and 43 % of
apartments exceed 300 pg/m>, while 1000 pg/m? is only exceeded in
one apartment.

3.5. Endotoxin concentrations

The endotoxins could be determined in all airborne dust samples.
While a median (95th percentile) of 5.8 EU/: m® (15.3 EU/m®) was found
in the classrooms, the characteristic values in the apartments were
significantly lower at 0.26 EU/m® (0.91 EU/m?®). The individual results
for apartments and classrooms are shown graphically in Fig. 2. The
difference between apartments and classrooms was statistically signifi-
cant (p < 0.001). In addition, a significant negative correlation of the
endotoxin concentrations with the average indoor temperature (r =
—0.441; p = 0.027) was observed in the classrooms but not with the
number of pupils in the room, the individual VOC groups, or the TVOC
value. There were no significant correlations in apartments, not even
with pets indoors. The mean values in the seven apartments with pets
and the 21 apartments without pets were 0.29 EU/m? each. In this study,
there was no carpeting in any room; only four had partial carpets on a
smooth floor covering. No differences existed between the air levels in
rooms with such carpets and those with soft floor coverings (mean
values 0.34 vs. 0.32 EU/m®).

The maximum endotoxin levels measured in classrooms (16.5 EU/
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Fig. 2. Endotoxin level in the indoor air in EU/m.5,

m®) and especially in apartments (0.91 EU/m?®) are well below the limit
value of 90 EU/m> proposed by the Dutch Expert Committee on Occu-
pational Safety for Workplaces (DECOS, 2010). There are no such values
for the general population outside of workplaces.

Table 3 compares the results of studies in classrooms and homes

Table 3

Endotoxin levels in the air of apartments and classrooms in EU/m.°.

Reference N Median (min-max) Country, year
Classrooms
This study 27 5.8 (0.43-16.6) Germany, 2019-20
Sankaran et al. (2023) 22  5.6" (0-16.9)° Singapore, 2015/16
Fromme et al. (2013) 14 15.3 (0.5-84) Germany, 2012
Holst et al. (2015) 20 7.33 (2.83-225)¢ Denmark, 1999/

2000
Apartments
This study 35 0.26 (0.07-0.91) Germany, 2019-20
Huang et al., 2023 120 0.87 (0-~40) Taiwan, 2017-20
Bose et al., 2016 84 0.06 (0.01-0.36)° USA
Ramagopal et al., 2014 75 1.0 (0.09-16) USA
Yoda et al. (2017) 55 0.13" (0.01-0.57) Japan, 2014
Yen et al., 2020 120 0.67 (0.02-8.13) Taiwan, 2010-12
Frankel et al., 2012 5 1.48" (0.32-38) Denmark, 2010/11
Bari et al., 2014 74 0.41 (0.005-53) summer Canada, 2010

0.12 (0.002-12) winter
Hyvarinen et al., 2006 5 0.43" (0.05-3.99) Finland, 2008
Pavilonis et al. (2013) 115 0.21° (0.01-4.52) USA, 2007-11
Mazique et al. (2011) 85 0.05 (0.001-1.68) USA, 2007/08
Menetrez et al., 2009 10 0.05" (0.024-0.08) USA, 2007
Wheeler et al., 2011 100 0.47% (0.06-4.1) Canada, 2007
76 summer
0.14% (0.02-1.45) winter

Chen et al., 2017 40 1.4 (0.2-6.0)° USA, 2005
Horick et al. (2006) 82 0.81° (0.23-5.87) USA
Delfino et al., 2015 45 0.61 (0.002-25.3) USA, 2004
Dassonville et al., 162 0.59 (<0.05-17700) France, 2003

2008

2 geometric mean.
mean.

¢ 10th and 99th percentile.

4 PMg 2.

e

f daycare centers.

& PMj,.

* interquartile range.

published in the scientific literature. In schools, our current results are
lower than in a previous German study, in which a median (95th
percentile) of 15.3 EU/m® (58.2 EU/m®%) was found in the air of 14
classrooms in 7 schools using the same methodology (Fromme et al.,
2013). Although other sampling techniques were used for collecting
PMy.20 or IOM Inhalable Dust Samplers, studies in Singapore and
Denmark have comparable results with our research (Holst et al., 2015;
Sankaran et al., 2023). For example, the highest mean endotoxin con-
centrations in the PMy.g fraction (5.6 EU/m®) and the lowest (0.9
EU/m®) in the PMg 6.1 fraction were found in the samples collected
from daycare centers in Singapore using a cascade impactor (Sankaran
et al., 2023).

Most published studies on residential interiors reported a median
exposure level similar to ours, although the range of individual results
can be extensive. In addition to home characteristics such as flooring
and cleaning activities, the presence and number of pets can explain this
(Horick et al., 2006; Mazique et al., 2011; Pavilonis et al., 2013; Yoda
et al., 2017).

Overall, when comparing the results, it must be taken into account
that sampling was carried out very differently in the studies, and in-
fluences on the results are to be expected. For example, the following
methods were used: PMj collection on glass fiber filters with a medium
volume sampler and an airflow rate of 2.5 m3/per hours over 6 h;
cascade impactor with eight size classes over 4-5 days for a total of 35 h;
polytetrafluoroethylene (PTFE) membrane filters using a sampling
pump operating at 20 1/min with a sampling time of 24 h.

4. Conclusion

This study analyzed a broad spectrum of organic substances in indoor
air. Overall, 35 VVOCs (including low-molecular aldehydes and
acetone), 69 VOCs, formic acid and acetic acid, as well as airborne en-
dotoxins, were quantified in the indoor air of 34 central living rooms of
apartments and 27 elementary school classrooms. The aim was to collect
initial data on indoor air pollution and, in addition to the more
frequently measured VOCs, to include VVOCs and endotoxins that had
previously only been rarely measured. It turned out that the proportion
of substances defined as VVOCs in our study on the total levels of the
individual groups was high in some cases.

According to current knowledge, exposure to airborne endotoxins is
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low, especially in apartments, and does not pose a significant health risk.
A health assessment of the results of the individual VOCs and VVOCs is
complex, as only limited toxicologically derived values for indoor air are
available to date. An urgent need is to derive more scientifically based
values for indoor air. This is also important because the composition of
indoor air has changed in recent years, and the before important halo-
genated compounds and aromatics, for which sufficient values are
available, are becoming significantly less critical. Overall, the existing
guide values are only exceeded in individual cases. Further risk reduc-
tion is required for some substances, such as benzene and 1,2-dichloro-
ethane, for which the carcinogenic effects are in the foreground. Our
study shows that in addition to the typical VOCs, VVOCs should also be
increasingly included in the range of substances analyzed, as there can
be significant exposure to substances in this group indoors.
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