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Abstract Indoor air quality (IAQ) was investigated
in two libraries of Bartin University. Particle matter,
TVOC, and CH,O were measured simultaneously in
different rooms of the libraries. Measurements were
made by PCE-RCM 11 measuring device. They were
conducted monthly between September 2019 and
October 2020 for 2 weeks for each library. TVOC
mean concentration was higher than the limit value
reported by Seifert et al. (1999). PM, 5 and PM,, con-
centrations were higher in winter unlike TVOC and
CH,O concentrations. The indoor seconder blowing
dust was detected to be the most important source of
particulate matter in the indoor environment. On the
other hand, it was thought that the pollutants in the
gas phase were affected by indoor and outdoor air
temperature, indoor/outdoor air exchange rate, and
indoor/outdoor pollutant sources. The parameters
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changed during the day and in different rooms of
the libraries. Pollutants did not pose any hazard on
human health, since the calculated HQ and HI<1 for
both exposure groups. The indoor air of the libraries
was detected to be slightly polluted and bad accord-
ing to the TAQI and IEI, respectively. On the other
hand, the indoor air quality of the libraries was good
in terms of all parameters according to the IAQC.

Keywords Indoor air quality - Total volatile organic
compounds - Formaldehyde - Health risks

Introduction

Indoor air quality (IAQ) is a term that expresses to the
quality of the air in a closed environment by thermal
comfort conditions (temperature and relative humid-
ity) and the pollutant concentrations. The indoor air
pollutants (i.e. harmful gases, particulate matter, bio-
logical agents, and volatile organic compounds) affect
occupants’ health situation, comfort, and performance
negatively and cause harmful effects on the materi-
als. Poor IAQ can lead to loss of performance, health
problems such as poisoning, allergic reactions, and
sick building syndrome. High levels of pollutants and
humidity can create some harmful effects on materi-
als, collections, and antiquities such as rot, deteriora-
tion, colour change, corrosion, and so on.

University libraries are environments that are used
extensively by students and also contain valuable
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works. Therefore, IAQ will affect directly students’
health and performance. Many studies have been
conducted to analyse the IAQ in library buildings for
the users (Fantuzzi et al., 1996; Gunes et al., 2015;
Hizrri et al., 2015; Yang, 2017; Li et al., 2017; Wu
et al.,, 2018; Sahu et al., 2019; Zhang, 2019). The
effect of PM;, on the health of library staffs and
users was investigated in and its limit values were
observed to be exceeded during exam periods (Gunes
et al., 2015). The functionality of use areas and the
necessity of clean air in the design of the ventila-
tion systems in the library rooms have been pointed
out in another research (Wu et al., 2018). It has been
showed that IAQ has a positive effect on satisfaction
and efficiency of occupants as a result of the surveys
(Zhang, 2019). As seen from these studies, libraries
have insufficient ventilation and unacceptable TAQ
and present a health risk for employees and users.
To ensure acceptable IAQ, the air temperature and
relative humidity should be kept at the desired level
for health, dust collectors and air cleaners should
be used, ventilation should be increased, and most
importantly, pollutant sources should be controlled
(Yalcin, 2017).

Paints, furniture, varnishes, wood preservatives, dis-
infectants, aerosol sprays, cleaning products, air freshen-
ers, hobby materials, dry-cleaning clothes, combustion
products, pesticides, office equipment, and adhesives
are the most important sources of volatile organic
compounds (VOC) for the indoor environment (EPA,
2020a). Acetone, formaldehyde, acetaldehyde, glyoxal,
benzaldehyde, and methyl isobutyl ketone are related
to furniture, floor coverings, wall coverings, and build-
ing materials. VOCs and formaldehyde are highly toxic
and carcinogenic compounds cause respiratory diseases
(Ashford & Caldart., 2001; Bu et al., 2016; Wu et al.,
2018). It has been reported that high concentrations
of VOC and formaldehyde are risk factors for asthma
and rhinitis and may even be associated with cancers
related to skin, lung, melanoma, and endocrine (Kelly
& Hussel, 2011; Hulin et al., 2012; Bakian et al., 2015;
Boeglin et al., 2006; Eigurenfernandez et al., 2010;
Martins et al., 2012; Baccioglu & Kalpaklioglu, 2007;
Klinmalee et al., 2009). Formaldehyde (CH,O) is a
colourless, pungent, poisonous gas. It has many harm-
ful effects on respiratory, digestive, and nervous sys-
tems (Yalcin, 2017; Unsaldi & Ciftci, 2010). The most
important CH,O sources in the indoor air are the resins
used for the production of composite wood products
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(i.e. parquet plywood, chipboard, and medium density
fibreboard), building materials and insulation materi-
als, glues, permanent printing fabrics, paints and coat-
ings, plastics, varnishes, and paper products (Nielsen
et al., 2010). Indoor sources of particulate matter (PM)
are cigarette smoking, cooking, and use of stoves, heat-
ers, and fireplaces (EPA, 2020b). PM, s refers to PM that
have a diameter of less than 2.5 ym. High PM, 5 con-
centrations cause significant health effects on bronchi-
tis, lungs, and heart. PM,, (diameter <10 um) pollution
can settle deep into the lungs and cause serious health
problems (Wang, 2012). Printers, computers, scanners,
and photocopiers are considered to be the most impor-
tant causes of VOCs and ultrafine particles (d <0.1 mm)
(Gaur et al., 2018; Lee et al., 2001; Kagi et al., 2007;
Horemans et al., 2010).

Indoor limits/standards have been set by authority
organisations and independent agencies such as World
Health Organization (WHO) and Researchers and
Environmental Protection Agency (EPA) to protect pri-
marily the public health, including the health of ““sensi-
tive” people with lung disease (such as asthma, cough,
and wheeze), children, and the elderly. Limit values
related to parameters affecting IAQ are summarised in
Table 1. Good environmental conditions are critical in
the protection of cultural collections such as libraries,
archives, and museums (Schifer, 2014).

In this study, it was aimed to determine the indoor
air quality in 2 libraries in the old and new campuses
of Bartin University. In the study, it was aimed to
measure the pollutant concentrations, determine the
quality index, and evaluate the health risk analysis

Table 1 Indoor air quality standard values

Parameter Indoor air limit Reference
PM, s 25 ug/m® (24 h avg.) (WHO, 2010)
10 pg/m3 (annual avg.) (WHO, 2010)
PM,, 50 ug/m® (24 h) (WHO, 2010)
20 pg/m? (1 year) (WHO, 2010)
TVOC 600 ug/m* (8 h) (Burnett, 2005;
300 pg/m? (8 h) Ugranli
etal., 2015)
(Seifert et al.,
1999)
CH,0 <100 pg/m? (30-min avg.) (WHO, 2017)

Temperature  24.5-28 °C (summer) (ASHRAE, 2004)
23-25.5 °C (winter)
30-80% (summer)

30-55% (winter)

Humidity (HC, 1995)
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under the current conditions, without interfering
with the library conditions. In addition to the effect
of building age on indoor air quality, factors affecting
indoor air quality were evaluated.

Material and methods
Site description

In this study, measurements were made in libraries
located in 2 different campuses of Bartin University.
Both libraries are located close to the village settle-
ment. Library I (Libr 1) is located on the first floor
of a 40-year-old building. In the entrance part, the
floor is covered with stone and other places (reading
room and bookshelf) are covered with wood and PVC
material. Library II (Libr 2) is located in the basement
of a 5-year-old building and the floors of all rooms
are covered with stone. Both libraries are ventilated
by natural ventilation method. In the winter season,
ventilation was done for up to 10 min in the morn-
ings and was usually kept closed during the day. The
windows were usually open during the day in autumn
and summer seasons. Heating is done with natural gas
system. Measurements were made simultaneously in
different library rooms (reading room, entrance hall,
book holding).

Monitoring and measurement

Measurements were conducted monthly between
September 2019 and October 2020 for 2 weeks for
each library. They were made 4 days a week for 2 h
in the morning and 2 h in the afternoon. Values were
recorded every 10 min. Within the scope of the pre-
ventions taken during the COVID-19 pandemic dura-
tion, measurements could not be made in the spring
months. Temperature, relative humidity, PM, 5, PM,,,
total volatile organic compounds (TVOCs), and for-
maldehyde (CH,0O) were measured simultaneously
in all rooms with the PCE-RCM 11 (Figure S1). The
measuring device was placed at a height of 1-1.5
from the floor in the middle of the room, away from
the walls and windows. Care was taken to ensure
that the measuring point represents the entire room.
This device uses laser scattering weight test method
to detect PM,s/PM,, (mass concentration range
0-2000 pg/m?>, resolution 1 ug/m*). TVOC measures

in the range of 0-9.9 mg/m> (accuracy: +5% of the
measuring range) with the semiconductor sensor, and
CH,O measures in the range of 0-5 mg/m’ (accu-
racy: +5% of the measuring range) with the fuel
cell sensor. Temperature is measured between—20
and 70 °C (accuracy:+2 °C) with the PT100 sen-
sor. Humidity is measured in the range of 0-100%RH
(accuracy: +5%RH). In order to ensure the qual-
ity and control of the measurements, the devices
were calibrated by the vendor in an external labora-
tory in accordance with ISO 9001, National Institute
of Standards and Technology (NIST), and German
Accreditation Body GmbH (DAKkS).

Statistical analysis

All calculations and statistical analyses in the study
were made with the SPSS 26 package program. Inde-
pendent samples #-test and Mann-Whitney U tests
were applied to the data set to determine whether the
determined mean values were statistically significant.
Before this tests, Kolmogorov-Smirnov, Shapiro—
Wilk and one-way ANOVA tests were applied,
respectively, to determine whether the data set
showed normal and homogeneous distribution.

Human health risk assessment

Health risk assessment was carried out to estimate the
risks that may arise from exposure to toxic pollutants.
In order to make a risk assessment, the exposure con-
centration must be determined. Exposure occurs in
different ways, including breathing, feeding, and der-
mal contact. After determining the exposure concen-
tration, carcinogenic or non-carcinogenic risk assess-
ment was performed using the equations reported in
the literature.

Estimation of exposure

Exposure concentration can be calculated accord-
ing to the latest methodology (inhalation dosimetry
methodology) reported by EPA (EPA, 2009). This
methodology explains that, contrary to the previous
methodology, in which body weight and respiratory
rate were taken into account, the amount of chemicals
reaching the target area via the inhalation is directly
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related to the chemical concentration exposed (EPA,
2009; Rovira et al., 2010). The chronic exposure con-
centration CE. (ng/m®) can be calculated according
to Eq. (1) (EPA, 2009; Rovira et al., 2010).

CXT ., XF,XE}
=71 @)

a

CE

where C is the pollutant concentration in air (pg/m®),
T, is the exposure time (h/day), F, is the exposure fre-
quency (days/year), E is the exposure duration (years),
and 7, is the average time (lifetime) (days).

Risk assessment

Risk assessment provides quantitative estimation of
the health risk that may occur as a result of exposure
to pollutant (EPA, 2009). Risk assessment is car-
ried out in 2 different ways which include carcino-
genic and non-carcinogenic risks (EPA, 2009). The
non-carcinogenic risk is defined as hazard quotient
(HQ). First, the HQ value for each item is calculated,
then the hazard index (HI) is determined by sum-
ming the individual HQ values (EPA, 2009; Rovira
et al., 2010). Non-carcinogenic risk can be calculated
according to Eq. (2) (EPA, 20009).

CE,
C

ref

HQ;, = (2
where HQ,,, is the hazard quotient via inhalation
(unitless) and C, is the reference concentration (ug/
m3). Since reference concentrations for PM, 5, PM,,,
TVOC, and CH,O were not reported in the literature
and Integrated Risk Information System (EPA, 2014),
the limit values in the indoor air quality guide were
used as the reference concentrations in the calcula-
tion of HQ. It was estimated whether these 4 pollut-
ants measured in indoor air cause undesirable effects
on humans. HQ of 1.0 is considered to be standard
of safety. HQ that is< 1.0 indicates a negligible risk;
that is, the pollutant is not likely to induce adverse
health effects. HQ > 1.0 indicates that there may be
some risks to exposed people (EPA, 1989). The life-
time cancer risk for formaldehyde was calculated
according to the inhalation dosimeter method by
Eq. (3). CR<1x107° can be tolerated, CR> 1 x 10™*
is the risk value that requires action and the exposed
persons should be protected (Chan et al., 2018; Lee
et al., 2006). Carcinogenic risk of less than 1x 107
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can be neglected according to Environmental Protec-
tion Agency (EPA, 2009).

CR,,, = E. xIUR 3)

where EC is the exposure concentration (pg/m?®) and
IUR is the inhalation unit risk (m*/pg). Inhalation
unit risk (IUR) was taken as 1.3x 107> (ug/m?)~! for
formaldehyde (EPA, 2014).

Indoor air quality indexes

In order to determine and improve the indoor air qual-
ity, indoor air quality indices have been developed
around the world in recent years. Detailed informa-
tion about these indexes has been reported by Wei
et al. (2016). In this study, indoor air quality index
was determined according to Indoor Air Quality Cer-
tification IAQMG, 2015) and indoor environmental
index (IEI) (Moschandreas & Sofuoglu, 1999, 2004;
Sofuoglu & Moschandreas, 2003) indices.

According to the indoor air quality certification
(TAQMG, 2015), the indoor air quality level is related
to the threshold values reported for the parameters
(Table S1). For this reason, the measurement results
determined in this study were compared with the
threshold values reported for IAQ parameters in the
indoor air quality certification (IAQMG, 2015). IEI
was calculated according to Egs. (4)—(6).

CAt opt CAz obs
Z 10| ’ @
|CA1 ucl ™ CAt lcl|
lvlw ! v Clie = Clii
API==Y =Y =Y i10|1 - X
PEPESNIEE S
Cdmc _ Cobs (5)
dmc
Ci,/’,k
IE] = IAPI;— IDI ©)

where the IEI index consists of the indoor discomfort
index (IDI) and the indoor air pollution index (IAPI);
L, I, J, and K are the number of parameters in each cat-
egory; CA; ,, CA, s CA; » and CA,; , are the optimum,
observed, upper limit, and lower limit values of tempera-
ture or relative humidity, respectively; C;;;, ™, C;;x obs,
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G J,kmi", and C; dme are the maximum, observed, mini-
mum, and limit concentrations of pollutants, respectively.

In this study, air quality was also determined
according to the indoor air quality index (IAQI)
and index calculated according to Eq. (7) developed by
Humphreys (2005). This index was used to determine

indoor air quality in university libraries in a study con-

ducted in India (Wu et al., 2018).
1 Ci
)(:25)

i=1

@)
where Ci and Si are the concentration of measure-
ment and standard for the same air pollutant; n is the
kind of measured air pollutants. Ci/Si is called sub-
index. The IAQ calculated according to this index can
be categorised in 5 different classes (Table S1).

c, G C

I= | (MAX|=, =2,
Si0 5 Sy

Results and discussion

Variation of indoor air quality parameters by months
The changes of average values related to the measured
indoor air quality parameters in the libraries were shown

in Table 2. The average temperature was measured as
22 °C and in the desired range for the indoor environment.

Table 2 Change of indoor air quality parameters by months

Relative humidity rates were also changed in the range of
43-70%; its average was 55% and complies with the IAQ
standard. The average concentrations for PM, 5 and PM,
were determined to be 25 ug/mand 42 pg/m?’, respec-
tively. When the mean concentrations were compared
with the 24-h limit values (WHO, 2010), PM, 5 was the
same as the limit value, while PM,, was lower (Table 2).

Average TVOC concentration was determined to
be 466 pg/m? in our study. It was higher than the limit
value (300 ug/m?) in Seifert et al. (1999) but less
than the limit value (600 pug/m?®) reported by Burnett
(2005). The average TVOC concentration determined
in this study is close to the results reported for uni-
versity libraries in Italy (433 pug/m’, Fantuzzi et al.,
1996) and India (465 pg/m3, Kumar et al., 2014).
TVOC has been reported to be less than 600 ug/m?
in most libraries in China, 100-538 pg/m’ in Japan
(Hori et al., 2013), and 18—-129 ppb in India (Sahu &
Gurjar, 2019).

The frequency of indoor ventilation was thought
to be effective on TVOC concentration. Ventilation
ensures the discharge of pollutants from the indoor air
to the outdoor air. VOC concentration may also increase
with increasing temperature. Increasing indoor tem-
perature and decreasing air exchange negatively affect
indoor air quality (Zhou et al., 2017). In both libraries,
it is considered that ventilation with natural methods is
a disadvantage in terms of indoor air quality. Wooden

Temperature (°C) Humidity (%)  PM,s (ug/m®)  PM,, (ug/m*)  TVOC (ug/m®)  CH,O (ug/m?)

Librl Libr2 Librl Libr2 Librl Libr2 Librl  Libr2 Librl  Libr2  Librl  Libr2
September 26 NM 61 NM 12 NM 20 NM 520 NM 30 NM
October 21 19.7 63 70 25 21 40 37 640 800 27 34
November 22 18.7 53 61 39 48 64 81 800 740 33 29
December 21 18.9 49 55 49 29 81 51 500 390 24 21
January 21 20.3 45 46 48 30 74 49 270 240 20 10
February 21 20.5 43 46 15 8.4 25 16 210 190 40 10
June 26 NM 59 NM 7 NM 11 NM 340 NM 20 NM
July 27 NM 59 NM 7 NM 11 NM 410 NM 20 NM
August 26 NM 56 NM 7 NM 11 NM 450 NM 40 NM
Max 27 21 63 70 49 48 81 81 800 800 40 34
Min 21 19 43 46 7 8 11 16 210 190 20 10
Mean 23 20 54 56 23 27 37 47 460 472 28 21
SD 2.7 0.8 7.2 10.3 177 145 285 236 1833 2826 8.1 10.9
Mean (Librl/Libr2) 22 55 25 42 466 25

NM, non-measured; SD, standard deviation; Libr, library
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tables, libraries, and cleaning materials (Fenech et al.,
2010; Sahu & Gurjar, 2019; Sarkhosh et al., 2012) and
electronic devices (Gaur et al., 2018; Lee et al., 2001;
Kagi et al., 2007; Horemans et al., 2010) in libraries are
considered to be the most important sources of volatile
organic compounds.

Average CH,0 concentration (25 ug/m?) was also
lower than the specified limit value (100 pg/m?).
Wooden furniture, floor coverings, cleaning agents,
disinfectants, and electronic devices were consid-
ered to be the most important indoor sources of for-
maldehyde in the libraries. In a study conducted in
different rooms of the university library in China
(Beijing), the highest CH,O concentration was deter-
mined as 42 pg/m® (Wu et al., 2018). In studies con-
ducted in dwellings, it has been determined that the
average values were 17 ug/m’ in California (Mullen
et al., 2016), 31 ug/m? in France (Dallongeville et al.,
2015), 27 ug/m® in Spain (Rovira et al., 2016), and
30-150 ug/m? in Lisbon (Almeida-Silva et al., 2014).

Variation of indoor air quality parameters by seasons

Mann-Whitney U test was applied to compare the
mean values of summer and winter seasons. Since
p>0.05 for PM, 5, TVOC, and CH,0, there was no
statistically significant difference between the sum-
mer/winter averages of these parameters. On the other
hand, the averages of temperature, humidity, and
PM,, were not equal in summer and winter seasons,
and there was a statistically significant difference
(»<0.05) between them.

The seasonal change of the PM, 5 and PM,, concen-
trations determined for the winter season is approxi-
mately four times of the summer season (Fig. 1). While
the PM, 5 concentration exceeded the limit value in
autumn and winter seasons, PM;, was approximately
at the limit value. In contrast to the summer season,
the increasing PM concentration in the winter season
is thought to be related to the increasing number of
students and their activities. Indoor secondary blowing
dust has been reported as a source of PM,, in indoor
air by many researchers (Chatoutsidou et al., 2015;
Szigeti et al., 2016). The determination of the low-
est particulate matter concentrations in the summer
months when the students are on holiday supported
this idea. Another reason may be the natural ventilation
method. Natural ventilation with open windows in win-
ter causes particulate matter to leak from the outside to
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the indoor environment (Goyal & Kumar, 2013; Sahu
& Gurjar, 2019). In addition, higher infiltration rate
from outdoor air to indoor air causes higher PM, 5 con-
centrations in winter season (Su et al., 2015; Wu et al.,
2018). The data obtained from the National Air Qual-
ity Monitoring System of the Ministry of Environment,
Urbanization and Climate Change of the Republic of
Turkey (https://www.havaizleme.gov.tr/) confirms this
estimation. Outdoor concentrations of PM;, and PM, 5
were determined to be 73 pg/m> and 43 ug/m’ in win-
ter and 26 pg/m® and 13 pug/m® in summer seasons,
respectively.

Contrary to particulate matter concentrations, TVOC
and CH,O concentrations were found higher in summer
(Fig. 1). TVOC concentrations are affected by tempera-
ture, humidity, and ventilation frequency (Chi et al.,
2016; Gao et al., 2012; Lim et al., 2014; Tao et al.,
2015; Wu et al., 2018). In this study, TVOC concentra-
tion was found to be 300 ug/m® in winter (T=20 °C,
H=47%) and 400 pg/m’® in summer (=26 °C,
H=58%). 1t is thought that increasing temperature val-
ues increase the concentration of VOC released from
indoor sources (furniture, building materials, etc.).
Especially VOCs with high boiling points such as
alkanes are detected more in summer when the average
temperature is higher than in winter (Lin et al., 2009).

A similar trend has been detected for formaldehyde.
CH, O concentration was determined to be 21 pg/m? in
winter (T=20 °C, H=48%) and 27 pg/m’ in summer
(T=27 °C, H=58%) (Fig. 1). In a study conducted in
602 dwellings in Japan, it was reported that the aver-
age CH,O concentration was 13 ug/m? in winter (mean
temperature 17 °C, mean relative humidity 48%) and
34 ug/m® in summer (mean temperature 28 °C and
mean relative humidity 63%) (Uchiyama et al., 2015).
Cheng et al. (2017) reported higher formaldehyde con-
centrations in summer in large departments. A striking
point in this study was that TVOC concentrations were
high in both libraries during the autumn season. Con-
centration increase was thought to be related to other
factors (outdoor air infiltration ratio, outdoor anthropo-
genic sources, etc.) as indoor sources did not change.
Since autumn is a transition season, the temperature
difference between indoor and outdoor environments
is lower in this season than in winter (Wallace et al.,
2002; Wu et al., 2018). This situation causes the infil-
tration rate to be 2-3 times lower in the transition sea-
son compared to the winter season and, therefore, the
indoor air quality in the transition seasons is lower
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Fig. 1 Change of indoor 80
air quality parameters by 70
certain seasons
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(Wallace et al., 2002; Wu et al., 2018). In our study,
determining a similar trend for libraries in two differ-
ent locations in autumn supported this idea. Another
reason may be anthropogenic activities in the outdoor

environment. Both libraries are located close to the vil-
lage settlement. Agricultural waste combustion, which
is common in villages especially in autumn, is thought
to cause an increase in indoor TVOC and formaldehyde

@ Springer



200 Page 8 of 15

Environ Monit Assess (2022) 194: 200

concentrations. Toluene, benzene, methylene chloride,
propylene-n-hexane, n-heptane, glyoxal, acrolein, and
freon-11 are compounds highly associated with vehicle
emissions, biomass combustion, industrial emissions,
and solvent use (Li et al., 2017; Xue et al., 2017; Zhang
et al., 2012). Also, the increase in vehicle traffic around
the campus in autumn was considered another possible
reason. In another study, it was reported that carbonyl
emissions in microenvironments close to high-traffic
streets were 10% higher than in points far from traf-
fic (Chan et al., 2018; Ho et al., 2012; Morknoy et al.,
2011). As a result, apart from the anthropogenic activi-
ties in the outdoor environment, the difference in mete-
orological parameters and the indoor air change rate
also affect the indoor air quality (Chan et al., 2018).

Variation of indoor air quality parameters by morning
and afternoon

There was no significant change between the morn-
ing and afternoon values of the parameters (Figs. 2
and 3). Insignificant increase was determined for tem-
perature, humidity, and TVOC values in the afternoon
unlike PM, 5 and PM,, concentrations. TVOC val-
ues were higher in the morning hours in the summer
while higher in the afternoon in the winter. This situ-
ation can be explained by natural ventilation in librar-
ies. High temperatures and lack of ventilation during
the summer season may be resulted in increased VOC
emissions during the night and high concentration
in the morning hours. Similarly, Gaur et al. (2018)
reported higher TVOC concentrations in the morn-
ing hours. More ventilation during the day in the
summer is thought to result in a decrease in TVOC
concentrations in the afternoon. Wiglusz et al. (2002)

Fig. 2 Changes of tem- 80

perature (°C) and humidity 70 sas 60.2 64.4
(%) in the morning and 60 I I

afternoon 50

40
30

23.0 23.1 195 20.5 21.5
20 12.8
10 . '
0

reported that the indoor VOC concentration decreases
as ventilation increases. For the winter season, the
opposite trend has been determined. In the winter
season, lower concentrations were determined in the
morning hours unlike afternoon. It is thought that the
TVOC concentration decreased in the morning hours
as both the temperature decreased during the night
and there was no human activity. In the afternoon, it
is thought that the VOC concentration increased due
to the increasing temperature, the number of people,
cleaning work, use of deodorant and room perfume,
and decreased ventilation frequency (due to the need
for heating). As it is known, as the ventilation rate
increases, the VOC concentrations in the indoor envi-
ronment decrease (Wiglusz et al., 2002). In conclu-
sion, in this study, it was determined that temperature
and indoor air change rate directly affect TVOC con-
centrations in winter and summer seasons. The same
situation was determined for formaldehyde. For this
reason, the explanations made for TVOC are also
valid for formaldehyde.

Particulate matter concentrations were higher in
the morning hours. This situation can be explained
by the greater physical activity between morning and
noon and the resuspension of the dusts to indoor air
(blowing dust) as explained earlier. Gaur et al. (2018)
reported that the concentration of particulate matter
was higher in the morning hours when the library
was crowded. In addition, natural ventilation in the
morning hours may cause outdoor particulate mat-
ter to leak from the outdoor air to the indoor air. As
explained in the previous section, infiltration from
outdoor air to indoor air is higher in naturally ven-
tilated microenvironments compared to mechanically
ventilated microenvironments (Dockery & Spengler,

65.5 04
I I 56.4
I

26.1! 27.0,

19.2 20.1

Morning Afternoon Morning Afternoon Morning Afternoon Morning Afternoon Morning Afternoon

Libl

Autumn
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Fig. 3 Changes of formaldehyde, TVOC, and PM (ug/m®) in the morning and afternoon

1981; Goyal & Kumar, 2013; Sahu & Gurjar, 2019; Variation of indoor air quality according to different
Taylor et al., 2014). For this reason, it is thought that rooms of the libraries
the infiltration rate was higher and more particulate

matter leaked into the indoor environment due to the One of the aims of this study is to determine the rela-
greater temperature difference between indoor and tionship between the age of the building and the TVOC
outdoor environments in winter. and CH,O concentrations that may occur from building
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materials and to determine the air quality in differ-
ent parts of the libraries. The building age of Libr 1
is>30 years, and Libr 2 is a building of about 5 years.
When the indoor quality parameters of both librar-
ies were compared, no significant difference could
be determined between the parameters. Independent
samples t-test was applied to compare the mean val-
ues determined for Lib1/Lib2. Since p>0.05 for all
parameters except temperature, it was determined that
there was no statistically significant difference between
the averages of both libraries. Measurement could
not be made in Libr 2 because it was closed in sum-
mer (Fig. 1). For this reason, the average temperature
for Libr 1 was determined to be higher. In addition,
the average temperatures in Libr 1 for the autumn and
winter seasons were measured higher than Libr 2. This
situation can be explained by the fact that Libr 2 is
located in the basement and is less affected by sunlight.
No significant difference was found for autumn and
winter when TVOC and CH,O concentrations were
compared to assess VOC and CH,O concentrations
that could be released from building materials. For this
reason, it is considered that building materials did not
significant affect VOC and CH,O concentrations in a
5-year-old building. Considering the total TVOC con-
centration, there was no significant difference between
Libr 1 (460 pg/m®) and Libr 2 (472 pg/m?). The aver-
age CH,O concentration was determined to be 25 pg/
m®. When Libr 1 and Libr 2 are compared in terms of
indoor resources, it has been determined that the num-
ber of computers is higher in Libr 1, the bookshelf are
wooden, and PVC and wooden materials are used in
the floor covering. In Libr 2, holding books are made
of metal material and the ground is covered with stone.
It is also thought that cooking activities originating
from the student canteen were also effective in Libr 2.

The change of indoor quality parameters accord-
ing to different parts of the libraries is shown in
Table S2. Temperature and humidity did not change
significantly. PM, 5 and PM,, concentrations in Libr
1 were higher in the entrance section compared to the
other section. In this section, it is thought that higher
human activity and continuous opening and closing
of the entrance door were important in the resuspen-
sion of dust (especially PM, ). The highest particulate
matter concentration in Libr 2 was determined in the
reading room with the highest activity. This section
is completely separate from the other sections, and
human activities are more here.

@ Springer

TVOC concentration varied between rooms in both
libraries. In Libr 2, the lowest concentration entrance
and the highest concentration were determined in the
bookshelf. The lowest concentration in Libr 1 was
determined in the bookshelf and reading section. The
highest concentration was determined in the entrance
section in Lib 1. This can be explained by the use of
hand sanitizer or other personal disinfectant products
in the entrance area, especially during the summer
sampling, within the scope of COVID 19 measures.
CH,O concentration was also determined at slightly
higher concentration in compartments with comput-
ers. The determination of the highest CH,O concentra-
tion in Libr 2 in the entrance section can be explained
by the computers and book browsers. In addition, it
is thought that the cooking emissions (Huang et al.,
2011; Svendsen et al., 2002) coming from the student
canteen located on the side of the Libr 2 were effective
in the formaldehyde concentration.

Evaluation of human health risks

In this study, chronic exposure concentrations were
calculated for library staff and students, and then,
carcinogenic and non-carcinogenic risk analysis was
performed. Chronic exposure concentration (CEc)
was calculated for library staff and students using
the values shown in Table 3. Since IUR values were
not available, only non-carcinogenic risks were cal-
culated for PM, 5, PM,,, and TVOC. Since the carci-
nogenicity of CH,O was defined by EPA (2014), the
carcinogenic risk for CH,O was also calculated. EC;,
values determined for library staff were found higher
than students (Table 4). The highest exposure concen-
tration was determined for TVOC depending on the
ambient air concentrations (Table 4). Since there is
no reference concentration value defined in the litera-
ture for these parameters, the limit values reported in
the indoor quality guide were used as reference con-
centrations. Therefore, the HQ, were calculated to

Table 3 Exposure frequency, exposure duration, and averag-
ing time for different exposure groups

Exposed group Exposure Exposure Average
frequency (EF) duration (ED)  time (AT)
(days/year) (year) (days)

Library staff 260 30 7800

Student 88 4 352
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Table 4 Chronic exposure concentration (CE), non-carcinogenic (HQ), and carcinogenic risk (CRinh) values

Libr 1 Libr 2

Libr 1 Libr 2

Library staff

Student

CEcinp (ng/ m’) HQ CEcinn (1g/ m’)

HQ CEiyy (ug/m’) HQ CEiyy (ug/m®) HQ

Non-carcinogenic risk (HI)

PM, 5 ug/m® 7.7 0.31 9.1
PM,, ug/m? 12.2 0.24 15.6
TVOC pg/m® 1562 027 1573
CH,0 pg/m? 9.1 0.09 6.9

HI (YHQ) 0.91

Lifetime cancer risk (CR;,;))

CH,0 1.20E—04 9.01E-05

0.36 1.92 0.08 23 0.09

0.31 3.06 0.06 39 0.08

0.26 39.05 0.07 39.3 0.07

0.07 2.28 0.02 1.73 0.02

1.00 0.23 0.25
2.97E-05 2.25E-05

estimate the deleterious effect, although they do not
directly reflect toxicity. Since the calculated HQ and
HI for both exposure groups were <1, the pollutants
did not pose any danger to human health (Table 4).
Consequently, more ventilation is required in both
libraries to reduce the exposure to CH,O and TVOC
compounds.

Lifetime cancer risk for formaldehyde was cal-
culated for staff and students (Table 4). The carci-
nogenic risk determined for both groups was higher
than the limit value (1x107°%) determined by the
EPA (2009). Nevertheless, the risk value calcu-
lated for personnel in Libr 1 slightly exceeded the
value (1x10™*) (Chan et al., 2018; Lee et al., 2006)
reported as the action level of the exposed persons
to be protected. The highest CH,O concentrations
in Libr 1 were determined in February and August
months. During the February sampling, it was deter-
mined that the odour of household cleaners or room
perfume was prominent in the indoor environment
in Libr 1. As explained in the previous sections,
less ventilation frequency in winter may be result in
higher CH,O concentration indoors. It is thought that
hand disinfectants and cleaning agents used exten-
sively during the summer period within the scope of
the COVID 19 pandemic measure cause an increase
in CH,O concentrations.

Carcinogenic risk caused by formaldehyde has been
reported in many studies in the literature. For exam-
ple, it has been reported in the ranges of 4961 x 107>
for dwellings and 34-130x 107> for office in Mexico
(Baez et al., 2003), 0.6-2.3 x 107 for office in Brazil
(Cavalcante et al., 2006), and 4.3-9.9 x 1073 for dwell-
ings in Sri Lanka (Chan et al., 2018).

Determination of indoor air quality index

IAQ level for both libraries was determined according
to IEI, TAQC, and TAQI indexes. When the calcula-
tion was made according to the limit values reported
in Table 1, the IEI score was determined as 9.5 and
8.4 for Libr 1 and Libr 2, respectively. When calculat-
ing according to the threshold values shown for each
parameter in Table S1, the IEI score was determined
as 10.8 and 9.43 for Libr 1 and Libr 2, respectively.
As a result, according to the calculated IEI scores,
it was determined that the indoor air quality of the
libraries was bad. According to the IAQI proposed
by Humphreys, the score was determined as 1.09 for
Libr 1 and 1.07 for Libr 2. According to this index, it
was determined that the indoor air of the libraries was
slightly polluted. In addition, according to this index,
it has been determined that the sub-index (Ci/Si) value
of TVOC is the highest. On the other hand, when the
results determined in this study were compared with
the limit values reported by IAQC (Table S1), it was
determined that the indoor air quality of the libraries
was good in terms of all parameters. As a result, qual-
ity indexes are not consistent with each other. Simi-
larly, Wei et al. (2016) reported that the index results
were not consistent in their study related to the indoor
air quality indexes.

Conclusions
As a result, it was determined that the mean concen-

tration of TVOC exceeded the limit value reported by
Seifert et al. (1999) in both libraries. It was determined
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that the building age (Libr 1>30, Libr 2x5) was not
effective on gas phase pollutants in both libraries
whose ventilation and heating methods were the same
and the indoor pollutant sources were very similar. Pol-
lutant concentrations varied seasonally. Those in gas
phase were higher in summer while those in particu-
late phase were higher in winter. As a result of natural
ventilation through open windows in winter, PM leaks
from the external environment to the indoor environ-
ment. In addition, the increasing student population
was thought to cause an increase in PM concentrations
in winter. In autumn, which is the transition season, it
was determined that the indoor air quality was worse
in both libraries. Therefore, depending on the indoor/
outdoor air exchange rate, meteorological parameters,
and anthropogenic sources in the outdoor environment,
it is thought that the natural ventilation method affects
the indoor air quality positively or negatively. Pollutant
concentrations were found to vary both seasonally and
during the day (morning and afternoon).

The results showed that seasonal and daily changes
were associated with meteorological factors, indoor
temperature and humidity values, ventilation fre-
quency, human activity, and the type and density of
anthropogenic sources in the outdoor environment.
Since the HQ and HI values were computed as<1, the
pollutants did not pose any danger to humans (non-
carcinogenic). However, the lifetime cancer risk value
calculated for formaldehyde was higher than the limit
value (1x107%) reported by the EPA (2009). As a
result, according to the results obtained from this study,
it is thought that the indoor air quality of the libraries
is affected by many parameters related to both indoor
and outdoor environments (due to natural ventilation).
Therefore, it is thought that mechanical ventilation will
be more effective for better indoor quality.
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