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Abstract
In a university library, activities typical of librarians, such as unpacking boxes, removing books from the shelves, dusting, 
packing boxes, cataloguing, conservation and repair, photocopying, setting materials for class, and walking in a main 
hallway, were found to reduce indoor air quality through the production of airborne mold spores, metal dusts, and par-
ticulate matter of different size bins. Analyzing three libraries, the activity of conservation generated 9000 spores/m3 of 
mold spores, nearing the exposure limit of  104 spores/m3 reported for Penicillium sp., and silver nanoparticles of about 
15 µg/m3, that over 8 h would exceed the occupational exposure limit of 0.19 µg/m3. For none of the activities, the levels 
of particulate matter with a diameter lower than 2.5 µm  (PM2.5) and 10 µm  (PM10) did not exceed the 8-h time weight 
average limits of exposure. However, by analyzing the 5th percentile of the real-time  PM10 data, values of about 1.5 mg/
m3, which is concerning for occupational exposure. Measuring real-time exposures of PM could generate an estimation 
of levels of mold spores and metal dusts in libraries. We demonstrate a high Spearman’s rank correlation (0.70) between 
the 5th percentile of PM with a diameter lower than 1 µm and different metals. A high linearity (R2 = 0.85) is obtained 
between the total average of PM with a diameter lower than 10 µm and mold spores/m3.
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1 Introduction

Indoor air quality (IAQ) is fundamental for the health of 
building occupants [20]. Libraries are unique indoor envi-
ronment since they have a high density of occupants [40] 
and unique sources of pollutants, especially potentially 
harmful particulate matter (PM). Librarians spend at least 
8 h per day [36] and frequently engage in activities that 
generate PM, such as dusting, handling books, cleaning, 
unpacking. In libraries, dusting shelves, removing books 
from shelves, repairing books, or packing and unpack-
ing donation of books are examples of sources of PMs 
[27]. Few studies have estimated the sources of indoor 

pollutants in a library [31, 33, 39], the types of activities 
that are linked to a raise in PMs and the type of PM in 
libraries is lacking in the literature.

PMs are classified based on size, which is related to 
their ability to penetrate the respiratory system. Expo-
sure limits and health effects vary for different PM 
classes. The sizes of PM are indicated with superscripts 
indicating the maximum diameter of particles in µm 
 (PM10,  PM4,  PM2.5, and  PM1) [35].  PM10 can penetrate 
mostly in the upper part of a human respiratory system, 
and acute effects include coughing, wheezing, asthma 
attacks, bronchitis. Chronic exposure can result in high 
blood pressure, heart attack, strokes and premature 
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death [35]. Based on the latest recommendation of the 
United States Environmental Protection Agency (US EPA) 
and the Occupational Safety and Health Administration 
(OSHA),  PM10 has a permissible limit of exposure (PEL) 
150 µg/m3 and a 24-h time weighted average (TWA) of 
3 mg/m3 [14].  PM4 is referred as respirable since it can 
enter the lungs and can highly affect human health. Cur-
rently, no exposure limits are suggested for  PM4.  PM2.5 is 
also respirable and it is studied by the majority of refer-
ences focused on IAQ [16, 24, 29].  PM2.5 has a PEL of 24-h 
TWA of 35 µg/m3 according to US EPA [14]. TWA limits 
are useful to reduce the chronic exposure of occupants 
to different sizes of PMs but may not adequately account 
for short-term exposures. In certain cases, while the TWA 
limit is respected, short-term exposure limits are greatly 
exceeded [6, 7]. Even though there are not current regu-
lations on the 15 min TWA and ceiling limits for any size 
of PMs, cumulative exposure to levels of  PM2.5 as low as 
10 µg/m3 results in chronic occupational diseases such 
as asthma or cardiovascular disease [23, 26].

Setting exposure limits and recording PM in indoor 
environments are complex due to the diversity of types 
of PM in indoor environments. The PM size classes (10, 4, 
and 2.5) include airborne mold spores that are ubiquitous 
in indoor and outdoor environments [12]. Even though 
precise measurements of mold spores in libraries are lack-
ing in the literature, it is expected that, in indoor environ-
ments, up to 180 fungal species are capable of living on 
cellulose (the main component of paper). Given permissive 
moisture levels, paper can support the growth of fungi. 
Thus, libraries could contain a large number of mold 
spores from endogenous sources of fungal growth occur-
ring on books [37]. Due to the variety of types of mold 
species, their impact on the occupants is uncertain [5]. Pre-
vious research studies identify Aspergillus, Cladosporium, 
Penicillium, Alternaria, and Chaetomium spp. as the main 
mold species contained in old books [5, 11]. The first two 
species are also common outdoors and have a mild impact 
on the respiratory tract of an average healthy individual; 
when large numbers (on average  106 spores/m3) of spores 
become airborne and can be inhaled, they pose a health 
hazard [22].

In general, concentrations of mold spores in an indoor 
environment with a clean HVAC supply system should be 
lower than the outdoor concentrations [28]. Buildings can 
be considered clean when the total counts of indoor mold 
spores are less than or equal to 2000 spores/m3; counts 
of spores from the fungal genera Penicillium, Aspergillus, 
Cladosporium higher than 2000 indicate a possible indoor 
amplification due to mold growth and spore production 
[8] or endogenous sources of mold spores on contami-
nated material where active growth is no longer occurring 
[15].

Guidelines have been established for PM by several 
authorities, and there are guidelines for exposure of 
spores of particular fungal species but there is not a cur-
rent guideline for the exposure to total mold spores. The 
difficulty of determining a general guideline for the expo-
sure to mold spores relies on the differences between the 
species of molds and the differences between host reac-
tions. Epidemiological studies have estimated the lowest 
observed effect levels (LOEL) for an 8-h exposure dura-
tion for airway inflammation  (105 spores/m3), nose irrita-
tion (3 ×  106 spores/m3), and eye irritation  (105 spores/m3) 
[22]. Due to this intraindividual response to molds, it is 
important to frequently record and keep indoor levels of 
mold spores as low as reasonably achievable to avoid any 
sensitization of the occupants [10].

Typical activities performed by librarians can be linked 
to airborne mold spores and also to metallic particulate 
matter, PM; however, the lack in references makes this cor-
relation interesting to be investigated [33]. Exposure to 
respirable metals (of sizes  PM4,  PM2.5, and  PM1) like iron, 
aluminum, manganese, copper, lead, arsenic, and cad-
mium is connected with premature brain aging, neuroin-
flammation, stroke and possibly Alzheimer and Parkinson’s 
diseases [18]. Metals are frequently present in libraries 
since they are used to preserve artistic and cultural herit-
age from acid hydrolysis due to the moisture present in 
the material, oxidation due to oxidative agents, biodete-
rioration due to the microorganisms, and photodegrada-
tion by UV irradiation due to the light. Hydroalcoholic sus-
pensions of hydroxyapatite nanoparticles [19], zinc oxide 
[13], calcium hydroxide [30], magnesium hydroxide [17], 
silver nanoparticles [32], barium hydroxide [3], or titanium 
alcoholates [4] are the main substances involved in paper 
fabrication and preservation.

Some recent research studies have established regula-
tions that are specific to each metal particulate. The OSHA 
recently updated the exposure limits to some of the metals 
that can be found in dust in typical libraries. For example, 
the OSHA PEL for total and respirable zinc dusts, is 10 mg/
m3 for 8-h TWA [2]. The American Conference of Govern-
mental Industrial Hygienists (ACGIH) recently lowered the 
exposure limit to 2 mg/m3 for 15 min short-term expo-
sure limit (STEL). Calcium-based compounds contained in 
indoor dusts include calcium carbonate, calcium hydrox-
ide, calcium silicate, and calcium sulfate. Among these 
compounds, calcium hydroxide has the lowest OSHA PEL 
of 5 mg/m3 for 8-h TWA. The same compound has a PEL 
of 2 mg/m3 for 15 min STEL. Dusts containing magnesium 
have to be limited to 10 mg/m3 of 8-h TWA for both OSHA 
and ACGIH. The exposure limit for silver particulates of any 
size is much lower; both OSHA and ACGIH determine as 
PEL 0.1 mg/m3 for 8-h TWA. Barium-containing dusts are 
limited, by both OSHA and NIOSH, to 0.5 mg/m3 for 8-h 
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TWA PEL. OSHA determines the PEL to titanium particu-
lates to be 15 mg/m3.

In this publication, we measured the levels of particu-
late matter of different size ranges that are produced by 
activities typically performed by librarians. Particulate 
matter, mold spores and metals generated by targeted 
activities were analyzed. Our quantification of airborne 
mold spores and metal nanoparticles generated by target-
activities indicates the potential of librarians in develop-
ing occupational diseases caused by PM generated during 
typical tasks. We suggest the need to regulate the limit 
of exposures to metal nanoparticles and fungal spores in 
libraries.

2  Materials and methods

2.1  Facilities

Two facilities located in a university were considered: the 
general library (GL) and the rare books and special col-
lections (RB). The first facility is composed of three floors 
and a basement while the second is completely located 
in the basement of another building. On the third floor 
of the GL, the Technical Service is located. The Technical 
Service (TS) consists of a large and closed room where 

librarians commonly unpack and pack donations, cata-
logue new and old books, and restore the books. This 
room has limited access and has no connection with the 
outdoor. The remaining two upper floors of the GL are 
dedicated to book shelves and are opened to the public. 
These floors have more air exchange with the outdoor 
environment due to the presence of windows and doors. 
The basement of the GL is dedicated to book storage, 
and each room is isolated. The RB facility contains books 
that are aged between the sixteenth and the twenty-
first centuries. The RB facility has no contact with the 
outdoor. Measurements occurred between December 
2019 and March 2020.

Table 1 shows additional information about the loca-
tions where the PM emitted by several activities was 
tested. In Table 1, the room name and size are reported. 
Indoor temperatures varied between 19 and 21 °C, and 
thus, the influence on the growth of molds is expected to 
be minor. Humidity affects mold growth in stored mate-
rials. In general, humidity levels should be kept below 
65% to prevent germination of mold spores and growth 
of mycelium on materials varying in their hygroscopicity 
[9]. The minimum water activity (wa) required for growth 
has been determined for Aspergillus niger (wa = 0.80), 
Cladosporium halotolerans (wa = 0.82), Penicillium rubens 
(wa = 0.82) [34].

Table 1  Details on the locations in which the particulate matter generated by different activities are recorded

GL, woodward; TS, technical service, and RB, rare books and special collections

Facility Room name Description Room 
volume 
 (m3)

Humidity (%) Tem-
perature 
(°C)

GL–TS NA Shared room 611 38 19
GL Basement Storage room 1 12 movable stacks containing about 700 books each 432 37 19.2

Basement Storage room 2 12 movable stacks containing about 1000 books each 410 30 23
Main floor—modern meeting room No book present and a central table where donation 

boxes are opened and reviewed
96 32 21.5

Main floor—old meeting room 2 closed shelves containing 80 books which are opened 45 33 21
Second floor—studying area 30 private desks and 20 shelves containing 100 books 950 34 22

RB Front desk Librarians catalogue 30 boxes 125 30 21.5
Photocopying room Small room containing only one photocopy machine 6 32 25.5
Classroom Close-doors room with 10 opened books from sixteenth 

to eighteenth century
50 32 20.7

Storage room 1 Small rooms containing 30 donation boxes 24 39 16
Automated storage room 2 Large room with 30 shelves including more than 2000 

books
520 33 20.5

Office area Shared room containing 20 working stations where 
books are catalogued

108 32 21.5

Hallway Walking area where books can be deposited for a short 
period of time

17 32 20.5

Conservation room 1 Small room containing one working stations 9 31 22.5
Conservation room 2 Large and opened room containing three working sta-

tions
23 33 20
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2.2  Sampling matrix

Table  2 shows all activities grouped as background, 
unpacking boxes, removing books from the shelves, dust-
ing, packing boxes, cataloguing, conservation and repair, 
photocopying, setting materials for class, and walking in 

a main hallway. These activities were selected due to their 
frequency in a librarian’s routine.  PM1,  PM2.5,  PM4, and  PM10 
and mold spores were measured per each of the activity 
listed in Table 2. Due to the probable link between the age 
of books and the presence of metals in or on the books, 
metal dusts were measured only for a few activities, as 

Table 2  Description of all the activities considered in this project

Particulate matter (PM) and mold spores were measured for all activities, while metal dusts are shown in the last column. Background meas-
urements were taken for each location

GL, woodward; TS, technical service, RB, rare books and special collections

Activity Description Location Person # h per week Metal dust

a. Back-ground 1. Presence of openings in GL Outdoor NA NA
2. The largest room of the GL GL—main floor NA NA
3. Visible presence of airborne PMs GL—storage room 1 NA NA x

GL—storage room 2 NA NA
4. WD-TS is a large opened space TS—kitchen area NA NA x
5. The RB has opened doors in most of the 

facility, located in a basement
RB—studying shared 

room—no occupant
NA NA x

6. The storage room 2 in RB is closed RB—storage room 2 NA NA
b. Unpack donation boxes 1. 20 Asian books shipped from U.S.A TS 5 4

2. 20 books shipped from New Delhi TS 3 0.3
3. Local donation—10 books RB—storage room 1 2 1.5 x
4. 20 books 1980s, 5 books 1800s, 5 books 

1990s and 5 books 2000s
GL—modern meeting room 1 1

5. Reading receipt of 40 donated books TS 5 2.5
c. Remove books from shelves 1. 15 books between 1780 to 1840 GL—storage room 1 8 0.25 x

2. 15 books between 1850 to 1940 GL—storage room 2 8 0.25 x
3. 10 books older than 1980 GL—second floor 4 2
4. Manually removing 10 books RB—storage room 1 7 2.5
5. Automatically removing 40 books RB—storage room 2 6 3 x

d. Dust 1. Dusting on the surface of books GL—second floor 2 2 x
e. Pack boxes 1. Tattle tapping –50 to 70 books TS 5 2

2. Labeling—50 to 70 books TS 5 7
3. Packing—5 boxes and 70 books TS 5 7

f. Catalogue 1. Book younger than 2000—20 books TS 7 2.5
2. Books older than 1800—20 books TS 3 6 x
3. Signing out material—15 books RB—front desk 5 10
4. 15 books of various origins and ages Office area 10 3
5. Browsing 10 books—1800 to 1900 GL—old meeting room 1 0.02 x
6. Binders 30 articles—2010 and 2020 GL—office area 1 3

g. Conservation–repair 1. Mending 12 books older than 1800 TS 2 7 x
2. Checking 20 books older than 1800 TS 1 2 x
3. Conservation of damages pages from 

10 books older than 1800
RB—conservation room 1 2 5 x

4. Repairing books younger than 1900 BL—office area 1 8
5. Checking visible mold on 10 books 

older than 1700
RB—conservation room 2 1 15 x

h. Photocopy 1. 10 books older than 1800 RB 2 5
2. 10 items younger than 2000 GL—office area 5 3

i. Class 1. Setting up 10 books—1700 to 1900 RB 1 1 x
j. Hallway 1. Walking through RB 15 2
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shown in the last column in Table 2. Information such as 
the number of people and the hours per weeks involved 
in each activity is shown in Table 2. This information was 
obtained by questioning 17 librarians.

Background measurements were taken for GL, TS, and 
RB. The sampling sites were the main study room on the 
main floor of GL, the kitchen area of TS, and the studying 
area close to the entrance of RB. While TS is a large shared 
room with no doors and no opened windows, the GL and 
the RB contain closed rooms such as storage rooms.

Library staff unpack donation books (~ 3 h per week). 
This activity includes opening boxes, removing the con-
tained books, briefly checking the books status, and 
recording the books receipts. The origin and the age of 
the books are expected to influence the amount of par-
ticulate matter contained in the box. Librarians remove 
requested books from the shelves (~ 3 h per week). The 
librarians verify the identity and the quality of the book 
by opening the book and quickly examining it. Books on 
shelves also need to be cleaned and dusted (~ 3 h per 
week); librarians prepare boxes filled with books to ship 
to other libraries or facilities (~ 2 h per week). The librarian 
quickly examines each book, labels them, and places them 
in a cardboard box.

Cataloguing includes browsing each book and labeling 
them (~ 7 h per week). The conservation and repair of old 
or damaged books are performed on average for 6 h a 
week. This activity involves the use of cutters, to reshape 
some pages, glue, to adhere detached pieces, water, to 
flatten the books’ pages, and rarely bleach or detergent to 
remove a visible mold growth. Librarians photocopy books 
or parts of books (~ 4 h per week). In special libraries, such 
RB, lectures take place due to the presence of interesting 
and rare documents. Library staff commonly spend ~ 1 h a 
week checking and preparing the materials for lectures. It 
can be estimated that librarians walk through major hall-
ways for about 5 h per week. Books can be stored on carts 
on the side of major hallways for a total of 1 day per week.

2.3  Statistical analysis

Each sample, both for PM and for mold spores, was col-
lected three times. Average, standard deviation, and 
standard errors are derived by the differences in the col-
lection times. Moreover, in order to establish correlation 
between two variables, a Spearman’s rank correlation was 
performed.

2.4  Collection procedures and analytical techniques

Collection and analytical techniques differ according to 
the pollutant measured: particulate matter (PM), mold 
spores, or metal dusts. PM and mold spores were collected 

simultaneously. The collectors for PM and mold spores and 
the collectors for metal dusts were placed 5–10 cm from 
the source of the pollutants.

2.4.1  Particulate matter (PM)

PM was recorded in real time using a DustTrak (DRX) Aer-
osol Monitor 8533 (TSI Inc., MI, USA). This device has an 
accuracy of 1 µg/m3for sampling at an airflow rate of 1 L/
min; the flow rate was calibrated at each use using a high-
efficiency particulate filter. Collection times were set at 
25–30 min per each activity listed in Table 2.

2.4.2  Mold spores

2.4.2.1 Qualitative assessment of  molds on  contaminated 
books As part of a conservation and repair activities in 
the RB (Table  2), a qualitative assessment of the mold 
contamination was performed on water damaged, mold-
contaminated books. Visible mold on book surfaces was 
sampled by culturing and tape lifts. Molds were identified 
by microscopic examination. Book surfaces were sampled 
by swabbing the book surfaces with a sterile cotton swab 
and streaking across the surface of sterile malt agar (MA) 
plates (20 g malt extract; 15 g agar; 1L distilled water; auto-
claved 21 min at 121 °C) and incubating on the benchtop. 
Surfaces were sampled for the presence of spores and 
spore producing structures by pressing a ~ 3  cm length 
of ½” double sided tape (3M, Scotch®) against the surface 
of books. Microscopic examination was performed using 
Axiostar plus microscope (Zeiss) fitted with a Power Shot 
A620 AiAF camera (Canon). Brightness, contrast and lev-
els of images were adjusted using Adobe Photoshop CC 
9.0 (Adobe Systems Inc.). Samples on tape mounts were 
stained with 0.05% Analine blue in lactic acid.

2.4.2.2 Airborne Zefon ZBP-205 Bio-Pump Plus (Zefon 
International, Florida, USA) was used to sample airborne 
mold spores. Mold spores were collected at a height of 
one meter and a half and at a distance of 30 cm from the 
operator. Three samples per each activity shown in Table 2 
were collected. Collection times were set between 25 and 
30 min per each activity shown in Table 2. A flow rate of 
15 lpm conveys particulates of any size on an Air-O-Cell 
cassette containing a glass slide. A calibration of the flow 
rate was performed for every location tested. Mold spores 
and other dust particles were deposited on a glass slide. 
One droplet of lactophenol cotton blue was placed on the 
collection slide. The lactophenol was allowed to dry and 
a drop of immersion oil for light microscopy was placed 
directly on the sample. Samples were observed with a 
microscope with an objective lens of 50× and a total mag-
nification of 500×. The number of mold spores (N) was 
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counted by randomly selecting different fields (n) of the 
samples. The random selection was achieved by scanning 
each sample using the same pattern, which was a zig-zag’ 
line starting from the top left of each sample and finish-
ing in the bottom right. The number of fields examined 
varied between 17 and 20. The mold spores were differ-
entiated from the other particulates based on uniformity 
and color. Mold spores tend to have a more uniform, often 
spherical or elliptical, shape compared to other particu-
lates contained in indoor dust and are blue or brown after 
staining. The number of samples per  m3 (spores/m3) was 
determined by using

where A is the deposition area of 16.5  mm2, a is the total 
field area observed microscopically, and V the volume 
calculated from the flow rate of 15 lpm. This methodol-
ogy resolves a maximum of 400 spores per field and has a 
lower limit of detection (LOD) of 11 spores/m3.

2.4.3  Metal dusts

Metal dusts were collected after the collection of mold 
spores for selected activities (Table 2). Six chemical ele-
ments were analyzed: barium (Ba), calcium (Ca), magne-
sium (Mg), silver (Ag), titanium (Ti), and zinc (Zn). These 
chemical elements were selected due to their presence 
in book conservation. A collection time of 25–30  min 
was used. A PVC filter of 37 mm was placed inside a SKC 
37 mm cassette (SKC Inc., Pennsylvania, USA). Two samples 
were collected for the activity shown in the last column 
of Table 2. These cassettes were placed in the Zefon Bio-
Pump. Each filter was pre- and postweighed in a precondi-
tioned balancing room, set at 20 °C and 35% of humidity. 
Weights of PMs collected using Zefon pump were com-
pared with DustTrak measurements to determine the 
amount of PM with a cutoff diameter larger than 10 µm 
(largest size recordable using the DustTrak). A Rigaku 
NEX CG was used to determine the amount of selected 
airborne metals. Standard reference films were used for 
each metal detected. Results from the XRF analysis are 
reported in µg/cm2.

3  Results and discussion

The particulate matter (PM) that a librarian can inhale 
while performing common tasks was quantified and ana-
lyzed. Pollutants produced by typical activities performed 
by a librarian were monitored.

(1)
spores

m3
=

NA

naV

3.1  Real‑time distribution of particulate matters 
(PMs)

The impact of PMs can differ according to their size; the 
most common sizes analyzed in indoor PMs are  PM1, 
 PM2.5,  PM4, and  PM10. The importance of the distribution 
of these PM sizes over time has been emphasized by pre-
vious studies [7] for other types of indoor environments. 
By defining the cause of spikes in PMs emissions, the 
importance of the use of personal protective equipment 
(PPE) can be determined and guideline for the reduction 
of the emission sources can be established.

Figure 1 shows two examples of real-time measure-
ments of PM emissions from the activities of (a) taking 
books aged from 1850 to 1940 from shelves and (b) 
opening a donation box containing 10 books varying 
in age and origin. Each time a book is taken from the 
shelf, checked and opened, a spike in all PM sizes can 
be seen (Fig. 1a, b). The highest peak in PM, up to 6 mg/
m3, is seen when the donation box is opened (Fig. 1b). 
Even though the 8-h TWA was not exceeded, repetitive 
exposures to high and sudden peaks of  PM2.5 or  PM10 are 
shown to impact the, eye, nose, throat and lung irrita-
tion, coughing, sneezing, runny nose and shortness of 
breath [38].

Due to the sharp changes in PM emissions from each 
activity, two parameters have been derived from the real-
time PM measurements: “average” and “5th percentile.” 
These averages have been used in previous studies to cor-
relate the PM exposures with bioaerosols, such as allergens 
[7]. Since the OSHA TWA 8 h limits of exposure (for  PM2.5 
and  PM10 the 8-h TWA are 15 and 5 mg/m3, respectively) 
are not exceeded by the average measurements, it is 
important to detect the ceiling limits to prevent any health 
effects to the librarians. In fact, time-average levels refer 
to the whole minute-by-minute data collected per each 
activity. The so-called ceiling limits refer to the average of 
the upper 5th percentile of the minute-by-minute data col-
lected per each activity, in Fig. 1. The difference between 
the two types of average is shown in Fig. 2. As expected, 
the “average” values are always lower than the values of 
“5%.” This gap shows that, in almost all activities tested, 
spikes in the PM emissions are present [6]. The highest gap 
is encountered when the higher averages of  PM10 of any 
size are measured, which are in the activities of unpacking 
boxes (100%), removing books from the shelves (130%), 
and conservation repair (50%). All the other size bins of 
the PM are higher in case of the “5%.” This indicates that 
the smaller size bins,  PM1 and  PM2.5, that are of a higher 
occupational risk, are higher if only spikes in PM emis-
sions are considered. Higher  PM1 and  PM2.5 in the 5% of 
the average values are of interest if metals are found in the 
aerosolized dust. Due to the lack of regulations for metal 
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nanoparticles, it is of particular interest for the prevention 
and reduction of occupational exposure.

3.2  Mold spores

Mold spores were identified both on the surface of books 
and in air samples. Molds on the surface of books are 
expected to be a major contributor to spores present in the 
air as particulate, especially in cases where conservation 

efforts are being performed on mold-contaminated books. 
Abundant spores were observed on the surface of plates 
containing the swabs from three out of four books. The 
spores germinated within a day of sampling; germination 
rate was not quantified. The cultured molds were all Peni-
cillium sp. with the exception of one sample which con-
tained Mucor. Inhalation of Mucor or Penicillium spores can 
generate similar health risks, such as coughing, chest pain, 
shortness of breath, and, in the worst cases, pneumonia 

Fig. 1  Examples of real-time measurements of PM of different sizes 
 (PM1,  PM2.5,  PM4, and  PM10 have a diameter lower than 1, 2.5, 4, and 
10  µm, respectively). The example in a represents the activity of 
“taking books from shelves” measured in storage room 1, located 

in the basement in (BL) facility. The example b represents “opening 
donation box” measured in storage room 2 in the rare books and 
special collections (RB) facility

Fig. 2  Levels of particulate matter of different sizes  (PM1,  PM2.5, 
 PM4, and  PM10) per each activity. The average of all minute-by-min-
ute data “average” and the average of the 5th percentile of the data 
“5%” per each activity are shown in a and b, respectively. OSHA 

exposure levels are not shown since much higher than detected 
PM levels (for  PM2.5 and  PM10, the TWA 8-h exposure limits are 15 
and 5 mg/m3, respectively)



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:580 | https://doi.org/10.1007/s42452-021-04575-8

[21]. Table 3 summarizes culture-based sampling of con-
taminated books.

Tape lifts were made from areas of book #1 where 
molds had been observed prior to cleaning. Branched, 
Penicillium-like conidiophores and chains of small, 3 μm 
(n = 8) round spores were observed in tape lifts from book 
#1. Although the culture-based method of sampling 
employed is biased towards fast growing species (like 
Penicillium sp.) and will not capture slower-growing or 
less abundant species, the results of the tape lifts further 
suggest that the molds contaminating these books were 
Penicillium sp. As air sampling for fungal spores occurred 
during the time when books were being handled for swab-
bing and making tape mounts, spores of Penicillium sp. 
were expected to be a major component of the airborne 
spores in the conservation area 2 of the RB facility at this 
time (Fig. 3).

Contaminated books are potentially an important 
endogenous source of airborne mold in a library and air-
borne spores (especially for species like Penicillium sp. pro-
ducing dry chains or droplets of spores) are expected to 
be generated when handling these books [9]. Therefore, 
it is important to verify the risk for librarians to develop 
occupational diseases.

Figure 4 shows some examples of the airborne mold 
spores collected for the activities of “taking books from 
the shelf” in storage room 2 in WD are shown in (b), from 
the activity of “unpack donation boxes” in storage room 1 
in WD (c), and “taking books from the shelf” at the second 
floor of WD. By comparing the results shown in Figs. 4 and 
5, we can estimate that the airborne mold spores can be 
Penicillium sp. only for the activity of conservation and 
repair in the RB facility. The health risks derived by its 
short-term exposure are not considered high. Long-term 
exposures to airborne Penicillium sp. can result in develop-
ment of allergies. While it remains challenging to correlate 
the spores count and the occupational allergy, Lin et al. 
determine that 10 spores/m3 of Penicillium sp. are enough 
to exacerbate allergic symptoms in a person sensitive to 
fungal allergens [25]. In any case, it is not possible to corre-
late molds sampled and identified from potential sources 
with air sampling in other facilities. Thus, the health risks 
derived by short or long-term exposures to high content 
of mold spores are unknown and, for such, they should be 
taken into consideration.

Due to the lack of regulations on the exposure limits to 
any airborne spore type, it is challenging to connect the 
number of spores per  m3 to potential effects to library staff 

Fig. 3  Penicillium-like con-
idiophores from a tape mount 
from book #11 stained with 
0.05% Analine blue in lactic 
acid. The arrow indicates the 
branched conidiophore. Scale 
bars are 10 μm and 3 μm (a). 
Chains of spores from a tape 
mount from book #1 stained 
with 0.05% Analine blue in lac-
tic acid. Scale bars are 10 μm 
and 3 μm (b)

Table 3  Summary of culture results and microscopic identification of molds from contaminated books

Book # Location of swabbed 
surface

Culture results Mold identification

1 Surface Confluent growth of blue-green colonies after 5 days Penicillium sp.
Interior Confluent growth of blue-green colonies Penicillium sp.

2 Surface Multiple, ~ 58, blue-green colonies but not confluent growth Penicillium sp.
3 Surface Confluent growth of blue-green colonies. Additional colonies produc-

ing sporangia
Penicillium sp.
Mucor sp.

4 Surface Five blue-green colonies Penicillium sp.
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health. It is of a common expectation that higher numbers 
of airborne mold spores show a tendency of a more prob-
able development of allergic symptoms in a healthy per-
son. The highest number of airborne mold spores is identi-
fied in the activities of conservation and repair, removing 
books from shelves, and dusting shelves, in Fig. 5a. Even 

by considering differences in operators and facilities, the 
number of spore counts generated by these three activi-
ties remains fairly high. This result suggests that a librar-
ian, when performing these three activities, is exposed to 
counts of mold spores higher than 5000 spores/m3; there-
fore, the use of personal protective equipment (PPE), such 
as a facial mask, is recommended. In particular, in the RB 
facility, the activity of conservation and repair generates a 
spore count per  m3 is almost 10,000. In this activity, these 
spores might be Penicillium sp. as shown in Fig. 4.

The activities of unpacking boxes, packing boxes, 
cataloguing books, set-up materials for class, and walk-
ing hallway resulted in lower exposure, exposure is still 
500 spores/m3. Long-term exposure to lower concentra-
tions of spores can still result in the development of an 
occupational allergy. The use of PPE and frequent meas-
urement of airborne mold spores are fundamental to 
reduce exposure of library staff to allergens.

Due to a lack in precise regulations for exposure limits, 
airborne mold spores are poorly and rarely detected in 
libraries and in several other indoor environments. How-
ever, it is clear that exposure to high levels (>  105 spores 
per  m3) of airborne spores for 8 h a day could generate 
moderate effects to the human health. Even though the 
raising importance of recording the levels of airborne 
mold spores in libraries, the current methods of deter-
mining the total number of airborne mold spores are 

Fig. 4  Examples of mold 
spores recognized under a 
light microscope. Samples 
collected from the activity of 
“conservation and repair” in 
the office are in RB (a), from 
the activities of “taking books 
from the shelf” in storage room 
2 in WD are shown in b, from 
the activity of “unpack dona-
tion boxes” in storage room 1 
in WD (c), and “taking books 
from the shelf” at the second 
floor of WD (d)

Fig. 5  Spore count per  m3 generated by each activity. Error bars are 
generated by the differences in the measurements obtained in dif-
ferent locations and in repeated activities. The exposure limits to 
mold spores are not shown in the plot because set at  105 spore/m3



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:580 | https://doi.org/10.1007/s42452-021-04575-8

limited and time-consuming. The most common meth-
ods require collection of airborne mold spores, sample 
preparation, manual identification and quantification of 
using a light microscope. Identifying alternative meth-
ods to estimate the likely abundance of airborne mold 
spores and activities could facilitate more frequent 
sampling. Measurements of time averages of PM can be 
obtained by a variety of techniques, such as gravimetric 
analysis, low-cost sensors, light scattering devices, or 
other devices with higher precision but with a greater 
ease of use [1]. Estimating mold spores using PM meas-
urements could be of a potential interest for any indoor 
environment including both types of pollutants. Further-
more, measuring PMs at the occupational levels could 
prevent the development of common risks for librarians.

As shown in Fig. 6a and Table 4, the log-scale of the 
time-averaged values of  PM10 and  PM4 shows a strong lin-
earity with the counts of mold spores per  m3 (R2 = 0.85). 
Even by using the 5th percentile of the time-averaged 
data, the highest linear relationship between airborne 
mold spores and  PM10 shows a R2 of 0.73. Penicillium sp. 
or Aspergillus sp., which are grouped together in analy-
ses of airborne spores have a diameter in the range of 
2–5 µm.  PM10 having a better correlation with respect 
to  PM4 indicates that a large number of measured mold 
spores might be between 4 and 5 µm which shows the 
highest linearity with airborne mold spores. Such a high 
linearity has not been previously identified. Values of inter-
cept and slope between the 5th percentile average and 
the counts of mold spore show a possible higher linearity. 
However, a better estimation of the linearity between the 

Fig. 6  Relationship between the counts of the mold spores and 
the particulate matter. Particulate matter (PM) are divided into four 
groups, PM with an average diameter lower than 10  (PM10), lower 

than 4  (PM4), lower than 2.5  (PM2.5), and lower than 1  µm  (PM1). 
Average and 5th percentile (5%) values are shown in (a) and (b), 
respectively

Table 4  Statistical analysis 
of the linearity correlation 
between the mold spores and 
the  PM2.5 measured using a 
low-cost monitor

Parameter PM1 PM2.5 PM4 PM10

Average
R2 0.57 0.69 0.73 0.85
Slope 0.96 ± 0.23 0.64 ± 0.12 0.53 ± 0.11 0.48 ± 0.12
Intercept  − 1.76 ± 0.71  − 0.41 ± 0.37 0.08 ± 0.07 0.53 ± 0.25
Residual sum squares 21.1 13.3 8.57 5.73
Spearman’s rank coefficient 0.69 0.73 0.77 0.83
5th percentile
R2 0.45 0.58 0.67 0.73
Slope 0.54 ± 0.17 0.41 ± 0.15 0.41 ± 0.13 0.61 ± 0.09
Intercept 0.16 ± 0.15 0.75 ± 0.41 1.03 ± 0.37 0.87 ± 0.22
Residual sum squares 6.35 4.93 3.22 1.86
Spearman’s rank coefficient 0.61 0.69 0.71 0.77
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5th percentile or the total average of  PM10 or  PM4 and the 
mold spore can be achieved analyzing a higher number 
of cases. In any case, when evaluating the indoor air qual-
ity of a library, one could estimate a rise in airborne mold 
spores when high levels of  PM10 or  PM4, both as a time-
average or as spikes, are achieved. A remarkable result 
visible in Fig. 6 and in Table 4 is that the highest Spear-
man’s rank coefficient between airborne mold spores and 
particulate matter is obtained by considering  PM10. This 
might indicate that airborne mold spores detected in the 
libraries could be of a size between 4 and 10 µm. Moreover, 
even though the type of mold spores could be limited for 
two activities (Fig. 4), in a common library, many kinds of 
bioaerosol could be several. Therefore, measuring the PM 
could be solely a rough estimation of the possible pres-
ence of airborne mold spores in specific activities, such as 
working with rare and old books.

3.3  Metal dusts

The main source of metals in dust is thought to be the 
outdoor environment. In the case of libraries, books are 
potential endogenous sources of metals. Airborne metal 
PM can be generated by opening “old” books since metal-
based nanoparticles are used in the preservation proce-
dures for books. Several types of preservation procedures 
are currently available; however, the most common use 
Ag, Zn, Ca, Ba, and Ti. These six chemical elements were 
measured in the collected dust of all PM sizes. Collected 

dusts on filters were manually weighted by performing 
a gravimetric analysis; the weights are compared to the 
average  PM10 measured using the DustTrak. The difference 
between the two measurements is, on average, 5%. The 
values measured using the gravimetric analysis are higher 
than the values obtained by real-time measurements only 
for the activity of dusting shelves and unpacking boxes. 
This result indicates that, for the other cases, metal dusts 
are of size smaller than 10 µm.

As shown in Fig. 7a, all the activities but “packing boxes” 
and “photocopying” produce metal dusts. Mg, Zn, Ca, Ba, 
and Ti were detected in the dust collected in all the activi-
ties producing some metal dust. Ag was found only in 
activities involving the use of books older than 100 years. 
The presence of silver in the library dust could be linked 
to the preservation procedure used for old books. Other 
activities such as “removing books from shelves” involve 
the handling of books of the seventeenth and of the eight-
eenth century. In this case, books have been not opened 
but briefly checked and browsed likely generating less 
Ag-containing dust. High standard errors are found for 
each case likely due to differences in average age of the 
books and box origin. Donation boxes are be sent from 
various locations worldwide. When the origin of the box is 
a polluted area, the count of chemical elements increases. 
Positive values of most of the chemical elements for the 
majority of the activities are concerning for the health of 
librarians, technicians, or students working in a library 
especially since these metals are in the nanosize range. 

Fig. 7  Levels of chemical elements contained in the dust collected 
per each activity studied (a) and the correlation (Spearman’s cor-
relation) between the chemical elements and different bins in PM 

 (PM1,  PM2.5,  PM4, and  PM10) (b). The exposure limits of metal nano-
particles are not reported since much above the shown levels
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Since it was not possible to segregate the chemical ele-
ments into size bins, a Spearman’s correlation is performed 
for chemical elements and different sizes of PM, shown in 
Fig. 7b.

The highest percentages of correlation are determined 
for two cases: (1) in the average values of  PM10, and (2) in 
the average values of the 5th percentile of  PM1. These two 
results indicate that metal nanoparticles are likely emitted 
by sudden activities, such as opening a box, quickly brows-
ing a book, or removing a book from a shelf (Fig. 2a, b). 
Thus, library staff while performing most of their activities 
need to increase their care in sudden movements. Another 
important result recognizable from Fig. 7b is the determi-
nation that most of the metal dusts are of a diameter lower 
than 2.5 and 1 µm. As a consequence, if half of the metal 
dusts measured are lower than 1 µm in diameter, silver 
highly would exceed its occupation exposure limitations 
of 0.19 µg/m3. Furthermore, 15 min as short-term expo-
sure limit (STEL) of Zn and Ca is 2 mg/m3. Even though the 
limitation has not been surpassed, repetitive short-term 
exposures to concentrations of about 0.5 mg/m3 could 
potentially contribute to development of occupational 
diseases.

These results indicate the importance of designing local 
exhaust ventilation in locations where performing most 
of the activities involves the management and the han-
dling of books. Each librarian is estimated to spend about 
407 h/year unpacking donation boxes, 110 h/year preserv-
ing books, and 165 h/year dusting the shelves. Chronic 
exposure combined with the dangers in exposure to metal 
nanoparticles highlights the importance of protection 
from exposure to aerosolized dusts during tasks which 
generated high levels of dust.

4  Conclusion

The evaluation of the indoor air quality of common uni-
versity libraries is lacking in the literature. Our results 
demonstrate exposure to PM containing metals and 
mold spores during common tasks which can contribute 
the development of occupational diseases. In this pro-
ject, we determine that the activities of conservation and 
repair, removing books from the shelves, and unpacking 
donation boxes produce the highest content of average 
particulate matter (PM). For instance, PM with the largest 
analyzed size, 10 µm, are about 300, 250, and 200 µg/m3 
in these activities. The importance of real-time measure-
ments is shown by the several spikes in PMs of any size 
while performing any of the activity that a librarian typi-
cally does. In particular, some peaks in PMs are high and 
contribute to cumulative, chronic exposure.

In a library, PMs are expected to contain airborne mold 
spores and metal dusts. Books are mostly made of paper 
that can serve as a substrate for mold growth. Preserva-
tion and manufacturing procedure of paper can use some 
nanoparticles made of metals. In one of the three facilities 
tested, the identification of Penicillium sp. on books and 
the presence of these books as an internal, point source 
of spores suggest that this contamination was the primary 
contributor to the airborne spores sampled during the 
time air sampling was performed. For the other facilities, 
the mold type is unknown but the small spore size sug-
gests Penicillium or Aspergillus sp. The highest number of 
mold spores in the air is found in the activities with the 
highest amount of  PM10 and  PM4, which are conserva-
tion and repair, unpacking the donation boxes, removing 
books from the shelves, and dusting the shelves. The high-
est count per  m3 of airborne mold spore is about 9000. 
Due to a lack in regulations for the exposure of any type 
of mold spores, it is challenging to determine a possible 
impact to the health of a librarian. The lowest observed 
effect levels in asthmatic patients allergic to Penicillium 
and Aspergillus sp. is  104 spores/m3. In a healthy person, 
respiratory symptoms and airway inflammation appeared 
at exposure levels of  105 spores/m3. As a consequence, 
even if the levels determined in this project are lower 
than the exposure limits, chronic exposures at levels lower 
but close to the exposure limits can pose health risks for 
librarians.

Metal dusts show the highest count when collected 
from a conservation and repair activity. In this activ-
ity, books are invasively treated; therefore, any materi-
als present on the surface of each page of a book can 
be aerosolized and inhaled. If even a tenth of the metal 
dusts measured have a diameter lower than 1 µm, while 
performing conservation and repair, levels of silver are 
highly exceeding the exposure limit of 0.19 µg/m3. As a 
consequence, designing local exhaust ventilation would 
be fundamental in locations where a librarian performs the 
activity of conservation and repair.

Another outcome of this project is the identification of 
a possible correlation between airborne mold spores and 
PM. In the libraries sampled, we determine a high linear-
ity (R2 = 0.85) between the average of the total minute-
by-minute data collected for  PM10 and  PM4 in any of the 
librarian’s activities considered. The Spearman’s rank coef-
ficient is higher than the 0.70 between each metal meas-
ured and the average of the 5th percentile of the minute-
by-minute data collected for  PM1. Therefore, one could 
estimate the airborne mold spores and the metal dusts in 
a typical library by measuring the time-averaged  PM10 and 
the spikes of  PM1, respectively. Validation of this approach 
would require additional sampling of libraries. Moreover, 
future development could relate to the implementation 
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of a more accurate real-time measurements for bioaero-
sols in order to generate a better estimate of airborne 
mold spores. Indeed, more attention to the occupational 
exposure of librarian would deserve a larger space in the 
upcoming literature references.
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